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Abstract 

The heat transfer and pressure drop characteristics of tubes 

containing either Pall rings, or helical (180°} strips of metal, were 

studied experimentally. Tests were performed with water in the Reynolds 

number range of 11000 to 104000, approximately. 

Rotameters were used to measure the volumetric flowrate of the 

water. The effect of fluid temperature on this measurement was 

determined. 

The insertion of a continuous length of Pall rings into a tube 

increases the Nusselt number and pressure drop by factors of 1.5 and 15. 

(These factors are relative to the empty tube over the same flow range). 

Smaller increases were obtained while using rings that were equidistantly 

spaced along the tube. 

The effects of the twist direction, the orientation of consecu­

tive helices, and the spacing of the helices, were examined. 

Equidistantly spaced pairs of helices with identical twist direction, 

and aligned leading edges, was found to be a better device than the 

continuous full length twisted strip. For the conditions of this work, 

the optimum spacing was equal to the length of each of the pairs of 

helices. Further work, with other geometries, is required to examine 

this optimum spacing. The Nusselt number and pressure drop increases, 

relative to the empty tube, were found to be 2.0 and 11, respectively, 

when using the optimum spacing. 

Tubes containing continuous lengths of alternately twisted 

helices, with aligned leading edges, produced Nusselt number and pressure 

drop increases, again compared to the empty tube, of 2,6 and 26. A 

configuration formed with the above helices, but with the leading edges 

positioned perpendicularly, is known as a Kenics static mixer. When 

such a device was located in a tube, the Nusselt number and pressure drop 

increases were 2.8 and 73, approximately. 

The equidistant spadiig of pairs of alt_l'!mately twisted helices 

was found to be more benefici_a_l than the use of an empty tube section 

and a continuous length of helices. 
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Systems of units 

The units used in this thesis are usually those of the Syteme 

International d 1Unites (s.I.). Traditional quantities are written 

between brackets which directly follow the S.I. values. While develop­

ing some computer programs it was found to be considerably easier to use 

the traditional systems of units. for this reason some conversion 

factors are listed below. Dimensionless ratios have been used whenever 

possible and particularly when considering the results of experimental 

work. 

1 Btu " 1. 055 k.:T 

1 Btu ft-1 -1 of-! 1.731 -1 -1 hr " W m K 

4,134 X 
-3 -1 -1 oc-1 

" !D ea! cm s 

1 Btu ft- 2 hr-l of-1 5.678 w -2 -l 
" m K 

1.355 -4 -2 -1 oc-l 
" x !D cal cm s 

1 Btu 1b-l °F-l " 4.187 k.:T kg-! K-l 

" 1 cal g-1 0 c-1 

1 cP -1 -1 
" 0.0010 kg m s 

6.72 X 10-4 1b ft-1 -1 
" s 

1 ft " 0.3048 m 

1 gall 4,546 X 10-3 3 
" m 

1 hp " 745.7 w 
1 in " 1" " 25.40 mm 

1 1b " 0.4536 kg 

1 psi 6.895 kN m -2 
" 
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1 Literature survey and scooe of the present work 

1.1 Introduction 
------------------

Section 1.2 of this chapter presents some of the correlations 

used by previous workers for the representation of the heat transfer 

and pressure drop characteristics of empty tubes, Almost all of the 

correlations presented in this chapter apply in the conventional tur­

bulent flow regime: it was in this range that the results of the 

present work were obtained. The advantages of certain of the forms of 

correlation are discussed, The following section of this chapter 

briefly describes the type of objects which previous workers have 

placed inside tubes with the aim of increasing the heat transfer rate 

through the tube wall. Several review articles have been published on 

this subject and the reader is referred to these for further details. 

The twisted tape arrangement is described and previous results 

obtained by using this type of insert are considered in detail since 

this device, and modifications of it, were used in the present work. 

Various static inline mixers have been suggested for the 

enhancement of heat transfer and some of the more common versions of 

these devices are described, For instances where such data exists, 

the pressure drop and heat transfer characteristics of each of these 

types of tube insert are correlated using a common basis. The 

characteristics of one particular device, the Kenics static mixer, are 

studied in detail. This form of tube insert, and some modifications 

of it, were tested, 

The increase in the rate of heat transfer that results from the 

insertion of objects into a tube is accompanied by an increase in the 

pressure drop along the tube, The latter leads to an increased pump­

ing power and the associated cost increase. Various methods have been 

proposed for the estimation of the economic viability, or effective­

ness, of the use of tube inserts for increasing the heat transfer rate; 

the applications of these methods are also discussed, 

Section 1.5 clearly outlines the scope of the work discussed in 

this thesis. It is seen that these objectives are closely related to 

previous studies which used swirl inducing inserts, 
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1.2 The characteristics of empty circular ducts 
-------------------------------------------------

Isothermal friction factor in long straight ducts. 

Using hydrodynamically smooth tubes, Blasius {7) found 

that 

!! 
-0.25 

= (100 Re) /B (1.1) 

= 0,0395 Ra-0' 25 

where !! = friction factor 

= ~E! d (1.2) 

4 l e u 
2 

and Re = Raynolds number 

= due_ 
}.1 (1.3) 

Nunner (90) and Round (105) suggest that equation (1.1) applies 

in the turbulent flow regime upto Raynolds numbers of approximately 

105• Kays and Parkins (103, p. 7-4) limit the flow range to 5000 < 

Re< 30000. Cavies (31, p. 31) uses a constant of 0.04 in equation (1.1) 
5 

and uses a flow range of 3000 < Re < 10 and Coulson and Richardson 
5 (29, p. 49) use a constant of 0.0396 over the range 2500 < Re< 10 • 

The variation in the suggested ranges of application, and of the con­

stant, appears to be due to the personal judgement of the authors in 

view of which constant, range, and degree of accuracy, suits the 

experimental data available at that time, 

The work of Colburn (27) suggests that the following equation 

may be used : 

= 0.023 Re-0' 2 
(1.4) 

This correlation is an approximation of equation (1.5), sea (27). The 

suggested range of application is : 

5000 < Re< 2 x 105 - McAdams (81, P• 155) 

30000< Re < 106 Kays and Parkins (103, p, 7-4) 

for long smooth pipes Drew, Koo, and McAdams (36) experimen­

tally found that 

!! = 0,0007 + 0.0625 Re-0 ' 32 (1. 5) 

for 3000 < Re < 106 
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Hermann (90, P• 3) correlates data using the same equation 

form as that above. He suggests that 

.a 0.000675 0.0495 -0.3 (1.6). = + Re 

in the range 105 <Re< 2 X 106 

Von Karman and Prandtl correlated the results of Nikuradse, see 

(85) and (106, p. 204),in the form: 

(2jl') -0.5 = (1.7) 

As shown in reference (37) this equation may be represented to 

within 1% by 

2jl' = r loglO [ 
(1.8) 

for 104 < Re < 2,5 X 108 

and by 

2jl' = [3,6 log10 [ R; Jr2 
(1.9) 

for 104 < Re< 107 

Rouse (106, pp. 191 to 204) shows that equation (1. 7) is an 

empirical modification of the result which is obtained using the 

velocity profile data obtained by Nikuradse. The latter profile shows 

that : 

Colebrook, see (85, P• 676), developed a correlation which 

applies for Reynolds numbers greater than approximately 3000 

(2jl')-0.5 [ e + 1.255 

J 
(1.11) = -4 loglO -

3,7d Re(2jl') 0•5 

This equation embodies the result of Von Karman that for the 

fully rough pipe zone . . 

(2") -0.5 4 [ P = - loglO 
e J (1.12) 

3,7d 

The adequacy of equation (1,11) is shown by the more recent 

results of Robertson et. al. (102), 
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The often used Moody chart (85) is based on the Colebrook 

function over the range commonly known as the transition, or partially 

rough wall, zone. In that zone the tubes do not behave as fully rough 

pipes. Moody considered that the boundary between the fully rough and 

transition zones occurred when the difference between the friction 

factors found by using equations (1.11) and (1.12) was less than t%• 
It is important not to confuse the transition zone with the region 

denoted by Moody as the critical zone. The latter, which begins at 

Reynolds numbers of approximately 2000, represents the change from a 

laminar to a turbulent flow regime. 

The Colebrook function is a useful representation of the 

Moody chart. However, this function is an implicit equation, and it 

is for these reasons that in recent years some work has been directed 

towards obtaining explicit equations. The interested reader is referred 

to Pham (98) and Chen (23). A not able discussion on the merits of ..., 
developing explicit forms of the Colebrook function, which are often 

performed using the methods of successive substitution, is given by 

Schorle, Churchill, Shacham, and Chen (109). The reader is also 

referred to the work of Round (105) who modifies an equation proposed 

in the Russian literature and shows that the following equation is a 

good representation of the data available at that time 

(1.13) 

It will be seen later that the results of the present work have 

been compared to the predictions of some of the above equations. 

The above review clearly demonstrates the wide range of equa­

tion forms used to represent friction factor data for empty tubes. On 

first sight, it may be considered that correlations of the form of 

equation (1.11), for instance, could be used for the presentation of 

results obtained using tubes containing inserts. In such cases the 

constants could be modified and the relative roughness, e/d, replaced 

by a function which is characteristic of the insert geometry. However, 

many of the above equations have been developed using a very large 

number of experimental observations: this is a necessary requirement 

of any equation involving a large number of constants. The present 

work involved pressure lass and heat transfer measurements and it was 

considered that, over the available time period, insufficient pressure 
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loss data would be collected to allow accurate determination of a 

large number of constants. for this reason, and because of the com­

putational simplicity, the results of the present tests, using empty 

and packed tubes, were correlated using the same form as equations 

(1.1) and (1.4). 

1.2.2 The effect of tube length on the friction factor. 

The entry length, Xent• is the distance from the pipe inlet 

within which the turbulent velocity profile develops and thereafter 

remains constant. Oavies (31, p. 47) uses a theoretical analysis 

which provides the following estimate of the smallest possible entry 

length in a smooth tube : 

xent = Cl Reo. 25 
d 

(1.14) 

where cl = 1.41 (1.15) 

Over the flow range of the present work, equation (1.14) 

predicts that xentfd = 14.4 (Re = 11000) and xent/d = 25.3 (Re = 104000). 

that : 

According to reference (90), the results of Nikuradse show 

Xent 
d 

= 50 (1.16) 

Latzko (103, p. 7-6) predicts that the pipe length required 

for the friction factor to attain a constant value is given by : 

X 

d = 
0.25 

0.623 Re (1.17) 

which shows that x/d = 6.3 (Re = 11000) and 11.2 {Re = 104000). 

Using water over the Reynolds number range of 16000 to 70000, 

Olsen and Sparrow (91) found that after the first 25 pipe diameters 

the pressure gradient is within 5% of the fully developed value. 

Later it will be seen that the experimental equipment, of the 

present work, was constructed such that the distance between the ~~­

stream pressure tapping and the nearest object which projects through 

the tube wall uf3tream of that tapping was 53.3 tube diameters. 

1 •. 2.3 The effect of fluid property variation across the Flow field. 

The results of sections 1.2.1 and 1.2.2 apply for fluids flow­

ing along tubes with no heat being transferred through the tube wall. 
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For situations where the fluid is a liquid and heat is being transferred, 

the velocity profile across the tube is deformed mainly due to the 

viscosity variation. To allow for this effect the following equation 

may be used : 

~h 
.iliso 

and Ps• j-1 

= 

= 

= 

(1.18) 

friction factors determined under heat 

transfer and isothermal conditions at the 

same bulk Reynolds number 

liquid viscosities evaluated at the surface 

temperature of the tube wall and at the bulk 

fluid temperature. 

Kays and Parkins (103, p. 7-158) show that predicted values of 

m, for heating conditions, decrease with increasing Prandtl number. 

Typical results show that m= 0.063 (Pr = 3) and m= 0.028 (Pr = 10). 

However, they also note that some experimental evidence shows that 

m = 0.25 for water with a Prandtl number of 8. On the basis of these 

findings it is expected that for Pr = 4.94, the value used in the 

present work, the value of m will exceed 0.25. This conclusion is 

supported by Lopina and Bergles (79) who suggest that m = 0.35 for 

water. However, McAdams (81, p. 157) suggests that m = 0.14 which 

shows that the data reported in the literature is somewhat inconclu­

sive. This is probably because equation (1.18) is a simplification and 

later in this thesis (section 5.4.4) it is shown that m probably depends 

on the Reynolds and Prandtl numbers. 

1.2.4 The heat transfer characteristics of long smooth circular 

ducts. 

The so-called Dittus-Boelter equation is presented by McAdams 

(Bl, p. 219) in the form : 

Nu = hd = 0.023 
k [ ]

o.a [ ]o.4 d u ~ cp p 
p k 

o.a o.4 
= 0.023 Re Pr 

(1.19) 
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The restrictions on the use of this equation are : 

(i) 0. 7 < Pr < 120 

(ii) 
4 5 

10 < Re <: 1.2 X 10 

(iii) L/d > 60 

(iv) moderate (ts - tb) 

It is interesting to note that conversion of the equation determined 

by Dittus and Boelter (34, p. 450) into dimension1ess form, and noting 

that the Reyno1ds number exponent had been misprinted as 0,08 as 

opposed to o.a, it is found that : 

Nu = 0.024 Reo.a Pr0.4 for a fluid being heated (1.20) 

and Nu = 0,026 Reo.a Pr0.3 for cooling (1.21) 

It is considered here that McAdams found that equation (1,19) was 

a better representation of all of the data available at that time than 

were equations (1.20) and (1.21). Equation (1.19) correlates the data 

within an average deviation of~ 20% (81, p. 202). 

Incorporating the physical properties of water in equation 

(1.19), McAdams (81, p. 228) shows that : 

· where 

and 

h 

tav 

u 

d 

= 5700 (1 + 0,015 tavl u 
o.a 

d 0.2 

= mean bulk temperature of 

-1 = fluid velocity, m s 

= tube diameter, mm 

the 

-2 -1 W m K (1.22) 

fluid, cc 

Nunner (90, p. 6) states that the result of Krausso1d, for 

Re > 5000, may be represented in 

= 0.024 Ra0' 8 Pr! 

the form 

Nu (1.23) 

The commonly used Sieder - Tate equation may be written as : 

Nu = (Constant) Re
0

'
8
Pr! [~J0 ' 14 (1,24) 

The original work of Sieder and Tate (114), which shows the results 

of tests using oils, paraffin, benzene, and water, indicates that the 

constant in equation (1.24) is 0.027. However, McAdams (81, P• 219) 

states that results obtained using air show that the constant may be 

0.023 or 0.021. Perry and Chilton (97, p. 10-14) use a constant of 

0.023 and propose the following limitations for the use of equation (1.24): 



(i) 

(ii) 

(iii) 

4 
Re> 10 
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0, 7 <: Pr < 700 

L/d > 60 

In discussing the above equations, the results in the original 

source of the equation and in a number of commonly used textbooks have 

been cited, The original material was often based on a limited number 

of experimental measurements and the complete limitations of the 

equations were often unknown at that time. However, the comments made 

in some of the textbooks are often based on the experience of using the 

equations· and in noting their limitations. Nonetheless, this should 

not be accepted as a rigid guideline. For example, Kern (62, p. 104) 

suggests that equation (1.24), with a constant of 0.027, should not be 

used when water is the process fluid : the results of Evens (43, 

Figure 13), obtained using water, are in good agreement with equation 

(1.24) with a constant of 0.027. 

Equation (1.24) involves a similar term to that incorporated 

in the friction factor equations for the allowance of the physical 

property variation with temperature. This viscosity ratio allows the 

equation to be applied to situations where the fluid properties are 

significantly temperature dependent and it can be used for either heat­

ing or cooling conditions. 

Using a total of 651 individual data points which had been 

selected from a number of sources, reference {38) produced an equation 

which represents the data with a root mean square absolute percentage 

deviation (R.A.D.) of 10.2%. The proposed correlation may be rewritten 

in the form : 

Nu 

where G 

= 

= 

0.0225 Re0' 795 PrG 

0.495 - 0,0225 ln[Pr] 

(1. 25) 

Using the same data, reference {38) also shows that the R.A.D. 

was 13% when using equation (1.19). Adjustment of the constants and 

exponents in equation (1.19) by a least squares procedure, showed that 

{38) : 

Nu = 0.0204 Re0,805 Pr0.415 (1.26) 

for·which R.A.D. = 11.5% 
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The data used by reference (38) lay within the following 

(i) 
(ii) 

(iii) 

t/d > 40 

T jT b < 1.15, gases 

t 5 -'tb is small, liquids 

All of the above empirical correlations indicate that the 

Reynolds number exponent is O.B. This is an important finding which 

is of considerable importance in the calculation procedure adopted in 

the present work. 

1.2.5 The effect of the conditions at the entrance to the heated 

length of the tube on the heat transfer factor, Nu/Pr0•4 • 

Knudsen and Katz (68, p. 400 et. seq.) review the available 

data concerning entrance effects on the heat transfer coefficients. 

One of the most common methods-of representing this data, see for 

example (68, P• 403), (g7, P• 10-15), (59, P• 196), uses 

= 1 + (1.27) 

Where h is the mean heat transfer coefficient over the heated length, 

l, and h~is the assymptotic value of the heat transfer coefficient. 

The parameter X, evaluated from integrations of curves showing hx / h 

versus x/d, are tabulated by 8oelter et. al. (10), and are reproduced 

in the references cited above. Using air with a straight calming 

section (t/d = 11.2) preceding the heated tube length which had the 

same bore, Boelter et. al. found that X = 1.4, for 27200 < Re < 53000. 

In the present work the length of the heated tube was 53.3 tube dia­

meters. Using this length with X= 1.4 in equation (1.27), the con­

stant in the Oittus-Boeltar equation (1.19) may be adjusted; the 

resulting constant is 0.024. Reporting on the results of other workers, 

reference (39) states that data obtained using water exhibits a lack 

of quantitative agreement, although similar trends to those found by 

Boelter et. al. are noted as L/d is increased. 
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1,3 The type and characteristics of tube inserts used by previous 
-------------------------------------------------------------------workers 

Various methods have been suggested for the enhancement of 

heat transfer. Soma methods, for instance tube vibration, require a 

power source which is not a component of the flow circuit. These 

types of augmentation techniques are not the concern of the present 

work, they are discussed by Bergles (2), However, it was considered 

that the reader should be given a description of the heat transfer 

enhancement that is made possible by the use of techniques which 

require rio 

phase heat 

external power source. Consideration is limited 
4 5 transfer generally in the range 10 < Re < 10 • 

to single 

The actual 

flow range is stated if the latter restriction is not imposed. The 

discussion is divided into sections concerning roughened tube walls, 

extended surfaces, displaced promoters, inserts which extend across the 

tube diameter but do not induce swirl flow, swirl flow inducers, 

twisted tapes, static mixers, and the Kenics static mixer. Although 

the twisted tape and Kenics mixer are swirl inducers they are con­

sidered in separate sections because of their particular importance in 

the present work. Also the use of any stationary object, located in­

side a tube, may be considered to be a static mixer, however the 

section.of that name describes devices which have actually been used 

for the purpose of mixing. 

Bergles (2) provides a survey of the heat transfer enhancement 

that is obtained using some of the techniques listed above. His work 

is an extension of reference (s). Ouallatta and Bajan (92) also 

provide a useful survey, Bergles (2) compares the various techniques 

using the constant pumping power basis. This method, which is des­

cribed mora fully in section 1.4, is a measure of the heat transfer 

improvement relative to the same length of empty tube requiring the 

same pumping power. The results obtained with this method are 

expressed in the form (h/h0 )p where h and h0 are the heat transfer 

coefficients in the· tubas with and without the enhancement technique. 
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Internally roughened tube surface. 

The results of Nunner 1s tests (90) using naturally roughened 

pipes show that (h/h0 )p lies in the range 1.1 to 0.9 (2). The results 

used by Bergles (2) show that tubes with machined roughnesses are not 

beneficial and (h/h0 )p< 1. However, the more recent data surveyed by 

Norris (6, p. 16 et. seq.) do not support that conclusion, His survey, 

which embodies a far greater number of experimental studies, shows that 

the heat transfer coefficient may be increased by a factor of 2 for 

pumping power increases of a factor of 3 when using widely spaced ribs 

(s/e = 10). The results in Bergles (2) apply to closely spaced ribs 

(s/e < 2.24). 

Oipprey and Sabersky (33) produced tubes with a sand grain 

roughness. Their tests were performed in the range 1.2 < Pr < 5.94. 

Bergles (2) used their results to show that (h/ho)p increases with 

increasing Prandtl number. The most beneficial tubes had the largest 

roughness of the tests and showed that (h/h
0

)p may be as large as 1.95. 

Extrapolating the results of Oipprey·and Sabersky to a Prandtl number 

of 0.7, Norris (6) found that tubes possessing a sand grain roughness 

have little advantage over tubes with a machined roughness. 

Piston rings may be inserted into a tube to provide the same 

roughness form on the tube wall as may be produced by machine rough­

ening. Bergles (2) refers to this form of insert as •small ring-type". 

Adapting the results of Nunner (90), who used various shapes and axial 

spacings of piston rings, reference (2) shows that (h/h0 )p may attain 

maximum values of 1.6 (s/e = 10) with a mean value of approximately 1.3 

for all of the tests. Koch (69) used thin metal discs with apertures 

of various diameters. The diameter of the discs was approximately the 

same as that of the tube bore. The results determined by Koch show that 

(h/h0 )p may be as high as 1.4 but the mean value for all of the tests 

over the entire flow range is 1.0 (2). 

The results used by reference (2) to indicate the effect of 

using wire coils inside tubes shows considerable data scatter. The 

present author considers that this is a result of comparing results 

obtained using a large range of geometrical parameters. Bergles (2) 

uses results which were determined using coils which were loosely 

wound and coils which were tightly wound, the latter results show that 

(h/h0 )p decreases extremely rapidly with increasing Reynolds number. 
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This trend is not apparent for other types of insert and it implies 

that the friction factor and heat transfer factor, Nu/Pr0•4 , do not 

follow similar trends as the empty tube with respect to Reynolds 

number changes. Probably the best data used by Bergles (2) in dis­

cussing the effect of wire coil inserts is that of the Trane Co. (130). 

' Their results show that (h/h0 )p is approximately 1.35 (heating) and 

1.3 (cooling) when the process fluid is water. These values are only 

slightly lower than those found using the results of Nunner 1s work 

(90) with piston rings. In the latter case, a good contact between the 

rings and the tube wall was obtained, but using wire coils only a 

small fraction of the circumference of the wire is in contact with the 

tube. for these reasons the piston rings may increase the effective 

heat transfer surface area while wire coils will not produce such a 

large increase. 

1.3.2 Extended Surfaces. 

Hilding and Coogan (56) used a number of tubes which possessed 

various numbers of fins and fin heights. Their results show that the 

most beneficial tubes contained a large number of fins with large fin 

heights. Using fins which extended across the entire tube diameter, or 

by placing a smooth tube within a finned tube, it was found that 

(h/h0 )p may be as large as 2 (2). 

The tests of Hilding and Coogan (56) were performed by heating 

air in the tubes, the later work of Bergles et. al. (4) was performed 

by heating water. The results of reference (4) show that 

1.2 < (h/h0 )p< 2.7, where the greater improvements were obtained using 

short spiral fins. Watkinson et. al. (135) also used the heating mode 

of operation with water. They define low fin heights as those for 

which the ratio of the fin height to the tube diameter is less than 

o.os. Using straight fins it was found that the mean value of 

(h/h0 )P' over the flow range, was within the range 1.0 to 1.4 for each 

of the tubes; the higher values being produced in tubes containing a 

low number of fins. The tests using spiral fins showed that the mean 

values of (h/h0 )p were in the range of 1.1 to 1.6 (low fins) and 1.0 

to 1.4 (high fins). It was also found that (h/h
0

)p decreased with 

increasing Reynolds number, increasing angle of rotation of the fins, 

and increasing number fins for a given angle of rotation. 

Watkinson et. al. (134) performed heating tests using air in 
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finned tubas. They experienced considerable difficulty in obtaining 

useful results due to the effects of flow transition from the laminar 

to the turbulent regime, and due to heat conduction at the ends of the 

tubes. The main conclusions were that (h/h0 )P' for spiral fins, may 

be increased by reducing the helix angle of the fins or by increasing 

the peripheral spacing between the fins. For straight fins, the 

latter parameter had only a slight effect on (h/h0 )p• Russell and 

Carnavos (107) performed tests using a tube with the same fin con­

figuration but a slightly larger diameter than one of the tubes used 

by Watkinson et. al. (134). The Nusselt numbers and friction factors 

determined by Russell and Carnavos were greater than those found by 

reference {134). Russall and Carnavos could not explain this finding 

although it may be due to the different mode of operation; reference 

(107) operated in the cooling mode. The results of reference (107) are 

also interesting because each of their tubes contained 10 straight fins 

and only the tuba diameter and fin tip thickness was varied. As a 

reasonable approximation it can be stated that the results for all of 

the tubes show that {h/h
0

)p is approximately 1.3. Two anomalies exist 

in their results; one of the tubes, which used a slightly smaller fin 

tip thickness than the others, produced very large values of (h/h0 )p 

and also the friction factors determined under cooling conditions were 

lower than those found under isothermal conditions. The latter effect, 

which was found.using all of the tubes, including the empty smooth 

tubes, is unexpected. 

A quintuplax finned tube consists of five internally finned 

tubes fitted tightly in a concentric form. Other configurations may 

be produced, for example, a triplex finned tub~.is formed using three 

finned tubes. Soliman and Feingold (119) performed tests using a 

smooth tube, a single spiral finned tube, and a quintuplex spiral fin­

ned tube. They concluded that, because of the large pumping power 

requirements, quintuplax tubas should generally only be used for in­

stances where the main priority is heat exchanger size reduction. 

The tests involved the cooling of lubricating oil in the laminar and 

transition (laminar to turbulent) flow regimes. However, Carnavos 

(18) performed air cooling tests in the turbulent flow regime with a 

variety of compounded finned tubes. Carnavos calculated the ratios 

(h/h0 )p and found that the values produced by a quintuplex spiral 

finned tube are approximately 5. It is also shown that using a 

triplex tube, formed using two spiral finned tubes and a central 
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smooth tube, the ratio (h/h ) is 3.9. Further tests using three forms 
0 p 

of duplex tubes produced values of (h/h0 )P in the range 1.7 to 2.4, The 

merits of this type of tubing are considered further in section 1.4. 

Carnavos (17), (19) studied the effects of using single finned 

tubes with water and water/ethylene glycol mixtures under heating con­

ditions and using air under cooling conditions. The heating tests show 

that 1,24 < (h/h0 )p < 1. 72, with the higher values being obtained with 

the tubes possessing the highest helix angles of the ~piral fins and 

with the highest internal surface areas. The cooling tests produced 

similar conclusions over the range 1.15 < (h/h
0
)P< 1,6, The results 

of these two studies have been used in a parametric analysis of finned 

tubes, see Webb and Scott (136). 

Kreith and Margolis (74) and Gambill et,. al. (49) mention that 

helical tubes may be formed by flattening tubes. to produce an oval 

cross section and then, after packing the tube with sand, it is 

possible to twist the tube about its axis. The heat transfer and 

pressure drop characteristics of this type of tube have recently been 

studied by Ievlev et, al. (57), Some tubes, which are now commerci­

ally available, have a similarity to those produced by the above method. 

It is now possible to produce a number of tubes with different numbers 

of flutes (corrugations) and with various pitches of the flutes (131), 

(132), The data of one of the manufacturers of such tubes (131) 

suggests that, in the turbulent flow regime, the increased rate of heat 

transfer produced by using the tubes is a result of the increased heat 

transfer surface area and not the result of any changes in the film 

heat transfer coefficients, Although the data in reference (131) is 

unclear it appears that (hAT) may be increased above the empty tube 

value by a factor of up to 2.5 in the turbulent flow regime; com­

parative pressure loss results are not given, Further discussion of 

these forms of tubing is not given because the present author considers 

that they are probably only useful for processes where the heat transfer 

resistances on the inside and outside tube surfaces are large. Tube 

inserts are used where the dominant resistance to heat transfer would 

exist in the tube side fluid if smpty tubes were to be used, 
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1.3.3 Displaced promoters. 

One of the factors producing the heat transfer enhancement 

which results from the use of fins is the increased surface area 

available for heat transfer. The surface area of tuba inserts, which 

are in contact with the tuba wall, does not always increase the 

affective surface area available for heat transfer. The affective 

area depends on the thermal contact of the tuba wall and the insert. 

If the contact is vary poor then the insert may actually reduce the 

heat transfer surface area compared to the empty tuba. Displaced 

promoters are objects which do not have any contact with the tuba 

wall, their ability to increase the rata of heat transfer is a result 

of flow disturbances. 

It was previously noted that Koch (69) used rings, with a 

central orifice, such that the circumference of the rings were in 

contact with the tube wall (maximum clearance 0,3 mm), Koch also 

performed tests .. using 

Bergles (2) shows that 

of (h/h0 )p for the two 

two tubes 

over the 

which contained undersized rings. 
4 5 range 10 < Re < 10 , the mean values 

arrangements were 0.95 and 1.2. The orifice 

diameter and ring spacing were different in each of the tests and it is 

therefore difficult to suggest any trends concerning the most bene­

ficial geometry. It is noted that (h/h0 )p decreases with increasing 

Reynolds number. 

Discs may be axially located on a rod which may than be 

centrally positioned inside a tuba. Koch (69) and Evens (43) performed 

heat transfer and pressure drop tests using this type of insert. Koch 

(69) uses the term "baffle plates" in reference to these inserts. 

Bergles (2) uses the results of references (69) and (43) to show that 

(h/h0 )p is generally less than 1 for Raynolds numbers greater than 

approximately 40000. Both sets of results show similar magnitudes for 

(h/h
0

)p and also that this ratio decreases with increasing Reynolds 

number. However, it should be stated that the friction factors and 

Nussalt numbers determined by Koch are greater than those determined 

by Evens who suggests reasons for the differences. 

Evans (43) also replaced the discs by streamline shapes. 

Bergles (2) used the results of that study to show that they produce 

mean values of (h/h
0

)P' for 104 < Re< 105, in the range 0.95 to 0.75. 
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1.3.4 Inserts which extend across the tube diameter but do not 

induce a swirling flow. 

Some of the fins described in section 1.3.2 could have been 

considered in this section. In general however, the inserts considered 

here do not necessarily produce significant increases in the effective 

area available for heat transfer. 

Nauman (BB} suggests that the fluid mixing process associated 

with the use of static inserts inside a tube may be considered as the 

result of two components - flow division and flow inversion. It is 

shown that the fluid near to the tube wall at the entrance of a flow 

divider is also near to the tube wall at the exit of the insert. Flow 

inverters produce a flow transformation which results in fluid near to 

the tube wall being transferred to the centre of the tuba. On this 

simple basis, it is clear that flow inverters are expected to produce 

larger Nusselt numbers than flow dividers. Nauman suggests one geo­

metrical arrangement that produces flow inversion. Over part of its 

length the proposed device extends across the tube; it is for this 

reason that it is mentioned here. The interested reader is referred to 

reference (BB) for further details. However, it is important to 

realise that reference (BB} uses an analysis that is based on the 

existence of laminar flow regimes. In turbulent flows, where fluid is 

continually removed from the boundary layers by turbulent eddies, the 

analysis of Nauman using hypothetical inversion and division processes 

will be difficult, if not impossible, to use with certainty. 

The Corpak turbulence promoter (129) consists of continuous 

lengths of loosely wound wire spirals which produce a high free voidage. 

When located inside tubes the device may be used to increase the rate 

of heat transfer and/or degree of fluid mixing compared to an empty pipe 

of the same diameter. Unfortunately, comparable heat transfer and 

pressure drop data in reference (129) apply to the conventional empty 

tube laminar flow range and therefore are not of particular interest in 

the present work. 

Megerlin et. al. (82) studied the effects of mesh inserts and 

brush inserts. The mesh inserts were produced from pads of stainless 

steel fibres which were copper plated. The brush inserts were formed 

using commercially available spiral brushes manufactured from stainless 

steel. Although the brushes induced a significant spiral component in 
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the flow, this type of insert is considered here, rather than in 

section 1.3.5, because of the similarity with mesh inserts. The free 

voidage of Corpak turbulators, see above, is unknown, however it 

appears that it is greater than those of the inserts used by Megerlin 

et. al •• The mesh, brush, and Corpak, inserts increase the rate of 

heat transfer by increasing the effective surface area and by disrupt­

ing the boundary layer fluid; the brush inserts also create a swirl­

ing flow, as noted above. 

The results of reference (B2) show that the heat transfer co­

efficient may be very sensitive to any local variations in the mesh 

porosity. for two of the three tubes with mesh inserts, it was found 

that (h/h0 )p is approximately 1.25, for 104 < Re< 3 x 104 • The film 

heat transfer coefficients were approximately 9 times those that 

would exist in an empty tube at the same Reynolds numbers. for the 

other tube containing a mesh insert, it was found that (h/h0 )p was 

approximately 0.65; this lower value was considered to be a result of 

measuring the exit fluid temperature near to a region of high mesh 

porosity. The results obtained with brush inserts show that {h/h0 )p, 

again for 104 < Re< 3 x 104 , is approximately 0. 7, and the increase 

in the heat transfer coefficient, compared to an empty tube at the 

same Reynolds number, is a factor of 5 (B2). 

Sparrow et. al. {121) studied the thermal and hydraulic 

characteristics of tubes containing an 4symmetrical slat blockage, 

see figure 1.1. The thickness of the blockage relative to the tube 

length was small (L/t = 392). They also report on similar tests 

that used asymmetrical segmental blockages. In both studies the local 

heat transfer coefficients and static pressures were determined down­

stream of the blockage. Water (Pr = 4) was used for the heat transfer 

tests and air was used in the pressure drop determinations. It was 

found that very large Nusselt numbers were obtained at small values of 

x/d, where x is the distance from the downstream face of the blockage. 

The Nusselt numbers in this region, when expressed as a ratio to the 

fully developed value, were approximately 4.B (flow area blockage of 

t), 3.3 (~ blockage) and 2.3 (t blockage). These ratios are mean 

values over the Reynolds number range of 11000 to 60000. The values 

given were determined using slat blockages and unless otherwise stated 

the remainder of the following discussion will be restricted to this 

geometrical form. At the lower Reynolds numbers, the Nusselt number 

ratios were greatest and for the t blockage it was found that maximum 
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values of the ratios occurred approximately 2t pipe diameters downstream 

of the blockage; thereafter the ratios decreased to unity. Using 

segmental blockages maxima in the curves of Nu/Nu
0 

versus x/d were 

found using blockages of t, ! and t• Sparrow et. al. suggest that 

the maxima are caused by the reattachment of the separated flow and by 

the impact, on the tube wall, of the fluid that is displaced by the 

blockage. They conclude that both of these effects occur further 

downstream of a segmental blockage compared to a slat blockage. For the 

slat blockages, the thermal development (to within five per cent) is 

completed approximately 10, 15, and 18 diameters downstream of the 

blockage for respective area ratios of t, ! and t• 
Sparrow et. al. define the angle 9 as shown in Figure 1.1. 

They produce graphs which show the local circumferential Nusselt 

number, expressed as a ratio to the fully developed value, versus the 

non-dimensional axial location, x/d, for various values of e. They 

deduce that the flow reattachments and impacts, discussed above, occur 

at x/d< 1 for all values of 9, when using a t slat blockage. For the 

case of a t blockage, there is a peak in the Nusselt number ratio for 
0 a = 90 at high Reynolds numbers. However, for the same Reynolds 

numbers and e" 0°, the maximum appears to occur at x/d < 1 and this 

is because the maximum is a result of the impact effect. At lower 

Reynolds numbers, it was found that there was no maximum for e = 90°, 

but a maximum existed for 9= 0°. It was considered that this is a 

result of the shorter reattachment region and smaller impact effect 

than was observed at higher Reynolds numbers. The results For a t 
blockage agree with the above deductions. It was also found that the 

circumferential variations of the Nusselt number did not exist for 

x/d > 5. For segmental blockages the circumferential variations 

persisted at considerably greater distances downstream. 

The form in which Sparrow et. al. present their pressure 

analyses does not allow the local friction factors downstream of the 

blockages to be determined. However, Koch (69) used an instrument 

which allowed the measurement of the local wall shear stress in the 

regions downstream o'f objects located within a tube. From the results 

thereby obtained, Koch suggests that the local wall shear stress, rw, 
is a dominant factor affecting the local heat transfer coefficient. 

This is not surprising since the major part of the resistance to heat 

transfer lies in the boundary layer, near to the tube wall, and it is 

the wall shear stress that determines the thickness of the boundary 
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layer. On the basis of this proposition, beneficial tuba inserts 

must increase the wall shear stress. However, a large number of the 

forms of tube inserts, for example displaced promoters, indirectly 

cause the boundary layer disruption by producing substantial mixing 

of the core fluid. The kinetic energy losses associated with this 

mixing lead to the need for large pumping powers and it is now clear 

that only a fraction of that power is used to increase the wall shear 

stress and hence the heat transfer coefficient. Koch (69) deduces 

that as the degree of mixing in the core fluid increases so the 

relative proportion of the total resistance to heat transfer that lies 

in the boundary layer is also increased and this effect is similar to 

that produced by increasing the Prandtl number of the fluid. 

The suggestion that the heat transfer coefficient is dependent 

on the wall shear stress indicates that some form of analogy exists 

between heat and momentum transfer. Such analogies have been developed 

for the empty tube; these are discussed by Knudsen and Katz (68, 

Chapter 15). However, as noted by Koch (69), the same equations cannot 

be applied to tubes which contain discontinuous inserts because the 

intermittent boundary layer disruption,caused by the inserts, violates 

the assumptions on which the equations are based. 

1.3.5 Swirl flow inducers (excluding the twisted tape). 

Blum and Oliver (9) measured the local heat-transfer co­

efficients, for carbon dioxide and air, downstream of an inlet vortex 

generator. The device used was basically a tangential slot through 

the tube wall. Near to the generator the heat transfer coefficients 

for air were larger than those obtained using carbon dioxide. However, 

the decrease of the coefficients with respect to the axial distance 

from the generator was mora rapid for the air. This was due to the 

higher viscosity of air compared to carbon dioxide. No generalisa­

tions ware made concerning the tuba length for which the vortex effect 

completely decayed. 

Koch (69) produced propeller-shaped promoters using brass 

plates (1 mm thick). The vanes of the propellers were formed by 

making 6 radial slits through the plates and twisting the resulting 

vanes through approximately 45° relative to the axis of the plate. 

The propellers were located at various equidistant positions on a 

brass rod which was inserted into a tube. Bergles (2) uses the results 

of (69) to show that (h/h0 )p is approximately 1.1 over the range 
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104 < Re < 105 , and decreases with increasing Reynolds number, How­

ever, on the basis of these results, it is difficult to suggest the 

best possible spacing of the inserts. 

Twisted tape inserts, 

A sketch of a twisted tape is shown as figure 1.2. This form 

of tube insert is usually produced by twisting thin strips of metal. 

Margolis (80), (73) and Koch (69) discuss some of the pertinent tests 

performed prior to 1g59, Since then a large number of experimental 

studies and literature surveys have been concerned with twisted tapes, 

In the following survey, continuous twisted tapes, i.e. those which 

extend along the total heated tube length, are considered prior to a 

discussion of the use of short twisted tapes and the flow in the 

region downstream of the tapes. The work is presented in a chronologi­

cal sequence and emphasis is placed on those studies which have 

received the largest number of favourable citations in the published 

literature. 

(a} Continuous twisted tapes extending along the entire heated 

tube length. 

The work described in reference (4g) is outlined by Gambill et. 

al. (50). The test sections used ~n that work were electrically heated 

although heat generation in the twisted tapes was negligible. In a 

later study, Gambill (46) performed boiling and burnout tests using 

electrically heated twisted tapes, The present author has not located 

any reference to the use of this type of system in single phase tests, 

Gambill et. al. (50) found that their results, determined under heating 

and isothermal conditions, could be correlated with an average 

absolute percentage deviation (A.A.O.) of 12.3% by 

where jl = 

and y = 

(1. 28) 

friction factor defined by equation (1.2) with the 

fluid velocity based on the inside diameter, d, of the 

tube 

twist ratio of the tape, which is defined as the number 

of tube diameters per 180° degrees of insert rotation, 
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Gambill et. al. specifically state that equation (1.28) should not be 

extrapolated beyond the values of y and d used in their tests. These 

geometrical constraints are given in Table 1.1. The results were also 

correlated with an A.A.D. of 20.1% by using an empty tube correlation, 

and equation (1.2), with the length, velocity and diameter replaced by 

the characteristic values lsi• uri• 

quantities are given in Appendix A.l. 

and De• The definitions of these 

Also it should be noted that in 

this method the Reynolds number to be used in equation (1.11) is also 

based on De and Uri• 

with an 

Qr by 

where 

Gambill et. al. (49, 50) correlate their heat transfer results, 

A.A.D. of 

!:!!!... = 
Nu

0 

Nu ::: 
Nu

0 

Nu = 

= 

= 

= 

10.1%, by 

2.18 
Y0.09 

2.43 ( /3f t.tr)o.042 

o.oa4 
y 

(1. 29) 

(1.30) 

Nusselt number obtained using the twisted tape. 

This value is based on the tube inside diameter 

and the total circumference of the tube 

Nusselt number obtained in an empty pipe at the 

same nominal Reynolds number as that used to 

produce Nu 

volumetric coefficient of thermal expansion 

evaluated at the film temperature 

temperature drop across the film of fluid at the 

tube wall = (ts - tb) 

Nu and Nu0 were determined under heating conditions and, unless other­

wise stated, all of the heat transfer correlatio~s presented in this 

thesis apply to that mode of operation. 

determined using 

= 

The Nusselt number, Nu , was 
0 

(1.31) 

Gambill and Bundy (47) present a survey of the swirl flow tests 

that were performed prior to 1962. They suggest that the pressure loss 

determinations of references (49) and (50), as given above, may be low 

due to a small system leakage and incorrect locations of the pressure 

tappings. Unfortunately, the distance between the downstream edge of 
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the tapes and the pressure tappings is not specified. Gambill and 

Bundy (47) correlate all of the available friction factor data in the 

form 

Pa- Poa 

where n 

9foe 

Pe 

and 

= 

= 
= 

= 

= 

0. 026~5 [ Re 8 ]-n 

yl...ll 2000 

0.81 exp (-1700 (e/D
8

) ) 

0.023 Ree-0• 2 

(1.32) 

(1.33) 

friction factor defined by equation (1.2) with the 

diameter and velocity evaluated using equations 

(A.l.2) and (A.l.3) 

Reynolds number based on the equivalent diameter 

and velocity as given by equations (A.l.2) and 

(A.l.3), 

Gambill and Bundy suggest that the ratio of the Nusselt number 

for swirl flew compared to that in an empty tube is smaller for air 

than for water because of the compressibility of air. This effect leads 

to denser air lying at the tube wall though it is more beneficial, due 

to centrifugal forces, for the denser fluid ·to exist in the central core 

of the fluid. It is also this effect that produces the greater Nusselt 

number ratios determined under heating conditions as opposed to the 

cooling mode of operation. Gambill and Bundy considered that in­

sufficient details were available to enable the correlation of all of 

the heat transfer results into a single equation, However, they refer 

to equation (1,30) and a correlation which was later published in 

reference (48) and is discussed later. 

Gambill and Bundy (48) state that isothermal friction factors, 

determined by tests using ethylene glycol, were represented to within 

16.5% by equations (1.32) and (1,33). They suggest that equation (1,18), 

when used with equations (1.32) and (1,33), accounts for the mode of 

operation when using 

m = 

m = 

0.043 for cooling, y = 4.8 (1.34) 

0.140 0,3465 for heating, 2.26<y<"" (1.35) 
y2 

Gambill and Bundy (48) correlate the results of reference (49) 

and their own results to show that, under heating conditions : 
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[ 

( ~ y/32 dll t) f u2 ]0.0344 0.89 0.6 
Nu = 0.00675 Re Pr (1.36) 

where Nu and Re are based on the inside diameter of the tube, the 

circumference of the tube wall, and the fluid velocity is also based 

on the tube i.d •• The following units are to be employed in equation 
-3 -1 (1.36): e• lb ft , u, ft s ; d, ft. The maximum tube diameter 

used in the tests, for which equation (1,36) is representative, was 

6.3 mm. Since this equation is dimensional it may be that its range 

of application is limited; no further citations of this equation have 

been located, Gambill and Bundy (48) note that the Prandtl number 

exponent of 0.6, compared to the value of 0.4 for empty tubes, implies 

that the improvement in the Nusselt number caused by tape insertion is 

greatest for fluids with a large Prandtl number. However, Koch (69, 

p. 103) suggests that the improvement is expected to fall as the 

Prandtl number is increased. As noted previously, Koch considered that 

for larg·a Prandtl numbers the proportion of the fluid's resistance to 

heat traosfer that lies in the core fluid is relatively small and hence 

any changes in the fluid core have only a small effect on the Nusselt 

number. This conflict of views is again discussed after reviewing 

some of the later studies of twisted tapes. 

The parameter and flow ranges of the tests performed by 

Seymour (110) are outlined in Table 1.1. The pressure losses measured 

in that work are considerably less than ·those reported in a further 

article, Seymour (111). In the latter, Seymour suggests that the 

reason for the discrepancy is possibly the use of an insufficient tape 

length in the earlier work. However, the results presented in ref­

erence (111) do not support that suggestion. In reference (110) the 

heat transfer results of that work are correlated to within 5% by 

Nu = 
Reo. 75 ( ,.. tf /3) o.125 

(1,37) 
11.89 

where Re is evaluated as for equation (1.36). Although not stated, 

~is presumably evaluated at the film temperature. The heat transfer 

correlation for the empty tube results is not given • 
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Smithberg and Landis (118) analytically found that 

" 0.5 0.058 (2p ) 
a 

y 

+ 
0. 01245 [A l ...! [ 1125 ln(Re

8 

Re 8 y Ac 

-0.2 
+ 0.023 Re a (1.38) 

where the subscript "e" indicates the use of the equivalent diameter 

and velocity basis. It should again be recalled that ~a is given by 

equation (1.2) with 0
8 

and the actual fluid velocity which allows for 

the tape thickness. Af and Ac are the cross sectional free flow areas 

of an empty tube and a tuba of the same diameter with a tape. 

Smithberg and Landis also present a simpler equation which agrees to 

within 11% with equation (1.38). Experimental tests were performed 

over the ranges indicated in Table 1.1. The results and those of Koch 

generally agreed with equation (1.38) to within ~ 10%. 

An analytical study by Smithberg and Landis (118) showed that 

(1 + (2'l/;;))Re
8 

Pr 
Nu = h d = 

k 
1 + Da 

Pr0.731 175 

[ (A) + (B)] (1.39) 

Rea fte -y d 

where 

(A) = 

and (B) = 0.023 

In the above equation it is important to realise that Nu is 

defined using the .. inside diameter of the tube but ~a and Re 8 are 

defined using the equivalent diameter basis as in ths friction factor 

analysis. The experimental empty tuba data were correlated by 

equation (1.24) with a constant of 0.023 and either an exponent of 

0.36 on the viscosity ratio (water tests), or with the viscosity ratio 

replaced by the term (Ts / Tb) 0•575 (air tests). These corrections 
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were also applied to the analytical predictions. Only one of the 

experimental results obtained using air by references (118) and (69) 

differed from the predictions of equation (1.39) by more than 10%. 

However, at low Reynolds numbers the predicted values of Nu are lower 

than the experimental results of Koch (69), at high flowrates the 

predictions are high. The experimental water data and the predicted 

results agreed to within ~ 20%. It should be noted that in using 

equation (1.39) the fin effectiveness of the tape, 'l., needs to be 

estimated. It is seen from equation (1.39) that the Nusselt number for 

a lOO% fin efficiency is 64% greater than the value for zero fin 

efficiency. This may be one of the-factors causing the slight dis­

crepancy, seen later, between the results of various workers. 

Poppendiek and Gambill (99) discuss some possible uses of swirl 

inducing inserts and the relative importance of the phenomena affecting 

the thermal and hydraulic characteristics. Most of the ideas in ref­

erence (99) have appeared in previous references. However, one effect 

which is not generally apparent from other papers is the effect of 

heat addition on the hydraulic characteristics of tubes containing swirl 

inducers. Gambill and Bundy suggest that under the conditions of high 

heat fluxes, for fluids with large values of /3 and low p/e , the "free• 

convection produced during swirl flow increases the friction .factor. 

The analysis of Migay (83) shows that for fully developed swirl 

flow with a twisted tape : 

~e = 
0.0124 

where c = 

and 

0.5 -0.2 2.8 
(1125 ln(Re

8 
(2~8 ) )- 3170) + 0.023 Re

8 
C 

(1.40) 

ii 1] r(_A_-12_+_1_)_0._5_ + 

[~ + [ 

1 

4y 
(A + 1) + A ln(B) ] [ 0.5 J 
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In the above equation, the suffix "e" refers to the use of the 

equivalent diameter and fluid velocity with the tape inserted. To 

allow for the formation of the vortex flow, Migay uses the equation 

proposed by Smithberg and Landis {118), such that 

ll'eTOT = 11'., + 11'~ (1.41) 

de' where p 

and L 

= 

= 

De r? 
64-/ l 
length of the twisted tape 

(1.42) 

For Migay 1s tests in the range indicated in .Table 1.1 the results and 

the predictions of equation (1.41) generally agreed to within 3%. 

Migay (83), again by analytical methods, showed that 

15 (1 + 1.75I(Pr + 8)) Pr De 
+ B 

h D ~e· y d 
e = 

k 
[ Do ] 0.69 3 

1 + (5050 Pr + 0.00006 Pr ) 
15 y d Re

8 

(1.43) 

where B = 
o.a P (A-1 + l)o.4 0.023 Re

8 
r 

and A = 

Migay also includes an additive term to allow for the fin effect which 

is neglected by equation (1.43). This equation is applicable in the 

turbulent flow regime with 0.7< Pr < lOOD (83). 

The range of variables used by Seymour {111) are noted in 

Table 1.1. Empirical correlation of the results, which were determined 

under isothermal conditions, showed that 

log10(,01 I ~0 ) = (0.905 I y) + 0.29 

for 13000 < Re1 < 105; M.A.O. = 10% 

{1.44) 

The friction factor and Reynolds number have been designated the sub­

script "1" since it appears from reference (111) that }11 and Re1 are 
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determined using the inside diameter of the tube but with a fluid 

velocity which allows for the thickness of the tape. The empty tube 

results were correlated by equation (1.7). Seymour also used a semi­

empirical method which fitted the experimental results, for 

103 < Re1 < 105, with an M. A. D. of approximately 35%. 

The semi-empirical analysis of Thorsen and Landis (128) shows 

that 

fle = 0.023 [ B~ ] Re:~·2 [ ~: rO.l 
4 

for Reel > 10 

where r = 1.126 + 0.031 [ 

(1 

'62 

2 
+ ~ ) 

r = tube radius, ft 

t = ( ;;/2 y) 

( 2) o. 5 
BT 

1 + l( B 
= 

[ .2...[ (l.' + lS'2)1.5 -1] ] 2 
3i2 

B = (;; + 2) d -2S 

[ ~ lS'/ [3;,)( +;.A]+ 
3 d y d 

and A = 

2 d A + r.d-2&A] 

(1.45) 

The temperature ratio is an empirical modification of their analysis 

and allows for the variation of the physical properties of gases. The 

same modification applies to their empty tube results. The Reynolds 

number is defined by 

= (1.46) 
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where v is the average total ·velocity, which includes the tangential 

and axial components of the flow, based on the forced vortex model 

outlined in Appendix A.l. In using this modal, the analysis is con­

siderably simplified if the thickness of the tape is neglected; this 

allows integrations to be performed across the flow field from the 

centre of the pipe to the tube wall. Hence 

ii = ~ r 2 r. R ur (dR) cl 
(1.47) 

The resultant fluid velocity, u , is found using equation (A.l.7) in the 
r 

same way as that used to determine equation (A.l.9). However, the true 

mean axial fluid velocity, ue' is used in these calculations. This 

shows that 

A~r 2 2 0-5 
V = 2 ~ R (1 + ~ (R/r) ) u (dR) e (1.48) 

2 Af u 
((1 + ~2)1.5- 1) e 

= 
3 A ~2 c 

where lS = ( n/2y) 

It follotdS that 

Reel 
2 Af 

((1 + ~2)1.5 - 1) Re = i-3 Ac 
a 

{1.49) 

The anomaly concerning the definition of the flow area also 

occurs in the work of Gambill at. al. {49), Smithberg and Landis (118), 
and Seymour (111), All of these workers assume in their analysis that 

the thickness of the tape may be neglected. This may be a reasonable 

approximation in view of the approximate nature of the forced vortex 

model and because they used thin tapes, see Table 1.1. The approxima­

tion may be invalid for large area blockage ratios, 

Thorsen and Landis (128) also derive the following semi­

empirical equations : 

= [ ]-0.32 { ( )0.5/ ) l~: 1 + 0.25 Gr Re 8 

for heating 

{1.50) 
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0.021 

0.023 [1 + 0.07 2>t
2 J 

(1 + 11 ) r 

0.5/ (1 - 0.25(Gr) Re 9 ) (1.51) 

for cooling 

In the above equations, Nu9 is defined using De• The empty tube results 

were correlated with equations (1.50) and (1.51) by neglecting the terms 

in the round brackets and using !( = 0. 

Lopina and Bergles (79) correlated their isothermal friction 

factors using 

ife 2. 75 y 
-0.406 (1.52) = 

he 

where ifoe = 0.023 Re
8

-
0•2 

This equation represented the experimental results of reference (79) to 

within 20%. Generally, the agreement between the results of six other 

workers and equation (1.52) was good. One friction factor, obtained 

from Gambill and Bundy (47), was approximately 60% greater than the 

predicted result. This was considered to be a result of the greater 

roughness of the tube in that test. 

Lopina and Bergles allow for the effect on the friction factor 

of heat transfer by using equation (1.52) and equation (1.18) with 

m 0.35 

m = 

for the empty tube, heating 

for tubes containing twisted 

tapes, heating 

(1.53) 

(1.54) 

They performed heating and cooling tests with water and a tape with a 

twist ratio of 3.15. It was found that the Nusselt numbers determined 

during the cooling tests were approximately 25% below those determined 

under heating conditions. The Nusselt numbers obtained using a tape 

which was insulated from the tube wall were approximately 10% lower 

than the results obtained using an embedded tape. Using an additive 
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method, involving the components of the Nusselt number that are the 

result of the increased fluid velocity, flow length, and the centri­

fugal convection and fin effects in swirling flow, it is shown that 

h De F [ 0,023 {o<. Ree)
0

'
8 0.4 

+ 0,193 ee~ De /3 lltr Pr Nu9 = = Pr 
I< y et 

( 1. 55) 

where 0( = (4:/ ... n z)o.s 
2y 

1] 

This equation applies for heating conditions; for cooling applications 

the second term in the square brackets should be neglected, The factor, 

F, allows for the fin effect of the tape. Lopina and Bergles used 

F = 1.10 for Re? 3 x 104, this value was estimated using the experi­

mental method discussed above, and by analytical methods. They also 

modified the constant of 0,023 to fit their actual empty tube results 

which showed that the constant was 0,025, In this way the results 

determined under heating and cooling conditions agreed with equation 

(1,55) to within 10%. The results of references (118) and (49) 

generally agreed with the predictions to within 15%. 

Klaczak (64) correlated his results, obtained by the steam heat­

ing of water, to show that 

(1.56) 

+ 10% for 95% probability 

The following range of variables were used : 

d = 6,8 mm 

) /d = 0,074 

L/d = 30 

y = 1.63, 2.64, and 3,79 

1700< Re< 20000 

2.5 < Pr< 9 

The actual experimental data in reference (64) shows that the Reynolds 

number exponent is greater than 0.44 at Reynolds numbers greater than 

104, Nonetheless the exponent, 0.44, is lower than the values 

determined by other workers, Unfortunately Klaczak does not give 

details of the tube section upstream of the twisted tapes, the empty 

tube results, nor any pressure loss measurements. The Reynolds numbers 

are low in the Klaczak study which may indicate that the results were 
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obtained in a laminar/turbulent transition regime. Blackwelder and 

Kreith (6, pp. 102-108) show that the Nusselt number, in a twisted tape 

arrangement, deviates from the turbulent flow trend at Reynolds numbers 

less than 3000 and that laminar flow exists at Re< 1200. The tube 

length used by Blackwelder and Kreith was 102 pipe diameters, this is 

considerably greater than the length used in Klaczak's tests. 

Date (3D) reviews the studies performed using twisted tapes. 

In that thesis the correlations proposed by previous workers ere tabu­

lated. However, many of the correlations are misprinted and it is for 

this reason that many of them have been restated in the present review. 

Date suggests that equation (1.40) is the best correlation· of the 

available friction factor data for all twist ratios. Due to the com­

plexity of that equation, Date recorrelates the available data into 

the form : 

= -0.2 [ ]b 0.023 Re
8 

y 1 
(1.57) 

where b = 4 I 4 1.15 + (0.15 (7 X 10 - Ree) 6.5 X 10 ) 

This equation applies for 

1.5 < y < 00 

5000 < Re8 < 70DOD 

Date does not correlate the heat transfer data, probably 

because an adequate correlation would require that the fin effect for 

each set of data is known. It is suggested that equations (1.39), 

(1.43), ,and (1.55) are the best representations of the available data. 

Reference (30) notes that there is some inconsistency in the 

literature concerning the Prandtl number effect. It is proposed, in 

reference (30), that a Prandtl number exponent of 0.4 is adequate, 

although no experimental data has been obtained for Prandtl numbers 

considerably greater than unity. This is not surprising since a fluid 

flowing with high Reynolds and Prandtl numbers exhibits a large pres­

sure loss (and possibly viscous heating). This is undesirable in many 

practical applications. 

Date (30) solves the partial differential equations of momentum 

and heat transfer for laminar and turbulent flows in twisted tapes. 

The calculated Nusselt numbers in that reference should be multiplied 

by a factor of 2 since Date considered only one half of the duct (112, 

p. 382). Due to the difficulty in modelling the Reynolds stresses 
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using an effective viscosity, the calculated friction factors and 

Nusselt numbers, in the turbulent flow regime, did not agree with the 

experimental results. 

Using electrical resistance heating of tubes with nitrogen 

flow, Klepper (65) determined the following correlations : 

where 

and 

!!..!:!,__ = 1. 1 0 5 + 
Nu0 

Nu = Nusselt 

0.59 Ra0•05 

y0.6 

number for fully developed 

containing a twisted tape 

Nu0 = Nusselt number for fully developed 

tube 

= 0.023 Reo.s Pr0.4 
[ ~: r0.5 

(1.58) 

flow in a tube 

flow in an empty 

(1.59) 

Equations (1.58) and (!.59) correlated Klepper 1 s data to within 8% and 

5% respectively. The range of the tests is indicated in Table 1.1. 

Using a tape twist of 2.38 a peaking of the local Nusselt number occur­

red near to the leading edge of the tape; this effect was not found 

using other twist ratios. For all twist ratios, fully developed flow 

was established within 26 pipe diameters of the leading edge of the 

tape. 

Klepper (65) correlates friction factor data using a fluid 

viscosity and density evaluated at a temperature e1, where 

91= 0.3 (Ts - Tb) + Tb" This method of calculation probably only 

applies for gases and will not be considered in detail in the present 

work. For y = 2.38 and 4.42, Klepper's proposed correlation predicts 

friction factors which are 10% greater than those found by Thorsen 

and Landis (128). 

Nazmeev and Nikolaev (89) suggest that empty tuba correlations 

may be used for the prediction of the heat transfer characteristics of 

tubes containing twisted tapes provided that the true flow area is used 

in the calculations. Reference (89) is a translation of the work of 

Nazmeev and Nikolaev and, although not stated in the reference, an 

hydraulic diameter must be used in the empty tube equations so that 

agreement with the experimental results is obtained. 

Subtracting the cross sectional area of the tape from the flow 

area derived by Gambill et. al. (49), see equation (A.l.l4), one obtains 
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equation (A.1.15), This is the flow area used by Nazmeev and Nikolaev. 

The hydraulic diameter, OH , to be used in the empty tube correlations, 

is derived in Appendix A.l. Those correlations, as shown earlier in 

this thesis, show that the Reynolds number exponent is o.s, therefore 

where 

Nu 
Nu0 

= [~l·B /:.!Ll0.2 
Af"J lDHj (1.60) 

Nu, Nu
0 

= 

A" t 

o' H 

= 

= 

= 

Nusselt numbers, based on the tube i.d., 
for tubes with and without twisted tapes 

cross sectional area of the empty tube of dia­

meter, d 

correctad true flow area, see equation (A.I,15) 

corrected hydraulic diameter, see equation (A.1.23) 

From the comparisons presented by Nazmeev and Nikolaev, equation (1.60) 

appears to represent the results of references (69), (118), {110), and 

(64) to within approximately 25%. 

{b) The effect of tape length and swirl decay downstream of twisted 

tapes. 

Seymour (llD) used a tape {y = 2.63) with the leading edge at 

the beginning of the heated tube section. The length of the tape was 

varied and the result of these variations were correlated to within 5% 

by : 

where Nu 

= [ 3.1 ] log10 [ xl ] 
Re0.31 l 

(1. 61) 

= 

= 

= 

= 

Nusselt number based on the total heated 

length of the tube 

Nusselt number for a continuous full length 

twisted tape arrangement. {Both Nu and NuT 

are defined using the inside diameter of the 

tuba) 

tape length 

heated length of the tube 

Kreith and Sonju (75) perform an order of magnitude analysis of 

the Navier Stokes equations with the aim of investigating the swirl 

decay downstream of a twisted tape. They solve the resulting equation 
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by incorporating an approximation of the Reynolds stresses which 

involves the eddy diffusivity. The magnitude of this factor was deter­

mined by experimental tests. The theoretical and experimental analyses 

showed that within 100 pipe diameters downstream of the tape the swirl 

intens{ty decays to approximately 20% of the value at the tape outlet, 

(see Figures 7 and 8 in reference (75)). 

Blackwelder and Kreith (6, pp. 102-108) experimentally in­

vestigated the heat transfer and pressure drop characteristics of a 

decaying swirl flow downstream of a twisted tape. Tests were performed 

in the range 2 x 104 < Re.< 6 x 104 and l. 77 < y < 11.0. The decay of 

the local Nusselt number was almost exponential upto 15 to 30 diameters 

downstream of the trailing edge of the tape. Nusselt numbers charact­

eristic of turbulent flaw in an empty tube were determined approximately 

60 to BD diameters downstream of the tape. The rate of attenuation of 

the swirl increased with increasing heat flux through the tube wall, 

decreasing twist ratio of the tape, and decreasing Reynalds numbers. 

Allowance for the heat flaw and twist ratio was obtained by multiplying 

the local Nusselt number by the ratio : 

where Ts = tube wall surface temperature 

Tb = local bulk fluid temperature 

X = distance downstream of the tape 

Kl = a function of the twist ratio 

It appears that within 5 tuba diameters of the tape edge the 

decay may, for practical purposes, be considered independent of the 

heat flux and twist ratio. 8lackwalder and Kraith used air in their 

tests; it is probable that had a liquid been used then the above ratio 

would involve fluid viscosities. Furthermore, they used a tape thick­

ness of 0.041 tube diameters and fully developed swirl flaw existed 

at the tape exit in all of the tests. The rate of decay may also be 

affected by these two factors. 

The local friction factors decayed to the values which are 

typical of empty tubes at approximately 60 diameters downstream of tha 

tape (6, pp. 102-lDB). The local friction factor decreases very rapidly 

in the empty tuba section downstream of the trailing edge of the twist­

ed tape. Far instance, the local friction factor within the tape 
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section (y = 4,25, Re = 42000) may be approximately a factor of 3 

greater than the corresponding empty tube value, while 3 diameters 

downstream of the tape the friction factor is approximately 1.8 times 

the empty tube value. The rate of reduction of the local friction 

factor with respect to the distance from the tape appears to increase 

with decreasing twist ratio, 

The local Nusselt number, Nux' downstream of the trailing edge 

of a twisted tape was determined under heating conditions using 

nitrogen gas, see Klepper (55). The results were correlated to within 

10% by 

= 

where (A) = 

(B) = 

and X = 

. 0.023 Reo.a Pr0.4 U: r0.5 

0.7 + 0.000042 Re 
1.0 + 0.000039 Re) 

1.0 + 1.05 

(A) (B) 

[y + o. 0025 ~xl2]0,6 y _, 
dj 

(1.52) 

distance from the trailing edge of the tape to the -

measurement position 

The range of the tests is noted in Table 1.1. As also found by 

Blackwelder and Kreith, the local friction factor rapidly decreased 

beyond the tape. The increase of the average friction factor above the 

empty tube factor, over the range 0 < x/d < 10 in the region downstream 

of the tape, was only one third of the increase determined in the tape 

region, 

The correlations proposed by previous workers have been used to 

determine the values of (h/h0 )p that may be expected when using- the con­

ditions of the present work. The friction factor correlations of 

previous workers were adapted using equations (1.53) and (1,54) and 

calculations were performed assuming zero fin effect. The predictions 

found using the work of Smithberg and Landis (118) showed that (h/h0 )p 

would be 1.39 and 1.23 at Reynolds numbers of 15500 and 104000. The 

proposals of Thorsen and Landis (128) and Lopina and Bergles (79) show 

that (h/h
0

)p would be respectively 1.35 and 1.19 at a Reynolds number 

of 15500, and 1.35 and 1.15 at a Reynolds number of 104000. The empty 

tube correlations that were adopted by the reference authors were used 

in the above calculations. 
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1.3.7 Motionless inline mixers ("Static mixer" is a registered 

trademark of the Kenics Corporation). 

A motionless inline mixer may be generally described as any 

stationary body, or assembly of bodies, which are located within a duct 

and thereby cause transformations of the fluid velocity and hence 

result in the mixing of the fluid, Simpson {15, pp. 280-305) outlines 

the factors for consideration in the design or purchasing of a motion­

less inline mixer. Reference (96) describes some applications of the 

mixers, including the Kenics and Oow/Ross devices, References {100) 

and {54) also consider those mixers and the Sulzer/Koch device. 

Compared to the flow in empty tubes, the increased shear stress at the 

duct wall and the fluid mixing produced in motionless mixers lead to 

larger heat transfer coefficients. Pahl and Muschelknautz {93, 94 and 

95) and Chakrabarti (21) consider the mixing, pressure drop, and heat 

transfer {fluid to tube wall) characteristics of motionless mixer 

systems. The references cited above generally limit their observations 

to the laminar flow regime. For comparison with the results of the 

present work the turbulent flow thermal and hydraulic characteristics 

of some commercially available mixers are reviewed in the next two 

sections of this thesis. 

A schematic diagram of an Etoflo LV {low viscosity) mixer is 

shown in figure 1.3. The pressure drop across a standard six element 

Etoflo unit is given by (42) : 

K = 

= 

ratio of the friction factors, based on the tube with 

and without the mixer at the same nominal Reynolds 

number 

50 {approximately) for Re > 3000 (1. 63) 

The heat transfer characteristics of the Etoflo mixer are not 

available (11). 

The arrangement of the three-bladed elements of the Lightnin 

In-line blender are shown in Figure 1,3. The pressure loss associated 

with these turbulent flow devices is given by (77), {84): 

where 

or 

end 

K 

A 

A 

= 

= 

= 

= 

(1.64) 

66.5 for 25 mm< d < 254 mm, standard modules 

84.32 for 300 mm < d < 1829 mm, non standard modules 
(1.65) 

fluid viscosity, centipoise 
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The overall heat transfer coefficient for a jacketed Lightnin 

mixer is 5 to 10 times greater than the value for a double pipe heat 

exchanger (77). It is probable that these increases were obtained in 

the laminar flo~ regime. 

The LPO (low pressure drop), LLPO (lower pressure drop) and 

ISG (interfacial surface generator) mixers are shown in Figure 1.3. 

These mixers are manufactured by Charles Ross Co. under li cense from 
~ 

Dew Chemical Co. (22) hence the reason for various sources in the 

literature using different names for these devices. From the graphs in 

reference (22) it was estimated that in the turbulent flow regime 

(Re > 500): 

~ = Y N d A (1.66) 
l 

where y = 1.11 for LPD mixers (1.67) 

y = 0.51 for LLPD mixers (1.68) 

y = 16.2 for ISG mixers (1.69) 

N = number of elements forming the mixer; 

typically N = 6 (LPD) or N = 4 (ISG) 

d = tube diameter 

l = length of the mixer 

and A = viscosity correction factor. The tabulated data in 

reference (22) may be represented by A = PO. 056' where 

p is the fluid viscosity, cP. 

Unfortunately no heat transfer data pertinent to these mixers could 

be located. 

Rearranging the equations given in reference (70) it is 

found that the pressure drop across Komax motionless mixers, see 

Figure 1.3, may be calculated using 

j5 = 0.288 N d0•6 8 1 (1. 70) 
l 

where ~ = friction factor defined in equation (1.2) 

N = number of elements forming the mixer; 

typically N = 6 

d = tube diameter, ft 

l = length of the mixer, ft 

and 81 = viscosity correction factor. The graph in reference 

(70) may be represented by 81 
0.053 where p is the = p , 

fluid viscosity, cP. 
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Equation (1.70) applies for standard Komax modules, for which 

l = d (1 + 1.25N) (1.71) 

Nested Komax elements may be used in applications where extremely 

vigorous mixing is required. For these elements the pressure loss is 

double that given by equation (1.70) and 

t = d (1 + 0.9N) (1. 72) 

The data in a later Komax bulletin (71) are correlated by 

ii (N - 1) /:! 
o.oa dl.28 

= 
l 

where }J = fluid viscosity, cP 

d = pipe diameter, ft 

and l = pipe length, ft 

The above equation will not be considered further in the present work 

because reference (71) does not include any information concerning the 

length of the mixers. 

The overall heat transfer coefficient, u, of a Komax mixer 

with a heating or cooling jacket is approximately 3 times the value 

obtained with an empty pipe double pipe heat exchanger (72). Although 

no statement is given concerning the flow regime and geometrical details 

of the tests used to obtain this approximation, it appears that the tests 

were performed in the laminar flow regime and the increase is con­

servative. Later work {63) showed approximately 5 fold increases of U 

in the laminar flow regime. Further data from Komax (113) is presented 

in graphical form as ln(u) versus u, where u is the fluid velocity and 

U is the overall heat transfer coefficient for a double pipe heat 

exchanger containing a Komax mixer. The graph shows that 

u = 

where 

= 

= 

u = 
u = 

178 ln [ ~ 1] 
0.046 for a fluid cooling 

(average temperature 60°C) 

0.030 for a fluid being heated 

(average temperature 26.7°C) 

(1. 73) 

(1. 74) 

(1.75) 

-1. h -1 oF-1 overall heat transfer coefficient, Btu ft r 

fluid velocity, based on the pipe diameter, ft s-1 
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The tube of the heat exchanger used in the above tests was a 

25.4 mm a.d. (22.1 mm i.d.) 316 stainless steel tube and water was 

used in the tube and shell. Replatting equations (1.73) and (1.75) 
* in the form of the conventional Wilsan plot, 1/U versus 1/u0•8 , a 

gradual curve was produced which shows that either the scale 

or the annulus fluid film resistances to heat transfer were not 

constant, or that the film heat transfer coefficients of a fluid 

flowing through a Komax mixer are not dependent an u0•8• However, 

using the results for u = 2,4,6,8 and 10 ft s-1 (Re = 15600 to 78000) 

a straight line approximation using the Wilson plot method showed that 

h = inside fluid film heat transfer coefficient in a tube 

containing a Komax mixer (heating, 26,7°C) 

1300 u0•8 Btu ft- 2 hr-1 o,-1 (1. 76) 

Substituting the fluid temperature and tube diameter into equation 

(1.22) and converting to compatible units, it is found that 

h = 
ho 

4.5 (approximately) (1. 77) 

where h
0 

is the film heat transfer coefficient for the empty tube. 

Equation (1.77) is an approximation and certainly should not be used in 

design calculations. 

· Sulzer mixers were developed by Sulzer Bros. from a distilla­

tion column packing. They are sometimes referred to as Koch mixers 

because they are also manufactured by Koch Eng. Inc. in U.S.A. (133). 

A large variety of these mixers are available; the arrangement to be 

used in a given application is based on the allowable pressure loss, 

length limitations, the required degree of mixing, the flow regime, and 

the duct shape. The main types which are currently available are the 

SMV, SMX and SMXL. The sections of an SMV mixer consist of a number of 

corrugated plates, consecutive plates are in contact with each other and 

thereby farm intersecting channels. The sections of the mixers may be 

aligned or perpendicular. Unlike the SMV mixer, the SMX and SMXL types 

are generally used in the laminar flaw regime (125). These mixers con­

sist of intersecting flat plates; the SMXL type is less densely packed 

* This analysis technique is discussed in section 4.8.2. 
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than the SMX and it is also used for heat transfer applications. 

Due to the large number of geometrical variations and hence the 

large range of resulting friction factors it would be misleading to 

propose a typical equation for determination of the friction factors 

applicable to Sulzer mixers. The reader is therefore directed to the 

original literature in which turbulent flow results are reported. 

References (133), (124), and (127) used air in SMV mixers in square 

ducts (450 mm diameter). Reference (124) observes the effect of the 

number of plates and length of the mixer. 

Limited data concerning type SMX mixers are also reported in 

(124). References {126) and {123) discuss the use of Sulzer mixers for 

the inline dispersion of liquids; they present some pressure loss data 

for the turbulent flow regime. Reference (125) provides good photo­

graphs of the three types of Sulzer mixers, noted above, and presents 

some of the mixing and pressure drop characteristics. 

References {53) and {55) investigate the laminar flow heat 

transfer characteristics of SMXL mixers, but no turbulent flow data 

could be located. 

1.3.8 The Kenics static mixer. 

A Kenics static mixer, see Figure 1.2, consists of a number of 

helices each of which possesses a twist of 180° either in a clockwise or 

anticlockwise direction. The elements, generally 6 in turbulent flow 

applications, are positioned inside circular ducts so that consecutive 

elements have alternate twist direction and perpendicular leading edges. 

Table 1.2 shows typical values of the friction factor ratio, K, 

which have been reported in the literature concerning Kenics static 

mixers. However, by far the most extensive amount of data is that of 

Chen {24) and Kenics Corp. {60). The latter references use the follow­

ing notation : 

K = 

= 

ratio of the friction factors, based on the inside dia­

meter of the tube and the superficial fluid velocity, 

for the mixer and the empty tube at the same super­

ficial Reynolds number 

z KaT (1.78) 

Chen (24) shows that Z is a parameter which is dependent on the 

Reynolds number only. A good approximation to the data of Chen is 
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z = 0. 62 Re 0' 104 
(1.79) 

Values of KoT• for various pipe diameters, are given by (24) and (60). 

These values were correlated by regression analyses during the present 

work using terms which involved the tube diameter and either the twist 

ratio of the inserts, y, or the term y/(y-1); the latter factor was 

proposed by Date (30) for the correlation of twisted tape data, see 

equation (1.57). Using the resulting correlations with equations (1.78) 

and (1.79) it was found that for the data of (24) : 

either K 72.0 0-0.190 y -2.24 Re0.104 = (1.80) 

M.A.D. = 6.2 A.A.D. = 1.1 

or K = 5.24 o-0.196 (y/(y-1) )1,61 Re0.104 (1.81) 

M.A.D. = 6.6 A.A.O. = 1.2 

Regression analyses of the data in (60) showed that 

75 •8 0-0,207 y-2.46 Re0.104 either K = (1.82) 

or 

M. A. D. = 5.9 A.A.O. = 0.81 

K = 5, 08 0-0.211 (y/(y-l) )1,57 Re0.104 (1.83) 

M.A.O. = 6.5 A.A.D. = 0.83 

four important notes concerning equations (1.80) to (1.83) are: 

(i) The inside diameter of the pipe, D, is evaluated in 

units of inches. This procedure was adopted since the 

manufacturers generally use these units. 

(ii) The dat.a of Chen (24) for d = 20,8 mm (0 = 0.82 inches) 

was not used in the analyses since the value of K
0

T 

for that pipe diameter was a misprint (122). 

(iii) It is to be expected that K is dependent on the thick­

ness of the elements, S • Insufficient details were 

available to allow for this parameter in the regres­

sion analyses. Over the range of interest in the 

present study, d < 38 mm, the thickness of commercial 

Kenics mixers is approximated by \; /d = 0,1, and for 

larger tube diameters b /d < 0.1, ( 20). 

(iv) The data in references(24) and (60) were obtained 

over the respective ranges 1. 5 < y < 1. 9 and 
1.5< y < 1.8. 
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Grace (51) suggests that the Nusselt number for a gas turbul­

ently flowing in a Kenics static mixer may be calculated using equation 

(1.19) with the constant, 0.023, replaced by 0.075. It appears from 

reference (32) that this equation was determined using tests with air 

in a 12 mm diameter pipe. 

Morris and Benyon (86) measured the rate of transfer of 

naphthalene, to air, from the walls of tubes which contained Kenics 

mixers. Their results were generally correlated to within 10% 
(M.A.D. = 20%) by 

Sh 
Sh0 

= 

for 104 < Re < 3.5 x 104 

d = 12.7 mm 

~/d = 0.079 

(1.84) 

where Sh
0 

is determined using the mass transfer analogue of equation 

(1.19) with a length correction of (l + (d/L) 0•7). The mixers used 

in these tests were composed of 2,4,6,8, or 10 elements with a twist 

ratio of 2.5. 

Proctor* (101) used the naphthalene transfer method during 

studies of Kenics mixers with twist ratios of 1.5 and 2.0. The tube 

diamet·er and element thickness were identical to those used by Morris 

and Benyon (86). It was found that the ratio of the mean Sherwood 

numbers along the test section with and without the mixers, Sh/Sh0 , was 

in the range 2 to 3 at superficial Reynolds numbers of approximately 

400. The ratio increased with Reynolds number upto Re = 2000 to 3000 

when Sh/Sh0 was in the range 5 to 6. Thereafter increasing the 

Reynolds number produced a reduction in Sh/Sh0 such that at a Reynolds 

numbsr of 30000 (the maximum used in the tests) the ratio was approxi­

mately 2. If the trend found by Proctor is extrapolated to Reynolds 

numbers in the range 105 to 2 x 105 
it is found that Sh/Sh0 is 1. 

However, there are some inconsistencies in the work of Proctor (101). 

In Figure 18 of Proctor's thesis (alternatively, see Figure 9 of ref­

erence (87)) the ratio Sh/Sh0 is seen to decrease with increasing 

Reynolds number when using Kenics mixers with twist ratios of 2.5. 

----------------------------------------------------------------------
* The mass transfer studies of this work are also reported in 

reference (87). 
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The results shown are noted as being the "reevaluated" results of 

Morris and Benyon (86) but no details of the reevaluation are given. 

A similar discrepancy also occurs in considering the heat transfer 

results which were obtained using a 12.7 mm diameter steel tube and 

Kenics mixers with a twist ratio of 1.5. figure 33 of Proctor's 

thesis shows that the ratio of the mean Nusselt numbers along the 

test section with and without the mixers, Nu/Nu
0

, increases with 

increasing Reynolds number. However, in figure 32, Proctor implies 

that Nu/Nu0 decreases with Reynolds number. It appears from the 

actual experimental data on figures 32 and 33 that Nu/Nu0 is 

approximately 3 for Reynolds numbers greater than 2000. 

Chen (25) suggests that turbulent flow empty tube data may be 

correlated in the form of equation (1.23) with the constant, 0.024, 

replaced by 0.026. It is suggested that the constant is 0.078 for 

turbulent flow through a Kenics mixer. No details are given of the 

Reynolds and Prandtl numbers used in the determination of this con­

stant. figure 3.-3 of reference (25) is a graphical representation of 

Nu versus (Re0•8pr!) on linear coordinates. It shows (Re0•8pr!) 

over the range 0 to 2000 and indicates that Nu/Nu0 is approximately 

3.7. It is considered here that this graph does not represent the 

characteristics of the Kenics mixer. The graph does not agree with 

the equations quoted by Chen and to obtain turbulent flow conditions 

with low values of the product (Re 0 • 8Pr~) it is necessary to use a 

fluid with an extremely small Prandtl number. 

Lin et. al. (78) investigated the effect of using a section of 

Kenics static mixers in the upstream section of a heated tube. Various 

lengths of static mixer were used, including the full length mixer. 

One test section included 14 pairs of Kenics elements and a single 

element equidistantly spaced along the tube length. The latter con­

figurations produced larger (approximately 13%) heat transfer 

coefficients and smaller (approximately 12%) pressure losses than the 

configuration consisting of 25 elements lumped together at the tube 

inlet. The tests were performed in the Reynolds number range of 980 

to 5500. At these values, the heat transfer coefficients developed 

using the full length mixer were factors of 10.6 and 7.3 times greater 

than the coefficients obtained with the empty tube at the same Reynolds 

numbers. In the writer's opinion, these large increases are to be 

expected since in the laminar regime in empty tubes the heat transfer 

coefficients are low. The insertion of Kenics mixers produces a 



- 44 -

turbulent flow and consequently increases the heat transfer 

coefficients compared to the empty tube laminar flow values at the 

same superficial Reynolds numbers. Furthermore, it has already been 

shown that Kenics mixers increase the heat transfer coefficients in 

the turbulent flow regime and hence considerable increases are 

obtained in the conventional laminar/turbulent transitional flow 

regime. This result was also found by Morris et. al. (87). 
Azer et. al. (1) used the same equipment as in reference (78) 

to investigate the effect of the equidistant spacing between pairs of 

Kenics elements, i.e. a counter clockwise and a clockwise helix with 

perpendicular leading edges. Their results are not presented in a 

form which can be converted to conventional Nu/Pr0• 4 , or~. versus 

Reynolds number curves. Their forced convection results were obtained 

in a region near to the subcooled nucleate boiling regime and they 

indicate that the heat transfer factor ratios, and the friction factor 

ratios, are dependent on the temperature difference between the tube 

wall and bulk fluid. 

1.3.9 Range of application of in-line mixers to heat transfer 

enhancement. 

The friction factors, ~. are based on the definition of 

equation (1.2) in this thesis. Hence it follows that 

where 

and 

Ap 

A P0 

K 

ll.p 

= 

= 

= 

= 

K L 

Lo 
(1.85) 

friction factor ratio as defined previously 

(see Notation) 

pressure drop across the mixer which is of 

sufficient length, t, to produce the required 

degree of mixing 

pressure drop across an empty tube which is of 

length, t
0

, where t0 is the tube length 

required to produce the same degree of mixing 

as the in-line mixer of the same diameter. 

In the present analysis, the length, t, will be considered to be the 

length of one standard mixing module as recommended by the manu­

facturers for turbulent flow applications. The empty tube mixing 

length, t
0

, will be assumed to be 2540 mm (L/d = 95.2). This ratio 
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was used by Tauscher and Streiff (127), 

Also, 

= 
u l 

u l 
0 0 

(1.86} 

where qj /:,\M' qj f:J. tLMo = heat flow rates per unit of temperature 

driving force for the tubes with and with­

out mixers 

and u, u 
0 

= overall heat transfer coefficients for the 

heat exchangers with and without mixers. 

Table 1.3 shows the assumptions and the results of an analysis 

using the above equations. It must be stated that the chosen con­

ditions do not represent the best application of the in-line mixers. 

It is very unlikely that the ISG mixer would be used at the high 

flowrata (superficial velocity = 1.87 m s-1) used in the present 

analysis. However, Table 1.3 shows the important fact that the 

equipment size reduction, that results from the insertion of the mixers, 

may lead to insufficient heat transfer area being available. This 

indicates that in-line mixers are suited to applications where 

simultaneous mixing and relatively low heat flowrates are required. 

Most of the mixers ware initially conceived to reduce the equipment 

size necessary for the mixing of fluids at low Reynolds numbers. The 

need for affective mixing, and sometimes heat transfer, at higher 

flowrates has led to the development of lower pressure loss devices 

which necessarily require greater homogenization lengths and con­

sequently increase the area available for heat transfer, for instance 

the LLPD and SMXL mixers. 

The pressure losses given in Table 1.3, when considered with a 

three fold increase in the film heat transfer coefficient, show that 

(h/h
0

}p is 0.87 for a Kenics mixer (27.7 mm i.d. pipe} operating at a 

Reynolds number of 50000. 
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1.4 Evaluation of the heat transfer enhancement techniques 
--------------------------------------------------------------

Bergles et. al. (3) present 8 criteria which may be used as 

measures of the effectiveness of the enhancement techniques. for each 

of these criteria there is an objective, for example, increasing the 

heat transfer rate relative to that obtained using an empty tube, and 

fixed constraints, far example, the tube diameter and length, the 

number of tubes, and the fluid mass flowrate, may be equal in the 

augmented and empty tube applications. 

A number of methods have been proposed far comparing the heat 

duty and pumping power requirements of various enhancement techniques, 

Glaser, see (69, pp, 118-119), uses curves showing the required heat 

transfer surface area versus an efficiency, £ 1, where 

E 
1 

= Heat f1owrate per unit of temoerature drivino force, g/t:. t 
Pumping power 

(1.87) 

Using this definition, all devices which have the same efficiency, 

when operating at the same qf t:.t, require the same pumping power. The 

mast beneficial device requires the smallest heat transfer area. This 

method is similar to the R3 criterion, proposed by Bergles et, al. (3) 

which is now described. 

The pumping power requirement of a given device is 

p 

Substituting 

p 

= 

= 

Q 6P 

;. Ji l d C! u 
.3 

equation (1,3) 

jl r. l Re3 
= 

d 

}J 

into 
3 

(1.88) 

(1,88) shows that 

(1.89) 

for empty and augmented tubes requiring equal pumping powers and with 

equal fluid temperatures and tube diameters and lengths, it follows 

that 
3 3 

" Re = " Re Po o P (1.90) 

where the suffix "a" refers to the empty tube, This equation can be 

solved easily if the empty tube can be characterised by a simple 

friction factor correlation. (When Jl
0 

is· not proportional to Re8 

equation 
3 

Jlo Reo • 

(1.90) may be quickly solved using a plot of 

A series of such curves, each applicable to 

Re versus 
0 

a certain tube 

roughness, may be produced), For instance, substituting equation (1,4) 
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into {1.90) shows that 

= 

Hence using Re0 and Re in the heat transfer correlations which apply 

to the empty and augmented tubes, it is possible to determine the 

ratio (h/h0 )P' for a constant power requirement. This technique was 

used in the review articles of Bergles (5), (2) and is used in tha 

present work to allow direct comparison with those reviews. 

Alternative methods of presenting the heat transfer/power 

analysis have been proposed. Morris and Proctor {87) present curves 
3 

of Nu versus ln (~ Re ) for the empty and augmented tubes. Nunner {90) 
uses ln {Nu/Nu

0
) versus ln (i3 / fl0 ) where each factor is _evaluated at 

the same Reynolds number. On this basis i3 / ~0 is the ratio of the 

power requirements of the augmented and empty tubes operating at the 

same Reynolds number. This method of data presentation is useful 

since it gives a clear indication of the pumping power increases 

required to produce the heat transfer enhancement when the mass flow­

rate is fixed. Norris (6, PP• 16-26) used this method for the cor­

relation of the characteristics of roughened tubes. This method will 

also be used in the present work. 

A further extension of the above graphical presentation 

method, which was also used in an adapted form by Gambill and Bundy 

{47), again investigates the Nusselt number increases that are 

possible by increasing the fluid velocity through an empty tube. 

Nunner (90) shows that if the empty tube characteristics are such that 

" d N t" 1 t" l t R -D· 25 d R O.S th p 0 an u0 are respec ~ve y proper ~ona o e an e , en 

where 

and 

= [ P02 ] 0.291 

Pal 

(1.91) 

Nusselt numbers at Reynolds numbers of Real 

and Re02 in the empty tube 

= pumping powers required to produce the 

Reynolds numbers. 
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This equation can be shown on the ln-ln coordinates of Nu/Nu versus 
0 

P/P0 , or analogously ~ / ~0 , for the augmented tubes. 

It must be noted that the heat transfer coefficient, or Nu, 

has been used in the above equations. If the equations are to 

represent the actual benefit resulting from the use of augmentation 

techniques then the calculations should use the overall heat transfer 

coefficient, U. Such an analysis introduces other possible variables, 

for example, the fluid film resistance on the outside of the tuba. 

Ouellette and Bejan (92) use entropy (available energy} 

minimisation as the criterion for the suitability of using enhancement 

devices. They define the "augmentation entropy generation number", N, 

as the ratio of the rate of total entropy generation, with respect to 

length, for the augmented and empty tubes. The total entropy genera­

tion rate is the sum of the rates associated hlith the pressure losses 

and tha finite temperature difference between the tube side and annulus 

side fluids. On the basis of this definition an augmentation device is 

suitable if N < 1; lower values of N indicate better techniques. 

Throughout the analyses in reference (92) it is assumed that the thermal 

and frictional available energies have the same cost per energy unit. 

However, it is shown that the method can be adapted to allow for dis­

imilar available energy costs, although the method still neglects the 

fixed costs associated with, for example, the equipment manufacture and 

maintenance. Nonetheless, these factors were not considered in the 

constant pumping power analyses. 

The evaluation methods used by Evans (43}, (44), and Spalding 

and LiebQI'<>"' (120} determine the enhancement technique which produces 

the minimum total (fixed and operating} cost. These methods are 

necessarily more time consuming to apply than are the simplified 

criteria suggested by Bergles et. al. (3}. However, this type of 

analysis should be applied at sometime during the design of a heat 

exchanger. 

Other criteria may be important in some applications. Reduc­

tion of the equipment mass is a factor when using expensive materials 

of construction or when the equipment is to be part of mobile 

machines, for example, aircraft. The power requirement per unit 

volume of fluid, E1, is important where blood is used. Bluestein 

and Mockras (8} used blood in the range 1000 < Re < 4500 passing 

through circular tubes, orifice plates and venturi tubes. 
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They found that 

= (1. 92) 

where = hemolysis rate of the blood cells, 

m gm cm- 3 (cells) min-l 

and = power per unit voluwe of fluid, 

cm- 3 (blood) m in -1 erg 

K1 is a constant for a given type of tube insert; it increases as the 

nonuniformity of the energy dissipation, across the flow area, 

increases. Since most tube inserts increase £1 and many of them create 

significant form drag losses and thereby increase K1, it is unlikely 

that many forms of tube inserts are beneficial in blood oxygenators or 

blood heat exchangers. 

The use of tube inserts to enhance heat transfer is not as 

widely applied as may have been expected. This may be due to con­

servatism or a lack of sufficiently accurate data, or a knowledge of 

the data, for a given application. Very little work has investigated 

the scale formation and erosion that may occur while using tube in­

serts. The comparatively large fluid velocity near the tube wall 

that is produced by swirl flow inducers may reduce the rate of scale 

formation that would occur in an empty tube, but erosion may occur. 

The need to clean the tubes is a possible reason for not using multi­

plex finned tubes. Also, multiplex tubes, although they provide sub­

stantial heat transfer enhancement, are costly due to the number of 

tubes and the compounding technique required for their production. 

Enhancement devices are particularly suited to applications 

involving large heat fluxes, such as nuclear reactors. In these in­

stances, local hot spots and large temperature gradients may be 

reduced thereby ensuring the mechanical integrity of the equipment. 

The use of inserts is also clearly favourable if the pumping power is 

relatively free, for example, tha use of river water in cooling 

applications (92). As a generalisation, low spiral fins appear to be 

one of the best devices for heat transfer enhancement. (These fins 

are used on the outside surface of "cans" containing solid uranium 

rods in nuclear reactors). 
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1.5 Scope of the Present work 
-------------------------------

The following comments outline the objectives, the limitations, 

and the reasons for performing the present work. 

(i) The K values in Tables 1.2 and 7.2 show that the 

pressure drop across a Kenics mixer is significantly greater than that 

across a twisted tape. The present experimental project examines 

whether this difference is the result of the alternate twist direction 

or the perpendicularity of the elements in the Kenics configuration. 

Heat transfer and pressure drop measurements ware performed using water 

passing through tubes containing a continuous length of any of the con­

figurations shown in Figure 1.4. The effect of the thickness of the 

inserts was not studied. 

(ii) Previous workers had shown that substantial improve-

ments in the heat transfer factor, Nu/Pr0•4, are obtained in the 

region downstream of a twisted tape. However, no data was available 

for a tube containing discontinuous lengths of twisted tapes spaced 

along the tube. Heat transfer and pressure drop measurements ware 

therefore performed using the configurations shown in Figure 1.5. 

(iii) It has been shown that short lengths of in-line mixers 

will not satisfy large heat transfer requirements. This project in­

vestigates the use, in a heat transfer application, of pairs of 

elements arranged in the Kenics mixer configuration with empty tube 

lengths between the pairs, see Figure 1.6. To allow a comparison, the 

spacings between the inserts ware identical to those used in (ii). 

(iv) The teats were limited to the turbulent flow regime 

because most heat exchangers are operated in that regime and because 

the turbulent flaw produces the large heat transfer factors which are 

required in applications involving large heat fluxas. 

(v) No theoretical analysis of the thermal and hydraulic 

characteristics of the above configurations was attempted. The work of 

Date (30) had shown that insufficient knowledge concerning the Reynolds 

stresses is currently available to predict the characteristics of tubes 

containing a swirling turbulent flow produced around a continuous 
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twisted tape. Many of the present configurations involve dis­

continuous lengths of inserts and a decaying swirl flow; the flow 

around these inserts would be considerably more difficult to model. 

After the construction of the experimental facility it was 

necessary to a~ait the manufacture of the Kenics mixer elements. 

During this period, the operation of the equipment was tested using 

Pall rings which had been adapted for insertion into tubes with the 

same diameter as those to be used with the Kenics elements, see 

Figure 1.7. Pall rings were readily available and it was considered 

that they may increase the heat transfer coefficients, relative to 

those obtained using an empty tube, by a similar mechanism to that 

produced using ring type tube wall roughnesses. The configurations of 

the Pall rings are' shown in Figure !.B. 
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figure 2.1 shows the flow arrangements used in this study. 

The tube fluid, water at an average temperature of 35°C along the 

test section, was moved by the centrifugal pump PlOl from the tank 

TlOl into the calming section. A by-pass was used in order to reduce 

the noise level and strain on PlOl that would have been caused by 

greatly throttling the fluid across the gate valve Vl. The fluid 

passed through the mixing mesh Ml and along the calming and test 

section to the cooler, via the adiabatic mixing chamber M3. from the 

cooler the water returned to TlOl via the rotameter Rl. The cooler 

removed the heat gained by the tube fluid while flowing through the 

heated length of the test section. The water in tank Tl02 was heated 

by the steam injector 51, the fluid prime mover being the pump Pl03. 

This annulus fluid was transferred from Tl02, by the pump Pl02, along 

the annulus where its average temperature was maintained at 80°C. 

From the annulus, the water passed through the adiabatic mixing chamber 

M2, through the rotameter R2, and returned to the tank Tl02. The 

calming section, annular section, mixing chambers, and flanges of the 

mixing mesh, were all lagged using asbestos flex (4 mm thick) and 

magnesia blocks (25 mm thick). Other lengths of pipe work were 

lagged, either for reasons of safety or to reduce the steam require­

ment of the injector Sl. 

Throughout the period of study a number of modifications to the 

experimental facility were made; these are discussed in more detail in 

the remaining sections of this chapter, 

2.2.1 Con·nections. 

During the initial empty tube tests, and those performed using 

Pall rings, the calming section and test section were connected to­

gether by a 35 mm length of clear flexible P.v.c. tubing and two jubilee 

clips. The bore of the flexible tubing was equal to the outside dia­

meter of the two tubes. The pressures encountered while using the 

swirl flow inducers enforced the use of a compression fitting pipe 

connector internally bored so that the ends of the tubes were in 

- ------------------------------------------------------------------------
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intimate contact. The olives of the compression fitting were con­

structed in polytetrafluoro-ethylena (P.T.f.E. or TEFLON); this 

allowed the test section to be disconnected easily. An identical 

arrangement was used to connect the calming section and short length 

of tube through which the thermocouple stem, Tl, was placed, see 

figure 2.4. 

2.2.2 Tubes, 

The copper tubes, forming the calming and test sections, had 

inside and outside diameters of 20 mm and 22 mm respectively. The 

reproducibility of these dimensions was confirmed by the agreement of 

the pressure drop and heat transfer results obtained using different 

sections of tubing, The calming section and test sections had total 

lengths of 1016 mm (40 ins.) and 1270 mm (50 ins.). The distances 

between the pressure tappings ware 965 mm (38 ins.) and 1219 mm 

(48 ins,) for the distances Pl to P2 and P2 to P3, respectively.' 

2.2.3 Pressure tappings. 

For the initial empty tube tests pressure tappings ware made 

at the points Pl, P2, and P3, see figure 2.1, corresponding to the 

positions 25.4 mm (1 ins.), 991 mm (39 ins.) and 2210 mm (87 ins.) 

from the calming section inlet. for the tests using the Pall rings, 

the tappings at Pl were not used, for the tests using the swirl flow 

inducers, tappings were made at points P2 and P3 only. 

The tappings at each position consisted of four circumferen­

tially equidistant holes of 2 mm diameter. Tubas, 25.4 mm (1 ins.) 

long, with the inside bore equal to the hole size given above, ware 

soldered to the outside surfaces of the test tubes in order to 

complete the pressure tapping arrangement. It was always ensured that 

the inner tube wall was smooth after this soldering process. 

for the relatively low pressure Pall ring tests, clear flexible 

P.v.c. tubing, 4.8 mm (3/16 ins.) inside diameter, was used to con­

nect the pressure tappings to the manometers. With the latter arrange­

ment, valves on the connecting tubing were of the simple thumb-screw 

type. Short lengths of thick walled rubber tubing ware used at the 

positions of the thumb screw valves in order to ensure that they could 

be closed effectively, 
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During the higher pressure tests using the swirl flow in­

ducers, the P.v.c. connecting tube was replaced by nylon tube, 4 mm 

(5/32 ins.) inside diameter and 6 mm (tins.) outside diameter, and 

the thumb screw valves were replaced by 6 mm (tins.) ball valves. 

Compression fittings were used to connect the pressure tappings and 

nylon tubing, while Serkeit nylon tees (6 mm, t ins.) were used as 

the common manifolds of the pressure tappings and manometers, see 

figure 2.2. 

2.2.4 Manometers. 

All of the manometers were the U-tube type, produced from 

glass (5 mm inside diameter and 8 mm outside diameter). The Pall 

ring tests utilised two manometers each 1000 mm (39.4 ins.) long, one 

contained a carbon tetrachloride/iodine mixture with a specific 

gravity of 1.6, the other contained mercury. The tests with the swirl 

flow inducers utilised four manometers, each 2000 mm (78.7 ins,) long, 

one contained carbon tetrachloride, the other three, which could be 

connected in series, contained mercury, (see figure 2.2). 

3!~---~~~~!~~-J~~~~~ (See figures 2.3.A to 2.3.E and figure 2.4) 

The heating jacket and test section formed the annulus 

through which the hot water was circulated, The outer faces of the 

brass flanges of the jacket were 102 mm (4 ins.) and 51 mm (2 ins.) 

from the tappings at P2 and P3, respectively. The cross sectional 

areas of the inlet and outlet ports of the heating jacket were 

approximately the same as that of the annular space formed by the 

jacket and the tube, The tube wall thermocouples, Tll and Tl2, passed 

through the P.v.c. flanges of the jacket and were as close as 

reasonably practical to the heated section, Although the grade of 

P.v.c. used to produce the end flanges did not noticeably distort 

at the maximum temperatures encountered, approximately 90°C, it was 

found that they could be distorted slightly while being attached to 

the brass flanges of the jacket. The use of the Q,V.f. flanges, shown 

in figures 2.3.8 and 2.3.E, eliminated the latter effect. 

Again it should be noted that the brass compression fittings 

of the P.v.c. flanges were used with P.T.f.E. olives to facilitate 
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removal of the test section. Early tests using copper olives within 

the compression fittings showed that heating of the test section 

resulted in such olives deeply indenting the test section and there­

fore led to difficulty in removal of the tube, and would have 

precluded removal of any inserts within the tube. 

Due to the formation of temperature profiles within the 

annulus and test tubes it is imperative that some device is used to 

mix the fluid of which the bulk temperature is to be measured. The 

present work used adiabatic mixing chambers in the exit fluids 

streams and a mixing mesh on an inlet stream. Tests with and with­

out a mixing mesh on the inlet to the annulus showed that a mesh 

was unnecessary; the bend and multiple fittings, immediately 

preceding the thermocouple T3, mixed the fluid stream sufficiently. 

The mixing mesh Ml destroyed any velocity profile in the upstream 

length of tube and allowed a bulk temperature to be measured by the 

thermocouple, Tl. Such a device was produced by placing a mesh of 

1 mm (0.04 ins.) diameter holes between two gaskets and sealing with 

water resistant adhesive. This arrangement was positioned between 

brass flanges and connected to the pipework using compression fitt­

ings. 

Constructional details of the steam injector are shown as 

Figure 2.6. Steam at a pressure of 830 to 1030 kN m-2 (gauge) 

(120 to 150 psig) was reduced down to 440 kN m-2 (gauge) (64 psig) 

prior to injection. Although the steam pressure remained relatively 

constant, early tests showed that using the injector in the piping 

circuit downstream of the rotameter, R2, produced slight fluctua­

tions in the annulus fluid flowrate; this effect was eliminated by 

·using a separate water heating circuit as shown in Figure 2.1. 
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During the Pall rings tests an already available pump of 

rating 4 kW (5.5 hp) was used as the prime mover, PlOl, of the tube 

side fluid. The higher pressures required for the testing of the 

swirl flow inducers led to the installation of a 15 kW (20 hp) pump. 

Fluid was circulated through the annulus flow loop by the 210 W (i hp) 

pump, Pl02. An identical pump was sufficient for use in the steam 

injector flow loop upto a heating rate of approximately 16 kW 

(55000 Btu hr-1); for further tests the previously used 4 kW pump 

was installed as Pl03. 

The capacities of the tanks TlOl, which was baffled, and Tl02, 
3 3 

were 0.205 m (45 galls) and 0.114 m (25 galls), respectively. 

2.7 Fluid flowrate determination 

The tube fluid flowrate was determined using the rotameter, 

Rl. This rotameter was a Metric 47 X F manufactured by GEC - Elliot 

Process Instruments Ltd •• The rotameter, R2, used to determine the 

annulus fluid flowrate, was a Metric 35 manufactured by Rotameter MFG. 

Co. Ltd •• Both rotameters utilised stainless steel floats and were 

calibrated against orifice plates. The orifice plates were made to the 

specifications of BS 1042: 1963 (13). A brass plate with an orifice 

diameter of 10.02 mm (0.394 ins.) and a 302 stainless steel plate with 

an orifice diameter of 19.05 mm (0.750 ins.) were used; both of the 

latter measurements were made at 20°C. The pressure differential was 

determined using corner tappings with a piezometer ring; this arrange­

ment is shown by figure 22b of BS 1042: 1963 (13), further dimensional 

details are shown by figure 3 of BS 1042: 1943 (13). The calming and 

outlet sections of the whole orifice arrangement were formed from 302 

stainless steel pipe with an inside diameter of 52.50 mm (2.067 ins.) 

at 20°C, their lengths were 1016 mm (40 ins.) and 559 mm (22 ins.), 

respectively. The orifice sections and connecting pipework to the 

rotameter were lagged. 

While calibrating the rotameter, Rl, the cooler shown on 

figure 2.1 was replaced by the orifice sections, the fluid being in­

directly heated by passing heated water through the annular section. 

The orifice sections were connected between the mixing chamber, M2, 
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and the rotameter, R2, while the latter was calibrated. At this stage 

of the experimental work the steam injector, 51, was positioned down­

stream of the rotameter, R2, thus fluid heating was by direct steam 

injection. The fluid temperature was measured using a chromel-alumel 

thermocouple positioned within the orifice calming section at a 

distance of 419 mm (16.5 ins.) upstream of the leading face of the 

orifice plate. 

2.8.1 Thermocouples/ice junctions. 

Nickel-chromium/nickel-aluminium (chrome!-alumel) thermo­

couples were used throughout. The hot junctions were grounded to the 

18/B/1 stainless steel sheaths which were !50 mm (5.9 ins.) long with 

an outside diameter of 1.5 mm {0.06 ins.). The cold junctions were 

formed from 30 BSG chrome!-alumel cable. The insulation was stripped 

from one end of each length of cable and the two bare wires were fused 

together by heating them. Contact between the cold junctions was 

eliminated by covering the 15 mm (0.6 ins.) length of cable near to 

the junction with flexible tubing. The cold junctions were placed in 

a thermally insulated Dewar flask which contained an ice/water mixture. 

The hot junctions were held in the fluid streams using brass 

male stud couplings and P.T.F.E. olives. The measurements of tube 

wall temperature posed a further problem. Most commercially available 

devices that are used for tube wall temperature determination utilise 

a spring mechanism, a similar arrangement, see Figure 2.7, was used 

in the present work. This procedure allowed the axial heat conduc­

tion losses, from the heated section, to be estimated; they were 

found to be negligible. 

2.8.2 Data transfer unit (D.T.U.). 

The data transfer unit, manufactured by Schlumberger -

Solartron, selects a thermocouple signal and transfers it to the 

digital voltmeter (o.v.M.). The signal returns to the O.T.U. and is 

transferred to the output interface. For the present work the output 

was produced an paper rolls using an Addmaster Model 420 machine. 



- 58 -

2.8.3 Digital voltmeter (D.v.M.). 

The digital voltmeter, which measures the electromotive force 

(e.m.f.) between the hot and cold thermocouple junctions, was a 

Schlumberger - Solartron Type No. A203. 

2.9 Coolino reouirements 
------------~--------------

The cooler, ClOl, consisted of a 22 mm outside diameter copper 

tube and a 2440 mm (96 ins.) length of Q.V.r. glass tube. Cooling 

water was passed through the annulus of this double pipe heat 

exchanger. The tube side fluid was further cooled by continuously 

passing small amounts of cold water into the tank TlOl and thereby 

displacing the warm water out through the overflow pipe of the tank. 

Since only small amounts of additional water were used and because the 

residence time in TlOl was sufficient for any air to be released to the 

atmosphere, no air was seen to be passed along the test section. 

2.10 Tube inserts 

2.10.1 Stainless steel Pall rings. 

One inch Pall rings were adapted for insertion into a tube of 

20 mm (0.79 ins.) diameter by cutting away one fifth of the circum­

ference of the rings, see Figure 1.7. The rings, which were 

manufactured by Norton Chemical Process Products (Europe) Ltd. from 

304 stainless steel, were easily reformed and when placed in the tube 

they remained at their required locations without the need for any 

additional fixing method. The maximum fluid pressure used during the 

tests was approximately 410 kN m- 2 (gauge) (60 psig). Intimate 

contact of the rings on all of the tube circumference was not obtained. 

2.10.2 Stainless steal swirl inducers. 

The swirl flow inducers, which were manufactured by the Kenics 

Corporation using 316 stainless steal, were 3.2 mm (0.125 ins.) thick 

and 40.5 mm (1.595 ins.) long. Figure 1.4 shows the form of the anti­

clockwise and clockwise helices each of which had a rotational angle 

of 180°, Three elements of each rotational direction were obtained from 

the Kenics Corporation; for cost reasons further elements were 
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produced by the method of the following subsection. 

2.10.3 Production of swirl inducers by moulding. 

Twisted tapes have generally been produced by twisting thin 

strips of metal subjected to the yield stress of the metal. The 

present work used thicker inserts than those previously adopted. The 

aim was to study configurations for which the flow area blockages were 

similar to those in the commercial Kenics mixers and thereby examine 

whether the correlations proposed by previous workers. for twisted 

tapes, could be extrapolated to greater flow blockages using the 

hydraulic flow concept. Moulding of the stainless steel inserts was 

chosen as the method of producing further inserts. 

Two moulds, one of a left hand and the other of a right hand 

element. were formed by high pressure moulding of rubber inside a 

piece of test tube containing the appropriate insert. This procedure 

required approximately 48 hours at room temperature, 

The material to be used in the moulds was ideally to possess 

the following properties :-

(a) Moulded at atmospheric pressure 

(b) Moulded simply and quickly into a helix form 

(c) Inexpensive since a large number oF elements were to 

be produced 

(d) Low melting point so as not to distort the moulds 

(a) Smooth and reproducible surface finish after moulding 

(f) Required strength 

(g) High thermal conductivity. 

Solder slloy (Grade :r of BS 219) possesses all of the required 

properties and was used as the moulded material. Data concerning 

this material is presented in Table 2.1. 

Experimentation showed that dampening the mould with water, 

prior to the moulding operation, produced the required smooth surface 

·finish shown by Figure 1.4. Using this relatively simple moulding 

procedure it was not found possible to reproduce the thickness of the 

stainless steel elements. The solder elements were 2.8 mm (0.11 ins.) 

thick as opposed to the thickness of 3.2 mm (0.125 ins.) of the steel 

elements, This difference came as a result of producing moulds under 

compression while during the actual moulding of the solder elements 
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the moulds were not in their compressed form. 

2.10.4 Insertion and Removal of Inserts. 

The Pall rings ware positioned within the test section by 

pushing them into the tube and locating them using a length of tough 

P.v.c. tube. As noted previously, they did not dislodge from their 

required locations during the tests, presumably due to their 

elasticity. The Pall rings were removed using an aluminium rod with 

a steel hook tapped into one end. 

The swirl flow inducers, which fitted tightly within the tube, 

were located using an aluminium rod with a Terry clip attached to one 

end, this enabled the inserts to be positioned with aligned or 

perpendicular trailing edges. To ensure that the elements did not 

dislodge from their required locations a slight indentation of the 

tube wall was made at the axial position of each element. This 

procedure was performed using a tubs cutter from which the cutting 

wheel had been replaced by a small thicker wheel. For configurations 

ST, 6T, and SK, the inserts were soldered together to form the 

required number of separate pairs of inserts and only one tubs 

identation, par insert pair, was required. For the continuous insert 

configurations, for example 7T, the elements were soldered together 

to form one continuous length and therefore only one tube indentation, 

at the downstream end of the inserts, was required. 

The swirl flow inducers were removed from the tube by placing 

a rubber bung inside the tube and then gently tapping the inserts out 

of the tubs using a metal rod. 
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3 Experimental Technioues 

3.1 Introduction 

This section describes the operating procedures used for the 

calibrations of the equipment. Also described is the general 

operation of the experimental facility. 

3.2.1 Rotameter calibrations. 

As stated previously, the orifice sections and connecting pipe­

work to the rotameter were lagged; with this precaution early sample 

tests showed that the temperature drop between a thermocouple in the 

orifice calming section and one immediately downstream of the rota­

meter used, never exceeded O.l°C. For this reason calculations were 

based on the temperature in the calming section. Pressure drops were 

measured using two 1000 mm (39.4 ins.) manometers, one contained a 

carbon tetrachloride/iodine mixture, the other contained mercury. 

For the scale range 2 to 12, the rotameter Rl was calibrated 

against the smaller diameter orifice plate. The water in tank Tl02 

was heated up to almost 97°C using the steam injector, Sl. This water 

was passed through the heating jacket while the tube side fluid was 

passed through the test section, orifice and rotameter, Rl. When the 

tube side fluid temperature was approximately 92°C the pump Pl02 was 

switched off, any air in the lines connecting the orifice section and 

manometer was bled off, and the rotameter scale reading was adjusted 

to 2 units. The fluid passing through the orifice section was allowed 

to cool to approximately 90°C and the temperature of the fluid and 

ambient air and the pressure drop across the orifice plate were 

recorded. The rotameter scale reading was adjusted to 4 units and 

the temperatures and pressure drop again recorded; this procedure was 

repeated for 2 unit rotameter scale increments upto 12 units. The 

whole process, including the air bleeding operations, was repeated at 

approximately 5°C temperature increments down to ambient temperature. 

At high temperatures the fluid was allowed to cool by natural convec­

tion to the ambient air. However, as the fluid temperature decreased 

the cooling rate was unnecessarily long and in these cases a small 
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amount of cold water was added to Tl02 and the pump Pl02 was used 

to circulate the water across the test section. When the tube fluid 

temperature was approximately 1°C above the required temperature the 

pump Pl02 was again switched off and the previous procedure was 

adopted. The larger diameter orifice plate was used for calibrations 

with rotameter (Rl) scale readings, greater than 12 units, upto 24 

units. 

Before calibrating the rotameter, R2, the test section was 

filled with cold water, and the annulus side fluid heated upto 

approximately 92°C. The fluid was allowed to cool by convec-

tion and the method adopted for calibration of Rl was repeated over 

the scale range of 2 to 10 units for the rotameter R2. The cooling 

rate could be accelerated by circulating the cold tube side fluid. In 

performing these calibrations the orifice sections were positioned 

immediately upstream of R2; the smaller diameter orifice was used 

throughout. At this time the steam injector was positioned in the 

flow loop of pump Pl02 and due to the power limitations of this pump 

the maximum obtainable rotameter scale reading was 10 units. 

One hundred and thirty flowrates ware measured using the rota­

meter, Rl, and seventy eight flowrates were measured using R2. 

3.2.2 Thermocouple calibrations. 

The hot junctions and the probe of a Kane-May-Comark digital 

thermometer were bound together using rubber bands and then placed 

inside a 20 mm inside diameter copper tube. This assembly was placed 

inside a thermostatically controlled water bath. The digital ther­

mometer, previously calibrated by the manufacturers, used temperature 

graduations of O.l°C. The water temperature inside the copper tube 

was indicated by the digital thermometer and the thermocouples at a 

total of 80 temperatures over the range 0°C to 99.9°C. The e.m.f. 

outputs of the thermocouples, after conversion to temperature equiva­

lents using BS 4937: 1973: Part 4 (14}, always agreed to within 

~ O.l2°C with the value shown by the thermometer. Frequency dis­

tribution charts, frequency versus relative order of the temperature 

recorded by each thermocouple, were compiled. 

Thermocouples Tl, T2, T3, and T4 were used for the primary 

temperature measurements because they showed the most normally dis­

tributed frequency charts. 
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3.2.3 Determination of the heat losses to the ambient air. 

The calming section and mixing cup, M3, were disconnected from 

the test section which was then packed with asbestos rope. Hot water 

was passed through the heating annulus, the inlet temperature of this 

water was varied over the range 77°C to g5°C (171°f to 203°f) and the 

scale reading of the rotameter, R2, was varied over the range 6 to 10 

units. The annulus section and connecting pipework had previously been 

lagged, The thirty-two runs performed showed that the heat content of 

the fluid leaving the annulus, when expressed as a ratio with the heat 

content of the inlet fluid, lay within the range 1.01 to o,gg, Using 

the same procedure but with the calming section and mixing chamber, M3, 

connected to the test section, the same ratio range as above was found. 

In the latter instance the calming section was also packed with 

asbestos rope; the use of this material, which has a low thermal 

conductivity, ensures that heat is only lost to the ambient air. 

furthermore, to ensure that heat is not used to raise the temperature 

of the lagging or packing, the heat input was applied for approximately 

one hour prior to the initiation of the tests. 

3.3 Procedures for the operation of the exPerimental facility 
-----------------------------------------------------------------
3.3.1 Isothermal pressure drop measurements. 

Prior to experimentation, sodium hypochlorite solution was 

added to the water in each of the holding tanks. The dilute bleaching 

solution so formed was passed around the tube side and annulus side 

flow loops and eventually drained from the system which was then 

"washed" with watar. In this way the formation of scale deposits was 

almost totally eliminated. These operations were performed almost 

every day including before the heat transfer tests. 

During the isothermal tests the average temperature of the 

fluid in the test section was maintained to within 0.5°C of the 

ambient temperature by using the valves V5 and V6. During these tests 

there was no water in the annular section. The need to cool the fluid 

was a result of the frictional heating in the pump PlOl and the 

associated pipework. Throughout the tests it was always ensured that 

no air bubbles existed within the manometers and the tubing connecting 

the test section to the manometers. Prior to any testing it was also 
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ensured that the manometer fluid in each leg of the manometers was 

indicating the same level when there was no flow along the test 

section. Approximately five minute intervals elapsed between the 

adjustment of the fluid flowrate and the measurement of the manometer 

fluid differential and the ambient and fluid temperatures. Three 

results were obtained at each of nine fluid flowrates. 

While testing certain configurations the above procedures 
0 were also adopted using an average fluid temperature of 35 c. 

3.3.2 Data acquisition under heating conditions. 

The tube side fluid flowrate was adjusted using the valves Vl 

and V2, the annulus side flow, which was maintained at a constant value 

throughout a set of tests, was adjusted using valve V3. The tube side 

fluid temperature was controlled using valves VS and V6 such that the 

average of the temperatures at Tl and T2 was within O.l3°C of 

35°C. Valve V4 was used to control the annulus side fluid temperature. 

The average of the temperatures at T3 and T4 was maintained at B0°C, 

again to within O.l3°C. No data was recorded until at least 1~ hours 

after initiating the heating of the annulus side fluid. At each 

tube side fluid flowrate three sets of the required data were rscorded 

at 20 minute intervals. Tests were generally performed at nine tube 

side flowrates. Regular checks of the float levels in the rotameters 

and the fluid temperatures were made to ensure that steady conditions 

had been maintained. 

The correct functioning of the thermocouples was checked by 

calculating the heat balance using 

Heat outout 
Heat input = (Multiplying factor) (T2 - Tl) 

(T3 - T4) 

(3.1) 

The values of the appropriate multiplying factor are given in Table 

3.1. Valuas of the above ratio were in the range of 0.94 to 1.06. On 

the occasions that these limitations were not satisfied it was found 

that either one of the thermocouple cold junctions had broken or that 

physical contact between two cold junctions had occurred. The latter 

difficulty was overcome by placing short lengths of flexible tube over 

the lengths of thermocouple cable near to the cold junctions. 
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Obviously no data was recorded if either of the above two defects 

prevailed. The thermocouples T5 and T6 acted as readily available 

checks on the thermocouples T2 and T4. 

Pressure loss measurements were made during the heating tests. 

As with the isothermal tests, it was always ensured that no air 

bubbles existed in the manometer lines. 
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4 Data analysis techniques 

4.1 Introduction 
------------------

This chapter presents the equations used for the calculation 

of the properties of the materials and fluids used in this work. The 

techniques used to convert the raw experimental data into readily 

usable forms, such as dimensianless groups, are also considered. 

4.2 Conversion of the e.m,f. data 

The e,m.f.s which were recorded an paper rolls were converted 

to equivalent temperatures using the data of 85 4937 : Part 4 : 1973 

(14). 
0 This standard provides e.m.f, data at 1 C temperature intervals; 

linear interpolation between these values was used. Converted e.m.f.s 

were "rounded-up" to the nearest D.Ol°C. On three occasions throughout 

the project the accuracy of the digital voltmeter was checked using a 

voltage source and a voltmeter which had recently been calibrated by 

the manufacturers. The agreement was always within 0.001 mv, this 

corresponds to an equivalent temperature change of approximately 0.02°C. 

4.3 Properties of the materials and fluids 
--------------------------------------------

Specific gravities of the manometer fluids, 

A small volume thermocouple is susceptable to ambient tempera­

ture deviations which occur over a short time interval, for example, 

those caused by a brief draught. for this reason a mercury in glass 

thermometer was used to measure the temperature of the ambient air. 

The specific gravity of the carbon tetrachloride/iodine mix­

ture, used during some of the earlier tests, was experimentally found 

to be 1.6. The density of pure carbon tetrachloride was determined 

from the large amount of data which was obtained during studies in­

volving mixtures of carbon tetrachloride and other liquids. This data 

is presented in Landalt and Bornstain (76) and the extracted results 

for 100% carbon tetrachloride are presented as figure 4.1 of this thesis. 

The specific gravity was calculated using the values of the density of 

water that are presented by Parry and Chilton (97, P• 3-71). 

The specific gravity of mercury at various temperatures was 
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determined from Perry and Chilton (97, pp. 3-71 and 3-72). The data 

is presented as figure 4.2. 

4.3.2 Properties of water. 

Many of the computer programs, see section 4.6, which perform 

the analyses of the experimental data require the knowledge of the 

properties of water at various temperatures. The latter requirement 

enforces the use of equations for the calculation of the properties. 

This was not necessary when determining the specific gravity of the 

manometer fluids. 

The equations used for the calculation of the properties have 

been obtained from Dorsey (35) and the interested reader is referred to 

this source for further details, for example, concerning the effect of 

dissolved air. 

(i) Specific Heat Capacity, cp 

Specific Heat Capacity of Water = -1 0 -1 
1.00 Btu 1b F (4.1) 

The effect of temperature over the range of the experiments produces 

deviations from the above value of less than 0.5%, see Dorsey (35, pp. 

257 et. seq.). 

(ii) 

where 

(Hi) 

where 

Thermal Conductivity, k 

k = 
-1 -1 0 -1 

0.339 (1 + 0.00281 (t-20)) Btu ft hr F 
-1 0 -1 

0,00587 (1 + 0.00281 (t-20)) W cm C (4.2) = 
t 0 = fluid temperature, C 

See Dorsey (35, pp. 273 et. seq.) 

Viscosity, }J 
100 

= 

2.1482 l<t-8.435) + (8078.4 + 
2 o.s J 

(t-8.435) ) -120 

t = 
0 

fluid temperature, C 

See Dorsey (35, PP• 182 et. seq.). 

(4.3) 

(iv) Density, Q 

where 

= l 
(t-3.9863)

2 
(t + 288.9414) -3 

~~~~~--~~--~~~~~g cm 508929.2 (t + 68.12963) 

t = fluid temperature, °C 

See Oorsey (35, PP• 250 et. seq.). 

(4.4) 

cP 
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4.3.3 Properties of copper. 

From Kern (62, p. 799) . . 
kw 218 Btu ft-1hr-l 0 -1 

212°F = F at 

and kw = 207 Btu n-1hr-1 oF-1 at 932°F 

Hence, by linear interpolation : 

221.2 - (11/720} 
-1 -1 0 -1 

(4.5) kw = t Btu ft hr F 

where t = temperature of the copper, oF 

Converting to SI units, then 

382 - 0.0476 t 

where temperature of the copper, °C 

4.4 Pressure differentials 

BS 1042 (13), which was used for the rotameter calibrations, 

relies on the measurement of the pressure drop across an orifice plate. 

Similarly a friction factor is a representation of the pressure loss 

along a pipe, For each of these two situations one of the measured 

quantities is the manometer fluid head differential. This quantity may 

be converted to an equivalent pressure loss. Coulson and Richardson 

(29, P• 101) consider the conversion of the fluid differential that is 

indicated by a simple U-tube manometer. That analysis is presented 

here in order to show the logical extension to the case of manometers 

which are connected in series. 

{a} Simple U-tube Manometer 

As shown in figure No. 4.3 the manometer fluid is of density ~ m• 

the less dense fluid above is of density ~ • For equilibrium, the 

pressure in each limb at level a-a must be the same, thus 

= ... (z - H)~ g + H ~mg 

~ t.p = p2 - Pl = H (~m - ~) g 

= H (S - 1) ~ g 

{b) U-tube Manometers Connected in Series 

( 4. 6) 

Referring to Figure No. 4,3 and applying a pressure balance 

analysis to the nth manometer of the series, it is found that 

t.Pn = Pn+l - Pn = Hn (S - 1) ~ g (4.7) 
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the total pressure 
(N - 1) 

= L l:.Pn 
1 

drop is gi van by 

(N - 1) 

= (s - 1) e g 2:: Hn 
1 

(4.8) 

Since the fluids of density e and em are incompressible it can 

be stated that if the initial fluid levels are identical in all of the 

manometers then 

Ap = (5 - 1) '< g (N - 1) H (4.9) 
where H is the fluid level differential in each manometer. 

4.5 Calibration of the rotameters 
--------------------------------------

As shown in Chapter 6, the accuracies of the heat transfer co­

efficients and friction factors depend on the accuracy of the mass flow­

rate measurements. During the initial construction of the experimental 

facility, each of the rotameters, Rl and R2, was calibrated in situ 

using water at room temperature. The method used was simply the measure­

ment of the time required to collect a known volume of water at a given 

rotameter scale reading. At this early stags in the experimental 

program it was hoped that tests would be performed for average tube side 

temperatures of 35, 50 and 65°C. It was intuitively considered that 

the volumetric flowrate indicated by the rotameter scale reading is 

dependent on the fluid temperature. (As the experimental work progressed 

it became evident that insufficient time would be available to study 

the Prandtl number effect on the heat transfer coefficients.) 

At the high flowrates required, the determination of the effect 

of temperature on the measurement of water volumetric flowrate using the 

rotameters could not be performed using the simple tank and stop watch 

method since the heating requirement was not available. The rotameter 

manufacturers were consulted and reference (45) was obtained. How­

ever, the manufacturers instructions are not explicit concerning the 

effect of temperature on the measured flowrates. for a given rota­

meter tube and float, an 'impedance', 1 fiducial 1 flow, and 1% of the 

fiducial flow 1 , are calculated with the aid of the manufacturer's 

charts using the density and viscosity of water. The actual volu­

metric flowrats is the product of the % of the fiducial flow, which is 

a function of the impedance and scale reading, and the fiducial flow. 
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The charts are difficult to use for small changes of impedance, and 

it was considered that the fluid and rotameter temperatures, and not 

only the fluid properties, would affect the flowrate measurements. 

Furthermore the conversion of the manufacturer's charts into an equa­

tion for use in computer programs may be difficult and somewhat in­

accurate due to the use of charts rather than tabulated data. 

A typical form of equation that may be used, in certain circum­

stances, for the calculation of the volumetric flowrate passing through 

a rotameter, is given by Coulson and Richardson (29, p. 121) as 

Q = 
2 g VF ~F- (' 

[ 

( ) 

]

o. 5 

(4.10) 

The obvious problems with this form of equation are that the 

dimensions and thermal properties of the components of the ro"ameter 

need to be known accurately. However, the type of glass and steel, 

forming the rotameter, are often unknown and the drag coefficient, c0 , 

is dependent on the shape of the float. 

A further publication of the rotameter manufacturers (104), 
which is similar in method to reference (45) but differs in the 

numerical values of impedance etc., shows that 

I = 'Impedance' (4.11) 

= 'fiducial flow' = (4.12) 

The% of the fiducial flow, f, is obtained from a chart, and 

the actual flowrate is then given by 

Q = (4.13) 
The above shows that any equation used to represent the effect 

of temperature on the flowrate measurement will be complex.· A number of 

workers have found that, for a given fluid temperature, the volumetric 

flowrate passing through the rotameter may be represented as a linear 

function of scale reading, over short scale ranges, or as a quadratic 

function of scale reading over large scale ranges. 
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from this it was considered that 

f = f 1 (I) + f 11 (I) R s + 
2 

f 111 (I) Rs (4.14) 

If each of the functions f 1 , f 11 , and f'''• are considered to 

be a quadratic then 

f = + + + + 

+ + + (4.15) 

As previously shown in Chapter 3, the rotameters were calibrated 

against orifice plates using 85 1042 (13). However, since the above 

'impedance' is a function of temperature it was concluded that ens 

poss~ble form for representing the calibration results was : 

Q = 

+ + + (4.16) 

As noted above, the effect on the scale reading of the volumetric 

flowrate may be considered a linear function over small ranges, similarly 

it was thought that the effect of temperature may also be linear over 

short temperature intervals. Based on these postulates the following 

three equations were also considered for use 
2 2 

Q = AD + s0 t + Co Rs + A1 t Rs + Bl Rs + c1 t Rs 

2 
(4.17) 

2 
Q = AD + 80 t + Co Rs + Al t R + A2 t + 82 t Rs s 

(4.18) 

Q = AD + 80 t + eo Rs + A1 t Rs (4.19) 

furthermore, the following equations which neglect the effect 

of temperature were also considered : 
2 

Q = AO + CO Rs + 81 Rs (4.20) 

Q = AD + CO Rs (4.21) 

The deviations of the experimental calibration data from these equa­

tions is considered later in this section. 

Computer programs were developed to analyse the raw experi-

mental data using the procedures of 

regression analyses using equations 

85 1042 (13) and to 

(4.16) to (4.21). 

perform 

The graphical 

data in 85 1042 was converted to the equations which are presented in 
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Appendix A.2. The error analyses obtained using the raw data and the 

calibration computer program are presented as Table 4.1 and figure 4.4. 

The computer program and the raw data have not been presented in order 

to limit the size of this thesis. The calibrations clearly demonstrate 

the accuracy of the postulates considered above. for the rotameter Rl, 

which was calibrated over a large scale range, it is necessary to use 

a quadratic function of scale reading although figure 4.4 shows that a 

linear function of temperature is adequate. for rotameter R2, which 

was calibrated over a relatively short scale range, the difference in 

using a quadratic or linear function of scale reading is less pro­

nounced; the temperature effect is well correlated using a linear 

function. Since the volumetric flowrates were to be calculated using 

computer programs the best fitting equations were used, that is, the 

equations with quadratic functions of flowrate and temperature. The 

equations are 

for rotameter Rl : 

-3 -6 -3 
Q = _3.402 X 10 + 2.6 X 10 t + 1.2744 X 10 Rs 

3.285 X 10-6 t Rs -5 2 -7 
+ + 1.3x10 Rs 1,1307 X 10 

X 10-B t 2 -8 2 _g 
+ 6.01 3,622 X 10 t Rs + 1.466 X 10 

for rotameter R2 
-3 -5 -4 

Q = 2.912 X 10 + 1.09 X 10 t + 7.601 X 10 R 

X 10-7 t R 10-6 R2 s_8 
t R

2 
- 6.3 + 9,75 X 2,23 X 10 s s s 

-8 2 -8 2 -10 

2 
t Rs 

t2 R2 
s 

2 2 
- 7,14 X 10 t + 1.1915 X 10 t Rs - 2,14 X 10 t Rs 

where 

ft
3 -1 

Q = volumetric flowrate, s 

t = fluid temperature, oc 

and Rs = rotameter scale reading 

~!~-----I~~-=~~e~~~=-~=~2!~~=-~~~~-f~E-~~~-=~=~~=~=-~!_!~~-~~~~=~~~~~~~ 
data 

The analysis of the pressure drop data was performed using the 

program labelled EX-6010, see Appendix A.3, The symbols and their 

definitions which have been used in the computer programs are presented 

as Appendix A,7, The regression analysis of the pressure loss results, 

jl and Re, was performed by the program labelled fRICTION-6010; this is 

presented as Appendix A.4, The heat transfer data was analysed using 

the programs EX-6010 and HEAT2-6010, the latter is presented as 
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Appendix A. 5. In the regression analyses, the values of "t1 " from 

Student's t-distribution, see Perry and Chilton (97, p. l-40), are 

required. These valuas are presented in Appendix A.6. 

The three computer programs include a number of "remark" (REM) 

statements which define the function of the referenced line numbers. 

The programs were compiled under the BASIC/VM language. This compiler 

allows the use of larger programs than may be compiled using many other 

forms of BASIC. BASIC/VM uses 14 figure arithmetic. 

Sample computer print-outs are presented in Chapter 5. Some of 

the equations and data inputs used by the computer programs are con­

sidered in the remaining sections of this chapter. 

The processed data was presented on the conventional co-ordinates 

of ln(~) versus ln(Re), where~ and Re are defined by equations (1.2) 

and (1.3). The dimensionless group, ~. is referred to as the "friction 

factor" although it must be emphasised that it does not represent the 

head loss due to purely frictional losses. For much of this work, ~ 

represents such effects as those caused by frictional and form drag, and 

centrifugal forces. The hydraulic flow concept was not used in the 

analyses of the experimental data partly because the wetted perimeter 

and flow area cannot be clearly defined for tubes containing inserts 

which are interspaced along the tube length. 

The processed pressure loss data was correlated by least squares 

regression in the form 

ln(~) = A + B ln(Re) (4.22) 

f Curvature of the data about this equation was noted by the determination 

of the correlation coefficient. 

Using an empty tube with the fluid temperature maintained at 

ambient temperature, the friction factor was based on the total length 

between the pressure tappings, P2 and P3, that is, t = 1219 mm (48 ins.). 

The fluid velocity and density were determined at the average bulk fluid 

temperature between tha pressure tappings. The friction factors for an 

empty tube operated under heating conditions were also based on a length 

of 1219 mm (48 ins.) but the average bulk fluid temperature over the 

heated tube length was used in the evaluations. 

The friction factors for the tubes containing inserts were based 

on the axial distance between the upstream and downstream limits· of the 
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section containing the inserts. The pressure drop between the pressure 

tappings, P2, and the leading edge of the first element of the con­

figuration and the pressure drop between the trailing edge of the last 

element and the pressure tappings, P3, were calculated using equation 

{1.1) with a constant of 0.0396. The pressure loss used in the 

evaluation of the friction factor was determined by subtracting the 

above calculated values from the measured overall pressure drop. The 

fluid velocities and densities were determined in the same way as that 

used with the empty tube results. The implications of these pressure 

drop corrections are considered in Chapter 6. 

4.8.1 Heat losses by conduction. 

The heat "losses" by conduction along the tube wall were 

accounted for using : 

where qCONO 

kw 

Aw 

MT 

= -k w 
A 
w (4.23) 

= 

= 
= 
= 

heat lost from the annulus section by conduction 

along the tube 

thermal conductivity of the tube 

cross sectional area·of the tube wall 

difference between the temperatures of the tube wall 

at two locations which are separated by a tube length 

of t:. x. 

These corrections were used in calculating the fluid properties for use 

in the pressure drop analyses and therefore they were calculated using 

the computer program EX-6010. Although the total heat "loss" by con­

duction never exceeded 0.4% of the total heat transferred between the 

process fluids, the corrections were applied by the computer program. 

In this way the program remained of general application, for instanc~, 

should it be required to be used with fluids with temperature sensitive 

properties or with different tubes. 

4.8.2 The Wilson plot technique. 

The raw data of tha heat transfer tests were analysed using an 

adaptation of the Wilson method (137). The method, the adaptation, and 

the reasons for using this correlating procedure are given in this 

section. 
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The overall heat transfer coefficient for a concentric tube 

arrangement is given by 

1 1 xw do do = + + Ri + Ro + (4.24) 
u ha kw dm d h 

where h = h (t ' u) 
av 

(4.25) 

Wilson only considered the situation where the tube fluid was water and 

he proposed for fixed annulus fluid, scale, and tube wall, resistances 

that 

l = 
u 

c ... 
(4.26) 

where V = tube side fluid velocity corrected for viscosity and 

density effects to a reference temperature, see Wilson (137) 

for further details 

C = sum of the annulus fluid film, scale, and tube wall, 

resistances to heat transfer 

€ = constant which depends on the tube dimensions. 

(€ will also depend on the type of inserts, if any, which 

are located in the tube). 

However, the equations presented in section 1.2~4 all indicate that 

for fixed fluid properties : 

h 0( ua.s (4.27} 

Presumably because of the substantial evidence which justifies the 

above proportionality a "Wilson plot" is usually considered to be a 

graph with ordinates of 1/U versus 1/u0•8• 

Russell and Carnavos (107) used a "reverse" procedure to that 

above: for each tube side fluid flowrate the overall heat transfer 

coefficient was determined for three annulus fluid velocities, w, that 

is, the outside film heat transfer coefficient, ha, was varied. Using 

the latter method the intercept on the 1/U axis, which is shown against 

an axis of l/w 0•8, is the sum of the scale, tube wall, and tube side 

fluid resistances. The tube wall resistance may be calculated, and 

neglecting any scale resistance the tube side film heat transfer co­

efficient can be determined. There are two possible disadvantages to 

this method, namely, any scale resistance is ignored, and the use of an 

exponent of a.s on the annulus fluid velocity may be suspect even with 

a turbulent flaw. The latter disadvantage was noted in a later paper 
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by Carnavos (19). In this later work the exponent on the tube side 

velocity was considered to be 0.8. This procedure showed that, for the 

particular apparatus used in that work, the exponent on the annulus 

fluid velocity was 0.865. 

The description of the calculation procedure in reference (80) 

shows that Margolis used the Wilson plot technique with the assumotion 

that the tube side fluid velocity exponent is 0,8 for tubes containing 

coiled wires and twisted tapes. (Carnavos (19) only used the Wilson 

technique with empty tube results in order to determine the value of C). 

However, the results of Margolis (80), when presented on logarithmic co­

ordinates of Nu versus Re, do not indicate that Nu is proportional to 

Re 0•8 • Although the work of Kreith and Margolis (73) appears to be 

based on the work in reference (SO) it is shown that Nu increases more 

rapidly with Re, for tubes containing their inserts, than an exponent 

of 0.8 would imply. 

The apparent anomaly that the Wilson plot technique, with an 

exponent of 0.8, does not yield a ln(Nu) versus ln(Re) graph with a 

slope of o;8, is now discussed. 

Returning to the original concept of Wilson (137) with the 

adjusted exponent, it has been noted that for cases where all of the 

variables are fixed, except the tube side fluid velocity, then 

1 
IT = c E 

+ --uD.B 
( 4. 23) 

From experimental values of U and u it is possible to determine the 
I / 0.8 value of C by using a graph with ordinates of 11 U and l;u • The tube 

side film heat transfer coefficient is then calculated using 

h = d [(ljU) C) (4.29) 

Heat transfer correlations are often presented in the dimension­

lass form 

Nu = Nu (Re, Pr) (4.30) 

A commonly accepted form of presentation of the data is 

ln[:~0 • 4 ] = ln(F). + E ln(Re) (4.31) 
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Substituting equation (4.29) into equation (4,31) shows that 

1 [Nu ] n Pr0.4 = 
[(1/U) 

= ln(F) + E ln(Re) (4.32) 

The value of C may be determined by performing a "least squares" 

fit of the experimental data with equation (4.28), However, using this 

value of C with equation (4.32) and performing a least squares analysis 

with this equation will not necessarily show that E = 0,8, Initially 

it was considered that this ambiguity might be due to any slight 

fluctuations in the tuba side fluid temperature. To test this hypothesis, 

the following procedure was used : 

Nu = (4.33) 

Rearranging this equation and substituting into equation (4.24}, with all 

rasistances except the tube side film resistance assumed to be constant, 
\ 

shows that 

1 

u (4.34} 

The similarity between equations (4.28} and (4,34} is obvious. Correla­

ting the experimental data in the form of equation (4,34}, with 

G = 0.4 and E = 0.8, allows the value of the heat transfer resistance, C, 

to be determined. Using this value of C in equation (4.32), and perform­

ing a regression analysis, again will not necessarily show that the 

regression parameter, E in equation (4,32), is 0,8, The ambiguity is due 

to the fact that the data is fitted to two different equation forms and 

the distribution of the deviations of the experimental data from the 

least squares equations is different for each equation, The results 

obtained using these forms of the equation, i.e. (4,32) and (4,34), 

will only be identical if the data is exactly fitted by the equations, 

To eliminate the above ambiguity the experimental data of the 

present work was processed using regression analysis with equation (4,32). 

This analysis used a linear regression fit of the logarithms in 

equation (4.32) and iteration was used to determine the heat transfer 

resistance, C, The iteration procedure was terminated when the change 

in the value of C was within a specified limit, or when the value of E 

was 0.8, again within a specified limit. These calculations were 

performed by the computer program HEAT2-6010, 
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As described in Chapter 3, a set of experimental results con­

sists of twenty-seven runs. The procedure used to obtain the processed 

results and to determine the heat transfer resistance, C, is outlined 

by the following points : 

(i) Obtain experimental data using an empty tube. Use this data 

with a regression analysis of equation (4.32) with the assumption that 

E = o.B. This determines the heat transfer characteristics of the 

empty tube. This procedure requires the use of the programs EX-6010 

and HEAT2-601D. 

(ii) Obtain experimental data using the tuba with inserts. A number 

of configurations may be tested. 

(iii) Perform experimental tests using the empty tube and process the 

resultant data by th.e method used in {i). 

{iv) Process all of the fifty-four experimental runs from (i) and 

{iii) using aregression analysis of equation (4.32) with the assump­

tion that E = o.s. In this way the average value of the heat transfer 

resistance (scale, tube wall, annulus fluid film), C, that occurred 

over the time period between (i) and (iii), is calculated. 

(v) Perform regression analyses of equation (4.32) with the results 

obtained using each configuration in (ii j. In this procedure, use the 

value of C that was obtained in (iv) and do not use the Wilson assump­

tion that E = 0.8. 

(vi) Points (ii) to (v) 

repeat (i) since the empty 

may be repeated. It is unnecessary to 

tube results obtained in {iii) may now to 

used as the first set of empty tube results. 

On some occasions it was not possible to easily remove the swirl 

flaw inducing inserts from the tube after the tests in part (ii). This 

was due to the inserts being too firmly held at their required locations 

by the slight indentations of the tube wall, see section 2.10.4. Under 

these circumstances the tube was not used in any further tests. The 

value of C used in analysing the results obtained with those inserts 

was considered to be that obtained from a single set of empty tube 

results (from part {i)) that were obtained immediately prior to the 

insert tests. 
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for the periods when the inserts were held by the tube in­

dentations, the value of C that was used in processing the insert data 

was that obtained using the empty tube with the same number of tube 

indentations as were required by the insert tests. It will be shown 

in Chapter 5 that the slight tube indentations had a negligible effect 

on the heat transfer and pressure drop results. 

It is obvious that in using the above procedures a considerable 

number of sets of empty tube data were obtained. The purpose of these 

tests was to determine the sum of the scale, tube wall, and annulus 

fluid film, resistances to heat transfer, C. However, the acquisition 

of such data also provide_d a frequent check on the reproducibility of 

the pressure and temperature measuring equipment. 
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The raw data obtained experimentally, and the computer outputs 

of the calculated data, are not presented in this thesis: the data may 

be obtained from the address noted in the Preface. Sample computer out­

puts, which demonstrate the various methods of using the computer 

programs, are given in this chapter. The reference numbers used to 

identify the insert configurations are those given in Figures 1.5, 1.6, 

and 1.8. 

The calculated data is presented graphically in the conventional 
" I o.4 forms of ln(p), or ln(Nu Pr ), versus ln(Re). To obtain a clear 

presentation it has been necessary, due to the close proximity of the 

data, to present the experimental results in a number of graphs rather 

than on a single graph. For each type of insert and mode of operation 

the results are discussed at the point in the text at which they are 

first introduced. However, certain observed trends were noted which 

involve the use of results obtained under various modes of operation 

(e.g. heating and isothermal) and with various configurations (e.g. 

aligned and perpendicular leading edges of swirl flow inducers). These 

trends, and the pertinent graphical presentations, are presented in 

sections 5.2.4 and 5.4.4. The present chapter does not compare the 

results of this work with those obtained by previous workers using con­

tinuous full length twisted tapes and Kenica mixers; those comparisons 

are the purpose of Chapter 7. 

While awaiting the construction of the steam injector and heat­

ing jacket, tests were performed using an empty tube under isothermal 

conditions. These tests showed that fouling of the tube, over a three 

month period, produced friction factor increases of approximately 1.5% 

and 3.5% at Reynolds numbers of 15000 and 35000, respectively. The 

trend of convergence at low Reynolds numbers is characteristic of tube 

wall roughness effects and this was supported by photographs obtained 

using an electron microscope. Flushing the tubes with very dilute 

sodium hypochlorite solution prior to testing, and daily operation of 

the equipment, produced results which showed no roughness effects. 

Empty tube pressure drop measurements between the pressure 

tappings at Pl and P3, and between P2 and P3, see figure 2.1, showed 

that the friction factors calculated for the total tube length were 
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approximately 1.5% greater than those obtained along the test section 

alone. The latter may be due to a hydrodynamic entrance length effect 

or positioning of the tappings at Pl in a region of flaw disturbance 

caused by the mixing mesh, Ml. Further tests used only the tappings at 

P2 and P3. 

5.2.1 Friction factor data obtained under isothermal conditions. 

Figure 5.1 shows that the experimentally determined empty tube 

results are in acceptable agreement with the commonly used Blasius 

equation. Deviations from the Blasius equation are mast noticeable at 

low Reynolds numbers where the measured manometer fluid differentials 

are small, typically 5 cm. The use of an inclined manometer would 

overcome this disadvantage but, due to the small deviations from the 

Blasius equation, the use of such a manometer was considered unnecessary. 

During the period of testing the configurations using swirl flow inserts, 

the manometers were cleaned more frequently and this produced a reduction 

in the maximum deviations of the experimental empty tube results from 

those calculated using the Blasius equation. 

In most cases the symbols used for the representation of the 

experimental data denote the results of a number of pressure drop 

determinations: this can be seen from Table 5.1 which shows the number 

(No.) of results obtained. Pressure drops were determined using 

individual and multiple pressure tappings at the points P2 and P3; this 

provides a reasonably severe test of the reproducibility of the results. 
The maximum manometer fluid differential that could be deter­

mined was approximately 90 cm. Unfortunately, the head of mercury 

equivalent to a head of carbon tetrachloride/iodine mixture of slightly 

greater than 90 cm was found to be insufficiently large for accurate 

determinations. Far this reason there is an absence of experimental 

data in certain ranges of the friction factor curves. This short­

coming of the apparatus was overcome during the tests using swirl flow 

inducers by utilizing longer manometers. 

5.2.2 Friction factor data obtained under heating conditions. 

The comments of section 5.2.1 also apply to the results shown 
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by Figure 5.2 and Table 5.2. (The calculated friction factors, ~ , 
CALC 

are considered in section 5.2.4). 

For the results obtained under heating conditions, the 

experimental empty tube data shows lower friction factors than those 

predicted by the Blasius equation; this is due to the reduced fluid 

viscosity at the tube wall. Comparing Figures 5.1 and 5.2 it is seen 

that for configurations O, lP, and 2P, the isothermal friction factors 

are greater than the heating values at the same Reynolds number. For 

configurations 3P and 4P the two sets of results are almost identical, 

while for configurations 5P and 6P the isothermal friction factors are 

slightly lower than the corresponding heating values. For the two 

latter configurations a relatively large proportion of the tube wall is 

covered by the rings and therefore the reduced fluid viscosity at the 

tube wall will have a small effect. Furthermore, the Pall rings may be 

considered to behave as a tube wall roughness with the insets of the 

rings producing form drag. These two factors may be the dominant 

effects leading to the resulting friction factors. On this hypothesis 

the friction factors, obtained under isothermal and heating conditions 

with large numbers of rings in the tube, are expected to be comparable 

in magnitude. Far configurations 5P and 6P, the results obtained under 

the two conditions deviate by about 5% (maximum) and generally by less 

than about 1%. These deviations are within the uncertainty of the 

experimental data. 

5.2.3 Heat transfer factor data. 

Figures 5.3 to 5.8 and Table 5.3 show that the scatter of 

experimental data about the regression lines is quite small. However, 

it will be shown that, in most cases, the experimental scatter for the 

results obtained while using the swirl flow inducers is less than that 

noted while using Pall rings; this reduction in data scatter was 

produced by placing short rubber sleeves over the thermocouple ice 

junctions (see section 2.8.1). 

Two sets of results obtained using the empty tube, denotations 

A and B in Table 5.3, were analysed together to calculate a value of 

the heat transfer resistance, C. This value was used in the analysis 

of the data obtained using configurations 6P and 4P; the latter 

configurations were tested during the time period between the tests of 

denotations A and B. Similarly the remaining four configurations were 



- 83 -

tested in the time period between the tests of denotations B and c. 
Since most of the data was based on the analysis of the latter two sets 

of empty tuba data, the characteristics of the empty tube were con­

sidered to be those calculated using the program HEAT2-5010 with the 

latter empty tuba data. Using the average value of the heat transfer 

factor multiplier, f, for the results of denotations A, 8, and c, the 

value of f would have been only 1.6% lower, i.e. 0.0235. The empty tube 

results are in good agreement with the results of Dittus and Boelter, see 

equation (1.19), using the entry length correction outlined in section 

1.2.5. The empty tube data has not been represented graphically since 

it is discussed in section 5.3. 

Figure 5.9 shows the regression equations which represent the 

heat transfer characteristics of the tubes. Discussion of these 

characteristics is given in the next section. 

5.2.4 Discussion of the results obtained using Pall rings. 

Figures 5.10 and 5.11 show that the Reynolds number exponents 

and multipliers of the heat transfer factor and friction factor equa­

tions vary between the empty tube values and the values obtained using 

configuration 6P as the covered fraction of the tube wall area in­

creases. The fraction of the tube wall area, that was uncovered, was 

calculated by assuming that the circumference of each Pall ring con­

tacted the inner surface of the tube. The surface area of the rings 

does not include the surface area of their insets. 

Lava, see Perry and Chilton (97, P• 4-38), measured the heat 

transfer through the walls of containers filled with a fixed bed and 

found that 

E = 0.90 for (Dp I d)< 0.35 (5.1) 

and E = 0.75 for 0.3S<(Op I d)< 0.65 (5.2) 

By analogy, it may be tentatively considered that configuration 

6P of the present work behaves as a packed bed with (Dp I d)>D.65. The 

latter restriction implies that a large volume of the bed is unoccupied 

by the packing and a relatively small ·proportion of the container wall 

surface area is covered by the packing; these criteria apply to can­

figuration 6P. 

Chilton and Colburn (26) found at high rates of flow through 

packed beds, that 

8 = -0.15 for (D I d)< 0.25 
p 

(5.3) 
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In the present work, it may be expected that increasing the number of 

Pall rings in the tube will have a similar effect to that produced by 

reducing the value of (Dp / d) in a packed bad. Hence it is expected 

that the value of 8 would tend towards the value found by Chilton and 

Colburn (26); Figure 5.11 clearly shows this trend. 

It is difficult to calculate an equivalent diameter of the Pall 

rings which may be used in the available correlations which apply to 

packed beds. It was because of this difficulty that the tube wall sur­

face coverage was chosen as an ordinate of Figures 5.10 and 5.11. How­

ever, this choice involves an anomaly which may be inherent in using in­

serts interspaced along a tube. Unless the effect of each insert is 

limited to the axial position in which it is located, the measured heat 

transfer and pressure drops will be affected by the spacing of the 

inserts. On this basis the effect of the insert spacing on the para­

meters of the regression equations should be studied. Replotting the 

data in this form shows trends similar to those of Figures 5.10 and 5.11 • 

. Figure 5. 9 shows the regression equations of the heat transfer 

data. It is seen that the heat transfer factor line of configuration 4P 

lies above that representing the data obta!ned with configuration 5P. 

This is not the expected trend although the parameters E and F apertain­

ing to these configurations do not deviate from the trends shown in 

Figure 5.10. However, if it is assumed that the heat transfer co­

efficients in the inlet region are greater than the average value that 

was measured, it may be considered that the four rings at the inlet of 

configuration SP are unable to significantly increase the heat transfer 

factor above the undeveloped empty tube value. Configuration 4P uses 

only two Pall rings in this assumed thermal "entry" region and there­

fore a higher proportion of the rings of this configuration are used in 

the region where the empty tube heat transfer coefficients are 

relatively low. The former discussion indicates that the heat transfer 

factors for these two configurations will be relatively close and the 

difference between the pertinent regression equations, which is 6% 

(approximate maximum), is within the uncertainty of the data. 

If it is considered that the effect of each insert is·limited 

to the pipe length in which it is situated then each configuration con-

sists of a packed 

jfCALC = 

length and an 

11'p lp 
+ 

empty tube length, hence 

jfo lo (5.4) 
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where ~0 , ~p = friction factors calculated using the regression 

equations which represent the characteristics of the 

empty tube and configuration 6P, respectively 

= actual total length of tube thst contains (LP), or 

does not contain (l
0
), inserts between the upstream 

and downstream ends of tha packed section of the 

tube. 

The results of these calculations are shown by Figure 5.2. The 

difference between the experimental and calculated results are in­

dications of the deviations from a linear relationship between the friction 

factors and the number of Pall rings. These differences may be 

explained by referring to the empty tube and configuration 6P as 

producers of "undisturbed" and "disturbed" fluids. The calculated 

friction factors are smaller than the experimental values presumably 

because the empty tube lengths, between the inserts, contain a 'stream 

which is partly "disturbed" thereby increasing the pressure drop. 

Furthermore it may be considered that, for small ring spacings, the 

fluid will rapidly become "disturbed" upon entering the packed length, 

thus only small increases in the heat transfer coefficient are to be 

expected as the spacing is decreased. However, as the number of rings 

is increased the friction factor will increase due to the form drag on 

each ring, although the stream will not necessarily become much more 

"disturbed". 

For large ring spacings, the heat transfer factor will rise 

more rapidly than for the above case since each insert that is added 

will enhance the "disturbance" of the fluid. The latter effect, and 

the relatively large increases in the pressure drop that is due to the 

form drag caused by each of the added inserts, will lead to rapid in­

creases in the friction factor. The above considerations are in agree­

ment with the data shown in Figure 5.12. 

Equation (5.4) may be written in the more general form : 

lfci\LC + (5.5) 

wnere H( LR) and a( LR) are weighting functions which are dependent on 

the fraction of the tube length, lR' that is occupied by the inserts;n,~ 

G1 and J
1

, are constants. For a given configuration the weighting 

functions are constant, hence 
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+ 
-p 

Re (5.6) 

where G2 , J 2 , n, and p , are constant. Coulson and Richardson (28, 

Chapter l) show that the above equation forms have often been used for 

the correlation of data obtained using fixed packed beds. In the 

latter case, the weighting functions are dependent on the properties of 

the bed used. Such studies generally show that n = l and either p = 0, 

the Ergun (40) type of equation, or p = 0.1, the form used by Carman 

(16) and Sawistowski (108). The first term in each of the above equa­

tions represents the flow resistance due to viscous drag; the second 

term indicates the effect of kinetic energy losses in turbulent eddies. 

The correlation form for the packed bed data is generally based an the 

analogy with flow in empty pipes (28, p.6). Hence, it is not surprising 

that experimental friction factor data, for a smooth empty tube, is 

also correlated in the form of equation (5.6), see for example equations 

(1.5) and (1.6). 

The above discussion infers that for a tube containing dis­

continuous sharp edged inserts the slope of the friction factor curve 

depends on the proportion of the tube which contains inserts. Tubes 

with a relatively large fraction of their length occupied by such in­

serts will exhibit shallow friction factor curves : the present work 

fully supports this conclusion. 

Heat transfer factors for turbulent low viscosity fluids are 

not generally correlated in the forms of equation (5.5) and (5.6). This 

may be due to the difficulty in determining accurate and reproducible 

correlations. However, it is interesting to note that the Colburn 

analogy (27) was initially proposed using equation (1.5). This produQes 

a two term heat transfer factor versus Reynolds number correlation. 

furthermore, the entrance length effect on empty tube heat transfer, see 

equation (1.27), is also correlated in a similar form to equations (5.5) 

and (5.6), 

5.3.1 friction factor data obtained under isothermal conditions. 

Table 5.4 shows the reproducibility of the experimental friction 

factor data. The maximum deviations of the 243 data items, 

denotations A to I in Table 5.4, from the values calculated using the 

8lasius equation, were +7.0% and -7.7%; the average values of these 
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maximum deviations were +4.4% and -6.7%, respectively. 

While the data shows acceptable agreement . h .. wLth t e work of 8lasius , 

the friction factor curves are slightly steeper than that found by 

Blasius and other workers. As will be seen later, the friction factor 

slopes, obtained under heating conditions with an average fluid 
0 

temperature of 35 C, were in good agreement with the values of Blasius 

and others. This tends to indicate that possible errors in the rota­

meter calibration may have been the cause of the difference between the 

experimental and previously reported results. Tests performed using an 
0 

average fluid temperature of 35 C, but without heat input through the 

test section wall, produced a friction factor curve with a slope close 

to that obtained using water at ambient temperature, compare denota­

tions A-I and ~-K of Table 5.4. These results exhibit maximum 

deviations, from the Blasius predictions, of +4.6% 

average values of these maximum deviations 

and -3. 7%, with 

of +3.7% and 

-3.7%. The mean ratio of the experimentally determined values to the 

Blasius predictions was 0,996; a value of 0.983 was obtained using the 

results of the ambient temperature tests. 

The experimental data was obviously reproducible and the cal­

culations of Chapter 6 show that the deviations from the Blasius pre­

dictions are within the uncertainty of the data. The manometers were 

regularly cleaned and no system leakages occurred hence no further 

reasons for the deviations considered above can be suggested. 

Table A.B.l (Appendix A.8) presents the raw experimental data 

which corresponds to denotation H of Table 5.4. The processed results 

from this sample data are presented as Table A.9.1 (Appendix A.9). The 

pertinent friction factor curve is shown as Figure 5.13. 

5.3.2 Friction factor data obtained under heating conditions. 

Pressure drop and heat transfer measurements were performed 

almost simultaneously. Tables 5.5 and 5.6 are compatible, except that 

no pressure drop measurements were performed during the tests of deno­

tation A of Table 5.6. The present data, and that obtained under 

isothermal conditions, show that a straight line, on logarithmic eo-

-----------------------------------------------------------------------
* In this work the Blasius equation is considered to be equation (1.1) 

with a constant of 0.0396. 
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ordinates, provides a good fit of all the data for eech mode of 

operation. Denotation B-P of Table 5.5 shows that the maximum devia­

tion of the experimental data from the regression equation is 5.11%, 

thereby indicating the reproducibility of the results. The average 

values of the mean, maximum, and minimum, ratios of the experimental 

data compared to the Blasius predictions are 0.907, 0.927, and 0.878, 

with certain results, or groups of results, deviating from these 

values by approximately 0.02. 

As noted previously, the friction factors determined under 

heating conditions are reduced below the isothermal values, at the 

same Reynolds number, due to the reduced fluid viscosity at the tube 

wall. Using the empty tube friction factor regression equations that 
a 

were determined using an average fluid temperature of 35 c, under 

isothermal and heating conditions, it is found that 

jlo(h) 
= 0.908 

jlo(iso) 

This value was calculated using the regression equations (denotation 

r-K of Table 5.4 and denotation B-P of Table 5.5) at Reynolds numbers 

of 15500 and 104000. Using equations (1.18) and (1.53) it is estimated 

that the inside tube wall temperature was 50°C during the heating tests. 

The measured tube wall temperatures, Tll and Tl2, indicate that the aut-
o 

side wall temperature was 52.5 c. In further work the inside tube wall 

temperature will be considered to be 51°C, that is, the average of the 

two temperatures determined by the above two methods. 

The results which are represented by denotation K of Table 5.5 

are presented in Table A.8.2 (Appendix A.B) and Table A.9.2 (Appendix 

A.9). This sample data is shown as figure 5.14. 

5.3.3 Heat transfer factor data. 

Table 5.6 presents the regression equations and analyses 

obtained from the 16 sets of empty tube heat transfer tests. The data 

scatter for all of the tests is quite low hence, to avoid.repetition, 

only the data used in the reliability analyses of Chapter 6 are given 

in this thesis. The raw data, computer outputs, and conventional heat 

transfer factor graphs, for denotations I, K, and N, are given in 

Tables A.8.3 to A.B.S, Tables A.9,3 to A.9.5, and in figures 5.15 to 

5.17. 
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The Wilson assumption, E = o.a, was used in analysing the 16 

sets of empty tube results, hence it was judiciously considered that 

the equation used to represent all of the 432 individual results should 

use E = 0.8. for this reason, the value of f was calculated for each 

individual result obtained using configuration 0. Denotation A-P in 

Table 5.6 shows the mean value of the regression parameter, f, that 

was obtained. The latter procedure is not a regression analysis and 

although a confidence interval and correlation coefficient could be 

determined for the representation of the distribution of the results 

about the equation of denotation A-P, such values were not obtained. 

It is interesting to note that, for the 16 sets of results, the aver­

age correlation coefficient and 95% confidence interval are 0.996 and 

0.019, respectively. 

The empty tube results were reproducible, however, they must be 

compared to the results reported by previous workers. As noted in 

section 1.2.5, the comoination of equations (1.19) and (1.27) shows that 

f is expected to be 0.024 for the geometry of the present work. This 

compares favourably with the experimental result, f = 0.0253, when it is 

recalled that equatibn (1.19) has an accuracy of 20%. Alternatively re­

arranging the result of denotation A-P of Table 5.6 into the form of 

equation (1.24) it is found that the (Constant) is 0.0270. This value 

is in exact agreement with the result of Sieder and Tate (114) and the 

value found by Evens (43) using water. In performing the above re­

arrangement it was recalled that Pr = 4.94, and ~ and ~s are evaluated 

at 35°C and 51°C, respectively. 

for the copper tubas, used in the tests of denotations A to r 
in Table 5.6, the average value of the heat transfer resistance, C, was 

-4 2 0 -1 -3 2 0 -1 
found to be 2.02 x 10 m C W (1.14 x 10 ft hr f Btu ). The 

average and maximum percentage deviations of the value of C from the 

mean value of two consecutive sets of tests were 1.62% and 3.15%. The 

maximum percentage deviation of any of the values of C from the mean 

value for all of the tests, A to :r, was only 4.6%; this shows that the 

heat transfer resistance remained almost constant. During the period 

of these tests, the heat transfer resistance increased vary slightly 

and this was probably due to a slow rate of scale formation. During 

further tests, K to P of Table 5.6, a greater concentration of sodium 

hypochlorite solution was used in "flushing" the tubes prior to testing 

and this eliminated the slight scaling of the tube, as described later. 
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In section 3.2.1 it was noted that initially the maximum 

obtainable scale reading on the rotameter, R2, was 10 units. Due to 

slight steam pressure fluctuations a scale reading of 7.5 units was 

used. However, as stated previously, the removal of the steam injector 

from the annulus side flow loop showed that the pressure fluctuations 

no longer affected the flow conditions and therefore a scale reading of 

10 units could have been used. To test the reproducibility of the 

results, under different conditions, tests were performed using a scale 

reading en the rotameter, R2, of 10 units. (For the conditions of the 

tests, rotameter scale readings of 7.5 and 10 units correspond to 

hydraulic Reynolds numbers, in the annulus, of 17100 and 21100). From 

Tables 5.5 and 5.6 it is seen that the results obtained using 41hher 

annulus side fluid flowrates are the same for the empty tube configura­

tion. 

For the tests of denotations K to M, in Table 5.6, the average 
-4 2 0 -l 

resistance to heat transfer was l.63x 10 m C W 
4 2 0 -1 

(9.3 x 10- ft hr F Btu ) with a maximum percentage deviation, from 

this value, of 3.92%. However, for any two consecutive sets of tests the 

mean and maximum deviations from the average of the two determined values 

of C were 1.73% and 2.47%. For the tests of denotations N to P, the 
-4 2 0 -1 average heat transfer resistance was 1.89 x 10 m C W 

-3 2 0 -1 
(1.07 x 10 ft hr F Btu ) with a maximum deviation of 1. 73%. The 

mean and maximum deviations of a single value of C from the average value 

for two consecutive tests were 0.73% and 1.37%. 

As shown in section 4.\1.2, the heat transfer resistance, c, is 

the sum of four resistances, such that 
1 Xw do 

c = + + Ri + Ro (5.7) ha kw dm 

For the conditions of the present tests it is estimated that the heat 
-6 2 0 -1 

transfer resistance due to the tube wall is 2.8 x 10 m C W 
-5 2 0 -1 

(1.6 x 10 ft hr F Btu ). Wiegand, see (67), correlated all of 

the heat transfer data available at that time, for the cooling of 

liquids in smooth annuli, in the form 

ha dE 0.8 0.3 [ :~ r·45 (5.8) = 0.023 ReE Pr 
k 

where do = outside diameter of the inner tube 

dl = inside diameter of the outer tube 

and dE = equivalent diameter of the annulus = dl - do 
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Using this equation with the calculated tuba wall resistance, and 

neglecting the scale resistances, the estimated total heat transfer 
-4 2 0 -1 -3 2 0 -l 

resistances are 1.84 x 10 m C ~ (1.05 x 10 ft hr F Btu ) 
-4 2 0 -1 -4 2 0 -1 

and loS"':>x 10 m C W (8.9 x 10 ft hr F Btu ) for the two 

conditions studied experimentally. These results closely agree with 

the experimental determinations. For scale readings on the rotameter, 

RZ, of 7.5 and 10 units, the calculated heat transfer reslstances are 

2.6% and 4.3% less than the values found for denotations N to p and 

K to M of Table 5.6. This indicates the magnitude of the scale 

resistances. 

5.4.1 Friction factor data obtained under isothermal conditions. 

Table 5.7 and Figures 5.18 to 5.20 show the results obtained 

under isothermal conditions using configurations of inserts possessing 

an anticlockwise twist. The graphical representations, where each 

point symbolizes three experimental determinations, show that the 

data are adequately depicted by straight lines on logarithmic co­

ordinates. Figure 5.21, which presents the results of the regression 

analyses of Table 5.7, clearly shows that the presentation of all the 

results on a single figure was impractical. 

Sample raw data and computer outputs are shown, for denotation 

A of Table 5.7, as Tables A.B.6 and A.9.6. The results are presented 

in Figure 5,18. 

The pressure drop between the tappings P2 and P3 was 

measured. For configuration 9T the pressure drop between the pres­

sure tappings and packed length of the tube was calculated and sub­

tracted from the measured pressure loss, as described in section 4.7. 

This corrected pressure drop was used in conjunction with the packed 

length of the tuba in order to determine the friction factors which 

are denoted by "9T" in Figures 5,20 and 5.21. Furthermore the pres­

sure drop across the length of tube which is equal to the length of 

the annulus section was also used to evaluate friction factors. The 

values so determined are denoted by "9T'"• The latter friction 

factors are of the same magnitude as those obtainad using configura­

tion 3T. This infers that a relatively large proportion of the 

pressure drop across configuration 3T is due to any, or combinations, 

of the following factors :-
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(a) contractions and expansions of the flow area 

(b) undeveloped swirl flow in the channels formed by the 

inserts 

(c) swirling flow in the empty tube sections. 

The friction factors of configuration 9T1 are also similar in 

magnitude to the results of configuration 4T, and for this comparison 

the following factor also needs to be considered :-

(d) the pressure drop at the junction of the perpendicular 

trailing/leading insert edges. 

The relative proportions of these factors, which contribute to the 

overall pressure drop, cannot be determined from the results of the 

present work. As an example, consider configurations 3T and 4~ where 

the only difference between the insert arrangements is the perpendi­

cularity of the edges. The difference between the pressure drops 

across each of these configurations is not only the result of factor 

(d), instead, it represents the combined effects of factors (a), (b), 

(c), and (d). On first sight, it may appear that a comparison of the 

results for configurations 7T and BT would provide a measure of the 

effect of the leading/trailing edge arrangement. Although this is true 

for these configurations, the resulting value of the pressure drop, due 

to a single leading/trailing edge intercept, is not necessarily 

representative of the drop due to such an intercept when it is 

positioned within any other configuration, The latter statement is 

true because of the different flow patterns at the insert intercepts 

in each configuration. 

The friction factors obtained using configuration 9T are 

greater than those of configuration 7T. Two possible reasons for this 

are the effect of an establishment length for fully developed swirl 

flaw and the relative proportion of the total pressure drop that is 

due to inlet end exit effects, including swirl decay at the tape exit. 

For a continuous twisted tape, Seymour (111) found that fully 

developed swirl flow is established approximately 10 to 20 pipe dia­

meters from the tape inlet, In the development section, the local 

friction factors oscillate about the fully developed value and it 

appears that the integrated value of the local friction factors is 

significantly above the terminal result only in the first 3t pipe dia­

meters. Subtracting the pressure drop across the inserts of configura­

tion 9T from that of tube 7T should yield a friction factor equation 

which is independent of flow development and entrance and exit effects, 
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-0.338 
2.15 Re 

-0.329 
1.13 Re (5.9) 

Using this equation the pressure drop across a twisted tape, of the 

same length as configuration 7T, can be calculated. The pressure loss, 

~ p', due to the flow development and entrance and exit effects can 

therefore be estimated : 

A p' If - ,JCORR 
(5.10) 

- = Ap )3 

where )3 is the friction factor calculated using denotation H-I of 

Table 5.7. At Reynolds numbers of 11000 and 78000, the pressure loss 

ratios calculated using equation (5.10) are 0.07l.and 0.092. Using the 

estimation method proposed in Appendix A.lO, the corresponding ratios 

are found to be 0.027 and 0.049. In using the estimation method, the 

tube section containing the twisted tape was considered to behave as an 

empty tube possessing the same flow area and the flow upstream of the 

tape was considered to be fully developed. Comparing the values of 

!:,. pf!:,. p, obtained using the above two methods, it is estimated that 

the friction factors determined using configuration 7T are approximately 

4!% larger than would be measured for a fully developed swirl flow. 

For certain configurations, pressure drop measurements were 

recorded while using a fluid temperature of 35°C but without heat being 

passed through the. tube wall. The results, obtained over the Reynolds 

number range of 15500 to 104000, are shown in Table 5.7 and Figures 

5.22 to 5.24. Isothermal friction factors were calculated using the 

regression equations determined for the results with fluid temperatures 

of 35°C and ambient, for Reynolds numbers of 15500 and 78000, that is, 

those common to the tests at both temperatures. At these Reynolds 

numbers, the maximum deviations of the friction factors obtained at 

35°C, compared to the ambient results, are 1.9% and 7.6%,with a maximum 

deviation of the average friction factor, for the two Re values, being 

4.0%. All of these maximum deviations were found using the result 

obtained with tube 6T. Referring to Figures 5.18 to 5.23, it is seen 

that all of the data exhibits a slight curvature and this is most 

noticeable for configuration 6T. It is considered that this is a 

result of using low Reynolds numbers during these tests. The friction 

factors, which were calculated using the regression equations which 

apply to the two operating temperatures, differ partly due to the slight 

curvature. The measured fluid temperature change along the test 
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section never exceeded D.2°C while using a fluid at 35°C. This amount 

is small, hence these results are thought to have been obtained 

under isothermal conditions. for a given Reynolds number the actual 

data points are in closer agreement than the regression results tend 

to imply. It is for this reason that the tabulated equations, Table 

5.7, should not be applied outside the Reynolds number range of the 

present work. 

Table 5.8 and figures 5.25 to 5.28 show the results obtained 

under isothermal conditions with a fluid at room temperature and con­

figurations of alternate rotation inserts. figure 5.29 presents the 
a 

corresponding data obtained using a fluid at 35 C. Sample raw data and 

computer outputs are shown for denotation I of Table 5.8 as Tables 

A.8.7 and A.9.7. 

It was previously shown that the pressure drop across the empty 

tube and pacKed section of configuration 9T was considerably below that 

across configuration ST. Both of these configurations use the same 

number of inserts and empty tube lengths. Using the results obtained 

with configurations SK and 9K the friction factors based on the length 

of the annulus section were calculated and denoted as configurations 

BK' and 9K'. The resulting values of~ are considerably greater than 

the results obtained using 7 pairs of inserts interspaced along the same 

length of tube. It may have been expected that the flow area changes 

and swirl flow in the empty tube sections of configuration 5K would have 

resulted in larger pressure drops than those encountered with tubes BK' 

and 9K'. This was not the case, and the observed phenomenon may be a 

result of the change of swirl direction caused by consecutive elements. 

This would produce a relatively small clockwise swirl component in the 

flow entering consecutive pairs of elements in configuration 5K. How­

ever, at each junction of the inserts in configurations 6K, BK, and 9K, 

the flow entering each junction has a relatively large swirl component 

which then has to be transformed into a large swirl component in the 

opposite direction, thereby leading to a large pressure drop. 

The friction factors denoted by 9K' are slightly greater than 

those of BK'. Although the difference is within the uncertainty of the 

data, it may also be postulated that it is due to the development of a 

turbulent flow velocity profile in the empty tube section of configura­

tion 9K'. 

The results of denotations H and I in Table 5.8 show the re-
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producibility of the friction factor results. Comparison of these 

results with those of denotation M, in the same table, shows that the 

friction factors are slightly dependent on the number of inserts form­

ing the Kenics mixer. Using Kenics mixers formed from 4, 6, 8, and 

10, elements with a twist ratio of 2,5, Morris and Senyon (86) found 

that the number of elements had little effect on the friction factors in 

the Reynolds number range of 6000 to 30000. Morris and Proctor (87) 

obtained the same conclusion using inserts with twist ratios of 1.5 or 

2.0. 

It may be considered that the elements at the upstream end of 

a Kenics mixer will produce a well mixed flow. Thereafter only 

relatively small increases in the degree of mixing will be achieved by 

each element. On this hypothesis it would be expected that the fric­

tion factors are de~endent on the number of elements and this would be 

particularly noticeable in comparing the res'ul ts obtained by Morris and 

Senyon (86) with 4 and 10 elements. These authors do not present their 

results for individual tests hence a direct comparison with the present 

work is not possible. The friction factor correlation, which they 

determined, fitted their data •typically to within ~ 8%~ 1 

The isothermal results obtained using configurations of anti­

clockwise rotating elements with water at 35°C and room temperature 

have been compared. Using the same procedure and Reynolds numbers with 

the results of tests on alternate rotation arrangements, the maximum 

deviations of the friction factors obtained at each temperature are 

4.2% and 6.6% at Reynolds numbers of 15500 and 78000. The maximum 

deviation of the mean of the friction factors determined at the two 

Reynolds numbers was 5.2%. This maximum deviation was found using the 

results of configuration 7K; these results show a definite curvature 

which is further discussed in section 5.4.4. 

5.4.2 friction factor data obtained under heating conditions. 

Tabie 5.9 and Figures 5.30 to 5.33 present the results of the 

pressure drop analyses performed using arrangements of inserts of anti­

clockwise twist. Table 5.10 and Figures 5.34 to 5,37 present the 

corresponding results for arrangements of inserts of alternate twist 

direction. Tables A.S.B and A.9.8 provide the sample raw data and 

computer outputs appertaining to denotation A of Table 5.9. Tables 

A.8.9 and A,9,9 provide the pertinent data for denotation H of Table 

5.10. 
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The regression equations of Tables 5.7 and 5.9 were used to 

evaluate friction factors at Reynolds numbers of 15500 and 78000. for 

the empty tube results the average deviation of the isothermal and 

heating friction factors was found to be approximately 10.6%. for the 

remaining configurations the maximum deviation is 6.6% (configuration 
0 

lT using an average fluid temperature of 35 C) with a mean absolute 

deviation of 2.6%. Using the same procedure with the results of Tables 

5.8 and 5.10, the maximum value of the average of the deviations (at 

Re = 15500 and 78000) of the isothermal and heating friction factors is 

3.1%. There is one exception to this limiting value; for configuration 

lTS the deviation is 8.4%. for these configurations which used inserts 

of alternate rotation, the mean absolute deviation of the results 

obtained using the three methods of operation is 2.4%. 

The above discussion shows that the inserts reduce the effect 

of the fluid viscosity ratio, (p 5 /p ), compared to the effe·ct in an 

empty tube. The pressure loss across a tube containing inserts is the 

result of the losses at the tube wall, the surfaces of the inserts, and 

in the core of the flow stream. A significant proportion of the total 

pressure loss therefore occurs away from the tube wall where the vis­

cosity reduction occurs. for the tubes containing inserts, the effect 

of the viscosity reduction was greatest for the tubes with the least 

number of inserts. However, it was not possible to obtain a correlation 

between the number of inserts and (p5 /,u) even when only one type of 

configuration, for example anticlockwise inserts with aligned edges, 

was considered. 

Most of the discussion presented in section 5.4.1 also applies 

to the friction factors obtained under heating conditions. That dis­

cussion will not be repeated since no further trends ware noted from 

the heating results. In section 5.4.4 the affect of the insert thick­

ness, the orientation of consecutive elements, and the regression para­

meter A and 8, are discussed. The heat transfer results are considered 

prior to that discussion since they also show trends which clarify those 

effects. 

5.4.3 Heat transfer factor data. 

The heat transfer factors, determined from the tests using the 

type T configurations of figure 1.5, are shown in Table 5.11 and figures 

5.38 to 5.42. The close proximity of the heat transfer characteristics 
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of the twbes is clearly shown by Figwre 5.43. For the type K con­

figwrations of Figwre 1.6 the reswlts are shown in Table 5.12 and 

Figwres s. 44 to 5. 46. As noted previowsly, a nwmber of configwrations 

produced heat transfer factors of comparable magnitwde thereby enforc­

ing the presentation of data on a number of separate graphs. Figwre 

5.47 shows the regression equations in graphical form. 

The raw data for denotation H of Table 5.11, and denotations G 

and H of Table 5.12, are shown in Tables A.S.lO, A.S.ll, and A.S.l2. 

The computer owtpwts of the heat transfer data determined by analyses 

of the raw data are shown by Tables A.9.10, A.9.ll, and A.9.12. 

For each configuration, three heat transfer measwrements were 

performed at each Reynolds number, hence it should be noted that many 

of the points shown on the heat transfer factor graphs represent three 

actual results. The figures and tables show that the experimental 

scatter is adequately within the typical scatter range encountered 

during heat transfer tests. For each of the tests, the experimental 

data is well correlated by a straight line on the conventional log­

arithmic co-ordinates. 

In order to maintain a constant heat transfer resistance, C, it 

was necessary to vary the heat flowrate through the tube wall as the 

tube side Reynolds number was varied. Tests performed using scale read-
* ings of 7.5 and 10 units on the rotameter, R2, required that the heat 

flowrates, for configuration o, varied from approximately 6.1 kW to 12.4 

kW and from 6.5 kW to 14.4 kW, respectively. These values should be 

multiplied by 14.9 to obtain the heat flux (kW m-2) based on the inside 

area of the·tube wall. For configuration 7T, the corresponding heat 

flow ranges were 8.9 kW to 14.3 kW and 9.7 kW to 16.4 kW. During the 

tests using configuration 6K, with the annulus side fluid flowrates 

stated above, the respective ranges were 10.5 kW to 14.9 kW and 11.6 

kW to 17.1 kW. The results shown by denotation G-H of Table 5.11 

clearly demonstrate the excellent reproducibility of the tests per­

formed using configuration 7T, even when different conditions were used. 

The pressure drop measurements performed at the time of the heat trans­

fer tests also show excellent reproducibility, see denotation G-H in 

Table 5.9. 

-------------------------------------------------------------------------
* Scale readings on the rotameter R2 of 7.5 and 10 units indicate 

respective 
-4 3.3 X 10 

4 3 1 -3 3 -1 flowrates of 2.7 x 10- m s- (9.5 x 10 ft s ) and 

m3 s-1 (11.7 x 10-3 ft 3 s-1). 
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The friction factor correlation used to represent the 

characteristics of configuration 6K is shown as denotation G-H of 

Table 5.10. The results obtained over both heat flux ranges are in 

good agreement. For this configuration, the experimental heat transfer 

results are shown in Figures 5.44 and 5.45. Comparison of these 

results, for Reynolds numbers not exceeding 86000, shows that the data 

is in good agreement. At the highest Reynolds number, Re = 104000, 

there is a relatively large scatter of the data although only one single 

experimental result lies considerably away from the observed trend. 

Denotation G-H of Table 5.12 shows that the average deviation of the 

data from the overall regression equation is comparable with that 

obtained using other configurations. The relatively high maximum dev­

iation is caused by the experimental result noted above. This result, 

compared to the regression line, lies within the experimental un­

certainty of the data, as calculated in Chapter 6. 

For configurations 9T, BK and 9K, the heat transfer results 

shown in the previous figures were all based on the measured inlet and 

outlet temperatures. The heat transfer factors are therefore the 

result of the heat transfer in the empty and packed tube sections. It 

has already been noted that a pressure drop across a type T or type K 

configuration may be dependent on the number of inserts forming the 

configuration. Appendix A.ll presents an analysis for the estimation 

of the heat transfer coefficients in the tuba lengths whicb .contain 

inserts in configurations 9T and BK. Denotations A to 0 of Table 5,13 

present the results of this analysis. The results obtained assuming a 

constant heat transfer resistance, c, (case l) are almost identical to 

those obtained using the temperature correction of case 2 of Appendix 

A.ll. This is due to the small changes in the bulk annulus fluid tem­

perature. The results of Table 5.13 were determined using equation 

(A.ll.ll). This equation was used, as opposed to equation (A.ll.lO), 

because the heat flow, Zl in the computer program, was determined using 

the temperature difference, (Y-T(I,l3)), of the tube side fluid. It 

was therefore considered that the equation used to determine Yl should 

also use this temperature difference. If the heat flow in the empty 

section had been based on the heat input from the annulus fluid then 

equation (A.ll.&.) should have been used to determine Yl. The value of 

Zl was based on the tube side fluid since previous calculations, used 

to determine the results of Figures 5,38 to 5.47, also used this as a 

measure of the heat transferred, 

I 

I 

I 

I 
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The procedure of Appendix A.ll is essentially based on the 

following equation :-

= 

where = d l ;; 
0 

+ (5.11) 

(5.12) 

Equations of the same form as (5.12) apply for the empty tube and packed 

sections. Hence, by rearrangement 

u = 

Alternatively, we may write 

h = 

+ 

+ 

I 
ho la 6. \Mo 

l A t~M 

(5.13) 

(5.14) 

I A I 
where 6. \M' u \Mp' 

I 
and b. tLMo' are the log mean temperature driving 

forces between the tube side fluid and the tuba wall over the total tube 

length, and the packed and empty tube sections, respectively. 

equations (5.14) and (5.4), it can be seen that substitution of 

Comparing 

p for Nu 

in equation (5.4) would produce an equation which is valid only if 

6. tl' M = 6. t~M = l:J. t~Mo' It is for this reason that an equation of the p . 
form of (5.4) was not used to obtain calculated heat transfer co-

efficients for the Pall ring data. 

Table 5,13, denotation B, shows that for the Kenics mixer 

arrangement the average Nusselt number for a mixer formed from 14 inserts 

is 14% greater than that obtained using a 26 insert mixer. For Reynolds 

numbers greater than 6000, Proctor (101, Figure 31) found that the local 

Nusselt number increases with the axial distance from the mixer inlet 

until about the fourth or fifth insert; thereafter the value steadily 

falls to an assymptotic value maintained after about the twelth insert. 

The rise and fall of the local Nusselt number appears to become less 

pronounced as the Reynolds number increases. The discussion which now 

follows is speculative and is based on the experimental determinations 

of the local Nusselt numbers in the entry regions of a circular pipe 

with various inlet configurations. This data is obtained from Soelter 

et. al. (10). These workers found that for an abrupt sharp edged 

entrance, and for a 180° bend, situated upstream of the heated section, 

the local Nu values rise and fall in a manner similar to that found by 

Proctor with a Kenics mixer. Boelter et. al. suggest that these 
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characteristics are due to the flow contraction and reexpansion 
0 

produced by the abrupt entrance. For the tests with a 180 bend it may 

be the stall region which produces the observed trend. Relating these 

findings to the Kenics arrangement, it may be postulated that the first 

few elements contain an accelerating flow which is initiated by the flow 

area reduction. This leads to an increased wall shear stress and by the 

heat/momentum analogy, as outlined in section 1.3.4, this corresponds 

to large heat transfer coefficients. As the fluid flows further along 

the mixer the flow acceleration effects will be gradually attenuated 

and the flow will become more mixed. Hence the average Nusselt number 

over the length of each successive element will gradually fall to an 

assymptotic value. It should be noted that these ideas are compatible 

with the suggested mechanisms causing the pressure drop across the mixer. 

However, it must be stated that the mass transfer tests of Proctor (101), 

see his figure 16 for example, show that the local Sherwood number in­

creases in the first two or three elements and then attains a constant 

value. This suggests that the mass transfer rate may be considerably 

dependent on the degree of mixing within the flow. 

Table 5.13 shows that the heat transfer coefficient for a 

twisted tape composed of 14 inserts is 13% greater than the coefficient 

·that is produced by a tape of 26 inserts. This is due to the contraction 

of the flow and the production of the swirl flow velocity and temperature 

· profiles. For the shorter tape a significantly larger proportion of the 

tape length will contain a developing flow. Using twisted tapes with a 

thickness ratio,S/d, of 0.051, Smithberg and Landis (118) found that 

the heat transfer coefficient in the total length of their tapes was 

approximately 4% greater than the heat transfer coefficient in the 

downstream half of the tape length. In that work the heated length was 

2g.og tube diameters. It should be realised that the upstream half of 

their tapes contained the decay region of the inlet effects and the flow 

entering the downstream half of the tape possessed significantly 

developed swirl flow velocity and temperature profiles. Using the 

result found by Seymour (110), see equation (1.61) in Chapter 1, it is 

found that the heat transfer coefficient, for a tube with (x1/L) = 0.53, 

is 0.905 (Re = 15000} and 0.946 (Re = 100000) times the coefficient 

obtained using a tape which extended along the full heated tube length. 

Seymour used a heated tuba length of 28.5 tube diameters. For configura-

tion 9T of the present work, the heat transfer coefficient is 0.792 

(Re = 15000} and 0.811 (Re = 100000) times the coefficient obtained using 
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configuration 7T. The ratios determined using the results of Seymour are 

greater than those of the present work due to the existence of a swirl­

ing flow in the tube section downstream of Seymour•s tapes. All of the 

above work shows that the heat transfer coefficients in the inlet 

section are greater than those in the downstream section of a tuba con­

taining a full length twisted tape. 

The method of Appendix A.ll relies on the calculation of the 

heat transferred in the empty tube section of the examined configura­

tions. For configuration 9K the heat transferred along the empty tube 

section cannot be determined. However, using the heat transfer correla­

tions for the Kenics mixer, the heat transfer coefficients in the empty 

tube section may be estimated. These estimated values may then be 

expressed as a ratio to the empty tube results which are calculated 

using equation (A.ll.21) with x/d = 24.9. The correlation used to 

calculate the heat transfer coefficients in the Kenics mixer was 

initially considered to be that of denotation G-H in Table 5.12. Using 

that equation, the results indicated as denotations E and F in Table 

5.13 ware obtained. The results of denotation F show that the heat 

transfer factor in the empty tube section, downstream of the inserts, is 

approximately 17% greater than that which would be found in the inlet 

section of an empty tube. However, a more truly representative result 

is estimated if the heat transfer coefficient in the packed section of 

the tube is calculated using the correlation which applies to the 

packed section of configuration BK. For this purpose the results of 

denotation 8 in Table 5.13 were used. Denotation H of Table 5.13 shows 

that the heat transfe~ factors in the empty section of configuration 9K 

are approximately 9% g~eater than those that would exist in an empty 

tube of the same length with no swirl. Alternatively, the ratio of the 

heat transfer factors downstream of the mixer and those that would be 

obtained using the full length empty tube (i.e. denotation A-P of Table 

5.6) may be calculated. The average of the ratios evaluated in this 

way at Reynolds numbers of 15500 and 104000 is 1.24. 

The above discussion shows that the heat transfer factors down­

stream of the Kenics mixer are considerably lower than those produced 

within the mixer, that is, Nu decays rapidly beyond the mixer outlet. 

In contrast to this configuration, equation (1.62) may be used to pro­

duce curves of Nu/Nu
0 

versus x/d for 1 < x/d < 24.9 and Reynolds 

numbers ot 15500 and 104000. From such curves the ratio Nu/Nu
0 

down­

stream of a twisted tape may be determined at the specified Reynolds 
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numbers. The average of the ratios determined at the two Reynolds numbers 

is found to be approximately 1.45. The Nusselt numbers downstream of the 

twisted tape are expected to be larger than those downstream of the Kenics 

mixer because of the greater swirl component of the flow beyond the tape. 

5.4.4 Discussion of the results obtained using swirl flow inducers. 

Using the regression equations obtained under isothermal and 

heating conditions, it is found that the friction factors for configura­

tion lTS (~/d = 0.16) are approximately 21% greater than those deter­

mined using configuration 1 T ( ~/d = 0.14). Similarly, the friction 

factors of configuration lKS ( b/d = 0.16) are approximately 23% 

greater than those found using configuration lK ('.i jd = 0.14). These 

increases are presumably caused by the increased blockage of the flow~ 

area and possibly by an increased swirl in the empty tube sections. 

Again using the isothermal and heating results, the friction factors of 

configuration 3KS are 4.7% greater than those found with configuration 

3K. This increase is significantly less than that found using the con­

figurations formed from three single inserts. The flow entering each of 

the two downstream inserts of configurations lK and lKS may possibly 

possess a quite small swirl flow component, while the flow received by each 

downstream insert of the pairs in configurations 3K and 3KS will possess 

a strong swirl component. Therefore quite large pressure losses, due to 

the swirl flow reversal, are to be expected at the insert interfaces. 

These losses are unlikely to be strongly dependent on the flow blockage, 

for the present range of blockages, and therefore the pressure drops 

across tubes 3K and 3KS are unlikely to greatly differ. furthermore, in 

the empty tube sections the swirl produced by the downstream insert of 

each pair may be less than that produced by the inserts of configurations 

lK and lKS. This leads to a larger proportion of the total pressure loss 

being caused by the flow reversal and eddy losses. 

for tubes lTS, lKS, and 3KS, the heat transfer factors are 

respectively 7%, 10%, and S%, greater than those determined using tubes 

lT, lK, and 3K. 

figures 5.48 to 5.50 show the variation of the friction factor 

regression parameters, A and 8 in equation (4.22), with the fraction of 

the tuba length which does not contain inserts. It should be recalled 

that each of the symbols is the result of 27 actual data measurements. 
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The results obtained using configurations SK, 9K, and 9T are not in­

cluded on these graphs. Similarly the results determined using stain­

less steel inserts are not shown. The data obtained under isothermal 

conditions, at room temperature and at 35°C, and under heating con­

ditions, exhibit very similar trends. For each configuration it was 

previously noted that as the Reynolds number is increased the slope of 

the friction factor curve tends to decrease. The data points referred 
0 

to as "Isothermal" and "35 C", in Figures 5.48 5.50, clearly show this 

trend. The "Isothermal" results apply over the approximate range of 
0 

Reynolds numbers of 11000 to 78000, the "35 C" results were obtained 

over the range of 15500 to 104000. 

The parameters appertaining to the "Heating" tests are smaller 
0 

than those found at 35 C under isothermal conditions. For the empty 

tube the fluid viscosity near the hot tube wall is lower than that in 

the fluid core and it is at the tube wall that a large proportion of the 

pressure loss occurs. Hence the ratio of the inertial to viscous forces 

is increased which leads the fluid to behave as if it were flowing with 

a larger Reynolds number, thereby reducing the friction factor. Since 

the friction factor curves, at higher Reynolds numbers than those deter­

mined by the bulk flow properties, possess a smaller negative slope, it 

follows that the friction factor curves under heating conditions will 

exhibit a smaller slope than those obtained under isothermal conditions 

at the same bulk Reynolds numbers. It will later be shown that the 

inserts of the present work do not behave as effective fins and there­

fore there is no fluid viscosity reduction at the surface of the in­

serts. From this discussion, it is inferred that as the proportion of 

the total pressure drop that is due to losses at the tubs wall is 

reduced, the difference in the slopes of the friction factor curves, 

for the heating and isothermal conditions, should become less. For 

the inserts positioned with perpendicular leading and trailing edges, 

Figure 5.50 clearly shows this trend. For these configurations a large 

proportion of the total pressure drop is due to the friction on the 

insert surfaces, and the kinetic energy losses due to the flow area 

changes, the leading and trailing edges, and the flow reversals. For 

inserts with aligned edges, ~~ reduction in the difference between the 

slopes of the friction factor curves (isothermal and heating) 

is shown by Figure 5.50. For these arrangements no 

reduction is seen because there no longer exists the large pressure 
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losses which were associated with the form drag that is due to the 

leading and trailing edges of the perpendicular edge configurations. 

For the results obtained using configurations formed from 

inserts with aligned leading edges and identical twist direction, the 

friction factor curves show a greater curvature than those obtained 

using perpendicular edges. For the latter configurations the kinetic 

energy losses are quite large compared to the losses caused by viscous 

drag, even at low Reynolds numbers. In the configurations formed with 

aligned inserts the proportion of the total pressure loss that is a 

result of kinetic energy losses gradually increases as the Reynolds 

number increases, in much the same way as the empty tube behavior. 

is this effect which produces the noted curvature of the graphs of 

versus ln(Re). For these reasons the heating results shown on 

It 

ln(,a') 

Figure 5.48 should be compared with the isothermal results obtained at 

35°C. Such a comparison shows that the difference between the slopes 

of the friction factor curves reduces as the number of inserts, and 

hence the relative importance of the form drag, increases. However, for 

a continuous twisted tape the difference increases above that found 

using an unoccupied tube length fraction of 0.239. In this case the 

form drag losses are not dominant and the reduced fluid viscosity at 

the tube wall has a greater effect. 

The present results, and those of many previous workers, support 

the conclusion that for a continuous twisted tape the friction factor 

curve is steeper than that found using an empty tube. On this premise 

it is inferred that the presence of a swirling flow will lead to an in­

creased negative value of the Reynolds number exponent, B. The previous 

discussion of the friction factor characteristics of Pall rings con­

cluded that increases in the kinetic energy losses results in a reduc­

tion of the slope of the friction factor curve. The curves obtained 

using aligned inserts with anticlockwise twists, under isothermal con­

ditions, show that the magnitude of the slope, B, increases as the un­

occupied fraction of the tuba length, hereafter denoted by UFTL, is 

decreased from 0.771 (configuration 3T) to 0.010 (configuration 7T). 

Strictly the UFTL for configuration ?T is zero, however, for comparison 

with the heat transfer results the UFTL was calculated using a total 

tube length equal to the length of the heating jacket. This approxi­

mation is very small and does not effect the trends shown in figures 

5.48 to 5.50. The slope of the friction factor plot for a UFTL of 

0.886 (configuration lT) is greater than that determined for the empty 
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tube. It is difficult to justify this finding; it may be due to a 

slight error in the determined slope. Denotation A of Table 5.7 shows 

that the 95% confidence interval on the slope is large enough to allow 

for the observed effect. A further very tentative proposition is that 

the swirl produced by the three inserts raises the slope of the 

friction factor curve above the reference empty tube value. The rapid 

reduction in the slope, B, in the range of the UfTL of 0,886 to 0.771, 

may then be due to the slightly increased swirl component of the flow 

entering the upstream element of each pair of inserts in configuration 

3T. This increased swirl may produce an increase in the kinetic energy 

losses at the leading edge of each pair of inserts, and thereby reduce 

the slope of the friction factor curve. As noted previously, the down­

ward trend of the regression slope of the heating results of Figure 5.48, 

in the UfTL range of 0.238 to 0.010, is a result of the fluid viscosity 

reduction at the tube wall. 

Figure 5.50 shows that for pairs of inserts of alternate rota­

tion, with perpendicular edges, the friction factor curves generally be­

come shallower as the number of inserts is increased. This is caused 

by the kinetic energy losses associated with the insert edges and the 

flow reversals. The results obtained using a UfTL of 0.467 (configura­

tion SK) exhibit a steeper slope than may have been expected, The 

present hypothesis is obviously a simplification in that the friction 

factor slope is considered to increase, or decrease, according to the 

proportion of the swirl flow and kinetic energy losses. Using this 

simplification it is difficult to adequately justify any slight devia­

tions from the overall trend. furthermore, any noted discrepancies may 

be due to slight errors in the determined slopes. 

For all of the results, except those determined using configura­

tions formed using only inserts with an anticlockwise twist and a UFTL 

of 0.771, the friction factor curves are steeper for configurations 

with aligned inserts than for the perpendicular arrangement. from the 

present simple hypothesis this is to be expected. 

Figure 5.51 shows that the Reynolds number exponent, E, in the 

heat transfer factor regression equations is not clearly dependent on 

the UFTL. The values of the exponent deviate about the characteristic 

empty tube exponent, E = 0.8. The present results, and those of 

previous workers, show that the exponent for a continuous twisted tape 

arrangement is close to that determined using an empty tuba. The fluid 
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passing through the tubes of the present tests possessed a swirl com­

ponent and therefore it is to be expected that the observed charac­

teristics would be those appertaining to a swirling flow. In the empty 

sections of the tubes the flow is intermediate between a developed swirl 

flow and that in an empty tuba. Hence, as found experimentally, it is 

to be expected that the heat transfer coefficients, for the present 

tubes, are dependen" on the Raynolds number in a similar manner to those 

in an empty tuba and a tube containing a twisted tape. The deviations 

of the experimentally derived exponents from those of the two latter 

configurations may be due to experimental error. Furthermore, the 

deviations will be the result of kinetic energy lasses caused by the 

leading and trailing edges and, in some circumstances, due to flaw 

reversal. 

Figures 5.52 to 5.54 show the effect of the number of inserts 

on the friction factor and heat transfer factor ratios. The ratios have 

been determined by comparing the regression equations which apply to the 

packed and empty tubes at Reynolds numbers of 15500 and 104000. The 

figures show the average packed/empty tube ratios of the two values sa 

determined. It is clearly seen that the perpendicular arrangement of 

the leading and trailing edges of consecutive elements results in larger 

values of the friction factor and heat transfer factor compared to the 

use of aligned edges. The friction factor results, determined using 26 

inserts, show that the effect of using perpendicular edges is consider­

ably greater far the use of pairs of inserts of alternate rotation 

than far pairs of identical rotation. This indicates that the greater 

pressure drop across the Kenics mixer, compared to a twisted tape of 

the same length, is the result of the combined effect of the flaw 

reversals and the leading and trailing edges and is not simply dominated 

by ana of these affects. 

Koch (69) postulated that heat transfer factors are strongly 

dependent on the wall shear stresses. In the present work, the parts of 

the leading and trailing edges of the inserts that touch the tube wall 

will disrupt the fluid boundary layer. Also the leading and trailing 

edges produce a flow separation from the insert surfaces; this flow 

may interact with the fluid near the tuba wall. These mechanisms were 

considered by Sparrow et. al. (121), see section 1.3.4. The flow 

separation may increase the mixedness of the fluid stream but it will 

also produce a significant increase in the pressure drop (15, P• 301). 
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It is considered that these mechanisms cause the observed differences 

in the heat transfer factors obtained using the aligned and perpendic­

ular edge arrangements. In the conventional empty tube turbulent flow 

regime the fluid may be quite well mixed in an empty pipe. It is 

expected that the inclusion of aligned inserts into the pipe will 

produce further mixing. However, a relatively small proportion of the 

fluid resistance to heat transfer lies in the bulk of the fluid, hence 

any increases in the mixedness of this fluid, obtained by the use of 

perpendicular edge inserts, will cause somewhat small increases in the 

heat transfer factor. This important deduction leads to the conclu­

sion that any inline mixer which is used in the hope of substantially 

increasing the mixedness of the core fluid by flow splitting, and which 

therefore requires a large power input, may be an inefficient device for 

increasing the heat transfer factor in the turbulent flow regime. On 

this basis, it is suggested that mixing studies should be performed 

using tubes containing inserts arranged as in configuration 7K, This 

arrangement provides flow r"!versal which aids fluid mixing in the semi­

circular channels formed by the inserts and the tube wall and increases 

the wall shear stress. It is later shown that thi~ configuration is a 

comparatively useful device for heat transfer enhancement. 

Figures 5.52 and 5.54 show the results obtained using configura­

tions SK and 9K, These results, which are based on the actual heated 

length of the tube, do not distinguish between the data determined using 

each of these arrangements. The friction factor and heat transfer 

factor ratios, for these two configurations, deviated by only o. 57% and 

2.37% from the mean values shown on the figures. I~ is clear that con­

figuration SK is far more beneficial than 8K or 9K even though each 

arrangement contains the same number of inserts in the same tube length. 

This tends to indicate that mixing studies using configuration 5K may 

prove to be beneficial. Unfortunately, it may be that the fluids to be 

mixed in such a device may coalesce in the empty tube sections: the 

manufacturers (61) state that the distance between Kenics mixer modules 

should not exceed 2 to 3 pipe diameters. 

Some of the heat transfer data obtained using 3 and 6 inserts 

appears to show a discrepancy. The difference between the two results 

determined using 3 inserts is very small and may be due to experimental 

error. The inserts of configuration lT will produce a swirling flow 

which will not greatly decay within the empty tube sections of one in­

sert length immediately downstream of the insert: this is supported by 
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the work of (6, PP• 102-108) and (75). However, the additional inserts 

of configuration 3T, compared to lT, will produce further insert sur­

face drag. It is therefore expected that only a small increase in the 

heat transfer factor will be observed as the number of inserts, in a 

type T arrangement, is increased from 3 to 6. A more significant in­

crease in the friction factor will occur. The above discussion 

strongly suggests that the use of equidistant spacing of individual in­

serts, of the same twist direction, would be more beneficial than the use 

of pairs of inserts. In the present work, this would not have allowed 

such a clear comparison of the effects of the leading edge orientation 

and the insert twist direction. Nonetheless it is a promising direc­

tion for further research. 

One of the most interesting trends shown by the present work 

is the almost asymptotic behavior of the friction factor ratios shown 

in Figure 5.53. The ratios obtained using 14 inserts (configuration 5T) 

and 20 inserts (configuration 6T) are 1.7% and 3.8% greater than the 

value found using 26 inserts (configuration 7T). Although these devia­

tions are within the experimental uncertainty of the data, the possible 

reasons for the observed trend will be discussed since this helps in the 

consideration of the heat transfer daterminations. 

In the previous discussion of the effects of the leading and 

trailing edges it was suggested that they produce a flow separation 

from the insert surfaces. In the empty tube regions of configuration 

5T the separated flow may causa fluid to interact with the boundary 

layer at the tube wall. Upon reaching the leading edge of the next 

pair of inserts the fluid must contract due to the reduction in the 

flow area, The fluid in the empty tube regions of configuration 6T may 

be expected to undergo a part of the procedure described, i.e. as the 

fluid leaves one pair of inserts it begins to interact with the tube 

wall fluid but it soon reaches the next contraction of the flow area. 

On this basis,it may be expected that the friction factor ratio 

obtained using configuration 5T would be greater than that of 6T. This 

is not found to be the case due to the greater surface area of the 

inserts in the latter configuration, and hence the greater losses due 

to shear stress on the inserts. The friction factor ratio determined 

using tube 7T is less than the ratios found using tubes 5T and 6T due 

to the lack of flow separations and hence the reduced form drag. How­

ever, the foregoing discussion infers that as the number of inserts is 

increased from 14 to 26 the shear stress at the tube wall decreases and 
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therefore the heat transfer factor ratios are expected to decrease. 

This trend is shown by Figure 5.54. 

It is interesting to note that the peak in the heat transfer 

factor ratio occurs when the distance between consecutive pairs of in­

serts was almost exactly equal to the length of a pair of inserts. To 

check if this is a coincidence it would be interesting, in further work, 

to use pairs of inserts with a different twist ratio from that of the 

present work. Also, the results obtained using individual inserts, 

equidistantly spaced along a tube, would be of interest. Further 

possible modifications to the inserts, and the configurations, are 

suggested in Chapter 7. 
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6 Accuracy Assessment 

6.1 Introduction 
-------------------

The regression analyses, performed using the computer programs 

FRICTION-6010 and HEAT2-6010, show the data scatter about the regres­

sion equations. These ln-ln linear regression correlations between the 
d A 0.4 variables p and Re, and Nu1Pr and Re, are essentially models which 

have been proposed for the representation of the physical events. The 

correlation coefficients and 95% confidence intervals compare the 

experimental data and the model. For tests in the turbulent flow 

regime, the use of such models has been repeatedly justified; the 

latter may be considered to provide a multiple-sample test of the model. 

The results of the present work agree significantly with the ln-ln 

linear regression model and this indicates a certain confidence in the 

results. 

The preceding discussion does not p rovida any information con­

cerning the reliability of the experimental data, and therefore of the 

constants and exponents of the regression equations; this is the pur­

pose of the present chapter. 

6.2 Methods considered for the reliability estimations 
---------------------------------------------------------

This subsection discusses the proposals, presented by Kline 

and Mclintock (66), concerning reliability estimates in single sample 

experiments. The available methods are considered in general terms 

and are applied specifically to the present work in sections 6.3 and 

6.4. 

Consider y to be a function of n independent variables~: 

y = y (xl' x2, ••••• , xn) (6.1) 

A Taylor expansion of equation (6.1), neglecting all terms 

after the second term, allows the error in y, here denoted by Sy, to 

be found. This approximation of the possible deviation of y from the 

-------------------------------------------------------------------------
* 

variables; 

In the present chapter y and x1 , x2, ••• , xn, are arbitrary 

they are not used to represent the twist ratio of a tape, 

or a tube length. The latter definitions have been used in the other 

chapters of this thesis. 
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true value applies for small error terms in the variables. Hence 

Sy 
(6.2) 

If the errors in the variables are considered to be the maxi­

mum possible errors then 

+ •••• + 

(6.3) 

This equation is often used to rapidly estimate the reliability of 

experimentally determined results. Kline and Mclintock (66) call 

equation (6,3) the "linear" equation. They place "odds" on the values 

of the error terms, for instance, there may be a 20 to 1 chance that 

the error in·x1 is less than or equal to Sx1 • Using equation (6.3) the 

odds on the value of &y is far greater than the odds for the terms 

Sx , Sx , ... , and Sx (66), 
l 2 n 

The use of standard deviations rather than error terms, for the 

result, y, and the variables, has also been considered; this approach 

may also place unacceptably large odds on the value of the standard 

deviation of y, and therefore on the value of Sy (66). 

Reference (65) proposes that the best method of reliability 

estimation is obtained using their "second power" equation : 

+ + r~nsXnrJo.s 

(6.4) 

Again they suggest that for each variable the error should be expressed 

such that it is "b to 1" certain that x is within the range In 

BS 1042: Part 1: 1964 (13, PP• 67-73) the 95% confidence limits on x 

are used as the value of Sx. The merit of equation (6,4) is that "b to 

1 odds", or 95% confidence limits, on the values of the variables also 

leads to the same odds, or confidence, on the value of Sy. There are 

two principal drawbacks to the use of equation (6,4) : 

(i) the_ oolcls on ~~ otf\cl. hj_~ n u.ill be_ -f::l-,e S<\..,e o.,lJ 
'af ttll of- i!-11' €J'M>f"S exl..,·,b·,~ t'\or-"''~l ol..:StribLlta~ru. 

(ii) the odds on the errors are difficult to specify, 

\-{h.t\.1! CNAA McL;,.tru:k ( b6) ~ ho..., ·1-ha,l- ..t~.'{,tt<\.ho"' (~, 4) > 
[OW!f'IAI'eol !-o -€'tlf..t."'-hOI'\ { '-·2)) pl'oVtol-e.S l\. /o-e.f-1-el' 
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The difficulty of point (ii) must be 

overcome in eny reliability analysis; for example, the use of maximum 

error terms is essentially stating the values of Sx for very large odds. 

The reliability analysis of the present work shows the results 

obtained using equation (6.2), which is hereafter referred to as the 

"linear" equation, and the "second por•er" equation, that is, equation 

(6.4). Sample experimental data, obtained while operating over a wide 

range of variables, are analysed. 

6.3 Reliability analysis of the friction factors 
---------------------------------------------------

tion : 

where 

and 

The 

;1 = 

l = 

friction factors were determined using the overall equa-

_2 d5 H Ql " 
g (S - 1) ;jE ( l. + lout) ~n 

64 l Q o2 l (6.5) 

length of tube on which the friction factor, ;1, is based, 

for example, the heated or packed tuba length. More 

precise definitions of this symbol are given at its 

point of application in the text 

l. = tube length between the upstream pressure tapping and 
~n 

either the upstream end of the heated section or the 

upstream end of the packed section of the tube 

l = tube length between the downstream pressure tapping 
out 

and either the downstream end of the heated section or 

the downstream end of the packed section of the tube. 

The Reynolds numbers were determined using : 

Re = 4 Q Q 

ll d ? 
(6.6) 

The second term of equation (6.5), later denoted by the symbol 

;1T
2

' represents the correction applied to the experimentally determined 

pressure drop to allow for the empty tube length between the packed 

tube length and the pressure tappings. 

6.3.1 Isothermal empty tube tests. 

For this mode of operation, the second term of equation (6.5) 

is not considered. Applying a reliability analysis with equation (6.5) 
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it is found that 

~yf 
2 4 

(s - 1) 5 i"; d H ('1 g 
'= (6.7) 

ad 64 l (' Q 
2 

off 
2 5 

(S - 1) .. d Ql g 
'= (6.8) 

oH 64 l 
2 

(' Q 

off 
2 5 

(1 - S) • d H ('1 g 
= (6.9) 

64 l 
2 

(' 
2 

Ol Q 

off 
2 5 

2 i\ d H e1 g (1 - 5) 
and = (6.10) 

oo 64 l (' o3 

where l = tube length between the pressure tappings. 

The fluid properties Q• e
1

, and 5, may deviate slightly from the true 

values due to very small errors in the recorded temperature. These 

deviations will not be considered since the fluid properties are not 

significantly temperature dependent. 

Substituting equations (6.7) to (6.10) into equation (6.2) and 

dividing throughout by yf, gives 

~ ill SL 1ffi ... + + (6.11) 
d H l Q 

Alternatively, substituting equations (6.7) to (6.10) into the "second 

power" equation, (6.4), gives 

7 =[[5~dr ... [s~r ... ls~r ... (~Qrr·s (6.12) 

Sample calculations using experimental empty tube data are 

shown in Tables 6.1 and 6.2. The experimental results which are 

represented by denotation H of Table 5.4, are shown in Tables A.B.l and 

A.9.l and in Figure 5.13. Tables 6.1 and 6.2 present the results of 

the reliability analysis when it is applied using the estimated "maxi­

mum" deviations and the estimated "mean" deviations of the variables. 
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6.3.2 Isothermal tests using inserts. 

If the friction factors for tubes containing inserts had been 

based on the tube length between the pressure tappings, i.e. including 

the empty tube end lengths, lin and lout' then the analysis of section 

6,3.1 would apply. However, the friction factors were based on the 

actual packed length of the tube and therefore the reliability estima­

tions are evaluated using a slightly different procedure to that of 

the previous section, 

An energy balance between two sets of pressure tappings at 

points 2 and 3, 

the last insert 

tube . . 
P2 

+ 
Qg 

where ut = 
Hf = 
p = 

between which swirl inducing inserts are placed with 

situated close to point 3, shows that for a horizontal 

2 p3 u2 2 
u Ut 

= + + -- + H 
2g i'9 2g 2g f (6.13) 

tangential velocity of the fluid 

fluid head loss 

fluid pressure 

The friction factors determined in the present work include the tan­

gential velocity head term of equation (6,13), This term is included 

in the friction factors since it is an energy "loss" involved in swirl 

flow. r·or the insert arrangements of the present work it is estimated, 

based on the work of Kreith and Sonju (75) and assuming a fully 

developed swirl flow, that the tangential flow velocity at point 3, is 

approximately a factor of 0,96 times the value calculated using the 

forced vortex model, Using this model, Gambill, Bundy, and Wansbrough 

(49) show that the radial pressure gradient caused by the swirl flow 

is given by : 

ApC-R = (6.14) 

whereApC-R is calculated in psi, u in ft s-1 , and ~in lb ft-
3

, and 

y is the twist ratio of the twisted tape, 

By integrating equation (6.14) across the flow field it can be 

shown that the average pressure gradient between the tube centreline and 

the tube wall is one half of the value calculated using equation (6,14). 

The tangential velocity used in determining equation (6.14) was obtained 

from equation (A.l.7), Using the factor of 0.96 that was estimated from 
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the work of Kreith and Sonju, see above, it is therefore possible to 

estimate the average value of ApC-R at the axial tube position of P3. 

In this way it is found that 

s Hr = differential manometer fluid head equivalent to the 

average pressure gradient at the axial position of P3, 

0.5386 r_£_1[ u r (6.15) = (s - 1) l~l y 

where u is expressed in units of ft s-l The value of 5 HT' obtained 

using equation (6.15}, may be considered as an estimate of the 

difference in pressure readings at the axial position P3, when measured 

using a p~st~t tube traverse across the tube and when using a wall 

pressure tapping. On this basis £HT represents a possible error in 

the measured manometer fluid differentials due to the apparatus used 

in the tests. 

The value of jl£' calculated by the computer program EX-6010, 

was determined using ~0 = 0.0396 Re- 0"25 • However, the experimental 

isothermal empty tube friction factor data was correlated well using 
.. -0.300 . Po = 0.0651 Re and 1t may be considered that this equation should 

have been used to determine JJE• furthermore, in the empty tube section 

between the inserts end the downstream pressure tapping, P3, the data 

of Blackwelder and Kreith (6, pp. 102-108) for a fully developed up­

stream swirl flow, show that the friction factor is approximately 2.3 

times the empty tube value. Based on the preceding discussion the 

possible error in the value of ~E' is given by 

cm 

= ] 

-0.300 
(2.3) lout (0.0651 Re ) 

""(..,.L1-. n-+""""'""l.:.! ou~t:..,} 

where l. , ( l t) 1n ou = 

(6.16) 

tube length between the upstream (downstream) 

pressure tapping and the upstream (downstream} end 

of the packed section of the tuba 

Tha above estimates of hHr and £JlE are considered to be over­

estimates since they assume that a fully developed swirl flow exists at 

tha exit of the packed section. This will not be true for all of the 

configurations tested. 
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The method of Kline and McLintock is now applied to each of the 

component terms of equation (6.5), hence it is found that : 

= (6.17) 

The term S~Tl is calculated using the same method as that required to 

determine S~ in the empty tube analyses. The analysis to obtain S~T2 
is : 

(6.18) 

where L = packed length of the tube 

Hence, using equation {6.2) 

b~T2 s%E &( L. + Lout) SL l.n - = li;+ ( lin + l t) 
+ -

,t1T2 l 
DU 

(6.19) 

Alternatively, using equation (6.4) : 

8~r2 =[[~r .. 
2 

r6~rr5 [S(l. + t t)] 1.n ou + 

~ ( lin + lout) 
(6.20) 

In section 6.3.1 the reliability estimation used the results 

for sample empty tube tests; some of these tests exhibited small mano­

meter fluid differentials. The results for a full length Kenics mixer 

arrangement required the measurements of the largest manometer fluid 

differentials obtained in the present study. The estimation procedures 

considered in this section are applied to sample experimental data 

obtained using the Kenics system, in Tables 6.1 and 6.2. The experi­

mental data corresponds to the results of denotation I of Table 5.8. 

Tables 6.1 and 6.2 show that the effects of SHT and S~E are negligible 

for insert configurations where the empty tube pressure drop correc­

tions are small compared to the total pressure drop along the tube. For 

comparison, the results of tests performed using three equidistantly 

spaced, anticlockwise twisting, inserts with aligned leading edges are 

also considered in Tables 6.1 and 6.2. The experimental data for these 

tests is presented in the graph and tables that are noted in Table 6.1; 

this data is represented by denotation A of Table 5.7. 

6.3.3 Empty tube tests performed under heating conditions. 

The analysis of this mods of operation is already stated in 
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section 6,3,1. However, friction factors quoted in the literature as 

"non-isothermal friction factors" are generally obtained such that the 

total length of tube between the pressure tappings is either heated or 

cooled. For the present work it may be considered that the empty tube 

lengths between the pressure tappings and the heated section act under 

an isothermal mode. Neglecting fluid density changes it can be shown 

that : 

where /fh 

ifoM 

~hso) 

~Ciao) 

= 

= 

= 

( l + 

(6. 21) 

friction factor acting along the heated tube length 

experimentally determined value of the friction factor 

friction factor calculated using the experimental empty 

tube isothermal regression equation at a Reynolds numoer 

based on the fluid inlet temperature 
t· 

friction factor evaluated as for .fJ (. ) but using a 
0 l.SO 

Reynolds number based on the outlet fluid temperature 

L = heated length of the tube 

lin'(lout) = tube lengths between the upstream (downstream) pressure 

tapping and the upstream (downstream) end of the heated 

section. 

Tables 6.3 and 6.4 present the results of a reliability estimation using 

the analysis of section 6.3.1. The sample empty tube results obtained 

under heating conditions are those which pertain to denotation K of 

Table 5,5. For these tests, the values of ((/fh - /f
0
M)//f

0
M)' that were 

calculated using the above procedure, are 0.027 and 0.002 for run numbers 

1 and 27, respectively. 

6.3.4 Tests performed using heating conditions and inserts. 

Applying the procedures of sections 6.3.2 and 5,3,3 it is 

found that : 

(6.22) 
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Reynolds numbers evaluated at the inlet, 

outlet, and average fluid temperatures. 

for the purpose of the present estimations 

t 1 , t , and t , are considered to be the o av 
temperatures indicated by the thermo-

couples Tl, T2, and the mean value 

(Tl + T2)/2, see figure 2.4. 

The value of SHT is evaluated using the method of section 

6.3.2. The reliability estimations for tests using the continuous 

Kenics system, and for the use of three aligned equidistantly spaced 

inserts of the same twist direction, are given in Tables 6,3 and 6.4. 

The experimental results for the continuous Kenics mixer are those 

represented by denotation H of Table 5.10. The experimental results 

for the configuration of three inserts are those represented by deno­

tation A of Table 5.9. 

6.3.5 Reliability of the Reynolds number. 

The Reynolds number is defined by : 

(6.23) 

Neglecting any deviations of the fluid properties due to 

possible errors in temperature measurement, a reliability analysis using 

the linear equation, (6.2), shows that 

SRe 
""'R8 

&d 
d 

+· (6.24) 

Alternatively, using the second power equation,. (6.4), then 

~ 
Re (6.25) 

Substituting ( S d/d) = 0,01 and ( S 0/0) = 0,03558 into equations 

(6.24) and (6.25) it is found that { S Re/Re) is approximately equal to 

0.046 and 0.037, respectively. Using the more probable estimates, 

( S d/d) = 0,005 and ( S 0/0) = 0.01575, then { S Re/Re) is found to be 

0.021 and 0.017 using equations (6,24) and {6.25), respectively. 
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6.3.6 Discussion of the reliability of the friction factor data. 

From Table 6.2, the maximum and probable deviations that may 

exist in the determined friction factors for the isothermal empty tube 

data are found to be 8.8% and 4.3% using the second power equation. 

These values are reasonable representations of the actual deviations 

of the present data and the results obtained using the Blasius equation. 

The results, for isothermal and heating modes, show that the possible 

errors have maximum values in the range B% to 14% and more probable 

values in the range 4% to 11%, for all of the data obtained. Assuming a 

Reynolds number exponent of -0.33, the largest value determined 

experimentally, the errors in the friction factors calculated using 

the regression equations would only be 1.5% greater than the errors 

noted above. This calculation was based on the maximum error determined 

using the linear equation of the Reynolds number analysis, and hence is 

a maximum possible additional error. 

The reliability estimations were separately performed on the 

terms ~Tl and ~T2 and the overall reliability of ~ was determined from 

these values. This procedure is an approximation since it requires the 

addition of the two error terms which both depend on the error Sl. 

However, since the term S~T2 has only a small effect on S~ the approxi­

mate method is adequate. Strictly, equation (6.5) should be rearranged 

in the form 

~ = 
:. [ ;;.

2 
d

5 
H ~l g (S - 1) 

l 64 ~ Q2 
- ~E ( l. + l t) l l.n ou 

6.4 Reliability analysis of the heat transfer factors 
--------------------------------------------------------

(6.26) 

While analysing the heat transfer data obtained using inserts, 

the heat transfer resistance, C, was considered to be known exactly. 

Using this assumption the 95% confidence intervals and correlation 

coefficients, for the regression equations, were found. Had the value of 

C been unknown, a regression analysis with no assumptions would not have 

been possible. 
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The heat transfer factor, Nu/Pr0' 4, is calculated using 

= 
d 

0 

[ (1/U) - C] k Pr
1
J.4 

(6.27) 

A heat balance over the double pipe heat exchanger gives 

q = 

q = 

where = 

= 

(T - t.) - (T. - t ) 
0 ~ 1. 0 

ln[~~- :~] 

Q ~ c t,t 
p 

Combining equations (6,27) to (6.29) and rearranging we obtain 

Nu 
Pro.4 

= 1 

-,.---..;;;..;'- - _ k Pr • 
[ Q

;; L lltLM C 'i 0 4 

~ cp llt d0 J 

(6.28) 

((,,'1.."1) 

(6.30) 

(6.31) 

In order that dependent terms are not combined in the reliability analysis 

the temperature variables are compounded into the single term ( t>tl~ t>t). 

An approximation of the reliability of this term is derived below. 

Using the 

G = 0 

and H = 
0 

we obtain 

a( t>\~ t>t) 

~T 
= 

Q 

= 

substitutions 

(T -
0 ti) 

(Ti - t ) 
0 

ln 

[ ~: 1 
(G - H ) 

0 0 

G 
D 

[ [G ,r t>t ln H:J 

(6.32) 

(6.33) 

(6.34) 

(6.35) 
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(6.36) 

_[l:.tln[~] (G0 

- [t:.tln[~:Jr 
(6.37) 

The equations (6.32) to (6.37) are used in either a "linear" 

or "second power" reliability analysis equation to obtain £( 6\J bt). 

A "linear" reliability analysis of equation (6.31) shows 

that 

S(C/d
0

) se Sd 
= + a 

(c/d
0

) c d 
0 

(6.38) 

and SY SL S( l>\r/ t.t) £Q 
= + ( b\J 6t) 

+ Q y l 
(6.39) 

where y n l l:.tLM 
= a e c 6t p 

(6.40) 

and 

li(NuiPr 0"4) 
SY + S(C/d

0
) 

= 
(Nu/Pr0"4) [v - (C/d

0
)] 

(6.41) 

A number of possible methods for the estimation of SC were 

considered, these are outlined below : 

(i) The regression equation used for the analysis of the raw · 

experimental empty tube data may be written in the form : 

l = (5.42) 
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Rearranging, we obtain 

(ejd
0

) = y X (6.43) 

where X = l 

F ReE k Pr0.4 (6.44) 

Hence sx E SRe 
= (6.45) 

k Pr0"4 F Re(E + l) 

For a given set of empty tube results, F is known, E = 0.8, and 

6Re is obtained using the method of section 6.3.5. Using a "linear" 

reliability analysis it is found that 

S(ejd
0

) = SY + SX (6.46) 

Alternatively, a "second power" analysis may be used. 

The above method has two faults: the terms Y and X both involve 

the term (Q~) and therefore the terms SY and SX should not be combined 

since they are not independent, also, substituting equation (6.46) into 

equation (6.41) shows that the term SY is used twice, which again in­

volves the combination of two dependent terms. The former fault may be 

partly surmounted by rearranging equation (6.42) and making the 

approximation given below : 

(ejd ) a = 

= 
l 

[;; d }J ]E --1--:-..,. 
4 Q ~ F k Pr 0"4 

F k (6.47) 

(ii) Since tests using the empty tube were, in some instances, 

performed prior to and after the insert tests, the value of se may be 

considered tc be the difference of the values of e for the two empty tube 

tests. Alternatively, if the tube was destroyed after the insert tests, 

or if a relatively long time period existed between the empty tube 

tests, thereby possibly leading to scale formation, the value of se 

may be obtained from the two values of e found by assuming that 

E = 0.8 and E = (o.s - CON.) for the empty tube data analysis using the 

ln-ln linear regression. 
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(iii) The value of Se may be considered to be the difference 

in the values of C obtained using the regression analysis with the 

assumptions that E equals the actual regression Reynolds number exponent, 

and that E equals the regression exponent minus the 95% confidence in­

terval on the exponent. For empty tube tests this method is the 

alternative procedure used in method (ii). Provided that the data 

scatter of the insert tests and of the tests for the empty tube which 

provide the heat transfer resistance value, C, are approximately equal, 

then methods (ii) and (iii) will produce approximately the same relia­

bility analysis results. 

For the reasons discussed above, methods (i) and (ii) were 

applied to the analysis of the pres~nt work. Tables 6.5 and 6.6 show 

reliability analyses based on estimates of the possible errors in the 

measured variables which may be considered as "mean" values. Tables 

6.7 and 6.8 show the results obtained using the same analyses with the 

"maximum" possible deviations of the variables. 

Discussion of tha reliability of the heat transfer factors. 

As stated previously, method (i) of s~ction 6.4 is not con­

sidered to be a good method for the estimation of S(C/d ). The use 
0 

of the method results in extremely large possible errors in the heat 

transfer factors. If these errors are due to ramdom errors in the 

measured variables then these should be demonstrated by considerable 

data scatter on the heat transfer factor charts. Since this is not 

found to be the case the possible errors may almost be considered to 

be fixed errors i.e. approximately the same error occurs in each of 

the variables when it is determined on consecutive occasions. Con­

sidering this to be true, the possible error in S(C/d ) should not be 
0 

considered to be caused by errors in X and Y but only by the scatter 

of the data about a Wilson plot line (V versus X): method (ii) is 

based on this procedure. 

From Tables 6.6 and 6.8 the possible errors in the empty tube 

heating data, obtained using the second power equation with method (ii), 

are seen to be approximately 7% (mean) and 13% (maximum). Using the 

approximate linear equation and the maximum possible error in the 

Reynolds number, the possible errors in the heat transfer factors 

obtained using the linear regression equation are 3.6% greater than the 

values stated above. 
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Since the passible errors in the heat transfer factors are in­

versely proportional to {(1/U) -C)) it is clear that the use of a 

very low heat transfer resistance, C, is to be preferred. This effect 

is shown by comparing the reliability analysis results of denotations 

C and 0, and G and H {Tables 6.6 and 6.8), These results were obtained 

using identical insert configurations but for denotations C and 0 the 

annulus fluid flowrate was greater than that used in determining the 

results for denotations G and H. The possible error limits on the data 

obtained using the full length Kenics arrangement (configuration 6K) are 

quite large, but they are considered to be acceptable for most design 

situations. It should be noted that the full length arrangements (con­

figurations 6K and 7T) used insert lengths which did not quite extend 

along the full heated tube length. To allow far this effect, and also 

the possible error in the insert length due to the method of construct­

ing the lengths, the heated length of tube has been considered to possess 

a possible error of 2,24% (maximum), 

Configuration 6K yields an approximately three fold increase 

of the heat transfer factor compared to the empty tube value; con­

figuration 7T, the full length twisted tape, yields an approximately 

two fold increase. Due to the intermediate results obtained using 

configuration 7T, this arrangement has also been analysed in order to 

provide a reasonably complete reliability analysis over the total range 

of the measured heat transfer factors. 
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7 Comoarisons with previous work 

7.1 Introduction 
-------------------

This chapter compares the hydraulic and thermal characteristics 

of tubes containing either the twisted tape or Kenics configuration 

with the results obtained by previous workers. Also, all of the 

present work is presented in the form of ln(Nu/Nu ) versus ln(~ / fr ) a a 
and using the constant pumping power criterion adopted in Chapter 1. 

The packed/empty tube ratios of the Nusselt numbers and 

friction factors were evaluated at Reynolds numbers of 15500 and 86500 

(the maximum value obtainable with a fully packed tube) using the 

regression equations in Tables 5.2 and 5.3. The average values of the 

ratios determined at these Reynolds numbers are shown in figure 7.1. 

Also shown are some of the data presented by Norris (6, PP• 16-26). 

The results for large roughness spacings were obtained using s/e = 10, 

which is the optimum spacing. These roughnesses were either an integral 

part of the tube wall or there was a small resistance between the tube 

and the roughness elements. The Pall rings did not intimately contact 

all of the circumference of the tube and therefore they provide little, 

or no, fin effect, instead they may have actually reduced the effec­

tive heat transfer surface area. This is one of the reasons for the 

lower Nusselt numbers produced using Pall rings as opposed to other 

forms of tube roughness. furthermore, portions of the Pall rings 

projected into the bulk flow stream thereby leading to form drag and 

increasing the ratio ~ / ~ • 
0 

For reasons of clarity, the line corresponding to equation 

(1.91) has not been included in figure 7.1. This line would pass 

through the origin of figure 7.1 and the point where~/ ~0 = 10, 

Nu/Nu = 1.95. All of the results obtained using Pall rings would lie 
a 

below the line and therefore the use of Pall rings is not an effective 

method for heat transfer enhancement, based on the constant power 

criterion. Table 7.1, which was formed using equation (1.90), clearly 

demonstrates this conclusion. It can be seen that the Reynolds number, 

ReaP' may be larger than the highest values used in the empty tube 

tes•s, however it was assumed that the empty tube characteristics were 

specified by the results in Tables 5.2 and 5.3. 



- 126 -

While reviewing some previously published work it was 

necessary to estimate the friction factor and/or heat transfer factor 

for the empty tube. In these instances the viscosity effect at the 

tube wall and the effect of the tube length were neglected. This 

procedure was also adopted by Bergles et. al. (2), (5), The empty 

tube characteristics were considered to be those which are represented 

by equation (1.4) . and by equation (1.19). 

The results of the present work have also been analysed using these 

equations and the constant pumping power criterion. The resulting 
* Nusselt number ratios for a constant power, (Nu/Nu0 )p are presented 

* in Table 7.1. The difference between (Nu/Nu0 )p and (Nu/Nu
0

)p never 

exceeds B%. The experimental empty tube characteristics should be used 

in evaluating the results with the constant power criterion; however 

for comparison with the effectiveness of some devices the values of 
* (Nu/Nu0 )p may provide a better, although not strictly correct, relative 

comparison. 

Equation (5.9) represents the isothermal (room temperature) 

pressure drop characteristics of the twisted tape configuration used in 

the present work. The results obtained under heating conditions can 

also be formulated into an equation which is independent of the flow 

area changes and flow development : 

" = 1. 20 Re -0.281 PcORR 0 5 R 
-0.268 

• 93 e (7.1) 

The friction factor ratios evaluated using equations (5.9) and (7.1) 

and the equations presented in Chapter 1 are compared in Table 7.2. 

These results, which have been evaluated at the limits of the Reynolds 

number range of the present work, provide a reasonable comparison of 

the work of various authors because most of the available correlations 

are almost straight line presentations on logarithmic co-ordinates. The 

results of Seymour (111) are not used in this comparison because they 

show that a "laminar/turbulent" flow transition occurs at Reynolds 

numbers greater than 104• This result was not found in the present 

work, or by other workers, it may occur as a result of the smooth en­

trance conditions and thin tapes used by Seymour. Converting equation 

(1.44) to the equivalent flow basis and using the conditions of the 

present work, as outlined in Table 7.2, it is found that~/ ~0 = 8.51 
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~ 0.03, over the Reynolds number range 11000 to 78000. This result 

agrees reasonably well with the present work although For the above 

reasons it is a tentative comparison. 

The correlation proposed by Gambill and Bundy (47) severely 

underpredicts the present results. However, they note that some of the 

results, used to obtain their correlation, may be in error. The average 

percentage difference between the present results and the predictions 

of the remaining authors in Table 7.2 is 39% For isothermal conditions 

(Re = 11000 and 78000). This difference may be due to the fact that the 

values of ( o /d) used by previous workers were considerably less than 

that of the present work. It may be that the equivalent flow concept 

cannot be used to extrapolate the available correlations to larger 

values of (S/d). An alternative reason for the deviations is the 

effect of the roughness of the tube and inserts. lopina and Bergle·s 

(79), see section 1.3.6 of this thesis, suggest that the tube rough­

ness has a significant effect on the pressure drop with swirling flows. 

Furthermore, Koch (69, p. 51) suggests that the friction on the tape 

surface accounts For the majority of the pressure drop. Although the 

joints between consecutive elements appeared to be reasonably smooth, 

it is possible that the difference between the results of this study 

and those predicted using the correlations in section 1.3.6, is the 

result of an increased pressure loss at the surface of the tape. If 

the above argument is correct, and it is assumed that the tape does not 

act as a fin, then the heat transfer results of the present work should 

be adequately predicted by the correlations of previous workers. Table 

7.3 shows the good agreement of the results. The heat transfer correla­

tions of Gambill et. al. (49, 50) were not converted to the equivalent 

flow basis because of the range of values of d and S used in their 

studies and because soma of their tests were performed using ( S /d) = 

0.1; this is reasonably close to the value used in this work. It may 

be this effect which results in the slightly lower heat transfer factors 

obtained using equations (1.29) and (1.30). 

The heat transfer correlation proposed by Migay (83), see equa­

tion (1.43), was not used in Table 7.3. For the geometry of the present 

work, the correlation predicts heat transfer factor ratios of 5.37 and 

2.86 at Reynolds numbers of 15500 and 104000. These values are con­

siderably g~eater than those obtained using the correlations that were 

proposed by other workers. Migay's correlation has not been used by any 
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previous authors other than Date (30}. This may indicate that equa­

tion (1.43) does not produce satisfactory predictions. 

The friction factor correlations of the reference authors were 

adjusted to heating conditions in Table 7.2 by using equations (1.53) 

and (1.54). These correlations were obtained using water. For the 

conditions of the present work, these equations show that 

Ffh 

fiiso 
= 0.947 for the twisted tape 

and 

~ = 0.903 

o(iso} 

for the empty tube 

where the friction factors are evaluated at the same bulk Reynolds 

number and the following subscripts have been used : 

h 

iso 

0 

= 
= 

= 

heating conditions 

isothermal conditions 

empty tube 

Using the correlations of the results obtained under isothermal and 
0 heating conditions, with an average bulk fluid temperature of 35 C, and 

with allowance for the effects of the tape ends and flow development, 

the present work shows that 

PcoRR{hl = 0.985 

ficoRR(iso) 

for the twisted tape 

and 

~ = 0.908 
o(iso} 

for the empty tube 

The effect of heating is seen to reduce the isothermal friction.factars 

by a smaller amount than is predicted by equation (1.54). This is 

because, in the present tests, a larger proportion of the total pressure 

loss occurs at the tape surface rather than at the tube wall where the 

viscosity reduction is effective. This is a result of the slight rough­

ness of the tapes used in this work. 

Figure 7.2 presents all of the results obtained using solder 

inserts under heat transfer conditions. These results have previously 

been presented in Figures 5.52 to 5.54. The actual friction factors 

associated with the powers required to produce the heat transfer co­

efficients have been used in these graphs i.e. no allowance has been 

made for the flow development and tape end effects with configuration 

7T. At Reynolds numbers of 15500 and 104000 the values of (Nu/Nu
0

} and 

(If/~ } do not deviate from the mean values shown in Figure 7.2 by 
0 
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more than 3.2% and 6.5%, respectively, and generally the deviations 

are considerably smaller. The dashed line on flg'~re 7.2 shows the 

effect of increasing the number of type T (LH:LH) inserts with aligned 

(0°) leading edges. Comparing this line with figure 7,1 clearly shows 

that the relationship between the heat transfer and friction factor in­

creases is different for these enhancement devices, The complex form 

of the line must represent the changing proportional contributions of 

the swirling flow, form drag and flow disturbances, and surface 

friction, on the heat transfer and pressure drop characteristics. 

Obviously, figure 7.2 is not a good method of representing the results 

obtained with these inserts. 

Table 7.4 shows that type T configurations are not effective for 

heat transfer enhancement when used with the conditions of this work. 

However, it is interesting to note that configuration ST is a better 

device than the full length tape, configuration 7T. The former config­

uration requires approximately one half of the insert material needed 

to produce a full length tape; this may be important in applications 

where equipment weight reduction is a design criterion. 

The results for configurations lT and lTS show that the effect 

of the insert thickness 

containing 3 inserts. 

on the ratio (Nu/Nu
0

)p is negligible for tubes 
tl,_e_ Ml l~~~tL. 

Table 7.4 also shows that the use of~perpendi-

cular edge arrangement , or locating the inserts near to the tube exit 

(configuration 9T), are to be avoided if the constant power criterion 

is to be used as a measure of the effectiveness. 

The following modifications of the present insert configura­

tions may produce more beneficial results : 

(i) The use of smooth inserts will reduce the pressure drop 

across configuration 7T, possibly by upto 40%. A lower reduction would 

occur with configuration ST, for example. 

(ii) The inserts used in this work did not behave as eff8ctive 

fins. Enhancement of the contact between the inserts and the tube wall, 

for example by redrawing the tube over the inserts or by a tube rolling 

pr.oc!'ss at the location of the inserts, would increase the heat transfer 

coefficients. The fin effect determined by Lopina and Bergles (79), 

see section 1.3.6, was obtained using a redrawn tube. 

(iii) Configurations lT, lTS, 2T, ••• to 6T, do not benefit 

from the swirl flow downstream of the inserts which are located at the 

exit of the heated section. If these inserts had not been included 
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then the pressure loss across the tube would have bean significantly 

reduced, although there would have bean a smaller reduction in the heat 

transfer coefficients. These comments also apply to the type K con­

figurations. 

(iv) The use of thinner inserts would reduce the power 

requirements of all of the configurations. However, the heat transfer 

coefficients are dependent on the fluid mixing between the inserts and 

the interaction of the tube wall fluid with the flow mhich has separated 

at the leading edges of the inserts. (This has been discussed in 

section 5.4.4 and by Sparrow et. al. (121), see section 1.3.4). 

Furthermore, the greater fluid velocities associated with the larger 

values of (o/d) will produce larger heat transfer coefficients in the 

packed sections of the tube. It is likely that there exists an optimum 

insert thickness, for each configuration, which produces the largest 

values of (Nu/Nu0 )p• It was not the purpose of the present work to 

determine the optimum insert thickness. 

7.4 The Kenics static mixer arranoement (Configuration 6K) 
-----------------------------------~------------------------

No previous workers have proposed generalised correlations which 

may be used for the comparison of the pressure drop results of various 

studies. For this reason the friction fac~ors are to be compared with 

equations (1.80) to (1.83). Allowance for the relative insert thick-

ness, (S/d), is based on the equivalent flow concept using equations 

tf (A.l.2) and (A.l.3). This procedure cannot be theoretically justified 

f and it is only used because of a lack of any further information. 

t 

Furthermore, it is possible that the effect of the tuba diameter, as 

proposed in equations (1.80) to (1.83), does partially include the 

effect of the thickness of the inserts, although since no geometrical 

details are available it is impossible to determine this possible 

effect. Details of the comparison procedure and the calculated results 

are presented in Appendix A.l2 and Table 7.5. 

The isothermal results of the present work are slightly greater 

than the predicted results. The experimental friction factors were 

determined using 26 inserts. However, the results in references (24) 

and (60) may have been obtained using 6 elements since that is the 

number used to form a standard Kenics mixer module. It has already been 

shown that the friction factor decreases slightly as the number of 
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elements is reduced and this is one possible reason for the deviation 

between the experimental and predicted results. It is also possible 

that the slight roughnesses, near to the joints of successive elements, 

may also lead to greater friction factors. This effect is expected to 

be small due to the high degree of mixing of the fluid stream. How­

ever, it must be recalled that equations (1,80) to (1,83) are the 

results of regression analyses of the manufacturer's data. Their work 

involved inserts with twist ratios upto 1.8 (60), or 1.9 (24). 

Extrapolation of the equations to the twist ratio used in the present 

work (y : 2,03) may be a possible source of the deviations which have 

been noted. Also, it was assumed that (S/d) = 0.1 for the standard 

mixer; this is an approximation. 

The differences between the predicted and experimental friction 

factors is greater for the heating results than for those obtained under 

isothermal conditions. This must be due to an overprediction of the 

effect of the fluid viscosity near to the tube wall. This indicates 

that the results given in references (24) and (60), on which the 

prediction correlations are based, were obtained under isothermal con­

ditions. It is also interesting to note the close agreement of the 

effect of the Reynolds number on the friction factor ratio; the results 

of Chen (24) indicate that K is proportional to Re0•104 while the 

present work shows a dependence on Re0•111 under isothermal conditions. 

This again implies that the results in reference (24) were obtained 

under isothermal conditions. 

In Table 7.5, the results of previous workers have been 

extrapolated to Reynolds numbers of 78000 in order to examine if such 

extrapolations produce agreement between the previous and predicted 

work. In the turbulent flow regime the friction factor is proportional 

to the Reynolds number raised to a given power. The results of 

Chakrabarti (21) were obtained in the empty tube laminar flow regime 

and they do show some curvature of the ln-ln friction factor correla­

tion, For this reason the correlation proposed by Chakrabarti has been 

presented graphically as figure 7.3, The lowest Reynolds numbers below 

which Chakrabarti 1s correlation deviates from the predicted results by 

more than about 15% is shown in Table 7.5. Although the present work 

and that of Chakrabarti was performed at considerably different Reynolds 

numbers the agreement with the predicted friction factors is quite good. 

The results of Smith (116), (117) also indicate a good agreement over a 
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wide Reynolds number range, particularly when, as with the previous work 

considered above, the modified form of equation (1,81) is used for 

comparison. 

Although this work was not directed towards measurements in 

the laminar flow regime the above conclusions suggest that the modified 

forms of equations (1,80) to (1,83) may be used at low Reynolds numbers. 

Figure 7.4 shows some results which have been extracted from the 

literature concerning the pressure losses associated with the Kenics 

system, The results obtained from the manufacturer's literature (24), 

(60) are greater than those determined by Proctor (101) and Lin et, al. 

(78) who both used a tuba diameter of 12.7 mm. No conclusive reason can 

be offered for the comparatively small friction factors determined by 

Lin et. al. who used liquid refrigerant-113 in vertical electrically 

heated tubes. However, it is interesting to note that they sustained 

a laminar/turbulent flow transition at Reynolds numbers upto 5500, For 

the above reasons, Figure 7.4 clearly shows that it is not advisable to 

extrapolate the results of the present work to considerably lower 

Reynolds numbers. 

Morris and Benyon (86) and Proctor (101) used the same equip­

ment in their mass transfer studies, Table 7.5 shows that their 

experimentally determined friction factors are considerably smaller 

than the predicted results. Unfortunately, they do not present any empty 

tube friction factor data which would provide an indication of the 

accuracy of their measurements and the relative roughness of the sur­

face of the naphthalene layer, The diagram of the apparatus, as shown 

in reference (101), indicates that the pressure tappings were very close 

to the Kenics elements and this may have produced soma error in the 

results. Proctor suggests that the difference between the friction 

factors determined under mass and heat transfer conditions may be 

partially attributable to a slight deterioration of the contact between 

the inserts and the naphthalene at the tube wall. In conclusion, 

Proctor suggests that caution should be exercised in using his friction 

factor results and that further work is required, 

further possible reasons may be suggested for the difference 

between the results found by Proctor (101) and those calculated using 

the modified forms of equations (1,80) to (1.63), These include : 

(i) A minimum diameter of 15.7 mm was used in the regression 

analyses that produced equations (1,80) to (1,83), The tuba diameter 
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was 12.7 mm in the tests of Proctor (101). It is clear therefore that 

in using the regression equations with the geometrical details of 

Proctor's work there has been an extrapolation, with respect to the 

tube diameter, of the regression equations. 

(ii) Equations (1.64), (1.65), and (1.70), show that the friction 

factor characteristics of many in-line mixers depend on the fluid 

viscosity; lower viscosities lead to lower friction factors. Proctor's 

studies (101) used air, and since Kenics mixers are generally used 

with viscous fluids it is likely that the results of reference (24) 

apply for fluids with viscosities that are greater than that of air. 

For this reason, it may be expected that the friction factors that were 

determined by Proctor would be smaller than those found by Chen (24). 

However, Chen does not indicate that the friction factor is dependent 

on the fluid viscosity, other than in the manner that is indicated by 

the Reynolds number effect. The results of Smith (115), (117), for air 

and water, also indicate that there is no effect of the fluid viscosity, 

other than that shown by the Reynolds number dependency, on the friction 

factor characteristics of Kenics mixers. 

Previous workers have shown that the insertion of a Kenics 

mixer, y = 1.5 (approximately), into an empty tube will increase the 

heat transfer coefficient by approximately a factor of 3. In the 

present work, the average of the heat transfer factor ratios, evaluated 

at Reynolds numbers of 15500 and 104000, was found to be 2.79. This 

result was obtained using inserts with a twist ratio of 2.03 and a 

slightly greater relative insert thickness than those used by previous 

1 
workers. Due to the lack of information it is not possible to propose 

any correlation concerning the effects of y, D, 6 , and the fin effect, 

on the heat transfer characteristics of the Kenics system. 

Figure 7.5 compares the present results with those obtained by 

Lin et. al. (78) in the laminar/turbulent transitional flow regime. 

Reference (78) does not provide specific geometrical details of their 

Kenics mixers although it is inferred that they used commercially 

available mixers. For this reason, their results and those of reference 

(25) should be similar. The slight disagreement of these two sources 

is difficult to explain since no experimental data is given in ref­

erence (25). It may be that the manufacturers (25) considered that 
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their proposed correlation adequately represents all of their results 

for Re > 2000. There may have been some curvature of their data in 

the Reynolds number range of the laminar/turbulent transitional flow 

regime, Such curvature may have been neglected in order to produce 

a straight line (ln-ln) correlation of the results for Re> 2000. If 

this suggestion is correct, the lines H and 0 in figure 7.5 may be 

considered to represent the characteristics of the Kenics static mixer 

in the transitional and turbulent flow regimes. On this basis, it 

appears that extrapolation of the present results, obtained using a 

full length Kenics configuration, may lead to predictions which are 

slightly lower than the actual heat transfer factor at low Reynolds 

numbers. The relative positions of the characteristics of the full 

length Kenics mixer and configuration 9K are approximately the same in 

this study and reference (76), Therefore, extrapolation of the present 

results, obtained with configuration 9K, may also lead to under predic­

tions of the heat transfer factors at low Reynolds numbers. 

figure 7.5 shows the considerable enhancement that may be 

obtained by using Kenics inserts in the conventional laminar/turbulent 

flow regime. However in some applications the need for very large heat 

transfer coefficients necessitates operation in the turbulent regime. 

It is also interesting to note that Lin et. al. (78} produced con­

ditions which are particularly suitable for heat transfer enhancement. 

They sustained a flow for which the friction factor decreased rapidly 

with increasing Reynolds number while the heat transfer factor in­

creased rapidly. It may be that in an industrial application, with 

flow disturbances upstream of the heat exchanger, these conditions can­

not be produced and turbulence will be increased. 

Figure 7.2 shows that all of the results obtained using 

alternately twisted helices, with perpendicular edges, can be re­

presented by a single curve using logarithmic co-ordinates of the heat 

transfer factor ratio and the friction factor ratio. It may be that 

this type of correlation is possible because each of the pairs of in­

serts increases, to approximately the same extent, the magnitude of the 

effects which result in the heat transfer and pressure drop increases. 

In contrast, the results obtained using aligned anticlockwise helices 

could not be correlated in this way because of the changing contribu­

tion of each of the effects producing the increases. 
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Figure 7.2 clearly shows that the use of a continuous length 

of Kenics mixers extending along part of the heated tube length, that 

is, configurations BK and 9K, is not a good method of increasing the 

heat transfer coefficient. It is also seen that alignment of the 

leading edges, in a full length configuration of alternately twisted 

helices, is better than the perpendicular edge arrangement, i.e. the 

Kenics mixer configuration. Table 7.6 shows that the continuous 

aligned edge arrangement is considerably better than the other con­

figurations when compared using the constant power basis. This table 

also indicates that none of the devices were beneficial. However, it 

would be possible to increase the heat transfer factors by enhancing 

the contact between the inserts and the tube wall. 

The thicker stainless steel inserts produced values of 

(Nu/Nu0 )p which were approximately 3 to 4% greater than those obtained 

using the solder inserts. However, with the available inserts, only 

I 

two configurations could be tested using both of the insert thicknesses. 

Due to this low number of tests, it cannot be conclusively stated that 

the use of thicker inserts is to be preferred for all o'f the configura­

tions shown in Figure 1.6. 
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8 Conclusions 

This chapter is a summary of the main conclusions and results 

of this study, For reasons of brevity, and to provide a clear 

presentation, the conclusions have been annotated, 

(i) A survey of the turbulent flow characteristics of various 

commercial in-line motionless mixers has been presented. The lack of 

design data in published sources required that. the survey was mainly 

based on the sales literature and personal communication with the 

manufacturers. The pressure loss data has been presented using a 

common definition of a friction factor. 

(ii) The calibration of the rotameters that were used in this work 

showed that it was necessary to allow for the effect of temperature on 

the measurement of the volumetric flowrate of the water. Various 

calibration correlations were produced. It was found that, for most 

purposes, a correlation which uses a quadratic function of the rota~ 

meter scale reading and a linear function of the fluid temperature 

will be adequate. This procedure had not been proposed by previous 

workers. 

(iii) An adaptation of the Wilson plot technique has been used, 

This adaptation eliminates the need to produce two graphs, 1/U versus 

l/u
0

•
8 

and 1n(Nu/Pr0•4) versus ln(Re), in order to determine the heat 

transfer characteristics. The adaptation also shows that the use of 

the above two graphs can lead to the anomaly that the exponent on the 

fluid velocity is not the same for each of the two graphs, This had 

been mentioned in the literature but no reasons for it had been proposed. 

(iv) Pressure drop and heat transfer tests have been performed using 

tubes which contained Pall rings. Various empty tube distances,. between 

the Pall rings, were used. The maximum heat transfer factor increase, 

above the empty tube values that were obtained over the same Reynolds 

number range, (Nu/Nu
0
), was 1.5. This increase was accompanied by a 

pressure loss increase, (~ / ~0 ), of 15. 

(v) None of the configurations of the Pall rings were found to be 

effective when compared to an empty tube that requires the same pumping 
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power. This was considered to be due to the form drag, in the central 

core fluid, that is caused by the insets of the Pall rings. This 

suggestion was based on the heat/momentum analogy. This analogy has 

been qualitatively used to explain some of the phenomena observed 

throughout the present work. 

(vi) The characteristics of tubes containing short lengths of 

twisted tapes interspaced along a tube have been investigated. Over 

the flow range of the tests, it was found that the optimum empty tube 

spacing between the pairs of inserts was equal to the length of a pair 

of the inserts. This may be a coincidence and further tests would be 

required to examine this finding. 

The ratio of the heat transfer coefficient produced by this 

optimum configuration to that produced in an empty tube requiring the 

same pumping power, (Nu/Nu
0

)P' is 1.0. for the continuous full length 

twisted tape tha ratio was found to be 0.89. 

Over the flow range of the tests, the average actual heat 

transfer factor ratio, (Nu/Nu), was 2.0 for the optimum configuration, 
0 

and 1.8 for the continuous tape. for both of these configurations the 

above increases were accompanied by friction factor ratios, (~ / ~0 ), 

of 11, approximately. 

(vii) The friction factors which are characteristic of the con-

tinuous twisted tape were found to be approximately 40% greater than 

those calculated using the correlations of previous workers. This was 

probably due to the slight roughness of the tape at the junctions of 

consecutive inserts. The relative thickness, (b/d), of the tape was 

approximately twice that used by other workers. The equivalent flow 

concept was used to allow for this difference. The use of this concept 

may be unjustified and further work is required to clarify this effect. 

(viii) Further work using single inserts, as opposed to the pairs 

used in this study, is recommended. Also, investigations of such con­

figurations for the mixing of turbulently flowing fluids may be 

beneficial. 

(ix) Tests were performed using a continuous Kenics mixer and with 

pairs of Kenics elements (consecutive alternately twisted helices with 
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perpendicular leading edges) interspaced along a tube. None of these 

configurations are beneficial for heat transfer enhancement when using 

the constant power basis for comparison with the empty tube results of 

this work. However, heat transfer coefficients were produced which 

were 2.8 times greater than those obtained while using an empty tube 

over the same Reynolds number range. This increase was produced with 

a continuous Kenics mixer for which the friction factor increase, 

(~I ~0 ), was 73. 

(x) The large difference between the ratios (~ I ~0 ) for the 

Kenics and twisted tape configurations was due to the combined effects 

of the flow reversal and perpendicularity of the leading edges of con­

secutive inserts. For the continuous configurations, formed such that 

consecutive inserts had either opposite, or identical, twist direction, 

it was found that alignment of the leading edges of the inserts is to 

be preferred. 

(xi) A continuous length of alternately twisted helices with 

aligned leading edges was found to be the best arrangement of 

alternately twisted inserts. For this configuration, the heat transfer 

coefficient ratio based on the constant power criterion, (NuiNu0 )p, 

was 1.0. The average heat transfer and friction factor increases, 

relative to an empty tube operating over the same superficial Reynolds 

number range, were 2.6 and 26, respectively. 

(xii) The equidistant spacing of the pairs of inserts is 

preferred to locating the inserts close to the downstream end of the 

heated section of the tube. This suggests that the use of pairs of 

Kenics inserts, spaced along a tube, may be beneficial for the 

mixing of low viscosity fluids. 

(xiii) Correlations have been proposed which acceptably represent 

the friction factor characteristics, found by various workers, of tubes 

containing continuous lengths of Kenics mixers operating under 

isothermal conditions. 

(xiv) The friction factor characteristics of tubes that con-

tained various equidistanly spaced pairs of helices have been examined 

under isothermal conditions and with heat being applied through the 
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tube wall. Although there is an indication that the effect of the 

viscosity ratio, (~~~), is dependent on the number of insert~ it was 

not possible to quantitatively characterize this effect. 

(xv) 

versus 

The results have been presented in the form of ln(Nu/Nu ) 
0 

ln(~ / ~ ). The results obtained using configurations of 
0 

alternately twisted inserts, with perpendicular leading edges, were 

found to lie on a single curve when presented in this form. The results 

obtained using identically twisted inserts could not be represented by 

a single curve. 

(xvi) The regression parameter, B, where~= A Re8, was found to 

vary with the number and arrangement of the inserts in the tube. It has 

been suggested that the magnitude of 8 decreases as the kinetic energy 

losses of the fluid are increased or as the degree of swirl flow is 

reduced. 

(xvii) The configurations that have been studied in this work are 

unlikely to be used in general heat exchanger applications. However, 

some of them may be suited to applications where simultaneous heat 

transfer and fluid mixing is required. Also, they may be suitable where 

the size reduction of the heat exchanger is a primary consideration. 

In such instances, it is recommended that the methods of increasing the 

effectiveness of the inserts, which are suggested in this thesis, should 

be applied. 

(xviii) 
~ 

Estimations of tha accuracies of the experimental results 

were obtained. A number of possible methods of error estimation, in­

volving the Wilson plot technique, are suggested in this thesis. There 

is a considerable variation in the estimated possible errors that are 

calculated using these methods. This work shows that, at the present 

time, there exists a lack of any unified approach for the estimation 

of the possible errors in msny experimental studies. 
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Nomenclature 

In order not to use a large number of multiple subscripts, it 

has been necessary to use some symbols for the representation of more 

than one variable. The definitions given below are those which have 

been most often used. On the few occasions for which these definitions 

do not apply, the relevant definition appears at the appropriate 

location in the text. 

A 

A.A.O. 

B 

= 

= 

= 

= 

= 

= 

= 

= 

regression parameter in the friction factor correla­

tion, see equation (4.22) 

actual free flow area 

superficial free flow area = ( ii /4) i 
true flow area, see equation (A.l.l4) 

corrected true flow area, sea equation (A.l.lS) 

surface area of the outer wall of the tube section 

that does not contain inserts = " d0 l 0 

surface area of the outer wall of the tube section 

that does contain inserts = n d0 lp 

cross sectional area of the tube wall 

maximum cross sectional area, in a horizontal 

plane, of the rotameter float 

total surface area of the outer wall of the tube 

= ;; d0 l 

= 

= 

= 

= 

= 

cross sectional area of the rotameter tube on the 

downstream side of the float 

cross sectional area of the annulus formed by the 

tube and float of the rotameter 

average absolute percentage deviation 

1 \ I Measured - Calculated I (100) 
(No.) L f'leasured 

Reynolds number exponent in a friction factor 

correlation, sea equation (4.22) 



c 

CON. 

o' 
H 

Do 

Dp 

0(!,2) 

D(I,3) 

e 

= 

= 

= 
= 
= 

= 

= 

= 

= 
= 

= 

= 

= 

= 
= 

= 

= 

= 

= 

= 

= 

= 
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expansion coefficient 

ratio of the flow areas of the vena contracta and 

the contracted duct 

specific heat capacity of the fluid 

drag coefficient of the float of the rotameter 

sum of the scale, tube wall, and annulus fluid film, 

resistances to heat transfer. This quantity is an 

average value over the total heated length of the 

tube 

see definition of C except that this value applies 

over the section of the tube that is heated and does 

not contain inserts 

see definition of C except this value applies over 

the section of the tube that is heated and contains 

inserts 

95% confidence interval on the regression parameter, 

B or E 

inside diameter of the tube, or container 

logarithmic mean diameter of the tube 

(d0 - d) / ln (do/d) 

outside diameter of the tube 

inside diameter of the outer tube of an annulus 

inside diameter of the tube, inches 

equivalent diameter of a tube containing inserts, 

see equation (A.l.2) 

•true" hydraulic diameter of a tube containing 

inserts, see equation (A.l.20) 

corrected hydraulic diameter, see equation (A.l.23) 

diameter of the orifice 

diameter of the particles 

tube side fluid density evaluated at the temperature 

of rotameter Rl 

annulus side fluid density evaluated at the tempera­

ture of rotameter R2 

roughness of the tube wall, or height of a roughness 

element 



E 

f 

F 

g 

G 

Gr 

h 
D 

h 
p 

h 
X 

I 

k, k 
w 

= 

= 

= 

= 

= 

= 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 
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Reynolds number exponent in the heat transfer factor 

correlation, see equation (4,32) 

power per unit volume of fluid, erg cm- 3 (blood) min-l 

% of the "fiducial" flow through the rotameter, see 

section 4.5 

regression parameter in the heat transfer factor 

correlation, see equation (4.32) 

acceleration due to gravity 

Prandtl number exponent 
2 

2 /3 'If Grashof number = 

fluid film heat transfer coefficient on the tube side 

and the annulus side, respectively 

tube side fluid film heat transfer coefficient in 

the empty tube or in the empty section of the tube 

tube side fluid film heat transfer coefficient in the 

section of the tube that contains inserts 

hemolysis rate of the blood cells, 

mgm cm-3 (cells) min-l 

local tube side film heat transfer coefficient at 

axial location x 

assymptotic value of h 

ratio of the film heat transfer coefficients for 

tubes with and without inserts when requiring the 

same pumping power. The fluid properties, tube 

length, and tube diameter, are the same in both cases 

fluid head loss 

manometer fluid differentials as shown in Figure 4,3 

"impedance", a parameter used in calculating the 

volumetric flowrate of the fluid passing through the 

rotameter, see section 4.5 

thermal conductivity of the fluid and tube wall, 

respectively 



K 

l 

L' 

= 

= 

= 

= 

= 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 
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ratio of the friction factors, based on the inside 

diameter of the tube and the superficial fluid 

velocity, for the mixer end the empty tuba at the 

same superficial Reynolds number 

number of velocity heads "lost" due to a flow 

contraction, see equation (A.l0.3) 

momentum correction factor 

number of velocity heads "lost" due to a flow 

expansion, see equation (A.l0.2) 

kinetic energy correction factor 

constants which depend on the type of rotameter, 

see equations (4.11) and (4.12) 

parameter which is dependent on the geometry of the 

Kenics mixer and is used to calculate the pressure 

drop across such a mixer, see equation (1.78) 

parameter which depends on the cross section, and 

changes_ in the cross section, of the duct, see 

equation (1. 92) 

length of the tuba 

length of the tube downstream of a blockage, see 

figure 1.1 

tube length between the upstream pressure tapping 

and either the upstream end of the heated section, 

or tha upstream end of the packed section, of the 

tube 

actual total length of tuba that does not contain 

( l ), or does contain ( l ), inserts 
0 p 

tube length between the downstream pressure tapping 

and either the downstream and of the heated section, 

or the downstream end of the packed section, of the 

tube 

fraction of the tube length that is occupied by 

inserts = l / ( l + l ) p 0 p 
swirl flow path length at tha inside surface of the 

tube wall, see equation (A.l.6) 
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Nu 
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= 
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exponent on the viscosity ratio, {ps/~), which is 

used with the friction factor correlation 

ratio of the cross sectional areas of the orifice 

and the tube = (Do/d)
2 

maximum 

maximum 

absolute percentage deviation, i.e. the 

value of I Measured - Calculated I (lOO) 
Measured 

Reynolds number exponent as calculated using 

equation (1.33) 

number of inserts 

number of experimental tests 

Nusselt number = {hd/k) 

Nusselt number evaluated using either the regression 

equation that applies to the full length configura­

tion {6K or 7T) or equation (A.ll.21), see Table 

5.13 

equivalent flow Nusselt number = {h Deik) 

Nusselt number for flow in an empty tube 

Nusselt number for flow in an empty tube at a 

Reynolds number of Re01 , or Re02 
ratio of the Nusselts numbers of the flow in the 

packed and empty tubes which are operating at Reynolds 

numbers of Re and ReaP' respectively. Nu0 is 

evaluated using the regression equation that was 

found experimentally 

see definition of {Nu/Nu0)p except the packed tube 

is operated at a Reynolds number of Re~p and Nu0 is 

evaluated using equation (1.19) 

pumping power 
pumping power required to produce a Reynolds number 

of Re
01

, or Re02 , in an empty tube 

fluid pressure, see Figure 4.3 

Prandtl number = {cp p/k) 

heat flowrate through the entire tube wall 



Q(l,2) 

Q(l,3) 

r 

R 

Re 
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heat lost from the annulus section by conduction 

along the tube 

hest flowrate through the surfaces of the fin 

heat flowrate through the wall of the tube section 

that does not (q ), or does (q ), contain inserts 
0 p 

volumetric flowrate of the fluid 

"fiducial", or theoretical, volumetric flowrate of 

fluid through the rotameter, see section 4.5 

volumetric flowrate of the tube side fluid at the 

temperature of rotameter Rl 

volumetric flowrate of the annulus side fluid at the 

temperature of rotameter R2 

radius of the tube 

radial distance measured from the centreline of the 

tube, when using the forced 

(correlation coefficient) 2, 

experimental data, (Values 

vortex model 

when considering the 
? 

of R- that are close to 1 

indicate that the data is acceptably represented by 

the linear regression equation) 

scale resistances to heat transfer on the inside and 

outside surfaces of the tube wall 

scale reading on the rotameter 

root mean square absolute percentage deviation 

[ 
1 ~ [ [Measured - Calculated J (100) ] 

2
] 

0
•
5 

(No.) ~ Measurea 

superficial Reynolds number= (due/~), also 

referred to as "Reynolds 

equivalent flow Reynolds 

(0
8 

ii o/ p) 

number" 

number = (D u e/ u) e e r 

Reynolds number of the flow in an empty tube which 

requires the same pumping power as the Reynolds 

number in the tube that contains inserts. The empty 

tube characteristics are those found experimentally 

in the present work 

see definition of Re
0

p except the empty tube 

characteristics are represented by equation (1,4) 

(d Ue Q/ p) 
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pitch of roughness elements 

specific gravity of the manometer fluid 

Schmidt number 

Sherwood number for flow in tubes which contain (Sh), 

or do not contain (Sh 0 ), inserts 

fluid temperature, for example, in a rotameter 

thickness of a blockage, see figure 1.1 

average, inlet, or outlet, bulk fluid temperature of 

the tube side fluid 

bulk fluid temperature, (Tb measured in degrees 

absolute) 
temperature at the inside surface of the tube wall, 

(Ts measured in degrees absolute) 

value obtained from Student's t-distribution, see 

Appendix A.6 

average, inlet, or outlet, bulk fluid temperature of 

the annulus side fluid 

Ti 

To 
inlet temperature of the tube side fluid corrected 

for heat conduction losses 

outlet temperature of the tube side fluid corrected 

for heat conduction losses 

superficial fluid velocity 

fluid velocity based on the actual flow area, see 

equation (A.1.3) 

resultant fluid velocity at the inside surface of the 

tube wall, see equation (A.1.9) 

tangential fluid velocity at radial co-ordinate, R, 

see equation (A.l.7) 

tangential fluid velocity at the inside surface of 

the tube, see equation (A.l.S) 

average overall heat transfer coefficient acting over 

the total heated length of the tube 
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overall heat transfer coefficient acting over the empty 

(Uo), or packed {Up), section of the heated tube 

length 

uncovered fraction of the tube length 

average total velocity, see equation (1.48) 

tube side fluid velocity corrected, for viscosity and 

density effects, to a reference temperature 

volume of the rotameter float 

velocity of the annulus side fluid 

distance from the tube inlet, or insert. 

Appropriate definition is specified in the text 

distance from the tube inlet within which the 

turbulent velocity profile develops 

thickness of the tube wall = (d0 - d) 

length of the twisted tape 

independent {measured) variable, in Chapter 6 

parameter which allows for the effect of tube length 

on the Nusselt number, see equation (1.27) 

twist ratio, defined as the number of tube diameters 

per 180° of insert rotation 

dependent variable, in Chapter 6 

tube side fluid temperature at the interface of the 

empty and packed sections of the tube 

annulus side fluid temperature at the axial position 

of the interface of the empty and packed sections of 

the tube 

distance between the manometer fluid level and the 

top of the manometer, see figure 4.3 

parameter which is dependent on the Reynolds number 

and is used to calculate the pressure drop across a 

Kenics mixer, see equations (1.78) and (1.79) 

qo 
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volumetric coefficient of thermal expansion evaluated 

at the mean film temperature, (tb + ts) /2 

;;/(2y) 

thickness of a swirl inducing insert 

"small deviation of", in Chapter 6 only 

differential manometer fluid head that is equivalent 

to the average pressure gradient, across the tube, at 

the axial location of P3 

pressure drop 

pressure loss due to the flow development and the 

entrance and exit 

pressure drop across an empty pipe 

pressure loss due to contraction of the flow 

pressure difference between the fluid at the centre­

line and distance R from the centreline 

pressure loss due to expansion of the flow 

pressure loss due to the formation of a fully 

developed swirl flow, see equation (A.lD.l) 

temperature rise 

temperature drop 

of the tube side fluid= (t - t.) 
0 ~ 

across the fluid film = (ts - tb) 

logarithmic mean temperature difference between the 

tube and annulus side fluids. This difference acts 

over the total length of the heat exchanger 

sea definition of 6tLM except this temperature 

difference acts over the total length of an empty 

tube or over an empty section of a tube 

see definition of 6tLM except this temperature 

difference acts over the section of tuba which con­

tains inserts 

logarithmic mean temperature difference between the 

tube wall and the tube side fluid. This difference 

acts over the total length of the heat exchanger 

see definition of 6t~M except this temperature 

difference acts over the empty section of the tube 
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see definition of ' t:.tLM except this temperature 

difference acts over the packed section of the tube 

difference between the temperatures of the tube wall 

at two locations which are separated by a tube length 

of t:.x 

tube length between two locations 

constant which depends on the tube dimensions and on 

the type of inserts, if any; see equation (4.26) 

efficiency of a enhancement device, see equation (1.87) 

overall fin efficiency = qfir/(2 (ts - tb) d L h) 

angular co-ordinate, see Figure 1,1 

0.3 (Ts- Tb) + Tb 
fluid viscosity 

fluid viscosity evaluated at the temperature at the 

inside surface of the tube wall 

fluid density 

fluid density evaluated at the mean film temperature 

density of the manometer fluid 

density of the rotameter float material 

tube side fluid density evaluated at the temperature 

of the manometer 

ratio of the flow areas downstream and upstream of 

the contraction 

"summation u 

local shear stress at the tube wall 

friction factor = (t:.p d) I (4 l ~ u2) 

equivalent flow friction factor = (ll.p D ) I ( 4 l ~ u
2

) e e 
equivalent flow friction factor for the pressure losses 

associated with swirl flow development, see equations 

(1.41) and (1.42) 

total equivalent flow friction factor, see equations 

(1.41) and (1.42) 

friction factor under heating conditions 

friction factor under isothermal conditions 

friction factor for the empty tube 

empty tube friction factor evaluated using the 

equivalent Reynolds number, Re e 



p'o(h) 
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,i!p 
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empty tube friction factor under heating conditions 

empty tuba friction factor under isothermal conditions 

friction factor calculated using the regression 

equation which represents the results obtained with 

configuration 6P 

friction factor calculated using equation (5.4) 
friction factor corrected for the ef.fects of flow 

development and entrance and exit 

friction factor that is assumed to exist over the 

lengths lin and lout 

0,0396 Re-0' 25 

first term in equation (6,5) 
_z 5 ( 
" d H ~l g S - 1) 

64 L e o2 

second term in equation (6.5) = ~E (lin ~ lout) /L 
(t.p d) I < 4 t e u

8 

2
) 

The subscript "K" refers to the commercial Kenics mixer for 

S/d = 0.1 for d < 38 mm 
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TABLES 



- -----·----------------------------------------------

Table No.l.l Conditions of the tests performed b,y various workers using twisted tapes, 

Heference Fluid Twist ratio d I mm l> Id He range 

Present work Hater 2.03 20 0,14 1.1x104-1,04x105 
Grunbill, J3u.ndy, Water 2.3-12.0 3·5-6.3 o.o6-o.n 5xlo3-4.27xl05 
and Hansbrough 

(49) 
Gambi11 and Various 0.28-11,0 3·5-15·9 Various 2.5x103-5x105 
Bundy (47)* 
Seymour ( 110) 1.5x104-1o5 

..... 
Air 1.75-13.2 22 0.037 en ,_. 

Smi thberg and Air & 1.81-11,0 35.1 0.051 2x1o3-6x1o4 
Landis ( 118) Water 

l4iga;y ( 83) Air 1.75-10.0 20 0.050 2x103-5x104 
Seymour (111) Air 1.84-6·55 25.3-75·2 0,063-0.065 103-105 

Thorsen and 
Landis (128) 

Air 1.58-4 .o 25.3 Unknown 5x103-105 

Lopina and Water 2.48-9.2 
Bergles (79) 

4·9 0.070 8x103-1.3x105 

Klepper (65) Nitrogen 2.38-8,05 10.7 0.036 2x104-3.8x105 
gas 

* Surve,y of the available experimental results. 



fable No.1.2 fypical values of the friction factor ratio (K' 0/00 ' G Rfl for the Kenics 
static mixer configuration 

Reference Conditions rw·lst ratio d/mm s /d Re range G H Average K 

Grace [51) Unknown (i) 1·5 Unknown Unknown 5x10
3
_10

7 
74·2 0·08 7 

Bor [12] Unknown Unknown Unknown Unknown Turbulent 

Morris and Mass 2·5 1 2. 7 0 07 9 
3 4 

3·4 7 0·14 0 transfer 6xl0_3x10 Benyon [86] 
4 4 Proctor [101] Mass transfer 2·0 1 2·7 0 07 9 Hx 1Q_3·0x10 1 ·7 4 0·2 2 2 

Proctor[101l Moss transfer 1·5 1 2'7 0·07 9 
4 4 

1·1x10_1.·2x10 2 ·1 9 0·2 4 0 

Proctor[101] Heat transfer 1· 5 1 2 ·7 0·07 9 
3 4 

6x10_2x10 4 ·1 8 0·2 2 9 

5mlth'[1171 Isothermal 1·5 1 9 0·07 4 3x10:__105 
2 3·6 0·1 30 

Chakrabart ix Isothermal 1· 4 3 20·6 5 Unknown 
3 

1·6_2·8x10 
[21] 

Notes 
-0·25 

fhe values of K are based on VJ0 '0·0396 Re . fhe average K is the mean of the results 
evaluated at limits of Reynolds number tor each of the reference studies 
+Reference [116] is the or1g>nol source of this correlat1on ;reference [1171 presents the 
correlat1on more clearly. For this work the average K 1S based on the results at Re' 2500 
and 105 

230 

60_80 

1 3 

15 

21 

36 

85 

xrhe friction factor correlation in reference [21l is' V;' (55/Rel•0·4 .Due to the low Reynolds 
numbers used in these tests the friction factor ratios have not been determined. 

,_. 
(J) 
N 
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Table No.1.3 Comparison of the heat transfer and pressure loss 

characteristics of standard lengths of motionless in-line mixers. 

Hixer Type K K.!: u u l 
Lo uo Uo Lo 

Etoflo 50 5 
Lightnin 169 10.1 5 0.299 
Ross LPD 293 26.4 

Ross LLPD 116 12.1 

Ross ISG 3950 257 

Koma:x: 203 18.2 3 0.268 

Kenics 71.3 7.23 3 0.305 

Assumptions and conditions for this table: 

(a) The standard length o:f each of the mixers is considered to 

produce the same degree o:f mixing as would be obtained in 

an empty pipe length of 2540 mm. 

(b) d = 27 •7 mm (1.05 ins) for all cases except the Lightnin 

mixers for which the tube outside diameter is 38 mm but the 

inside diameter is unknown. 

(c) p. = 1 cP, specific gravity = 1, Re = 50000. 

(d) ~0 = 0.0396 Re-o• 25 
(e) K for the Kenics mixer is d~termined from references (24) 

and (60). 
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Table No.2.1 The properties of two solder alloys and 316 stainless steel 

The data for the solder alloys was supplied by Fry's l~etals Ltd.(London) 

The data for stainless steel is extracted from Perry and Chilton (97) 

Common name Plumber's solder Tinman's solder 316 stainless 
steel 

BS 219 Grade J Grade K 

Typical composition Sn 3ff/o Sn 6CJf. Cr 18%,Ni 11%, 
Pb Bal Pb Bal Mo 2o5%,r.tax.. C 0.1%, 

Fe Bal 

l~elt:ing range, °C 183-255 183-188 1370-1400 

Thermal conductivity, 0.09 0.118 0.04 
-1 0 -1 -1 calcm C s 

Thermal expansion, 26.0 24.7 16.0 
at rosin temperature, 

-1 0 -1 m m c 

Specific heat, 0.045 0.051 0.12 
cal g-1 oc-1 

CharP,r V-notch impact 22 
strength, J 

Tensile strength, - 49 827 
MN m-2 

. 0 
The above data represents average values for the temperature range 0-100 C. 
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Table No. 3.1 

Approximate Multiplying Factors 
(For the Rapid Determination of Heat Balances) 

Multipliers apply for 
Average Tubeside Temp.=35C 
Average Annulus side Temp.=80C 

WHAT IS THE SCALE READING FOR ROTAMETER R2 ! 7.5 

HEAT BALANCE DATA 

Flow R1 Multiplier 
2 .656750346116 
4 .9507632036908 
6 1.253824110097 
8 1.565933065335 
10 1.887090069405 
12 2.217295122306 
14 2.556548224039 
16 2.904849374604 
18 3.262198574 
20 3.628595822228 
22 4.004041119288 
24 4.388534465179 

DO YOU WANT TO CHANGE THE SCALE READING ! YES 
WHAT IS THE SCALE READING FOR ROTAMETER R2 !10 

HEAT BALANCE DATA 

Flow R1 Multiplier 
2 .5318069555487 
4 .7698853724139 
6 1.01529049315 
8 1.268022317756 
10 1.528080846233 
12 1.79546607858 
14 2.070178014797 
16 2.352216654885 
18 2.641581998844 
20 2.938274046673 
22 3.242292798372 
24 3.553638253942 
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Table No.4.1 Analysis of the rotameter calibrations 

M.A.D. l.mximum absolute percentage deviation 
A.A.D. Average absolute percentage deviation 
R.A.D. Root mean square absolute percentage deviation 

Reference Equation/ Rotameter Rl Rotameter R2 
Error Type 

M. A. D. 3.558 2.088 
4.16 A.A.D. 1.272 0.441 

R.A.D. 1.575 Oo748 

I!. A. D. 3o691 2.093 
4ol7 A. A. D. 1.288 0.448 

R.A.D. lo575 0.769 

H. A. D. 16.80 2.032 
4-18 A.A.D. 2.942 0.688 

R.A.D. 5.089 1.003 

J.!.A.D. 16.48 2.021 
4ol9 A.A.D. 2.943 0.684 

R.A.D. 5ol0l 1.016 

M.A.D. 5·551 3.667 
4.20 A. A. D. 1.446 1.432 

R.A.D. 1.850 1.691 
f.!,A.D, 18.06 3.845 

4.21 A. A. D. 3.082 1·472 
R.A.D. 5.181 1.806 
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!able No. 5.1 Friction factor data oDta1ned under ISOthermal cond111ans (Pall R1ngsl 

This data IS shown as F1gure 5.1 

Denotatton Cant i g-
urat ion 

A -9 No A.A.D. R.A.D. M.A.D. Ff CON. 

A 0 0·0864 0·326 1 0 1·8 1 2·1 8 4·2 2 o.g 86 0·031 

B 0 0·0868 0·325 21 0·83 1·05 2-36 0·995 0·01 1 

A_B 0 0·0897 0·329 31 1· 2 1 1·60 3-88 0·992 0·0 11 

c 1P 0·1 57 0·328 45 1·3 5 1-62 3-68 0·993 0·009 

D 2P 0·13 2 0·278 1.0 1·5 8 1·90 1.·3 5 0·988 0010 

E JP 0·1 6 3 0·269 30 1·95 2·31 5·48 0982 0·01 4 

F 4P 0·1 8 4 0·25 7 35 2·1 3 2·51 5·58 0·980 0013 

G SP 0·227 0·24 5 35 2·18 2-49 5·07 0·978 (}Q\3 

H 6P 0·276 0·18 5 1.1 0·75 o.g 3 2·2 5 0·990 0·006 

Table No.5.2 Frictton factor data obtatned under heating condtttons (Pall Rings J 

!his data IS shOwn as Figure 5.2 

Denotatton Conftg- A -B No. A.A.D. R.A.D. M.A.D. R2 CON. 
urat ton 

A 0 0·01. 40 0·2 6 3 27 1·7 0 2·00 3-45 0·984 0·0 1" 

B 0 0·051.3 0·285 24 1·3 0 1-49 2-48 0·992 0·012 

c 0 0·05 1 5 0·278 24 1-13 1·3 0 2-62 0·992 0·011 

A_C 0 0·04 91 0·2 7 4 75 1·5 5 1·8 7 4·44 0·986 0{)08 

D lP 0·0890 0·2 7 6 24 0·91 1·0 1 1·6 3 0·996 0·007 

E 2P 0·1 DO 0·2 52 2 1 1·2 0 1·3 9 2·4 5 0·992 0·011 

F 3P 0·1 os 0·2 2 5 21 1·9 4 2·08 3·11 0·981 0·015 

6 4P 0 ·1 3 9 0·2 2 9 21 2-43 2·71 4-34 0·970 0·0 19 

H 5P 0·2 4 5 0·2 4 8 24 2·55 2·9 9 5·06 0·965 (}021 

6P 0·34 4 0·2 02 28 1-17 1·5 9 3-04 0·980 0·012 



!able No. 5.3 Heat transfer factor data (Pall Rings) 

Denotation Ht.Trons.Contig-
Foetor urot1on 

F E No. A.A.D. R.A.D. M.A.D. R2 CON. 

Fig. No. 

A 0 0·02 2 6 0·600 27 6·0 I 7-21 12·6 9 0·977 0·050 

B 0 0·02 2 0 0·800 27 4·3 0 4·8 7 7-80 0·990 0·034 1-' 
CJ1 
CD 

c 0 0·02 60 0·6 00 27 3-7 7 4 ·~ 9 8·85 0·9 91 0·0 31 

s_c 0 0·023 9 0·800 54 5·1 6 6·~ 8 15·1 0 0·9 82 0·030 

D 5.3 1P 0· 02 6 7 0·802 27 2·9 2 3-49 6·8 7 0·995 0·024 

E 5.4 2P 0·0367 0·779 27 1·8 8 2·4 1 6·3 3 0·997 0·01 7 

F 5.5 3P 0·0320 0·7 9 4 27 2-&2 3·1 7 7-25 0·996 0·022 

G 5.6 4P 0·0535 0·7 59 27 3-75 4·5 8 9·8 6 0·990 0·032 

H 5.7 SP 0·0582 0·746 27 2· 3 1 3·1 ~ 10·1 5 0·995 0·022 

5.8 6P 0·0692 0·738 22 5·47 6·2 6 9 ·8 7 0·9 77 0·0 52 



!able No.5.4 Fnction foetor data obtained under isothermal conditions !Configuration Ol 

Denotation Temp. ot A -B No. A.A.O. R.A.O. M .A. D. R2 CON. 
operation 

A Room 0·0 685 0·3 05 27 0·8 1 1·0 2 2·7 2 0·997 0·007 

B Room 0·0695 0·3 06 27 0·44 0·51,. H-6 0999 0·004 

c Room 0·06 95 0·3 06 27 0·5 9 0·7 t. 1-6 8 0·998 0·005 

D Room 0·06 77 0·3 04 27 0·9 2 1·1 0 2-48 0·996 0·006 ..... 
0\ 

E Room 0·0 75 9 0·3 1 4 27 0·5 7 0·8 0 2-69 0·99 8 0·006 
'D 

F Room 0·0558 0·2 86 27 0·62 O·l 9 1·73 0·99 6 0·005 

G Room 0·05 7 9 0·2 89 27 0·82 0·9 7 2·1 5 0·991 0·007 

H Room 0·0584 0·2 88 27 0·4 7 0·5 t. 1· 2 8 0·999 0·004 

I Room 0·066 3 0·3 00 27 0·6 8 0·8 0 2·1 ' 0·998 0·006 

J 35°C 0·0550 0·281 27 0·5 7 0·6 9 1·5 8 0·998 0·005 

K 35°C 0·0518 0·2 7 8 27 0·4 5 O·S 2 0·8 6 0·9 99 0·004 

A_ I Room 0·0 6 51 0·3 00 243 1-0 1 1· 2 7 4 ·2 5 0·9 9 5 0·003 

J_K 35°C 0·0534 0·2 79 54 0·5 3 0·6 7 1·9 6 0·9 99 0·003 



Table No.5.5 Friction factor data obtained under heating conditions (Configuration 0) 

Denotation Scale A -8 No. A.A.D. R.A.O. M.A.D. R2 CON. 
on R2 

8 7-5 0·0323 0·2 ~0 27 0·4 1 0·5 ~ 1·1 8 0·9 99 0·004 

c 7·5 0·04 40 0·2 71 27 0·9 3 1·1 7 2·8 6 0·995 0·006 

D 7·5 0·03 60 0·2 51 27 0·61 0·7 9 1· 6 7 0·9 9 7 0·005 

E 7·5 0·032 2 0·24 0 27 1·0 7 1· 3 1 3-28 0·9 92 0·009 

F 7-5 0·03 6 1 0·250 27 0·8 7 1·1 2 2·8 3 0·994 0·006 ,_. ..., 
G H 0·0338 0·2 43 27 0·6 6 0·80 2·0 5 0·9 9 7 0·006 

Cl 

H 7·5 0·02 71 0·224 27 0·90 1·1 3 2-24 0·9 9 3 0·008 

7·5 0·03 00 0·2 34 27 0·45 0·56 1 ·1 1 0·99 8 0·004 

J 7-5 0·0279 0·225 27 0·50 O·o 3 1· 2 5 0·99 8 0·004 

K 1 0 0·0243 0·213 27 0·84 1·0 1 1·8 2 0·994 0·0 07 

L 1 0 0·02 84 0·2 27 27 O·SB 0·66 1·16 0·998 0·005 

M 1 a 0·0307 0·237 27 0·6 8 0·84 1 ·56 0·996 0·006 

N 7·5 0·0248 0·214 27 0·88 1·09 2-46 0·99 3 0·008 

0 7·5 0·02 7 5 0·2 2~ 27 0·78 0·98 I ·6 4 0·99 5 0·007 

p 7·5 0·0260 0·2 1 6 27 0·7 8 0·9 7 2·14 0·99 ~ 0·007 

s_p 7·5& 10 0·0304 0·2 3" 405 1·2 6 1-60 5 ·I 1 0·9 8 7 0·001 



,.------------------------------- --- ---------------------------------------------------

l able No. 5.6 Heat transfer factor dolo (Configuration 0) 

Oenotat1on 5co\e F E No. A.A.D. R.A.D. M.A.O. R2 CON. 
on R2 

A 7·5 0·024 9 0·800 27 1·3 9 1·9 3 5-66 0·998 0·0 1 3 

B 7-5 0·0 2:.7 0·800 27 2-61 2·9 8 5·6 9 0·9 96 0·0 21 

c 7-5 0·0255 0·800 27 3-46 5·1 8 16 ·) 7 0·989 0·0 35 

D 7·5 0·0250 0·800 27 1-79 2·33 5·~ 9 0·9 9 8 0·0 1 6 

E 7·5 0·0256 0·800 27 1·9 s 2·5 1 6·77 0·9 9 7 0·0 17 ..... .... .... 
F 7·5 0·027 5 0·800 27 2·4 0 3·08 6·5 5 0·996 0·0 2 1 

G 7-5 0·02 56 0·800 27 2-48 3·23 8·7 0 0·9 9 5 0·022 

H 7-5 0·02 53 0·800 27 2-37 2-9 6 7·22 0·9 9 6 0·0 2 1 

7•5 0·02 57 0·8 00 27 2-85 3·33 6 ·2 4 0·9 95 0·0 2 3 

J 7·5 0·02 44 0·800 27 1-8 7 2-1.3 7·04. 0·9 97 0·0 1 7 

K 1 0 0·0 255 0·800 27 2-06 N2 HO 0·997 0·0 17 

L I 0 0·024 6 0·800 27 H6 1· 9 1 3-0 B 0·998 0·0 1 3 

M 1 0 0·0251 0·800 27 2-2 6 2·73 4'7 7 0·9 9 7 0·0 19 

N . 7·5 0·023 9 0·800 27 2·0 7 N3 4·6 2 0·9 97 0·0 17 rd~?~~ 
0 7·5 0·0.157 0·800 27 1-6 7 2'0 7 5·4 4 0·9 98 0·0 11· iJ I 'I 

p 7·5 0·02 46 0·8 00 27 1·99 2-45 5·95 0·9 97 0·0 17 

A_P 7·58.10 0·02 s 3 0·800 432 3'21 4 ·1 6 15·3 3 --

M-------------------------------------------------------------------------------------------------------



Table No.5.7 Friction faclor data obtained under isothermal conditions 

(Inserts of identical twist dir eclion l 

Denotallon Fncllon Con fig- Temp. of A -8 No. A.A.D. RA. D. MAD. ~ CON. 
Factor uration operation 
Fig. No. 

0 Room 0·0651 0·3 00 243 1· 0 1 1·27 4· 2 5 0·9 95 0·003 

A 5.1 8 1 T Room 0·2 61 0308 27 1-0 1 1·1 4 2·0 4 0·996 0·006 

8 5.1 8 1 TS Room 0·3 30 0·3 I 7 27 1· 3 3 1· 50 2·9 1 0·9 9 4 0·0 10 

c 5.1 8 2TS Room 0·290 0·3 0 3 27 1·5 4 1 . 7 1 3·1 5 0·9 91 0·0 1 2 

D 5.1 8 3T Room O· 261 0·2 54 27 1· 55 1· B 4 4-50 0·9 85 0·0 1 3 ,_. __, 
E 5.1 9 4T Room 0. 32 2 0·2 73 27 1· 3 9 1· 59 3-2 9 0·991 0·0 11 N 

F 5.1 9 5 T Room 0·520 0·27 4 27 1·75 2·0 6 3-88 0·9 84 0·0 14 

G 5.1 9 6 T Room 0·981 0·3 3 4 27 1'56 1· 7 6 z.ao 0·9 9 2 0·0 1 z 
H 5.1 9 7 T Room 1·00 0·3 3 9 27 1·73 1-99 3·5 3 0·99 0 0·0 1 4 

5.2 0 1 T Room 0·985 0·3 3 7 27 1·8 7 2 ·1 4 3·74 0·9 89 0·0 15 

J 5.2 a 8 T Room 0·786 0·2 56 27 1·5 9 1· 8 1 3·1 9 0·9 8 6 0·0 1 3 

K 5.2 0 9 T Room 0·968 0·32 9 27 1·5 9 1·72 2-69 0·9 92 0·0 12 

l 5.20 g r' Room 0·525 0·3 2 3 27 1-48 1-60 2·5 1 0·9 93 0·0 11 

H_l 1 T Room 0·990 0·3 3 8 54 1· 8 2 2. 1 1 4·0 4 0·989 0·0 10 

Results denoted usmg o pnrne (')were calculated usrng the'healed'tube length; 
all of the other results were based on the total length of tube lhat contorned inserts 

Cant ..... 



,--------------

Table No.5.7 (Continued) 

Denotation Friction Config· Temp. of A ·a No. A .AD R.A.D. MA. D. R2 CON. 
Foetor urction operation 
Fig. No. 

0 35°C 0·0534 0·27 8 54 0·53 0·68 1 ·9 6 0·996 0·003 

M 5.2 2 1 T 35°C 0·206 0·2 8 3 27 1·2 5 1·37 2·12 0·993 0·0 10 

6 I 3 5°C 0·723 0·30 0 27 1·9 1 2 ·1 6 3-66 0·9 B5 0·01 5 
.... 

N 5.2 2 ..., 
"" 

0 5.2 2 7 I 35°C 0·666 0·2 9 5 27 201 2-36 HO 0·962 0·0 16 

p 5.2 3 7 I 35°C 0·796 0-31 4 27 2·05 2·3 9 4·1 6 0·9 84 0·0 1 7 

a 5.23 8 T 3 5°C 0·672 0·2 3 9 27 1·8 7 2·1 7 3·8 7 0·977 0·0 15 

R 5.23 9 T 3 5°C 0·773 0·3 04 27 1-78 2·05 3·5 9 0·98 7 0·0 1 4 

5 5.2 3 9 T' 3 5°C 0·427 0300 27 1· 6 5 1· 9 1 3·34 0·9 89 0·0 13 

o_p 71 3 5°C 0·729 0·3 05 54 2·1 6 2·56 4·2 8 o-9 eo 0·0 12 

H,I,O,P 7 T Both 0·779 0·3 1 3 108 2-69 3· 2 1 6·5 7 0972 0·0 10 

K,R 9 T Both 0·809 0·31 0 54 2 ·1 6 2·5 9 4·65 0 982 O·O 12 

H,1,0,P,K,R 7 r, g r Both 0·787 0·3 11 162 3· 7 3 4·2 9 8 95 0·9 52 0·0 11 



fable No.5S Friction foetor data obtained under isothermal conditions 

(Inserts of alternate rotation l 

Denotation FrictionConfig- Temp. of A -8 No. A.A.D. R.A.D. M .A. D. ~ CON. 
Factor uration operation 
Fig. No 

I 
0 Room 0·0651 0·3 00 243 1-0 I 1· 2 7 4·2 5 0·995 0·003 

A 5.2 s 1 K Room 0·244 0· 2 8 1 27 0·39 0·4 7 0·8 6 0·9 99 0·003 
I 8 5.2 5 1 KS Room 0·194 0·2 3 5 27 1 ·2 8 1 ·5 2 3·2 5 0·9 88 0·0 11 

c 5.2 5 2 KS Room 0·209 0·2 4 6 27 1·0 6 1· 3 1 3·0 7 0 9 9 2 0 009 
I 

D 5.2 s 3K Room 0·330 0-22 5 27 1·3 2 1-4 7 2·5 2 0 9 BB 0·0 1 0 
,_. 
--J 

I 

,. 
E 5.2 s 3KS Room 0·358 0·22 9 24 1· 5 0 1· B 2 3·4 4 0·9 79 0·0 1 s I 

F 5.2 s 4K Room 0·370 0·24 5 27 1-43 1· 7 0 4·8 6 0·9 86 0·0 I 2 

G 5.2 5 5K Room 0·828 0·2 4 s 27 1·6 0 1 8 7 3-48 0·984 0·0 1 3 

H 5.2 6 6K Room 1·2 7 0·1 B 7 27 1· 3 0 1· s 2 2·9 2 0·9 6 1 0·0 11 

s 2 6 6K Room 1-3 3 0·1 9 0 27 1·0 6 1-28 2·4 B 0·9 67 0·0 09 

J 5.2 6 7K Room 1· 89 0·3 2 I 27 2·3 9 2 ·7 4 4-7 9 o 9 eo 0 01 9 

K 5.2 6 BK Room 1· 2 9 0·1 9 3 27 1·3 6 1· 6 0 3·1 6 0·981 0·0 11 

L 5.27 B K' Room 0·7 02 0·1 9 4 27 I· 3 4 1-5 B 3 ·1 4 0·9 6 I 0·0 11 .I 
M 5.27 9K Room 1·3 6 0·19 7 27 1·4 0 1·6 2 3·0 2 0 9 61 0·0 11 

N 5.27 9 K' Room 0·7 44 0·19 7 27 1· 3 8 1·60 2 ·9 7 0·9 82 0·0 I I 

H_l 6K Room I· 3 I 0·1 B 9 54 I · 3 I 1· ss 3·23 0·9 6 I 0·007 

K,M 8K,9K Room 1 · 3 I O·l 9 4 54 H9 I· 9 I 4-26 0 9 73 0·009 

Results denoted using a prime(') were colculoled usrng the"heated" tube length; 
all of the other results were based on the total length of tube contarning inserts. Cant 



loble No.S.S (Continued l 

Denotation Friction Config- femp of A -B No. A. A .D. R.A.D. M.A.D. R2 CON. 
Factor uration operation 
Fig. No. 

0 35°C 0·05 3 4 0·2 78 54 O·S 3 0·6 8 1-96 0·9 98 0·003 

0 5.2 9 1 K 3 5°C 0·208 0·2 6 3 27 1·0 8 1 ·1 3 1· 7 8 0·9 95 0·008 

p 5.2 9 6K 3 5°C 1 . 21 0·1 77 27 1·3 0 HJ 3 ·0 1 0·979 0·0 11 

3 5°C 
.... 

Q 5.2 9 7K 1-35 0·2 ss 27 2·8 7 3-28 5·6 1 0·9 63 0·0 2 3 
..., 
U1 

H,I,P &K Both 1·1 5 0·1 75 81 2-53 2-8 4 6·3 1 0·9 3 3 0·0 11 

H,l,P,L,N &K,BK, Both 1' 1 7 0·1 7 9 135 3-45 4 ·1 6 8·4 5 0 8 71 0·0 I 2 
9K 



--------------- --- -- - - - -

Tab\~ No.5.9 Friction foetor data obtain~d under heating cond1tions 

(Inserts at identical twist direction l 

Denotation Friction Con fig- 5cole A -B No. A.A.D. R.A.D. MA .D. R2 CON. 
Factor urallon on R 2 
Fig. No. 

0 7·5&10 0·0304 0·2 3 4 405 1·26 1-60 5·11 0·9 67 0·003 

A 5.30 1f 7-5 0·134 0·2 48 27 1·1 7 1·3 9 2·8 2 0·9 91 0·0 1 0 

8 5.30 1 T5 7·5 0·17 5 0·2 so 27 1·0 6 1 ·1 3 1· 6 7 0·994 O·OOS 

c 5.30 3 T 7·5 0·178 0·21 7 27 0·9 8 1·12 1·9 5 0·992 0·008 ,_, ..., 
D 5.30 4 r 7-5 0·204 0·2 2 7 27 2-0 6 2·42 5·1 7 0·9 68 0·0 1 7 0'> 

E. 5.31 5T 7·5 0·3 34 0·2 31 27 1-89 2-25 4·4 7 0·9 73 0·0 1 6 

F 5.31 6T 7-5 0·609 0·2 66 27 1· 7 4 1· 9 7 3-43 0·9 87 0·0 1 4 

G 5.3 1 7T 10 0·54 2 0·2 79 27 1· 9 5 2-2 9 4·1 4 0·9 81 0·016 

H 5.31 7 T 7·5 0·567 0·284 27 1·9 7 2· 3 3 4·2 0 0·9 81 0·0 I 6 

5.32 a r 7·5 0·590 0·228 27 1·5 3 1· 7 8 3·4 9 0·9 83 0·01 2 

J 5.32 9 T 7·5 0·508 0·2&6 27 1-7 1 2·02 3-69 0·9 84 0·01 4 

I< 5.3 2 9 r' 7·5 0·289 0·2 66 27 1-58 1. 8 6 3·4 2 0·9 86 0·01 3 

G_H 7 r Both 0·554 0·2 81 54 1·9 9 2· 3 4 4·2 2 0·9 80 0·0 11 

G,H,J 7T,9T Both 0·539 0·2 77 81 2·9 5 3'4 5 6·4 4 0·9 60 0·0 1 3 



fable No.S .10 Friction !actor data obtained under heating condll10ns 

(Inserts of alternate rotation) 

Denotation Friction Config- Scale A ·B No. A.A.D. R.A.D. M .A. D. R2 CON. 
Factor uration on R2 
Fig. No. 

0 7-5 8.10 0·0 3 04 0·2 3 4 405 1·26 1· 6 0 5·1 1 0·9 87 0·003 

A 5.34 1 K 7·5 0·159 0·2 39 27 0·9 8 1· 1 3 1-9 2 0·9 94 0·008 

B 5.34 1 KS 7-5 0·124 0·1 99 27 1 ·I 6 1·33 2 ·52 0·98 7 0·009 

c 5.34 3K 7· 5 0· 2 56 0·1 98 27 1·3 9 1 . 5 9 2-8 3 0·9 82 0·0 11 ,_, .., 
D 5.34 .3 KS 7·5 0·294 0·2 08 24 1:7 8 2 ·1 1 3·8 4 0·9 65 0·0 1 7 .., 
E. 5.34 4K 7·5 0·250 0·2 07 27 1-26 1-51 3·27 0·985 0·0 11 

F 5.34 5K 7·5 0·664 0·2 2 2 27 H8 1· 81 3 ·1 9 0·9 81 0·0 13 

(j 5.35 6K 75 1-03 0·1 6" 27 0·8 3 0·9 7 1-47 0·9 90 0·007 

H 5.3 5 6K 10 1•1 3 0·1 7 0 27 1.\ 2 1·3 3 2·5 3 0·9 83 0·009 

I 5.3 5 7K 7·S 1-21 0·276 27 2-6 6 3 ·1 4 5·6 2 0·9 6• 0·022 

J 5.35 SK 7·5 1·05 0·\ 7 1 27 1·22 1·0 2-8 8 0·979 o·o 1 a 
K 5.36 8K' 7·5 0·5 77 0·1 7 2 27 1·2 0 1. 4 5 2-8 4 0·980 0·01 0 

L 5.3 6 9K 7·5 1·2 0 0·1 82 lt. 1· 7 0 1· 9 2 3· 4 4 0·967 0·015 

M 5.3 6 9K' 7·5 0·656 0·1 8 3 24 1· 6 B 1·8 9 3·3 9 0·969 0·0 1 5 

6_H 6K Both 1·08 0·1 6 7 54 1·27 1-6 6 3-9 9 0·9 7 2 0·008 

J,L 8K,9K 7·5 1·1 1 0·1 7 6 51 1 ·4 9 1·8 0 4·7 0 0·9 70 0 009 

G,H,J,L 6K,8K, Both 1 ·1 1 0·1 73 105 J-15 3-51 6·23 0·89 3 0·0 1 2 
9K 



Table No.5.11 Heat transfer factor data (Inserts of idenllcal twist direction) 

Denola tion Ht. Trans.Config· Scale A -8 No. A. A. D. R.A.D M.A.D. R2 CON. 
Faclor uralion on R2 
Fig. No. 

0 7·5&10 0·0253 0·800 432 3-21 4 ·1 6 15·3 3 

A 5.3 8 1 T 7·5 0·03 01 0·8 15 27 1 . 1 3 1·3 5 2·43 0·9 9 9 0·0 09 

8 5.39 1 rs 7·5 0·02 86 0·8 2 6 27 2'7 1 3·4 0 7·3 4 0·9 95 0·0 2 4 

c 5.4 0 31 7-5 0·04 4 2 0·7 83 27 1·9 0 N6 5·4 9 0·9 9 7 0·0 17 

D 5.4 1 4T 75 0·0385 0·7 99 27 2· 53 3-21 N9 0·9 95 0·0 22 .... 
-.J 
CD 

E 5.3 8 51 7·5 0·0567 0·7 90 27 3'20 3·9 7 8·5 5 0·9 9 3 0·026 

F 5.39 61 7·5 0·004 0·8 13 27 ]'53 2·1 0 4·4 4 0·9 98 0·0 15 

G 5.40 71 1 0 0·05 21 0·7 87 27 1· 8 0 2-27 5·8 4 0·998 0·0 16 

H 5.4 1 71 7-5 0·0557 0·7 80 27 1· 7 8 2·1 5 4·6 3 0·9 98 0·0 1 5 

5.42 81 7-5 0·0552 0·7 9 3 27 1•4 6 2-06 5·5 4 0·9 98 0·0 1 4 

J 5.42 9 r 7·5 0·0377 0·7 96 27 2·34 3-00 6·6 2 0·9 96 0·0 21 

G_H 7 r 7·5 8.10 0·0538 0·7 84 54 1•7 8 2-22 6·1 1 0·998 0·0 1 1 



-------------~~~~·~~-------------------------~~~~~~~~~~~~~~~~~~~~~---------

Table No.5.12 Heat Transfer factor data (Inserts of alternate rotation l 

De nota lion Ht. fronsConfig- Scat e A B No. A.A.O. fl.A.D. M .A. D. Rl CON. 
Fa et or urat•on on fl2 
Fig. No. 

0 7·5&10 0·025 3 0·800 432 3·2 1 4· 1 6 15· 3 3 

A 5.4 4 1 K 7·5 0·0362 0·794 V 0·8 6 1·26 3-4 9 0·999 0·009 

8 5.4 5 1 KS 7·5 0·0 41 5 0·790 n 3·1 3 4·00 9· 1 4 0·993 0·028 

c 5.4 6 3K 7-5 0·05SS 0·7 71 27 4·9 8 5·85 14·0 8 0·964 0·041 

D 5.4 6 3 KS 7·5 0·0424 0·8 01 24 3·5 2 4·6 8 11 · 2 B o·9 ea 0·019 
..... 

E 5.44 4K 7·5 o·04 eo 0·7 83 27 2·1 8 2·5 4 4 ·8 7 0·997 0·0 1 8 "' <D 

F 5.4 5 5K 7·5 0·0442 0·818 27 4·6 8 5·0 8 7· 64 0·9 89 0·036 

0 5.45 6K 7·5 0·04 s 7 0·8 4 4 27 3-8 9 5·0 1 15·6 0 0·9 89 0·036 

H 5.44 6K 1 0 0·091 8 0·7 7 2 27 2·1 0 2·1 0 5·60 0·996 0·0 1 9 

I 5.46 7K 7·5 0·0872 0·772 27 3·1 6 3·7 5 8·0 8 0·993 0·026 

J 5.45 SK 7·5 0·0399 0·8 08 27 2-9 6 3· 7 9 8·8 9 0·9 94 0·026 

K 5.44 9K 7·5 0·048 7 0·7 94 24 4·2 0 4•72 8·9 2 0·9 89 0·036 

G_H GK 7·58.10 0·0648 0·808 54 4•37 5·80 21·27 0·984 0·029 



------------------------------------------- ------ ------------------------------------------------

fable No.5.13 Estimated heat transfer factors for the packed sections of configurations BK and 
9f (see def\Otations A to D) 

and Estimated heat transfer factors in the tube section downstream of the ··nserts 
of configuration 9K (see denotations E to H l 

DenotationContig· Case F 
urahon (1lor!2) 

E A.A.O. RA D. MA. D. 

(1) 0·0247 0·907 N 8 1 0·0 2 5·3 0·9 57 0·069 51 7 

12l 0·0259 0·901 n 3 9 a o 2 5·7 0·958 o·o68 so 9 

(1) 0·0476 0·806 4·9 8 6·3 3 1 4·3 0·982 0·045 3 2 0 

(2) 0·0481 0·805 4·8 6 6·1 8 1 3·9 0·983 0·044 3 1 8 

(1) 0·0294 0·608 7·5 5 8 55 1 7'2 0·965 0·058 2 0 2 

(2) 0·0279 0·814 759 8·70 17'1 0·965 0·068 205 

Ill 0·0567 0·744 6·1 3 9·1 1 1 7·8 0·955 0·072 1 8 9 

1·1 6x 

1·1 4x 

1·1 4x 

1·1 Jx 

1·1 s• 
1•1 7" 

1·o a• 

A 

B 

c 
D 

E 

F 

G 

H 

8K 

BK 

9 T 

9 r 
9K 

9K 

9K 

9K (2) 0·0531 0·751 6·1 7 9·1 5 1 7·7 0·955 0·072 1 9 2 1·0 g• 

For the description of the 'case" refer to Appendix A.11. 
F,E.,AAD,etc,are results of the regress'•on analyses of the est•mated heat transfer factors and 
Reynolds numbers. 
Nu and Nu' are the mean of the heat transfer factors, evaluated for Re=15500 and 104000,using 
th)c regress•on equat•ons .of the eslimated heat transfer factors and either 

(ilthOse determined us•ng the full length conhgurat•on (6K or 7T) 
or 0 (iilthose de.termined using the empty tube correlat•on (Equat•on (A.11.21). 
The- results ot denotations E. and F were- found by assuming that the- packPd length of tube behaves 
os .n con!lgural>on 6K. Th<> rE>sulls of d@notations G and H wHe found assum·•ng that the pack~>d 
length behaves as tor denotanon B,above. 



Table No. 6.1 Reliobil ity estimation of the experimental friction factors (Isothermal results) 

Denotation Friction Config- Tables Run 5 &d ..lli llir- ~I W,n•loul) liQ. .JPE_. 
Factor urati on for data No. d H H T (lin+loutl Q ~E. F1g. No. 

A 5.13 0 A.8.1. A.9.1 0·0500 0·0194 0·0025 0·0712 

8 5.13 0 A.8.1. A.9.1 0·0250 0·0194 0·0025 0·0315 

c 5.13 0 A.8.1.A.9.1 27 0·0500 0·0022 0·0025 0·0712 ... 
00 

D 5.13 0 A.8.1, A.9.1 27 0·0250 0·0011 0·0025 0·0315 ... 
E. 5.1 B 1f A.8.6, A.9.6 0·0500 0·0057 0·0423 0·0019 0·0328 0·0712 0·4 803 

F 5.18 H A.8.6,A.9.6 0·0250 0·0057 0·0423 0·0 019 0·0328 0·0315 0·4 803 

G 5.18 1T A.8.6,A.9.6 2 7 0·0500 0·00t,8 0·0765 0·0019 0·0328 0·0716 0·3465 

H 5.18 1l A.8.6,A.9.6 27 0·0250 0·0048 0·0765 0·0019 0·0328 0·0315 0·3465 

5.26 6K A.8.7, A.9.7 0·0500 0·0081 0·0028 0·0149 0·0966 0·0715 0·5399 

J 5.25 6K A.8.7,A.9.7 0·0250 0·0081 0·0028 0·0149 0·0966 0·0315 0·5399 

K 5.26 6K A.8.7,A.9.7 27 0·0500 0·0015 0·0041 0·0149 0·0966 0· 0 716 0·4 013 

L 5.26 6K A.8.7,A.9.7 27 0·0250 0·0008 0·0041 0·0 149 0·0966 0·0315 0·4013 



Table Ne. 6.2 Reliability estimation of the experimental friction factors (Isothermal results) 

These results are based on the estimations of Table 6.1 

~~I 
I 

s: Is 
I 

DenotatiOn llln lllT2 ~lllf1. ~i!>T2- ~1- ·~~ ~:I !:I --12· 
lllT1 lilr 2 liln 9)12 . 

L L s 
-3 

0 ·14 30 0·0 891 0·1430 0·1430 0·0 891 0·0891 A 3 ·97•10 

B 3 ·97•103 
0·0784 0·04 4 7 0·0784 0·0784 0·044 7 0·0447 

c 2·25•163 0 ·12 59 0·0 870 0·12 59 0·1259 0·0870 0·0870 

0 2. 25•103 
0 ·0601 0·0403 0 ·0601 0·0501 0·0403 0·0403 

E 1 . 53•102 -4 
5 ·43· 10 0 ·1 710 0· 51 so 0·0969 0·481S 0 ·1962 0·1347 0 ·11 81 0·0916 

F 1·53•162 -4 
5. 43•1 0 0. 1 064 0·5150 0·0587 0. 4 81 5 0 ·1291 0 ·0677 0-0781. 0·0434 

G 8·48•163 3. 3 7• 104 0·204 0·3812 0 ·11 60 0·3481 0·2285 0 1345 0 ·13 51 0·0921 

H 8·48•163 3·37•10 0·1397 0·3812 0·0866 0·3481 0·1512 0 ·0672 0. 101, 0·043 

2·33•161 5·92•164 0 ·14 69 0·6513 0·0885 0·5486 0·1490 0 ·1 44 8 0·0903 0. 0891 

J 2·33•161 5·92•164 0•0823 0·6513 0· 04 37 0 ·54 86 0· 0842 0 ·0 799 0·0452 0·0440 

K 1·59•161 3·68•101, 0·1417 0. 5127 0·0883 0. 4 130 0·1432 0·1381 0·0895 0·0887 

L 1·59•101 3·68•164 0·0763 0·51270·0431 0·4130 0·0776 0·0725 0·0441 0·0432 

SUBSCRIPTS: 

SUPERSCIP! : 

11, Term\ 12, Term2 (see equation 6.5) L' Linear equation 6.2 
S' Second power equat1on 64 
'' Evalual1on exclud1ng the terms ~Hr/H and ~~E I li)E 

1--' 
CO 

"' 



Table No.6.3 Reliab'liity estimation of experimental friction factors (Heating results l 

Denotation Fmtion Con(Jg- Tables Run .lli!.. ~H llir. .hl_ t(lio•loul l 2>Q J1E.-Factor urat1on tor data No. d H H I (lin+loul l cc "'E F1g No 

M 5.14 0 A.8.2,A.9.2 0·0500 0·0244 0·0025 0·0712 

N 5.14 0 A.8.2,A.9.2 0·0250 0·0244 0·0025 0·0315 

0 5.14 0 A.8.2.A.9.2 27 0·0500 0·0008 0·0025 0·0712 
1-' 
():) 

p 5.1 4 0 A.8.2,A.9.2 27 0·0250 0·0008 0·0025 0·0315 (A 

Q 5.30 1f A.8.8,A.9.8 0·0500 0·0065 0· 04 95 0·0019 0·0328 0·0712 0·4 589 

R 5.30 1f A.8.8,A.9.8 0·0250 0·0065 0·0495 0·0019 0·0328 0·0315 0·4 589 

s 5.30 1f A.88.A.9.8 27 0·0500 0·0050 0·0802 0·0019 0·0328 0·0712 0·3281 

T 5.30 1l A.8.8,A.9.8 27 0·0250 0·0050 0·0802 0·0019 0·0328 0· 0315 0·3281 

u 5.35 6K A.8.9,A.9.9 0·0500 0·0081 0·0029 0·014 9 0·0 966 0·0712 0·5086 

V 5,35 6K A.89,A.9.9 1 0·0250 0·0081 0·0029 0 0149 0·09&6 0·0315 0-5086 

w 5.35 6K A.8.9,A.9.9 27 0·0500 0·0003 0·0041 0·0149 0·0966 0·0712 0·3769 

X 5.35 6K A.89,A.9.9 27 0·0250 0·0003 0·0041 0·0 149 0·0966 0·0315 0·3769 



Table No. 6.4 Reloab1 l1ty est1mat1on of the experimental fflct1on factors (Heatmg results J 

Tnese results are based on the est1mates of Table 6.3 

Oenotat1on 

M 

N 

0 

p 

Q 

R 

s 
r 
u 
V 

w 
X 

SUBSC.R! PTS : 

SUPERSCRIPT: 

\1)!1 

3·07•10
3 

3-07•163 

2· 02•103 

2 ·02•163 

1 ·31 •162 

1 ·31'102 

8·10• Hi3 

8·1 0•163 

2·24•101 

2 24• 161 

1·60• Hi1 

1·60•161 

I 

~:I' Pr2 Mr{ J@r2·1 _L~~-1 &>lr{ £ill )\!) ~I !tn !brz L "'n IZlr2 T ;; 
"' s s L L s 

0 ·14 80 0·0904 0·14 80 0·1480 0·0904 0{)904 

0· 0834 0·0471 0·0834 0·0834 0·0471 ON 71 

0·1244 0·0757 0·1244 0·1244 0 0757 0·0757 

0 0598 0·04 03 0·0598 0·0598 0·0403 00403 

5·06•10
4 

0·1791 0·4936 0·1003 0·4600 0·2063 0·1363 0·1229 0·0921 

5·06•10
4 

0·1144 0·4936 0·0641 04600 0·1390 0·0690 0·0853 0·0438 

3·15•10
4 

0·2082 0·3628 0·1184 0·329 0·2313 0·1346 0·1366 00920 

3-15•10
4 

0·1435 0·3628 0·0899 0·329 0·1640 0·0673 0·1068 0·0435 

s·4S•1o" o·147o o·62oo o·os85 0·5179 0·1489 0·11,47 o·o9o1 ooa9o 

5·45•16
4 

00824 0·5200 0·0437 0·5179 0·0841 0·0799 0·0451 0·0440 

3·39•113
4 

0·1367 0·4884 0·0882 0·3894 0·1381 0·1368 0·0893 0·0887 

3·39•10
4 

00757 0·4884 00431 0·3894 0·0769 0·0720 00440 0·002 

!1 =Term 1 12= Term 2lsee equation 65) L 'L1near equation 62 
S' Second power equat1on 6.4 
' ' Evaluallon excluding the terms ~H 1 1H and b\1)E/ yJE 

1-' 

"' "" 



Tab\~ No. 65 R~liability estimation of the experimental heat transfer factors 

Denotation Ht Trans 
Foetor 
Fig. No. 

A 5.1 6 

B 5.1 6 

c 5.4 4 

D 5.4 4 

E 5.15 

F 5.1 5 

G 5.45 

H 5.4 5 

5.17 

J 5.17 

K 5.41 

L 5.4 1 

• 
M 'lltLM 

Con!ig- Tables ~y ~<bl >(Cid0 ) '!C!Pc,l urat1on for data y /do) (Cl dol Cl do) s ·,.L i.S i il 

0 A. 8.4. A.9.4 0·0075 0·0049 0·0242 0·0165 0·1 0 51 0 0560 0·0220 

0 A.8.4,A9 4 27 0·0222 0 ·0 15 3 0·0389 0·0219 0·0628 0·0319 0·0 220 

6K A.812,A.9.12 0·0045 0·0028 0 0212 0·0 1 60 0·1 0 51 00560 0 0220 

6K A.812,A.9.12 27 0·0181 0 0 123 0·0 3 4 8 0·0200 0·0628 0 0319 0·0220 

0 A.B3,A9.3 0·0078 0·0051 0·0245 0 0166 0 0918 0 0488 0·0251 

0 A83,A9.3 27 00255 0 0176 0 0422 0·0 2 36 0 ·0 63 8 0032 7 0·0 2 51 

6K A811A9.11 0·004 9 0 ·0 0 31 0·0216 0 01 61 0·0918 0·0 4 BB 0 0251 

6K A.8.11,A.9.11 27 0·0206 0 0141 0·0373 0·0 218 0·0 638 0 032 7 O·O 2 51 

0 A.BS,A.9. 5 0·0 080 0 0052 0·0 2 4 7 0 0 1 66 0·1 015 0·0536 0·0 218 

0 A85,A.9.5 27 0·0245 0·0168 0·0412 0·02 31 0·06 3 8 O·O 3 25 0·0 218 
' ' 7T fA.81QA9.10 0·0057 0·0036 0·0224 0·0 16 2 0·1015 0·0 5 36 0·0 2 18 

7T IA81QA.910 27 0·0215 0·0147 0·0381 0·0216 00638003250·0218 

L,S 'Utilizes linear or second power equotion,respectively 

i,ii 'Utilizes method(ilor(ii)of sect1on 6.4 

'b(C /do) 
(C/dof 
i i.S 

0 0180 

0·0 180 

0·0 180 

0·0180 

0·0 211 

0·0211 

0·0211 

0·0 211 

00178 

0·0 17 8 

0·0 17 8 

0·0 17 8 

y, .n.lll_t'_ 
Oe Cp ll1 
Th.- abov<' work 1s based on the estimates: 'doido' 0·0045 ,IQ/Q,0·01S7, 11/1 '0·0009,)d/d,0·005 

and IT ,If_ 'lt 'lt.' 003°C o I 0 1 

,_.. 
CO 
U1 



~------------------------------------------------------------------------------------------------------- -

Table No.6.6 Reliability estimation of the experim<?ntal heat transfer factors 

These results are based on the estimates of Tab! e 6.5 

Denotation ~(Nu!rP'i >(NuiPP1 \{Nu/~~~ 04 \(N /P04) I(Nu/Pp ) 
!NuiPP"i !Nu!PP4) {Nu/Pr ) (Nu/P 4) ~p4) 

i.L i.S i i.L i i.S i1.MS 

A 0·0885 0. 03 7 3 0·0471 0·0263 
0·055 

B 0· 2 741 0·1036 0·1791 0·0838 

c 0. 2 03 3 0·0897 0. 0835 0·0470 
0·119 ..... 

D 0·6677 0·2557 0. 4027 0·1900 "' "' 
E 0·0951 0·0399 0. 054 7 0 0296 

0·067 
F 0·3275 0·1240 0·2234 0. 104 0 

G 0·2242 0. 09 81 0·1 051 0. 05 8 5 
0·1 67 

H 1·0547 0•4045 0·6658 0·3161 

0·0922 0 ·O 384 0·0495 0. 027 2 
0·061 

J 0·3115 0·1175 0. 2 031 0·0944 

K 0·1526 0·0654 0·0611 0·0381 
0·094 

L 0 ·52 10 0·1974 0·3218 0. 14 97 

M 'Mean value ; tor other symbols see Table 6.5 



---------------------:-----:-----------------~·----- ---

Table No. 6.7 Reliability estimation of the experimental heat transfer factors 

Denotat1on Ht. frons Conf'1g· Tables Run (t>t'!M\ - ll tY HC!ctot il.CL9o\ hlWol ~(Cid0 l_ 
Factor uratlon for data No. (1\t'/M) /11111 t) y y (Cl d0 l {Cl d0 J {C/d0 ) (Cl dol 
Fig No. L s l s il i.S i 1.L ii.S 

A 5. 1 6 0 A.8.4,A9 4 0·0149 00097 0·0515 0·0369 0·2260 0·1251 0·0220 0·0 180 

8 5. 1 6 0 A.8.4,A9.4 27 0·0444 00305 0·0809 0 0469 0·13 I 5 0·0683 0·0220 0·018 0 

c 5.44 6K A812,A9.12 0·0091 0·0056 0·0 57 3 0·042 4 0·2 2 60 0·1251 0·0220 0·0 180 

0 5.4 4 6K A8.12,A9.12 27 0·03 61 00245 0·0941 0·0487 0·131 5 0·0683 00220 0·0180 ,_. 
CO 

E. 5.1 5 0 A.8.3 ,A9.3 0·0 15 7 0·0 1 02 0·052 2 0·0 370 0·197 0 0·1 091 0·0 2 51 0·021 I 
.._, 

F 5.15 0 A.8.3,A9.3 27 0·0511 00352 0·0876 0·0500 0 1 330 0·069 4 00251 0·0211 

G 5.4 5 6K A8.11,A 9.11 0·009 8 0·0062 0·0678 O-G425 0·197 0 0·1 091 0·0 2 5 1 0·0211 

H 5.4 5 6K A811,A9.11 27 0·0372 0·0282 0·095 2 0·0506 0·1 33 0 0·069 4 0·02 51 0·021 1 

5.1 7 0 A8.5,A9.5 0·01 50 (}0 10 5 0·0525 0·03 7 1 0 2 181 0·119 7 0·021 8 0·0178 

J 5.1 7 0 A.85,A9.5 27 0·0489 0·0 3 3 7 0·0855 0·04 90 0·1 3 3 3 0·0691 0·0218 0·0 17 8 

K 5.4 1 5T A.810,A9.10 0·0 11 4 0·0072 0·069 3 0·0 4 2 6 0· 21 8 1 0·119 7 0·0218 0·0 17 8 

L 5.4 1 6T A.8.10,A9.10 27 0·0429 0·0294 0·1009 0·0513 0·1333 0·0691 0·0218 0·0178 

' t.t' t.ILM L,5' Util12es linear or second power equation,respect!Vely 

'f' "I M' i,ii' Utilizes method (i) or (ii) of section 6,4 
a e cp 11t 

fhe above work is based on the est1mates: Sd0 /d0 '0.0045 ,id/d'0·01 ,IQ/Q'0·0356,SI/1'0·0009lE.mptyl, 
lt/1'00224,and H0 'H;'Ho' "i'0·06°C 



Table No.6.S Reliability eslimation of the experimental heal transfer factors 

These results are based on the estimates of TaDie 6.7 

Denotation ~(Nu/~ 4[ MNutPP1 t(Nu/~0~ t(Nu/P
04

J I!Nu/P9'J 
(Nu/Pr l (N-;;;PP 4i (Nu/Pr ") (NuiPP 4! (Nu tPP4i 

I.L i.S iil ii.S 11MS 

A 0·1 89 7 0·0833 0·0880 0·05 6 0 

B 0·5 7 2 3 0·2215 0·3189 01608 
0·1 os 

c 0·4 9 a 3 0·2080 0·19 60 0·1067 
0·2 45 .... D 1·5 s 7 5 0·5740 0 84 68 0·38 3 0 CO 

CO 

E 0·2036 0·08 9 0 0·0991 0·0609 

F 0·6 812 0·26 2 8 0·3908 0·1932 
0·1 2 7 

(; 0·5 411 0 ·22 80 0·2337 0·1242 
0·3 62 

H 2·3926 0·8961 1 3064 0 ·59 9 3 

1 0·1972 0 08 56 0·0922 0·05 7 7 

J 0 6488 0·24 9 6 0·3615 0·1811 
0·1 1 9 

K 0·3714 0·1532 0·1650 0·0894 

L 1. 2 0 97 0·4399 0·6814 0·3061 
0·1 9 8 

M' Mean value ; for othH symbols see· Tab\ e 67 
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Table No.7.1 The effectiveness of Pall rings for heat transfer 

enhancement based on the constant power criterion. 

Configuration Re ReoP [~~JP r~~J: 
lP 15500 19200 0.964 0.994 

lP 104000 129000 0.969 0.962 

2P 15500 21800 Oo959 0.992 

2P 104000 148000 0.911 0.981 

3P 15500 24300 0.878 0.910 

3P 104000 169000 0.844 0.911 

4P 15500 26700 Oo971 1.01 

4P 104000 185000 0.875 Oo944 

5P 15500 30700 0.830 0.865 

5P 104000 210000 Oo742 0.805 

6P 15500 40800 0.737 0.772 

6P 86500 238000 0.639 0.695 

The configurations of the Pall rings are shown in Figure 1.8. 

Re = Reynolds Immber of the f'low in the tu.be cont.a:injng Pall rings 

Re
0
P = Reynolds Immber of the f'low in an empty tu.be which requires 

the same pumping power as Re. The empty tu.be friction factor 

is evaluated using denotation A - C of Table 5.2 

[M:Jp = ratio of the Nusselt Immbers of the f'low in the pa.ck:ed and 

empty tu.bes operating at Re and Re
0
P' respectively. Nu

0 
is 

evaluated using denotation B - C of Table 5·3 

[: ]* = ratio of the Nusselt Immbers obtained using the same pumping 
0 p * power in the packed and empty tu.bes. ( Re

0
P' the Reynolds 

number required in the empty tu.be, is not tabu.la.ted. ) The 

empty tu.be characteristics are evaluated using equations (1.4) 

and (1.19). 



Table No.7.2 Comparison of the friction factor ratios, (~ / ~0 ) 1 determined using a continuous 

twisted tape under isothermal conditions at room temperature and under 

heating conditions. 

Reference Equation Friction factor ratio, ~ / ~0 % Difference 
at Reyno1ds numbers of at Reynolds numbers of 

11000 78000 15500 104000 11000 78000 15500 104000 

Present wcrk1 (5.9) or (7.1) 9·92 9.00 n.o 9·77 -
Present ~lork2 (5.9) or (7.1) 11.1 8.30 n.6 9·61 

,_.. 
lD 
0 

Gambill and 
Bundy (47) (1.32)' (1.33) 6.67 4·59 6.46 4.62 49 96 71 110 

Smi thberg and 
Landis (118) (1.38) 8.48 5·77 8.10 5·87 17 56 36 66 

Migay (83) (1.40) 8.16 5·95 7.93 6.07 22 51 39 61 

Thorsen and 
I.andis ( 128 ) ( 1.45) 6.85 6.85 7.18 7.18 45 31 54 36 
l.opina and 
Berg1es (79) (1.52) 6.28 6.28 6.58 6.58 58 43 68 48 
Date (30) (1.57) 1·34 6.86 7.66 7.00 35 31 44 40 

Notes concerning this table, and the superscripts hereon, are given on the next page. 
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Notes concerning Table no. 7.2 

The friction factor ratios at Re = 11000 and 780oO were evaluaten 

for isothermal conditions. The remaining values appl;y' to heating 

conditions. 

The percentage difference is a comparison of the present work1 

with the stated reference. 

Superscript 1 1 The friction factor correlation determined in the 

present work is compared to the actual experimental empty tube 

correlation i.e. nenotation A - I of Table 5·4 for isothermal 

conditions, or denotation B - P of Table 5·5 for heating conditions. 

Superscript 2 : The friction factor correlation of the present 

work is compared to equation (1.4) for isothermal conditions 

or to equations (1.4) and (1.53) for heating conditions. These 

equations were consinered to be representative of the empty tube 

results of the previous workers. 

Isothermal friction factors, evaluated using the correlations 

of the reference authors, were corrected to heating conditions 

using equations (1.53) and (1.54). The following values were used 

in the correlations : 

d=20mm 

D = 10.62 mm e 
S = 2.8 mm 

y = 2.026 

t = 35°C av 
ts = 51°C 



Table No, 7,3 

Reference 

Present work 

Gambil1 et,al. 
(49) 

Gambill et,a1. 
(49) 

Smithberg and 
Lnndis (118) 

!Ugny (83) 

Thorsen and 
Land is (128) 

l.opina and 
Dergles (79) 

llazmcev and 
llikolaev (89) 

Comparison of the heat transfer factor.ratios, (N~Pr0'4)/(Nu/Pr0'4) , determined 
0 

using a continuous twisted tape 

Equation Heat transfer factor ratio % Difference 

at Reyno1da numuera of at Reyno1ds numbers of 

15500 10<]000 15500 104000 

(a - H, Table 5oll) 1.81 1.76 -
(1.29) 1.77 1.77 2.3 0.9 

(1.30) 1.61 1.61 13 9·4 

(1.39) 2.06 1.67 -12 5·3 

( 1.43) 

( 1.50) 2.04 2.04 -11 -14 

(1.55) 1.85 1.80 -2.2 -2.2 

(1.60) 1.98 1.98 -8.3 -11 

The results of the reference authors were evaluated using the above equations with the conditions 

and geometrical details noted in Table 7.2. All of the equations were referred to the experimental 

empty tube correlation of the present work i.e. denotation A - P of •rable 5.6. 

Equation (1.60) was used with the equation suc,-gested by llazmeev and Hikolaev 

Nu • 0,021 Re0•8 Pr0' 43 (Pr/Pr )0' 25 
0 s 

.... 
\0 
N 



•r;;cble no, 7.4 The effeotiveneso of inserts of identical tuist direction for heat transfer 

enb<moement based on the constant power criterion 

Configuration Re
0
P x io-4 (Ifu/llu)p (!lu/Nu

0
); 

for Re;ynolds numbers of at Heynolda numbers of at Re;yno1ds numbers of 

15500 104000 15500 104000 15500 104000 

lT 2.53 16.8 0,928 0,961 1.04 1.10 
3T 3.12 21.2 0,845 0,810 0,951 0.928 
4T 3.17 21.4 0,854 0,850 0.961 0,974 
5'r 3.72 25.0 1.01 0.985 1.13 1.13 
G•r 3.82 24.7 0.941 0.992 1.06 1.14 
7T 3.76 24.4 0.893 0,888 1.00 1.02 
8T 4.64 31.2 0,853 0,839 0.963 0.966 
9T 3.13 20.5 0.819 0,828 0.921 0,9.18 
1'L'S 2.17 18.4 0.915 0,911 1.03 1.11 

~'he configurations of the inserts nre shoun in Figure 1,5 

1'he symbols used in this table are the same oa those given in ~'.:>ble 7.1, except thot the empty 

tube friction and heat transfer factors are evaluated usit~ denotation B - P of Table 5·5 and 

denotation A - P of Table 5.6, reopectively. 

.... 
IJl 

"' 



Table !lo,7,5 Comparison of the friction factors evaluated using the modified forms of equations (1. 80) 
to (1.83) and those experimentally determined 

Details of the calculation procedure are given in Appendix A.l2 
~ = the friction factor evaluated using the modified equation; subscripts 1, 
the use of equations (1.80), (1.81), (1.82), and (1.83), respectively. 
~R * the friction factor determined by the reference author. 

2, 3, and 4, refer to 

% - (~p - ~R) X 100 I ~R 
The range of the tests performed by each of the reference authors is presented in Table 1.2 
* ~Results of the present trork for heating conditions.(The results at Re= 11000 and 78000 apply 

to isothermal conditions.) 

Reference Reynolds ~R ~P1 % ~P2 %2 ~P3 %3 ~P4 %4 !lumber 1 

Present work 11000 0.226 0.194 -14 0.205 -9 0.168 -26 0.194 -14 .... 
78000 0.156 0.132 -15 0.140 -10 0.114 -27 0.132 -15 

\0 
p. 

15500* 0.215 0.159 -26 0.168 -22 0.138 -36 0.159 -26 
lOtJOOO* 0.157 0,124 -21 0,131 -16 0,107 -31 0.124 -21 

Morris and 6000 0.0528 0.108 105 0,1tJO 164 0.0897 70 0.134 153 
Beeyon (86) 11000 0.0494 0,0989 100 0.128 159 0.0821 66 0.122 149 

30000 0.01tJ2 0.0854 93 0.110 149 0.0709 60 0.106 139 
78000 0.0398 0.07tJ3 87 0.0959 141 0.0617 55 0.0919 131 

Proctor (101) 11000 0,0530 0.163 207 0,171 223 0.142 169 0.163 207 
Mass transfer 30000 0.0515 0.14-1 173 0.1413 1B7 0.123 139 0,14-1 173 

y = 2.0 7t!OOO 0.0502 0.122 144 0.129 157 0.107 113 0.122 144 
Proctor ( 101) 11000 0.0789 0.310 293 0.329 317 0,289 266 0.307 289 
Mass transfer '2."1000 0.0180 0.2SO 251 0.298 280 0.2~1 233 0.2721 2.54-
y ~ 1.5 7!JOOO 0.0174 0.233 201 0.247 220 0.217 181 0.231 198 

Proctor (101) 6000 0.138 0.339 145 0.360 161 0.316 129 0.336 143 
Heat transfer 11000 0.136 0.310 127 0.329 lt)2 0.289 112 0.307 125 
y ~ 1.5 20000 0.135 0.234 111 0.302 124 0.265 97 0.2B2 109 

78000 0.131 0.233 78 0.247 89 0.217 66 0,231 77 

Continued ••••• 



Table No.7.5 Continued 

Referenoe Reyno1ds ~R ~Pl %1 
Number 

~P2 %2 ~P3 %3 ~P4 %4 

Smith (117) 300 0.471 0.476 l 0.505 1 0.441 -6 0.468 -1 
11000 0.306 0.281 -8 0.298 -3 0.260 -15 0.271 -10 
78000 0.2~2 0.211 -13 0.244 -7 0.196 -19 0.208 -14 

100000 0.235 0.204 -13 0.216 -8 0.189 -20 0.200 -15 

Chakrabarti (21) 1.6 34.8 1.24 -96 1.40 -96 1.16 -91 1.29 -96 
160 0.744 0.636 -15 
120 0.858 0.1~5 -13 .... 

lO 

200 0.675 0.575 -15 ll'1 

150 0.767 0.665 -13 
2800 0.~20 0.418 0 0.470 12 0.391 -7 0.434 3 

11000 0.405 0.343 -15 0.385 -5 0.320 -21 0.355 -12 
78000 0.401 0.257 -36 0.289 -28 0.241 -40 0.267 -33 



Table Uo.7.6 The effectiveness of inserts of alternate twist direction for heat transfer 

enhancement based on the oonstant power criterion 

Configuration Re
0

p X 10-4 (Hu/Nu
0

)p (llu/Nu); 
fpr ReynoldB numbers of at Reynolds numbera of ~t Reynolds n~7.bors of 

15500 104000 15500 104000 15500 104000 

llC 2.77 18.6 0.848 0.841 0.953 0,963 

3K 3·79 26.1 o.8o9 Oo750 0.912 0,862 

4K 3.66 25.0 o.Boa a. no 0,910 0,884 

5K 4·94 33.5 0,820 0.842 0,927 o.no 
6K 7.12 50.1 0.817 0.799 0.926 0.924 

7K 5,08 33.1 1.02 0.986 1.15 1.14 

8K 5·58 39.1 0.611 0,600 0.692 0.692 

9K 5.63 39.1 o,646 o.620 0.731 0.715 

l.KS 2.92 20.1 0.902 o.868 1,01 0.994 

31(S 3.87 26.4 o.815 o.805 0.919 0.925 

The configurations o:f the inserts are shown in Figure 1.6 
'l'he symbols used in this table are the same as those given in Table 7.1, except that the empty 

tube friction and heat transfer factors are evaluated using denotation B - P of ~'able 5·5 ruui 

denotation A - P of Table 5.6, respectively, 

..... 
\!l 

"' 



- 197 -

FIGURES 



Figure No.1.1 Schematic diagram of a slat blockage and a segmental blockage 

t' 

d = tu be diameter 

slat blockage 
segmental blockage 

l' = tu be length downstream of the blockage 
(::: thickness of the blockage 
x = d'1stance downstream ot the blockage 

0 • e : angular coordinate 

..... 
ID 
CO 
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Figure No.1.2 The a.=angement of helices to fonn a twisted tape 

and a Kenics static mixer 

(a) Twisted tape 

Anticlockwise twist 

~ 
Clockwise twist 

(b) Kenios statio mixer 

Note 

Anticlockwise and clockwise helices ~ also be referred to as 

'lefthand rotation' and 'righthand rotation' elements or helices. 
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Figure No.1.3 Diagrams of some cow.mercially available motionless 

* in-line nrlJcers 

Etoflo LV process line mixer 

Lightnin in-line blender 
turbulent flow module 

Standard Ross LPD 
motionless mixer 

T<ro elements of a Ross ISG mixer 

* 

Standard elements of a 
Komax motionless mixer 

Single e le"'~" t _, Lightnin 
in-line blender 

Ross LLPD motionless mixer 

Schematic diZ{;l'am sho\ring the 
flow channels within tuo 

consecutive elements of a 
Ross ISG mixer 

Reproduced by permission from photographs and C.Xa;;bgs supplied 1zy 
the manufacturer's of the respective m~~ers. 



Figure No.1.4 Photograph of the various arrangements of the swirl flow 

inducing inserts 

CAl Stainless steel inserts manufactured by the Kenics Corporation 

Anticlockwise, or lefthand 

rotation 

Clockwise, or righthand 

rotation 

[8] Inserts formed from solder alloy (Grade J) 

a. Four inserts of anticlockwise twist with aligned edges (Twisted tape) 

b. Four inserts of anticlockwise twist with perpendicular edges 

c. Four inserts of alternate twist with aligned edges 

d . Four inserts of alternate twis t with perpendicular edges (Kenics mixer) 



Fig u r e No. 1.5 Details of con f igurat io ns using inserts of Iden t ica l twis t di re c t ion 

Con f ig- No. o f 
urat1 on Inserts 
Number 

0 0 

lT 3 

2f 3 

3f 6 

t.{ 6 

sr 14 

6T .20 

7f Z6 

BT 26 

9T 1 4 

Symbol 

~ 

CZJ 

Rotation Leading Edge 

Ant iclockwise Vert i ce I 

An ti c l ockwise Hor 1z on tal 

Distan c e b etween pressure toppings 
~<---------- Hea te d l eng th -----------

I ;;;ill 

I ;;;ill V1 !:;iil 

IAA 144 

LOiiiiZI Lljji ?1 

lA Z LOjjji,/LOijji / 1:;;jii,/J;Iiii2 L IIiiiiZIA / L lliii .c1;;iil ,/ 'LII421 4ii214 2 L4 21 
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Fig ure No.1 . 6 Details of conf1gurations using inserts of alternate twi s t direction 
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Figure No.1.7 Photograph of an original stainless steel Pall ring and those 

adapted for insertion into a tube (20 mm i.d .) 

Original one inch (25 ·4 mm) Pall ring 

An inset of the Pall ring 

Adapted Pall rings 

(The insets of all of the Pall rings have the same curve direction) 



Figure No. 1.8 Details of configurations using poll rings 

Config­
uration 
Number 

0 

lP 

2P 

3P 

4P 

SP 

!XI 

M 

IX1 

!XI 

M M 

IX1 IX1 IX1 IX1 

Distance between pressure tappings 
Heated length 

!XI !XI txJ 

txl txl txl 0 

IX1 IX1 IX1 IX1 IX1 [X] l><l 

!XI [)<.] 

t><l txl t><1 

IX1 IX1 IX1 !XC 

5P• 

Configuration No. of ins er Is Spacing,inches (mm) A',Heat transfer ' A,Pressure drop 
lP 2 36(914) 0·9 60 0·9 5 s 
2P 4 12 (305) 0·9 1 9 0·91 s 
3P 7 6 ( 1 52) 0·8 7 9 0·85 2 
4P 10 4 ( 1 0 2) 0·8 3 8 0·81 6 
SP 15 2 (51) o-7 1 7 0·7 0 5 
6P 46 0·1 52 0·1 52 

A'= fraction of the tu be wall area that is not covered by the material ot the pall rings. 
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Figure No. 2.2 Manometer Layout and Associated Tubing Network 
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Figure No-2.4 
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Figure No.2.5 Constructional details of the adiabatic mixing chambers 
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Figure No.2.7 Equipment tor the sens1ng of Tube Wall 
Temperatures 
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Ftgurt No . .lo.l Tt'lt Eflttl at Ttmptratun on tht Sptcifit Gravtly of lo4trtury 
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Figure No.4.3 Explanatory Diagram for the Conversion of Differential Fluid Heads 
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Figurl? No. 4.4 The Effect of Tl?mperature on Rotameter Metering 
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Figure No. 5.1 (See Table 5.1 l 
Friction Factor Comparisons 

Type:Pall R1ngs (Isothermal) 

161.----------------, 

Config­
-uration 
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Figure No.5.2 (See fable 5.2) 
Friction Factor Comparisons 

Type: Pall Rings (Heating data) 
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Figure No. 5.3 
Heat Transfer Comparisons 

fype:Configuration lP (Denotation D of fable 5.3) 

300.---------------------------~ 
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Figure No. 5.4 
Heat Transfer Comparisons 

fype:Configuration 2P (DenotatiOn E of fable 5.3) 
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Figure No. 5.5 
Heat Transfer Comparisons 

Type :Configuration 3P (Denotation F of Table 5.3 l 

400r---------------------------. 

Nu 
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Reynolds Number 

Figure No. 5.6 
Heat Transfer Comparisons 

Type: Configuration 4P (Denotation G of Figure 5.3 l 
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Figure No. 5.7 
Heat Transfer Comparisons 

Type: Configuration SP (Denotation H of Table 5.3 l 

400.---------------------------~ 

Nu 
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Reynol ds Numb er 

Figure No. 5.8 
·Heat Transfer Comparisons 

Type: Configuration 6P (Denotation I of Table 5.3 l 
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Figure No.5.9 (See Table 5.3) 
Heat Transfer Comparisons 

Type:Pall Rings 

103r-----------------------------.----, 

~Dittus- Boelter 

1~0~4~------~--~--~--~--------,0~--~ 

Reynolds Number 



- 225 -

Figure No. 5.10 The effect of surface coverage 

on the Re exponent, E, and 

muttiplier,F. (Pall Rings) 

~ 

~ 0·84~----------------------------~ 
c 
0 
0. 
X 
Cll 

... 0·80-
Cll 
.0 

E 
::J 
c 

0·76 ,Expone~ f~ packed beds_ 
~ ~ + 
0 
c 
~ 0·72-

0: 

u... 0·06--... 
Cll 

0. - 0·04-
::J 
~ 

0·02 

+ 

+ 

+ 

o.z 0·4 06 

Uncovered tract ion of the 

+ 
+ 

+ 

+ 

+ 

+ 
+ 

+ 

08 1·0 

tube wall 



- 226 -

Figure No.5.11 The effect of surface coverage 

on the Re exponent, 8, and multiplier, A. 

(Isothermal data, Pall Rings) 
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Figure No. 5.12 The variation of the friction and 

heat transfer factors with the number of 

pall rings in a tube. 

The data shown is obtained by using the 
regress1on equations of Tables 5.2 and 5.3. 
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Figure No. 5.13 (See fable 5.4,Denotation H l 
Friction Factor Comparisons 

Type:Empty Tube Usothermal,Room temp.) 
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Figure No. 5.14 (See fable 5.5,Denotation K l 
Friction Factor Comparisons 

Type: Empty Tube (Heating l 
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Figure No.5.15 (See Table 5.6,Denotat,on I) 
Heat Transfer Comparisons 

Type :Empty Tu be 
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Figure No. 5.16 (See Table 5.6, Denotation K) 
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Figure No. 5.17 (See fable 5.6, Denotation N l 
Heat Transfer Comparisons 

Typt-: Empty Tube 
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Figure No. 5.18 
Friction Foetor Results (Isothermal) 

Type: Swirl Inducers ·(Identical twist) 

Denotations refer to Table 5.7 
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Figure No. 5.19 
Friction Factor Results (Isothermal l 

Type: Swirl Inducers (Identical twist) 

Denotations refer to Table 5.7 
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FigurE? No.5.20 
Friction Factor Results (I so thermal) 

Type: Swirl Inducers (ldE?ntical twist) 

Denotations refE?r to TablE? 5.7 
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Figure No.5.21 
Friction Factor Results (Isothermal l 

Type:Swirl Inducers (Identical twist l 
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Figure No. 5.22 
Friction Factor Results (Isothermal l 

Type:Swirl Inducers (Identical twist l 

Denotations for tube 0 refer to Table 5.4 
other denotat1ons refer to Table 5.7 . 
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Figure No. 5.23 
Friction Factor Results (Isothermal l 

Type:Swirl Inducers (Identical twist l 

Denotations refer to Table 5.7 
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Figure No. 5.24 
Friction Factor Results (Isothermal) 

Type: Swirl Inducers (Identical twist) 
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Figure No.5.25 (See Table 5.8 l 
Friction Factor Results (Isothermal l 

Type: Swirl Inducers (Alternate twist l 
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insert configurations • 
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Figure No. 5.26 
Fnct1on Factor Results (Isothermal l 

Type:Swirl Inducers (Alternate twist l 

Denotations refer to Table 5.8 
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Figure No. 5.27 
Friction Foetor Results (Isothermal) 

Type·. Swirl Inducers (Alternate twist l 
Denotations refer to Table 5.8 
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Figure No. 5. 28 
Friction Factor Results (Isothermal) 

Type:Suirl Inducers (Alternate tuist) 
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Figure No. 5.2 9 
Friction Factor Results (Isothermal l 

Type:Swirl Inducers (Alternate tw·1st l 
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Figure No. 5.30 
Friction Factor Results (Heating} 

e:Swirl Inducers (Identical twist) 

Denotations refer to fable 5.9 
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Figure No.5.31 
Friction Factor Results (He all ng l 

Type:Swirl Inducers (Identical twist l 
Denotations refer to fable 5.9 
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Figur I? No. 5. 3 2 
Friction Factor R~?sults (H~?atingl 

Typi?=Swir\ Inducers (ld~?ntica\ twist} 
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Figure No. 5.33 
Friction Factor Results (Heating) 

Type: Swirl Inducers (Identical twist) 
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Figure No. 5.34 
Friction Factor Results (Heating l 

Type:Swir\ Inducers (Alternate twist l 
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Figure No. 5.35 
Friction Factor Results (Heating) 

Type: Swirl Inducers (Alternate twist l 
Denotations refer to Table 5.10 
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Figure No. 5.36 
Friction Factor Results (Heating l 

Type: Swirl Inducers (Alternate twist) 

Denotations refer to Table 5.10 
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Figure No. 5·37 
Friction Factor Results (Heating) 

T,ype:Swirl Inducers (Alternate ~dist) 

Reference figures refer to the 
· insert configurations 
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Figure No.5.38 
Heat Transfer Results 

Type: Swirl Inducers (Identical twist l 
Reference figures are the insert configurations 
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Figure No. 5.39 
Heat Transfer Results 

Type: Swirl Inducers (Identical twist l 
Reference figures are the insert configurations 
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Figure No.5.40 
Heat Transfer Results 

Type: Swirl Inducers (Identical twist l 
Reference figures are the insert configurations 

The results for configuration 7T refer to denotation G 
of Table 5.11 
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Figure No.5.41 
Heat Transfer Results 

Type: Sw1rl Inducers (Identical twist) 
Reference figures are the insert configurations 

The results for conflgurat1on 7T refer to denotat1on H 
of fable 5.1 1 
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Figure No.5.42 
Heat rranster Results 

fype: Swirl Inducers (Identical tw·1 st l 
Reference figures are the insert configurations 

600r---------------------------~~ 

Nu 
Pr0·4 

sr 

0 

~ Dittus -Boelter 

Reynolds Number 



- 256 -

Figure No.5.43 
Heat Transfer Factors calculated using the 

regression equations of fable 5.11 
Type :Swirl Inducers (Identical twist l 

For configuration 7f the equation is based on 
the results for rotameter,Rl,sca\e readings of 7·5 and 10 
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Figure No.5.44 
Heat Transfer Results 

fype: Swirl Inducers (Alternate twist) 
Reference figures are the insert configurations 

The results for configuration 6K refer to denotation H 
of Table 5.12 
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Figure No. 5.45 
Heat franster Results 

fype: Swirl Inducers (Alternate twist l 
Reference figures are the insert configurations 
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Figure No. 5.46 
Heat Transfer Results 

Type: Swirl Inducers (Alternate twist l 
Reference figures are the insert configurations 
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Figur(> No.5.47 
Heat rransf(>r Factors calculated using the 

regression equations of fable 5.12 
Type: Swirl Inducers (Alternate twist) 

For configuration 6K the equat·,on shown is based on 
the results for rotameter,R2,scale readings of 7·5 and 10 
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Figure No.5.48 The effect of unoccupied fract1on 

of tube length on the regression parameters A,B 
(Inserts of identical twist direction) 
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Figure No.5.49 The effect of unoccup·led fraction 

Of tube length on the multiplier ,A 

(Inserts of alternate twist d1rection l 
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Figure No.5.50 The effect of unoccupied fract1on 

of tube length on the Re exponent, B 

(Inserts of alternate twist direction l 
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Figure No.5.51 fhe effect of the unoccupied fraction 
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of the tube length on the regression parameters F,E 
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Figure No.5.52 Friction factor ratio versus the number of inserts 
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FigurE? No.5.53 Friction factor ratio vE?rsus the number of inserts 
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Figure No.5.54 Heat transfer factor ratio versus the number of inserts 
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Figure No.7.1 Comparison of the heat transfer and flow resistance 

obtained using stainless steel pall rings (present work) and 

roughened tubes (llorris (6,pp.l6-26)). 
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Figure No.7.2 Comparison of the heat transfer and friction factor ·,ncreases, relative 
to an empty tube operating at the same Reynolds numbers, produced 
by swirl inducing inserts 

The points represent the mean of the rat•os evaluated at Reynolds numbers of 
15500 and 10400Q 
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Figure No.7.3 
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Comparison of the friction factors evaluated using 
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Figure No. 7.4 Comparison of the :friction factor characteristics 
of the Kenics static mixer system in the laminar and turbulent flow 
regimes. 
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Figure No.7.5 Comparison of the heat transfer characteristics of the 
Kenics static mixer system in the laminar and turbulent flow regimes. 

Denotation Source and conditions 
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APPENDICES 
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Appendix A.l 

The hydraulic, or eguivalent, flow concept 

The equivalent diameter of a tuba containing inserts is 

found using ·the equation 

0 8 = ...:4......o;;:C.:.r7o ~s ::.s :-s:'-a"'c:-t::.~=.· o::.n_;;af'l::.....;f::'r:-'e::.ei'-'a"'r:;.;e:.:a::... 
Wetted perimeter) 

(A.l.l) 

for the twisted tape arrangement, for which Gambill, Bundy 

and Wansbrough (49, 50) call 08 the "nominal" equivalent diameter, it 

is found that 

2 
De = .. d - 4 b d (A.l.2) 

(;; + 2) d - 25 

The fluid velocity to be used with this •nominal" equivalent 

diameter is given by 

uAf u 
ue = = (A.l.3) 

Ac l - [;. !] 

The length to be used in the friction factor calculation is 

the axial tube length, as used without the equivalent diameter 

correction. 

Gambill et. al. (4g, 50) do not use the area correction given 

by equation (A.l.3); they prefer to use a resultant fluid velocity 

and path length, at the tube wall, based on the rotating forced vortex 

slug flow model. This model has been used by a number of authors, 

for instance, Smithbarg and Landis (118) and Migay (83), The model is 

described hare for completeness,· and further to show that other 

definitions of an •equivalent" diameter may be proposed. The work 

below is taken almost wholly from the report by Gambill et. al. (4g), 

for a continuous twisted tape 

l axial distance travelled by a slug of fluid 

while it is rotating through 360° 

= 2yd (A.l.4) 
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l2. = (actual distance travelled by a point on the 
s~ 

outside surface of the fluid slug while 

rotating through 360°) 2 

2 2 (A.l. 5) = (;; d) + (2yd) 

=?> lsi l (4/ 
_z,o.s (A.l.6) = + .. 

2y 

Gambill et. al. neglect the tape thickness, hence in their 

work, the axial fluid velocity, u, is the velocity based on the tube 

bore, and it is not a function of distance from the tube centreline 

(by definition of the slug flow concept). However, there appears to 

be no reason why the velocity, u, should not be substituted for the 

corrected velocity, u , in the following equations. 
B 

For the forced vortex model 

= 

= 

tangential fluid velocity 

u ii R 
2y r 

So that at the wall of the tuba 

= 

Hence the resultant fluid velocity at the tube wall is given by 

u . 
u 

= 

= (4 
2 _2)0.5 

u y + " 
2Y 

(A.l.7) 

(A,!. B) 

(A.1.9) 

The "true" equivalent diameter, here denoted by OH' is con­

sidered by Gambill at. al. (49) to be obtained from a "true" flow 

area and corresponding wetted perimeter; hence 

"True" flow area = Volume 
Path length 

(A.l.lO) 

Neglecting the thickness of the tape, the volume of the slug of 

fluid over an increment (dR) is 21'l R(4yr)(dR), and the path length 

is obtained from 

2 
(Path length) = 

2 2 
(2n R) + (4yr) (A.l.ll) 



Hence 

A' 
f 
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= •true" flow area 

_ rr B ii Rry 

Jo [(2iiR)2 

(dR) 

+ ( 4yr)2] 0.5 

(A.l.l2) 

From Gradshteyn and Rhzhik (52, p. 86, equation 2.271) it is found 

that 

Hence 

A' 
f 

= 

2)0.5 
(a + eR 

c 

If the thickness of the tape is also considered then 

A" 
f 

= corrected true flow area 

= 
2 2 2] 0.5 8 ~.y [[1 + [;~] -1]-

Gambill et. al. (49) define the wetted perimeter by 

Wetted perimeter = 

where 

Tube area exposed = 

Path length at the tube 

wall = 
and Wetted perimeter 

of the tape = 

Hence it can be shown that 

Wetted perimeter = 

= 

Area exposed 
Path length along the area 

2 
2nr (4y) 

[ 2 2] o. 5 
r (4y) + 4 ;; 

4r 

2 
2r.r (4y) 

+ 4r 

fi y 

( _2 4 2)0.5 .. + y 

(A.l.l3) 

(A.l.l4) 

2 r S 

(A.l.l5) 

(A.l.l6) 

(A.l.l7) 

(A.l.l8) 

(A.l.l9) 



- 277 -

and Hydraulic diameter 

= OH = ar/ [X - 2yX0.5 ] 

;; 2y (o. y + XD.5) 
(A.l.20) 

2 _2) where X = (4y + .. (A.l.2l) 

If allowance is made for the covering of part of the tube 

wall by the tape edges, then 

Wetted perimeter = 
2 

2;; r ( 4y) - 2 S 
+ 4r 

= (A.l.22) 

Using the corrected true flow area and wetted perimeter it is found 

that 

D~ = corrected hydraulic diameter 

= 

4ry 
r, 

X - 2yX - 2SX 
[ 

0.5] 0.5 

[ 
2 0.5 ] 

r;y - (S/4r ) + X 

where X is given by equation {A.l.21). 

(A.l.23) 
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Appendix A.2 

Representation of the data in 85 1042 (13) 

(a) Expansion corrections 

The following equation was applied to allow for the effect of 

temperature on the diameter of the tuba and orifices : 

Diameter at t, °C = (Diameter at 2D
0
c}[l + c (t- 20)] 

(A,2.1) 

for the steel orifice plate and pipe, both of which were produced 

from 302 stainless steel : 

c = expansion coefficient = 

for the brass plate : 

c = 

{b) Discharge coefficient 

= = 

-6 -1 0 -1 
17.28 x 10 m m C 

-1 oc-1 18.9 m m 

[
Orifice diameter]

2 

Tube diameter 

(A.2.2) 

for m
0
<0.15, with a corner tapped orifice plate, figure !Sa in 

85 1042: 1943 and figure 35 in BS 1042: Part 1: 1964 can be 

approximated by : 

Discharge coefficient = 0.0393~~0+ 0.5956 {A.2.3) 

{c) fluid density and viscosity correlations 

Sea section 4.3.2 

{d) Reynolds number correction 

for m
0 

< 0.15 the data of 85 1042 is correlated by : 

Multiplier 

when. Re --+-

= 
-0.8951 

(547.5 Re+ }m0 
+ + 1 

[
40.63 - 3.369 ln(Re.._) 1 

1000 

Re
1

n.\d.s f>U""ber crf' the -flo..., tl,ro ... ~h_ 
th.e. o..-.1:' ( ~ 

(A.2.4) 
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(e) Extra tolerance due to the Reynolds number 

Correlating the data in BS 1042 it is found that 

Extra tolerance = (Multiplier from (d) above).(25%) 

(A.2.5) 

(f) Correction far diameter = o.02723m
0 

+ 1.000859 (A.2.6) 

(g) Extra tolerance far 

diameter = 2.9342m0 + 0.4842 % (A.2.7) 

(h) Basic tolerance = 0.8167%, for m0 < 0.5 (A.Z.B) 
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Appendix A.3 

The computer program (EX-6010) used for the analysis of the raw 

experimental data and for the pressure drop calculations 

10 REM PROGRAH FOR TUBESIOE PROPERTIES, FLOW PA~~TERS AND PRESSURE DROPS 
20 R&~ AXIAL CONDUCTIO~ LOSSES ARE CALCULATED 
30 REM DATA OBTAINED FROM FILES 11 AND t4 (CREATED BY INPUT) 
40 REM LINES 4Q-680 
50 REM 01~ STATEH£NTS,PROCESS INFO~~TION,PRINT FOHAT,DAIA READ 
60 DIK N( lOO) ,H( 100 ,6) ,M( 100) IS( 100). T( 100, 25) ,D( 100,5). V( 100) I Z( lOO) 
10 DIH U( lOO) ,H( 100,6), POOU), F{lOO) ,Q(lOO, 5), Y( 9 ,1) ,0( 100,6) 
80 DUi K(100,15),A(l00,15),C(l5,5) 
90 DlK W(I00,15),R(100) 
lOO PRINT'X•l • , , • ISOTHERMAL~ 
110 PRINT'X•Z • , • • DlABAIIC (TEST SECTION)' 
120 PRINT'CHOSEN VALUE OF X IS'; 
130 ISPUT X 
140 REM DEfAULT VALUE Of A•O ALLOWS TUBE WALL AREA TO BE FOUND 
150 PRINT' CROSS SECilUtiAL MEA OF TUBE/SQ. INS, IS': 
160 INPUT A 
170 PRINT'TUBE MATERIAL IS'; 
180 INPUT A$( 5) 
190 PRI~T'tOTAL INSERTED LENGTH/INS. IS': 
21JO INPUT Ll 
210 FS•'<itillllllll' 
220 C$•' RUN NUMBER.' 
230 HS•' TEMP./C ' 
240 I$•' HEAD/CM. ' 
250 JS•' ROTA."f/CM. ' 
260 K$•'0/G./CU.CM. ' 
270 LS•' VISC./CP. ' 
280 M$•' SPEC. GRAY.' 
290 NS•'Q/CU.Ft./S.' 
300 D$•'1.11111·~-·• 
310 P$•'VEL./Ft./S.' 
320 Q$•' P/PSI. ' 
330 R$•'RE/NO UNITS' 
340 SS•' FRICTION ' 
350 T$•' COLBURN ' 
360 U$•' BLASlUS ' 
370 V$•' O.K.M. 
380 W$•' COLESROOK ' 
390 0$•' NIKURADSE ' 
400 B$•' ROUSE 
•10 PRINT' FIRST RUN NUMBER ON DATA FILE lS'; 
420 INPUT 01 
430 PRINT' LAST RUN NUMBER ON DATA FILE IS': 
440 ISPUT Yl 
450 PRINT'FIRST RUN NUMBER': 
460 INPUT 0 
470 PRINT'LAST RUN NUMBER': 
480 INPUT Y 
490 PRINT'HOW MANY F EQUATIONS': 
500 INPUT M 
510 PRINT'LENGTH/INS. IS': 
520 INPUT L 
530 LJ•L 
540 £•0.000005•12 
550 PRINT'l.D./INS. lS't 
560 INPUT D 
570 PRINT'O.O./lNS. IS' I 
580 INPUT 01 
590 DEFINE FtLEI4•' DAY50H-6010' 
600 DEFINE FILEil•'TK5-bU10' 
610 FOR 1•01 TU Y 
620 READ I 1 ,N( [). H( I ,0) ,M( 1). S( [)IT([, 1). t( I, 2) I T(l, J) I T(I ,4). T(l,6). T(I,25) 
630 IF X•l GO TO 050 
640 READ 14, T(l,9) 1 T(I,lO), T( [,8), T(I,7), T(t,ZZ) 0 t(l,23), Z( I) 
650 NEXT I 
660 CLOSE 14 
670 CLOSE i 1 
680 P-0 
690 REM LINES 690-1060 
700 R~~ CALCULATE RE, PRESSURE DROP,FRICTION,HEAT LOSSES 
710 FOR I•O TOY 
7 20 GO SUB 2690 
730 O(I,l)•l-((((T(l,6)-3.986l)~2)*(T([,6)+28ij.9414})/(508929.2*(T(I,6}+63.12963))) 
740 IF X•2 GO TO 770 
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750 T•(T( !,1)+T(I,2))/2 
760 GO TO 890 
770 T( l,llJ•(T( !,7)+r( 1,8))/2 
780 t{l,li:!)•(T( I,8)Tt( [,10))/2 
790 T(I,l9)•{T([,l.O)+T(l,9))/2 
800 T( !.,l2)•(T(I ,22)+I{ l, ll))/2 
810 GOSUS 2900 
820 T•T(I,l) 
830 GOSUB 2840 
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840 T( 1,21 )•( K( 1,.5)/ (C'*Q( 1,2)"'3600*0( 1,2)*62.427961•1.8) )+T( I, l) 
850 T•T(I ,2) 
860 GOStr! l840 
870 t(I,l4)•T(I,2)-(H(I,6)/(C*Q(l,2)*3600*0(1,2)*62.427961*1.8)) 
880 T•(T(l,21J+T(l,2))/2 
890 GOS(fiJ 2840 
900 D(l,1)•R 
910 V(l)•V 
9ZO T{I,lO)•t 
930 Q(I,1)•Q(I,2)*D(l,2)/D(l,1) 
940 U(l)•Q(I. l )*183. 34649/( DA2) 
950 R( 0•7741 .9Z*o-U{ l} *D( I ,1)/V( I} 
960 If Ll•O GO tO 990 
970 P.O. 0 396* ( R( n· ( -0. 25) )* ( L3-L1) *D( I,ll*( U( I) •2) I ( 0* 18.553609) 
980 eo ro 1000 
990 P.O 
1000 P( 1)•( H( l,O)*(S( I)-1 )*D( I, 3 )•0.014223343)-P 
lOIO lF Ll•O CO TO lOJO 
1020 L-Ll 
1030 F( [)•18.553609"'P( 1) *0/ (L*D( l,l)*(U( I) •z)) 

1040 E'-0 
1050 L•U 
1000 NEXT I 
1070 REM LINES JO/D-1380 
1080 ~~ PRI~t STAtEMENTS OF SOME CALCULATED DATA 
1090 PRINT LI~(4) 
1100 PRINT'OAIE:': 
1110 I~PUT AS 
1120 PRINT 
1130 PRINI'TABL& NO.': 
1140 INPUT AS( 2) 
1150 PRINT 
llbO PRINT'GEOHETRY:': 
1170 INPUT A$(3) 
1180 PRIST LIN()) 
ll90 PRINT TAB(ll) 'CS 'TAB( 29) 'HS 'TAB(44) 'IS 'TAB( 57) 'J$ 
1200 FOR 1•0 TO Y 
1210 PRINT T.\R(l9):N(I):TAB(29): 
1220 PRINT USING DS,T(l,ZO): 
1230 PRINT TAS(46):H(l,O)!TAB(6l):H(l). 
1240 NEXT I 
1250 PRINT'lENGTH/lNS.•':L 
1260 PRINT'Ol.A./I~S.•' :0 
1270 PRINt'ROUGH/lNS.•':E 
1280 PR!"T 
1290 PRINT TAB(15),K$,TAB(29),L$,TAB(43),M$,TAB(S7),N$ 
1300 FOR I•O TO Y 
1310 PRINT TAB(l5): 
1320 PRINT USINU 0$,0(I,l): 
1330 PRINT TAB(29): 
1340 PRINT USING DS,V(I): 
1350 PRINT TAR(44):S(I): 
1360 PRINT TAR( 57): 
1370 PRINT USING .. DS,Q(l,l) 
1380 NUT I 
1390 REM LINES 139Q-1620 
1400 R£11 DATA. OF OTHER WORKERS AT SAME RE 
1410 FOR I•O TO Y 
1420 F•0.0396*(R(I)•(-0.25)) 
1430 K(I,l)•O.OZJ•(k(I)"(-0.2)) 
1440 K(l,2)•F 
1450 K( [, 3)•( 0.00!40+(0.125*(R( l) •( -Q, 32))) )/2 
1460 W•(E/(3,7*0)) 
1470 W( 1,4 )•1.255/( f<( rl*(( Z*f) .. 0. 5)) 
1480 K( 1,4 )•( ( -4*( (LOG( 1/+W( !,4)) )/LOG( 10)) )• ( -2) )/2 
1490 lF ABS(K(l,4)-F)(0,0000000001 GO TO 1520 
1500 f'•K([,4) 
1510 GO TO llt7ll 
1520 ~(l,S)•(LOG(R(I)•{(2*f')~0.5)))/LOG(10) 
15JO K{ I, 5 )•( ({ 4*W( I, 5 ))-0,-fO)"' ( ~2) )/2 
154U IF A~S(K(I 1 5)~F)(Q,00000000Ul GO TO 1570 
1550 F•K(l,S) 
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1560 CO TO 1520 
1570 W( l,b)•( LOG( R( I)•( ( 2'F)'O, S)) )/LOG(IO) 
1580 K(I.6)•{((4.06•W{l,6))-0,6)A(-2))/l 
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1590 IF ABS(K(I,6)-f){Q,Q000000001 GO TO 1620 
1600 F•K(l,&) 
1610 GO TO 1570 
1620 NEXT 1 
1630 REM LINES 163Q-1830 
1640 RfM CALCUU.TE MEAN,HAXM.. ,AND HINH.. RATIO OP EXP'l'L. TO REFERENCE FRICTION 
1650 FOR J•l TO M 
1660 Fl•O 
1670 Fl•O 
1680 Fl•lOOOOOO 
1690 FOR 1•0 TO Y 
1700 A(I,J)•F(l)/K(l,J) 
1710 Fl•FHA.(l,J) 
1720 IF A( l,J)<Fl CO TO 1770 
1730 IF A(l,J)>Fl CO TO 1750 
1740 GO TO 1790 
1750 Fl•A(l,J) 
a&o eo ra 1790 
1770 FJaA(l,J) 
1780 I? 1•0 GO TO 1730 
1790 NEXT I 
1800 C(J,l)•Fl/(Y+l-0) 
1810 C(J ,O)•F2 
1820 C(J,l)•FJ 
1830 NEXT J 
1840 REM LINES 18~Q-2460 
1850 REM PRINT STATEMENTS WITH OPTION ON REFERENC! PRINT OUTS 
1860 PRINT 
1870 PRINT TAB(l5):PS:TAB(29):Q$:TAB(43):RS:TAB(57):S$ 
1880 FOR 1•0 TO Y 
1890 PRINT TAB(15): 
1900 PRINT USING D$,U(l): 
1910 PRINT TAB(29): 
1920 PR!~T USING D$,P(l): 
1930 PRINT TA8(43): 
1940 PRINT USING D$ 1R(I): 
1950 PRINT TAB(57): 
1960 PRINT USING D$,F(l) 
1970 NEXT I 
1980 PRINT 
1990 PRINT' DO YOU WANT A PRINT OUT OF REFERENCE DATA': 
2000 INPUT AS(4) 
2010 PRINT 
2020 FOR J•1 TO M STEP 4 
2030 IP' J•l THEN GO TO 2050 
2040 IF J•5 THfN GO TO 2080 
2050 PRINT TAB(l5):T$:TAB(29):US:TAB(43);V$:TAB(57):W$ 
2060 lF A$(4)•'NO# GO TO 2230 
2070 GO TO 2100 
2080 PRINT TAB(15):0S:TAB(29):B$ 
2090 lF A$(4)•'NO' GO TO 2230 
2100 FOR I•O TO Y 
2110 PRINT TAB(1S): 
2120 PRINT USING OS,K(l,J): 
2130 PRINT TAB(29); 
2140 IF J•5 GO TO 2210 
2150 PRINT USING D$,K(I,J+l)l 
2160 PRINT TAB(43)1 
2170 PRINT USING D$,K(I,J+2): 
2180 PRINT TAB(57): 
2190 PRINT USING D$,K(I,J+3) 
2200 GO TO 2220 
2210 PRINT USING O$,K(l,J+1) 
2220 NEXT 1 
2230 PRINT 
2240 PRINT'MEAN RATIOS ARE' 
2250 Q•l 
2260 PRINT TAB(lS): 
2270 PRINT USING DS,C(J,Q)I 
2280 PRINT TAB(l9): 
2290 IF J•5 GO TO 2360 
2300 PR!NT USI~G D$,C(J+l,Q): 
2310 PR!NT TAB(4J): 
2320 PRINT USING D$,C{J+2,Q): 
2330 PRINT TAB( 57): 
2340 PRINT USISG DS,C(J+3,Q) 
2350 GO 'IO 2370 
2360 PRINT USI~G D$ 1 C(J+l,Q) 
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2310 IP Q•l GO TO 2450 
2380 IP Q-0 GO TO 2420 

Continued 

2390 PRINT'~IMUM RATIOS AR£1 

2400 Q•O 
2410 GO TO :t260 
2420 PRINT'MINIMUM RATIOS ARE' 
2430 Q-1 
244{) CO '1'0 22&0 
2450 PRINT 
2460 N~T J 
1470 REM LINES 247D-2660 
2480 REM FILE CALCUlATED OAtA 

- 283 -

2490 OEYIN& FILEI2•'DAY5AH-6010' 1 ASC SEP,50 
2500 DEfiNE FILEI5•'DAY5EH-6010', ASC SEP,500 
2510 DEFINE FILEI]•'OAYSBH-6010' 1 ASC SEP,500 
2520 IF D-Ol GO TO 2580 . 
2530 FOR I•Ol TO ( o-t) 
2540 READ 12,R(l),F([) 
2550 RUDtl,Q(l, 2), U( 1) ,.(I) ,U( 1,2), V( 1) 
2560 READ #5 ,H( 1,3) 1 H( 1 1 4) ,H( 1,5) ,H( 1,6) 1 T( 1,11), T( 1,12) 1 T( 1,18) 1 T( 1, 19), t( 1,14) 1 T( 1, 20) 
2510 NUT 1 
2580 FOR 1•0 TO t 
2590 WRIT! #2,R([) ,F(l) 
2600 WRITE 13,Q(l.2),U(I),R{l),D(1,2),V(l) 
2610 IF X•l GO TO 2630 
2620 WRITE #5,H(1,3),H(l,4),H(1,5),H(I,6),t(I,l1),T(I,l2),T(I,l8),T(t,l9),T(I,14),T(I,20) 
2630 NJ::XT I 
2640 CLOSE t3 
2650 CLOSE tz 
2660 ctose f s 
2670 PRINT 
2680 StoP 
2690 REM SUBROUTINE LINES 269Q-2830 
2700 REM TUB&SIOe VOLUME FLOW ~~0 DENSITY AT ROTAMETER 
2710 Y(1,1)•0.00J40162026987 
l720 Y(2,1)•2.597274544769E-6 
2730 Y(3,1)•0.00127438037D887 
2740 Y(4,1}•).285ll8967983E-6 
17~0 Y(S,1}•1.30103109~~14E-5 
2760 Y(6,1)•-l.I30686733131E-7 
2770 Y(7.1)•6.012183950688E-8 
2780 Y(8,1)•-3.622024147276£-8 
2790 Y(9,1)•1.465898163272E-9 
2800 Q( !,3)•<( 1,1)+( Y( 2,1)*T( !,25) )+(Y(3,1)*M( I))+( Y(4 ,1)*T( !,25)*"( I))+( Y( 5 ,l)*(M( I) "2) )+( <( 6,1)*T( I,25)*(K( 1)"2)) 
2810 Q( 1,2)•Q( I, 3)+( Y( 7 ,l)*(T( I, 25)"2) )+( Y(8,1 )*( T( !,25) "2)*K( I))+( <(9 ,1 )*(T( 1,25)"2)*(K( !)"2)) 
2820 O(I,2)•1-((((T(1,25)-3.9863)"2)*(T(1,25)+288.9414))/(508929.2*(T(I,25)+68,1296J))) 
2830 RETURN 
2S40 QL~ SUBROUTI~E LINES 28~D-2890 
28$0 REM DENSITY,SPEClFIC HEAT,AND VISCOSITY AT DUMMY TEMPERATORE,T 
2860 R•I-((((T-3.9863)"2)*(!+288.9414))/(508929.2*(T+68.1296J))) 
l870 C•1 
2880 V•100/((2.1482*((T-8,4J5)+((8018.4+((T-8,435)"2))"0,5)))-120) 
2890 IU:TURN 
2900 REM SUBROUTINE Ll~&S 290D-3120 
2910 R£~ AXIAL CONDUCTION LOSSES 
2920 IF AS(5)•'St&EL' GO TO 2980 
2930 D(!,5)•221.2-((11/720)*l(T(I,11)•1.8)+32)) 
2940 O(I,6)•221.2-((11/720)*((T(1,ll)*1.8)+32)) 
2950 0( 1,3)•221. 2-( ( 11/720)*( (!( 1,19)*1,8)+)2)) 
2960 O( 1,4)•221.2-( ( 11/720)*( (t{ I, 18)*1.8)+32)) 
2970 GO TO 3020 
2980 REM THE~ COND. OF STEEL 
2990 REM THEWKAL CONO. OF STEEL 
3000 REM THE&HAL CONO, OF STEEL 
3010 REH THERMAL CONO. OF STEEL 
1020 IF A>O CO TO 3040 
3030 A•3.1415927*((D1"2)-(D~2))/576 
1040 Xl•1/12 
3050 X:2•2/12 
3060 XJ•J8/l2 
3070 ;(4•2/12 
3080 H( [,5)•0(1, S)*A•(t( I,8)-T( I,7)}*1.8/Xl 
3090 H( ( ,6)•0( I ,6)*A*(T( I.U)-T( I, ZJ) )* 1.8/X4 
3100 H( I, 3)•0( (,J)*A*(T( 1,9)-T( 1,10))*1.8/Xl 
3110 H( l ,4 )•0( [ ,4)*A*(T( 1,10)-T( 1,8) )* 1.8/X2 
l1ZO RETURN 
3130 !:iD 
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The computer program (FRICTION-6010) used for the regression analysis 

of the friction factors and Reynolds numbers 

10 REH PROGRAM FOR LN-LN LINEAR REGRESSION OF RE AND FRICTION FACTORS 
20 REM OATA OBTAINED FROM FILE 12 1 CREATED BY EX-6010 , OR BY ON-LINE INPUT 
30 REM LINES JQ-330 
40 ReM DIM STATEMENTS,PRINT FORMAT, 
50 REM ANU RUN NUMBER STATEMENTS AND DATA INPUT 01 READ 
60 DIM A$(10),R(500),F(500,5),S(500,5) 
70 DIM GS(lO) ,A( 40) 
80 A$(3)•'+f.I#UI'"'""' .. ' 
90 PRINT' IS DATA ON Flk!': 

100 INPUT A$(1) 
110 IF AS(l)•'NO' ~Q TO 160 
120 PRINT'FIRST RUN ON DATA FILE': 
130 INPUT 01 
140 PRINT' LAST RUN" ON DATA FILE': 
150 INPUT 'tl 
lbO PRIST' FIRST RUN': 
170 I.:if'UT 0 
180 PRlh7'LAST RUN': 
190 !~PUT 't 
200 IF AS(l)•'YES' GO TO 270 
210 PRINT'DATA INPUTS' 
220 PRINT'lNPUT R&,F' 
230 FOR 1•0 TO Y 
240 INPUT R{I),F(l,l) 
250 NEXT 1 
260 GO TO 360 
270 PRINT'NAME 12': 
280 INPUT A.$(2) 
290 DEFINE FILEI2•A$(2), ASC SEP,SO 
300 FOR 1•01 TO Yl 
310 READ 12.R(I),F(t,l) 
320 NEXT 1 
330 CLOSE #2 
340 REM LINES 34D-560 
3~0 REM LN-LN LINEAR REGRESSION 
360 er-a 
370 Z•O 
380 E•O 
390 F•O 
400 W•O 
410 e-o 
420 s-o 
430 Q4•0 
440 FOR 1•0 TO Y 
450 Z•Z+(LOC(F(l,l))) 
460 Q4•Q4+((LOG(F(!,l)))"2) 
470 F•F+(LOC(R(I))) 
480 W•W+((LOG(F(l,l))) 0 (LOG(R(l)))) 
490 c-G+((LOC(R(l)))"2) 
500 NEXT I 
510 X•( Y+l ... O) 
520 E•( ( X."W)-( F*Z) ) I ( (X:" G)-( Fa 2)) 
530 Cl•((G*Zl·(W*F))/((X*G)·(F"2)) 
540 GOSUB 580 
550 PRINT LIN(2) 
560 GOSUB 900 
570 STOP 
580 REM SUBROUTINE LINES 58Q-890 
590 REH COHPAR!SON OF CALCULATED ANU EXPERIMENTAL RESULTS 
600 R£~ CALCULATE DATA FOR USE lN REGRESSION ANALYSIS 
610 PRINT LIN(4) 
620 PRINT TAB(20):'CUH.PAR1SON WtTR REGRESSION ANALYStS• 
630 PRINT 
640 PRiNT TAB(20) :'% ERROR IS EXl'-CALC/EXP• 
050 PRINT 
660 PRiNT TAB(l5):'REYNOLDS NO':TAB(30):• EXPTL F ':TAB(45):• CALCEO F ':TAa(60):' %ERROR ' 
670 F2•0 
680 FJ•O 

--
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690 FOR 1•0 TO Y 
700 Ftl,l)•(ClHE*LOG(R(l)))) 
710 F(!,2)•EXP(F(I,))) 
720 S( I ,1)•{( LOG( F( l,l)) )-F( I ,J)) 
730 S•S+( S(l,l)~Z) 
740 S( I ,2)•( F( 1,1)-F(l,l))*IOO/F( 1,1) 
750 PRINT TAB( IS): 
760 PR!~T USING A$(3),R{l): 
770 PRINT TAB(30): 
780 PRINT US!SG ~(l),F(l,l): 
790 PRINT TA.8(45): 
800 PRINT USING AS(l),F(l,2): 
810 PRINT TAB(60); 
820 PRINT USING A$(3),5(1,2) 
830 Fl•F2T(S(I,l)A2) 
840 FJ-F~ABS(S(l.Z)) 
850 NEXT I 
860 PRINT 
870 PRINT'LOG-LOG REGRESSION LINE IS': 
880 PRlNT'F•':EXP(Cl):'*(RE"'' :E:')' 
890 RETURN 
900 REM SUBROUTINE LINES 90G-1630 
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910 REM REGRESSION ~~ALYSIS USING STUDENTS T-DISTRIBUTION 
920 REM VALUES OF T READ FROM FILE 
930 REM OPTION TQ FILE EXPERL~ENTAL DATA IS GIVEN 
940 DEFINE FILEI7•'T-DIST-6010' 
950 FOR K•l TO 33 
960 Rl.AD 17 ,A(K) 
970 NEXT K 
980 CLOSE 17 
990 IF (X-2)>120 GO TO 1050 

1000 IF (X-2)>60 GO TO 1070 
1010 IF (X-2))40 GO TO 1090 
1020 IF (X-2)>30 GO TO 1110 
1030 X7•A(X-2) 
1040 GO TO 1120 
1050 X7•A(33) 
1060 GO TO 1120 
1070 X7•A(32) 
1080 GO TO 1120 
1090 X7•A(31) 
1100 GO TO 1120 
1110 X7•A(30) 
1120 F4•(F3/X) 
1130 F5•((F2/X)"0.5) 
1140 X6•( ( 1/X)+( ( (F/X)"2)/(G-( (F/X)'F))) )"0. 5 
1150 X5•X7*((S/(X-2))A0.5)•X6 
1160 X4•((G-(F*F/X)) ... (-0.5)) 
1170 XJ•X7*((S/(X-2))A0.5)•X4 
ll80 QJ•(w-(F'ZIX))/(((G-(F'F/X))"0.5)'((Q4•(Z'Z/X))"0.5)) 
1190 Q2•Q3"2 
1200 F6•C1-X5 
1210 Q6•EXP(F6) 
1220 F7•Cl+X5 
1230 Q7•EXP(F7) 
1240 F8•E-X3 
1250 .F9•E+X) 
1260 Q5•EXP(C1) 
1270 PRINT TAB(15):'RESULTS OF REGRESSION ANALYSIS~ 
1280 PRINT 
1290 PKINT TAB(l5) 'z.,.SUM OF LOG(F)':TAB(50):Z 
1300 PRINT TA8(15) 'F ••• SUM OF LOG(RE)':TAB(50):F 
1310 PRINT TAB(15) 'Y,,,SUM OF LOC(F)*LOG(RE)':TAB(50):W 
1320 PRINT TAB(l5) 'G ••• SUM OF (LOG(RE)~Z)':TA8(50):G 
1330 PRINT TAB(15) 'X ••• fOTAL NUMBER OF RUNS USED':TAB(50):X 
1340 PRINT TAB(l5) 'S ••• SUM OF (OEVIATIONSA2)':TAB(50):5 
1350 PRINT TAB(lS) '£ ••• SLOPE OF REGRESSION LINE':TAB(50}:E 
1360 PRINT TAB{lS) 'Cl. •• LOG(CONST) lN F t:Ql1AT[ON' :IAB(50):C1 
1370 PRINT TAB(lS) 'X7 ... t(S) I~ CONFiDENCE ANALYSIS' :TAB(50):X7 
1380 PRINT TAB(l5) 'X6 ••• HULT. IN LOG(CONST) ANALYSIS':TAB(50):X6 
1390 PRINT TAB(l5) 'X4 ... MULT. IN SLOPE ANALYSIS' :TAR(50):X4 
1400 PRINT TAB(lS) 'X5 ••• 1NTERVAL ON LOG(CONST)':TAB(SO):X5 
1410 PRINT TAB(l5) 'XJ ••• INTERVAL ON SLOPE':TAB(5~);XJ 
1420 PIUNT TAB(lS) 'F6 ... lUN. LOG(CONST)':TAB(50):F6 
14)0 PIUNT TAB(lS) 'F7 ... HAX.. LOG(CONSt)' :TAB{50):F7 
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1440 PRlNT T.U(lS} 'Q6 ••• HlH. CONST' :TAB( SO) :Q6 
1450 PRlNT TA!(lS) 'Q],,,/iAX, CONSt':TAB(SIJ):Q7 
1460 PRlNT TAB(l 5) 'Q5.,. REGRESSWtf CONST': TAB( 50) :QS 
1470 PRU.IT TAB(l5~ 'F8 ••• M1N. SLOPE' :TA.S(50) :F8 
1480 P~INT TAS(15) 'rg.,,MAX, SLOP8':TA~{50):F9 
1490 PKINT TAB05) 'fl4 ••• SlJH OF (LOG(F).2)':TAB(50):Q4 
1500 PR!NT TAB(15) '~) ••• CORRELAtiON COEFF1ClE~T/R':tAB(SO):Q3 
1510 PRINT TA.B05) 'Q2 ••• 8:"2' tTAR(50):Q2 
1520 PRINT TA.B(l5) 'F4 ••• AV. ABSo DEV, ':TAB(50):F4 
1530 PRINT TAB(l5) 'FS ••• R.K.S. ABSo D£V,':TAB(SO):F5 
1540 PRI~T LIN(2) 
1550 PRlNT'STAT& FlLENAHE OR NO': 
1560 INPUT C$(5) 
1570 lP G$(5)•'NO' GO TO 1630 
1580 DEFINE FILEI6•C$(5), ASC SEP,SOO 
1590 FOR 1•0 TO Y' 
1600 WRlT! f6,i(l),F(I,l) 
1610 NEXT l 
16W CLOSE f6 
1630 RETIJKN 
1640 END 

---- ___ _j 
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The comouter program (HEATZ-6010) used for the conversion of the 

experimental heat transfer data into dimensionless form 

10 REH PROGRAM FOR RAW HEAtlSG DATA TO NU FO~~ 
20 R~~ DATA OBTAINED fROK ll,f4,15,f3, OF EX-6010 
)0 REM LINES )Q-640 
40 R&M: DIM STAIE.."l.ENTS,PROCESS l~lfOR.'1ATION,PRINT FOR!1AT,DATA READ 
50 OIM 0( lOO, 5) ,G{lOO, 5) ,A( 60), HOGU) ,C( 100, 9) ,H( lUO, 10) 
60 OL~ Q(l00,7},U(100,2),R(l00},~(100),D(l00,7),V(l00),Y(9,2),T(l00,25) 
70 OL"' P( 100,5) ,K( 100), B{ 100,:)) ,S( 100,5} ,Z( 100) ,ll$(25) 
80 PRINT' ERROR CRilERlON FOR RE EXPONENT IS': 
90 INPUT X8 
100 PRINT' ERROR CRITERION FOR RESISTANCE IS': 
110 lSPUT X9 

120 B$•''·'''''A.AA; 
130 D$(1)•' RUN NUMBER ~ 
140 D$(2)•'(HO/Hl)MEAS' 
150 D$(3)•'(HO/Kl)CORR' 
160 OS(It)•'CORR/HLMEAS' 
170 D$(5)•' CORRl ' 
180 0$(6)•' CORRl 
190 D$(7)•' CORR3 
200 D$(8)•' CORR4 
210 0$(9)•' ~~0 MEAS ' 
220 D$(10)•' OUT T AV ' 
230 DS(ll)•' INSI. T AV. ' 
240 D$(12)•' ~~TO CORR' 
250 0'$(!3)•'HO CO!UUBEU' 
260 D$(14)•'EXP NUSS£LT' 
270 0$(15)•'CAL NUSSELT' 
280 OS(l6)•' % CA-EX/EX' 
290 DS(l7)•'VEL. /FT •• s.• 
JOO 0$(18)•' SLOPE E ' 
310 0$(19)•' RE NU"HBER' 
320 Z$(2)•'+1.11111~···• 
330 PRINT'TUBt MATERIAL 15': 
]40 ISPUT AS 
350 PKINT'CROSS S&CTIOtiAL AREA OF TUBE. AND INSERTS/SQ.FT. IS': 
360 ISPUT A 
370 PRINT'FIRST RUN NUMBER ON DATA FILE IS': 
380 INPUT 01 
390 PR!NT'LAST RUN NUMBER ON DATA FILE IS': 
400 ISPUT Yl 
410 DEFINE FlLE#5•'DAY5EA-60!0', ASC SEf,500 
420 DEFINE PILEI3•'DAY5RA-6010', ASC SEP,500 
430 DEFINE FILE#2•'DAY50A-6010' 
440 DEFINE FlLEil•'TA5-6010' 
450 FOR 1•01 TO Yl 
460 UAD #l,N( [}, S( .[,4) ,M( l} ,S{ I, 5), T( 1,1), T( I,2), t( I ,:n, T( I,4), T( I ,6), T( I.25) 
470 RE.AD #l,Q(I,2) ,U{l,l) ,R{l) ,C(I,2), V(I) 
480 READ 15 ,H( I ,3) ,H( 1,4) ,H( I, 5) ,H.( I ,6), t( I, 1!), T( 1,12), t( I ,18), T( 1,19), T(I ,14), T( 1,20) 
490 READ 12, 'I( I, 9) ,T( 1,10), T( 1,8), T(I, 7), t( 1,22), t( 1,23), Z( I) 
500 NEXT 1 
SlO CLOSE 11 
S20 CLOSE 12 
SlO CLOSE 13 
540 CLOSE 15 
550 PRINT 'FIRSt RUN NUMBER IS' I 
560 ISPUT 0 
570 PRINT'LAST RUN NUHR!R IS'; 
580 INPUT Y 
590 PRINT'tUB& 1.0./INS.•': 
600 INPUT 0 
610 PRIST'TUBE 0.0./INS.•'r 
620 INPUT 01 
630 L-42/12 
640 PRINT LIN(2) 
650 R~ LINES 6~o-1010 
660 REH. HEAT FLO\IS,CORRECTED HEAt FLOWS AND TEH.PERATUR.ES,LHTD A..'ID OVERALL HTC 
670 FOR I•O TO Y 
680 COSUB 1530 
690 T•T( I,4) 
700 GOSUB 2670 
710 0( [,l)•R 
720 r(t,J5)•(T(I,J)H(I,4))/2 
7JO T•T(I,l5) 
740 GOSUII 1670 
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750 D(l,4)•R 
760 C(l,4}•CJ 
770 T•T( 1,20) 
780 GOSU8 2670 
790 C(I,l)•C3 
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800 T( (, lJ }•( (H( I, J)+R( I, 4)+1f( I, 5) )/{C( I,! )*Q( I, 2)*3600*0( I ,2)*62.427961•1.8) )+T( l,l) 
810 TO,lO)•(T(I,lJ)+T(I,l4))/2 
820 T•T(l,l6) 
8]0 GOSUB 2670 
840 D(l,5)•R 
850 C(I,S)•C3 
860 Q(l,5)•(j(l,2}*D(l,Z)/D(l,5) 
870 H(l,7)•Q(l,2)*3600•D(I,2)*62.42796l*C(l,5)*(T(I,l4)•T(I,l3))*1.8 
880 U( 1,2)•( Q(l,S) *5 76)/ ( 3 .1415927111( 0'"2)) 
890 H(l,2)•Q(I,3)*0(1,3)*3600*62.4Z7961*C(1,4)*(T(I,3)-T(1,4))*1.8 
900 H( 1,8)•H( 1,2)-(H( I ,J)+H( 1,4)+11( I, S)+H( 1,6)) 
910 T•(T(l,I)+T(1,2))/2 
920 cosua 2670 
930 C(I,Z)•CJ 
940 H( 1,1 )•Q( 1,2)*3600*0( 1,2)*62.42796l*C( l,Z)*{T( 1,2)-T( 1,1) )*1.8 
950 P(l,I)•H(l,7)/H( 1,8) 
960 P(l,2)•H(l,l)/H(l,2) 
970 P( I, 3 )•( H( I, J)+H( 1, 11-)+H( I, 5)+H( I ,6) )/H( I,2) 
980 !( 1,5 )•( (!( 1,4 )-!( l, 13))-(T( !,3)-T( 1,14)) )/LOC((T( 1,4)-T( 1,13))/ (!( 1,3)-T( 1,14))) 
990 K( [)•H( I, 7) I (J.l4159Z7*lDlJ 12)*L*T( I,5)*1.8) 
1000 T( 1,17 )•( (!( 1,4)-!( 1,1))-(T( !,3)-T( 1,2)) )/LOG((!( 1,4)-T( 1,1) )/(!( 1,3)-T( 1,2))) 
1010 NEXT I 
1010 REM LI~ES lOZD-1390 
1030 ~1 PRIN1 STATEMENTS OF CALCULATED DATA 
1040 PRINT LIN(2) 
1050 PRINT nB(l5) :D$( I) :TAB( 29): 0$( 2) :TAB(43) :0$(3) :TAB( 57) :D$(4) 
1060 FOR I•O TO '{ 
1070 PRINT TAB(l9):N(t): 
1080 PRINT IAB(29): 
1090 PRINT USING SS,P(I,2): 
1100 PRINT TAB(4)): 
1110 PRINT USING B$,P(t,l): 
1120 PRINT TAB( 57): 
1130 PRINT USING B$,P(l,3) 
1140 NEXT 1 
1150 PRINT 
1160 PRINT !AB(I5):D$(5):TAB(29):0$(6):TAS(43):0$(7):TAB(57):0$(8) 
1170 FOR I•O TO Y 
1180 PRINT TAB(l5): 
1190 PRINT USING 8S,H(I,3): 
1200 PRINT TAB(29)r 
1210 PRINT USING 8S,H(I,4): 
1220 PRINT TAB(43): 
1230 PRINT USING B$,H(l,5): 
1240 PRINT TAA(57): 
1250 PRINT USING B$,H(l,6) 
1260 NEXT I 
1270 PRINT 
1280 PRINT TAB( IS) :D$(9): TAB(29) :0$(12) :TAB( 43) :0$( 10) :TAB( 57) :0$( 11) 
1290 FOR I•O TO Y 
1300 PRINT TAB(l5): 
1310 PRINT USING B$,T(t,17): 
1320 PRINT TAB(29): 
1330 PRINT USING B$,T(l,5): 
1340 PRINT TAB(43): 
1350 PRlHT USlNG B$,T(I,l5)t 
1360 PRINT TAB( 57): 
1370 PRINT US[NG B$,T(l,l6) 
1380 NEXT I 
1390 PRINT 
1400 R~ LINES 1400.1680 
1410 REM INPUT OF CALCULATION REQUIR&~ENTS 
1420 R£1{ CALCUU.TION OF RE AN'D PR 
1430 FRINT'ONE TEMPERATURE,FlRST RUN NUMBER [S': 
1440 INPUT 02 
1450 PRINT' ON!. tF}1FERA.TURE.LAST RUN NUMBER [S': 
1460 INPUT Yl 
1470 G1•0 
1480 FOR 1•02 TO Y2 
1490 0( !,0)•100/((Z.I48Z*((T( 1,16)-6.435)+( (8078.4+( (T( I,l6)-8.43S) "2)) "0, S)) )-lZO) 
1500 O( I,3)•7741.92*D*U( 1,2)*0( I,S)/0( I,O) 
1510 O(t,l)•0.00587*(l+(0.0028l*(T(t,l6)-20)))/0.017307 
1520 G(l,l)•C(1,5)*D(l,0)*2.4190883/0(t,l) 
1510 Gl•Gl+G(I,1) 
1540 N~T I 
1550 FOR 1•02 TO Y2 
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1560 G(l,2)•G1/(Y2+1-02) 
1570 NEXt I 
1~80 FRlNT'DO YOU WANT TO INCLUDE HOR£ RESULTS': 
1590 IN'PUT C$(1) 
1600 IF C$(1)•'YES' GO TO 1430 
1610 PRlNT'CHOSEN PRANDTL NUMBER EXPO~ENT IS': 
1620 ISPUT Z9 
16)0 PRINT' DO YOU WANT TO US& HEAK PRANOTL NUMBERS': 
1640 INPUT G$(2) 
1650 PRINt'R! EXPONENT IS': 
1660 I:-JPUT Fl 
1670 PRINT'CEOHETRY:': 
1680 INPIJ'l' ES 
1690 REM LINES 169Q-2000 
1700 REM ~LN LINEA& R£GRESS10~ 
1110 C•O 
!12.0 CZ•O.OOOl 
1730 B4•10UOOOO 
1140 GS(4)•'NO' 
1750 PRIN'I 
1760 PRINT TAB(l5);'RES{STANCE ':TAB(29,:' INCREMENT ':TAB(43):' EXPONENT ':IAB(57)t'SUK ERS SQ' 
1770 Z•O 
1780 F•O 
1790 W•O 
taoo s-o 
HHO E•O 
182\J Cl•O 
IBJO e-o 
1840 Q4•0 
1850 FOR 1•0 TO Y 
1860 IF G${2)•'YES' GO TO 1890 
1870 G(l,3)•G(I,l) 
1880 GO TO 1900 
1890 G(l,3)•G(l,2) 
1900 8(1,3)•(1/((1/K(l))-C)) 
1910 B( 1,4)•{ LOG(BO,J)*Dl/ (12*0( 1.1)*( G( 1,3) •z9)))) 
1920 Z•ZTB( 1,4) 
19JQ Q4•Q4T(B(I 1 4)A2) 
1940 F•FT(LOG(O(t,J))) 
1950 Wo..,_( (LOG(B( l ,3)*0!/( 12*0( I,l)*(G( 1,3)"29))) )*(LOG(O( 1,3)))) 
1960 G-C+((LOG(0([,3)))"2) 
1970 NEXT I 
1980 X•( 'lTl-0) 
1990 E•((X*W)-(F*Z))/((X*G)-(F"2)) 
2000 C1•((G*Z)-(W*F))/((X*G)-(F"2)) 
2010 REM LINES 20lQ-2290 
2020 REM COHPARlSOH OF EXPTL. AND CALCUlATED B.ESULTS 
2030 FOR l•OTO 't 
2040 S( I ,I )•( B([, 4)-( Cl+( E*LOG(O( 1,3))))) 
2oso s-sT(s(t,1).2) 
2060 NEXT I 
2070 PRINT TAB(l5)~ 
2080 PRINT USING B$,C: 
2090 PRINT TAB(29)~ 
2100 PRINT USING B$,C21 
2110 PRINt TAB(43)1 
2120 PRINT USING &$,El 
2130 PRINT TAB( 57): 
2140 PRINT USING B$ 1 S 
2150 IF G$(4)•'YES' GO TO 2270 
2160 IP ABS(E-Fl)(XS Go TO 2270 
2170 lP E<F1 GO TO 2250 
2180 GO TO 2210 
2190 IF C2<X9 GO TO 2270 
2200 IF 5<&4 GO TO 2240 
2210 C•C-C2 
2220 C2•C2/10 
2230 GO TO 1770 
2240 B4•S 
2250 C•C+C2 
22b0 GO TO 1770 
2210 casus zna 
2280 P~I~T LlN(4) 
2290 GOSUB JUJU 
2300 REM LINES 2JOQ-2400 
2310 REM DECISIONS ON N&W CALCULATION METHOD 
2ll0 PRINT'TR'l ANOTIIER R£ AND/OR PR E.XPONt:NT': 
2330 INPUT G$0) 
2340 IF GS(J)•'YES' GO TO 1610 
2350 PRINT' DO YOU WANT TO STATE THE RESISTANCE~: 
2360 INPUT G$(4) 
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2)70 If C$(4)•'NO' GO TO 2410 
2380 PRINT'R£SISTANCE .C, IS'; 
2390 I~Ptrl' C 
2400 CO TO 1750 
2410 R~ LINES 241G-2510 
2420 REM FIL£ CALCULATED DATA 
2430 UEFINE FILEi4•'0AY5CA-6010', ASC SEP,SOO 
2440 IF Q-Ql GO TO 2480 
2450 FOR 1•01 ro (Q-1) 
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2460 READ #4,T(t,S),T(I,ll),T(l,l6),K(I),U(1,2) 
2470 NEXt 1 
2480 FOR I•O TO Y 
2490 WRITE #4, T( 1,5), T(l,l3), T( 1,16) ,K.{l) 0 1.1(1,2) 
2500 NEXT I 
ZSliJ CLOS& #4 
2520 STOP 
2530 REM SUBROUTINE LINES ZSJQ-2660 
2540 REM k~NULUS FLUID FLOWRAtE 
2550 Y{l,l)•0.002911610712545 
2560 Y( 2,1 )•1.089821240896£-5 
2570 Y(3,l)•0.0007601237919062 
2580 Y(4,1)•-6.308266691236£-7 
2590 Y{5,1)•9.754716231214E-6 
2600 Y( 6,1 )••2.231681817122£-8 
2610 Y(7,1)•-7.141842539582£-8 
Z6zo r(B,I)•I.l9147J4I9926e-a 
l630 Y(9,1}•-l.l38529076046E-10 
2640 Q( I, 7}•Y( 1,1 )+( Y( 2,1 }*T( I ,4) )+( Y(3, 1 )*Z( I))+( Y( 4,1 )*T( I,4)*Z( [) )+( Y( 5,1 )*( Z( I)~ 2) )+( Y( 6, l)*T( I,4)*(Z( I) .. l)) 
2650 Q( 1, JJ•Q( I, 7)+( Y( 7,1)*(T( I ,4)"2) )+( Y(B,l)*(T( I,4)~2)*Z( I))+( Y( 9 ,l)*(T( I,4)"'2)*(Z( I) .. 2)) 
2660 RETURN 
2670 REM SUBROUTINE LINES 267Q-2710 
2680 R~~ DENSITY AND SPECIFIC HEAT At DV~~y TEMPERATURE,! 
2690 R•l•((((t-3.9863)"2)*(T+288.9414))/(508929.Z*(T+68.12963))) 
2700 C)•l 
2710 RETURN 
2120 Ri!lf SUBROUTIN!' LINES 272D-3020 
2130 RL't PRINT OUT OF RESULTS iwSD COM.l'AUSO!f 
2740 PRINT LIN(4) 
2750 PRINT'OATA !~PUTS:' 
2760 PRINT'RESISTANCE STATED~~:G$(4) 
2770 PRIN1'GEOHETRY:':ES 
2780 PRINT LIN(2) 
2790 PRlJIT TAB(S) oD$(13) oTAII( 19) oD$(19) oTAB(33) oD$( 14) o TAB(47) oD$( IS) oTAB(61) ob$(16) 
2800 f'2•0 
2810 F3•0 
2820 FOR 1•0 TO Y 
2830 B(I,5)•EXP(B(I,4)) 
2840 S( I,2)•EXP(ClT(E*LOG(O( I ,3)))) 
2850 B( I ,0)•( S(l,2)-B( I, 5) )*100/B( I ,5) 
2860 PRINT TAB(5): 
2870 PRINT USI~G B$,H(I,7): 
2880 PRINT TAB(l9): 
2890 PRINT USING 8$,0(1,3): 
2900 PRINT TAB(33): 
2910 PRIST USING 8$,8(1,5): 
2920 PRINT TAB(47): 
2930 PRINT USING 8$,S(I,2): 
2940 PRINT TAB(61): 
2950 PRINT USING Z$(2),8(1,0) 
1960 F2•F2+(B(l,0)"2) 
2970 FJ•Pl+ABS(B(I,O)) 
2980 NEXT I 
1:990 PRIST 
JUOO PRINT'LOG-LOG REGRESSION LISE ts•: 
3010 PRINt' (NU/ PR"• : Z9: • )•': f.XP(Cl): '*(RE•' :E: • )' 
3020 Rt:TUKN 
3030 R~~ SUBROUTINE LINES JO)Q-3810 
)040 R~ REGReSSION ANALYSIS USI~G STUDENTS T-DlSTRlBUTION 
3050 REM VALUES OF T READ FROM f'[L£ 
3060 RE.~ OPTION TO FILE. EX!:'t:RI~ENTAL DATA IS GIVEN 
3070 DEFINE FlL£17•'T-DIST-b010' 
)080 FOR K•l TO 33 
3090 READ 17,A(l) 
3100 NEXT K 
3110 CLOSE f1 
3120 IF (l-2)>120 GO TO 3180 
3130 IF (X-2)>b0 GO tO llOO 
3140 IF (l-2))40 GO TO 321:0 
1150 IF (X-2)>30 GO TO 3240 
3160 :<7•A(X-2) 
1170 GO TO 3250 
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3180 KI•A(JJ) 
3190 eo ro Jzso 
3200 X7,A(32) 
3210 GO 10 32'50 
3220 X7•A(Jl) 
3230 GO ID 3250 
3240 Xl•A( 30} 
3250 F4•( f)/ X) 
12.60 F5•((F2/X.) .. Q.'j} 
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3210 X6•( ( 1/X)+( ( ( F/ X)"2)/ (G-({ F/X)*F))) )"0.5 
3280 X5•X7*((S/(X-2))~0.5)*X6 
3290 X4•({G-(F*F/X))·(-0,5)) 
3300 Xl•X7*((S/(X-l)) .. 0.5)*X4 
3310 Q3•( W•( F*Z/X) )/ ( ( (G-(F*f/X) )"0.5)*((Q4•( Z*Z/X) )"0.5)) 
3320 Q2•Ql .. 2 
3330 F6•Cl-X} 
3340 Qb•UI.I(Fb) 
3350 F7•Cl+X5 
3360 QI•EXP( Fl) 
3370 F8•E-K3 
3380 F':J•E+XJ 
3390 QS•EXP(Cl) 
3400 PRINT TAB(l5):'RESULtS OF REGRESSION ANALYSIS~ 
3410 PR!NT LIN(2) 
3420 PR1N1 TAB(15):'Z ••• 5UM OP LOC(NU)':T~(SO):Z 
3430 PRINT TAB(lS):'F ••• SL~ OF LOG(RE)':fAB(SO):F 
3440 PRI~T IAB(lS):'~ ••• SUM OF LOC(SU)*LOG(RE)':TAB(50):W 
3450 PRINT TA.B(l5):'G,,,$UH OF (LOC(RE)"'2)':TA.B(SO):G 
3460 PRINT TAB(l5):'X ••• IOTAL NUMBER OF RUNS USEO':!AB(50):X 
3470 f;'Rt!fl' n,s.(t5):'S ... SUK OF (DE.IIU.ri.ONSAZ)':!.\IH.;O):S 
3480 PRINT TAB(lS}:'C ••• OViER RESIST~~CE TO T~~SFER':TAB(50):C 
3490 PRIST TAB(l5):'£,,.$LOPE OF REGRESSION LINE':TAB(SO):E 
3500 P~l~l TA3(15):'Cl ••• LOG(CONST) lN NU EQUATION' :1AB(50):Cl 
3510 PRINT TAB( 15) :' X7 •, .1'( 5) IN CONFIDENCE ANALYSIS' :TAll( 50) :X7 
3520 PKINT TAB(l5):'X6 ••• HULT. IN LOG(CONST) ANALYSIS':TAB(50):X6 
3530 PRINT TAB(l5):'X4 •• ,MULI. IN SLOPE ~~ALYSIS':TAB(50):X4 
3540 PRINT TAB(l)):'X5 ••• INTERVAL ON LOG(CONST':IAB(50):XS 
3550 FRlNl' U.B05):'1.3 ... UrrtR'O.L CN StOPE'fTi\8.(50):JG 
3560 PRINT TAB(l5):'F6 ••• HIN. LOG(CONST)':TAB(50):F6 
3570 PRINT TA8(15):'F7 ••• MAX.. LOC(CONST)":IAB(50):F7 
3580 PRINT TAB(l5):'Q6 ••• HIN, CONST' :TAB(SO):QO 
3590 PRINT TAB(15):'Q7 ••• HAX. CONST':TAB(50):Q7 
3600 PRINT TAB(l5):'Q5 ••• REGRESSIOM CONST':TA8(50):Q5 
3610 PRHlT TAS(l5) :'f8,,,MlN.SLOPE' :TAB(5D):F8 
3620 PRINT TAB( 15) :' F9. • .MAX:. SLOPE' :TABOO): F9 
3bl0 FRl~'I TA.B0~h'Q4, •• SUM OF (!..tX>(NU)~2)'~TI.!{SO):Q4 
3640 PRI~T TAB(l5):'Q3 ••• CORRELATIO~ COEFFICIEN'I/R':TAB(50):QJ 
3650 PRlNT TAB( 15) :' Q2H .R~z•: TAB( 50) :QZ 
3660 PRINT TAB(15) :'F4 •• ,AV. ABS. D£V.' :TAB(50):f4 
3670 PRINT TAB(lS):'f'S,.,R.M.So ABS. DEV.':TAB(50):F5 
3680 PRINT LlN(2) 
3690 PRlNT'FILE RESULTS': 
3700 INPUT G$(5) 
3710 IF C$(5)•'NO' GO TO 3810 
3720 DEFINE FILEi&•'DAYSFA-6010', ASC SEP,50 
3730 IF Q-01 GO TO 3770 
3740 FOR 1•01 TO (o-1) 
3750 READ #6,0(l,l),B(l,5) 
3HO NEXt 1 
3770 FOR 1•0 TO Y 
3780 WRITE #6,0(1,3) 1 8(1,5) 
3790 NEXt I 
3800 CLOSE #6 
3810 RETURN 
3820 END 
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~T~h~e~d~a~t~a~f~i~l~e~(~T~-~D~IS~T~-~6~0~l~O~)~w~h~ic~h~c~o~n~t~a~i~n~s~th~e~v~al~u~e~s~o~f--"t~1~"~t~ha~t~ 
are obtained from Student's t-distribution, see Perry and Chilton 

(97, P• .1-40) 

This data file is used by the computer programs FRICTION-6010 and 

HEAT2-6010 to calculate the 95% confidence intervals on the regression 

constants and slopes. The data is shown as it is arranged in the 

computer file. 

12.706 
4.303 
3.182 
2.776 
2-571 
2.447 
2.365 
2.306 
2-262 
2.228 
2.201 
2.179 
2.160 
2.145 
2.131 
2ol20 
2.!10 
2-101 
2.093 
2.086 
z.os 
2.074 
2.069 
2-064 
2.06 
2.056 
2.052 
2.048 
2.045 
2.042 
2.021 
2.000 
1.980 
1.960 
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Definitions of the symbols in the computer programs used for the 

analysis of the experimental data 

Definitions of print formats are not considered. 

E, F, and H refer to the computer programs 1 EX-6010', I FRICTIO.'l-6010 1 , 

and 1HEAT2-6010 1 , respectively, 

Symbol 

A 

A 

A;J 

A;J(l) 

A;J ( 2) 

A;J ( 4) 

A;t(s) 

A(K) 

A(I,K) 

B4 

B(I,O) 

B(I,3) 

B(I,4) 

B(I,S) 

c 
c 

Cl 

Cl 

Program 

E 

H 

H 

F 

F 

E 

E 

F,H 

E 

H 

H 

H 

H 

H 

E 

H 

r 

H 

Definition 

Cross sectional area of tube wall, 

Cross sectional area of tube wall, 

Tube material 

Answer to 1 IS DATA ON FILE ? 1 

Name of file #2 

Answer to 1 DO YOU WANT A PRINT OUT OF 

REFERENCE DATA ? 1 

Tube material 

Appropriate value of t
1 

from Student's 

t-distribution 

Ratio of experimental and reference friction 

factor 

Sum of the squares of the deviations of the 

calculated and experimental values of 

1n(Nu/Pr0"4) 

Percentage difference of the experimental and 

calculated values of (Nu/Pr0
"
4

) 

(dh/d ), Btu ft- 2 hr-l °F-l 
o zg 

ln(Nu/Pr ) 

(Nu/Prz9 ) 
-1 0 -1 Specific heat capacity, Btu lb F 

Tube wall,scale,and annulus,fluid resis-

t 2 0 -1 ances to heat transfer, ft hr F Btu 

Logarithm of the constant in the friction 

factor equation 

Logarithm of the constant in the heat transfer 

factor equation 



Symbol 

C2 

C3 

C(I,l) 

C(I,2) 

C(I,4) 

C(I,5) 

C(J",O) 

C(J",l) 

C(J",2) 

D 

Dl 

D(I,D) 

D(I,l) 

0(!,2) 

0(!,3) 

0(!,4) 

D(I, 5) 

E 

E 

Et 
F 

F 

Fl 

Fl 

F2 

Program 

H 

H 

H 

H 

H 

H 

E 

E 

E 

E,H 
E,H 

H 

E 

E,H 

E 

H 

H 

E 

F,H 

H 

E 

F,H 

E 

H 

E 
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Definition 

Incremental change in c, ft 2 hr °F Btu-l 
-1 0 -1 

Specific heat capacity, Btu lb F 

Specific heat at T(I,2D), Btu lb-l °F-l 

Specific heat at the mean of the inlet and 
~l 0 ~l 

outlet temperatures, Btu lb F 

Specific heat at T(I,l5), Btu lb-l 0r-1 

Specific heat at T(I,l5), Btu lb-l °F-l 

Maximum ratio of experimental to reference 

friction factor 

Minimum ratio of experimental to reference 

friction factor 

Mean ratio of experimental to reference 

friction factors 

Tuba inside diameter, ins 

Tuba outside diameter, ins 

Fluid viscosity at T(I,l6), cP 

Fluid density 
-3 

g cm 

Fluid density 

meter (Rl), g 

at mean temperature of fluid, 

at temperature of the rota­
-3 cm 

Fluid density at the temperature of the 
-3 manometer, g cm 

fluid density at T(I,lS), g cm-3 

Fluid density at T(I,l6), g cm~ 3 

Tube roughness, ins 

Raynolds number exponent 

Insert configuration 

Dummy friction factor 

Temporary sum of ln(Re) 

Sum of the ratios of the experimental and 

reference friction factors 

Stated Raynolds number exponent 

Temporary maximum value of the ratio of the 

experimental and reference friction factor 



Symbol 

F"2 

f3 

f3 

f4 

f5 

F"6 

fB 

f9 

f(I) 

f(I,l) 

f {I, 2) 

f(I,3) 

G 

G1 

G,i(l) 

Gfo( 5) 

G(I,l) 

G(I,2) 

G(I,J) 

H(I,O) 

H(I,l) 

Program 

f,H 

E 

f,H 

f,H 

f,H 

f,H 

F",H 

f,H 

f,H 

E 

f 

f 

f 

f,H 

H 

H 

H 

H 

H 

F,H 

H 

H 

H 

E 

H 
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Definition 

Sum of the squares of the % differences 

between the experimental and calculated 

values 

Temporary minimum value of the ratio of 

the experimental and reference frlction 

factor 

Sum of the % differences between the 

experimental and calculated values 

Average absolute % deviation 

Root mean square absolute % deviation 

Minimum value of the ln(constant in the 

regression equation) 

Maximum value of the ln(constant in the 

regression equation) 

Minimum slope of the regression line 

Maximum slope of the regression line 

Experimental friction factor 

Experimental friction factor 

Calculated friction factor 

ln(calculated friction factor) 

Temporary sum of (ln{Ra))
2 

Temporary sum of Prandtl numbers 

Answer to 1 DO YOU WAfJT TO INCLUDE MORE 

RESULTS 7 1 

Answer to 1DO YOU WANT TO USE MEAN PRANDTL 

NUMBERS 7 1 

Answer to 'TRY ANOTHER RE AND/OR PR 

EXPONENT 7' 

Answer to 1 DO YOU WANT TO STATE THE 

RESISTANCE ?' 

Name of fila #6 

Prandtl number 

Mean Prandtl number 

Chosen Prandtl number 

Differential head of manomator fluid, cm 

Uncorrected heat gain by tube fluid, 

Btu hr-1 



Symbol 

H(I,2) 

H(I,3) 

H(I,4) 

H(I,5) 

H(I,6) 

H(I,7) 

H(I,B) 

I 

:r 

:r = 1 

:r = 2 

:r = 3 

J'=4 

:r = 5 

:r = 6 

K 

K(I) 

K(I,J') 

L 

L 

Ll 

L3 

M 

M( I) 

Program 

H 

E,H 

E,H 

E,H 

E,H 

H 

H 

E,t,H 

E 

E 

E 

E 

E 

E 

E 

r,H 
H 

E 

E 

H 

E 

E 

E 

E,H 
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Definition 

Uncorrected heat loss by annulus side 
. -1 

flu~d, Btu hr 

Axial conduction loss between Tll and TlO, 

Btu hr-l 

Axial conduction loss between TlO and T9, 

Btu hr-l 

Axial conduction loss between T9 and TB, 

Btu hr-l 

Axial conduction loss between Tl2 and Tl3, 

Btu hr-l 

Corrected heat gain by tube side fluid, 

Btu hr-l 

Corrected heat loss by annulus fluid, 

Btu hr-l 

Run number on data file 

Reference number for the friction factor 

equation 

Colburn, equation (1.4) 

Blasius, equation (1.1) with a constant 

of 0.0396 

Drew et. al., equation (1.5) 
Colebrook, equation (1.11) 
Nikuradse, equation (1.7) 
Rouse, equation (1.10) 
Reference number for t

1 
in t-distribution 

Overall heat transfer coefficient, 

Btu ft- 2 hr-l 0 <-l 
Reference friction factor 

Dummy length, either Ll or L3, ins 

Heated length of tube 

Packed length of tube, ins 

Length of tube between pressure tappings, 

ins 

Number of reference friction factor 

equations 

Scale reading on rotameter (Rl) 



Symbol 

N( I) 

0 

01 

02 

O(I,l) 

0(!,3) 

0(1,4) 

O(I,S) 

0(!,6) 

p 

P(I) 

P(I,l) 

P(I,2) 

P(I,3) 

Q2 

Q3 

Q4 

Q5 

Q6 

Program 

E,H 
E,F,H 

E,F,H 

H 

H 

E 

E 

E 

E 

E 

E 

H 

H 

H 

F,H 

F,H 

F,H 

F,H 

F,H 
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Definition 

Run number 

First run number, relative to position 

in data file 

First run number an data file 

First run number to be considered in 

one set of data 

Fluid thermal conductivity, 
Btu ft-l hr-l °F-l 

Tube wall thermal conductivity at T(I,l9), 

Btu ft-1 hr-1 °F-l 

Tube wall thermal conductivity at T(I,1B), 

Btu ft-l hr-l 0 r-1 

Tube wall thermal conductivity at T(l,ll), 

Btu ft-1 hr-1 °F-1 

Tube well thermal conductivity at T(I,12), 
Btu ft-1 hr-l °F-l 

Empty tube length correction for pres­

sure drop, psi 

Pressure drop corrected for end effects, 

psi 

Ratio of corrected heat output and heat 

input 

Ratio of uncorrected heat output and 

heat input 

Ratio of axial conduction losses and 

heat input 

Square of the correlation coefficient 
. R2 
~.e. 

Correlation coefficient (R2)0
•

5 

Sum of the squares of ln(friction factor 

or heat transfer factor) 

Regression constant in least squares 

equation 

Minimum constant (95% confidence) in 

regression equation 



Symbol 

Q7 

Q(I,l) 

Q(I,Z) 

Q(I,3) 

Q(I,3) 

Q(I,5) 

q(I,7) 

R 

R(I) 

s 
S(I) 

S(I,l) 

S(I,Z) 

S(I, 2) 

S(I,4) 

S (I, 5) 

T 

T(I,l) 

T(I,Z) 

T(I,3) 
T(I,4) 

T(I,S) 

Program 

F,H 

E 

E,H 

E 

H 

H 

H 

E,H 

E,F,H 

F,H 

E 

F,H 

F 

H 

H 

H 

E,H 
E,H 

E,H 

E,H 
E,H 

H 
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Definition 

Maximum constant (95% confidence) in 

regression equation 

Volumetric flowrate of tuba side fluid at 

T(I,ZO), ft3 s-l 

Volumetric flowrate of tube side fluid at 

T(l,ZS), ft3 s-l 

Sum of first 

calibration 

six terms in rotameter 
3 -1 equation, ft s 

Volumetric flowrate of annulus fluid at 

T(I,4), ft3 s-l 

Volumetric flowrate of tuba side fluid at 

T(I,l5), ft3 s-l 

Sum of the first six terms in the rota­

meter (R2) calibration equation, ft
3 

s-l 
-3 

Dummy fluid density, g cm 

Mean Reynolds number between the pressure 

tappings 

Sum of the squares of S(I,l) 

Specific gravity of the manometer fluid 

at T(I,6) 
Deviations of the logarithms of the 

calculated and experimental friction, or 

heat transfer, factors 

Percentage deviation of the calculated 

and experimental friction factor 

Calculated heat transfer factor 

Differential head of manometer fluid, cm 

Specific gravity of manometer fluid at 

T(I,6) 

Dummy temperature, 
0 c 

n, 0 c 
T2, °C 

T3, 0 c 
T4, °C 
Corrected log mean temperature 

difference, 0 c 



Symbol 

T(I,6) 

T(I,7) 

T(I,B) 

T(I,9) 

T(I,lO) 

T(l,ll) 

T(I,l2) 

T(I,l3) 

T(I,l4) 

T(I,l5) 

T(I,l6) 

T(I,l7) 

T(I,lB) 

T(I,l9) 

T(I, 20) 

T(I,21) 

T(I,22) 

T(I,23) 

T(I,25) 

U(I) 

U(I,l) 

U (I, 2) 

V 

V(I) 

w 
w 

W(I,4) 

W(I,5) 

W( I, 6) 

Program 

E,H 

E,H 

E,H 

E,H 

E,H 

E,H 

E,H 

H 

E,H 

H 

H 

H 

E,H 

E,H 

E,H 

E 

E,H 

E,H 

E,H 

E 

H 

H 

E 

E,H 

E 

f,H 

E 

E 

E 
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Definition 

Ambient air temperature, °C 

TB, °C 

T9, °C 

TU, °C 

no, °C 

(TB + T9)/2, °C 

(Tl2 + Tl3)/2, °C 

Corrected value of Tl, °C 

Corrected value of T2, °C 

Average annulus fluid temperature, °C 

Corrected average tubs fluid temperature, °C 

Uncorrected log mean temperature 

difference, °C 

(T9 + Tl0)/2, °C 

(Tll + Tl2)/2, °C 

Average fluid temperature between pressure 

tappings 

Corrected 

Tl2, °C 

Tl3, °C 

T7, oc 

0 value of Tl, C 

Mean fluid velocity between 
. -1 tapp1ngs, ft s 

the pressure 

Mean fluid velocity between the pressure 
. -1 tapp1ngs, ft s 

Mean fluid velocity along the heated 

length, ft s-1 

Dummy fluid viscosity, cP 

Mean fluid viscosity between the pressure 

tappings, cP 

(s/(3,7 d)) 

Sum of the products of ln(Ra) and 

ln(jf or Nu/Prz9
) 

1.255/(Re (2,0) 0' 5) 

log10 (Re (2,0) 0' 5) 

log10(Re (2,0) 0' 5) 



Symbol 

X 

X 

Xl 

X2 

X3 

X3 

X4 

X4 

X5 

X6 

X7 

X8 

X9 

y 

Yl 

Y(l to 
9,1) 

Y(l to 
9,1) 

z 
zg 

Z (I) 

-- ------ ------------------------

Program 

E 

F,H 

E 

E 

E 

F,H 

E 

F,H 

F,H 

F,H 

F,H 

H 

H 

E,F,H 

E,f,H 

E 

H 

F,H 

H 

E,H 
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Definition 

Reference number for the mode of operation 

Number of experimental tests considered 

Distance between Tll and TlO, ft 

Distance between TlO and T9, ft 

Distance between T9 and T8, ft 

95% confidence interval on the regression 

slope 

Distance between T12 and T13, ft 

A multiplier in the slope analysis 

Interval on ln(regression constant) 

A multiplier in the regression constant 

analysis 

Appropriate value of t
1 

from t-distribution 

Error criterion on the Re exponent 

Error criterion on the heat transfer 

resistance, ft2 hr °F Btu-1 

Last run number, relative to position in data 

file 

Last run number on data fila 

Constants in the calibration equation for 

rotameter (Rl) 

Constants in the calibration equation for 

rotameter (R2) 

Sum of ln(~ or Nu/Prz9) 

Prandtl number exponent 

Scale reading on rotameter (R2) 
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Appendix A.B 

Samoles of the raw exoerimental data 

This appendix presents samples of the raw experimental data 

which has been processed using the computer programs. Experimental 

data obtained under isothermal conditions is referenced by line number 

~ of the program EX-6010, see Appendix A.3. Data obtained under 

heating conditions is referenced by line numbers ~ and ~ in 

EX-6010, and by line numbers ~ and ~ in HEAT2-6010, see Appendix 

A.5. (See Appendix A.7 for the definitions of the symbols used in 

these programs). To produce a clear presentation the data "read" by 

line numbers ~ and 640, in EX-6010, will be referred to as "File A" 

and "File 8", respectively. The title of each table in this appendix 

states the configuration number of the tube, the conditions, and the 

denotation/table number of the regression equation produced by using 

the. data. 

The data in Table A.S.n, where n = a natural number, were 

used to produce the processed results that are presented in Table 

A.9.n. The data in Table A.8.2 were used to produce friction factor 

and heat transfer factor results. These processed results are 

presented in Table A.9.2 (friction factor) and Table A.9.4 (heat 

transfer factor). For the reason of uniformity in presentation the 

raw data of these tests have been specified by two table numbers i.e. 

A.8.2 and A.8.4. Tha data in Table A.8.9 were similarly used to 

produce friction factor (Table A.9.9) and heat transfer factor 

(Table A.9.12) results. Here again the raw data is specified by two 

table numbers i.e. A.8.9 and A.8.12. 
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•••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE NO.A.B,l CONFIGURAtiON 0 (ISOTHERMAL DATA) 

(DENOTATION H OF TABLE 5.4) 
************************************************** ' 

********** 
* FILE A * 
********** 
1,5.15,2,1.594,21.07,20.88,0,0,21.95,19.63 
2,9.65,4,1.594,21.15,20.78,0,0,22,19.5 
3,15.6,6,1.594,21.49,20.93,0,0,22.05,19.85 
4,22.95,8,1.594,21.78,21.34,0,0,22.15,20.25 
5,31.65,10.1.594,21.73,21.34,0,0,22.25,20.4 
6,42,12,1.594,21.46,21.27,0,0,22.25,20.3 
7,66.75,16,1.594,21.54,21.34,0,0,22.4,20.63 
8,97.95,20,1.594,21.83,21.63,0,0,22.45,21.1 
9,134,24,1.593,21.88,21.66,0,0,12.6,21.29 
10,134.3,24,1.593,21.88,21.59,0,0,22.6,21.22 
11,97.85,20,1.593,21.83,21.68,0,0,22.55,21.17 
12,66.75,16,1.593,21.51,21.32,0,0,22.5,20.65 
13,42.05,1Z.t.594,21.44,21.Z4.o.o,zz.3,20.45 
14.31.65,10,1.594,21.61,21.34,0,0,22.35,20.35 
15,22.95,8,1.594,21.63,21.29,0,0,22.15,20.3 
16,15.6,6,1.594,21.37,21,0,0,22.1,19.88 
17,9.6,4,1.594,21.12,20.75,0,0,22,19.68 
18,5.15.2,1.594,21.32,20.85,0,0,22,19.48 
19,5.15,2,1.594,21.29,20.88,0,0,22,19.4 
20,9.65,4,1.594,21.12,20.78,0,0,22.05,19.5 
21,15.6,6,1.594,21.39,21.02,0,0,22.1,19.8 
22.22. 9 5,8' 1. 594. 21. 61, 21.29. 0. 0 ,2"2. 25' 20.13 
23,31.65,10,1.594,21.54,21.37,0,0,22.3,20.35 
24,42.1,12,1.594,21.44,21.27,0,0,22.3,20.45 
25,66.8,16,1.593,21.51,21.37,0,0,22.5,20.5 
26,97.9,20,1.593,21.88.21.68,0,0,22.55,21.02 
27,134.25,24,1.593,21.85,21.56,0,0,22.65,21.17 

************************************************** 
TABLE NO.A.8.2 CONFIGURATION 0 (HEATING DATA) 

(DENOTATION K OF TABLE 5.5) 
************************************************** 

********** 
* FILE A * 
•••••••••• 
1,4.1,2,1.594,30.54,39.39,82.32,77.55,21.8,32.18 
2,4.1,2,1.594,30.66,39.44,82.41,77.62,21.8,32.4 
3,4.15,2,1.595,30.68,39.59,82.39,77.55,21.55,32.6 
4,7.95,4,1.594,31.32,38.78.82.9,77.14,22.4,33.29 
5,7.95,4,1.593,31.27,38.76,82.85.77.07,22.55,33.37 
6,8,4,1.593,31.29,38.8,82.83,77.1,22.6,33.46 
7,13.1,6,1.593,31.76,38.27,83.29,76.66,23.05,33.95 
8 ,13.15,6 1 1o 593,31o 7 8, 38,)2 ,8),24 0 76,66 o 23.05 ,33. 93 
9,13.2,6,1.593,31.76,38.27,83.29,76.68,23.05,33.93 
10,19.75,8,1.593,32.2,37.9,83.6,76.34,23,34.24 
11,19.8,8,1.593,32.13,37.85,83.62,76.41,23,34.32 
12,19 .85,8' 1. 593 ,32.1,37.83 ,83 .62,76. 37.23,34.32 
13,27.9,10,1.592,32.5,37.63,83.95,76.24,23.75,34.46 
14,27.7,10,1.592,32.5,37.6,83.81,76.02,23.85,34.44 
15,27.9,10,1.592,32.48,37.58,83.9,76.2l,2J.85,34.49 
16,37.1,12,1.593,32.75,37.2,84.02,75.86,23.1,34.07 
17,37.05,12,1.593,32.75,37.23,84.02,75.88,23.2,34.1 
18,37.05,12,1.593,32.83,37.33,84.02,75.81,23.2,34.32 
19,59.7,16,1.591,33.15,36.93,84.49,75.6,24.05,34.51 
20~59.75,16,1,591,33.17,36.95,84.39,75.55,24.2,34.66 
21,59.75,16,1.591,33.12,36.9,84.51,75.55,24.2,34.59 
22,88.55,20,1.591,33.41,36.61,84.76,75.19,24.5,34.71 
23,88.6,20,1.591,33.44,36.68,84.78,75.29,24.5,34.73 
24,88.65,20,1.591,33.32,36.54,84.78,75.29,24.5,34.66 
25,122.25,24,1.591,33.56,36.32,84.9,74.93,24.45,34.9 
26,122.25,24,1.591,33.59,36.34,84.9,75.02,24.55,34.85 
27,122.25,24,1.591,33.54,36.32,85,75.14,24.55,34.73 

********** 
* FILE B * 
********** 
41.22,31.22,30.07,29.78,67.32,43.6,10 
41.34,31.34,30.1,29.98,67.59,43.71,10 
41.44,31.51,30.22,30.1,67.9,43.86,10 
40.46,32,30.73,30.78,67.15,42.37,10 
40.29,31.95,30.76,30.78,67.15,42.32,10 
40.37,32,30.73,30.76,67.07,42.34,10 
39.8,32.48,31.15,31.22,66.88,41.39,10 
40.05,32.5,31.2,31.27,66.86,41.46,10 
39.98,32.5,31.2,31.27,66.83,41.46,10 
39.61,32.9 ,31.56,31. 7 3 ,66. 5 ,40. 76,10 
39.56,32.93,31.59,31.71,66.6,40.76,10 
39.49,32.88,31.56,31.71,66.6,40.73,10 
39.15,33.17,31.93,32.05,66.29,40.22,10 
39.17,33.2,31.88,32,66.24,40.15,10 
39.24,33.24,31.98,32.08,66.14,40.27,10 
39.02,32.98,32.08,32.08,65.39,39.32,10 
39.07,33.02,32.13,32.2,65.49,39.32,10 
39.17,33.17,32.18,32.35,65.73,39.54,10 
38.73,33.59,32.73,32.73,65.61,39,10 
38.9,33.71,32.83,32.85,65.61,39.02,10 
38.76,33.51,32.73,32.73,65.49,38.95,10 
38.88,33.9,33.02,33.02,65.44,38.68,10 
38.8,33.93,33.1,33.1,65.51,38.63,10 
38.8,JJ.S3,33,Jl.98,65.54,38.Sl,l0 
38.66,34.07,33.2,33.27,65.56,38.29,10 
38.61,34.05,33.05,33.2,65.54,38.24,10 
38.63,34.02,33.05,33.17,65.54,38.24,10 
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************************************************** 
TABLE HO.A.8.3 CONFIGURATION 0 (HEATING DATA) 

(DENOTATION I OF TABLE 5.6) 
************************************************** 

····-•**** * FILE A * 
********** 
1,4.2,2,1.592,30.83,39.2,82.9,77.17,23.3,32.98 
2,4.25,2,1.5~2,30.88,39.24,82.9,77.19,23.3,33.12 
3,4.25,2,1.592,30.85,39.2,82.83,77.14,23.25,33.1 
4,8.15,4,1.592,31.51,38.61,83.38,76.66,23.9,33.63 
5,8.15,4,1.592,31.49,38.59,83.36,76.59,23.9,33.59 
6,8.2,4,1.592,31.39,38.44,83.33,76.61,23.85,33.61 
7,13.2,6,1.591,32.03,37.95,83.74,76.37,24.45,34.02 
8,13.25,6,1.591,31.98,37.93,83.67,76.17,24.55,34.02 
9,13.3,6,1.591,32,37.9,83.74,76.32,24.5,34.2 
10,19.75,8,1.59,32.45,37.63,84.1,76,24.75,34.34 
11,19.75,8,1.59,32.5,37.73,84.07,75.95,24.75,34.46 
12,19.8,8,1.59,32.45,37.6,84,76,24.7,34.44 
13,27.55,10,1.59,32.65,37.25,84.32,75.62,24.95,34.37 
14,27.6,10,1.59,32.68,37.28,84.32,75.67,24.9,34.29 
15,27.55,10,1.59,32.73,37.25,84.32,75.79,25,34.41 
16,36.7,12,1.593,33.05,37.03,84.46,75.57,23.15,34.07 
17,36.75,12,1.592,32.98,37,84.44,75.52,23.3,34.02 
18,36.75,12,1.592,32.98,37.03,84.46,75.48,23.4,34.12 
19,58.9,16,1.592,33.44,36.73,84.9,75.26,23.6,34.24 
20,58.95,16,1.59f,33.27,36.56,84.78,75.21,23.8,34.1 
21,59.05,16,1.592,33.39,36.76,84.83,75.07,23.85,34.24 
22,87.3,20,1.592,33.56,36.39,85.1,74.81,23.75,34.39 
23,87.4,20,1.592,33.51,36.37,85.26,74.98,23.8,34.37 
24,87.35,20.1.592,33.54,36.41.85.19,74.86.23.85,34.37 
25,120.7,24,1.592,33.8,36.27,85.36,74.76,23.75,34.49 
26,120.8,24,1.592,33.78,36.24,85.21,74.6,23.75,34.39 
27,120.7,24,1.591,33.76,36.17,85.26,74.81,23.95,34.39 

•••••••••• 
* FILE B * 
•••••••••• 
40.54.31.83,30.71,30.78,66.4,42.85,7.5 
40.59,31.85,30.76,30.78,66.57,42.93,7.5 
40.63,31.88,30.73,30.76,66.67,42.85,7.5 
39.98,32.63,31.34,31.46,66.02,41.56,7.5 
39.78,32.5,31.2,31.41,65.95,41.37,7.5 
39.76,32.45,31.15,31.25,66.05,41.17,7.5 
39.46,33.02,31.76,31.98,65.39,40.29,7.5 
39.44.33,31.73,31.83,65.49,40.22,7.5 
39.46,33.02,31.83,31.91,65.49,40.49,7.5 
39.24,33.44,32.25,32.45,65.05,39.63,7.5 
39.32,33.51,32.33,32.53,65.17,39.68,7.5 
39.2,33.46,32.28,32.58,65.17,39.66,7.5 
39.12,33.83,32.48,32.68,64.9,39.32,7.5 
39.12,33.85,32.53,32.68,64.88,39.29,7.5 
39.22,33.85,32.53,32.75,64.88,39.32,7.5 
39.02,33.76,32.78,32.2,63.78,38.95,7.5 
39,33.71,32.7,32.1,63.78,38.85,7.5 
38.93,33.68,32.68,32.18,63.76,38.83,7.5 
38.95,34.15,33.17,32.63,63.66,38.54,7.5 
38.78,33.98,33,32.5,63.73,38.39,7.5 
38.9 ,34.17 ,33.1,32.53, 63.76,38.41. 7.5 
38.8,34.41,33.32,32.85,63.71,38.17,7.5 
38.83,34.41,33.27,32.8,63.73,38.15,7.5 
38.83,34.41,33.29,32.83,63.73,38.15,7.5 
38.76,34.63,33.56,33.07,63.61,37.7,7.5 
38.78,34.71,33.56,33.07,63.49,37.73,7.5 
38.78,34.68,33.56,33.07,63.59,37.73,7.5 

•••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE NO.A.8.4 CONFIGURATlON 0 (HEATING DATA) 

(DENOTATION K OF TABLE 5.6) 
•••••••••••••••••••••••••••••••••••••••••••••••••• 

********** 
* FILE A * 
*******"'** 

SEE TABLE NO.A.8.2 

********** 
*FILEB* 
• ••••••••• 

SEE TABLE A.. 8. 2 



---- --------------------------------------------------------------------------------------------------------,-
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•••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE NO.A.8.5 CONFIGURATION 0 (HEATING DATA) 

(DENOTATION N OF TABLE 5.6) 
************************************************** 

********** 
* Fll.E A * 
********** 
1,4.l,Z,I.592,30.93,39.12,82.78,77.29,23.4S,32.38 
2,4.15,2,1.592,30.93,39.1,82.71,77.19,23.55,32.38 
3,4.15,2,1.592,30.98,39.15,82.71,77.19,23.6,32.48 
4,8.1,4,1.592,31.56,38.37,83.26,76.71,23.8,32.83 
5,8.15,4,1.592,31.56,38.39,83.29,76.73,23.85,32.83 
6,8.15,4,1.592,31.66,38.46,83.26,76.68,23.9,33.07 
7,13.45,6,1.591,32.18,38.05,83,67,76.37,23.95,33.32 
8,13.45,6,1.591,32.1,37.98,83.57,76.26,24,33.41 
9,13.5,6,l.S91,32.1,38.0l,83.67,76.27,24.05,33.39 
10,20.1,8,1.591,32.38,37.58,84,75.9,24.2,33.76 
11,20.15,8,1.591,32.45,37.68,84.1,76.02,24.3,33.78 
12,20.2,8,1.591,32.48,37.7,84,75.9,24.35,33.76 
13,28.05,10,1.591,32.7,37.3,84.39,75.79,24.4,33.9 
14,28.05,10,1.591,32.8,37.43,84.22,75.6,24.55,34 
15,28.05,10,1.591,32.68,37.3,84.29,75.62,24.55,33.9 
16,37.55,12,1.591,32.93,37,84.51,75.35,24.35,33.76 
17,37.6,12,1.591,32.98,37,84.51,75.33,24.45,33.66 
18,37.6,12,1.591,32.98,37.05,84.49,75.29,24.5.33.76 
19,60.4,16,1.59,33.34,36.68,84.95,75.05,24.7,34.02 
20,60.4,16,1.59,33.39,36.76,84.85,74.95,24.85,34.07 
21,60.4.16,1.59,33.39,36.76,85.02.75.05,24.85,34.05 
22,89.45,20,1.59,33.51,36.37,85.21,74.74,25,34.07 
23,89.5,20,1.59,33.51,36.39,65.21,74.71,25,34.12 
24,89.5,20,1.59,33.56,36.44,85.24,74.76,25.05,34.29 
25,123.5,24,1.59,33.8,36.29,85.5,74.64,25.25,34.49 
26,123.55,24,1.59,33.73,36.24,85.45,74.64,25.3,34.39 
27,123.5,24,1.59,33.85,36.37,85.5,74.69,25.3,34.44 

•••••••••• 
* FILE B * 
•••••••••• 
40.61,32.35,30.93,30.56,67.93,42.61,7.5 
40.29,32.3,30.85,30.59,68.24,42.61,7.5 
40.34,32.33,30.76,30.66,68.19,42.71,7.5 
39.37,32.78,31.41,31.2,67.76,41.39,7.5 
39.24,32.75,31.37,31.2,67.8,41.34,7.5 
39.29,32.88,31.41,31.32,67.78,41.41,7.5 
39.22,33.27 ,31.98,31.8 ,67 .29 ,40.46. 7. 5 
39.27,33.2,31.95,31.76,67.37,40.59,7.5 
39.05,33.22,31.9,31.83,67.27,40.59,7.5 
38.95,33.51,32.38,32.15,67.17,39.9,7.5 
39.02,33.59,32.45,32.23,67.12,40,7.5 
38.78,33.54,32.15,32.18,67.1,39.98,7.5 
38.51,33.66,32.53,32.38,66.9,39.34,7.5 
38.71,33.78,32.63,32.48,66.86,39.46,7.5 
38.46,33.68,32.55,32.45,66.81,39.37,7.5 
38.27,33.68,32.68,32.25,66.02,38.68,7.5 
38.27,33.68,32.63,32.2,66.12,38.66,7.5 
38.29,33.73,32.65,32.15,66.19,38.71,7.5 
38.05,34,33.1,32.63,65.83,38.24,7.5 
38.12,34.12,33.15,32.6&,65.95,3B.32,7.5 
38.05,34.07,33.12,32.7,65.9,38.24,7.5 
38.07,34.27,33.32,32.88,65.85,37.9,7.5 
38.02,34.24,33.32,32.93,65.76,37.95,7.5 
38.2,34.37,33.41,33.U7,65.98,37.98,7.5 
38.15,34.63,33.73,33.24,65.93,37.78,7.5 
37.98,34.54,33.54,33.22,65.88,37.63,7.5 
38.17,34.61,33.61,33.34,65.9,37.73,7.5 

•••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE NO.A.8.6 CONFIGURATION lT (ISOTHERMAL DATA) 

(DENOTATION A OF TABLE 5.7) 
•••••••••••••••••••••••••••••••••••••••••••••••••• 

•••••••••• 
* FILE A * ............ 
1,17.45,2,1.594,22.63,22.58,0,0,22,20.23 
2,32.15,4,1.594,22.45,22.4,0,0,22,20.3 
3,51.1,6,1.594,22.9,22.88,0,0,21.95,21.05 
4,74.55,8,1.594,22.63,22.63,0,0,21.95,20.83 
5,102.35,10,1.594,22.38,22.35,0,0,22.05,20.9 
6,135.65,12,1.594,22.38,22.38,0,0,22,20.95 
7,10.15,16,13.5707,22.5,22.53,0,0,21.95,21.24 
8,15.1,20,13.5707,42.63,22.63,0,0,22,21.56 
9,20.9,24,1J.5707,22.58,22.58,0,0,22,2l.63 
10,20.95,24,13.5707,22.6,22.6,0,0,22,21.66 
11,15.1,20,13.5707,22.63,22.63,0,0,22,21.56 
11,10.175,16,13.5707,22.55,22.55,0,0,21.95,21.2 
13,135.7,12,1.594,22.38,22.38,0,0,22.05,21.07 
14,102.35,10,1.594.22.38,22.3,0,0,22.05,20.88 
15,74.6,8,1.594,22.6,22.6,0,0,22,20.8 
16,51.1,6,1.594,22.9,22.83,0,0,21.95,20.93 
17,32.15,4,1.594,22.43,22.38,0,0,22,20.25 
18,17.45,2,1.594,2~.55,22.5,0,0,22,05,20 
19,17.45,2,1.594,22.55,22.45,0,0,22.05,19.9 
20,32.15,4,1.594,22.48,22.4,0,0,22,20.4 
21,51.1,6,1.594,22.88,22.8,0,0,22,20.7 
22,74.6,8,1.594,22.65,22.6,0,0,22.05,20.7 
23,102.35,10,1.594,22.4,22.33,0,0,22.1,20.8 
24,135.7,12,1.594,22,4,22.35,0,0,22.1,21 
25,10.175,1b,l3.5707,22.58,22.55,0,0,22,21.29 
26,15.1,20,13.5707,22.65,22.63,0,0,22.05,21.59 
27,20.9,24,13.5707,22,58,22.6,0,0,22,21.66 
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•••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE NO.A.8.7 CONFIGURATION 6K (ISOTHERMAL DATA) 

(DENOTATION 1 OF TABLE 5.8) 
•••••••••••••••••••••••••••••••••••••••••••••••••• 

****•···-· * FILE A* 

********** 
1,12.35,2,13.5699,20.78,20.55,0,0,20.25,19.03 
2,23.6,4,13.5699,20.68,20.45,0,0,20.25,19 
3,38.55.6,13.5699,20.63,20.4,0,0,20.25,19.2 
4,58,8,13.5699,20.65,20.43,0,0,20.25,19.18 
5,81.65,10,13.5699,20.63,20.4,0,0,20.),19.25 
6,110.4,12,13.5699,20.63,20.33,0,0,20.3,19.3 
7,182.1,16,13.5&99,20.53,20.3,0,0,20.3,19.35 
8,275.95,20,13.57,20.43,20.28,0,0,20.4,19.45 
9,388.35,24,13.57,20.38,20.25,0,0,20.45,19.3 
10,387.75,24,13.57,20.35,20.25,0,0,20.45,19.85 
11,275.8,20,13.57,20.4,20.25,0,0,20.45,19.48 
12,182.3,16,13.5699,20.55,20.33,0,0,20.35,19.35 
13,110.4,12,13.5699,20.5.20.23,0,0,20.35,19.33 
14,81.5,10,13.5&99,20.5,20.3,0,0,20.3,19.23 
15,57.95,8,13.57,20.45,20.3,0,0,20.5,19.08 
16,38.5,~.13.57,20.53,20.25,0,0.20.4,19.05 
17,23.65,4,13.5699,20.48,20.2,0,0,20.35,18.98 
18,12.35,2,13.57,20.53,20.28,0,0,20.5,18.88 
19,12.35,2,13.57,20.53,20.2,0,0,20.45,18.93 
20,23.65,4,13.57,20.53,20.23,0,0,20.45,19 
21,38.&,~,13.57,20.53,20.23,0,0,20.4,19.08 
22,57.9,8,13.57,20.45,20.18,0,0,20.5,19.18 
23,81.55,10, 13.57. 20.43,20.18 ,0,0,20.45 ,19 .2 
24,110.4,12,13.57,20.4,20.18,0,0,20.4,19.2 
25,182.25,16,13.57,20.4,20.18,0,0,20.45,19.33 
26,275.95,20,13.57,20.43,20.28,0,0,20.45,19.38 
27,388.15,24,13.57,20.35,20.15,0,0,20.5,19.48 

•••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE NO.A.8.8 CONFIGURATION lT (HEATING DATA) 

(DENOTATION A OF TABLE 5.9) 
************************************************** 

'~~*****"'*** * FILE A * 
********** 
1,15.3,2,1.595,29.83,40.15,83.52,76.44,21.55,32.05 
2,15.35,2,1.595,29.8,40.15,83.48,76.39,21.65,32.15 
3,15.35,2,1.594,29.88,40.22,83.6,76.49,21.8,32.23 
4,28.5,4,1.594,30.8,39.15,84.1,75.98,21.9,32.43 
5,28.55,4,1.594,30.8,39.2,84.12,76.07,22,32.55 
6,28.55,4,1.594,30.8,39.15,84,75.9,22.05,32.53 
7,45.95,6,1.594,31.46,38.49,84.39,75.52,21.95,32.83 
8,45.95,6,1.594,31.51,38.59,84.54,75.6,22.1,32.83 
9,45.95,6,1.594,31.51,38.54,84.46,75.6,22.2,32.93 
10,67.95,8,1.595,31.98,38.07,84.68,75.26,21.5,33.12 
11,68,8,1.595,31.93,38.02,84.73,75.31,21.6,33.07 
12,67.95,8,1.595,31.9,38.02,84.71,75.31,21.7,33.12 
13,93.7,10,1.595,32.28,37.65,84.98,75.1,21.05,33.37 
14,93.6,10,1.595,32.28,37.63,85.02,75.12,21.15,33.29 
15,93,6,10,1.595,32.3,37.65,84.95,75.02,21.2,33.24 
16,126.05,12,1.595,32.63,37.35,85.12,74.9,21.15,33.32 
17,126,12,1.595,32.68,37.38,85.1,74.9,21.35,33.32 
18,126.05,12,1.594,32.6,37.3,85.12,74.9,21.8,33.32 
19,9.6,16,13.5707,33.2,37.03,85.38,74.5,21.9,33.83 
20,9.575,16,13.5707,33.07,36.93,85.38,74.55,2l,33.68 
21,9.575,16,13.5707,33.12,36.98,85.36,74.5,22.05,33.8 
22,14.35,20,13.5709,33.39,36.61,85.57,74.26,22.2,33.9 
23,14.35,20,13.571,33.39,36.59,85.64,74.26,22.35,33.88 
24,14.35,20,13.5711,33.44,36.66,85.74,74.31,22.55,33.9 
25,20.05,24,13.5712,33.59,36.34,85.81,74.02,22.6,33.95 
26,20.1,24,13.5712,33.54,36.29,85.81,73.98,22.65,33.98 
27,20.1,24,13.5714,33.54,36.29,85.93,74.14,22.85,33.98 

*****•**** * FILE B * 
********** 
41.27,30.63,29.78,29.8,66.19,40.49,7.5 
41.37,30.71,29.56,29.59,66.21,40.51,7.5 
41.59,30.78,29.54,29.63,66.24,40.59,7.5 
40.51,31.46,30.46,40.49,65.98,39.59,7.5 
40.68,31.56,30.61,30.54,66,39.63,7.5 
40.41,31.56,30.68,30.61,65.95,39.61,7.5 
40.24,32.1,31.29,31.15,65.73,38.98,7.5 
40.59,32.23,31.39,31.22,65.68,39.02,7.5 
40.66,32.3,31.39,31.02,65.71,39.07,7.5 
40.41,32.65,31.98,31.59,65.63,38.63,7.5 
40.32,32.6,31.93,31.54,65.59,38.56,7.5 
40.32,32.65,31.9,31.51,65.59,38.56,7.5 
40.27,32.95,32.28,31.83,65.41,38.24,7.5 
40.12,32.93,32.23,31.78,65.56,38.24,7.5 
40.15,32.93,32.23,31.78,65.44,38.2,7.5 
39.1,32.9,32.63,31.95,62.61,37.88,7.5 
39.24,33.02,32.73,32.23,63.83,37.9,7.5 
39.15,32.95,32.6,32.18,64.21,37.83,7.5 
39.41,33.66,33.22,32.85,64.67,37.48,7.5 
39.34,33.59,33.15,32.8,64.57,37.43,7.5 
39.17,33.&6,33.17,32.85,64.57,37.45,7.5 
39.05,33.9,33.46,33.15,64.6,37.!5,7.5 
38.9,33.88,33.29,33.05,64.48,37.13,7.5 
39.1,33.98,33.46,33.12,64.23,37.18,7.5 
39.1,34.12,33.66,33.24,~4.24,36.78,7.5 
39.07,34.15,33.66,33.29,63.95,36.83,7.5 
39.15,34,33.59,33.15,64.02,36.68,7.5 



-----------------------------------------------------------------------
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************************************************** 
TABLE NO.A.8.9 CONFIGURATION 6K (HEATING DATA) 

{DENOTATION H OF TABLE 5.10) 
************************************************** 

********** 
111- FILE A * 
********** 
1,12.35,2,13.5697,27.17,42.85,84.32,75.81,19.55,35.12 
2~12.35,2,13.5697,27.17,42.88,84.34,75.79,19.7,35.05 
3,12.35,2,13.5697,27.17,42.9,84.29,75.83,19.75,35.05 
4.23.65,4,13.5698,29.07,41.02,84.59,75.4,20,34.98 
5,23.65,4,13.5698,29.02,40.93,84.54,75.38,20.1,34.95 
6,23.65,4,13.5698,29.05,40.98,84.56,75.36,20.05,35.02 
7,38.75,6,13.5699,30.2,39.95,84.85.75.07,20.25,34.9 
8,38.75,6,13.57,30.2,39.93,84.93,75.19,20.4,34.78 
9,38.75,6,13.57,30.07,39.76,84.85,75.l7,20.5,34.76 
10,58.1,8,13.5701~30.93,39.1,85.14,74.7&,20.8,34.83 
11,58.15,8,13.5701,30.88,39.05,85.26,74.98,20.8,34.78 

. 12,58,8 ,13. 5701' 30.93,39.05 ,85.14 ,7 4.83 ,20.8 ,34 .a 
13,81.75,l0,13.57,31.49,3B.51,85.33,74.67,20.35,34.71 
14,81.85,10,13.57,31.44,38.49,85.38,74.76,20.55,34.73 
15,81.95,10,13.5701,31.49,38.49,85.29,74.71,20.65,34.78 
1&.110.95,12 .13.5{197 ,31.95. 38.05,85.43. 74.55,19 .6 ,34. 39 
17,110.9,12,13.5698,3l.Y3,38.02,85.43,74.57,19.85,34.41 
18,111,12,13.5&98,31.9,38.07,85.47,74.48,19.85,34.59 
19,183.1,16,13.5698,32.63,37.53,85.62,74.31,20.1,34.71 
20,183.05,16.13.5699.32.6,37.5,85.64,74.38,20.2,34.73 
21,183.1,16,13.5&99,32.6,37.53,85.67,74.26,20.2,34.78 
22,278,20,13.57,32.95,36.98,85.86,74.19,20.6,34.88 
23,277 .95,20,13. 5701 ,32.88,36. 95,BS.74, 74.1,20. 65,34. 73 
24,277.8,20,13.5701,33,37.02,85.88,74.26,20.b5,34.85 
25,393.3,24,13.5699,33.32,36.73,85.98,74.12,20.2,34.56 
26,393.2,24,13.5699,33.27,36.68,85.98,74.07~20.2,34.51 
27,393.3,24,13.5699,33.22,3t.66,86,73.98,20.15,34.49 

•••••••••• 
• FILE 8 * 
********•* 
38.51,28.38,27.07,27.05,65.63,42.39,10 
38.22,28.23,26.95,26.98,65.46,42.44,10 
38.44,28.3,26.98,27.05,65,44,42.34,10 
38.61,30.15,28.75,28.85,65.07,40.88,10 
J8.5l,30.15,28.68,28.78,65.34,40.76,10 
38.54,30.15,28.68,28.78,65.29,40.85,10 
38.59,31.17,29.68,29.85,64.93,39.88,10 
38.56,31.22,29.71,29.93,64.93,39.88,10 
38.44,31.12,29.66,29.85,64.74,39.76,10 
38.63,31.9,30.49,30.66,64.76,39.2,10 
38.54,31.83,30.41,30.61,64.52,39.17,10 
38.61,31.85,30.46,30.66,64.64,39.22,10 
38.68,32,43,31.02,31.17,64.43,38.73,10 
38.51.32.38,30.95,31.12,64.14,38.68,10 
38.68,32.48,31.05,31.22,64.31,38.78,10 
38.39,32.55,31.54,31.46,62.98,38.1,10 
38.44,32.55,31.51,31.51,63.34,37.98,10 
38.41,32.63,31.59,31.54,6).44,38.02,10 
38.46,33.27,32.13.32.13,63.34,37.6,10 
38.44,3J.29,J2.2J,32.23,6J.41,37.6,l0 
38.51,33.34,32.15,32.25,63.4&,37.6,10 
38.24,33.76,32.58,32.65,63.51,37.28,10 
38.17,33.71,32.55,32.63,63.54,37.2,10 
38.24,33.73,32.5,32.63,63.51,37.2,10 
38.32,34.07,32.85,33.05,63.49,37.08,10 
38.15,33.98,32.83,32.85,63.34,36.95,10 
38.22,34,32.9,32.9,63.51,37.08,10 

TABLE NO.A.8,10 CONFIGURATION 7T (KEATING DAtA) 
(DENOTATION H OF TABL£ 5.11) 

•••••••••••••••••••••••••••••••••••••••••••••••••• 

********** * FILE A • 
*****••••• 
1,45.5,2,1.59,29.05,41.05,84.07,75.86,25.05,33.85 
2,45.5,2,1.59,29,41.07,84,75.86,25.15,33.9 
3,45.5,2,1.59,29.07,41,1,84.02,75.9,25.15,33.8 
4,82.5,4,1.589,30.34,39.71,84.49,75.6,25.5,34.05 
5,82.55,4,1.589,30.29,3Y.76,84.59,75.6,25.5,34.05 
6,82.6,4,1.589,30.41,39.8,84.59,75.62,25.5,34.12 
7,130.35,6,1.589,31.2,38.98,84.85,75.07,25.45,34.15 
8,130.25,&,1.58Y,31.2,39.02,B4.85,75.05,25.5,34.12 
9,130.1,6,1.589,31.1,38.93,84.78,74.98,25.5,34.05 
10,8.85,8,13.5738.31.71,38.41,85.05,74.79,25.55,34.24 
11,8.9,8,13.5738,31.61,38.29,85.05,74.83,25.55,34.17 
12,8.9,8.13.5739,31.59,38.27,85.14,74.93,25.6,34.17 
13,12.2,10,13.5724,32.13,37.85,85.36,74.6,24.1,34.32 
l4,12.2,10,13.5724,3Z.l5,37.9,85.38,74.64,24.1,34.32 
15,12.2,10,13.5724,32.03,37.83,85.45,74.69,24.1,34.34 
16,16.35,12,13.5722,32.48,37.53,85.48,74.57,23.85,34.17 
17,1&.35,12,13.5723,32.45,37.48,85.45,74.48,23.95,34.22. 
l8,16.35,12,1J.572J,J2.53,37.55,85.48,74.5,24,34.29 
19,2&.4,16,13.5724,32.98,37.03,85.79,74.14,24.15,34.41 
20,26.4,16,13.5725,32.98,37.03,85.74,74.1,24.25,34.51 
21,26.4,16,13.5726,32.98,37.05,85.81,74.19,24.3,34.63 
22,39.4,20,13.5729,33.39,36.78,85.98,73.98,24.6,34.66 
23,39.35,20,13.5729,33.32,3&.68,85.95,74,24.6,34.63 
24,39.35,20,13.5729,33.37,36.78,85.95,74,24.65,34.78 
25,54.75,24,13.5731,33.51,36.39,86.1,73.8,24.85,34.83 
26,54.7,24,13.5732,33.56,36.44,86.15,73.85,24.95,34.8 
27,54.85,24,13.5732,33.61,36.49,86.1,73.78,24.95,34.9 

........ -. . 
* FlLE B * 
********"'* 
39.05,30.27,29.07,29.02,67.2,41.46,7.5 
39.37,30.29,29.07,29.02,67.41,41.46,7.5 
39.1,30.34,29,29.12,67.39,41.46,7.5 
38.85,31.49,30.24,30.56,66.76,40.29,7.5 
38.78,31.44,30.32,30.27,66.9,40.15,7.5 
38.93,31.56,30.49,30.37,66.79,40.29,7.5 
38.61,32.25,31.1,31.15,66.43,39.49,7.5 
38.56,32.25,31,31.07,66.36,39.46,7.5 
38.61,32.2,30.93,31.07,66.29,39.44,7.5 
38.61,3l.7,3!.63,31.59,66.07,38.88,7.5 
38.46,32.68,31.54,31.49,66.07,38.9,7.5 
38.51,32.63,31.56,31.40,66.02,38.78,7.5 
38.27,33.02,31.95,31.85,65.9,38.44,7.5 
Ja.24,JJ.o7,3l.9J,3l.85,b5.83,3B.54,7.5 
38.2,32.95,31.68,31.5&,65.98,38.44,7.5 
38.66,33.05,32.4,32.43,65.17,)8.1,7.5 
38.63,33.05,32.4),32.)5,65.15,38.1,7.5 
38.66,33.12,32.4,32.43,65.12,38.2,7.5 
38.51,33.59,)l.8),32.9,b4.93,37.73,7.5 
38.54,33.54,32.83,32.81,65.12,37.7,7.5 
38.63,33.6&,32.9),32.9,65.2,37.78,7.5 
38.54,33.95,33.29,33.27,65,37.45,7.5 
38.56,34.44,33.34,33.32,65.02,36.9,7.5 
38.66,34.24,33.32,33.27,65.05,37.23,7.5 
38.51,34.22,33.32,33.39,64.98,37.2,7.5 
38.&1,34.24,33.41,33.56,65.05,37.15,7.5 
J8.54,34,27,J3.27,33.J7,65.12,37.ta,7.s 
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~~·-·············································· TABLE NO.A.S.Il CONFIGURATION 6K (HEATING DATA) 
(DENOTATION G OF TABLE 5.12) 

************************************************** 

....... ,. .. 
* FILE A * ........... 
1,11.85,2,13.5706,27.9,42.1,84.88,75.31,21.85,34.S6 
2,11.85,2,13.5707,27.9,42.02,84.76,75.24,22,34.59 
3,11.85,2,13.5708,27.9,42.1,84.78,75.19,22.1,34.63 
4,23.1,4,13.571,29.71,40.34,85.07,74.88,22.4,34.37 
5,23.15,4,13.5712,29.56,40.34,85.14,74.83,22.6,34.49 
6,23.15,4,1J.5711,29.61,40.2,85.12,74.95,22.5,34.54 
7,37.8,6,13.5713,30.76,39.41,85.36,74.57,22.75,34.56 
8,37.8,6,13.5712,30.73,39.32,85.36,74.5,22.6,34.51 
9,37.7S,6,13.5714,30.71,39,3Z,85.4,74.62,22.85,34.5b 
10,5b.95,8,13.571,31.46,38.63,85.52,74.38,22.3,J4.56 
11,56.95,8,13.571,31.44,38.59,85.64,74.45,22.3,34.61 
12,56.95,8,13.571,31.39,38.61,85.64,74.43,22.3,34.51 
13,80.1,10,13.5715,32,38.15,H5.79,74,24,23,34.54 
14,80.25,10,13.5714,31.98,38.15,85.71,74.12,22.9,34.59 
15,80.1,10,13.5715,31.85,38,05,85.79,74.24,22.95,34.51 
16,108.95,12,13.5706,32.43,37.78,85.81,74.07,21.85,34.07 
17,109,12,13.5706,32.33,37.68,85.76,74.02,21.8,)3,95 
18,108.95,12,13.5706,32.43,37.78,65.86,74,21.85,34.07 
19,180.05,16,13.5708,32.93,37.15,86.07,73.85,22.1,34.02 
20,180.2 ,16,13.5708,32.8,37 .1,86.17. 73.93,22.15 ,34.02 
21,180.2,16,13.5709,32.9,37.18,8b.l2,73,95,22.25,34.07 
22,272.6,20,13.571,33.27,36.73,86.22,73.66,22.3,33.98 
23,272.55,20,13.571,33.27,36.76,86.24,73.,8,22.35,34.02 
24,272.45,20,13.5712,33.2,36.7,86.27,73.83,22.6,33.93 
25,382.55,24,13.5713,33.44,36.41,86.39,73.59,22.7,33.73 
26,382.b5,24,13.5713,33.49,3Q.46,86.39,73.56,Z2.75,33.83 
27,382.6,24,13.5713,33.44,36.44,86.37,73.56,22.7,33.83 

*•*11:****** * FILE B * ...... ,., ..... . 
37.35,29.07,27.71,27.83,66.21,42.12,7.5 
37.2,29.07,27.78,27.78,66.1,42.05,7.5 
37.18,29.1,27.8,27.8,65.98,42.07,7.5 
37.23,30.59,29.46,29.59,65.17,40.66,7.5 
J7.2S,J0.59,29.44,29.39,65.27,40.68,7.5 
37.23,30.66,29.,9,29.46.65.41,40.71,7.5 
37.5,31.71,30.44,30.51,65.07,40.02,7.5 
37.45,31.73,30.46,30.59,65.07,39.93,7.5 
37,45,31.66,30.46,30.46,64.9,39.9,7.5 
37.48,32.4,31.17,31.17,64.62,39.24,7.5 
37.58,32.38,31.15,31.17,64.6,39.29,7.5 
37.48,32.35,31.1,31.05,64.57,39.24,7.5 
37.6. 32.83, 31.66,31.63, 64. 36,38.83. 7. 5 
37.6,32.9,31.8,31.76,64.21.38.88.7.5 
37.5,32.83,31.63,31.61,64.4,38.78,1.5 
)7.9,33.02,31.93,31.63,63.66,38.02,7.5 
37.78,32.95,31.8,31.54,63.61,37.88,7.5 
37.93 ,3).02,31. 9 5, 31.76,63.60' 37. 95,7 .s 
37.83,33.49,32.4,32.13,63.63,37.48,7.5 
37.85,33.54,32.3,32.1,63.76,37.43,7.5 
37.88,33.59,l2.4,32.13,63.76,37.53,7.5 
38.07,34.15,32.9,32.65,63.61,37.38,7.5 
38.02,34.05,32.68,32.63,63.63,37.33,7.5 
37.98,34,32.8,32.58,03.61,37.25,7.5 
38,)4.34,33.12,32.88,63.46,37.1,7.5 
3S,34.37,33.12,32.7B,b3.49,37.08,7.5 
3?.9J,34.29,3J.l,32.75,b3.)4,37.1,7.5 

··-·-············································· TABLE NO.A.8.12 CO~FtGURATION 6K (HEATING DATA) 
(DENOTATION H OF TABLE 5.12) 

········11:·····················-·········-········· 

* FILE A * 
*"'"'"'***11:** 

SU TABLE A..8.9 

*********11: * FILE B * 
•••••••••• 

SEE TABLE A.8.9 
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Appendix A.9 

Sample computer outputs of the processed results 

This appendix shows the format of the outputs that ware 

obtained using the computer programs EX-6010, FRICTION-6010, and 

HEATZ-6010. The sample results which are presented were used in the 

reliability estimations in Chapter 6. 

The computer program HEATZ-6010 "READ "s data from files which 

have been created by the program EX-6010. The outputs obtained using 

the iatter program have not been included in this thesis unless 

pressure loss data is required. 
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******************************************************************************** 
TABLE NO.A.9.1 ISOTHERMAL FRICTION FACTORS CALCULATED USING THE DATA IN 

TABLE A.8,1 
(RESULTING CORRELATION Is DENOTATION H OF TABLE 5.4) 

******************************************************************************** 

OUTPUT USING EX-6010 

X•l • • o o ISOTHERMAL 
X•2 • • o • DIARATIC (TEST SECTION) 
CHOSEN VALUE OF X IS 11 
CROSS SECTIONAL AREA OF TUBE/SQ. INS. IS 10 
TUBE MATERlAL IS I COPPER 
TOTAL INSERTED LENGTH/INS. IS 10 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS 181 
FIRST RUN NUMBER 11 
LAST RUN NUMBER 127 
HOW MANY F EQUATIONS 16 
LENGTH/ INS. IS 148 
1.0./INS. IS 10.7874016 
0.0./INS. IS 10.8661417 

DATE: I**** 

TABLE NO. IA.9.1 

GEOMETRY: !CONFIGURATION 0 

RUN NUMBER 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
l3 
14 
l5 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

LEnGTH/INS.• 48 
DIA./INS.• .7874016 
ROUGH/INS.• 6.E-0S 

TEMP./C 
2.09750£+01 
2.09650E+01 
2.12100E+Ol 
2.15600E+Ol 
2.15350£+01 
2.13650E+Ol 
2.14400£+01 
2.17 300E+O 1 
2.17700E+Ol 
2.17350E+01 
2.17550E+Ol 
2.14150£+01 
2.13400E+Ol 
2.14750E+Ol 
2.14600E+Ol 
2.11850E+Ol 
2.09350E+Ol 
2.10S50E+01 
2.10850£+01 
2.09500£+01 
2.12050£+01 
2.14500E+Ol 
2.14550£+01 
2.135SOE+Ol 
2.14400E+01 
2.17BOOE+Ol 
2.17050E+Ol 

HEAD/CM. ROTAM/CM. 
5.15 2 
9.65 4 
15.6 6 
22.95 8 
31.65 10 
42 12 
66.75 16 
97.95 20 
134 24 
134.3 24 
97.85 20 
66.75 16 
42.05 12 
31.65 10 
22.95 8 
15.6 6 
9.6 4 
5.15 2 
5.15 2 
9.65 4 
15.6 6 
22.95 8 
31.65 10 
42.1 12 
66.8 16 
97.9 20 
134.25 24 

Continued 
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D/G./CU.CM. VISC./CP, SPEC. GRAV. Q/CU.FT./S. 
9.98027£-01 9.81463E-01 1.594 6.17276E-03 
9.98029E-Ol 9.81699E-01 1.594 8.95836E-03 
9.97976£-01 9.75953£-01 1.594 1.18405£-02 
9.97899£-01 9.67839£-01 1.594 1.48161£-02 
9.97904£-01 9.684158:..01 1.594 1. 78786£-02 
9.97942£-01 9.72346£-01 1.594 2,1027bE-02 
9.97925£-01 9.70609E-Ol 1.594 2. 76067£-02 
9.97861E-Ol 9.63936£-01 1.594 3.45503£-02 
9.97852£-01 9.63022£-01 1.593 4.18485£-02 
9.97860E-Ol 9.63822£-01 1.593 4,18475E-02 
9.97855£-01 9.63365£-01 1.593 3.45514£-02 
9.97931£-01 9.71HI7E-Ol 1.593 2.76068E-02 
9.97947£-01 9.72927£-01 1.594 2.10297E-02 
9.97918£-01 9.69799£-01 1.594 1. 78777£-02 
9.97921£-01 9. 70146£":'"01 1.594 1.48164£-02 
9.97981£-01 9. 76537£~01 1.594 1.18408£-02 
9.98036!-01 9.82406£-01 1.594 8. 96005£-03 
9.98003£-01 9.78878£-01 1.594 6.17182£-03 
9.98003£-01 9.78878£-01 1.594 6.17125£-03 
9.98033£-01 9.82052£-01 1.594 8.95!133£-03 
9.97977£-01 9.76070£-01 1.594 1.18399£-02 
9.97923£-01 9. 70377£-01 1.594 1.48141£-02 
9.97922£-01 9.70262£-01 1.594 1.78776£-02 
9.97944£-01 9.72578£-01 1.594 2.10i98E-02 
9.97925£-01 9. 70609£-01 1.593 2. 76048£-02 
9.97850E-01 9.62793£-01 1.593 3.45497£-02 
9.97866£-01 9.64509£-01 1.593 4.18468£-02 

VEL./FT./S. P/PSl •. RE/NO UNITS FRICTION 
1.82540£+00 4.34154£-02 1.13154£+04 3.97342£-03 
2.64916£+00 8.13502£-02 1.64179£+04 3.53493£-03 
3.50149£+00 1.31507E-01 2 .18267£+04 3.27121£-03 
4 .38141£+00 1.93463£-01 2.75386£+04 3.07375£-03 
5.28707£+00 2.66796£~01 3.32114£+04 2.91101£-03 
6.21828£+00 3.54043£-01 3.89045£+04 2.79249£-03 
8.16384£+00 5.62656£-01 5.11674£+04 2.57477£-03 
1.02172£+01 8.25641£-01 6.44762£+04 2.41234£-03 
1.23754E+01 1.12757£-t-00 7 .81690£+04 2.24565£-03 
1.23751£+01 1.13009£+00 7 .81030£+04 2.25076£-03 
1.02175£+01 8.23390£-01 6.45160£+04 2.40563£-03 
8ol6388E+QO ),61696E-OI ),11374E+Q4 2.57033E-03 
6.21890£+00 3.54460£-01 3.88853£+04 2.79522£-03 
5.28679£+00 2.66790£-01 3.31627£+04 2.91121£-03 
4.38150£+00 1.93463£-01 2.74743£+04 3.07354£-03 
3.50157£+00 1.31506£-01 2.18143£+04 3.27099£-03 
2.64966£+00 8.09287£-02 1.64093£+04 3.Sl527E-03 
1.82S13E+OO 4.34149£-02 1.134331:!:+04 3.97468£-03 
1.821!95£+00 4.34149£-02 1.13423£+04 3.97542£-03 
2.64915£+00 8.13493£-02 1.64120£+04 3.53490£-03 
3.50131£+00 1.31506£-01 2.18230£+04 3.27149£-03 
4. 38083£+00 1.93459£-01 2.74636£+04 3.07440£-03 
5.28677£+00 2.66793£-01 3.31469£+04 2.91126£-03 
6.21892£+00 3. 54882£-01 3.88993£+04 2.79853£-03 
8.16329E+OO 5.62116£-01 5.11639£+04 2.57265£-03 
1.02170£+01 8.23811£-01 6.45509£+04 2.40710£-03 
1.23749£+01 1.12966£+00 7 .80466£+04 2.24995£-03 

DO YOU WANT A PRINT OUT OF REFERENCE DAIA. I NO 

COLBURN BLASIUS D.K.M. CO LE BROOK 

MEAN i.AIIOS ARE 
1.017 48£+00 9.918:58£-01 9.88681£-01 1.00126£+00 

MAXIMUM RATIOS ARE 
1.11839£+00 1.03601£+00 1.03245£+00 1.06004£+00 

MINIMUM RATIOS ARE 
9.29439£-01 9.48212£-01 9.36206£-01 9.30835£-01 

Nl.KURADSE ROUSE 

MEAN RATIOS ARE 
1.01067£+00 1.01095£+00 

MAXIMUM RAilOS ARE 
1.06361£+00 1.06034£+00 

MINIMUM RAtiOS ARE 
9.47400£-01 9.50178£-01 

STOP AI LINE 2680 

Continued 
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OUTPUT USING FRICTION-6010 

IS DATA ON PILE I YES 
FIRST RUN ON DATA FILE 11 
LAST RUN ON DATA FILE 127 
FIRST RUN 11 
LAST RUN 127 
NAME 12 IDAY5AE-6010 

COMPARISON WITH REGRESSION ANALYSIS 

% ERROR IS EXP-CALC/EXP 

REYNOLDS NO 
+1.13154£+04 
+1.64179£+04 
+2.18267£+04 
+2. 7 5386£+04 
+3.32114£+04 
+3.89045£+04 
+5.11674£+04 
+6.44762£+04 
+7.81690£+04 
+7.81030£+04 
+6.45160£+04 
+5.11374£+04 
+3.88853£+04 
+3.31627£+04 
+2.74743£+04 
+2.18143!+04 
+1.64093£+04 
+1.13433£+04 
+1.13423£+04 
+1.64120£+04 
+2.18230E+04 
+2.74636£+04 
+3. 31469£+04 
+3.88993£+04 
+5.11639£+04 
+6.45509£+04 
+7 .80466£+04 

EXPTL F 
+3. 97342£-03 
+3.53493£-03 
+3.27121£-03 
+3.07375£-03 
+2. 91101£-03 
+2.79249£-03 
+2.57477£-03 
+2.41234!-03 
+2.24565£-03 
+2.25076£-03 
+2.40563£-03 
+2.57033£-03 
+2.79522£-03 
+2.91121£-03 
+3.07354£-03 
+3.27099£-03 
+3.51527£-03 
+3.97468£-03 
+3.97542!-03 
+3.53490£-03 
+3.27149E•03 
+3.07440£-03 
+2.91126£-03 
+2. 79853£-03 
+2.57265£-03 
+2.40710£-03 
+2.24995£-03 

CALCED F 
+3.96277£-03 
+3.55955£-03 
+3.27899£-03 
+3.06644£-03 
+2.90524£-03 
+2. 77569!-03 
+2.56486£-03 
+2.39948£-03 
+2.26988£-03 
+2.27044£-03 
+2.39905£-03 
+2.56530£-03 
+2. 77609£-03 
+2.90647£-03 
+ 3. 06850£-03 
+3.27953£-03 
+3.56009£-03 
+3.95996£-03 
+3.96000£-03 
+3.55992£-03 
+3.27915E·03 
+3.06885£-03 
+2.90687£-03 
+2.77580E-03 
+2.56491£-03 
+2.39868£-03 
+2.27091£-03 

% ERROR 
+2.68169£-01 
-6.96370£-01 
-2.37890£-01 
+2.37745£-01 
+1.98319E-01 
+6.01631£-01 
+3.84610E-01 
+5.33086£-01 
-1.07941E+OO 
-8.74489£-01 
+2.73477£-01 
+1. 95935E-01 
+6.84378£-01 
+1.62942£-01 
+1.63935£-01 
-2.60840£-01 
-1.27503£+00 
+3. 70390£-01 
+3.86369£-01 
-7.07642E-01 
•2. 33919E·OI 
+1.80616£-01 
+1.50819£-01 
+8.12240£-01 
+3.00592£-01 
+3.49969£-01 
-9.31498E-01 

LOG-LOG REGRESSION LINE IS P. .05843918127178 *(REA -.2883076533968 ) 

RESULTS OF REGRESSION ANALYSIS 

z ... SUM OF LOG(F) 
F, , , SUM OF LOG( RE) 
W,,.SUM OF LOC(F)*LOG(RE) 
G,,,SUM OF (LOG(RE)'"'2) 
X ••• TOTAL NUMBER OF RUNS USED 
S ••• SUM OF (D~VIATIONSA2) 
E ••• SLOPE OF REGRESSION LINE 
C!, •• LOG(CONSt) IN F EQUATION 
X7 ••• T(5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT. IN LOG(CONST) ANALYSIS 
X4 ••• MULT. IN SLOPE ANALYSIS 
X5.,.INTERVAL ON LOG(CONST) 
X3, •• INTERVAL ON SLOPE 
F6 ••• MIN. LOG(CONST) 
F7 ••• HAX. LOG(CONST) 
Q6 ••• MIN. CON SI 
Q7 ... MAX. CONST 
Q5 ••• REGRESSION CONST 
FS. • .MIN. SLOPE 
F9, •• MAX. SLOPE 
Q4 ••• SUK OF (LOG(F).2) 
Q3 ••• CORRELATlON COEFFICIENT/R 
Q2 ... R'"'2 
F4 ... AV. ABS. DEV. 
F5 ... R.H.S. ABS. DEV. 

STATE FILENAHE OR NO INO 
STOP At LINE 570 

-157.4704932419 
280.2448611224 
-1637.257592084 
2918.503885161 
27 
.0008360183474446 
-.2883076533968 
-2.839768701921 
2.06 
3.334873976075 
.3207607135248 
.03972688809818 
.003821081415343 
-2.879495590019 
-2.800041813823 
.05616308491116 
.0608075199772 
.05843918127178 
-.2921287348121 
-.2844865719814 
919.2145086018 
-.9994829901673 
.9989662476338 
.4649010358941 
.5577575274292 
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******************************************************************************** 
TABLE NO.A.9.2 NON-ISOTHERMAL FRICTION FACTORS CALCULATED USING THE DATA IN 

TABLE A.8.2 
(RESULTING CORRELATION IS DENOTATION K OF TABLE 5.5) 

******************************************************************************** 

OUTPUT USING EX-6010 

X•l • • • • ISOTHERMAL 
X•2 o • • • DlABATIC (TEST SECTION) 
CHOSEN VALUE OF X IS 12 
CROSS SECTIONAL AREA OF TUBE/SQ.INS. IS 10 
TUBE MATERIAL'IS !COPPER 
TOTAL INSERTED LENGTH/INS. IS 10 
FIRST RIJN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS 181 
FIRST RUN NUMBER 155 
LAST RUN NUMiif:R. ( 81 
BOW MANY F EQUATIONS 16 
LENGTH/INS. IS 148 
t.D./INS. IS 10.7874016 
O.D./INS. IS (0.8661417 

DATE: I**** 

TABLE NO. JA,9.2 

GEOMETRY: lCONFIGUR4IlON 0 

RUN NUMRER 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
ll 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

LENGTH/ INS.• 48 
DIA./INS.• .7874016 
ROUGH/INS.• 6.£-05 

TEMP./C 
3 .. 49650£+01 
3.sosooE+01 
3.51350£+01 
3. 50500£+0 1 
3.50150£+01 
3.50450£+01 
3.50150£+01 
3, 50500E+O 1 
3.50150E+Ol 
3. 50500E+Ol 
3.49900E+Ol 
3.49050E+01 
3. 50050E+Ol 
3,50500E+01 
3.50300E+Ol 
3.49750£+01 
3.49900E+01 
3. 50800£+0 1 
3. 50400E+O 1 
3, SOOOOE+O 1 
3.50100£+01 
3.50100E+Ol 
3. SO&OOE+O 1 
3.49300E+Ol 
J,49400E+Ol 
3.49650E+Ol 
3.49300E+Ol 

HEAD/CM. ROT AM/CM. 
4.1 2 
4.1 2 
4.15 2 
7. 95 4 
7.95 4 
8 4 
13.1 6 
13.15 6 
13.2 6 
19.75 8 
19.8 8 
19.85 8 
27.9 10 
27.7 10 
27.9 10 
37.1 12 
37 .os 12 
37.05 12 
59.7 16 
59.75 16 
59.75 16 
88.55 20 
88.6 20 
88.65 20 
122.25 24 
122.25 24 
122.25 24 

Continued 
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0/G./CU.CM. VISC./CP. SPEC. GRAV, Q/CU.FT./S. 
9.94075£-01 7.23027£-01 1.594 6.28204£-03 
9.94046£-01 7.21804£-01 1.594 6. 28360£-03 
9.94017E-Ol 7 0 20584£-01 1.595 6. 28504£-03 
9.94046£-01 7.21804E-Ol 1.594 9.10850£-03 
9 .94058E-Ol 7.22307£-01 1.59.3 9.10894E-03 
9.94048£-01 7 .218761!:-0l 1.593 9.10965£-03 
9.94058£-01 7.22307£-01 1.593 1.20194&-02 
9.94046£-01 7.21804£-01 1.593 1.20194£-02 
9. 94058£-01 7. 22307£-01 1.593 1.20193£-02 
9. 94046£-01 7.21804£-01 1.593 l.SOlSJE-02 
9.94066£-01 7.22667£-01 1.593 l.SOlSSE-02 
9.94075£-01 7.23027£-01 1.593 1.50154E-02 
9.94041£-01 7.21588£-01 1.592 1.80975E-02 
9.94046£-01 7.21804£-01 1.592 1.80973£-02 
9.94053£-01 7. 22091£-01 1.592 1.80975£-02 
9.94072!-01 7.22883£-01 1.593 2.12614£-02 
9.94066£-01 7.22667£-01 1.593 2.12618&-02 
9.94036£-01 7.21373£-01 1.593 2.12640&-02 
9.94049E-Ol 7 .21948&-01 1.591 2.78605£-02 
9. 94042&-01 7.21660£-01 1.591 2.78617£-02 
9.94060&-01 7.22379&-01 1.591 2.78607&-02 
9.94060£-01 7. 22379£-01 1.591 3.48040£-02 
9.94042E-01 7.21660£-01 1.591 3.48047£-02 
9.94087E-Ol 7. 23532£-01 1.591 3.48027£-02 
9.94084&-01 7.23387£-01 1.591 4.20936£-02 
9.94075£-01 7.23027E-Q1 1.591 4.20937£-02 
9.94087£-01 7.23532£-01 1.591 4.20927£-02 

VEL./FT./S. P/PSI. RE/NO UNITS FRICTION 
1.85772£+00 3.45649£-02 1.55700£+04 3.06646£-03 
1.85818£+00 3.45649£-02 1. 55998£+04 3.06502&-03 
1.85861£+00 3.50472£-02 1.5629U+04 3.10646£-03 
2 .69356£+00 6.70130£-02 2.26130£+04 2.82801£-03 
2.69369£+00 6.68978£-02 2.25986£+04 2.82284£-03 
2.6939DE+00 6. 73178£-02 2.26136E+04 2.84015&-03 
3.55439£+00 1.10221£-01 2.98195£+04 2.67119£-03 
3.55439£+00 1.10641£-01 2.98399£+04 2.68141&-0l 
3.55435£+00 1.11062£-01 2.98191£+04 2.69164£-03 
4 .44032£+00 1.66175£-01 3.72775£+04 2.58055£-03 
4. 44040£+00 1.66595£-01 3.72344£+04 2.58694£-03 
4.44036£+00 1.67016£-01 3.72158£+04 2.59349£-03 
5.35180£+00 2.34310£-01 4.49427E+04 2.50478£-03 
5.35173E+OO 2.32625£-01 4.49289£+04 2.48682E-03 
5.35180£+00 2.34304£-01 4.49119£+04 2.50469£-03 
6.28743£+00 3.12149&-01 5.27069E+04 2.41758£-03 
6.28753&+00 3.11721£-01 5. 27232£+04 2.41420£-03 
6.28820£+00 3.11721£-01 5.28218£+04 2.41376£-03 
8.23889£+00 5.00490£-01 6.91538£+04 2.25752£-03 
8.23925E+OO 5.00890£-01 6.91838£+04 2.25915£-03 
6.23897£+00 5.00890£-01 6.91138£+04 2.25926£-03 
1.02922£+01 7.42268£-01 8.63379£+04 2.14542E-03 
1.02924£+01 7.42687£-01 8.64242£+04 2.14658E-03 
1.02918£+01 7.43106£-01 8.61997£+04 2.14793£-03 
1.24479£+01 1.02477£+00 1.04278£+05 2.02485£-03 
1.24479£+01 1.02474£+00 }.04329£+05 2.02481£-03 
1.24476£+01 1.02474£+00 1.04255£+05 2.02488£-03 

DO YOU WANT A PRINT OUT OF REFERENCE DATA I NO 

COLBURN BU..SIUS D.K.H. COLEBROOK 

MEAN RATIOS ARE 
9.14644£-01 9.06529£-01 9.01043£-01 9.06852£-01 

MAXIMUM RATIOS ARE 
9.31810£-01 9.29417£-01 9.20282£-01 9.25376£-01 

MINIMUM RATIOS ARE 
8.87753£-01 8.64997£-01 8.64587£-01 8.85884£-01 

NIKURADSE ROUSE 

MEAN RATIOS ARE 
9.17995£-0J 9.19159£-01 

MAXIMUM RATIOS ARE 
9.36045£-01 9.37802£-01 

HINIKUM RATIOS ARE 
8.89897£-01 8.88182£-01 

STOP AT LINE 2680 

Continued 



OUTPUT USING FRICTION-6010 
-----------

IS DATA ON FILE I YES 
FIRST RUN ON DATA FILE 11 
LAST RUN ON DATA FILE 181 
FIRST RUN 155 
LAST RUN 181 
NAME 12 IDAY5~6010 
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COMPARISON WITH REGRESSION ANALYSIS 

% ERROR. IS EXP-CALC/EX.P 

ltEYNOLDS NO 
+1.55700£+04 
+1.55998£+04 
+1. 56294£+04 
+2.26130E+04 
+2.25986E+04 
+2.26136£+04 
+2.98195E+04 
+2.98399£+04 
+2.98191£+04 
+3.72775£+04 
+3. 72344£+04 
+3.72158E+04 
+4.49427£+04 
+4.49289£+04 
+4 .49119E+04 
+5.27069£+04 
+5.27232£+04 
+5.28218E+04 
+6.91538£+04 
+6.91838£+04 
+6.91138£+04 
+8.63379£+04 
+8.64242£+04 
+8.61997E+04 
+1.04278£+05 
+1.04329£+05 
+1.04255£+05 

EX.PTL F 
+3.06646£-03 
+3.06502£-03 
+3.10646£-03 
+2.82801£-03 
+2.82284E-03 
+2 .84015£-03 
+2.67119£-03 
+2.68141£-03 
+2.69164£-03 
+2.58055£-03 
+2. 58694£-03 
+2.593lt9E-03 
+2. 50478£-03 
+2.48682£-03 
+2. 50469£-03 
+2.41758£-03 
+2.41420£-03 
+2.41376£-03 
+2. 25752£-03 
+2.25915£-03 
+2.25926£-03 
+2.14542£-03 
+2 .14658£-03 
+2.14793E-03 
+2.02485£-03 
+2.02481£-03 
+2 .02488£-03 

CALCED F 
+3.09396£-03 
+3.09269£-03 
+3.09144£-03 
+2.85706£-03 
+2.85745£-03 
+2.85704£-03 
+2.69323£-03 
+2.69284£-03 
+2.69324£-03 
+2.56791£-03 
+2.56854£-03 
+2.56882£-03 
+2.46743£-03 
+2.46759£-03 
+2.46779£-03 
+2.38490£-03 
+2.38475£-03 
+2.38380£-03 
+2 .25058£-03 
+2.25037£-03 
+2.25086£-03 
+2.14644£-03 
+2 .14599£-03 
+2.14718£-03 
+2.06166£-03 
+2.06145£-03 
+2.06176£-03 

% ERROR 
-8.96757E-Ol 
-9.02879£-01 
+4.83497E-01 
-1.02720E+OO 
-1.22576£+00 
-5.94585£-01 
-8.25280£-01 
-4.26067£-01 
-5.93386£-02 
+4.89913£-01 
+7.11104E-Ol 
+9.51525£-01 
+1.49135£+00 
+7. 73281£-01 
+1.47336£+00 
+1.35152£+00 
+1. 21998E+OO 
+1.24127£+00 
+3.07583£-01 
+3.88637£-01 
+3.72182£-01 
-4. 79380£-0l 
+2. 74543£-02 
+3. 51384E-02 
•1.81790E+OO 
-1.80960£+00 
-1.82130£+00 

LOG-LOG REGRESSION LINE IS F- .02428815511698 *(RE~ -.2134584589251 ) 

RESULTS OF REGRESSION ANALYSIS 

z ••• SUM OF LOG( F) 
F ••• SUM OF LOG(RE) 
W. • .SUM OF LOG(F)*LOG(RE) 
G ••• SUM OF (LOG{RE)~2) 
X ••• TOTAL NUMBER OF RUNS USED 
S ••• SUM OF (D£VIATIONS~2) 

E ••• SLOPE OF REGRESSION LINE 
C1 ••• LOG(CONST) IN F EQUATION 
X7 ••• T(5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT. IN LOG(CONST) ANALYSIS 
X4 ••• MULT. IN SLOPE ANALYSIS 
XS ••• INTERVAL ON LOG(CONST) 
X3 ••• INTERVAL ON SLOPE 
F6 ••• H.IN. LOG(CONST) 
F7 ••• H.AX. LOG(CONST) 
Q6 ••• MIN. CONST 
Q7 ••• MAX.. CONST 
Q5 ••• REGRESSION CONST 
F8 ••• MIN. SLOPE 
F9 ••• MAX. SLOPE 
Q4 ••• SUM OF (LOG(F)~2) 

Q3 ••• CORRELAT10N COEFFICIENT/& 
Q2o o oRA2 
F4 ••• AV. ABS. DEV. 
F5 ••• k.M.S. ABS. DEV. 

STATE FlLENAME OR NO INO 
STOP AT LINE 570 

-161.9584223293 
288.4810813837 
-1732.448950068 
3091.672523157 
27 
.002733603710147 
-.2134584589251 
-3.717766491221 
2.06 
3.490041286815 
.3261487389009 
.07517882926313 
.00702555595799 
-3.792945320484 
-3.642587661958 
.02252914847343 
.02618449959092 
.02428815!111698 
-.2204840148831 
-. 2064329029672 
971.9322121885 
-.9968243137816 
.993658712546 
.8434241895094 
1.007660491307 
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******************************************************************************** 
TABLE NO.A,9.3 HEAT TRANSFER FACTORS CALCULATED USING THE DATA IN tABLE A.8.3 

(RESULTING CORRELATION IS DENOTATION I Of TABLE: 5.6) 
******************************************************************************** 

OUTPUT USlNG HEAT2-6010 

ERROR CRITERION FOR RE EXPONENT IS 10.0000001 
ERROR CRITEilON FOR RESISTANCE IS 10.00000001 
TUBE MATERIAL IS !COPPER 
CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS 10 
FIRST RUN NUMBER ON DATA FILE IS tl 
LAST RUN NUMBER ON DATA FILE IS 181 
FIRST RUN NUMBER IS l28 
LAST RUN NUMBER IS 154 
TUBE t.D./INS.• 10.7874016 
TUBE O.D./INS.• to.8661417 

RUN NUMBER (HO/Hl)MEAS (HO/Hl)CORR 
1 9. 79371£-01 9. 79318£-01 
2 9.81764£-01 9.81716£-01 
3 9.84016£-01 9.83973£-01 
4 1.02650E+OO 1.02655E+OO 
s 1.01888E+OO 1.01892£+00 
6 1.01925£+00 1.01929£+00 
7 J.02961E+OO 1.02967£+00 
8 1.01688£+00 1.01692£+00 
9 1.01932E+{)Q 1.01936£+00 
10 1.02401E+OO 1.02406£+00 
11 1.03141£+00 l.03147E'f()0 
12 1.03086£+00 l.03091E'f()0 
13 1.02034£+00 1.02037£+00 
14 1.02620£+00 1.02624£+00 
lS 1.02259£+00 l.0226JE'f()0 
16 1.01505£+00 1.01507£+00 
11 1.02179£+00 1.02182£+00 
18 1.02257£+00 l.02260E'f()0 
19 1.01387E+OO 1.01389£+00 
20 1.02125£+00 1.02128£+00 
2l J.02575E+OO 1.02579E'f()0 
22 1.02066£+00 1.02069£+00 
23 1.03248£+00 1.03253£+00 
24 1.03!0BE+OD l.OJ112E+OO 
25 1.04593£+00 1.04599£+00 
26 1.04070£+00 1.04076£+00 
27 1.03516£+00 1.03521£+00 

CORR1 CORR2 CORR3 
1.46771£+01 1.88846£+00 6.21247£-03 
1.47276£+01 1.83787£+00 ]. 77498£-03 
1.47444£+01 1. 93904£+00 2.66248£-03 
1.23852£+01 2.17491£+00 1.06490£-02 
1.22675£+01 2.19181£+00 1.86361£-02 
l.23181Et01 2.19182Eiil0 8.87445£-03 
1.08519£+01 2.12422£+00 1.95221£-02 
1.08519£+01 2.14109£+00 8.8738IE-03 
1.08519£+01 2.00620£1-00 7 .09B9bE-D3 
9.77336£+00 2. 0061 OE+OO 1.77463E-02 
9.79012£+00 1.98922£+00 1. 77461E-02 
9.67227£+00 1. 98923£+00 2.66192£-02 
8.91383£+00 2.27574£+00 1.77458£-02 
8.88011£+00 2.22515£+00 1.33093E-02 
9 .04856£+00 2.22515£+00 1.95202E-02 
8.8&337£+00 1.65199£+00 5.14635£-02 
8.91396E+00 1. 70258£+00 5.32387E-02 
8.84661E+OO 1.68572£+00 4.43654£-02 
8 .08808£+00 1.&5191£+00 4. 79118£-02 
8 .Q8825E+OD 1.65195£+00 4.43b.36E-02 
7 .97015£+00 1.80362£+00 5.05741£-02 
7 .397l1E+{)0 1.83728E+OO 4.17001£-02 
7.44771Et<l0 1.9Z157E+OO 4.1700JE-OZ 
7.44771£+00 1.887!!5£+00 4,08llOE-02 
6.9S899E+{)0 1.80352£+00 4.34733£-02 
6.8578SE+00 1.93835£+{)0 4.34733£-0Z 
6. 90841 E+OO 1.88779£+00 4.34733£-02 

CORR/HlMEAS 
2.59875£-03 
2.61506£-03 
2.64380£-03 
2.19710£-03 
2.18454£-03 
2.22310£-03 
1,98490£-03 
1.96157£-03 
1.96171£-03 
}. 78459£-03 
1. 7 8402£-0 3 
1.80710£-03 
!.65176£-03 
1.65938E-03 
1.68620£-03 
1.56090£-0 3 
1.56372£-03 
1.55053£-03 
1.43149£-03 
1.45212£-03 
1.42539£-03 
1. 34609£-03 
1.3S262E-03 
l.l4518E-03 
1.31057£-03 
1.30388£-03 
1.328l'OE-03 

CORR4 
3.95924£+01 
3.9'1430£+01 
4.00456E+01 
4.11266E+01 
4.13290£+01 
4.18337£+01 
4.22077£+01 
4 .24935E+O 1 
4.20387E+01 
4.27485£+01 
4.28657£+01 
4.28994E+Ol 
4.30188£+01 
4.30357£+01 
4,29852E+01 
4.17614£+01 
4 .19298£+0 1 
4.19299£+01 
4.22505£+01 
4.26208£+01 
4.26375£+01 
4.29578E+Ol 
/i,J025lE+Ol 
4.30251£+01 
4. 35817E+O 1 
4.33296£+01 
4.34976E+Ol 

Continued 



----------

LMTD t1.EAS LMTD CORR OUT T AV INS!. T AV. 
4. 50071 E+O 1 4. 50118E+Ol 8.00350£+01 3. S0104E+Ol 
4.49719£+01 4.49767£+01 8.00450£+01 3.50554E+Ol 
4.49468£+01 4.49517£+01 7.99850£+01 3. 50203£+01 
4.49597E+Ol 4.49633£+01 8.00200£+01 3.50563£+01 
4.49348£+01 4.49384£+01 7.99750£+01 3. 50363£+0 1 
4.50548£+01 4.50585£+01 7.99700£+01 3.49112£+01 
4.50611£+01 4.50640£+0! 8.00550E+Ol 3.49869£+01 
4.49605£+01 4.49635£+01 7.99200£+01 3.49519£+01 
4.50757£+01 4.50786£+01 S.OOJOOE+Ol 3.49469£+01 
4.1!9942£+01 4.49966£+01 8.00500£+01 3.50374E+Ol 
4.48794£+01 4.48819£+01 8, 00 lOOE+O 1 3.51124£+01 
4.49599£+01 4.49624£+01 8.00000£+01 J,SQ224E+Ol 
4.49888£+01 4.49909£+01 7.99700£+01 3.49478£+01 
4.49846£+01 4.49867£+01 7. 99950£+01 3.49778£+01 
4.50352£+01 4.50373!+01 8.oossoe+al 3.49878£+01 
4.49303£+01 4.49320£+01 8,00l50E+01 3.50381£+01 
4.49454£+01 4.49472E+Ol 7.99800£+01 3.49881£+01 
4.49199£+01 4.49216£+01 7.99700E+Ol 3.50031£+01 
4.49202£+01 4.49215£+01 8.00800£+01 3.50835£+01 
4.50070£+01 4.50083£+01 7 .99950£+01 3.49135£+01 
4.47990£+01 4.48004!+01 7.99500£+01 3.50735£+01 
4.48767£+01 4.48778£+01 7.99550£+01 3.49738£+01 
4.50782£+01 4.50793£+01 8.01200£+01 3.49388£+01 
4.49468E+01 4.49479E+01 a.oo250E+D1 3.49738£+01 
4.49024£+01 4.49033£+01 8.00600£+01 3.50339£+01 
4.47714£+01 4.47723£+01 7. 99050£+01 3.50089£+01 
4.49502£+01 4.49511£+01 s. 00350£+01 3.49639£+01 

ONE TEMPERATURE,PIRST RUN NUMBER IS 128 
ONE TEHPERATURE,LAST RUN NUMBER IS 154 
DO YOU WANT TO INCLUDE MORE RESULTS INO 
CHOSEN PRANDTL NUMBER EXPONENT IS 10.4 
DO YOU WANT to USE MEAN PRANDTL NUMBERS INO 
RE EXPONENT IS 10.8 
GEOMETRY: !CONFIGURATION 0 

RESISTANCE INCREMENT EXPONENT SUM ERS SQ 
.00000£+00 1.00000E-04 3.42832£-01 2.61557E-02 

1, OOOOOE-04 1.00000£-04 3.60148£-01 2.70407£-02 
2. 00000£-04 1.00000£-04 3.79371£-01 2.78618E-02 
3.00000E-04 1.00000£-04 4.00845E-01 2.85766£-02 
4.00000£-04 1.00000£-04 4.25008£-01 2.91279£-02 
5.00000£-04 1. OOOOOE-04 4.52423£-01 2.94407£-02 
6.00000£-04 1. OOOOOE-04 4.83828£-01 2.94225£-02 
7 .OOOOOE-04 1. OOOOOE-04 5.20219£-01 2.897PE-02 
8.00000E-o4 1. OOOOOE-04 5.62971E-01 2.80111£-02 
9 .OOOOOE-04 1.00000£-04 6.14055£-01 2.66077£-02 
1.00000£-03 1.00000£-04 6. 76428£-01 2.53229£-02 
1.10000£-03 1. OOOOOE-04 7.54786£-01 2.63485£-02 
1.20000£-03 1. OOOOOE-04 8.57242E-01 3.75051£-02 
1.10000E-03 1.00000£-05 7.54786£-01 2.63485£-02 
l.llOOOE-03 l.OOOOOE-05 7.63768£-01 2.67841£-02 
1.12000£-03 1.00000£-05 7.72997£-01 2.73201£-02 
1.13000£-03 l.OOOOOE-05 7.82483£-01 2.79711£-02 
1.14000£-03 1.00000£-05 7. 92239£-01 2.87539£-02 
1.15000£-03 1.00000£-05 8.02277E-01 2.96875£-02 
1.14000£-03 1.00000£-06 7.92239£-01 2.87539£-02 
1.14100E-o3 1. OOOOOE-06 7.93230£-01 2.88402£-02 
1.14200£-03 1.00000£-06 7. 94223£-01 2.89279£-02 
1.14300£-03 1. 00000£-06 7.95220£-01 2.90172£-02 
1.14400£-03 l.OOOOOE-06 7.96219£-01 2.91081E-02 
1.14500£-03 l.OOOOOE-06 7.97222£-01 2.92006£-02 
1.14600£-03 1.00000£-06 7.98227£-01 2. 92947£-02 
1.14700£-03 1. OOOOOE-06 7.99235£-01 2.93904£-02 
1.14800£-03 1. OOOOOE-06 8.00246£-01 2. 94877£-02 
1.14700E-03 1.00000£-07 7.99235E-01 2.93904£-02 
1.14710£-03 1. OOOOOE-07 7.99336£-01 2. 94000£-02 
1.14720£-03 1.00000£-07 7.99437£-01 2.94097E-02 
1.14730£-03 1.00000£-07 7.99538£-01 2.94194£-02 
1.14740£-03 1.00000£-07 7.99639£-01 2.94291£-02 
1.14750£-03 1.000DOE-07 7.99740£-01 2. 94389£-02 
1.14760£-03 1.00000£-07 7.99841£-01 2.94486£-02 
1.14770£-03 l.OOOOOE-07 7.99943£-01 2.94584£-02 
1.14780£-03 l.OOOOOE-07 8.00044£-01 2.94681£-02 
1.14770£-03 1. OOOOOE-08 7.99943£-01 2.94584£-02 
1.14771£-03 l.OOOOOE-08 7. 99953£-01 2.94593£-02 
1.14772£-03 1.00000£-08 7. 99963£-01 2.94603£-02 
1.14773£-03 1.00000£-08 7.99973£-01 2. 94613£-02 
l.l4774E-03 1. 00000£-08 7.99983£-01 2.94623£-02 
1.14775£-03 1. OOOOOE-08 7.99993E-01 2.94632£-02 
1.14776£-03 1. 00000£-08 8.00003£-01 2.94642£-02 
1.14775£-03 l.OOODOE-09 7. 99993£-01 2.94632£-02 
1.14775£-03 1. OOODOE-09 7. 99994£-01 2.94633£-02 
1.14775£-03 1.00000E-09 7.99995£-01 2.94634£-02 
1.14775£-03 1.00000£-09 7.99996£-01 2.94635£-02 
},14775£-03 1.00000£-09 7.99997£-01 2. 94636£-02 
1.14775£-03 l.OOOOOE-09 7.99998£-01 2.94637E-02 
1.14775E-03 l.OOOOOE-09 7. 99999£-01 Z.94638E-02 
1.14775£-03 1. OOOOOE-09 8. OOOOOE-0 1 2.94639£-02 
l.l4775E-03 1.00000E-10 7.99999£-01 2.94638£-02 
1.14775£-03 l.OOOOOE-10 7.99999£-01 2. 94638£-02 
l.l4775E-03 l.OOOOOE-10 7.99999£-01 2.94639£-02 

Continued 



-------------------------------------------------------------------------------------

- 317 -

DATA I!WUTS: 
RESISTANCE STATED: NO 
GEOMETRY: CONFIGURATION 0 

HO CORR/BEU 
2 .ll053£-t04 
2 .10828£+04 
2.10S6bE+04 
2 0 59564£1{)4 
2.59556E't04 
2.57722E+04 
2.85596£+04 
2.87043P:+04 
2.84663£+04 
3.12240£+04 
J.lS27bE+04 
3 .10443£+04 
3. 34208£+04 
3.34198£-+{)4 
3.28391£+04 
3.39766£+04 
3.43177£+04 
3.45755£.+04 
3.68048£+04 
3.68031£-+<>4 
3 .77006£+04 
3.95536£+04 
3.99731E+04 
4.01131£+04 
4.17568£+04 
4.15873£+04 
4.07408E+04 

RE NUMBER 
1.55965£+04 
1.56127£+04 
1.56015£+04 
2.26216£+04 
2.26119£+04 
2.25560Ei-04 
2.98041£+04 
2.97833E-+{)4 
2.97835£+04 
3.72699£+04 
).73277E-t04 
3.72606£+04 
4.48363£+04 
4.48616£+04 
4.48728£+04 
5.27733£+04 
5.27198£+04 
5.27374£+04 
6.92092£+04 
6.89728£+04 
6.91954£+04 
8.62711£+04 
8.62106£+04 
8.62708£-+04 
1.04469£+05 
1.04416£-+05 
1.04322E-+<>S 

EXP NUSSEU 
5.67426£+01 
5.67326£+01 
5.66579£+01 
8.12311Effll 
8.12997£+01 
7 .97156£+01 
9.73796£+01 
9.88198£+01 
9.66449£+01 
1.18308£+02 
l.21708E+02 
1.16969£+02 
1.38915£+02 
1.38963£+02 
1.32771£+02 
1.45356£+02 
1.48956£+02 
1.52127£+02 
1.80922Et{)2 
1.79687£+02 
1.96052£+02 
2.27707£+02 
2.32476£+02 
2.37816£+02 
2.77433£+02 
2.76136£+02 
2.51428£+02 

CAL NUSSELt 
5.81168£+01 
5.81649£+01 
5.81315£+01 
7 .82524£+01 
7 .82256£+01 
7 .80707£+01 
9.75661£+01 
9.75116£+01 
9. 75122£+01 
l.Hi671E+02 
1.16816£+02 
1.16648£+02 
l. 35264£+02 
1. 35325£+02 
1.35352£+02 
I.Hl02E+02 
1.53977£+02 
1.54018£+02 
1.91429£+02 
1.90906£+02 
1.91399£+02 
2.28334£+02 
2.28206£+02 
2.28333£+02 
2.66114£+02 
2.66006£+02 
2.65815£+02 

% CA-eX/EX 
+2.42191£+00 
+l. 52468£+00 
+2.60087£+00 
-3. 66690£+00 
-3.78114£+00 
-2.13706£+00 
+1.91524£-01 
-1. 32377£+00 
+8.97405£-01 
-1.38371£+00 
-4.01933£+00 
-2.74842£-01 
-2 .62821£+00 
-2.61812E+OO 
+1.94351£+00 
+6.0167IE+00 
+3.37098£+00 
+1.24357£+00 
+5.80763£+00 
+0.243S3E-+<>O 
-2:.37359£+00 
+2,75115£-01 
-1.83682£+00 
-3.98735£+00 
-4.07975£+00 
-3.66863£+00 
+5. 7 2229£+00 

LOG-LOG REGRESSION LINE IS (NU/PR~ .4 )• .02569677710738 *(REA ,7999999491549 

RESULTS OF REGRESSION ANALYSIS 

Z ••• SUM OF LOG( NU) 
F ••• SUM. OF LOG( RE) 
W ••• SUM OF LOG(NU)*LOG(RE) 
G ••• SUM OF (LOG(RE)A2) 
X ••• TOTAL MUMBER OF RUUS USED 
S ••• SUM OF (DEVIATIONS"l) 
C ••• OUTER RESISTANCE TO TRANSFER 
E.,.SLOPE OF REGRESSION LINE 
C1 ••• LOG(CONST) IN NU EQUATION 
X7 ••• T(5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT. lN LOG(CONST) ANALYStS 
X4 ••• MULT. lN SLOPB ANALYSIS 
X5 ••• INTERVAL ON LOG(CONST 
X3 ••• INTERVAL ON SLOP£ 
F6 ••• M!N. LOG(CONST) 
F7 ••• MAX. LOG(CONST) 
Q6 ••• MIN. CONST 
Q7 • •• MAX. CONST 

QS ••• REGRESSION CONST 
F8, •• MIN.SLOPE 
F9 ••• M.AX.SLOPE 
Q4 ••• SUM OF (LOG(NU).2) 
Ql ••• CORRELATION COEFFICIENT/R 
Q2 ... R"'2 
F4 ••• AV. ABS. DEV, 
FS ••• R.M.S. ABS. DEV. 

FlLE RESULTS I YES 
TRY ANOTHER RE AND/OR PR EXPONENT !NO 
DO YOU WANT TO StATE THE RESISTANCE tNO 
STOP AT LINE 2520 

131.9222904492 
288.4747837498 
1417.014208161 
3091.541208877 
27 
.02946390113782 
.0011417562 
.7999999491549 
-3.661389699327 
2.06 
3.489302542729 
.3260922346366 
.2467671692193 
.02306124752462 
-3.908157468546 
-3.414Q21930108 
.02007746035411 
.03288883863098 
.02569677710738 
.7769387016303 
.8230611966795 
650.6218430127 
.997561233224 
• 99 51284140314 
2.853298060231 
3.329137271869 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
'tABLE NO.A..9.4 HEAT TRANSFER FACTORS CALC\Jl..ATE.l) USING THE DATA lN TAB.LE. A.8.4 

(RESULTING CORRELATION IS DENOTATION K OF TABLE 5,b) 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
OUTPUT USING HEAT2-6010 

ERROR CilTERION FOR RE EXPONENT IS 10.0000001 
!RROR CRlTEatON fOR R!SIS!ANCE lS IO.OOOOQOOl 
TUBE MATERIAL IS I COPPER 
CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS 10 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FIL£ IS 181 
FIRST RDN NUMSER IS 155 
LAST RUN NUMBER IS 181 
TUBE 1.0./INS.• 10.7874016 
TUBE O.D./INS.• 10.8661417 

B.UN NUMBlR (HO/Hl)lltAS (HO/Hl)CORR 
I 1.00635£+00 1.00636£+00 
2 9.94447£-01 9.94433£-01 
3 9.98939£-01 9.98936£-01 
4 1.01849£+00 1.01853£+00 
~ 1.01910£+00 l.Ol914E+OO 
6 1.03081£+00 1.03088£+00 
7 1.01891£+00 1.01894£+00 
8 1.03137E+OO 1.03143£+00 
9 1.02198£+00 1.02202£+00 
10 1.01774£+00 1.01777£+00 
11 l.0284l!E+OO 1.02849£+00 
12 1 .. 02455£+00 1.02459£+00 
13 1.03951!£+00 1.03960£+00 
14 1.02282£+00 1.02285£+00 
I~ l.03.751E+OO 1. 037 56E+00 
16 1.00097£+00 1.00097£+00 
17 l.Ol020E+00 1 .. 01022£+00 
18 1.00613£+00 1.00614£+00 
19 1.02262£+00 1.02265£+00 
20 1.02844£+00 1.02848£+00 
21 1.01465£+00 1.01467£+00 
22 l.00460E+QO l.00461E+00 
23 1.02575£+00 1.02578£+00 
24 1.01940£+00 l.Ol943E+OO 
25 l.00591E+OO 1.00591£+00 
26 1. 01139£+00 1.01141£+00 
27 1.02450£+00 1.02453£+00 

CORR1 CORR2 CORR3 
1.68508£+01 1.93920£+00 2.57400£-02 
1.68506£+01 2.09094£+00 1.06508£-02 
1.fl7323'io+<n 2..1752.2E+00 l.Ob507E-02. 
1.42558£+01 2.14136£+00 1t.43747E-03 
1.40538E+Ol 2.00647E+OO 1. 77498£-03 
1.41042£+01 2.14136£+00 2.66248£-03 
1. 23349£+01 2.24240£+00 6.21213£-03 
l.27223E+01 2.191B1E+OO 6.21209E-03 
1.2604l!E+Ol 2.19181£+00 6.21209£-03 
1.13068£+01 2.25914£+00 1.50857£-02 
1.11721£+01 2.25913£+00 1.06487£-02 
1.11384£+01 2.22542£+00 1.33109£-02 
1.00769£+01 2.09046£+00 ) .06482£-02 
1.00600E+Ol 2.22534£+00 1.06483£-02 
1.01105£+01 2.12417£+00 8.87353&-03 
1.01782£+01 1.51727£+00 .OOOOOE+OO 
1.01950£+01 1.50041£+00 6.21136£-03 
1.01105£+01 1.66897£+00 1. 50845£-02 
8.66141E+OO 1.44973£+00 .OOOOOE+OO 
8.74551&+00 1.48142£+00 1.77452£-03 
a .846SOE+OO 1.31487£+00 .00000£+00 
8.39155£+00 1.48338£+00 .OOOOOE+OO 
8.20622£+00 1. 39909£+00 .QOOOOE+OO 
8.37478£+00 1.39911£+00 1. 77449£-03 
7 • 73441 E+OO 1.46650£+00 6.11053£-03 
7 .68389£+00 1.68565£+00 1.33084£-02 
7.76~15£+00 1.63508£+00 1.06468£-02 

CORR/111MEAS 
2.64l77E-03 
2.64888£-03 
2.63187£-03 
2.16387£-03 
2..14708£-03 
2.16644£-03 
1.85962.£-03 
1.87979£-03 
1.86580£-03 
1.68054£-03 
1.69332£-03 
1.68340t-03 
1.55912£-03 
1.54727£-03 
1.55775£-03 
1.1!6109£-03 
1 .. 46a95E-03 
1.45923£-03 
1.32476£-03 
1.33425£-03 
1.31281£-03 
l.2l098E-03 
1.23983£-03 
l. 24940£-03 
1.18540£-03 
1. 20082£-03 
1.2040t.E-03 

COflR4 
3.98740£+01 
4.01420£+01 
4.04098E+Ol 
4.16595£+01 
4.17437E+Ol 
4.15758£+01 
4.28565£+01 
4.27051E+Ol 
4.26547£+01 
4.32796£+01 
4.34415£+01 
4.34980£+01 
4.38365£+01 
4.38705£+01 
4.35005E+Ol 
4.38415£+01 
4. 40094£+01 
4.40417£+01 
4.47499£+01 
4.47162£+01 
4.46326£+01 
4.50035£+01 
4.52053Et<ll 
4.54578£+01 
4. 58620E+<ll 
4. 591Z6E+01 
4.59126£+01 

Continued 
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LM'IO MEAS LMTD CORR OUT T AV INSt. T AV. 
4.49391£+01 4.49436£+01 7.99350£+01 3.49608£+01 
4,49354£+01 4.49400£+01 a.ootsoE+Ol 3.50458E+Ol 
4.48041Et<ll 4.48088E+Ol 1. 99700E+01 3.51307'l+Ol 
4.49646£+01 4.49681£+01 a.oozooE+Ol 3.50465£+01 
4.49395£-t-01 4.49431£+01 7-99600£+01 3.S0114E+Ol 
4.49141£...01 4.49176£+01 7. 99650£+01 3.50415£+01 
4.49599£-t-01 4.49628£+01 7.99750£+01 3.50120£+01 
4 .49000£+01 4.49028£+01 7.99500£+01 3.50471£+01 
4.49699£-tOl 4.49728£+01 7-99850£+01 3.50121£+01 
4.49154£-t{)l 4.49178£+01 7.99700£+01 3.50475£+01 
4. 50208E+01 4.50233£+01 8.00150£+01 3,49875£+01 
4.50257£+01 4.50281£+01 7. 99950£+01 3.49625£+01 
4.50176£+01 4. 50197£+01 8.00950£+01 3.50628£+01 
4.46515Ef<ll 4.48~36£+01 7-99150£+01 3.50478£+01 
4.50176£+01 4.50197£+01 8.00600£+01 3.50278£+01 
4.49394£+01 4.49412£+01 7. 99400£+01 3.49731£+01 
4.49351£+01 4.49369£+01 7.99500£+01 3.49881£+01 
4.48094E+01 4.48112£+01 7.99150£+01 3.50781£+01 
4.49566£+01 4,49580£+01 8.00450E+01 3. 50384£+01 
4.48624£+01 4.48639£+01 7.99700£+01 3.50584£+01 
4.49702£+01 4.49717£+01 8. 00300E+O 1 3.50084E+Ol 
4.48897£+01 4.48908£+01 7.99750£+01 3.50087£+01 
4.49025£+01 4.49037£+01 8.00350£+01 3.50587£+01 
4.50322£+01 4.50334£+01 8.00350£+01 3.49287E+Ol 
4.48785£+01 4.48795£+01 7.99150£+01 3.49389£+01 
4.49006£+01 4.49016£+01 7.99600E+Ol 3. 49639£+01 
4.50473&-t-01 4.50483£+01 S.00700E+Ol 3.49289£+01 

ONE TEMPERATURE, FIRST RUN NUMBER IS 155 
ONE TEMPERATURE, LAST RUN NUMBER IS 181 
DO YOU W'ANT TO INCLUDE MORE RESULTS I NO 
CHOSEN PBANDTL NUM.'SER F.XPONt.RT IS \0,4 
DO YOU WANT TO USE MEAN PRANDTL NUMBERS I NO 
RE EXPONENT IS 10.8 
GE~TRY: !CONFIGURATION 0 

RESISTANCE INCREMENT EX.PONEN1: SUM ERS SQ 
.OOOOOE+OO l.OOOOOE-04 3.81781£-01 3.38491£-02 

1.00000E-04 1. OOOOOE-04 4.03120£-01 3.48545£-02 
2. OOOOOE-04 1. OOOOOE-04 4.27092£-01 3.56644£-02 
3. OOOOOE-04 1.00000E-04 4.54241£-01 3.61656£-02 
4.QOOOOE-04 l.OOOOOB-04 4.8)21)E-Ol 'l.6191.2E-Ol 
5 .OOOOOE-04 1.0QOOOE-04 5.21145£-0~ 3.55345£-02 
6.00000E-04 1. OOOOOE-04 5.63154E-01 3.38719£-02 
7 .OOOOOE-04 l.OOOOOE-04 6.13158£-01 3.08243£-02 
8 ,QOOOOE-04 l.OOOOOE-04 6.73906£-01 2. 60083£-02 
9 .OOOOOE-04 l.OOOOOE-04 7.49708£-01 1.94391£-02 
1.00000E-03 l.OOOOOE-04 8.47840E-Ol 1.32035£-02 
9, OOOOOE-04 1.00000£-05 7.49708E-Ol 1.94391£-02 
9 .10000E-04 1. OOOOOE-05 7.58358£-01 1.87278E-02 
9,20000E-04 1.00000E-05 7.67236£-01 1.80182E-02 
9.30000£-04 1.00000£-05 7.76352£-01 1.73150£-02 
9. 40000£-04 1,00000E-05 7.85717£-01 1.66240£-02 
9. 50000E-04 1.00000£-05 7.95343£-01 1. 59518£-02 
9 .60000E-04 l.OOOOOE-05 8.05241E-Ol 1.53063£-02 
9. 50000E-04 l.OOOOOE-06 7.95343£-01 1.59518£-02 
9.51000£-04 l.OOOOOE-06 7.96320E-Ol 1. 58859E-02 
9.52000£-04 1.00000E-06 7.97300£-01 1.58203E-02 
9, 53000E-04 1.00000£-06 7.98283E-Ol 1.57549£-02 
9. 54000£-04 1.00000E-06 7.99268£-01 1.56899£-02 
9. 5 5000£-04 1.0QOOOE-06 8.00257£-01 1.56252£-02 
9.54000£-04 1.0QOOOE-07 7.99268£-01 1. 56899E-02 
9.54100£-04 1.00000E-07 7. 99367£-01 1. 56834E-02 
9.54200£-04 1. QOOOOE-07 7.99466£-01 1.56769£-02 
9.54300E-04 1.00000E-07 7.99565£-01 1.56705£-02 
9.54400£-04 1.00000E-07 7.99663E-Ol 1.56640£-02 
9, 54500£-04 1.00000£-07 7. 99762£-01 1.56575£-02 
9.54600£-04 l.OOOOOE-07 7.99861£-01 1.56510£-02 
9, 54 7 OOE-04 l.OOOOOE-07 7.99960E-Ol 1.56446£-02 
9. 54800£-04 1. OOOOOE-07 8.00059E-Ol l.56381E-02 
9.54700E-04 1. OOOOOE-OS 1. 99960£-01 1.S6446E-IJ2 
9.54710£-04 1. OOOOOE-08 7.99970£-01 l. 56439£-02 
9. 54720£-04 1. OOOOOE-08 7.99980£-01 1.56433£-02 
9.54730E-04 1. OOOOOE-08 7.99990E-01 1.56426£-02 
9. 54740£-04 1.00000E-08 8.00000E-01 1.56420£-02 

Continued 
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DATA INPUTS: 
RESISTANCE STATED: NO 
GEOMETRY: CONFIGURATION 0 

HO CORR/BEU 
2. 22985£+04 
2.21261£+04 
2.24589£+04 
2.72661£+04 
2.73778£+04 
2.74529£+04 
3.14079£+04 
3.15523Et()4 
3.14075£+04 
3.43599£+04 
3.44820£+04 
3.45424£+04 
3.72772£+04 
3.70585£+04 
3. 70596£+04 
3.79919£+04 
3 .82486£+04 
3.84224£+04 
4.22941£+04 
4.22955£+04 
4.22950£+04 
4.47315£+{)4 
4.52916£+04 
4.50107£+04 
4 .66649£+04 
4.64951E+04 
4.70024£+04 

RE NUMBER 
1.55687£+04 
1. 55985£+04 
1.56280£+04 
2.26115£+04 
2.25970£+04 
2.26121£+04 
2.98177£+04 
2, 98382Et()4 
2.98174£+04 
3. 727 56£+04 
3. 7 2325£+04 
3. 72140£+04 
4.49408£+04 
4.49270£+04 
4.49100£+04 
5.27049£+04 
5.27212£+04 
5.28198£+04 
6.91516£+04 
6.91817£+04 
6.91117£+04 
8.63358£+04 
8.64220£+04 
8.61975£+04 
1.04275£+05 
1.04327£+05 
1.04253£+05 

EXP NUSSELT 
5.59697£+01 
5.53615£+01 
5.68915£+01 
7 .&9129£+01 
7. 74999£+01 
7. 79487£+01 
9.88245£+01 
9. 99538Et()l 
9.87812E+01 
J,]8076E+02 
1.18322£+02 
1.18702£+02 
1.39888E+02 
1.39191£+02 
1.38042E+02 
l.46541E+02 
1.48885E+02 
1.51540E+02 
1.91153E+02 
1. 92279£+02 
l. 90971£+02 
2.24994£+02 
2.33511£+02 
2.26949£+02 
2.56949£+02 
2. 53544£+02 
2.59868£+02 

CAL NUSSELT 
5. 76765B+Ol 
5. 77648£+01 
5.78522£+01 
7.77426£+01 
7.77030£+01 
7.77443£+01 
9.70009£+01 
9.70542Et()1 
9.70001£+01 
J,l5967E+02 
1.15860£+02 
1.15814£+02 
1.34681£+02 
1. 34648£+02 
1.34608£+02 
1. 52995£+02 
l. 53032£+02 
1.53261E+02 
1.90124£+02 
1. 90190£+02 
1.90036£+02 
2.27064£+02 
2.27245£+02 
2.26773£+02 
2.64084£+02 
2.64188£+02 
2.64038£+02 

% CA-EX/EX 
+3.04947£+00 
+4. 34118£+00 
+l.6887bE+OO 
+1.07882£+00 
+2.61961£-01 
-2.b2222E-01 
-1.84526E+OO 
-2,90100Et()0 
-1.80306£+00 
-1.78627E+OO 
-2.08087£+00 
-2.43350£+00 
-3.72193£+00 
-3.26402£+00 
-2.48798£+00 
+4.40357£+00 
+2.78541£+00 
+1,13609E+OO 
-5.38028£-01 
-1.08645E+OO 
-4 .89239E-01 
+9.19982£-01 
-2.68348£+00 
-7.7 5844E-02 
+2. 77682E+OO 
+4.19812E+OO 
Tl.60472E+00 

LOG-LOG REGRESSION LINE IS (NU/PRA .4 )• .02553852344398 *(REA .8000000250654 ) 

RESULTS OF REGRESSION ANALYSIS 

z ... SUM OF LOG(NU) 
F ••• SUM OF LOG( RE) 
\ol, ,.SUM OF LOG(NU)*LOG(RE) 
G ••• SUM OF (LOG(RE).2) 
X ••• TOTAL NUMBER OF RUNS USED 
S,.,SUM OF (DEVIATIONS~2) 

C ... OUTER RESISTANCE TO TRANSFER 
E ••• SLOPE OF REGRESSION LINE 
C1 ••• LOG(CONST) IN NU EQUATION 
X7 ... T(5) IN CONFIDENCE ANALYSIS 
X6,,,MULT. IN LOG(CONST) ANALYSIS 
X4 ••• MULT. IN SLOPE ANALYSIS 
X5 ••• INTERVAL ON LOG(CONST 
XJ.,,INTERVAL ON SLOPE 
F6.,,HIN. LOG(CONST) 
F7 ••• MAX. LOG(CONST) 
Q6., .MIN. CONST 
Q7 ... KAX. CONST 
Q5.,.REGRESSION CONST 
F8 ••• MIN. SLOPE 
F9 ••• MAX.SLOPE 
Q4 ... SUM OF (LOG(NU).2) 
QJ.,,CORRELATION COEFFICIENT/& 
Q2 ... R~2 
F4,, .AV, ABS, DEV, 
F5,, .R.M,S. ABS. DEV, 

FILE RESULTS !YES 
TRY ANOTHER RE AND/OR PR EXPONENT INO 
DO YOU WANT TO STATE THE RESISTANCE INO 
STOP AT LINE 2520 

131.7595537008 
288.4798275568 
1415.297991185 
3091.646349576 
27 
.01564201812853 
.0009547399999999 
.8000000250654 
-3.667567243519 
2.06 
3.489911554643 
.3261379957883 
.1798282960535 
.01680525111958 
-3.847395539573 
-3.487738947466 
.02133523090504 
.03056991427003 
.02553852344398 
.7831947739458 
.816805176185 
649.0170lj72644 
.99tl7027017554 
.9974070864936 
2.063180809844 
2.416174212201 
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******************************************************************************** 
TABLE NO.A.9.5 HEAT TRANSFER FACTORS CALCULATED USING THE DATA IN TABLE A.8.5 

(RESULTING CORRELATION IS DENOTATION N OF TABLE 5.6) 
******************************************************************************** 

OUTPUT USING HEAt2-6010 

ERROR CRITERION FOR RE EXPONENT IS 10.0000001 
ERROR CRITERION FOR RESISTANCE IS 10.00000001 
TUBE MATERIAL IS !COPPER 
CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS 10 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS 181 
FIRST RUN NUMBER IS 11 
LAST RUN NUMBER IS 127 
TUBE !.D./INS.• 10.7874016 
IU»E O.D./INS.• \0,8661417 

RUN NUMBER (HO/HI)HEAS (HO/KI)CORR 
1 9.99609£-01 9.99608£-01 
2 9.91746£-01 9.91723£-01 
3 9.91845£-01 9. 91822£-01 
4 1.00952£+00 1.00954£+00 
5 1.01094£+00 1.01096£+00 
6 1.00362£+00 1.00363£+00 
7 l.OJ027E+OO 1.03033£+00 
8 1.03067£+00 1.03073£+00 
9 1.02504E+00 1.02510£+00 
10 1.02767£+00 1.02773£+00 
ll 1.03617£+00 1.03624£+00 
12 1.03163£+00 1.03169£+00 
13 1.03200£+00 1.03206E+OO 
14 1.03636£+00 1o 03643£+00 
15 1.02812£+00 t.02817E+OO 
16 1.00729£+00 }.00731E+OO 
17 9.92721£-01 9.92709£-01 
18 1.00291£+00 1.00292£+00 
19 1.00219£+00 1.00219£+00 
20 1.01120£+00 1.01122£+00 
21 1.00410£+00 1.00410£+00 
22 1.01369£+00 1.01371£+00 
23 1.01787£+00 1.01790£+00 
24 1.01984£+00 1.01987£+00 
25 1.02916£+00 1.02919£+00 
26 1.04221£+00 1.04227£+00 
27 1.04637£+00 1.04643£+00 

CORR1 CORR2 CORR3 
1.39183£+01 2.39419£+00 3.28373E-02 
1.34637£+01 2.44479£+00 2.30749£-02 
1.34973£+01 2.64713£+00 8.87499£-03 
1.11049£+01 2.30976£+00 }.86361£-02 
1.09365£+01 2.32663£+00 1o 50864£-02 
1.08015£+01 2.47834£+00 7. 98684£-03 
1.00262£+01 2.17474£+00 1. 59726£-02 
1.02284E+Ol 2.10732E+OO }. 68600£-02 
9.82416£+00 2.22533£+00 6.21160E-03 
9 .1668 6E+OO 1. 90493E+OO 2.04085£-02 
9.14992E+OO 1.92176£+00 }.95210£-02 
8.82992£+00 2.34326E+OO 2.66201£-03 
8.17281£+00 1.90489£+00 1.33095£-02 
8.30745£+00 1. 93858E+OO 1.33094£-02 
8.05487£+00 1. 90488£+00 8.87301£-0J 
7.73479£+00 1.68572£+00 3.81541£-02 
7.73479£+00 1. 77002£+00 3.81543£-02 
7 .68420£+00 1.82058£+00 4.43656£-02 
6.82477£+00 1.51708£+00 4.17012£-02 
6.74043£+00 1.63506£+00 4.17009£-02 
6.70678£+00 1.60135£+00 3. 72647£-02 
6.40337£+00 1.60131£+00 3.90383£-02 
6.36970£+00 1.55075£+00 ).46020£-02 
6.45383£+00 1.61815£+00 3.01654£-02 
5.93138£+00 1.51696£+00 4.34724£-02 
5.79667£+00 1.685S4E+OO 2.83905£-02 
5.99878£+00 1.685S3E+OO 2.39S42E-02 

CORR/HIMEA.S 
2.84560£-03 
2.835251::-03 
2.83378£-03 
2.33878£-03 
2.33507£-03 
2.32225£-03 
2.08253£-03 
2.08153£-03 
2.03956£-03 
1.86430£-03 
1.86060£-03 
1.85860£-03 
1. 74014£-03 
1. 73299£-03 
1. 71618£-03 
1.60486£-03 
1. 60962£-03 
1.60726£-03 
1.46741£-03 
1.47009£-03 
1.45921£-03 
1.39426£-03 
1. 38210£-03 
1.39652£-03 
1.33893£-03 
1.34973£-03 
1.35127£-03 

CORR4 
4.25646£+01 
4.30849£+01 
4.28326£+01 
4.43336£+01 
4 .44850£+01 
4.43335£+01 
4.5lllOE+01 
4.50263£+01 
4.48584£+01 
4.58527£+01 
4.56004£+01 
4.56005£+01 
4.63427£+01 
4.60735£+01 
4.61411£+01 
4.59772£+01 
4.61788£+01 
4.62121£+01 
4.63995£+01 
4.64662£+01 
4.65170£+01 
4.70059£+01 
4.67705£+01 
4. 70893£+01 
4. 73423£+01 
4.75111£+01 
4.73762£+01 

Continued 
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LMTD MEAS LMTD CORR OUT T AV INSI. T AV., 
4.49965£+01 4.50<ll9E+Ol 8.00350E+Ol ).50195E+Ol 
4.49219£+01 4.49.275E+Ol 7.99500£+01 ).50096E+Ol 
4.48719£+01 4.48174£+01 7.99500E+Ol 3.50597E+Ol 
4.501988+01 4.502411!:+01 7. 9985UE+Ol ).49607E+01 
4.50348£+01 4.50391£+01 S.OQlOOt+Ol 3.49707E+Ol 
4.490998+01 4.49141£+01 7.99700£+01 3.SOS57E+Ol 
4.49012£+01 4.49045£+01 8.00200E+Ol 3.Slll6E+Ol 
4.48712£+01 4.46745£+01 7.99150£+01 3. 50366£+01 
4.49059£+01 4.49092£+01 7.99700£+01 ).50566£+01 
4.49544£+01 4.49571£+01 7. 99500£+01 3.1!9771£+01 
4.49799£+01 4.49827£+01 8.00600£+01 ).50621£+01 
4,48445£+01 4.48473£+01 7.99500£+01 3.50871£+01 
4 .50604£+01 4.50627£+01 8.00900£+01 3.49975£+01 
4.47653£+01 4.47677£+01 7.99100£+01 3.51125£+01 
4.49345£+01 4o49369E+01 7 0 99550£+01 3o49815E+01 
4o49169E+01 4o491S9E+01 7o99300E+01 3.49628E+01 
4o48805E+01 4o48825E+01 7o99200E+01 3,49878£+01 
4o48260E+01 4o48281E+01 7 o98900E+01 3.50128£+01 
4o49101E+01 4o49117E+01 8. 00000£+0 1 3. 50083£+0 1 
4o47456E+01 4o47472E+01 7 0 99000£+01 3o50733E+01 
4o48791E+01 4o48807E+Ol 8.00350£+01 3.S0733Bt01 
4o492.76E+01 4o49289E+01 7. 997 501::+01 3o4938&E+01 
4.49022£+01 4o49035£+01 7o99600E+01 3.49486£+01 
4o48928E+01 4.48941£+01 8.00000£+01 3.49986£+01 
4.48950£+01 4o48961E+01 8o00700£+01 3o 50438£+01 
4.49323£+01 4.49333£+01 8o00450E+01 3o49838E+01 
4o48574E+01 4o48584E+01 8.00950£+01 3.51088£+01 

ONE TEMPERAXURE,FIRST RUN NUMBER IS 11 
ONE TEMPERATURE,LAST RUN NUMBER lS 127 
DO YOU WANT TO INCLUDE MORE RESULTS INO 
CHOSEN PRAND!L NUMBER EXPON~NT IS l0o4 
DO YOU WAN! TO USB MEAN PRANDTL NUMBERS INO 
RE EXPONENT IS 10.8 
GEOMETRY: ICONFlGURATION 0 

kE.SISTANCE INCREMENT EXPONENT SUM ERS SQ 
.OOOOOE+OO lo OOOOOE-04 3o69566E-Ol 2.88975E-02 

loOOOOOE-04 1o O()QQOE-04 3o88211E-Ol 2.96671£-02 
2 .oooom::-04 1o00000E-04 4.Q8915E-Ol 3.03026£-02 
3 oOOOOOE-04 1o00000E-04 4o32055E-01 3o07358E-02 
4 .OOOOOE-04 loOOOOOE-04 4o58107E-01 3.08749E-02 
S.OOOOOE-04 1o00000E-04 4.87689E-Ol 3.05973£-02 
6 oOOOOOE-04 1o OOOOOE-04 5.Zl614E-Ol 2.97448£-02 
?.OOOOOE-04 lo OOOOOE-04 5o60983E-Ol 2.81276£-02 
6 .OOOOOE-04 l.OOOOOE-04 6o07327E-Dl 2.55585-E-02 
9 o OOOOOE-04 1o OOOOOE-04 6.62807£-01 2.19867£-02 
l.OOOOOE-03 l.OOOOOE-04 7.30970E-Ol L79503E-Ol 
1.10000E•03 1o00000E-04 8.17097£-01 lo61380E-02 
loDDOOOE-03 l.OOODOE-05 7o30970E-Ol lo79503E-02 
l.01000E-03 1.DOOOOE-05 7o38655E-01 lo 75884£-02 
lo 02000E-03 l.OOOOOE-05 7.46525£-01 1o 7 2482E-02 
1.03000£-03 1o00000E-05 7.54585£-01 1.69349£-02 
J,04000E-03 1.00000E-05 7.62845£-01 1o66S48E-02 
loOSOOOE-03 1o00000E-05 7o71313E-01 lo64140E-02 
1.00000E-03 1. OOOOOE-05 7.79997£-01 1o62225E-02 
1o07000E-03 1.00000E-05 7 o88907E-01 lo6087SE-02 
1o08000E-03 1o00000E-05 7.980S4E-01 1o60201E-02 
1o0900QE ... 03 1o OOOOOE-05 a.o7446E-01 lo60323E-02 
lo 08000E-03 1o00000E-00 7 .98054E-Ol 1.60201£-02 
1o08100E-03 1o OOOOOE-06 7.98981£-01 lo60175E•02 
1o08200E-03 1. OOOOOE-06 7.99912£-01 1o60158E-02 
lo08300E-03 1o00000E-06 8.00845E-01 lo60148E-02 
1o08200E-03 1o00000E-07 7.99912£-01 1o60158E-02 
1o08210E-03 l.OOOOOE-07 8,00005£-01 lo60156E-02 
1.08200E-03 l.OOOOOE-08 7.99912£-01 1.60158£-02 
1o08201E-03 l.OOOOOE-08 7.99921£-01 1.60158£-02 
1o08202E-03 1o00000E-08 7.99931£-01 1.60157£-02 
lo08Z03E-03 1.00000E-D8 7.99940£-01 1.60157£-02 
1.08204£-03 1. OOOOOE-08 7. 99949£-01 1o 60157E-02 
lo08205E-03 l.OOOOOE-08 7.99959E-01 1.60157£-02 
1o0f.206E-03 1 1o00000E-08 7 0 99968£-01 lo60157E-02 
lo08207E-03 l.OOOOOE-08 7.99977£-01 1.60157£-02 
1.08208£-03 loOOOOOE-08 7. 99986E-Ol 1o60157E-02 
1.08209£-03 1. OOOOOE-08 7. 99996£-01 1o60157E-Ol 
1o08210E-03 lo OOOOOE-08 8o00005E-Ol 1.60156£-02 
l.08209E-03 loOOOOOE-09 7o99996E-01 lo60157E-02 
1o08209E-03 1o00000E-09 7o99997E-Ol 1.60157£-02 
1o08209E-03 1o OOOOOE-09 7o99998E-01 lo60157E-02 
1.08209£-03 1o OOOOOE-09 7.99999£-01 1.60157£-02 
lo08209E-03 1.00000E-09 s.oooooE-01 1o60157E-02 

Continued 
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DATA INPUTS: 
RESISTANCE STATED: NO 
GEOMETRY: CONFIGURATION 0 

HO fX>RJV»EU 
2.06351£+04 
2.05844£+04 
2.05865£+04 
2.48769£+04 
2,49501£+04 
2 ,484 50£+04 
2.83039£+04 
2.83537£+04 
2.85471£+04 
3 .13334£+04 
3.15151£+04 
3,14543£+04 
3.34121£+04 
3.36319£+04 
3.35579£+04 
3.47392£+04 
3.43102£+04 
3.47388£+04 
3.73601£+04 
3. 76966£+04 
3 .. 76964£+04 
3.99685£+04 
4 .02490£+04 
4 .02497£+04 
4 .. 20929£+04 
4. 24308£+04 
4.26002£+04 

RE NUMBER 
1.55901£+04 
1.55870£+04 
I.56041E+04 
.2.25650£~4 
2.25695£+04 
2.26119£+04 
2, 9865bE+04 
2. 98227£+04 
2.98342£+04 
3.72146£+04 
3.72781£+04 
J,72963E+04 
4.48721£+04 
4.49768£1-04 
4.48631£+04 
5.2688.4£+04 
5.27128£+04 
5.27409£+04 
6.91018£+04 
6.919-U£+04 
6.91918£+04 
8.62059£+04 
8.62238£+04 
8.63123£+04 
1.04489£+05 
1.04363£+05 
1.04624£+05 

EXP NUSSELT 
S.299S3E+Ol 
5.29266£1-01 
S.30423E+Ol 
7.16490E+Ol 
7.19757£+01 
7.183S5E+Ol 
9.10401E+Ol 
9.14210£+01 
9.24980£+01 
1.11337£+02 
1.12637E'+02 
J.l2916E+02 
1.27568£+02 
1.31575£+02 
1.29667£+02 
1.40795E+02 
1.369542+0'2. 
1.41528£+02 
1.69626£+02 
J.75661E+02 
l. 74222£+02 
2.05634£.+02 
2 .10508E+02 
2.10724£+02 
2.44056£+02 
2.50125£+02 
2.55380£+02 

CAL NUSSELT 
5.39243£+01 
5.39155£+01 
s. 396298+01 
7.24857E+Ol 
7 .24972£+01 
7.26061£+01 
9.07069E+01 
9.06027£+01 
9.06307£+01 
1.08162£+02 
1.083091H02 
l.08351E+02 
1.25627£+02 
1. 25862£+02 
1.25607E+02 
1.42848£+02 
1.42901£+02 
1.42962£+02 
1.77457£+02 
1.77643£+02 
1. 77642£+02 
2 .11803£+02 
2.118J8E+02 
2.12012£+02 
2.47037£+02 
2.46798£+02 
2.47291£+02 

% CA.-EX/EX 
+ 1 • .7 S300E+OO 
+J .868-41£+00 
+1. 73553£+00 
+l.l6776E+OO 
+7.24624£•01 
+1 ~07268£+00 
-3.65957£-01 
-8.95079£-01 
-2..0187bE+OO 
-2.85160£+00 
-3.84262£+00 
-4 .04243£+00 
-1.52119E+OO 
-4.34207£+00 
-3.13137E+OO 
+1.45824E+00 
+4 o34206E+OO 
+l~OI350E+OO 
+4.61573E+00 
+1.12844£+00 
+1. 96323£+00 
+2.99997£+00 
+6.32124£-01 
+6.11203£-01 
+1.22130E+00 
-1.32997E.+OO 
-3.16745E+OO 

LOG-LOG REGRESSION LINE IS (NU/PR~ .4 )• .02385083222045 *(RE~ .1999999902321 

iESULTS OF REGRESSION ANALYSIS 

z ••• sUM OF LOG( NU) 
F ••• SUM OF LOG(RE) 
W ••• SUM OF LOG(NU)*LOG(RE) 
G ••• SUM OF (LOG(RE).2) 
X ••• TOTAL NUMBER OF RUNS USED 
s ... SUM OF (DEV1Al'IONS'"2) 
c ••• OUTBR RESISTANCE TO TRANSFER 
E ••• SLOPE OF REGRESSION LINE 
Cl ••• LOG(CONST) IN NU EQUATION 
X7 ••• t{5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT. IN LOG(CONST) ANALYSIS 
X4 ••• MULT. IN SLOPE ANALYSIS 
XS ••• INTERVAL ON LOG(CONST 
X3 ••• tNTERVAL ON SLOPE 
F6 ••• MIN. LOG(CONST) 
F7 ••• MAX. LOG(CONST) 
Q6 • •• MlN. CONST 
Q7 ••• MAX. CONST 
Q.S ••• REGHESSION CONST 
F8 ••• MlN.SLOPE 
F9., .MAX..SJ..OPE 
Q4. • .SUM OF (LOG(NU)~2) 
QJ.,,CORRELATION COEFFICIENT/R 
Q2 ••• R"2 
F4 ••• AV. ABS. DEV. 
FS ••• &.H..S • .ws. DEV. 

FILE RESULTS I YES 
TRY ANOTHER RE AND/OR PR EXPONENT INO 
DD 'J'OU WANT TO STATE THE RESISTANCE I NO 
STOP AT LINE 2520 

129.9134952665 
288.47971&1219 
1395.582218311 
3091.655044051 
27 
.01601569572.334 
.001082094 
.7999999962321 
-3.735936168317 
2~06 
3.487862577316 
.3259460571525 
.1818$6775319 
.0169947919586 
-3.917792943636 
-3.554079392999 
.01988493351831 
.02860769924546 
.02.385083222045 
.7630052042735 
.816994788l907 
631.1332593&98 
.998673331579 
.997348423207 
2.067273862603 
2.-429325865437 
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******************************************************************************** 
TABLE NO.A.9.6 ISOTHERMAL FRICTION FACTORS CALCULATED USING TilE DATA IN 

TABLE A.8,6 
(RESULTING CORRELATION IS DENOTATION A OF TABLE 5.7) 

******************************************************************************** 

OUTPUT USING EX-6010 

X•l • • • , ISOTHERMAL 
X•2 , , • • DIABATIC (TEST SECTION) 
CHOSEN VALUE OF X IS 11 
CROSS SECTIONAL AREA OF TUBE/SQ.INS. IS 10 
TUBE MATERIAL IS I COPPER 
TOTAL INSERTED LENGTH/INS, lS 142 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS 181 
FIRST RUN NUMBER 155 
LAST RUN NUMBER 181 
HOW MANY F EQUATIONS 16 
LENGTH/INS. IS 148 
!.D./INS. IS 10.7874016 
O.D./INS. IS 10.8661417 

DATE: !**** 

TABLE NO, IA.9.6 

GEOMETRY: ICONFIGURATION lT 

RUN NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

LENGTH/INS.• 48 
DlA./INS.• .7874016 
ROUGH/INS,• 6.E-05 

W!P./C 
2.26050E+Ol 
2.242501!.+01 
2.28900£+01 
2.26300E+01 
2.2J.650E+Ol 
2.2J.800E+Ol 
2.25-150E+Ol 
2.26-300E+Ol 
2.25ti00E+01 
2.26-000E+Ol 
2.26300E+01 
2.2S500E+01 
2.23800E+01 
2.23400ET01 
2.26000E+01 
2.28650E+01 
2.24050E+Ol 
2.25250E+01 
2, 2 5000E+O 1 
2.24400£+01 
2. 2S400E+O 1 
2,26-250E+01 
2.23650E+Ol 
2.2l750E+01 
2.25650£+01 
2.26400E+Ol 
2.25900£+01 

HEAD/CM. ROTAM/CM. 
17.45 2 
32.15 4 
S1.1 6 
14.55 8 
102.35 10 
135.65 12 
10.15 16 
15.1 20 
20.9 24 
20.95 24 
15.1 20 
10.175 16 
135.7 12 
102.35 10 
14.6 8 
Sl.l 6 
32.15 4 
17.45 2 
17.45 2 
32.15 4 
51.1 6 
74.6 8 
102.35 10 
135.7 12 
10.175 16 
15.1 20 
20.9 24 

Continued 
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D/G./CU.CH., VISC./CP. SPEC. GRAV, Q/CU.FT./5. 
9.97b61E-Ol 9.44244£-01 1.594 6.17934£-03 
9. 97703£-01 9.48242£-01 1.594 8.96901E-03 
9.97594£-01 9.37969E-Ol 1.594 lol8588£-Q2 
9.97655£-01 9.43691£-01 1.594 1.48272£-02 
9.97716£-01 9.49580£-01 1.594 1.78890£-02 
9.97713£-01 9.49245£-01 1.594 2.10419£-02 
9.97682E-01 9.46239£-01 13.5707 2.76221£-02 
9.97655£-01 9.43691£-01 13.5707 3.456,31£-02 
9.97667£-01 9.44797£-01 13.5707 4.18~91£-02 
9.97662£-01 9.44354£-01 13.5707 4.18596£-02 
9.97655£-01 9.43691£-CH 13.5707 3.45631£-02 
9.97674£-01 9.45462£-01 13.5707 2.76217£-02 
9.97713£-01 9.49245£-01 1.594 2.10436£-02 
9.97722£-01 9.50139£-01 1.594 1.78886£-02 
9.97b62E-01 9.44354£-01 1.594 1.48267£-02 
9.97600£-01 9.38516£-01 1.594 1.18574£-02 
9.97707£-01 9.48688£-01 1.594 8.96849£-03 
9.97679£-01 9.46017£-01 1.594 6.17758£-03 
9. 97685£-01 9.46573E-01 1.594 6.17682£-03 
9.97699£-01 9.47907£-01 1.594 8.97000£-03 
9.97606£-01 9.39065£-01 1.594 1.18547£-02 
9.97656£-01 9.43801£-01 1.594 1.48255£-02 
9.97716£-01 9.49580£-01 1.594 1. 78876£-02 
9.97714£-01 9.49357£-01 1.594 2.10426£-02 
9.97670£-01 9.45130£-01 13.5707 2.76231£-02 
9. 97653E-01 9.43469£-01 13.5707 3.45635£-02 
9.97664£-01 9.44576£-01 13.5707 4.1859.5£-02 

VEL./FT./S, PIPS I, RE/NO UNITS FRICTION 
1.82735£+00 1.41902£-01 1.17697£+04 1o48162£-02 
2.65231£+00 2.61031£-01 1. 70118£+04 1.29364£-02 
3.50690£+00 4.14529£-01 2.27370£+04 1.17524£-02 
4. 38469£+00 6.04405£-01 2.82576£+04 1. 09608E-02 
5.29012£+00 8.29335£-01 3.38833£+04 1.03315£-02 
6 .22250£+00 1.09907£+00 3.98691£+04 9.89614£-03 
8.16840£+00 1.73929E+OO 5.25016£+04 9.08826£-03 
1.02209£+01 2.58807£+00 6.58701£+04 8.63748£-03 
1.23785£+01 3.58064£+00 7 .96824£+04 8.14721£-03 
1.23787E+Ol 3.58957£+00 7 .97202£+04 8.16741£-03 
1.02209£+01 2.58807£+00 6. 58701£+04 8.63748£-03 
8.16830£+00 1.74376£+00 5.25437£+04 9.11194£-03 
6.22301£+00 }.09947£+00 3.98724£+04 9.89815£-03 
5.29001£+00 8.29332£-01 3 .38629£+04 1.03319£-02 
4 0 38455£+00 6.04817£-01 2.82370£+04 1.09689£-02 
3.50648£+00 4.14530E-Ol 2.27211E+04 1.17552£-02 
2.65216£+00 2.61030£-01 1. 70029£+04 1.29379£-02 
1.82683£+00 1.41900£-01 1.17445E+04 1.48242£-02 
1.82660£+00 1.41901E-01 1.11362£+04 L46278E-OZ 
2.65260£+00 2.61030E-01 1.70196£+04 1.29336£-02 
3.50568£+00 4.14529£-01 2.27029£+04 1.17604£-02 
4 .38420£+00 6.04817£-01 2.82511£+04 1.09708£-02 
5.28971£+00 8.29331£-01 3.38807£+04 1.03331£-02 
6.22270£+00 1.09946£+00 3.98658£+04 9.89901£-03 
8.16870£+00 1.74374£+00 5.25646£+04 9 ·11097£-03 
1.02211£+01 2.58805£+00 6.58862£+04 8-63719£-03 
1.23786£+01 3.58065£+00 7. 97015£+04 8.14711£-03 

DO YOU WANT A PRINT OUT OF REFERENCE DATA I NO 

COLBURN BLASIUS U.K.H. CO LE BROOK 

MEAN RATIOS ARE 
3.68558£+00 3.59656£+00 3.58463E+OO 3.62898£+00 

MAXIMUM RATIOS ARE 
4,20005£+00 3.89730£+00 3.88545£+00 3.98872£+00 

MINIMUM RATIOS ARE 
3.38496E+<l0 3.45664£+00 3.41133E+OO 3.38999£+00 

NlKURADSt ROUSE 

MEAN RATIOS ARE 
3.66367£+00 3.66494£+00 

MAXIMUM RATIOS ARE 
4.00261£+00 3.99081£+00 

MINIMUM RATIOS ARE 
3.45126£+00 3.46155£+00 

STOP AT LINE 2680 

Continued 
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OUTPUT USING FRICTION-0010 

IS DATA ON FILE I YES 
FIRST RUN ON DATA FILE 11 
LAST RUN ON DATA FILE 181 
FIRST RUN 155 
LAST RUN 181 
NAME 12 IDAY5AK-6010 

COMPARISON WITH REGRESSION ANALYStS 

% EIUlOR IS EXP-CALC/Elt.P 

REYNOLDS NO 
+1.17097£+04 
+1.7011BE+04 
+2.27370£+04 
+2.82576£+04 
+3.38833£+04 
+3.98691£+04 
+5. 25016E+04 
+6.58701E+04 
+7.90824£'+04 
+7.97202E't04 
+6.58701£'+04 
+5.25437£+04 
+3.98724£+04 
+J.38629E't04 
io-2.82370£+04 
+2 .. 27211£+04 
+1.70029E't04 
+1.17445£+04 
+1.17362£+04 
+1.70196£+04 
+2.27029£+04 
+2.82511£+04 
+ 3. 38807 E+04 
+3.98658£+04 
+5.25646£+04 
+6.58862£+04 
+7.97015£+04 

EXPTL F 
+1.48162£-02 
+1.29364£-02 
+1.17524£-02 
+1.09608£-02 
+l.03315E-02 
+9.89614E-03 
+9.08820£-03 
+8.63748£-03 
+8.14721E-03 
+8.16741£-03 
+8.63748£-03 
+9.lll94E-03 
+9.89815£-03 
+1.03319£-02 
+1.09689£-02 
+1.17552£-02 
+1.29379£-02 
+1.48242£-02 
+1.48278£-02 
+1.29336£-02 
+1. 17604£-02 
+1.09708£-02 
+1.03331£-02 
+9.89901£-03 
+9.11097£-03 
+8.63719£-03 
+8.14711£-03 

CALCtD F 
+1.45132£-02 
+1.29553£-02 
+1.18471£-02 
+1.10793£-02 
+1.04163£-02 
+9.96390£-03 
+9.15338£-03 
+8.53520£-03 
+8.04876£-03 
+8.04758£-03 
+8.53520£-03 
+9.15112£-03 
+9.96365£-03 
+1.04782£-02 
+1.10818£-02 
+1.18497£-02 
+1.29574E-02 
+1.45228£-02 
+1.45260£-02 
+l.29535E-02 
+1.18520E-02 
+1.10801£-02 
+1.04765£-02 
+9.96416£-03 
+9 .ISOOOE-03 
+8.53455£-03 
+8.04816E-03 

% ERROR 
+2.04444&+00 
-1.45810£-01 
-8.05766£-01 
-1.08119£+00 
-1. 40084£+00 
-&,84732&-01 
-7.16589£-01 
+l.I8411E+OO 
+1.20849£+00 
+1.46716£+00 
+1.18411£+00 
-4.29982E-Ol 
-6.01753£-01 
-1.41644£+00 
-1.02912£+00 
-8.03573£-01 
-1.50878£-01 
+2.03289£+00 
+2.03527£+00 
-1.53724£-01 
-7.83745£-01 
-9.96679£-01 
-1.38820£+00 
-6.58109£-01 
-4.28343E-Ol 
+1.18829£+00 
+1.21450£+00 

LOG-LOG REGRESSION LINE IS F• .2609799143938 *{REA -.3082567570791 ) 

RESULTS OF REGRESSION ANALYSIS 

z ••• SUM OF LOG( F) 
F ••• SUM OF LOG(RE) 
W.,.SUM OF LOG(F)*LOG(RE) 
G.,.SUH OF (LOG(RE)A2) 
X •• ,TOTAL NUMBER OF RUNS USED 
S,,,SUM OF (DEVIATIONSA2) 
E. • ,SLOPE OF REGReSSION LINE 
C} ••• LOG(CONST) IN F EQUATION 
X7 ••• t(S) IN CONFIDENCE ANALYSIS 
X6,,.MULT. IN LOG(CONST) ANALYSIS 
X4,,.MULT. IN SLOPE ANALYSIS 
XS.,,INTERVAL ON l.OG(CONST) 
X3.,.1NTERVAL ON SLOPE 
F6 ••• KIN, LOG(CONST) 
}'7, .. KAX. LOG(CONST) 
Q6 ... MIN. CONST 
Q7., .KAX. CONST 
Q5 ••• REGRESSION CONST 
F8 ... MIN. SLOPE 
F9,,.MAX, SLOPE 
Q4,,.SUM OF (LOC(F).2) 
Q3 ••• CORRELATION COEFFICIENT/& 
Q2. 0 .R'"2 
F4 ... AV, ABS. DEV. 
F5 ••• R.K.S. ABS. DEV • 

STATE 1ILENAME OR NO JNO 
STOP At LINE 570 

-122.8905467233 
281.0031744411 
-1281.924284659 
2934.078080143 
27 
.003530821944723 
-.3082567570791 
-1.343311830966 
2.00 
3.37672313756 
.3239227880822 
.08266669562957 
,0079300&2797276 
-1.425978526590 
-1.260645135337 
,2402732343882 
.2834710902795 
.2609799143938 
-.3161868198764 
-.3003260942818 
500.2456789734 
-.9980562700362 
.9961163181585 
1.010921525038 
1.139772548202 
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******************************************************************************** 
TABLE NO.A.9.7 ISOTUEJU.W.. FRICTION FACTORS CALCULATED USING THE DATA IN 

TABLE A.8.7 
(RESULTING CORRELATION IS DENOTATION I OF TABLE 5.8) 

******************************************************************************** 

OUTPUT USING EX-6010 

X•l • • • • ISOTHERMAL 
X•2 • • , • DlABATlC (TEST SECTION) 
CHOSEN VALUE OF X IS 11 
CROSS SECTIONAL ARE~ OF TUBE/SQ. INS. IS 10 
TUBE MATERIAL IS !COPPER 
TOTAL INSERTEU LENGTH/INS. IS 141.6 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS I 81 
FIRST RUN NUMBER 11 
LAST RUN NUMBER 127 
HOW MANY F EQUATIONS 16 
LENGTH/INS. IS 148 
!.D./INS, IS 10.7874016 
O.D./INS. IS J0,866l417 

TABLE NO. IA.9.7 

GEOMETRY: 1 CONFIGURATION 6K 

RUN NUMBER 
I 
2 
3 
4 
5 
6 
) 

8 
9 
10 
11 
12 
l3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

LENGTH/lNS.• 48 
DlA./lNS.• ,7874016 
ROUGH/INS.• 6.E-05 

TEMP./C 
2.06650£+01 
2.Q5650E+01 
2.05150£+01 
2.05400E+01 
2.05150E+01 
2.04800E+Ol 
2.04150E+Ol 
2.Q3550E+01 
2-03150£+01 
2.03000E+Ol 
2.03250E+Ol 
2.04400E+01 
2.Q3650E+01 
2.04000!+01 
2-03750£+01 
2.03900£+01 
2.03400£+01 
2.04050E+Ol 
2.03650£+01 
t.03BOOE+Ol 
2.03800£+01 
2.03150£+01 
2.03050£+01 
2.02900£+01 
2.02900£+01 
2.03:550£+01 
2.02500£+01 

HEAD/CM. ROTAM/CM. 
12.35 2 
23.6 4 
38.55 6 
58 8 
81.65 10 
110.4 12 
182.1 16 
275.95 20 
388.35 24 
387.75 24 
275.8 20 
162.3 16 
110.4 12 
81.5 10 
57.95 8 
38.5 6 
23.65 4 
12.35 2 
12.35 2 
23.65 4 
38.6 6 
57.9 8 
81.55 10 
110.4 12 
182.25 16 
275.95 20 
388.15 24 

Continued 
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D/G./CU.CM. VISC./CP, SPEC, GRAV. Q/CU,FT,/S, 
9.98094E-01 9.88808E-Ol 13.5699 6.16801E-03 
9 .98115E-Ol 9.91197E-Ol 13.5699 8.95269E-03 
9.98126E-01 9.92394E-01 13.5699 1,18311E-02 
9.98120E-01 9.91795E-01 13.5699 l.47986E-02 
9.98126E-01 9.92394E-01 13.5699 1.78582E-02 
9.9813JE-01 9.93234E-Ol 13.5699 2,10086E-02 
9.98147E-Ol 9.94796E-01 13.5699 2.75817E-02 
9.98159E-01 9.96242E-Ol 13.57 3.45191E-02 
9.98168E-01 9.97208E-01 13.57 4.18174E-02 
9.9817lE-Ol 9, 97570E-01 13.57 4,18223E-02 
9.98166E-01 9, 96966E-01 13.57 3.45193E-02 
9.981411!:-01 9.94195E-01 13.5699 2.75818E-02 
9,98157E-Ol 9.96001E-Ol 13.5699 2.10086e-02 
9.98150E-Ol 9.95157E-Ol 13.5699 1.78575E-02 
9.98155E-Ol 9.95760E-Ol 13.57 1.47967£-02 
9.98152£-01 9.95398£-01 13.57 1.18290£-02 
9.98162£-01 9.96604£-01 13.5699 8.95207£-03 
9.9814!:1£-01 9.95037£-01 13.57 6.16658£-03 
9.98157£-01 9.96001£-01 13.57 6.16689£-03 
9.98154£-01 9.95639£-01 13.57 8.95234£-03 
9.98154£-01 9.95639£-01 13.57 1.18293£-02 
9.98168£-01 9.97208£-01 13.57 1.47979E-02 
9.98170£-01. 9.97449E-01 13.57 1.78567£-02 
9.98173£-01 9.978l2E-01 13.57 2.10062£-02 
9.98173£-01 9.97812£-01 13.57 2.75806£-02 
9.98159£-01 9.96242E-01 13.57 3.45182£-02 
9.98181E-01 9.98780£-01 13.57 4.18185£-02 

VEL./FT./S. P/PSI. RE/NO UNITS FRICTION 
1.82400£+00 2.19839£+00 1.12235&+04 2.32495£-01 
2.64748£+00 4.20092E+£l0 1.62517£+04 2.10876£-01 
3.49870£+00 6.86215£+00 2.14512£+04 1.97238£-01 
4.37623£+00 1.03248£+01 2.68476£+04 1.89683£-01 
5.28103£+00 1.45351£+01 3.23790£+04 1.83370£-01 
6.21266£+00 1. 96540£+01 3.80592£+04 1.79158£-01 
8.15645£+00 J,24203E+Ol 4.98891£+04 1. 71455£-01 
1.02079£+01 4.91309£+01 6.23476£+04 1.65884£-01 
1.23662£+01 6.91431£+01 7. 54570E+04 1.59075£-01 
1.23676£+01 6.90360£+01 7 .54388£+04 1.58790£-01 
1.02080£+01 4.91036£+01 6. 23030£+04 1.65789£-01 
8.15649£+00 3.24556£+01 4.99193£+04 1.71641£-01 
6.21265£+00 1.96537£+01 3. 79543£+04 1.79153£-01 
5.28081£+00 1.45083£+01 3.22886E+04 1.83042£-01 
4.37568£+00 1.03154E+Ol 2.67383£+04 1.89551£-01 
3.49808£+00 6.85306E+OO 2.13833E+04 1.97042£-01 
2 .64730£+00 4.20974£+00 1.61632!::+04 2.11338£-01 
1.82357£+00 2.19829£+00 1.11513£+04 2.32579£-01 
1.82367£+00 2.19831£+00 1.11411£+04 2.3255bE-01 
2.647 38E+00 4.20969£+00 1.61792£+04 2.11324£-01 
3.49818£+00 6.87090£+00 2.13787£+04 1.97543£-01 
4.37602£+00 1.030&4£+01 2.67019£+04 1.89355E-01 
5 .28058£+00 1.45169£+01 3.22136£+04 1.83163£-01 
6.21196£+00 1.96537£+01 3. 7tl818E+04 1. 79189£-01 
8.15614£+00 3.24462£+01 4.97378£+04 1.71601E-01 
1.02077E+Ol 4.91304£+01 6.23459£+04 1.65892£-01 
1.23665£+01 6.91066£+01 7 .53413£+04 1.58980£-01 

DO YOU WANT A PRINT OUT OF REFERENCE DATA I NO 

COLBURN BLASIUS D.K..M. COLEBROOK 

MEAN RATIOS ARE 
6.43200£+01 6.27341£+01 6.25340£+01 6.33203£+01 

MAXIMUM RAIIOS ARE 
6.56234£+01 6.65782E+01 6.57887£+01 6.56777£+01 

HHllMUM RATIOS ARE. 
6.29283£+01 6.012S3E+Ol 6.01135£+01 6.14888£+01 

NIKURADSE ROUSE 

MEAN RATIOS ARE 
6.39188£+01 6.39390£+01 

MAXIMUM RAtiOS ARE 
6.66499£+01 6.68056£+01 

MINIMUM RATIOS ARE 
6.18585E+Ol 6.17350£+01 

STOP AT LINE 2680 

Continued 



OUTPUT USING FRICTION-6010 

IS DATA ON FILE I YES 
FIRST RUN ON DATA FILE 11 
LAST RUN ON DATA FILE 127 
FIRST RUN 11 
LAST RUN 127 
NAME #2 IDAY5AC-6010 
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COMPARISON WITK REGRESSION ANALYSIS 

% ERROR IS EXP-CALC/EXP 

REYNOLDS NO 
+1.122358+04 
+1.62517E+04 
+2.14512E+04 
+2.68476£+04 
+3.23790£+04 
+3.80592£+04 
+4.98891£+04 
+6. 23476£+04 
+7. 54570£+04 
+7. 54388£+04 
+6. 23030E+04 
+4.99193£+04 
+3.795438+04 
+3.22886£+04 
+2.673838+04 
+2.13833£+04 
+1.616328+04 
+1.11513£+04 
+1.11411£+04 
+1.61792£+04 
+2.13787£+04 
+2.67019£+04 
+3.22136£+04 
+3. 78818£+04 
+4.97378£+04 
+6. 23459£+04 
+7.53413£+04 

EXPTL F 
+2.32495£-01 
+2.10876£-01 
+1.97238£-01 
+1.89683£-01 
+I.83370£-01 
+1.79158£-01 
+1.71455£-01 
+1.65884£-01 
+1.59075£-01 
+1.58790£-01 
+1.65789£-01 
+1.71641£-01 
+1.79153£-01 
+1.83042£-01 
+1.89551£-01 
+1.97042£-01 
+2.11338£-01 
+2.32579£-01 
+2.32556£-01 
+2.11324£-01 
+1.97543E-OI 
+1.89355£-01 
+1.83163£-01 
+1.79189£-01 
+1.71601£-01 
+1.65892£-01 
+1.58980£-01 

CALCEO F 
+2.26735£-01 
+2.11338£-01 
+2.00483£-01 
+1.92116£-01 
+1.85400£-01 
+1. 79794£-01 
+1.70783£-01 
+1.63702£-01 
+1.57874£-01 
+1.57881£-01 
+1.63724£-01 
+1.70763£-01 
+1. 79888£-01 
+1.85498£-01 
+1.92265£-01 
+2 .00604£-01 
+2.11558£-01 
+2.27013£-01 
+2.27052£-01 
+2.11518£-01 
+2.00612E-O! 
+1.92315£-01 
+1.85580£-01 
+1. 79953£-01 
+1.70882£-01 
+1.63703£-01 
+1.57920£-01 

% ERROR 
+2 .4 77 69£+00 
-2.19160£-01 
-1.64489£+00 
-1.28284£+00 
-1.1069SE+OO 
-3.54665£-01 
+3 .91999£-01 
+1.31570£+00 
+7 .55190£-01 
+5. 72766£-01 
+1.24578£+00 
+5.11431£-01 
-4.10454£-01 
-1.34170£+00 
-1.43170£+00 
-1.80767£+00 
-1.03816£-01 
+2.39327£+00 
+2.36667E+OO 
-9.14942£-02 
-1. 55329E+OO 
-1.56319E+OO 
-1.31967£+00 
-4.26674£-01 
+4.19014£-01 
+1.31943£+00 
+6.67202£-01 

LOG-LOG REGRESSION LINE IS F- 1.333211694619 *(RE~ -.1899642463292 ) 

RESULTS OF REGRESSION ANALYSIS 

z ••• SUM OF LOG( F) 
F.,.SUM OF LOG(RE) 
W ••• SUM OF LOG(F)*LOG(RE) 
G ••• SUH OF (LOG(RE)~2) 
X ••• TOTAL NUMBER OF RUNS USED 
S ••• SUM OF {DEVIATIONS.2) 
E ••• SLOPE OF REGRESSION LINE 
Cl ••• LOG(CONST) lN F EQUATION 
X7 ••• t(5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT, IN LOG(CONST) ANALYSIS 
X4 ••• HULT. IN SLOPE ANALYSIS 
X5 ••• 1NTERVAL ON LOG(CONST) 
X3, •• INTERVAL ON SLOPE 
F6 •• ,HIN. LOG(CONST) 
F7 ••• MAX. LOG(CONST) 
Q6 ••• MIN. CONST 
Q7 • • .MAX.. CONST 
Q5, •• REGRESSION CONST 
FS., .MIN. SLOPE 
F9 ••• MAX., SLOPE 
Q4 ••• SUM OF (LOG(F)"2) 
Q3. ,.CORRELATION COEFFICIENT/R 
Q2 ••• R"2 
F4 ••• AV. ABS. DEV. 
F5 ••• a.M.S. ABS. DEV. 

STATE FILENAHE OR NO INO 
STOP AT LINE 570 

-45.3460160229 
279.5840254583 
-471.3610591593 
2904.58270088 
27 
.004448244788742 
-.1899642463292 
.2875908392545 
2.06 
3.365064712045 
.3244392802055 
.09246661848358 
.00891507466007 
.1951242207709 
.380057457738 
1.215461962734 
1.462368611413 
1.333211694619 
-.1988793209893 
-.1810491716692 
76.50509779353 
-.9935748916057 
.9871910652293 
1.077569068767 
1.280361771172 
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******************************************************************************** 
TABLE NO.A,9.8 NON-ISOTHERMAL FRICTION FACTORS CALCULATED USING THE DATA IN 

TABLE A.8.8 
(RESULTING CORRELATION IS DENOTATION A OF TABLE 5.9) 

******************************************************************************** 

OUTPUT USING EX-6010 

X•l • • • • ISOTllERMAL 
X•2 • • • • DlABATIC (TEST SECTION) 
CHOSEN VALUE OF X IS 12 
CROSS SECTIONAL AREA OF TUBE/SQ,INS, IS 10 
TUBE MATERIAL IS !COPPER 
TOTAL INSERTED LENGTH/INS. IS 142 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS I 54 
FIRST RUN NUMBER 128 
LAST RUN NUMBER I 54 
HOW MANY P EQUATIONS 16 
LENGTH/INS. IS 148 
!.D./INS. IS 10.7874016 
O.D./INS. IS 10,8661417 

DATE: !U** 

TABLE NO. lA.9.8 

GEOMETRY: !CONFIGURATION lT 

RUN NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

LENGTH/ INS.• 48 
DIA./lNS.• .7874016 
ROUGH/INS.• 6.£-05 

TEMP./C 
3.49'900£+01 
3.49750£+01 
3.50500£+01 
3.49748£+01 
3.50000£+01 
3.49750E+Ol 
3.49-750£+01 
3.50500E+Ol 
3.50250£+01 
3.50250E+Ol 
3.49750£+01 
3.49600£+01 
3.49650£+01 
J.49550E+Ol 
3.49750£+01 
3.499-00E+Ol 
3.50300E+Ol 
3.49'500£+01 
J.SllSOE+Ol 
3.50000E+Ol 
3, 50500E+O 1 
3.SOOOOE+Ol 
3.49900£+01 
3.50500E+Ol 
J,49650E+Ol 
3.491501!:+01 
3.49150£+01 

HEAD/CM, ROTAM/CM, 
15.3 2 
15.35 2 
15.35 2 
28.5 4 
28.55 4 
28.55 4 
45.95 6 
45.95 6 
45.95 6 
67.95 8 
68 8 
67.95 8 
93.7 10 
93.6 10 
93.6 10 
126.05 12 
126 12 
126.05 12 
9.6 16 
9.575 16 
9.575 16 
14.35 20 
14.35 20 
14.35 20 
20.05 24 
20ol 24 
20.1 24 

Continued 



- 331 -

0/G./CU.CH.. VISC./CP. SP~C. GRAV. Q/CU.FT./S. 
9.94066£-01 7.22667E-Ol 1.595 6.28128£-03 
9.94072&-01 7. 22883E-Ol 1.595 6.28187E-03 
9.94046E-Ol 7.21804£-0l 1.594 6.28254E-03 
9.94072E-01 7 ,2288SE-Ol },594 9.tQ231E-03 
9.94063E-Ol 7 .22523E-01 1.594 9.10323£-03 
9.94072&-01 7 ,2288JE-Ol 1.594 9,}Q301E-OJ 
9.94072E-Ol 7.22883&-01 1.594 l.ZOlllE-02 
9.94046&-01 7 .21804E-Ol 1.594 l.20114E-02 
9.94054£-01 7.22163£-01 1.594 l.ZOlZlE-02 
9.94054E-01 7.22163£-01 1.595 l.SOObBE-02 
9.94072£-01 7 ,2288JE-Ol 1. 595 l.SOOblE-02 
9.94077E-Ol 7.23099£-01 1.595 l.S0064E-02 
9.94075£-0l 7.23027£-01 1.595 1.80887E-02 
9.94078£-01 7.23171E-01 1.595 l.SQSBOE-02 
9,94072E-Ol 7 .22883E-01 1.595 1.80878E-02 
9.94066!-01 7.22667£-01 1.595 2.12558£-02 
9,94053E-01 7.22091£-01 1. 595 2.12561£-02 
9,94080E-01 7.23243£-01 1.594 2.12555£-02 
9.94023£-01 7 .20871!.-01 13.5707 2o78565E-02 
9 .940b3E-01 7.22523£-01 13.5707 2. 78543E-02 
9.94041)£-01 7 .21804!.-01 13.5707 2.78550£-02 
9,94063E-01 7.22523£-01 13.5709 3.47991£-02 
9.94066£-01 7.22667£-01 13.571 3.47989£-02 
9.94046£-01 7. 21804£-01 13.5711 3.47997£-02 
9.94075£-01 7.23027£-01 13.5712 4.20898£-02 
9.94092£-01 7.23748£-01 13.5712 4.20892£-02 
9.94092£-01 7.23748£-01 13.5714 4.20892£-02 

VEL./FT./5. P/PSio RE:/NO UNITS FRICTION 
1.85749£+00 1.24198£-01 1.55758£+04 1.25955£-02 
1.857b7E+OO l.246lbE-Ol 1.55727£+04 1.26355£-02 
1.85787£+00 1.24395£-01 1.55972£+04 1.2bl07E-02 
2.69173£+00 2.30669£-01 2.25644£+04 1.11399£-02 
2.69200£+00 2.31084£-01 2.25778£+04 1.11578£-02 
2.69194£+00 2.31081£-01 2.25662£+04 1,11581E-02 
3.55193£+00 3.71780£-01 2.97755£+04 1.03113£-02 
3.55202£+00 3.71772£-01 2.98200£+04 lo0Jl08E-02 
3.55221£+00 3.71761£-01 2.98070£+04 1.03093£-02 
4.43781£+00 5.50843£-01 3. 72381£+04 9.78713£-03 
4 .43762£+00 5.51249£-01 3.72001£+04 9.79502£-03 
4.43771£+00 5.50812£-01 3. 71899£+04 9. 78680£-03 
5.34919£+00 7.59477£-01 4.48330£+04 9.28739£-03 
5. 34899£+00 7.58617£-01 4.48225£+04 9.27754£-03 
5.34891£+00 7.58612£-01 4.48394£+04 9.27782£-03 
6 .28577£+00 1.02227£+00 5.27085£+04 9.05338E-03 
6.28586£+00 1.02181£+00 5.27505£+04 9.04918£-03 
6 .28569£+00 1.02033£+00 5.26665£+04 9.03629£-03 
8.23771E+OO 1.64483£+00 6.92454£+04 8.48175£-03 
8.23707£+00 1.640 30E+00 6.90844£+04 8.45940£-03 
8.23746£+00 1.640'29£+00 6.91553£+04 8.45869£-03 
1.02907£+01 2.45976£+00 8.63089£+04 8.12750£-03 
1.02907£+01 2.45969£+00 8.62914£+04 8.12736£-03 
1.02909£+01 2.45962£+00 8.63949£+04 8.12691£-03 
1.24467£+01 3.43671£+00 1.04319£+05 7. 76236£-03 
1.24466£+01 3.44562£+00 1.04216£-1-05 7.78243£-03 
1.24466£+01 3.44552£+00 1.04216£+05 7.78219£-03 

DO YOU WANT A PRINT OUT OF REFERENCE DATA INO 

COLBURN RLASIUS D.K.M. CO LE I! ROOK 

MEAN RATIOS ARE 
3.50557£+00 3.47223£+00 3.45145£+00 3,47447£+00 

MAXIMUM RATIOS ARE 
3.78737£+00 3.56442£+00 3.56273£+00 3.65049£+00 

MINIMUM RATIOS ARE 
3.40360E+OO 3.40888E+OO 3.39892£+00 3.40373£+00 

NIKURADSF! ROUS& 

MEAN RATIOS ARE 
3.51684£+00 3.52116£+00 

MAXIMUM RATIOS ARE 
3.66703£+00 3.65996£+00 

MINIMUM RATIOS ARE 
3.46417£+00 J,lt6910E+OO 

STOP AT LINE 2680 

Continued 



OUTPUT USING FRICTION-6010 

IS DATA ON PILE I YES 
FIRST RUN ON DATA PILE 11 
LAST RUN ON DATA FILE 154 
FIRST RDN 128 
LAST RDN 154 
NAME #2 IDAYSAL-6010 
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COMPARISON WITH REGRESSION ANALYSIS 

% EU.OR IS EXP-CALC/EXP 

REYNOLDS NO 
+1.55758E+04 
+1.55727£+04 
+1.55972£+04 
+2.25644£+04 
+2.25778£+04 
+2.25662£+04 
+2.97755£+04 
+2.98200£+04 
+2.98070£+04 
+3.72381£+04 
+3.72001£+04 
+3.71899£+04 
+4.48330£+04 
+4.48225£+04 
+4.48394£+04 
+5.27085£+04 
+5.27505£+04 
+5.26665£+04 
+6.92454£+04 
+6.90844£+04 
+6.91553E+04 
+8.63089E+04 
+8.62914£+04 
+8.63949£+04 
+1.04319E+05 
+l.04216E+05 
+L042lbE+05 

EXPTL J! 
+l.25955E-02 
+1.26355£-02 
+1.26107E-02 
+l,ll399E-02 
+1.11578E-02 
+l.l1581E-02 
+1.03113E-02 
+l.DJlOBE-02 
+1.03093E-02 
+9. 78713£-03 
+9.79502E-03 
+9. 78680£-03 
+9. 28739E-03 
+9. 277 54E-03 
+9 • 27782E-03 
+9.05338E-03 
+9.04918£-03 
+9.03629£-03 
+8.48175£-03 
+8. 4 5940E-03 
>8.45869E-03 
+8.12750£-03 
+8.12736E-03 
+8.12691£-03 
+7.76236£-03 
+7.78243&-03 
+7.78219E-03 

CALCED F 
+1.22781£-02 
+1.22787E-02 
+1.22739£-02 
+1,12009E-02 
+1,11993&-02 
+1.12007&-02 
+1,04573E-02 
+1.04534!-02 
+1.04545£-02 
+9 .89368&-03 
+9.89619£-03 
+9.89686£-03 
+9.44906£-03 
+9.44960£-03 
+9.44872£-03 
+9.07773£-03 
+9 .07594£-03 
+9.07952E-03 
+8.48435£-03 
+8.48924£-03 
+8.48709E-03 
+8.03377&-03 
+8.03417£-03 
+8.03179£-03 
+7.66529£-03 
+7 .66718£-03 
+7.66718E-03 

% ERROR 
+2.51994£+00 
+2.82339£+00 
+2 ,'67048£+00 
-5.47714£-01 
-3.71467£-01 
-3.81762E-Ol 
-1. 41588E+OO 
-l.J8308E+OO 
-1.40895£+00 
-1.08865£+00 
-1.03282E+OO 

·-1.12451E+OO 
-1.74068£+00 
-1 •. 85463£+00 
-1.84201£+00 
-2.68980£-01 
-2.95702£-01 
-4.78448E-Ol 
-3.05943£-02 
-3.52755£-01 
-3.35638E-Ol 
+1.15327£+00 
+1.14659£+00 
+1.17044£+00 
+1.25049£+00 
+1.48090£+00 
+1.47790£+00 

LOG-LOG REGRESSION LINE IS F• .1341941159953 *(RE~ -.2477309575456 ) 

RESULTS OF REGRESSION ANALYSIS 

Z ••• SUM OF LOG( F) 
F ••• SUM OF LOG(RI!:} 
W ••• SUM OF LOG(F)*LOG(RE) 
G ••• SUM OF (LOG(RE)A2) 
X •• ,TOTAL NUMBER OF RUNS USED 
S ••• SUM OF (DEVIATIONSA2) 
E ••• SLOPE OF REGRESSION LINE 
C1 ••• LOG(CONST) IN P EQUATION 
X7.,.T(5) IN CONFIOENCE ANALYSIS 
X6 ••• MULT. IN LOG(CONST) ANALYSIS 
X4 ••• MULT. IN SLOPE ANALYSIS 
X5 ••• INTERVAL ON LOG(CONST) 
X3 ••• INTERVAL ON SLOPE 
F6 ••• HIN. LOG(CONST) 
F7 •• ,HAX, LOG(CONST) 
Q6 ••• HIN. CONST 
Q7. • .HAX, CONST 
QS ••• REGRESSlON CONST 
F8 ••• MIN. SLOPE 
F9 ... MAX. SLOPE 
Q4 ••• SUM OF (LOG(f)"2) 
QJ ••• CORRELATION COEFJ!ICIEHT/R 
Q2 ••• R"2 
F4, •• AV. ABS. DEV. 
FS ••• R.H.S, ABS. DEV, 

STATE FILENAME OR NO INO 
STOP AT LINE 570 

-125.6886679893 
288.4582346297 
-1345.144758668 
3091.198860959 
27 
.005232291650687 
-. 2477309575456 
-2.008467900448 
2.06 
3.487080145885 
.3258969821803 
.103921430701 
,009712332161132 
-2.112389331149 
.-1.904546469747 
.1209486345762 
.1488901535008 
.1341941159953 
-.2574432897067 
-.2380186253845 
585.68088650V 
-.995502980257 
,9910261837005 
1.172139000599 
1. 386457744505 
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******************************************************************************** 
TABLE NO.A.9.9 NON-ISOTHERMAL FRICTION FACTORS CALCULATED USING THE DATA IN 

TABLE A.8.9 
(RESULTING CORRELATION IS DENOTATION H OF TABLE 5.10) 

******************************************************************************** 

OUTPUT USING EX-6010 

X•l • • • • ISOTHERMAL 
X•2 • • • • DtABATIC (TEST SECTION) 
CHOSEN VALUE OF X IS 12 
CROSS SECTIONAL AREA OF TUBE/SQ. INS. IS 10 
TUBE MATERIAL IS !COPPER 
TOTAL INSERTED LENGTH/INS, IS 141.6 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS 181 
FIRST RVN NUMBER l28 
LAST RUN NUMBER 154 
ROW MANY P EQUATIONS 16 
LENGTH/INS, IS 148 
!.D./INS. IS 10.7874016 
0.0./INS, IS 10.8661417 

DATE: I***" 

TABLE NO, IA.9.9 

GEOMETRY: ICONFlCURATlON 6K 

RUN "NUMBER 
1 
2 
3 

• 5 
6 
7 
8 
9 
lO 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

LENGTH/INS.• 48 
DIA,/INS.• .7874016 
ROUGH/INS.• 6.E-05 

TEMP./C 
3.50100E+01 
3.50250E+Ol 
3.50350£+01 
J.50450E+01 
3.49750£+01 
J.50150E+Ol 
3, 507 SOE+O 1 
3, 506 50E+O 1 
3.49150£+01 
3.50150E+Dl 
3.49650£+01 
3.49900E+Ol 
3.50000£+01 
3.49650E+01 
3.49900E+Ol 
3. 50000E+O 1 
3.49750E+Ol 
3.49850E+01 
3. 50800E+O 1 
3.50500E+01 
3, 50650E+Ol 
3.49650£+01 
3.49150E+Ol 
3.50100E+Ol 
3.50250E+Ol 
3.49750E+Ol 
3,49400E+Ol 

KEAD/CM. ROTAM/CM. 
12.35 2 
12.35 2 
12.35 2 
23.65 • 
23.65 4 
23.65 4 
38.75 6 
38.75 6 
38.75 6 
58.1 8 
58.15 8 
58 8 
81.75 10 
81.85 10 
81.95 10 
110.95 12 
110.9 12 
Ill 12 
183.1 16 
183.05 16 
183.1 16 
278 20 
277.95 20 
277.8 20 
393.3 24 
393.2 24 
393.3 24 

Continued 
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D/G./CU.CM, VISC./CP. SPEC, GRAV, Q/CU.FT./S. 
9.94060E-01 7 .l2379E-Ol 13.5697 6.30031£-03 
9. 94054E-Ol 7.22163£-01 13.5691 6.29992£-03 
9.94051£-01 7 o22020E-01 13.5697 6,29994E-03 
9.94048£-01 7.21876£-01 13.5698 9.11975£-03 
9.94072£-01 7.Z2883E-Ol lJ, 5698 9.119331!:-DJ 
9.94058£-01 J,22JQJE-Ql 13.5098 9.11991£-03 
9.94037£-01 7.21445£-01 13.5699 1.20263£-02 
9.94041£-01 7.21588E-Ol 13.57 1. 20254£-02 
9.94092£-01 7.23748E-Ol 13.57 1,20247E-02 
9.94058£-0l ].22307£-01 1).5701 1. 50193E-02 
9.94075£-01 7. 23027£-01 13.5101 1,50187E-02 

., 9.94066£-01 7.22667£-01 13.5701 1,50190E-02 
·9.94063£-01 7.22523£-01 13.57 1.80989£-02 
9.94075£-01 7. 23027£-01 13.57 1.80988E-02 
9.94066£-01 7.22667E-01 lJ, 5701 1.80993£-02 
9.94063£-01 1.22523E-01 13.5691 2.12640£-02 
9.94072£-01 7o22883E-01 13.5698 2.12639£-02 
9.94068£-01 7. 22739£-01 13.5698 2.12653£-02 
9.94036£-01 7.21373£-01 13.5698 2. 78622£-02 
9.94046£-01 7 o21804B-Ol 13~5699 2.78620£-02 
9.94041£-01 7.21588£-01 13.5699 2,78625E-02 
9.94075£-01 7.23027E-01 13.57 3.48044E-02 
9.94092£-01 7-23748£-01 13.5701 3.48030£-02 
9.94060£-01 7.22379£-01 13.5701 3,48048£-02 
9.94054£-01 7.22163£-01 13.5699 4.20933£-02 
9.94072£-01 7.22883£-01 13.5699 4.20924£-02 
9.94084£-01 7.23387£-01 13.5699 4,20918£-02 

VEL./FT ./ s, P/PSI. RE/NO UNITS FRICTION 
1.86312£+00 2.19889£+00 1.56291£+04 2. 23789£-01 
1.86301£+00 2.19883£+00 1.56327£+04 2.23811£-01 
1.86301£+00 2.19881£+00 1. 56358£+04 2.23808£-01 
2.69688£+00 4.21051£+00 2.26387£+04 2.04518£-01 
2.69676£+00 4.21042£+00 2. 2606 7 E+04 2.04528£-01 
2.69693£+00 4.21047£+00 2.26258£+04 2.04507£-01 
3.55642£+00 6.89870£+00 2.98715£+04 1,92694£-01 
3.55616£+00 6.89854£+00 2.98635£+04 1,92716£-01 
3.55594£+00 6.89838£+00 2.97741£+04 1.92726£-01 
4.44151£+00 1.03429£+01 3.72619£+04 1.85225£-01 
4.44133£+00 1.03518£+01 3.72240£+04 1.85397E-01 
4.44141£+00 1.03251£+01 3.72429£+04 1.84913£-01 
5.35221£+00 1.45549£+01 4.48890£+04 1.79498£-01 
5.35219£+00 1.45721£+01 4.48581£+04 1.79709E-01 
5.35234E+OO 1.45897£+01 4.48813E+04 1. 79918£-01 
6.28818E+OO 1.97573£+01 S.27390B+04 1. 76521E-Ol 
6.28817£+00 1.97476£+01 5.27131£+04 1.76432£-01 
6.28857£+00 1.97654£+01 5.27268£+04 1. 7 6570£-01 
8.23940£+00 3.26044£+01 6.92122£+04 1.69673£-01 
8.23936£+00 3.25951E+01 6.91712£+04 1,69625£-01 
8. 23950E+OO 3.26040£+01 6.91927£+04 1.69666£-01 
1.02923E+01 4.95018E+Ol 8.62629£+04 1.65083E-01 
1.02919£+01 4.94927£+01 8.61749£+04 1.65064£-01 
1.02924£+01 4.94660£+01 8.63399£+04 1.64963£-01 
1.24478£+01 7 .00401E+01 1.04451£-tOS 1.59691£-01 
1.24475£+01 7 .00222£+01 1.04346£+05 1. 59654£-01 
1.24473£+01 7 .00408E+01 1.04273E+05 1.59699E-Ol 

DO YOU WANT A PRINT OUT OF REFERENCE DATA I NO 

COLBURN BLASIUS D.K.M. CO LE BROOK 

MEAN RATIOS ARE 
6.74839£+01 6.69367E+01 6.65164E-Kl1 6.69219£+01 

MAXIMUM RATIOS ARE 
7 .00382E+01 7 .24959£+01 7.10305£+01 7,00401£+01 

MINIMUM RATIOS ARE 
6.51630E-Kll 6.l!810E-Kl1 6.31566E-Kl1 6,46736E-Kll 

NIKURADSE ROUSE 

MEAN RATIOS ARE 
6.77554£+01 6,78442£+01 

MAXIMUM RATIOS ARE 
7.16146£+01 7,18768£+01 

MINI.M.UM RATIOS ARE 
&. 500&4£+01 6.48820£+01 

STOP AT LINE 2680 

Continued 
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OUTPUT USING FRICTlON-6010 

IS DATA ON FILE 1YES 
FIRST RUN ON DATA FILE ll 
LAST RUN ON DATA FILE 154 
!IRST RlJN 128 
LAST RllN 154 
NAME 12 IDAY5AD-6010 

COMPARISON WIT~ &EGRESSION ANALYSlS 

% ERROB. IS EXP-t:=ALC/'EX.P 

llE'lNOLDS NO 
+1.56291£+04 
+1.56327!+04 
+1.56358E+04 
+2.26387£+04 
+2.26067Ef04 
+2.26258£+04 
+2.98715£+04 
+2.98635£+04 
+2.97741£+04 
+3~72619E+04 
+3~72240E+04 

+3.72429£+04 
+4.48S90E+04 
+4.4SSS1E+04 
+4.48813E+04 
+5.27390£+04 
+5.27131£+04 
+5.27268£+04 
+6.92122£+04 
+6.91112£+04 
+6.91927£+04 
+8.62629£+04 
+8.61149£+04 
+8.63399!+04 
+1.04451£+05 
+1.04l46E+05 
-tl.04273E+05 

E.XPTL F 
+2.23789£-01 
+2.23811£-01 
+2 .23808£-01 
+2.04518E-Ol 
+t.04528E-01 
+2.04507E-Ol 
+1.92694£-01 
+1.92716E-01 
+1.9272f>E-Ol 
+1.85225-E-01 
+l.8S397E-Ol 
+1.84913E-01 
+1.79498£-01 
+1.79709£-01 
+1.79918£-01 
+I.76.521E-Ol 
+1.76432£-01 
+1.76.570E-01 
+1.69673£-01 
+1.69625£-01 
+l.69666E .. Ol 
+1.65083£-01 
+1.65064£-01 
+l.64963E-01 
·H.S9691E-ol 
+l.S9654E ... Ol 
+1. 59699E-Ol 

CALCED F 
+2.18153£-01 
+2.18144E-Ol 
+2 .18137E-Ol 
+2.04815£-01 
+2..04864E-Ol 
+2. .. 04835£-01 
+1.95372£.-01 
+1.95380E-Ol 
+1.95480B-Ol 
+l.SSlSSE-01 
+l.S8187E-Ol 
+1.88171E ... Ol 
+1.82282£-01 
+1.82304£-01 
+1.82288£ ... 01 
+1.77349E.-01 
+1.7736:H: ... ol 
+1.77356E-Ol 
+1.69328£-01 
+1.&9345£-01 
+1.69336£-01 
+1.6309-&E-01 
+1.63125£-0l. 
+l.63071E-01 
+1.57869£-01 
+l.S7896E-Ol 
+I. 57915E-Ol 

% ERROR 
+2. 51858£+00 
+2.53216E+QO 
+2..53414£+00 
-1.44999£-01 
-1.64SHE-OI 
-1.60440E-01 
-1.3895'SE+OO 
-1.38240£+00 
-1.42893E+OO 
-1.58139E+00 
-1.50500E+OO 
-1.76211E+OO 
-1.55139ETOO 
-1.443611E-t00 
-1.31682£+00 
-4.69032& .. 01 
-5.27690£-01 
-4.45076&-01 
+2.03663E-Ol 
+t.fl.504t;,E-Ol 
+1.9476-JE-01 
+1.20349E+OO 
+1.174HE+OO 
+1.14642£+00 
+1.14071£+00 
+1.10134£+00 
+1.ll7J7E+OO 

LOG-LOG REGRESSION LINE IS F• 1.129360048657 *(RE~ -.1702628475737 ) 

RESULTS OF REGRESSION ANALYSIS 

z ••• SUM OF LOG( F) 
F ••• SUM OF LOG(RE) 
w ... SUM OF LOG(r)•LOG(RE) 
G ••• SUM OF (LOG(RE)~2) 
X ••• TOTAL NUMBER OF RUNS USED 
S-. .SUM OF (UBVIATIONS"'2) 
S ••• SLOPE OF REGRESSION LINE 
Cl. ooLOG(CONST) IN F t:QIJATION 
X7 ••• T(5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT. IN LOG(CONST) ANALYSIS 
:X:4 ••• KULTo IN SLOPE ANALYSIS 
XS ••• INTERVAL ON LOG(CONST) 
X3w •• INTERVAL ON SLOPE 
F6 ••• MIN. LOG(CONST) 
F7 ••• HAX. LOG(CONST) 
Q6 ••• M1N. CONST 
Ql ••• MAX. CONST 
QS ••• REGRESSION CONST 
FS ••• KIN. SLOP£ 
f9 ••• K.AX. SLOPE 
Q4 ... SUM OF (LOG(F)"2) 
Ql ••• CORRELATION COEFFICIENT/R 
Q2 ... R"2 
F4 ••• AV. ABS. DEV. 
FS ••• R.H.S. ABS. DEV. 

STATE FILENAHE OR NO INO 
STOP AT LINE 570 

-45.83408781996 
288.4872971325 
-491.~222l46023 
309-1.790438899 
27 
.004822717869633 
-.1702628475737 
.1216511436777 
2.Db 
3.492878799161 
.3264076834912. 
.09993708101647 
.0093390675672.17 
.02171406266123 
.221588224&942 
1.021951528589 
1.248057352842 
1.129360048657 
-.1796019151409 
-.1609237800065 
78.08297625586 
-.9912538690631 
.9825842329325 
1.122428712339 
1.13248.8213839 
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******************************************************************************** 
TABLE NO.A.9.10 HEAT TRANSFER FACTORS CALCULATED USING THE DATA IN TABLE A.8.10 

(RESULTING CORRELATION IS DENOTATION H OF TABLE 5.11) 
******************************************************************************** 

OUTPUT USING HEAT2-6010 

ERROR CRITERION FOR RE EXPONENT IS 10.0000001 
ERROR CRITERION FOR RESISTANCE IS 10.00000001 
TUBE MATERIAL IS !COPPER 
CROSS SECTIONAL AREA OF TUHE AND INSERTS/SQ. FT. IS 10 
FIRST RUN NUMBER ON UATA FILE IS 11 
LAST RJJN NUMBER ON DATA FILE IS 181 
FIRST RUN NUMBER IS 11 
LAST RUN NUMBER IS 127 
TUBE !.D./INS.• 10.7874016 
TUBE O.D./lNS.• 10.6661417 

RUN NUMBER (HO/HI)MEAS (HO/Hl)CORR 
1 9.80789£-01 9.80752£-01 
2 9.95043£-()1 9.95033£-01 
3 9.94091£-01 9.94079£-01 
4 1.02431E+OO 1.02435£+00 
5 1.02373£+00 1.02377£+00 
6 1.01740E+OO 1.01743£+00 
7 1.01972£+00 1.01975£+00 
8 1.02286£+00 1.02289£+00 
9 1.02412£+00 1.02416£+00 
10 1.04559£+00. 1.04565£+00 
ll 1.04651£+00 1. 04658E+OO 
12 1.04754£+00 1.04761£+00 
13 1.02583£+00 }.02586£+00 
14 1.03313£+00 l.03317E+OO 
15 1.04018£+00 1.04024£+00 
16 1.04950E-Hl0 1,04957E-Hl0 
17 }.03964£+00 1.03970£+00 
18 1.03666£+00 1.03671E+OO 
19 1.03277£+00 1.03281£+00 
20 1.03368£+00 1.03373E+OO 
21 1.04061£+00 1.04066£+00 
22 1. 04844£+00 1.04850£+00 
23 1.04351E+OO 1.04356£+00 
24 l.05906E+00 1.05914£+00 
25 1.05102£+00 l.05108E+OO 
26 1.05102£+00 1.05108E+OO 
27 1.04932£+00 1.04938£+00 

CORRl CORR2 CORR3 
1.4 7979£+01 2.02376£+00 4.43842£-03 
1.53032£+01 2.05749£+00 4.43842£-03 
1.47641£+01 2.25986E+OO 1.06522£-02 
1.24038£+01 2.10777£+00 2.84011£-02 
1.23702E+01 1.88856£+00 4.43773£-03 
1.24206£+01 1.80421£+00 1.06503£-02 
1.07182£+01 1.93895£+00 4.43726£-03 
1.06339£+01 2.10757£+00 6.2122ltE-03 
J,08025E+Ol 2.14l30E-t<l0 1. 24245E-02 
9.95957£+00 1.80395E+OO 3. 54960£-03 
9.74059E+OO L92198E+OO 4.43705E-03 
9.90912£+00 1.80397E+OO 8.87411£-03 
8.84734£+00 1.803!S8E+OO 8.87367£-03 
8.71252£+00 1.92189E+OO 7.09895£-03 
8.84742£+00 2.14110E+OO 1.06487E-02 
9.45377£+00 1.09578E-t00 2.66193E-03 
9 .40323E+OO 1.04520E+OO 7.09850E-03 
9. 33577£+00 1.21378£+00 2.66193£-03 
8.29080E+OO 1.28114E+OO 6.21082£-03 
8.42562£+00 1. 19686E+OO .OOOOOE+OO 
8.37496£+00 1,23056E+OO 2.66176£-03 
7. 7 3452£+00 Lll252E+OO 1.77442E-03 
6.94231E+00 1.85413£+00 1.77441E-03 
7 .44787E+OO 1.5507 5E+OO 4.43606£-03 
7 .22889£+00 1.51704£+00 6.21044£-03 
7.36364£+00 1. 39904£+00 1.3J078E-02 
7.19515£+00 1.68560£+00 8.87210E-03 

CORR/HlMEAS 
1.94129£-0l 
1.98703£-03 
1.97933£-03 
1. 7 5965£-03 
1.74747£-03 
1.73812£-03 
1.57139£-03 
1.56860£-03 
1.57164£-03 
1.48591£-03 
1.48826£-03 
1.49421£-03 
}.4008!£-03 
1.39590£-03 
1.41248£-03 
1,36293E-03 
1.352lt6E-03 
1.34815£-03 
1.25904£-03 
1.26983£-03 
1.27168£-03 
1.21950£-03 
1.24478£-03 
1.23811£-03 
1.19576£-03 
1.20031£-03 
1.20244£-03 

CORRlt 
4.32758£+01 
4.36283E+Ol 
4.35947£+01 
4.45076£+01 
4.497S4E+Ol 
4.45580£+01 
4.53011E+Ol 
4.52341£+01 
4.H.503E+Ol 
4.57243£+01 
4.56906£+01 
4.58088£+01 
4.61801£+01 
4.58941£+01 
4.63144£+01 
4.55273£+01 
4.54937£+01 
4.52749£+01 
4.57477E+01 
4.61172E+Ol 
4.61168£+01 
4.63369£+01 
4. 72972E+01 
4.67916E+01 
4.67246£+01 
4.69263£+01 
4.69933E+01 

Continued 
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LMTD MEAS LMTD CORR OUT T AV INSI. T AV, 
4.48883E+Ol 4.48939EW1 7. 99&50E+Ol 3.50447E+Ol 
4.48663E+Ol 4.48718£+01 7.99300E+01 3.50298E+Ol 
4.48466£+01 4.48522£+01 1. 99600£+01 3.50797£+01 
4,50195E+Ol 4.50237£+01 8.004SOE+Ol 3.50209£+01 
4. 50695£+01 4.50737Ei'Ol 8. 009 SOE+O 1 3.50208£+01 
4.49996£+01 4.50038£+<.11 8.01050£+01 3.51008£+01 
4.48625£+01 4.48658E+01 1. 99bOOE+Ol 3.50866£+01 
4.48327£+01 4.48359£+01 7. 99500£+01 3.51066£+01 
4.48577£+01 4.48610£+01 7. 98800£+0 1 3. 50116£+01 
4.48364£+01 4.48391£-tOl 7 .99200£+01 3.50571£+01 
4.49667£+01 4.49694£+01 7. 99400£+01 3.49471£+01 
4.50819£+01 4.50846ET01 8.00350£+01 3.49271£+01 
4.49429£+01 4.49452£-t-01 7.99800£+01 3.49875E+Ol 
4.49388£+01 4.49411Ei"Ol 8.00100£+01 3. 50225£+0 1 
4 0 50945£+01 4.50968E-t01 8.00700£+01 3.49275£+01 
4.49563E+01 4.49582£-t0-1 8.00250E+01 3.50029£+01 
4.49345£+01 4.49364E-t01 7. 99650E+01 3.49629£+01 
4.48840£+01 4.48859Ei'01 7. 99900E+01 3.50379£+01 
4.48527£+01 4.48542£....01 7.99650£+01 3.50033£+01 
4.48079£-TOl 4.48094£+01 7.99200£+01 3.50033E+Ol 
4.48792£+01 4.48807E-t01 8.00000£+01 3.50133£+01 
4.47570£+01 4.47582£+01 7.99800£+01 3.50836£+01 
4.48379£+01 4.48392£+01 7.99750£+01 3.4998bE+01 
4.47643£+01 4.47655£+01 7.99750£+01 3. 50736£+01 
4.48351£+01 4.48362Ei-01 7. 99500E+01 3.49488£+01 
4.4835lt+Ol 4.48362E+01 S.OOOOOE+Ol 3.49988£+01 
4.47240£+01 4.47250£+01 7. 99400E+01 3.50488£+01 

ONE TEMPERATURE,FIRST RUN NUMBER IS J1 
ONE TEMPERATURE,LAST RUN NUMBER IS 127 
DO YOU WANT TO INCLUDE HORE RESULTS INO 
CHOSEN PRANDTL NUMBEK EXPONENT IS 10.4 
DO YOU WANT TO USE MEAN FRANDTL NUMBERS INO 
RE EXPONENT IS I 0. 8 
GEOMETRY: ICONFIGURATION 7T 

RESISTANCE INCREMENT EXPONENT SUM ERS SQ 
.OOOOOE+OO 1. OOOOOE-04 2.44750£-01 1.32098£-02 

l • DOOOOE-04 1. 00000£-04 2.60830£-01 l. U270E-02 
2.00000E-04 1. OOOOOE•04 2. 79212E-01 !. 50833E·Ol 
3. 00000£-04 1. 00000£-04 3.00440£-01 1.60506£-02 
4. 00000£-04 1. 00000£-04 3.25247£-01 1.69767£-02 
5.00000£-04 1. OOOOOE-04 3.54649£-01 1. 77685£-02 
6.00000£-04 1.00000£-04 3.90099£-01 1.82644£-02 
1 ~OOOOOE-04 1..00000£-04 4.33764t-Ol. 1.S1.933E-02. 
8.00000£-04 1.00000E-04 4.89040£-01 1.71321£-02 
9.00000£-04 1.00000£-04 5.61624£-01 1.45803£-02 
1.00000£-03 1.00000£-04 6.62045£-01 1.09401£-02 
1,10000£-03 1.00000£-04 8.12877£-01 1.52809£-02 
1.00000£-03 1.00000£-05 6.62045£-01 1.09401£-02 
1.01000£-03 1.00000£-05 6.74304£-01 1.06680£-02 
1.02000£-03 1.00000E-05 6.87075£-01 1.04592£-02 
1.03000£-03 1.00000£-05 7 .003941!:-01 1.03355£-02 
1.04000£-03 1.00000£ .. 05 7 .14299E-01 1.03242£-02 
1.05000£-03 1. 00000£-05 7.28834£-01 1.04596£-02 
1.06000£-03 1. 00000£-05 7.44049E-01 1.07843£-02 
1.07000£-03 1. 00000£-05 7.59996£-01 1.13521£-02 
1. 08000£-03 1.00000E-05 7. 76736£-01 1.22302£-02 
1. 09000£-03 1.00000£-05 7.94338£-01 1.35039£-02 
1.10000£-03 1. OOOOOE-05 8.12877£-01 1.52809£-02 
1. 09000£-03 1. 00000£-06 7.94338£-01 1.35039£-02 
1.09100£-03 1.00000£-06 7.96148£-01 1.36570£-02 
1.09200£-03 1. 00000£-06 7.97968£-01 1.38151£-02 
l • 09300£-03 1. 00000£-06 7. 99797£-01 l.:n78bE-Ol 
1.09400£-03 1.00000£-06 8.01636£-01 1.41474£-02 
1.09300£-03 1. OOOOOE-07 7.99797£-01 1.39786£-02 
1.09310£-03 1.00000£-07 7.99981£-01 1.39952£-02 
1.09320£-03 1.00000£-07 8.00164£-01 1.40119£-02 
1.09310£-03 1.00000£-08 7.99981£-01 1.39952£-02 
1.09311£-0l l.OOOOOE-08 7.99999£.-01 1.39969£.-0'2 
1.09312£-03 1. 00000£-08 8.00017£-01 1.39985£-02 
1.09311£-03 1. OOOOOE-09 7.99999£-01 1.39969£-02 
1.09311£-03 1. 00000£-09 8.00001£-01 1.39970£-02 
!.09311E-03 I. OOOOOE-1 0 7.99999£-01 lo 39969E•02 
1.09311!-03 1.00000£ ... 10 7.99999"£-01 1.39969£-02 
1.09311£-03 1.00000£-10 7.99999E-01 1. 39969£-02 
1.09311£-03 l.OOOOOE-10 8.00000£-01 1.39969£-02 

Continued 
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DATA INPI.!"rS~ 

RESISTANCE STATED; NO 
GEOMETRY: CONFIGURATION 7t 

HO CORRIBBU 
3.03049£+04 
3.04826E.T04 
3.03788£1"04 
3.42803£+04 
3.46466£+04 
3 .43556£+04 
3.75502E+Q4 
3.77-429£+04 
3.77895£+04 
4.03973£+04 
4.02753£+04 
4.02751£+04 
4.15617£+04 
4 .17863£+04 
4.21497£+{)4 
4.31228£+04 
4.29527£+04 
4. 28683£+04 
4.S31HE+04 
4.53181E+04 
4 .. 55435&+04 
4.73900£+04 
4.69690£+04 
4.76702£+04 
4 0 869 54£+04 
4.S6951E+04 
4 .86954E+04 

RE NUMBER 
1.56206E+04 
l.5U67E+04 
1.56307£+04 
2.26127£+04 
2.26126£+04 
2.26498£+04 
2. 98655£+04 
2.98769£+04 
2.98192£+04 
3. 72828£+04 
3.71999E+04 
3. 71851£+04 
4.48709£+04 
4.49022£+04 
4.48177£+04 
5.27381£+04 
5.26970£+04 
5.27771E+04 
6.91017£+04 
6.91034£+04 
~.9ll91E+04 
8.64639&+04 
8.63!72E+04 
8.64484£+04 
1.04295£+05 
1.04399£+05 
L045C4E+05 

EXP NUSSELT 
1. 05335E+{)2 
l,06120E+02 
1~06096E+02 
1.37597£+02 
1.40791£+02 
l. 38540£+02 
1.75645£+02 
1.78S30E+02 
1~78763£+02 
2.18841£+02 
2.14582£+02 
2.12819£+02 
2.38608£+02 
2.43087E+02 
2.473SSE+02 
2.71916£+02 
2.68342£+02 
2.676331!:+02 
3.35825£+02 
3.37332£+02 
3.42451!+02 
4.20915£+02 
3. 98065E+02 
4.33959&+02 
4.84677E+02 
4.84809&+02 
4.92201E+02 

CAL NUSSEI.T 
1.04958£+02 
l.04937E+02 
1.05012E+02 
I.4U04e+02 
1.41104E+02 
l.41289E+02 
1. 76276£+02 
1.763)0£+02 
1.76058£+02 
2..10506E+02 
2.10132E+02 
2.10065E+02 
2.44135E+02 
2.44271E+02 
•• 439038+02 
2.77Sl6E-H:l2 
2.77643£+02 
2.77980£+02 
3.44865£+02 
J,44871E+02 
3.44934!+02 
4.12597E+02 
4~ 12.037£+02 
4.12538£+02 
4.79371£+02 
4. 79752£+02 
4.80138E+02 

% CA-EX/EX 
-3.58328£-01 
.. 1.67083£+00 
.. l.02147E+OO 
+2.548SOE+OO 
+2.2217oE-Ol 
+1.98473£+00 
+3.59570£-01 
-1.23257£+00 
-1,5133bE+00 
-3.80872£+00 
-2.07378£+00 
-1.2942U+OO 
+2.ll624E+OO 
+4.87074£-01 
-1.40863£+00 
+2 .16986E+OO 
-+3·,46$94E+OO 
+3.86645&+00 
+2.69180E+OO 
+2.23488E+OO 
+7 .25063£-01 
-1~97bl2E+OO 
+3.509B4E+OO 
-4. 93620&+00 
-l.09477E+00 
-1.04319E+OO . 
-2.45077E+OO 

LOG-LOG REGRESSION LINE IS (NU/PR• ,4 )• .04635092319319 •(RE• .7999999882138 ) 

RESULTS Of REGRESSION ANALYSIS 

z ... SUM Of LOG( NU) 
F ••• SUM OF LOC(RE) 
W, •• SUM OF LOG(NU)*LOG(RE) 
G ••• SUM Of (LOG(RE)~2) 
X ••• TOTAL NUMBER OF RUNS USED 
S ••• SUH OF (DEVIATIONS~2) 
C ••• OUTER RESISTANCE TO TRANSFER 
E ••• SLOPE OF REGRESSION LINE 
Cl ••• LOG(CONST) IN NU EQUATION 
)';.7 ... T(5) IN CONFll'lENCE ANALYSIS 
X6 ••• MULT. IN LOG(OONST) ANALYSIS 
X4 ••• MULT. IN SLOPE ANALYSIS 
X5 ••• INTERVAL ON LOG(CONST 
X3 ... INTERVAL ON SLOPE 
Fb ••• HI!'l. LOG(CONST) 
F7 ••• MAX. LOC(CONST) 
Q6 ••• MIN~ CONS! 
Q7, •• MAX. CONST 
Q5 ••• REGRESSION OONST 
F8 ••• MIN.SLOPE 
F9 ••• MAX.SLOPE 
Q4 ••• SUM OF (LoG(NU)"2) 
Q3 ••• CORRELAT10N COEFFICIENT/R 
Q2 ••••• 2 
F4 ••• AV, ARS. Df:V. 
F5 ••• R.M.S, ABS. DEV. 

147.8597659962 
288.488311.5845 
1587.360917234 
3091.82107692 ., 
.01399695064936 
.0010931103 
.7999999882138 
-3.0715140693 
2.06 
3.49l230lb2414 
.3262520027667 
.1701736886814 
.01590256275516 
-3.241687757982 
-2.901340380619 
.03909785167078 
.0549495171.i0448 
~04635092:119319 
.7840974254586 
.8159025509689 
815.749360487 
.9988380901982 
.9976775304307 
1.9431&691917 
2.275276664451 

The results in this table were obtained three days after the acquisition of the 
data in Tables A.8.5 and A.9.5.The value of the heat transfer resistance.C,used 
over~eaf is that obtained from Table A.9.5. 

--------------------------------------------------------------------------------

Continued 
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FILE RESULTS !NO 
TRY ANOTHER RE AND/OR PR EXPONENT INO 
DO YOU WANT TO STATE THE RESISTANCE I YES 
RESISTANCE ,C, IS 10.001082094 

RESISTANCE INCREMENT EXPONENT SUM ERS SQ 
1.08209£-03 1.00000£-10 7.80348£-01 1.24610£-02 

DATA INPUTS: 
RESISTANCE STATED: YES 
GEOMETRY: CONFIGURATION 7T 

HO CORR/BEU 
3 .03049£+04 
J,oqaz6E+04 
3.03788£+04 
3.42803£+04 
J,46466E+04 
3.43556£+04 
3.75502£+04 
3. 77429£+04 
3.77895£+04 
4 .03973£+04 
4.02753£+04 
4.02751£+04 
4.15677£+04 
4.17863£+04 
4.21497£+04 
4.31228£+04 
4 .29527£+04 
4.28683£+04 
4.53175£+04 
4.53181£+04 
4.55435£+04 
4. 7 3900£+04 
4.69690£+04 
4.76702£+04 
4.86954£+04 
4.86951£;{)4 
4.86954£+04 

RE NUMBER 
1. 56206£+04 
1.56161!+04 
1.56307£+04 
2.26127£+04 
2.26126£+04 
2.26498E-t<l4 
2.98655£+04 
2.98769£+04 
2.98192£+04 
3.72828£+04 
3.71999£+04 
3.71851£+04 
4.48709£+04 
4.49022£+04 
4.48177E:-t04 
5.27381E-t04 
5.26970£+04 
5.27771£+04 
6.91017£+04 
6.91034£+04 
6.91191£+04 
8.64639£+04 
8.63172£+04 
8.64484£+04 
1.04295£+05 
1.04399£+05 
1.04504£+05 

EXP NUSSELT 
1.04213£+02 
1.05569E+02 
1.04958£+02 
1.35688£+02 
1.38793£+02 
l. 36606£+02 
1.72548£+02 
1.75332£+02 
1. 75555£+02 
2.14053£+02 
2.09973£+02 
2.08285£+02 
2.329258'+02 
2.37193£+02 
2.41282£+02 
2.64561£+02 
2.61175£+02 
2.60506£+02 
3.24677£+02 
3. 26086£+02 
3.30868£+02 
4.03556£+02 
3.82498£+02 
4.15530£+02 
4.61785£+02 
4.61912£+02 
4.68625£+02 

CAL NUSSELT 
1.04273£+02 
1.0~253£+02 
1.04326£+02 
1.39168£+02 
1.39167£+02 
1.39346£+02 
1. 72909£+02 
1.72961£+02 
1. 72700£+02 
2.05587£+02 
2.05231E+02 
2.05167£+02 
2.37564£+02 
2. 37693£+02 
2.37344£+02 
2. 69482£+02 
2.69318£+02 
2.69637£+02 
3.32747£+02 
3. 327 53£+02 
3.32813£+02 
3.96350£+02 
3.95825£+02 
3.96294£+02 
4.58800£+02 
4.59156£+02 
4.59517£+02 

% CA-.EX./EX. 
+5.71629£-02 
-l.24640t+OO 
-6.02600£-01 
+2.56429£+00 
+2.69596£-01 
+2.00582£+00 
+2.096601::-01 
-1. 35249£+00 
-1.62585£+00 
-3.95511£+00 
-2.25871£+00 
-1.496981!.+00 
·f-1.99151£+00 
+2.11014£-01 
-1.63219£+00 
+1.86004£+00 
+3.11780£+00 
+3.50525E+OO 
+2.48556£+00 
+2.04471£+00 
+5.87901£-01 
-1.78581£+00 
+3.48426£+00 
-4.62932£+00 
-6.464221::-01 
-5.96752£-01 
-1.94355£+00 

LOG-LOG REGRESSION LINE IS (NU/PRA .4 )• .05567065607497 *(REA .7803486534724 

R.ESULTS OF REGRESSION ANALYSIS 

Z, , • SUM OF LOG( NU) 
F ••• SUM OF LOG(RE) 
W, •• SUM OF LOG(NU)*LOG(RE) 
C ••• SUM OF {LOG(RE)A2) 
X. .. , TOTAL NUMBER. OF RUNS USED 
S ••• SUM OF (DEVIATIONS~2) 
C ••• OUTER RESISTANCE TO TRANSFER 
! ••. SLOPE OF REGRESSION LINE 
Cl ••• LOG(CONST) IN NU EQUATION 
X7 ••• T(5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT. IN LOG(CONST) ANALYSIS 
X4, •• MULT. IN SLOPE ANALYSIS 
X5 ••• INTERVAL ON LOG(CONST 
X3.,.INTERVAL ON SLOPE 
F6 ••• "IN. LOG(CONST) 
F7 ••• MAX. LOG(CONST) 
Q6 .. , .MIN. CONST 
Q7. • .MAX. CONST 
Q5 ••• REGRESSION CONST 
PS ••• HIN.SLOPE 
F9 ••• MAX..SLOPE 
Q4 ••• SUM OF (LOG(NU)"2) 
QJ,,,CORRELATION COEFFICIENT/a 
Q2 •• ••• , 
F4, •• AV. ABS, DEV. 
FS, •• R.K.S. ABSo DEV. 

FILE RESULTS I YES 
TRY ANOTHER RB AND/OR PR EXPONENT INO 
DO YOU WANT TO STATE TKE RESISTANCE INO 
STOP AT LINE 2520 

147.137309012 
288.4883115845 
1579.457020376 
3091.82107692 
27 
.01246102899163 
.001082094 
.7803486534724 
-2.888302091784 
2.06 
3.491230162414 
.3262520027667 
.160565653147 
.01500470134531 
-3.048861744931 
-2.727736438637 
.04741257714192 
.06536708474085 
.05567065607497 
.7653439521271 
.7953533548177 
807.5626227!25 
.9989127130863 
.9978266083654 
1. 783957303205 
2.145206493441 
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******************************************************************************** 
TABLE NO.A.9.11 R~AT TRANSFER FACTORS CALCULATED USING THE DATA IN TABLE A.S.ll 

(RESULTING CORRELATIO~ IS UENOTATION G OF TABLE 5.12) 
******************************************************************************** 

OUTPUT USING HEAT2-6010 

ERROR CRITERION FOR RE EXPONENT IS 10.0000001 
ERROR CRITERION FOR RESISTANCE IS ·10.00000001 
TUBE MATERIAL IS !COPPER 
CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ. FT. IS 10 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS 181 
FIRST RUN NUMBER IS 155 
LAST RUN NUMBE& IS 181 
TUBE I.D./INS.~ 10,7874016 
TUBE Q.D./INS.• 10.8661417 

RUN NUMBER (HO/Hl)MEAS (HO/HI)CORR 
1 9.96348E-Ol 9.96343£-01 
2 9.95-967£-01 9.95960£-01 
3 9.94337£-01 9.94328£-01 
4 1.01403£+00 1.01405E+OO 
5 1.01646E+OO l.Ol648E+OO 
6 l.Ol233E+OO l.Ol234E+OO 
7 1.02787E+OO 1.02790£+00 
B l.Ol413E;{)0 1.0141~£;{)0 

9 1. 02406E+OO 1.02410£+00 
10 1.03070E+OO 1.03074E+OO 
11 1.02325£+00 1.02328£+00 
12 1.03138E+OO 1.03142E+OO 
13 1.02759E+OO l.02762E+OO 
14 1.02739£+00 1.02743E+OO 
15 l.Ol593E+OO 1.03598E+OO 
16 1.03320E+OO 1. 03324£+00 
17 1.03316E+OO 1.03320£+00 
18 1.02275£+00 1.02277E+OO 
19 l.02583E+OO 1.02586E+OO 
20 1.04356£+00 1.04362£+00 
21 1.04470£+00 1.0447 5E+OO 
22 1.02226£+00 1.02229£+00 
23 1.03941E+OO 1.03945£+00 
24 1.04405£+00 1.04410E+OO 
25 1.04140£+00 1.04145E+OO 
26 1. 03898£+00 1.03902£+00 
27 l.OS.ll1E+OO l.OS117E+OO 

CORR1 CORR.2 CORR3 
1.39577£+01 2.29396£+00 1.06539£-02 
1.37050£+01 2.17588E+OO .OOOOOE+OO 
1.36207£+01 2.19274£+00 .QOOOOE+OO 
lol1922E+Ol 1.90562E+OO 1.15392£-02 
1.12259£+01 1. 93935£+00 4.43821£-03 
1.10741£+01 1. 97306£+00 2.66291£-03 
9. 7 5863£+00 2.14144£+00 6.21268£-03 
9.640668+00 2.14143E+OO 1.15377E-02 
9. 7 5869£+00 2.02341£+00 .OOOOOE+OO 
8.56161£+00 2.07 380E+OO .OOOOOE+OO 
8. 76381£+00 2.07381E+OO 1.77490£-03 
8.64591£+00 2.10754£+00 4.43729£-03 
8.00516E+OO 2.00625E+OO 2.66218£-03 
7 .92087£+00 1.85449£+00 3.54952£-03 
7 .87039£+00 2.02311£+00 1.77479£-03 
8.22401£+00 1.83760£+00 2.66214£-02 
8.13984£+00 1.93878E+OO 2.30722£-02 
8.27455£+00 1.80388£+00 1. 68600£-02 
7 .31379£+00 1.83749£+00 2.3957t:IE-02 
7 .26320£+00 2.09037E+OO 1.77466£-02 
7 .22946£+00 2.00606E+OO 2.39578£-02 
6.60561E-+00 2.10707E+OO 2.21817E-02 
b.68995E+OO 1.97223£+00 2.21818£-02 
6. 70684E+00 2.02281£+00 1.95201£-02 
6.16746£+00 2.05644£+00 2.12939£-02 
6.11689E+OO 2.10701E+OO 3.01665E-02 
6 .13380£+00 2.00588£+00 3.10538£-02 

CORR/HIHEAS 
1. 57234£-03 
1.56870£-03 
1-54888£-03 
1.41311£-03 
1o4022bE-03 
},42325£-03 
1-32758£-03 
1.31972E-03 
1o32402E-Q3 
1.26920£-03 
1.26549£-03 
1.26219£-03 
1.21572£-03 
1.19845£-03 
1.21646£-03 
1.20198£-03 
}.20572£-03 
1.19262£-03 
1.15361E-03 
1.16252£-03 
l.l6310E-03 
J.ll593E-03 
lol2632E-03 
1.13167E-03 
1.08941£-03 
1.08879£-03 
1.08980£-03 

CORR4 
4.05025£+01 
4.04357£+01 
4.02006£+01 
4.12152£+01 
4.13494£+01 
4.15339£+01 
4.21252E+01 
4.22767E+01 
4.20418E+Ol 
4. 26834£+01 
4.2565"6£+01 
4.25994E+01 
4.29375£+01 
4.26014£+01 
4.30889£+01 
4.31265£+01 
4.32784E+Ol 
4.32445£+01 
4.39859£+01 
4.42885£+01 
4.41200£+01 
4.41208E+Ol 
4.42387£+01 
4.43399£+01 
4.43407£+01 
4.44248£+01 
4.44750£+01 

Continued 
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LMTD MEAS LMTD CORR OUT T AV INSt. TAll. 
4.SQS53ET01 4,50605£+01 8. 009 SOE+O 1 3.49952E+Ol 
4.S0008Ei-Ol 4.50060£+01 8, OOOOOE+O 1 3.49551£+01 
4,49456Ei-Ol 4,49508£+01 7 .99850E+01 3.49951£'+01 
4.49496E+Ol 4.49535£+01 7.99750E+Ol 3.50211E+Ol 
4.50345£+01 4.50384£+01 7.99850£+01 3.49461E+Ol 
4.51296£+01 4.51335E+Ol B.00350E+Ol J.490llt+Ol 
4.48715E+Ol 4.48745£+01 7, 99650E+Ol 3.50818£+01 
4.48954£+01 4.48985E+Ol 7.99300£+01 3.50218E+01 
4.49862!+{}1 4.49893£+01 8.00100E+Ol J,SOllBE+Ol 
4.48757E+Ol 4.487S2E+Ol 7 .99500£+01 3.50423£+01 
4.49997£+01 4.50022£+01 S.00450E+Ol 3,50123E+Ol 
4, SOOSSE+Ol 4.50080E+Ol s.ooJsot+Ol 3.49973£+01 
4,48858E+Ol 4.48879£+01 S.OOlSOE+Ol 3.50727£+01 
4.47953£+01 4.47974£+01 7.99150£+01 3.50627£+01 
4.50120E+Ol 4.50141£+01 8.00150£+01 3.49477£+01 
4.47590£+01 4.47607£+01 7. 99400£+01 J,51030E+Ol 
4.48090£+01 4.48108£+01 7.98900£+01 3.50030£+01 
4.47461!+01 4.47li78E+01 7. 99300£+01 3.51030£+01 
4.48010E+01 4. 480Z4E+Ol 7 .99600£+01 J,50384E+Ol 
4.49832£+01 4.49846£+01 8.00500E+01 3.49484£+01 
4.48794£+01 4.48808£+01 8.00350£+01 3.50384E+01 
4.47800.8+01 4.47871E+Ol 7~99400E+Ol 3,49987E+Ol 
4.48455E+01 4.48467£+01 B.00100E+01 3.50137£+01 
4.49519£+01 4.49530£+01 8.00500E+01 3.49487£+01 
4,48857£+01 4.48867£+01 7. 99900£+01 3.49239£+01 
4 .48193t+OI 4.48203£+01 7.99750£+01 3.49739£+01 
4 .48463£.+01 4.48472£+01 7 .99650£+01 3.49389£+01 

ONE TEMPERATURE. FIRST RUN NUMBER IS 155 
ONE TEMPERATURE. LAST RUN NUMBER IS 181 
DO YOU WANT TO INCLUDE MORE RESULTS I NO 
CHOSEN PRANDTL NUKBER EXPONENT IS t0.4 
DO YOU WANT TO USE MeAN PRANDTL NUMBERS !NO 
RE EXPONENT IS 10.8 
GEOMETRY; I CONFIGURATION 6K 

RESISTANCE INCREME;NT EXPONENT SUM ERS SQ 
.. OOOOOE+OO J, OOOOOE-04 1. 76525£-01 6.01764£-03 

1.00000£-04 l.OOOOOE-04 1.89228£-01 6.58265£-03 
2.00000£-04 1. 00000E-D4 2.03919£-01 7.21561£-03 
3 .OOOOOE-04 l.OOOOOE-04 2.21113£-01 7.92033£-03 
4 .OOOOOE-04 1.00000E-04 2.41517£-01 8.69509£-03 
5.QOOOOE-04 1. OOOOOE-04 2.66139£-01 9.52648£-03 
6, OOOOOE-04 1. OOOOOE-04 2.96465£-01 1.03779£-02 
7.00000E-04 1.00000£-\)q 3.34796£-01 I.ll718E-02 
8. OOOOOE-04 1.00000E-04 3.84902£-01 1.17757£-02 
9.00000E-04 1.00000£-04 4.53487£-01 1.21093£-02 
1. OOOOOE-03 1. OOOOOE-04 5.539J4E-01 J,32891E-02 
1.10000E-03 1.00000£-04 7.18513£-01 2.89962£-02 
1,20000E-03 1.00000E-04 1.06272E+00 2.92383£-01 
l~lOOOOE-03 l.OOOOOE-05 7.18513£-01 2.89962£-02 
1.11000£-03 l.OOOOOE-05 7.41234£-01 3.39772£-02 
1.12000E-03 1. OOOOOE-05 7.65645£-01 4.04718£-02 
1.13000£-03 1,00000E-05 7.91967£-01 4.89877E-0:2 
l.14000E-03 1. OOOOOE-05 8.20466£-01 6.02322£-02 
l.13000E-03 1.00000E-06 7.91967£-01 4.89877E-Ol 
1.13100£-03 }, OOOOOE-06 7.94714E-01 4.99756£-0:2 
1.13200£-03 1. 00000£-06 7.97483E-Ol S.09913E-0.2 
1.13300£-03 l.OOOOOE-06. 8.00275E-01 5.20358£-0:2 
1.13200£-03 l.OOOOOE-07 7.97483£-01 5.09913£-02 
1.132lOE-03 l,OOOOOE-07 7. 97762E-Ol 5 .. 10944&-02 
1.132201!.-03 1.00000E-07 7.98040£-01 5.11978E-02 
1.13230£-03 1.00000E-07 7.98319E-Ol 5.13016£-02 
l~l3240E-03 LOOOOOE-07 7.98597£-01 5.14056£-02 
1,13250E-03 1.00000E-07 7.98876£-01 5.15099£-02 
1.13260E-03 1. OOOOOE-07 7.99156£-01 5.16145£-02 
}.13270£-03 1,00000E-07 7 .99435E-01 5.17193£-02 
1.13280E-03 1. OOOOOE-07 7.99715£-01 5.18245£-02 
1.13290E-03 1. OOOOOE-07 7.99995£-01 5.19300£-02 
1.13300E-03 }, OOOOOE-07 8.00275£-01 5. 20358£-02 
l.l3290E-03 1.00000E-08 7.99995E-Ol 5.19300E-02 
1.1329IE-03 1. OOOOOE-08 8.0002JE-Ol 5.19405£-0Z 
1.13290£-03 1. OOOOOE-09 7.99995£-01 5.19300£-02 
1.13Z90E:-03 1 • OOOOOE-09 7.99998E-01 5.19310E-02 
1.13290£-03 1. OOOOOE-09 8.00000E-01 5.19321£-02 
1.13290£-03 l.OOOOOE-10 7. 99998£-01 5.19310E-02 
1.13290£-03 l.OOOOOE-10 7.9999BE-01 5.19311E-02 
1.13290E-03 1. OOOOOE-1 0 7.99998E-01 5.19313£-02 
1.13290£-03 1.00000E-10 7.99998£-01 5.19314E-02 
1,13290E-03 1.00000E-10 7. 99999£-01 5.19315E-02 
1.13290£-03 1.00000E-10 7.99999E-01 5.19316£-02 
1.13290£-03 1. OOOOOE-1 0 7.99999£-01 5.19317E-02 
1.13290E-03 1. OOOOOE-1 0 7 ,99999E-01 5.19318£-0Z 

Continued 
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DATA INPUTS: 
RESISTANCE STATED: NO 
CEOHETRY: CONFIGURATION 6K 

HO CORR/BEU 
3.59001E+04 
3 0 56990£+04 
3.59033£+04 
3.89118£+04 
3.94649£+04 
3.87697£+04 
4.17696£+04 
4.14783£+04 
4.15764£+04 
4.32460£+04 
4.31261£+04 
4 .35468£+04 
4.4704'1£+04 
4.48517£+04 
4. 50680£+04 
4.56892£+04 
4.56871£+04 
4.56890£+04 
4.72196£+04 
4.81152£+04 
4.78921£+04 
4 .83664£+04 
4.87865£+04 
4.89255£+04 
5.02159£+04 
5,02164£+04 
5 .07242£+04 

RE NUMBER 
I. 56160E+04 
1.56040£+04 
1.56170£+04 
2,26181!+04 
2.25862£+04 
2.25668£+04 
2.98698£+04 
2.98333£+04 

. 2,98282E+04 
3. 72775£+04 
3.72561£+04 
3. 72432£+04 
4.49511£+()4 
4.49430£+04 
4.48387£+04 
5.28415£+04 
5.27342£+04 
5.28415£+04 
6.91433£+04 
6.90194£+04 
6.91441E+04 
8.63079£+04 
8.63343£+04 
8.62212£+04 
1.04231E+05 
1.04336£+05 
l.04264ET05 

EXP NUSSEl.T 
1.63202E+02 
1.61226£+02 
1.64328£+02 
2.08246£+02 
2.16538£+02 
2.03108£+02 
2.68265£+02 
2.60636E+02 
2.60953£+02 
3. 08300£+02 
3.01153£+02 
3.13581£+02 
3.57513£+02 
3.66715£+02 
3.66422£+02 
4.04367£+02 
4.01654£+02 
4.04973£+02 
4.84304£+02 
S.31354E+02 
5. 23580£+02 
5.67262£+02 
5.97670£+02 
5.99504£+02 
7 .47618E+02 
7 .57848£+02 
8.27577E+02 

CAL NUSSELT 
1. 56918E+02 
1.56822£+02 
1.56927£+02 
2.11049£+02 
2.10811£+02 
2.10666£+02 
2.63b36E+02 
2.63378£+02 
2. 63342£+02 
3.14757£+02 
3.14bl3E+02 
3.14526£+02 
3.65603£+02 
3.65551£+02 
3.64872£+02 
4.16101£+02 
4.15424£+02 
4.16101E+02 
s.IS963E+02 
5.15223£+02 
5.15968£+02 
6.16111£+02 
6.16261£+02 
6.15615£+02 
7.16504£+02 
7 .17082£+02 
7 .16682£+02 

% CA-EX/EX 
-3.85021E+OO 
-2. 73169E+00 
-4. 50404£+00 
+1.34583£+00 
-2.64486£+00 
+3.72111£+00 
-1.72551£+00 
+1.05208£+00 
+9.15509£-01 
+2.09450E+OO 
+4.46933£+00 
+3.01254£-01 
+2.26301£+00 
-3.17480E-Ol 
-4.22843£-01 
+2.90179£+00 
+3.42836£+00 
+2.74761£+00 
+6.53694£+00 
-3.03576£+00 
-1.45394£+00 
+8.61135£+00 
+3.11068£+00 
+2.68747£+00 
-4.16117£+00 
-5.37926£+00 
-1.34000E+Ol 

LOG-LOG REGRESSION LINE IS (NU/PR~ ,4 )• .06931364897477 *(RE~ .79999994031 

RESULTS OF ltEGB.ESStON ANALYStS 

z ... SUM OF LOG(NU) 
r ... SUM OF LOG(RE) 
W ••• SUM OF LOG(NU)*LOG(RE) 
G ••• SUM OF (LOG(RE)"2) 
X ••• TOTAL NUMBER OF RUNS USED 
S ... SUM OF (DEVIATIONS~2) 
C,,,QUTER RESISTANCE TO TRANSFER 
E ••• SLOPE OF REGRESSION LINE 
C1,,.LOG(CONST) I~ NU EQUATION 
X7.,,T(5) IN CONFIDENCE ANALYSIS 
X6 ••• HULT. IN LOG(CONST) ANALYSIS 
X4,,.MULT. !N SLOPE ANALYSIS 
X5. • ,INTERVAL ON LOG( CONST 
X3. • .INTERVAL ON SLOPE 
F6, •• MIN. LOG(CONST) 
F7 ••• HAX. LOC(CONST) 
Q6 ... MIN. CONST 
Q7 ... MAX. CONST 
Q5 ••• REGRESSION CONST 
F8,, .MIN.SLOPE 
F9 ••• HAX.SLOPE 
Q4 ••• SUM OF (LOG(NU)"2) 
Q3 ••• CORRELATION COEFFICIENT/R 
Q2,,.RA2 
F4 ... AV. ABS. DEV • 
F5.,,R.M.S. ABS, DEV. 

158.7200607881 
288.4826760183 
1103.366939507 
3091.700138797 
27 
.05193182397299 
.0011329017 
.19999994031 
-~ .669113437276 
2.06 
3.491256650678 
.3262608590583 
.3277900603508 
.Q3063225576958 
-2.996903497627 
-2.341323376926 
.0499414730771 
.09620024477013 
.06931364897477 
.7693676845404 
.8306321960796 
939.1035347375 
.9957090711494 
.9914365543691 
3.326456520066 
4.297539219538 

--------------------------------------------------------------------------------Tne results in this table were obtained three days after the acqusition of the 
data in Tables A.8.3 and A.9.3.Ihe value of the heat transfer resistance,C,used 
overleaf is that obtained from Table A.9.3, 

--------------------------------------------------------------------------------

Continued 
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FILE RESULTS INO 
TRY ANOTHER RE AND/OR PR EXPONENT INO 
DO YOU WANT TO STATE THE RESISTANCE I YES 
RESISTANCE ,C, IS 10.0011477562 

RESISTANCE INCREMENT EXPONENT SUM ERS SQ 
1.14775£-03 1.00000£-10 8.44274£-01 7.14565£-02 

DATA INPUTS: 
RESISTANCE STATED: YES 
GEOMETRY: CONFIGURATION 6K 

HO CORR/BEU 
3.59001£+04 
3.56990£+04 
3.59033£+04 
3.89118£+04 
3.94649£+04 
3.87697£+04 
4.17696£+04 
4.14783£+04 
4.15764£+04 
4. 32460£+04 
4.31261£+04 
4.35468£+04 
4.47047£+04 
4.48517£+04 
4. 50680£+04 
4.56892£+04 
4.56811£+04 
4.56890£+04 
4.72196£+04 
4.81152£+04 
4.78921£+04 
4.83664£+04 
4.87865£+04 
4.89255£+04 
5.02159£+04 
5.02164£+04 
5.07242E+04 

RB NUMBER 
1.56160£+04 
1. 56040£+04 
1.56170£+04 
2.26181£+04 
2.25862£+04 
2.25668£+04 
2. 98698£+04 
2.98333£+04 
2,98282E+04 
3. 72775£+04 
3.72561£+04 
3.72432£+04 
4.49.511£+04 
4.49430£+04 
4.48387£+04 
5.28415£+04 
5.27342£+04 
5.28415£+04 
6.91433£+04 
6.90194£+04 
6.91441£+04 
8.63079£+04 
8.63343£+04 
8.62212£+04 
1.04231£+05 
1.04336£+05 
1.04264£+05 

EXP NUSSELT 
1.66959£+02 
1.64892£+02 
},68138E+02 
2.14401E+02 
2. 23204£+02 
2.08963£+02 
2.78562£+02 
2.70349£+02 
2. 70691E+02 
3.21982£+02 
3.14197£+02 
3.27751E+02 
3.76039E+02 
3.86235£+02 
3.85924£+02 
4.28224£+02 
4.25199£+02 
4.28905£+02 
5.18945£+02 
5.73370£+02 
5.64304£+02 
6.15390£+02 
6.51334£+02 
6.53538£+02 
8.33578£+02 
8.46285£+02 
9.34207£+02 

CAL NUSSELT 
1.58716£+02 
1.58613£+02 
1.58726£+02 
2.16997£+02 
2.16739£+02 
2.16582E+02 
2. 74424£+02 
2. 74141£+02 
2.74102£+02 
3.30861E+02 
3.30707£+02 
3.30611£+02 
3.87514£+02 
3.87456£+02 
3.86697£+{)2 
4,44207£+02 
4.43445£+02 
4 .44207£+02 
5.57411£+02 
5.56568£+02 
5.57417£+02 
6. 72171£+02 
6.72345£+02 
6.71601£+02 
7.88257£+02 
7 .88928£+02 
7 .88464£+02 

% CA-EX/EX 
-4.93674£+00 
-3.80789£+00 
-5.59790£+00 
+1.21096£+00 
-2.89632£+00 
+3.64592£+00 
-1.48529£+00 
+1.40273£+00 
+1.26009£+00 
+2.75967£+00 
+5.25461£+00 
+8.72584£-01 
+3.05166£+00 
+3.16147£-01 
+2.00Hl4E-01 
+3.73241£+00 
+4.29123£+00 
+3. 56781£+00 
+7.41233£+00 
-2.93045£+00 
-1.22050£+00 
+9.22690£+00 
+3.22573£+00 
+2.76393£+00 
-5.43689£+00 
-6.77746£+00 
-1.56008£+01 

LOG-LOG REGRESSION LINE IS (NU/PR• .4 )• .04571908369612 *(RE• .8442746752726 ) 

RESULTS OF REGRESSION ANALYSIS 

z .•. SUH OF LOG(NU) 
F, •• SUH OF LOG(RE) 
w ••• SUH OF LOG(NU)*LOG(RE) 
G •• ,SUM OF (LOG(RE).2) 
X ••• TOTAL NUMBER OF RUNS USED 
s ••• SUM OF (DEVIATIONSA2) 
C .. • OUTER RESISTANCE TO TRANSFER 
E ••• SLOPE OF REGRESSION LINE 
C1 ••• LOG(CONST) IN NU EQUATION 
X7 ••• T(5) IN CONFIDENCE ANALYSIS 
X6 ••• MULT, IN LOG(CONST) ANALYSIS 
X4 ••• HULT. IN SLOPE ANALYSIS 
XS ••• INTERVAL ON LOG(CONST 
X3 ••• INTERVAL ON SLOPE 
F6 ••• MIN, LOG(CONST) 
F7.,.MAX, LOG(CONST) 
Q6 ... MIN. CONST 
Q7., .H.AX, CONST 
QS ••• REGRESSION CONST 
f8 ... MIN'.SLOEtE: 
F9 ••• HAX.SLOPE 
Q4.,.SUM OF (LOG(NU)"2) 
QJ.,,CORRELATION COEFFICIENT/R 
Q2 ••• a·2 
F4 ••• AV. ABS. DEV. 
FS ••• R.M.S. ABS. DEV, 

FILE RESULTS !YES 
TRY ANOTHER RE AND/OR PR EXPONENT INO 
DO YOU WANT TO STATE THE RESISTANCE INO 
STOP AT LINE 2520 

160.2571516085 
288.48~6760183 

1720.205988856 
3091.700138797 
27 
.07145658682372 
.0011417562 
.8442746752726 
-3.085239481898 
2.06 
3.491256650678 
.3262608590583 
.3845033482964 
.03593216004376 
-3.469742630195 
-2.700736133602 
.03112503405084 
.06715&0587082 
.04571908369612 
.8083425152289 
.8802068353164 
957.9661178467 
.9947068302724 
.9894416781906 
3.884638755978 
5.00633626187 
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******************************************************************************** 
TABLE NQ,A,9.12 HEAT TRANSFER FACTORS CALCULAT£0 USING THE DATA IN TABLE A.8.12 

(RESULTI~G CORRELATION IS DENOTATION H OF TABLE 5.12) 
******************************************************************************** 

OUTPUT USING HEAtl-0010 

ERROR CRITERION FOR RE EXPONENT IS 10.0000001 
ERROR CRITERION FOR RESISTANCE IS 10.00000001 
TUBE MATERIAL IS !COPPER 
CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT, IS 10 
FIRST RUN NUMBER ON DATA FILE IS 11 
LAST RUN NUMBER ON DATA FILE IS 154 
FIRST RUN NUMBER IS 128 
LAST RUN NUMBER IS 154 
TUBE I.O./lNS.• 10.7874016 
TUBE Q,O,/lNS.• 10.8661417 

RUN NUMBER (HO/Hl)HEAS (HO/HI)CORR 
1 l.00214E+00 l.00214E+OO 
2 9.99294E-01 9.99293E-01 
3 1.01121E+OO 1.01123E+OO 
4 1.02368E+OO 1.02371E+OO 
5 1.02357E+OO 1.02360E+OO 
6 1.02.088E+OO 1.02091£+00 
7 1.03493E+OO 1.03497E+OO 
8 1.03699E+00 1.03704E+OO 
9 1.03911£+00 1.03916£+00 
10 l.02044E-I-00 l.02046E+OO 
11 1.03036£+00 1.03039E+OO 
12 1.02107E+00 1.02109E+OO 
13 1.02883E+OO l.02886E+OO 
14 1.03713E+OO 1.03717E+OO 
15 1.03368E+OO 1.03372E+00 
16 l.02908E+OO 1.02911E+OO 
17 1.02930E+OO 1.02933E+OO 
18 J,QJ.054E+OO 1.03057E+OO 
19 l.04192E+OO 1.04196E+00 
20 1.04656E+OO 1.04660E+OO 
21 1.03912E+OO 1,03916E+00 
22 1.03745E+OO l.03748E+OO 
23 l.Q5041E+OO 1.05046E+OO 
24 1.03933£+00 1.03937E+OO 
25 1.04465£+00 1.04469£-:HJO 
26 1.04025E+OO 1.04029E+OO 
27 1.03979E+OO 1.03983E+OO 

CORRl CORR2 CORR3 
1.70758E+Ol 2.20981£+00 1. 77581E-03 
1.68403E+Ol 2.15924E+OO 2.66374E-03 
1. 70928E+Ol 2.22670E+OO 6,21537E-03 
l.42591E+01 2. 36112E+OO 8.87711E-03 
1.40906E+Ol 2.47918£+00 8.87719£-03 
1.41412E+01 2.47918£+00 8.87719E-03 
1.25054£+01 2.51260E+OO 1.50892E-02 
1.23706E+Ol 2, 54631E+OO 1.95271E-02 
1.23370£+01 2.46202£+00 1. 68645£-02 
1.13420£+01 2.37746E+OO 1.50877£-02 
1.13084£+01 2.39435E-I-DO 1.77504£-02 
1.13926£+01 2.34375£+00 1.77503E-02 
1,05326E+Ol 2.37731£+00 1.33118£-02 
1.03305&+01 2.4l104E+00 1. 50868E-02 
l.04483E+Ol 2.41101£+00 1.50867£-02 
9.84183£+00 1.70282E+00 7 .Q9929E-03 
9. 92606E+OO 1.7>341£+00 .OOOOOE+OO 
9.74066£+00 1. 75339£+00 4.43702E-03 
8.74599E+OO 1.92184£+00 .00000£+00 
8.67858£+00 1 • 7 6696£+00 .OOOOOE+OO 
8. 71222E+OO 2. 00612E+OO 8.87334£-03 
7. 54940£+00 1.98916£+00 b.21101E-03 
7 .51575£+00 1. 95545E+OO 7.09833£-03 
7,59996E+OO 2.07346£+00 1.15348£-02 
7 .16164£+00' 2.05651£+00 1.77450£-02 
7 .02695E+OO 1.93853£+00 1. 77452£-03 
7.111168+00 1.85423£+00 .OOOOOE+OO 

CORR/HIMEAS 
1. 47225E-03 
1.4487SE-03 
1.47565E-03 
1.33819E-03 
1.35675E-03 
1.34653E-03 
1,25393E-03 
1.25616£-03 
1.25940E-03 
1.17234E-03 
1.11601E-03 
1.17 571E-OJ 
1.13006E-03 
1.12275E-03 
1.13175E-03 
1.05357E-03 
1.07398E-03 
1.05970E-03 
1.02418E-03 
1.02711E-03 
1.01977E-03 
9.86858E-04 
9, 91550E-04 
9.95993E-04 
9. 70526£-04 
9.61589E-04 
9.53999E-04 

CORR4 
J,90742E+Ol 
3.87046E+01 
3.88394E+Ol 
4.06767£+01 
4.13322£+01 
4,10966E+01 
4.21259E+01 
4.21259£+01 
4.20090£+01 
4.29858E+Ol 
4.26334t.'+Ol 
4.27507E+01 
4, 32235E+Ol 
4 .28207E+01 
4.29377£+01 
4.18498E+Ol 
4.26565£+01 
4.27571E+Ol 
4.32968E+Ol 
4.34143£+01 
4,34983E+01 
4.41214E+01 
4.43066£+01 
4.42562£+01 
4.44248£+01 
4.43919E+01 
4.44584£+01 

Continued 
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LMTD MEAS l.MTU CORR OUT T AV INS!, T AV. 

4.49597£+01 4.49642E+01 8.001:.r5DE+Ol 3.500611\+01 
4.49449£+01 4.49494E+Ol 8.006SOE+Ol J, SOZllE+Ol 
4.49270£+01 4.49314£+01 8.00600E+Ol 3.50311£+01 
4.493SSE+Ol 4.49393£+01 7.99950£+01 3.50417£+01 
4.49709£+01 4.49745£+01 7 .99600E+Ol 3.49716£+01 
4.49311£+01 4.49346£+01 1. 99600E+01 3.50116E+Ol 
4.48850£+01 4.48S78E+01 7 .99600£+01 3.50722£+01 
4.49950£+01 4.49978£+01 8.00600E+Ol 3.50621E+Ol 
4. 509 SOE+O 1 4.50978£+01 8.00100E+Ol 3.49121£+01 
4.49259£+01 4.49282£+01 7 .99500£+01 3.50125E+Ol 
.4.51467E+Ol 4.5149l.E+Ol 8.01200£+01 3.49626£+01 
4.49861£+01 4.49884£+01 7.99850£+01 3.49876£+01 
4.49754£+01 4.49774£+01 S.OOOOOE+Ol 3.49979£+01 
4. 50814£+01 4.50834E+Ol 8.00700£+01 3.49629£+01 
4.49862£+01 4.49882'E+Ol S.OOOOOE+Ol 3.49879E+Ol 
4.4947bE+Ol 4.49493£+01 7 .99900E+01 3.49982£+01 
4 .49828E-Kll 4.49845£-Kll a.ooooOE-Kll 3.49731£-Kll 
4.49469£+01 4.49466E+01 7 .99750E+Ol J.49831E+Ol 
4.48086E+01 4.48099E+01 7 .99650£+01 3.50785E+Ol 
4 .48849E+01 4.48862E+01 8.00100E+Ol 3.50485E+Ol 
4.48219£+01 4.48233£+01 7 .99650£+01 3.50635E+01 
4.49518E+01 4.49529E+01 8.00250E+01 3.49637E+Ol 
4.48986E+01 4.48998E+Ol 7 .99200£+01 3.49137£+01 
4.49529E+01 4.49541E+01 a.oo7oot+Ol 3.50087E+01 
4.48925E+01 4.48934E+01 8.00500E+Ol 3.50239E+Ol 
4.49160£+01 4.49169£+01 a.oo2sot+01 3.49739£+01 
4.49134E+Ol 4.49144E+Ol 7 .99900£+01 3.49389E+Ol 

ONE TEMPERATURE, FIRST RVN NUMBER IS 128 
ONE TEM.PERATURE,LAST RlJN NUMBER IS 154 
DO YOU WANT TO INCLUDE MORE RESULTS 1 NO 
CHOSEN PRANDTL NUMBER EXPONENT IS 10.4 
DO YOU WANT TO USE MEAN PRANDTL NUMBERS !NO 
RE EXPONENT IS I 0. 8 
GEOMETRY: I CONFIGURATION 6K 

RESISTANCE INCREMENT EXPONENT SUM. ERS SQ 
.OOOOOE+OO l.OOOOOE-04 1.96880E-Ol 6. 77898E-03 

l.OOOOOE-04 l.OOOOOE-04 2.13114E-Ol 7 .44509E-03 
2.00000E-04 1.00000E-04 2.32301£-01 8.17761E-03 
3.00000E-04 1. OOOOOE-04 2, 55340E-Ol 8.96287£-03 
4 .QOOOOE-04 1.00000E-04 2,83545E-Ol 9. 76210£-03 
5 .OOOOOE-04 l.OOOOOE-04 3.18915E-Ol 1.04853E-02 
6 .OOOOOE-04 1. OOOOOE-04 3.M6b8E-01 1.09433£-02 
7, ODOOOE-Dic 1.00000E-Oit 4.26372E-01 1.07821E-02 
s.oooooE-04 1.00000E-04 5.14698E-Ol 9.61441£-03 
9 .OOOOOE-04 1.00000E-04 6.53599E-01 9.81566£-03 
1.00000E-03 l.OOOOOE-04 9.14951£-01 6.07524£-02 
9.00000E-04 1.00000E-05 6.53599£-01 9.81566£-03 
9 .10000E-04 1.00000E-05 6.72150£-01 1.05192£-02 
9.20000£-04 LOOOOOE-05 6.91898£-01 1.15597£-02 
9.30000£-04 1.00000£-05 7.12975£-01 1. 30533E-02 
9.40000E-04 l.OOOOOE-0~ 7.35534E-Ol 1.51574£-02 
9. 50000£-04 1.00000E-05 7 .59754E-01 1.80858E-02 
9.6-000DE-04 l. OODOOE-05 7.85848£-01 2.21328E-02 
9. 70000E-04 1. OOOOOE-05 8.14070E-Ol 2. 77076£-02 
9.60000E-04 l.OOOOOE-06 7.85848£-01 2.21328£-02 
9.61000&-04 1. OOOOOE-06 7 .88570E-Ol 2.26135E-02 
9.62000£-04 1. 000001!:-06 7.91314E-01 2.31099E-02 
9, 6 3000E-04 1.00000E-06 7.94079£-01 2.36224£-02 
9 .64QOOE-04 l.OOOOOE-06 7.96866£-01 2.41515£-02 
9.6SOOOE-04 1. OOOOOE-06 7. 99676£-01 2.46979£-02 
9.66000E-04 1.00000E-06 8.02508E-01 2.52620£-02 
9.65000E-04 l.OOOOOE-07 7.99676£-01 2.46979£-02 
9.65100E-04 1.0QOOOE-07 7.99958£-01 2.47535£-02 
9.65200£-04 1. OOOOOE-07 8.00240£-01 2.48093E-02 
9.65100£-04 l.OOOOOE-08 7.99958E-01 2.47535E-02 
9.65110£-04 1.00000E-08 7, 99986E-01 2.47590£-02 
9.65120£-04 l.OQOOOE-08 8.00014E-01 2.47646E-02 
9.65110£-04 1. OOOOOE-09 7. 99986£-01 2.47590E-02 
9.65111£-04 1. OOOOOE-09 7. 99989£-01 2.47596£-02 
9.65112E-04 l.OODOOE-09 7.99992£-01 2.47602E-02 
9.65113£-04 1.00000E-09 7 .99994E-01 2.47607£-02 
9.65114£-04 1. OOOOOE-09 7.99997£-01 2.47613£-02 
9.65115£-04 l.OOOOOE-09 a.ooooot-:-01 2.47618£-02 
9.65114E-04 1. OOOOOE-1 0 7.99997£-01 2.47bl3E-02 
9.65114£-04 1. OOOOOE-1 0 7.99998E-01 2.47b13E-02 
9.65114£-04 1. OQOOOE-1 0 7.99998£-01 2.47614£-02 
9.65114£-04 l.OOOOOE-10 7. 99998E-Ol 2.476HE-02 
9.65114E-04 },OOOOOE-10 7.99998E-01 2.47615&-02 
9.65114&-04 l.OQOOOE-10 7. 99999£-01 2.47615£-02 
9.65114£-04 J .. OOOODE-1 0 7.99999£-01 2.47616£-02 
9.65114£-04 1.00000E-10 7.99999E-01 2.47617£-02 
9.65114£-04 1. OOOOOE-1 0 8.00000E-01 2.47b17E-02 

Continued 
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DATA INPUTS: 
RESISTANCE STATED: NO 
GEOMETRY: CONFIGURATION 6K 

HO CORR/BEU 
3. 96676£+04 
3.97416£+04 
3.97918£+04 
4.37667£+04 
4.36185£+04 
4. 36942£+04 
4. 70943£+04 
4.69945£+04 
4.68007£+04 
4.92818E+04 
4.92870£+04 
4.89854£+04 
5.10365£+04 
5.12559£+04 
5.08927£+04 
5.21072£+04 
5.20211!+04 
5.27085£+04 
s.4845SE-t<l4 
5 .48458£+04 
5.51823£+04 
5.63508E+04 
5.69091£+04 
5.62103£+04 
5.76672£+04 
5.76672£+04 
5.81748£+04 

RE NUMBER 
1. 56279£+04 
1.56315£+04 
1.56346£+04 
2. 26372£+04 
2.26052£+04 
2.26243£+04 
2.98698£+04 
2.98619£+04 
2.97724£+04 
3.72601E+04 
3. 7 2222E+04 
3.72411£+04 
4.48872£+04 
4.48562£+04 
4.48795£+04 
5.27371£+04 
5.27112£+04 
5.27249£+04 
6.92102£+04 
6.91692£+04 
6.91907£+04 
8.62608£+04 
8.617L8E+04 
8.63378£+04 
1.04449£+05 
1.04344E+G5 
1.04271£+05 

EXP NUSSELT 
1.64706£+02 
1.65619£+02 
1.66316£+02 
2.14810£+02 
2.12119£+02 
2.13796£+02 
2. 71857£+02 
2 0 67631£+02 
2.61713£+02 
3.19662E+02 
3.13588£+02 
J,10587E+02 
3.66671£+02 
3.69651£+02 
3.61893£+02 
4.0322BE+02 
3.98677£+02 
4. 25610£+02 
5.33531£+02 
5.28251£+02 
5.51998£+02 
6.17325£+02 
6.64809£+02 
6.07485£+02 
7 .33038£+02 
7.2991IE:+02 
7 .81489£+02 

CAL NUSSELT 
1.60011E+02 
1.60041E+02 
1.60066£+02 
2.15223£+02 
2.14979£+02 
2.15125£+02 
2.68669£+02 
2.68611£+02 
2.67967£+02 
3.20646E+02 
3.20385£+02 
3.20515£+02 
3. 72159£+02 
3. 71954£+02 
3.72108£+02 
4.23374£+02 
4.23207£+02 
4.23295£+02 
5.26219£+02 
5. 25970£+02 
s.26I01E+02 
6.27598£+02 
6.27086£+02 
6.28046£+02 
7 .31399£+02 
7.30813£+02 
7 0 30404£+02 

% CA-EX/EX 
-2.85022£+00 
-3.36811E+OO 
-3.75767£+00 
+1.92605£-01 
+1.34849£+00 
+6.21797£-01 
-1.17284£+00 
+3.66437£-01 
+2.38988£+00 
+3.0111lE-01 
+2.16760£+00 
+3.19650E+OO 
+1.49672E+OO 
+6.23108E-Ol 
+2.82271£+00 
+4.99603£+00 
+6.15281£+00 
-5.43966£-01 
-1.37046£+00 
-4.31807£-01 
-4.69154£+00 
+ 1. 66409E+OO 
-5.67432£+00 
+3.38463£+00 
-2.23561£-01 
+1.23601.£-01 
-6.53681£+00 

LOG-LOG REGRESSION LINE IS (NU/PRA .4 )• .07063680006552 *(REA .7999999859741 ) 

RESULTS OF REGRESSION ANALYSIS 

z ••. SUM OF LOG(NU) 
P,,,SUM OF LOG(RE) 
W.,.SUM OF LOG(NU)*LOC(RE) 
G ••• SUM OF (LOC(RE).2) 
X ••• TOTAL NUMBER OF RUNS USED 
S, • ,Stl:-1 OF (DEVIATIONS.2) 
C ••• OUT~R RESISTANCE TO TRANSFER 
E ••• SLOPE OF REGRESSION LINe 
Cl ••• LOG(CONST) IN NU EQUATION 
X7,,.T(5) IN CONFlUENCE ANALYSIS 
X6, •• MULT. IN LOG(CONST) ANALYSIS 
X4 ••• MULT. IN SLOPE ANALYSIS 
X5, •• 1NTERVAL ON LOG(CONST 
X3 ••• 1NTEKVAL ON SLOPE 
F6.,.MIN, LOG(CONST) 
P7 ••• HAX. LOG(CONST} 
Q6 .. ,MIN. CONST 
Q7,, .MAX. CONST 
Q5 ••• REGRESSION CONST 
FS ••• MIN. SLOPE 
F9 ... HAX.SLOPE 
Q4 ••• SUM OF (LOG(NU).2) 
Q3, •• CQRRELATION COEFFICI&NT/R 
Q2 ... a·2 
F4 ••• AV. ABS. DEV, 
F5 ••• R.M.S. ABS. DEV. 

159.2333666428 
288 • .4860991298 
1708.865267162 
3091.765413692 
21 
.02476176123341 
.0009651147999999 
• 7999999859741 
-2.650204022898 
2.06 
3.492757609555 
.3263976793339 
.2264417118143 
.02116094430327 
-2.876645734712 
-2 • .423762311084 
.0563233698627 
.08858769522597 
.07063680006552 
.7788390416709 
.8211609302774 
945.1160426868 
.9919454017331 
.9958950368156 
2.313932620648 
3.01272276741 

--------------------------------------------------------------------
The results in tables A.8.4 and A.9.4 were obtained 7 days after the acquisition 
of the results that are presented in this table. The value of the heat transfer 
resistance used overleaf is that obtained from Table A.9.4. ----------------------------------------------------------

Continued 
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FILE RESULTS tNO 
TRY ANOTHER RE AND/OR PR EXPONENT INO 
DO YOU WANT TO STATE THE RESISTANCE !YES 
RESISTANCE ,C, IS 10.0009547400 

RESISTANCE INCREMENT EXPONENT SUM ERS SQ 
9.54740£-04 l.OOOOOE-10 7.71875£-01 1.98428£-02 

DATA INPUTS: 
RESISTANCE STATED: YES 
GEOMETRY: CONFIGURATION 6K 

HO CORR/BEU 
3.96676£+04 
J,97416E+04 
3.97918£+04 
4.37667E+04 
4.36185£+04 
4.36942£+04 
4, 70943E+04 
4.69945£+04 
4.68007£+04 
4.92878£+04 
4.92870£+04 
4.89854£+04 
5.10365£+04 
5.12559£+04 
5.08927£+04 
5.21072£+04 
5.20211£+04 
S.2708SE+<l4 
5.48455£+04 
5.48458£+04 
5.51823£+04 
5 .63508£+04 
5.69091£+04 
5.62103£+04 
5. 76672£+04 
5.76672£+04 
5.81748£+04 

R.E NUMBER 
1. 56279£+04 
1.56315E+04 
1.56346£+04 
2.263725+04 
2.2:6052£+04 
2. 26243£+04 
2.98698E+<l4 
2.98619£+04 
2.97724£+04 
3.72601£+04 
3. 72222£+04 
3. 72411£+04 
4.48872£+04 
4.48562£+04 
4.48795£+04 
5.27371£+04 
5.27112£+04 
5. 27249E+04 
6.92102£+04 
6.91692£+04 
6. 9!907£+04 
8. 62608£+04 
8.61728£+04 
8.63378£+04 
1.04449£+05 
1.04344£+05 
1.04271£+05 

EXP NUSSELT 
1.62134£+02 
1,63020E+02 
1.63695£+02 
2.10458E+02 
2.07872£+02 
2.09484£+02 
2.64925E+<l2 
2.60910£+02 
2.55276£+02 
3.10118£+02 
3.04394£+02 
3.01568£+02 
3.54166£+02 
3. 56943£+02 
3.49706£+02 
3.88157£+02 
3.83936£+02 
4.08853£+02 
5.07473£+02 
5.02689£+02 
5.24150£+02 
5.82681£+02 
6.24791£+02 
5.73916£+02 
6.84715£+02 
6.81972£+02 
7 .26778£+02 

CAL NUSSELT 
1. 58534£+02 
1.58562E+OZ 
1.58587£+02 
2.11026E+02 
2.10795£+02 
2.10933£+02 
2.61383E+02 
2.61329£+02 
2.60725£+02 
3.10017£+02 
3.09774£+02 
3.09895£+02 
3.57943£+02 
3.57752£+02 
3.57895£+02 
4.05360£+02 
4.05206£+02 
4.05287£+02 
4.99992£+02 
4.99763£+02 
4.9988311:+02 
5.92636£+02 
5.92169£+02 
5.93044£+02 
6.86948£+02 
6.86417£+02 
6.86046£+02 

% CA-EX/EX 
-2.22054£+00 
-2, 73415E+OO 
-3.12050£+00 
+2.70033£-01 
+1.40602£+00 
+6.91930E-Ol 
-1.33716£+00 
+1.60747£-01 
+2 .13431£+00 
-3.23622£-02 
+1.76725£+00 
+2.76133£+00 
+1.06630£+00 
+2.26861£-01 
+2.34187£+00 
+4.43179£+00 
+5.53991£+00 
-8.72180£-01 
-1.47423£+00 
-5.82063£-01 
-4.62965£+00 
+1. 70841£+00 
-5.22132£+00 
+3.33295£+00 
+3.26103E-01 
+6.51805£-01 
-5.60437E+OO 

LOG-LOG REGRESSION LINE IS (NU/PRA .4 )• .09182385048846 *(REA .7718753144495 

RESULTS OF REGRESSION ANALYSIS 

z ... SUH OF LOG(NU) 
F ••• SUM OF LOG(RE) 
W,,,SUM OF LOG(NU)*LOG(RE) 
G ••• SUM OF (LOG(R£).2) 
X ••• TOTAL NUMBER OF RUNS USED 
S ••• SUM OF (DEVIATIONS~2) 
C ••• OUTER RESISTANCE TO TRANSFER 
E ••• SLOPE OF REGRESSION LINE 
Cl ••• LOG(CONST) IN NU EQUATION 
X7 ••• T(5) IN CONFIDENCE ANALYSIS 
Xb, •• MULT. IN LOG(CONST) ANALYSIS 
X4 ••• MULT, IN SLOPE ANALYSIS 
X5 ••• INTERVAL ON LOG(CONST 
X3 ••• INTERVAL ON SLOPE 
F6oooMIN. LOG(CONST) 
F7 ••• MAX, LOG(CONST) 
Q6 ••• MIN. CONST 
Q7., .MAl(. CONST 
Q5 ••• REGRESSION CONST 
F8 ••• MIN.SLOPE 
F9, •• MAX.SLOPE 
Q4 ••• SUM OF (LOG(NU)~2) 
Q3 ••• CORRELATION COEFFICIENT/a 
Q2 ••• R"'2 
F4 ••• AV. ABS. DEV. 
F5 ••• R.H.S. ABS. tiEV. 

FILE RESULTS I YES 
TRY ANOTHER RE AND/OR PR EXPONENT INO 
DO YOU WANT TO STATE T~E RESISTANCE INO 
STOP AT LINE 2520 

158.202451924 
288.4860991298 
1697.586289684 
3091.765413692 
27 
.01984279781869 
.00095474 
.7718753144495 
-2.387883205858 
2.06 
3.492"15760955.5 
.3263976793339 
.2027062396314 
.0189428679566 
-2.590)89445489 
-2.185176966226 
.07497583289126 
.1124578306554 
.09182385048846 
.75293:24464929 
.7908181824061 
932.5758158896 
.9982306290075 
.9964643886887 
2.098007775191 
2.699323561068 
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Appendix A.lO 

Estimation of the entrance and exit losses for a twisted tape 

Using the forced vortex model, outlined in Appendix A.l, 

Gambill et. al. (49) show that the pressure loss due to swirl forma-

tion is given by 

t.Ps 
_2 u2 (A.lO.l) = " ~ 

16 
2 

y 

This term represents an actual useful energy loss if the swirl totally 

decays in the pipe section connecting the twisted tape exit and the 

downstream pressure tapping. 

To estimate the pressure losses associated with changes in 

the cross section of ducts, Kays (58) uses the following 

nomenclature :-

llpe = (A.l0.2) -\)g 

and Ape = (A.l0.3) 
l!g 2g 

where 

Ke = (A.l0.4) 

and Kc = 

The suffixes, 1 and 3, refer to the ducts upstream and downstream of 

the contraction. K
9

b and Kd are respectively kinetic energy and 

momentum correction factors; the reader should consult reference (58) 

if a more detailed description is required. 

For a uniform velocity distribution upstream of the contraction, 

equation (A.10.5) reduces to 

(A.l0.6) 

In equations (A.10.4) to (A.l0.6), c is the ratio of the flow areas c 
of the vena contracta and contracted duct: it is dependent on the 
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ratio of the flow areas, er, downstream and upstream of the contrac­

tion. for the present work using solder allay inserts, ~ = 0.822 

and tentatively using the data of Kays, which applies for circular 

ducts, it is found that cc = 0.78. further requirements for the use 

of the above equations, again using the circular duct correlations, 

are 

gives 

= 
0.5 

1.09068 {8") + o.o55B4 (a}l) + 1 (A.l0.7) 

= 

(A.lO.B) 

The total pressure drop across the twisted tape is given by 

= 4}lJ.eu 
d 

2 (A.l0.9) 

Combining equations (A.lO.l), (A.l0.2) 1 (A.l0.3), and (A.l0.9}, 

2 
,_!.!- + K + K 

~ sl e c 
= gftl 

(A.lO.lO) 
t.p 

d 

where ~p' is the sum of the pressure losses due to the swirl forma­

tion and flow area changes. 
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Appendix A.ll 

Determination of the heat transfer coefficients in selected regions 

of a double pipe heat exchanger 

figure A.ll is a schematic diagram of the apparatus. The 

tube side and annulus side fluid flowrates and densities are Q(I,2), 

Q(I,3), 0(!,2), and 0(1,3).* A heat balance over the unpacked section 

of the tube shows that 

qo = Q(I,2) 0(1,2) c (Y - T(I,13)) (A.ll.l) p 
= Q(I,3) 0(!,3) c (Yl - T(I,4)) (A.ll.2) p 

= U A [~Yl - Y~- ~Tp 1 4) - T~I;l3l)] (A.ll.3) 0 0 ln Yl - Y 
lT(I,4) - T(I,l3)J 

where U and A are the overall heat transfer coefficient and the 
0 0 

outer tube wall area over the unpacked section of the tube. 

Similarly, a heat balance over the packed section shows that 

given by 

= 

= 

= 

Q(I,2) 0(!,2) c (T(I,l4) - Y) 
p 

Q(I,3) 0(!,3) c (T(I,3) - Yl) 
p 

(A.ll.4) 

(A.ll.S) 

(A.ll.6) 

The total heat flowrate, through the entire tube wall, is 

q = 

= 

= 

Q(I,2) 0(!,2) c (T(I,l4) - T(I,l3)) 
p 

Q(I,3) 0(!,3) c (T(I,3) - (T(I,4)) 
p 

(A.ll.7) 
(A.ll.B) 

(A.ll.9) 

-------------------------------------------------------------------------
* These symbols, and those used later to represent the fluid 

temperatures, have been used in the computer program that is presented 

later in this appendix. This avoids confusion in relating the present 

discussion to the computer program. 



Figure No. A.ll Schematic diagram of a double pipe h!?ot exchanger with the tube 
containing a continuous length of inserts which does not extend along the total tube length 

Q(l,2) 
0(\,2) ~ 

Cp 
}'1;4 .4 4 ...... 4 44il 4i! ... g Tll,"l 

i 
Q(!,3) 
0(1,3) 

Cp 
T(I,3) 

u 
U1 ..... 
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Substituting equations (A.ll.l) and (A.ll.5) into equations (A.ll.9) 

and (A,ll.7), and rearranging, we obtain 

Yl = T(I,3) - Q(I,2) 0~!,2~ (T(I,l4) - Y) 
Q !,3 0(!,3) 

(A.ll.lO) 

Alternativaly, using equations (A.ll.2), (A.ll.4), (A.ll.9), and 

(A.ll.7), and rearranging, we obtain 

where 

Yl = T(I,4) + O(I,2) Oti,2~ (y - T(I,l3)) 
Q 1,3 0(1,3) 

·The· total heat flow may also be written in the form 

q = 

1 
= u c + 

d 
0 

dh 

(A,ll.ll) 

(A.ll.l2) 

(A,ll,l3) 

Similarly, 

1 

u = c 
0 

and 1 

u = c 
p 

+ 
0 

+ p 

d 
0 

dh 
p 

for the empty tube section 

for the packed section 

(A.ll.l4) 

(A.ll.lS) 

The above equations were used to analyse the experimental 

results of the present work. The two methods considered for the 

analysis are outlined below. 

Case 1. For C = C8 = Cp 

------------------------
(i) Assume a value

1
for the tube side fluid temperature, v. 

(ii) Calculate the average Reynolds nu~ber and Prandtl 

number in the empty tube section, 

(iii) Using an entrance length modification of the 

Oittus-Boelter equation, which is considered later, determine 

the tube side heat transfer coefficient in the empty tube 

section and the film resistance·d0/dh 0 • 

(iv) Calculate the overall heat transfer resistance, 
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l/U
0

, using the result of (iii) and the assumption that C0 

equals the heat transfer resistance, C, determined from 

previous empty tube tests. 

(v) Calculate an estimated annulus fluid temperature, Yl, 

using equation (A.ll.lO) or (A.ll.ll). Hence find the 

estimated logarithmic mean temperature difference for the 

empty tube section. 

(vi) Estimate the heat 

empty tube section using 

flowrate through the wall of the 

equations (A.ll.l) and (A.ll.3). If 

the difference between the two heat flows is not below a 

prespecified limit then adjust the value of Y and go to (ii). 

(vii) Calculate qp using equation (A.ll.4). Calculate the 

LMTD over the packed section and hence obtain the value of 

1/Up using equation (A.ll.6). 

(viii) Assuming that Cp equals the heat transfer resistance, 

c, find hp using equation (A.ll.l5). 

Case 2. for C I C I C 
0 p 

-------------------------
Equation (5.8) is a modification of the Dittus-Boelter 

equation which allows its use for annuli. Using this information 

with the adaptation of the Oittus-Boelter equation that was suggested 

by McAdams, see equation (1.22), it is expected that for a given 

annulus and fluid velocity : 

= 

= 

(Constant) (l + 0.011 Tav) 

A + 8 Tav 

(A.ll.l6) 

(A.ll.l7) 
0 

where Tav is the average annulus fluid temperature measured in f. 

Substituting equation (A.ll.l7) into equation (5.7) and rearranging, 

we obtain 

1 = A + BTav (A.ll.l8) 

The tube wall resistance to heat transfer can be calculated. The 

value of C can be determined from the previous empty tube tests which 

used an average annulus fluid temperature of B0°C. This average 

annulus fluid temperature varied only slightly (maximum deviations of 
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i 0,13°C) and therefore a regression analysis of equation (A,ll.lB) is 

not suitable. An alternative procedure is to substitute equation 

(A.l1.16) into equation (5.7) and neglect the scale resistances, hence 

1 

= 
C - xw do 

= (Constant) (1 + 0,011 T ) av (A.ll.l9) 

k d w m 
For each of the experimental values of T a value of the "constant" av 
can be calculated, The mean value of the "constant" so obtained may 

then be used in equation (A,ll.l9) in order to estimate the value of 

ha at any given fluid temperature. Using this procedure with the 

estimated mean annulus fluid temperature along the empty and packed 

tube sections, the values 

experimental test. These 

of C 
0 

values 

previous case considered above. 

and C may be estimated for each 
p 

can be used in (iv) and (viii) of the 

This section considers the derivation of the equation that was 

used to estimate the heat transfer coefficient in the relatively 

short (L/d = 24.9) empty section of the tube. 

The empty tube tests of the present work showed that 

Nu = 0,0253 Re0' 8 

Pr0.4 (A.ll.20) 

These results were obtained using a tube length to diameter ratio, 

(L/d), of 53.34. 

A heat transfer coefficient determined using the Oittus-Boelter 

equation, (1.19), is the assymptotic value of the coefficient in an 

empty tube. Substituting this value into equation (1.27) and equating 

to equation (A.ll.20) shows that X = 5.37, in the present work. The 

heat transfer coefficient in the empty section of a tube containing 

inserts may therefore be estimated using 

Nu = o.oz3 Re0•8 
[1 + 5.37[ ~ ]] (A.ll,21) 

Pro.4 

where l = length of the empty tube section 

The experimental data was analysed using the techniques that 

have been described above. The analysis was performed using the 

computer program that is presented in the following pages of this 

appendix. 
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10 REM PROGRAM FOR ESTIMATION OF FILM COEFFICIENTS IN SELECTED REGIONS 
20 REM DATA OBTAINED FROM FILES #1,#3,14,15, Ot HEAT2•6010 
30 R£M IF THE EMPTY TUBE SECTION IS DOWNSTREAM OF THE PAQ{£0 SECTION' 
40 Rf.M THEN INSERT APPROP!UATE NU EQUATION AS LINE 1530 
~~ REM LINES SQ-570 
60 REM OlM STATEMENTS, PROCESS INFO~~TION,DATA READ 
70 DIM A.$( 4) ,Q(lOO, 7), U(100,2} ,R(lOO), N( lOO) ,D( lOO, 7), V (lOO), Y(9, 1) ,M(lOO) 
8Q- DIM T(l00,25),H(lOO,lO),K(l00,8),E(l00) 
90 DIM B( 100, 5), S( 100, 5) 1 Z(lOO 16) ,G( 100, 2) ,0( 100,4) 
100 DEFINE fiLE#l•'THS-6010' 
110 DEFINE FILEIJ•'DAYSBH-6010', ASC SEP,SOO 
120 OEFINE FILEIS•'OAYSER-6010', ASC SEP,500 
130 DEFINE FILEI4•'DAY5CH-6010', ASC SEr,SOO 
140 PRINT' FIRST RUN ON DATA FILE': 
150 INPUT 08 
160 PRINT' LAST RUN ON DATA FILE': 
170 INPUT 'i8 
180 FOR 1•08 TO Y8 
190 ~EADI1,N( l}, S(l,4) ,M(t), S(I, S) ;t( I,l.), T( t,l} ,!( 1,3}, !( 1,4}, T( 1,6), T(l,25) 
200 READIJ ,Q( 11 2), U( 1,1), R( 1) ,D(l, 2), V( 1) 
210 READI5 ,H( I ,3) ,H( 1,4) I H( I I 5) ,H( 1,6). !(I ,11). T( I ,12). T( 1,18). T( 1.19). T( I,14). T( 1,20) 
220 READ#4, t( I,S), T( 1,13), T( 1,16) ,K( 1,1) ,E( I) ,U( I,2) 
2JO NEXT I 
240 CLOSE #1 
250 CLOSE #3 
260 CLOSE 15 
270 CLOSE #4 
260 PRINT'FlRST RUN NUMBER IS': 
290 INPUT 09 
300 PRINT' LAST RUN NUMBER IS'; 
310 INPUT 'i9 
320 PRINT' ALLOWABLE ERROR ON HEAT FLUX': 
330 lNPU"r E 
340 PRINT' INITIAL TEMPERATURE INCR&~ENT~: 
350 INPUT Xl 
360 PRINT'I~ITIAL EST. TEMP. At EMPTY/PACKED JUNCTION': 
370 UlPUT Y6 
380 PRINT'USE EQUATION 1 OR 2': 
390 INPUT A 
400 PRINT'TU8E 1.0./INS.'t 
410 INPUT 0 
420 PRINT'TUBE 0.0./INS.': 
430 INPUT Dl 
440 PRINT'TOTAL HEATED LENGTH/INS.': 
450 INPUT Ll 
460 PRINT' EMPTY TUBE LENGTH/INS.': 
470 lNPU't L 
480 PRINT'ROTAMETER SCALE READING ON Rl': 
490 INPUT Z9 
500 Al•3.1415927*Dl*L/144 
510 A2•3,1415927*0l*(Ll-L)/144 
520 GOSUB 1800 
530 PRINT' AVERAGE RESISTANCE,C/BEU': 
S.40 lNi'U"r C 
550 PRINT'USE AVERAGE C THROUGHOUT': 
560 INPUT A!; ( 4) 
570 IF A$(4)•'YES' GO TO 640 
580 REM LINE 600 
590 REM CALCULATE ANNULUS SIDE COEFFICIENT IF CASE 2 IS USED 
600 GOSUB 1620 
tlO REK LINES ~10-ll20 
620 REM CALCULATION OF TEMPERATURES AT EMPTY/PACKED INTERFACE AND 
630 REM CALCULATION OF HEAT FLUX£5 OVER SECTIONS OF THE TUBE 
640 FOR 1•09 TO Y9 
650 'i•Y6 
660 .lC•Xl 
6 70 M•l 
680 fRlNT LlN(\) 
690 PRINT '&UN NUMBER':N(I):TAB(l6): 
700 N-0 
710 GOSUB 1390 
720 IF A<2 GO TO 750 
730 Yl•(Q( l,.)'D( I,2)•(Y-T( 1,13) )/ (Q( 1,3)'0( I, 3)) )+T( 1,4) 
740 GO TO 760 
750 YI•T(l,3)-((Q(1,2)'D(l,2)'(T(I,I4)-Y))/(Q(l,3)'D(l,3))) 
7 60 Zl•Q( I, 2)*0( I, 2)*62 .427961*3600* l.B*(Y-T( 1,13)) 
7 70 Y2•( (YI-Y)-( T( 1,4)-T( 1,13)) )/LOG( ( YI-Y)/ (T( 1,4)-T( 1,13))) 
7BO Z2•Bl*Al*Y2*1.8 
790 Z3•Zl-Z2 
800 IF ABS(ZJ)<E GO TO 870 
BlO tF ZJ<O GO TO 840 



820 Y•Y-X 
830 X•X/10 
840 ·Y•Y+X 
aso N•N+l 
BbD GO TO JlO 
870 B(I,l)•B 
880 N•N+l 
890 PRINT'NO. OF ltERATIONS':N 
900 K(I,6)•KS 
9t0 B(l,Z)•Bl 
920 Z(l,l)•Y 
930 z< r,n•Yl 
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940 Z(l,3)•((T(1,3)·T(1,14))·(Y1·Y))/LOG((T(!,3)-T(l,14))/(Y1-Y)) 
950 Z(1,4)•Q(l,2)*D(I,2)*62.427961*1.8*3600*(T(I,l4)-Y) 
960 Z(l, S)•Z( I ,3)*Al*l.8/Z( 1,4) 
970 IF A$(4)•'YES' GO TO 1020 
980 K7•1/{K2*(l+(O.Oll*(((Yl+T(I,3)}*0.9)+32)))) 
990 K8•221.2-((11/720)•((((Y1+T(l,3)+Y+T(1,14))/4)•1.8)+32)) 
1000 K(t,7)•K7+(((Dl-D)*Dl)/(K8*K4*12)) 
1010 GO TO 1030 
1020 K(l,])•C 
1030 B(l,3)•01/(D*(Z(1,5)-K(1,7))) 
1040 C(I ,l )•Gl 
1050 0(1,3)•03 
1060 M•O 
1070 GOSUB 1390 
1080 B( 1,4)•0* B( 1,3)/ (Ol*l2*(Gl'"0.4)) 
1090 o(l, 4 )•OJ 
1100 G(I,l}•Gl 
1110 NEXT I 
1120 PRINT Ll~(l) 
lJJQ RFR LINES llJ0-1290 
1140 REM OPTION TO FILE RESULTS 
1150 PRINT' FILE RESULTS': 
1160 INPUT A$(1) 
1170 IF A$(l)•'NO' CO TO 1320 
1180 DEFINE FILEI2•'SIGMA-b010', ASC SEP,500 
1190 DEHNE FILEI7•'SIGHAS-6010', ASC SEP,50 
1200 PRINT L!N(l) 
1210 PRINT'REYNOLDS NUMBER,NU/(PR·0.4)' 
1220 PRinT LIN(!) 
1230 FOR 1•09 TO Y9 
1240 WRITEI2. B( 1,1). B( I, 2) I 8( 1,3) ,Z( I,l) ,Z( 1,2) ,0( I ,3) ,G( 1,1) ,G( 1,2) ,K( 1,6) ,K( 1, 7) 
1250 WR1TEI7,0(1,4),B(1,4) 
1260 PRINT 0(1,4) ,B( 1,4) 
1270 NEXT 1 
1280 CLOSE #2 
1290 CLOSE 17 
1300 R&~ LINES IJOQ-1370 
13IO R£H OPTIONS TO USE DIFFERENT CALCULATION METHODS 
1320 PRINT'TRY ANOTHER RESISTANCE': 
1330 INPUT A$(2) 
1340 IF A$(2)•'YES' GO TO 530 
1350 PRINT'TRY ANOTHER HEAT BALANCE ETC.': 
1360 INPUT A$(3) 
1370 lF A$())•' YES' GO TO 320 
1380 STOP 
1390 REX SUBROUTINE LINES 139D-1610 
1400 REM CALCULATION OF RE,PR,AND NU IN £MPfY TUBE SECTION 
1410 IF H-1 GO TO 1440 
1420 T-( Y+T([, 14))/2 
1430 GO TO 1450 
1440 T-(Y+T(I,13))/2 
1<50 D7•1-((((T-3.9863)•2)•(T+288.9414))/(508929.2*(T+68.!2963))) 
1460 Ql•Q(1,2)•D(I,2)/D7 
1470 U2•(Ql*576)/(3.1415927*(DA2)} 
1480 00•100/((2.1482*((T-8.435)+((8078.4+((T-8.435)-2))·o.5)))-120) 
1490 Ol•0.00587*(l+(0.00281*(T-20)))/0.017307 
1500 03•7741. 92•0~'~U2"'D7/DO 
1510 02•1 
1 520 Gl•02"'00*2 .14190883/0l 
1 530 s•o.otJ•CoJAo .a>•CGI Ao.4)•( I+( s .37*(D/L) > > 
1540 IF A$(4)•'YES' GO TO 1590 
1550 K3•1/(K2•(l+(O.Oll•(((Yl+T(l,4))•0.9)+32)))) 
1560 K6•221.2·((11/720)•((((Y1+!(I,4)+Y+T(l,1J))/4)•1.8)+32)) 
1 570 KS•KJ+(( (01-D)*Dl )/ (K6"'K4* 12)) 
1580 GO TO 1600 
1 590 KS•C 
1600 Bl•l/(KS+(Ol/(lZ*B*Ol))) 
1610 REtURN 
1620 REM SUBROUTINE LINES 162D-1770 
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1630 REM ESTLMATION OF ANNULUS SIDE FILM COEFFICIENT USING CASE 2 
1640 Kl•O 
16\0 K4•(0l-O)/LOG(Dl/D) 
1660 FOR [a09 TO Y9 
1670 T( 1,23)•( T( I ,J)+T( !, 4)+T( I,13)+I( !,14) )/4 
1680 T(I,24)•((T(I,3)+T(I,4))*0.9)+32 
1690 K( 1,2)•221,2-(( 11/120)'( (T( !,23)'1.8)+32)) 
1700 K(1,4)•1/(C-(((Dl-D)*Ol)/(K(I,2)*K4*12)}) 
1710 K( 1,5 )•K( 1,4)/ (l+(O.Oll'T( 1,24))) 
1720 Kl•Kl+K(1,5) 
1730 NEXT 1 
1740 K2•Kl/(Y9+1-09) 
1710 PRINT LIN(2) 
1760 PRINT' OUTSIDE li•' :K2:'*(1+(0.Qll*T/F))' 
1170 RETURN 
1780 REM SUBROUTINE LINES 17M0-1940 
1790 REM ANNULUS SlOE VOLUME FLOW AND DENSITY AT ROTAMETER 
1800 Y(l,l)•0.0029ll610712545 
1810 Y(2,1)•1.089821240896E-5 
1820 Y(3,l)•0.0007601237919062 
1830 Y( 4 ,l)•-6.308266691236F;-7 
1840 Y(5,1)•9,754716l31214E-6 
1850 Y(6,1)•-2.231681817122E-8 
1860 Y(7,1)•-7,141842539582E-8 
1870 Y(8,1)•1.191473419926E-8 
1880 'l(9,l)•-2.138529076046E-10 
!890 FOR. 1•09 TO ¥9 
1900 Q( I, 7)•'l(l, 1)+( '!(2, l)*T( 1,4) )+( Y() ,l)*Z9)+( 'l( 4, l)*T( 1,4)*Z9)+( 'l(5,l}*(Z9'" 2) )+( 'l( 6 ,l)*T( 1,4)*(Z9 .. 2)) 
1910 Q( [

1 
3)•Q( 1, 7}+( Y( 7, l)*(T( 1,4)'"2) )+( 'l(S ,l)*(T( 1,4) .. 2)*Z9)+( 'l( 9 ,1 }*(T( 1,4)"2)*( Z9'" 2)) 

19ZO D(l,J)•I-((((T(l,4)-J,9863)•Z)'(T(l,4)+288.9414))/(108929.2*(T(!,4)+68.126963))) 
1930 NEXT I 
1940 RE'tUR.~ 
1950 END 
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Appendix A.l2 

Prediction of the friction factor characteriGtics of the Kenics static 

mixer arrangement 

The empty tube friction factor characteristics may be presented 

in the form 

= A Re-B (A.l2.1) 

Equations (1.80) to (1.83) have the general.form 

K = k = G OH i Re0.104 (A.l2.2) 

where J = y in equations (1.80) and (1.82), 

J = y/(y-1) in equations (1.81) and (1.83), 

and G, H, and Q are constants. 

Combining equations (A.l2.1) and (A.l2.2) it is found that for the 

commercial Kenics mixer 

= (A.l2.3) 

Converting this equation to the equivalent flow basis, gives 

= 

where = 

= 

and = 

r::JO.l04-B) Re (0.104-B) 
e 

(A.l2.4) 

(friction factor defined using the equivalent flow 

basis) / (friction factor defined using the tube 

diameter and the superficial fluid velocity) 

[~e 1[:;f 
(~e} [~1 

(A.l2.5) 

(A.l2.6) 

The geometrical details of the mixer to be considered can be sub­

stituted into equation (A.l2.4), so that 
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if = 

A G [1}J~1~DH JQ r~r·l0
4

-B) Re(O.l04-B) 

[t] [~J[::JO.l04-B) (1\.12.7) 

where the subscript "K" refers to the commercial Kenics mixers. Since 

(0/De) and (A~Af) are only dependent on the relative thickness of the 

inserts, ( 6 /d), it is found that for the commercial Kenics mixers 

(6/d = 0.1 for d < 38 mm): 

(Jle / Jl')K = 0.4225 

(0/De)K = 1.802 

(RejRe)K = 0.6357 

The above valuas can be substituted into equation (A.l2.7) to yield 

expression which should allow the prediction of the pressure drop 

across a configuration of alternately twisting helices with per­

pendicular leading edges. 

an 

In Table 7.5 the predicted values of the friction factor, at 

Reynolds numbers of 11000 and 78000, were determined using the actual 

empty tube correlation, i.e. denotation A-I of Table 5.4. Similarly, 

the predicted results for the heat transfer conditions were determined 

using denotation 8-P of Table 5.5. The empty tube friction factor 

correlation used when predicting the results of other workers was 

This is not a good representation of the empty tube results of 

Chakrabarti (21) and it is only for consistency that this correlation 

has been used in the prediction of those results. 
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