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Abstract

The heat transfer and pressuré drop characteristics of tubes
containing either Pall rings, or helical (1800} strips of matai, were
étudisd experimentally. Tasts wers performed with water in the Reynolds
number range of 11000 to 104000, approximately.

Rotamsters were used to measure the volumstric flowrats of the
water. The effect of fluid temperature on this measurement was
determined.,

The insertion of a continuous length of Pall rings inte a tube
increases the Nusselt number and pressure drop by factors of 1.5 and 15.
(Thesa factors are relative to the empty tube aver the same flow rangé).
Smaller increases werse obtained while using rinpgs that were equidistantly
spaced along the tube.

The effects of the tuwist dirsction, the orientation of consecu-
tive helices, and the spacing of the helices, wers 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 tuwisted strip. Ffor the conditions of this work,
the optimum spacing was equél to the length af each of ths pairs of
helices. Further work, with other geometries, is reguired 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 smpty tube, of 2.6 and 26. A
configuration formed with ths 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, apprdxihataly.

The equidistant spacing of” palrs of alternately tuisted helices
was found to be more beneflclal ‘than the use of an empty tube section

and a continuous length of helzces.
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Systems of units

The units used in this thesis are usually those of the Sytéme
International d'Unités (SeI.). Traditional quantitiss are written
between bracksts which directly focllow the S.I. values. While develop-
ing some caomputer programs it was found to be considerably easier to use
the traditional systems of units. For this reasoh some conversion
factors are listed below. Dimensionless ratics have been used whenever
possible and particularly when considering the results of expsrimental

worke

1 Btu = 1.055 kT
vete et et OF Y - 1.7m oy et k7t
= 4.134 x 10°° cal em™t o71 9¢7t
1ty ft72 et OF L & s.e7B W w2 k7E
= 1.355 x 107% cal en™2 ¢7+ 97t
1 Bty 167 Ot = 4.187 kT kgt k1
= 1ecal gttt
1 cp = 0.0010 kg mt &7t
= 6.72 x 107% 16 Ft7 &7t
1t = 0.3048 m
1 gall = 4,546 x 107° m°
1 hp = 745.7 4
1in = 1m = 26,40 mm
1 1b = 0.4536 kg
1 psi = 6.895 kN m~2




1 Literaturs survey and scope of the present work

1.1 Introduction

- - -

Section 1.2 of this chapter presents some of tha 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 ths results of the ‘
present work were obtained. The advantages of certain of the forms of
correlafinn are discussed. The following section of this chapter
briefly describas the type of objects which previous workers have
placed insids tubes with the aim of increasing the heat transfer rats
through the tube wall. Several review articles have hesn published on
this subject and the reader is referred to these for furthsr details.
The twisted tape arrangement is described and previous results
obtained by using this type of insert are considered in detail since
this devics, and medifications of it, were used in the pressnt warke.

Various static inlins mixers have been suggested for the
enhancement of heat transfer and some of the more common versions of
these devices are described. For instances whers 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 devica, the Kenics static mixer, are
studied in detail. This form of tube insert, and some modifications
of it, were tested.

The increass in the rate of hsat transfer that results from ths
insertion of objects into a tube is accompanied by an increasg in the
. .pressure drop along the tuba. The latter leads ta an increased pump-
ing power and the associated cast increase. Various methods have besn
proposed for the estimation of the ecocnomic viability, or effectiva-
ness, of the use of tube inserts for increasing the heat transfer rats;
the applications of these methuds are also discussed,

Section 1.5 clearly cutlines the scope of the work discussed in

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

previous studies which used swirl inducing inserts.
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1.2.1 Isothermal friction factor in long straight ducts.

Using hydrodynamically smooth tubes, Blasius (7) found

that :

-0.25 (1.1)

0.25

ﬁ = (lUU RB)

= 0.0395 Re

where g = friction factor

2 .
41 gu

and Re = Reynolds number

-gue,
H ‘ _ (1.3)

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

ip the turbulent flow regime uptu Reynolds numbers of approximately

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

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

and usss a flow rangs of 3000 < Re < 10S and Coulson and Richardson
(29, p. 43) 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 dus to the personal judgehent of the authoré 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 :
A = 0.023 Re~ 072 (1.4)

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

suggested range of application is :
5000 < Re < 2 X 10° - McAdans {81, p. 155)
30000 < Re < 10° - Kays and Perkins (103, p. 7-4)

For long smoath pipes Drew, Koo, and McAdams (36) experimen-

tally found that

g = 0.0007 + 0.0625 Re C*>2 {1.5)
for 3000 < Re < 106
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Hermann (50, p. 3) correlates data using the same equation
form as that above. He suggests that @

# = 0.000675 + 0.0495 Ra O"°

S

- (1.6)
in the range 10" < Re < 2 x 106

Von Karman and Prandtl correlated the results of Nikuradse, ses
(85) and (106, p. 204),in the form :

(zﬁ)'o‘5 = 4.0 logyy(Re (2ﬁ)n'5) - 0.40 (1#7)

As shoun in reference (37) this equation may be represented to
within 1% by

' 2
28 = |4 lnglu [ Re ] (1.8)

4.53 logyg(Re) - 3.82

for 10% < Re < 2.5 x 10°
and by . '
: -2 :
2d = [3.6 log Re (1.9)
10 “7- :
for 10% < 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 shous
that : '

(2)™%° = 4.06 1og, (R (21)°*%) - 0.6 (1.10)

Colebrook, see {85, p. 676), daveloped a correlation which
applies for Reynolds numbers greatsr than approximately 3000 :

-0.5 1,255 1.11
(2¢) = -4 log — + — .5 ( )
: 10 3.7d Re(27)" ,

This equation embodies the result of Von Karman that for the

fully rough pipe zons :

(2)9% - 4 log, [' 8 ] (1.12)

3.7d

Tha adequacy of squation (l.il) is showun by the more recent
results of Robertson et. al. (102)}.




The often used Moody chart (85) is based on the Colebrook
function cver 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 censidered that the boundary between ths fully rough and
transition zones occurred when the difference betwesn the friction
factors found by using equations (1.11) and (1.12) was less than %%.
It is important not to confuse tha transition zone with the region
denoted by Moody as ths critical zone. The latter, which begins at.
Reynolds numbers of approximately 2000, represents the changs from a
laminar to a turbulent flow regime.

The Celebrook function is_a useful representation of the
Moody chart. However, this function is an implicit equation, and it
is far 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 Lolebrook 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 tha Russian literature and shows that the following equation is a

good representation of the data available at that time :

Re

|
d

(2}Zf)-l3.5 = 3.6{log

It will be seen later that the results of the present work have
been comparsd to the predictions of some of the above equations,

The above review clearly demonstrates tha wide range of squa-
tion forms used to represent friction factor data for empty tubes. On
first sight, it may be considered that correlations of the fom 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/H, 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 ubseiuatinns: this is a necessary requirsment
of any equation involving a largé number of constants. The present
work involved pressure loss and heat transfer measurements and it was

considered that, over the available time period, insufficient pressure




loss data would be collscted to allow accurate datermination of a
large numbsr of constants. for this reason, and bscause of the coma
putational simplicity, the results of the present tests, using empty
and packed tubes, were correlated using the same form as squations
(1.1) and (Ll.4).

1.2.2 The effect of tubs length on the friction factor.

The entry length, Xants 18 the distance frem the pipe inlet
within which the turbﬁlent velocity profile develops and thereafter
remains caonstant. Davies (31, p. 47) uses a theoretical analysis
which provides the following estimate of the smallest possible entry
length in a smooth tube ;

Xant = c. Ra?*25 (1.14)
- 1

where Cl = l.4l ' (1.15)
Over the flow range of the present werk, equation (1.14)
predicts that x_.,/d = 14.4 (Re = 11000) and x_../d = 25.3 (Re = 104000).

According to refsrence (90), the results of Nikuradse shou

that @
Xont = 50 ' (1.18)
d
Latzke (103, p. 7-6) predicts that the pipe length required

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

0.25
ﬁ. = 0.623 Rs 2 (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 tao 70000,
Olsen and Sparrcw (91) found that after the first 25 pips diameters
the pressure gradient is within 5% of the fully developed valus. '
Later it will be seen that the experimental equipment, of the
present work, was constructed such that the distance between the up-
stream pressure tapping and the nearest object which projects through

the tube wall ' upstream of that tapping was 53.3 tube diamsters.

1.2.3 The effect of fluid property variation across the flow field.

The results of sectiocns 1.2.1 and 1.2.2 apply for fluids flow-
ing along tubes with no heat being transferred through the tubs wall.
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For situations where the fluid is a liquid and heat is being transferred,
the velocity profiles across the tube is deformed mainly due to the
viscosity variation. To allow for this effect the follawing eguation

may ba used @

2y i By 1™ {1.18)
fisa [TJ"]
where ﬂ%, ﬂisn = friction factors determined under heat
transfer and isothermal conditions at thse
same bulk Reynolds number
and Hgr H = liquid viscasitias evaluated at the surface

temperature of the tube wall and at the bulk

fluid temperaturs.

Kays and Perkins (103, p. 7-158) show that predicted values of
m, for heating coﬁditions, decrease with increasing Prandtl number.
Typical results show that m = 0.063 (Pr = 3) and m = 0.028 (Pr = 10).
Howaver, they also note that some experimental evidence shouws that.
m = 0.25 for water with a Prandtl numbér of 8, 0On the basis of thess
findings it is expected that for Pr = 4.54, the value used in the
present work, the value of m will sxceed 0.25. This conclusion is
supported by Lopina and Bergles (79) who suggest that m = 0.35 for
water. Howsver, McAdams {81, p. 157) suggests that m = 08.14 which
shows that the data reported in the literaturs is someuhat inconélu-
sive. This is probably becauses 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 Prandt! numbers.

l.2.4 The heat transfer characteristics of long smooth circular

ducts.

The so-callsed Dittus-Boelter eguation is presented by McAdams
(81, p. 219) in the farm :

0.8 0.4
0.023 [d u 9] [cp ¥ ]
,J

. 0.4
0.023 ReU 8 Pr

(1.19)




The restrictions on the use of this equation are :

(1) 0.7 < Pr <120

(ii) m" < Re'< 1.2 X ll;l5
(iii) t/d > 60

(iv) moderate (tg ~ ty)

It is interesting to neote that conversion of the eguation determined
by Dittus and Boelter (34, p. 450) into dimensionless form, and noting
that the Raynolds number exponent had been misprinted as §.08 as
opposed to 0.8, it is found that :

0.8 , 0.4

Nu 0.024 "% Pr9*% for a Fiuid being heatad (1.20)

and Nu

0.026 Re%*8 prP°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 :

n

Doa m-2 K"l

h 5700 (1 + 0.015 tay) W (1.22)

gy —

dD.Z

mean bulk temperaturs aof the fluid, °C

" whera tav

u fluid velocity, m ™t

and d

1

tube diameter, mm

]

Nunner (90, p. 6} states that the result of Kraussold, for

Re > 5000, may ba represented in the form
Nu = 0.024 Re®*® pr* (1.23)

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

]0.14 (1.24)

Nu = (Constant) ReU'BPré [ti_
Ms
The original work of Sieder and Tate (114), which shows the results
of tests using oils, paraffin, benzena, and water, indicates that the
constant in equation (1.24) is 0.027. Howsver, Mchdams (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 fallowing limitations for the use of equation (1.24)2




(i) Re > 104

(ii) 0.7 <Pr <700

(iii) \/d > 60

In discussing the abgve 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 offen based on a limited number
of experimental measursments and the camplets limitations of the
aquations were often unknhown 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. Nonetheléss, 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 nat be
used when water is the process fluid : the results of Evans (43,
Figure 13), obtained using water, are in good agreement with equation
(1.24) with a constant of 0.D027.

| Eguation (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 ratioc allous 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 cooaling conditions. |
~ Using a total of 651 individual data points which had been

selected from a numbar of sources, reference (3B) produced an equation
which represents the data with a root mean square abselute percentage
deviation (R.A.D.) of 10.2%. The proposed correlation may be rewritten
in the form 3

Nu 0.0225 e 725 prO {1.25)

)}

where G 0.495 - 0.0225 1n[Pr]

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) :

0.805 r0.415

Nu = (0,0204 Re P {1.26)

for-which R.A.D. = 11.5%




The data used by reference (38) lay within the following

ranges :

(1) L/d > 40 | .
(ii) T/Ty < 1.15, gases
(1ii)  t -t is small, liquids
All of ths above empirical correlations indicate that the
Reynolds number exponent is 0.8. This is an impartant finding which

is of considsrable importance in ths calculation procedure adopted in

the present work.

l.e2.5 The effect of the conditicns at the entrance to the heated

length of the tube an the heat transfer factor, Nu/Pr®*%.

Knudsen and Katz {68, p. 400 et. seqg.) review the available
data concerning entrance effects on the heat transfer coefficients.
One of the most common maethods of representing this data, see for
example (68, p. 403), (97, p. 10-15), (59, p. 136}, uses

h = 1 4+ X [g.] | (1.27)
h {

Where b is the mean heat transfer ceefficient over the heated lenqth,
ly and h,, is the assymptotic value of the heat transfar coefficient.
The parameter X, evaluated from integrations of curves showing hy / h
versus x/H, are tabulated by Boslter et. al. (10), and are reproduced
in the references cited above. Using air with a straight calming
section (1/d = 11.2) preceding the heated tubs length which had the
same bore, Boeltsr 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-

I
metars. Using this length with X = 1.4 in eguation (1.27), the con- |
|
|
|

.stant in the Dittus-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

|

|

|
Boeltsr 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
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workers

Various methods have been suggested for thes enhancement of
heat transfer. Some methods, for instance tube vibration, require a
power source which is not a component of the flow circuit. Thess
types of augmentation technigues are not the concsrn of the present
work, they are discussed by Bergles (2). However, it was considered
that the reader should be given a deacription of the heat transfer
enhancement that is made possible by the use of techniques which
require fio external powsr source. Consideration is limited to single
phase heat transfer genarally in the range 1043< Ae < 105. 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 acress the
fuba 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 ars swirl inducers they are con-
sidared 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 ths
section of that name descriﬁes davicas which have actually besn used
for the purpase 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 (5). Ouellstte and Bejan (92) alsa
provide a useful survey. Bergles (2) compares the various techniques
using'fhg constant pumping powsr basis. This method, which is das-
cribed more fully in section l.4, is a measure of ths heat transfer
improvement relative to the same length of ampty tube requiring the
sama pumping power. The results obtained with this method are
expressed in the form (h/ho)p where h and hg are ths heat transfer

coefficients in the tubes with and without the enhancament technique.
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1.3.1 Internally roughened tube surface.

The results of Nunner's tests (90) using naturally roughened
pipes show that (h/hu)p lies in the rangs 1.1 to 0.9 {2). The results
used by Bergles (2) show that tubes with machined roughnesses are not
benefigial and'(h/ho)p<: l.l However, the more recent data surveyed by
Norris (6, p. 16 et. seq.) do not support that conclusion. His survey,
which embodies a far greatar ndmber 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).

Dipprey and Sabersky (33) produced tubes with a sand grain
roughness. Their tests were performed in the range l.2 < Pr < 5.94.
Bergles {2) used their results to show that'(h/hg)p increases uith
increasing Prandtl number. The most beneficial tubes had the largest
roughnaess of the tests and showed that (h/ha)p may be as large as 1.95.
Extrapolating the results of Dipprey 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 fomm 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/ho)p may attain
maximum valuss of 1.6 (s/8 = 10) with a mean value of approximately l.3
for all of the tests. Koch (69) used thin metal discs with apertures
of various diameters. The diameter of the discs was approximatsly the
sams as that of the tube bore. The results determined by Koch show that
(h/ho)p may be as high as 1.4 but the msan value for all of the tests
over the entire flow range is 1.0 (2).

The results used by refersnces (2) to indicate the effect of
using wire coils inside tubes shows considsrable data scatter. The
present author considers that this is a result of comparing results
obtained using a largs range of geometrical parameters. Bergles (2)
uses results which were determined using coils which were loossly
wound and coils which were tightly wound, the latter results show that

(h/ho)P decreases extremsly rapidly with increasing Reynolds number.
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Thig trend is not apparent for other types of insert and it implies
that the friction factor and heat transfer factor, Nu/bru’a,-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/ho)p is approximately 1.35 (heating) and
1.3 (cooling) when the precess fluid is water. These values are only
slightly lower than those found using the results of Nunner's work
(90) with piston rings. In the latter case, a good contact batwsen 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 Cocgan (56) used a number of tubes which possessed
vafious 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 écross the entire tube diameter, or
by placing a smogth tube within a finned tube, it was found that
(h/ho)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 watar. The results of reference (4) show that
1.2 < {h/hg)p < 2.7, uwhere the greater improvements were obtained using
short spiral fins, Watkinson et. al. (135) 2lso used the heating mode
of operation with water. They dsfine low fin heights as those for
which the ratio of the fin height to the tubs diameter is less than
0.05. Using straight fins it was found that the mean value of
(h/hn)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 tuhes containing a
low number of fins. The tests using spiral fins showed that the mean
values of (h/'ho)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/hc)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) perfomed heating tssts using air in
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finned tuhbes. They experienced considerabls difficulty in obtaining
usefuyl 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/ho)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/ho)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 UWatkinson et. al. (134). The Nusselt numbers and friction factors
determined by Russell and Carnavos werse greater than those found by
refarence {134). Russell and Carnavos could net explain this finding
although it may be dus to the different mode of operation; reference
(107) operated in the cooling mode. The results of reference (107) are
also interesting becauss each of their tubes contained 10 straight fins
and only the tube 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/ho)p is approximately 1.3. Two anocmalies exist
in their results; one of the tubes, which used a slightly smaller fin
tip thickness than the others, produced very large valuss of (h/hc)p
and also the friction factors determined under cooling conditions were
lower than thgse found under isothsrmal coﬁditions. The latter effect,
which was found.using all of the tubes,-including the empty smooth
tubes, is unexpected.

A guintuplex finned tube consists of five internally finned
tubes fitted tightly in a concentric form. Other configurations may
ba produced, for example, a triplex finned tubs-is formed using three
finned tubes. Soliman and Feingold (119) performed tests using a
smooth tube, a Singie spiral finned tube, and a quintuplex spiral fin-
ned tube. They cencluded that, because of the large pumping power
requirements, quintuplex tubes should gsnerally only be used for in=-
stances where the main priority is heat exchanger size reduction.

The tests involved the cooling of lubricating oil im 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 ratics
(h/hc)p anq found that ths values produced by a quintuplex spiral
finned tube are approximately 5. 1t is also shown that using a

triplex tube, formed using twn spiral finned tubes and a central
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smooth tubse, the ratio (h/'ho)p is 3.9. Further tests using three forms
of duplex tubes produced values af (h/'ho)p in the range 1.7 to 2.4, The
merits of this type of tubing are considerad further in ssction l.4.

Carnaves (17), (19) studied the effects of using single finned
tubes with water and uater/éthylene glycel mixtures under heating con-
ditions and using air under cooling conditions. The heating tests shaw
that 1.24 < (h/hg), < 1.72, with the higher values being obtained with
the tubes possessing the highest helix angles of the gpiral fins and
with the highest internal surface areaé. The cooling tests produced
similar conclusions over the range 1.15'<:(h/h0)p-< l.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 formsd by flattening tubes to produce an oval
cross section and then, after packing the tube with sand, it is
possible ta twigt the tube about its axis. The heat transfer and
pressure drop characteristics of this type of tube have recently besn
étudied by Ieviev et. al. (57). Some tubes, which are now commsrci-
ally available, have a similarity to those produced by the above method.
It is now possibls to produce a number of tubes with different numbsrs
" 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 regims, the incresased 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 coefficisnts. Although the data in reference (131) is
unclear it appears that (hAT) may bs increased above the empty tubs
value by a factor of up to 2.5 in the turbulent flow regims; com=-
parative pressure loss results are not given. Further discussion of
these forms of tubing is not given bacause the present author considers
that they are probably only ussful for processes wherse the heat transfer
resistances on the inside and cutside tube surfaces are largs. Tube
‘inserts are used where the dominant resistance to heat transfer would

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

One of the factors producing ths heat tranafer enhancement
which results from the use of fins is the increased surfaca area
available for heat transfer. The surface arsa of tube inserts, which
are in contact with the tube wall, does not always increass the
effective surface area available for heat transfer. Tha effective
area depends on the thermal contact of the tube wall and tha insert.
If the contact is very poor then the inssrt may actually reduce the
heat transfer surface area compared to the empty tube. Displaced
promotars are objects which do not have any contact with the tube
wall, their ability to increass the rate 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 werse in
contact with the tube wall (maximum clearance 0.3 mm). Koch also
performed tests using two tubes which cantained undsrsized rings.
Bergles (2) shows that over the range 10%< Re < 105, the mean values
of (h/ho)p for the tweo arrangements were 0,95 and l.2. Tha orificas
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 gsometry. It is noted that (h/ho)p decreases with increasing
Reynolds number.

Discs may be axially located oh a rod which may then. be
centrally positioned inside a tube. Koch (69) and Evans (43) performed
heat transfer and pressure drop tests using this typs of insert. Koch
(69) uses the term "haffle platss" in reference to these inserts.
Bergles (2) uses the results of references (69) and (43) to show that
(h/ho)p is gensrally less than 1 for Reynolds numbers greater than
approximately 400800. Both sets of results show similar magnitudes for
(h/'hn)p and also that this ratioc decreases with increasing Reynolds
number. However, it should be stated that the friction factors and
Nusselt numbers determined by Koch are greater than those determined
by Evans who suggests reasons for the differences,

Evans (43) also replaced the discs by streamlins shapes.
Bergles (2) used tha results of that study to show that they produce
mean valuss of (h/ho)p, for 10 < 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 ssction 1.3.2 cuuid have been
considered in this section. In general however, the inserts considered
here do not necessarily producs significant increases in the effective
area available for heat transfer,

Nauman (88) 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 nsear to the tubs wall at the entrance of a flow
divider is also near to the tubs wall at the exit of the insert. Fflow
inverters produce a flow transformation which results in fluid near to
the tube wall being transferred to tha centre of the tube. On this
simple basis, it is clear that flow inverters are expscted to produce
larger Nussslt numbers than flow dividers. Nauman suggests one qeo-
matrical arrangement that praduces flow inversion. Over part of its
length the proposed device extends across the tubsy it is for this
reason that it is mentioned here. The intsrested reader is referred to
reference (83) faor further details. Howsver, it is important to
realise that reference (88) 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 procossss
will be difficult, if not impossible, to use with csrtainty.

The Corpak turbulence promoter (129) consists of continuous
lengths of loossly wound wire spirals which produce a high free voidage.
When located inside tubes the device may ba ussed to increase the rate
of heat transfer and/br degres of fluid mixing compared to an empty pipe
of the same diameter. Unfortunately, comparable heat transfer and
pressurs drop data in raference (129) apply to the conventional empty
tube laminar flow range and therefore are not of particular intarest 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 wers copper plated. The brush inserts were formed
using commercially available spiral brushes manufactured from stainlsss

stesl. Although the brushes induced a significant spiral component in
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the flow, this type of insert is considered herse, 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 layér fluid; the brush inserts also create a swirl-
ing flow, as noted abovs.

The results of reference {82) show that ths heat transfer co-
gfficient may be very sensitive to any local variations in the mesh
porosity. For twa of the three tubes with mesh inserts, it was found
that (h/ho)p is approximately l.25, for 104<: Re< 3 x 10% 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/'ho)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 shaw that (h/h,)g,

4 < Re < 3 x 104, igs approximately 0.7, and the increase

again for 10
in the heat transfer coefficisnt, compared to an empty tube at the
same Reynoclds number, is a factor of § (82).

Sparrow et. al. {121) studied the thermal and hydraulic
characteristics of tubes containing an asymmetrical slat blockage,
see Figure l.,l. The thickness of the blockage relative to the tubs
length was small ((/t = 392). They also report on similar tests
that used asymmetrical segmental blockages. In both studies ths 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 ths pressure drop detsrminations. 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 blackagé.
The Nusselt numbers in this regieon, uwhen expressed as a ratio to the
fully developed value, were approximately 4.8 (flow area blockage of
1), 3.3 (% blockage) and 2.3 (% blockage). These ratios are mean
values over the Reynolds number range of 11000 to 60080. Ths valuss
given werse determined using slat blockages and unless otherwise stated
the remainder of theg following discussion will be rastricted to this
geametrical form. At the lower Reynolds numbers, the Nusselt number

ratios were greatest and for the ¥ blockage it was found that maximum
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values of the raties cccurred approximately 24 pips diameters downstream
of the blockage; thereafter ths ratios decreased to unity. Using
segmental blockages maxima in the curves of Nu/NuCI versus x/d wers

found uéing blockages of %, % and 7. 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 cancludse that both of these effects oeccur further
downstrsam of a ssgmental blackage 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 %, % and ¥.

Sparrow st. al. define the angle ¢ as shown in Figurs 1l.1.

They produce graphs which show the local circumferential Nysselt
number, expressed as a ratio to the fully developed valua, versus the
non-dimensional axial location, x/d, for various valuss of 6. Thay
deduce that the flow reattachments and impacts, discussed above, occur
at x/d<1 for all values of 8§, when using a % slat blockags. For the
case of a % blockage, there is a peak in the Nusselt number ratiac for
8= 900 at hign Reynolds numbers. Howsver, for the same Reynolds
numbers and § = DO, the maximum appears to ocecur at x/d<:1 and this

is because the maximum is a result of ths impact &ffect. At lower
Reynolds numbers, it was found that there was no maximum for 6 = 900,
but a maximum existed for §= 0°. It was considered that this is a
result of the sherter reattachment region and smaller impact effect
than was observed at higher Reynolds numbers. The results for a %
blockage agres with the above daductions. It was also found that ths
circumferential variations of the Nusselt number did not exist for
x/ﬁ-='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 dounstream of the
blockages to be determined. However, Koch (69) used an instrument
which allowsed the measurement of the local wall shear stress in tha
regions downstream of objaéts located within a tubs. From the results
thereby obtained, Koch suggests that the local wall shear stress, 7%,
is a dominant factor affecting the local heat transfar coefficiént.
This is not surprising since the major part of tha resistance to heat
transfer lias in the boundary layer, near to the tuhba wall, and it is

the wall shear stress that dstermines the thickness of the boundary
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layar. 0On the basis of this proposition, beneficial tubs inserts
must increase the wall shear stress. However, a large number of the
forms of tubse inserts, for example displaced promoters, indirsctly
cause the boundary layser disruption by prbducing 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 powsr is used to increass the wall shear
stress and henca the heat transfer coefficient. Koch {69) deducas
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 dsveloped
~ for the empty tube; thege 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 hecause 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 tuwisted tape).

Blum and Bliver (9) measured the local heat transfer co-
efficients, for carbon dioxids and air; downstream of an inlet vortex
genesrator. 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 decreass of the coefficients with respect to the axial distance
from the generator was mors rapid for the air. This was due to the
higher viscosity of air compared to carbon dioxids. No generalisa-
tions were made concerning the tube length for which the vortex effect
completely dscayed.

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° pelative to the axis of the plate.

The propellers were located at variocus equidistant positions on a
brass rod which was inserted inte a tube, Bergles (2) uses the results

of (69) to show that (h/hu)p is approximately l.l over tha range
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104-= fle < 105, and decreases with increasing Reynolds number. How-

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

best possible spacing of the inserts.

1.3.6 Twisted tape inserts.

A sketech of a tuisted taps is shown as Figure 1.2. This form
of tube insert is uysually produced by twisting thin strips of metal.
Marqolis (80), (73) and Koch (69) discuss some of the pertinent tests
performed pfior to 1958. Since then a largs number of sxperimental
studies and literature surveys have bheen concerned with twisted tapas.
In the following survey, continuous tuwisted 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
reqion 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

literatures.

(a) Continuous twisted tapes extending along the entire heated
tube length.

The work described in rsfersnce (49) is outlined by Gamb;ll et.
al. {50). The test sections used in that work were elsctrically heated
although heat gensration in the twisted tapes was negligible. In a
later study, Gambill (46) performed beiling and burnout tests using
elsctrically heated tuwisted 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.D.) of 12.3% by

0.18
P 0.000111 | Mg (1.28)
B 2,0.6 :

(ya)?o| F

where ﬁ = friction factor defined by squation (1.2) with the
fluid velocity based on the inside diameter, d, of the
tube

and y = twist ratio of the tape, which is defined as the numbar

of tube diameters per 180° deqrees of insert rotatian.
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Gambill et. al. specifically state that eguation (1.28) should not be
extrapolated beyond the values of y and d used in their tests. These
geometrical constraints are given in Table l.1. The resylts were also
corralated with an A.A.D. of 20.1% by using an empty tube corralation,
and equation (1.2), with the length, velocity and diameter replacsd by
the characteristic values 1.5 Unjs and Dg. The definitions of thase
quantities are given in Appendix A.l. Alsc it should be noted that in
this method the Reynolds number to be used in equation (1.11) is also
based an Dy and upje.

Gambill et. al. (49, 50) correlate their heat transfer results,
with an A.A.D. of 10.1%, by

NU = 2.18
—_— ] (1.29)
Nu, y
Qr by Nu . 2.43 ( 8¢ AtF)D.Odz
Nu, ST (1.30)
b4
where Nu = Nusselt number obtained using the twisted taps.

This value is based on the tube inside diameter

and the total circumference of the tubs

Nug = Nusselt number obtainad in an empty pipe at the
| . same nominal Reynolds number as that used to
produce Nu
ﬁf = volumetric coefficient of thermal expansion

evaluated at the film temperaturs
Atf = temperaturs drop across the film of fluid at the
tube wall = (tg - t)
Nu and Nug, were detarmined under heating conditions and, unless other-
wise stated, all of the heat transfer correlations presented in this
thesis apply to that mode of operation. The Nusselt number, Nuo, was

determined using

Nu, = 0.023 Re"*8 pr¥ (1 « (4/1)°"7) (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 refarences (49) and (S0), as given above, may be low
dus to a small system leakage and incorrect locations of the pressurs

tappings. Unfortunately, the distance between thes 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 3
44 .  0-02625 [Reg -n
a~ Pos = (1.32)
yl.Sl 2000 .
whers n = 0.81 exp {-1700 (e/De) ) - (1.33)
fae =  0.023 Rey U*?
J: = friction factor defined by equation (1.2) with the
diameter and velocity svaluated using equations
(R.1.2) and (R.1.3) ‘
and Re = Reynolds number based on the eguivalent diameter

and velocity as given by equations (A.1l.2) and
(Rele3)e

Gémbill and Bundy suggest that ths ratio of the Nusselt number
fer swirl flow 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 tubs wall though it is more benaficial, 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 Nusseit

~ number ratios determined under héating cunditions as cpposed 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,
datermined 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 equaticns (1.32) and (1.33), accounts for the mode of

opsration whsn using :

m o= 0.043 for cooling, y = 4.8 (1.34)
m = 0,140 - 0.3465 for heating, 2.26<y<ve (1.35)
: 2
Y

Gambill and BSundy (48) correlate the results of referencea (49)

and their own results to show that, under heating conditions @
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2 .0.0344
0.89 0.6 | (@A &t)eu

Nu = 0.00675 Re Pr > (1.38)
y© d

where Nu and Re are based on the inside diameter of the tube, the
circumference of the tube wall, end the fluid veloecity is also based

on the tube i.d.. The following units are to be employed in eguation
(1.36): o, 1b F£™°, u, ft s™%; d, Ft. The maximum tube diameter

used in the tests, for which sgquatiocn (1.36) is representative, was

6.3 mme Since this equation is dimensional it may bes that its range

of application is limited; no further citations of this squation have
been located., Gambill and Bundy (48) note that the Prandtl number
exponent of 0.5, compared to the value of 0.4 for empty tubss, 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 numher is increased. As noted previously, Koch considered that
for large Prandtl numbsrs the proportion of the fluid's resistancs to-
heat trapsfer that 1ies 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 thes tests perfommed by
Seymour'(llﬂ) are outlined in Tabls 1.l. The pressure losses measured
in that work are considsrablyCléss than -those reported in a further
article, Seymour (111). In the latter, Seymour suggests that the
reagson for the discrepency is possibly the use of an insufficient tape
length in the earlier work. However, the results presented in ref-
grence (111) do not support that suggestion. In reference (110} the
heat transfer results of that work are correlated to within 5% by

3.75 8,125
Ra™* At *

11.89  y0.25

wvhere Re is svaluated as for equation (1.36). Although not stated,
A is presumahly evaluated at the film temperature. The heat transfer

correlation for the empty tube rasults is not given.




A el e et N Mt Sl et el St = e e e e

Mk e AR St il ln i o

- 24 -

Smithberg and Landis (118) analytically found that

0.5
0.058 (28 ) 0.01245 [A
a 0.5
g, = - . | [1125 1n(Re_ (2f,) ") - 3170]
: Y Re, y As
+ 0.023 Re_ (1.38)

where the subscript "e" indicates the use of the equivalent diameter
and velocity basis. It should again be recalled that ﬂe is given by
equation (l.2) with 0, and the actual fluid velocity which allous for
the tape thicknsss, Ap and A, are the cross sectional free flow areas
of an empty tube and a tube of the same diameter with a tape.
Smithberq 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 l1.l. 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 .Z/,-: ) Rae Pr

Nu=hd = — L(a) + (B)] (1.39)
“ 1+ 175 b, pr*7
Reg Pg vy d
whera
18.0
() = '
Reg ﬂe Yy
and (B) = 0,023 d 1 + 0.00274
—_— |- i
0.2 # 2
Re, Pr Dy y He

In the above equation it is important to realise that Nu is
defined using the inside diameter of the tube but ﬂé and Re, are
defined using the equivalent diametser basis as in tha‘friction factor
analysis. The experimental empty tube data were correlated by
equation (1.24) with a constant of 0.023 and either an exponent of
0.36 on the viscosity ratio (uater tests), or with the viscaosity ratio

replaced by the term (T, /'Tb)0'575 (air tests). These corrections
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were also applied to the analytical predictions. 0Only 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%.
Howsver, 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,zj nseds to be
estimated. It is seen from equation (1.39) that the Nusselt number for
a 100% 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, ons 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 corditions of high
heat fluxss, for fluids with large values of Band low p/¢ , the "free"
convection preduced during swirl flow inc;eases the friction factor.
The analysis of Migay (83) shows that for fully developed swirl
flow with a twisted taps @

0.0124 0.5 -0.2 2.8
f, = ——— (1125 In(Re, (26,) )~ 3170) + 0.023 Re, ¢
Rea y
{1.40)
-1 _..0.5
™ A 1 1 0.5
where C = R (A7) +— [ (A +1) "+ a1n(e) ]
qu-l 2 4y
2
A= 4 yz
ﬁ?

and B = (A‘U's + (A-l + 1)
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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

’
oot = Po + Ho - (L)
2
where ﬂ; = De w : (1.42)
6¢y21
and L .= length of the tuwisted taps

For Migay's tests in the rangs indicated in Table 1.1 the results and
the predictions of equation (l.41) generally agreed to within 3%.
Migay (83), again by analytical methods, showed that

15 (1 + 1.75/(Pr + 8)) Pr D,

T + B
h D g, yd
E =
k D 0.69 3
L+l 1(s050 Pr + 0.00006 Pr )
15 y d Reg
(1.43)
0.023 Re 28 px (a7 4 1)0-4
where B =
-0, - -0.05
1+ 2.4 Ra] (a7L 4 1) 0-85p.% _ 1)
and 4 = 4 y2
2

Migay also includes an additive term to allow for the fin effect which
is neglected by equation {1.43). This egquation is applicable in the
turbulent flow regime with 0.7 < Pr < 1000 (83).

The range of variables used by Seymour (111) are noted in
Table l.l1. Empirical correlation of the results, which were determined

under isothermal conditivns, showed that
ldglﬂ(ﬂi / B} = (0.905 /y) + 0.29 (1.44)
for 13000 < Rey, < 10% M.A.D. = 10%

The friction factor and Reynolds number have been designated the sub-

secript "1" since it appears from reference (111) that ﬂi and Rel are
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determined using the inside diameter of the tubs but with a fluid
velacity which allows for the thickness of the tape. Tha empty tube
results were correlated by eguation (1.7). Seymour also used a semi-
empirical method which fitted the experimental results, for

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

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

that
w0.2 T =0.1 4
ﬁe = 0.023 -g-_ Reel ":"rf'- for Real > 10 (1.45)
Br b
2
where [ =1.126 + 0.031 ¥
Z
(1 +3)r
r = tuybe radius, f%
¥ = (R/2y)
2. 0.5
AL = (1 +%°) 2]
T_ —
1.5 2
[—3—-[(1‘42) -1]]
3y
B = (m+2)d - 2%
2 T3 ay
4¥r 137¥  mAl, 2dA + pd-2SA
3 d y d
2 0.5
and A = (1L+3)

The temperature ratio is an empirical modification of their analysis
and allows for the variation of the physical propertiss of gasss. The
same modification appliss to their empty tube results. The Reynolds

number is defined by

Reel = D Tf Q ) (1046)
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where v is the average tatal'velocity, which includes the tangsential
and axial components of the flow, based on the faorced vaortex madel
outlined in Appendix A.l. In using this madel, the analysis is con-
siderably simplified if the thickness of the tape is neglected; this
allows integrations to be performed across the flouw fisld from the
centre of the pips to the tube wall. Hence

T

v o= 2aRu {dR) (1.47)

1
A
€3a
The resultant fluid vslocity, u_s is found using equation (A.1.7) in the
same way as that used to deatermine equation (A.1.9). However, the true
mean axial fluid velocity, Ugs is used in these calcylations. This

shows that

1 hoy

—| 2aR @+ Xz(R/r)z)osue (dR) (1.48)
& o}

<{
n

2 AF u

3A_ ¥
c

(@ + ¥ -1)

(w/2y)
It follows that

where b

, 2 A,
Re ., = ~———— ((1+%

2)1.5
el 3A032 |

- 1) Reg {1.49)

The anamaly concerning the definition of the flow area also
occurs in the work of Gambill et. al. (49), Smithberg and Landis (118),
and Seymour (11l1). All of these workers assume in their analysis that
the thickness of the tape may be neglected. This may he a reasonable
approximation in view of the approximate nature of the forced vortex
model and becausa tﬁey used thin tapes, see Table l1.l. The approxima-
tion may be invalid for large area blockage ratios.

Thorsen and Landis (128) also derive tha following semi-

empirical squations @ .
BcB 004 -0-32 0.5
Nu, = Cy Reg Pr Ii (1 + G.25(Gr) "~ /Re,)  {1.50)
Th
for heating
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0.8 _ %
Nu = C_. Re Pr TS
Ty

}"ﬂ'l (1 - 0.25(5::)0'5/Ree) (1.51)

for cooling

whers C;, = 0.021)1+ 2207 %

. Q + ¥ ¢ |

r— 2 hn
al'ld Cc = 01023 l + 0007 X
2

(L +%) r_

In the above equations, Nu, is defined using D,e The empty tube results
were correlated with equations (1.50) and (1.51) by neglecting the terms
in the round brackets and using ¥ = O. |

Lopina and Bergles (79) correlatsed their isothermal friction
factors using

f{g_ 2,75 y 0408 (1.52)
Poe

0.2

where @ _ 0.023 Reg~

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 tast. .

lLopina 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 for the empty tube, heating (1.53)

i

m

i

0.35['08] for tubes containing twisted
Kl tapes, heating (1.54)

They performed heating and cooling tests with watsr and a tape with a
tuwist ratio of 3.15. It was found that the Nusselt numbers determined
during the cooling tests were approximately 25% below thoss 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 smbedded taps. Using an additive
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method, invoiving 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 shouwn that

n
F
[=}
[v]
i

L] .4
F | 0,023 (< Ree)ﬂ 8 PrU + 0,193 [Re} Dy B Bty Pr ¥
y* d

(1,55)

where o = (4 2 . =

This equation appliss for heating conditions; for cooling applications
the second tsrm 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)
gengrally agreed with the predictions to within 15%.

Klaczak (64) correlated his results, obtained by the steam heat-
ing of water, to show that

0.44 _ 0.36 D.33
T y

Nu = 2.519 Re P (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 numbsrs greater than
104, Nonetheless tha sxponent, 0.44, is lowar than the values
determined by othsr workers, Unfortunately Klaczak does not give
details of the tube section upstrsam of the twisted tapes, the empty
tube results, nor any pressure loss measurements. The Reynolds numbers

arse 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 Nusséltznumber, in a twisted tape
arrangemsent, deviates from the turbulent flow trend at Reynolds numbers
less than 3000 and that laminar flow exists at Re < 1200. The tubse
length used by Blackwelder and Kreith was 102 pipe diameters, this is
considerably greatsr than the length used in Klaczak's tests. .

Date (30} reviews the studies performed using tuisted tapes.
In that thesis the correlations proposed by previous workers are tabu-
lated. However, many of ths 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 coerrslation of ths
available friction factor data for all tuwist ratios. Due to the com=-
plexity of that equation, Date recorrelates the availabls data intao

the form :

A

1}

-0.2 b
0.023 Re, [ v 1] (1.57)
y«-

1.15 + (0.15 (7 x 0% - Re_) / 6.5 x 104)

H

where b
This equation applies for
l.8<y < o
5000 < Reg< 70000

Data does not correlate the heat transfer data, probably
because an adeguate correlation would require that the fin effect for
each sst of data is known. It is suggested that equations (1.39),
(l.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 adequats,
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 exhibifts a large pres-
sure loss (and possibly viscous heating). This is undesirable in many
practical applications.

Dats (30) solves the partial differential equatiens of momentum
and heat transfsr 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). Dus 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 :

0.05

Nu = 1,105 + 0.59 Re (1.58)
Nuo yDcﬁ
whers Nu = Nusselt number for fully develecped flow in a tube
containing a tuwisted tape
. and Nug = Nusselt number for fully daveloped flow in an empty
tubs
- 0.023 Re¥*8 pple4 [ 7, 1708 (1.59)
b

Equations (1.58) and (1.59) correlated Klepper'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 ths
tape.

7 Klepper (65) correlates friction factor data using a fluid
viscosity and density evaluated at a tempsrature 61, where

8y= 0.3 (T - Tp) + Tpe This method of calculaticn probably only
applies for gases and will not be counsidered in detail in the present
worke For y = 2.38B and 4.42, Klepper'!s proposed corralétion predicts
friction factors which are 10% greater than those found by Thorsen

and Landis (128).

Nazmeev and Nikolaev {89) suggest that empty tubse correlations
may be used for the predictiun of the heat transfer characteristics of
tubes containing twisted tapes provided that the true flow area is used
in the calculaticons. Refarence (89) is a‘tranélation of the work of
Nazmeev and Nikolaev and, although not stated in the refesrence, an
hydraulic diametsr must be used in the empty tube eguations so that
agreement with the experimental results is obtained.

Subtracting the cross sectional area of the taps from the flow

area derived by Gambill et. al. (49), see equation (A.l.14), one obtains
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equation (A.1.15). This is ths flow area used by Nazmeev and Nikolasv.
The hydraulic diamster, DJ s 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 0.8, thsrefore

_ [5%]0.8 [D%]u.z (1.50)

Nu
Nu Aﬁ

[s]

1]

where  Nu, Hug Nusselt numbers, based on the tubse i.d.,

for tubes with and without twisted tapes

Ap = cross sectional arsa of the empty tube of dia-
mater, d
Af = correctad true flow area, ses eguation (A.1.15)

Dé corrected hydraulic diameter, see equation (A.1.23)
From the comparisons presented by Nazmeegv 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 tuisted
tapes.

Seymour (110) used a tape (y = 2.63) with the leading edge at
the beginning of thes heated tube section. The lasngth of thse tape was

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

by 3
logyq | Mu = 3.1 log; 4 fi_ (1.61)
where Nu = Nusselt number based on the total heatsd
length of the tube
Nu; = Nusselt number for a continucus full length

twisted tape arrangament. {Both Nu and Nuy

are defined using the inside diameter of the

tubs)
Xy = tape length
H = heated langth of the tubse

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 strassss which \
involves the eddy diffusivity. The magnituds of this factor was deter- ’ ‘
mined by experimental tests. The theorsiical and experimental analyses
showed that within 100 pips diameters downstream of the tape the swirl
intensity decays to approximately 20% of the value at the tape outlst,
(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.wera performed
% < Re.<'6 x 10% and 1.77 < y < 1l.0. The decay of

in the range 2 x 10
the local Nusselt number was almaost exponential upto 15 to 30 diameters
downstream of the trailing edgse of.the taps. Nusselt numbesrs charact-

eristic of turbulent flow in an empty tube were determined approximately

60 to BO diameters downstream of the tape. The rate of attenuation of
the swirl increased with increasing heat flux through the tube uall,
decreasing twist ratic of the tape, and decreasing Reynolds numbers.

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

the local Nusselt number by the ratio :

T, {(Kyx/d)
%)
whers TS = tube wall surface temperature
T, = local bulk fluid temperaturs
X = distance dounstream of the tape
K, = a function of the twist ratio

It appears that within 5 tube diameters of the tape edge the
decay may, for practical purposes, be considered independent of the
heat flux and twist ratioc. Blackwelder and Kreith used air in their
tests; it is probable that had a liquid been used then the above ratio
would invelve fluid viscositiss. Furthermore, they used a tape thick¥
ness of 0.04L tube diameters and fully developed swirl flow existed
at the tape exit in all of the tests. The rate of decay may alsc be
affected by these tws factors.

The local friction factors decayed to the values which are
typical of ampty tubes at approximately 60 diameters downstream of tha
tape (6, pp. 102-108). The local friction factor decreases very rapidly
in the empty tube section downstrsam of the trailing edge of the tmist—

ed tape. For instance, the local friction factor within the tape




- 35 -

section (y = 4.25, Re = 42000) may be approximately a factor of 3
greater than the corresponding empty tube values, 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
mith'dacreasing twist ratio.

The lacal Nusselt number, Nu_, downstream of the trailing edge
of a twisted tape was determined under heating cenditions using

nitrogen gas, see Klepper (65). The rasults ware correlated teo within

10% by

. . 0.4 -0.
Nu, = 0.023 ReU 8 Pr Ts 0.5 (A) (8) (1.62)
i
where  (A) = (0.7 + 0.000042 Re)
(1.0 + 0.000039 Re}
(B) = 1.0 + 1.05
y + 0.0025 y [x]?]%€
dj

and X = distance from the trailing edge of the tape to the -

measursment position

The range of the tests is noted in Table 1.1. As also found by
Blackwelder and Kreith, ths local friction factor rapidly descreased
beyond the tape. The increase of the average friction factor above the
empty tube factor, over the range 0< x/B < 10 in ths region downstream
of the tape, was only ans third of the increase determined in the tape
region,

The correlations proposed by previous workers have been used to
determine the values of (h/ha)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 perfarmed assuming zsra fin effect. The predictians
found using the work of Smithberg and Landis (118} showed that (h/'ho)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 Bargles (79) show
that (h/'hu)p would be respectively 1.36 and 1.19 at a Reynolds numbar
of 15500, and 1.35 and 1.16 at a Reynolds number of 104000. The smpty
tube correlations that wers adopted by the reference authors wers used

in the above calculations.




- 36 =

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 hsnce
result in the mixing of the fluid. Simpson (15, pp. 280-305) outlines
the factors for considsration in the design or purchasing of a motion-
less inline mixer. Reference (96) describes some applications of the
mixars, including the Kenics and Dou/hoss 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 ta
larger heat transfer cosfficients. Pahl and Muschelknautz (33, %4 and
95) and Chakrabarti (21) consider the mixing, pressure drop, and heat
transfer (Pluid 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 ths
present work the turbulent flow thermal and hydraulic charaﬁteristics
of some commercially available mixers are reviewed in the next two
sections aof this thesis.

A schematic diagram of an Etoflo LV (low viscosity) mixer is
shown in Figure 1.3. Ths pressure drop across a standard six element
Etoflo unit is given by (42) :

K = ratio of the friction factors, based on the Eube with
and without the mixer at the same nominzl 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):

K = p Re0-085 Pﬂ.nsa "~ (1.64)
where
A = 66.5 for 256 mm< d < 254 mm, standard modules
or = 84,32 for 300 mm < d < 1829 mm, non standard modules
{1.65)
and H = fluid viscosity, centipoise
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The overall heat transfer cosfficient 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 flow regime. _ '

The LPD (low pressure drop), LLPD (lower pressure drop) and
ISG (interfacial surface gensrator) mixers are shown in Figure 1.3.
These mixers are manufactured by Charles Ross Co. under 1i _cense from
Dow Chemical Co. (22) hence the reason for various sources in ths
literature using different names for these devices. From the graphs in
reference (22) it was estimated that in the turbulent flow regime
(Re >500):

ﬁ - YNnNdA _ (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 elemsnts forming the mixer;
typically N = 6 (LPD) or N = 4 (ISG)
d =  tubs diameter
= length of ths mixer |
and A =  viscosity correction factor. The tabulated data in

0.056

refersnce (22) may be represented by A = g , where

P-is the fluid wviscosity, 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, ses

Figure 1.3, may be calculated using

D.6
.ﬂ = 0,288 Nd*7 8 (1.70)
L
where g = friction factor defined in equation (1.2)
N = number of elements forming the mixer;

typically N = 6
d = tubs diameter, ft
= length of the mixer, ft
and Bl = viscosity correction factor. The graph in reference

0.053

(70) may be represented by B, = p , whare p is the

fluid viscesity, cP,
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Equation (1.70) appliss for standard Komax modules, for which
1 = d {1 + 1.25N) _ {(1.71)

Nested Komax slements may be used in applicétians where sxtremely
vigorous mixing is requirsd. For these elements the pressure loss dis

double that given by eguation (1.70) and
t = d {1 + 0.9N) (1.72)

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

ﬁ - (N - 1) PU.OB d1.28
L
where JUR fluid viscosity, cp
d = pipe diameter, ft

and L

1

pipa length, ft

The above equation will nhot be considered further in thse present work
because reference (71) does not includs any information cancerning the
length of the mixers.

The overall heat transfer cosfficient, U, of a Komax mixer
with a2 heating or cooling jacket is approximately 3 times the value
obtained with an empty pipe double pips heat exchanger (72). Although
no statement is given concerning tha flow regime and gegmetrical dstails
of the tests used to obtain this approximation, it appears that the tests
were performed in the laminar flow reqime and the increase is con-
servative. Later work {63) showed approximatsly 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, wheres u is ths fluid velocity and
U is the overall heat transfer coefficient for a double pipe hsat

exchanger containing a Kemax mixsr. The graph shous that

U = 178 In|u (1.73)
Yy .
where .
Y, = 0.046 for a fluid cooling - (1.74)
(average temperature 60°C)
Y, = 0.030 for a fluid being heated (1.75)
(average temperature 26.7°C) .
‘ - =1 g~
U = overall heat transfer coefficient, Btu ft™> hr™~ °F
1

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

25.4 mm o.d. (22.1 mm i.d.) 316 stainless steel tube and water uwas
used in the tube and shell. Replotting equaticns (1.73) and (1.75)

in the form of the conventional Wilson plut: 1/U versus l/ho‘a, a
gradual curve was produced which shows that eithaer tha scale

or the apnulus fluid film resistances to heat transfer were not
constant, or that the film heat transfer coefficients of a fluid
flowing through a Komax mixsr are not dependent on ud<8, Howevsr, _
using the results for u = 2,4,6,8 and 10 ft s=1 (Re = 15600 to 78000)

a straight lins approximation using the Wilson plot mathod showed that

h inside Pluid fiim heat transfer coefficisnt in a tube

[

containing a Komax mixer (heating, 26.7°C)

1300 uB°8 gty pt=2 Rp=l o7l (1.76)

tt

Substituting the fluid temperature and tube diameter into equation

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

& = 4.5 (approximately) ' (1.77)
hy

whers h, is the film heat transfer coefficient for the empty tube.

Equation (1.77) is an approximation and certainly should not ba used in
design calculations,

"Sulzer mixars were developed by Sulzer 8ros. from a distilla-
tion column packing. They are sometimes referred to as Koch mixers
bscause they are also manufactured by Koch Eng. Inc. in U.S.4. (133).

A large variety of these mixers are availahle; 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 regims, and
the duct shape. The main types which are currently available are the
va; SMX and SMXL. The sections of an SMV mixer consist of a number of
corrugated plates, consecutive plates are in contact with sach other and
thereby form 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 lamipar flow regime (125). These mixers con-

sist of intersecting flat plates} ths SMXL type is less densely packed
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* 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
proposa a typical egquation 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). Refersnces (126) and (123) discuss the use of Sulzer mixers for
the inline dispersion of ligquids; 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 abave, and presents
some of the mixing and pressure drop characteristics.

References (53) and (55) investigatse 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 Kenies static mixer, see Figure l.2, consists of a numbar of
helices sach 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 ths friction factor ratio, K,
which have besn 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)s The latter references use the follow-

ing notation :

K = ratio of the friction factors, bassd on the inside dia-
meter of the tube and the superficial fluid velocity,
for the mixer and ths empty tube at the sam@ super=

ficial Reynolds number
2 Ko7 (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 3
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0.104
z = 0.62 Re"t0 (1.79)

Values of K,r, for variocus pipe diameters, are given by (24) and (60).
These values were correlated by regression analyses during the present
wark using terms which involved the tubs diamster and either the tuwist
ratio of the inserts, y, or the term y/Ty-l); the latter Factor was |
proposed by Data (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) :

0. -2.2 104

either K = 72.0 p~0+190 y 224 Reu 104 (1.80)
N.A.D. = 5-2 AvoDo = lol

or K = 5.24 D70e196 (y/(y_1) )1+61 gg0.104 (1.81)
NCA.D. = 606 AIA-D- = 102

Regression analyses of the data in (60) showed that :

- =2 104

either K = 75.8 p 0e207 -2.46 p 0.2 (1.82)
N.A.D. = 5.9 AoAtDa = anl

or K = 5.08 0702 (y/(ya1) )1+57 gele104 (1.83)
MCADD- = 6.5 A.A.Do = 0083

Four important notes concerning equaticns (1.80) to (1.83) are:

(i) The inside diameter of the pips, D, is evaluated in
units of inches. This procedure was adopted since the
manufacturers generally use these units.

(ii) The data of Chen (24) for d = 20.8 mm (D = 0.82 inches)
was not used in the analyses since the value of KoT
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, ® . Insufficient details were
available to allow for this parameter in the regres-
sion analyses. Over tha 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 §/d < 0.1, (20).

(iv)  The data in references (24) and (60) were obtained

over tha respective ranges 1.5< y < 1.9 and
1.5< y< llB. . ‘
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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 2 12 mm diameter pipe.

Morris and Benyon (B86) measured the rate of transfer of
naphthalene, to air, from the walls of tubes which contained Ksenics
mixers. Their results were generally correlated to within 10%
(M.A.D. = 20%) by -

Sh_ - 1+ 0.06n0-298 o032 g 0.4 (1.84)
shg .
for 10%< Re < 3.5 x 10%
d= 12.7 mm
$/d = 8.079

where Sh, is determined using tha mass transfer anologue of sguation
(1.19) with a length correction of (1 + (d/[)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 naphthalens transfer method during
studies of Kenics mixers with twist ratios of 1.5 and 2,0. The tubs
diameter and element thickness were identical to those used by Morris
and Benyon (86). It was found that the ratio of the mean Sherwoocd
numbers aleng the test section with and without the mixers, Sh/Sho, was
in the range 2 to 3 at superficial Reynolds numbers of approximately
400, The ratio increased with Rsynolds number upto Re = 2000 to 3800
when Sh/Sh_ was in the range 5 to 6. Thereafter increasing the
Reynolds number produced a reduction in Sh/Sho such that at a Reynolds
number 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 ié found that Sh/Sho 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-
erance (87)) the ratio Sh/ShU is seen to decrease with increasing

Reynolds number when using Kenics mixers with tuwist ratios of 2.5.

* The mass transfer studies of this work are alsoc reported in

reference (87).




- 43 -

The results shown are noted as being the "reevaluated" results of
Morris and Benyoen (86) but no details of the reevaluation are given.
A similar discrepancy also occurs in considering the heat transfer
results which wsre obtainadIUSing 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 ratic of the mesan Nusselt numbsrs along the
test section with and without the mixers, Nu/NuU, increases with
increasing Reynolds number. However, in Figure 32, Proctor implies
that Nu/Nug 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 eguation (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 aof the
Reynolds and Prandtl numbers used in the determination of this con-
stant. Figure 3-3 of reference (25) is a graphical representation of

1
ﬂ'spr%) on linear coordinates. It shous (Reo'aprg)

Nu versus (Re
over the range 0 to 2000 and indicates that Nu/Nu, 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‘(ReD'BPr&) 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
langths of static mixer were used, including the full lsngth 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 wére factors of 10.6 and 7.3 times greater
than the cosfficients obtained with thes empty tube at the same Reynolds
nuabers. In the writer's opinion, these large increases ars to be
expected since in the laminar reqime in empty tubes the heat transfer

coefficients are low. The insertion of Kenics mixers produces a
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turbulent flow and consequently increases the heat transfer.
coefficients compared to ths empty tube laminar flow values at the
same superficial Reynolds numbers. Furthermore, it has already been
shown that Kenmics mixers increase the heat transfer coefficients in
the turbulent flow regime and hence caonsiderable increasaes are
obtained in the conventional laminar/turbulent transiticnal flow
regime. This result was also found by Marris et. al. . (87).

Azer st. al. (1) used ths same equipment as in raference (78)
to investigate the effect of the equidistant spacing bstween pairs of
Kenics elements, i.e. a counter clockwise and a clockwise hslix with
perpendicular leading edges. Thaeir results are not presented in a
form which can be converted to conventional Nu/bro'a, or ﬂ, Versus
Reynolds number curves. Their forced convection results werse obtained
"in a region near to the subcooled nucleate boiling regime and they
indicate that the heat transfer factor ratios, and ths friction factor
ratios, ars dependent on the temperature difference between ths tube
wall and bulk fluid.

1.3.9 Range of application of in-line mixers to heat transfer

enhancement.

The friction factors, ﬂ} are based on the definition of

equation (1.2} in this thesis. Hence it follows that

Ap _ KL ' (1.85)
APg lg
where K o= friction factor ratic as defined previously

(ses Notation)

Lp = pressure drop across thse mixer which is of
sufficient length, L, to produce the required
deqres of mixing

and Apg = pressure drop across an empty tube which is of
length, 1 , where {4 is the tubs length
‘required to produce the same degree of mixing

as the in-line mixer of the sams diametser.

In the pressnt analysis, the length, {, will bs considersd to be the
length of one standard mixing module as recommended by ths manu-
facturers for turbulent flow applications. The empty tubs mixing

length, l,, will bs assumed to be 2540 mm (L/d = 95.2). This ratio
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was used by Tauscher and Streiff (127).
Also,

q /bty _ut (1.86)

q; A LMo Uo t’o

where q/Ath, qo/ AtLNo

i

heat flow rates per unit of temperature
driving force for the tubes with and with-
out mixers

and U, U = overall heat.transfar coefficients for the

heat sxchangers 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 unliksly that the ISG mixsr would be used at the high
flourate (superficial velocity = 1.87 m s_l) 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 rslatively low heat flowrates are required.

Most of the mixers were initially conceived to reduce the equipment
size necessary for the mixing of fluids at low Reynolds numbers. The
need for effective mixing, and sometimes heat transfer, at higher
flourates has led to ths develocpment of lower pressure loss devices
which necessarily requirs greater homogenization iengths and con-
sequently increase the arsa 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/ho)p is 0.87 for a Kenics mixer (27.7 mm i.d. pips) operating at a
Reynolds number of 50000.
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Bergles et. al. (3) present 8 criteria which may be used as

- measures of the effectiveness af the enhancement techniques. For each
of these criteria there is an objeactive, for example, increasing the
heat transfer rate relative to that obtained using an empty tube, and
fixed constraints, for example, the tube diameter and length, ths
number of tubes, and ths fluid mass flowrate, may be equal in the
augmented and empty tube applications.

A number of methods have been proposed for comparing the heat
duty and pumping power reqguirements of various enhancsment tschniguas.
Glager, ses (69, pp. 11B-118), uses curves showing the required heat
transfer surface area versus an sfficiency, El’ whers

€. = Heat flowrata per unit of temperature driving force, a/At

Pumping power

1
(1.87)

Using this definition, all devices which have the same efficiency,

when operating at the sams q/'At, require the sams pumping power. The

most beneficial device requires the smallest heat transfer arsa. This

method is similar to the R3 criterion, proposed by Besrgles et. al. {(3)

which is now described.

The pumping power reguirement of a given devics is

P = Q&p
=
= =wafldeu (1.88)
Substituting eguation (1.3) into (1.88) shows that
e . BmiLRe® O
- -
d§ Q? (1.89)

For empty and augmented tubss requiring equal pumping powers and with
equal fluid tsmperatures and tube diameters and lengths, it follous

that . 3

ﬂ; Re, = g Re (1.90)
where the suffix "s*® refers to the empty tube., This eguation can bs
solved easily if the empty tube can be charactsrised by a simple
friction factor correlation. (Wwhen g  is not proportiocnal to Re®
equation (1.90) may be guickly solved using a plot of Re  versus
ﬁo REGS. A series of such curves, each applicable to a certain tube

roughness, may be produced). Ffor instance, substituting equation (1.4)
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into (1.90) shows that

Re_ - (43.5 g Ra") 0+ 37

Hence using Re, and Re in the heat transfer correlations which apply
to the empty and augmentad tuhes, it is possible to determine thes
ratio (h/ho)p, for a constant power requirement. This tschnigus was
used in the review articles of Bergles (5), (2) and is used in ths
present work to allow direct comparison with those rovisws.

Alternative methods of presenting the heat transfar/bowar
analysis have been proposed. Morris and Proctor (87) present curves
of Nu versus 1ln (@ Ras) for the empty and augmented tubes. Nunner (90)
uses 1n (Nu/Nu,) versus ln (g / f,) uhere each factor is evaluated at
the same Reynolds number. 0On this basis ﬂ‘/ ﬁa ig ths rétio of the
power requirements of ths 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 (8, 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 extensicn of the above graphical presentation
method, which was alsc 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

ﬁb and Nu, are respectively proportional to RB-U.ZS and RaD°8, then
0,291
Nu P
02 = [ 02 ] (1.91)
Nugy - Por
whers  Nu,,, Nug, = Nusselt numbers at Reynolds numbsrs of Raol
and Re o in the empty tube
and Pols P02 = pumping powers requirsd to produce the

Reynolds numbers.
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This equation can be shown on the 1ln-1n courdinates of Nu/Nu0 versus
P/P,s or analogously f / f,, for the augmented tubes.

It must be noted that the heat transfer coafficient, 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, 4. Such an analysis introduces other possible variables,
for exampis, the fluid film resistance on the ocutside 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 entreopy genera-
tion rate is the sum of the rates associated with the pressure losses
and ths finite temperaturs difference between the tube side and annulus
side fluids. On the basis of this definition an augmentation dzvice is
suitable if N < 1l; lowsr values of N indicate bhetter techninues.
Throughout the amalyses in reference (92) it is assumed that the thermal
and frictional available energies have the same cost per energy wunit.
However, it is shown that the mathod 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. Nonestheless, these factors were not considersd in the
constant pumping power analyses.

The evaluation methods used by Evans (43), (44), and Spalding
and Lieberam (120) determine the enhancement technique which produces
the minimum total (fixed and opsrating)} cost. These methods are
necessarily more tims consuming to apply than ars the simplified
criteria suggested by Bergles et. al. (3). Howsver, this type of
analysis should be applied at sometima 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 eguipment is to be part of mobile
machines, for exampls, aircraft. The powsr raquirement per unit
valume of fluid, E;, is important whers blood is used. Blusstein
and Mackras (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
1.2
hy = K (g;) | (1.92)
where ht = hemolysis rate of the blood cells,
mgm cm™9 (cells) min~%
and El = power per unit volume of fluid,

ery em™3 (blood) min-l

Ky is a constant for a given typs of tube insert; it increasses as the

nonuniformity of the energy dissipation, acrogs the flow area,.

increases. Since most tube inserts increase £, and many of them create

significant form drag losses and thereby increase Ky, it is unlikely
that many forms of tube inserts are beneficial in blood oxygenators or
blood heat exchangers.

The use of tubs inserts to enhance heat transfer is not as
widely applied as may have been expected., This may be dus 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 cccur whils 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 pussible reason for not using multi--
plex finned tubes. Also, multiplex tubes, although they provide sub-
stantial heat transfer enhancemsnt, are costly due to the number of
tubes and ths compounding technigus requirsd for their production.

Enthancement devices are particularly suited to applications
involving large heat fluxes, such as nuclear reactors. In these in-
stances, local hot spots and large temperature gradisnts may be
reduced thereby epsuring the mechanical integrity of the egquipment.
The use of inserts is also clearly favourable if the pumping power is
relatively free, for example, thz use of river water in cecoling
applications (92). As a generalisation, low spiral fins appear to be
one of ths best devicas for heat transfer enhancement. (These fins
are used on the outside surfacs of "cans" contaiding solid uranium

rods in nuclear reactars).




The following comments ocutline the objectives, the limitations,

and the reasons for performing the present wark.

(1)} The K valuas in Tables 1.2 and 7.2 show that the
pressurs drop across a Kenics mixer is significantly greater than that
across a twisted taps. The present experimental project examines
whether this difference is the result of the alternate tuwist direction
or the perpendicularity of the elements in the Kenics ceonfiguration.
Heat transfer and pressure drop measurements were performed using water
ﬁaésing through tubes containing a econtinuous length of any of the con-
figurations shown in Figure l.4. The effect of the thickness of the

inserts was not studied.

(i1) Previous workers had shown that substantial improve-
ments in the heat transfer factor, Nu/PrD'a, are chtained in the
region downstream of a twisted tape. Howsver, no data was available
for a tube containing discontinuous lengths of twisted tapes spaced
along the tube. Heat transfer and pressure drop measurements were

tharefore performed using the configurations shown in Figurse 1.5.

(iii) It has been shown that short lengths of in-line mixers
" will not satigfy 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 betwesn the pairs, see figure l.6. To allow a comparison, the

spacings between the inserts were identical to those used in (ii).

(iv) The tests were limited to the turbulent flow regime
because most heat exchangers are operated in that regime and becauss
the turbulent flow produces the large heat transfer factors which are

required in applications involving large heat fluxes.

(v) No theoretical analysis of the thermal and hydraulic
characteristics of the above configurations was attempted. Ths work of
Date (30) had shown that insufficient knowledge concerning the Reynalds
strasses is currently available ta predict the characteristics of tubes

containing a swirling turbulent flow produced around a continuous




- 51 -

twisted taps. 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.

Aftsr the construction of the experimental facility it was
necessary to await 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 wers readily available and it was considered
that they may increase the heat transfer caefficients, 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 1.8.
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2 Experimental Equipment

2.1 Introduction

- S o g o b e -

Figures 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 movad by the centrifugal pump P10l from thse tank
T10l into the calming section. A by=-pass was ussd in order to reduce

the noise level and strain on P10l that would have been caused by
greatly throttling the fluid across the gate valve V1. The fluid
passed through ths mixing mash ML and aleng the calming and test

section to the cooler, via the adiabatic mixing chamber M3. From the
cooler the water returned to T10l via the rotameter Rl. The cooler
removed the heat gained by the tubs fluid while flowing through the
heated length of the test section. The water in tank T102 was hsated
by the stsam injector S1, the fluid prime mover being the pump PLO3.

This annulus fluid was transferred from T102, by the pump P102, along
the annuius where its average temperaturs was maintained at 80°C.

From the annulus, the water péssed through the adiabatic mixing chamber
~ M2, through the rotameter R2, and returned to the tank T102. The
calming section, annular section, mixing chambers, and flanges of the
mixing mesh, were all lagged using asbastos flex (4 mm thick) and
magnesia blocks (25 mm thick}. Other lengths of pipe work uwere
laggsed, either for reasons of safety or to reduce the steam requirs-
ment of the injector 51. '

Throughout the period of study a number of modifications to ths
experimental facility were made; these are discussed in more detail in

the remaining sections of fhis chapter,
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2.2.1 Connections.

During the initial empty tube tests, and those performed using
Pall rings, the calming section and test section wers 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 esqual 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 intesrnally bored so that the ends of the tubes wers in
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intimate contact. The olivas of the compression fitting were con-
structed in polytetraflucro-sthylens (P.T.F.E. or TEFLON); this
allowed the test section to be disconnected easily. An identical
arrangeMent was used te connect the calming section and short length
of tube through which the tharmocouple 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
reprbducibility 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 (SD ins.). The distances
between the pressure tappings were 365 mm (38 ins.) and 1219 mm
(48 ins.) for the distances Pl to P2 and P2 te P3, respectively.’

2.2.3 Pressure tappings.

For the initial empty tube tests pressure tappings wsre made
at the points P1, P2, and P3, sese Figure 2.1, corresponging ta 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 ware not used. For the tests using the swirl flow
inducers, tappings were made at points P2 and P3J only.

The tappings at each pasition consisted of four circumferen-
tially equidistant holes of 2 mm diameter. Tubes, 25.4 mm (1 ins.)
long, with the insids bore equal to the hole size given above, wers
soldered to the outside surfaces of tha 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 praessure tappings to the manometers. UWith the latter arrange-
ment, valves on the connecting tubing were of the simple thumb-screw
type. Short lengths of thick walled rubber tubing were used at the
positions of the thumb screw valves in order to ensurs that they could

be closed effectively.




- 54 =~

During the highef pressure tests using the swirl flow in-
ducers, the P.V.C. connecting tube was replaced by nylon tube, 4 mm
(5/32 ina.) inside diameter and 6 mm (} ins.) outside diameter, and
the thumb screw valves were replaced by 6 mm (% ins.) ball valves.
Compression fittings were used to connect the pressure tappings and
nylon tubing, while Serkeit nylon tees (6 mm, & ins.) were used as
the common manifolds of the pressure tappings and manometers, see

Figure 2.2,

2.2.4 ~ Manometsrs.

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,
gne contained carbon tetrachloride, the other three, which could be

connected in series, contained mercury, {see Figurs 2.2).

A e i D -

The heating jacket and test section formed the annulus
through which the hot water was circulated. The cutsr 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 inlst and outlet ports of the heating jaéket 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 encountsred, approximately QUUC, 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, shoun
in Figures 2.3.B and 2.3.E, eliminated the latter sffect.

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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remaval 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 ths tube, and would have

precluded removal of any inserts within the tube.

2.4 Adiabatic mixing chambers and mixing mesh (See Figure 2.5)
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Due to the formation of temperature profiles within the
annulus and test tubes it is imperative that some device is used to
mix the flu;d 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 an an inlet stream. Tests with and with-
out a mixing mesh on the inlet.to the annulus showed that a mesh
was unnecessary; tha 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 temparéture to be measured hy 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 arraﬁgament was positioned between
brass flanges and connected to the pipework using compression fitt-

ings.

2.5 Steam injector and associated circulating system
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Constructional details of the steam injector ars shown as
Figure 2.6. Steam at a pressure of 830 to 1030 kN m~2 (gauge)
(120 to 150 psig) was reduced douwn to 440 kN m=? (gauge) (64 psig)
pricr to injection. Although the stsam pressure remained relatively
constant, early tests showed that using the injector in the piping
circuit dounstream of the rotameter, R2, preduced slight fluctua-
ticns in the annulus fluid flowrate; this effect was eliminated by

~ using a separate uwater heating circuit as shown in Figure Z2.1.
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2.6 Pumps and holding tanks
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During the Pall rings tests an already available pump of
rating 4 kW (5.5 hp) was used as ths prime mover, P10l, of thes tube
side fluid. The higher pressurés required for the testing of the
swirl flow inducers led to the installation of a 1§ kW {20 hp} pump.
Fluid was circulated through the annulus flow loop by the 210 W (3 hp)
pump, P102. An identical pump was sufficient for use in ths steam
injector flow loop upto a heating rate of approximatsly 16 kW
(55000 Btu hr'l); for further tests the previously used 4 kil pump
was installed as PlD3.

The capacities of the tanks T10l, which was baffled, and 7102,
wers 0.205 m3 (45 galls) and 0.114 m3 (25 galls), respectively.

2.7 Fluid flowrate determination

The tubs 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 rotametsrs utilised stainless stesl floats and wsre
calibrated against orifice plates. The orifice plates were mads 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 stesl plate with
an orifice diameter of 13.05 mm (0.750 ins.) wers used; both of the
latter measurements were made at 20°C. The pressure differential was
determined using cornsr tappings with a piezometer ring; this arraﬁge—
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 orifica sections and connecting pipework to ths
rotameter were lagged.

While calibrating the rotameter, R1l, the cocler 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 sectigns were connected betwsen the mixing chamber, M2,
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and the rotamater, R2, while the latter was calibrated. At this staqe
of the experimental work the steam injector, Sl, was positioned down-
stream of the rotameter, R2, thus fluid heating was by direct steam
injection. The fluid temperature was measured using a chromel-alumsl
thermocouple positioned within the orifice calming section at a
distance of 419 mm (16.5 ins.)} upstream of the lgading face of the

orifice plats.

2.8 Temperature measurement
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Nickel-chromium/nickel-aluminium (chromel-alumel) thermo-
couples were used throughout. The hot junctions were grounded to the
18/8/1 stainless steel sheaths which were 150 mm (5.9 ins.) long with
an outsids diameter of 1.5 mm (0.06 ins.). The cold junctions were
formed from 30 BSG chromsl-alumsl 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. Ths measurements of tubse
wall temperaturs posed a further problem. Most commercially available
devices that are used for tube wall temperature determipation utilise
a spring mechanism, a similar arrangement, see Figure 2.7, was used
in the present work. This procedure allowed ths axial heat conduc=-
tion losses, from the heated section, to be estimatsd; 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 ths
digital voltmeter (D.V.M.}. The signal returns to the D.7.U. and is
transfarred to ths output interface. For the present work the output

was produced on paper rolls using an Addmaster Model 420 machins.
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2.8.3 Digital voltmeter (D.V.M.).

The digital voltmetsr, which measures the electromotive fores
(eem.f.) between the hot and cold thermocouple junctions, was a

Schlumberger - Solartron Type No. A203.

2.9 Cpoling reauirements
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The cooler, C101, consisted of a 22 mm outside diameter copper
tube and a 2440 mm (96 ins.) length of Q.V.F. glass tube. Cooling
water was passed through the annulus of this double pipe heat
exchanger. The tube side fluid ués further cooled by continuously
passing small amounts of cold water intao the tank T10l 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 T101 was sufficient for any air to be released to the

atmosphere, no air was seen to be passed along the test section.

2.10 Tuhg inserts
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2.10.1 Stainless steel Pall rings.

One inch Pall rings wers adapted for insertion into a tubse of
20 mm (0.79 ins.) diameter by cutting away one fifth of the circume~
fersnca of the rings, ses Figure 1.7. The rings, which wers
manufactured by Norton Chemical Process Products (Furope) 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=? (gauge)} (60 psig). Intimate

contact of the rings on all of the tube circumference was not obtained.

2.10.2 Stainless stesl swirl inducers.

The swirl flow inducers, which were manufactured by the Kenics
Corporatian using 316 stainless steel, wers 3.2 mm {0.125 ins.) thick
and 40.5 mm (1.595 ins.) leng. Figure l.4 shous the fomm of the anti-
clockwise and clockwisa helices each of which had a rotational angle
of 180°, Three elements of each rotaticnal direction wers obtained from

the Kenics Corporationg for cost rgasons further elements werse
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produced By the method of the fallowing 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 tha metal. The
present work used thicker inserts than those previously adopted. The
aim was tg study configurations for which the flow area blockages were
similar to those in the commercizl Kenics mixers and thereby examine
whether the corrslations proposed by previous workers, for twisted
tapes, could be extrapolated to greater flouw blnckagas using the
hydraulic'Fluu concept. Moulding of- tha 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 2
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 propertiaes :-

{a) Moulded at atmospheric pressure

(b) Moulded simply and quickly into a helix form

(c) Inexpensive since a large number of elements wers to

be prodtced

(d) Low melting point so as not to distort the moulds

(s) Smooth and reproducible surface finish after moulding

(f) Required strength

(9) High thermal conductivity.

Solder alloy {Grade T of BS 219) passesses 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 smoocth surface

‘ffnish shown by Figure l.4. Using this relatively simple moulding

procedure it was not found possible to reproduce the thickness of the
stainless steel elements. The solder slements were 2.8 mm (D0.11 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 salder elements
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the moulds were not in their compressed form.

2.10.4 Insertion and Removal of Inserts,

The Pall rings were positioned within the test section by
pushing them into the tube and locating them using a length of tough
P.V.C. tubs. As noted previously, they did not dislogge from their
required locations during the tests, presumably due to their
elasticity. The Pall rings were removed using an aluminium rod with
a stesl hook tapped into one end.

The swirl flow inducers, which fitted tightly within the tubs,
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 edgss. To ensure that the elemants did not
dislodge from their required locations a slight indentation of the
tubs wall was made at the axial position of each element. This
procedure was performed using a tube cutter from which the cutting
wheel had been replaced by a small thicker wheel. For configurations
5T, 6T, and 5K, the inserts were soldered together to form the
required number of separate pairs of inserts and only one tubs
identation, per insert pair, was reguired. For the continuous insert
configurations, for example 7T, the slements were soldered together
to form one continuous length and thesrefore only one tube indentation,
at the downstream end cof the inserts, was required.

The swirl flow inducers were remaved from the tube by placing
a rubber bung inside the tube and then gently tapping the inserts out
of the tube using a metal rod.
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3 Experimental Techniques

3.1 Introduction

This section describes the opsrating procedures used for the
calibrations of the equipment. Also described is the general

operation of the experimental facility.

3.2 Calibratien techniques

3.2.1 Rotameter calibrations.

As stated previously, the orifice sections and connecting pipe-
work to the rotameter were lagged; with this precadtion early sample
tests showed that the temperature drop between a thermocouple in the
orifice calming'sectipn and one immediately downstream of the rota-
mater used, never exceeded 0.1°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.) hénumeters, one contained a
carbon tetrachldride/iodina mikturs, 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 T102
was heated up to almast 97°¢ 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. UWhen the
tube side fluid temperature was approximately 92°C the pump P102 was
switched off, any air in the lines connecting the orifice section and
manaometer was bled off, and ths rotamster scale reading was adjustsd
to 2 units. The fluid passing through the orifice section was allowed
to cool to approximately 90°C and the taﬁparatura of the fluid and
ambient air and the pressure drop across the orifice plate werse
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 rotamster scals increments upto 12 units. The
whole process, including the air bleeding operations, was repeated at
approximately 59C 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 tempsrature decreased

the cooling rate was unnecessarily long and in thesa cases a small
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amount of cold watsr was added to T102 and the pump Pl02 was used

to circulats the water across the test section. yhen the tubs fluid
temperature was approximately 1°c ahove the required temperature the
pump.PlUZ 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 rotamatar; R2, the test section was
filled with cold water, and the annulus side fluid heated upto
approximately 929C. The fluid was allowed to cool by K conusc;
tion and the method adopted for calibration of Rl was repeated over
the scale range of 2 to 10 units for the rotametsr R2. The cooling
rate could bes accelerated by circulating the cold tube side fluid. In
performing these calibrations the orifics sections wers 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 P102 and due to the power limitations of this pump
the maximum obtainable rotameter scale reading was 10 units.

One hundred and thirty flowrates were measured using the rota-

meter, Rl, and seventy eight flowrates were measured using RZ2.

J3e242 Thermocouple calibrations.

The hot junctions and the probe of a Kane-fMay-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, previcusly calihrated by the manufacturers, used temperaturse
graduations of 0.1°C. The watar temperature inside the copper tube
was indicated by the digital thermaometer and the thermocouples at a
total of 80 tempsratures 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
+ 0.12°C with the value shoun by the therﬁomater.‘ Frequency dis-
tribution charts, frequency vsrsus relative order of the tempsrature
recorded by each thermocouple, were compiled.

Thermocouples T1, T2, T3, and T4 were used for ths primary
temperature measurements hecause they showed the most normally dis-

tributed frequency charts.
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3.2.3 Determination of the heat losses tg the ambisnt 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 95°C (171°F to 203°F) and the
scale reading of the rotameter, R2, was varied over the range 6 to 0
units. The annulus section and connecting pipewark had previously been
lagged. The thirty-tﬁo 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 rangs 1.0l to 0.99. Using
the same procedure but with the calming section and mixing chambsr, M3,
connected to fha tost section, the same ratio range as above was found.
In the latter instance the calming sectian 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 raiss the tempesraturs
of the lagging or packihg, the heat input was applied for approximately

one hour prior to the initiation of the tests.
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Jeo3el Isothermal pressure drop measurements.

Prior to experiﬁentation, 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 annulusg side
flouw loops and eventually drained from the system which wae then
"washed® with water. In this way the formation of scale deposits was
almost totally eliminated. These operations were performed almost
svery 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 thase tests
there was no water in the annular section. The need to cool the fluid
was a result of thae frictional heating in the pump P10l and the
associated pipewark. Throughout the tests it was always ensured that
no air bubbles existed within the manometers and the tubing connecting

the test section ta 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
ad justment of the fluid flowrate and thes measursment of ths manometer
fluid differential and the ambient and fluid temperatures. Three
results were obtained at each of nins fluid flowrates.

Whilse testing certain configurations the above procedures

were alsc adopted using an average fluid tempserature of 35°¢C.

3.3.2 Data acquisition under heating conditions,

The tubse side fluid flowrate was adjusted using thes valves V1l
and V2, the annulus sids flow,.mhich was maintained at a constant valus
throughout a set of tests, was adjusted using valve V3. The tube side
fluid temperature was controlled using valves V5 and V6 such that the
average of the temperatures at Tl and T2 was . - within D.l3uC of
357C. Valve V4 was used to control the annulus side fluid temperaturs.
The average of the temperatures at T3 and T4 was maintained at BUOC,
again to within 0.13°C. No data was recorded until at least 14 hours
after initiating the heating of the annulus side fluid. At each
tybe side fluid flowrate three sets of the required data wsre rscorded
at 20 minute intervals. Tests were gsnerally performed at nine tube
side flowrates. Regular checks of the float lsvels in the rotameters
and the fluid temperatures mere made to ensure that steady conditions
had been maintained.

The correct functioning of the thermocouples was checksd by

calculating the heat balance using :

Hsat output (Multiplying factor) {12 - T1)
Heat input (T3 - T4)

(3.1)
The valuss of the appropriate multiplying factor are given in Table
3.1. Valuas of the above ratio were in the range of 0.94 to l.068. On
the occasions that these limitations were not satisfied it was found
that éither onas of the thermocouple cold junctions had broken or that
physical cantact batween two ecold junctigns had occurred. Tha latter
difficulty was overcome by placing short lengths of flexible tube over

the lengths of tharmocouple cable near to the cold junctions.
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Obviously no data was recorded if either of the above two defects
prevailed. The tharmocouples TS5 and TG acted as rsadily available
checks on thsa 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 manomater lines.
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4 Data analysis tachnigues

4,1 Introducticon

This chapter presents the eguations 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 dimensionless groups, are alsc considered.

4.2 Conuersxan of ths s.m, f. data

The e.m.f.s which were recorded on paper rolls were convarted
to equivalent temperatures using the data of 8BS 4937 : Part 4 : 1973
{(14). This standard provides e.m.f. data at 1°C tempsrature intervals;
linear interpolation between these values was used. Converted e.m.f.s
wera "rounded-up® to the nearest 0.01°c. Gn 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 p.02°c.

4.3 Prnpert;as of the materials and fluids
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4.3.1 Specific gravities of the manometsr 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 tetrachlcride/iudina mix-
turse, used during some of the sarlier tests, was experimentally found
to be 1.6. The density of pure carbon tstrachloride was determined
from the large amount bf data which was obtained during studies in-
volving mixtures of carbon tetrachloride and other liquids. This data
is presented in Landalt and Bdrnstein (76) and the extracted results
for 100% carbon tetrachloride are presented as fFigure 4.1 of this thesis.
The specific gravity was calculated using the values of the density af
water that are presented by Perry and Chilton (97, p. 3-71).

The specific gravity of mercury at various temperatures was
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determinad 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 ths computer programs, see section 4.6, which perform
the analyses of thes experimental data require the knowledge of the
properties of water at varigus temperatures. The‘lattar requirement
enforces the use of equations for the calculation of the properties.
This was nat necessary when dstermining the specific gravity of the
manometer fluids. |

The equations used for ths calculation of the properties have
been obtained from Dorsey (35) and the interested readsr is referred to
this source for further details, for example, concerning the effect of

dissolved air.

(i) Specific Meat Capacity, cg le-

Specific Heat Capacity of Water = 1.00 Btu 1b F (4.1)
The effect of temperature osver the range of the experiments produceé
‘deviations from the above value of less than 0.5%, see Dorsey (35, pp.

257 at. Seq.)-

(ii) Thermal Conductivity, k

-1 =10 -1
k = 0,33% {1 + 0.00281 (t-20)) Btu ft hr F
-1 o ~1
= 0.,00587 (1 + 0.00281 (t-20)) Wem C (4.2)
where t = fluid temperature, °c
Sea Dorsey (35, pp. 273 et. seq.)
(i11) viscosity, p
y . 100 P
2 0.5
2.1482 [ (t~8.435) + (B078.4 + (t-8.435) )  } -120
(4.3)
where t = fluid temperature, 0C
Sea Dorsey {35, pp. 182 et. seg.).
{iv) Density, ¢
2
t-3.9863 t 2B8.%414 -
Q = 1 - ( ) ( + ) cm 3 (4.4)

9
508925, 2 (t + 68.12963)

where t fluid tempsrature, °c

See Dorssey (35, pp. 250 st. seq.).
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4,3.3 Properties of copper.

From Kern (62, p. 799) :

k, = 218 8tu rt ohe™t OFl ap 212%F
and  k, = 207 Btu ftlhe"l O at 932%F
Hence, by linear interpolation :
k, = 221.2 - (11/720) t atu st the T %t (4.5)
where t = temperature of the copper, DF
Conuerting to SI units, then
k, = 382 -0.0476t wmo ot
where t = temperature of the copper, °C
4.4 Pressure differentials

v — T Y g — - — gy

BS 1042 (13), which was used for the rotameter calibrations,
relies on the measurement of the pressure drop across an orifice plats.
Similarly a friction factor is a representation of tha pressure loss
along a pipe. Ffor each of these twe situatiaons one of the measured
quantities is the manometer fluid head differential. This quantity may
be converted to an equivalent pressure lass. Coulscn 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 op»

the less dense fluid above is of density p . Ffor equilibrium, the

pressure in egach limb at level a-a must be the sams, thus

Pz-a-ng = Pl + (Z-H)gg-hHng

%Ap:pz‘pl = H(Qm"?)g
= H(s~1)og (4.6)
(b) U-tubs Mangmetsrs Connected in Series

Referring to Figure No. 4.3 and applying a pressure balance
analysis to the nth manometer of the series, it is found that
Apn = Pm,l - Pn = Hn (5 - l)? qQ (4.7)
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Therefore, the total pressure drop is given by

(N - 1)
Ap =Py - R = lZAPn
| (N-1)
= (s-1)eg 2 H, (4.8)

Since the fluids of density ¢ and ¢, are incompressible it can
be stated that if the initial fluid levels are identical in all of the

manometers then

Ap = (S-1)eg (N-1)H (4.9)

where H is the fluid level differential in each manomster.

4:5_____Calibration of ths rotamsters

As shown in Chapter 6, the accuraciesg of the heat transfer co=-
efficients and friction factors depend on the accuracy of the mass flou-
rate measurements. During ths 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 collsct a known volums of water at a given
rotametsr scale reading. At this early stage in the expesrimental
program it was hoped that tests would be performed. for average tube side
temperatures of 35, 50 and 65°C. It was intuitively tonsidered that
the volumetric flowrate indicated by the rotameter scale reading is
dependent on the fluid temperature. (As the experimental work progressed
it became svident that insufficient tima 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 msasurement 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 rotametear
manufacturers were consulted and reference (45) was obtained. How-
ever, the manufacturers instructions ars not explicit concerning ths
affect of temperaturs on the measured flowrates. For a given rota-
meter tube and float, an 'impedance’, 'fiducial' flow, and '% of the
fiducial flow!, are calculated with the aid of the manufacturer's
charts using the density and viscosity of water. The actual volu-
metric flowrate is the product of the % of the fiducial flow, which is

a function of the impedance and scale reading, and tha fiducial flou.
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The charts are difficult to use for small changes of impedance, and
it was considered that the.fluid and rotameter tempsratures, and not
only the fluid properties, would affect the flowrats 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 eguation 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

8.5

¢ AF (1 '.(Az / Al)z)

(4.108)

The obvious problems with this form of equation are that the
dimensions and thermal properties of the components of the rotameter
need to be known accurately. However, the type of glass and stesl,
forming the rotamster, are often unknown and the drag coefficient, Cps
is dependent on the shape of the float.

A further publication of the rotameter manufacturers (104),
uhich_is similar in method to refersnce (45) but differs in the

numerical values of impedance ste., shows that

108 0.5
I = t'Impedance' = log [K [ ] ] (4.11)
TR R A COE Y I |
Qr = *fFiducial flow! = Kg, (4.12)
Q

The % of the fiducial flow, f, is obtained from a chart, and

the actual flowrate is then given by

QR o= foO (4.13)
The above shows that any equation used to represent the effect
of temperature an the flowrate mesasurement will be complex. A number of
worksers have found that, for a given fluid teﬁperatura, the volumstric
flowrate passing through the rotametsr 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

' ') t1t 2
P = fY(I) + fY9(I) Ry + fFU1I(I) Ry (4.14)

If each of the functions f', f!'', and f'!'?, are considered to

be a guadratic then

. 2 2
f = ag + bO I + g1l + 3 RS + bl IR; +c; I Rs
R2 b, I R2 12 R2
YoEy g r Dt s v Ty s (4.15)

As previously shown in Chapter 3, the rotameters were calibrated
against orifice plates using BS 1042 (13). However, since the above
timpedance! is a function of temperature it was concluded that ons

possible form for representing the calibration results was :
2

G = AG + 80 t + C0 R + Al t Rs + Bl Rs + C

2
s t Ry

1

At 5 t° R c. 2 g2
A 5 s * F2 s (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 temperaturé intervals. Based on these postulates the following

three equations were also considered for use @

: 2 2
2 = ﬁa + BO t + Cp RS + Al_t Rs + Bl Ry + Cl t Rg
(4.17)
2 2
Q = Aﬂ + B0 £t o+ CD Rs + Al t RS + A2 t + 82 t RS
(4.18)
0 = AD + BO t o+ CD Rs * Al t Rs (4.19)

Furthermore, the following equations which neglect the effect
of temperature were also considered :

2
Q = A + C RS + B Rs

g 0 1

{4.20)

0 g s (4.21)

The deviations of the experimental calibration data from thase squa=-
tions is considered later in this section.

Computer programs were developed to analyse the raw experi-
mental data using the procedures of BS 1042 (13) and to perform
regression analyses using equations (4.16) to (4.21). The graphical

data in BS 1042 was converted to the eguations which are presented in
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Appendix A.2. The error analyses cbfained 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. Ths calibrations clearly demonstrate
tha accuracy of the postulates considered above. For the rotameter R1,
which was calibrated over a large scale range, it is necessary to use

a quadratic function of secale reading although Figure 4.4 shows that a
linear function of temperature is adequata. Ffor rotameter R2, which
was calibrated over a relatively short scale range, the difference in
using a quadratic or linsar 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. Ths
equations are

for rotameter R1 :

-3 -6 ~3
N = .3.402 x 10 + 2.6x10 t + 1.2744 x 10 Rg
- - =7 2
+ 3.285 x 10 6 t Ry + 1.3 x10 S Rﬁ - 1.,2307 x 10 t Rqg
-8 2 =83 2 -9 2 2
+ 6.0l x220 "t = 3,622 x 10 t Rs + l.466 x 10 t" Rg

for rotametér R2 :

-3 -5 -4
0 = 2.912 x 10 + 1l.09 x 10 t + 7.801 x 10 RS
‘ - - -3
-6.3x7107tRs+ 9.75x106R§-2.23xlD t R
-8 2 -8 2 =10 2 2
- 7.4 x 10 t + 1.1915x 10 t R, = 2.14 x 10 t Rg
where
. 3 -1
Q = volumetric flowrate, ft™ s
t = fluid tempesraturs, °c
and g = Totameter scale reading
4eb ... The_computer programs used for the analysis of the experimental
data

The analysis of the préssure drop data was performed using the
program labelled EX-6010, see Appendix A.3. The symbols and their
definitions which havs been used in the computer programs are presented
as Appendix A.7. The regression analysis of the pressure loss results,
ﬂ 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, thes values of "ey " from
Student's t-distribution, see Perry and Chilton (97, p. 1-40), are
required. These ualﬁas are presented in Appendix A.6.

The three computer programs include a number of "rsmark" (REM)
statements which define the function of the referenced lins numbars.
The programs were compiled undsr the BASIC/VN languaga. This compiler
allows the use of larger programs than may be compiled using many ogthar
forms of BASIC. BASIC/WM uses 14 figurs arithmetic.

Sample computer print-outs are presented in Chapter 5. Soms of
the equations and data inputs used by the computer programs are con-

sidered in the remaining sections of this chapter.

4.7 ____Pressure drop analyses

The processed data was presented on the convantional co-ordinates
of 1n(#) versus ln(Re), where # and Re are defined by eguations (1.2)
and (1.3). The dimensionless group, ﬁ, is referred to as the "frictioen
factor” although it must be emphasised that it does not represent ths
head loss due to purely frictional losses. For much of this work, ﬂ
represents such effects as thosse caused by frictional and form drag, and
centrifugal forces. The hydraulic flow concept was not wsed 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 lszast sguares
regreésion in the form :

in(d) = A + B ln(Re) (4.22)
Curvaturs of the data about this equation was noted by the determination
of the caorrelation 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, L = 1219 mm (48 ins.).
The fluid velocity and density were determined at the average bulk fluid
temperaturs between ths pressure tappings. The friction factors for an
empty tube operated under heating conditions wers also based on a length
of 1219 mm (48 ins.) but the avsrage bulk fluid temperature over the
heated tube length was used in the evaluations.

The friction factors for the tubes containing inserts were basad

on the axial distance betwsen the upstrsam 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
elemant 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 cverall pressure drop. The
fluid velocities and densitiss were determinad in the same way as that
usad with the empty tube results. The implications of these pressure

drop corrections are considered in Chapter 6.

4,8 Heat transfer analyses

. — - - S - -

4,8.1 Heat losses by conduction.

The heat "losses" by conduction along the tube wall were

accounted for using :

At

Gegun = ~Ku Ay — (4423)
Ax
uhere %onp C heat lost from the annulus section by conduction
along the tube
ku =  thermal conductivity of the tube
A, .= cross sectional area of the tube wall
AtT = difference betwsen the temperatures of the tube wall

at two locations which are separated by a tube length
of AX.
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 £X-6010. Although the total heat "lass™ 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 instance,
should it be required to be used with fluids with temperature sensitive

properties or with different tubes.

4.8.2 The UWilsan plot technigus.

Tha 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

1l 1l d
o=+ B o.py ovory v o (4.24)
U hy Ky dy d h
where h = h (t , u) (4.25)
av

Wilsan only considesred the situation where the tube fluid was water and
he proposed for fixed annulus fluyid, scale, and tube wall, resistances
that

é. = ¢ + -_EL_.
U y8:82 (4.26)
where ¥V = tube side fluid velocity corrected for viscosity and

density effects to a reference tempsrature, see Wilson (137)
for further details

£ = sum of the annulus fluild 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).
Howsver, the eguations presented in section 1.2%4 all indicate that

for fixed fluid properties :

h oo o 0*8 (4.27)

Presumzbly because of the substantial avidence which justifies the
above proportionality a "Wilson plot" is usually considered to be a
graph with ordinates of 1/l§ versus l/hu'a.

Russell and Carnavos (107) used a "reverse" procsdurs to that
above: for each tube side fluid flowrats the overall heat transfer
coefficient was determined for thres annulus fluid velocitiss, w, that
is, the outside film heat transfer eopefficient, h,, was varied. Using
the latter method the intercept on the 1/U axis, which is shouwn against
an axis af l/bu'a, is tha sum of the scale, tubs wall; and tube side
fluid resistances. The tube wall resistance may be calculated, and
neglecting any scale resistance the tubs 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 0.8 on the annulus Fluid velocity may be suspect sven with

a turbulent flow. The latter disadvantage was noted in a later papsr
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by Carnaves (19). In this later work the exponent on the tube side

particular apparatus used in that work, the exponsnt an the annulus
fiuid velocity was 0.865.

The description of the calculation procedure in reference (80)
shows that Margolis used ths Wilson plot technique with the assumption
that the tube side fluid velocity exponent is 0.8 for tubes containing
coiled wires and twisted tapes. (Carnavos (19) only used the wilson
technigue with empty tube results in order tao datermine the valus of C).
However, the results of Margolis (80), when pressnted on logarithmic co-
ordinates of Nu versus Re, do not indicate that Nu is proportional to |
reS*8, Although the work of Kreith and Margolis (73) appears to be
based on the work in reference (80) it is shown that Nu increasss more
rapidly with Re, for tubes containing their inserts, than an exponent
of 0.8 would imply.

Tha apparent anomaly that the wilson plot technique, with an
exponent of 0.8, does not yield a in{(Nu) versus in{Re) greph with a
slope of 0.8, is now discussed. '

Returning to the original concept of Wilseon (137) with the
ad justed exponent, it has besn noted that for cases where all of the

velocity was considered te be 0,8. This procedure showsd that, for the
variables are fixed, except the tube side fluid velocity, then

(4.28)

cl~
"
3
+

From expsrimental values of U and u it is possible to determins ths
: 0.8
value of C by using a graph with ordinates of 1/U and 1/u . The tube

side film heat transfer coefficient is then calculated using

d

D

h g ({L/U) - C] (4.29)

Heat transfer correlations are often presented in the dimension-
less form '

Nu = Nu (Re, Pr) (4.30)

A commonly accepted form of presentation of the data is

1{2“0 4} < 1n(F). + E 1n(Re) (4.31)
0
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Substituting equation (4.29) into equation (4.31) shows that

i

‘ dg
1n[””0 4] 1n
pr-* | [(1/) - clk pele

in(?) + E 1n(Rs) ' (4.32)

The value of C may be determined by performing a "least sguares"
fit of the experimental data with equation (4.28). However, using this
value of C with egquation (4.32) and performing a lsast squares analysis
with this equation will not necessarily show that £ = 0.8. Initially
if was considered that this ambiguity might be due ts any slight
fluctuations in the tube side fluid temperaturs. To test this hypothesis,

the following procedﬁre was used :

Ny - F Re" pr® (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 d, 1 '
- = C =+
U - F prC k| | Ref (4.34)

The similarity between equations (4.28) and (4.34) is obvicus. Correla-

ting the experimental data in the form of equation (4.34), with
G = 0.4 and £ = 0.8, allows the value of the hsat transfer resistance, C,
to be determined. Using this value of C in equation (4.32), and perform-
ing a regression analysis, again will not necéssarily show that the
regrassion parameter, E in eguation (4.32), is 0.8. The ambiquity 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.s. (4.32) and (4.34),
will only be identical if the data is exactly fitted by the equations.

To sliminate the above ambiguity the experimental data of the
present work was processed using ragfession analysis with equation (4.32).
This analysis used a linear regression fit of the logarithms in
equation (4.32) and iteration was used to determins the heat transfer
resistance, C.  The iteration procedurs was terminated when the changs
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,

(/W\Av“\f"\» b@;ma.\{"y’\ r@"“[@'{ ‘«f‘vﬂ- I',(,L,L] fee lftf . ""T* L \:"Kﬂ-'fq
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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 detarmine 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
£ = 0.8. This determines the heat transfer characteristics of the
empty tube. This procedure requires the use of the programs EX-6010

and HEAT2-6010.
(ii) Obtain experimental data using the tube with inssrts. A number
of configurations may be tested.

(iii) perform experimental tests using the empty tube and process the

resultant data by the method used in (i).

{iv) Process all of the fifty-four experimental runs from (i} ang

(iii) using a regression analysis of equaticn {4.32) with the assump-

" tipn that E = 0.8. 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
abtained 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) may be repeated. It is unnecessary to
repeat (i) since the empty tube results obtained in (iii) may now to

used as the first set of empty tube results.

On some accasions it was not possible to easily removs fha swirl
flow inducing inserts from the tube after ths tests in part (ii). This
was due to the inserts being too firmly held at their reﬁuired locations
by the slight indentations of the tuba wall, see section 2.10.4. Undar
these circumstances the tubs 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 sst of empty tube

results {from part {i)) that were obtained immediately prior to the

inssrt tests.
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For the periods when the inserts were hsld 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 reguired by the insert tests. It will be shown
in Chapter 5 that the slight tube indentations had a negligible effect
on thae heat transfer and pressure drop results.

It is obvious that in uysing the above procedurss a considsrable
number of sets of empty tube data wers obtained. The purpose of these
fests was to determine the sum of the scale, tubs wall, and annulus
fluid film, resistances to heat transfer, C. However, the acquisition
of such data also provided a frequent check on the reproducibility of

the pressure and temperature measuring equipment.
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5 Experimental Results

5.1 Intrdducticn

o k-

The raw data gbtained experimentally, and the camputer gutputs
of the calculated data, are not presented in this thesis: the data may
be ahtained from the address noted in the Prefaca. Sample computer out-
puts, which demonstrate the variocus methods of using the computer
programs, are given in this chapter. The reference numbars used ta
identify the insert configurations are those given in Figures 1.5, l.6,
and 1.8.

The calculated data is presented graphically in ths conventional
forms of 1n(#), or ln(Nu/PrD'a), versus 1n(Re). To obtain a clear
presentation it has been necessary, due tc the close proximity of the
data, to present the experimental results in & 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 trernds were noted which
invelve the use of results obtained under various modes of operation
(e.q. 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 previcus workers using cone
tinuous full length twisted tapes and Kenics mixers; those comparisons
are the purpose of Chaptsr 7.

While awaiting the construction of the steam injsctor and heat-
ing jacket, tests were performed using an empty tube under ispthermal
conditions. These tests showed that fouling of the tube, over a three
month period, produced friction factor increases of approximatsly 1.5%
and 3.5% at Reynolds numbers of 15000 and 35000, respectively. Ths
trend of convergence at low Reynolds numbers is characﬁeristic of tube
wall roughness effects and this was supparted by photographs obtained
using an electron microscope. Flushing the tubes with very dilute
sogdium hypochlorite solution prior to testing, and daily operatiocn of
the equipment, produced results which showed no roughnass affects.

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 obfainad alang 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 af flow disturbance
caused . by thse hixing mash, Ml. Further tests used cvnly the tappings at
P2 and P3.

- . Ty o T R gy, o S Tl Sy . S W D T S e N S Sy Sy - —

Figure 5.1 shows that the experimentally detsrmined empty tube
rosults are in acceptable agreement with the commonly used Blasius
equation. Deviations from the Blasius equation are most noticeable at
low Reynslds numbers where the measured manometer fluid differentials
are small, typically 5 cm. The uss of an inclined manometer would
gvercome this disadvantage but, dus to the small deviations from the
Blasius equation, the use of such a manometer was considered unnecessary.
During ths.period 6f 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
thosse calculated using the Blasius eguation.

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 ssen from Table 5.1 which shows ths number
(No.) of results obtained. Pressure drops ware determined using
individual and multiple pressure fappings at the points P2 and P3; this

provides a reasonably sevare test of ths reproducibility of the results.
‘The maximum manometer fluid differential that could bs deter-

mined was approximately 90 cm. Unfortunately, the head of mercury
equivalent to a head of carbon tstrachloride/iodine mixture of siightly
greater than 90 cm was found to be insufficiently large for accurate
determinations. For 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 lgnger manomseters.
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, ﬁEALC’
are caonsidsred in section 5.2.4).

For the results cbtained under heatinq conditions, the
exparimental empty tube data shows lower friction factors than those
predicted by the Blasius equation; this ig duye to the reduced fluid
viscosity at the tube wall. Comparing Figures 5.1 and $.2 it is seen
that for configurations 0, 1P, and 2P, the isothermal friction factors.
are greater than the heating values at the same Reynolds number. For
canfigurations 3P and 4P the two sets of results are almost identical,
while for configurations 5P and 6P the iscthermal friction factars are
slightly lower than the corresponding heating valuss. For the two
latter configurations a relatively lérge proportion of ths tube wall is
covered by the rings and therefore the reduced fluid viscosity at the
tube wall will have a small effect. Furthermore, tha Pall rings may be
considaered 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 factofs. 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

the two conditions deviate by about 5% (maximum) and genmerally by less
than about 1%. These deviations are within the uncertainty of the

experimental data.

5e2.3 Heat transfer factor data.

Figures 5.3 to S.8 and Table 5.3 show that the scatter of
experimental data about the regression lines is quite small. Houever,
it will be shown that, in most cases, the sxperimental scatter for the
results pbtained while using the swirl flow inducers is lsss than that |
noted while using Pall ringsj. this reduction in data scatter was
produyced by placing short rubber sleaves over the thermocouple ice |
junctions (see section 2.8.1).

Two sets of results obtained using the empty tube, denotaticns
A and B8 in Table 5.3, were analysed together to calculate a valus of
the heat transfer resistance, C. This value was used in the analysis
of the data obtained using configurations 6P and 4P; the lattar
configurations were tested during the time period between the tests of

denotations A and B. Similarly the remaining four configurations were
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tegted in the time period betuesn the tests of denotations B and C.
Since most of the data was based on the analysis aof the latter two sets
aof empty tube data, the characteristics of thez empty tube were con-
 sidered to be those calculated using the program HEAT2-6010 with the
lattar empty tube data. Using the average valuse of the heat transfer
factor multiplier, F, for the results of denotations A, B, and C, the
value of F would have heen only l.6% lower, i.e. 0.0235. The empty tubs
results are in good agreement with the results of Dittus and Boslter, see
equation (1.19), using the entry length correction outlined in section
1.2.5. The empty tube data has not bsen represented graphically since
it is discussed in ssction 5.3.

Figurse 5.9 shows the regressign equations which represent the
heat transfer characteristics of the tubss. DBiscussion of ﬁhese

charactaristics is given in the next sesction.

5.2.4 Discussion of the rasults obtained using Pall rings.

Figures 5.10 and 5.11 show that the Reynolds number exponents
and mult&pliers of the heat transfer factor and friction factor equa-
tions vary betwesn the empty tube values and the values obtained using
configuration 6P as the covered fraction of the tube wall area in=-
creases., (he fraction of the tube wall area, that was uncopvered, uas
calculated by assuming that the circumference of each Pall ring con-
tacted the inner surface of the tubs. The surface area of the rings
does not include the surface area of their inssts.

Leva, 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 = D.99 for (np / d)<0.35 (5.1)
and E 0.75 for 0.35<(op / 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 (D / d)>0.65. The

latter restriction impliss that a large volume of the bed is unoccupied .

by the packing and a relatiyely small proportion of the container wall
surfaée area is covered by ths packing; thsse criteria apply to con-
figuration 6P, ' |

Chilton and Colburn (26) found at high rates of flow through
packed beds, that

B = -0.15 for (Dp / d)<8.25 {(5.3)
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In the present wark, 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 bed. Hence it is expected
that the value of B would tend towards the value found by Chilten 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 tubs wall sur-
face coverage was chosen as an ordinate of Figures 5.10 and 5.11. How=-
sver, this choice involves an anomaly which may be inherent in using in-
serts interspaced along a tube. Unless the effect of sach 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 tha para-
meters of the regression equations should be studied. Aeplatting the
data in this form shows trends similar to those of Figures 5.10 and S5.11.

. 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 obtalned with configuration 5P.
This is not the expected trend although the parameters £ and F apertain-
ing to these configurations do not deviats from the trends shown in
Figure S5.10. However, if it is assumed that the heat transfer co=-
efficients in the inlet region are greater than the average valus that
was measured, it may be considered that the four rings at the inlet of
configuration 5P 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 thers-
fore a higher proportiocn of the rings of this configuration are used in
the region where the empty tubs heat transfer coefficients ars
relatively low. The former discussion indicates that the heat transfer
factors for these two configurations will be rslatively closs and the
difference betwsen the pertinent regrassion equations, which is 6%
{(approximate maximum), is within ths uncertainty of the data.

If it is considered that ths effect of each insert is limited
to the pipe length in which it is situated then each configuration con-
sists of a packed length and an empty tube length, hence

p ~ o b . o Lo - (5.4)

AL ™ (1, + 1) (i + Lg)
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friction factors calculated using the regression

E
=F
[13]
H
]
o
o
i

. equations which represent the characteristics of the
empty tube and configuration 6P, respectively
L, L. = actual total length of tube that contains (lp), or
doss not contain (l,}, inserts batween the upstream
and downstream ends of tha packed secticn of ths
tube.
The results of thesse calculations are shown by Figure 5.2, The
difference bstueen the exparimental and calculated results are in-
dications of the deviations from a linear relationship betweeh 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 ths experimental values presumably
because the empty tube lengths, between the inserts, contain a stream
which is partly "disturbed" thsreby increasing the pressure drop.
Furthermore it may te 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 riss
maore rapidly than for the above case since each ingert that is added
will enhance the "disturbance" of the fluid. The latter effact, and
the relatively large increases in thse pressure drop that is due to the
form drag caused by each of the added inserts, will lsad to rapid in-
creases in ths friction factor. The abaove considerations are in agres-
ment with the data shown in Figure 5.12.

Equation (5.4) may be written in the more genaral form :

feae = G Re" H(Lp) + 3; Re " Q(lg) (5.5)

where H(lﬂ) and Q(LR) ars weighting functions which are dependent on
tha fraction of the tube length, tR’ that is occupied by the insarts;n,?
Gy and Jl, are constants. For a given configuration the weighting

functions are constant, hence
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p

- -
G, Re + Jo Re (5.6)

#

CALC

where G, , J , N, and p , are constante Coulson and Richardson (28,
Chapter 1) show that the above equation forms have often been used for
the correlation of data obtained using fixed packed beds. In ths

latter case, the weighting functions are dependent on the properties of
the bed used. Such studies generally show that n = 1 and either p = 0O,
the Ergun (40) type of eguation, 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 bassd on the
analogy with flow in empty pipes (28, p.6). Hence, it is not surprising
that experimental friection factor data, for a smooth empty tube, is

also correlated in the form of eguation (S.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 tubs which contains inserts. Tubes
with a relatively large fraction of their length occupied by such in-
serts will exhibit shallow friction factar curves : the present work
fully supports this conclusion.

Heat transfer factors for turbulent low viscosity fluids are
not generally carrelated in the forms of equation (S.5) and (5.6). This
may be dus 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 produces
a tuo term heat transfer factor versus Reynalds number correlation.
Furthermore, the entrance length effect on empty tube heat transfer, see
eguation (1.27), is also correlated in a similar form to egquations (5.5)
and (5.6).

Ak ek o e S A T e D D P G D T I A ke S D A A S S

Table 5.4 shows the reproducibility of the experimental friction
factor data. The maximum R deviations of the 243 data items,
denotations A te I in Table 5.4, from the values calculated using ths

Blasius equation, were +7.0% and -7.7%; the average values of these




- 87 -

maximum .. daviations were +4.4% and -6.7%, respectively.
while the data shows acceptable agreement with the work of Blasiua*,
the friction factor curves are slightly steeper than that found by
Blasius and other workers. As will he seen later, the friction factor
slopes, obtained under heating conditions with an average fluid .
temperature of 3508, were in good agreement with the values of Blasius
and others. This tends to indicate that pessible errors in the rota-
meter calibration may have bgen the cause of the difference between the
experimental and previously reported results. Tests perfarmed using an
average fluid temperature of SSUC, 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 J-K of Table S.4. These results exhibit maximum -

. deviations, from the Blasius predictions, of +4.6% and ~3.7%, with
average values of these maximum - . : . deviations of +3.7% and
-3.7%. The mean ratio of the experimentally determined values to the
Blasius predictions was 0.996; a valus af 0.983 was obtained using the
results of the ambient femparaturs 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 cccurred hence na furthaer
reasons for the deviations considered above can be suggested.

Table A.8.1 (Appendix A.8) presents the raw experimental data
vhich corresponds to denagtation 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 co-

D D Ty D o o A Y S Sk e e e D AR e S S G SV A D e o e S et T e S ek ARl T e .

* In this work the Blasius equation is considered to be equation (1.1)
with a constant of 0.0396.
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erdinates, provides a good fit of all the data for each mode of
operation. Denotation B-P of Table 5.5 shows that the maximum devia-
tion of the experimental data from the reqression equation is 5.11%,
thereby indicating the reproducibility of the results. The averags
valuegs of the mean, maximum, and minimum, ratios of the experimental
data compared te the Blasius predictions are 0.907, 0.927, and 0.878,
with certain results, or greups of results, deviating from these
values by approximately 0.02. '

As noted previously, the friction factors determined under
heating conditions are reduced bslow 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
were determined using an average fluid temperaturs of SSOC, gnder

isothermal and heating conditions, it is found that
Poth)
]D(iso)

This valus was calculated using the regression equations (denotation

J-K of Table 5.4 and denotation B-P of Table 5.5) at Reynolds numbsrs
of 15500 and 104008. Using equations (1.18) and (1.53) it is estimated

0.508

that the inside tube wall temperature was s50°¢c during the heating tests.
The measured tube wall temperatures, T1l and T12, indicate that the oute
side wall tempsraturs was 52.5°C. In further work the inside tube wall
temperature will be considered to be SIQC, that is, the average of thse
two temperatures determined by the above two mathods.

The results which are represented by denotation K of Table 5.5
are presented in Table A.8.2 (Appendix A.8) and Table A.9.2 (Appendix
A.8). This sampls data is shown as Figure 5.14.

5.3.3 Heat transfer factor data,

Table 5.6 presents the regression equations and analyses
cbtained 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 & are given
in this thesis. The raw data, computer outputs, and conventional heat
transfer factor graphé, for denotations I, K, and N, are given in
Tables A.8.3 to A.B.5, Tables A.9,3 to A.9.5, and in Figures 5.15 to
5.17.
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The Wilson assﬁmption, £ = 0.8, 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 £ = 0.8. For this reason, the valus of F was calculated for e=ach
individual result obtained using configuration 0. Denotation A-P in
Table 5.6 shows the mean value of the regression parameter, F, that
was ohtained. The latter procedure is not a regression analysis and
although a confidence interval and correlation cosfficient 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 combination of equations (1.19) and (1.27) shous that
F is expectad 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 equation (1.19) has an accuracy of 20%. Altematively 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 (1l4) and the
value found by Evans (43) using water. In psrforming the above re-
arrangement it was recalled that Pr = 4,94, and H and Mg are avaluated
at 35°C and SlOC, respectivsly.

For the copper tubes, used in the tests of denotations A to T
in Table 5.6, the avarage vaiue of the heat transfer resistance, C, wés
found to be 2.02 x 107 m? °C W (1.14 x 10> £t° hr OF Btu V). 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 valuss of C from the mean
valug for all of the tests, A to T, was only 4.6%; this shows that the
heat transfer resistance remained almost constant. During the periaod
of these tests, the heat transfer rasistance increased very slightly
and this was probably dus to a slow rate of scale fermation. DOuring
further tests, K ts P of Table 5.6, a greater concentration of sodium
hypachlorite 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. ODue to
slight steam pressure fluctuations a scale reading of 7.5 units was
used. Houwever, as stated previously, the removal of the steam injector
from the annulus side flow loop showsd that the pressure fluctuations
no longer affected the flow conditions and therefore a scale reading of
10 units could have been used. To tsest the reproducibility of the
results, under different conditioné, tests were performed using a scale
reading on the rotameter, R2, of 10 units. {For the congitigns of the
tests, rotameter scale readings of 7.5 and 10 units correspond to
hydraulic Reynolds hUmbers, in the annulus, of 17100 and 21100). from
Tables 5.5 and 5.6 it is seen that the results obtained using aibher
annulus side fluid flowrates are the same for the empty tube configura-
tion.

For the tests of denctations K to M, in Table 5.6, the averags
resistance to heat transfer was 1.63x 10°% m? 7¢ y™ |
(9.3 x 1074 ftz he OF Btu-l) with a maximum percentags deviation, from
this ualué, of 3.92%., However, for any two consecutive sets of tests the
mean and maximum deviations from the average of the two detesrmined values
of C were 1.73% and 2.47%. For the tests of denotations N to P, the
average heat transfer resistance was 1.89 x 10-4 m2 % w’l
(1.07 x 10‘3 ft2 hr °F Btu-l) 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 shoun in section 4.3.2, the heat transfer resistance, C, is

tha sum of four resistances, such that

1 Xy dg
c = -F; f K + R; + Ry (5.7)
For the conditions of the present tests it is estimated that ths heat
transfer resistance due to the tube wall is 2.8 x_lD-a n % ut

-5 2 o -1
(1.6 x 10 ft hr F Btu ). uwiegand, see (67), correlated all of
the heat transfer data available at that time, for the cooling of

liquids in smooth annuli, in the form

0.45
h,d 0.8 0.3 {9
a E = 0.023 Re. Pr — (5.8)
k E dg
whers d0 = outside diameter of the inner tube
dl = inside diametsr of the outer tubse
and dE = equivalent diameter of the annulus = dl - d0
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Using this equation with the calculated tube wall resistance, and

neglecting the scale rssifzangeg, tff estimated Egtalzhaatutransfir
resistances fze %.24 x-%ﬂ m C 94 (%.05 E 10 _zt hr F Btu )
and 1.56x 10 m CuW (8.9 x10 ft hr F Btu ) for the tws
conditions studied experimentally. These results closely agraes with
the axperimentél determinations. For scale readings an the rotameter,
R2, of 7.5 and 10 units, the calculated heat transfer resistances are
2.6% and 4.3% less than the valuss found for denctations N to P and

K to M of Table 5.6, This indicates thes magnitude of the scals

resistances.

S5.4.1 Friction factor data obtained under isothermal conditiaons.

Table 5.7 and Figures 5.18 to 5.20 show the results obtained
under isothermal conditions using configurations of inssrts possessing
an anticlockwise twist. The graphical representations, where each
point symbolizes threa experimental determinations, show that the
data are adequately depicted by straight lines on logarithmic co-
ordinates. figure 5.21, which presents the results of fhe 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.8.6 and A.9.6. The results are presented
in Figure S.18. ' '

The pressure drop betwsen the tappings £2 and P3 was
maasured. For configuration 9T tha pressure drop between the pres-
sure tappings and packed length of tha tube was calculated and sub-
tractsd from the measured pressure lass, as described in section 4.7.
This corrected pressure drop was used in conjunction with the packed
length of the tube in order to determine the friction factors which
are denoted by “9T" in Figures 5,20 and 5.21. Ffurthermore thse pres=-
sure drop across the length of tube which is equal to the length of
the annulus ssction was also used to evaluate friction factors. The
values so determined are denoted by "9T‘". The latter friction
factors are of ths 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 fellowing factors :-
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(a) contractions and expansions of the flow area

(t) undeveloped swirl flow in the channels formed by the

inserts

{c) swirling flow in the empty tube sections.

The friction factors of configuration 977 are alse similar in
magnitude to the results of configuration 4T, and for this comparison
the following factor also needs to be considersd -

(d) the pressure drop at the junction of the perpendicular

trailing/leading ingert edges.
The relative preoportions of these factaors, which contribute to the
overall pressure drop, cannot be determined from the results of the
nresent work. As an example, consider configurations 3T and 4T, uwhere
the anly difference between the inssrt 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 factar
(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 8T would provide a msasure of tha
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/frailing 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
flow and the relative proportion of the total pressure drop that is
due to inlet and exit effects, including swirl decay at the tape exit.
for a continuous twisted tape, Seymour (111) found that fully
developed swirl flow is estahblished approximatsly 10 to 20 pipe dia-
meters fram the tape iﬁlet. In the development ssctign, the local
friction factors oscillate about the fully developed value and it
appears that the integrated value of thas local friction factors is
significantly abeve the terminal result only in.the first 3% pipe dia-
meters. Subtracting the pressurs drop across the inserts of configura-
tion 9T fFrom 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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hence :
-0.338 ~0.329
4 = 2.15 Re - 1.13 Re (5.9)
CORR

Using this egquation the pressure drop across a tuisted taps, of the
same length as configuration 7T, can be calculated. The pressure loss,
Ap’s due to the flow development and entrance and exit effects can

therefore be estimated :

Ap’ F{ _ ﬂ{:URR (5.10)

Ap ' g

where @ is the friction factor calculated using denotation H-I af

H

Table 5.7. At Reynolds numbsrs of 11000 and 78000, the pressure loss
ratios calculated using equation (5.10) are 0.071 and 0.082. Using the
estimation method proposed in Appendix A.1l0, the corresponding ratios
are found to be 0.027 and 0.049. In using the estimation method, the
tybe ssction 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
Ap/Ap, obtained using the above tuwo 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 cartain configurations, pressure drop measuremsnts 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 ta 104000, are shown in Table 5.7 and Figures
5,22 to 5.24. Isothermal friction factors were calculated using the
regression egquations determined for the results with fluid temperatures
of 35°C and ambient, for Reynolds numbers of 15500 and 78000, that is,
thosse common to ths tests at both temperatures. At these Reynolds
- numbers, the maximum deviations of the friction factors obtained at
3500, compared to the ambient results, are 1.9% and 7.6%,with a maximum
deviation of the average friction factor, for the two Re valuss, being
4,0%. All of thess 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 ths data exhibits a slight curvature and this is most
noticeable for configuration 67. 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, diffsr partly due to ths slight

curvature. The measyred fluid temperature change along the test
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section never sxceeded 0.2°C while using a fluid at 35°€. This amount

is small, hence thase results are thought to have been sbtained
under isothermal conditions. For a given Reynolds number the aectual
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 cutside the Reynolds number range af the
present work.

Table 5.8 and Figures 5.25 to 5.28 show the results obtained
under isgthermal conditions with a fluid at room temperature and con-
figurations of alternate rotation inserts. Figure 5.29 presents the
corresponding data obtained using a fluid at 3500. Sample raw data and
computer outputs are shown for denotation I of Table 3.8 as Tables
A.B.7 and A.9.7.

It was previously shown that the pressure drop across the empty
tubs and packed ssection of configuration 9T was considerably helow that
across configuration 5T. Both of these configurations use the same
number of inserts and empty tube lengths. Using the results obtained
with configurations 8K and 9K the friction factors based on the length
of the annulus section were calculated and denoted as configurations
8K’ and 9K’. The resulting values of ¥ are considerably greater than
the results obtained using 7 pairs of inserts interspaced along the same
length of tubse. It may have been expscted 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 8K’
and 9K/. This was not the case, and the observed phenomenon may be a
result of the change of swirl dirsetion caused by consecutive elements.
This would produce a relatively small clockwise swirl component in the
flow entering consecutive pairs of slements in configuration 5K. How-
aver, at sach junction aof the inserts in configurations 6K, BK, and 9K,
the flow entering each junction has a relatively large swirl componsnt
which then has to be transformsd into a large swirl component in the
opposite direction, thersby lsading to a large pressura drop.

The friction factors denoted by 9K’ are slightly greatsr than
those of 8K’, Although the difference is within the uncertainty of the
data, it may also be postulated that it is dus to the develcpment of a
turbulent flow velaocity profile in the empty tube section of configura=-
tion SK’.

The results of denotations H and I in Table 5.8 show the ra-
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producibility of the friction factor results. Comparison of these
results with those of denotation M, in the same table, shaws that the
friction factors are slightly dependent on tha number of inserts form-
ing the Kenics mixer. Using Kenics mixers formed from 4, 6, 8, and

10, elements with a twist ratioc of 2.5, Morris and Benyon (86) found
that the number of elements had 1little effect on the friction Pactors in
the Reynolds number range of 6000 to 30000. Morris and Proctor (87)
gbtained 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 ueli mixed flow. Thereafter only
relatively small increases in the degree of mixing will be achieved by
pach element. On this hypothesis it would be expected that the fric-
tion factors are dependent on the number of elements and this wauld be
particularly noticeable in comparing the results obtained by Morris and
Benyen (B86) with 4 and 10 elements. These authors do not present their
results for individual testg hence a direct comparison with the present
work is not possible. Tha friction factor correlation, which they
determined, fitted their data "typically to within * 8%.'

The isothermal results obtained using configurations of anti-
clockuwise rotating slements with water at 35°C and room temperaturse
have been compared. Using the same procedure and Reynolds numbers with
the results of tests on altsrnate rotation arrangements, the maximum
deviations of the friction factors obtained at each temperaturs 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 faound 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.

Table 5.9 and Figures 5.30 to 5.33 present the rasults of the
pressure drop analyses performed using arrangements of inserts of anti-
clockwise twist. Table 5.10 and Figures 5.34 to 5.37 pressnt the
corresponding results for arrangemsnts of inserts of alternats twist
direction. Tables A.8.8 and A.53.8 provide the sample raw data and
computser 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 uged to
gvaluate friction factors at Reynelds numbers of 15500 and 78000. Ffor
the empty tube results the average deviation of ths iscthermal and |
heating friction factors was found to be approximately 10.6%. For the
remaining configurations the maximum deviation is 6.6% (configuration
1T using an average fluid temperature of BSDC) with a mean absolute
deviation of 2.6%. Using the same procedure with the results of Tables
5.8 and S5.10, the maximum value of the average of the deviations (at’
Re = 15500 and 78000) of the isothermal and heating Priction factors is
3.1%. There is one exception to this limiting value; for configuration
1TS the deviation is 8.4%. For these configurations which used inserts
of alternate reotation, 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, (Fs/p), compared ta the effect in an
empty tube. The pressure loss across a tubs containing inserts is the
result of the losses at the tube wall, the surfaces of the inserts, and
in the cora of the flow stream. A significant proportion of thé total
pressure loss therefore occurs away from the tube wall where the vise
cosity reduction occurs. For the tubes cantaining inserts, the sffect
of the viscosity reduction was greatest for the tubes with the least
number of inserts. However, it was not possible to obtain a correlation
betwesen the number of inserts and ng/ﬁJ) even when only ona type of
configuration, for example anticlockwise inssrts with aligned edges,
was consgidered.

Most of the discussion presented in section 5.4.)1 also appliss
to the friction factors obtained under heating conditions. That dis-
cussion will not be repeated since no further trends were noted from
the heating results. In section 5.4.4 the sffect of the insert thick-
ness, the orientation of consecutive elements, and the regression para-
meter A and B, 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 ths
type T configurations of Figure 1.5, are shown in Table 5.11 and Figures

5.38 to 5.42., The close proximity of ths heat transfer characteristics




- 07 =

of the tubes is clearly shouwn by Fiqure 5.43. Foar thes type K con-
figurations of Figures 1.6 the results are shown in Table 5.12 and
Figures 5.44 to S5.46. As noted previously, a number of configurations
produced heat transfer factors of comparable magnitude thereby enforc-
ing the presentation of data on a number of separate graphs. Figure
5.47 shows the regression eguations in graphical forﬁ.

The raw data for denotation H of Tahle 5.11, and denatations G
and H of Table 5.12, are shown in Tables A.8.10, A.8.11, and A.8.12.
The computer outputs of the heat transfer data determined by analyses
of the raw data are shown by Tables A.9.10, A.9.11, and A.9.12.

For each configuration, three heat transfer measurements vers
pecformed at each Reynolds number, hence it should be notsd that many
of the points shown on the hsat transfer factor graphs represent three
actual results. The figures and tahles show that tha experimental
scatter is adsqguately within the typical scatter range encountered
during heat transfer tests. For sach 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
uas'neCESSary to vary thé heat flowrate through the tube wall as the
tube side Reynolds pumber was varied. Tests psrformed using scale read-
ings of 7.5 and lD* units on the rotameter, R2, required that the heat
flowrates, for configuration 0, varisd from approximately 6.)l kW to 12.4
ki and from 6.5 kW to 14.4 kW, respectively. Thess valuss should be
multiplied by 14.9 to obtain ths hsat flux (kU m_z) based on the inside
area of the tube wall. Ffor configuration 7T, the corresponding heat
flow ranges were 8.9 kil to 14.3 kW and 9.7 kW to 16.4 kW, During ths
tests using configuration 6K, with the annulus side fluid flowrates
stated above, the respective ranges were 10.5 kW to 14.9 kW and 1l.6
kW to 17.1 kW, The results shown by denotation G-H of Table 5.1l
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 tims of the heat trans-
fer tests also show excellent reproducibility, see denaotation G-H in
Table 5.9,

T B S L T e D A D okl P S S U A S ) P S S S gy S o G A P A S e v o el Y R W R S S

* Sgale readings on the rotameter R2 of 7.5 and 10 units indicate

=4 3 gt (9.5 x 1073 i3 s’l) and
3 -l

s7t (117 x 1079 £t2 &),

respective flowrates of 2.7 x 10
3.3 x 1074 m°
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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 baoth heat flux ranges are in
good agreement. for this configuration, the experimental heat transfer
results are shoun in Figures 5.44 and 5.45, Comparison of thess
results, FPor Reynolds numbers not exceeding 86000, shows that the data
is in qood agreement. At the highest Reynolds number, Re = 1040003,
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 dsviation af the
data from the overall regression equation is camparabls with that
ohtained using other configurations. The relatively high maximum dev-
iation is caused by the experimental result noted abaove. This result,
compared to the regression line, lies within the experimental un-
certainty of ths data, as calculated in Chapter 6.

For configurations 9T, 8K and 9K, the heat transfer results
shown in the previous figures were all based on the measured inlat and
outlet temperatures. The heat transfer factors are therefors 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 he dependent on the number of inserts foming the
configuration. Appendix A.ll presents an analysis for the estimation
af the heat transfer coefficients in the tube lengths which .contain
inserts in configurations 9T and 8K. Denotations A to 0 of Table 5.13
present the results of this analysis. The results obtainead assuming'a
constant heat transfer resistance, C, (casa 1) are almost identical to
those obtained using the temperature carrection of case 2 of Appendix
A.1l1. This iz due to the small changes in the bulk annulus fluid tem-
perature. Ths results of Table 5.13 were dstermined using equation
(A.11.11). This eguation was used, as opposed to equation (A.11.10),
becauss the heat flow, Z1 in the computer program, was determined using
the temperature difference, (Y-T(I,13)), of the tube side fluid. It
was therefore considered that the equation used to detsrmine Y1 should
also use this temperature differsnce. If the heat flow in the empty
section had been based on the heat input from the annulus fluid then
gquation (A.11.8 ) should have been used to dstermine Yl. The value of
Zl was based on ths 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.
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Tha procedure of Appendix A.l)l is essentially based on the

following equation :-

Unp Bty = U Ay Bty v Ug Ay Bt (5.11)

where Ap = d L&  (5.12)

£quations of the same form as (5.12) apply for the empty tube and packed

sections. Hence, by rearrangement

L t £
Up ) A LMp Uc lo A LMo
u = +
(5.13)
1 Ath L Ath
Alternatively, we may write
' /
_ hp lp Athp . h, Lo AtLMo
/ / S5.14
Lot/ LAt/ (5.14)
where Atl,_l"l’ Atlii"ip’ and L\.t{_mu, are the log mean temperature driving

forces between ths tube side fluid and the tube wall avar the total tubs
length, and the packed and empty tube sections, respectively. Comparing
equations (5.14) and (5.4), it can be seen that substitution of g for Nu
in eguation (5.4) would produce an equation which is valid only if

Bty = B[y,
form of (5.4) was not used to obtain calculated heat transfer co-

= Atimo. It is for this reason that an equation of the

efficients for the Pall ring data.

Table 5,13, denotation B8, shows that for ths 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 ta become less
pronpunced 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 obtainsd from Boelter
et. al. (10). These workers found that for an abrupt sharp edged
entrance, and for a 180° tbend, situated upstream of the heated section,
the local Nu values rise and fall in a manner similar to that found by

Proctar with a Kenics mixer. Boelter at. al. suggest that these
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characteristics are due to the flow contraction and reesxpansion
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 tc ths Kenics arrangement, it may he 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 carresponds
to large heat transfer coefficients. As the fluid flouws furthsr along
the mixer the flow acceleration effects will be gradually attenuated
and tha flow will become more mixed. Hence ths average Nusselt number
over the length of sach 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 considsrably
dependent on the degree of mixing within the flow.

Table 5.13 shows that the heat transfer coefficient.for a
tuisted tape composed of 14 inserts is 13% greater than the coefficient
‘that is produced by a tape of 28 inserts. This is due to the contraction
of the flow and the production of the swirl flow velocity and temperature
" profiles., ¥For the shorter taps a significantly larger proportion of the l
tape lenqgth will contain a developing flow. Using twisted tapes with a
thickness ratio,$/d, of 0.051, Smithberg and Landis (118) found that
the heat transfer coefficient in the total length of their tapes was
approximatsly 4% greater than the heat transfer coefficient in the
downstream half of tha tape length. In that work the heated length was
29,09 tube diameters. It should be realised that the upstream half of
their tapes centained the decay region of the inlet effects and the flouw
entering the downstream half of the tape possessed significantly
developed swirl flow velocity and temperaturs profilss. 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 (x;/() = 0.53,
is 0.905 {(Re = 15000) and 0.946 (Re = 100000) times the coefficient
obtained using a taps which extended along the full heated tube lenéth-
Seymour used a heated tube length of 28.5 tube diameters. For caonfigura-
tion 9T of the present work, the heat transfer coefficient is D.792
(Re = 15000) and 0.811 (Re = 10000Q) times the coefficient obtained using
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canfiguration 77. Thé ratios determined using the results of Seymour are
greater than those of tha present work due to the existence of a swirl-
ing flow in the tube section downstream of Seymourts tapes. All of the
above wark shows that the heat trﬁnsfer coefficients in the inlet

section are greater than those in the downstream section of a tube con-
taining a full length twisted tape.

The mathod of Appendix A.ll relies on the calculation of the
heat transferred in tha empty tube section of the examinad cenfigura-
tions. For configuration 9K the hsat transferred along the empty tube
section cannot be determinsd. Howsver, using the heat transfer carrela-
tions for the Kenics mixer, ths heat transfer coefficients in tha empty
" tube section may be estimated. These estimated values may then he
expressed as a ratiog to the empty tube results which are calculatsd
using equation (A.11.21) with x/d = 24.9. The correlation ussed 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, ths results indicated as denotations € and F in Table
5.13 were obtained. The results of denotation F show that the heat
transfer factor in the empty tube section, downstream of the inserts, is
approximatsly 17% greater than that which would be found in the inlet
section of an empty tube. However, a mare truly representative result
is estimated if the heat transfer coefficient in the packed section of
the tube is calculated using the correlation which applies ta the
packed section of configuration 8K. For this purpose the results of
denotation B in Table 5.13% were used. Denotation H of Table 5.13 shous
that the heat transfer factors in the empty section of configuration 8K
are approximately 9% greatsr than those that would exist in an empty
tube of the same length with no swirl. Alternativsly, the ratio of ths
heat transfer factors downstream of the mixer and those that would be
obtained using the full length empty tube (i.e. denotation A-F 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 mixar are considerably lower than thoss produced
within the mixsr, that is, Nu decays rapidly beyond ths mixer sutlet.
In contrast to this configuration, equaticn (1.62) may be used to pro-
duce curves of NU/NUO versus x/d for 1 < x/d < 24.9 and Reynolds
numbers of 15500 and 104000. From such curves the ratio Nu/NuD 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 l.45. The Nusselt numbers downstream of the
twisted taps are expected to be larger than those downstream of the Kenics

mixer because of the greater swirl component of the flow bsyond thse taps.

5,4.,4 Discussion of the results obtained using swirl flow inducers.

Using the regressicon equations obtained under isothermal and
heating conditions, it is found that the friction factars for configura-
tion 175 (§/d = O0.16) are approximately 21% greater than those deter-
0.14). Similarly, the friction

mined using configuration 1T ($§/d
factors of configuration 1KS ($/d

0.16) are approximately 23%
greater than those found using configuration 1K ($/d = 0.14). These
inereases 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 isotharmal 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 dounstream inserts of configurations 1K and 1K5 may possibly
possgess a qﬁite small swirl flow cemponent, while the flow received by each
dounstream inssrt of the pairs in configurations 3K and 3KS will possess
a strong swirl component. Therefore quite large pressure losses, dus to
the swirl flow reversal, ars 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 pressurs 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
1K and 1KS. This leads to a larger proportion af ths total pressure loss
being caused by the flow reversal and eddy losses.

For tubes 1TS, 1KS, and 3KS, the heat transfer factors are
respectively 7%, 10%, and 5%, greater than those determined using tubes
1T, 1K, and 3K.

Figures 5.48 to 5.50 show the variation of the friction factor
regression paramsters, A and B in equation {(4.22), with the fraction of
the tube length which does not contain inserts. It should be recalled

that =sach of the symbols is the result of 27 actual data measurements.
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The results obtained using configurations 8K, 9K, and 9T are not in-
cluded on these gqraphs. Similarly the results detemmined using stain-
less steel inserts are not shown. The data ochtained under isothermal
conditions, at rocm temperature and at 3500, and under heating con-
ditions, exhibit very similar trends. For sach configuration it was
previously noted that as the Reynolds number is lncreased the slope of
the friction factor curve tends to decreass. The data points referred
to as "Isothermal" and "3500“, in Figures 5.48 5.50, clearly show this
trend. The "Isothsrmal"™ results apply over ths approximate range of
Reynclds numbers of 11000 to 78000, the "SSDC“ results were gbtained
sver the range of 15500 to 104000.

The parameters appertaining to the "Heating" tests are smaller
than those found at SSDC undsr iscthermal conditions. For the empty
tube the fluid viscasity near tﬁe 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 thes ratic 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. G8ince
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 shouwn that the
inserts of the present work do not behave as effective fins and there-
fore there is no fluid viscosity reduction at the surfaecs 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 tube wall is
reduced, the difference in the slopss of the friction factor curvses,
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 an the
insert surfaces, and the kinetic snergy losses due to the flgw area
changes, the leading and trailing edges, and the flow reversals. For
inserts with aligned edges, ne reduction in the differsnce between tha
slopes of the friction factor curves (isothermal = . and heating)
is  shown by Figure 5.50. For theses arrangements no

reduction is seen because there no longer exists the large pressurse
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losses which were associated with the form drag that is dus ta the
leading and trailing edges cf.tha perpendicular edge configurations.

For the results obtained using configurations fammed from
inssrts with aligned leading edges and identical twist direction, the
friction factor curves show a greater curvature than thase obtained
using perpendicular edges. For the latter configurations the kinstic
energy losses are quite large compared ta the lasses caused by viscous
drag, even at low Reynolds numbers. In the configurations formed with
aligned inserts the proportien of the total pressure loss that is a
resuit of kinetic energy losses gradually increases as the Reynolds
number increases, in much the same way as the empty tube behavior. It
is this effect which produces the noted curvature of the graphs of 1n(g)
versus 1ln(Re}. For these reasons the heating results shown an
Figure 5.48 should be compared with the isothermal results obtained at
35°C. Such a comparison shows that the difference between the siopes
of the friction factor curves reduces as the number of insarts, and
hence the felatiue importance of the form drag, increasss. However, for
a continuous twisted tape the difference increases above that found
using an unoccupied tube length fraction of 0.238. In this case the
form drag losses are not domipant 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 cantinuous twisted tape the friction factor
curve is steeper than that found using an empty tube. 0On this premise
it is inferrad that the presence of a swirling flow will lead to an in-
creased negative valus of the Reynolds number exponent, B. The previgus
. discussion of the friction factor characteristies of Pall rings con-
cluded that increases in the kinetic ensrgy losses results in a reduc-
tion of the slops of ths friction faector eurve. The curves obtained
using aligned inserts with anticlockwise twists, under isothermal con-
ditions, show that the magnitudes of the slope, 8, increases as the un-
occupied fraction of the tubs length, hereafter denoted by UFTL, is
decreased from 0.771 {configuration 3T) to 0.010 (configuration 7T).
Strictly the UFTL for configuration 7T is zero, however, for compérisun
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 dees 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 1T) is greater than that determinad for the empty
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tube. It is difficult to justify this finding; it may bs due to a
slight error in the determined slope. Denotation A of Table 5.7 shouws
that the 95% confidence interval on the slope is largs enough to allow
for the observed effect. A furthsr very tentative proposition is that
the swirl produced by the three insarté raises the slope of the
friction factor curve above the reference empty tube valus. The rapid
reduction in the slope, B, in ths range of the UFTL of 0.886 to 0.771,
may then be due to the slightly increased swirl component of the flou.
entering the upstrsam slement 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 siope of the frictiocn factor curve. As noted previously, the douwn-
wvard 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 shallcwer as tﬁe number df 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 5K) exhibit a steeper slope than may have been expscted., The
present hypothesis is chviously 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 siight devia-
tions from the overall trend. Furthermore, any noted discrepancies may
be due to slight errors in the determined sloﬁes.

Far 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 stesper 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 ths
heat transfer factor regression equaticns is not clearly dependent on
the UFTL. The values of the exponent deviate about ths charactsristic
empty tube exponent, £ = 0.8. The present results, and those of
previous warkers, show that the exponent for a continuous twisted taps

arrangement is close to that determined using an empty tubs. The fluid
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passing through the tubes of the present tests possessed a swirl com-
panent and therefore it is to be expected that the cbserved charac-

. teristics would be those appertaining to a swirling flow. In the empty
sections of the tubes the flow is intermediats between a developed swirl
flow and that in an empty tube. Hence, as found experimentally, it is
to be expected that the heat transfer coefficients, for the present
tubes, are dependent on the Reynolds number in a similar manner to those
in an empty tube 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. Ffurthermore, the
deviations will be the result of kinetic ensrgy losses caused by the
leading and trailing edges and, in some circumstances, due to flow |
reversal. |

Figures £.52 to 5.54 show the effect of ths number of inserts
on the frictign factor and heat transfer factor ratios. The ratios have
been determined by comparing the reqression eguations wnich apply to the
packed and empty tubes at Reynolds numbers of 15500 and 104000. The
figures show the average packed/émpty tube ratios of the two values so
determined. It is clearly seen that the perpendicular arrangament of
the leading and trailing edges of consecutive elements results in larzger
values of the friction factor and heat transfer factor caompared te the
-~ use of aligned edges. The friction factor results, determined using 25
inserts, shou that the effect of using perpendicular edges is consider-
ably greater for the use of pairs of inserts of alternate rotation
than for pairs of identical rotation. This indicates that the greater
pressure drop across the Kenics mixer, compared to a tuwisted taps of
the same length, is the result of the combined effect of the flow
reversals and the leading and trailing edges and is not simply dominated
by one of these effects.

Koch (69) postulated that heat transfer factors are strongly
dependent on the wall shear stresses. In ths 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 sebaration from the insert surfaces; this flow
may interact with the fluid near thes tube wall. These mechanisms were
considered by Sparrow et. al. (121), see section 1.3.4. Tha 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 mechanisma 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 ths pipe will
produce further mixing. Howsever, a rglatively small proportion of the
fluid resistance to heat transfer liss in the bulk of the fluid, hence
any increases in the mixednsss of this fluid, obtained by the use of
perpendicular edge inserts, will cause someuhat small increases in the
heat transfer factor. This important deduction leads to the conciu-
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 insfficient device for
increasing the heat transfer factor in ths turbuient flow regime. On
this basis, it 1s suggested that mixing studies should be performed
using tubes containing ingerts arranged as in configuration 7K. This
arrangement provides flow reversal 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 shoun that this configuration is a
caomparatively useful device for heat transfer enhancement.

Figures 5.52 and 5.54 show the results obtained using configura-
tions 8K and 9K. These results, which are based on the actual heated
length of the tube, do not distinguish hetween the data determined using
sach of these arrangements. The friction factor and heat transfer
factor ratios, for these two configurations, deviated by only 0.57% and
2.37% from the mean values shown on the figures. It is clear that con-
figuration 5K is far more bensficial than 8K or 9K aven though each
arrangement contains the sams 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 tubs sections: the
manufacturers (61) state that the disténce between Kenics mixsr modules
should not excead 2 to 3 pipe diameters.

Soms of the heat transfer data obtained using 3 and & inserts
appears tg show a discrepancy. Tha difference bestwsen the two rssults
determined using 3 inserts is very small and may be due to experimental
error. The inserts of configuration 1T 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 canfiguration 3T, compared to 1T, will produce further insert sur-
face drag. It 1s therefore expected that only a small increase in the
heat transfer factor will be observed as the number of inserts, in a
typa T arrangement, is increased from 3 to 6. A more significant ip=-
creass 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 behaviar of the friction factor ratios snown
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 fer the observed trend will be discussed since this helps in the
consideration of the heat transfer determinations.

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 cause fluid to interact with tha boundary
layer at the tube wall. Upon reaching the lsading edge of the next
pair of imnserts 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.s. 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 basig,it may be expected that the friction factor ratio
obtained using configuratian 5T would be greater than that of 67. This
is not found to be the case due to the greatsr surface area of the
inserts in the latter configuration, and hence the greater losses due
to shear stress on the inserts. The frictian factor ratio determined
using tube 7T is less than the ratios found using tubes 5T and 6T due
to the lack of flow ssparations and hence ths reduced form drag. Haow-
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 expscted 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 tuist ratio from that of the
prasent work. Alsc, 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

Bel Introduction

—— ———— . Y AN -

The resgrassion analyses, bérfurmed using the computer programs
FRICTION-6010 and HEATZ2-6010, show the data scatter about the regres-
sion equations. These ln-1n linear regression correlations between the
variables f# and Re, and Nu/brm'a and Re, are essentially medels which
have been proposed for the representation of the physical events. The
correlation coaffidients and 95% confidence intervals compare the
experimental data and the model. For tests in the turbulent flouw
regimae, the use of such models has been repeatedly justified; thé
latter may be considered to provide a multiple-sample test of the model.
The results of the present work agree significantly with the ln-1n
linear regression model and this indicates a certain confidence in the
results.

The preceding discussion does not prauidé any information con-
cerning the reliability of the experimental data, and therefore of the
constants and expanents of the regression equations; this is the pur-

pose of the present chapter.

Be 2 Nathods considered for the reliability estimations

T S ey A T R S W e S g S A Y S T S B o P -

.This subsection discusses the proposals, presented by Klins
and Mctintock (66), concerning reliability estimates in single sampls
experiments. The available methods are considered in general terms
and are applied specifically to the present work in sections 6.3 and
Beda

Consider y to be a functien of n independent variables”

y = ¥ (xl, Xpg seseny xn) (6.1)

A Taylor expansion of eguation (6.1), neglecting all terms
after tha second term, allows-the error in y, here denoted by &y, to
be found. This approximation of the pdssible deviation of y from the

* In the present chapter y and Xys Xpy seey Xpy are arbitrary
variables; they are not used to represent ths twist ratio of a taps,
or a tube length. The latter definitions have been used in the other

chaptaers of this thesis.
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trus value applies for small error terms in the variables. Hence

+ seee +

Ay &x
By = o 4 +
axl

Ay 8x2
aXZ

dy_8x
3xXp nl (6.2)

If the errors in the variables are considered ta be the maxi-

mum possible errors then

& B Xomax

™ Y 8% max
2

bxn

8Ymax = %..;’.lemx + ¥ oeees 4

1

(6.3)

This equaticn is often used to rapidly estimate the reliability of
experimentally determined results. Kline and McLintock (56) call
equation (6.3) the "linear" equation. They place "odds®” on the values
of the error terms, for instance, there may bes a 20 to 1 chance that
the error 1in'x, is less than or squal to le. Using equation (6.3) the
ocdds on the value of 8y is far greater than the odds for the terms

le, sz, eses and §X_ (66).

The use of standard deviations rathsr than error tsrms, for the
result, y, and the variables, has also besn considered; this approach
may also placs unacceptably large odds on the valuye of the standard
deviation of y, and therefore on ths values of 8y (66).

Reference (66) proposes that the best method of reliability
estimation is obtained using their "second power" equation :

2 2 2 0.5
Sy = -a'lsxl + ﬂsxz + soag + "a'xsxﬂ
axl ax2 axn

(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 ths rangs . In
BS 1042: Part 1: 1964 (13, ppe 67=-73) the 95% confidences limits on X
are used as the value of §x. Ths merit of equation (6.4) is that "b to
1 odds", or 95% confidence limits, on the values of ths variables also
leads to the same odds, ar confidence, on the value of 8y. There are
two principal drawbacks to the use of equation (6.4) :

(i) the odds en: S'& and  $x45,, will be the came o.qu

¥ all of the esrors edibib normal  olistribubions.

(i1) the odds on the errors are difficult to specify.
Khae avd Mclintoek (66) Show Hhal eqgaation (L. 4),
Compared to equebon (4,.2)) provioleg a bhelker
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meacure of 3y when the errors are nok noc»«a&y
clistributest - " The difficulty of point (ii) must bs
overcome in any reliability analysis; for example, the use of maximum
error terms is essentially stating the values of §x 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 ths "second power" 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 friectiocn factors

- o g s W T Pt Y (O O D S il kel i S P PO Y S A P ke P S S W A 0 A g e A o

The friction factors were datermined using the overall egqua-

=2 45 5 -
o= — CHep 8 (5-1) A (e o)

64 L g G° ¢ (6.5)

where 1L

length of tube on which the friction factor, f, is based,
for example, the heated or packed tube 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
either tha upstream end of the heated section or the
upstream end of the packed secticn of the tube

and

Lout tube length betwsen the downstream pressure tapping
and either the downstrsam end of the heated section or
the downstrsam end of the packed section of the tube.

The Reynoclds numbérs were determined using :
4 Q¢

Re (6.6)

" d 2 _
The second term of equation (6.5), later denoted by the symbol
ﬂTZ’ represents the correction applied to the expsrimentally determinesd
pressure drop to allow for the empty tubz length between the packed

tube length and the pressure tappings.

6.3.1 Isgthermal empty tube tests.

For this mode of operation, tha second term of equation {6.5)

is not considered. Applying a relisbility analysis uifh equation (6.5)




- 113 -~

it is found that :

2 4
af §mxd Hep 9 (5-1)
- = - (6.7)
ad 64 | ¢ §
2 5
3 Rod g 9 (8~-1)
—_— = : (6.8)
aH 64 L ¢ 02
2 5
2f ﬁnglg(l-S)
—_— = SN _ (6.9)
at 64 1" ¢ Q
2 5
of 2% d He 9 (1-58)
and = (6.10)
20 64 L g Q°
whers L = tube length between the pressure tappings.

The fluid properties p, @l, and 5, may deviate slightly from the true
values due to very small errors in the recorded temperaturs. Thesa
deviations will not be considered since the fluid propertiss are nat
significantly temperature dependent.

Substituting equations (6.7) to (6.10) into equation (6.2) and
dividing throughout by @, gives

§E=§§_d_+§_|'_l_+§_l._+___28fl (ﬁ.ll)
ﬂ d H L Q

Alternatively, substituting equations (6.7) to (6.10) into the "second

‘1 2 260 2 10.5

power" equation, (6.4), gives

[ - [

Sample calculations using experimental empty tube data are
shown in Tables 6.1 and 6.2. The experimental results which are
represented by denctation H of Table 5.4, are shouwn in Tables A.8.1 and
A.9.1 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+ would apply. However, the friction factors were based on ths
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 bstween two sets of pressure tappings at
points 2 and 3, bstween which swirl inducing inserts are placed with
tha last insert situated close to point 3, shows that for a horizontal
tube :

2 2 2
P p u u
_3 + E_ = _E o+ t + H
eq 2g g 29 2g F (6.13)
vhere ut = tangential velocity of the fluid
H = fluid head loss

F
P

The friction factors determined in the present work include the tan-

fluid pressurs

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. For the inssrt 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 ths 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 flouw

is given by :

0 u 2 R 2
bPcr = Tss [;] [;] (6.14)
whare.ApC_R is calculated in psi, u in ft s-l, and ¢ in 1h ft-s, and

y is the twist ratio of the twisted tape.

By integrating equation (6.14) across the flow field it can bse
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 cbtained

from equation (A.l.7). Using the factor of 0.96 that was estimated from
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the work of Kreith and 5onju, see above, it is therefore possible to
estimate the average value o?ApC_R at the axial tube position of P3.
In this way it is found that

SHT = differential manomseter fluid head eguivalent to the

average prassure gradient at the axial position of P3, cm

0.5386 | 2
el e

where u is expressed in units of ft s”l. The value of SH,, obtained

using equation (6.15), may be considered as an estimate of the
difference in pressure readings at the axial position P3, whesn measured
using a péstqt tube traverse across the tube and when using a wall
pressure tapping. On this basis SHT represents a possible error in

the measured manometer fluid differentials dus to the apparatus used

in the tests.

The value of ﬂk, calculated by the computer program EX-6010,
was determined using ﬂo = 0.0396 pe~0°%5, However, the experimental
isotherﬁal empty tube friction factor data was correlated well using
g, = 0.0651 Re™0*2%0

have been used to determine ﬂk. Furthermore, in the empty tube section

and it may be considered that this equation should

between the inserts and 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 Eriction factor is approximately 2.3
times the empty tube value., Based on the preceding discussion the
posgible error in the value of ﬂg, is given by

| 0.300

' -0.25 L (2.3) t (0.0651Re )
$f. = 0.039 Re Q.25 _ in + out
(tin * Lout) (g + Loyt
(6.16)
where Lin’ (lout) = tube length between the upstream (dounstream)

pressure tapping and the upstream (downstream) end
of the packed section of the tubs
The above estimates of &Hy and SﬂE are considered to be over-
sstimates since they assume that a fully developed swirl flow exists at
the exit of ths packed ssction. This will not be true for all of the

configurations tested.
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The method of Kline and McLintock is now applisd to each of the

component terms of equation (6.5), hence it is found that :
Sf_ - Sy, + 55

Tha term Sﬂ}l is calculated using the same method as that reguired to

(6417)

determine §@F in the empty tube analyses. The analysis to obtain Sﬂ%z

is : ( )
L.+ 1L
- in aut
.d'rz - F{E L (5-18)
where ( = packsed length of the tube

Hence, using equation (6.2) :

EEIE - 5P . Bltsn * Loue) . 5t (6.19)
ﬂTZ -E; ziin * Lout) t
Alternatively, using equation (6.4) 3
2 24045
5F1 =[[i€£ + {S(Li“ : LU“t)} + {Eﬁ} } (6.20)
P12 Pe (Uin * Loue) :

In section 6.3.1 the reliahility 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., Ths 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 carresponds to the results of denotation I of Table S5.8.
Tables 6.1 and 6.2 show that the effects of SHy and 8. ars negligibie
for insert configurations where the smpty tube pressure drop correc-
tions are small compared to the total pressure drop along the tube. Ffor
comparison, the results of tests performed using three equidistantly
spaced, anticlockwise twisting, inserts with aligned leading edgss ars
also considered in Tables 6.1 and 6.2. Tha experimental data for these
tests is presented in the graph and tables that are noted in Table 6.1;

this data is represented by dsnotation A of Table 5.7.
6.3.3 Empty tube tests performsed under heating conditions.

The analysis of this moda of operation is already stated in
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section 6.3.1. Howsver, friction factors guoted in the literature as
"non-isothermal friction factors" are generally obtained such that the
total length of tube between the pressure tappings is eithsr heated or
cocled. For the present work it may be considered that the empty tube
lengths betwesn the pressurs tappings and tha hsated section act under
an isothermal mode. Neglecting fluid density changes it can be shown

that :

(L+ L, o+ L) i L. tg L
ﬁﬁ = ﬂﬁm et out - ﬂo(iso)—%ﬂ'“V ﬁo(isa) Tut
(6.21)
where ﬂ% = friction Pactor acting along the heated tubs length
ﬂ;m = experimentally determined value of the friction factor
jz‘?(isa) = friction factor calculated using the experimental empty

tube isothermal regression equation at a Reynolds number

based on the fluid inlet temperature

JJEc(,iso) = frictisn factor evaluated as for ﬂziisa) but using a
Reynolds number based on the cutlet fluid temperature
L = heated lenqth of the tube
Lin’(Lout) = tube lengths bstwsen the upstream (downstream) pressure

tapping and the upstream (domnstream) end of the heatad
section,
Tables 6.3 and 6.4 present the results af a reliagbility estimation using
the analysis of section 6.3.1. The sample empty tube results obtained
under heating conditions are those which pertain to depatation K of
Table 5.5. For these tests, the values of ((ﬂ% - ﬂ;m)/ﬁ;m), that were
calculated using the above procedure, are G.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 6.3.3 it is
found that : '

L ~0.300
sf_ = 0.0396 negﬁ-zs - in ___(0.0851Re}" )
E av i lin + Lout ) i

L
out __ (2.3)(0.0851Re; " °%0)  (6.22)
Q

Lin * laut?
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where Reti, Reto, Retau = Reynolds nqmbers'eualuated at the inlet,
outlet, and average fluid temperatures.
for the purpose of the present estimatiocns
ti’ to’ and tau,-are considered to be the
temperatures indicated by the thermo-
couples Tl, T2, and the mean value
(TL + T2)/2, see Figure 2.4.
The valua of SHT is euaiuated_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 expsrimental results for the continucus Kenics mixer are those
represented by denotation H of Table 5.10. The experimental results
for the configuration of three inserts are those repressented by deno-
tation A of Table 5.9.

5.3.5 Reliability of the Reynolds number.

The Reynolds number is defined by :

Re = Tﬁa - %gﬁ (6.23)

Neglecting any deviations of the fluid properties due to
possible errors in tempsrature measurement, a reliability analysis using

the linear equation, (6.2), shows that

Tttty = — L J

SRe 5d . &0
Re d Q (6.24)

Alternatiuely, using the second power equation, (6.4}, then

$Re Sd gq ]2 19:8
Re " 1{Te| Y iTm (6.25)

Substituting ( §d/d) = 0,01 and (& Q/Q) = 0.03558 into equations
(6.24) and (6.25) it is found that ( § Re/Re) is approximately equal to
0.046 and 0.037, respectively. Using the more probable estimates,
(§d/d) = 0.005 and (5 G/Q) = 0.01.575, 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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6e3.6 Discussion of the reliability of the friction factor data.

From Table 6.2, the maximum and probable deviations that may
sxist in thé determined friction factors for the isaothermal 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 tha present data and the results obtained using the Blasius equation.
The results, for isothermal and heating modes, show that the poésible
errors have maximum values in the range 8% to 14% and more probable
values in the range 4% to ll%, for all of ﬁha data obtained. Assuming a
Reynolds number exponent of -0.33, the largest valus determined
experimentally, the errsrs in the friction factors calculated using
the regression equations would only bs l.5% greater than ths 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 wers separately performed on the
tarms ﬂ}l and ﬂ}z and the overall reliability of ﬁ‘mas determined from
thess values. This procedure is an approximation since it reguires the
addition of the two error terms which both depend on the error bi.
However, since the term SﬁTz has only a small effect on $@ the approxi-
mate method is adequate. Strictly, equation (6.5) should be rearranged
in the form

5

_2
1|:°d Hglg(S-l)

- ﬂﬁ (Lin * Luut) (6.26)

g =

t 64 ¢ Q2

) - While analysing the heat transfer data cbtained 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'ualue of
C been unknown, a regression analysis with no assumptions would not have

been possible.
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The heat transfer factor, Nu/bro'a, is caleculated using
Nu dD

= (6.27)
prlré [(1/u) -c] « prlé

A heat balance over the double pipe hsat exchanger gives

q = UG&/ dD L Ath . (6_’}_0‘)
where AtLN = (To B ti) - (Ti - tO) '
TD - ti .
1n| 122 |  (6.30)
i 0 :

Cambining equations (6.27) to {6.29) and rearranging we obtain

Ny = 1
004 n l. At c 3
Pr [______I_;f!__ - — Lk poled (6.21)
4 ¢ Cp At oJ

In order that dependent terms are not combined in the reliability analysis
the temperature variahles are compounded inta the single term ( Ath/ At).
An approximation of the reliability of this term is derived below.
Using the substitutions
Ga = (T0 - ti) (6.32)

and H, = (T, - t) (6.33)

we obtain

in [ G ) (G0 - H)
a( Atm/ At) {E’;’] G

0 (6.34)
aT B 2
° At 1n[521]
|
(Go B Ho) 1n| G
i =
i
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(G. - H) n] Gy | + At 1] - FGD
2ot /a0 0[ H | [EZ] [Mlntﬁo-__

S, :B 2
At 1n| "o
[ | Hg JJ (6.36)
penaf[ S]] - 6 -nyfm[G] ., [&
o 85,/ b8) | A_ v | A, H,

2

3
to [At ln[ig_} '
Hy (6.37)

The equations (6.32) to (6.37) are used in either a "linear”
or "second power" reliability analysis equation to obtain &( Ath/ At).

A "linear" reliability analysis of equation (6.31) shows

that
s(c/ﬂn) $C §d,
/) T ¥ N ' (6.38)
and sY st S(Ath/At) 5Q ( )
—_— = — 4 y  — 6,39
Y L (AtLN/Ai) Q
n bt At
where Y - LM
T —— (6.40)
Qe cp At
and
0.4 sY + s(C/d)
s(mu/’PrD 4) = o (6.41)
(Nu/Pr™°™) [Y - (C/do)]

A number of possible methods for ths estimation of §C were

considered, these are outlined below :

(i) The regressicn equation used for the analysis of the raw

experimental empty tube data may bes written in the form :

0.4

F Ret k Pr

1
[v - (C/ao)] = (6.42)
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Rearranging, we obtain

(C/HG) = Y - X (6.43)
where X = 1
e ReE K pro.a (6.44)
: _ E 5Re
Hence &X = (6.45)

« pe04 F RelE * 1)
For a given set of smpty tube results, F is knoun,AE = 0.8, and
§Re is obtained using the method of section 6.3.5. Using a "linear"

reliability analysis it is found that
s(g@é) = S8Y + SX (6.46)

Alternatively, a "second power" analysis may bes used.

The above mathod has two faults: the terms Y and X both involvs
the term (Qg) and therefore the terms §Y and §X should not be combined
since they are not independent, also, substituting equation (6.46) into
equation (6.41) shouws that the term §Y is used twice, which again in-
volves the combination of tuwe dependent terms., The former fault may be
partly surmounted by rearranging equation (6.42) and making the

approximation given below 3

_ . £
(c/d) = = Loy [“ dp .
° Qe At 49¢q] Fkpe™?
1 at AtLM ad P}E 1
Q¢ [c, A&t 4 Fkpel® | (6.47)

(ii) Since tests using the empty tubse were, in some instances,
performed prior to and after the insert tests, the value of S§C may be
considared to ba the differences of the values of C for the two empty tube
tests. Alternatively, if.the tube was destroyed after the insert tests,
or if a relatively long time period existed betuwsen the empty tube
tests, thereby possibly lesading to scale formation, the value of §C
may bs obtained from the two valuss of C found by assuming that |
E = 0.8 and £ = (0.8 - CON.) for the empty tube data analysis using the

1n-1n linear regression.
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(iii) The valus of B&C may be considered to be the difference
in the valuea of C cbtained using the regression analysis with the
assumptions that E equals the actual regression Reynolds number exponent,
and that E eguals the regression exponent minus the 95% confidencse in-
terval on the exponent. For empty tube tests this method is the
alternative precsdure used in maethod (ii). Provided that the data _
secattar 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 present work. Tables 6.5 and 6.6 show.
reliability analyses based on estimates of the possibls errors in the
measured variables which may be considered as "mean" values. Tables
6.7 and 6.8 show the results obtained using the sams analyses with ths

"maximum® possible deviations of thse wvariables.

6+4.1 Discussion of the reliability of the heat transfer factors.

As stated previously, method (i) of section 6.4 is not con-
sidered to bs a good method for the estimation of S(C/BO). The use
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 transfsr factor charts. Since this is nat
found to bs the case the possible errors may almast be considered to
be fixed errors i.s. approximately the same error occurs in each of
the variables when it is deftermined on consecutive occasions. Con-
'sidering this to be true, the possible error in S(C/HO) should not be
considered to be caused by errors in X and Y but only by the scatter
of the data about a Wilson plot line (Y 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 powser 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 possible 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 rssults of denotations
Cand D, and G and H {Tables 6.6 and 6.8). These results were obtained
using identical inssrt configurations but for dsnotations € and D 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
quita large; but they are considered to be acceptable for most design.
situations. It should be noted that the full length arrangaments (con-
figurations 6K and 7T) used insert lengths which did not quite extend '
along the full heated tube lasngth. Ta allow for 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 bsen considefsd to passess
a possible error of 2,24% (maximum).

Configuration 6K yields an approximately three fold increass
of the heat transfer factor éompared to the empty tube value; con-
figuration 7T, the full lsngth twisted tape, yields an approximately
two Told increase. Due to the intermediate results obrtained using
configuration 77, this arrangement has also begen analysed in order to
provide a reasonably complste reliability analysis over the total range

of the measyred heat transfer factors.
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7 Comparisons with previous wark

7.1 Introduction

------------------ -

This chapter compares the hydraulic and thermal characteristics
of tubes containing either tha twisted tape ar Kenics éonfiguration
with the results obtained by previous workers. Also, all of the
present work is presented in the form of ln(Nu/NuD) versus 1n(f /'ﬂg)
and using the constant pumping powsr criterion adopted in Chapter 1.
7.2 __Pall rings_

The packed/bmpty tube ratios of the Nussslt numbers and
friction factors uere'eualuatsd at Reynolds numbers of 15500 and 86500
(the maximum value obtainabla with a fuily packed tube) using the
reorassion equations in Tables 5.2 and 5.3. The average values of the
ratios determined at thess Reynolds numbers are shown in Figure 7.1.
Also shouwn are somé of the data presented by Norris (6, pp. 16-26).

The results for large roughness spacings were obtained using s/é = 10,
which is the optimum spacing, These roughnesses were sither 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 ths circumference of the tubs and therefore they provide little,
or na, fin effect, instead they may have actually reduced the effec-
tive heat transfer surface area. This is one of the reaéans for the
lower Nusselt numbers produced using Pall rings as opposed to other
forms of tube roughness. Furthermore, portions of the Pall rings
projected inte the bulk flow stream thereby leading ts form drag and
increasing the ratio g /'ﬂ;.

For reasons of clarity, the line corresponding to equation
{(1.91) has not been included in Figure 7.l. This line would pass
through the origin of Figure 7.1 and the point where # / g = 10,
Nu/NuD = 1,95, All of the results obtained using Pall rings would lie
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,
Reop, may be larger than the highest values used in the empty tube
tests, howsver it was assumed that the empty tube characteristics were

specified by the results in Tables §5.2 and 5.3.
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While reviewing some previously published work it was
necessary to estimate the friction factor and/or heat transfer factar
for the empty tube. In these instances the viscosity effect at the
tube wall and the effect of the tube length were neglectsd. This
procedure was also adopted by Bsrgles et. al. (2), (5). The empty
tube characteristics wers 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
equatidns and the constant pumping power criterion. The resulting
fNusselt number ratios for a constant power, (Nu/Ngo); are presented
in Table 7.l. The differences between (Nu/Nuj)p and (Nu/NuD); never
exceeds 8%. 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/Nuo); 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 aof the flow
area changes and flow dsvelopment 3

%comm = 1.20 Re" %% | g 593 pe"0-%%® (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, proﬁide a reasonable comparison of
the work of various authers 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 ﬂ'/ ﬁa = B.51
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* 0.03, over the Reynolds number range 11000 to 78000. This result
agrees reasonably well with the present wark although for the above
reasons it is a tentative comparison.

The correlation proposed by Gambill and Bundy (47) saverely

underpredicts the present results. However, they note that some of the

results, used to obtain their correlation, way be in errar. 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 af (S‘/H) used by previous workers were cansiderably less than

that of the present work. It may be that the equivalent flow concept

cannat be used to extrapolate the available correlations to larger '
values of (S/QH. An alternative reason for the deviations is the ‘
gffect of the roughness of the tube and inserts. Llopina and Bergles

{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 1.3.68, is the ‘
result of an increased pressurs loss at the surface of the taps. IFf

the above argument is correct, and it is assumed that the tapse dees ot ‘
act as a fin, then the heat transfer results of the present work should

tre 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 ths range of values of d and § used in their

studies and because some of their tests were perfommed using (§ /d) =

0.1; this is reasonably closs to the value used in this work. It may |
be this effect which results in the siightly lower hesat 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 tha geometry of the present
work, the correlation predicts heat transfer factaor ratios of 5.37 and
2.86 at Reyholds numbers of 15500 and 104000, These values are con-
siderably greater 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

= 0.947 for the twisted taps

]iso

nd '
a ﬂ;!hz = (.903 for the empty tubse
o(isa) :

where the friction factors are evaluated at the same bulk Reynolds
number and the following subscripts have been used :
‘h = heating conditions

iso iscthermal conditions

It

o empty tubs

Using the correlations of the results obtained under isothermal and
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 shouws that
ﬂEDRRSh!
CORR(iso)
and ﬂé(h
Eo(iso)

The effect of heating is seen to reducs the isothermal friction factors

0.985 for the tuwisted tape

0.9G68 for the empty tube

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 occcurs at the tape surface rather than at the tube wall wherse 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 selder
inserts under heat transfer conditions. These results have preuioﬁsly
been presented in Figures 5.52 to 5.54. The actual friction factors
assnciated with the powers required to produce the heat transfer co-
efficients have been used in thess qraphs i.e. no allowance has been
made for the flow development and tape end effects with configuratian
7T. At Reynolds numbers of 15500 and 104000 the values of (Nu/Nuo) and
7/ ﬁ;) do not deviate from the mean values shoun in Figure 7.2 by
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more than 3.2% and 6.5%, respectively, and generally the deviations

are considerably smaller. The dashed line on Flgure 7.2 shows the
effect of increasing the number of type T {LH:LH) inserts with aligned
(DD) leading edges. Comparing this line with Figure 7.1 clearly shows
that the relationship betwsen the heat transfer and friction factor in-
creases is different for these enhancement devices. The complex faorm
of the line must represent the changing proporticnal contributions of
the swirling flow, form drag and flow disturbances, and surface
friction, on the heat transfer and pressure drop charactsristics.
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 conditinﬁs of this work.
Howsver, it is interesting to note that confiquration 5T is a better
device than the full length tape, configuration 77. Ths former config-
uration requires approximately one half of the insert material needed
to produce a full length tape; this may be important in applications
whers equipment weight reduction is a'design critericn,.

The results for configurations 1T and 1TS show that the effect

of the insert thickness on the ratio (Nu/Nu is neglxglhla for tubes

containing 3 inserts. Table 7.4 also shous tﬁat the uséag% péégﬂ%dl-
cular edge arrangement , or locating the inserts near to ths tubse exit
(configuration 9T), are to be avoided if the constant power criterion
is to be used as a measurs of the effectiveness.

Tha following modifications of the present insert configura-

tions may produce more beneficial results :

(i) The use of smooth inserts will raduce the pressure drop
across configuration 77, possibly by upto 40%. A lowsr reduction would

occur with configuration BT, for axampls.

(ii) The inserts used in this work did not behave as sffactive
fins. Ephancement of the contact bstween the inserts and the tube wall,
for example by redrawing the tube aver the inserts or by a tube rolling
process at the location of the inmserts, ‘would increase the heat transfer
OefflCLBntSo The fin effect determined by Lopina and Bergles (79), |

sga section 1,3.6, was obtained using a redrawn tube.

(iii) Configurations 1T, 175, 2T, ... to 6T, do not bensfit
from the swirl flow downstream of ths inserts which are located at the

exit of the heated section. If these inserts had not heen included
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then the pressure loss across ths tube would have besn significantly
reduced, although thers would have hesn a smaller reduction in the heat
transfer coefficients. These comments also apply to the typs K con-

figurations.

(iv) The use of thinner inserts would reduce the pouwer
requirements of all of the configurations. However, the heat transfer
coefficients are dependent on the fluid mixing between the inserts and.
the intsraction of the tube wall fluid with the flow which has separated
at the leading edges of the insserts, (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 (6§ /d) will produce larger heat transfer coefficients in the
packed sectigns of the tube. It is liksely that there exists an optimum
insert thickness, for each configuration, which produces the largest
values of (Nu/Nuo)p. It was not the purpose of the present work ta

determine the optimum insert thickness.

7.4 The Kenics static mixer arrangement (Configuration €K)

———— S i 0 S R g S S i s e S e . A A T i g Gl s e e S g e AR A U kPR G A g

No previous workers haﬁe proposed generalised correlations which
may be ussd for the comparison of the pressure drop results of various
studiss. For this reason the friction factors are to be compared with
equations (1.80) to (1.83). Allowance for the relative insert thick-
ness, (S/H), is based on the equivalent flow coneegpt using eguations
(A.1.2) and (A.1.3). This procsdure cannot be theoretically justified
and it is only used because of a lack of any further information.
Furthermore, it is possible that the effect of the tube diameter, as
proposed in equations (1.80) to (1.83), does partially includs the
effect of the thickness of the inserts, although since no geometrical
details are available it is impossible to determine this possible
affact. Details of the comparison procedurs and the calculated results
are presented in Appendix A.l12 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
betwsen the experimental and predicted results. It is also possible
that the slight roughnesses, near to the joints of successive elements,
may alsc lsad to greater friction factors. This effect is expectad to
be small due to the high degree of mixing of the fluid stream. How-
gver, it must be recalled that eguations (1.80) to (1.83) ars the
results of regression analyses of the manufacturer's data. Their work
invelved inserts.with twist ratios upto 1.8 (60), or 1.9 (24}.
Extrapalation of the equations to the twist ratio used in the present
wark {y = 2.03) may be a possible source of the deviations which have

E been noted. Also, it was assumed that (§ /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 far those obtained under
isathermal conditions. This must be due to an overpredictian 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 ars based, were obtained under isothermal con-
ditions. It is alsc interesting to note the close agreement of the
effect aof the Raynaolds numbsr on the friction factor ratio; the results

of Chen (24) indicate that K is proportional to Reo'm4 while the

0.111 under isothermal conditions.

present work shows a dependence on Re
This again implies that the rssults in rsference (24) were obtained
under isathermal conditions.

In Table 7.5, the results of previous worksrs have been
extrapolated to Reynolds numbers of 78000 in order to examine if such
extrapolations produce agreement between ths previous and predicted
work. In the turbulent flow regime the friction factor is proportional
to the Reynolds number raised to a given powsr. Ths results of
Chakrabarti (21) were cbtained in the empty tube laminar flow regime
and they do show some curvature of the 1ln-1ln friction factor correla-
tion. For this reason the correlation proposed by Chakrabarti has been
presentad graphically as figure 7.3. The lowest Reynolds numbers below
which Chakrabarti's correlation deviates from the predicted results by
mare 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) alsc indicate a good agreement over a
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wide Reynolds number range, particularly when, as yith ths previaﬁs workK
cansidered above, the medified form of equation (1.81) is used for
comparison.

Although this work was not directed towards mesasurements in
the laminar flow regime ths above conclusions suggest that the modified
forms of eguations (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 asscciated 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 tube diameter of 12.7 mm. No conclusive reason can
be offered for the comparatively small fricticn 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 upte 5500, fer
the above reasons, Figure 7.4 clearly shows that it is not advisable to
oxtrapolate the results of the present work to considerably lower
Reynolds numbers.

Morris and Benyon (86) and Proctor (10l) 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 whieh would provide an indicaticn of the
accuracy of their measyrements 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 some error in ths
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 ths 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
betwean the results found by Proctor (101) and those calculated using
tha modified faorms of equations (1.80) to (1.83). These include :

(i) A minimum diameter of 15.7 mm was used in the regression

analyses that produced equations (1.80) te (1.83}. The tubse diameter
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was 12,7 mm in the tasts of Proctor (101). It is clear thersfore that
in using thse regression equations with tha geomstrical details of
Proctorts work there has heen an extrapolation, with respect to the

tube diamster, of the regression equations.

(ii) Equations (1.64), (1.66), and (1.70), show that the friction
factor characteristics of many in-line mixers depend on tha 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 ths results of reference (24)
apply for fluids with viscosities that ars greater than that of air.

For this reason, it may be expected that the friction factors that were
determined by Proctor would te smaller than those found by Chen (24}.
However, Chen does not indicats that the friction factor is dependent

on the fluid viscosity, other than in the mannser that is indicated by
the Reynolds number effect. The results of Smith (116), (117), for air
and uate;,‘also indicata that there is no effect of the fluid viscosity,
othef than that shoun by the Reynolds number dependency, on the friction

factor characteristics of Kenics mixers.

Previous workers have shown that the inssrtion of a Kenics
mixer, y = 1.5 (approximately), into an empty tubs will increase the
heat transfer cosfficient by approximately a factor of 3. In the
present wark, 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 thase used by previous
workers. Dus to the lack of information it is not possible to proposs
any correlation concerning the effects of y, D, &, and the fin effect,
on the heat transfer charactsristics of the Kenics system,

Figure 7.5 compares the presént results with those obtained by
Lin et. al. (78) in the laminar/turbulent transitiocnal flow regims.
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 disagreemsnt 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 adequatsly represents all of their results

for Re > 2000. There may have been scme curvature of their data in

the Reynolds number range of the laminar/turbulent transitiocmal flow
regime. Such curvature may have been neglected in order to producs

a straight line {ln-1n) correlation of the results for Re > 2000. If
this suggestion is correct, the lines H and D in Figure 7.5 may be
considered to represent the characteristics of the Kenics static mixsr
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
alightly 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 sama in
this study and reference (78). Therefors, extrapolation of the present
results, aobtained 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 bs
obtained by using Kenics inserts in the conventional laminar/turbulent
flow regims. Howsver 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 suitabls for heat transfer enhancement.
Thay sustained a flow for which the friction factor dscreased rapidly
with increasing Reynolds number whils the heat trangfer factar in-
creassd rapidly. It may be that in an industrial aspplication, 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 ratioc. It may be that
this type of correlation is poésibla because each of the pairs of in-
serts increases, to approximately the same extsnt, ths magnitude of the
effscts which result in the heat transfer and pressure drop increasas.
In contrast, the results obtained using aligred anticlockuwise helices
could not be correlated in this way becauss of the changing contribu-

tion of each of the effects producing the increases,



- 135 -

Figure 7.2 clearly shows that the use of a contilnuous length
of Kenics mixers extending along part of the heated tube length, that
is, configurations 8K and 5K, is not a good mathod of increasing the
heat transfer coefficient. It is also geen that alignment of the
leading edges, in a full length configuration of alternately twisted
helices, is better than the perpendicular edge arrangement, i.s. the
Kenics mixer configurétinn. Tabla 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 tabls
also indicates that none of the devices werse beneficial. However, it
would be possible fo increase the hsat transfer factors by enhancing
the contact bstween the inserts and the tube wall. !

The thicker stainless steel inserts produced values of
(Nu/Nuo)P which were approximately 3 to 4% greater than those obtained
using the solder inserts. However, with the available inserts, anly
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 hfeferred for all of the configura-

tions shown in Figure l.65.
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g Conclusions

This chapter is a summary of the main conclusions and results
of this study. For reasons of brevity, and to provids a clear

presentation, the conclusicns have been annaotated.

(1) 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 bsen 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 werse 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 filuid temperature
will be adequate. This procsdure had not been proposed by prsvious

workers.

(1ii) An adaptation of the Wilson plot technique has been used.
This adaptation eliminates the need to produce two graphs, 1/U versus
l/hD'8 and ln(Nu/er'a) versus 1n(Re), in order to determine the heat
transfer characteristics. The adaptation also shouws 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 esach 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 psrformed using
tubes yhich contained Pall rings. Various empty tube distances, hetween
the Pall rings, were used. The maximum heat transfer factor increass,
above the empty tube values that were obtained over the same Reynolds
number range, (Nu/NuU), was 1.5. This increase was accompanied by a

pressurs loss increase, (f / ﬂ;), 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 gualitatively used to explain some of the phencmena observed

throughout the present work.

(vi) The characteristics of tubes containing short lsngths 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 betwsen 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 pouer, (Nu/Nug)p, is 1.0. For the continuous full length
twisted tape thz ratio was found to be 0.89,

gver the flow range of the tests, the average actual heat
transfer factor ratio, (Nu/Nuo), was 2.0 for the optimum configuration,
and 1.8 for the continuous tape. For both of these configurations the
above increases were accompanied by friction factor ratiaes, (F /'ﬂg),

of 11, approximatsly.

(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 jupctions of
consecutive inserts. The relative thickness, (&% /d), of the tape was
approximately twice that used by other workers. The equivalent flow
concent was used to allow for this difference. The uss of this concept

may be unjustified and furthser 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 perfarmed using a continuous Kenics mixer and with

pairs of Kenics elements (consecutive altsrnately twisted helices with
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perpendicular leading edges) interspaced along a tube. None of thesse
configurations are peneficial for heat transfer enhancement when using
the constant power basis for comparison with the empty tube results of
this work. However, heat transfar coefficients were produced which
were 2.8 times greatsr than those obtained while uwsing an empty tube
gver the same Reynolds number range. This increase was preoduced with

a continuous Kenics mixer for which the friction factor increass,

(f/ #), was 73.

(x) The large difference between the ratios (f / £ ) for the
Kenics and twigted tape configurations was due to the combined effects
of the flow reversal and perpendicularity of ths lsading edges of cone
secutive inserts. For the continuaus configurations, formed such that
consecutive inserts had either opposite, or identical, twist direction,
it was found that alignment of the leading edges of ths inserts is to

be preferred.

(xi) A continuous length of alternately tuwisted helices with

aligned leading edges was found to be the best arrangement of
alternately twisted inserts. For this configuration, the hgat transfer
coefficient ratio based on the constant power criterion, (Nu/Nuo)p,
‘was 1.0. The ayeraga heat transfer and friction factor increases,
relative to an empty ftube operating aver the same superficial Reynolds

number range, were 2.6 and 26, respectively.

(xii) The equidistant spacing of the pairs of inserts is

preferred te locating the inserts close to the downstream end of ths
heated section of the tube. Thig suggests that the use of pairs aof
Kenics inserts, spaced along a tube, may be bensficial for the

mixing of low viscosity fluids.

(xiii) Correlations have been proposed which acceptably represent
the friction factor characteristics, found by variocus workers, of tubes
containing continuous lengths of Kenics mixers operating under

isothermal caonditions.

(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 bheing applied through the
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tubs wall. Although there is an indication that the effect of the
viscosity ratio, (FS/F)’ is dependent on the number of inserts it was

not possible to quantitatively characterizs this sffect.

{xv) The results have been presented in the form of ln(Nu/NuO)

versus 1n{g / ﬁ;). The results obtained using configurations of
alternatsly 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, 8, uwhere ﬂ = A ReB, was found to

vary with the number and arrangement of the ingserts in the tubs. It has
been suggested that ths magnitude of B decreases as the kinetic energy
losses of the fluid are inbreased 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. Howevsr,
some of them may be suited to applications whera simultansous heat
trangfer and fluid mixing is regquired. 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
| effectivensss of the inserts, which are suggested in this thesis, should

be applied.

(xviii) Estimations of the accuracies of the exp;;imental results

were obtained. A tumber of pessible 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 many experimental studies.
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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.D.

regression pavameter in the friction factor correla-
tion, see equation (4.22)

actual fres flow area

superficial free flow area = (& /4) a’

true flow area, see equation (A.l.14)

corrected true flow area, see equation (A.1.15)
surfacs areé of the cuter wall of the tube section
that does not contain inserts = & dj lg |
surface area of ths outer wall of the tube section
that does contain inserts = § dy 1p

crass sectional area of the tube wall

maximum cross sectiocnal area, in a horizontal
plane, of the rotameter float

total surface area of the outer wall of the tube
ndg L

cross sectional area of the rotameter tubs on the
downgtream side of the float

cross sectional area of the annulus formed by the

* tube and float of the rotamster

averags absolute percentage deviation

.
(No.) zg:

Reynolds number exponent in a friction factor

Measured - Calculated | (100)
Measured

correlation, ses squation (4.22)




CON.

1
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expansion coefficient

ratio of the flow areas of the vena contracta and
the contracted duct

specific heat capacity of ths fluid

drag coefficient of the float of the rotameter

sum of ths 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 definitign of C except that this valus applies
over the ssction 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

ingide diameter of the tube, or container
logarithmic mean diameter of the tubs

(dy - d) / 1n (dg/d)

outside diameter of the tube

ingide diameter of the outer tube of an annulus
inside diameter of the tubse, inches

equivalent diameter of a tube containing inserts,
see equation {A.1.2) ‘

"trus" hydraulic diameter of a tube containing
inserts, see equation (A.1.20)

corrected hydraulic diameter, see equation (A.1.23)
diameter of the orifice

diameter of thes particles

tube sids fluid density evaluated at the temperature
of rotameter R1

annulus side fluid density evaluated at the tempera-

ture of rotameter R2

roughness of the tube wall, or height of a roughness

element




Gr

h, h
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Reynolds number exponent in the heat transfer factor
correlation, see equation (4.32)

power per unit volume aof fluid, erg cm“s (blood) min~

% of the "fiducial® flow through the rotameter, see
section 4.5
regression parameter in the heat transfer factor

correlation, see equatiocn (4.32)

acceleration due to gravity

Prandtl number exponant

2 2 3 2
Grashof number = 2 A ¥ Yo (Ts - Tb) O, ¢
d p?

fluid film heat transfer coefficient on the tube side
and the annulus side, respectively

tube sids fluid film heat transfer coefficisnt in

the empty tube or in the empty sectioﬁ 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,

mom en”? (cells) min~t

lgcal 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 inssrts when requiring the
same pumping power. Thse fluid propsrtiss, tubs
length, and tube diameter, are the same in both cases
fluid hesad 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, sea saction 4.5

thermal conductivity of the fluid and tubs wall,
respectively

1
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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 and the empty tuba at the
same superficial Reynolds number

number of velocity heads “"lost" due to a {low
contraction, see equation {A.10.3)

momentum correction factor |

number of velocity heads "lost"™ due to a flow
expansion, see equation (A.10.2)

kinetic enerqgy corrsction factor

constants which depend on the type of rotameter,
see equations (4.11) and (4.12)

paramster which is dependent on the geometry of the
Kenics mixer and is used to calculate the pressurs
drop across such a mixer, see eauation (1.78)
paramgter which depends on the cross section, and
changes in the cross section, of the duct, see

equation (1.92)

length of the tube

length of the tube dounstream of a blockags, ses
Figure 1.1

tube length between the upstream pressure tapping
and eithar the upstream end of the heated section,
or ths upstream end of the packed ssction, of the
tube

actual total length of tubs that doss not contain
(LD),or does contain (Lp),inserts

tube length between the downstream pressurs tapping
and either the dowunstream end of the heated section,
or the downstream end of tha packed section, of thse
tube

fraction of the tubs length that is cccupied by
inserts = [p / (lo + Lp) . }
swirl flow path length at the inside surface of tha
tube wall, see eguation (A.1l.6)
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exponent on the viscosity ratio, (pg/p), which is
used with the friction factor correlation

ratio of the cross sectional areas of the orifice
and the tube = (Dg/d)”

maximum absolute percentage deviation, i.e. the

maximum valus of | Measured - Calculated | (100)
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
eguation that applies to thé full lenaqth configura-
tion (6K or 7T) or equation (A.11.21), see Table
5.13

equivalent flow Nusselt number = (h De/k)

Nusselt number for flouw in an empty tube

Nusselt number for flow in an empty tube at a
Reynolds number of Reul’ or Reo2

ratio of the Nusselts numbers of the flow in the
packed and empty tubes which are operating at Reynolds
numbers of Re and Re p, respectively. Nu_ is
evaluated using the regression equation that was
found experimentally

see definition of (Nu/NuO)p except the packed tube
is operated at a Reynolds number of Re;p and Nu, is

svaluated using equation (1.19)

pumping power

pumping power required to produce a Reynolds number
of Reol’ or HeoZ’ in an empty tube

fluid pressure, see Figure 4.3

Prandtl number = (cp p/k)

heat flowrata through the entire tube wall
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heat lost from the annulus section by conduction
along the tubs

heat flowrate through the surfaces of the fin

heat flowrate through the wall of the tubs section
that does not (qo), or doas (qp), contain inserts
volumetric flowrate of the fluid

"fiducial", or theoretical, volumetric flowrate of
fluid through the rotamster, see section 4.5
valumetric flowrate of the tube side fluid at the
temperature of rotameter R1

volumetric flourate of the annulus side fluid at the

temperature of raotameter R2

radius of the tubs

radial distance measured from the centreline of the
tube, when using the forced vortex madel

{correlation coefficient)z, whan considsring the
experimental data. (Valuss of R® that are close ta 1
indicate that the data is acceptably represented by
the linear regression egquation)

scale resistances to heat transfer on the inside and
putside surfaces of the tube wall

scale reading on the rotametsr

root mean sguare absolute percentage daviation

1 Measured - Calculated |(100) 210.5
(No.) fleasured

superficial Reynolds number = {d u Q/'F), also

referred to as "Reyholds number"

equivalent flow Reynolds number = (De u, Q,’p)

(o, ¥ ¢/ p)

Reynolds number of the flow in an empty tube which
requires the same pumping power as the Reynolds
number in the tubs that contains inserts. The empty
tube characteristics are thoge found experimentally
in the present work

see definition of Reo except the empty tube

p
‘characteristics are represented by sguation (1.4)

(8 uy o/ p)




Sc

Sh, ShQ

o

ti

tau’ ti'

tb, Tb

ts’ Ts
by

Tay T127g

T(1,3)
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|
|
|
|
pitch of roughness slements
specific gravity of ths manometer fluid |
Schmidt number
Sherwood number for flow in tubes which centain (sh),
\
|
|
|
|
|
|
|

or do not contain {Shg), inserts

fluid temperature, for exampls, in a rotameter
thickness of a blockage, ses Figurs l.l

average, inlet, or outlet, bulk fluid temperature of
the tube side fluid

bulk fluid temperature, (T, measured in degrees
absoluts)

temperature at the inside surface of the tube wall,
(T, measured in degress absalute) '
value obtained from Student'!s t-distribution, see
pppendix A.6

average, inlet, or outlet, Dulk fluid temperature of
the annulus sids fluid

Ti |
Ty

inlet temperature of the tube side fluid carrected
for heat conducticn losses

cutlet temperature of the tube side fluid corrected

for heat conduction losses

superficial fluid velocity

fluid velocity based on the actual flow area, ss@

equation (A.1.3)

resultant fluid velocity at the inside surface af the

tube wall, see egquation (A.1.9) |
tangential fluid velocity at radial co-grdinate, R,

see equation (A.1.7)

tangential fluid velocity at the inside surface of

the tuba, see equation (A.l.8) '

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
(uy)» er packed (Up), section of the heated tubs

langth

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 tha rotameter float
velocity of the annulus side fluid

distance from the tube inlst, 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 = (d, - d)

length of the tuisted taps

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 interfacs 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)
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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 pressurs gradient, across the tube, at
the axial location eof P3

pressure drop

pressure loss due to the flow development and the
entrance and exit

pressure drop across an empiy pips

pressurs loss due to contraction of the flow
pressure difference between the fluid at the centre-
line and distance R fraom the centreline

pressure loss due to expansinon of the flow

pressure loss due to the formation of a fully
developed swirl flow, see equation {A.10.1)
tempsrature rise of the tube side fluid = (t0 - ti)
temperature drop across the fluid film = (ts - t)
logarithmic mean temperature difference between the
tube and annulus side fluids. This difference acts
over the totazl length of the heat exchanger

sea definition of Ath axcept this temperaturs
difference acts over the total lsngth of an empty
tuba or over an empty section of a tube

sea definition of Ath except this temperaturs
difference acts over the section of tube 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 At/, oxcept this temperature

difference acts over the empty section of the tube
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see definition of Atiﬂ except this temperature
difference acts over the packed section of the tube
difference between the temperaturss of the tube wall
at two locations which are separated by a tube length
of Ax

tube length bstween two locations

constant hhich depends on the tube dimensions and on
the type of inserts, if any; see equation (4.26)
efficiency of a enhancement device, see eqguation (1.87)
overall fin efficiency = qfin/(z (t, - tb) d L h)
angular co-ordinate, see Figure 1.1

0.3 (TS - Tb) + Ty

fluid viscosity

fluid viscosity evaluated at ths temperature at the
inside surface of the tube wall

fluid density

fluid density evaluated at the mean film temperature
density ef the manomster fiuid

density of the rotameter float material

tube side fluid density svaluated at the temperature
of the manometer

ratio of the flow areas downstream and upstream of
the contraction

"summation"

local shear stress at the tube wall

friction factor = (&p d) / (4 L ¢u?)

squivalent flow friction factor = (Ap De),/ (4 Lo ui)
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 squations
(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, Rae
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= empty tubse friction factor under heating conditions

empty tube friction factor under isothermal conditions

o
—
|

friction factor calculated using the reqressiaon

equation which represents the results obtainad uith
configuration 6P
fricticn factor calculated using equation (5.4)
friction factor corrected for the effects of flow
devalopment and entrance and exit

= friction factor that is assumed to exist over the

lengths lin and lou

= 0.0396 Rsfa'zs

= first term in equation (6.5)
7 ¢ H oo 8 (5 - 1)

t

64 L p Q2
= second term in equation (6.5) = ﬂk (L * Loue) 4
2
= (@pd)/(41eu)

Tha subscript "K® refers to the commercial Kenics mixer for

§/d = 0.1 for d <38 mn
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TABLES




Table No.lel

Rkeference

Present work

Gmﬁbill, Bundy,

and Wansbrough
(49)

Gambill and
Bundy (47)*

Seymour (110)

Smithberg and
landis (118)

Kigay (83)
Seymour (111)

Thorseh and
Landis (128)

Lopina and
Bergles (79)

Klepper (65)

* Survey of the available experimental results.

Fluid
Water

Water

Various

Air
Ar &
Water
Adr
Air

Aip
Water

Nitrogen
gas

Twist ratio

2.03
243~12.0

0.28-11.0

1.75-13.2
1.81-11,0

1.75-10.0
1.84-6.55
1.58—400

2448-9.2

2.38-8.05

d/ mm

20
3.5-6.3

357759

22
3541

20
25-3‘75-2
2543

5 /4

0.4
0.06~-0.11
Various

0.037
0.051

0.050
0.063-0.065
Unkmown

0.070

0.036

Conditions of the testis performed by various workers using twisted tapes.

Re range

1.1x10%-1.04x10°
| 5%105-4. 27107

245x107-5x109

1.5x10%-107

2x10°-6x10%

2x103--5x104
102107
5x10°-107

3

8x10°-1. 3x10°

0x10%-3.8x107

- 19T =



fable No.1.2 Typical values of the triction tactor ratio (K=¢/¢Q=GR9H) for the Kenics
static mixer configuration

Reterence Conditions  Twist ratic d/mm 6 /4 Re range G H  AverageK
Grace [51] Unknown @15 Unknown Unknown 5)<‘I{'J3:..107 742 0-087 230
Bor[12] ' Unknown Unknown Unknown Unknown Turbulent R ——  B0.80
Morris and . . ) 3 4 ] .
Benyon(86] Mass truﬁsfer 25 12:7 0079 | 6x10:3x10 . 3-47 0140 13
Proctorl101]  Mass transter 2:0 127 0-079 111x10°.3-0x10 174 0222 15
Proctor (1011  Mass transter 15 127 0079 110210 219 0240 27
Proctor[101]  Heat transtfer 16 127 0079 6x103_*2x10£' 418 0-229 36
Smith’[ﬂ?l 1sathermal 1-5 19 0074 3x10%_105 236 0-130 85
Chug?ﬂmrtix lsothermal 143 200659  Unknown 1-6_2-8><1D3
Notes
The values of K are based on 0o=0-0396Re’O.25f The average K is the mean of the results

evaluated at limits of Reynolds aumber for each of the reference studies.

*Reference [116] is the original source of this correlation reference [117] presents the
correloguon more ciearly.For this work the average K 15 based on the results at Rez2500
and 107

*fhe friction tacter correlation in reference [21] is: # = (55/Re}+ 04 .Due to the low Reynolds
numbers used in these tests the friction faclter ratios have not been determined.

~ 2817 -
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Table No.le3 Comparison of the heat transfer and pressure loss
characteristics of standard lengths of motionless in-line mixers.

L [4) Ui

Miyxer Type X X To Uo Uo .
Etoflo 50 5 —_— E ——
Lightnin 169 10.1 5 0.299
Ross LPD 293 2644 —_—  —
Ross LLPD 116 12.1 _— —
Ross ISG 3950 257 —_

Komax 203 18,2 3 0.268
Xenics 71.3 7.23 3 0.305

Assumptions and conditions for this table:

(a) The standard length of each of the mixers is considered 4o
produce the same degree of 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 vwhich the tube outside diameter is 38 mm but the
inside diameter is unknown.

(e} p = 1 cP, specific gravity = 1, Re = 50000,

(d) ¢o = 0.0396 Re 0* 27

(e} X for the Kenics mixer is determined 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 Metals Ltd.(London)
The data for stainless steel is extracted from Perry and Chilton (97)

\
Common name Pluwber's solder Tinman's solder 316 stainless :
. steel |
|
B3 219 Grade J Grade K |
: |
Typical composition Sn 30% Sn 60% Cr 18%,Ni 11%, |
Pb Bal Fb Bal Mo 2.5%,HMax. C 0.1%, ;
‘ Fe Bal |
Melting range, C 183-255 183138 1370-1400 }
Thermal conductivity, 0,09 _ 0.118 0.04 |
cal em L ¢ g7t |
Thermal expa.nSiDn, 26.0 24-7 16.0
at rosin temperature,
-1 o =1
mm C
Specific heat, 0«045 Q051 0.12
cal £t Ot |
Charpy V-notch impact —— 22 ' " ———
strength, J
Tensile gtrength, ——e 49 827
-2
MN m

The above data repfesents average values for the temperature range 0-1200°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.=30C

WHAT IS THE SCALE READING FOR ROTAMETER R2 !7.5
' HEAT BALANCE DATA

Flow Rl Multiplier
2 .656750346116
4 .9507632036908
6 1.253824110097
3 1.565933065335
10 1.887090069405
12 2.217295122306
X4 2.556548224039
156 2.904849374604
18 3.262198574
20 3.628595822228
22 4.004045119288
24 4.388534465179

DO YOU WANT TC CHANGE THE SCALE READING !YES
WHAT IS THE SCALE READING FOR ROTAMETER R2 !10

HEAT BALANCE DATA

Flow Rl  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




- 166 ~

Table No.4el Analysis of the rotameter calibrations

M.A.De Maximum absolute percentage deviation
A.AD. Average absolute percentage deviation
R.A.Ds Root mean square absolute percentage deviation

Reference E;uation/ Rotameter Rl Rotameter R2
Error Type _ '
I“ioA.D. 3.558 2'088
4016 AsALD. l.272 0.441
: R'A.D. o 10575 0.748
MeAsDe 34691 24093
4.17 A.A.D. 1.288 0.448
R.A.D. 10575 . 0.769 )
HeAeDe 16080 ' 2.032
4.18 A.A,D. 2.942 0.688
R.A.D. 5.089 1.003
MeALDe 16.48 2,021
4019 A.ALD. 2,943 0.684
ReloDe 5101 1.016
M.A.D. 5,551 3.667
4.20 A.ALD. 1.446 1.432
R.A.De 1.850 1.691
HMeAdDW 18.06 3.845
4.21 ALALD. 3.082 1.472
. R.A.Dl : 50181 1.806
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Table No.51 Friction tactor data obiained under isothermal conditions (Pall Rings)

This data is shown as Figure 5.1

Denotation Config- A -8 No. AAD RAD MAD. Rz CON.
Jgrotion

A o 00864 0326 10 81 218 422 0986 G031

B 0 00868 0325 21 083 105 236 0995 0011

A_B o 00897 0329 31 121 160 388 0992 OCOI1

¢ 1P 0157 0328 45 135 162 368 0993 0009
D 2P 0132 0278 40 158 190 435 0988 0010
E 3P 0163 0269 30  +95 231 S48 0982 0014
F 4P 0-184 0257 35 243 251 558 0980 0013
G R 227 0245 35 218 249 %07 (978 0013
H 6P 0276 0185 41 075 093 225 0990 0006

Tabie No.5.2 Friction factor data obtained under heating conditions {Pall Rings)

This data 1s shown as Figure 5.2

Denotation Config- A -B No. AAD. RAD MAD R CON.
uration

A 0 00440 0263 27 170 200 345 0984 0014
B 0 00543 0-285 24 130 148 248 0992 0012
C 0 00515 G278 24 13 1130 262 0892 0O-ON
A__C 0 00481 G274 75 155 187 L44  0-986 0008
D 1P 00890 0:276 24 OO 101 163 (996 0007
E 2P G100 0-252 21 120 139 245 04992 oO0N
F P g10% 0:22% 2% 1194 208 1 0981 GDY5
G 4P 0139 0229 21 243 2N 434 0970 0019
H 5P 0245 0248 24 255 299 506 0965 0021
i 6P 0344 0-202 28 137 158 304 0980 0012




fable Ne.5.3

5.8

Denatation HuTrans Contig-

}gg.c}?; uration

A - ¢
_— 0

— 0

8_.C J— 0
D 5.3 1P
E 5.4 2P
F 5.5 3P
G 5.6 4P
H 5.7 5P

F

00226
0-0220
0-0260
00239
00267
0-0367
00320
0-0535
00582
0-0692

E

0-800
0-800
0-800
0-800
0-802
0-779
0794
0-759
0746
0-738

Noa.

27
27
27
54
27
27
27
27
27
22

Heat transter factor data{Pall Rings)

A.AD.

6-01

4-30
377
5-18
292

1-88
262

375

231
547

R.A.D.

721
4L-87
449
648
349
2-41
37
58
ERS
6-26

M.AD.

1269
7-80
885

1510
6-87
633
7:25
9-86
1018
9-87

0:977
0-990
0-99
0-982
0-9585
0-997
0-596
0-950
0-99%
0977

CON.

0-050
0-034
0-631
0-030
0-024
0-017
0-022
0-032
0-022
0-052

- goT =



fable NoS.4

Friction tactor data obtained under isothermal conditions {Configuration 0)

Denotation Temp. of

T o Mmoo o © P

—

K
A_l
J_K

operation
Room
Room
Room
Room
Room
Room
Room
Room
Room
35°C
35°¢C
Room

38°¢C

A

00685
00695
0-0695
0-0677

0-0759

0-05%8
0-0579
0-0584
00663
0-0550
00518
0-0651
0-0534

-8

0-305
0-306
0-306
0-304
0314
0-2 86
0-2 89
0-288
0300
0-281
0-278
0-300
0-279

No.

27
27
27
27
27
27
27
27
27
27
27
243
54

AAD. RAD.
081 102
044 054
059 074
092 110
057 080
062 079
082 097
047 066
068 080
057 069
045 02
101 127
053 067

MAD.

2-72
166
1:6 8
2-4 8
2:69
173
215
128
2-1 4
1-58
086
425
1-9 6

RE
0997
¢-999
0998
0996
0998
03898
0397
0999
0998
0-998
0399
0-99%
0-99%

CON.

a-Q07
0-004
0-005
0-008
0-006
0-00%
0-007
0004
0-006
0-005
0-004
0003
0-003
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fable No.55 Friction factor dala obtained under heating conditions (Configuration Q)

Denotation Scale A -B No. AAD RAD MAD Rz

on R2 ‘

75 00323 0240 27 041 054 1418 0999 0004
75 00440 0271 27 093 117 286 0995 0008
7’5  0-0360 0-251 27 061 079 1-67 0997 0005
75 0-0322 0-240 27 07 131 328 0992 0-009
75 00361 0-250 27 087 112 283 099« 0008
75 00338 0243 27 066 080 205 0997 0006
S 00271 0-224 27 090 113 2:24 0993 0-008
75 0-0300 0-234 .27 046 056 -4V 0958 0'00.4
75 00279 0226 27 050 063 125 0998 0-004
10 00243 0213 27 084 01 182 099¢ 0007
10 0-0284 0227 27 058 066 116 0998 0005
10 00307 0237 27 (068 084 156 0996 0006
7% 00248 0214 27 (88 109 246 0993 0008
75 0-0275 Q-224 27 Q78 098 164 0995 0007
75 00260 0-218 27 078 Q97 234 0994 0007
B_P 75210 00304 0234 405 126 160 511 0987 0003

CON.

T O Z T R - = T o M MmMmQD O E@

= 0LT =



Tabie No.56 Heatl transter factor data (Contiguration 1)

Denstation Stole  F E No. AAD. RAD. MAD. R CON.
on

A 76 0-0249 0800 27 139 193 566 0998 0013

B 75 00257 0-800 27 261 298 569 0996 0021

¢ 75 00255 0800 27 346 518 16-37 0-989 0035

D 75 0-0250 Q-800 27 179 2:33 549 (998 0016 ,
E 75 0-0256 0800 27 1-95 251 677 0997 0017 5
F 75 0-0275 0800 27 240 368 655 0996 Q021 |
G 75 00256 0-800 27 2-48 3-23 870 0595 0022

H 76 00253 0-800 27 237 296 722 0996 0021

] 76 00257 0-800 27 285 333 624 09935 0023

J 75 00244 0-800 27 187 243 704 0997 0017

K 10 00255 0800 27 2:06 242 440 0997 Q017

L t0 00246 0-800 27 1-66 191 308 0998 0013

M 10 00251 0-800 27 2:26 273 &77 0997 0019

N 75 00239 0-800 27 207 243 62 0997 0017 g, }70°

0 75 0-0257 0800 27 1-67 207 %44 0958 0014 ot

P 75 0-0246 0800 27 1-99 245 595 0:9%7 0-017

A_P 75810 00253 O0:BCGO 432 321 416 1533




Table No5.7 Friction factor dato oblained under isothermal conditions

Denotation Friction Centig- Temp. of
Factor uration operation

Fig. No.

518
5.18
518
5.18
519
5.19
519
519
5.20
5.20
5.20
5.20

T oo mMm m o o o>

-—

~ X

Results denoted using a prime (') were calculated using the'heated tube length;
all of the other resulls were based on the total length of tube that conteined inserts

(inserts of identical twist direction)

0
171
1715
275
37
41
51
61
77
71
87
ST
91
71

Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Room
Rooam
Room

Room

A -8
0-0651 0300
0261 0308
0330 0317
0-290 0-303
0-261 0254
0-322 0273
0-520 0-274
0-981 0334
1:00 0339
0-985 0337
0:786 0256
0-968 (-329
0525 0323
0-9%0 0338

No.

243
27
27
27
27
27
27
27
27
217
27
27
27
54

AAD RAD.
101 1-27
1:01 114
133 1-50
154 171
155 1-84
1139 1-99
175 206
1456 1-76
1-73  1-99
1-87 214
159 181
159 172
148 160
182 2:11

tMLA.D.

4-25
204
2:91
315
450
3-29
388
2-80
353
374
319
269
2:51
404

R?

0995
0:996
0994
0991
0985
0-991
0-984
0:992
0990
0989
0986
0992
0993
0989

CON.

0-003
0-008
0-010
0-012
0-013
0:011
0-014
0-012
0014
0:015
0-013
0-012
0-011
0-010

Cont .. ..

- 2LT =



Table No.5.7 (Continued)

Denotation Friction Config- Temp. of A -8 No. AAD RAD MAD Rz CON.
Factor uration operatron
Fig. No. :

0 35°C  0-0534 0278 64 053 068 196 0998 0003

M 522 11 35°C 0206 0283 27 125 137 212 0993 0010 ;
N 522 61  35°C 0-723 0300 27 39 216 366 0985 0015 E’
0 522 71 35°C 0'666 0-29% 27 2.0V 236 440 0982 0-016 (
P 5.23 71 I5°C 0796 0314 27 2205 239 416 0984 0017
Q 523 87  35%°C 0672 0239 27 187 217 387 0977 0-01%
R 523 91  35° 0773 0304 27 1-786 205 359 0987 0014
S 523 91" 35% 0427 0300 27 165 191 334 0989 00113

0P 71 35°C 0-729 0305 54 216 256 428 0980 0012

H10P 717  Both 0:779 0313 108 269 321 657 0972 0010

KR 97  Both 0809 0310 54 216 259 465 G982 0012

H1,0PKR 71,97 Both 0787 0311 162 373 429 895 0952 0011




fable No.sB  Friction faclor data oblained under isothermal conditions

{inserts of alternate rotation)

Denotation FrictionContig- Temp. of A -B No. AAD. RAD MAD, RZ CON.
: Faclor uration operation
Fig No. ‘

0 Room 0-0651 0300 243 101 127 425 0995 0003

A 525 1K  Room 0-244 0281 27 039 047 086 0999 0003
B 5.25 1KS Room 0194 0235 27 128 152 325 0988 0011
c 525 2KS Room 0209 0246 27 106 131 307 0992 0009
\ D 525 3K Room 0330 0225 27 132 147 252 0988 0010
| E 525 3KS Room 0358 0229 24 150 182 344 0979 0015
‘ F 525 4K  Room 0370 0245 27 143 1-70 486 0986 0012
G 525 5K Room 0828 0245 27 160 187 348 0984 0013
H 526 6K Room 127 0-187 27 130 152 292 0981 0011
i 526 6K Room 1-33 0190 27 1:08 128 248 0-987 0009
) 526 7K  Room 183 0321 27 239 274 479 0980 0019
K 526 8K Room 129 G193 27 136 160 318 0981 0011
L 527 8K Room 0702 0194 27 134 158 314 0981 0-011
M 527 9K Reom 1-36 0197 27 140 162 302 0981 0011
N 527 9K Room 0744 0197 27 1-38 160 297 0982 0011
H_ | 6K  Room 1-31 0189 54 131 1-55 323 0981 0007

KM BK,9K Room 1-31 0194 54 159 1-91 426 0973 0009

Results denoted using a prime (‘) were calculaled using theheated tube length; :
a!l of the other resulls were based on the total length of lube containing nserts, Cont.. ..
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0
P
a
H,1,P
H,1LPLN

Toble No.5.8 {Continued)

0
1K
6K
7K
6K

6K 8K,
9K

Denotation Friction Config- Temp. of
Factor wuration operotion

35°C
35°¢C
35°¢
35%
Both
Both

A

0-0534
0-208
121
1-3%
1415

117

-B

0-278
0-263
0177
0-28%
0175

0176 135

No.

54
27
27
27
81

AAD.

053

1-08
1430
287
2:53
345

R.A.D.

068
1-13
1-53
328
284
416

M.AD.

1:196
1-78
301
961
6-31
845

0998
0995
0979
0-963
0-933
0871

CON.

0-003
0-008
0011
0-023
g0t
Q012

- GLT -



Toble No.5.9 Friction factor data obtained under heating conditions

{Inserts of identical twist direction}

Denotation Friction Config- Scale A -B No. AAD RAD. MAD.

Factor urohion on R2
Fig. No.

_ 0 75810 0-0304 0-234 405 126 1:60 5-11
5.30 i1 75 0134 0248 27 107 139 2:82

GH,J 7191 Both 0539 0-277 81 295 345 644

A
8 530 115 75 0175 0-250 27 106 113 167
c 530 3T 75 0178 0217 27 098 112 1-95
| D 530 40 75 0204 0227 27 206 242 517
E 531 51 75 0334 0231 27 189 225 447
1 F 531 6T 75 060% 0286 27 174 197 343
| 6 531 77 10 0542 0279 27 1-95 229 414
l W 831 7T 75 0567 0284 27 197 233 420
| 1 532 81 75 0590 0228 27 153 178 349
; ) 532 91 75 0508 0268 27 171 202 369
| K 5§32 9f 75 0289 0266 27 158 186 342
} G_.H 71  Both 0554 0-281 54 199 234 422
|
|
|

0-987
0891
0994
0-692
0968
0473
0-387
0-9 81
0-981
0-983
0-984
0-986
0-980
0-960

CON.

0:003
0-0t0
0-008
0008
0-017
G016
0-014
0016
0016
0-012
0-014
0-013
0-011
0-013

= 94T =



Table No.510 Friction factor dato obtained under heating conditions
{Inserts of alternate rotation)
Denotation Friction Config- Scale A -B  No. A.AD. RAD. MAD. RZ  CON.
Factor uratien on R2
Fig. No.
0 75810 00304 0-234 405 1-26 160 5311 0987 0003

A 34 YK 7% 0159 0239 27 098 1-13 192 0994 0-008
B 534 1KS 75 04124 0-199 27 116 1-33 2052 0-987 0-009
c 534 3K 75 0256 0198 27 139 159 283 0982 0011
D 534 .3IKS 75 0294 0208 24 1:78 241 384 0-965 0017
E 534 4K 7% 0250 0207 27 26 151 327 0985 0-011
F 534 SK 75 0664 0222 27 1-58 181 319 0981 GQ!3
6 535 6K 75 103 0164 27 083 097 147 0990 0007
H 535 6K 10 113 0470 27 112 133 253 0983 0009
I 535 7K 7% 12t 0276 27 266 314 S62 0964 0022
J 536 8K 75 105 0171 27 122 1-47 288 0979 0010
K 5§36 8K 75 0577 0172 27 120 145 284 0980 0-010
L 536 9K 75 120 0182 24 1-70 1-92 344 0967 0015
M 536 9K 75 0656 0-183 24 168 1-89 339 0969 0:015
6_H 6K Both 108 0167 5S¢ 127 166 99 0972 0008

J,L BKOK 76 1 G176 %1 149 1-80 470 0970 0009
GH,J,L SK,gL(, Both 111 0173 105 318 351 6-23 Q8933 Q012

- LT -



‘ Tobte No.511 Heat transfer tactor data (inserts of idenlical twist direction)

~ DenotationHt.IransContig- Scale
‘ uration on R

Factor
Fig. No.

538
5.39
5.4,0
5.41
5.38
5.39
§.40
5.41
5.42
. s42

T o mm O o I P

—

0
11
1S
3
6
51
61
71
77
BT
9y
77

A

75810 0-0253

75

75

75
7%
75
75
10
75
75
75

003N
00286
0-0442
0-0385
0-0567
0:0434
0-0521
0-0557
0-0552
0-0377

75810 0-0538

-B

No.

0-800 432

0-815
0826
0-783
0-799
0-790
0-813
0-787
0780
0793
07986
0-784

27
27
27
27
27
27
27
27
27
27
54

AAD. RAD MAD.

321

1413
271

1-90
253
320
1-53
1-80
1-78
166
2:34
1+78

416
1-35
340
2°4 6
321
397
2190
2:27
2:15
2-08
300
2:22

1533
2:43
734
549
749
855
hb
584
463
564
662
611

Re

0-999
0-995
0997
0995
0-993
0598
0-998
0-998
0-958
0-996
0-998

CON.

0-609
0-024
0-017
0-022
0-028
0-015
0:0616
0015
0-014
0-021
0011

- BLT ~



Table N0.512 Heat Transfer foctor dota {Inserts of atternate rotation }

X e = T G T MmO oD P

0-999
0993
0-584
0-9¢e8
0-997
0-989
-989
0-396
0993
0994
0-989

0-009
0-028
0-041
0-039
0018
0:036
0:036
0-019
0-026
0026
0036

DenotationHt.fronsContig- Scale A B Mo AAD RAD MAD. RZ  CON.

!F:?gstl\%. uralion on R2

0 75810 0-0253 0-800 432 321 416 1533
544 1K 76 00362 0-794 27 086 1-26 349
545 1KS 75 00415 0790 27 313 400 914
£.46 3K 75 00555 0771 27 498 585 1408
546 IKS 75 00624 0801 24 352 468 1128
§5.44 4K 75 0-0480 0783 27 218 254 487
545 SK 75 00442 0-818 27 468 508 764
545 6K 75 00457 0-B44 27 3-89 501 1560
544 6K 10 00918 0772 27 210 270 560
546 7K 75 00872 0772 27 316 375 808
545 8K 75 00399 04808 27 296 373 &89
.44 9K 75 0-0487 0794 24 420 472 892

6K 75810 00648 0-808 54 437 580 21-27

o
|
o

0384

0029

-~ 6.1 -




Table Ng.513

DenotationContig- Case
uratson (1}or{2)

o M om g o a TP

H

47 {see denolations A to D)

ond Estimated hen! transfer factors in the tube section downstreamn of the inserls

of configuration 8K {see denatations € to H)

8K
8K
91
97T
9K
9K
3K
9K

{1)
(2)
Sy
(2}
{1}
(2)
(1)
(2)

F

00247
00259
00476
00481
0-0284
0-0279
00567
00531

E AAD.

0907 74 8
0901 733
0806 498
0805 486
0808 765
0814 769
0744 813
0751 817

RAD

1060

580
633
618
866
870
311
91 5%

For the description of the Tase"refer 1o Appendix AL

FEAAD ete,are resulls of the regression anaolyses of the esbimated heat transfer factors

Reynotds numbers,

Nu and Nu' are the mean of the heat transter factors,evaluated for Re=15500 and 104000,using

MAD

263
257
143
138
172
171
17-8
177

0967 0069
0968 0068
0982 0045
0983 0044
0:965 0068
0:965 0-068
0-955 0072
0-95% 0072

Ihfs‘ regression equalions of the estimoted heat transfer factors and either
{i)those defermined using the full tength configuration (6K or 77)
or *li)those determined using the emply tdbe corretation (Equation {A11.21).

The results of denototions E and F were tound by gssuming that the packed length of tube behaves
as in configuration 6K.The resulls of denolalions G and H were found assuming thaot the packed

length behaves as for denotation B,abobve.

517
509
320
318
202
208
189
192

R2 CON. Nupl®

Estimoted heat transfer factors tor the packed sections of configurations 8K and

1 7
-0 8°
-0 9"

and

- 881 -



Table No.61 Reliobility estimation of the experimental friction factors (isothermal results)

Denotation

I o M m o O 0

=

X o«

Frictian

Factor

Fig. No.
5.13
5.13
5.13
5.13
5.18
5.18
5.18
5.18
5.26
5.26
526
5.26

Config-
uration

= - O O O O

—

1t

6K
6K
&K
6K

Tables
tor data
A81 AG1
A81,A91
A8.1.A81
ABI1 A
AB5AS6
ABBASYG
ABBG ASE
ABEA9D
A87A9.7
AB7A97
A87A8.7
AB7A97

Run
No.

27
27

27
27

27
27

b8

q

0-0500
0;0250
0-0500
0-02%0
Q-0500
0-0250
0-0500
0-0250
0-0500
0-025%0
0-0500
0-0250

£H
H

0:-0194

0-0154

0-0022
0-00M

0-0057
0-0057
0-0048
0-0048
0-008)
0008
0-0015
0-0008

$H.
Al

0-0423
0-0423
0-0765
0-0765%
0-0628
0-0028
0-00:
00041

St
1

0-0025
0-0025
0-0025
0-0025
G-0019
0-0019
0-0019
8-0019
0-0149
0-0148
0-0149
0-0149

lirtlout)

250

{tintlout)

0-0328
0-0328
0-0328
00328
0-0566
0-0966
0-0966
0-G566

a

0-0712
00315
0-0712
0-0315
0-07M2
0-0315
0-0716
0-0315
0-0716
0-0315
30716
0-0315

i
¢EE

0-4803
064803
0-3465
0-3465
0-5399%
0-939%
04013
0:4013

=T8T ~




Table No.62 Reliability estimation of the experimental friction factors (Isothermal results)

These resulls are based on the estimations of Table &1

/

- 281 -

Denotation Bry P12 %?,L %%Ezt %@#_L é‘?%?.L EQQL _5;592 L %QS %Q,S
; A 39710°)  ___ |0-1430] —_ lo-0891| __ lo-1430/0-1430 00891100891
: B8 3.97%103)  __ fo-0784| ___ |0-0447| __. [0-0784]0-078¢l0-0447 0-0447
| C 22563 __ fo-1259] ___ 100870| ___ lo-1259]0-1259 0-0870{0-0870
} D 2-2563  ___ Jo-oem| ___ 100403} ___ |0-0601/0-0601]0-0403 0-0403
1 E 1-53x102] 543« 1640-1710}0-5150[0-0969{0-4815}0-1962{0-1347]0-11 81} 0-0916
| F 1-53:10%] 5-43<15%0-1064(0-5150l0-0587/0-4 81501291 0-0877)0-0764 00434
| G 8-4810% 3-37x1090-20440-3812{0-1160[0-3481l0-22850 1325 0-13510-0921
H 6-48=16%  3-3741040-13970-3812]0-0866/0-3481]0- 1612 0-0672/0- 1046/C 0436
1 2:3310' 5:92+464/0-14,65{0-6513[0-0886/0-54 850149001448 0-0903]0-0891
J 2:33101  5-92x1640-0823{0-6513/0-0437 0-5486]0-0842{0-0795[0-0452|0- 0440
K 1-59%10"  3-68x16"0-1417/0-5127{0-0883{04130 0+1432/0-1381/0-0895/0- 0887
L 1-59x1G'  3-68x1540-076310-5127l0- 043t 0 -2 130l0-0776 0-0725i10-044%10- 0432
SUBSCRIPTS ¢ T1=Terml 12: Term2 {see equation 65} L :Llinear equation 6.2
S* Second power equation 64
SUPERSCIPT @ ‘= Evalyatron excluding the terms eHE/H and 80/ 9

E




Table Ne.6.3 Reliability estimatlion of éxperimenta! triction factors (Heating results)

Penotation

- v o v o Z X

I S =

Friction
Factor
Fig. No
5.14
5.14
5.14
5.14
5.30
5.30
5.30
5.30
5.35
5.35
5.35

5.35

Config-
uration

- O O o o

—rh

131
i
BK
6K
6K
6K

Tables

for data
AB2A92
AB2AS2
A.82 492
AB2A92
AB8,AS8
AB88A08
AB88A98
ABBASS
AB9,ASS9
AB&AB&
AB9A99
ABSA9Y

Run
No.

27
27

27
27

27
27

58
d
0-05C0
0-0250
0-0500
0-0250
0-0500
0-0250
0-0500
0-0250
0:0500
0-0250
0-0500
0-0250

SH
H

0-G244
0-0244
0-0008
0-0008
0-0065
0-0085
0-0050
(0050
0-0081
0-0081
0-0003
0-0003

———

0-0495
0-049%
0-0802
0-0802
0-0029
0-0029
0-0041
0-0043

1l
i
0-0025
00025
0-0025
0-0025
0-0019
0-0019
0-0019
0-0019
0-0149
0-0149
0-0149
0-0149

$lhiriout)

25Q

(ittout)

0-0328
0-0328
00328
0-0328
0-0966
0-0966
0-0966
0-0966

Q

0:0712
0-0%
0712
0-0315
0-0712
0:0315
0-0712
0-0315
0-0712
0.0315
0-0712
0-0315

0-4589
0-4589
0-3281
0-3281
0-5086
0-5086
03769
03769

- €8T =~



Table No. 64 Reltability estimation of the expertmental friction factors {Heating results)

These resulls are based on the estimates of Table 63

!

} Denotation} ey P12 %’Pn{ ot | S0 %”rz-L 20 (21 (o) (i
‘ ni Pl okl #n RN S <
\ -
\ M 30710°]  __  lo1ss0] ___ {00904] — {01280/0-128010-0304 00904
| N 30710°|  ___ lo-0834] —_ looa71] __ loosaslo-0834] 00471100471 .
’ 0 2.0216°]  ____ |o1244] o077l l04248104244100757]0-0757 .
’ 2 2:0216°|  __ |00598] __ |0-0403] __ |0-0598[0-0598]00403|0:0403 -
‘ Q 1-310102] 5-06x10% [017910-4936}01003 | 04 600/0-2063( 0136 3] 012 29 0-0921
} R 131107 | 5-06=10°0-1144]0-4936] 0-0641] 0-4600]01390|0-0690{ 0-0853| 0-0438
\ S 810%16°] 3-1510"0-2082{03628| 01184} 0329 0-231301346] 01366/ 0-0920
‘ r 810163 3-15<10*|0-1435/0-3628/0:0895]0329 |0-1640]0-0673| 0-1068) 0-0435
|
} U 2-24x10"| 5-45¢10%(0-1470]0-620010-0886]0-51790-14 89! 014 47| 0-0501 | 0-0890

v 22416 5-45%16%]0:0824{0-6200{0-04370-5175{0-0841{0-079| 0-0451 | 0-0440

W 1-60%10'| 3-39x10°|0-1367|0-4884]0-0882]0-1894]0-1381|0-1368]0:0893| 00887

x 1 1-s0a6Tl 3-39x16% 00757 10-48841 00431038941 0-076910-0720l 00440l 00432

SUBSCRIPIS © T1=Term 1 12= ferm 2 {see e%uotion 65) L =linear equation 62
S = Second power equalion b4
SUPERSCRIPI: 7 = Evaluation excluding the terms éHy/H and $oc/ dc




Denotation té;ct{grns
Fig. No.
516
5.16
5.44
544
5.15
5.15
545
545
5.17
5.17
5.41

I @ Mmoo o5 O P

—

~ X

5.41

At :MLM ’
: 218Y
Y OQCD at
The above work 1s based on the estimates: §d,/d,= 0-0045,56/Q:00157,451/1=0-0009,$d/d 0-005
and  §T,=81; 282,768, : 003°C

Config-
uration
0
0
6K
6K
0
Q
318
6K

77

71

fables
tor data
AB4 ASL
ABL ALY
A 8124912
A 812 A572
AB3 A93
A83 AS3
AB1AaSn
AB11A911
AB5AS85
ABD AG S
ABI0AS.10
AB10A80

Run
No.
1
27
1
27
1
27
1
27
1
27
\
27

LAL/AL

{At/at
L

0-007%
0-0222
0-0045
0-0181
0-0078
00255
0-0049
0-:0206
00080
0-0245
0-0057

00215

slAt7AL)

Agﬁﬁ
0-0049
0-0153
0-0028
00123
0-0051
00176
0-0031
00141
00052
0-0168
0-0036

0-0147

_S_Yx_

L
00242
0-0389
00212
0-0348
0-0245
00422
0-0216
00373
0-0247
00412
0:0224
0-0381

Y.
Y

S
0:0165
00219
0-0160
0:0200
0-0166
00236
00161
0:0218
00166
0-0231
00162
00216

(C/do}

C{Ldo}
0-1051
0-0628
0-1081
0-0628
00918
0-0638
0-0918
00638
0-1015
0-6638
0-1015
00638

HEr)
.S
0-0580
00319
0-0560
0-0319
00488
30327
0-0488
0-0327
0-0536
0032%
00536
800325

fable No.65 Reliability estimation of the experimenta! hea! transter factors

${C/da)

ﬁf&
00220
0-0220
00220
0-0220
3:0251
0-0251
0-0251
00251
0-0218
0-0218
d-0218

00218

L,5 = Utilizes linear or second power equation,respectively

it =Utilizes method (iYor (i1 of section 6.4

$(C/do}
“C /ol
s
00180
0-0180
0-0180
0-0180
0-0211
g-0211
0021
00211
00178
00178
30178
0-0178

- G8T =~



Table No.66 Reliability estimation of the experimental heat transfer foctors

fhese results are based on the estimates of Table 65

 Denotation | siu/ed At /A0 YstnPE fttao/p Msitna /80
(Nu/P) /PP | inw/ PP Nu/PP ) | (nu /PP )
L iS L oL oS | iiMs
A [0°0885]00373 [0:0471 0:0263 ]
8 {0-2761[0°1036 [0:1791 |0-0838
¢ 0:2033 00897 0-0835 |0-0470 |
D [06677 [0-2557 {04027 [0-1900
E |0-0951 |0-0399 [0-0547 {00296
0-067
: 03275 {0-1240 [0-2234 [0-1040
6 |0-2242 {00981 |0-1051 00585 |
H 140547 ]0-4045 |0-6658 |0-3161
1 0:0922 J0-0384 |0-0495 10-0272 |
5 {03115 {01175 |0-2031 |0-0944 |
Kk [01526 |0-0654 [0:0611 |0-038
0-094
L $-5210 101974 [G-3218 101497

M = Mean value ;tor other symbols see Table 65

- gg81 -



Denotation

Table No. 67 Reliability estimation of the experimental heat transfer factors

r ¢ m m Qo o O >

p——

= X <«

At s MLM

Ht.Trons
Factor
Fig No.
5.16
5.16
5.64
5.44
5159
5.15
545
545
517
5.17
5.41
5.41

Conhig-
uratton
0
Q
6K
6K
0
0
6K
6K
0
0
&7

Tables

for dala

AB4 AY.4
ABLAGL
ABI1ZA912
AB812,A912
A83,A93
A83,A93
ABN AN
ABI11A911
AB5,A9.5
AB5 AS.5
ABI0A9.0

6T

A810A3.10

W
1
27
i
27
1
27
1
27
1
27
1
a7

SAY /AL
oy
00149
00444
00091
00381
00157
0-0511
3-0098
0-0372
00160
0-0489
Q0114

00429

0-0097
0-0305
0-G0586
00246
00102
00352
00062
0-0282
00105
00337
000672

00294

iy

Y

1
0-0515
00809
0-0673
00941
0-0522
00876
00678
00852
0-0525
00855
00693
01009

8y
£
6:0369
00469
00424
00487
0-0370
0:0500
00425
00506
00371
00490
0:0426
0-0513

§(C/do)

§(C7d.)

§C/ds)

§(C/de)

(€/da)
(L

0-2260
01315
0-2260
0315
01879
04330
01570
01330
02181
01333
0-2181

01333

L,5 = Utilizes linear or second power equation,respectively

+

. nlAl

Qoc

p ‘
the above work is based on the estimates: 3d,/d,= 00045 ,5d/d=0:01,1Q/Q500356,81/1=00009 (Empty],

ot

1,ii * Utitizes method (i} or (i) of section 64

$1/1200224,0nd §T,280 7812 61,2 0.06°C

{C/daf

.5
01251
00683
01251
-0683
01091
0-0694
01091
00694
01197
00691
1197
0-0691

(Crdo)
L

00220
0-0220
0-0220
00220
G-0251
00251
0-0251
0-0251
0G218
00218
00218
60218

{C/dg)
S

0-0180
00180
00180
00180
G-0211
00211
-2
0-0211
00178
0-0178
¢-0178
00178

- L8T =



Table No.6.8 Reliability estimation ot the experimental heat transfer tactors

These results are based on the estimates of Table 6.7

Denotation  |siniu/P8 )| stuO Yl sthuurP v/ st 768
(Nu/PF )| (Nu/PP4Y) e 7P 90| (nuze® )] iva 7004
ol $3 il S 1 IMS
A 0-9897 | 00833 | 00880 | 6-0560
B 05723002215 0-3189 | 0-1608| O
c 04903 0-2080|01960{ 01067
D 15575 | 05740 08468 | 0-3830] ">
E 0-2036 | 0-0890 | 0:099% | 0-0609
F 06812 | 02628 | 03908 | 0-1932] O %7
6 05411 | 0228002337 ] 0-1242
H 21926 { 0-6961 | 1-3064 { 0-5593] 20
1 01972 ] 00856 0:0522 | 0-0577
3 06488 | 02496] 03615 ] 0-1e11]| O °
K 03714 101532 [ 01650 | 0-0894 |
L 12097 | 0-4389 | 0-6814 1 03061 | O7°°
M= Mean value ; tor other symbols see

- Table 67

- 8BT -
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Table No.T7+1 The effectiveness of Pall rings for heat transfer
enhancement baged on the constant power criterion.

Configuration Re ReoP ?TE_J [21\%_ *
o P olP
1P 15500 19200 0.964 0,994
1P 104000 129000 0.969 0,962
2p 15500 21800 0959 0,992
2P 104000 148000 0.911 0.981
ap 15500 24309 0.878 0.910
ap 104000 169000 0.844 0.911
4P 15500 26700 0.971 1.01
AP 104000 185000 0.875 0.944
5P 15500 30700 0.830 0.865
5P 104000 210000 0.742 0.805
6P | 15500 40800 0.737 0.772
&P 86500 238000 0.639 0.695

The configurations of the Pall rings are shown in Figure 1.8.
Re = Reynolds mumber of the flow in the tube containing Pall rings

Re op = Reymolds mumber of the flow in an empty tube which requires
the same pumping power as Re. The empty tube friction factor
is evaluated using denotation A = C of Table 5.2

{g%-l = ratio of the Nusselt mummbers of 'the flow in the packed and
3 empty tubes operating at Re and ReoP’ respectively. Nu.o is
evaluated using demotation B « C of Table 5.3

*
{—%— ' = ratio of the Nusselt mumbers obtained using the same pumping
0P ower in the packed and empty tubes. ( Re:P, the Reynolds
mmber required in the empty tube, is not tabulated. ) The
empty tube characteristics are evaluated using equations (1.4)
and (1.19).




Table No.7.2 Comparison of the frioction factor ratios, (¢ / ¢0), determined using a continuous
twisted tape under isothermal conditions at room temperature and under
heating conditions.

Reference Myuation Priction factor ratio, @ / ¢o : % Difference
at Reynolds numbers of at Reynolds numbers of
11000 78000 15500 104000 11000 78000 15500 104000

Present work® (549) or (T+1) 9.92 9.00 11.0  9.77

[}
Present work> (5¢9) or (7.1) 11,1 8,30 11.6 9.61 g
Gambill and : !
Bundy (47) (1632), (1.33) 6467 4459 6.46 4462 49 96 T2 110
Smithberg and
‘ _ Llendis (118) (1.38) 8.48 5.7T 8,10 5.87 17 56 36 66
| _ Migay (83) (1.40) 8.16 5.95 Te93  6.07 22 51 39 61
| ' Thoraen and
Landis (128) (1.45) 6,85 6.85 7.18 T7.18 45 31 54 36
lopina and
Bergles (79) (1.52) 6428 6.28 6,58 6.58 58 43 68 48
Date (30) (1.57) T.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 78000 were evaluated
for isothermal conditions. The remaining values apply to heating
conditions.
The percentage difference is a comparison of the present workl
with the stated reference.
Superscript 1 ¢t The friction factor correlation determined in the
present woric is compared to the actual experimental empty tube
correlation i.e. denotation 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 (1l.4) for isothermal conditions
or to equations (1l.4) and (1.53) for heating conditions. These
equations were considered 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 {o heating conditions
using equations (1.53) and (1.54). The following values were used

in the correlations @

d=20mm
D = 10,62 mm
= 2,8 mm
20026
a.v=35°c
t_ = 51%

Y %o

0



Table NO.I‘Tos

Reference

Present work

Gambill et.al.
(49)

Gambill et.zl.
(49)

Smithberg and
Landis (118)

Migay (83)

Thorsen and
Landis (128)

Lopina and
Bergles (79)

© . Nazmeev and

Nikolaev (89)

Comparison of the heat transfer factor ratios, (Nﬁ/Pr0'4)/(Nu/Pr0‘4)o, determined
using a continuous twisted tape

Equation

(G ~ H, Table 5.,11)

(1.29)
(1.30)
(1.39)
(1.43)
(1.50)
(1.59)

(1.60)

Heat transfer factor ratioc

at Reynolds nunbers of

15500

1.81
1,71
1,61

2,06

2,04
1,85

1.98

164000

1,76
.71
1.61

1.67

2404
1.80

1.98

The results of the reference authors were evaluated using the

and geometfical details noted in Table 7.2. All of the equations

empty tube correlation of the present work i.e. denotation &4 - P

4 Difference
at Reynolds numbers of

15500

2.3

13

-12

Equation {1.60) was used with the equation supgesied by Nazmeev and Wikolaev :

N = 0,021 ReJ*d pr0e43 (Pr/?rs)o'25

104000
049

o4

- 261 -

- 5ed

abave egquations with the conditiona
were referred to the experimenial
of Table 5.6.



Table llo«T.4 The effectiveness of inserts of identical twist direction for heat transfer

enhancement based on the constant power criterion .
Configuration RBOP x 10-4 _ (Nu/Nuu)P (Nu/NuO];
for Reynolds numbers of at Reynolds numbers of at Reynolds numbers of
15560 104000 15500 104000 15500 104000
1T 2453 16.8 0.928 0.961 1.04 1,10
it 3.12 21,2 0.845 0.810 0.951 0.928
47 3.17 21.4 0.854 0.850 0.961 0.974
51 3.72 25.0 1,01 0,985 1.13 1.13
o 3.82 247 0.941 0.992 1.06 1.14
77 3.76 2444 0.893 0,888 1.00 1,02
8% 4464 31.2 0.853 0,839 0.963 04966 .
9T 3.13 2045 0.819 0,828 0.921 0.948
1M 277 18.4 0915 0971 1.03 1.11

The configurations of the inserts are shown in Figure l.5
The 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 denctation B — P of Table 5.5 and
denotation A - P of Table 5.6, respectively.

= 6T -



Table No.T+5

Details of the ealeulation procedure are given in Appendix 4.12

Comparison of the friction factors evaluated using the modified forms of eguations (1.80)
to {1.83) and those experimentally determined ,

= the friction factor evaluated using the modified equation; subscripts 1, 2, 3, and 4, refer to

¢
the use of equations (1.80), (1.81), (1.82), and (1.83), respectively.

¢R = the friction factor determined by the reference author.

4 = (g, - #y) x 100 / fy

The range of the tests performed by each of the reference authors is presented in Table 1.2

* = Results of the present work for heating conditions.(The results at Re = 11000 and 78000 apply
to isothermal conditions,)

Reference Reynolds

Number
Present work 11000
78000

15500¥%

104000%
Morris and 6000
Benyon (86) 11000
30000
18000
Proctor (101) 11000
Mass transfer 30000
¥y = 2.0 T8000
Proctor (101) 11000
Mass transfer 000
Proctor (101) 6000
Heat tranafer 11000
y = 1.5 20000
78000

o P

0.226
0.156
0.215
0.157

0.194
0.132

0.159
0.124

0.0528 0.108
0,0494 0.0989
0.0142 0.0854
0.0398 0.0743

0.0530 0.163
0.0515 0.144
0.0502 0.122

0.0789 0,310
0.0780 0.230
0.0774 0.233

0.138 0.339
0.136 0.310
0.135 0.284
0.131 0.233

*

-14
-15
~26
-21

105
100

93

207
133
144

293
257
201

145
127
11

78

Pro

0205
04140
0.163
0.131

0.140
0.128
0.110

0.0959

0,171
0.14%
0.129

0.329
0.298
0.247

0,360
0.329
0.2302
0.247

141

223
187

157

317
280
220

161
142
124

89

Poy

0,168

0.138
0,107

0.0897
0.0821
0.0709
0,0617

0.142
0.123
0.107

0,289
0.26l
0.217

0.316
Oo 289
0.265
0.217

*

-26
-27
~36
-31

70
66
60

25

169
132
113

266
233
181

129
112

97
€6

Py

0.199
0.132
0.159
0.124

0.134
g.122
0.106
0.0919

0.163
0.1
0,122

0. 307
0.27%
0.231

04336
0.307
0.282
0,231

Continuedecees

%

-14
-15
-26
=21

153
143
139
131

207
173
144

289
254
1298

143
125
109

(i

- ¥6T =



Table No.T.5

Reference

Smith (117)

Chakrabarti (21)

Contimed

Reynolds
Number

300
11000
78000

100000

1.6

160
120
200
150
2800
11000
78000

2

0.471
0,306
0.242
0. 235

34.8

0.744
0.858
04675
0.767
0.420
0.405
0.401

Poy

0.416
0.281
0.211
0.204

1.24
0.636

0.418
0.343
0.257

* ¢Pz %, ¢93
1 0.505 7 0.441
-8 0.298 -3 0,260
-13 0.244 -7 0.196
~13 0.216 -8 0.189
—96 1.40 -96 1,16
_15
— 0.745 -13 -
0.5795
0 0.470 12 0.391
-15 0.385 -5 0.320
-36 0,289 -28 0.241

%3 ¢P4 %K
"‘6 09468 "'1
-15 0.277 ~10
-19 0.208 ~14
20 0.200 ~15
=97 1.29 ~96
-15 — ——
—— 0. 665 "13
~T 0.434 3
=21 0.355 =12
~40 0.267 ~33

- 56T -



Table Ho.T7.6 The effectiveness of inserts of alternate twist direction for heat transfer
enhancement based on the oconstant power oriterion

Configuration Re , X 10~4 (Nu/Nuo)P (Nu/Nuo);
for Reynolds numbers of at Reynolds numbers of at Reynolds numbers of

15500 104000 15500 104000 15500 104000
1K 271 18.6 0,848 - 0.841 0.953 0,963
3K 3.79 26.1 0.809 e 750 0.912 0.862
4K : 3,66 25.0 0.808 0770 0.910 0.884 .
5K 4.94 33,5 0,820 0.842 0927 04970 ey
6K 7,12 50,1 0.817 0,799 04926 06924 X
TK 5,08 331 | 1,02 0.986 1,15 1.14
8K 558 35.1 0.611 04600 0.692 0.692
9K 5463 39,1 04046 0,620 0.T731 0.715
1KS 2692 2041 0.902 0.868 1,01 0.994

3KS 3,87 2644 0,815 0805 0.919 04925

The configurations of the inserts are shown in Figurs 1.6

‘The symbols used in this table are the same as those givén in Table T.l, except ithai the empty
tube friction and heat transfer factors are evaluated using denotation B ~ P of Table 5.5 and
denotation &4 ~ P of Table 5.6, reapectively.
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FIGURES



Figure No.1.1  Schematic diagram of a slat blockcge and a segmental blockage

| F— x
Flow (€ T~
Direction
—_———> D d
p —\/_l/ ke
At , .
- l N o
™~ Py | . .
slat blockoge/
segmental blockage
d = tube diameter
1= tube tength downstream of the blockage
t"= thickness of the blockage
x = distance downstream of the blockage

g = angular coordinate
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Figure' No.l.2 The arrangement of helices to form a twisted tape
and a Kenice static mixer

Anticlockwise twist

(a) Twisted tape

Anticlockwise twisd

Cloclorige twist

(p) Kenics statio mixer

Note
Anticlockwise and clockwise helices may also be referred 4o -as
tlefthand rotation! and *righthand rotation' elements or helices.
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Figure No.l.3 Diagrams of some commercially aveilable motionless
*

in-line mixers

=l

Etoflo LV process line mixer

Standzrd elements of a
Komax motionless nmixer .

Lightnin in-line blender Single element, Ligninin
turbulent flow module in-line blender

SECHY FECG_
Standard Ross LPD
motionless mixer

Hoss LL¥D motionless mixer

™o elements of a Ross ISC mixer Schematic dizgram showing the
flow channels within two

consecutive elements of a
Ross I5¢ mixer

* .
Reproduced Ty permission from photographs and crawings supplied by
the manufacturer's of the respeciive mixers,



Figure No.1.4 Photograph of the various arrangements of the swirl flow
inducing inserts

LAl Stainless steel inserts manufactured by the Kenics Corporation

Anticlockwise, or lefthand Clockwise, or righthand
rotation rotation

[B1 Inserts formed from solder alloy (Grade J)




Figure No.1.5 Details of configurations using inserts of identical twist direction

Symbol Rotation Leading Edge
> Anticlockwise Vertical
] Anticlockwise Horizontal
Config- MNo.of
uration Inserts « Distance between pressure tappings >
Number P Healed length -
0 0
1 3 L L Led
21 3 L AT Ld
31 6 ol
41 6 LA T
57 14 Ll

61 20 Al Ml Al dd  Add  dd  dd [ dddd [ dd
dddddddddddd

71 26

8T 26

9T 14

= gRE *



Figure No.1.6

Contig -
uration
Number

0
1K
2K
IK
LK
5K
6K
7K
8K

9K

Mo. of

Inserts

0

14

26

26

14

14

Details of configurations using inserts of alternale twist direction

Symbol

L
hl

Rotation Leading Edge
Anticlockwise Vertical

Clockwise Vertical

Clockwise Horizontal

Distance between pressure tappings

¥

< Heated length >
Ld | Lad
Lad ] Lad
L] L] ]
L] Lo | L]

= BOE =



Figure No.1.7 Photograph of an original stainless steel Pall ring and those
adapted for insertion into a tube (20 mm i.d.)

An inset of the Pall ring

Adapted Pall rings

(The insets of all of the Pall rings have the same curve direction)



Figure No.18

Contig-
uration
Number

0

! 1P
2P

3P

P

5p

6P

e

<

f S

Details of contigurations vsing pofl rngs

Distance between pressure tappings

v

Heated length

v

Y
_ 1d X
5 X X P
X X X D4 X X d 1
R DI DI DI I X D IX I K
DAY XD AP DDA DI 0‘35{'% DIXDIXIIA

Configuration

1P
2P
Ip
4P
5P
6P

A’z {raction of the tube wall area that is not! covered by the material of the pall rings.

No. of inserts

2
4
7
10
16
A

Spacing,inches (mm)
36 (914)
12 (305)
6 (152)
4 (102)
2 (51}

Heat transfer

0-960
0919
0879
0838
0717
0152

ressure drop
095%
0915
0862
0816
0705
0152

- §50Z -



Figure No. 2. Flow Diagram of the Experimentol Facilily

COLD WAITER STEAM
P
Vs —
L L )
1100 1102 Hvio
Vi
R1H Riﬁ b SRY] 51
¥4 w2 Xvn
M2
VIR P2 P3
o Tt 1 luﬁ M3
Lﬂ ﬂ T CALMING SECTTON 1 TES T SECTI =
PiOt ANNULUS SECTION
TN

vo el PI02  Fi03

K v7 .
L%

i

-COOLER CitH
3 _—y

Dt t
Df-‘:—""] ] v —-—%—_,—B'Jcom.ms WATER
<

10 DRAIN

RS

= 90z



Figure No. 22  Manometer Layout and Associated Tubing Network

To Tank 1101 /p ' N To Tank 1101

E S bS

/’\ ./{\/\

N
A
A4
N
N
D
NS
D

= L0z -

Comman :
fomimar N N N psommen

CCIA Manameter Mertury Manometers !

;
|
|
|
|
3
| Pressure Pressure
| Tappings, P2 lappings,P3
|
|
|
|

s

4
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Brass Z Z
Plate % ! Copper :/
/ r/ Tube /
L I ’
% .
o 7
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Figure No. 23.A  Section Through Axially Symmetric Healing Annulus
All Dimensions in Millimeltres
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”»
1Y) STEEL QUF FLANGE
(SEE FIGURE NO.23E)

TAPPED f BSF
1 / 10" SULT EQUAL ENDED COUPLING{NOT SHOWN)

AY

229

FIBRE WASHER 1S, |
C 11 5 ey T
—— . - —— s DR — = 3
N ~—y =
- = B M L_“‘
\|.5¢ T
. ! -] .
L bedbles
] \
| TAPPED 0 SulT e
% BRASS COUPLING SHOAN PIFE. OLIVE |

BODY OF 22mm MALE STUD COUPLING
SECTION REMOVED FROM STUD
\ ALLOWS THERMOCOUPLE CONTACT

——— i ——

/

GASKET PVC FLANGE
(SEE FIGURE NO.23D)

2

WITH TUBE WALL

Figure No. 23.B  Side Elevation of the Dismantled Flanges and Fittings of eoch of the End Fianges

of the Annulus Length
All Dimensions 1n Millimetres

-

=

b

CAP OF BRASS STUD COUPLING

- 602 -



" HOLE FOR THERMOCOUPLE INSERTION

3 HOLES
86 ¢ y
PCD 73 /10 SUIT 1Y QVF FLANGES

(Val
14
1068 R
Figure No.23C  View from A-AlFigure No.23Al Figure No.23D Front Elevation of PVC. Flange Figure No 2.3E
All Dimensions in Millimetres All Dimensions in Millimetres Frent Elevation of

Steel QVF Ftange (1)




Relative Loctations of the Pressure and Temperoture Sensors

Figure No.24

{See Figure No.24 tor locations relative to other equipment)
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Figure No.25

Constructionat details of the adiabatic mixing chambers

GASKET c
SECTION THROUGH A-A
N - B——— o2, I 10 SUIl 178" PARALLEL BSP
A 8 MALE STUD COUPLING ~
COMPRESSION - /b
SypRessIn Medermmmmtlly 17
: 3[ \ ]
m @ - - - J - -
- "
| YN A I
) ARl G
- J » «tl
TUBE SIDE ANNULUS SIDE
- mmg%smm MAIERIAL DH%FBNSION MATERIAL
CDtb 272 COPPER 238 COPPER Alt dimensions in mitlimetres
£ 20 20
F ! COPPER L COPPER
G
] 50 COPPER 50 COPPER
H 4
K 57 STEEL 59 STEEL
Lo 32 |COPPER 18 COPPER
Mg 34 COPPER 40 COPPER
P 40 STEEL 48 STEEL
R 43 STEEL 52 STEEL
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« A%, . > . 81/2 ¥
STEAM INLET
T
" ”
» T 1”70 172" REDUCING BUSH
—— COLD WATER INLET DIAMETER =1° | . ; / "
| CONVERGED DIAMETER 222/100 P LD STEEL)
DIVERGED DIAMETER AT ) : ]
INJECTION SECTION OUTLET =174 : ;

1" EQUAL ENDED TEE
(MILD STEEL)

et

L
—————————
------
----------
"""""""""
.......

|

INJECTION SECTION USES FOUR HOLES,
PIRCCIE AR AR A ey
THREA L RoD.
EACH ROD, 7ram long . CENTRALLY BORED FIBRE WASHERS
10 PRODUCE A HOLE DIAMETER OF 2-5mm

ALL PARTS CONSTRUCIED FROM BRASS UNLESS OTHERWISE STATED

Figure No.26 STEAM INJECTOR

HOT WATER OUTLET

DIAMETER = 1"

DIAMETER AT INLET OF DIVERGING SECTION=1/4”



Figure No.27 Equipment tor the sensing of Tube Wall
Tempergtiures

~—>T0 MEASURING EQUIPMENT

THERMOCOUPLE SHEATH\

10 B80S
NS > T B0

CIRCULAR STEEL
ROD —

__——NYLON TUBE

SECTION THROUGH
COMPRESSED STEEL
SPRING

"SCREW AND SHORT LENGTH
OF CIRCULAR SIEEL ROD

Pv.e. TUBE .

S b O 8

DROPLET OF OIL 7O AID
THERMAL CONTACT

SMALL CAVITY IN TUBE WALL
DEPTH 1S 0:3mm (APPROX.}

H
\
B
¥
1]
b

i
“\. Y

i

COPPER TUBE—



Specihe  Gromty
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Figure Na.i) The Eilect of Temperature on the Specific Growty of Carbon Tetrochioride
Temperature  Specific Gravily
|.62< 53 1621
168-0 1-604Q
20-0 1-597
250 1-590
300 1582
FEH

160

+591

0 15 20
Terperature / °C
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Figure No.k2 The Effect of Temperoture on the Specific Growity of Mercury

13577

1345764

13576+

13574

. Specitic Gravity
hd
)
sl

135724

13571

135701

10 5 20 75 28
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Figure No.,3  Explanatory Diagram for the Conversion of Ditferential Flwid Heads

to Ditferential Pressures (See Section &4}

[

Fluid of density,p
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Figure No. 44  The Effect of Temperature on Rotameter Metering

56
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Friction Factor, 9

10

10

Figure No.5.
Friction Factor Comparisons
Type:Pall Rings (Isothermal)
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{See Tableb.1)

4

\\‘; -u——ration .
6P

Config-

Blasius

'\\\\\\E z:

1P

10

4

Reynolds Number

10
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Figure No.5.2 (See Table 52)
Friction Factor Comparisons
Type:Pall Rings (Heating data)

-

10
—— —— Calculated 9
Regression line of
experimental data
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Figure No.5.3
Heat Transfer Comparisons
Type:Configuration 1P {Denotation D of Table 53)
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Figure No. 5.4
Heat Transfer Comparisons
~ Type:Configuration 2P (Denotation E of Table 53)
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Figure No.55
Heat Transfer Comparisons
Type:Configuration 3P (Denotation F of Tabie 53)
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Figure No. 56
Heat Transfer Comparisons
Type: Configuration 4P (Denotation G of Figure 53)
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Figure No.57
Heat Transfer Comparisons
Type: Contiguration 5P (Denoctation H of Table 53)

400

I

Reynoids Number

Figure No.5.8
- Heat Transfer Comparisons
Type: Configuration 6P (Denotation I of Table 5.3)
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Figure No.5.9 {See Table 53)
Heat Transfer Comparisons

Type: Pall Rings

103
v
b
4
Z
Ve
Nu
prUs
Config-
102 uration
)
\Dittus-Boelter
10 . . — —
10% 10°

Reynolds Number



- 225 -

Figure No.510 The effect of surface coverage

Reynolds number exponent

Multiplier,F

on the Re exponent,E,and

muttiplier,F. (Pall Rings}
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Figure No.511
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The effect of surface coverage

on the Re exponent, B, and multiplier, A.

(Isothermal data,Pall Rings)
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Figure No.5.12 The variation of the friction and

Heat Transfer Factor

Friction Factor

heat transfer factors with the number of
pall rings in a tube.

The data shown is obtained by using the

regression equations of Tables 52 and 53.
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Figure Mo. 513 (See Table 54,DenotationH)
Friction Factor Comparisons

Type:Empty Tube (Isothermal,Room temp.)
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—
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Figure No.5.14 {(See Table 55,Denotation K)
Friction Factor Comparisons

Type:Empty Tube (Heating)
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Figure No.5.15 (See Table 5.6, Denotation 1)
Hea! Transter Comparisons
lype:Empty Tube
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Figure No.516 (See Table 56,Denotation K)
Heat Transfer Comparisons
Type:Empty Tube
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Figure No.5.17 (See Table 5.6,Denotation N)
Heat Transfer Comparisons
Type: Empty Tube
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Figure No.5.18
Friction Factor Results {lsothermal)

Type:Swirl Inducers (Identical twist)
Denotations refer to Table 5.7
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Friction Factor, ox 102
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Figure No. 519
Friction Factor Resulls (Isothermat)
Type:Swirl Inducers (lIdentical twist)

Denotations refer to Table 57
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Figure No.5.20
Friction Factor Results (lsothermal)
Type:Swirl Inducers (Identical twist)

Denctations refer to Table 5.7
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Fiqure No.5.2]

Friction Factor Resuits (lsothermal)

Type:Swirl Inducers (identical twist )

Reference figures are the
8T insert configurations

T

/

Reynolds Number



Friction Factor, ®x10?

Type:Swirl lnducers
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Figure No.5.22
Friction Factor Results {lsothermal)
(ldentical twist)

Denotations for tube O refer to Table 5.4
other denotations refer to Table 5.7.
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Figure No.5.23
Friction Factor Resuits (lsothermal)

Type:Swirl Inducers (ldentical twist)
Denotations refer to Tfable 5.7
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Figure No. 5.24
Friction Factor Resulls (lsothermal)
Type:Swirl Inducers (ldentical twist)

Reterence figures are the
81 insert configurations
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Figure No.5.25 (See Table 5.8)
Friction Factor Results (lsothermal)
Type:Swirl Inducers (Alternate twist)

-
10 Reference figures are the
* insert configurations
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Friction Factor, ¢ x 102
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Figure No.5.26
Friction Factor Results {lsothermal)

Type:Swirl Inducers (Alternate twist)

Denotations refer to Table 5.8
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Figure No.5.27
Friction Factor Results (lsothermal)

Type:Swirl Inducers {Alternate twist )

Denotations refer to Table 5.8
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Friction Factor, ¢

Figure No.5.28

Friction Factor Results (Isothermal)

Type:Suirl Inducers (Alternate twist)
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Reference figures refer to the
insert contigurations
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Figure MNo.5.29
Friction Factor Results (lsothermai)

Type:Swirl Inducers {Alternate twist)
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Figure No.5.30
Friction Factor Results (Heating)
Type:Swirl Inducers (ldentical twist)

Denotations refer to Table 5.9
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Figure No.531
Friction Factor Results (Heating)
Type:Swirl Inducers (}denticul twist )

Denotations refer to Table 59
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Figure No.5.32
Friction Factor Results (Heating)

Type:Swirl Inducers (Identical twist)
- Denotations refer to Table 5.9
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Figure No.5.33

Friction Factor Results {(Heating)

Type: Swirl Inducers (ldentical twist)
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Reference fiqures are the
insert configurations
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Figure No.5.34
Friction Factor Results (Heating)
Type:Swirl Inducers (Alternate twist)
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Figure No.5.35
'Friction Factor Results (Heating)
Type: Swirl Inducers (Alternate twist)

Denotations refer to Table 5.10

Reynolids Number
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Figure No.536
Friction Factor Results (Heating)
Type: Swirl Inducers (Alternate twist)

Denotations refer to Table 5.10
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Fizure No.5.37
Friction Factor Results (Heating)
Type:Swirl Inducers (Alternate twist)

Reference figures refer to the
insert configurations
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Figure No.5.38
Heat fransfer Results
Type: Swirl Inducers (identical twist)
Reference figures are the insert configurations
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Figure No.5.39
Heat Transfer Resulls
fype: Swirl Inducers (Identical twist )
Reference figures are the insert configurations
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Figure No.5.40
Heat Transfer Results
Type: Swirl Inducers (ldentical twist)
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: Swirl Inducers (ldentical twist)
Reference figures are the insert configurations

The results for configuration 77 refer to denotation H
of Table 5.11
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Figure No.5.42
Heat Transfer Results

Type: Swirl Inducers (Identical twist)

Reference figures are the insert configurations
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Figure No.5.43
Heat Transfer Factors calculated using the
regression equations of Table 5.11
fype : Swirl Inducers (ldentical twist)

For configuration 7T the equation is based on
the results for rotameter,R2,scale readings of 75and 10
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Figure No.5.44
Heat Transfer Results
Type: Swirl Inducers (Aiternate twist)
Reference fiqures 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 Transfer Resulls
Type: Swirl Inducers (Alternate twist)
~ Reference figures are the insert configurations
103
I The results for 6K are given
| by denotation G, Table 5.12°
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Figure No.5.46
Hea! Transfer Results
fype: Swirl Inducers (Alternate twist)
Reference figures are the insert configurations

_ 800 e/® = Coincident data for two
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Figure No.5.47
Heat Transfer Factors calculated using the
regression equations of Table 5.12
Type : Swirl Inducers {Alternate twist)

For configuration 6K the equation shown is based on

theoresults for rotameter,R2,scale readings of 75and 10
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Figure No548 The effect of unoccupied fraction

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 unoccupied fraction
of tube length on the multiplier , A

(Inserts of alternate twist direction )

Inserts aligned{lsothermal) ¢ Inserts aligned (35°C) =
Inserts aligned{Heating) + Insertsatg0°(35°C) »°
+ Inserts at 90° .
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Figure No.550 The effect of unoccupied fraction
of tube length on the Re exponent ,B
(inserts ‘of alternate twist direction )

Inserts aligned{lsothermal) ¢ Inserts aligned (35°C}
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Figure No.551The effect of the unoccupied fraction

of the tube length on the regression parameters RE

Symbol Rotation Edge Arrangement
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Figure N0.552 Friction factor ratio versus the number of inserts
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Figure No.553 Friction factor ratio versus the number of inserts
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Figure No.554 Heat transfer factor ratio versus the number of inserts

Heat transfer factor ratio
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Figure'No.T.l Comparison of the heat {ransfer and flow resistance
obtained using stainless steel pall rings (present work) and
roughened tubes (Norris (6,pp.16-26))

Pall
rings

Friction factor ratio, ¢ / ¢°

Symbols

® Averzge of the rafios obtained using pall rings at Reynolds rnmmbers
of 15500 and 86500. The short lines through the points indicate the

effect of Reynolds number. Pr = 4.94

1 Square ribs {large spacing) Pr = 0.7
2 Sand grain roughness Pr = 4

3 Sand grain roughness Pr =6

4 Hire type ribs Pr = Q.7
5 Rectangular ribs (large spacing) Pr = 0.7
6 Sapd grain roughness Pr = Q.7
7 Sguare ribs and V-shaped grooves (small spacing) Pr = 0.7




Figure No.72 Comparison of the heat transfer and friction factor increases, relative
to an empty tube operating a! the same Reynolds numbers, produced
by swirl inducing inserts

The points represent the mean of the rahios evaluated at Reynolds numbers of
15500 and 104000,
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. Figure No.7.3 Companison of the friction factors evaluated using
moditied forms of eguations (1.80) to (1.83} and the
correlation proposed by Chakrabarti[211

Denotation Modified Equalion

1 (1.80)

2 (1.81)

3 {1.82)
A (1.83) i
1-0 , N
_~Chokrabart =
'

Friction Factor

3 — i,
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2 10
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Reynolds number



« 271 -

Figure No.T7.4 Comparison of the friction factor characteristics
of the Kenics static mixer system in the laminar and turbulent flow

regimes.
Denotation Source and conditions
A Present work, empty tube, heat transfer.
B Present work, configuration 9K, heat transfer.
. C Present work, configuration 6K, heat transfer.
D Average f, determined using references (24) and (60),
for a Kepics mixer with d = 15.7mm, average ¥ = l.61.
Turbulent flow correlation.
E As for D except correlation for laminar flow is used.
P Proctor (101}, Kenics mixer, 4 = 12.7mm, y = 1.5, heat
transfer.
G Lin et.al. (78), empty tube, heat transfer.
H Lin et.ale (78), similar to configuration 9K,tube

length = 1016mm, tube length occupied by Kenics
mixers = 540mm, d = 12,7mm, ¥ = l.6, heat transfer.

J Lin et.al. (78), Kenics mixer, d = 12.7mm, ¥ = 1.6,
heat transfer.
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Figure No.7.5 Comparison of the heat transfer characteristics of the
Kenics static mixer system in the lamjinar and turbulent flow regimes.
Denotation Source and conditions
A Present work, empty tube.
B Pregent work, configuration 9K.
C Present work, Kenics mixer, configuration 6K.
D Chen (25), Kenics mixer,turbulent flow,
¥a = 0.078 Reo'8 Pr0'33
B Chen (25), Kenics mixer, laminar flow,
Nu = 2.25 ( Re pr )°*33
P Lin et.al. (78}, empty tube.
G Lin et.al. (78), similar to configuration 9K, tube
length = 1016mm, tube length occupied by Kenics
] mivers = 540@, da=a 12.7m, Y= 1.6,
H Lin et.al. (78), Kenics mixer, d = 12,Tmm, ¥ = l.6.
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APPENDICES
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Appendix A.l

The hydraulic, or squivalent, flow caoncept

The equivalent diameter of a tubs containing inserts is

found using -the equation

Dy = 4 (Cross sectional free area) © (A.l.1)
(Wetted perimeter)

For the twisted tape arrangement, for which Gambill, Bundy
and Wansbrough (49, 50) call Dy the "nominal®™ equivalent diameter, it
is found that

2
Dg= 0d -458d | : .1.2
® TE+2)4d-2s (A.1.2)

The fluid velocity to be used with this "nominal™ eguivalent

diameter is given by

uh u
ue = —-f.. = (AolnS)
Ag 1.-[45]
wod

The length to be used in the friction factor calculation is
tha axial tube length, as used without the equivalent diameter
correction.

Gambill et. al. (49, 50) do not use the area correction given
by squation (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 besen used by a number of authors,
for instance, Smithberq and tandis (118) and Migay (83). The model is
dsscribéd here for completeness, and further to shouw that other
definitions of an “equiyaient" diameter may be proposed. The work
below is taken almost wholly from the report by Gambill et. al. (49).

for a continuous twisted taps

L

axial distance travelled by a slug of fluid
while it is rotating through 360°
= 2yd (Aulo4)
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Lot = (actual distance travelled by a point on the

outside surface of the fluid slug whilse
rotating through 3600)2

= (= d)? + (2ya)? (A.1.5)
> Ly N R e (A.1.6)
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 velgcity, u, should not bs substituted for the
corrected velocity, u,o in the folleowing eguations.

For the forced vortex model

u tangential fluid velocity

t
= uiR
yr (A.1.7)
So that at the wall of the tubs
u = u = i u
ot H 2y : (A.1.8)

Hence the resultant fluid velocity at the tube wall is given by

2 2 - 2
Uri = u + L 1]
[2Y ] (A.1.9)
. } u (4y2 . “2)0.5
Il —
2y

The "true" equivalent diameter, here denoted by D, is con-
sidered by Gambill et. al. (43) to be cbtained from a "true" flow
area and corresponding wetted perimster; hence

"Trug" flow area = PazE1§:§gth (A.1.10)
Neglecting the thickness of the tape, the volume of the slug of
fluid over an increment (dR) is 2% R(4yr)(dR), and the.path length

is obtained from

2 2 2
(Path length) = (2mR) + (4yr) (R.1.11)
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Hence

"true™ flow area

I
1}

_ ¥ 8sRry (dR) ~ (A.1.12)
o L(2R)2 (dyr)Z] 0.5

From Gradshteyn and Rhzhik (52, p. 86, eguation 2.271) it is found
that '

2.0.5
-[ R (dR) . LreR) (Ao1.13)
(a +CR2)D.5 c
Hence _
‘ 22 2 10.5
A - 81 1L+ 5 RS | (A.1.14)
f T H ['27] ] ] | |

If the thickness of the tape is also considered then

I

Af = corrected true flow area
22 ' 0.5
_ 8ry 1+ 21.2 «l]- 21§
- A 2y
. (A.1.15)
Gambill et. al. (49) define ths wetted perimeter by
, Area exposed
Wett = (A.1.16)
stted perimster T Path length along tha area
where
2
Tubs area exposed = 2nre  (4y) (A.1.17)
Path length at the tube
2 210.5
wall ‘ = rf(4y) + 4 © (A.1.18)
and Wetted perimeter
of the tape = 4r
Hence it can be shouwn that
' 2
- 2nr {4y}
* Wetted perimeter = 5 s + 4r
r[4 ne + (ay) ] .
ny
= 4r +« 1 (A.1.19)
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and Hydraulic diameter

2 0.5
=D, = Bry | X - 2yX (A.1.20)
7|2y {(my + XU'S)
whera X = (tzy2 + .-.2) : (A.1.21)

If allowance is made for the covering of part of the tube

wall by tha tape edges, then

. - 2
Wetted perimeter = 2nr (4y) - 28,_ + 4r

r[a ‘12 + (4y)2 ] 0.5

2
4r -’.‘y - (S/a‘r ) + 1 (AQIQZZ)
" 2] G.5
"o+ 4y )

Using the corrected true flow area and wetted perimeter it is found
that |

=)
4]

corrected hydraulic diameter

0.5 0.5
41 [X - 2yX J - 28X

(R.1.23)

[ ny - (s/hrz) + xo.si}

whers X is given by equation (A.1.21).
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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 tube and orifices :

% = (Diameter at 20°C) {1 + c (t - 20)]

(A.2.1)

For the stesl orifice plate and pipe, both of which were.producad

Diameter at t,

from 302 stainless stesl @

- -1 o ~1
17.28 x 10 6 mm C

¢ = expansion coefficient

For the brass plate :

c = 1B.9m m~t ot
(b) Discharge coefficient
2 .o 2
Do Orifice diameter (A.2.2)
mo -E' =

Tube diameter

For mu<:0.15, with a corner tapped orifice plate, Figure 18a in
BS 1042: 1943 and Figure 35 in BS 1042: Part 1: 1964 can be

appraximated by :

Discharge cosefficient = 0.0393%m,+ 0.5956 (Ae2.3)

{c) Fluid density and viscosity correlations
Ses section 4.3.2

(d) Reynolds number correction
For m, < 0.15 the data of B85S 1042 is correlated by :

=] m +
+ 0 1000

~0.8951 40.63 - 3,369 ln(Re+)
Multiplier = (547.5R + 1

where Re, = RQ‘J""”" rumber of the Fflow ‘H\rowﬁl-\
the orifite

(A.2.4)
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() Extra tolerance dus to the Reynolds number
Correlating the data in BS 1042 it is found that

Extra tolerance

(f) Correction for diameter

(g) Extra tolerance for

diametar

{(h) Basic tolerance

(Multiplier from (d) above). (25%)
(A.2.5)

0.02723m, + 1.000859 (A.2.6)

2,9342m, + 0.4842 % - (Re2.7)

0.8167%, for mg< 0.5 {A.2.8)
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Appendix A.J3

Th

g computer program (EX-6010) used for the analysis of the raw

1223

perimental data and for the pressure drop calculations

10
20
3o
40
50
60
10
80
90
100
110
120
130
£40
150
160
-170
180
190
200
l0
220
30
240
250
260
270
280
290
300
10
320
330
340
350
360
370
330
330
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
350
560
570
380
390
600
610
620
630
640
650
660
670
680
690
700
710
720
730
140

REM PROGRAM FOR TUBESIDE PROPERTIES,FLOW PARAMETERS AND PRESSURE DROPS
REM AXIAL CONDUCTION LOSSES ARE CALCULATED
REM DATA GBTAINED FROM FILES #1 AND #4 (CREATED BY INPUT)
REM LINES 40-689
REM DIM STATEMENTS,PROCESS INFORMATION,PRINT FOMAT,DATA READ
DIM NC100),H()00,6},4(100),5(100),T(100,25),D( 100,5),V(100),Z(100)
DIM U{100),4(100,6),P(100),F(100),Q{400,5),¥(9,1),0(100,6)
DIM K(100,15),A(100,15),C(15,5) f
piM W(100,15),R(100)

PRINT X=} . o« o . ISOTHERMAL®

PRINT'¥=2 . . « . DIABATIC (TEST SECTION)"

PRINT’ CHOSEN VALUE OF X IS’:

INPUT X

REM DEFAULT VALUE OF A=0 ALLOWS TUBE WALL AREA TO BE FOUND
PRINT'CROSS SECTIONAL AREA OF TUBE/SQ.INS. I3":

INPUT A

PRINT  TUBE MATERIAL I5":

INPUT AS(5)

#RINT TOTAL INSERTED LENGTH/INS. 1S°:

INPUT L}

FS="CH¢dtsvis e’

Gg=’RUN NUMBER’
H$=’ TEMP./C °
I$=" HEAD/CM.
Js=* ROTAM/CM. *
K$='D/G./CU.CM. *
Ls=" VISC./CP. *
M5=’ SPEC. GRAV.®
N$=’'QfCU.FT./S."
LIS Y T 1T T i
P§='VEL./FT./S.'
Qs=" p/pSl. °
Rg="RE/NO UNITS"
sg=’ FRICTION
T$=" COLBURN
Us=’ BLASIUS
V6e® DKM
W=’ COLEBROOK
05=" NIKURADSE *
Bs="  ROUSE

PRINT’ FIRST RUN NUMBER ON DATA FILE IS°:

INPUT 01

PRINT' LAST RUN NUMBER ON DATA FILE IS:

INPUT Y1

PRINT*FIRST RUN HUMBER

INPUT ©
PRINT'LAST RUN NUMBER':

INPUT Y
PRINTHOW MANY F EQUATIONS':

INPUT M
PRINT'LENGTH/INS. ISt
INPUT L
Li=L
E=0,000005%12
PRINT L.D./INS. I5':

INPUT D
PRINTO.D./INS. IS":

INPUT D1
DEFINE FILE#4='DAYSDH-6010*
DEFINE FILE#I='THS-6UL0"
FOR L=0} TU Y
READ #1 N(L),H(L,0),4(L},S(1),T¢L,1),T(L,2),T(1,3},T(1,4),T(L,6},T(L,25)

IF X=1 GO TU 650
READ #4,T(I,9),T(L,10),7(1,8),T(L,7),TC1,22),T(1,23),2(L)
NEXT I
CLOSE #4
CLOSE #1

p=y

REM LINES 690-1U6Q
REM CALCULATE RE, PRESSURE DROP,FRIGTION,HEAT LOSSES
FOR [=0 TO ¥
GUSUB 2690

L, ) =1=CCC(T(1,6)~3.9863)"2)%(T(1,6)+285.9414) )/ (508929.2%(T(1,6)+68.12963)))
If X=2 GO T0 770

LI T T Y
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Appendix A.3  Continued

150
160
770
780
790
800
810
820
LEY
840
830
860
810
830
890
900
915
920
930
940
950
960
970
980
930

T={T(L[,13+T(1,2))/2

GO TO 890

TCLA(T( L P+, 8)}}/2

T(L,18)=(T(1,8)+T(L,10))/2

T 9)=(T(L, LOMT(I,9))/2

TCL12)={TCL,224T(L,21) /2

GOSUB 2900

T=T(L,1)

GOSUR 2840
TOL,21)=(H(1,5)/(C*QG(1,2)*3600%D(1,2)*62.427961*1.8) )+T(L,L)
T=T(1,2)

GOSUE 1840
T(I,L4)=T0L,2)=(H(L,6)/(C*Q{1,2)#2600*D(1,2)*62.427961*1.8))
T={T(L,21+T(L,2))/2

GOSyB 2840

MI,1)=R

V{IL}=v

T(L,20)=T

Q(I,1)=Q(1,2)*p(1,2)/0(1,1)}

V(D)=L 1)*183.34649/(D"2)

REDje? 4t 92%D%UL I3*D(T, 1)/V(I)

IF L1=0 GO T0 990

P=0,0396% (R{1) “(~0.25) )% (L3-L1)*D( L, 13*(U(2)~2)/(D*18.553609)
cooro 1000

pw

1000 PCIp=(H(L,0X*(SCI)~1)*D(I,3)*0,014223343)-P
161G IF L1=0 Go TC 1030

1020 L=L1

1030 F{1)=18.553809%P{1)*D/(L*D(L,L1}*(U{K)"2)}
1040 #=0 .

1050 =13

1060 NEXT 1

1670 REM LINES 1070-~1380

1080 REM PRINT STATEMENTS OF SOME CALCULATED DATA
1090 PRINT LINC4)

1100 PRINT DATE:":

1110 INPUT AS

1120 PRINT

1130 PRINT'TABLE MO.”:

1140 INPUT AS(2)

1150 PRINT

1160 PRINT'GECHETRY:”:

1170 INBUT AS(3)

1180 PRINT LIR(3}

1190 PRINT TAB(15):G$:TAB(29) :HS:TAB(44) 1151 TAB(57):J§
1200 FOR I=0 TO Y

1210 PRINT TAB(19):N(I):TAB(29):

1220 PRINT USING Ds,T(I,20):

1230 PRINT TAB{(46Y:H{1,0):TAB(61):M{I)

1240 NEXT I

1250 BRINT'LENGTH/INS.»":L

1260 PRINT'DIA./INS,= :D

1270 PRINT' ROUGH/IN5.=":E

1280 PRINT

1290 PRINT TAB(15):KS:TAB(29):LS:TAB(43) :M9:TAB(ST) NS
1300 FOR I=0 TO Y

1310 PRINT TAB(15):

1320 PRINT USING D$,D{I,1}:

1330 PRINT TAB(29):

1340 PRINT USING D§,V(I):

1350 PRINT TAB(44):5(L):

1360 PRINT TAB(57):

1370 PRINT USING.DS,Q(I,1)

1380 NEXT L

1390 REM LINES 1390-1620

1400 REM DATA OF OTHER WURKERS AT SAME RE
1410 FOR I=0 TO ¥

1420 Fw0.0396*(R(I)~(-0.25))

1430 KCI,10=0.023*(R(1)"(~0.2))

1440 K(1,2)=F

1450 K(1,3)=(0.00140+(0.1254(R{ 1) (~0,32))))/2
1460 We(E/(3,7%D))

1470 WL, 6)=1 . 255/ (RCDIA((2*F}"0.57)

1480 K(L,4)=( (~6%((LOGCW(L,4)))/LOGCLI0N) )" (~2))/2
1490 IF ABSCK(E,4)~F)<0.0000000001 GO TO 1520
1500 F=K([,4)

1510 GO TO 1470

1520 W(L,5)=(LOG{R(II¥{{I*FI"0.5) 11/ LOG(10)
1530 KL, 5)=C(L4*W(1,5))~0.40)"(=2))/2

1540 IF ABS(K(L,5)~F)<0.000000000Y GO TO 1570
1550 F=K(I,5) .
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1560
1570
1580
15490
1600
1610
1820
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1310
1829
1830
1840
1850
1860
1870
1880
1890
1300
1910
1920
1930
1940
1950
1360
1970
1980
1950
2000
2010
2020
2030
2040
2050
2060
2070
2080
20%0
2100
110
2120
130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
230
2269
2270
2280
2290
1300
1310
2320
2330
2340
1350
2360

€O TO 1520
W(I,b)=(LOG{R(I}*((2*F)"0,5)))/LOG{10)
KOL,6)(({4.06%W(1,6))=0,6)~(-2)}/2

IF ABS(X([,6)=F)<0.0000000001 GO TO 1620
Fak(I,6)

GO 10 1570

NEXT

REM LINES 1630-1830

REM CALCULATE MEAN,MAXM. ,AND MINM. RATIO OF EXPTL. TO REFERENCE FRICTICN
FOR J=) TO M

£l=0

F2=0

F3=1000006

FOR I=Q TO ¥

AT, J)=FCI)/K(I,T)

Flarl+A(1,J}

17 A{[,I)<F3 CO TO 1770

IF A(I,J)>F2 GO TO 175

GO TO 1790 ‘

F2aa(L,J)

GO TO 1790

F3=a(1,J)

iF [=0 GO TO 1730

NEXT [

c{J,2)=F1/(T+1=0)

c{J,0)=F2

C(J,1)=F3

NEXT J

REM LINES 18340=2460

REM PRINT STATEMENTS WITH OPTION ON REFERENGE PRINT OUTS

PRINT i
PRINT TAB(15) :P$:TAB(29) :q$ : TAB(43) : 85 :TAB(57) : S5
FOR L=0 TO ¥

FRINT TAB(15):

PRINT USING D$,U(L):
PRINT TAB(29)1t

PRINT USING D§,P(I):
PRINT TAB(43):

FRINT USING D$,R(I):
PRINT TAB(S7):

PRINT USING D§,F(I)

NEXT I

PRINT

PRINT‘DO YCU WANT A PRINT OUT OF REFERENCE DATA':
INPUT As{4)

PRINT

FOR J=] TO M STEP 4

IF J=1 THEN GO TO 2050
IF J=5 THEN GO TO 2080
PRINT TAB(15):T$:TAB(29):US:TAB(43):V$:TAB(57):Ws
IF AS(4)="NO* GO TO 2230
GO TC 2100

PRINT TAB(15):08:TAB(29):B3
IF AS(4)='NO’ GO TO 2230
FOR I=0 TO Y

PRINT TAB(15):

PRINT USING D$,K(I,J):
PRINT TAB(29):

IF J=5 GO TO 2210

PRINT USING D§,K{L,J+1)1
PRINT TAB(43):

PRINT USING D5, K(L,JH+2):
PRINT TAB(57):

PRINT USING D$§,K{I,J+3)
GO TO 2220

PRINT USING D§,K(1,J+1}
NEXT T

PRINT

FRINT'MEAN RATIO0S ARE’
Q=2

PRINT TAB(15):

PRINT USING D§,C(J,Q)¢
PRINT TAB{29):

IF J=5 GO 10 2350

PRINT USING D$,C(J+1,Q):
PRINT TAB(43):¢

PRINT USING D$,C(J+2,Q):
PRINT TAB(57):

PRINT USING D$,C(J+3,Q)
G0 TO 2370

PRINT USING DS,C(J+1,Q)
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2370 iF Q=) GO TO 2450

2380 IP Q=0 GO TO 2420

2190 PRINT MAXIMUM RATIOS ARE’

2400 y=0

2410 GO TO 2260

24670 PRINT'MINIMUM BRATIOS ARE”

2430 Q=1

1660 GO TO 2260

2450 PRINT

2460 NEXT J

2470 REM LINES 24T70=-2660

2480 REM FILE CALCULATED DATA

2490 DEFINE FILE#2="DAYSAH-6010°, ASC SEP,50
2500 DEFINE FILEF#S5="DAYSEH~6010', ASC SEP,500
2510 DEFINE FILE#3="DAY5BH-6(10", ASG SEP,500
2520 IF O=01 GO TO 2580 ~

2530 FOR I=01 TO (0-1)

2540 READ #2,R(I),F(1)

2550 READFY,Q(I,2),0(1),8{1),0(1,2),¥%(1)

2560 READ #5,H(L,3),H(L,4),H(L,5),u(1,6),T(L,11),T(L,22),7(1,18),T(L,19),T(L,14},T(L,20)
2570 NEXT 1

2580 FOR I-0 TO Y

2590 WRITE #2 R(1) ,F(I

2600 WRITE #3,0{1,2},U(1),R(I),D(L,2},V(1)
2610 IF X=1 GO TO 2630

2620 WRITE #5,H(I,3),H(L,4), H(I,5) H(L,6),T(L,11),T(L,22),T(L,18),TC2,19),TC1,14),T(L,20)
2630 NEXT I

2640 CLOSE 1)

2650 CLOSE K2

2660 CLOSE 45

2670 PRINT

2680 STOR

2690 REM SURROUTINE LINES 2690-2830

2700 REM TUBESIDE VOLUME FLOW AND DENSITY AT ROTAMETER
2710 Y(1,1)=0.00340162026987

2720 Y(2,1}=2.597274544 76986

2730 (3, 1)=0.001224330370887

2140 Y(4,1)=3.285318967983E-6

2750 ¥(5,1)=1.301031096414E-5

2760 Y(6,1)==1.130686733131E~7

2770 ¥(7,1}=6.012183950648E~8

2780 Y(8,1)=-3.6220264)47276E-8

2790 ¥(9,1)=1.4656898163272E~-9

2800 Q(I,3)=¥(1, L)+(Y(2, 1)*TCL,25) 1 (Y(3, 10 L)) +(YCA, 1)AT( L, 25) A M0 1) )4 Y(5, 1) *(M({ L) “2) ) +( ¥ (6, 1)*T( L,25)*(M(1}"2))

2810 QQ1,2)=Q(I,3+(Y (7, 1)%(T(1,25)"2))+(¥(8, 1)*(T(L,25) 20 *u( 1) )+(Y(9, 1) *(T{I,25)"2)*(M(1)"2))
2820 DCE,2)=1=({({T(1,25)=3.9863)"2)%(T(1,25)4+288.9414))/(508929.24(T([,25)+68.12963)))
2830 RETURN

2840 REM SUBRDUTINE LINES 28402890

2850 REM DENSITY,SPECIFIC KEAT,AND VISCOSITY AT DUMMY TEMPERATURE,T
2860 BR=i-{({{T-1.9863) 2)%{T+288.3415) )/ (508929.2%{ T+68.12962)))
2870 C=1

2880 v=100/((2.1482%{(T=8.435)+({3078.4+((T-5.435)"2)}"0.5)})~120)
2890 RETURN :

2900 REM SUBROUTINE LINES 2900-3120

2910 REM AXIAL CUNDUCTION LOSSES

2920 IF AS(5)="STEEL" GO TO 2980

2930 O(1,59=221.2-({21/720)7{{T{1,11)%1.8)+32))

2940 O(1,6)=221.2-((11/720)%((T(L,12)*1.8B)+32}}

2950 O{1,33m221,2-( A1/ 7200 ({TCL, 1900, 3)+32))

2960 0(1,4)%221.2-((21/720)*((T(L,18)*1,8)+32))

2970 Go To 3020

2980 REM THERMAL COND. OF STEEL

2990 REM THERMAL COND. OF STEEL

3000 REM THERMAL COND. OF STEEL

3010 REM THERMAL COND. OF STEEL

3020 IF A>0 GO TO 3040

3030 A=3.1415927%{(D1"2)~(D"2))/576

3040 Kle2/12

3050 X2=2/12

3060 X3=38/12

070 Xam2/12

3080 H{I,5)=0(L,5)*A%(T{1,8)-T(1,7)}*1.8/X1

3090 HOL,6)=0(L,6)*AY(T(L,22)~T(1,23))*1,8/X4

3100 HOL, 3)=0(L,3)%A%(T(1,9)=-T{1,10))*1,8/X1

3110 H{L,6)=0(L,4)%A%(T(L,10)~T(L,B))*1.8/X2

3120 RETURN

3130 END
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The computer program (FRICTION-6010) used for the regression analysis

of the friction factors and Reynolds numbers

10 REM PROGRAM FOR LN=-LN LINEAR REGRESSION OF RE AND FRICTION FACTORS
20 REM DATA OBTAINED FROM FILE #2 , CREATED BY EX-6010 , OR BY ON-LINE INPUT
30 REM LINES 30=330

40 REM DIM STATEMENTS,PRINT FORMAT,

S0 REM AND RUN NUMBER STATEMENTS AND DATA INPUT OR READ
60 DIM AS(ID) R{500),F(500,%),5(500,5)

70 DIM GS(10),A(40G)

BO AS(3)="+# ki d# """

90 PRINT' IS DATA ON FILE":

100 INPUT ASCi)

110 1F As(1l)="N0" GO TO 160

120 PRINT'FIRST RUN ON DATA FILE":

130 INPUT O

340 PRINT'LAST RUN ON DATA FILE':

150 INPUT Y1

160 PRINT FIRST RUN':

170 I4PUT ©

180 PRINT“LAST RUN":

190 INPUT ¥ :
200 IF AS(1)="YES® GO TO 2790
210 PRINT“DATA INPUTLS®
220 PRINT’ INPUT RE,F’
230 FOR I=0 TO Y

260 INPUT R(I),F(1,1)
250 NEXT I

260 GO TO 360

270 PRINT’RAME #2°:
280 INPUT AS(2)

190 DEFINE FILE#Z=AS(2), ASC SEP,50

300 FOR I=0% 10 Y

310 READ #2,R(I),F(1,1)

320 NEXT T

330 CLOSE #2

340 REM LINES 240-560

350 REM LS-LN LINEAR RECRESSION

360 Cl=0

370 I=0

3180 E=0

390 F=0
400 W=0

410 C=0

420 $=0
430 GQa=0

440 FOR 10 TO ¥

450 Z=Z+(LOC(F(L,1}})

460 Qu=Qa+{ (LOG(F{I,1)})"2)

470 E=P+{LOG(R(I)))

480 W=+ (LOG(F{1,1)))*(LOG(R(I))))

490 GG+ (LOG(R(I}))"2)

500 WEXT I

510 Xm{Y+l=Q} :

520 E={ (XMW)-(F*2) }/ ((5*G}-(F"2)}

530 Cl={{G*Z)=(W*F) )}/ ((X*G)~(E~2})

540 GOSUB 580

550 PRINT LIN(2)

560 GOSUB 900

570 STOQP

580 REM SUBROUTINE LINES 580-890
590 REM COMPAR[SON OF CALCULATED AND EXPERIMENTAL RESULTS
§00 REM CALCULATE DATA FOR USE IN REGRESSION ANALYSIS
610 PRINT LIN(4)
620 PRINT TAB(20):’COMPARISON WLTH REGRESSION ANALYSIS’
630 PRINT
640 PRINT TAB(20):’'% ERROR 15 EXP-CALC/EXP’
650 PRINT
660 PRINT TAB(15):’REYNOLDS NO“:TAB(30):" EXPTL F “iTAB{45):’ CALCED F “:TaB(60):° T ERROR *
6§70 F2=0

680 Fli=)
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690
700
110
720
730
740
730
760
770
S 780
130
g0
810
820
830
840
850
860
&1
880
8490
900
910
920
930
940
930
960
970
980
930
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
119¢
1200
1210
1220
1230
1240
1230

FOR I=0 TO Y
F(1,3)=(C1+(E*LOG(R( 1) )))
F(L,2)=EXP(F(L,3))
SELLA)=({LOGCE(L, 1)) )-F(L,3))
S=s+(S{1,1)"2)
$(1,2)=(F(L,1)=F(L,2)}*Y00/F(1,1}
PRINT TAB(15):

PRINT USING A3(3),R(D):

PRINT TAB({30):

PRINT USING AS(3),#(I,1):

PRINT TAB(45):

PRINT USING AS(3),F(1,2):

PRINT TAB(60}:

PRINT USING A3(3),5(I,2)
F2eF2+{5(1,2)°2)
F3=F3+ABS(S(1,2))

NEXT I

PRINT

PRINT' LOG~LOG REGRESSION LINE I5°:
PRINT"F=":EXP(C1): " *(RE~":E:")*
RETURN

REM SUBROUTINE LINES 900-1630
REM REGRESSION ANALYSIS USING STUDENTS T-DISTRIBUTION
REM VALYES OF T READ FROM FILE
REM OPTION TD FILE EXPERIMENTAL DATA IS CIVEN
DEFINE FILE#7='T=DIST-~6010"

FOR K=1 TO 33

READ #7,A(K)

NEXT K

CLOSE #7

IF (X-2)>120 GO T 1050

IF (X-2)>60 GO TO 1070

IF (X=2)»40 GO TO 1090

IF {(X-2)230 €0 IO 1110

X7=A{X~2)

GO 16 1120

X7=A{33)

co To 1120

X7=A(32)

GO TO 1120

X7=A{31)

GO T0 1120

X7=A(30)

Fa=(F3/X)

F5=((F2/X)"0.5)

X6m{ (L/XIH{((F/X)"2)/{C-({F/XI*F)}})"0.5
X5uX7*{(S/(X-2))"0.5)*x6

Xam( {G={ FAF/X) )~ (~0.5))
X3=X7%((S/(X-2))"0.5)*x4

Q= W={ F*Z/ X3/ ({{C~{F*F/ X)) *0.5)2({Q4~(ZHZ/X))~0.5))
Q2=Q3°2

FbaCl=2A5

Q6=EXP{FE)

FI=Ci+A5

QI=EXP(F7)

Fa=E=X3

FIsE+X]

1260 Q5S=EXP(L1)

1270
1280
1230
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430

PRINT TAB(15):‘RESULTS OF REGRESSION ANALYSIS®

PRINT

PRINT TAB(15):°Z...SUM OF LOG({F}’:TAB(50):Z

PRINT TAB(15):"F...5UM OF LOG(RE)':TAB(S0):F

PRINT TAB{15):"W...5UM OF LOG(F)Y*LOG{RE)":TAB(S50):%

PRENT TAB(13):°G...5UM OF (LOG{RE)"2)’:TAB(50):G

PRINT TAB{15):"%...TOTAL NUMBER OF RUNS USED’ :TAB{50):X
PRINT TAB{15):°S...SUN OF (DEVIATIONS®2)’:TAB(S50}:S

PRINT TAB{15):"E...SLOPE QF REGRESSION LINE’ :TAB(30}:E
PRINT TAB{15):°Cl...LOG(CONST) IN F EQUATION’ : TAB(5Q):C1
PRINT TAB(LS5): X7...T(5) IN CONFIDENCE ANALYSIS®:TAB(50}:X7
PRINT TAB(R5): %6...HMULT. IN LOG(CONST) ANALYSIS®:TAB(30}:Xé
PRINT TAB(15):"X4.+.MULT. [N SLOPE ANALYSIS' :TAB(50):X4
PRINT TAB(15):°X5...INTERVAL ON LOG(CONST)’ :TAB(S0):X5
PRINT TAB{15):'X3...INTERVAL ON SLOPE’ :TAB(50):X3

PRINT TAB(15):’Fb...MLN. LOG(CONST)’:TAB{50):F6

PRINT TAB(15):"F7...MAXs LOG(CONST}’ :TAB({50):E7
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1440
1450
1460
1479
1480
1490
150Q
1510
1520
1530
1540
1330
1560
1570
1580
1590
1600
1610
1620
1630
1640

PRINT TAB{15):°Q6...MIN. CONST" :TAB(50):Q6
PRINT TAB(15):'Q7...MAX. CONST :TAB(50):97
PRENT TAB(15):°Q5..-REGRESSLON CONST’ :TAB(350}:Q5
PRINT TAB{15): F8...MIN. SLOPE’ :TAB(50):F8
PHINT TAB(IS5):'F9...MAX. SLUPE" :TAB{50}:F9
PRINT TAB(15): H4...5UM OF (LOG(F}"2)" :TAB(50):Q4

PRINT TAB{15):'Q3...CORRELAIION COEFFICIENT/R® :TAB(50):Q3

PRINT TAB(15):°Q2...R"2":TAB{50):42

PRINT TAB(153:"F4...AV. ABS. DEV. ':TAB{50):F4
PRINT TAB{15):'F3...R.M.5. ABS. DEV.”:TAB{30):F5
PRINT LIN(2)

PRINT  STATE FILENAME OR NO':

INPUT G5(5)

17 G5(5)='KO" GO TO 1610

DEFINE FILE#G=GS(5), ASC SEP,S00Q

FOR 1=0 TO Y

WRITE #6,8(1),F(L,L)

NEXT L

CLOSE #6

RETURM

END
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The computer program (HEAT2-5010) used for the conversion of the

experimental heat transfer data intg dimensionlsess form

10 REM PROGRAM FOR RAW HEATING DATA T NU FORM
20 REM DATA OBTAINED FHOM #1,#4.#3,¢3  QF EX-6010

10 REM LINES 30=-640

40 REM DIM STATEMENTS, PROCESS INFURMATION,PRINT FORMAT,DATA READ
50 biM o{100,%),G(1060,5),A060) ,M(100),C(100,9),8(100, 10}

60 DIM Q{100,7),U(100,2),R{L00},%(100),D(100,7),v(160),¥(9,2),T(100,25)
70 DIM P(100.5},%K(100),58(L00,5),5(100,5),2(100) ,Ds(25)

80 PRINT'ERROR CRITERION FOR RE EXPONENT I5°:

90 1NPUT X8

100 PRINT”ERROR CRITERION FOR RESISTANCE IS’:

110 INPUT X9

120 BS=’ #4044~ "7

130 D§{1)=" RUN NUMEER *

140 DS(2)=" (HO/HI)MEAS”

150 D${3)=" (HO/HI)CORR’

160 D§(4)="CORR/HIMEAS’

170 D5(5)=" CORRY *

180 0$(6)="  CORR2
190 Ds(7)="  CORR3
200 D5(8)="  CORR4
210 D§(9)=" LMTD MEAS
229 DS(10)=" OUT T AV *

230 DSC11}="INSI. T Av. *

240 DS(12)=’ LMTD CORR *

250 95¢13)="HG CORR/BEY’

260 D3(l4)="EXP NUSSELT”

210 D5{15)='CAL NUSSELT"

280 ps{16)=’ X CA-EX/EX'

290 DS{17)="VEL, /¥T..5."

300 DS(18)«° SLOPEE  °

310 D§(19)=" RE NUMBER *

320 Z3(2)="+H. pfpee- "

330 PRINT TUBE MATERIAL IS':

340 INPUT AS

350 PRINT’CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS':

360 INPUT A

370 PRINT'FIRST RUN HUMBER ON DATA FILE IS°:

380 INPUT O1

390 PRINT‘LAST RUN NUMBER ON DATA FILE I5°:

400 Ixpur Y1

410 DEFINE FILEFS=‘DAYSEA-601G", ASC SEP,500

420 DEFINE FILE#3=+"DAYSBA-6010°, ASG SEP,500

430 DEFINE FILEF2Z='DAY5DA-6010°

440 DEFINE FILE#l='TAS-6010"

450 FOR 1=-01 TO YL

460 READ £1,M([),S(0.4),M¢1),8(1,5),T(L,13,7{2,2),T{1,3),7(1,4),T(1,6),T(1,25)
470 READ #3,Q(1,2),UCI,1),R(D),0{1,2) V(D)

480 READ #5,H(I,3) ,H(L,4) H(I,5) . H(L,6),T{L,11),T(1,12),T(1,18),T(1,19),T(1,14),T( 1,20}
490 READ #2,7(1,9),T(I,10),7(1,8),T(L,7),T(L,22),T(L,23},2(1)

500 NEXT I

$10 CLoSE F)

$20 CLOSE #2

530 CLOSE #3

$40 CLOSZ #5

$50 PRINT ‘FIRST RUN NUMBER IS’t

560 LNPYT O

570 PRINT‘LAST RUN NUMBER IS°:

580 INPUT Y

590 PRINT TUBE I.D./INS.w":

600 INPUT D

610 PRINT' TUBE 0.D./INS.s':

620 LNPUT DI

630 L=42/12

640 PRINT LIN(2)

650 REM LINES 650~1010

660 REM HEAT FLOWS,CORHECTED HEAT FLOWS AND TEMPERATURES,LMTD AND OVERALL HIC
670 FOR I=0 TO Y

680 cOSUB 2530

690 T=T(L,4)

700 GOsSUB 2670

710 DL, 3)mR

720 T2, 15 =(T(1,20+T(L,4)2/2

730 T=T(I,i5)

740 GOSUS 2670

LIS
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750 D(I,4)=R

760 C(L,4)=C3

770 T=7(1,20)

780 GOSUB 2670

790 C(L,1}=C3

800 TCL, E3pm({HCL, 3FHCL, 4J+H(T, 5D/ (CCT, 1) *qQ(L, 2} *3600%DC T, 21*62.427961 1 .8} )+T( 1, 1)
B10 TCL,16)=(T(L,A04T(L,24))/2

820 T=T(I,16)

830 GOSUB 2670

840 D(L,3)=R

850 C(1,5)=C3

860 QUIL,5)=y{1,2)*D(1,2)/D(1,5)

870 H(L,7)=0(1,2)*3600%D(1,2)*62.427961%C(L,5)*(T(1,14)~TCI,13})%1.8
880 U(L,2)=(Q(L,5)*576)/(3.1415927%(D"2)}}

890 H(1,2)=Q(X,2)*D(L,3)#3600%62,427961%C(L,4)*{T(1,3)~-T(1,4))*1.8
900 H(L,8)=H(I,2)-(H(T,IH(L, 4)+H(I,5)+4(1,6))

910 T={T(I,13+T(1,2})/2

920 COSUB 2670 .

930 C(1,2)=C3

940 H{1,1)=q(L,2)*3600%D(1,2)*62.427961#C(L,2)*¢(T{1,2)-T(1,1))*1.8
950 P(I,1)=H(I,7)/HCL,8)

960 P(L,2)=H{I,1)}/H(1,2)

970 PCL,3)=(H(L, I)+UT, &) +H( L, 53H(T,6))/H(L,2)

980 T(L,5)=((TCL,4)=TCT, 133 Y=(TCI,3)-TC [, 1400 3/L0G((T( T, 4)-T( L, 13) )/ (T(L, )=-1(1,14)))
990 K(I)=H{I,7)/(3.1415927%(D1/12)%LAT([,5)*]1.8)

1000 T(E,17y=((TCL,4)}=T(L,1))~(I(1,3)~T( L, z)))ILOG((I(I &)-TCL, 1)/ (T(1,3)-1(1,2)))
1610 NEXT I

1020 REM LINES 1020-1390

1030 REM PRINT STATEMENTS OF CALCULATED DATA

1040 PRINT LIN(2)

1050 PRINT TAB(15):D$(1):TAB(29):D5(2) :TAB(43):0$(3) s TAB(57) :DS(4)
1060 FOR 1«0 TO Y

1070 PRINT TAB(19):N(L):

1080 PRINT TAB(29):

1090 PRINT USING BS,P(1,2):

1100 PRINT TAB(43):

1110 PRINT USING B$,P(L,1):

1120 PRINT TAB(57):

1130 PRINT USING BS,P(I,3}

1540 NEXT I

1150 PRINT

1160 PRINT TAB(15):D3${5):TAB(29):D5(6):TAB{43):D$(7) : TAB(57): ns(a)
1170 FOR 1s0 TO Y

1180 PRINT TAB(15):

1190 PRINT USING BS,H(I,3):

1200 PRINT TAB{29):

1210 PRINT USING BS,H(I,4):

1220 PRINT TAB(43):

1230 PRINT USING BS$,B(L,S):

1240 PRINT TAB(S57):

1250 PRINT USING B$ ,H(I,6)

1260 NEXT I

1270 PRINT

1280 PRINT TAB(1%5):DS(9):TAB(29):D$(12):TAB(43):D3(10) :TAB(57):P$(11)
1290 FOR [=0 TO Y

1300 PRINT TAB(15):

1210 PRINT USING BS,T(I,17):

1320 PRYNT TAB(29):

1330 PRINT USING B$§,T(L,5):

1340 PRINT TAB(43}:

1350 PRINT USING BS,TCI,15)s

1360 PRINT TAB(57):

1370 PRINT USING B$,T(IL,15)

1380 NEXT I

1390 PRINT

1400 REM LINES 1400~1680

1410 REM INPUT OF CALCULATION REQUIREMENTS

1620 REM CALCULATICN OF RE AND #R

1430 PRINT' ONE TEMPERATURE,FIRST RUN NUMBER IS':

1440 INPUT O2

1450 PRINT’ ONE TEMPERATURE,LAST RUN NUMBER I5°:

1460 INPUT Y2

1470 GtwQ

1480 FOR I=02 TO Y2

1490 OCL,0)%100/(C2. 14824 ((T( L, 16)-8.435)+((BO78. 4+((T(,16)=8.435)°2}}*0.5)}1)=-120)
1500 O(X,3)=7741.92%0%UC L, 2)*D( 1, %)/ 0(1,0}

1519 01,1)=0.00587%(1+(0.00281*(T(1,16)-26)))/0.017307

1520 G(X,1)=CC1,3)*D(L,0)*2.4190883/0(,1)

1530 Glegi4G{I,1)

1540 NEXT I

1550 FOR 1=02 TO ¥2
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1560 G{1,2}=C1/(Y2+1-02)

£570 WEXT T

1580 PRINT’DO YOU WANT TO INCLUDE MORE RESULTS”:
1590 INPUT G3(1}

1600 IF G5(1)="YES’ GO TO 1430

1610 PRINT’ CHOSEN PRANDTL NUMBER EXPONENT IS°:
1620 INPUT 29

1630 PRINT'DO YOU WANT TO USE MEAN PRANDTL NUMBERS®:
1640 INPUT G5(2)

1650 PRINT'RE EXPONENT IS":

1660 INPUT F1

1670 PRINT' GEOMETRY::

1680 18PUT ES

1690 REM LINES 1690-2000

1700 REM LN-LN LINEAR REGRESSION

1710 ¢=0

1720 C2=(.0001

1730 B4=1000040

1740 G${4)="NO"

1750 PRINT

1760 PRINT TABCLS):’RESISTANCE *:TAS(29):’ INCREMENT ‘:TAB(43): EXPONENT ' :TAB(57):"SUM ERS 5Q°
1770 z=0

1780 ¥=0

1790 WeQ

1800 S=0

1810 E=0

1320 Cl=0

1830 G=0

1840 Qu=0

1850 FOR 1~0 TO ¥

1860 IF G${2)='YES" GO TO 1890

1870 6(1,3)=G{1,1)

1880 O 0 1900

1890 G(1,2)=6(1,2)

1900 B{L, 3= Y/{(1/K(L))~C))

1910 B(1.6)*(LGC(B{1,3)*DII(12*0(I.])*(G(l,S)"z9))))
1920 Z=2+8(1,4)

1930 QamQa+(B( L, 4372}

1940 FoF+(LOG(O(L,3)))

1950 Weirk (LOGCBC L, 3)#05 /(22%0¢ 1, 1)}%(G(1,3)"29)) ) *(L0G{0(1,3))))
1960 GG (LOG{D(1,3)))"2)

1970 NEXT I

1980 X=( Y+1=-0)

1990 E=( (X*W)-(F*2))/({X*G)~(¥"2))

2000 Cl=((G*Z)=(W*E) )/ {{X*G}~({F~2))

2010 REM LINES 2010-2290

20200 REM COMPARISON OF EXPTL. AND CALCULATED RESULTS
2030 FOR I=QTO Y

2040 5(I,1)=(B(I,4)-(CL+{E*LOG{0(1,3})}}}
2050 S=5+HS(L,1)"2)

2060 NEXT I

2070 PRINT TAB(15):

2080 PRINT USING BS,C:

2090 PRINT TAB(29):

2100 PRINT USING B5,C2:

2110 PRINT TAB(43):

2120 PRINT USING 83,E:

2130 PRINT TAB{57):

2140 PRINT USING BS,S

2150 IF G§{4)='YES® GO TO 2270

2160 1F ABS{E-F1)<X8 GO T0 2270

2170 1P EXF1 GO TO 2250

2180 GQ TO 2210

2130 IF C2¢X9 GO TO 2270

2200 1F 5<84 GO TO 2240

2210 C~C-C2

2220 C€2=C2/10

2230 66 TO 1770

2240 Buws

2250 CwGHC2

2260 GO TO 1770

1219 cosus 2720

2280 PRINT LIN(4)

2290 GOSUB U3y

2300 REM LINES 2100-2400

2310 REM DECISIONS ON NEW CALCULATION METHOD
2320 PRINT®TRY ANOTHER RE AND/OR PR EXPONENT':
2330 INPUT C5{3)

2340 IF CS(3)»'YES" GO TO 1610

2350 PRINT' DO YOU WANT TO STATE THE RESISTANCE®:
2360 INPUT G$(4)
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2370 1P C5(4)="NO" CO TO 2410

2380 PRINT' RESISTANCE ,C, IS':

2390 INBUT C

2400 GO TO 1750

2410 REM LINES 2410-2510

2420 REM PLLE CALCULATED DATA

2430 LEFINE FILE#4='DAYSCA-6010", ASC SEP,500
2440 IF O=01 GO TO 2480

2450 FOR I=0! IO (0-1)

2460 READ #4,T(E,5),T(1,13),T(1,16),K(L},U(L,2)
2470 WEXT L

1480 FOR [=0 TO Y

2490 WRITE #4,7(1,5),1(1,13),T(L,16},%{I),0(1,2)
2500 NEXT L

2510 CLOSE #&

2520 sToe

2530 REM SUBROUTINE LINES 2530~266Q

2540 REM ANNULUS FLUID FLOWRATE

2550 ¥{1,1)=0.002911610712545

2560 Y(2,1)=1.089821240896E-5

2570 ¥(3,1)=0.0007601237919062

2580 Y(4,1)=—6.308266691236E=7

2590 ¥(5,1)=3.754716231214E=6

2600 ¥(6,1)=~2.211685817122E-8

610 ¥(7,1)=-7.141842539582E-8

2620 Y(8,1)=1,191473419926E~8

2630 ¥(9,1)=-2.138529076046E-10

2640 GCI,7)=YCL, 1)+(¥(2, 2T 4 (Y03, 1DRZC I+ Y04, L I*TOL, 4)%Z( 1) )+(X( 5, 1% (Z(L) " 2))+(¥(6,1)*T(L,4)*(Z({1)" 1)}
2650 QCI,2)=0(L,7)+( {7, 1)*(T{L,4)"2) +(¥(B,1)*{T(L,4)"2)*Z(1) 3+{1(9,1)*(T({L,4)°2)*(2(1)"2))
2660 RETURN

2670 REM SUBRCUTINE LINES 2670-2710

2680 REM DENSITY AND SPECLFIC HEAT AT D{MMY TEMPERATURE,T
2690 Rl (({(T=3.9863)"2)*(T+288.9414))/(508929.2%(T+68,.12963)))
2700 C3=1

2710 RETURN .

2720 REM SUBROUTINEZ LINES 27203020

2730 REM PRINT OUT OF RESULTS AND COMPARISON
2740 PRINT LIN(4)

2750 PRINT'DATA INPUTS:”

2760 PRINT'RESISTANCE STATED:” :65(4)

2770 PRINT' GEOMETRY:® tES

2780 PRINT LIN{2}

2790 PRINT TAB(S):D${313}:TAB(19):DS(19) :TAB(I3):DS(14) : TAB(47):D$(15) : TAB(61}:D5(16)
2800 F2=0

2810 F3=0

2820 FOR I=0 IO ¥

2830 B{I,S)=EXP(R(L,4))

2840 S(I,2)=EXP(Cl+{E*LOG(O(I,3) )}

2850 B(L,0)=(S(I,2)-B{1,5))*100/B(I,5)

2860 PRINT TAB(5):

2870 PRINT USING BS,HM{I,7):

2880 PRINT TAB(19):

2890 PRINT USING B$,0(I,3):

2900 PRINT TAB(33):

2910 PRINT USING B$,B(L,5):

2920 PRINT TAB(4D):

2930 PRINT USING 8%,S(1,2):

2940 PRINT TAB(61):

2950 PRINT USING zs(2),8(1,0)

2960 F2=F2+{B{1,0)"2)

2970 FI=F3+ABS(B(I,0))

1980 NEXT I

1990 PRINT

3000 PRINT’LOG-LOG REGRESSION LINE IS":

3610 PRINT' {NU/PR*‘:29:" }=" :EXP(C1): *(RE"‘:E:")}’
1020 RETURN

3030 REM SUBROUTINE LINES 30)0-3810

3040 REM REGRESSION AMALYSIS USING STUDENTS T-DISTRIBUTION
3050 REM VALUES OF T READ FROM FILE

3060 REM OPTION 70 FILE EXPERIMENTAL DATA IS GIVEN
3070 DEFINE FILE#7='T-DIST-b010"

3080 FOR K=1 TO 33

1090 READ #7,A(X)

3100 NEXT K

3110 CLOSE #7

3120 IF (X-2)>120 ¢o Ty 3180

3130 IF (X~2)>60 GO TO 3200

3140 IF (X=2)>%0 GO TO 3220

3150 IF {(X-2)>30 GO TO 13240

3160 X7=A(X~2)

31170 ¢9 TO 3250
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1ao
3190
3200
3210
32290
3230
3240
3250
3260
270
3280
3290
3300
3310
3320
3330
3340
3350
3360
330
3380
3290
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3510
540
3530
3560
3570
3380
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3T
3rzn
3730
3740
37150
3760
e
3780
3796
3300
3810
3gz0

Kr=a(3))

Go TO 3150

X7=a(32)

GD 1O 3250

X7=A(31)

GO TO 3250

K7=A(30}

Fa=(F3/X)

Fe=((F2{X} 0.5}

X6={ {1/ 0+ ((F/ X3 2V {C~((F/X)*F))))"0.5
K3=XT((S/{£-2))"V.5)*%6

Ram{ {G=(FRPIRII"{~0.5))

X3=X72((5/(K=2))"0.5)%%4

Q3= (W= F*Z/ X)) {((G-(F*P/X)}=0.5)%((Q4=(Z*Z/X))70.5))
Qz=Q3"2

F&=Cl-X5

Qb=EXP(F6)

F7=Cl+X5

Q7=EXP(FT)

FE=E~X3

FI=E+X]

QS=EXP(CL)

FRINT TAB(15):’RESULTS OF REGRESSION ANALYSIS®

PRINT LIN(2)

PRINT TAB(15):'Z...5UM OF LOG(WU)' :TAB(50):2

PRINT TAB(!5): F...5UM OF LOG(RE)‘:TAB(S0):F

PRINT TAB(L15):’W...5UM OF LOGINUI*LOG(RE)” :TAB(30):W
PRENT TAB(15):'G...5UM OF (LOG(RE)*2)*:TAB(50):C
PRINT TAB(15):’X...TOTAL NUMBER OF RUNS USED’ :TAB(50):X

PRINT TAB(L15)}:'5...5UX OF (DEVIATIONS™2)":TAB(50):8

PRINT TAB(15):°C...QUTER RESISTANCE TO TRANSFER :TAB(50):C
PRINT TAB(15):’E...SLOPE OF REGRESSION LINE':TAB(S50):E
PRINT TAB(15):'Cl...LOG{CONST) IN BU EQUATION' :TAB{50):Cl
PRINT TAB(LS5):‘X7..,.T(5) IN CONFIDENCE ANALYSIS®:TAB{50):X7
PRINT TAB(15Y:'Xb...MULT. I[N LOG{CONST) ANALVSIS":TAB(50):X6
PRINT TAB(15):’Xb4..,MULT. IN SLOPE ANALYSIS :TAB(30):X&
PRINT TAB(15):’X5...INTERVAL ON LOG{CONST' :TAB(50):X5
PRINT TaB(15):/%3,, INTERVAL ON SLOPE’ s TAB(5Q):X3

PREINT TAB(15):’F6...MIN. LOG(CONST)’:TAB(5Q):F6

PRINT TAB{153): F7...MaX, LOG{CONST) :TAB(50Q):F7

PRINT TAB{15):’Qb...MIN, CORST’ :TAB(530}:Q6

PRINT TAB(15):"07...HAX. CONST’:TAB(50):qQ7

PRENT TAB(15}:°Q5...REGRESSION CONST’ :TAB(50):Q5

PRINT TAB(15):"F3...MEN.SLOPE® ;TAB(50):F8

PRINT TAB{15):'F9...MAX,SLOPE’ : TAB(50):F9

PRINT TAR(LS):'Q4...50M OF (LOG(NUI"2)"1TAR(CS0):Q4

PRINT Ta8(15):°0Q3...CORRELATICH COEFFLCLENT/R’ :TAB(50}:Q3
PRINT TAB(15):°Q2...R"2":TAB(50):Q2

FRINT TAB(15):’ Fd...AV. ABS. DEV.' :TAB(5Q):F&

PRINT TAB(15): F3...,R.M.S. ABS. DEV.:TAB(30):F5

PRINT LIN(2}

PRINT’FILE RESULTS :

INPUT G$(5)

IF G3(3)="%0" GO TO 1310

DEFINE FILE#6=’DAYSFA-6010G", ASC SEP,50

1F o=01 GO TO 3770

FOR I=01 TO {(0~1)

READ #6,0(1,3),B(1,%)

HEXT L

FUR I=0 TO Y

WRITE #6,0(1,3),8(1,5)

NEXT L

CLOSE #6

RETURN

END
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The data file (T-DBI5T-6010)} which contains the values of "tl" that
are obtained from Student's t-distribution, see Perry and Chilton
_(9?, p L 1-40_)

This data file is used by the computer proagrams FRICTION-GO10 and
HEAT2-6010 to calculate the 95% confidence intervals on the regression
constants and slopss. The data is shown as it is arranged in the

computer file.
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Appendix A.7

Dafinitigns of the symbols in the computar 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 'EX-~6010', 'FRICTION-6010!,
and 'HEATZ2-5010', respectivaly.

Symbal Program : Definition

A E Cross sectional area of tube wall, in32
A. H Cross sectional area of tube wall, th
Aﬁ H Tube material
Ag(1) F Answer to 'IS DATA ON FILE 7!
AZ(2) F Name of file #2
AZ(4) 3 Answer to 'DO YOU WANT A PRINT OUT GF
REFERENCE DATA 7!
AZ(5) E Tube material
A(K) F4H Appropriate value of tl from Student's
t-distribution
A(I,K) - E Ratioc of experimental and reference friction
factor
B4 | H Sum of the squares of the deviations of the
calculated and experimental values of
ln(Nu/er'a)
8(1,0) H " Percentags differance of the experimental and
calculated values of (Nu/bro'a)
B8(1,3) H (dn/d ), Btu pe=2 et Ot
8(I,4) H 1n(Nu/pr??)
8(1,5) H (Nu/Pr?®)
I E Specific heat capacity, Btu 1™t ot
C H Tube wall,scale,and annulus, fluid resis- o
tances to heat transfer, rt2 hr OF Btu”t ~
Cl F Logarithm of the constant in the friction
factor equation
Cl H Logarithm of the constant in the heat transfer

factor equation




Symbol

c2

c3
c(I,1)
c(1,2)

c(I,4}
c(1,5)
c(J,0)

c{J,1)

c{J,2)

Fl

Fl
F2

Program

I T I =<

e )

£,H
E,H
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Definition
. 2 o -1
Incremental change in C, ft” hr "F Btu
Specific hsat capacity, Btu lb-l 0F-l

specific heat at T(I,20), Btu 1675 °F~%

Specific heat at the mean of the inlst and

outlet temperatures, Btu e+ Ot

Specific heat at T(I,15), 8tu 1b™" OF 7%
specific heat at T(I,15), Btu o™t %F~%
Maximum ratio of experimental to reference
friction factor

Minimum ratio of experimental to reference
friction factor

Mean ratio of experimental to referencs
friction factors

Tuba inside diameter, ins

Tube outside diameter, ins

Fluid viscosity at T(I,18), cP

Fluid density at mean temperature of fluid,
g cm '

Fluid density at temperature of the rota-
meter (Rl), g cm™3
Fluid density at the tempsrature of the
manometer, g e

Fluid density at T(I,15), g cm >

Fluid density at T(I,16), g cm >

Tube roughness, ins

Reynolds number exponent

Insert configuration

Dummy friction factor

Temporary sum of ln(Re)

Sum of the ratios of the experimental and
raference friction factors

Stated Raynolds numbsr exponent

Temporary maximum value of ths ratio of the

experimental and reference friction factor
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Symbol Program Definition

F2 FyH Sum of ths squares of the % differzncss
batween the experimental and calculated
valugs

Temporary minimum value of ths ratio of
the experimental and reference friction
factor

sum of the % differsnces between the
experimental and calculated values
Average absclute % deviation

Root mean square absolute % deviation
Minimum value of the ln{constant in the
regression equation)

Maximum value of the ln{constant in the
reqression equation)

Minimum slope of the rsgression line
Maximum slope of the regression line
Exparimental friction factor
Experimental friction factor
Calculated friction factor
in{calculated friction factor)
Temporary sum of (1n(ﬂa))2

Temporary sum of Prandtl numbers
Answer to ‘DO YOU WANT TG INCLUDE MORE
RESULTS 7!

Answer to 'DO YOU WANT TO USE MEAN PRANOTL
NUMBERS 7!

Answer to 'TRY ANODTHER RE AND/bR PR
EXPONENT 7t

Answer to 'DO YOU WANT TO STATE THE
RESISTANCE 7°

Name of file #6

Prandtl number

Mean Prandtl number
Chossn Prandtl number
Differential head of manomater fluid, cm

Uncorrected heat gain by tube fluid,




Symbol Program
H(I,2) H
H{I,3) E,H
H(I,4) E,H
H(I,5) E,H
H(I,6) E,H
H(1,7) H
H{I,B) H
I E,F,H
J E
T=1 E
T=2 £
J=23 E
T =4 E
J=5 E
J=06 E
K F,H
K(I) H
K(1,J) E
L E
L H
Ll E
L3 E
M E
n(I) E,H
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Daefinition

Uncorrected heat loss by annulus sides
fluid, Btu hr t

Axial conduction loss between T11l and T10,
Btu hr >

Axial conduction loss between T10 and T9,
Btu hr~l

Axial caonduction loss between TS and T8,
Btu hrt

Axial conduction loss between T12 and T13,
Btu hr™t

Corrected heat gain by tube side fluid,
Btu hr"l

Corrected heat laoss by annulus fluid,

Btu hr

Run number on data file

Reference number for the friction factor
equation |
Colburn, squation (1l.4)

Blasius, equation (l.1) with a constant
of 0,0336

Drow et. al., equation (1.5)

Colebrook, equation (1.11)

Nikuradse, equation (1.7)

Rouse, equation (1.10)

Reference number for tl in t-distribution
Overall hesat transfer coefficisnt,

Btu £t~ he~t OF~d

Reference friction factor

Dummy length, either L1 or L3, ins

Heated length of tube

Packed length of tube, ins

Length of tube between pressure tappings,
ins

Numbar of refersnce friction factor
equations

Scale reading on rotametsr (R1)
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Symbol Program . Definition
N(I) E,H Run number
0 E,F,H First run numbsr, relative to position

in data fils
oL E,F,H Firast run number on data file
174 H First run numbsr to be considered in
ona set of data
Fluid thermal conductivity,
Bty pt~% heot OF7t
Tube wall thermal conductivity at T(I,19),
atu Pt~ ne™t 0L
Tube wall thermal conductivity at T(I,18),
Btu ft~1 bt Ot
Tube wall thermal conductivity at T(1,11),
stu ft~t et Ot
Tube wall thermal conductivity at T(I,12),
gtu £t™t art OFE
Empty tube length correction for pres-
sure drop, psi
Pressurse drop corrected for end effects,
psi
'Ratio of corrected heat sutput and heat
input
Ratio of uncorrescted heat output and

heat input

Ratio of axial conduction losses and
heat input
Square of the correlation cosfficient
. 2
i.e+ R .

. 2,0.5
Correlation coefficient (R”)
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
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Symbol Program Definition

Q7 FyH Maximum constant (95% confidencs) in

reqressicn squation

q(1,1) E Volumetric flouwrate of tube side fluid at
T(1,20), rt° st
a(1,2) E,H Volumetric flowrate of tube side fluid at
1(1,25), Ft° st
Q(1,3) E sum of first six terms in rotameter
calibration equation, ft3 s-l
0(1,3) H Valumetric flowrate of annulus fluid at
T(1,4), Pt° s~
0(1,5s) H Volumetric flowrate of tubs side fluid at
T(1,16), ft° st
a(1,7) H sum of the first six terms in the rota-
' meter (R2) calibration equation, pt° 87t
R E,H Dummy fluid density, g cm -
R(I) E,FyH ' Mean Reynolds number betueen the pressurs
tappings |
S o F,H Sum of tha squares of S(I,1)
s(1) E Specific gravity of the manometer fluid
at T(I,6)
5(1,1) FyH Deviations of the logarithms of the

calculated and experimental friction, or

heat transfer, factars

s(1,2) F percentage deviation of the calculated
and experimental friction factor

5(1,2) H Calculated heat transfer factor

5(1,4) _ H Differential head of mancmetsr fluid, cm

5(1,5) H Specific gravity of manometer fluid at
T(1,6)

T E,H Dummy temperature, “c

T(I,1) E,H 11, °C

T(1,2) E,H T2, °C

T(I,3) £,H 13, °C

T(1,4) E,H T4, °C

T(1,5) H Corrected log mean tempsraturs

differencs, OC
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Symbol Program Definition
T(1,6) E,H Ambient air tempsrature, O
T(1,7) E,H 18, °C
1(1,8) E,H 79, %
T(1,9) E,H T11, °C
T(1,10) E,H | 110, °C
T(1,11) E,H (T8 + T9)/2, °C
T(1,12) E£,H (112 + T13)/2, °C
7(1,13) . H Corrected value of T1, %
T(I,14) E,H  Corrected value of T2, °C
T(1,15) H Averags annulus fluid temperaturs, °c
T{I1,16) H Corrected average tubs fluid temperature, %
T(1,17) H Uncorrected log mean temperature
differencs, °C
T(1,18) E,H (19 + T10)/2, °C
T{1,13) E,H (111 + T12)/2, °C
T(1,20) E,H Average fluid temperaturs betwsen pressure
tappings
T(1,21} £ Corrected value of T1, °C
T(1,22) E,H 112, %C
1(1,23) E,H 113, °C
T(I,25) E,H 77, °C
u(I) E Mean fluid velocity between the pressure
- tappings, ft a1
u(I,1) H Mean fluid velocity between the pressure
tappings, ft s—l
u(r,2) H Mean fluid velocity along the hsated
length, ft st
v £ Dummy fluid viscosity, cP
V(1) E,H Mean fluid viscosity between the pressure
tappings, cP
u £ ~ (e/(3.7 d))
W ‘ F,H sum of the products of in(Re) and
in(d ar Nu/Przg)
w(I,s) E 1.255/(Re (2ﬁ)°'5)
w(I,s) E log, ,(Re (21)°*%)

w(I,6) E log, 4(Re (27) %)




Symbal

X1
X2
X3
X3

X4
X4
X5
X6

X7
X8
X9

Yl
Y(1 to
9,1)

Y{(1 to
9,1)

29
Z(1)

Program

FyH

FyH

FyH
FyH
FyH

FyH

E,F,H

E,FyH

FyH

E,H

Definition

Reference numbar for the mods of opsration
Numbar of experimental tests considered
ODistance between T1l1 and T10, ft

Distance between T10 and T3, ft

Distance between 79 and T8, ft

95% confidence intsrval on tha regression
slope

Oistance betwsen 712 and T13, ft

A multiplier in the slope analysis
Interval on ln(regression constant)

A multiplier in ths regression constant
analysis

Appropriate valus of tl from t-distribution
Error criterion on the Re expaonent

Errar criterion on the heat transfer
resistance, ft2 hr °F stu™t

Last run number, rslative to position in data
file '
Last run number on data file

Constants in the calibration squation for
rotameter (R1)

Constants in the calibration equation for
rotameter (R2)

sum of 1n(f or Nu/Pr’°)

Prandtl number exponent

Scale reading on rotameter (R2}
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Appendix A.8

Sampias of the raw experimental data

This‘appendix presents samples of the raw experimental data
which has been processed using the caomputer programs. Experimental
data obtained under iscthermal conditions is referenced by line number
620 of the prcqram EX-6010, see Appendix A.3. Data obtained under
heating conditions is refersnced by line numbers §20 and 640 in
' £X-6010, and by line numbers 460 and 490 in HEAT2-6010, see Appendix
R.5. (See Appendix A.7 for the definitions of ths symbols ussed in
these programs). To produce a clear presentation the data "read" by
line numbers £20 and 640, in EX-6010, will be referred to as "File A"
and "File B"™, respectively. The title of each table in this appendix
states the configuration number of the tubs, the conditions, and the
denotation/table number of the regression equation produced by using
the data.

The data in Table A.8.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 procsssed results are
presented in Table A.9.2 (friction factor) and Table A.9.4 (heat
transfer factor). Ffor 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
‘prodyce friction factor (Table A.9.9) and heat transfer factor
(Table A.9.12) results. Here again the raw data is specified by tue
table numbers i.e. A.B8.9 and A.B.12. '
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RARERAKRARAR IR RRERRARARAR KRR AARRRRR AR AR RRARE

TABLE NO.A.8,1 CONFIGURATION O (ISOTHERMAL DATA)
(DENOTATION H OF TABLE 5.4)

hAkkkhkh kAR AN TR AANARE N AR RRRANRAAAR AR A Ak d -

sedkdesk ek de ooy

* FILE A *

kAW ARAR R
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
3,15.6,6,1.594,21.4%,20.93,0,0,22.05,19.85
4.22.95.8,1.594,21.78,21.34,0,0,22.15,20.25
$,31.65,10,1.594,21.73,21.34,0,0,22.25,20.4
§.62,12.1,594,21.46,21.27,0,0,22.25,20.3
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
9,134,24,1.593,21.88,21.66,0,0,22.6,21.29
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
13,42.05,12,1.594,21.44,21.24,0,0,22.3,20.45
14,31.65,10,1.594,21.61,21,34,0,0,22.35,20.35
15,22.95,8,1.594,21.63,21.29,0,0,22,15,29,3
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
20,9.63,4,5.594,21.12,20.78,0,0,22,05,19.5
21,15.6,6,1.594,21.39,21.62,0,0,22.1,19.8
22,22.95,8,1.594,21.61,21.29,0,0,22.25,20.13
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
26,97.9,20,1.593,21.88,21.68,0,0,22.5%,21.,02
27,134.25,24,1.593,21.85,21.56,0,0,22.65,21.17

e e oo e oo ke ook el ek e ok ok e e e e ek e g AR

TABLE NO.A.8.2 CONFIGURATION O (HEATIHG DATA)
(DENOTATION K OF TABLE 5.5}
L T ]

Rhdh kR kk
* PILE A *
RARRN kAR

1,4.1,2,1.594,30,54,39.29,82.32,77.55,21.8,32,18

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 8z, 39 17. 55 21. SS 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 17. 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. 593 31, 78 38. 32 83. 2& 76.66,23.05,33.93
9,13.2,6,1.593, 31 76,38.27,83,29, 76 68,23.05, 33 93
10,19.75,8,1. 593.32-2,3?.9,B3.6,76.3&,23,34.2ﬂ
11,19.8,8,1.593,32.13,37.85,83.62,76.41,23,34.32
12,19.8 »6,1.593,32.1,37.83,83.62,76.37,23,34,32
13,27.9,10,1.592,32.5,37.63,83.95,76.24,23.75,34.46
14,27.7,10,1. 592,32.5.3?.6,83.81,?6.02.23;85,34.44
15,27.9,10,1.592,32,48,37.58,83.9,76.22,23.85,34.49
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
22,68.55,20,1,591,33.41,36.61 ,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
26,122.25,24,1.591,13.59,36.34,84.9,75.02,24.55,34.85
27,122.25,24,1,591,33.54,36.32,85,75.14,24,55,34.73

khhhkhRRNh

% FILE B *
Rk ANREAR
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
39.61,32.9,31.56,31.73,66.5,40.76,10
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
39.15,33.17,31.93,32.05,66.2%,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
38.76,33.51,32.73,32.73,65.49,36.95,10
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
38.8,33.83,33,32.98,65.54,38,51,10
38.66,34.07,31.2,33.27,65.56,38.29,10
5,33.05,33.2,65.56,38.24,10
2,33.05,3

83
.0
0
0 +33.17,65,55,38,24,10

4
38.61,34.
38.63,34.
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TABLE NO.A.8.3 CONFIGURATION O {HEATING DATA)

{DENOTATION I OF TABLE 5.6)
RehkRARANRARARARARARRARARAARRAREANKRRRERARE AR TRk

WhARRAR LR

* FILE A *
AREAKAERRR

1,4.2,2,1.5%92,30.83,39.2,82.9,77.17,23.3,32.98

2.4.25,2,1.592,30.88,39.24,82.9,77.19,23.3,33.12
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
5,8.15,4,1.592,31.49,38.59,83,16,76.59,23.9,33.59
6,8.2,4,1.592,31,39,38,44,83.33,76,61,23.85,33,61
7,13.2,6,1.591,32.03,37.95,83.75,76.37,24.45,34.02
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
10,19.75,6,1.59,32.45,37.63,84.1,76,24.75,34.34
11,19.75,8,1.59,32.5,37.73,84.07,75.95,24.75,34.46
12,19.8,8,1.59,32.45,37.6,864,76,24.7, 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
20,58.95,16,1.592,33.27,36.56,84.78,75.21,23.8,34.1

- 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
25.120.7,26.3.592,33.8,36.27,55.36,74.76,23.75,34.49
760120.8.24.1.592. 33,78, 36. 24,8521 ,74.6,23.75,34.39
27,120.7,24,1.591,33.76,36.17,85.26,74.81,23.95,34.39
sk o e e ok e e g e oy
* PILE B *
khkkkkAkkA

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

g
3
8

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

1
38.8,36.41,33.32,32.85,63.71,38.17,7.5
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
7.5

3
38.78,34.68,33,56,33.07,63.59,37.73,

deddeddkehded drdek ko Ak kA kA A Aok kA Ak ek

TABLE NU.A.B.4 CONFIGURATION ¢ (HEATING DATA)
(DENOTAT{ON K OF TABLE 5.6}
AR RN R R AR AR AR AN R RTA R AR RK R AN kA

ek kikkkkk

* FILE A *
RAREWRNNAR

SEE TABLE NO.A.8.2

Rhkkhkhikik

* FILE B *
S ienkhnkk

SEE TABLE A.8.2



fkdkdkhdkhhkkhRhhhhhkkkhRkRhhhhRReAkReRkrrrRikkhiiks

TABLE NO.A.8.5 CONFIGURATION 0 {HEATING DATA)
(DENQTATION N OF TABLE 5.6)
RERRKRIRFARARNRNRNRRRRAARRARARIRRRAA N LR R AR R RK Rk

Vedrk ek ko

* FILE A *
whhAAREkAR

1,4.%,2,1.592,30.93,39.12,82.78,77.29,23.45,32.38

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 ,l 592, 31 56, 3s. 37, 83 26, 76. n, 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 a7
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
9,13.5,6,1.591, 32 1, 3E 02, 83 67 76 ir, Za. 05,33.39
10,20.1,8,1. 591,32.38.37.58,8&,?5.9,24.2.33.?6
11,20.15,8,1.593,32.45,37.68,84.1,76.02,24.,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
14,28.0%,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
20,60.4,16,1.59,33.39,36.76,84.85,76.95,24.85,34.07
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 51,36.39,85,21,74.71,25,34.12
24,89.5,20 1.59 33.56.36.d4,85.24,?4.76.25.05,34.29

25,123,5, 24 1,59,33.8,26.29,85.5,74.64,25.25,34.49
26,123.55.24,1.59.33.73.36.24,85.&5,74.64,25.3,34.39
27,123.5,24,1.5%,33.85,36.37,65.5,74.,69,25,3,34.44

L i)

* FILE B *

RREEKER K AE
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
19,29,32.88,31.41,31.32,67.78,41.41,7.5
39,22,33.27,31.98,31.8,67,29,40.46,7
39,27,33.2,31.95,31.76,67.37,40.59,7
39,05,33.22,31.9,31.83,67.27,40.59,7
18.95,33.51,32.38,32.15,67.17,39.9,7
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
38.51,33.66,32.53,32.38,66.9,39.34,7
38.71,33.78,32.63,32.48,66.86,39.4
38.,46,33.68,32.55,32.45,66.51,39, 3
38.27,33.68,32.68,32.25,66.02,38.6
38.27,33.68,32.63,32,2,66.12,38.66
36.29,33.73,32.65,32,15,66.19,38.7
38.05,34,33.1,32.63,65.83,38.24,7.
38.12,34.12,33,15,32.68,65.95,38.32,7.5
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
38.2,34.37,33.41,33.07,65.98,37.98,7.5
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

»
¥
¥
7

e ‘-J"ul‘-do .

’
s
)
7
g
'
1
5

RhnhhhkkkhkdkR A ARRE Ak AAKERAARARRA kAN kAR R A RANkkh

TABLE NO.A.8.6 CONFIGURATION 1T ( ISOTHERMAL DATA)
{DENOTATION A OF TABLE 5.7)
KhkRddkdk kAN R kAR kAR Rk kAR kA haRhkkixnkhk

ARk Rhkkk

% FILE A *

o g ok g O e de e e

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
1.

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
7,30.15,16,13,5707,22.5,22,53,0,0,21.95,21.24
8,15.1,20,13.5707,22.63,22.63,0,0,22,21.56
9,26.9,24,13.5707,22.58,22.58,0,0,22,21.63
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
IZ,10-175,16,13.570?.22.55,22.55,0,0,21 95,21.2
130135.7,12,1.504,22.38,22.38,0,0,22.05,21.07
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
18,17.45,2,1.594,23.55,22.5,0,0,22.05,20
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.
22,74.6,8,1.594,22.65,22.6,0,0,22.05, 20 7
23,102.35,10,1.5%4,22.4,22,33,0,0,22.1,20.8
24.135.7,12,1,594,32.4,22.35,0,0,32.1,21
25,10.175,16,13.5707,22.58,22.55,0,0,22,21.29

26715.1,20,13.5707,22.65,22,63,0,0,22.05,21.59
27.20.9.24,13.5707.22.58.22.6,0,0,22,21.66
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D T e T L ]
TABLE NO.A.8.7 CONFIGURATION 6K {ISOTHERMAL DATA)

(DENOTATION 1 OF TABLE 5.8)
kR ARARNNAE kR AR AR AR R RARARAR AN Ak kAR hkid

KRkARRAARR
* FILE A *®
AhAARR RNk

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
5.81.65,10,13.5699,20.63,20.4,0,0,20.3,19.25
6,110.4,12,13.5699,20.63,20.33,0,0,20.3,19.3
7,182.1,16,13.5699,20.53,20,3,0,0,20.3,13. 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, 24,13.57,20.15,20.25,0,0,20.45,19.85
11.275.8,20,13.57,20.4,20.25,0,0,20.45,19. 48
12,162.3,16,13.5699,20.55,20.33,0,0,20.35,19.35
13.110.4.12.13.5699,20.5,20.23,0,0,20.35,19.33
14,81.5,10,13.5699,20.5,20.3,0,0,20.3,19.23
15.57.95,8.13.57,20.45,20.3,0,0,20.5,19.08
16,38.5,6,13,57,20.53,20.25,0,0,20.4,19.05
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
21,38.6,6,13.57,20.53,20,23,0,0,20.4,19,08
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

RERRR ARkt kkhhhkdhRihhhRRRReRRAkkkrkRRkrAkhikkd

TABLE NO.A.8.8 CONFIGURATION T (HEATING DATA)

{DENOTATION A OF TABLE 5.9}
T L e

KA hrkdh Rk
* FILE 4 *
v e e e e e ek
1,15.3,2,1.595,29.83,40.15,83.52,76.4
2,15.35,2,1.595,29.8,40.15,83,48,76.3
3,15.35,2,1.594,29.88,40.22,83.6,76.4
4,1.594,30.8,39.15,84.1,75.98,21
,1.594,30.8,39.2,84.12,76.07,22,32.55
1.594,30.8,39.15,84,75.9,22.05,32.53
1.594,3).46,38.49,84.39,75.52,21,95,32.83
1.594,31.51,38.59,84.54,75.6,22.1,32.83
1.594,31.54,38,54,84.46,75.6,22.2,32.93
1595,31.98,38.07,86.68,75.26,21.5,33.12
5,31.93,38.02,84.73,75.31,21.6,33.07
1595,31.9,38.02,84.71,75.31,21.7,33.12
©595.32.28,37.65,84.98,75.1,21.05,33,37
.595,32,28,37.563,85.02,75.12,21.15,33.2¢9
.595,32,3,37.65,84.95,75.02,21.2,33.24
16.,126. ,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
20,9.575,16,13.5707,33.07,36.93,65.38,74.55,22,33.68
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
26,20.1,24,13.5712,33,54,36.29,85.81,73,96,22.65,33.98
27,20.1,24,13.5714,33.54,36.29,85.93,74.14,22.85,33.98

4,21.55,32.05
9,21.65,32.15
$,21.8,32.23
21.9,32.43

3

B3 b b b i D b

kR hhkAkkh

* FILE B *

kR hkdkk ik
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
40,51,31.646,30.46,60.49,65.98,39.59,7.5
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
40.27,32.95,32,26,33.83,65.41,38.24,7.5
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,
39.17.33.66,33.17,32.85,64.57,37.45,7.5
39.05,33.9,33.46,33.15,64.6,37.15,7.5
38.9,33.68,33.29.33.05,64.48,37.13,7.5
39,1,33.98,33.46,33.12,65.23,37.16,7.5
39.1,34.12,33.66,33.24,64.24,36.78,7.5
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

5
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RA Rk RRE AR RFARAEEA R A RAR TR Ak AR AR ARk A Ak Rk Rl

TABLE NO.A.B.9 CONFIGURATION 6K (HEATING DATA)
(DENOTATION & OF TABLE 5.10}
ARRRNARARRRKEARIAREAKIIRERRRAAIARNRERKR R RA R ARk

Shkkkkhhhh
* FILE A %
Rk ok kdk
1,12.35,2,13.5697,27.17,42,85,84.32,75.81,19.55,35.12
2,32.35,2,13.5697,27.17,42.88,84.34,75.79,19.7,35.05

gk ok 2t ok 2t e ke ot ok o O o o s e 3 o kS ok o st o e ol e s ok ek 2 ok ek

TABLE NO.A.8,10 CONFLGURATLION 7T (HEATING DATA)

{ DENOTATION H OF TABLE 5,11)
dekdhhhkAhhdhhaR kg kRkkdikhhie ki Ahiddhhhhkkikhdkikik

ARRNEA AR

* FILE A %

Rk kAN
1,45.5,2,1.59,29.05,41.05,84.07,75.86,25.05,33.85
2,49.5,2,1.59,29,41.,07,84,75.86,25.15,33,9

3,12.35,2,13.5697,27.17,42.9,84,29,75.83,19.75,35.05 3,45.5.2,:.59,29.07,41.1.84.02,75.9,25.15,33.3
4,23.65,4,13.5698,29,07,41,02,84.59,75.4,20,34.98 4,8245,4,1.589,30,34,39.71,84.49,75.6,25.5,34.05
5,23.65,4,13.5696,29.02,40,93,84.54,75.38,20.1,34.95 5482.55,4,1 -589 30.29, 39-?6 84. 59 75.6,25.5,34.05
6,23.65,4,13.5698,29.05,40.98,84.56,75.36,20,05,135.02 6,82.6,4,5.5389, 30. 41,39.8, 8., 59,75.62,25.5, 34.12
7,38.75,6,13.5699,30.2,39.95,84.85,75.07,20.25,34.9 7,130.35,6,1.589,31.2,36.98,84.85,75.07,25.45,34.15
8,38.75,6,13.57,30.2,39.93,84.93,75.19,20.4,34.78 8,130,25,6,1. 589.31.2,39.02.84.35,75.05.25.5,34.12
$,38.75,6,13.57,30.07,39.76,84.85,75,17,20.5,34.76 9,130.1,6,1.589,31.1,38.93,64.78,74,98,25.5,34.05
10,56.1,8,13.5701,30.93,39.1,85.14,74.76,20.8,34.83 10,8.85,8,13.5738,31.71,38.41,85.05,74.79,25.55,34.24
11,58.15,8,13,5701,30.88,39.05,85.26,74.98,20.8,34.78 11,8.9,3,13.5738,31.61,38.29,85.05,74.83,25.55,34.17
. 12,58,8,13.5701,30.93,39.05,85.14,74.83,20.8,34.8 12,8.9,8,13.5739,34.59,38.27,85.14,74.93,25.6,34.17
13.81.75,10,13.57,31.49, 38.51,85.33,74.67,20.35,34.71 13,12,2,10,13.5724,32.13,37.85,85. 36 74.6,24.1,34.32
14,81.85,10,13.57,31.44,38.49,85.38,74.76,20.55,34.73 14,12.2,10 13-572&.32.15,3?.9.as.ss.ra.sa.24.1.34.32
15,81.95,10,13.5701,31.49,38.49,85.29,74.71,20.65,34.78 15, 12-2.10 13.5724,32.03,37.83,85.45,74.69,24.1,34.34
16,110.95,12,13.5697,31.95,38.05,85.43,74.53,19.6,34.39 16.16.35.12.13.5?22.32-#8.3?-53.85'48,?4-57.23.85.34-17

17,110.9,12,13,5698,31,93,38.02,85.43,74.57,19.85,34.41 17,16.35,12,13.5723,32.45,37.48,85.45,74.48,23.95,34.22°

38,111,12,13.5698,31.9,38.07,85.47,74.48,19.85,34.59
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
21,183.1,16,13.5699,32.6,37.53,85.67,74.26,20.2,34.78
22,279,20,13.57,32.95,36.96,85.86,74.19,20.6,34.88
23,277.95,20,13.5701,32.88,36,95,85.74,74.1,20.6
24,277.8,20,13.5701,33,37.02,85-88,74.26,20,55,34.85
25,393.3,24,13.5699,33.32,36.73,85.98,74.12,20.2,34.56
26,393,2,24,13,5699,33.27,36.58,85.98,74.07,20.2,34.51
27,393.3,24,13.5699,33.22,56.66,86,73.98,20,15,34.49

whkdhkkkki

* FILE B %

et & ok ke
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
36.44,28.3,26,98,27.0%,65,44,42.34,10
38.61,30,15,28.75,28.85,65.07,40.88,10
38,51,30.15,28.68,28.78,65.35,40.76,10
38.54,30,15,28.68,28.78,65.29,40.85,10
18.59,31,17,29.68,29.85,64.93,39.88,10
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
38.51,32.38,30.95,31.12,64,14,35.68, 10
38.68,32.48,31.05,31.22,64.31,38.78,10
38.39,32.55,31.54,31.46,62.98,36.1,10
38.44,32,55,31.51,31.51,63,34,37.98,10
38.41,32.63,31.59,31.54,63,44,38.02,10
38.46,33.27,32.13,32.13,63.34,37.6,10
38.44,33,29,32.23,32.23,63.41,37.6,10
38.51,33.34,32.15,32.25,63.46,37.6,10
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
38.15,33.96,32.83,32,85,63.34,36.95,10
38.22,3%,32.9,32.9,63.51,37.08,10

5,34.73

18,16.35,12,13.5723,32.53,37.55,85.48,74.5,24,34.29
19,26.4,16,13,5724,32,98,37.03,85.79,74.14,24.15,34.41
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
23,39.35,20,13.5729,33.32,36.68,85.95,74,24.6,34.63
24,39.25,20,13.5729,33.37,36.78,85.95,74,24.65,34.78°
25,54.75,24,13,5731,33,51,36.39,66.1,73.8,24.85,34.83
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

wARRA ARk

* FILE B *

ES 2 TR 2T
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
38.85,31.49,3C.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
38.61,32.2,30.93,31.07,66.29,392.44,7.5
38.61,32.7,31.63,31.59,66.07,38.88,7.5
38.46,32.68,31.54,31.49,66.07,38.9,7.5
38.31,32.63,31.56,31.46,66.02,38.78,7.5
38.27,33.02,31.95,31,85,65.9,38.44,7.5
38.24,33.07,31.93,31.85,65. 83 38.54,7.5
38.2, 32 95,31.068, 31 56, 65 98,38.44,7.5
38. 66 33. 05 32,4,32.43,65.17,38,1,7.5
38.63,33.05,32, 43 32.35,65. 15 38.1,7.5

38.66,33.12,32.4,32.43,65.12,38.2,7.5
38.91.33.59,32.83,32.9,64.93,37.73,7.5
38.54,33,54,32,83,32.83,65.12,37.7,7.5
38.63,33.66,32.93,32.9,65.2,37.78,7.5
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
38.61,34.24,33.41,33.56,65.05,37.15,7,

5
38.94,34.27,33.27,33.37,65.12,37.18,7.5
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AR R Ak sk kA b A ek ik ek kR kA khdkkkk hh Rk

TABLE NO.A.B.11 CONFIGURATION 6K (HEATING DATA)

(DENOTATION G OF TABLE 5.12)
L e A R e e L E A e T e T s

whikdhhhhk

* FILE A *

AEAkkrdrkh
1,11.85,2,13.5706,27.9,42.1,54.88,75.31,21.85,34.56
"2.11.85,2,13.5707,27.9,42.02,84.76,75.24,22,34.59
L11.85,2,13.5708,27.9,42.1,64.78,75.19,22,1,34.63
3.1,4,13.571,29.71,40,36,85.07,74.86,72,4,34.37
3.15,4,13.5712,29.56,40.34,85.14,74.83,22.6, 34.49
3
7

3
4,
5,
6,23.15,4,13.5711,29.6),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, 32,85,36,74.5,22,6,34.5%
$,37.75,6,13.5714,30.71,39.,32,85.4,74.62,22,85,34,56
10,56.95,8,13,571,31.46,38.63,85.52,74,38,22.3,24.56
11,56.95,8,13.571,31.44,36.59,85.64,74.45,22.3,34.61
12,56,95,8,13.571,31,39,38,61,85.64,74.43,22.3,34.51
13,80.1,10,13.5715,32,38,15,85.79,74,24,23,34,.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
17,109,12,13.5706,32.33,37.68,85.76,74.02,21,8,33.95
18,108.95,12,13.5706,32.43,37.78,85.86,74,21.85,34.07
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.%,86.17,73.93,22.15,34.02
21,180.2,16,13.5709,32.9,37.18,86.12,73,95,22.25,34.07
22,272.6,20,13.571,33.27,36.73,86.22,73.66,22.3,33.98
23,272.55,20,13.571,33.27,36.76,86.24,73.78,22.35,34,02
24,272.45,20,13.5712,33.2,3%6.7,86.27,73.83,22.6,33.93
25,382.55,24,13.5713,33.44,36.41,86.39,73.59,22.7,33.73
26,382,65,24,13,5713,33,49,36.46,86.39,73.56,22.75,13.83
27,382.6,24,13.5713,33.46,36.44,86.37,73.56,22.7,33.83

1
2
2
2
3
3

kA kkhkkkk

* PILE B *

FRARRA R RK
37.35,29.07,27.74,27.83,66.21,42,12,7.5
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,
37.25,30.59,29,44,28.39,65.27,40.68,
37.23,30.66,29.49,29.46,65.41,40.71,
37.5,31.71,30.44,30.51,65.07,40,02,7
37.45,31.73,30.46,30.59,65.07,39,93,
37,45%,31.66,30.46,30.46,64.5,39.9,7
37.48,32.4,31.17,31.17,64.62,39.24
37.58,32.38,31.15,31.17,64.6,39,29
37.48,32.35,31,1,31,05,64.57,39,24
37.6,32.85,31.66,31.63,64.36,38.83
37.6,32.9,31.8,31.76,64.21,38.88,7
37.5,32.83,31.63,31.61,64.4,38.78,7
37.9,33.02,31.93,31.63,63.66,38.02,7.5
37.78,32.95,31.8,31.54,63.60,37.88,7.5
37.93,33.02,31,95,31.76,63.64,37,95,7.5
37.83,33.49,32.6,32,13,63.63,37.48,7.5
37.85,33.54,32.3,32.1,63.76,37.43,7.5
37.88,33.59,32,4,32.13,63.76,37.53,7.5
18.07,34.15,32.9,32.65,63.61,37.38,7.5
34.02,34.05,32.68,32.63,63.63,37.33,7.5
31,98,34,32.8,32,58,63.61,37,25,7.5
38,36.34,33.12,32.88,63.46,37,1,7.5
18,34.37,33.12,32.78,63.49,37.08,7.5
37.93,34.29,33.1,32,75,63.54,37.1,7.5

T R T T

LY
N
N
1.5

7
7
7
?
5
?

5

RRARNRAARARARARARERERRRRBAERRRRREARRR AN AR TR R TRk RR

TABLE NO.A.8.12 CONFIGURATION 6X (HREATING DATA)

(DENOTATIUN H OF TABLE 5.12)
HhRAERARERAARARAARRARTRER AR AR AR AER Rk ddhdh Rk

RERERARAR

* FILE 4 *
ARRRAR R AR

SEE TABLE A.8.9

ey ek

* FILE B *
Rk

SEE TABLE A.8.9
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Appendix A.9

Sample computer cutputs of the processed results

This appendix shows the format of the outputs that were
obtained using the computer programs EX-6010, FRICTION-6010, and
HEAT2-6010. Ths sample reasults 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 latter program have not been included in this thesis unless

pressure loss data is required.
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HRRRRRARARAR AR IARRRRARR R AR R RRARENRANRRRRRARARRARNRARRRAA NI RRAR R RTRR RN Rk
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)
L L L L e e L R s e L ]

OUTPUT USING EX-6010

A=]1 o .o o + ISOTHERMAL

X=2 . + + « DIABATIC (TEST $ECTION) .
CHOSEN VALUE OF X IS I}

CROSS SECTIONAL AREA OF TUBE/SQ.INS. IS 10
TUBE MATERIAL IS [COPPER

TOTAL INSERTED LENGTH/INS. IS 10
FIRST RUN NUMBER ON DATA FILE 15 Il
LAST RUN NUMBER ON DATA FLILE 1S 18)
FIRST RUN NUMBER 11

LAST RUN NUMBER 127

HOW MANY F EQUATIONS 16

LENGTH/INS. IS 148 .

I1.0./INS. IS 10.7874016

0.D./INS. IS 10.8661417

DATE: |adkd
TABLE NO. !A.9.1

GEQMETRY: [CONFIGURATION ©

RUN NUMBER TEMP./C HEAD/CM. ROTAM/CM.
1 2.09750E+01 5.15 2
2 2.09650E+01 9.65 4
3 2.12100E+01 15.6 6
4 2.15600E+0) 22.99 8
5 2.15350E+03 31.65 10
[} 2.134650E4+01 42 12
7 2. 14400E+01 66.75 16
B 2.17300E401 97.95 20
9 2.177008+)) 134 24
10 2.17350E+01 134.3 24
11 2.17550E+01 97.85 20
12 2.14150E401 66.75 16
13 2.13400E+01 42.05 12
14 2.14750E401 31.65 10
15 2,14600E401 - 22.95 8
16 2.11850E+01 15.6
17 2,09350E401 9.6 &
18 © 2.10850E+01 5.15 2
15 2.108508+01 5.15 2
20 2.095C08+01 9.85 4
21 2.12050E+01 15.6 6
22 2.14500E+01 22.95 8
23 2.14550E401 31.65 10
24 2.13550E+01 42.1 12
25 2.14400E4+01 66.8 16
26 2.17BO0OE+01 97.9 20
27 2.17050E+01 134.25 24

LENGTH/INS.= 48
D1A,/INS.= 7874016
ROUGH/ INS.= 6.E-D5

Continued
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D/G./CU.CM.
9,98027E-01
9.98029E~01
9.,%97976E~01
9.97899E-01
9.97904E-01
9.97942E-01
9.97925E-01
9.97861E~01
9,%7852E-01
9.97860E~01
9.97855E~01
9.97931E-01
9.97947E-01
$.97918E~01
9.97921E~0)
9.97981E~01
9.98036E-01
9.98003E-01
9.98003E-01
%.98033E-01
9.97477E~01
$.97923E-01
9.979228~01
9.97944E~01
9.97925E-01
9.97850E-01
9.97866E-01

VEL./FT./5.
1.82540E+00
2.64916E+00
3.50149E+00
4.38181E+00
5.28707E+00
6.21828E+00
8.16384E+00
1.02172E+01
1.23754E+01
1.23751E+01
1.02)175E+01
8.1638BE+00
6.21890E+00
5.28679E+00
4.38150E+00
3.50157E400
2.64966E+00
1.82513E+00C
1.82495E+00
2.64915E+00
3.50131E+00
4.38083E4+GC
5.28677E+00
6.21892E+00
B.16329E+00
1.02170E+01
1.23749E401

DO YOU WANT A PRINT OUT OF
COLBURN

MEAN BATICS ARE
1.01748E400

MAXIMUM RATIOS ARE
1.11839E+00

MIKIMUM RATIOS ARE
9.29439E-01

NIKURADSE

MEAN RATIOS ARE
1.01067E+00

MAXIMUM RATIOS ARE
1.06363E+H00

MINIMUM RATIOS ARE
9.47400E-01

STOP AT LINE 2680

VISC./CP. SPEC. GRAV.
9,81463E-01 1.5%4
9.81599E-01 1.5%4
9.75953E~01 1.594
9.67839E~-01 1.5%4
9.68415E=01 1.594
9,72346E-01 1.5%94
9.70609E-0) 1.594
9.63936E~-01 1.594
9.63022E~01 1.593
9.63822E-01 1.593
9.63365E-01 1.593
9.71187E~01 1.593
9.72027E-01 1.594
9.69799E~-01 1.594
$.70146E-01 1.594
9.76537E~01 1.5%4
9,82406E-01 1.594
9,78878BE-01 1.594
9.78878E-01 1.5%4
9.82052E-01 1.594
4.76070E~Q1 1.594
9.70377E~01 1.594
9.70262E-01 1.594
9,725788E=-01 1.594
9.706092-01 1.593
2.62793E-01 1,593
4.64509E-01 1.593

P/PS1.. RE/NO UNITS
4.34154E~02  1.13154E+04
8.13502E-02  1.64179E+04
1.315078-01  2.18267E+04
1.93463E-01  2,75386E+04
2.66796E=01  3.32114E+04
3.54043E~01  3.89045E+04
5.62656E-01  5.11674E+04
8.25641E~01  6.44T62EHO4
1.12757E+00  7.81690E+04
1.13009E400  7.81030E+04
8.23390E~01  6£.45160E404
3.61696E-01  5,11374E+04
3.54460E-01  3.88853E+04
2.66790E~01 © 3.31627E+04
1.93463E-01  2.74743E+04
1.31506E-0)  2.1B143E+04
8.09287E-02  1.64093E+04
4.34149E-02  1.13433E+04
4,35149E-02  1.13423E4+04
8.13493E-02  1,64120E4+04
K. 31506E-01  2,18230FE+04
1.93459E-01  2.74636E+04
2.66793E-01  3.31469E+04
3.54882E-01  3.B8993E+04
5.62116F=01  5.11639E+04
8.23811E-01  6.45509E+04
1.12966E+00  7.80466E+04

REFERENCE DATA IHO

BLASIUS DKoM

$.G1858E~01  9.88681E~01

1,03601E+00  1.03245EH00
9.48212E-01  9.36206E-01

ROUSE

1.01095E+00
1.06034E+00

9.50178E-01

Q/CU.FT./5.
6.17276E-03
8.95836E-03
1.18405E-02
1.48161E~02
1.78786E-02
2,10276E-02
2.76067E-02
3.45503E~D2
4.18485E-02
4.18475E-02
3.45514E~02
2.76068E~02
2.10297E-02
1.78777E~02
1.48)64E~02
1.18408E-02
8.96005E-03
6.17182E-03
6.17125E-03
8.95833E-03
1.18399E-02
1.48141E-02
1.78776E-02
2.10298E-02
2.76048£-02
3.45497E~02
4.1B468E-02

FRICTION
3.97342E-03
3.53493E~03

3.27121E-03

3.07375E-03
2.91101E~03
2.79249E-03
2.574778~03
2.41234E-03
2.24563E-03
2.25076E-03
2.40563E-03
2,57033E-03
2.79522E-03
2.91121E-02
3.07354E-03
3.27999E~-03
3.51327E-03
3.97468E-03
3.97542E-03
3.53490E~03
3.27149£-03
3.07440E-03
2.91126E-03
2.79853E-03
2.57265E~03
2.40710E-03
2.24995E-03

COLEBROCK

1.00126E+00
1.06004E+00

9.30835E~01

Continued
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OUTPUT USING FRICTION-6010

1S DATA ON FILE 1YES
PIRST RUN ON DATA FILE 11
LAST RUN ON DATA FILE 127
FIRST RUN 11

LAST RON 127

NAME #2 FDAYSAE-6010

COMPARISON WITH REGRESSTON ANALYSIS

I ERROR 1S EXP-CALC/EXP

REYNCLDS NO
+1.13154E+04
+1.64179E4+04
+2.18267E+04
+2.75386EH04
+3.32114E+04
+3.89045E+04
+3. 11674EH4
+6.44762E+H04
+7.81690E+04
+7.81030E+04
+6.45160EH04
+5.11374E+H04
+3.88853E+04
+3.31627E+04
+2. 747438404
+2,18143E+04
+1.64093E+04
+1.13433E+04
+1.13423E+04
+1.64120E+04
+2.18230E+04
+2.74636EH04
+3,31469E+H04
+3.88993E+04
+5.11639E+04
+6.45509E+04
+7 . .80466E+04

EXPTL F
+3.97342E-03
+3.53493E-03
+3.27121E-03
+3.07375E~03
+2.91101E-03
+2.79249E~03
+2.57477E-03
+2.41234E-03
+2.25565E-03
+2.25076E-03
+2.40563E-03
+2.57033E-03
+2.79522E-03
+2.91121E-03
+3.07354E-03
+3.27099E-03
+3.51527E~03
+3.97468E~03
+3.975428-03
+3,534%0E-03
+3,27149E-03
+3.07440E~03
+2.91126E~03
+2.79853E-03
+2.,57265E-03
+2.40710E-03
+2.24995E-03

CALCED F
+3.96277E-03
+3.55955E-03
+3.27899E-03
+3.06644E-03
+2.90324E~03
+2.77569E-03
+2.564B6E-03
+2.39948E-03
+2,26988E-03
+2.27044E-03
+2.39903E-03
+2.56530E-0)
+2.77609E-03
+2.90647E-03
+3.06850E-03
+3.279532-03
+3.560092-03
+3.95996E-03
+3.96006E~03
+3.55992F-03
+3.27913E~03
+3.06885E-03
+2.90637E-03
+2.77580E-03
+2,56491E-03
+2.39868E-03
+2.21091E-03

T ERROR
+2.68169E-01
=6.96370E-01
=2.37490E-01
+2.377145E~01
+1.98319E-01
+6.01631E-01
+3.84610E-01
+5.33086E-01
~1.07941EH0C
-8.74489E-01
+2.73477E-01
+1.95935E-01
+6.84378E-01
+1.62942E-01
+1.63935E-01
-~2.60840E~01
~1.27503E+00
+3.7039QE-01
+3.86369E-01
=7.07642E-01
=2.33919E-01
+1.80616E~0Q1
+1.50819E~01
+8.12240E-01
+3.00592E=-01
+3.49969E-01
-9.31498E-01

LOG~LOG REGRESSION LINE IS F» Q5843918127178 *(RE" -.2883076533968 )

RESULTS OF REGRESSION ANALYSIS

Z...SUM OF LOG(F) =157.4704932419
Fe.oSUM OF LOG(RE} 280.2448611224
W,..50M OF LOG(F)*LOG(RE) ~1637.257592084
G...8UM OF (LDG(RE)"2) 2918.503885161

X...TOTAL NUMBER OF RUNS YSED 27

§...8UM OF (DEVIATIONS"2) 0008360183474446
E...SLOPE OF REGRESSION LINE -.2883076533968
€1, ..LOG{CONST) IN F EQUATION =-2.839768701921
X7.4.T(5) IN CONFLDENCE ANALYSIS 2.06

X6...MULT. IN LOG(CONST) ANALYSIS 3.334873976075
X4,,.MULT. IN SLOPE ANALYSIS -3207607135248
X5. .. INTERVAL ON LOG(CONST) .03972688809818
X3,..INTERVAL ON SLOPE .003821081415343
F6...MIN. LOG{CONST) -2.87949559001%
F7...MAX. LOG{CONST) -~2.800041813823
Q6...MIN. CONST 205616308491116
Q7.+ .MAX. CONST 0608075199772
Q5...REGRESSION CONST «05843918127178
F8...MIN, SLOPE ~.2921287348121
F9...MAX. SLOPE . 2844865719814
Qb...SUM OF {LOG(F)"2) 919.2145086018
Q3...CORRELATION COEFFICIENT/R -.8994829901673
Q2...R"2 .9989662476338
F4..4AV. ABS. DEV. 4649010358941
F5...R.M.5. ABS. DEV. W5577575274292

STATE FILENAME OR NO 1HO
STOP AT LINE 570
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ek R AR AR R AR AR KRk k AR AR Rk h AR AR SR REAR AR R AR AN REARERRRRARAR AR RN REAKIAR RNk X
TABLE NO.A.%.2 NON-ISOTHERMAL FRICTION FACTORS CALCULATED USING THE DATA IN
TABLE A.8.2

{RESULTING CORRELATION IS5 DENOTATION K OF TABLE 5.5)
RAKRRARAREARERRAREXRARARERANRRERRK A AR RN AR RRRRRRTRRARRARRENRRERRAERRARRR TR R AR

OUTPUT USING EX-6010

X=1 . + » « ISOTHERMAL

¥=2 4 « » o DIABATIC (TEST SECTION)
CHOSEN VALUE OF X 15 12

CROSS SECTIONAL AREA OF TUBE/SQ.INS. 1§ 10
TUBE MATERIAL IS 1COPPER

TOTAL INSERTED LENGTH/INS. 15 10
FIRST RUN NUMBER ON DATA FILE IS I}
LAST RUN NUMBER ON DATA FILE I8 181
FIRST RUN RUMBER 135

LAST RUN KUMBER !8§1

HOW MANY F EQUATIONS 16

LENGTH/INS. 15 148

1.D./INS. IS5 10.7874016

0.D.fINS. 15 {0.866i417

DATE: paids
TABLE NO. 14.9.2

GECMETRY: 1CONFIGURATION 0

RUN KUMBER TEMP./C HEAD/CM. ROTAM/CK.
1 3.49650E401 4.1 2
2 3.50500E+01 4.1 2
3 3.51350E+01 4.15 2
4 3.50500E+01 7.95 4
3 3.5C150E+01 7.95 4
6 3.50450E+01 8 &
7 3.50150E+C1 13.1 6
8 3.503500E+01 13.15 -3
9 3.50150E+01 13.2 6
10 3.50500EH01 19.75 8
11 3.49900E+01 19.8 8
12 3.496508+01 19.85 8
13 3.50650E+01 27.9 10
14 3.,50500E+01 7.7 10
15 3.50300E+01 27.9 10
16 3.49750E401 37.1 12
17 3.49900E+01 37.05 12
18 3.508008+Q) 37.05 12
19 3. 50400E+01 59.7 16
20 3.50600E+01 59.75 16
21 3.50100E401 59.75 16
42 3.50100E+01 88.55 20
23 3.50600E+01 88.6 20
24 3.49300E+01 88.65 20
25 3.49400E+01 122,25 24
6 3.49650E4+01 122.25 24
7 3.49300E+01 122.25 24

LENGTH/INS.= 48
DIA./INS.= 7874016
ROUGH/INS.= 6.E=0%

Continued




DfG./CU.CM.
9.94075E~01
9.94046E-01
$.94017E-01
9.94046E-01
9.94058E-01
9.94048E-01
9,94058E-01
9.94046E-01
9.94058E~01
9.54046E-01
9.94066E-01
9.94075E-01
9.94041E~01
2,94046E-01
9.94053E-01
9.94072E-01
9,94066E-01
9.94036E-01
9.94049E-01
9.94042E-01
9.94060E-01
9.94060E-01
9.94042E-01
9.94087E~-01
9.940848~01
9.%94075E-01
9.94087E-01

VEL./FI./S.
1.853772E+00
1.B581BE+00
1.85861E400
2.69356E+00
2.69369E+00
2.69390E+00
3.353439E+00
3.55439E+00
3.55435E400
4.44032E+00
4, 44040EH00
4.44036E+00
5.35180EH0D
5.35173E4+00
5.35180E+00
6.28743E+00
6.28753EH00
6.28820E+00
8.23889E+00
§.23925EH00
8.23897E+00
1.02922E+01
1.02924E401
1.02918E+01
1.24479E+0%
1.24479E+01
1,24476E+01

DO YOU WANT A PRINT OUT CF
COLBURN

MEAN RATIOS ARE
9.14644E-01

MAXIMUM RATIOS ARE
9.31810E-01

MINIMUM RATIOS ARE
8.87753E-01

NIKURADSE

MEAN RATIOS ARE
9.17995E-01

HAXIMUM RATIOS ARE
9.36045E~01

MINIMUM RATIOS ARE
8.89897E~01

STOP AT LINE 2680
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VISC./CP.  SPEC. GRAV.
7.230278-01  1.59
7.21804E-01  1.594
7.205B4E~01 1,595
7.21804E-01  1.594
7.22307E-01 1,593
7.21876E=01 1,593
7.22307E-01  1.593
7.21804E-01  1.593
7.22307E-01  1.593
7.21804E-01  1.593
7.22667E-01  1.593
7.230278-01 1,593
7.21588E6-01  1.592
7.21804E-0) 1,592
7.22091E~01  1.592
7.228838-01  1.593
7.22667E-01 1,593
7.213738-01  1.593
7.219488-01  1.591
7.20660E-01  1.5%1
7.22379E-01 1,591
7.22379E-01°  1.591
7.216608-01  1.591
7.23532E-01  1.591
7.23387E-01  1.591
7.23027E-01 1,591
7.235328-01  1.591

P/PSL. RE/NO UNITS
3,45649E-02  1,55700E+04
3.45649E-02  1.5599BE+04
3.50672E-02  1.56294E+04
6.70130E-02  2.26130E+04
6.6897BE-02  2,25986E+04
6.73178E~02  2.26136E+04
1.10221E-01  2,98195E+04
1.10641E-01  2,98399E+04
1.11062E-01  2.98131E+04
1.66175E-01  3.72775E+04
1.665958-01  3,72344E+04
1.67016E-01  3.72158E+04
2.34310B-01  4,49427E+04
2.32625E~01  &.49289E+04
2.34304E-01  4.49119E+04
3.12149E=-01  5,27069E+04
3.11721E-01  5.27232E+04
3.11721E-Ck  5.2B218E+04
5.00490E-01  6.91538E+04
5,00890E-01  6.9183BE+04
5.008908-01  6.91I38E+04
7.42268E~01  B,63379E+04
7.42687E-01  8.64242E+04
7.431068=01  8.61997E+04
1.024776+00  1.04278E405
1.024742+00  1.04329E4+05
1.02474E4+00  1,04255E+05

REFERENCE DATA 1RO

BLASIUS D.K.M.

9.065298-01  9.01043E2-01

9.2%417E~01  9.20282E-01
8.64997E-01  B.64587E~0L

ROUSE

9.19) 5901
9.37802E-01

8.88182E-01

Q/CU.FT./S.
6.28204E-03
6.28360E-03
6-28504E-03
9.10850E-03
9,10894E-0)
9.,10965E-03
1.20194E=02
1,20194E=02
1.20193E-02
1.50153e-02

1.50155E~-02

1.50154E-02
1.809758~02
1.80973E-02
1.80975E-02
2.12614E~02
2.12618E-02
2.12640E-02
2.78605E~02
2.786178-02
2.78607E-02
3.4B040E-02

- 3.4B047E-02

3.48027E-02
4.20936E-02
4.20937E~02
4.20927E-02

FRICTION
3.06646E-03
3.06502E~03
3.10646E-03
2.82801E~C3
2.82284E-03
2.840315E=-03
2.67119E-03
2.68141E-03
2.69164E~03
2.58055E-03
2.58694E=03
2.59349E-03
2.50478E-03
2.48682E-03
2.50469E~03
2.41758E-03
2.41420E~03
2.41376E-03
2.257528~03
2,25915E~03
2.25926E~03
2.14542E~03
2.14658E-03
2.14793E-03
2.02485E-03
2.02481E-03
2.G2488E-03

COLEBRGOK

9.06852E~01
9.25376E~01

8.85884E-01

Continued
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OUTPUT USING FRICTION-6U010

IS DATA ON FILE 1YES
FIRST RUN ON DATA FILE i1
LAST RUN ON DATA FILE !81
FIRST RUN 155 '
LAST RUN 181

RAME #2 !DAYSAA~6010

COMPARISON WITH REGRESSION ANALYSIS

% ERROR IS EXP~CALC/EXP

REYNOLDS WO
+1,55700E+04
+1.55998E+04
+1.56294EH04
+2.26130EH04
+2.25986E+04
+2.26136E+04
+2.98195EH04
+2.98399E+04
+2.98191E+04
+3.72775E+04
+3.72344E+04
+3.72158E+04
+4 . 494276404
+4.49289E+04
+4.491 19E+04
+5.27069E+04
+5.27232E+04
+5.28218E+04
+6.91538E+04
+6.91838E+04
+6.91138E+04
+8.63379EH04
+8.64242E+04
+8.61997E+04
+1.04278E+05
+1.04329E+05
+1.04255E+05

EXPIL F
+3.06646E~03
+3.06502E~03
+3.10646E-03
+2.82801E-03
+2.822842-03
+2.840158-03
+2.67119E-03
+2.68141E-03
+2.69164E-03
+2.58055E~03
+2.58694E~03
+2.59349E~03
+2.50478E-03
+2,48682E-03
+2.50469E~03
+2.41758E-0)
+2.41420E-03
+2.41376E-03
+2.25752E-03
+2.25915E~03
+2.25926E-03
+2.14542E-03

+2.14658E-03

+2.14793E-03
+2.02485E-03
+2.02481E-03
+2,02488E~D3

CALCED F
+3.09396E-03
+3.09269E-03
+3.09144E-03
+2.85706E-03
+2.85745E~03
+2.8B5704E~03
+2.69323E-03
+2.69284E~-03
+2.,69324E-03
+2,56791E~03
+2,56854E-03
+2.56882E-03

% ERROR
=-8.96757E-01
~9.02879E-01
+4,83497E-01
~1.02720E+00
~1.22576E+00
=5.94585E-01
=-8.25280E~01
~4.26067E-01
~5.93386E-02
+4.89913E-01
+7.11104E-01
+3.51525E-0}

+2.46743E-03  +1.49135E+D0
+2.46759E=03 - +7.73281E-01
+2,46779E-03  +1.47336E+00
+2.38490E-03  41.35152E+00
+2.38475E-03  +1.21998E+00
+2.38380E-03  +1.24127E+00

+2.25058E-03
+2.25037E-03
+2.25086E-03
+2.14644E-03
+2.14599E-03
+2.14718E-03

+3.075838-01
+3.88637E-01
+3.72182E-01
~4.79380E-02
+2.74543E-02
+3.51384E-02

+2,06166E-03  ~1.81790E+00
+2.06145E-03  =1,80960E+00
+2.06176E-03  -1.82130E+00

LOG~L0OG REGRESSION LINE 1S F= .02428815511698 *(RE" =-.2134584589251 )

RESULTS OF REGRESSION ANALYSTS

Z...8UM OF LOG(F) =161.9584223293
Fo+..5UM OF LOG(RE) 288.4810813837
W. . sSUM OF LOG(F)*LOG{RE) ~1732.448950068
G.,.SUM OF (LOG{RE)"*2) 3091.672523157

X+ +.TOTAL NUMEER OF RUNS USED 27

S...5UM OF (DEVIATIONS"2) L002733603710147
E...SLOPE OF REGRESSION LINE ~.2134584589251
Ci...LOG(CONST) IN F EQUATION =3.717766491221
X7...T(5) IN CONFIDENCE ANALYSIS 2.06 :
X6,..MULT. IN LOG(CONST) ARALYSIS 3.450041286815
X4...MULT. IK SLOPE ANALYSIS .326148738%009
X5...INTERVAL ON LOG{CONST) .07517882926313
X3...INTERVAL ON SLOPE .00702555395799
P6...MIN. LOG{CONST) -3.792945320484
F?...MaX, LOG(CONST) =-3.642587661958
G6.++.MIN. CONST J02252914847343
Q7...MAX. CONST L02618449959092
Q5...REGRESSION CONST .02428815511698
FB...MIN. SLOPE =.2204840148831
F9...MAX. SLOPE -.2064329029672
GQ4.+..5UM OF (LOG{F)"*2) 971.9322121885
Q3..,CORRELATION COEFFICIENT/R ~.8968243137816
G2...R"2 993658712546
F4...AV. ABS. DEV. B434241895094
F5...k.M.5, ABS. DEV, 1.007660491307

STATE FILENAME OR RO INOQ
STOP AT LINE 570
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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)
RRRRARNENSAARRRARFRERARRARRRRKR RN RHRR IR AR TR ANKR TN RN KRNI RRRAIAARARKR R ARk

OUTPUT USING HEAT2-6010

ERROR CRITERION FOR RE EXPONENT IS 10.0000001
ERROR CRITERION FOR RESISTANCE 1S 10.00000001

TUSE MATERIAL IS [COPPER

CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. 15 10
FIRST RUN NUMBER ON DATA FILE IS 1}
LAST RUN NUMBER ON DATA FILE IS 181

FIRST RUN NUMBER IS 128
LAST RUN NUMBER 18 154
TUBE 1.D./INS.= 10.7874016
TUBE 0.D./INS.= [0.8661417

RUN WUMBER

U-E- TR ST VY

B = b Bt o o b Bk e e R
QWO o~ S I W R e O

[N N K
[rer s

(o]
£

MR
S

CORR]
1.46771E+01
1.47276E+01
1.47454E+0)
1.23852E+01
1.22675EH01
1.23181E+01
1.08519E+01
1.08519E401
1.08519E+0}
9.77336E4+00
9.79012E+0G
9.67227E+00
8.91383E+00
8.8B011E+00
9.04856E+00
8.Bb633TEACO
8.91396E4+00
B.B46S1EHOD
8.08808E+00
8.088258+00
7.97015E+00
7397178400
T.447T1E+Q00
7. 44771EH00
6.95899E+00
6.65785E4+00
6.90841E+00

(HO/RI)MEAS
$.79371E~01
9.81764E~01
9.84016E-0)
1.02650E+00
1.01888E+00
1.01925E+00
1.02961E+00
1.01688EH00
1.01932E400
1.02401E4G0
1.03141E400
1.03086E+00
1.02034E+00
1,026 20E+00
1.02259EH00
1.01505E+00
1.02179EH00
1.02257E+00
1.01387E+00
1.02125E+00
1.0257SE+00
1.02066E+00
1.03248E+00
1.03108E+00
1.04593EH00
1.04070EH00
1.03516E+00

CORR2
1.88B46EH00
1.83787E+00
1.93904E+00
2. 17431 EHO0Q
2.191B1E4+00
2.191828+00
2.12422E400
2.14109E+00
2.00620E+00
2.60610E+00
1.98922E+00
1.98923E+00
2.275T4EHQ0
2.22515E+00
2.22545E400
1.65199E+00
1.70258E4+00
1.68572E+00
1.65191E+00
1.65195E400
1.80362E+00
1.83728E+00
1.92157E4+00
1.BBT85E+Q0
1.80352E+00
1.93835E+00
1.88T79E+00

(KCO/HI)CORR
9.79318E-01
9.81716E-01
9.839738-01
1.02635E+00
1.01892E+00
1,01929E+00
1.02967E+00
1.016928+00
1.01936E+00
1.02406E4+00
1031476400
1.03091E+Q0
1.02037E+00
1.02624E+00
1.02263E+00
1.01507E+00
1.021826+00
1.02260E+Q0
1.01389E+0C
1.02128E4+00
1.02579E+00
1.02069E4+00
1.0323384+00
1.03112E+00
1.04599E+00
1.04076E400
1.03521E+00

CORR3
6.21247E-03
1.77493E-03
2.66248E-03
1.06490E~02
1.86361E-02
8.87445E~03
1.95221E-02
8.87381E~03
7.09896E~D3
1.77463E-02
1.77461E-02
2.661928-02
1,77458E-02
1.33093E-02
1.95202E~02
5.14635E-02
5.32387E-02
4.436548-02
4.79118E-02
4.43635E-02
5.05741E=02
4.17001E~02
4.17003E-02
4,08130E-02
4.34733E~02
6.34733E-02
4,34733E-02

CORR/HIMEAS
2.59875E~03
2.51506E~03
2.64380E-03
2.19710E-03
2.18454E-03
2.22310E~03
1.98490E-013
1.96157E-03
1.96171E-03
1.7845%E-03
1.78402E-03
1.80770E-03
1.65176E-03
1.65938E~03
1.68620E-03
1.56090E~03
1.56372E~03
1.55053E-03
1,43149E-03
1.45212E-03
1.42539E-03
1.34609E-03
1.35262E~03
1. 34518E-03
1.31057E-03
1.30388E-03
1.32810E-03

CORR4
3.95924E4+01
3.97430E+01
4.00456E4+01
4.11266E+01
4.13290E+01
4,18337E+01
4,22077E+01
4.24935E4)1
4.20387E+01
4.27485E+0)
4.28657E+0 1
4.28994E+01
4.30188E+01
4.30357E401
4.29852E+01
4.17614EHD )
4,19298E+01
4,19299E+01
4.22505EH01
4.26208E+01
4.26375E+01
4.29578E+)1
4,J0251E40)
4.30231E+01
4.35817E401
4,33296E401
4.34976E+01

Continued



LHMTD MEAS
4.50071E+01
4.49719E+01
4.49468E4+01
4.49537E+01
4.49348EH01
4,50548E+01
4,50611E+01
4,49605E401
4.50757E401
4499428401
4.4B794E401
4.49599E+31
4.49888E+01
4,49846E+0)
4,50352E+01
4.49303E+01
4. 49454 E40]
4,49199E+01
4,69202E+Q])
4.50070E+01
4,47990E+01
4.4B767EH0)
4.50782E+0)
4.49468EH0]1
&4.49024E40)
&4.47T14EH0)
4.49502E401

LMTD CORR
4.50118E+01
4.457567E4H01
4.,49517E40)
4.49633EH21
4,49384E+0)
4.50585E401
4.50640E+0Y
4.49635E+01
4.507B6EXD)
4.49966E401
4.4B8819E+0]
4.49624EH01
4.49909E+01

4.49867E+01

4.50373E4+0)
4,49320E+01
4.49472E40]
4.49216E+01
4.49215EH01
4.50083E+01
4.4B004E+01
4.48778E+01
4.50793E+01
4.49479E+0)
4.49033E+01
4.47723EH01
4,495311E+Q]

ONE YEMPERATURE,FIRST RUN NUMBER 15 128
ONE TEMPERATURE,LAST RUN WNUMBER 1S 154
DO YOU WANT TO INCLUDE MORE RESULTS INO
CHOSEN PRANDTL NUMBER EXPONENT IS 10.4
DO YOU WANT TO USE MEAN PRANDTL NUMBERS ING

RE EXPONENT IS (0.8
GEOMETRY: !CONFIGURATION O

RESISTANCE

+00000E+00
1.00000E-04

2.0000CE-04

3.00000E-~-04

4.,00000E~04
5.00000E~04
6.00000E-04
7.00000E-04
8.00000E~04
9.00000£-04
1.00000E~03
1.10000E-03
1.20000E-03
1,10000E-03
1.1}000E-03
1.120008-03
1.13000E-03
1.14000E-03
1.15000E-03
1.14000E-03
1.14100E-03
1.14200E-03
1.14300E-03
1.14400E~03
1.14500E-03
1.14600E-03
1.14700E-03
1,148008~03
1.14700E-03
1.147108-03
1.147208-03
1.14730E-03
1.14740E-03
1.14750E=-03
1.14760E-03
1.14770E-03
1.14780E-03
1.147T0E-03
1.14771E-03
1.14772E~03
}.147738-03
1. 14774E-03
1.14775E-03
1.14776E~03
1.14775E-03
1.14775E-03
1.14775E-03
1.14775E-03
1.14775E-03
1.14775E-03
LoL4P75E-03
1.14775E~-03
1,14775E-03
1,14775E-03
1.14775E-03

INCREMENT
1.00000E~04
1.00000E-D4
1.00000E-04
1.00000E-04
1.00000E-04
1.00000E~Q4
1.000008-04
1.000008-04
1.00000E-04
1.00¢00E-04
1.00000E-04
1.000008-04
1.00000E-04
1.00000E~05
1.00000E-05
1.0G000E-05
1.00000E~Q5
1.00000E-05
1.00000E-05
1.00000E~06
1.00000E-06
1.00000E-06
1.00000E~-06
1.00000E-06
1.00000E-06
1.00000E-06
1.000008-06
1.00000E-06
1.00000E-07
1.00000E-07
1.00000E-07
1.0000QE~07
1.00000E-07
1.00000E~07
1.Q0000E-07
1.0G000E-07
1.00000E-07
1.00000E~-08
1.00000E-08

1.C0000E-08

1.00000E-08
1.00000E-08
1.00000E-08
1.00000E-08
1.00000E-09
1.00000E-09
1.00000E~09
1.00000E=0%
1.00000E~09
1.00000E-09
1.000G0E-GY
1.00000E-C9
1.00000E-10
1.00000E-10
1.00000E-10

OUT T AV
8.00350E+01
B.00450E+H01
7.959850E+01
8.00200E+01
7.99750E4+01
7.99700E+01
8.00550E+01)
7.99200E+01
8.00300E+0)
8.00500E+01
8.00100E+0)
8.00000E+0]
7.99700E+01
7.99950E401
8.00350E+01
8.00}50E+01
7.99800E+0}
7.99700E+01
8.00800E+01
7.99950E+01
7.99500E+01
7.995508+01
8.01200E+01
8.00250E+01
8.00600E+01
7.99050E+01
8.003530E401

EXPONENT
3.42832E-01
3.60148E-01
3.79371E-01
4.00845E-01
4.250088-01
4.52423E-01
4.83828E-01
5.20219E-01
5.62%471E-01
6.14055E-01
6.76428E-01
7.54786E=01
8.57242E-01
7.54786E-01
7.63768E~01
7.72997E-01
7.82483E-01
7.92239E-01
8.02277E-01
7.92239E-01
7.93230E-01
7.94223E-01
7.95220E-01
7.96219E-01
7.97222E~01
7.98227E-01
7.99235E-01
8.00246E-01
7.99235E-01
7.99336E~01
7.99437E-01
7.99538E-01
7.99629E-01
7.99740E-01
7-99841E-01
7.99943E-01
8.00044E-01
7.99943E-01
7.99953E-01
7.99963E-01
7.99973E-01
7.99983E-01
7.99993E-01
8.00003E-01
7.99993E-0)
7.99994E-D1
7.99995-01
7.99996E~01
7.99997E-01
7.99998E~01
7.99939E-01
8.00000E-G1
7.99999E-01
7.99999E~01
7.99999E-01

INSI. T AV.
3.50104E+01
3.50554E+01
3.50203E+01
3.50563E+01
3.50363E+01
3.49112E+G)
3.49869E401
3.49519E+0)
3. 49469840}
3.50374E+01
3,511 24E401
3.50224E+01
3,49478E+01
3.49778E+01
3.49878E+0L
3.50381E+0)
3.49881E+0)
3.50031E+01
3.50835E+01
3.49135EH0)
3.50735E+01
3.49738EH01
3.4938BEH))
3.49738E4H01
3.50339E+01
3.50089E+Q1%
3.49639E4+01

SUM ERS 50
2.61557E-02
2,70407E-02
2.78618E-02
2.85766E~02
2.91279E-02
2.94407E-02
2.942258-02
2.89712E-02
2.80111E-02
2.66077E-02
2,53229E-02
2.63485E-02
3.75051E-02
2.634B5E-02
2.67841E-02
2.732016-02
2.79711E-02
2.87539E~02
2.96875E-02
2.87539E-02
2.88402E-02
2.89279E-02
2.90172E-02
2.91081E-02
2,92006E-02
2.92947E-02
2.93904E-02
2.94877E-02
2.93904E-02
2.94000E~02
2.94097E~02
2.941948-02
2.94291E-02
2,94389E-02
2.94486E-02
2.94584E-02
2.94681E-02
2.94584E-02
2.94593E-02
2.94603E-02
2.94613E-02
2.946238-02
2.94632E-02
2.94642E-02
2.94632E-02
2.94633E-02
2.94634E-02
2.946358-02
2.94636E-02
2.946375-02
2.9463BE-02
2.946398-02
2.9463BE-02
2,94638E-02
2,94639E-02

Continued



DATA INPUTS:
RESISTANCE STATED: NO
GEOMETRY: CONFIGURATION @

HO CORR/BEY RE NUMBER EXP NUSSELT  CAL NUSSELT % CA=EX/EX

2,11053E+04  1.55965E4H04  5.67426E+01  5.B1168E+01  +2.42191E+00
2.10828E+04  1.56127E4+04  5.67326EH01  5.81649E+01  +2.52468E+00
2.10566E+04  1.56015E4+04  5.66579E+01  5.81315£+01  +2.600B7E+0D
2.59564E+06  2.26216E404  8,52311E4+01  7.82524E+01  -3.6663GEHIQ
2.59556E+04  2.26119E4+04  8.12997B+0)  7.82256E+0)  -3.78114EH00
2.577228+04  2.25560E+04  7.97756E+01  T.B0707EXO1  ~2.13706E+H00
2.85596E+04  2.9804)E+04  9.73736E+31l  9.75661E+0L  +1.91524E-01
2.87043E+04  2.97833E+04  9.8B819BEH01  9.75116E#01  =1.32377E+00
2.B4663E+04  2.97835E404  9.66449E+01  9.75122E+01  48,9T405E-01
3.122408+04  3.72699E+04  1.1B308E+02  1.16671E+02  —1.3B371E+00
3.152768+04  3.73277E404  1.21708E402  1.)6816EH02  =4.01933E+00
3.104435+04  3.72606E+04  1.16969EH02  1.16648E+02  =2.74842E-01
3.34208E+04  4,4B363EH04  1.3B915EH0Z  1.35204E402 +2.62821E+00
3.34198E4+04  4.48B16E+04  1.38963E+02  1.35325E402 -2.61812E+00
3.28391E+04  4.48728E404 1.32771E402 1.35352E402  +1.94351E+00
3.3976684+04  5.27733E404  L.45356E402 1.54102E402 +6.01671E40D
3431778404 5.27198E+D4  1.4B956E+02  1.53977E+02  +3.37098E+00
3.457558+H04  5.27374E+04  1.52127E+02  1.54018E402  +1.24357E+00
3.6B048E+04  6.92092E+04  1.80922E402  1.91429E402  +5.80763E+00
3,68031E+04  6.BY728E+04  1.79687BH)2  1.90906E+02  +6.24353EH00
3.77006E+04  6.91954F+04  1.96052E+02  1.91399E+02 ~2.37359E+00
3.95536E4+04  B.62711E4+0&  2.27707E+02  2,28334E+02 +2,751)3E-01
3.99731E+}5  B.62106E+04  2.32476EH02  2.2B206E+02  -1.83682E+0D0
4.01131E+04  8.62708E+04  2,37816E+02  2.2B8333E402  -3.987353EH00
4.17568E+04  1.04469E405  2.77433E+H02  2.66114E+H02  =4.07975E+00
4.1587384+04  1.04416E+05  Z.T6L3GEH02  Z.66006E+02  -3,66B863E4+00
4.07408E+04  1.04322E405  2.51428EH02  2.65815E+402  +5,72229EH00

LOG~LOG REGRESSION LINE IS (NU/PR™ .4 )= .02569677710738 *(RE™ .7999999491549 )

RESULTS OF REGRESSION ANALYSIS

Z...5UM OF LOG{NU} 111.9222904492

F...SUM OF LOG(RE) 288.4747837498
W...SUM OF LOG{NUY*LOG(RE) 1417.014208161
G+..5UM OF (LOG(RE)“2} 3091.541208877

X...TOTAL NUMBER OF RUNS USED 27

$...5UM OF (DEVIATIONS"2) .02946390113782
C...OUTER RESISTANCE TO TRANSFER  .0011477562
E.,.SLOPE OF REGRESSION LINE +7999993491 549
Cl...LOG(CONST) IN NU EQUATION ~31.66138969%327
X7...T(5)} IR CONFIDENCE ANALYSIS 2.06

X6, ,.MULT, 1IN LOG(CONST) ANALYSIS 3.489342542729
X4,..MULT. IN SLOPE ANALYS1S +3260922346366
X5...INTERVAL ON LOG(CONST 2467677692193
X3...INTERVAL ON SLOPE L02306124752462
F6...MIN. LOG(CONST) ~3,908157468546
F7...HMAX. LOG(CONST) =~3.414621930108
Q8. . MIN. CONST -D2007746035411
Q7...MAX. CONST +032888838630948
Q5...REGRESSION CONST 2569677710738
F8...MIN,SLOPE L7769387016303
F9...MAX.SLOPE .8230611966795
Q4. ..8UM OF (LOG(NU}"Z) 650.6218430127
Q3...CORRELATION COEFFICIENT/R L997561233224
R2,..R"2 L9951284140314
F4.. AV, ABS, DEV, 2,853298060231
F5...R.H.5. ABS. DEV. 3.329137271869

FILE RESULTS IYES

TRY ANOTHER RE AND/OR PR EXPONENT INQ
DO YOU WANT TO STATE THE RESISTANCE IRO
STOP AT LINE 2520
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TABLE RO.A.9.4 HEAT TRANSFER FACTORS CALCULATED USING THE DATA IN TABLE A.B.4

(RESULTING CORRELATION IS DENOTATION K OF TABLE 5.6)
R R e L T e e P e PRI T T

QUTPUT USING HEATZ2-6010

ERROR CRITERION FOR RE EXPONENT IS 10.000000%
ERROR CRITERION FOR RESISTANCE 1S 10,.00000001

TUBE MATERIAL IS ICOPPER

CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS 10
FIRST RUR NUMBER ON DATA FILE IS [l
LAST RUN NUMBER ON DATA FILE IS !§)

FIRST RUN HUMBER 1S 135
LAST RUN NUMBER IS 181
TUBE 1.D./INS.= 10.7874016
TUBE 0.D./INS.» 10.8661417

BUN RUMBER

(-3 N RV R TP

CORR)
1.68508EH01
1.68506E+01
1,67323E+01
1,42538E+0)
1.40538E+Q1
1.410428+01
1.23349E+01
1. 2T22IEH0N
1.26044E4+01
1.13068E+01
1.,1172)EH01
1.11384E+01
1.00769EHL
1.00600E+01
1.01105E+01
1.01782E+01
1.01950EH)]
1.01105E+01
B.66141EHOO
8.74551E+00
8.B4680EH00
8.39155E+00
8.20622EH+00
8.37478E+00
7.734418400
7.68389E+00
7.76415E+H00

(HO/HIYMEAS
1.00635E+00
9,94447E-01
$,98939E-01
1.01849E400
1.01910E+00
1.03081E+00
1.01891E400
1.03137E+00
1.02198E+00
1.01774E+00
1.02844E+H00
1.02455E400
1.03954E400
1.02282E+00
1.03751E+00
1.00097E+00
1.01020E4H00
1.006138+00
1.02262E+00
1.02844E+00
1.01465E+00
1.00460E400
1.02575E+00
1.019408400
1.00591E+00
1.01139E+00
1.024508+H00

CORR2
1.93920E+00
2.09094E+GQ
2.175228+00
2.14)36EH00
2.00647R400
2.14136E+00
2.2424Q8H0
2.19181E+00
2.19181E+H00
2.25914F+00
2.25913E+00
2,225428H00
2.09046E+00
2,22534F400
2.12417E400
1.51727E+00
1.50041EH00
1.66897E+00
1.44973E+H00
1483428400
1.31487E+00
1.48338E+00
1.3990984+H00
1.39911E+00
L.46650E4+Q0
1.68565E4+00
1.63508E400

{HO/HI)CORR

1.00636E+00

9.94433E-01
9.98936E-01
1.01853E+00
1.01914E4+00
1.03088E+00
1.0189454+0Q
1.031438+00
1.02202E+00
1.01777+00
1.02B49EHDD
1.02459E400
1.03960E+00
1.02285E4+00
1.03756E+00
1.00097E+00
1.010228400
1.006Y4E+00
1.02265E+00
1.02848E+00
1.01467E+00
1.00461E4Q0
1.02578E400
1.01943E+00
1.00591E+30
1.01141E+00
1.026538+00

CORR3
2.57400E~02
1.06508E=-02
1.06507E~02
4.43747E-03
1.77498E=03
2.6624BE-03
6.21213E-03
6.21209E-03
6.21209E-03
1.50857E-02
1.0648TE-D2
1.33209e-02
1.064B2E-02
1.064838-02
8.87333E-03

~00000E+00
6.21136E-03
1.50845E-02
* «O0000E+0G
1.77452E-03
«00000E+OQ
+00000E+00
+00000E+00
1.77449E-03
6.21033E-03
1.33084E-02
1.06468E~02

CORR/HIMEAS
2.64177E-03
2.64888E-03
2.63187E-03
2.16387E-03
2.14708E-03
2.16644E-03
1.859628~03
1.87979E-03
1.86580E-03
1.68054E-03
1.6$332E-03
1.68340E-03
1.55912E-03
1.54727E-03
1.55775E~03
1.461098-03
1.468958-03
1.45923E-03
1.32476E-03
1.33425E-03
1.312B1E-03
1.23098E-03
1.23983E~03
1.24940E~03
1.18540E-03
1.20082E-03
1.20606E-03

CORR4
3.98740E401
4.01420E+01
5.040982+D]
4. 16595E+0}
4.17437E+01
4.15758E+01
4.28565E+01
4.27051E+01
4.26547E401
4.32796E+0)
4,344 TSEHD]
4.34980E+0)
4.38365E+01
4.38705E+01
4, 35005E+Q)
4.384158401
4, 40094E+01
4, 40417E+01
4.47499E+01
4 47162E401,
4.46326E+01
4. 50035E+0%
4.52053E+01
4.54578E401
4.58620E+01
4.59126E+01
4.59126E+01

Continued
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LMTD MEAS
4.49391E+01
4,49354E+01
4.48041E40)
4.49646E+01
4.49395E+01
4.49141E+01
4.49599E+01
4,49000E+01
4.49699E+01
4,491 54E+01
4.50208E+01
4,50257E+01
4,503 76E+01
4.48515E+01
4.501768+01
4.49394E+01
4.493518+01
4,48094E401
4.49566E+}1
4.48624E401
4.49702E4+01
4.48897E4H0L
4.49025E401
4.50322EH01
4.48785E401
4,49006E+01
4,5047 35401

LMTD CORR
4,49436E+01
4.49500E+01
4.4808BEH)L
4.49681E+0)
4,49431E+0)
4.49176E+0]
4.49628E4+01
4.49028E40)
4.49728E+0]
4.49178EH01
4.50233E4+01
4.50281E+01
4.50197E401
4,4B8536E+01
4.,50197E+01
4.49412E+0)
4,49369E+01
4.481X2E401
4.49580E4+01
4.48639E+01
4.497178+01
4.48908E+01
4,49037E+01
4.50334E+01
4.48795E+01
4.49016E+0L
4.90483E+01

ONE TEMPERATURE,FIRST RUN NUMBER IS !53
ONE TEMPERATURE,LAST RUN NUMBER IS 181
DO YOU WANT TO INCLUDE MORE RESULTS INOQ
CHOSEN PRANDTL NUMBER LAPONENT 18 1Q.4
DO YOU WANT TG USE MEAN PRANDTL NUMBERS INO

RE EXPONENT IS [0.8
GEOMETRY: !CONFLGURATION O

RESISTANCE

«00000E+00
1.000008~04
2.00000E-04
3.00000E-04
4.00000E~04
5.00000E~04
6.00000E-04
7.00000E~04
8.00000E-04
9.00000E-04
1.00000g-03
9.00000E-04
%.10000E-04
9., 20000E-C4
9.30000E-04
9.40000E-04
9.50000E~04
9.60000E~04
9.5000GE~04
%.51000E-04
9.52000E~04
9.53000E-04
9.54000E-04
9.55000E~Q4
9. 54D00E-04
9.54100E-04
9.54200E-04
9.54300E~04
9.544008-04
9,54500E-04
9.54600E-04
9.54700E-04

9.54B00E-04

9,56700E~04
9.54710E=04
$.54720E~04
§.54730E-04
9.54740E-04

THCREMENRT
1.00000E~04
1.00000E-04
1.00000E=-04
1.00000E=04
1.00000E~04
1.00000E-04
1.000005=04
1.00000E~04
1.00000E~04
1.00000E~04
1.00000E~04
1.00000E-03
1,00000E-05%
1.00000B-05
1.00000E-05
1.000C0E-05
1.00000E-05
1.00000E-05
1.G0000E-D6
1 .00000E-06
1,00000E~06
1.00000E-06
1.00000E~06
1.00C00E-06
1.00000E-07
1.00000E~07
1.00000¥-07
1.00000E-07
1.00000E-07
1.00000E-07
1.060000E~07
1.00000E-07
1.00000E-07
1.00000E-08
1,00000E-08
1.000008~08
1.00000E-08
1.00000E-08

OUT T AV

7.99350E+01
4.00150E401
1.99700E+01
8.00200E+01
7.99600E4+01
7.99650E+01
1.99750E+01
7.99500E+01
7.99850E+01
7.99700E+01
8.00150E+01
7.99950E+01
8.00950E401
7+95150E+01
B.00600E+)1
1.99400E4+01
7.99500E+01
7.9%150E+01
8.00450E+01
7.99700E+01
8.00300E401
7.99750E+01
8.00350E+01
8.00350E+01
7.99150E+01
7.99600E+01
8.00700E+01

EXPONENT
3.81781E-01
4.03120B~01
4.270928-01
4.54241E~01
4.85275E-01
5.21145E~01
5.63154E-01
6.13138E-01
6.73906E-01
7.49708E-01
6.47840E-01
7.49708E-01
7.58358E-01
7.67236E-01
7.76352E-01
7.85717E~01
7.95343E-01
8.05241E-01
7.95343E-01
7.963208~01
7.97300E~01
7.98283E~01
7.99268E-01
8.00257E-01
7.99268E-01
7.99367E-01
7.99466E-01
7.99565E=-01
7.95663E-01
7.99762E-01
7.99861E-01
7.99960E-01
8.00059E~01
7.99360E-0L
7.99970E-01
7.99980E-01
7.99990E-01
8.00000E=-0)

INST. T AV.
3.49608E+01
3.50458E+0)
3.51307E+0Y
3.504658+0]
3.50114E+0)
3.50415E+0]
3.50120E+01
3.50471E+))
3.50121E+01
3.50475E401
3.49875E40)
3.49625E+0)
3.5062BE+01
3.50478E+0)
3.50278E+01
3.49731E+01
3.49881E+01
3.50781E+01
3.50384E+01
3.50584E+01
3,.50084E+01
3.50087E+01
3.50587E+01
3.49287E+01
3.49389E+01
3.49639EH01
3.49289E+01

SUM ERS 3Q
3,38491E-02
3,48545E-02
3.56644E~02
3.61656E-02
3.61972E-02
3.55345E-02
3.38719E-02
3.08243E-02
2.60083E-02
1.94391E-D2
1.32035E-02
1.94391E~02
1.87278E-02
1.80182E~02
1.73150E-02
1.66240E~02
1,59518E-02
1.53063E-02
1.59518E-02
1.58859E-02
1,58203E-02
1.57549E-02
1.56899E-02
1.56252E-02
1.56899E-02
1.56834E=02
1.56769E=02
1.56705E-02
1.56640E-02
1,56575E-02
1.56510B~02
1.56446E-02
1.56381E-02
1.56446E~02
1.56439E-02
1,56433E~02
1.56426E~02
1.56420E-02

Continuad
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DATA INPUTS:

RESISTANCE STATED: NO
GEOMETRY: CONFIGURATICK O

HO CORR/BEU RE NUMBER EXP NUSSELT  CAL NUSSELY % CA-EX/EX
2.22985E+04  1,556BTEH04 - 5.59697EH0L  5.76765E+01  +3.04947E+O0Q
2.21261EH04  1.55985E4+04  5.53615E+01  5.7764BE+01  +4,34)18F+00
2.24589E+04  1,562B0E+04  5.6B915EH01 - 5.78522E+0)1  +1.68870EH00
2.72661E+04  2.26115EH04  7.69129EH0L  7.77426E+0)1  +1.07B8IE+00
Z.73778E+04  2.25970E+04  T.74999EH01  7.77030E+01  +2.61961E-01
2.74529E4+04  2.26121E+04  7.7948TE+01  T7.77443E+Q)  -2.62222E-01
3.14079E+04  2.98177E+04  9.B8245E401  9.70009E+01  -1.B4526E+00
3.15523E404  2.983B2E+04  9.99538E+01  9,70542E+01  -2,90100E+00
3.14075E4+04  2.98174E+04  9.87812E+01  9.70001E+01  -1.80306E+00
3.43599E+04  3.72756E+04  1.1B075E+02  1.15967E+02  ~1.7B627E+0D
3.44820E+04  3.72325E404  1.18322E+02  1.15860E+02  ~2.08087EH00Q
3.45424E+04 3. T2L40E+04  1.18702E+02  1.15B14E+02  -2.43350E+00
3.72772E+04  4.4%40BE+04  1.398B8E+02  1.34681EH02  ~3.72193E+00
3.70585E+04  4.49270E+04  1.3919)E+02  1.3464BE+02  =3.26402E+00
3.70596E+04  4.49100E+04  1.38042E+02  1.3460BEH0Z  ~2.48798E+00
3.79919E+04  5.27049E+04  1.46541EH02  1.52995E+02  +4.40357EH00
3.82486E404  5,27212E+04  1,.488B5E402  1.53032E402  +2.78341E+00
3.B4224E+04  5.28198E+04  1.51540E402  1,53261E+02  +1.13609E+00
4.22941E+04  6.91516E+04  1.911538402  1.90124E+02  ~5.38028E-Q)
4.22955E+04  6.91817E+04  1.92279E+02  1,.90190E+02 -1.0B645E+00
4.22950E+04  6.91117E+04  1.90971E+02  1.90036E+02  ~4.89239E-01
4.47315E404  B.63358E+04  2.24994F4H02  2.27064E402  +9.19982E-01
4,52916EH04  B.64220E+04  2,3351MEH02  2.27245BH02  =2.6834BE+00
4,S0107E+04  B.6097SE+04  2.26949E+02  2.26773E+02 - -7.75844E-02
4.66649EF04  1.04275E+0S  2.56949E+02  2.64084B+02  +2.77682E+00
4.64951E404  1.04327E+05  2.53544E+02  2.64)8BE+02  +4.19812EH00
4,70024E+04  1.04253E+05  2.5986BE+02  2.64038E+02  +1.60472E+00

LOG-LOG REGRESSION LINE IS (NU/BR™ .4 )= .02553852344398 *{RE™ ,B000000250654 )

RESYLTS OF REGRESSION ANALYSIS

Z...5UM OF LOG(NY) 131.7595537008
F...SUM OF LOG(RE) 288.4798275568
WeedSUM OF LOG{NU)*LOG(RE) 1415.297991185
G...SUM OF (LOG(RE}"2) 3091.646349576
X...TOTAL RUMBER OF RUNS VUSED 27

S...8UM OF (DEVIATIONS"2) .01564201812853
C...OUTER RESISTANCE TO TRANSFER  .0009547399999999
E...SLOPE OF REGRESSION LINE .8000000250654
C1...LOG(CONST) IN NU EQUATION =3.667567243519
A7...T{5) IN CONFLDENCE aNALYSIS 2.06

X6...MULT. IN LOG{CONST) ANALYSIS 3.4899)11554643
X4...MULT. IN SLOPE ARALYSIS +3261379957883
X5...INTERVAL ON LOG{CONST +1798282960535
X3..+INTERVAL ON SLOPE .01680525111958
Fb..sMIN. LOG(CONST) -3.847395539573
F7...Ma%. LOC(CONST) ~3.487738947466
Q6...MIK. CONST .02133523090504
Q7...HAX, CONST .03056991427003
Q5.+.REGRESSION CORST L(2553852344398
F8...MIN.SLOPE A 7831947739458
F9,..MAX,SLOPE 816805276185
Qé4...504 OF {LOG{RU)"2) 649.0170472644
Q3...CORRELATION COEFFICIENT/R .9947027017554
Q2...R"2 9974070864936
F4...AV. ABS. DEV. 2.063180809844
F5..,.R.M.5, ABS. DEV. 2.416174212201

FILE RESULTS IYES

TRY ANOTHER RE AND/OR PR EXPONENT [NO
DO YOU WANT TO STATE THE RESISTANCE INO
STOF AT LINE 2520
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TABLE NO.4.%.3 HEAT TRANSFER FACTORS CALCULATED DSING THE DATA N TABLE A.8.5

(RESULTING CORRELATICN 1S DENOTATION N OF TABLE 5.6)
L e T e e T T T RS A e PSS T D L Tt ]

OUTPUT USING REAT2-6010

ERROR CRITERION FOR RE EXPONENT IS 10.0000001
ERROB CRITERION FOR RESISTANCE IS 10.0000000%

TUBE MATERIAL IS |COPPER

CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS 10
FIRST RUN NUMBER ON DATA FILE IS !}
LAST RUN NUMBER ON DATA FILE 1S I8}

FIRST RUN NUMBER IS (1
LAST RUN NUMBER IS 127
TUBE I.D./INS.= 10.7874016
TUBE 0.D./1NS.= 10.8661417

RUN NUMBER

AD 0% O A B LD P e

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

CORR}
1.39183E+01
1.34637E+01
1.34973EH01
1.11049E+01
1.09365E+01
1.08015E+01
1.00262E+01
1.022848401
$.82416E+00
9.16686E+00
9.14992E+00
8.82992E+00
8.17281E+00
8.30745E+00
8.05487E4+00
7.734T9EH0
7.73479E400
7.6B420E+00
6.82477E+00
6. T4043E4H00
6.7067BE+00
6.40337E+00
6.36970E+00
6.45383EH00
5,93138E+00
5.79667E+00
5.99878E+00

(HO/HI)MEAS
9,.99609E-01
9.91746E=-01
9,91845E=-01
1.00952E+00
1.01094E+00
1.00362E+00
1.030278+00
1.03067E+00
1.02504E+00
1.02767E+00
1.03617E+00
1.03163E+00
1.03200E+00
1.03636E+00
1.02812E+00
1.00729E+00
9,92721E-01
1.0029 1E+00
1,00219E+00
1.01120E+00
1.004 10E+00
1.013698+00
1.01787E+00
1.019B4E+D0
1.02916E+00
1.04221E+00
1.04637E4+00

CORRZ
2,39419E+00
2.444T9E+H00
2.64713E+00
2.30976E+00
2.32663E400
2.47834E+00
2.17474E+00
2.10732E+00
2.22533E4+00
1.90493E+00
1.92176E+00
2,34326E400
1.90489E+00
1.93858E+00
1.90488E+00
1.68572E+00
1.77002E+00
1.820358E+00
1.51708E+00
1.63306E+00
1.60135E+00
1.60131E+00
1.5507 5E+00
1.61815E+00
1.51696E+00
1.68354E400
1.6B553E+00

(HO/HI)CORR
9.99608E-01
9.91723E-01
9.91822E-01
1. C0934E+00
1.01096E+00
1.00363E+00
1.03033E+00
1,03073E400
1.02510E+00
1.02773E400
1.03624E400
1.03169E+00
1.03206E+G0
1.03643E+00
1.02B17E+00
1.00731E4+00
9.92709E-01
1.60292E+00
1.00219E+00
1.01122E4+00
1.00410E+00
1.01371E+00
1.01790E+00
1.01987E+00
1.02919E+00
1.04227E+00
1.04643EH00

CORR3
3.28373E-02
2.307498-02
8.87499E-03
1.86361E-02
1.50864E-02
7.98684E-03
1.59726E-02
1.68600E-02
6421160E-03
2.04085E-02
1.95210E-02
2,66201E-01
1.33095E-02
1.33094E-02
8.87301E~03
3.81541E~02
3.815438-02
4.43656E-02
4.17012E-02
4.17009E-02
3.72647E-02
3.90383E-02
3.460208-02
3.01654E-02
4.14724E-02
2.83905E-02
2.39542E-02

CORR/HIMEAS
2.84560E~03
2.83525E-03
2.83378E~03
2.33878E-03
2.33507E-03
2.32225E-03
2.08253E~-03
2.08153E-03
2.03956E-03
1.86430E-03
1.86060E-03
1.85860E-03
1.74014E~D3
1.73299E-03
1.71618E~03
1.60486E~03
1.60962E-03
1.60726E-03

1.4674)E-03

1.47009E-03
1.45921E-03
1.39426E~03
1.38210E-03
1.39652E-03
1.33893E-03
1.34973E-03
1.35127E-03

CORRS
4,25646E+01
4,30849E+G1
4.2B326E401
4.43336E401
4.44850E4+01
4.43335E401
4,51110E+0]
4.50263E+01
4.4B3BAEFOL
4.58527E+01
4.56004E+01
4.560056+01
4.63427E+01
4.60735E+01
4.61411E+01
4.59772E+01
4,61788E+01
4.62121E401
4.63995E+01
4.64662E+01
4.65170E+01
4.70059E+01
4.67705E+01
4.70893E+01
4,73423E+01
4,75311E+01
4.73762E+01

Continued
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LMTD MEAS
4.49965E+01
443219 E+H01
448719401
4,50198E+} !
4,50348E401
4.49099E+0]
4,49012E+01
4.48712E40)
4.49059E+03
4.49544E401
4,49799E+0)
4.4B8445E40)
4.50604E+01
4.47653EH01
4.49345E4H)1
4.49169E+01
4,48805EH))
4, 48260E+01
4,49101EH)}
4.47456E4+Q1
4.48791E+01
4.49276E401
4,49022EH0L
4.48928EH0L
4.48950E4G1
4,49323E401
4.485T4EHQ]

LMTy CORR
4.50019E+01
4.49275E401
4.48774E+D)
4.50241E+0}
4.50391E401
4. 48141E+01
4.49045E401
4487458401
4.49092E4+01
4.495371EH0L
4.49827E+01
4. 48473E401
4.50627E+01
4.47677EHD)
4.49369E+01
4.49189E4+01
4.4BB25E+01
4.48281E401
4.89117E401
4474726401
4.48807E+01
4.49289E401
4.490358+01
4.48941E+01
4.485618+01
4.49333E401
4.483584E+01

ONE TEMPERATURE, FIRST RUN NUMBER IS 1)
ONE TEMPERATURE,LAST RUN NUMBER S 127
DO YOU WANT TO INCLUDE HORE RESULTS INO
CHOSEN PRANDTL NUMBER EXPONENT IS 10.4
DO YOU WANT TO USE MEAN PRANDTL NUMBERS !RO

RE EXPONENT 1S 0.8
GEOMETRY: |CONFIGURATION O

RESISTANCE
+00000EHO0
1.00000E-04
2.00000E~04
3.000008-04
4 .00000E-04
5.00000E-D4
6.00000E=Q4
7.00000E=04
8.00000E-04
9.00000E~04
1.00000E~03
1.10000E-03
1.00000E-D3
1.01000E~03
1.020008~03
1.03000E~03
1,04000E~03
1.05000E~03
1.06000£~03
1.07000E~03
1.08000E~03
1.09C00E~03
1.08000E~03
1.08100E~03
1.08200E-03
1.08300E-03
1.08200E-03
1.08210E~03
1.08200E-03
1.08201€-03
1.08202E-03
1.68203E-03
1.08204E~03
1.082058-03
1.08206E-03
1.082078-03
1.08208E-03
1.08209E-03
1.08210E-03
1.082098-03
1.,08209E-03
1.082098-03
1.08209E~-03
1.08209E-03

INCREMENT
1.00000E~04
1.000002-04
1.00000E~04
1.00000E~04
1.00000E-04
1.CD0O00E-04
1.00000E-04

. 1.00000E~04

1.GQ00CE~04%
1.00000E~04
1.0D000E~04
1.00000E-04
1.00000E=-05
1.00000E=-05
1.00D00E-05
1.00000E-05
1.00000E-05
1.00000E-05
1.00000E~05
1.00000E-05
1.00000E~-05
1,00000E~05
1.00000E-06
1.0000CE~0D6
1.00000E-06
1.00000E-06
1.GO000E~07
1.00000E=-07
1.0GOGOE~08
1.00000E-08
1.0G0000E~08
1.GGOCOE-08
1.00000E-C8
1.Q000CE-D8
1.00000E~08
1.00000E~08
1.00000E~08
1.00000E-08
1.00000E~-08
1.00000R-09
1.00000E~09
1.000GOE-CY
1.00000E-09
1.0000QE-0S

OUT T AV
8.00350E+01
7.99500E+01
7.99500E401%
7.99850E+01
8.00100E+01
7.99700E+01
8.00200E+01
7.99150E401
7.99700E4+01
7.99500E+01
8.00600E+01
7.995006+01
8.00900E+01
7.99100E4+0%
7.99550E+01
7.99300E+01
7.99200E+01
7.98900E+01
8.00000E+01
7.99000E+01
8.603530E+01
7.99750E+01
7996008401
8.00000E+01
8.00700E+0]
8.004508+01
8.00950E+D1

EXPONENT
3.69566E-01
3.88211E-01
4.08915E~-01
4.32055E-01
4.55107E~01
4,87689E-01
5.21614E-0)
5.60983E-0}
6.07327E-01
6.62867E~QL
7.30970E-01
8.17097E-01
7.30970E-01
7.386558-01
71.46525E-01
7.54585E-01
7.62845E-01
7.71313e~01
7.79997E~01
7.889078-01
7.9B054E-01
B8.07446E-0)
7.980548-01
7.98981E-01
7.99912E-01
8.00845E-01
7.99912E-01
£.00005E-0]
1.99912E-01
7.99921E-01
7.99931E~01
7,99940E-0D1
7.99949E-Q1
7.99959E~01
7.999%68E-G1
7.99977E-0)
7.99986E~C1
7.99996E-01
8.00005E-01
7.99996E-01
7.99997E~01
7.99998E-01
7.99995E-~01
8.,00000E-D1

INSI. T AV,
3.50198E+0)
3.50096E+01
3.505978+0%
3.49607E+01
3.49707E+01
3.50557R+0)
3.51116E+01
3.50366E+0)
3.50566E+01
3.49771E+01
3.50621£+01
3.50871E+01
3.49975E+01
3511258401
3.49875E401
3.49628E+01
3.,49878E+01
3.50128E+01
3.50083E+01
3,50733E401
3.50733E+0])
3.49386E+01
3. 49486E+H0)
3.49986E+0)
3.50438E+01
3.4983BE+01
3.51088E+Q1

SUM ERS SQ

2.88975E-02
2.96671E~02
3.03026£~-02
3.07356E-02
3.08749E-02
3.05973E-02
2,97448E-D2
2.81276E-02
2.55585E-02
2.19867E-02
1.79503E-02
1.61380E~02
1.79503E~02
1.75884E~02
1.72482E-02
1.69349E-02
1.66348E-02
1.64146E~02
1.62225E-02
1.60875E-Q2
1.60201E~02
1.60323E~02
1.60201E-02
1.601758~02
1.60)58E~02
1.60148E~02
1.60158E~02
1.60156E~02
1.60158E~02
1.60158E~02
1.60157E~02
1,60157E~02
1.60157E~02
1.60157E~02
1.60157E~02
1.60157E~02
1.60157E~02
1.60157E-02
1.60156E-02
1.60157E-02
1.60)57E-02
1.60157E-02
1.601578-02
1.60157E-02

Continued
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RESISTANCE STATED: NO
GEGMETRY: CONFIGURATION O

HO CORR/BEU RE NUMBER EXP NUSSELT  CAL NUSSELT % CA-EX/EX

2.06351E+04  1.55901E404  5.29953E+0)  5,39243E4+01  +1.75300E+00
2.05844E+04  1.SSBTOE404  5.29266E+01  5.39155E+01  +1.86841E+00
2.05865E4+04  1.56041E404  5.30423E+01  5.39629E+01  +1,73553E+00
2.4876%E+D4  2.25650E404  7.16490E+01  7.24857E+01  +1.16776E+H00
2,49501E+04  2.25695E4+04  7.19757E+0)  7.24972E+01  47.24624E-01
2.48450E+04  2.26119E404  7.1B35SE+01  7.26061E+01  +1.07268E+00
2.83039E+04  2.9865bE+04  9.50Q401E401  9.07069E+01  -3.65957E~01
2.83537E+04  2.98227E+04  9.14210E+0)  9.060278+01  -8.95079E~01
2.85471EF04  2.98342E404  9.249B0E+01  9.06307EH01  -2.01B76E+00
3.13334E404  3.72146E404 1.11337E402 1,08162EH02  ~2.85160E+00
3.15151E404  D.72781E404  1.12637E4+02  1.08109E+02  -3.84262E+00
3,14543E404  3.72963E404  1.12916E402  1.08351E+02 - -4.04243E+00
3,3512)E404  4.4B721E+04  1.27568E+02  1.25627E4+02  -1.52119E+00
3.36319E404  4.4976BE+04  1.31575EH0Z 1.25862E+402  -4.34207E+00
3. I5579E404  4.48631E+04  1.29667E4+02  1.23607E+D2 =3, 13037E+0D
3.47392E404  5.26884E+04  1.4D795EH02  1.42848E4+02  +1.45B24E+00
3.43102E404  5.2712BE404  1.36954B407  1.42901E402  +4.34206E+00
3.47I88E404  5.27409E+04  1.41528E402  1.42962EH02 +1.01350E+00
3.736016404  6.91018E+04  1.69628B+02  1.77457EH02  +4.61573EH00
3.76366E+04  6.91921E+04  1.756B1E+02 1.77643E4H02  +1.12844E+00
3.76964E+04  6.91918E4+04  1.74222EH+02  1.77642E402  +1.96323E+00
3,99685E404 8.62059E+04  2.05634E+02  2.11803E402  +2.99997E+0G
4.02490E404  8.6223BE+04  Z.10508E+H02  2.11838E+02  +6,32)24E-01
4.02497E+04 8.63123E404  2.10724E402  2.12012E+02  +6.11203E-01
4.20929E+04  1.044B9E+D5  2.44056E+02  2,470378+02 +1.22130E+00
4.24308E+04  1.04363E#05  2.50125E+02  2.46798E+02 . —-1.32997E+00
4.26002E+04  1.D4624E+05  2.53380E+02  2.47291E+02 ~3.16745E400

LOG~LOG REGRESSION LINE IS (WU/PR* .4 )= ,02385083222045 *(RE" .7999999962321 )

RESULTS OF REGRESSION ANALYSIS

Zo o SUM OF LOG(NI) 129,9134952665
P...S5UM OF LOG(RE} 288,4797161219
W...5UM OF LOG{NU)*LOG(RE)} 1395.582218311
G...5UH OF (LOG(RE)*2) 3091.655045051

X...TOTAL KUMBER OF RUNS USED 27

8...5U4 OF (DEVIATIONS*2) 01601569572334
C...DUTER RESISTANCE TO TRANSFER  .0010820%4

E...SLOPE OF REGRESSION LIRE .7999999962321
€1...LOG(CONST) IN NU EQUATION ~3.733936168327

R7...T(5) IN CONFIDENCE ANALYSIS 2.0
X6...MULT. IN LOG(CONST) ANALYSIS 3.487862527316

X4...MULT, IN SLOPE ANALYSIS +3259460571525
X5...INTERVAL ON LOG(CONST L181856775319

X3...INTERVAL ON SLOPE 0169947919586
Fb...MIN, LOG{CONST) -3.917792943636
F7...MAX, LOG(CONST) -3.554079392999
Qb. . MIN, CONST L01988493351831
Q7. ..MAX. CONST +02860769925546
Q5...RECAESSION CONST L02385083222045
F8...MIN.SLOPE L7830052042735
F9...MAX.SLOPE .B169347881907
Q&...SUM OF {(LOG(NU}"2) £31.1332591698
Q3...CORRELATION COEFFICIENT/R .998673311579

G2...R"2 .997348423207

Fh..»AV. ABS, DEV. 2.067273862603
FS...R.M.5. ABS. DEV. 2.429325865437

PILE RESOULTS I1YES

TRY ANOTHER RE AND/OR PR EXPONENT INO
DO YOU WANT TO STATE THE RESISTANCE INO
STOP AT LINE 2520




- 324 =
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TABLE NO.A.9.6 ISOTHERMAL FRICTION FACTORS CALCULATED USING THE DATA IR
TABLE A.8.6

(RESULTING CORRELATION IS DENOTATION A OF TABLE 5.7)
dedk ARk Rk R AR AR R AR AR AR AR R AR AR RARRRAR R RRRERARARKR NN ARRE RN R AR R RARARRRARRR K ANk

OUTPUT USING EX-6010

X«} + « + o+ ISOTHERMAL

¥=2 . + « « DIABATIC (TEST SECTION)
CHOSEN VALUE OF X 1§ 11

CROSS SECTIONAL AREA OF TUBE/SQ.INS. IS 10
TUBE MATERIAL 15 1COPPER

TOTAL INSERTED LENGTH/INS. 1§ 142
FIRST RUN NUMBER ON DATA FILE IS I1
LAST RUN NUMBER ON DATA FILE IS !81
FIRST RUN NUMBER 1535

LAST RUN NUMBER 18}

HOW MANY F EQUATIORS 16

LENGTH/INS. IS 148

I.D./INS. IS5 10.7874016

0.D./INS. IS 10.8661417

DATE: Hawad
TABLE NO. 1A.9.6

GEOMETRY: 1CONFIGURATION 1T

RUN NUMBER TEMP./C HEAD/ CM. ROTAM/CM.
1 2.26050E+01 17.45 2
2 2.24250EH)1 32.15 4
3 2.28900E+0% 51.1 . 6
4 2.26300E+0% 14.55 8
5 2.23650E+01 102,35 10
& 2,23800E+01 135.65 12
7 2.25150E4+0) 10.15 16
8 2,26300E+01 15.1 20
9 2,25800E+01 20.9 24
10 2,260008+01 20.95 24
11 2.26300E+01 15.1 20
12 2.25500E+01 10.175 16
13 2.238008+01 135.7 12
14 2.234002+01 102.35 10
15 2.26000E+01 74,6 8
16 2.28650E+01 51.1 6
17 2.24050E+01 32,15 1
18 2.25250E+01 17.45 2
19 2.25000E+01 17.45 2
20 2.24400E+0) 32,15 4
21 2.2B400E+01 51.1 [
22 2.26250E+01 T4.6 8
23 2.23650E+01 102.35 10
24 2.23750E+0] 135.7 12
25 2.25650E4+01) 10.175 16
26 2,26400E+01 15.1 20
27 2.25900E+01 20.9 24

LENGTH/INS.= 48
DIA./INS.w» 7874016
ROUGH/INS.= 6.E-Q%

Continued
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D/G./CU.CH.
9.97661E-01
9.97703E~01
9.97594E-01
9.97655E-02
9.97716E~01
§.97713E-01
9.97682E-01
9.97655E~01
9.97667E-0]1
9.97662E-0]
9.97655E-01
9.97674E~01
9.97713E-01
9.97722E-01
9.97662E-N
9.97600E~C1
9.97707E-01
9.97679E~0)
9.97685E-01
$.97699E-01
§.97606E-01
9.97656E~01
9.977168-01
9.97714E-01
9.976708-01
9.97653E-01
9.97664E-01

VEL./FT./S.
1.827358+00
2.63231E+00
3.50690E+00
4.3B469EH00
5.29012E+00
6.22250E4+00
8.16B40EH00Q
1.02209E+H11
1.23785E+01
1.23787E+01
1.02299E40)
B8.16830EH00
6.22301E+Q0
5.29001E+00
4.38455E+00
3.50648E+0D
2.65216E+00
1.82683E+00
1.B2660E4+00
2.65260E+00
3.50568E+00
4.38420E+00
5.28971E+00
6.22270EH00
8.16B70E+00
1.02211E401
1.23786E+01

DO YOU WANT A PRINT OUT OF
COLBURN

MEAN RATIOS ARE
3.68558E+00
MAXIMUM RATIOS ARE
4, 200058+00
MINIMUM RATIOS ARE
3.384%6E+00

NIKURADSE

HEAN RATIOS ARE
3.663678+00

HAXIMUM RATIOS ARE
4.002618+00

HINIMUM RATIOS ARE
J.45126E+00

STGP AT LINE 2680

VISC. /CP. SPEC. GRAV,.
9.44245E-01 1.594
9.48242E-01 1.59%4
9.37969E-(1 1.594
9.43691E-01 1.594
9.49580E-01 1.59%4
9.492458-01 1,594
9,46239g-01 13.57907
9.43691E-01 13.5707
9.44797E-01 13.5707
9.44354E-01 13,5707
9.43691E-01 13.5707
3.45462E-01 13.5707
9.49245E~01 1.594
9.50139E-0} 1.594
9.44354E-01 1.594
9.38516E-01 1.594
$.48688E-01 1.594
9.46017E-0) 1.594
9.46573E-01 1.594
9.47307E-01 1.544
9.39065E-01 1.594
9.43801E-01 1.594
9.49580E-01 1.594
9.49357E-01 1.594
9.45130E~01 13.5707
9.43469E-01 13,5707
9.44576E-01 13.5707

P/PSI. RE/NOQ UNITS
1.419028-01  1.1769TE+04
2.61031E-01  1.7011BE+04
4,14529¢-01  2.27370E+04
6.044058-01  2.82576E+04
8.293356-01  3.38833E+04
1.09907E+00  3.98691E+D4
1.7392984+00  5.25016E+04
2.58B07E400  6.58701E+04
3.58064E+00  7.96824E+04
3.58957E+00  7.97202E+04
2.58B07EH00  6.587T01E+04
1.74376E400  5.25437E+04
1.09947E+00  3.987Z4E+04
8.29332E-01 3.38629E+04
6.04817E-01 2.82370E+04
4.14530E=01  2.2721)E+04
2.61030E-01  1.7002%8+04
1.41900E~01  1.17445E+04
1.41901e-01  1.17362E+04
2,610308-01  1.70196E+04
4.14529E-01  2.27029E+D4
6.04817E~01  2.825k1E+04
8.29331E~01  3.3BB07F+04
1.09946E4+00  3.98658E+04
1.74374E+00  5.25646E+04
2.58805E+00  6.58B62E+04
3.58065E+00  7.97015E+04

REFERENCE DATA INO

BLASBTUS DKM,
3.596356E400  3.58463E+00
3.89730EH00  3.8B8545E+00
3.45664E40G  3.41133E4+00

ROUSE
3.66494E+00
3.99081E4+00
3.46155E+00

Q/CU.FT./S.
6.17934E-03
8.96901E-03
1.185888-02
1.48272E-02
1.78890£-02
2.10419E-02
2.76221E-02
3.45631E-02
4.18391E-02
4.18596E-02
3.45631E-02
2.76217k-02
2:10436E-02
1.78886E-02
1.48267E-02
1.18574E-02
8.96849E-03
6.17758E-03
6:17682E-03
8.97000E-03
1.18547E-02
1.482558-02
1.78876E-02
2.10426E~02
2.76231E-02
3.45635E-02
4.18595E-02

FRICTION
1.481628-02
1.29364E-02
1.17524E-02
1.09608E-02
1.033158-02
9.8%614E-03
9.088268-03
B.6374BE=-03
8.14721E-03
8.16741E-03
8.63748E-03
9.11194E-03
9.89815E-03
1.03319E-02
1.09689E-02
1.17552E-02
1.29379E-02
1.4B82428-02
1.48278£-02
1.29336E-02
1.17604E-02
1.09708E-02
1.03331E~02
9.899018-03
9.11097E-03
8.63719e~03
8.14711E-03

COLEBROGK

3.62898E+00
3.98872E+00

3.38999E+00

Continued
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OUTPUT USING FRICTION-6010

IS DATA ON FILE IYES
FIRST RUN ON DATA FILE 11
LAST RUN ON DATA FILE [81
FIRST RUN 153

LAST RUN (81

NAME #2 1DAY3AK-6010

REYNOLDS KO
+1.17697E+04
+1.7011BE+04
+2,27370E+04
+2.,82576E404
+3,38833E+04
+3.98691E+H04
+5.25016E+04
+6,58T0LE+04
+7.96824E404
+7.97202E404
+6.58T01E+04
+5,25437E+04
+3.98724E404
+3.38629E4+04
+2,82370E+04
+2,27211E+04
+1.70029E+04
+1.174458404
+1.1736284+04
+1.70196E+}4
+2.27029E+04
+2.82511E+H04
+3,38807E+04
+3.98658E+04
+5.256468+04
+6.58862E+04
+7.970)15E+04

X ERROR IS EXP-CALC/EXP

EXPTL F
+1.481628-02
+1.29364E-02
+1,17524E-02
+1.09608E-02
+1.03315E-02
+9.89614E-03
+9.0B826E-0)
+8.63748E-03
+8.14721E-03
+8.16741E-03
+8.63748E-03
+9.11194E-03
+9.89815E-03
+41,03319E-02
+1.09689E-02
+1.17552E~02
+1.29379E-02
+1.48242E-02
+1.4B8278E-02
+1429336E-02
+1.17604E-02
+1.09708E-02
+1.03331E~02
+9.89901E-03
49, 15097E-03
+8.63719E-03
+8.14711E-03

COMPARTSON WITH REGRESSICN ANALYSIS

CALCED P
+1.45132E-02
+1.295538-02
+1.184718-02
+1.10793E~02
+1.04763E-02
+9.96390E-03
+9.15338E~03

Z ERROR
+2. 04444 E4H00
=-1.45810E-01
~8.05766E-01
=-1.08119E+00
~1.40084E+Q0
-6.84732E~01
~7.16589E-01

+8.335206~03  +1.18411E+G0
+8.04876E-03  +1.2084%E+00
+8.04758E-03  +1.46716E+00
+8.535206-03  +1.18411E+00
+9.15112E-03  ~4.299B2E=D]
+9.96365E-03  -6.61753E-01
+1.04782E~02  =1.4)644E+00
+1,10818E-02 ~1.02912E+00

+1.18497E-02
+1.29574E-02
+1.45228E-02
+1.45260E~-02
+1.29535E-02
+1.18526E~02
+1.10801E-02
+1.04765E~02
+9.96416E-03
+3.15000E~03
+8.53455E~03
+8.04816E-03

RESULTS OF REGRESSION ANALYSIS

~8,03573E-01
~1.50878E-01
+2.03289E+00
+2.03527E+00
=1.53T24E~D1
=7.83745E-01
=9.96679E-01
=1.38820E+00
-6.58109E-01
~4.28343E-01
+1.18829E+00
+1,23456E400

LOG-LOG REGRESSION LINE IS P= 2609799143938 #{RE" -.3082567570791 )

Z...SUM OF LOG(F) -122.8905467233
F...SUM OF LOG(RE) 281.0031744471
WaooSUM OF LOG(F)*LOG(RE} ~1281.924284659
GeosSUM OF (LOG{RE)"2) 2934,078086143

X...TOTAL NUMBER OF RUNS USED 21

S40.5UM OF (DEVIATIONS"2) .003530821944723
E...SLOPE OF REGRESSION LINE -,3082567570791
C1...LOG(CONST) IN F EQUATION =1.343311830966
X7...T(5) IN CONFIDENCE ANALYSIS 2.06

%6...MULT. IN LOG(CONST) ANALYSIS 3.37672313756
Xb,...MULT, IN SLOPE ANALYSIS .3239227880822
X5.. INTERVAL ON LOG(CONST} L08266669562957
X3...INTERVAL ON SLOPE JL007930062797276
F6...MIN. LOG{CONST) -1.425978526596
F7...MAX. LOG(CONST) -1,260645135337
Q6.4 MIN. CONST 2402732343882
Q?...MAX. CONST L2834710902795
Q5...REGRESSION CONST .2609799143938
FB...MIN. SLOPE -.3161868198764
¥9...MAX, SLOPE =,3003266942818
Qi s «.SUM OF (LOG{F)"2) S560.2456789734
Q3...CORRELATION COEFFICIENT/R -.9980562700362
Q2.4.R%2 .9961163181585
Fh...AV., ABS. DEV. 1.010921525038
P5...R.M.5. ABS. DEV, 1.139772548262

STATE FILENAME OR NO INO
STOP AT LIREZ 570
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Rk kAR RARRERARIARRAEKARENANRARNRANAREERARRRNRRRIRARRAARR KRR Ak R R RARRRIE AR AR RN R
TABLE NO.A.9.7 ISOTHERMAL FRICTION FACTORS CALCULATED USING THE DATA IN
TABLE A.B.7

(RESULTING CORRELATION IS DENOTATION I OF TABLE 5.8)
dodddk Ak d i sk R AR R h AR kR Ak kR kAR kA kR ARk R AA AR R R A RA ARk k kR hhkR kN

QUTPUT USING EX-6010

X=} . « . . ISOTHERMAL

X=2 « s+ , - DIABATIC (TEST SECTION)
CHOSEN YALUE OF X I5 11

CROSS SECTIONAL AREA OF TUBE/SQ.INS. IS 10
TUBE MATERIAL IS ICOPPER

TOTAL INSERTED LENGTH/INS. IS 141.6
FIRST RUN NUMBER ON DATA FILE IS 11

LAST RUN NUMBER ON DATA FILE 15 181
FIRST RIUN NUMBER 11

LAST RUN NUMBER [27

HOW MANY P EQUATIONS 16

LENGTH/INS. IS 148

1.D./IKNS, IS 10.7874016
0.D./INS. IS 10.866%417

DATE: [Anawn
TABLE NO. tA.9.7

GEOMETRY: ICONFIGURATION 6K

RUN NUMBER TEMP./C HEAD/CH. ROTAM/CH.
1 2.06650E+01 12,35 2
2 2.05650E+H01 23.6 4
3 2.03150E+01 38.55 6
4 2.05400E+01 58 8
5 2.05150E+01 81.65 10
6 2,064BD0E+01 110.4 12
7 2.04150E+01 182.1 16
8 2.03550E+01 275.95 20
9 2.03150E+01 388,35 24
10 2.03000E+01 a87.15 24
11 2,03250E+0% 275.8 20
12 2.04400E+01 182.3 16
13 2.03650E+01 110.4 12
14 2.040008+01 81.5 10
15 2.03750E+H01 57.95 8
16 2.03900E+01 38.5 6
17 2.03400E+01 23.65 4
18 2.04050E+0) 12,35 2
19 2.03650E+01 12,35 2
0 2.03800E+¢1 23.65 &
21 2.03B00E+01 36.6 6
22 2.03150E+01 57.9 8
23 2.03050E+01 81.55 10
24 2.02900E+01 110.4 12
25 2.02900E+01 182.25 14
26 2.0355C0E+01 275.95 20
27 2.02500E+01 388.15 24

LENGTH/INS.= 48
DIA./IRS.= ,7874016
ROUGH/ LNS.= 6.E~Q5

Continued




D/G.JCU.CM.
9,98094E=01
9.98115E-01
9.,98126E-01
9.98120E-01
9.98126E-01
9.98133E-01
9.98147E-01

9,98159E-0) -

9.98168E-01
9.98171E~01

9.98166E-01

9.98141E-01
9,98157E-01
9.98150E~01
9.981558-01
9.98152E-01
9.98162E~01
9.98149E-01
9.98157E-01
9.98154E-01
9.98154E-01
9.98168E~01

9.98170E-01 -

9.98173E=01
9.98173E~01
9.98159E-01
9.98181E-01

VEL./FT./5.
1.82400EH00
2.64T48E+00
3.49870E+00
4,37623E+00
5.28103E+00
6.21266E+00
8.15645E+00
1.02079E+01
1.23662E+01
1.23676E+01
1.02080E+01
8.15649E+00
6421265E+00
5.2808}E+00
4.37568EH00
3.49808EH00
2.64730EH00
1.82357E+00
1.82367E400
2.6473BE+00
3.4981BEH0
4.,37602E4+00
5.28058E+00
6.21196E+00
8.15614E+00
1.02077E+0}
1.23665E401

DO YOU WANT A PRINT OUT OF
COLBURN

HMEAN RATIOS ARE
6.43200E+}3

MAXIMUM RATIOS ARE
6.56234E401

HININUM RATIOS ARE
6.29283E+01

NIKURADSE

MEAN RATIOS ARP
6.39188E401
MAXTMUM RATIOS ARE
‘ 6.66499E401
MINIMUM RATIOS ARE
6.185858+01

STCP AT LINE 2680

- 328 -~

Visc./cCP. SPEC. GRAV.
9.88808E~0) 13.5699
9.91197E-01 13,5699
9.92394E-01 13.5699
9.91795E-01 13.5699
9.92394E-01 13.5699
9.93234E-01 13.5699
9.94796E-01 13.5699
9.96242E-01 13.57
9.97208E~0) 13,57
9.975708-01 13.57
9.96966E~01 13.57
9.94195E-01 13.5699
9.96001E-01 13,5699
9.95157E-01 13.5699
$.957608~01 13.57
9.95398E-01 13.57
9.96604E~01 13.5699
9.95037E-01 13.57
$.96001E-01 13.57
9.95639E-01 13.57
9.956398-01 13.57
9.97208E~01 13.57
9.97449E-01 13.57
9.978128-01 13.57
$.97812E-01 13.57
9.96242E-01 13.57
9.98780E=-01 13.57

P/PSI. RE/NO UNITS
2.19839E+00  1.122358+04
4.20092E+D0  1.62517E+04
6.86215F400  2.145128+04
1.03248E+0Q1  2.6B476E+04
1.45351E+01  3.23730E+04
1.96540E+01  3.B0592E+04
3.24203E+0)1  4.9B8891E+H04
4.91309E4+01  6.23476E+04
6.91431E+01  7.54570EH04
6.90360E+0)  7.54388E+04
4.93036E4+0)  6.23030E+04
3.24556EF0)1  4.99193E+04
1.96537E+01  3.79543E+04
1.45083E+01  3.22886E+04
1.03154E+G1  2.67383E+04
6.85306E+00  2.13833E+04
4.209T4E400 1.61632E404
2.19825E4+00  1.11513E+04
2.,19831E4+00  1.114AX1E+Q4
4209698400  1.61792E+D4
6.87090E4+00  2.13787E+G4
1.0306484+01  2.67019E+04
1.45169E4+01  3.22136E+04
1.96337E401  3.7881BE+H04
3.24462E+01 4.9737BE+04
4.91304E401  6.23459E+04
6.91066E+01  7.53413E+04

REFERENCE DATA INO

BLASIUS D.K.M,
6.27341E4+0)  6.25340E+01
6.65782E+01  6.578B7E+01
6.01253E+01  6.01135E+01

ROUSE
6.393%0E+01
6.68056E+01
6.17350E+01

Q/CULET. /S
6.16801E-03
8.952698-03
1.18311E-02
1.47986E-02
1.78562E-02
2.10086E-02
2.75817E-02
3.451915-02
4,181748-02
4.18223E-02
3.45193E-02
2.75818E-02
2,10086E-02
1.78575E-02
1.47967E-02
1.18290E=02
8.95207E-03
6.16658E-03
6.16689E-03
B.95234E-03
1.18293E-02
1.47979E-02
1.78567E-02
2.10062E-02
2.75806E-02
3.45182E-02
4.18185E-02

FRICTION
2.32495E-01
2.10876E~01
1.97238E~01
1.B9683E~01
1.83370E-01
1.79158E-01
1.73455E-01
1.65884E-01
1.59075E-~01
1.58790E~01
1.65789E-01
1.71641E~01
1.79153E-01
1.B3042E~01]
1.89551E-01
1.97042E-01
2.11338E-01
2.32579E-01
2.32556E-01
2.11324E-01
1.97543E-01
1.89355g-01
1.83163E-01
1.79189E-01
1.71601E-Q1
1.65892E-01
1.58980E-01

COLEBROOK

6.33203E+01
6.56777E+01

6.14888E+01

Continued
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OUTPUT USING FRICTION-6010

1S DATA ON FILE 1YES
FIRST RUM ON DATA FILE 11
LAST RUN ON DATA FILE 127
FIRST RUN !1

LAST BUN 127 .
NAME #2 1DAY3AC-6010

COMPARYSON WITH REGRESSION ANALYSIS

% ERROR IS EXP-CALC/EXP

REYNQLDS NO EXPTL F CALCED F X ERROR

+1.12235E406  +2.32495E=-01  +2.26735E-01  +42.47769E+00
+1.62517E+04  +2,10876E~01  +2.1133BE-01  ~2.19160E-01
+2,14512E+04  +1.97238E~01  +2.00483E-01  ~1.64489E+00
+2.68476E+04  +1.89683E-01  +1.92116E~01  =1.2B82B4E+00
+3.23790E+H04  +1.83370E-0L  +[.85400E-01  «l.10695E+00
+3.80592E+04  +1,.79158E-01 +1.79794E-01 =3.54665E-01
+4.98891E+04 - +1.71455E-01  +1.70783E-01  +3.91999E-0)
+6.234T6E+04  +1.65884E-01  +1.63702E-01  +1.31570E+00
+7.54570E+04  +1.59075E-01  -+1.57874E-01  +7.55190E-01
+7.54388E+04  +1.58790E-01  +1.57B81E-Ql  +5.72766E-D1
+6.23030E+04  +1.657B9E-01  +1.63724E-QL  +1.24578E+00
+4.991936+04  +1.71641E-01  +1.70763E-01  +5.11431E-0)
+3.79543E404  +1,791538-01  +1.79888E-01  -4.10454E-01
+3,22886E+04  +1.83042E~0%  +1.85498E-0f ~-1.34170E+00
42,67383E404  +1.89551E~01  +1.92265E-01  ~1.43170E+00
+2,13833E404  +1,97042E-01  +2,00604E-01  ~1.80767E+00
+1.,61632E404  +2.11338E~-01  +2.11558E-01  «1.038)16E~0)
+1.11513E+04  +2.32579E-01  +2.27013E-01  +2.39327E+00
+1.11411E+04  42.32556E=-01  +2.27052E~01 +2.36667E+00
+1.61792E+04  +2.11324E-01 +2.11518E~01  ~9.14942E-02
+2.137878404  +1,97543E-0)1  +2.00612E-01 -1.55329E+00Q
+2.67019E+04  +1,B9353E-01  +1.92313E-01  -1.56319E+00
+3,22136E+04  +1,B3163E~01  +1.85580E-C1  ~1.31967E+00
+3.76818E+04  +1.79189E-01  +1.79953E-01 =4.26674E-01
+4,97378E404  +1.716C1E-01  +1.70882E-01  +4.19014E-01
+6,2345984+04  +1.65892E-01  +1.63703E-01  +41.31943E+00
+7.53413E+04  +1.58980E~01  +1.57920E-~01  +6.67202E~0)

RESULTS OF REGRESSION ANALYSIS

LOG-10G REGRESSION LINE IS F= 1.333211694619 *(RE™ ~.189%9642463292 )

Z...SIM OF LOG(F) ~45.3460160229
F...SUM OF LOG(RE) 279.5840254583
We..SUM OF LOG(P)*LOG(RE) ~471.3610591593
G...SUM OF {LOG(RE}"*2) 290455270088

f...TOTAL NUMBER OF RUNS USED 27

S...5UM OF {DEVIATIONS"2) L004448244788742
E...SLOPE OF REGRESSION LINE -.1899642463292
Cla+ .+ LOG{CONST) IN F EQUATION +2B75908392545

X7...T(5) IN CONFIDENCE ANALYSIS 2.06
X64+4.MULT. IN LOG(CONST) ANALYSIS 3.365064712045

X4...MULT. IN SLOPE ANALYSIS +3244392802055 |
X5...INTERVAL ON LOG{CONST) .09246661848358 |
¥3...INTERVAL ON SLOPE .00891507466007

F6...MIR. LOG(CONST) 1951242207709

F7...MAX. LOG(CONST) L380057457738

Qb...MIN. CONST 1.215461962734

Q7+ + «HAX. CONST 1.462368611413

Q5...REGRESSION CONST 1.33321169461%

F8...MIN, SLOPE ~.1988793209893

F9...MAX, SLOPE -, 1810491716692

Q4. ..5UM OF (LOG{F)"2) 76.50509779352

Q3...CORRELATION COEFFICIENT/R -,9935748916057

Q2...R%2 .9871910652293

Fh...AV, ABS. DEV. 1,077569068767

F5...R.M.5. ABS, DEV. 1.280361771172

STATE FILENAME OR NO 1NQ
STOF AT LINE 570
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Wkt R A kAR e ek e ke kR ek kA R A RN AR AR AN R AR AR RA R R R AR A R hkkhkd
TABLE NO.A.,9.8 NON~LSOTHERMAL FREICTION FACTORS CALCULATED USING THE DATA IN

TABLE A.8.8

(RESULTING CORRELATION IS DENOTATION A OF TABLE 5.9)
T dem Atk Al A ek sk de ek kv ARk R AR kAR AR AR AR AR R AR RN R R Rk ko kA kk Rk dk Rk

OUTPUT USING EX=-6010

X=1 . « + « ISOTHERMAL
X=2 . . » » DIABATIC (TEST SECTION)
CHOSEN VALUE OF X IS 12

CROSS SECTIONAL AREA OF TUBE/SQ.INS. IS 10

TUBE MATERIAL 1S 1COPPER
TOTAL INSERTED LENGTH/INS. IS 142
FIRST RUN NUMBER ON DATA FILE 15 !}

- LAST RUN NUMBER ON DATA FILE IS [54
FIRST RUN NUMBER 128 :
LAST RUN NUMBER !54
HOW MARY F EQUATIONS 16
LENGTH/INS. IS 148
1.D./INS. IS 10.7874016
0.D./1NS. 1S 10.8661417

DATE: [hand
TABLE NO. 1A.9.8

GEOMETRY: !CONFIGURATION AT

RUN NUMBER TEMP./C
1 3.49900E+01
2 3.49750E4+01
3 3.505Q00E+01
4 3.49748E+01
5 3.50000E+01
[ 3.49750E+01
7 3.49750E+01
8 3.30500E+0]
9 3.50250E+01
10 3.502508+01
11 3.49750EH0)
12 3.49600E+01
13 3.496508+01
14 J4F556E+01
15 3.49750E+01
16 3.49900E+01
17 3.50300E+01
18 3.49500E4+01
19 3.51150E+01
20 3.50000E+01
21 3,50500E+01
22 3.50000E+01
23 3.49900E+01
24 3.50500E+01
25 3.49650E+01
26 3.49150E4+01
27 3.49 1508401

© LENGTH/INS.= 48
DIA./INS.= 7874016
ROUGH/ INS.» 6,E=05

HEAD/CM,

15.3
15.35
13.35
28.5
28.55
28455
45.95
45.95
45.95
67.95
638
67.95
93.7
23.4
93.6
126.05
126
126.05
9.6
9.575
4.575
14.35
14.35
14.35
20.05
20,1
20.1

ROTAM/CM,

OGS, N

Continued
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D/G./CU.CM,
9.94066E~01
9.94072E-01
9.94046E~01
9.94072E-01
9.940638-01
9.94072E~01
9.94072E-01
9.940468-01
9.540548-01
9.94054E-01
9.,940726-01
9.94077E-01
9.94075E-01
.,94078E~01
9.94072E-01
9.94066E-01
9.940538-01
9,94080E~01
9.94023E-01
9.94063E-01
9.94046E-01
9.94063E-01
9.94066E~01
9.94046E-01
9.94075E-01
9.94092E-01
9.94092E-01

VEL./FT./S.
1.85749E+00
1.85767E+00
1.85787E+00
2.69173E+00
2 .69200E+00
2.69194E+00
3.55193E+00
3.55202E+00
3.552218+00
4.43781E400
& .43762E4+00
4.43771EH00
5.349198+00
5,34899E4+00
5.34891E+00
6.28577E+00
6.28586E+00
6.28569E+00
8.23771E4+00
8.23707E+00
8.23746E+00
1.02907E+01
1.02907E+0}
1.02909E+01
1.26467E401
1.24466E40)
1.24466E+01

DO YOU WANT A PRINT OUT OF

COLBURN

MEAN RATIQS ARE
3.50557E+00

MAXIMUM RATIOS ARE
3.78737E+00

MINIMUM RATIDS ARE
3.40360E+00

NIKURADSE

MEAN RATIOS ARE
3.51684E+00

MAXIMUM RATIOS ARE
3.66703EH00

MINIMUM RATIOS ARE
3.46417E+00

STOP AT LINE 2680

SPEC. GHAV.

VISC./CP.
7.22667E-01 1.595
7.22883E-01 1.5%5
7.21804E-01 1.594
7.22885E~01 1.594
7.225238-01 1.594
7.228838-01 1.594
7.22883E~01 1.594
7.21804E-01 1.59%4
7.22163E-01 1.594
7.22163E-01 1,595
7.22883E-01 1.595
7.230998-01 1.595
7.23027E-01 1.595
7.231718-01 1.595
7.22883E-C1 1.59%5
7.22667E~01 1.593
7.22091E~01 1.595
7.23243E~01 1.594
7.20871E~Q1 13.5707
7.225238-01 13.5707
7.21804E-01 13.5707
7.22523E~01 13.5709
7.22667E-01 13.57}
7.21804E-01 13.5711
7.23027E-01 13.5712
7.23748E-01 13.5712
7.23748E-01 13.5714

P/PSIv RE/NO UNITS
1.24198E~01  1.55758E+04
1.24616E~01  1.55727E+C4
1.24395E-01  1.55972E+04
2.30669E-01  2.25644EH04
2.31084E-01  2.25778E+04
2,310B1E~01  2.25662E+04
3.71780E-01  2.97755E+04
3.71772E~01  2.9B8200E+H}4
3.71761E-01  2.98070E+04
5.50843E~01  3,72331E+04
5.51249E-D1  3.72001E+04
5.50B12E-0)  3.71899E+04
7.59477E-01  4.4B330E+04
7.58617E-01  4.48225E+04
T.58612E=01  4.4B394E+04
1.02227E+00  5.27085E+04
1.02181E400  5.27503E+04
1.02033E+00  5.26663E+04
1.64483E400  6.92454E+04
1.64030E400  6.90844E+04
1.64029E+00  6.91553E+04
2.45976E4+00  B.63089E+04
2.45969E400  8.62914E+04
2.45962E+00  8.63949E+04
3.43677EH00  1.04319E+05
3.44562E400  1.04216E+05
3.44552E400  1.04216E405

REFERENCE DATA IXO

BLASIUS D.K.M.
3.4T223E+00  3.45145E+00
3.56442E400  3.56273EH00
3.40888E+00  3.39692E+G0

ROUSE
3,521 16E+00
3.65996E+00
3.46910E+00

Q/CULFT./S.
6.28128E-03
6.28187E-03
6.28254E~03
9.10231E-03
9.10323E-03
9.10301E~03
1.201118-02
1.201148-02
1.20121E-02
1.50068E-02
1.50061E-02
1.50064E-02
1.80887E-02
1.80880E~-02
1.80878E~02
2.12558E-02
2.12561E~02
2.12555E-02
2,78565E-02
2.78543E~02
2.78556E-02
3.47991E-02
3.47989E-02
3.47997E-02
4.20898p-02
4. 20892E-02
4.20892E~02

FRICTION
1.259558-02
1.26355E-02
1.26107E-02
1.1139%E-02
1.11578E-02
1.11581E-02
1.03113E-02
}.03108E-02
1.030938~02
9.78713E-03
9.79502E~03
9.78680E-03
9.28739E-03
9,27754E-03
9.277828-03
9.05338E-03
9.04918E-03
9.03629E-03
8.48175E-03
8.45940E-03
B8.45869E-03
8.12750E-03
8.12736E-03
8.12691E-03
7.76236E-03
7.78243E~02
7.78219E-03

COLEBROOK

3. 4T744TEH00
3.65049EH00

3.40373E+00

Continued



- 332 -

QUTPUT USING FRICTION-6010

15 DATA ON PILE !YES
FIRST RUN O DATA FILE 11
LAST BUN ON DATA FILE 154
FIRST RUN 128

LAST RUN 154

NAME #2 !DAYSAL-6010

COMPARTSON WITH REGRESSION ANALYSIS

% ERROR IS EXP-CALC/EXP

BEYNOLDS RO EXPTL # CALCED F

+1.5537588404  +1.259558-02  +1.2278}E-02
+1.55727E+04  +1.26355E-02 +1.22787E-02
+1.559728404 +1.26107E-02  +1.22739E-02
+2.25644E+04  +1.11399E-02  +1.12009E-02
+2.25778E+04 +1.11578E=-02  +1.11993E-02
+2.25662E404  +1.11581E-02 +1.12007E-02
+2.97755E+04  +1.03113E-02  +]1.,04373E-02
+2.%82005+04  +1.03108E-02  +1.04534E-02
+2.98070E+04  +1.D30938~02  +1.04345E~02
+3.72381E+04  +9.7B713E-03  +9.89368E-03
+3.72001E+04  +9.79502E-03 +9.89619E-D3
+3.71899E+04  +9.78680E-03  +9.89686E-03
+4,483308404  +9.28739E-03  49.44906E-03
+4.482258404  +9.27754E-03  +9.44960E-03
+4.483948404  49,27782E-03  +9.44872E-03
+5.27085E404  +9,05338E~03  +9,07773E-03
+5.275058+04  +9.04918E-03  +9.07594E-03
+5.26665E404  +9.03629E-03  +9,07952E-03
+6.92454E+04  48,48175E-03  +B8.48435E-03
+6.90844E+04  48.459408-03  +8.48924E-03
+6.915538404  +8,45869E-03  +8.48709E-03
+8.63089E+04  +B8.12750E-03  +8.03377E-03
+8.62914E404  +8.12736E-03  +5.03417E-03
+8.63949E+04  +8.12691E-03  +8,03179E-03
+1.0431984+05 +7.76236E-03  +7.66529E-03
+1. 042168405 +7,78243E-03  +7.66718E-03
+1.042)6BH05  +7.78219E-03  +7.66718E-03

% ERROR
+2.,51994E400
+2.823338+00
+2 0670488400
~5.,47714E-01
«3.71467E-01
=3.81762E-01
=1.41588E+00
=1.38308E+00
=1.40895E+00
-1.08865E+00

=1,03262E+00

=1.12451E+00
~1.74063E+00
~1.85463E+00
~1.84201E+00
=2.68980E-01
~2.95702E-01
=4.78448E~01
=3.05943E-02
=3.52755E-01
=3.35638E-01
+1.153278+00
+1.14659E+00
+1 . 17044E4+00
+1.25049E+00
+1.48090E+00
+1.47790E+00

LOG-LOG BEEGRESSION LINE IS F= .1341941159953 *{RE" =.2477309575456 )

RESULTS OF REGRESSION ANALYSIS

Z...5UM OF LOG(F)

F..eSUM OF LOG(RE)

WeeoSUM OF LOG(F)*LOG(RE)

G...50M OF (LOG(RE)*2)

X...TOTAL NUMBER OF RUNS USED

Sv+«5UM OF (DEVIATIONS"2)

E...SLOPE OF REGRESSION LINE

Cl...LOG(CONST) IN ¥ EQUATION

X7...7{(5) IN CONFIDENCE ANALYSIS

X6...MULT. IN LOG{CONST) ANALYSIS
© X4...MULT. IN SLOPE ANALYSIS

X5...INTERVAL ON LOG(CONST)

X3...INTERVAL ON SLOPE

Fb...MIN. LOG(CONST)

F7...MAX, LOG(CONST)

Q6...MIN, CONST

Q7...MAX, CONST

Q5...REGRESSION CONST

P8...MIN, SLOPE

P9...MAX, SLOPE

Qb4...50M OF (LOG(P}*2)

Q3...CORRELATION COEFFICLIENI/R

02...8°2

Fh...AV. ABS. DEV.

F5...R.M.5, ABS. DEY,

STATE PILENAME OR KO INO
STOP AT LINE 570

~125.6886679493
288.4582346297
=1345.144758668
3091.198860959
27
+005232291650687
=.2477309575456
=2.008467900448
2.06
3,487080145885
.3258969821803
.103921430701
.009712332161132
=2.112389331149

~1.904546469747

+1209486345762
.1488%01535008
.1341941159953
-. 2574432897067
=.2380186253845
585,6808865027
=-.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 :

(RESULTLNG CORRELATION IS DENOTATION H OF TABLE 5.10)
AR RNk A AR Ak R kR AR AR AR RAE KRR EARIRRERRR A LARRRR AN IR ARR kAR ARk ER kA kR kAR AR

OUTPUT USING EX-601C

X=1 . + o+ « ISOTHERMAL

¥=2 4 , + « DIABATIC (TEST SECTION)
CHOSEN VALUE OF X 1s 12 :
CROSS SECTIONAL AREA OF TUBE/SQ.INS. I8 10
TUBE MATERIAL IS ICOPPER

TOTAL INSERTED LENGTH/INS. IS 141.6
FIRST RUN NUMBER ON DATA FILE IS5 11
LAST RUN NUMBER ON DATA FILE IS 181
FIRST RUN NUMBER 23

LAST RUN NUMBER 54

HOW MANY F EQUATIONS 16

LENGTH/INS. IS 148

1.D./INS. 1S 10.7874016

0.D./INS. IS 10.8661417

DATE; tw&kk
TABLE NO. 14.9.9

GEOMETRY: I|CONFIGURATION 6K

RUN "NUMBER TEMP./C HEAD/CM. ROTAM/CM,

1 3.50100E+01 12.35 2
2 3.50250E+01 12.33 2
3 3.50350E+01 12,35 2
4 3.504508+01 23.65 4
5 3.49750E+01 23.65 4
& 3.50150E+Q01 13.65 4
7 3.50750E+01 38.75 6
8 3.50650E+01 38.75 3
9 3.49150E+01 38.75 3
10 3. 50150401 58.1 8
11 3.49650E+01 58.15 8
12 3.49900E4+01 58 8
13 3.50000E+01 B1.75 10
14 3.49650E+0) 81.85 10
15 3.49900E+01 81.95 10
16 3.50000E+0] 110.95 - 12
17 3.49750E+01 110.9 12
18 3.4985084+01 1 12
19 3.50800E+01 183.1 16
20 3.50500E+01 183.05 16
21 3.50650E+01 183.1 16
22 3.49650E+01 278 20
23 3.49150E4+01 277.95 20
24 3.50100E+01 271.8 20
25 3.50250E401 393.3 24
26 3.49750E+01 393.2 24
a7 3.494Q0E+0L 393.3 24

LENGTH/ INS.= 4B
DIA./INS.= 7874016
ROUGH/ INS.,= 6.E-05

Continued
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D/G./CU.CH.
9.94060E-01
9.94054E=01
5.940512-01
9.,94048E-01
§.9407ZE-Q1
9.94058E=-01
9.94037E-01
9.94041E-01
9.94092E-01
9.94038E~01
9.94075E-01
9.94066E~0)
9.94063E-01
9.94075E-01
9.94066E-01
9.94063E-01
9.94072E~01
9.94068E~01
9.94036E-01
9.94046E-01
9.94041E-01
9.94075E~01
9.94092E~0)
9.94060E~-01
$.,94054E-01
9.94072E-01
9.94084E-01

*

VEL./FT./54
1.86312E+00
1.86301E+00
1.86301E+00
2.69688E+00
2.69676EH00
2.69693E+00
3.55642E+00
3.55616E+00
3.55594E+00
4. 44151E+00
4.44133EH00
4.44141E+00
5.35221E4+00
5.35219E+00
5.35234E+00
6.28818E+0Q
6.2BB17E+0D
6.28857E+00
8.23940E+00
B8.23936E+00
8.23950E+00
1.02923E+01
1.029198+01
1.02924E+01
1.24478E+()
1.24475E401
1.24473E401

DO YOU WANT A PRINT OUT OF

COLBURN

MEAN BRATIOS ARE
6.74839E4+01

MAXIMUM RATIOS ARE
7.00382E+01

MINIMUM RATIOS ARE
6.57630E+01

NIKURADSE

MEAN RATIOS ARE
6.77554E+01
MAXIMUM RATIOS ARE
7.16146E401
MINIMUM RAT105 ARE
&4 50064E+0]

STOP AT LINE 2680

VISC./CE.

SPEC. GRAV.
7.223798-01 13,5697
7.22163E-01  13.5697
7.22020E-01 13,5697
7.21876E-01 13,5698
7.22863E-01 13,5698
7.22307E-01  13.5698
7.214458-01 13,5699
7.21888E-01  13.57
7.23748E-01  13.57
7.22307E-01  13.570)
7.23027E-01  13.5701
7.22667TE-01  13.570%
7.22523E-01  13.57
7.23027E-01 ' 13.57
7.22667E-01 . 13.570%
7.22523E-01 13.5697
7.22883E-01  13.5698
7.227396-01 13,5698
1.21373E-01  13.5698
7.21804E-01 13,5699
7.21588E-01 13,5699
7.230272-01  13.57
7.2374BE-01 13,570}
7.22379E-01 13,5701
7.221638-01  13.5699
7.22883E-01  13.5699
7.23387E~01 13,5699
P/PSI. RE/NO UNITS
2.19889E+00  1.56291E+04
2.19883E400  1.56327E+04
2.19881E+00  1.56358E+04
4.21051E400  2.26387E+04
4.21062E400  2.26067E+04
4.21047E400  2.26258E+04
6.89870E+00  2,98715E+04
6.B9854E+00  2.98635E+04
6.89838E400  2.97741E+04
1.03429E+01  3.72619E+04
1.0351BE401  3.72240E+04
1.03251E+01  3.72429E+04
1,45549E#01  4.4B890E+04
1.45721E401  4.4B581E+04
1.45897E+0)  4.4B813E+04
1.97573E401 5.273908+04
1.97476E401  5.27131E+04
1.97654E+01  5.2726BE+04
3.26044E401  §.92122E+04
3,25951E+01  6,917128+04
3.26040E401  6.91927E+04
4.950185+05  8.62629E+04
4,94927E+01  B.61749E404
4.94660E40)  8.63399E+04
7.00401E401  1.044518+05
7.00222E+01  1.04346E405
7.00408E+01  1.04273B+05

REFERENCE DATA INO

BLASIUS D.K.M.
6.69367E+0)1  6.65164E+01
7.24959E+0)  7.10305E401
6.31870EH01  6.31586E+01

ROUSE
6,78442E+01
7.18768E+01
6.48820E+01

Q/CU.FT. /5.
6.30031E-03
6.29992E-03
6.29994E-03
9.11975E-03
9.21933E~03
9.11991E-03
1.20263E-02
1.20254E-02
1.202478-02
1.50193E-02
1.50187E-02
1.501908-02
1.80%89E~02
1.80988E-02
1,80993E-02
2.12640E-02
2.12639E-02
2,12653E-02
2.78622E-02
2.78620E-02
2,78625E-02
3.48044E~02
3.48030E-02
3,48048E-02
4.20933E-02
4.209248-02
4.20918E-02

FRICTION
2.23789E-01
2.23831E-01
2.238088-01
2.04318E-01
2,04528E~01
2.04507E-01
1.92694E-01
1.92716E-01
1.92726E-01
1.85225E-01
1.85397E-01
1.84913E-01
1.79498E-01
1.79709E-01
1.79918E-01
1.765218-01
1.764328-04
1.76570E~01
1.69673E-01
1.696258-01
1.6%666E-01
1.65083E-01
1.65064E-01
1,64963E-01
1.59691E-01
1,59654E=01
1.59599E-01

COLEBROOK

6.69219E+01
7.00401E+01
6,467 38E401

Continued
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OUTPUT USING FRICTION-6010

1S DATA OW YILE IYES
FIRST RUN ON DATA FILE 11
LAST RUN ON DATA FILE 154
FIRST RUN 128

LAST RUN 154

NAME #2 IDAY5AD-6010

COMPARISON WITH REGRESSION ANALYSIS

% ERROR IS EXE-CALC/EXP

REYNOLDS KO . EXPIL F

+1.562918404  +2.23789E-01
+1.56327EH04  +2.23811E-01
+1.56358E+04  +2.23808BE-01
+2,26387E+04  +2.04518F-01
+2.26067EH04  +2.04528E-01
+2.26258EH04  +2.04507E-01
+2.98715E+04  +1.92694E~01
+2.986358+H04  +1.927168~01
+2.97741EH04  +1.92726E~01
+3.72619E+04  +1.85225E~0)
+3.T722408404  +1.853%78-01
+3.72490+06  +1.84913E-D)
+4,48800E¥04  +1.79498E-01
+4.4858)EH04  +1.79709E-01
+4.48B13EH04  +1.79918E~OL
+5.27390E+04  +1.76521E-01
+3.,27131E+04  +1.76432E-01
+5.27268E+04  +1.76570E-01
+6.92122E+04  +1.69673E-01
+6.917126404  +1.69625E-01
+6.91927E+H04  +1.69666E~QL
+8.62629E+04  +1.65083E-Q1
+8.61749E+HM4 41 .65064E-0L
+8.63399E4+04  41.64963E-01
+1.04451E405  41.59691E-01
+1.043468405  +1.59654E-01
+1.06273E405  41.59699E-D1

CALCED F X ERROR
+2,18153E=01  +2,51858E+00
+2,18144E~01  +2.53216E+00
+2.18137E=Ql  +2.53414E+00Q
+2.04B15E-Q1  -1.44999E~0L
+2.04864E~01  =1.64576E~01

+2.048356~01

=-1.60440E-01

+1,953728-01 . =1.3B953E+00
+1.95380E-01  ~1.38240EH0D
+1.95480E~0%  ~1.428%3E+00
+).9881535E-01  =1.5B139E+00
+1.88187E~D1  =1.50500E+00
+1.88171E~01  =1.76211E+00
+1.82282E-01  ~1.55139E+00
+1.82304E-01  ~1.44364E+00
+1.62288E-01  ~1.31682E+00
+1.77349E-01  ~4.69032E~0L
+1.77363E-01  ~5.2769QE~0L
+1.77356E-01  ~4.45076E~0Q)
+1.69328E~-01  42.03663E~01

+1.69345E~01
+1.69336E-01

+1.63046E-01
+1.94763E-01

+1.63096E-01 +1.20349E+00
+1.631258-01 +1.17474E+00
) .63071E~0Y  +1.14642E400
+1.57869E~01  +1.14071E+00
+1.57896E~01  +1.10134E+00
+1.57915E-01  +1.11737E+00

LOG~LOG REGRESSION LINE IS F= 1.129360048657 *#(RE" ~.1702628475737 )

RESULTS OF BREGRESSION ANALYSIS

Z,..5UM OF LOG(P) ~45.83408781396
F...5UM OF LOG(RE) 188.4872971325
W.. SUM OF LOG(F¥)*LOG(RE) =491,3222346023
GaaaSUM OF (LOG(RE}"2} 3091.7904383%9

X. o JTOTAL NUMBER OF RUNS USED 27 .
Se..5UM OF (DEVIATIONS"2) L004822717869633
Ee. .SLOPE OF REGRESSION LIRE -, 1702628475737
Cl...LOG(CONST) IN F EQUATION 1216511436777

%7...T(5) IN CONFIDENCE ANALYSIS 2.06
%b.. MULT. IN LOG(CONST) ANALYSIS 3.49287879916l
X4...MULT. IN SLOPE ANALYSIS +3264076834912

¥5, . INTERVAL ON LOG(CONST) +09993708101647
X3..,INTERVAL ON SLOPE 009339067567217
Fb. . MIN, LOG(CONST) J02171406266123
F7...MAX. LOG(LOHST) L2215882246942
Q6. . .MIN. GONST 1.021951528589
Q7...HAX. CONST 1.248057352842
Q5.. . .REGRESSTON CONST 1.129360048657
F8.. . MIN, SLOPE ~.1796019151409
F9...MAX, SLOPE ~-.1609237800065
Qh, . 5UM OF (LOG{F}"2) 78.08297625586
Qd...CORRELATION COEFFICIENT/R =, 9912538690631
Q2..4.R"2 »3825842329325
F4.+.AV. ABS. DEV. 1.122428712339
F5...R.M.5. ABS. DEV. 1.332488213839

STATE FILENAME OR NO [NQ
STOP AT LINE 570
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TABLE NO.A.9.10 HEAT TRANSFER FACTORS CALCULATED USIRG THE DATA 1IN TABLE A.3.10
(RESULTING CORRELATION IS DENOTATION H OF TABLE 5.11)
e ek A ok ok ek Ak A Ak A ko kR Bk AR ek R koo ek

OQUTPUT USING HEAT2-6C10

ERROR CRITERION FOR RE EXPONENT IS 10.0000001
ERROR CRITERION FOR RESISTANCE IS 10.00000001

TUBE MATERIAL IS ICOPBER

CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. 18 10
FIRST RUN NUMBER ON LDATA FILE 15 11
LAST RUN NUMBER ON DATA FILE 15 181

FIRST RUR NUMBER IS [1
LAST RUN NUMBER IS 127
_TUBE I.D./INS.= 10.7874016
TUSE 0.D./INS.= 10.B661417

RUN NUMBER

MO OB wd O AR P B

bt bt
[N N -]

e
E

B3 B b gk el el Tt
OO

[ I
b R AR R T

CORRL
1.479798+0}
1.53032E+01
1. 47641E4+0)
1.24038E+01
1.23702E401
1.24206E+01
1.07182E+01
1.06339g+01
1.0B0Z5E+01
9.95%57E+00
9.74059E+00
$.90912E4+00
8,B4734E+H00
B.71252E400
8.84742E400
9.45377E+00
9.40323E4+00
9.33577E+00
§.2908GE+O0
8.42562E+00
8.37496E+00
7.73452E+00
6.94231E400
7447878400
7.2288%9E+00
7.36364EH00
7.19515E+00

(HO/HI)HEAS
9.807898-01
9.950438-04
9.94091E~01
1.02431€400
1.02373E+00
1.01740E+00
1.01972E+00
1.02286E+00
1.02412E4+00

1.04559E+00.

1.04651E4+00
1.04754E+00
1.02583E+00
1.03313E4+00
1.04018E+00
1. 04950E+00
1.03964E400
1.03666E4+00
1.03277E400
1.03368E+00
1.04061E+00
1. D4B44EFO0
1.04351E400
1.05906E400
1.05102E400
1.051028+00
1.04932E400

CORR2
2.02376E4H00
2.05749E4+00
2.25986E+00
2.107778400
1.88856E+00
1.80G421E+00
1.93895E+00
2.10757E+00
2,1413084+00
1.80395E+00
1.921988+00
1.80397E+00
1,803882+00
1.92189E+00
2.14110E+00
1.09578E+00
1.04520E4+00
1.2}378E+00
1.28114E+Q0

1.19686E+00 .

1.23056E+00
1.11252E+00
1.85413E+00
1.55075E+00
1.51704E+00
1.39904E+00
1.68560E+00

(HO/HIYCORR
9.80752E-01
9.95033E-01
9.94079E~01
1,024353E+00
1,023778+00
1.01743E4+00
1.01975E+00
1.02289E+00
1.02416E+00
1.04565E4+00
1.04658E+00
1.04761E+00
1.02586E+00
1.03317E+00
1.04024E+00
1.04957E+00
1.03970E+00
1.03671E+00
1.03281E+00
1.03373E4+00
1.040665+00
1. D4850E+00
1.04356E4+00
1.05914E+00
1.05108E+00
1.05108E400
1.04938E+00

CORR3
4,43842E-03
4.43842E-03
1.06522E-02
2.840118~02
4.43T73E~-03
1.06503E~02
4.43726E-03
6.21224E~03
1.24245E-02
3.54960E-03
4.43705E~03
8.87411E-03
8.87367E~03
7.09895E-03
1.06487E-02
2.66193E-03
7.09850E-03
2.66193E-01
6.21082E-03

.00000E+HDO
2.66176E~D3
1.77442E-03
1.77441E-0D3
4.43506E~03
6.21044E-03
1.33078E~02
8.87210E~03

CORR/HIMEAS
1.94129E~03
1.98703E-03
1.97933E-03
1.75965E-03
1.74747E-02
1.73812E-03
1.57139E~03
1.56860E~03
1.57164E-03
1.48591E-03
1.48826E-03
1.4942)E-03
1.40084E-03
1.39590E-03
1.41248E-03
1.36293E-03
1.35246E-03
1.34B15E-03
1,25904E~03
1.26983E-03

© 1.27168E-03

1.2195GE-03
1.24478E-03
1.23811£-03
1.19576E-03
1.20031E-03
1,20244E~03

CORR4
4,32758E+01
4,36283E+01
4,35947E401
4.45076E+01
4. 49784E4+01
4.45580E+01
4,53011E+01
4.52341E+01
4.51303E+02
4,57243E4+01
4.56906E+01
4.58088E+01
4.61B01E+0]
4,5894E+Q1
4.63)44E+01
4.55273E+01
4.54937E+01
4.52749E+01
4.57477EH01
4.61172E+01
4.61)68E+01
4.63369E401
4.,72972E+01
4,67916E+01

T 4,6T246E+01

4.69263E+01
4.69933E+01

Continued
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LMID MEAS LMTD CORR OUT T AV

4 LBBRIEHDY  4.4B939EHDY 7.
4.48663E+01  4.4B718E+01 7.
4.48466E+H01  4.48522E+01 7.
&.50195E+01  4.50237E+01 B,
4.50695E+0)1  4.50737E+01 - 8.
4,49996E+01  4.50038E+01 8.
4.48625E+G]1 4. 4B658E4H0L1 7.
4,48327E+01  4.48359E+01 7.
4.48577E4+01  4.4B6LOEXOL 7.
4.4BIG4EHO)  4.48391E+01 7.
4.49667EH0L  4.49694E+01 7.
4.50819E4+01  4.S0B46E+01 8.
4.494298H01 4.4945284+0Y 7.
4.49388EH01  4.49411E401 8.
4,50945E401  4.50968E+01 8.
4.495638401  4.49582E+01 B,
4,49345EH01  4.69364E40) 7.
4.48840EH11  4.48859E+0)1 7.
4.48527E+01  4.4B542E+Q)1 7.
4.4B079EH0)  4.4BDS4EXDY T,
4,48792E40]1  4.48807E401 8.
4,47570E+0)1  &4,.475B2EH01 7.
4.48379E401  4.48392E+01 7.
4.,47043E401  AL,47455E401 7.
4.48351F+01  4.48362E+01 7.
4 48351P40L  4.4B362E401 B,
4.4TZH0EH0]  4.47250EH01 7.

ONE TEMPERATURE,FIRST RUN NUMBER IS !l

ONE TEMPERATURE,LAST RUN NUMBER IS 127

DO YOU WANT TO INCLUDE MORE RESULTS INC
CHOSEN PRANDTL NUMBER EXPONENT IS 10.4

DO YOU WANT TO USE MEAN PRANDTL RUMBERS INQ
RE EXPONENT IS 10.8

GEOMETRY: 1CONFIGURATION 7T

RESTSTANCE INCREMENT

+00000E+00  1.00000E-04 2.
1.0D00DDE-D4  1.0000DE-D& 2.
2.00000E-04  1.00000E=-04 2,
3.00000E-04  1.00000E-04 3.
4.00000E-04  1.00000E-04 3.
5.00000E-04  1.DO00QE~04 1.
6.00000E-04  1.00000E-04 3.
7.000008-04  1,00000E-04 4.
8.0000CE~04  1.00000E-0& 4.
$9.00000E-04  1.00000F-0&4 5.
1.00000E~-03  1.000C0E-04 6.
1.10000E-03  1.00000E-D4 8.
1.00000E-C3  3.000C0E-C5 6.
1.010008-03  1.000C0E-CS 6.
1.02000E~03  1.00000E-05 6.
1.03000E~03  1.0000GE-05 7.
1.04000E-03  1.0000CE-05 7.
1.05000E-03  1.00000E-05 7.
1.06000E-03  1.00000E-05 7.
1.07000E-03  1.00000E-05 7.
1.08000E-03  1.00000E-D5 7.
1.09000E-03  1.0000OE-0QS 7.
1.10000E-03  1.0GOOOE-05 8.
1.09000E-03  1.00000E-06 7.
1.09100E~-03  1.00000E-06 7.
1.09200E-03  1.00000E-06 7.
1.09300E-03  1.000DOE-CO 7.
1.09400E-03  1.00000E-06 8.
1.09300E-03  1.00000£-07 7.
1.09310E-03  1.00000E-07 7.
1.09320E-G3  1.0U00QE-0OT7 8.
1.09310E~-03  1.00000E-08 7.
1.09311E-03  1.Q000QE-08 7.
1.09312E-03  1.00000E-08 6.
1.09311E-03  1.00000E-0% 7.
1.093)1E-03  1.000002-09 8.
1,09311E-03  1.00000E-10 7.
1.09311E-03  1.00000E-10 7.
1.09311E~03  1.00000E-10 7.
1.09311£-03  1.00000E~1G 8.

99650E+01
99300E+01
9960GE+01
004506401
GO950EFO]
010508401
996Q0E+01
99500E+0L
98B00E+}L
9%200E+01
99400E+01
00350E+(01
99800E+0)
001 00E+01
00700E+01
00250E+01
99650E+01
99900E+01
99650E+01
99200E+01
CODOGE+OL
99800E+01
99750E+01
99750E+01
99500E+01
G0000E+0L
99400E+01

EXPORENT

44750E-01
60830E-01
74212E-0)
00440E-01
2524TE-01
54649E=-C1
90099E~01
33764E-0L
89040E~01
61624E-01
62045E-01
12877E~01
62045E-01
T4304E-01
87025E-01
00394E-01
142998-01
28834E-01
44049E-01
59996E-01
76736E-03
94338E-01
12877E-0L
94338E-01
96148£-01
97968E~01
99797801
01636E-01)
99797E~0L
99981201
00164E-01
99981E~01
99999E~01
00017£-01
99999E-C1
QC0CIE-OL
99999£-01
99999€-01
99999E-01
00000E~0}

INSI. T AV.
3.50447E4H01
3.50298E+01
3.50797E+H21
3.50209E+01
3.50208E+01
3,51008E+(1
3.50866E+01
3.51066E+01
3.50116E+01
3.50571E+01
34947 1E40]
3,49271E+01
3. 49875E+0Y
3.50225E+01
3.49275E401
3.50029E+01
3.49629E401
3.50379E+01
3.50033E+01

3.50033£+01

3.50133E+01
3.50836E+Q1
3. 499868401
3.50735E+01
3.49488EH01
3,49988E+01
3,5048BE+01

SUM ERS 5Q

1.32098E-02
1.4)270E-02
1.508338-02
1.60506E=-02
1.69767E-02
1.77685E-02
1.82644E-02
1.81933E-02
1.71321E-02
1.45803E=02
1.09401E-02
1.52809E-02
1.09401E-02
1.06680E-02
1.04592E-02
1.03355E~02
1.03242E-02
1.04596E-02
1.07843E-02
1.13521E-02
1.223028-02
1.35039E=-02
1.52809E~02
1.35039E-02
1.3657DE-02
1.38151E-02
1.3978bE-02
1.41476E=02
1.39786E-02
1.399528-02
1.40119E-02
1.39952E-02
1.39969E~-02
1.39985E-02
1.39969E-02
1.39970E-D2
1439969E~02
1.39969E-02
1.39969E=02
1.39969E-02

Continued




DATA INPUTS:
"RESISTANCE STATED: NQ
GEOMETRY: CONFIGURATION 7T

HD CORR/BEU KE NUMBER EXP NUSSELT  CAL NUSSELT I CA~EX/EX
3,030498404  1.56206E+04  1.03335E+02  1.04938E+02  -3.58328E~0l
3.04826E404  1.56L16TE404  L.06T20E402  1.D4937EH02  =1.67083E400
3.03788E+04  )1.56307E+04  1.06096E+(2  1.03012E+032  -1.02147E+00
3.42803E404  2,26127E+04  1.37397E+02 1.41104BH02  +2.54B80E+00
3.46466E+04  2.26126E+04  1.A0791EH02  1,41)04EHQ2 +2,22176E-0)
I 43550E4+04 © 2,26498E404 1 38540E+02  1.41289E+02  +1.98473E+00
3.75502E+04  2.9B635EH04 - 1.75645E402  1.76276E+02  +3.59570E-01
3,774298404  2.9B769B404 1L T893QEHD2 1.76330E+02  ~1,23257E+00
3.77895E+04  2.98192E+04  1.78763E402  1.760588+02  ~1.51336E4HD0
4.03973E+04  3.72828E+04  2.18841EH)2  2.10506E402  -3.BOBT2EHO0
§.02753E+04  3.71999E+04  2.14582E+02  2.10132FE+02  ~2.07378E+00
4.02753E+04  3.71851BEH04 - 2.12819EH02 . 2.10065E+02  ~1.29424E+00
4.15677E+04  4.48TO9E+04  2.38608EH02  2.44135EH02 +2.31624EH}O
4.17863E404  4.49022E+04  2.430B7EHD2  2.44271EH0Z +4,87074E-01
4.21497EH04  4GASLT7EH04 2.4738BE402  2,40903E402 ~1.40B63EHIC
4.31228E+04  5.27381E+04  2.71916E+02  2.77B16EY02  +1.16986E+00
45.29527E+046  5.26970EH04  2.68342FE4+02  2.77643E402  +2.46594E4+00
4.28683E+04  5.27771E404  2.67633EH02  2.77980E+02  +3.86645E+0Q
§.93175E+D4 6.91017E+04  3.35825EH02  3.44B865EH02  +2.691B80E+00
4.53181E+04  6.91034B404  3.37332EH02  3.4487T1EH02  +2.23488E4+00
4.354358404  6.9113184046 3.42451E402  3.44934E402 +7.25063E-01
4.73900E+04  B.64639EH04  4.20915E402 4.1259T7EH02 =1,97B1ZEH0O
4,.69690E+04  B.63172EH04  3.9B065E+H02  4.12037E402  +3.509B4E+00
4.76702EHD4  B.644BLEHO4  4,33959EH02  4,1253BEH02 ~4.93620E400
4.B6954EH4  1.04295E+05  4.84677E+02  4.789371E+H02  =1.09477E+00
4,869518+04  1.04399EH05  4.84809E+02  4.797528H02 - =1.043198+00 .
4.869534F404 L 04504FHDS  4.92201E+02  4.8013BEH02 =2.45077E+00

LOG-LOG BEGRESSION LINE IS (NU/PR* .4 )= ,04635092319319 #{RE" .7999999882138 )

RESULTS OF REGRESSION ANALYSIS

Z4..5U0M OF LOG{NU} 147.8597659962
F.roS5UM OF LOG{RE} 288.4883115845
W SUM OF LOG(RUILOG(RE) 1387.360917234
G...5UM OF (LOG(RE)"2) 3093.82107692

}
X...TOTAL NUMBER OF RUNS USED 27 |
§...5U% OF (DEVIATLONS"2) .01399695064936

Cv..OUTER RESISTANCE TO TRANSFER 0010331103

E«..SLOPE OF REGRESSION LINE 7999999382138

€}...LOG(CONST) IN NU EQUATION ~3.0715140693

£7...7(5) IN CONFIDENCE ANALYSIS 2.06 |
X6...MULT. IN LOGCCONST) ANALYSIS 3.4312301624)4

X4.,.MULT. IN SLOPE ANALYSIS 3262520027667
X5...INTERVAL ON LOG(CONST 1700736886814
X3...INTERVAL 0N SLOPE Q1590256275516
Fb...MIN. LOG(CONST) ~3.24)6B7757982
F7...HAX. LOG{CONST) ~2.901340380619
Q6.+ MIN. CONST LOIF09785167078
U7...MAX. CONST HA5496951 740448
Q5...REGRESSION CONST <04635092319319
F8...MIN.SLOPE 7840974254586
F3.+.MAX.SLOFE +8159025509689
Q4. ..504 OF (LOG(NU)"2} B15.749360487
Q3...CORRELATION COEFFICLENT/R .9988380901982
Q2.4 R°2 JF976775304307
F4...AV, ABS. DEV. 1.94316691917
F5...B.M.5¢ ABS: DEV. 2.273276664451

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 tranefer reslgtance,C,used
overieaf is that obtained Erom Table 4.9.5.

Cantinued
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FILE RESULTS INO

TRY ANOTHER RE AND/OR PR EXPONENT INO
DO YOU WANT TO STATE THE RESISTANCE !YES
RESISTANCE ,C, IS 10.001082094

RESISTANCE
1.08209E~03

IRCREMENT
1.00000E-10

DATA INPUIS:
RESISTANCE STATED: YES
GEOMETRY: CONFIGURATION 7T

EXPONENT
7.803488-01

HO CORR/BED RE NUMBER EXP NUSSELT
3.03049E+04  1.56206E+04  1.04213E402
3.04826B+04  1.56167E+04  }.05569E+02
3.03788E+04  1.56307E+04  1.04958E+02
3.428038+04  2.26127E+04  1.3568BE+02
3.46466E+04  2.26026E4+04  1.3B793E+02
3.43556E+04  2.26498E+04  1.36606E4+02
3.75502B+04  2.98655E+04°  1.72548E+02
3.77429E+04  2.9876%9E+04  1.75332E+02
3.77895E+04  2,98192E+04  1.75555E402
4.03973E+04  3.72828E404  2.14053EH02
4,02753EH04  3.T1999EH04  2.09973E+02
4.02751E404  3.T71B51E4+04  2.08285E+02
4, 8567TEHG4  4.48709E+04  2.32925E+402
4, 17B63EH04  4.49022E+04 - 2.37193E4H02
4.21497E404 4.48)77E+04  2,41282E402
4.3122BE+04  5.27381E+04  2.64561E+02
4.29527E+04  5.26970EX04  2.61175E+02
4.28683E4H)4 - 5.27771E+04  2.60506E+02
4.53175E404  6.91017E+04  3.24677E+02
4.53181E+04  6.91034E+04  3.26086E+02
4,554358404 6.91091E4+04  3,30868E402
4.73900E+04  B.64639E+04  4.03556F+02
4,.69690E+04  8.631728404  3.82498E+02
4.76702E4+04  B.644B4E+04  4.15530E402
4.,86954E+04  1.04295E+05  4.61785E+02
4,86951EH04  1.04399E4+05  4.61912E+02
4,86954E404  1.04504E405  4.68625F+02

CAL NUSSELT
1.04273%+02
1.042538+02
1.04326EH02
1,39168E+02
1.39167E+02
1,39346E402
1.729Q9E+02
1.72961EH02
1.72700E+02
2.05587E+02
2.05231E+H02
2.05167E402
2.37564E402
2.37693E+02
2,37344E402
2.69482E402
2.69318E+02
2,69637E+H02
3.32747E402
3.32753E+02
3.32813E402
3.96350E+02
3.95825E+02
3.96294E4+02
4,58800E+02
4,591 56E+02
4,59517E4+02

SUM ERS 5Q
1.24610E-02

X Ca-£X/EX
+5,71629E-02
=1, 246408400
~6,02600E-01
+2.56429E+00
+2.69596E-~01
+2.00582E+00
+2,09660E-01
~1.35249E+00
~1.62585E+00
~3.95511E+00
~2.25871E+00
~1.49698E+00
+1.99151E4+00
+2.11014E-01
=1.63219E+00
+1,860042+00
+3.11780E+00
+3.50525E+00
+2.,48556E+00
+2.04471E400
+5.87901E~01
~1.78581E+00
+3.48426E+00
—4.62932E+00
=6.46422E-0)
-5.96752E-01
=1.94355E+00

LOG-LOG REGRESSION LINE IS {NU/PR" .4 )= .05567065607497 *(RE" .7803486534724 )

RESULTS QF REGRESSION ANALYSIS

Z...5UM OF LOG({NU) 147.137309012
F...SUM OF LOG{RE) 288.4883115845
WeeoSUM OF LOG(NU)*LOG{RE) 1579.457020376
G, ..5UM QF (LOG(RE}"2) 3091.82107692
X..,TOTAL NUMBER OF RUNS USED 27

$...5M OF {DEVIATIONS"2) W01246202899163
C...0UTER RESISTANCE TO TRANSFER  .0010820%4
B...SLOPE OP REGRESSION LINE JTB03486534724
€l...LOG(CONST) IN NU EQUATION ~2.888302091784
X7...T(5) 1IN CONFIDENCE ANALYSIS 2.06

X64.-MULT. IN LOG{CONST) ANALYSIS 3.491230162414
X4, .. MULT. IN SLOPE ANALYSIS .3262520027667
X5...INTERVAL ON LOG(CONST 160565653147
X3...INTERVAL ON SLOPE 0150047013453
P6asMIN. LOG(CONST} -3.048867744931
¥7...MAX. LOG{CONST) ~2.127736438637
Qb,..MIN. CONST L04741257716192
Q7 ... .MAX. CONST 06536708474085
Q5...REGRESSION CONST 05567065607487
F8,..MIN.SLOFE .7653439521271
F9...MAX.SLOPE .7953533548177
Q4...5UM OF (LOG{NU)"2) 807.5626227125
Q3...CORRELATION COEFFICIENT/R 9989127130863
G2...R"2 +9978266083654
F4,..AV, ABS. DEV. 1.783957303205
F5...R.M.5. ABS. DEV. 2,14520649344)

FILE RESULTS IYES

TRY ANOTHER RE AND/OR PR EXPONENT INO
DO YOU WANT TO STATE THE RESISTANCE INO
STOP AT LINE 2520
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TABLE NO.A.9.11 HEAT TRANSFER FACTORS CALCULATED USING THE DATA IN TABLE A.8.11
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CUTPUT USING HEAT2-6010

ERROR CRITERION FOR RE EXPONENT IS 10.0000001
ERROR CRITERIONR FOR RESISTARCE 1S 10.00000001

TUBE MATERIAL IS ICOPPER

CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS 10
FIRST RUN NMBER ON DATA FILE IS i1l
LAST RUN NUMBER ON DATA FILE 15 181

FIRST RUN NUMBER 1S 153
LAST RUN NUMBER IS (81

TUBE I.D./INS.= [0.7874016 .

TUBE 0.D./INS.= [0.8661417

RUR NUMBER

WD O B LD B e

CORR1
1.39577E+01
1.37050E+01
1.36207E+01
1.11922E+0}
1.12259E4G1
1.10741E401
9.75863E4+00
9.6406684+00
9.75869E+)0
8.56161E4+00
8.76381E+00
B.64591E+00
8.00516E+00
7.92087E+00
7.87039E+00
B.22401E400
8.139B4E+00
8.27455E400
7.21379E400
7.26320E400
7.22946E400
6.605631F+00
6.6B995E+00
6.70684E4H00
6. 16T46E+00
6.11689E+00
6.+ 13380E+00

(HO/HIYMEAS
9.963488-01
9.95967E-01
9.94337E-01
1.01403E+00
1.01646E+00
1.01233E+00
1.02787E400
1.01413E400
1,02406E+00
1.03070E+00
1.02325E+00
1.0313BE+00
1.02759E+00
1.02739E+00
1.03593E+00
1.03320E+00
1.03316E+00
1.02275E4H00
1.02583EH00
1.04356EH)0
1.04470E+00
1.02226E+00
1.0394)1E+00
1.04405E+00
1. 04 140E+00
1.03898E+H00
1.05111E+00

CORR2
2.29396E+00
2.1758BE+00
2.19274EH00
1.90562EH00
1.93935E+00
1.97306E4+00
2.14144E4+00
2.14143E400
2.02341E+00
2.07380E+00
2.07381E+00
2.10754EH00
2.00625EH00
1.85449E+00
2.02311E400
1.83760E+00
1.93878EH0C
1.80388E+00
1.83749E+00
2.0%037E+00
2.00606E+00
2.10707E+00
1.97223E+00
2.02281E+00
2.05644EH00
2.10701E+00
2.00588E4+00

{HO/HI)CORR
9.96343E=01
9.95960E-01
9.943288-01
1.01405E+00
1.01648E+00
1.01234E+00
1.02790E+00
1015158400
1.02410E+00
1.03074E+00
1.02328E+00
1.031428+00
1.02762E+00
1.02743E+00
1.03598E+00
1.03324E4+00
1.03320E+00
1.02277E+00
1.02586E+00D
1.04362E+00
1.04475E4Q0
1.02229E+00
1.039458400
1. 044 10E+00
1.04145E+00
1.03902E+00
1.05117E+00

(RESULTING CORRELATION IS DENOTATION G OF TABLE 5.12)

CORR3

1.06539E-02

+00000E+00

+00000E+00
1.15392E~02
4.43821E-03
2.66291E-03
6.21268E-03
1.15377E-02

+00D0OEHDD

» COOO0E+QO
1.77490E-03
4,43729E-03
2.66218E-03
3.54952E~03
1.77479E-03
2.66214E-0Q2
2.307228-02
1,68600E~02
2.39574E-02
1.77466E-02
2.3%578E~02
2.21817E-02
2.21818E-02
1.95201&-02
2.12939E-02
3.01665E-02
3.10538E-D2

CORR/HIMEAS
1.57234E~03
1.56870E~03
1.54888E-03
1.41311E-03
1.40226E-03
1,423258-03
1.32758E-03
1.319728-03
1.32402E-03
1.26%920E-03
1.2654%E~03
1.26219E-03
1.215728-03
1.19845E-03
1.21646E-03
1.20198E-03
1.20572E-03
1.19262E-03
1.15361E-03
1.16252E-03
1.16310E-03
1.11593E-03
1.12632E-03
1.13167E-03
1.08941E-03
1.08879E~03
1.08980E-03

CORR4
4.05025E+01
4.043576401 |
4.02006E+01
4.12152E+01
4.13494E401
4.15339E+01
4.21252E401
4, 2276TEHL
4.20418E+01
4.26834E+01
4.25656E+01
4.25994E+01
4,29375E+01
4.26014E+01
4.30880E+01
4.31265E+)1
4.32784E401
4,3244554+01
4,39859E401
4.42885E+01
4.41200E+01
4.41208E8401
4.42387E40}
4.43399E+01
4.43407E401
4, 442482401
4, 44750E+01

Continued



LMTD MEAS
4.50553E+01

4.50008E+0) -

4.49456E+01
4.49496E+01
4.50345E+0)
4.51296E+01
4,48715E+01
4 4BISLEFD)
4.49862E+01
4.4B757E+0L
4.49997E+Q)
4,50055E+01
4,48858E+01
4.47953E4+01
4,50120EH01
4.47590E+01
4.48090E+01
4, 4T461EH0)
4.4B010EH0 L
4.49832E+01
4, 48T94E4))
4,47860E+0]
4 ,4B455E+0)
4.49519E+01
4,48B57E+01
4,481938+0)
4.48463E+01

341 -

EMTD CORR

. 4,50605E+01

4.50060E+01
4,49508E401
4.49535E+01
4.50384E+01
4.513356+01
4.4874584+01
4. 489858+01
4, 49893E+01
4.48782B+01

4,50022E4+01

4.50080E+01
4.48879E+01
4, 47974E401
4.50141E+01
4,47607E+01
4.48108E4+01
4.4T4TBEADL
4.48024 401
4. 49846E+01
4.4B808E+01
4.47B11E+D)
4.4B4GTEHDL
4.495308+01
4.4B8675+01
4, 48203E+0)
4. 48472E+01

ONE TEMPERATURE,PIRST RUN NUMBER IS 155
ONE TEMPERATURE, LAST RUN MUMBER IS 181
DO YOU WANT TO INCLUDE MORE RESULTS INO
CHOSEN PRANDTL NUMBER EXPONENT IS 0.4
DO YOU WANT TO USE MEAN PRANDTL NUMRERS !NO

RE EXPONENT 15 10.8

GEOMETRY: ICONFIGURATION 6X

RESISTANCE
+DOOD0EHDD
1.00000E-04
2,00000E-04
3.00000E-04
4.,00000E-04
5.00000E-04
6.00000E~04
7.00000E-04
8.00000E-04
9.00000E-04
1.00000E-03
1,10000E-03
1,20000E~-03
1.10000E-03
1.11000E-03
1.12000E-03
1.13000E-03
1.14000E-03
1.13000E-03
1.13100E-03
1.13200E-03
1,13300E-03
1.132008-03
1.132108-03
1.132208-03
1.13230E-03
1.13240E~03
1,13250E~03
1.132608-03
1.13270E-03
1.13280E-03
1.132908-03
1.13300E-03
1.132908-03
1.132918-03
1,13290E~03
1.132908-03
1.13290E-03
1.13290E-03
1.13290E-03
1.12290E-03
1.13290E~-03
1.13290E-03
1.1329CE-03
1.13290E-03
1.132908-03

INCREMENT
1.00000E-04
1.000008-04
1.00CD0E-04
1.00000E~-04
1.00000E-04
1.0000DE~-04
1.000008-04
1.00000E~(4
1.00000E-04
1. 0000QE-04
1. GO0OGE~04
1.00000E~04
1.00000E~04
1.00000E-05
1.0G0000E-05
1, 00000E~05
1.000008-05
1.00000E~05
1.000008-06
1.00000E-06
1.00000£-06

1.00000E-06.

1.00000E-07
1.000008-07
1.00000E~07
1.00000E~07
1.00000E-07
1,00000E~07
1.00000E=07
1.00000E-07
1.00000E-07
1.00000E-07
1.000008~-07
1.000G0E-08
1.00000E~08
1.00000E-09
I.G00G0E~09
1.000Q0E~09
1.00000E~10
1.00DDOE-10
1.00000E-10
1.00000E-19
1.00000E=-10
1.00000E~10
1.00000E=10
1.00000E-10

OUT T AV
8.00950E+01
8.00000E+(]
7.99850E+01
7.99750E401
7.99850E+01
8.00350E+01
7.99650E+01
7.99300E+01
8.00100E+D]
7.99500E+01
8.00450E+01
8.00350E+01
8.00150E+01
7.99150E4H01
8.00150E+01
7.99400EH01
7.98900E+01
7.99300E+01
7.99600&4+01
8.00500E+01
8.00350E+01

7.99400E+01

8.,00L00E+01
8.00500E+0)
7.99500E+01
7.99750E+01
7.99650E+01

EXPONERT
1.76325E-01
1.89228E~01
2.039198-01
2.21113E-01
2.41517E-01
2.66139E-01
2.96465E~01
3.347968-01
3.84302E-01
4.53487E-01
5.539348-01
7.18513E-01
1.06272E+00
7.18513E~01
7.41234E-01
T.65645E-01
7.91967E-01
8.20466E=-01
7.91967E-01
7.94714E-01
7.97483E-01
8.00275E-01
7.974838-01
7.97762E-01
71.98040E-01
7.98319E~01
7.98597E-01
7.98876E-01
7.99156E-01
7.994358-01
7.99715E~-01
7.99995E-01
8.002758-01
7.99995E-01
8.00023E~01
7.99995E~-01
7.99993E~01
8.00000E-01
7.999988-01
7.99998E-01
7.99998E-01
7.99998E-01
7.99999E-01
7.99999£-01
7.99999E-01
7.99999E-01

INSI. T AV.
3.49952E+0)
3.4955FE4C)
3.49951E40)
3,50211E4+0)
3.49481E+01
3.4%011E+01
3.50B18E+01
3.50218E+01
3.5011BE+01
3.50423E+01
3.50123E401
3.49973E+01
3.50727E+01
3.50627E+01
3.49477E4+01
3.51030e+01
3.50030EH01
3.51030E+01
3.50384EH02
3.49484E+01
3.50384E+0%
3.49987E+01
3.50137E+01
3.49487E+01
3.49239E4+01
3.49739E+01
3.4938984+01

SUM ERS 59
6.01764E-03
6.582658~-03
7.21561E-03
7.92033E-03
8.69509E-03
9.52648E-03
1.03779E-02
1.11718E-02
1.17757E-02
1.21093E-02
1.32891E-02
2.89962€-02
2.92383e~01
2.89962E-02
3.397728-02
4.04718E-02
4,89877E-02
6.02322E-02
4.89877E-02
4.99756E-02
5.09913E-02
5.20358E-02
5.09913E-02
5.10944E-02
5.11978E~02
5.13016E-02
5.14056E-02
5.15099E-02
5.16145E-02
5.17193E-02
5,18245E~02
5,19300E-02
3,20358E-02
5.19300E-02
5.19405E-02
5.19300E-02
5.19310E-D2
5.19321E-02
5.193108~02
5,19311E~02
5.19313E-02
5.19314E~02
5.19315E-02
5.19316E-02
5.193178-02
5.19316E~02

tontinued



DATA INPUTS:
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RESISTANCE STATED: RO
GEOMETRY: CONFLGURATION 6K

HO CORR/BEU
3.59001E+04
3,56990E+04
3.59033E404
3,89118E+04
3.954649E+04
3.87697E+04
4,17696E4+04
4.14783E+04
4.3 57TH4EH04
4.32460E+04
4.31261E4+04
4 .35468E+04
4. 4704TEXD4
4.48517E+04
4.50680E+04
4.56892E+04
4.56871E+04
4.5689GE+04
4.72196E+04
4,81152E404
4.78921E+04
4.83664E+04
4.B7865E+C4
4.89255E+04
5.02159E404
5,02164E+04
5.07242E+04

RE NUMBER
1,56160E+04

- 1.56040EH04

1.56270E404
2,26181E+04
2.25862E+04
2.25668E+04
2,98698EH)4
2.9B333EH04L

" 2,98282E+04

3,72775EH04
3. 72561EH04
3.72432EH04

4.49511EH04

4.49430E+04
4.48387E4+04
5.2B415E+04
5.27342EH04
5.28415E4+04
6.91433E4+04
5.90194E+04
6. 91441 E+04
8.63079E+04
B.63343E+04
8.62212E+04
1.04231E+05
1.04336E+05
1.04264E+05

EXP NUSSELT
1.63202E4+02
1.61226E+02
1.64328E+02
2.08246E4+02
2.1653BE+02
2.03108E+02
2.68265E402
2.60636E402
2.60953E402
3.08300E+02
3.011536+02
3.13581E+02
3.57513E+02
3.667156402
3.66422E+02
4.04367EHD2
4.01654E+02
4.04973E+02
4.84304E+02
5.313548+02
5. 23580E+02
5.67262E+02
5.97670E+02
5.99504E+02
7.47618E402
7.57848E+02
8.27577E+02

CAL NUSSELT
1.56918E+02
1.56822E+02
1.56927E+02
2.11049E+02
2.1081)E+02
2.10666E+02
2.63636E402
2.63378E+02
2.63342E+02
3. 1475TE+02
3. 14613E402
3.14526E402
3.63603E4+02
3.65351E+02
3.64872E402
4. 16100E+02
4,156 24E402
4.16101E+02
5.15963E+02
5.15223E402
5.13968E402
6.16111E+02
6.16261E+02
6.15615E+02
7.16504E402
7.17082E+02
7.16682E+02

X CA-EX/EX
=3,.85021E+00
~2.73169E+00
=4.50404E+00
+1.34583E4+00
~2.64486E+00
+3,72111E+00
~1.72551E+00
+1.05208E4+00
+9.15509E=-01
+2,09450E4+00
+i 4693 3EH00
+3.01254E-01
+2.,26301E+00
=3,.174B0E~01
~4,22843E-0)
+2.901 79E+00
+3.42836E4+00
+2.74761E+00
+6.53694E+00
«3,03576E+00
~1.45394E+00
+8,61135E4+00
+3.11068E+00
+2.687T4TEFO0
=4 16177E+00
~5,37926E+00
=1.34000E+01

LOG-LOG REGRESSION LINE IS (WU/PR™ .4 )= .06931364897477 *(RE" .79999994031 )

RESULTS OF REGRESSION ANALYSIS

Z...8UM OF LOG(ND)
Fa.sSUM OF LOG(RE)

W...8UH OF LOG{NU)*LOG(RE)
G...SUM OF (LOG(RE)"Z)
%...TOTAL NUMBER OF RUNS USED
S...S!M OF (DEVIATIONS"2)

C. .+ OUTER RESISTANCE TO TRANSFER

E+++SLOPE OF REGRESSION LINE

C)...LOG(CONST)} IN NU EQUATION
X7.4..T{5) IR CORFIDERCE ANALYSIS
%£6...MULT. IN LOG(CONST) ANALYSIS

L4...MULT. IN SLOPE ANALYSIS
X5...INTERVAL ON LOG{CONST

X3...INTERVAL ON SLOPE
F6...MIN, LOG(CONST)
F7...MAX, LOG(CONST)
Q6...MIN. CONST
Q7.,.MAX, CONST
Q5...REGRESSION CONST

F8..,.MIN.SLOPE
F9...MAX.SLOPE

Qb...SUM OF (LOG(NU)"2)

Q3...CORRELATION COEFFICIENT/R

Q2...R"2

F4...AV. ABS. DEV.

F5.,.R.M.5. AB5. DEV,

158.7200607881
268.4826760183
1703.366939507
3091.700138797
2

.05193182397299

0011329017
.19999994Q31

-2.669113437276

2.06

3.491256650678
+32626085%0583
+3277200603508

«03063225576958
=2.996903497627
-2.341323376926
0499414730771

«09620024477013
.06931364897477

7693676845404
8306321960796
939.1035347375
+9957090711494
+9914365543691
3,326456520066
4,297539219538

The results {n this table were obtained three days after the acquslirtion of the
data in Tables A.8.3 and A.9.3.The value of the heat transfer resistance,C,used
overleaf is that obtalned from Table A.9.3,

Continued
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FILE RESULTS INO

TRY ANOTHER RE AND/OR PR EXPONENT INO
DD YOU WANT TO STATE THE RESISTANCE !YES
RESLSTANCE ,C, IS !10.0001477562

RESISTANCE
1.14775E~03

INCREMENT
1.00000E~-10

EXPONENT
B.44274E-Q)

DATA INPUTS:
RESISTANCE STATED: YES

GECMETRY:

CONFLGURATION 6K

SUM ERS SQ
7.14565E-02

HO CORR/BEU RE NUMBER EXP NUSSELT  CAL NUSSELT % CA-EX/EX

3.59001E+04  1.56160E+04  1.66959E+02  1.58716EH)2  =4.93674E+00
3.56990E+04  1.56040E+04 - 1.64892E402  1.586138H02  -3.B078%E+00
3.59033E+04  1.56170E+04  1.68138E+02  1.58726EH02  =5.59790E+00Q
3.89118E+04  2.26181E+04  2,14401E+02-  2.16997E402  +1.21096E+00
394649404 2.25862E+04 - 2.23204B+02  2.16739E+02  ~2.89632E4+00
3.87697E+04  2.2566BEH04  2.08963E402  2.16582E+02  +3.64592E4H00
4.17696E+04  2.9869BE+04  2.7B562E+02 - 2.74424EH02  -).483529EH00
4.147838+04  2.98333F+04  2.70349E402  2.74141EHD2  +1.40273E+00
4.)15764E+04  2.9B282E404  2,70691E+02  2.74102E402  +1,26009E+00
4.324608+04  3.72775E404  3.21982E+02  3.30867E+02  +2.75%967E400
4,31261E+04  3.72561E+04  3.14197E402  3.30707E+Q2  +5.25461E+00
4.35468E404  3.72432E+04  3.27751E402  3,30611EH02  +8.72584E-01
4.47047E4+04 & 49311EH04 3.7603%9E+02 - 3.87514E+0Z  +3.05166E+QQ¢
4,48517EH04  4.49430E404  3.BO235E402  J.87456EH02 +3.16147E-01
4.50680E+04  4.4B387E+04  3.85924E402  3.86697EH0Z  +2.00134E-0)
4.36892E+04  5.2B415EH04  4.2B224E4H02 4. 44207E402 +3.73241EH0C
G.568T1EH0L  5.27342E+04  4.25199EH02  4.43445E+02 +4.29123E+00
4.56890E404  5.28415EH4  4.2B905E+02  4.44207EH02  +3.567BLEHO0Q
4.72196EH34  6.91433EH04  S5.1B945EH0Z  5.57411EH02  +7.41233E+00
4.B1152E+04  6.90194B+04  5.73370E402  5.56568EH02  -2,93045E+00
4.7B921EH04  6.9144)E+04  5.64304E+02  5.5T417EHZ  =1.22050E+00Q
4.83664E+04  8.63079E+04  6.153%0E+02  6.72171E4+02  +9.22690E+00
4.87865E+H04  B.63343E+04  6.51334E402  6.72345E+02  +3.22573E+00
4.89255E+04  B.62212F+04  6.5353BE+02  6.71601E+02  +2.76393E+H00
5.02159E+04  1.04231E+05  8.3357BE+02 ~ 7.88257E+02  -5.43689E+00
5.021648+04  1.04336E+05  8.46285E+02  7.88928BE+H02  =6.77746E+00
5.07242E404  1.04264E+05  9.34207E+02  7.B8464E+02  «1.56008E+01

LOG~-L0G BEGRESSION LINE IS (NU/PR™ .4 )= .04571908369612 #(RE" .B442746752726 }

RESULTS OF REGRESSION ANALYSIS

2...5UM OF LOG(NU) 160.2571516085
F...5UM OF LOG(RE} 2B8.4826760183
W...S5UM OF LOG(NU)*LOG(RE) 1720.205988856
G..+5UM OF (LOG(RE)~2) 30%91.700138797

X...TOTAL NUMBEK OF RUNS USED 27

S.+.5UM OF (DEVIATIONS"2) L07145658682372
C...0UTER RESISTANCE TO TRANSFER  .0011477562
E...SLOPE OF REGRESSION LIRE BLG2746752726
Cl...LOG(CONST) IN NU EQUATION -3,085239481898
X7...T(5) IN CONFIDENCE ANALYSIS 2.06

%6...MULT. I8 LOG{CONST) ANALYSIS 3.491256650678
Xb,..MULT. IN SLOPE ANALYSIS 3262608590583
X5...INTERVAL ON LOG{CONST .3845033482964
X3...INTERVAL ON SLOPE .03593216004376
F6...MINs LOG{CONST) =3.469742830195
F7...MAX. LOG{CONST) =2.700736133602
Q6...MIN. CONST .03112503405084
Q7...MAX. CONST 0671560567082
05...REGRESSION CONST L04571908369612
F8.. MIN.SLOPE .8083425152289
F9...MAX.SLOPE 8B02068353164
Qb...504 OP {LOG(RU)"2) 957.9661178467
Q3...CORRELATION COEFFICIENT/R .9947068302724
Q2...R"2 +9894416781906
Fh...AV. ABS. DEV. 3.884638755978
P5...R.M.5. ABS. DEV. 5.00633828187

FILE RESULTS !YES

TRY ANOTHER RE AND/OR PR EXPONENT !RO
DO YOU WANT TO STATE THE RESISTANCE !NO
STOP AT LINE 2520
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TABLE #0.A.9.12 HEAT TRANSFER FACTORS CALCULATED USING THE DATA IN TABLE A.8.12
(RESULTING CORRELATION IS DENOTATION H OF TABLE 5.12)
Nk ARk AR AR AR RA AR R AR RA AR Rk kAR A AR A AR AR AR AR AR R AR kR AR AR R AR Ak

OUTPUT USING HEAT2-6010

ERROR CRITERION FOR RE EXPONENT 1S 10.0000001
ERROR GCRITERION FOR RESISTANCE 1S 10.00000001

TUBE MATERIAL 1S ICUPPER

CROSS SECTIONAL AREA OF TUBE AND INSERTS/SQ.FT. IS 10
FIRST RUN NUMBER ON DATA FILE IS t1
LAST RUN NUMBER ON DATA FILE IS 154

FIRST RUN NUMBER IS 128
LAST RUN KUMBER IS 154
TUBE I.D./INS.= 10.7874016
TUBE 0.D./INS.= 10.8661417

RUN KUMBER

W00 O LA W B

CORBR1
1.70758E+01
1.68403E+01
1.70928E+01
1.42591E401
1.40906E401
1.41412E+01
1.25054E+0)
1.23706E+01
1.23370E401
1. 13420E+01
1.13084E+01
1.13926E+01
1.05326E+01
1.03305E+0)
1.04483E+401
9.84183E400
9.92606E+00
9.74066E+00
8.74599E+00
8.67858E+00
8.712228+00
7.54%40E+00
7.51575E+00
7.59996E+00

7.16164E+00

7.02695E+00
7.11116E+G0

(HO/HI)HEAS
1.00214E+00
9.99294E-01
1.01121E400
1.02368E+00
1,02357E+00
1.02088E+00
1.03493EH00
1.03639E+00
1.03911E+00
1. 02044E4+00
1.03036E+00
1.02107E4+00
1.028B3E+00
1.03713E+H09
1.03368E+00
1.C29C8E400
1,029 30E+00
1.03054E+00
1,04192E+00
1.04656E4+HD0
1.03912EHO
1.03745E+00
1.05041EH00
1,03933E+00
1. 04465E+00
1.04025E4+00
1.03979E+00

CORR2
2.20981E+00
2.15924E+00
2.22670E+00
2.36112E4H00
2.47918E4+00
2.47918E+00
2.51260E+00
2.54631E+00
2.46202E4+00
2.37746B+00
2.35435E+00
2.34375E+00
2.37731E400
2.411048+00
2.41101E+00
1.70282E+00
1.75341E+)0
1.753398+00
1.92184E+00
1.78696E+00
2,00612E+00
1.98916E+H00
1.95543E+00
2.07346E400
2.05651E+00
1.93853E+00
1.85423E+00

(HO/HI)YCORR
1.00214E+00
9.99293E~01
1.01123E+00
1.02371E+H00
1.02360E+00
1,02091E+00
1.03497E+00
1. 03704E+00
1.03916E+00
1.02046E400
1.03039EH00
1.,02109E+00
1.02886E+00
1.03747E400
1.Q33728H00
1.02911E+(3)
1.02933E+00
1.03057E+00
1.04196E+00
1.04660E+00
1.03816E4+00
1.0374BE+00
1.05046EH00
1,03937E+00
1. 04469E+00
1.064029E+00
1.03983E+00

CORR3

1.77581£=03
2.663T4E~03
6.21537E-03
8.87711E-03
8.87719E-03
8.87719E~03
1.50892E-02
1.,95271E-02
1.68645E-02
1.50877E-02
1.7750G4E-02
1.77503e-02
1.33118E-02
1.50868E-02
1.50867E-02
7.09929E~03

+00000E+00
4.43702E-03

+00000E+00

+00000E+00
8.87334E-03
6.21101E~03
7.09833E~03
1.15348E-02
1.774508-02
1.774526-03

«QGOODEHIQ

CORR/HIMEAS
1.47225E-03
1.44878E-03
1.47565E-03
1.33819E-03
1.35675E-03
1.34653E-03
1.25393E-03
1.25676E-03
1.25940E-03
1.17234E-03
1.17601E=03
1.17571E-03
1.13006E-03
1.32275E-03
1.13175€-03
1.05357E-03
1.07398E-03
1.05970E-03
1.02618E-03
1.02711E-03
1.01977E-03
9.86858E~04
9.91550E~04
9.95993E-04
8.70526E-04
9.61589E-04
9.53999E-04
CORRY
3.90742E+01
3.87046E+01
3.88394E+01
4.06767E+01
4.13322E+01
4.10966E+01
4.21259E401
4.21259E+01
4,20090E+01
4.29858E+01
4.26334E+01
4.27507E+01
4.32235E401
4.28207E+01
4.29377E+01
4.18498E+01
4.26565E+01
4.27571E+0%
4, 32968E401
4.34143E401
4,34983E401
4.412145401
4.43066E401
4.42562E+01
4.44248E401
4.43919E+01
4, 44584E+01

Continued
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LMTD MEAS LMTR CORR QUT T AV INSI. T AV.
4,49597E+0]  4.49642E+01  §.00450B+01  3.50061E+0]
4.49449E+01  4.49494EH01  8.00650E+01  3.50211E+01
4.49270E401  4.49314E+01  B.0060DE+01  3.50311E+01
4.493588401  4,49393E+01  7,.99950E+01  3.50417E+01
4, 49709E+01  4.49745E+401  T7.99600E+0)  3.49716E+0)

: 4.49310E+01  4.49346E+0)  7.99600EH01  3.50116E401
I . 4,488508+01  4.48B78E+01  7.99600EH01  3.50722E+Q1
4.49950E4+01  4.49978E401  8.0060GE+0I  3.50621E+G1

4.50950E+01 © 4.50978E+01  8.00100E+01  3.49121E401

| 4.,49259E4+01 © 4,49282E+01  7.99500EH01  3,.50125E+01
4.51467E+0)  4.51491E+0)  B.01200E+01  3.49626E401

4.49861E+01  4.49BB4EHD1  7.99850E40)  3.49B76E+01

4.49754E401  4.49774EH0)1  8.00000E+0L  3,49979E+0)

4,50814E+0)  4.50B34E+01  B.00700EH01 3, 49629E+01

4.49862E+01  4.49882E+01  8.00000E+01  3.49879E+01

4.49476E40)  4.49493E401  7.99900E+01  3.49982E+01

4,49828EH01  4.49845EH01  8.00000EHD]  3.49731EH0)

4,49469E401  4.49486E+0L  7.99750E+01  J3.49831E+0]

4.48086E+01  4.48099E+01  7.99650E+01  3.50785E+01

4.48849FH0]1  4.4B8862E+01  8.00100EH01  3.50485E+01)

4.4B219EH01  4.4B233EH01  7.99650E+01  3.50635E+01

4.49518E+01  4.49529E+01  8.00250E+01  3.49637E+01

4.48986E+01 A 4B99BEHD1  7.99200E+0)  3.49137E+01

4,49529E408  4.4954)1E+01  8.00700EH01  3.50G87E+OY

4.48925E+0)  4.48934E401  8.00500EH01  3,50239E+01

© 4.49160E40)1  4.49169E+Q1  8.00250E+01  3,49739E+H0)

4.49)34E+01  4.49144E+01  7.99900E+0)  3.49389EH0]

ONE TEMPERATURE, FIRST RUN NUMBER IS 128

ONE TEMPERATURE,LAST RUN NUMBER IS 134

DO YOU WANT TO INCLUDE MORE RESULTS INO
CHOSEN PRANDTL NUMBER EXPONENT 1S 10.4

DO YOU WANT TO USE MEAN PRANDTL NUMBERS INO
RE EXPONENT IS !0.8

GEOMETRY: TCONFIGURATION 6K

RESISTANCE INCREMENT EXPONENT SUM ERS SQ
.0000DE+O0  1.00000E-04  1.96880E~01  6.77B98E-03
1.00000E-04  1.00000B-04  2.13114E-01  7.445098-03
2.00000E~-04  1.00000E-04  2,32301E-01 8.17761E-03
3.00000E-04  1.00000E~-D4  2.53340E~0)  8.96287E-03
4.00000E-04  1.00000E-04  2.B3545E-Q1 9.76210£-03
5.00000E~04  1.00000E-04  3.18915E-0)  1,04B53E-02
6.000002-04  1.00000E~-04  3.64668E~01  1.09433E-02
7.000008-04  1.QU0O0E~D4  4.26372E-D)  1.07821E-02
8,00000E~04  1.00000E-04  5.164698E-0L  9.61441E-03
9.00000E~-04  1.00000E-04  6.53599E-0)1  9.81566E~03
1.00060E~03  1.00000E-04  9.14951E-01  6.07524E~02
9.00000E~04  1.00000E-05  6.53599E-01  9.81566E-03
9.10000E~04  1.00000E~-05  6.72130E-01  1.05192E-02
9.20000E-04  1.0GO00E~05  6.91898E-01  1.15597E-02
9.300008-04  1.000008-05 = 7.12975E-0G1  1.30533E-02
9,40000E-04  X.00000E~-0%  7,35534E-0)1  L.51574E-02
9.50000E-04  }.000Q0E-05  7.59754E-01  1.80838E-02
9.60000E-04  1.00D00E-05  7.B5848E~01  2.21328E-02
9.70000E-04  1.00000E-03  8.14070E~01  2.77076E-02
9.60000E-04  1.00000E-06  7.85848E-01  2.21328E-Q2
9.61000E-04  1.0G000E-06  7.B8570E-01  2.261358-02
9.62000E-04  1.00000E-06  7.91314E~01  2.31099E-02
9.63000E~04  1.Q0000E~06  7.94079E-01  2.36224E-02
9.64000E-04  1.00000E-06  7.96866E-01  2,41515E-02
9.65000E-04  1.Q0000E-06  7.99676E-01  2.46979E-D2
9.66000E-04  1.00000E-06  B8.0250BE~01  2.352620E~02
9.65000E~04  1.00000E-07  7.99676E~01  2.46%79E~02
9.65100E-04  1.00000E-07  7.99958E-01  2.4753%E-02
9.652008~04  1.00000E-07  8.00240E-0)  2,48093E~02
9.65100E-04  1.000Q0E~08  7.99958E~01  2.47535E-02
9.65110E-04  1.D0000E~08  7.99986E-01  2.47590E-02
9.65120E-04  1.000GOE~08  8.00UI4E-Q1  2.47646E-02
9.65110E-04  1.00000E-09  7.99986E~01  2.47590E-02
9.65111F-04  1.00000E-09  7.99989E-01  2.47596E-02
9.65112E~D4  ).0DONOE-0%  7.9%9992E~01  2.47602E-02
9.65113E-04  1.00000E~-09  7.999%4E~01  2.47607E-02
$.65114E~04  1.00000E~09  7.99997E-01  2.47613E-02
9.65115E~04  1.00000E-0%  8.0000CE-01  2.4761BE~02
9.65114E~04  1.00000E-10  7.99997E~01  2.47b13E-02
9.65114E-04  1.00DO0E-10  7.99993E-01  2.47613E-02
$.65134E-04  1.00000E-10  7.99998E-01  2.47614E-02
9.65116E-04 1.0000GE-10  7.99998E~0! 2.47614E-02
9.65114E-04  1.00Q00E-10  7.9999BE-01  2.47615E-02
9.65114E-04  1.00000E-10  7.99999E-01  2.47615E-02
9,65114E-04  1,.00000E-10  7.99999E~01  2.47616E-02
9.65114E-04  1.00000E-10  7.9999%E-01  2.47617E-02
9.65114E-04  }.00000E~10  8.00000E-Gl  2.47617E-02

Continued
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RESISTANCE STATED: NHO
GEOMETRY: CONFLGURATION 6K

HO CORR/BEU RE KUMBER EXP NUSSELT  CAL NUSSELT % CA-EX/EX
3.96676E+04  1.56279E+04  1.64706E+02  1.60011E402  =2.85022E+00
3,97416E+04  1,56315E404  1.65619E+02  1.60041E+02  -3.36811E+00
3,9791BEH04  1.56346E+04  1.66316E+02  1.60066E+02  =3,753767E+00
4.3T66TE+04  2,26372E404 - 2.14810E+02  2,15223E+02  +1.92605E-01
4.36185E+04  2,26052E+04  2.12119E+02  2,14979E+02  +1.34849E+00
4.36942E404  2,26243E+04  2.13796E+02  2.15125BH02  +6.21797E-01
4.70943E404  2.98698E+04  2,71857E+02  2.68669E+02  -1.17284B400
4,69945E404  2.98619E+04  2.67631FH02  2.6B611EH0Z  +3.66437E-01
4,68007E+04  2,97724E+04  2.61713E402  2,.67967E+02  +2.389BBEHO0
4.92878E+04  A.72601E404  3.19662E402  3,20646E402  +1.07777E-0l
4,92870E404  3.72222E+04  3.13588E+02  3.20385E+02  +2.16760E+00
4,898548404  3.TZ411E+04  3.10587E+02  3,70515E402  +3.19650E+00
5.10365E+04  4.488728+04  J.66671E+02  3,72159E+02  +1.49672E+00
5.12559E+04  4.4B562E+04  3.69651E+02  3.71954E+02  +6.23108E-0Q1
5.08927E+04  A.48T9SEHO4  3.61B93E+02  3,72108E+02  +2.82271E+0Q
5.21072EH04  5.27371E+04  4.03228E+02  4.23374EH02  +4.99603EH00
5.202118+04  5.271128+04  3.9B677E+02  4.232078+02  +6.135281E+00
5.27085E+04  5.27249E+04  4,25610EH02  4,23295E402  ~5.43969E-01
5.48455E+04  6.92)102E+04  5.33531E+02  5.26219EH0Z  ~1.37046E+00
5.68458E404  6,91692E+04  5.28251E+02  5.25970B+02  —4.31807E-01
5.51823E+04  6,91907E+04  5.5199BE+02  5.26101E+02  ~4.69154E+00
5.63508E+04  B.62608E+04  6.17325E+02  6.27598E+02  +1.66409EH00
S.69091E+04  B.61T28EH04  6.64B09E+02  6.27086E+02  =35.67432E+00
5.62}03E+04  B.63378E+04  6.07485E+02  6.2B8046EH)2  +3,38463EH00
5.76672E+04  1.044495+05  7,33038E4+02  7.31399E+02  -2.23561E-0]
5.766728+04  1.04344E405  7.29911E+02  7.30813E:02  +1.23601E-01
5.8174BE+04  1.04271E4+05  7.BI4B9E+0Z  7.30404E+02  -6.53681E+00

LOG-LOG REGRESSION LIKE IS (NU/PR* .4 )= .07063680006552 *(RE" .7999999859741 )

RESULTS OF REGRESSION ANALYSIS

Z...S5U4 OF LOG(ND) 159.2333666428
P...SUM OF LOG(RE} 288.4860991298
W.,.5UM OF LOG(NUJ*LOG{RE) 1708.865267162
G...SUM OF (LOG(RE)"2) 3091.765413692

X...TOTAL NUMBER OF RUNS USED 27

$...5UM OF (DEVIATIONS*2) D247617652334)
C...0UTER RESISTANCE TO TRANSFER  .D009651147999999
E...SLOPE OF REGRESSION LINE L799999985974)
£+ +LOG{CONST) IN NU EQUATIOR -2.6502064022898
X7...T(5) IN CONFILENCE ANALYSIS 2.06
X6...MULT., IN LOG(CONST) ANALYSIS 3.492757603555
X4..-MULT, IN SLOPE ANALYSIS .3263976793339
X5...INTERVAL ON LOG(CONST .2264417118143
X3...INTERVAL ON SLOPE .02116094430327
F6...MIN. LOG{CONST) -2.876645734712
F7...MAX. LOG(CONST) ~2.423762311084
Q6...MIN. CONSE 0563233698627
Q7...MAX, CONST L08858769522597
Q5...REGRESSION CONST 07063680006552
F3...MIN.SLOPE 7788390416709
F9...MAX.SLOPE 8211609302774
Qha. . SUM OF (LOG(NU)}"2) 945.1160426868
Q3. ..CORRELATION COEFFICIENT/R 9979454077331
Q2...R"2 .9958950368156
Fh...AV. ABS, DEV, 2,313932620648
¥5...R.M.5. ABS. DEV. 3.01272276741

The results in tables A.8.4 and A.9.4 were obtained 7 days after the acquisition
of the reaults that are presented in this table. The value of the heat transfer
resiatance used overleaf is that obtained from Tabie A.9.4.

Continued
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FILE RESULTS INO

TRY ANOTHER RE AND/OR PR EXPONENT INO

DO YOU WANT TO STATE THE RESISTANCE 1YES

RESISTANCE ,C, 15 10.0Q095474G0
RESISTANCE IRCREMENT

9.54740E-04  1.00000E-10

DATA IRPUTS:
RESISTANCE STATED: YES
GEOMETRY: CONFIGURATION 6K

7.718758-01

HO CORR/BEU

EXPONENT SUM ERS 5Q

1.98428E-02

RE NUMBER EXP NUSSELT  CAL NUSSELT X CA-EX/EX
3.96676E+04  1.56279E+04  1.62134E+02  1.58534E+02  -2.22034EH00
3.97416E¥04  1.56315F+04  },63020E+02  1.58362E+02  ~2.73415EH00
3.9791BB+04  1.56346E+04  1,63695E+02  1.58587E+02  -3,12050E+H00
4,A7667E+04  2.263728+04  2,10458E+02  2.11026E402  +2.70033E-D)
4,36185E+04  2.260528+04  2,07872E402  2,107958+402  +1.40602E+00
4.360428404  2.26243E4+04  2,09484E402  2.10933E402  +6,91930E-0}
4.70943E4+04  2.9869B8E+04  2,64925BH02  2.61383E+02  ~1.33716E+00
4.69945E+04  2,98619E404  2.60910E+02  2.61329E+02  +1.60747E-01
4,68007E+04  2.97724E+04  2.53276E+02  2.60725E402  +2.13431E+00
4,92878E+04  3.72601E+04  3.101188+02  3.100)7E+02  -3,23622E~02
4,92870E+04  3.72222E+04  3.04394F402  3.09774E402  +1.76725E+Q0
4,B9854E+04  3.72411E404  2,01568E+02  3.09895E+02  +2.76133E+00
5.10365E+04  G.4BB72E+04 3. 54Y66E+02  3.57943E+02  +1.06630E+00
S.12559E+04  4.4B562E+04  3.56943EH02  3.57752E+GZ  +2.26861E-01
5.08927E+04  4.4B795E404  3.49706E+02  3.57B95EH02  +2.34187E+00
5.21072E+04  5.27371E+04  3,B81STE+0?  4.05360E+02  +4,43179E+H0Q
$.20210E+04  5.27112E+04  3.83936E+02  4.05206E+02  +5.33991EH00
5.27085E+04  5.27249%+04  4.08853E4+02  4.05287E+02  -8.721B80E-01
5.4B455E+04  6.92102E404  5.07473EH02  4.99992E+02  ~)1.47423EH00
5.48458E+04  6.91692E+04  5.02689E+02  4.99763E+02  =5.82063E-01
5.51823E+04  6.91907E+04  5.24150E+02  §.99883E+02  -4.62965E+00
5.63508E+04  8.62608E+04  5.82681E+02  5.92636E+D2  +1.70841E+00
5.69091E+04  3.6172BE+04  6.247918402  5.92169E+02  -3,22132FE+00
S5.62103E404  B.63ITBEH04  S.73916E402  5.93044EH02  +3.33295E+00
5.76672E4+04  1.04449E+05  6.847158+02  6.86948E+02  +3.26103E-01
5.76672E+04  1.04344EH05  6.81972EH02  6.86417E+02  46.51805E-0)
5.8174BE404  1.04271EH05  7.26778E402  6.8604bE+02  ~5.60437E+00

RESULTS OF REGRESSION ANALYSIS

2...5UM OF LOG(NU} 158.202451924

FeeaSUM OF LOG(RE} 288.4860991298
W.. o SUN OF LOG{NU)*LOG(RE) 1697.5862896384
G...SUM OF (LOG(RE)"2) 3091.765413692

LOG-LOG REGRESSION LINE IS (NU/PR* .4 )= .09182385048846 #(RE™ 7718753144495 )

X...TOTAL NUMBER OF RUNS USED 27

B++.SUM OF (DEVIATIONS"2) .01984279781869
C...OUTER RESISTANCE TO TRANSFER  .00095474
E+..SLOPE OF REGRESSION LIKE L7718753144495
Cl...LOG{CONST) IN NU EQUATION ~2.387883205858
%7...T(5) IN CONFIDENCE ANALYSIS  2.06

Xb6...MULT. IN LOG(CONST) ANALYSIS 3.492757609555

%b...MILT. IN SLOPE ANALYSIS .3263976793339 !
%5...INTERVAL ON LOG(CONST .2027062396314
X3...INTERVAL ON SLOPE 0189425679566
F64+oMIN. LOG(CONST) =2.590589445489
F7...MAX, LOG(CONST) -2,185176966226
Qb.e+MIN. CONST .07497583289126
Q7...MAX. CONST L1124578306554
(5...REGRESSION CONST L08182385048846
F8...MIN.SLOPE .7529324464929
F9...MAX,.SLOPE .7908181824061
Q4...5M OF {(LOG{RU)"2) 932,5758158896
G3...CORRELATION COEFFICLENT/R .9982306290075

Q2...R"2 +9964643856887
Fb...AV., ABS, DEV. 2.098007775191
F5...R.M.5. AES. DEV. 2.699323561068

FILE RESULTS IYES

TRY ANOTHER RE AND/OR PR EXPONENT INO
BO YOU WANT TO STATE THE RESISTANCE INO
STOP AT LINE 2520
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Estimation of the entrance and exit losses for a twisted tape

Using the forced vortex model, cutlined in Appendix A.l,
GCambill et. al. (49) show that the pressure loss due to swirl forma-

tion is given by

Apg - - ' (A.10.1)
2

Appendix A.10 _
16y

This term represents an actual useful energy loss if the swirl totally

decays in the pipe section connecting the twisted tape exit and the

To estimate the pressure losses associated with changes in
the cross section of ducts, Kays (58) uses the following

nomenclature :-

downstream pressure tapping.
bp, = Ke U (A.10.2)
142 2g '
2
Ap Ko u _
and c = 8 : {A.10.3)
°9 2g
where
Ko = 1 - Kyzor ror? (2Kgy - 1) (A.10.4)
Z 2 2
and K = 1=Ky & G = 26, + 20, Kyg 2
€ 2 - (l - )
c
¢ (A+10.5)

The suffixes, 1 and 3, refer to the ducts upstream and downstream of
thé contraction. K., and K, ars 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,

equatian (A.10.5) reduces to

1-2c, +e0 (2K ,, - 1)

d3 (A.10.5)

i

(a4

[¢ IV No B )

In equations (A.10.4) to (A.10.6), c, is the ratio of the flow areas

of the vena contracta and contracted duct: it is dependent on the




| 444ﬁ_*4__fi__ﬁ______—f_____—__—___—__—___—______-______—______-__________f—w
\ | \
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ratio of the flow areas, o, downstream and upstream of the contrac-

tion. For the present work using solder allay inserts, o = 0.822

and tentatively using the data of Kays, which applies for circular

ducts, it is found that c, = 0.78. Furthsr requirements for the use

of the aboue equations, again using the circular duct correlations,

are
8.5
Ky = 1.09068 (8f) + 0.05584 (8f) + 1 (R.10.7)
1.5 0.5
Kot = =1.735 (8¢) "7+ 3.272 (8¢) + 0.0883 (8f) + 1
| (A.10.8)
The total pressure drop across the twisted tape is given by
2
Ap = 4fLeu (A.10.9)
d
Combining equations (A.10.1), (A.10.2), (AR.10.3), and (A.10.3},
gives '
2
———"2 + Ke + Kc | _
Ap’ . By (A.10.10)
Bp 8 AL
d

where 4p’ is the sum of the pressure lossas due to the swirl forma-

tion and flow area changes.
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Appendix A.11

Daterminaticon of the heat transfer coefficients in selected r=gicns

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 ars Q(I,2),
a(r,3), o(1,2), and 0{1,3)." A heat balance over the unpacked section
af the tube shows that

9 = a(1,2) 0(1,2) c, (Y - T(1,13)) (A.11.1)}

= A(5,3) 0(1,3) o (Y1 ~ T(1,4)) ' (A.11.2)

= u, A, (Y1 invl - (1§I:4% - T(Ii;Sjjf (A.11.3)
[T(I,a) - T(I,HTJ

where U0 and AD are the overall heat transfer coefficient and the
outer tube wall area over the unpacked section of the tube.

Similarly, a heat balance gver the packed section shows that

a, = a(1,2) o(1,2) e, (T(1,14) - Y) (A.11.4)
' = a(1,3) o(1,3) c, (T(1,3) -~ Y1) - {A.11.5)
.y a [1(1,3) - T(1.24)) - (V1 - ¥
- p P in [T{I,3) -~ 7(I,14 (A.11.6)
L Y1 ~ Y

_ The total heat flowrats, through the entire tube wall, is
given by

q = a(1,2) o(1,2) c, (t(1,14) - T(1,13)) " | (A.11.7)
= a(1,3) o(1,3) e (7(1,3) - (T(1,4)) (A.11.8)
= q, + 9 | (R.11.9)

T AR e S Y UV S S O g ok A A S e T S A A R e S T D S A S D N ik Y S . S S S e Y T o S

* These symbols, and thoss 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, A1l Schematic diagram of a double pipe heat exchanger with the tube
containing o continuous length of inserts which does not extend along the total tube length

T{14}
|
Q(1,2)
D{,2) —>_1{],13) T({1,34)
¢p |

- I8¢ -~
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Substituting equations (A.11.1) and (A.ll.5) into equations (A.11.9}

and (A.1l1.7), and rearranging, we obtain

- . a{I,2) b(1,2) (7(1,14) - ¥) (A.11.10)
vo= LI G(1,3) D(I,3)

Alternativaly, using equations (A.11.2), (A.11.4), (A.11.9}, and

(A.11.7), and rearranging, we chtain

Y1 = T(I,4) + Q(I,2) 0(1,2) (¥ - 7(1,13)) (A.11.11)
q(1,3) o(1,3)

-The total heat flow may also be written in the form

g = uaA {113 - T(1,14)) - (1(1,4) - T(T,13)) 1.
T In \T(l,S) - 7(1,14)] (A.11.12)
T(I,4) - T{1,13)
where
1 dD
T =ttt T (R.11.13)
Similarly,
1 ' do
—_ =L o+ for the empty tube section  (A.11.14)
U 5] dh
o )
d 1 du
an — = L ¢ for the packed section (A.11.15)
Up p d hp

The above equations were used to analyse the experimental
results of the present work. The two methods considered for the

analysis are outlined balow.

Case 1. For C = Cy = Cp
(i) Assume a valus, for the tube side fluid temperature, Y.
(ii) Calculate the averagas Reynolds number and Prandtl

rnumber in the empty tube saction,

(1ii) Using an entrance length modification aof the
Dittus-Boelter equation, which is considered later, determine
the tube side heat transfer coefficient in the empty tube
section and the film resistance‘do/ﬂho;

(iv} Calculats the overall heat transfer resistance,
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1/u,, using the result of (iii) and the assumption that C,
aquals the heat transfer resistance, C, determined from
previous empty tubs fests.

(v) falculata an estimated annulus fluid temperaturs, Yl,
using equation (A.11.10) or (A.1ll.11). Hence find the
estimated logarithmic mean temperature difference for the
empty tube section.

{vi) Estimate the heat flowrate through the wall of the
empty tubs section using equations (As11.1) and (A.11.3). If

the difference between the two heat flows is not bslow a

prespecified 1imit then adjust the value of Y and go to (ii).

(vii) Calculate A using equation (A.11.4). Calculate the
LMTD over the packed section and hence obtain the value of
l/Up using equation (A.11.6).

(viii) Assuming that Cp gquals the heat transfer resistance,

C, find h, using equation (A.11.15}.

p

Case 2. For C ¥ C'.D 7 Ep

- - -

Equation (5.8) is a modification of the Dittus-Boelter
equation which allows its use for annuli. Using this infommation
with the adaptation of the Dittus-Boelter equation that was suggested
by McAdams, see equation (1.22), it is expected that for a given

apnulus and fluid velocity :

h (Constant) (1 + 0.011 T (A.11.16)}

a au)

A+BT,, , (AR.11.17)

o
where T, is the average annulus fluid tsmperature measured in Fa
Substituting equation (A.11.17) into equation (5.7) and rearranging,

we obtain

1

[y 99
c- e dn -(Ry + Ry)
w

= A+ BT, (A.11.18)

The tube wall resistance to heat transfer can be calculated. The
value of C can be determined from the previous empty tube tests which

o
used an average annulus fluid tamperature of 80 C. This average

annulus fluid temperature varied only slightly (maximum deviations of
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+ 0,13°c) and thersfors a regression analysis of eguation (A.11.18) is
not suitable. An alternative procedure is to substitute equation

(A.11.16) into equation (5.7} and neglect the scals resistances, hence

2 =———eee = {Constant) (1 + 0.011 Ta") (A.11.18)

For each of the experimental values of TaU a value of the “constant®
can be calculated. Thas mean value of the "“constant® so obtained may
then be used in equation (A.11.19) 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 of Cn and Cp may be estimated for eaph
experimental test. Thess values can be used in (iv) and (viii) of the

previous case considered above.

Estimation of the neat transfer coefficlent in the empty tube section

—— . -, g — - o Yt S T g nd ) S e LD e Tl e AR S A M U Y Y A b W WP S W A e

This section considers the derivation of the eguation that was
used to estimate ths heat transfer coefficient in the relatively
short (l/d = 24.9) empty section of the tube.

The smpty tube tests of the present work showed that

Nu 0.0253 Reu'a

ppO+é (A.11.20)

These results were obtained using a tuba-length to diameter ratio,
(L/d), of 53.34.

A heat transfer coefficient determined using the Dittus~Boelter
equation, (1.19), is the assymptotic value of the coefficient in an
empty tube. Substituting this value into equation (1.27) and eguating
to eguation {A.11.20) shouws 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 = 0.023 Re"*® [1 + 5.37[ d “ (A.11.21)
0.4 L .
Pr
where | = length of the empty tube ssction

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 ESTIMATICN OF FILM COEFFICIENTS IN SELECTED REGIONS
20 REM DATA OBTAINED FROM FILES #1,#3,#4,#5, OF HEAT2-6010
30 REM IF THE EMPTY TUBE SECTION IS DOWNSTREAM OF THE PACKED SECTION
40 REM THEN INSERT APPROPRIATE NU EQUATION AS LINE 1530 :
50 REM LINES 50~570

60 REM DIM STATEMERTS,PROCESS INFORMATION,DATA READ

70 DM As(#).Q(loo,?),u(lou,z),R{lOO),N(100),D(100.7),V(lOO),Y(9,1),M(100)
8¢ piM T(i00,25),H(100,10),X(100,8),E(100)

90 DIM B{100,5),5(100,5),2(100,6),6(100,2),0(100,4}

100 DEFINE FILE#1=’TH5-6010"

110 DEFINE FILE#)='DAYSBH-60107, ASC SEP,500

120 DEFINE FLLE#S='DAYSER-6010°, ASC SER,500

130 DEFINE FILE#4='DAYSCH-6010°, ASC SE2,500

140 PRINT’ FIRST RUN ON DATA FILE": :

150 INPUT 08

160 PRINT'LAST RUN ON DATA FILE":

170 INPUT ¥B

180 FOR I=08 TO Y8

19G READEY,NCIY,S(L,4),M08),5¢1,%),T(L,1),2(L,2),T(L,3), 7,4}, T(1,6) , T(1,25)
200 READNI,Q(1,2),UCL,1),R(1),D{1,2),v(1)

10 REAB#S.H(I.3),H(I.A).H(I.5).H(I.b).T(I,ll),1(1.12),T(1.18).T(1,19),T(I,l&),T(I.ZO)
220 READ#6,7(1,5),7(I,13},T(I,16),K(L,1),E(I),U(1,2)

230 REXT I

240 CLOSE #1

250 CLOSE #3

260 CLOSE #5

270 CLOSE #4

280 PRINT'FIRST RUN NUMBER IS":

290 INPUT 09

300 PRINT‘LAST RUN NUMBER IS':

310 INPUT Y9

320 PRINT'ALLOWABLE ERROR ON HEAT FLUX':

330 LHPUT E

340 PRINT INITIAL TEMPERATURE INCREMENT”:

350 INPUT X1

360 PRINT’ INITIAL EST. TEMP. AT EMPTY/PACKED JUNCTION:

370 INPUT Y6

380 PRINT‘USE EQUATION 1 OR 2”3

390 INPUT A

400 PRINT'TUSBE I.D./INS.":

410 INPUT D

420 PRINT'TUBE 0.D./INS.’:

430 INPUT D1

440 PRINT’TOTAL HEATED LENGTH/INS.:

450 INPUT L1

450 PRINT'EMPTY TUBE LENGTH/INS.”:

470 INPUT L

480 PRINT‘ROTAMETER SCALE READING ON R2”:

490 INPUT 29

500 Al=3,1415927%D1*L/144

530 A2=3,1415927%pL*(L1-L)/ 154

520 GOSUB 1800

530 PRINT’ AVERAGE RESISTANCE,C/BEU":

540 INPUT C

550 PRINT’USE AVERAGE C THROUGHOUT':

560 INPUT AS(4)

570 IF AS(4)="YES® GO TO 640

580 REM LINE 600

590 REM CALGULATE ANNULUS SIDE COEFFICIENT IF CASE 2 IS5 USED
680 GOSUB 1620

610 REM LINES 610-1120

620 REM CALCULATION OF TEMPERATURES AT EMPTY/PACKED INTERFACE AND
630 REM CALCULATION OF HEAT FLUXES OVER SECTIONS OF THE TUBE
640 FOR I=09 TO ¥9

650 Y=¥6

660 X=X1

670 M=l

680 PRINT LIN(1)

690 PRINT ‘RUN NUMBER’:N(I):1TAB(16):

700 N=O

710 ¢osys 1390

720 IF A<2 GO TO 750

730 Yi=(Q(1,2)*D(1,2)*(¥~T(L,13))/(Q(1,3)*D(1,3)))+T(1,4)
740 GO TO 760

750 T=T(E, 3)-({Q{T,2)%( L, 23+ (T( 1,14~/ (Q(1,3)*D(1,30))
760 Z1=Q(L,2)%D(L,2)%62.427961%3600%) ,B%(¥=T(L,13))

770 Yo (Y1-¥)-(T(L,4)=T(1,13) })/LOG((¥1~-Y)/(T(L,4)-T(1,13)))
180 Z2=BI*Af*Y2%).8 ’
790 Z3=Zj-22

800 IF ABS(Z3)<E G0 TO 870

B0 1IF Z3CU GO TO 840
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B10 T=Y-X
830 X=X/10

840
850
B0
870

B ehayd

N Bkl
G0 T 710
B{I,1)=B

880 N=i+l

890

PRINT'HO. OF ITERATIONS® :N

900 K(I1,6)}=K5

910

B(1,2)=8}

920 Z(1,1)=¥

930

Z(I,2)=Yl

940 2(1,3)=((T(L,3)=T(1,14))=(Y1-Y) }/LOG((T(I,3)-T(1,14) )/ {Ti-Y))

950 Z(I,6)mQ(I,2)AD{1,2)%62,427961%1,8%3600*(T(I,14}-Y)
960 Z(1,5)=Z(1,3)*AZ*1.8/2(1,4)

970

IF A3(4)='YES® GO TO 1020

980 K71/ (K2#*{14+(0.01 1% ({{Y1+T(L,3))*0.9)+32))))
990 K8=221,2-((11/720)*C{{{LI+T( I, 3)+Y+T(I,14))/4)*1.8)+32))

1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
" 1150
1160
1179
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
14560
1470
1480
1490
. 1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620

K(1,7)=K7+(((D1~D)*D1)/(K8*K4*12))

GO TO 1030

K(I,7)=C

B(L,3)=DL/(D*(Z(1,5)-X(1,7}})

C{1,1)=Gl

0(1,3)=03

M=0

GOSUR 1390

B{L,4)=D*B(L,3)/(01*124(G1"0.4))

0(I,4)=03

G(I,2)=Gl}

NEXT I

PRINT LINC1)

REM LINES 1130-1290

REM OPTION TO FILE RESULIS

PRINT’ FILE RESULTS :

INPUT 45(1)

IF A3(1)="NO’ GO TO 1320

DEFINE FILE#2w="SIGMA-65010", ASC SEP,500
DEFINE FILE#F7=’SIGMAS-6010°, ASC SEP,S50
PRINT LIN{1)

PRINT’ REYNOLDS NUMBER,NU/(PR"0.4)°

PRINT LIN(CL)

FOR I=09 TO Y9
WRITE#2,B(L,1),B(I,2),B(L,3},2(L,1},Z(L,2),0(1,3),6(L,1),G(I,2},K(1,6),K(I,7)
WRITE#7,0(1,4),B(1,4)

PRIRT O(I,4),B(L,4)

NEXT 1

CLOSE #2

CLOSE #7

REM LINES 1300-1370

REM QPTIONS TO USE DIFFERENT CALCULATION METHODS
PRINT’TRY ANOTHER RESISTANCE’:

INPUT a3(2)

IF A3(2)="YES’ GO TO 530

PRINT’ TRY ANQOTHER HEAT BALANCE ETC.”$

INPUT A5(3)

IF A3{3)='YES’ GO TO 320

ST0P

REM SUBROUTINE LINES 1330-1610

REM CALCULATION OF RE,PR,AND NU IN EMPTY TUBE SECTION
IF M=l GO TO 1440

T={+T(1,14))/2

GO TO 1450

T={+T(1,13))/2

D7ml={ {{(T-3.9863)"2)%(T+288.9414))/(508929.2*(T+68.12963}))
Ql=Q(1,234D(I,2)/D7
U2n{Q1*576)/(3.1415927%(D"2)}
DO=100/{{2.14824{(T-8.435)+((B078.4+{(T-8.435)2))"0.5}))-120)
O1=0.00587%{1+(0.00281%(T-20)}}/0.017307
03n7741.,92%D*U2%DT /DO

02a)

Gl=02*D0*2.14190883/0)
B=0.023*{03°0,8)*(GL"0.4)*{1+{5.37%(B/L})}
IF AS(4)=‘YES' GO TO 15%0

K31/ (K20 1+( 0. 011 {{(YI+T( 1,4) }*0.9)+321)))
K6=221,2-((11/7200*(({ (Y1+TCI,4)+Y+T(1,13))/4)*1.8)+32))
K5~k {(D1-D)*D1}/ (R6*Ks*12))

GO TO 1600

KSaC

Bl~1/(KS+(D1/{12%8*01)))

RETURN

REM SUBROUTINE LINES 1620-1770
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’ 1630 REM ESTIMATION OF ANNULUS SIDE FILM COEFFICLENT USING CASE 2
1640 Ki=Q

1650 K4=(DL-D)/LOG(DL/D)

1660 FOR I=09 TO Y9

1670 T(L,23)=(TCI, )+T{ L 40+T( I, 10N+T(1,142) /4

1680 TCI,24)=((T(L,3)+T(1,4))*0.9)+32

1690 K(1,2)=221.2-{(11/720)*({T{1,23)*1.8)+32)}

1700 K(I,4)=1/{C-({{{D1-DY*D1)/(K{L,2)*K4*12)))

1710 KCI,5)=K(1,4)/ (1+(0.011*T(1,24)})

1720 R1=KI+K{I,5)

1730 BEXT I

1740 K2=K1/(¥9+1-09)

1750 PRINT LIN(2)

1760 PRINT’ OUTSIDE He':K2: *{1+(0.011%T/F))"

1770 RETURN

1780 REM SUBROUTINE LINES L780-1940

1790 REM ANNULUS SIDE VOLUME FLOW AND DENSITY AT ROTAMETER

1800 ¥(1,1)=0.002911610712543

1810 ¥(2,1)=1.089821240896E~5

1820 Y(3,1)}=0.0007601237919062

1830 Y(4,1)=~6.308266691236E-7

1840 ¥(5,1)=9.754716231214E~6

1850 Y(6,1)==2.231681817122E-8

1860 Y(7,1)==7,141842539582E-6

1870 Y(8,1)=1.191473419926E-8

1880 ¥(9,1)==2,138529076046E~10

1890 FOR I=0Y TO Y3

1300 Q(1,7)-Y(!,1)+(Y(2,1)*T(I.&))+(Y(3.1)*Z9)+(Y(h,l)*T(1.4)*29)+(Y(S.1)*(29‘2))+(Y(6.1)*T(1.4)‘(29“2)}
1910 Q{1,3)=Q(L, 71+(X(T, 1% (T(1,4)"2))+(Y(8, 1)*(T(1,4)~2)*29)+(¥(9, )*(T(L,4)"2)*(29°2))
1920 D(E, 2pd={{{{T(1,4)=3.5863)"2)%(T{1,4)+288.9414))/(508929.2%(T(I,4)+68.126963}))
1930 NEXT I

1940 RETURN

1950 END
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Appendix A.12

Prediction of the friction factor characteristics of the Kenics static

mixer arrangement

The empty tube friction factor characteristics may be presented

in ths form :

g, = A Ro ™ |  (R.12.1)

Equations (1.80) to (1.83) have the general.form 3

- g_ . oot o rel-104 (A.12.2)
o
~ wyhere 3 = 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.12.1) and (A.12.2) it is found that for the

commercial Kenics mixer

«104-
H JQ Ra(D 104-B)

g = AGD (A.12.3)

Converting this equation to the equivalent flow basis, gives

\ g1 1[0 " H.g |°e (0-104-8) (0.104-B)
o AG [E—] [ﬁ;{! De J [ﬁe—} ﬂse

® (A.12.4)

=,
"

= (friction factor defined using the equivalent flow

b B

where
basis) / (friction factor defined using the tube
diameter and the superficial fluid velocity)
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The geometrical details of the mixer to be considered can be sub-

stituted into equation (A.l2.4), so that
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where the subscript "X" refers to the commercial Kenics mixers. Since
(D/be) and (Ac/hf) are only dependent on the relative thickness of the
inserts, (§/d), it is found that for ths commercial Kenics mixers
(8/d = 0.1 for d<38 mm):

(g; / ﬁ)K = 0.4225
(o/0,), = 1.802
(ReE/Re)K = 0.6357

The above valuzs can be substituted into equation (A.12.7) to yield an
expression which should allow the predicticn of the pressure drop
across a configuration of alternately tyisting helices with per-

pendicular leading edges.

In Table 7.5 the predicted values of the friction factor, at
Reynolds numbers of 11000 and 78000, were determined using the actual
empty tubs correlation, i.e. denotation A-I of Table S.4. Similarly,
tha predicted results for the heat transfer canditions were determined
using denotation B-P of Table 5.5. The empty tube friction factor
correlation used when predicting the results of other werkers was

ﬂ; = 0.0396 Re~ 025

‘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.









