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IN HORIZONTAL INTERNAL FORCED CONVECTIVE TRANSITIONAL FLOW

DOUGLAS GORDON ROGERS
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SYNOPSIS

The hi at transfer covflments for the cooling of a Newtonian oil were determined for the
ranges 550 < Re < 2800 and 132 < Pr < 642 The Reynolds number alone proved to be an
insufficient critnrion for the Division of transfer regimes, in line with the view of Eckert. In each

of three of the transfer regimes recognised heat transfer was correlated by a Hausen type equation
Nv A(Re° 8 - 81(1.1ISP,’ 3 - 0.8]|1 ¢ 1°72)"3]| e

The valui found for A and | were 0,0184 and 213,9 for the mixed turbulent regime, 0,0277 and
272,5 for the upper transition®1regime, 0,0176 and 106.1 for the middle transitional regime, while
in the mixed laminar regime thi correlating equation was Nu 0,0002 Rela"Pr' i IT,. 1 h4

In all the- regimes the Stanton number icreases with Reynolds number, whik in true turbulent

o' lamina' flow it decreasis In the lower transitional regime, characterised by low wall Reynolds

numbers, the Stanton number fluctuated with Reynolds number and no good correlation was found

KEYWORDS Transfer, heat, transitional, flow, pipe, Nu, Re. Pr
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1 INTRODUCTION

The flow of fluids is commonly divided into only two main flow patterns, the laminar

flow and rhe turbulent flowregions. In most situations this subdivision is adequate in that the
flow is either fully turbulent or fully laminar. However, an intermediate flow situation exists
where the fluid flows in a so-called transitional fashion. In this transitional region a further

distinction is made as to whether the flow is changing from laminar to turbulent or if the flow
is changing from turbulent to 'arninar; the latter is called reversion, reverse transition or

relaminarisatiou.

11 OCCURRENCE OF RELAM INARISAT ION

There are a number of instances where the relat .inarisation of fluid flows may occur.

These areil1 :

Reversion by dissipation. This is described as the relative increase in dissipation that
occurs when the Reynolds number in a flow decreases This can occur with the gradual enlargement
of a pipe or channel if theangle of divergence is sufficiently small so that flow separation does
not occur. It has also been experimentally observed that the decaying turbulent flow is strongly
anisotropic under these conditions and that although the skin friction reaches the laminar value,
the lest of the flow is still strongly turbulent. Other instances where this reversion may take
place are when branching occurs or after a restriction in a pipe, for example an orifice, or in any

ow where there is a Reynolds number decrease with time.

Stably stratified flows. This is the suppression of turbulence in the presence ofa
stabilising density gradient and can tw observed to occurfrequently in the atmosphere. In these
instances it is ,,,e presence of a lighter fluid on top that causes the rising fluid to work against

gravity and so turbulent energy may lie converted into gravitational potential energy. This energy

absorption leads to reversion of the flow

Highly accelerated flow™. Reversion has been observed to occur to a turbulent boundary
layer subjected to a large favourable pressure gradient This phenomenon is mostly limited to

external flows.

Curved flows. Reversion has Iwen observed during the radial Poiseuille flow between two
panllel discs. However, the phenomenon does not aptwar to occur at a fixed Reynolds number

and hence is more complex than may first be imagined.

Rotation. Reversion has been observed in a channel rotating about a spanwise axis.

Under these circurn.lances it appears that the Coriolis force is providing the force for stabilising the flow.

'JSIR REPORT CENG 371



Surface mass transfer. Experiments show that fully developed pipe flow exhibits jome
laminar features when a uniform circumferential injection is applied to the flow. It is probable
that the injection of fluid is in some way affecting the eddies close to the wall and hence the

entire flow.

Magnetohydrodynamic duct flows. Experiments have shown that with a sufficiently strong
field the skin friction changes from the turbulent value to one characteristic of laminar
magnetohydrodynamic flow. The experiments further show that under these circumstances the

turbulent fluctuations do not disappear although they do not appear to contribute to momentum

transport.

Thermal effects. There are two instances where thermal effects may cause reversion

a The heating of a gas in internal flow where with increasing temperature the gas
density decreases andthe velocity increases, therefore causing reversion due to
accele.ation. Itis also possible thai it is the increase in kinematic viscosity
th, t is causing the reversion Th i cause is seldom encountered in the process
industry.

b. The cooling of a liquid in internal flow where it is likely that the increase in
viscos.iy is causing the reversion, that is. reversion by dissipation. This case
was selected tor further study.

1.2 SPECIFIC PROBLEM SEIEC(fED

Tne change in flow pattern neo ssarily changes the heat transf-r rate which in turn affects
the sizing of equipment to effect a given heat exchange duty. Since the heat transfer rate under
laminar flow conditions is much less than the rate under turbulent conditions it is desirable to
use turbulent flow conditions in equipment design. However, this cannot always t-' done, either
due to limitations on available pumping power or because of the physical properties of the fluid.

Situations may therefore -xistfor which equipment must he designed with transitional flow occuring

Data and correlations for the heat tnnsf»i ratefor lan nar and turbulent conditions for
internal fluid flow aie numerous and acceptably accurate, however, a survey has shown1"1 that

there is a dearth of information concerning the transitional region.

The situation of turbulent to laminar transition is more often encountered in industry
(cooling of liquids) than* the laminar to turbulent transition and it has therefore been decided to

investigate the former situation, more specifically the effect of turbulent to larnimr transition on

the heat transfer of a cooling Newtonian liquid.

*

Reference (2) forms an addendum to tMs report and serves as a survey
of the pertinent literature. It is suggested that the addendum be read
at this stage. The addendum starts on page 115.
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The boundary conditions chosen foi the experiments are:

i Internal forced flow of a Newtonian fluid in a horizontal, circular tube
ii. A uniform temperature of the fluid at the start ofthe test section

iii. A uniform wall temperature on the outside of the tube

iv. A variable length test section to observe the effect of thelength to

diameter ratio.

V. Steady state condition.

These conditions have been chosen so as to simulate the situation occurmg in a shell and

tube exchanger where the tube side heat transfei coefficient limits the design.

2 EXPERIMENTAL AND PROCESSING OF RfSUITS

The flow diagram of thi experimental system is given in Figure 1 (Section 6 19 and may

be summarised as follows:

COOL ING WATER FEED

f~ T HEADER
DOUBLE PIPE HEAT EXCHANGE R SEC IONS

1TED L— ~..omm L AJIL - » Oil RETURN

H FEED e
* | COOLING WATER RETURN

There are two loops in the process, the one for the oil flowing on the inside of the test

pipe gnd tne other for the cooling wa’'er flowing on tI outside or annulus. At no time are the
fluids in direr! contact There are nine individual test sections, each identical, and fitted together
to form one long heat exchanger. Detailed drawings of the testsections and theconnecting pieces

are given in Figures 2 to 15 (Section 6.151.

In the experiments Regal OilB has been used as the inside fluid. A description of each

process loop is given in Section 6.1.
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xni. me,n(Xh =. ,lo« .mw «u,- meeiurfm.nt »od d,,,,mm,ion ol

phy.C
properlici .. g.v.n Section, 6.2. 6.3 ."d 64

,e,peep,civ

The quantities measu.ed during the experimentation are the

a bulk oil mlet temperature
t, hulk oil outlet temperature
c on mass flow rate

d cooling watei temperature.

The range of dimensionless groups that the experiments cover is given in Table 1.

TABLE 1 Range of dimension oups covered by the daia

Dimentionlasi group o
bind on irilhmilic Minimum Mix imum
ivinge propirliit

Re 553 2 808
Pr 132‘5 642.0
Gr 4 846 59 636
1.04 8,80
t?
107 321
L/D

cperimental .ppar.tu,

dcgncd with the ,m ol mcu.in,
The

the tempete.ur, ptohl,

) to length » the ml flowing in the iickeled pipe it cooled bv the water
with respect

In the jacket
. . ente, in turbulent flow and a, .1 cool! will
The oil will

relamin.nte and ceil from the ten t.cpon
flowing lamina,l, The temperature profile obtained w,l thu, indicate how th, heat t-ander

changes as th flow relammarises

However it hat proved impottibl, to meatu.e the hulk temperature of the oil with a

platmum re.i.t.nm the,mom tending over the piw diame,,,. The temperature profile ,n

Oilcautet th, thermometer to meatu. »m, average value that it no. the mean bulk value at
, thown bv the rerult, in Section 6.9.1. ha, .1,0 no, been practicable ,0 me a

therm,,o,
acids, the diameter to oh,am a tempera,ur. and wrlocit,

ami profile and thu, a bulk

temp .lure tince the t, te reguii.d to do tuch me.turement, would reouire that a co.tttant Hat,
condition eviftt ,0. a lon, ,wriod of time, a r.guiremen, the, it not u.u.llv achieved in r.l.pv.lv

tmall anoaratus of the nature used.
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| v, w . m**!I'  mmMlIidlwlY «'‘eof temperature

| thi il.Murh th- Mow completely it | only be n poisible to measure
it ,m o, o oull.1 liom 1Ih, ,, Xl non Th, i.nn.m .u,, ol th, oil .. Ih, ihttt
, [ I section us ,1 end thus |h, I,mp,ielut, an be me.su,.0 >»ilhout
mixinu itevin1 I* — use |

Lisnu ttv, ,xp rental result m SecMot, 6 1?, the heat transfer coeffrcrent has treen

,aK uiaten tron

rit,»

Y. 2.1
211X1 - m,In 1> k ( 1 <o 4 IV,wo0,r Idll

N yr *-r u,voi Ini'" been performerf by computer using the programs

< dmm S¥i. 6.6.

t nUH ANA 'SI.

ol boll i.ndon .nd wstem.v k, the e.oe.imenl.lly dele.mined
Sec,urn « S e - E"V'ni$ MX

ySt<ma' errc arc a result o* the ,ssumpt.ont that

*he outside wall temperature ,s equal to the cool.ng water temperature. Th.s

issumptio1 is used since

i theheat flu* in each section is unknown, and

t, Mow rate of cool,no wa'er to each section , not known accurately.

't ,hu  impossible to ca.cu.at, theouts.de wall ten peratureaccurately (Correlations

v th, outside heat transfer cocificent are typically no more accurate than 10% to 20
, » orintroduces system*.,r error into the experrmen.al results which has

., shlown to |lh of the order of 7 m the calculation of the heat transfer

, ~»Men. .i’dO" th. order of 5% in the calculation of the Grashof number
IS, t, . s.rrcr the due,on in which the error lies is always the same (under-
, .Ration 1| heat transfer corfficen, and Grashof numlHu) it can be allowed

tor in rorrelating tin data

, lo*tv, t a urn,.ion is not fd . t the < wall temperature is
calculated using generally «cep,e, t Rations for the outside hea, transfer coefficient
reasonable assumptions for the heat flux m each sect,on. the error introduced
wHI h.random and of unknown magnitude This Is undesirableand hence  working

with a known magnitude system.ti, error hasbeen chosen

r.SIH HEPOMT CENM 371
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., €K« | th.

................ kf "W
(Section 6 10* that there

is a temo« w*nre r it 0 - 1 tm r

¢lowing through each se-t.or This * i 'crease t - ear lumpe-at re bv

€ * 0.3 ' C which will causi a turthe vstemMu. enoi of tle «-Jei o 05

the calculation of the heat transfer coet

it an.t of ttie order ¢ the - r ro
number This error acts m the sami, d red,on a the ott lyl tematic eimr anrl
mteaairt tie itiametK tm >y e 1 ' A
Grashot group to <
Gr
DISCUSSION
31 COMPARISON Of EXPERIMEN1 RESULTS W ITHA
CORRELATIONS FROM THE rer ATURL
Init ly the data obtained from th, exi- ents h., b- w i tied u 1 . of
Hausen(s)'
0 14 o
Nu 0,023S(Re° R 2301(1,8Pr 0E "1 r LI "
w,tn the result as plotted in Figure 21. ""'m this ;t | « b,, n note." that it , not on, Ale
correlate the data adequately using this form of « -relation and relying on the Reynolr mher?

alone to distinguish among the transfer re,,n The crit, ,a established by Metais and
h,,, then been applied to the data as indicat® in Figur, 22. to separate the data

This method effectively us,. th,

into various
transfer regim. Grushof. Prandt. and L/O

ratios to charaU,
the effect of heat transfer on the transition mechanism

However, the-,
inadequate and no reasonable correlation has be n obtained for the data
equations ,n the

subdivisions have proven

neither with existing

literature nor with modmcat.ons to such equations. Fmure 23 shwws th, fam

Colburn form that is most often used as an example for correlation.

has therefore been necessary to redefine the limit- d th. transfer .»m m such a
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3} redefinition of transfer regimes

jeJer and Tate (1936)'5' noted that the Stanton number decreases with
number

increasmg Reynolds
both the

laminar and the turbulent regimes.

However, in the "between region the
Stanton number appears to

increas with increasmg Reynolds number.

This criterion has been

apnlied to the data to subdivide the flow regions as given m Figure

has further been found that a Reynolds number effectively based on the wall viscosity
as given by Re is more effective in correlating the regions than a bulk Reynolds number.

This may intuitive:: be expected since the heat transfer is predominantly concerned with the region
close to the wall and hence properties based on a wall temperature may be more eflectrve in

convection correlations.

The nixed .u.bh.en, end mi.ed len.ne, A ne hev, been «, <e,ned b.=,u« .be Sun,on
n,"oe, i, ,,i, inci.aiing »i,h increee.n, R.,n»,d. numbe, in ,heu ,«,on,. bu.ee,,| ,be,

distinct from the transitional regions.

The transitional region loithe, abb.," .= d,id, into th,» di.tino, sobi*ions the orb.,,
middle and ,0»e. tianvt.onal ,W on, This md.cate, ,h« me cooting rate i, no, teqoat.l,
cbaiacterised by the .' Stio and the Giasho, numb.,, and that a "ore omimmen, length scale
ma, ..is, on which base dimension,,,, groups I, - Possible .bat such a length scale may
come eithe, Iron, a re,den. ,m . concept from

., » »ew ol allowing time and distance to, Ire.

convection effects -o set up. or from an entry length consideration.

33 CORRELATING EQUA FOR tACH TRANSFER REGIME

,h the transfe,

W regions divided as given in Figure 24. correlating equations have been

obtained for each regime

33 1 Mixed turbulent regime

,hi, region ,h, equation ol Hauun ha, been found to be able to be conyenlently

modified to I, th, data. A, with correlation, tried to,

the region. ,h, ellect, ol the Pr.ndti

,he Wo ratio and th, J ratio h,e bee., tested without an,

otnclusiw ...dene, being
found for cause to change the *orm presented by Hausen.

The modified equation tha, ha, been lound ,0 be mos, sudwt to the mued turbulent

data is given in Figure 25 as

CSIR REPORT CENG 371
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O 14
(3 2)
» P'D *

Nu C,C184(Re° B - 213.9)(1.8Pr 3 - 0.8)H
The exponent in the Reynolds group has been

retained a. 0.8 srnce this
Aptedesbeing."Wturbulent?.

is generally
Equat,ons,ested.ithother®”o(theex”nt

d.d not prompt a change of the exponent from 0.8

T*
jJL 1° 14

correction t.cto, o. Grc.or,d \ [ A 1" he '"««" « o "o
soup but thowt no m,kcd rmpro.cncr’ in the correction. Becco oMBc

facto*
comoict, ol ecu,.tin, the Gr.gor,, l.cto. it h.t lo.n rtcirtcd to r.t.rn the * |
P,.n,s on the bound.,ie. o! the region m.v be noted ,t cor,.(.tin, »ith ,,b,«uent
The average data scatter for this correlation is of the order o' 6%.
rorrplation$
332

Upper transitional regime

At ,,h the mixed turbulent region the H.usen t.rm ot the edu.t.on h.s been found to

be th. torm mot, tuit.bl. tor crel.tm , the d.t. Thit it ,m«" m 26 "
(3 31
Nu - 0.0277tfle°" - 272.51tl.BPr - 0.8H1 (D LI [
Th. »erW d.t. tctte. tor the corr.l.tion , ol the order o' 10* to 15*
3.3.3 Middle transitional regime

A, ,,h the mixed turbulent ,nd ,h,
equation ho been t.und

"%

uppe. '-".""o "-" »* HIlu* "

to cor.el.te the d.t. mot, turt.hlv The equ.hon ., ,,en in P,ure 27

It

Nu 0.0176<r'-'8 - IOFOHILBPr '3 - 0.3)11 ¢ | J

31(r 1 341

The data pom, 59. has been assumed to be an experimental error since it will not fit in

with any form of the equation nor ,n any other region.
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3.3.4 Mixed laminar rrginn-

The equation as given in Figure 28 has been found to be most suitable for :orrelat,ng

results in this region.

Nu - O0.000/Re'» P r " A 13 51
»

The exponent ot the Reynolds group. 1.42. raises doubt as to whether thrs region may

it is ch.ract.n.tic ot the lamina,

in
tact be termed laminar sine, regrun when the exponent is 3.
thus possible that there are two regron, rathe, than one in thi, area ot Figure 24

,h. data set i,

s . How.,-,
too small to be able to separate the reg.on. It has thus been decided ,0 ace.pt
the correlation.

335 Lower transitional regime

No su,table eetuation ha, been lound to correlate the data m thrs -eg.urs. The Stanton
number appear, to be random w,h respect to theReynold, number a. given in Figure 29 and it
ha, thus been rmpossrbl, even to use th. data to,scale up. The only group lh, appears to

correlate the data at a is

r t 02 (3.6)
rRejlLL/D) Proe

as given ,n Figure 30 It ,s doubtful whether this is in any way adequate, however

Since the data in this region are predominantly for short length tubes it -s possible that

entry effects are causing the data scatter. These data ar, also characteristic of low mass flow
rates used m order to obtain reasonable temperature drops during experimentation and it is poss.t -
that the nature of the flow .s completely different to that of the other data.

Chronologically these data were obtained shortly before the temperature probe at

the oil
inlet was found

to be faulty and thus experimental error could also |* the cause ol the data scatter

34 COMPARISON 01 EOUA1ION W IH THt_HAUSEN EQUMjON

,n order to show the effect of subdividing the flow as given in Figure 24. a plot has been

prepared of the data against the Hausen equation as given in Figure 31.

This shows the value of subdividing the flow into various regions in order to find an
accurate correlating equation. However, it also indicates that the subdivisions as chosen here may
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rwcei>«i

4 CONCLUSIONS AND RECOMMENDATIONS

...................... -m AT

the expeiimental retult .ie a* lollows.

1 Correlations obtained for each transfer regime.

ntlucncmg ,h, h,« M.n ,*,n .mo .ccoum us.ng <h. G-.-.0 .

Prandtl and L/D iatio groups.

........... mo eeere——— T W "o
Nu 0.184in«°’ - 213.9111.8P." 3 - O.BIM ¢ ID'L1 3l ~
Upfier tiansitional: [Equation (3 3li
9 <*
Nu " 0.0277(Re°" - 213.9)(1,BP. 3 - 0.8)[1 ¢ (D/U
Middle transitional [Equation (3 4)]
J Hl14
Nu 0,0176(Re'08 - 106.ni1.8Pr1 3 - 0.8)11 ¢« ,n L> vV 1
Mixed laminar [Equation (3.5)1
Nu 0.0002Rcv 43P|i "% 7L)
2. Recommendations for further wo,k.
E,0,,.n=, »».. " 'u-i". mm ex.wimenul ..... w nmemmn ™
m D s " * ble* ”
A [-- "qu'P"" ¢ PO"
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1b

four different tube lengths ranging from 2 to 10 metres,

straight lengths of tube without joints or internal protrusions

to disturb the flow,

three different tube diameters ranging from 19 to 38 millimetres.

horizontal, intermediate and vertical inclination of the test section.

w a test section constructed as indicated below
HONEYCOMB FLOW g?giTGCﬁT'\AEBNE%OW
STATIC STRAIGHTENER
MIXER . 4 STATIC MIXER
T
? L3
FLOW PROFILE TEST SECTION
DEVELOPING SECTION
TEMPERATURE
TLMPERATURE PROBE
PROBE
that the cooling medium be water supplied to a multisectioned ,.cke.
around the test section.
a turbine flow meter or other accurat, type of flow meter in the
test fluid loop,
cooling ...... "ow .... ."d bulk Ink, ,nd 00,1., ,«np.,.,u,«
VIl
monitored 10 give an overall hea, bal.in.a,
a fully automated data logging with irrmed.a’e evaluation of the data
(X.
and graphical display and using th - facility to obtain a complete
distribution of data points on a Metais Eckert type plot.
X, use of two or three different test fluids,
xi steady state operation only.
xii Reynolds numbers in the range 500 < Re < 10 000,
viii turbulent to laminar transition initially.

CSIR REPORT CENG 371



10

REFERENCES

R Narasima end K R Sreenivasan "Reldmmarisation of turbulen. flowV Advances m

Applied Mechanics. 19. 2?1 (1979)

D G Rogers. "Forced convective heat transfer in single phase flow of a Newton,an fluid

in a circular pipe An annotated summary of empirical correlations", app, ided hereto

and produced as CSIR Report CENG 322 |1°'180|

H Hausen. "Extended equation for heat transfer in tubes at turbulent flow". Warme

und Stoffubertragung. 7. 222 (19 741.

B MMai$ and E R G Eckert "Forced, mixed and free convection regimes" J. of Heat

Transfer. 296 (1964).

E N Sieder and G E Tate. "Heat transfer and pressure drop of liquids in tubes". Ind.

Eng. Chem.. 28, 1429 (1936)

R Gregor,g "The effect of a nonlinear temperature dependent Prandtl number on heat

transfer of fully developed flow of liquids in a straight tub

9, 61 (1976).

R P Benedict. Fundamentals of Temperature. Pressure and Flow Measurement. Wiley,

(1969).

R C Reid. J M Prausmt; and T K Sherwood The Properties of Gases and Liquids.

McGraw Hill, 3rd Edition (1977)

R H Pennington. Introductory Computer Methods and Numerical Analysis MacMillan,

(1966).

R H Perry, Editor. Chemical Engineers’' Handbook McGraw Hill, Sth Edition (1973).

H Schenk Theories of Engineering Experimentation. Hemisphere, 3rd Edition (1979).

CSIR REPORT CENti 371

Mrme und Sto jbertrayung.



6 APPENDIX

6.1 EXPERIMENT Al

The (wo process loops as given in Figure 1 are as follows

0/7 side. Starting at the hiader tank the oil flows across electrical heater* to a rotary
vane pump. This is a V.riflo pump from Blackme, Pump Co. that is adjustable to obtain various
flv v rates.

After the pump, the hot oil Poses through a heavily insulated calming section.

This section is to eliminate svurl introduced by the pump and to allow the fluid to reach thermal

equilibrium.

The first tempt ature probe is at the end o: ihe developing section, as detailed in

Figures 9 to 15 These probes and connecting pieces have all been custom made to sut the

dimensions of the pipe at each particular joint to prevent any projection or edge triggering turbulence

in the flow This is also why the temperature probes are retractable. To check the system for
possible projections, water has been run down the insiue pipe at a ve, high Reynolds number and
the pressure drop has been monitored at each connecting piece using a multiple arm manometer as

shown in Figure 16 Any surface irregularities are oh erved as apparent errorsin the pressure drop

and in this way each section has been corrected for alignment

The first temperature probe .s extended into the fluid at all times to measure the inlet

oil te .perature. The flat temperature profile at this point ensures that the temperature measured

by the resistance thermometer is in fact the mean bulk temperature.

Undisturbed, (he oil then flows for c variable number of sections with all the

thermometers
.n the path withdrawn. The

length of the test section flow has been varied during the experiments

to obtain data on the effect of the Mgth to diameter ratio on the heat transfer.

At the end of the test section the temperature of the fluid measured after it has passed

through a mixing device as detailed in Figure 17. This mixing device is necessary because of

the strong temperature gradient in the fluid. Results withouta m sg device (Section 6.9) show
that the temperature interpreted by the thermometer can tie up to 2 °C from the true bulk

temperature

After the final section of heat exchanger, the oil is routed through a rotameter and bark

to the holding tank.

Water side. The water ,s taken from a holding tank that is kept at constanttemperature
by continually Introducing fresh water from the mains supply and allowing a continualoverflow.

The water is pumped by a Matheson and Bremner Multiflo pump into two headers, in one of which
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6 APPENDIX

6.1 EXPERIMENT Al

The two process loops as given in Figure 1 are as follows

Oil side. Starting at the header tank the oil flows across electrical heaters to a rotary
vane pump. This is a Variflo pump from Blackmer Pump Co. that ,s adjustable to obtain various
flow rates. After the pump, the hot oil pisses through

a heavily insulated calming section.
This section is to eliminate swirl

introduced by the pump and to allow the fluid to reach thermal

equilibrium.

The first temperature probe is at the end of the developing section, as detailed in
Figures 9 to 15. These prows and connecting pieces have all been custom made to suit the

dimensions of the pipe at each particular joint to prevent any prolect,cn or edge triggering turbulence

in the flow This is also why the temperature probes are retractable. To check the system for
possible projections, water has been run do/m the ins.de pipe at a very high Reynolds number and
the pressure drop has been monitored at each connecting piece using a multiple arm manometer as
shown in Figure 16 Any surface irregularities are observed as apparent errors in the pressure drop

and in this way each section has been corrected for alignment

The first temperature probe ,s extended into the fluid at all times to measure the inlet

oil temperature. The flat temperature profile at this point ensures that the temperature measured

by the resistance thermometer is in fact the mean bulk temperature.

Und sturbed. the oil then flows for a variable number of sections with all the

thermometers
in the path withdrawn. The

length of the test section flow has been varied during the experiments

to obtain data on the effect of the length to diameter ratio on the heat transfer.

At the end of the test section the tempe.ature of the fluid ,s measured after it has passed

through a mixing device as detailed in Figure 17 This mixing device i, necessary because of

the strong temperature gradient ,n 'he fluid. Results withouta mixing device (Section 6.9) show

thatthe temperature interpreted by the thermometer ran be up to 2 'i

from the true bulk
temperature

After the final section of heat exchanger, the oil is routed through a rotameter and back

to the holding tank

M trr side. The water is taken from a hollmg tank that is kept at constanttemperature

by continually introducing fresh water from the mains supplyand allowing a continual overflow

The water is pumped by a Matheson and Bremner Multiflo pump into two headers, in one of whicn
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is a temperature probe as detailed in Figures 18 to 20. This probe gives the bulk temperature

of the water supplied to each test section smce the temperature of the water in each header is

necessar.lv the same. The flow rate to each header has been determined using orifice plates with

an orifice diameter of 20 mm (Section K81

With the hiaders arranged in this way it is generally accepted that the flow will distribute
evenly provided that each lion is identical The temperature of the water exiting from each

section has been measured using platinum resistance thermometers and it has been found that the

temperature rise ,s less than 1 °C (Section 6 101 The wate is then returned to the holding tank

6.2 FLOW MEASUREMENT

62.1 Flow rate of water in thn i mill

The flow rate of the cooling water to each header has been measi ed on one oc as,on and

thereafter conditions have been kept constant and the flow rate unaltered for all the experiments.

Orifice plates have been used ,n each ofthe lines and the pressure drop across each

onfioe has been measured usinga differential pressure gauge (Section 6.8).

It has been found that the flow rate isessentially constant for small variations in the water

temperature and that the flow appears to divide evenly among the nine test sections. The flow

rate to each section has been taken as 0.98 kg/s which is the arithmetic average flow rate.

622 Flow rate of oil mud- h i "'

The flow rate of the oil flowing on the inside of the test P'P< letermmedusing
a calibrated Fische- and Porter

precision bore rotameter. The rotameter has treen calibrated with

water at J °C and using a weighing tank system The calibration points so obtained have been

fitted using a linear least squares regression technique to give the equation for n flow as

m; . -0.015603 4 0,00/762Nh

with a regression coefficient r 0.9989 NR is the rotamete, reading, araMhe equation is
limited to 15 < Nr /% < 100 for

an estimated error in the flow rate of - L

Correction has been made for diMeient fluids using the equation recommended by Fischer

and Porter
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No correction factor is necessary for changes in viscosity.

6.3 TEMPERATURE MEASUI " NT

Calibrated 100 ohm platinum resistance thermometers are used to measure

temperature. This type of thermometer has a relatively fast response time T where

r ~ 1 second,
a negligible offset drift with time, and

is accepted as the International Practical Temperature Scale

stand: d for temperatures - 180 < (* ' *

All th/.- resistance thermometers used have been calibrated in an ice bath against a standard
100 ohm platinum resistance thermometer that has been calibrated by the Precise Physicr |

Measurements Group of the CSIR. All the thermometers are thus referred to th- same standard

state and. therefore, temperature differences are known with great accuracy. The absolute

temperatures are known only with respect to the standard thermometer used for the calibration

and this is known to have an accuracy E(P) = 0.10 ’'C.

The bridge used for determining the resistance of Mch thermometer is a Leeds and Northrop

3078 portable precision temperature bridge utilising a fourlead, alternating currentsystem of

resolution 0.025 °C. The read given by the bridge ,sin ohms and has to besubsequently

processed to give temp, atures The various thermometers at the various points in the system

have been , cud fo

measurement usmg a simple manual switching box

The temperature is determined from the resistance reading using the method proposed by

Leeds and Northrop in the user manual for the bodge This method is to first obtain a corrected

value ised on the calibrated value

where ° refers to the calibration point

Using the corrected value for the resistance, the temperature is then found by linear

interpolat on in the standard tables for 100 ohm platinum resistance thermometers based on the

International Pra- cal Tempeiature Scale of 1968 The expected error in the temperature is

estimated as E(0) < 0,05 L
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64 PHYSICAL PROPERTIES

No correction is included in the physical properties for effects of pressure since all thi
experiments haw been conducted at ambient pr< .iuir using liquid only and the effect of pressure

on liquid properties is negligible for small change in picture

The physical propeities an thus needed only for the liquid phase and only as a function

of temperature Values for the on used iRi 01 R) and 1it water an tan. at-I Seno 6 M

Since the physical properties arc available only it discreet values of temperature and m)t

in functional form, it is necessary to u interpolatory tenhniqu- to find value' at arbitrary

temperatures The various interpolation techniqu- used ,ne d» cr«*» below
Viscosity. The liquid viscosity uc,relates fairly clo-ely with thi Andrade equr.l oi *
V. - AoexplB'T> (64.1)
A plot of In(%) as a function of * should, the--fore, tie lineai This has been noticed not to be

quite accurate and a better fit has been i ita n using a cubic spline .f1  to In(T/) as a function

int. nterpolated value is thus obtained from thi ihic spline fitted to the data points in

the immediate vicinity of the interpolation point

Thermal conductivity. The liquid th*m*i cn luct . tv follows th forii

X Xo[|1 - a0 - flo)l (6 4.21

Since (%0 is an arbitrary temperature. X may be issumcd to be linear with the centigrade tempcraturi

This has been found t tie true and a linear interpolation technique is adopted

Specific heat. The specifii heat is generally1,11 assumed to tie linear with temperature
It has been found that over reasonable variations in temper, tun thi is the can and hence a linear

interpolation technique is used,

Density. The form

it.
(6.4.3)
0 (- pvl,
is suggested in Perry 1% This is not usable with the oil properties since the vapcir properties
and the critical temperature are unknown The form of the equation suggesi that In(p) may be
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linear; with In|0), however, this is not so and the method of fitting cubic splines to p versus 0
is used giving good results This method is only acceptable for interpolation and not for
extrapolation; however, all experiments have been conducted under conditions within the bounds

of known >

6.5 CALCULATION OF THE HEAT TRANSMRCC | I ICII NT

The average heat transfer coefficient over the test section is calculated as follows and the

geometry is given in the figure below:

Water -

J/ T/ — N2\

Oil » 0.

A simple heat balance has been used to give

0-0 uo (6 5.11
h llr,dl ?1IXwdl

where dO may tie written as
dO - ml(Co t h0)dO (6.5.2)
where C(0) Co > ht) (6.5.31

Equation (6.5 2) is substituted in Equation (6 5 11 and integrated from 0 Ok| to

0 - 0( and from | 0 to | L assuming that:

the thermal conductivity of the wall 021 is constant This is reasonable for

relatively small variations in temperature,
ji. the tulie dimensions remain constant,

iiii. the outside wall temperature 0 is constant.
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Using separation of variables and solving for h| gives:

(6.541

In this form h the heat transfer coefficient, is an average value

6.6 COMPUTER PROGRAMS

Data accumulated during experimentation is in the form of resistance measurements from
the platinum resistance thermometers and of rotameter readings. From this raw data it is necessary
to determine flow rates, temperatures, physical properties dimensionless members and the heat
transfer coefficient. It is not practical to do this by hand for each experiment due to the amount
of work necessary to interpolate physical properties This task is therefore computerised as
program 1 in FORTRAN on the CSIR's Control Data Corporation (CDCI Cyber 174 Program 1
reads in rotameter readings and resistonces and gives out point values for physical properties and
dimensionless groups and gives an average heat transfer coefficient and also arithmetic average
dimensionless groups This data is then in a reasonable format to he used in correlating other

daii

In correlating the data a large number of variations need to he considered in the
organisation of correlating equations. This is most conveniently done using computer program 2
All the data from program 1 is incorporated as a data input file to program 2 An interactive
plotting routine and a Tektronix 4667 digital plotter are coupled to the program to obtain plots

of the correlations tried

Printouts of both programs are given in Section 6.13

67 EXPECTED ERRORS

There are two types of errors that may Iw a«oilated with experimental data, random errors
and systematic errors, both forms of which are present in these expciimental data The random
errors an associated with instrument accuracy and given in Section 6 7.1 end the systematic
errors given in Section 6.7.2 are associa ed with the assumption of the outside wall temperature
of the tes< sections being equal to the cooling water temperature. A summary of the expected

errors is given in 1able 2
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TABLE 2 Summary of expected errors
Variable Randor error Syilematic Maximum
error total error
0,05 0 0,05
00 [°c 0,05 0 0.05
[}
ewo/ c 0.05 -1.3 1,35
m,/% 3 0 3
h/% 3,4 .3 6.4
Nu/% 3,4 -3 6.4
Re/% 3 0 3
Pr/% 0 0 0
Gr/% 0.5 -6 6.5
6.7.1 Random errors

The precision index of a general function, F(x), is defined asM!
Ffaf il Eix,r (6.7.1)

Thus if the errors in the variables which make up the function F(x) are known then the error

in F(x) is also known.

Heat transfer coefficient. The heat transfer coefficient is given by Equation (6.5 4).

For practical purposes it is assumed that:

i the error in the thermal conductivity n zero,

ii. the error in length measurement is zero,

iii. the errors in and b are zero.
Let
m,\ N 1]
A. —i C et w s toe2 (6.7.2)
. 9WH .minr'- \o 6.7.3
n, " i T bdlbo - 0b> ' Co * Awol" 5 o (6.7.3)
bl WO
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Then it may easily be shown that

dh 2HX?b | . 9bo

* ewo 16.7.4)
Ot,o - OM> 4 +"tf 4

dm,

Hi'

Cu p A ' #

Xbmi r 11 , >n.
dh 16 75)
/».bo b77 qt.O <'W» I

- i 1 I

1 (- 1)Xbmi ¢ b 1»,] ‘, <6.7 6)
-0
d,;bl B,r, L6h, “"wod 4" ". . Wwe
C
‘om © )(e .
in
do (flyo i bl
| f
Itut * ®A, e r fp -9
¢bin<fpMét A e = (6.7.7)
<0b° "w, ., - ".0' l'y bi fl.
The error in h is then

E(h)2 I"'"E Im / o (-idh-)aE(Obo)2 ¢ (*_|*E(ODbJI2 > ("N ~E ~J 2 16 7.8)

The expected e rors in ternperatuie and flow measurement are:

i Temperature. The temperatures are measured using calibrated 100 ohm p'dtmurr

resistance thermometers and a Leeds and Northrop 8078 portable precision temfb"*\ure

bridge. Th makers claim a resolution of 0,025 °C under no malno ating

conditions. However, it is more realistic to double this value T w» value for ihe

precision index for temperature, E(9), is thus 0,05 'C.

ii. Flow rate. Thr flow rate is measured using a Fischer and Porter FP 1-35-6- 10/80

precision bore rotameter with a GNSVT66 shunless steel float The rotameter has '

fieen calibrated with water at 16 °C using a weighing tank system. The expected
EM |
error in the range 15 *C N .Kk< 100 is — -+ < 3%.

rh,

The correction for a different fluid in the rotameter is performed using the

recommended equation of Fischei and Porter

o A

,6.7.9,
P, - P,P,
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This correction causes further degradation of accuracy in measurement

In the experimental apparatus the rotameter is some distance from thelast temperature
measuring point. The effect of the error in temperature on the densitycorrection

factor has lieen determined as in Table 3.

TABLE 3 Eiroi in flow rate due to temperature

Rotameter Fluid Calculated man Error due to
reading temperature flow rate temperature
Nr /% T,/ °C mA/kgi 1 1%
88,5 54.16 0.6264 + 0,09
88,5 56,76 0,6258 0.0
88,5 58,85 0,6254 - 0,06
88.5 59,03 0,6253 - 0.06

It is thus assumed that this error is negligible.

Elm |
The overall accuracy of flow measurement is thus assumed to be — ' < 3%.
m,
in. The average expected error. An arbitrary expeiimental run selected is
Ob] - 66,96 °C. Obo - 62,60 °C; (O 22,56 °C (run 1)
m, 0,5055 kg/s. L 8.154 m h m 169,9 W/mzK
Fixed constants in the system arc
C 1804,32 J/kgK
b 3,56 J/kgK7
X 100 W/mK me 1 t, Ir.wv i, n", 0o , 100
r. 0,01257 m
0,01588 m

Using these values the following have been calculated

Elm,) 0,015 kgls
A. 866 259,85 W7/m7
B, 5097,83 WK
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h - 169,927 W/m2K

B7 )
dh_ 337.837 Ws/m2K kg
d
dh 36.478 W/m2K2
dflbo
dh__ -39.836 W/m2K2
d° b,
dh » 4.6 W/m2K2
60

Therefore

E(h)2 25,68 + 3,327 + 3,967 > 6,041 - 33,0561 W /m'K2

and 7 - 3.4%.

Therefore the expected error in the heat transfer coefficient is < 3.4%.

Reynolds number. As previously it is assumed that:
a. there is no error in length measurement.
b. there is no error in physical properties.
Thus
EiBil - 3% (the error in m,1.
Rt

Nusselt number. With the previous assumption this reduces to

E1Nu4 3.4%.
Nu

Prandtl number. With thi previous assumption, the Pr has no error.

Graihof number. Using the previous assumptions and assuming no error in 0

the only error is sociated with the temperature.

Using the general form of the error equation

JGr M iL3 (67.10)
dfl

dGt .  -flql'p (6.7.11)
do7 rj2
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(6.7.12)
Gf [ 1]
d! ’
and
EIGrd , 0,5, with 0 * 25 °C, 0 « 40 °C (characteristic temperatures).
Gr 1 2
6.7.2 Systematic errors
The only known systematic error that is encountered is the error in the outside wall
temperature used in the calculation of the heat transfer coefficient (Nusselt number) and the
Grashof number. This error is caused by assuming that the moling water temperature is the same

as the outside wall temperature and that the cooling water temperature is constant over the section.

The reasons for these assumptions are given in Section 2 The eiror introduced has been estimated
as follows:
Calculation of error the outside wall temperature. The outside wall to fluid temperature

difference is given by

wo T wa JL (6 7.131
hoA

Typical experimental values for the right hand side of Equation (m 7 13) are

q - 1,5 KW/section
A " 0,09 m3/section

h * 17 000 W/m?K (Sectnn 6 11)
Using these values
0 -0 0.98 °C.

Also the mean cooling vvatei temperature is expected to fie 0,3 °C higher than the inlet

temperature (Section 6 1(1

Therefore, effectively, using thi outside inlet fluid temperature equal to the outside wall

temperature introduces an error of ElIOwol * 1,3 °C.
Effect on the Nusselt number of t 1 °C error in the outside wall temperature. Using

two arbitrary different wall temperatures to calculate the Nusselt number and using results from an

arbitrary experiment gives for 0 + 22,56, Nu 32,8, and for 0" m 21,56, Nu - 321
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That ii, the Nusselt number is underestimated by : per degree Celsius of the outside wall
temperature.

Effect on the Grashof number of a 1 °C error in the outside wall temperature. This 'S
the only other group that was affected fry the systematic error. The eff'1' of an error in the
outside wall temperature gives for 0 66,9(5,Gr 17 347, and for [ m 65,89, Gr 16 434.

Therefore the Grashof number is underestimated by approximately £ per degree Celsius of the

outside wall temperature

68 ORIFICE PIATI RESUITS

These results have lieen obtained for the flow rate of water to the two inlet headers.

TABLE 4 Header with five sections

Tempinture m

01/ °C kg/i

?5 4.793

?8 4,816

30 4.817

34 4,812

38,5 4.797

43 4777

44 .8 4,777

Mean 4,798/kg
Standard deviation 0,017/kys 1
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TABLE 5 Header with tcim m

Tempereture m
UwW °c kg/i
27 4,0895

25 4,057

37 4,084
42,5 4,080

45 3,987

Mean 4,0595/kgs '

Standard deviation 0,042/kgs

The mean flow to each section is thus 0 nl kqg's

ERROR IN TEMPERATURE MEASUREMENT OF OH

WITHOUT MIXING DI /jg

The following measurements have been taken unde,

a a plain thermometer, and
b a mixing section and thermometer
TABLE 6 Error in te npeiature nu asurement

flun i 7 3 4
Plain 0 / nC 52,24 49,77 40.85 27,74
Mixed 8

/| °C 50,31 47.12 47,20 26.55
Difference
17, - <v

!/ °c 1,93 2.65 2.05 119

CSIR REPORT CENG 371

normal operating conditions with

25,2b

24,52

0,76



Run no. 5 has been done under adiabatic condition and reflects the error in calibration of

the thermometers. Taking 1 s calibiation error into effect, the average difference in the measured

temperature to the true temperature is 1,35 C

6.10 TEMPERATURE RISE IN WATER ACROSS T'ST SEC 1I0NS

TABLE 7
Run 1 Run 2 Run 3 Mean rise
Temperature of water < /°C 27.25 2,.07 26,84 4, - P
Temperature of water 00/°C
Section 1 28,26 28,08 27.82 1.01
2 27,97 27,77 27,54 0.71
3 27,82 27.64 27.41 0,57
4 27.77 27,59 27.36 0.52
5 28.03 27,87 27.61 0.78
6 27,82 27,64 27.41 0.57
7 27.77 27,61 27.38 0.53
8 27.77 27.59 27,38 0.53
9 27,74 27.56 27,36 0,50
m 0,64/°C

6.11 HEAT TRANSFER COEF FICIfN! IN THE ANNULUS

The heat transfer coefficient on the outside of the pipe is estim. nd using the equation

of Monrad and Pclton 01 for annuli The equation is
1,3
Nu n,0?70Re® Ppr 3 $ 6.11 1
0.
hiD - 0.1
with Re 4m and Nu

linio, » 0,1
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In th ¢ i' thy dimensions of the annulus are

Inside pipe 1) 24,94 mm OD 31,75 mm
Outside pipe ID 35,74 mm
>
1,126.
D,
| ht mis ®>A ill in each section n 0.98 kg as given in Seilion 68, and the fluid is water,

From th. It , po lile to dctermm the hiat transfer coefficient as in Table 8.

TABLE 8 Heat transfer coefficientm tin annulus
H Nu ho/Wm "2K*1
AV ©
16 16 274 7,99 99,561 14 846
20 18 451 6 95 105,085 15 881
25 70 771 6.09 110 566 16 931
10 27 197 6.39 170.444 17 960
15 25 749 4,80 121.285 IB 998
40 28 399 4.3 126.454 20 029
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25

27

=

O 000

17

507

15

508

16

41

tROM THIS DATA CALCUI.ATE AIL THt TtNPt RATURL S

AND PHYSICAL F'ROF'tRTILS, AMD | RANOV. AND REYNOLDS NUMBERS
CALL TEMF'CRT , T.N)

IK (I WATER.ED.1) GO 10 f.

CALL DENC(T,DEN,N)

CALL COND(TrCND.N)

CALL SPECIE(T.AR.N)

CALI. VISC( T,VIS,N

SO TO 27

CONTINUE

CALL DE.NCWCT .DEN.N)

CALL CONDWt T,CN,;,N)

CALL SPEC If U(T ,( I ,N)

CALL VISCW(T,VI3,N1

CALL ROTAIRR.VMASS,VLL ,DEN.N<
CALL REYN(DEN/U.0. *9 ,V15,VMASS,VEL,RE,N)
CALL PRANDTL(CP.01S,CND.PR.N)

FROM THE ABOVE ALl THt REQUIRED DATA HAS t EEN CALCULA ED AND ST

IN THE RELEVANT ARRAYS OK DIMENSION 10 .THE DIAMETER Of THE
25.39 MM IN THE REYNOLDS CALC.

THIS IS NOW PRINTED OUT

CALL wRT(RR.VMASS KT.T.DEN.CND.CP»VI S.RE »PR>1'l ' N)

CALCULATE THEHI Af t'AIANCI fROM |IHE DA, A

IJ (1WATEf .fQ.1 JuALL HEAT I W(T,VMASS,CP, f -fR,CND.N)

[i ([WATT ix.E3 .0 .CA HKA Il (T,VMA,,CT.EI .PR,CND, DEN,VIS,N)
REQUESTS TOR PLOTTER

GOTO 71

WRITE<6,506)

FORMAT(/T5,M DO YOU WANT TOPI OT </H")

READ(5,507) IPLOT
FORMAT(A10)
IK(EOK(5) )22/ 15
IF(IPLOT.EQ.1HN)GO TO 22
WRIT E(6,50B)
FORMAT(TS5, "WHICH IWO VARIABLES DO YOU WISH TO PLOT  X-Y

1,0« OR TYPE HELP TO 1 137" >

READ (5, 507) I. | OT

IFU OF <5) >20. 16

IF(IPLOT.EO.1THH)WRI IF(A,509)

If (If LOT .E Q. 1HH) GO TO 15

IF (IPLOT.FQ."Rl > IEMP")CALLt. Rl 10KRT,T.N)
IF (1 PLOT. | Q. "RES- DFN" )CAI.l IplOT (RT ,DF.N,N)
IF( (PLOT .EO."RES CONO")CALL RPLOT(RT,CND,N)
IF(IF LOT.EO."RES CP")CATL RfLOT(RT,CP,N)

CSIfl REPORT CENG 371
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ir (1PLOT .t u.-Rt-:,; vis" R LOT(RT,VIS,N)
IM1UOT.I U. "RI.t -RLY" )CAI I RFI107 (kI ,Rf ,N>
ir(IFLO:.F.Q."RtS F « )CAL LRF'LOT(Rt"S,FR,N)

IF (IFLO7 .EC). "TLHF-RtR")CAI'I RFI107 (7.R7 .N)
IF (IPLO F.f.1B." IFHI" DLN" )CALI. RI I.OT( 7,I)t N,N)
IF (1 FLO7 . F.U. " TIMF'- COND" )CALL RF107 (7,CNU,N)
IFF (IFLO7.[Q."Ttni: (:F"™)I:Al I RF'LOT <TrCl ,N)

IF (IFf~ .LR. "TLhf-V*" )CAIl RFI107 (7.VIS,N)
IF< IFLO7 .t Q. "7t riF RI:Y")(:AIL RI I.07( 7,RIl ,N>

IF (IFLO7 .1 GL"7EM FR")CAIl 11107 (7 .F'R.rJ)
GO 70 17
509 FORMA7(/," RLIIBTANCE  RF-S, 7L MF ERATURF. 7LMR, OLNSI7Y
A,/" CONDUC71VI7Y COND, SFKCIIIC HCA7 CF, VISCO0S1VY VIS,
F./." RLYNOLDS RFY. FRAND7L fR "
C,/" E.G. It nP -DLN 7EfIF PR" )
o
C =EsEEs SN NN SN SN NSNS S S SN RS EE SRS NSRS EESEEE AR EESEESEESSEESSESSSEEESEEsssEEEEs
22 GO 70 71
20 SIOF'
END
SUL.ROUFINL DINCn ,DI N,N)
c .1. UNI7S ARI USED
c AII'ROU7INE 70 INftRPOIAIE F 01
c DENS [7Y FROM A GIVEN 7EMI ERAT7IJRE
( USING CUE.IC SRI INI S
c DAYA IS FOR REGAL OIL |
I
c 7 CONTAINS 7HF. 7LMPERAT URF kS)
c DLN CONTAINS THE INTERPOLATED DENSI1Y(S)
c N IS THE NUMBER OF DATA FOINIS 70 FI PROCESSED
c VIABLE CONTAINS 1HG LOOK U TABLE
c
DIMENSION 7 kN) ,IiF NGN) ,DTAI'l t (S',.),C(4,V)
DATA (DTAF 11 (1,2), E 1,7)/
A 872.5,862.1,648.,837.0,82L..797.8,
B 772.5,750.1,727.1/
DATA (D7AI LI (1,1),1 1,7)/
A 20.,40.,60.,00.,100.
F 1>C). ,200. ,21,(1. ,300 /
CALCOL AIl THE CONSTANTS I1OR iHI STLINI I IT
(A1l SRI ICO# DTAF I E,( ,7)
c
c SET UR 1 0OOP FOR NUMF'f R Of DATA FOINIS
c
DO 100 R 1,N
INI) 7HI POSITION O 7 IN 7M L001. UR 7AIMI
c
DO 1 | 2,7
J 1
c COUNTER VAL U AT 1X17

Il (MI;) .LT.DTABI EG1,1)) GO FO 5
IF (IGF).IE .07 API E(1,1)) GO 70 2

C IF NOT LoOOT

1 CONTINUE

CSIH REPORT CENG 3,'
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Vi

uu VAi.iji is out or ru: roi 01 i.u tabu
(on riNiir

;iu VAMU IS NOT f OUNU WITHIN |IHf VOUHDii Of [IHf TAIIf

INT WANNING AND JNIt Rf'Ol ATI USING LAST . VALUE S IN THf TADtJ
WRITt (6,99 1<K)
| ORFTAT (. 11-, “THfTf I1U'f RAT UKI VAEUt M, f 1U.?, WAS NOT f OUND"
IN IHI POUND ’01 IHL 1001 Uf IABL L. THIi Df.NSITY HAS BEEN"
,T* ' « |, Nf. AKL it XT RAf'OL ATL1) fROM | XI STINS VALUES" )
(Alu  -N INI THf. INIf Rf'Ol AT 101" SfIfION

ILIEREO1 ATI |1 INI AKLT fOf\ T

1, e(t = D1 ALLI vJ 1,1) )I([>TAf Lf (J. 1)-DT ABLE(J 1,1))
lef Nmi,)--DEN (f. i -(DTAIM |( J,I) DIAL 11(J 1,2))+DTABLE -1m )
IH ] 1 S NOW1NIf f1 01 ATE D
L AT. IHi Nixr VALL"!
(,O0 TO 100
« - - - - p— /- P
; + N, 1NUE

1 O1HEIT. 1 NOW INTLIU OL.Al LD USING A
UEIli: SPLINE ROUT INI
JI ROUTINE: PLISPtN CAM UL ATf THf I NT f.Rf 01 AT |1 ONCONS fANT S

DENI) (OTAfEE( ,1 T 1),m | 1,0 1) <&TABE i(.1,1) T(K> )*1 J
L 4d i

I INU )-DEN(K)M T(f) ITAPIE (J 1,1)m ((.,U 1>
| -DTAPI 1(1 1,1))' =

'C< ,J 1) >
.t . in HAS EEIN INIIKIOIATEP EY SPLINES
Al | Hf NI X1 VALII
Ni,mu
, 1,1 NI SHI I-
Il UITn INTI LI 01 All I VALUI
I'l URN
I NL
ilp.LOUT | NL ILICON(ITAM | .C.. M)

UIlIOLiriNL TO (AIiLUIAIE IH ((NCANIS | OR Till
t,( I INI 111
I11; 11 14NINi, ION ,R.H
INfRoDUi TO , COhl IjJE.R M | HODS AMD NUMI IT11 At
ANAL, SIS. MAC Mil LAN 1BI,
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44

DIM Ni. ] ON TAfIl # M, ',C(/l..n),D(10),f (10>.t <10 >,
A A(10,3 >,B<10>,Z(10) ,X(10 >,Yt 10>
po 100 1 1,0
X( 1) TABt.r (1 ,1)
Y(1 >=1Af.1 t (1,2)
1()( CONT I NUB
nn=n- i
do 2 i i, fin
D(K> I(t *i)-X(K)
f(K) D(K)/A.

;e t(K)=(Y(K-H )*Y(K))/D(K >
DO 3 K 2.nn
J L.(K):-I(K>--[ (K- 1)

A(1,2) 1. D(1)/D(2)
A(1.3) D(l1)/IUu(2)
A(2,39 1(2) 1 (1)> A(1,3)
A(2,2 > . . *(f(l)+t(2)) f(1)-A(1.2)
A(2,3)-A(2,3)/A(2,2)
1(2) EC)/AC, 2)
DO K 3, nr,
AK, 2) | .m(t (K-1)2f (K))-f'(K*1) Ad 1,3)
B. ) B(K)-1(K-1)*B(K 1)
A(K,3) f(K)/IA(K,2;
F B(K) B(K)/ A(K,2)
0 D(M 2)/D(M 1)
A(r.,10 1.40tA(fl .1,3
A(M,2): -0 A(M,1) Adi 1,3)
B(M) B(M 2F A(r,,1><B(0 1I>
Z(M) [".(11)/Adi. 2)
HN-T1. 2
DO A 1 1,0N
K-0 |
Z(K, |dC Ad(,3) Z(KC >
Z( 1) A(1,2w <2> A(1,3)72Z(3)
DO 7 t 1, Ofl
c i./UN.#o0d:))
CO, K) [/ d-d #0
C(2,t:>uZ(K*1) «u
1'3,K) Y(K)/1H)(K> 7(K) Fd )
C(4,Id-YddIl)/Dd:)-Z(t;+1)'K(t)

M 1UKN
END
c.UBDOUt INI V kld ,V1S.N)
s.i. UNid. Arc. 1J'Jtl)
f
f. Olib'kOliriNt 10 IN ft KfOl Alt 1 01
VISCO051 1Y FROM A GIVEN U 01 I Ix.M OKI
DATA )f> t ON Kt. OAl Oil f
6
1 CONTAINS 1HI U Oft KAUINE (S)
VIS CONTAINS Till INtbRTOI. ATED VISCOSITY (S)
N IS 1HI Nlot'.t t< Of DAI A fOI NIS 10 It fKOCfSSED
VI API t: CONTAIN! INI  COOK 1IlII 1API I
f

CSIR REPORT CENG 371



99

on 00 O

DIMENSION T(N),V1f>(N),V IAf.t | 1

DATA (VTADI.t. kI .
(A.626,3.i,7,2.7%
DATA (VTABLE(I,1),]1
A.003A1,.0031V, .003,
B.00236,.0021 1/

1),

1.1)

CALCULAH
CALI

1HD CONSTANT!,
BFI. ICON (VI ALL E,t

SET LUE LOOT' FOk NHHEE K 01

DO 100 K- 1,N

FIND THI F'OSITI ON OF T
T(N) 1./(273.1t, +T(K>)
DO 1 1 2,9
J:r 1

COUNT LK VALUL AT

IF(T(K).GT.VTABI 1(1,1))

If (T (K).W .VTAE.I 1(1,1),
NOT LOOK'
CONTINUE.

IF

THL VALUI IS OUT 01
CONTINUE

I H ToOl

THE VALUL" 1S NOT

FNINE WANNING AND

1, >
..13V,1.61,6,. BO:"',.

.00 B

CON
s 7)

IN THE

| OUNb WITHIN THI.

INTI NFOI ATE

23V/

,..00260,

1HI  SCI LNL 111

DATA f'OINTS

LOOK- W TAE.UE

LXI E

00 TO 3

GO TO 2

OF THL TABLE

EOUNDS OF THL TAEL!

USIN(. | AST VALUES IN THE TABLE
IK 1./TO.) 273. =m
WHITE: (6, VV) TK
FONMAT ( /ID,"T HE TEHEEHATLINE VALUE " ,E10. 7, WAS NOT FOUND
C 1IN 1| BOUNDS 01 THE: LOOK UP TABLE. THE. VISCOSITY HAS BEEN"
D,/ ,15, " IINFAMY EXTNANOL ATED EN( f | »1STIhG VALULS" >
CANNY ON INTO THE: INTLNF'Ot AT ION SEE I ION

I NTLNE'OL ATI LINLAND EON T

vis(K) (T(UL)-VIAELT (I1,1);/ (7TIACItkJ,1) VIAELI (J 1,1))
VIS( K) VIS(E>* (VTABI(1,.' VTABEI vJ 1,2))¢VTABLL (J 1,2)
V)S(K) I XN(VIS(K ))»(). 001
T(K) 1./F(K) .73.1:

THL VISCOSITY IS NOW 1NIE NE'OL ATE D
CALCULATE: THI NLXT VALUE:
GO TO 1GO
................... — e *“l‘-*""‘ *-**"“ m*
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CON I 1NUI

( IHi: VISCOSITY IS NOW )N (fKf 01 C.TIt) USINC (.
CUBIC SPLINE KOUIINE
SUE’KOUT INF SILICON CALCULATES TUI INTLkPOI ATION CONSTANTS
VIS(K) (VT AII L(J. 1) T(k))*(C(1,J 1) <VIACt tUIl. 1>a1(1 ))- ul
1 +C(jflj D)
VIS (EC) VI S(EC)+<T(K)-VIAM L(J 1. 1))m(( .J 1)MT (EC)-VIABLE (J

Z ))**2+C(4,J 1))
VIS(/() EXE(V1S(K))*0.U01
T(K> 1./T(E()-273.15

t THE VISCOSI TT HAS EE EN I NTE fcf’Ol AT I> BY SEE INEJS
C CALCULATE: TEIC NEXT VAI ut:
%
104 CONTINUE
I*
t -

AM EINI SULU
RLTURN WITH |INI ERPOLAI LO VALUE.S

RETURN
END
SUBROUTINE SI EI IE (T.CE ,N>
L S. 1. UNITS ARE USED
Cc
s SUBROUTINE TO INTERPOLATE LINEARLY 1| OR

SPEC 11 IC HI AT ERO0I1 A GIVEN TEMPERATURE
t DATA IS |1 OR REGAL OIL B

T CONTAINS TEN TEMPI NATURE (S)
Cl CONTAIN 1HI INTERPOLATED SFLCA1Illl HI AMS)

c N IS THI NUMBER Of DATA POINTS TO EE PROCESSED
. CFTABLE CONTAINS THE I.OOEC UP I1AM!

DIMENSION T(N),CP(N>,(l11AIl E(V..)
DATA (CI TAIL.! (1 »2) »1 1,9)/

A 18/1 .S, 194A.0:-,: CU8.04. POy;<.4 ,:160.7, ,
B 2343./j]12% 22.L5,270: .M3, 289(1.99/
DATA (CPTABL f <1»J, »l1-1*9)
A 2D. ,4G. ,AU. ,8U. ,1 D.,L.j(T.,L J.,.., I., ./

~p R

SET UP LOOP | OR NUMBER 01 DATA POINTS
DO 10U R 1,N

I MNI) I POSITION 01 T IN TH LOOK UP TAIL!
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c COUN'I LK VALIIl A1 EXIT
Il (T(E).LT .CP TfiBLL (1,1)) GO TO $
IKT (K) .1 E.CE'IOf'LE (1.1)) GO TO

C If" NOT LOO!

I CONTINUE.

Cc

c THt: VALUL IS OUT 01 THE: TOTOF 1H! TAIMI

3 CONTINUE

I

C THE VALUE IS NOT EOUND WITHIN THE. EOUNDS OF

THE TAHIL.E

C fLINT WARNING ANU 1NTE EU'Ol AiE USING LAST

? VALULS |IN THE TABLE:
WI<1TL(6,9V) T(K)

99 EORMAT (,'TG, "THE TIM'E ;AT UE;l VALUL ",f 10.:"'," WAs NoT |OUND™
= , Till 1 OUNDS 01 THE LOOE, Ul: TABLE. |HESPECIFIC HEAT HAS
D,/.TC," EINEAfU. Y t>IRAf 01 ATLU | (TOM EXISTING VALUES")
c
C CAEIxi ON INTO IHE INTERPOLATION SECTION
C e — s
C
? CONIINUt
C INIt RE01ATE LINEARLY FOR Cl
P
CP(R) (T(K) CETAFLECJ 1,1 ))/(#! AKLE(J.l1) CETAEIL(1- 1.1))
Cp<E,) crloeccn AGILE j,2. CFTAPIE( J 1,2)) MITT AP.LEC.J 1,2)
c .HE SPECIE IC HEAIl IS NOW 1NTE RPOI ATLE)
CALCULATE THL NEXT VAILUI
100 CONTINUE
t- 1
C
c ALE E1N1SHE B
t: RETURN WITH INTERPOLATE 0 VALUES
v
RE | URN
LNI)
SUBROUTINE ( ONIXT ,CNI),N)
c S. 1. UNISI ARE USLI)
c
c SUI'.ROUT 2NE 10 ]NTE RPOI ATl | 1NE ARE V 1| 01
c i HER MAE. CONDUCT 1V1TY EROM A GIVEN TEMUR AT URL
DATA IS EOR RE (X Oil 1
c
T CONTAINS THE TV M | EAT LRE (S)
CND CONTAINS Till INIERPOI All C THERMAE. CONDUCT IV 11Y(S)
c N IS THE NUME-EE OF t#ATT EOINIS 10 EE EROC ESSE. )

CIAM V CONIATN THE |1 OCE. UT TAPII

DIME NS10N T(N) ,CND (N>, CIAE E(9,: )
DATA (CTAPI I (1,11,1 1,2)/
A ft. ,/,0. ,60. ,80. ,100.il'C).
DATA (CTAPI I (1,2) ,1 1,9,/
A 132.36, 131 .048, 129.66, 178. 19, 126.9, 123.
E ,119.42,118.19,112.36/

, a(.,. a-, a
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c BtT UP LOOP f OK NUttP.f K OF UA1A POIN FK

DO 100 K 1,N

C
c FIND 1FAF. POSITION OF 1 IN 1HF LOOK- UFF TAPI |
(63
DO 1 1 1.V
J 1
c COUNT! K VAL UP ATEXIT
IF (T(K) .LT .I: TABLIX 1,1)) 00 TO $
IF (T(K) .LI .C 1ALL I (1,1)) 00 10 ?
C IP NOT Lool
1 CONTINUE:
c
C
¢ THC VALUf IS OUT OF IH TOl 0 MI!  TAELt
3 CON I INUt
@
[ THl VALUL IS NOT FOUND WITHIN IMF EOUKDS OF IMF | API F
fPKINT WARNING AND INTEL:' 01 ATE USING LAST *? VAI. UE-H IN THE: [TAMI
WRII If (6,99) T(K)
99 FOE MAT (/1S,"THE IEMFE NATURE VALUE: ",f 10.J " WAsS NoT | OUMU
C " IN THE: BOUNDS O | hi I.OOE. UP TABLE "
A .THI THERMAL CONDUCTIVITY HAS EIP N"
D,/ T5,' LINEARLY EXTRAPOLATED FROM EXISTING VALUES")
c
C CARRY ON INTO THI INTERPOLATION SECTION
c - 2 .
2 CONTINUE
¢ INTERPOLATE 1.1NEARLY FOR E
° CNFJ (K) (T<K) I.TAf I (J 1,1>)/(( TALL E(.!, 1)-CTAPI 1 U- 1.1
END (K) LIND(K) (OTABL.l (U,2)“CTABL L( J 1, ) +C TABLE (J m1rm ¢

cnd(e:> cnd (e)=-g.N0i

c THI THERMAL IONDULT 1V1T1 IS NOW INTERPOLATED
i CALCUL AlIl IHE NFXf VAI W
10C CON I IN LE

c A I EINI SHI I;
i RETURN Ui 111 IN 11 Rl 01 All I) VALUES

RE 1 URN

ENL

= ROUTINE 11 ME'CKT .T.K >
s. | UNITS ARE USE )

Sill ROUT INL TO 1NTERF'Ol ATI LINEARIT EOR

TEMEbRAIURI FROM A GIVEN R SISTANCK THERMOMETER
RESISTANCE.

PM MAR11Y INTENDED t OR USE WITH F'RT'S.

- OO =sSO°
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C

C

RT CONTAINS THE RE"SI| SIANCt" (S)

| CONTAINS THE [NTE RPOI.A111) TEMFERAIURKS;
N IS THE NUMBER OF DAI A | DINTS TO BE FROil
RTTABLE CONTAINS THE 1.0 u! 1A 1

DIMENSION RT <N),T(N).RTIABt E(liU.2)
OATA (RT TABLE! 1,1), | 1, Vj)/
A 100.000,101.2"',3, 103. 904

A109 .737 ,111.A/5,11$.AH, 11 > i'- ‘y ' )
B119.399,121.322,123.243,125.160,12/.07U,

C128.98A, 130.895, 132.801, 134.703, L$A. A0 =
D138.500,140.394,142.285,144.173,146.0538,

014/. 941,149.820 ,
EI53 .570, 155.4 40 ,,
F1A.1.89 4, IA ,.750/
DATA (RTTABLE(I

’;o_’5.,10.,15.,.0
EAO. ,A .,/0. «7.i.

F105. ,110.,115., 1
0140 .,143.,150., |

SET UP LOOP FOR NUMBER OF DATA POINTS

DO 100 K-I,N

FIND THE POSITION OF RT IN THE LOOK UP TABLE

DO 1 14: ,35
11

COUNTER VALUE AT EXIT
IE(RT(K).LT.RTTABLE(1,1)) 00 TO 3
IF(RT(K).LI.RTTABLECI.1)) GO TO 2

IF NoT LOO!

CONTINUE

THE VALUE IS OUT OF THE TOP O THE TABLE
CONTINUE

THE VALUE IS NOT FOUND WITHIN THE BOUNDS OF THE TABLE

PRINT WARNIN« AND INTERPOLATI USING LAS 2 VALU

v w _‘-u

CARRY ON IN 10 THL INTERPOLATION ILITON
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i i i mllin d i m 1 : B
s s dir, <M iAti 1i ‘r Sl e - 1 *ee>11 .<: J.3
6
m rIIMUvVvMIiIM 1 IFOL IH MI' . .M.
CAUULNMt IW  Hi | MLUt
inn COIMIIH
A — , * i #-
Cc
t Ml I IMIM
¢ Fi.11IMi INITTINII R 01 All » VAUH >
i rlUKH
KHt

u UifiIHI IhAKPfl ri tVv

1,1K( S /i OIAItUIA.I tHH ™M ANIU KUHU
i ™ M1t il Iv HA.
i vi* it mi viAcoOli«
io» v ill. 111 MM ri'Mi L T111K
k; illl tAH ".UMU1 I M.HI" | VHMiil i
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i .AMIIIOH (.MIDiVIttN , uiMU>,|'Fnn]|
i H 1001 [fl KHHVI ul 'AT/ 10IMI!
DO | | MI*

rmci IMA iHii.n*: e*Miiiwi*v;li v wc

/7 m*otel> *t I" J<

. . « —*i
1
CAM.IIM'l im n
[ M 1 I )"V |LM /LHUI J)
00 . .
[
LOfT I "I* M . .
, ve s ithn)mi. M ($.r.ni  1ilAi ITH IK- I'. NvN Mi#!:*
Uta - -iDili i
m , H Af: . HU 1K (iii'Tl HimlilU ] UHMMHII 'l HH"
HI' M * cMil, <1t T Mil Ib N -
"1 : I.1tA 4
1™ le
N
i i win i Min
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f.
C
(o]
i

o0

0O-=-0

-

400

(g}

00 C

IP 1HE MASS PLOW IS ZERO IHEN IHE INDIVIDUAL

ROLII 1INL 10 CALCULATE THE RLYNOLUS NUMCLR FROM EITHLR
THE-: VELOCITY OR 1HL nAf>:> FLOURA1L
DENS IS THU DENSITY
I)IA IS THE PIPE DIAMETER
V1SC0S IS iHE VISCOSITY
VMAS3 IS THE CALCULATED MASS HOW
VEL IS THU CALCULATED VELOCITY
REYNOLD IS THE CALCUIAIED REYNOLDS FROM THE ABOVE

N IS THE. NUMBER 01 DATA POINTS 10 EM PROCESSED

VLLOCT1 S ARE -FL
DIMENSION Dt NS(N),V I (N),Vle 0 .(N),Rl FNOI D(N;
DO 2 1 1,N

IP (VL'L(1E.LE.I.E i) GO TO 1

REYNOLD(1 ) DENS(I1)mVEi (1) 'DIA/V1SCOS(I i
130 TO 2

1££Il
CONTINUE

CHECK THAT THE MASS FLOW IS ALSO NOT ZERO

IF(VMASS.LE.I.E-4) 130 TO 5

REYNOLD (1)- 4 .ASS/C '.1,15V-VISCOSE I) DIA)
GO «0 2

CONTINUE

WRITE WARNING

URITE(S, 305) :
FORMAT (, .TV,," REYNOLDS CAN NOT BE CALCULATE D AS BOTH
A" THE MAiST LOW AND VELOCITY ARE ERO0.",/,T3,

B" THE RE IS SE | TO ZE'RO." <

DO 6 J-I1/N

REYNOLD(J) 0.0

CONTINUE
RETURN
END
SUBROU TINE ROTA(FERCKN,VMAS5,VEL,DEN,N)
DIMENSION VEI (N),DEN(N)

ROUTINE TO CALCULATE THE MASS FLOW RAT, (VELOC1 )
THE VARIATION IN DENSITY 01 1HI FLUID IS INCLUDED INTHE CORI
METHOD. THE VISCOSITY 15 NOT INFLUENCING |IF THI
GREATER THAN I.E.’

CHECK IF READING IS INSIDE CAIilERATION RANGE
IF (F ERCEN.I3T .100. ) GO TO |
IE (PE RCEN.LE GO TO 1
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0O 0w

(¢} OO OO0 o0

O O-=~0

400

62

CONTINUE
CALCIIIAU THK MASK (1 ON t KOM THI' CORRELATING E(IN.

1

VMASGH1 0.011,603+0.00776: -EIKCI.N
CORRECT TUI'i COR 1HE VARIATION |IN DLNSI 1Y

VMASS VMASS1 SORT ((8070. 01 N(N)) m01 N(N>/ ( (GOI’'O.

DENBII i Of 1HE 11.0AT IS 8020 KO/H $
DENSI IY CGF H20 Al 16 1S 999 KG/M3

CALC; HI AlIl THE VELOCITY |IN THE FIFE AT EACH KOINT
DIAMETER IS 20.39 MM
01A .02539
DO 7 JJ 1,N
VEL (JJ1 # VMASS/(OE N<JJ> m(3. 1611,9'01A-01A))

CONTINIJL
FRINT JARNING MESSAGt NO THEN CALCULATE FLVURATt

WRIIE(6,400)

SUBROUTINE: KTLOT<X.Y,N>

VS9.)»VV9.))

FORMAT(/, TO." | HE ROTAME IE'R READING IS OUT OF RANGE ",
B" OC THE CALIBRATION."

6,/," THE MASS FLOW MUSI BE CONSIDERED SUSf'EIT")
GO TO 3

S:: i [ toi

CONTINUE.

RETURN

END

DIMENSION X(17),Y(12,1),1CHAR(10)-RANGE(4),I TITLE(144)

DIMI NSION N1NCH <2 ), MASK(2000)

C READ THE TITLE AND AXIS CHARS

8

9

(o

7

6

WRITE(6,8)

f ORMAT(" TITEI '">

RtAO(5,7, (ITITV 1 (1 1 1,7:")
FORMA1( 80A1)

WRITE(6,9)

EORMAT(" AAXIS" ")

READ(5,7) (IT Il Eil),1 . .108)
WRITE (6,6)

FORMAT<" YAXIS" )

F,| AD (I,, 7) (1TITI E(1),1 109, 144)

I IND MAX VALUES VALUES 01 X AND i

StAA 1.E10

YMAX 1.1 10

DO 1 1 1,N

Il (X(1).1 E.XMAX) GOTO
XMAX X (1)
1F(Y(1).11.YIMAX) GOTO
YMAX-Y d)

CONTINUE.
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C f IND MIN VALUE H Of X AND Y
Xf.IN 1T.UK#
rniN i.oi'io
00 10 1-B N
I (X(l ).GlI ,>:niN) ¢ TO ?0
xr.iN X (i)

‘0 M(Y< 1>.[it .YhIN) [-010 10
YrilN-Y( 1)

10 CONTINUE
RANGE(1) XniNtO.1* (XM1IN XMAX)
RAKGK(2) XMAX+0.1 (XMAX-XM1N)
RANOI CO YMIN*0.1*(YhIN- YMAX)
RANGK ('.1 YflAX-t0.1* (YfIAX YMIN)
1CHAR (3 ) "V
IER Q
NINCH(I) :'0
NIN(:H(2: 20
CALL tLOTGtNINCH,"RICH",10)
XiN+1) hANGI. (1)
>(N+2) (RANGt (2) RANG! (1)
T(N+1)-RANGK(2)

Y(N+. . (RANG! <3>-RANGt (3))/I10
TITLE "MAMBA"

NI-G

TITLE X "XAX1B"

NX 5

TITLE) "YAXJ R"

NY 5

LRI IE'(6,999 )"N ",N
999 FORMAT(A10,10)
WRITE (6,989 )"X-VAI Ut ", X
989 FORMAT (A10, (4G16.7,,JX))
WRITE (6.989) "Y-VALUt ".Y

CALI GENRLT (X.Y.N.K,1,0.0,1 ,TIT11 .NT,Till tX,NX,TITIf. Y.NY,
1 25.,15.,1,2.)

ca: |l rlot (0..0. ,999)

RE TURN

ENO

SUBROUTINE EENCWdA.EEII.N)
.. 1. UNIT ARl U'% 1

Cc

C SUE’ROUT 1HE TO 1NTE | ROE ATE 1 01

Cc DENSITY fROM A GIVEN II M IRA1URI

Cc USING (UE'.IC SRI INI S

Cc DATA IS |1 OR WATER

Cc

( 1 CONTAINS THE TI M 1RATUj (i )

Cc DEN CONTAINS 11l 1NEI Rl 01 Alll) DIN 1I1Y(SE
Cc N IS THE NUMBER Of DATAROUT IS TO EE EROC ESSE.E)
L VTABLI CONTAINS 1ML LOOI. Ul 1 AIM 1

C

01 M NSION T(N),Df N(N),BTAf.l E(9,2),C(6,V)
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C f 1INU NIN VALULS OF X AND *
XCIIN- 1.01 10
YMIN 1.010

I5C 10 1-1.N
IF (X(1).0F .XniN) GOTO :'0
XniN .E1)
:-0 Il (Yd) .01 .YMIN) GOTO 10
YMIN-Yd /
1c CONTINUE
RANGE (1) XMINUI.I- (XM1N- >MA> )

RANOt:(2): XMAX+0. 1 (XMAX XM1N)
RANGE (3) YM1N+0.1*(YMIN-YMAX)
RANGE: (A) YMAXiO.IKYMAX YMIN)
ICHARd) "+"

ICR 0

NINCHd ) LO

NINCH(2)+20

CALL fI.OTG(N)NCH, "RICH" ,10)
X(Ne1) RANUL(I)

X(N+2) (RANGL (21 RANGLd ))/2L
Y(N+1) RANGL(3)

Y(N-* 2) - (RANGE (/,) ANGI (:'.))/ID
TULL “"MAMBA"

NT D

TITLE X "XAXIS"

NX 5

TITLEY "VAX!S"

NY 5
WRITE(6,999)"N " ,N

999 FORMAT(A10,IG)
WRITE (6,989)"X-VALUE",X
909 FORMAT(A10,(4G16.7,3X>)
WRITE (6,989) "Y-VALUE ", T
CALI GENRE T(X,Y,N,3,1,0.0,1,TITAF.NT,TITIFX,NX,T1Tt LY, NY,

1 25.,15.,1,2.)
CALL RLOTI 0.,0.,999)
RETURN
END

SUI'.ROUT INF EENC U(1 ,I)E N,N)

Cc .1. UNIT | ART U EI

Cc

1 n'.ROUT INF TO 1NT ERF'Ol ATE f OF

(] DCNbITY fROM A GIVEN 11 M:1 RAIUII

Cc UEi 1ING CUE.1C ORE IMF b

: DATA |Ib EOR WATER

C

c I CO. IAINb THI TI MRI KATUI I (8)
DIN CONTAINS [IHI INTI RI 01 ATI DDLNSIIY(b)
N IS THE NEIMRE I: OF E>AI A FOJNII 10 Il RROCE SSI B

Cc VTABI | COI'IAING 1HI. LOOF Ul TAIM.I

c

I 1M #S1ON 1 (N) ,1-F N(N) .)TAFM | (V, 2) ,C(4, V)

CSIH HEf'OFn LFNG 371



DAIA U

IALL 1.(1°'.
A 998 .203 .99:'.16.-98"..

1

| 86 ,.304' 799.36,
(DT A81.1 (1,1),1#"

DATA
A 20.

,40. .60. ,00.

) 0.

"ML Alt mt CONSTANTS

1.

1
1,9)

SEUREE

.no..: Lid. -300. z

. If ON(DTABt V I 9

-1.

t 01TUI

|11 . PRLUEL] ||1<.v1

I LINI I1f

|
1 01 NilMDI K Of DAT. 101 NT!
10. i 1,N
i;.ON OfF T IN TfIf LOOK I' 1AMt
vOUN TU. VAI Ut AT IXIT
i*iAIMt (1 1) 10 TO 3
I dt L fALLE<],]). T
Loo;"
IN (IN
Till 101 THt: TI 1 LI
CfiNT INVT
, W) nil N IH to UN 01 IL.f *li.W.
i it 1 IN) NO A J T I A I -INC LAM . VAL Ul jb IN iHI TAf,Lf
S MAT'/TL THK M | kAIUKf VAL Ut ,110..," UAti NOT f OUND
IN THt BOUND’ i TH! LOOK Ul TABU . THt DENSITY HAS BEEN
MI A I TIAIOIATLD IKOM 1IX) STING VAI LIES")
lin ; HI IrltKI .ATI ON St 0 NON
If All , |
, (i i, (DTAITt (.1,1) O1TH 1111 1>1>4
1] MAP DIABLI <J I,. 1) DTAI IE<U 1,1)
| MEN*], 1 NOW JNItKI AILO
1 ;Ul.,,T. 11 i'll I VAI 1",
( T ini)
cvN 1, NI’
M N(T1i I m .Nil | ,11! US1NO A
| T I T I Al ! LA INTI M'OIl ANON CONSTANTS
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5b

DLN (K) (J."JMMJ.1 )-T(K)

DtNOo'tolVu +tl (K) DU.t.LJ kJ
4 (TOC) DTAIM.L-C.J 1,1)) ¢ ut
A 4c(A,Jmn )

THL' UIl.K5n V HAS fLKN
1 CAL12UL ATI THL Nt.XT VAI.Uf-

100 CONTINUt:

R" TURN WITH INTERPOLATED VAI.Ut.S

RETURN

ENC

SUV-R01lI fINL VISCW(T,Vlo,H;
S.1. UNIIS ARL USED

*

u»rrv ,« , U U s
DATA IS FoOR WATER

VIAILt .MMVIiIN I nil [1.OOH «H ,AUI -

OIMLNS10N T(N) .VISCN) ,V1 AMI | 1

DATA (VTABLF. (I »1 »I 1'7!
A.00341 ,.00319, .003, .00: 03, .00. ¢
1.00246".00:11]/

rr MCUIATt THL CONSTANTS 1t 01
CiM1L i,H 1CON (OfAf‘l-L ,C,l)

St1 UR 1 OOR I ORNUM'lI R Of

DO 100 | 1,N

; INI) THR RO0S1 TION 01 T

T(K)m1- , 3.11*T<K>)
DO I 1 "9

COUNT RR VAI Ul AT f XIT

ll- (UK) .ST .OTAPI.I U,1)) DO
ii /TI1 > i,i .UIAFIF(1,1)) A
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o1 (e

THI SRIINL

DATA (01 NTS

IN THF 1 OOK UR

c.J-1I"

TINILHfOL ATLD IV SHINIt.

1

IAF.UI

(J1°

T(K))'™?

806/



hh

UENS<I).ti|[v.B>tHJ.I» I" i N 7 (m
\tN(K) UIWd.I-KMK) WIMIUC.T 1,1 1)-(t (. wd-1"
A *(T(K) DTALL1:(J-1,1))"»»
(\ 4C(ArJd 1))
IHL" DENSITY HAS t-LI'N IN ILRHOL ATED /U .ILINIS
CALCULATE: THE. NT XT VAIN'.
LOO CONTINUL
r (il uni Ml »
RCTURN WITH | NTE.I-VOL.ATED V.-l U >
RETURN
LNC i
SUI".ROUT 1INE V1SCW (T.V1SFH
i S.i. UNIis ARE: USE o
lI\K eRm WRE
LATA |E fOR UATE I
VAABL.L CONTAINS IHC I.OOR U* IABLL
DIME NSION T(N) ,V1S(N) .VTAL.U (7.?) >

DATA (VTABLE (1,1 E 1,/Jnm
A.00341, .00319,.003,.00: Bj..L 't

11,00214. BU. |1~

"C.M CULATL THE CONSTANTS fO&s THE SItINC IM
CALI 11C ON(V EAI LI ,C, -)

EH1 UE 1001 EO1 NUMEIR 01 DATA EINIS
DO 100 I 1«N
EIND Till E'OSITION 01 T IN THI LOOK-UI'" 1Al I

T(R) 1./C’'73.1DU (R) )
DO I | =

COUNTER VAIUE AT EXIT
Il (MIL) .GT.VTAPLU1, 1)> SO
1, HI .VTAIl 1(1,1)) 00 TO
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II- NOT - LOO!
CONT 1NUI

3

yiu: VALUE IS OUT 01 1HE TOl 01 THE fABLE
CONTINUI

THI VALUt IS HOT f OUNI) WITHIN THf: BOUNDS 01 TUT TABU

fkINT WARNING AND IimNI'OIAU USING IASI . VALULi, IN HH 1AGLI
TK 1./T(K) 2/3.IB

99
CAKf.Y ON INTO THE INTI Kf'OLATiON SECTION
INTENT 01 ATI IINE'ANLT TOI; T
I ISHEE
<< s  J—>T_ 1V
V1S (K)-EXT'(V1S(K) ) m1.E
T(K, 1./T(K- 2/3. IB
THE VISCOSITY IS NOW INTENTOEATEU
CALCULATE THE N! XT VALUE
t Si.’° 107 e, e ettt tereeeteeeaeeraeaeeaaeaaeaaeaaeaen | ST
C
p CONTINUE
THE VISCOSITY IS NOW INTI KT OLAIED HSINt) A
i ;"o uZl% >uiol< W cU,,US m 1N 11 NI 01. AY 1ON CONSTANT
u V1S(K): (VTABLL(J.1) T(K))-(Ed,J 1) (VIABLE(J,I> T(h))**2
Zv,8 ¢' V.SdHdd. UA,.I,.«J J-. ICC.J IMUIK, VTAUIUJ...
11 J I»
VIS' I XKVIS(K))-1.t V
f(1f 1+/ fOx)
1 HI VISCOSITY HAS Il I N 1NIlI NTOLi iU> 1| i Il INIS
CALCUI ATI THE Ml ™M VAt.UI
C
l.
100 CONIINUI

=

c ALT | 1N1SHI D
RETURN WITH INIEM 01 ATI I) VAIL.UI S

Ki TURN
i wn
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olltKOin INI Sf'tl1I! WT,tr .N >

c S.lI. UNITS ARC UStD
"y
c SUI'.ROUIINI TO IN ft Rf'OI. ATt IINIARLY FOR
c SFCcint: Ut'AT FROM A GIVLN ICMF i RATURf.
o DATA IS FOR WATFR
o
c T CONTAINS TUF TI M( | RATURL 8S)
Ch CONTAINS TFU: INTE.RI OL ATLD SFCCIF 11 HI AT (S.
N IS THL" NLJML'LR OF DATA FOJNIS TO FF FROCtSSLD
CF TABLE CONTAINS THE F.O0OK U: TACL
DIMENSION T(N),CF (N) ,CRTAIIF (9,1)
DATA (CPTABLE!,2) ,1 1,9)/
A /,183,,/i179 . ,41 , 419P . ,4?219. - .,4D10.,
B 4870. ,dd,DU./
DAT A (CF-TAF It (1,1),1 1,V)/
A 2J1.,40.,A0.,8 .,100.,1S0.,* 10.,. le ,3U0 +m
C =mmeun- ("
C
c SFT UFF | OOF FOR NUMBER OF DATA F'OINfS
C
DO 100 K 1,N
FIND THE POSITION Of T IN THF LOOF: UP TAF.'LF
G
Do 1 1 , V
J |
COUNTER VALUE AT EXIT
IF(T (R/.LT.CFTABLE(1,1)) GO TO 3
IF (T <K) .It .CF TAPI F(1,1) GO TO 2
C IF NOT - LOOP
1 CONTINUE
i
C THE VALUE IS OUT 01 THI FOP 01 IH TABLE
3 CONI INUF
i
C THF VALUE IS NOT FOUND Ul I,-1MN THF f.OUNDS OF THE TABLE
C
(o3 FRIHT WARNING AND 1N M'PPOLATI USING LAST : VALUES IN THF TABLE
WRITE(6,99; T(F,
95 FORMAT (/ID," IHF TIMF ERATURF VALUE " ,110. 2, " WAS NOT FOUND™"
" IN ,HIFOUND! OFTHE 100 UF TABIE . THF SPECIFICHEAT HAS r tI*N"
D,/,TD," LINEARLY EXIRAPOLATI D FROM EXISTING VALUES")
(o3

. CARRY ON IN 10 THI INIF RF 01 ATION SF 1 I ION

Cc
2 CONI INUF

INTERPOLATE LINEARLY FOR (i
C

CP(K) (T(l ) CPTAI-I.t (J 1,1))/(CPT ABLE (J,1)-CPT ABLE (J-1,1>)
CP(K) Cl (K) -(CFTAEM E(.J,:>) CFTABIE(J 1,2) )+CF TABLE!J 1,2)

CSIR REPORT CENG 371



TUI ‘U'LCiriC MLA IS NOW INimOIATLI;
CALCULATE THE NEXT VALUE
CON!I NHL

ALL fINI SMI U
RETURN WI1M | NT ERFOI. ATEO VALUES

RETURN

END

SUEROM fl NI r.ONUU (T ,[ ND, N)
S.1. UNIST ARE USED

SUBROUTINE TO 1Nfl RROI. ATI LINEARLY t OR
THERMAL CONDUCTIVITY FROM A GIVEN

DATA IS f OR WATER

I EMI | RAT LIRE

T CONTAINS TMI TEMFINATURE(S)

CND CONTAINS THE iNT ERFOLATLD 1HFRNAL CONDUCT 'VI 1Y (S)
N IS THE NUMBER Of DATA EO01 NTS TO EE F'ROCE SSEU
CTABLE CONTAINS THE LOOK UP TABLE

DIMENSION TIN) .CND(N).CTAtLE(9,2)
DATA (STABLE!1,1),1 1 9)/

A 1"0.iA0. ,A0. ,80. 0.+1DP. i«
DATA (CTABLE(!,2),1 1,9)/
A .603, .631 F.6U3».67(1, .68

T.> .J.» UCL/

,.u./ ,«66D, .616, cu”r /

SET UR LOOT" FOE NUMPF.R OF DATA FOINTS

DO 100 K 1,N

FIND THE POSITION OF T IN IMF | OOF UF" TABLE

po 1 1 .,9

COUNTER VALUE AT EXIT
Il iTI1O.1 T.CTABI I.(1,1)) CO TO .1
IF <T <K> .L1 .CTAFIE(1.1) > f-0 TO ?
11 NOT LOOT
CON | 1NUF

THE VALUt IS OUT 01 THI TOF 01 THI
CONTINUE

TAnl |

THI VALUE IS NOT FOUND WITHIN THE FOUNDS Of THI TAFLE

F'RINI WARNING AND INTIRFOI All USING
WRITE (6,9 9> T(K)
FORMAT </TD. "IMF TE M | NATURE VALUE ",F 10.2,"
C " IN THE BOUNDS 01 iHE LOOK UP TABIE"

I AST VALUES |IN THI TAEL I

WASNOT FOUND"
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59

r Ro »r . 8uNo VAmMm s

c CARRY ON INTO THK INTLKkfOI.M ION ICI1O K1

2 CON1INLH

IN f[c.(RHOL.ATC LINIARLY 101" K

r THE THERMAL CONDUCTIVITY

T CALCULATE 1HE NEXT VALUE
100 CONTINUE

Cpressescasassss sescasasanans

IS NOW INTI Rf OL.A1TE [

ALL EINISHED

Cc RETURN WITH INTERPOLATE! AALUI

C
RETURN
A RE (N) .ER(N ), VI L(N)
c ROUT INI TO WRITE OUT RESULTS
A03 K'" "noi‘ID."-'""ROTASLTER READINO IS MAS 1 i
AE1C.4," KG/S™)
, K t <z:<<K,HtS,SU.NCE ttm KM U W I>LM8 It V "
«lv. CONOUCUVIIV glg(.osnY imNOIUS CKftNDU"
c;" VLLOIM ir")
= i o
<< <<F¥L 7r —
" nis")
lacn.ioi.umin.cNuiii.n'di.viscD.M-d).
6,VL.(I)
— 1
RETURN

SUVROUTINE HEAIlI W(T-VMASS.CI'.RI -tND.N)

ROUTINE TO CAIlI CUlI ATI THE HEAT TOAD IIf.
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101

104

10,.

100

tft

I ,KTO( 10)

StT LOOP TO N 1

K N- 1

LP.LCULP.Tt 1Hl. HP 01 Wil ONL 1
00 2 1-UK

CPAVC, (1> (CI ( 1)+ (1 (1" "

DT'I) T(1+1)-T(I)
HLAT <i )mvmnss'C Tovcx i )*o
CONTINUE

iu

1

CALCULATI THE 100 DE.AN U hi' UUP

18 THE 1H.IT HE. M,
A ," READING")
NE AU (0 ,A)RT O( 10)

EOkhAT(/" WHAT ARE THE OUTLt

H 1
h | RESISTANCES (9)'

»

CAE.1 TEHP<RTO*TOiN)
WRITE(6,1060

" U HA "i :° r'K'
EORHAT(/, HUE B.2))

DO S I UK

T1 10(10)- T(U 1)

T2 TO(1)-T

(1)
OTL(I) <TH1)/( ALOIS(T1 1.)>
CONTINUE

CALCUL ATE THE OVL RALE HIE
DO 4 1 UK

THE 1IU10E AREA IS 0.0/116 i PEC1PROC Al

Aim ' HIAT (I >aV, .IKil-"./DTt. (I >
CONTINUE

CAIl.B All THI AVi "AGE RE
T 1,E
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KLAV(1) (kt(l41)4KK(l))/ m
FRhV (1) (FN(1+1)+FK(1))/. -
CNDAV(1) (CNDP if)d 1 « 1))/
CON1INUt

UR lit-: THIS ALL OUT
jUHI "0 1% . &u:' e AT . ut LA 1 el it 1 ¢
tor g RLAVS . h ivu
, wint K
n
L/, u wir. K")

| #> FORMAT(3(1 10.2.3X1+3X,3(1 10.2,3X).110.XI

1 CALCULATI THU INSIUt HK. FKOn THt LUUAT 1ONOF F.UL (1961)

996 FORMAT (/" USING tUUAUON OF IDF (196011

ANII(l) .0:6'(RLAV(1)''.8 FRAV(1 /
AHU(1)-ANU(1) CNDAV(i) minm'

1UL* 1UtL U1AMLTLR IS Jh

ARU | 1./CI./JAU U 1I./AHUd):

CON ! 1NUF

F'RINT OHI THF. Rt SUI | »
URITt(6 M109)
NU Hl
109 FORMATtZ," U
M "RFSISTANCL OUTSIDI
’ W/M2 K ">
£/, " W/MJ K wim2z K

WK1U (6*1 10)AU(]) .AIUK 1) .AHIK | ) .ARU | 1>

B CONIPiUf
110 FORMATi (F 10..- >>
| M 1Hl INsS10R LTK 110r. IMS 1 11tfti ION OF HAUSEN (1V M 1
v2v ""oNMATAA’INC, | UUAT 1ON 0, HAUS! N
XL .906
(- i HC VUBL LLNUIH IS 906 MM
ANU t I fi (1 (nvn,av 11, .0

230.,.(1.N."(AV,1. « > .8)-
A (1.+(.025 /XL )666)

XI XLi.906

AHU (1) ANU (1) ¢ONDAV (1)/ .

ARIKIi 1./ (1</AU (1> 1. JAH!I(li)
7A CON | 1NUI
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VK] NT Oill 1 HI KIJUIITH

u

A ,"RKSISTANLI. OUIbIO, '

( W/iM2 K"
k /" W/rP K

W/n"

WRIT 1 (6]S ‘0)OU(1).ANU(1 ).AHIK 1).AKUi1)

CON! INIJI

f ORMAT CF 10 . L. "X, F10 . .. 1V 11

Rt.rURN

surkouiiNi: HLATIN ,vnASr,,( F.kt: .FFR.I NU.DLN.V IS .N;
kairiNi TO r Al.cm.ATF THF. H.;.C.

D,MLN<,"ON kL (N),Fk (N),CND(N),Cf (N).Of N(N),V1S(N).T(N)

RfAO 1HE TtJE.t LENGTH AN!) Till WAILI

TEMPERATURE
RLAU(V,* )kTO
FORMAG#/!"™ GIVI THE TUfM iINGTH <M) >
RKADCI. » >XL
CALI TEMF'IRTO .TOr1)
U ,,16-1 y 3
i nk'-n.T (/ ."™ THE UALI1 TEMPEKAT UkF K

CALCULATE |IHE AVERAGE RIGUI.Tb

Ct AVIIIICK 1)+CE(2))/ 1.
CNDAV (END (1) CND(2))/ 2.

KLAV (F:F(1)4LF <'))'' '
FRAV (TR(1)wFR(2) .*

THF. THFKMAI CONDUCTIVITY OF F'RASG
AS 1U0 ».1 m Vi/MF
INF TI'F 3.t>. IS 12.4/ nn

1G TAKEN AT M) OLG |

CALCULATi ill H.T.C. ASSUMING CONSTANT Cl
Im "110i%j4'VMA,:I<DrAVO0 lui

, 1L, , ¢ VMf tFAV(.-Al O U"',.lv

CAI CUI A1E TIFF NU AND ST HUM s

AST 1 ill 1/(.FAVG/IVMASS/II.IKUKJ)

[.kui ur1i) t'NIBiV
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103
104

CclOos
k

CALCULATE THE hRABHOI" NUdIM
BEIA IS 636 E 6

GRI'
Br:
GRAV jS B <*GR:).-

WRITE THIS OUT
URITE(6,103) ( Fk
URUEIIA 104)141 1, AST | ,ANU1 ,REAV,FRAV,I3RAV

FORMAT(6 (EI0.4))

CALCULATE 1HE H.i.C ASSUMING >

XA<?280;,!"AL, TO>.ALWX<T<2) TO)/(T(l) TO))

M12=(111)fi(VMASst 100 .34AX3/0.0124/)/( 2. m3.1414
0 XL VMASS*ALOG(IS.88/1 o

AST? HI ?/CF,AVG/ (VMASS/O .0' Ou)

AMU.’ Hi: 3.02S/CNDAYV

<h

iii'/.u 1U «.* CM 6»h

JHH CH# Ty . . !
READ (64, -)

SR"

ikmtUt.o;, m!?». ,.VAS . H,2.»HU2.A8, .REAV.m V .6KAV.
N-OMM « 3 <1*.3.1X *4 .» X .a2#X .t4.2.1X.U0 » .. X . F *

1 1X,F6 .1 ,1X ,K10 .4 X a.3;

RETURN

run

CSin REPOMT CENG 371



t)4

n.13 2 Progriim 2

PROGRAM bpGR( IMPUr, IN,OUT,OUTPUT, TAPL'J IN,TAPE6 HIT,
A ,TAF E6 $, TAPE? , TAPE 10, TAFE61 INPUT,TAFEA2-0U IT JT, IAl a V

PROGRAM TO PLOT AND CORKPI ATE THE

DATA TAKEN EROM THE GREEN NAMPA
t THE EXPERIMENTAL DATA IS ON TA'l 7

A ,URL(ISO)
COMMON X, Y,NR

|- SET THE KLAGS fOR THE VARIOUS CASE,

c
C REENTRY POINT
718 CONTINUt
c Il ICH1 1 AND IAVG=1 THEN THE CHI2 TEST IS DON*
c IT IXIRA" 1 THEN THE DATA OF SIEDER/IAIE EIl. IS INCL UuEu
c IE IHAUSEN 1 THEN 1Hi HAUSEN CORRELATION la

1" L u 1COLRP=1 THEN THE COLBURN TYPE PLOT IS DONE

“IF ?ST-1  THEN THL S1EDER TATE TYPE PLOT IS DONE

tor.T tu i

IT IDEPEU=1 THE A DEPEW/AUGUST TYf'E PLOT Ib DONE
IOOUli *0
If 1DOUG-1 IHEN MY CORRELATIONS ARE DONE
IE IAVG 1 THEN |HE AVIRAGE PERCT. ERROR IS CALCULATED
IF IMEI*-! THEN THf ME IAIS ECKERT PLOT IS DON!

c IE 1 LENGTH NOT 0 IHEN NUMBERED PLOT IS DONE fOR
c THE SPECIFIED EXCHANGER LENGTH
c SEE STATEMENTS fllO 090 FOR CODES (1 9)
i
c If I1LENGTH 12 THEN A fIOT OF AIL THE DATA IS MADt
i
n
\Y

ilt'i o

If 1KUZ 1 THEN |HE KUZNETSOVA PLOT IS DONE

INR D
c IF INR 1 THEN A NU RE PLOT
c

1ING 0
c IF ING 1 THEN A Nu  OR firor

CSIR REPORT LENG 371



7,32

c

lit |

1"

1Kli 0
1

ILL ©
Isc- a
ine G

101. #

kF. AD IN

KFAUd.
i <EM T
i} m.
IF (If..
IF (in.
ii dr..
IF (in.
if (in.
IF (in.
IF cm.
I (in.
IF (in
IF (in.
in in.
IF<in.
IF (in.
if (in.
IF(in.
IF (in.
IF (in.
iF (in.
ii (in.
if <ii.
GO TO

(ib

e 1 . ItN T IF ft 01

IRC, 1 TFK N A 1 RE OR F'LOT

iki 1 TMLN A -1 Fi ft 01

ISO 1 FitN A 1 Pk FLO.

INF'11 THEN 1m NU FLO I

IOR 1 IMI N ,HE Nil - kl Ok

Sl | EC 110N

,737)in

(A):

L(lI.3HorO)S 01
F.Q..3HGON )G T0 J
ec). 3H1CH) ICH1 1
FQ.SHIAT IXTRA-I
ia.3HIHA)IF;AU: I H
F:Q..31 ICC)ICOLp 1
LU.3H1ST)1ST 1
LQ.3U1DE) IDEIl I U
{ .3H1DO0)IDOUG 1

LU..3HIAV] IAVG 1

rc. 3Hint >inn i

Lg JHIKII 1KUI |

\'n 3H111 111 ADC.. )Ili LNGTH
I'G SMINRIIN 1

F'l. 3MING ) INC- 1

« .3HII)Ir 1 1
IU.3H1RG)IRG i

11;. SMIRi ) IRI
[0.3H1SG)ISP
FG. SMull mINI
Ju. ;ml Gk ) TPK

- =

CON | 1 NtM

,vi AD IN

M WIND

THI DATA
>

1S DOHI

1S DONE

1S DONL

1S DONF

1S DONE

1t 01
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00

DO 699 1=1,9
699 NR( 1> 0

N-0

DO 1 | 1,400

READ(7,*)1

IN(1).TOUT(1),TW(1).V%ASS(l ),HI(1).ANLK1).AST(I)

. RE

A FR(I1),GR(T),IL (1)
IFa Of (7))2.1
I CONTINUE
C . S O —
N=N -1
KKK -N
c IF IXTRA IS 1 READ IN |HE DATA
c OF SIEDER/TATE NORRIS/SIMMS
If (IXTRA.LU.O) GO TO 89
KK=N*1
KKK N+20
DO 88 | KK, KKK
READ (5,*‘ ora 2 Cl).ANU (1 )ml'E (1) ,HR (I ,. . |
OR* (I: 1./0RAT(I)
38 CONTINUE
89 CONTINUE
C
.
C
DETERMINE THE VISCOSITY RATIO
CALL vi3srRA7 (VRAT, TIN, TOUT,VMASS . XL,HI,N=>
c VRAT IS A\ Uu/v 8
£
C DETERMINE THE GREGORIO CORRECTION | F DATA | NO N,
IF( IXTRA.EG.0)CALI. GRLKFRAT . TIN,TOUT ,VMASS , XL »HI ,i\E , N .
CALCULATE THE GR'SHOF AMD GRAETZ NO. OR - URT HER USE
c THE GRASHOF NU I'ER EASED ON LENG'H 13 GRL
c
DO 115 1=1, KKK
GZ(1)=.785*RE <1 )-f R(1)10.0254/XL (1)
GRL(1)=GR(1) )
IF(IXTRA.E0.0)GR(I) GR(I><(1+639Emw5/(XL(1)s - >
115 CONTINUE
c
c WRITE THESt ResuLTs 1O THE oOUTFUT Flit
c
c
t [.RANCH ROUND THE FOLLOWING IF AVERAGE ERROR IS 10 L>E FOUND
IF(IAVG.EQ.1 )GO TO /89
c BRANCH ROUND Il A NU Rt HOT IS TO BE DONI

IF( INR.EO. 1>G0 10 7139
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ROUTINE TO 00 CORLL.LA1ION

IK (| HAUSEN .1-0 . i >

A'RE(I') 0.0184*(RE(l) *mu

B (1.8*"KR(1)"3.3 0-8)
C (1. +(0.025 ./XI-C 1))' 0-A>)
D (VKAT(!)*<(-0.14))

IF(IDEFEW.EU.1)

A <<XL(1)/0.G2b4>m-0.. >'< R(1)**0.jj

IF (IFE.EG.1) AMUfI) AITII;
fk( IFE.EC). J)F<EU ) RE(1)' cCcCl)
IF IRuU.EQ.1)ANU<I) AST(I<
IKdkG.EII.DREd) k$ (I)-uKd '
IF([RE.EG.1)AN .1) -A r<I
IK <ISCi.LCI. 1;ANU( 1) AST (1)
IF11SO .EQ.1)RE(l) GR(I)
If (INKA CI.Dkt (1) Ric (D - 11
IF( IGR.LG.1)RE(I1) RE(1)-GK(1>
CONTINUE

CONTINUE

DETERMINE THE AVERAGE PERCENTAOI
UIWHN THf EQUATION AND THE DATA

IK (1AVG.E0.0)00 TO 7V?
E2-0-

NN 0 | IS THI AVERAGE PERCENTAGE

IF (1 CHI .EIl. 1)GO TO GVi
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68

HFHHhEaSQSS——3Hiir—s—a—"

GO TO 999
i
3v1 CONTINUE MJiir £i i
299 CONTINUE

IT" (1 CHI .E(I. 1)GO0 TO 89.'

'V Hl AVERAGE PERCENTAGE ERROR 13

, INI m t.

sTOP
c
892 WRITE +>"CH12".L2»"POINTS".NN

STOP

c
799 CONTINUE
(o3 [

IF(ILENGTH.E3.12)00 [0 6

uo 10 1 t.
810 i XL(1>.E0.0.906) CALL | ,U&vRE ANU, 1;
820 F | L 11-Etl. 1,121 cr i L UATRI ANE’ iANU,3
830 IE (XL 1 .iu....*101 caiu ¥ ' ' T
840 EoiXL 1 .3.1 A rniv i1 gy " ANUE4 1)
850 [F iXLum;).tu,* :>G- CAL< 81 Vif<ht:ANUIS<1>
860  IF 11 ceeee. a6t <t Lo G0 AMUTE.)
360 e e . 1i iRIfi,ANU,7, 1)
ggo - | " | . ir e CM | Mil h", ANU .8, 1)
coo It (XU 1>.td.s .11..) CALL ETaUBIRE ,ANU,9,1)
10 CONTINUE
66
c
c NOW DO THE PLOTTING OF THE DATA
c

CALL RF'LOT (KKK, ILENUTH , RE , ANU )

GO TO 7132
c
£

COMMON X, Y,NR

NR(I.) NR(D +1

X(NR(L)*L) RE(1)

Y(NR(L) ,L) ANU(I

RETURN

| UK

SUBROUTINE Rf LOT (N, 1LENOTH , Rf: , ANU )
c
c ROU TINE TO fLOT THf DATA
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kKF(400), AND (400 ),A( ."u>+t (2S) o

EQUIVALENCE (X (i, 1) X1<t)).(Xx(1,2). - | (Xd,3)'Xjd))
(X(1,4) X40i)i(x(1 . xo(1)> (Xd,6),X6(l)>
(X(1, 7) X/ (1)y>.tX(1,8> X8(I))’(Xd’9) ,X9d) )
(Yd 1) n (1))r(Y(1,2>,YL'(d ),(Y(d 8) »Y 3d >)
(Y(i 1),Y4(1)) (Y(1,5) .Y:5(1)) (Yd.6),Y6d))
Yd T7)mYT(fIfl .(m (1»8>,Y8d>) ,(Yd, ?),YVd))

READ THE TITLE AND AXIS CHARS
TITLE-"
TITLEX
TITLEY

SCALE AXES FOR ALL PLOTS

CALL SCALE (RE. 15., N d)
CALL SCALE <ANU, 10.,N, 1)
XX(1)-XX(2) RE(N*1)
XX(.1)-RE(N'2)
YY(1) YY(*) ANU(N+I)
YY(3)-ANU(N>2)

SET UP THE CALLING ROUTINES
NT 10
NX- 10
,;l(\;(‘ll\lgd 41>« 1HK-, +d <3<NR(3)+1>aX4(NR(A)+1>- X5(NR<5) +1> d >
X6(NR(6> d)AX7(NR( 7)>1)A<8(NR(8) ¢1 X9(NR(9)"1)-XX(1)
XI(NRd)+:>-X2(NR(2)+2>-X3(NR(3)+ )-X4(NR(4>»2) "X5(NR(5)"2) X.:>
X6(NR(A)+2)=X7(NR(7)+2)-X8(NR(8)+_  X9(NR(9) »2) =XX(2)
YI(NR<i)+1), Y2(NR(2)*1)-Y3(NR(3)+1) Y4(NK(4)*1) SYSCNR(5) +1) =YY (1)
Y6(NR(6) +1) =Y7(NR(7)»1) YB8(NR(8)H) YO9(NR(9) U >-YY(1)
Y I(NU<1)#2) =Y2 (NR(2)¢2) =Y3 (NR(3 >+2) Y4(NR(4)+2) YS(NR(5)»2) Y¥(2>
Y6(NR(6)»2) Y7(NR(7)»2)-Y8(NR(8)»2) Y9(NR(9)»2) mYY(2)

CALL PLOTSININCH,"kiur ',10)

Uit ANU*N*
<l NJIM.i 0.1 1 CGAL NUVE T'Id Nil ¥XX Yy ek - AHH.N
GOTO 99

CONTINUE

CALL GENPLT(XX,YY.1.3, 1-0.0,0d I'TLL N TITLEX,NX. TITLEY,NY,
1-e,1U.»1 0.)

IF (NRd).NL.O) CALI IFNPTT (X1 YI.NRd) 1 1,1,0.0)
IF (NR<2).NE.O) CAl TT(X2 Y2,NR(2) I'I‘O'Os
IF (NR(3) .NE .0) CALL T(x3 Y3,NR(3),3. 1 .0.0
IF (NR<4>.HE.0 i CALL °©!-NPI T<X4,Y4,NR(4) 4,-1-0.0,0)
Il (NR(5) .NE.0) Al . C-LNPTT(X5, Y5,NR(5) 5. 1 0,0
IF (NR(6) .NE.0) CALL MIH rT(XA,Y4 NR(A) 6.1 0.0)
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n (NR(-/).NE .0) CALL Gt WLTMX. ,Y7,Nk(,), . .O.

u , % (.14 cMmt [ .
ir < » > CAL. Ixi B
GOTO 99

99 CALL 5LOT kO. .0. ,999)
RKVURN

£
SUL.ROUT INC NDNM.T (IL ,XX,YY,Rf .ANO.>

»(’

n THIS SUBROUTINE PLOTS THE DATAPOIHIS Or 0 DATASET UITH SPECI |1
- — i - -
c NOTE 1 SYMBOLS ARE NOT SELF Lt.Nft. ED

DIMENSION X(L00.?),Y(.:00,9),XX(j),"iY(] .NF 9!
C ,ANU(400),RE(400)
COMMON X,Y,NR

fNLIM 0.
M=NR ( | D
CALL ,LOT(1.G,!.3,-3>

Et Aot d |
IK1L.EU. 12)G0 TO 100
GO TO 101

100 DO 60 K 1.N

XXa) (RE(TO XXt 2) )/XX( .$)
YY(1> -(ANU(K)mYY(2>1/YYCO
PNUM PNUMt1.
CALL NUMBER(XX(1),YY(1),.14,PNUM, 0.
60 CONTINUE
GO TO 99
101 CONTINUE
DO 50 L 1,M
XX(1) (X(L,IL) XX(2))/XX(3)
YY(1) (Y(L, ID YY(2) )IYY(-1)
PNUM PNUM+1.
WRITE (6,40) L,t,X(t-It ), T(L, It

5'|>

40 FORMAT (,10,1 i,T19,1S,T20,C10. .. 41 ,EIC. ,
CALL NUML'tR(XX(I) ,YY(1 >, .14,f NUM.O. , 1°
50 CONTINUE
29 RETURN
END
SUBROUTINE VISC(T.V13,N)
c S.1. UNITS ARE USED
c
c SUBROU TINE TO IN TI RPOLATI > 01:
I VISCOSITY FROM A GIVEN 1EMI ERA 1URE
c DATA IS FOR REGAL OIL B
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4l

T CONTAINS THIZ TLMPCKATUKI(S)

VIS CONTAINS VHt; INICRPOLA Il VISCO.JH (S>
N is THL NUMBER OF DATA POINTS 10 PL fK-C.*
VIABLE CONTAINS 1HE LOOK Ut TABIF

20

DIMENSION T(N),V1S(N),VIABLE >, 1ul: m1' - 1

DATA (VIABLE!1»2) -1 1,7)
,4.626,3.S8/,2./83 .2.135.1.656, .bO. ,./3V/
DATA (VTABLE(I , 1> 1 1" "

A.00341,.0031?2,.003,.u0.93..0026d,
e.0B23». m u .

CALCULATE THE CONSTANTS FOR THE SI LINE
CALL SE'LICON <V IABLE »C, )

SET UP LOOP f OR NUMBER OF DATA IOINIS
DO 100 K 1,N
FIND THE POSITION OT T IN THE LOOK UP TABLE

T(K) 1./ (273.15+T(K))

DO t | 2.9
J=1
COUNTER VALUE AT I (IT
IF(T<K).BT.V,ABL i.D
IT T(K).OE.VTABLE(1,1)> -0 10
IF NOT - LOOP
CONTINUE

THE VAIUE IS OUT OF THE TOP OF
CONTINUE

THE TABLE

THE VALUE IS NOT FOUND WITHIN THE BOUNDS OF THE TABLE

PRINT WARNING AND * IrT'OIl ATT USING LAST 2 VALUES IN IME

CARRY ON IN 10 THE INTERPOLATION >ELM

INTERPOLATE LINEARLY IOR T

N\

ViS(K) -fcXP(VIS(K)) 0.001
r<k) i./r<kK) 2/3. is

THE VISCOSITY IS NOW IN'IRPOLATE|

CALCULATE THE NEXT VALUE
no to i00
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N

CONTINUL

i
c THL VISCOSITY IS NOW INTt."Nf 01 ATH) USING A
C CUBIC SPLINE ROUTINE
C SUBROUTINE SILICON CALCULATES TULINTERPOLATION CONSTANT
C
VI SIR) <VTABLE!J, 1) 1(R))e¢(C(1,J 1) (VTARLE <J,1) T(K)>
z +C(S,J 1))
V1S(K) VIS <KH (T<K) VIABLIIJ 1,1))<(C(2,J-1) (:(R) VIA
Z ))"*2+C( , i 1);
VIS(K) EXP(V13(K))'0.001
T(K) 1./T(K; -27.J. 15
C

Cc THE VISCOSITY HAS BEEN INTERPOLATED BY SPLINES
Cc CALCULATE THE NEXT VALUE

100 CONTINUE

Cresesssscssanananas

c

;[ ————

C ALL FINISHED
Cc RETURN WITH INTERPOLATED VALUES
Cc

RETURN

END

SUBROUT INK SPECIE(T,CP,N)
S. 1. UNITS ARE IJSEC

SUBROUTINE TO INTERPOLATE LINEARLY FOR
SPEC IT 1C HEAT I ROM A GIVEN TEMPERATURE
DATA IS FOR REGAL OIL B

1 CONTAINS THE TEMPERATURE(S)
CcP CONTAINS |IHE INTERPOLATED SPECIFIC HEAT(S)

N IS THE NUMBER OF DATA POINTS 10 BE PROCESSED
CRT ABLE CONTAINS THE LOOK UP TABLE

OO0~ 0000 0

DIMENSION T(N>,CP(N),CPTABLE(9,2 )
DATA (CPTABLE!1,2) ,1 1,9)/
A 1871.5,1946.02,2018.04,209B.4,2160.39,

B 2343.7/,2522 .55,2702.58,2890.99/
DATA (CPTABLE(Il,1).1 1,9)/
A 20.,40.,60.,80., 100.,150.,200.,250.

3 T UP LOOP f OR NUMBER Of DATA POINTS

DO 100 K 1,N

FIND THE POSITION Of T IN Till 100K-UP TABLI

J”t
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c COUNTER VALUE AT EXIT
[f <I\K> .LT .CPTAGLE't . t)> 00 10 i

IHT <K> .LE.CE'TAPI L< | ,1>> GO TO 2
C IF NOT - LOOP
1 CONTINUE
C
0 THE VALUE 10 OUT OF THE TOP OF THE TABLE
3 CONTINUE
i
C THE VALUE IS NOI FOUND WITHIN THE BOUNDS OF THE TABLE
£
1 rkINT WARNING AND INTERPOLATE USING LAST . VALUES IN THE TABLE
99 FORMAT (/15,"THE TEMPERATURE VALUF" ,M 0.2, “ WAS NOTFO'IND*
C " IN THE BOUND of THE LOOK UP TABLE. THE SPECIFIC HEA | HAS
D,/,T5»" LI NEARLY EXTRAPOLATED FROM EXISTING VALUES")
C
C CARRY ON INTO THE INTERPOLATION SECTION
2 ..
C
2 CONTINUE
C INTERPOLATE LINEARLY FOR CP
Q
CP(K)-(T(K)-CPTABLE(J 1,1))/(CRTABLE(J,1) CPTABLEtJ-1,1)>
CP(K)=CP(K) (CPTABI.E(J,2) CPTABLE(J-1,2))»CF TABLETJ -1, 2)
(o3
C THE SPECIFIC HEAT IS NOW INTERPOLATED
CALCULATE THE NEXT VALUE
100 CONTINUE

1 R ALLLLL [T

Cc
Cc ALL FINISHED
C RETURN WITH INURPOLAIED VALUES

RETURN
END
SUBROUTINE VISRAT(VRAT,TIN,TOUT,VMASS, Xu,HI,N)
c
c SUBROUTINE TO CALCULATE THE V1SCO0SIlY RATIO
c DEFINED AS VIS WALL/ VIS BULK
c WHERE THE BULK VISCOSIIY IS ARITHMF TC MEAN OF
c THE VISCOSITY AT THE INLET AND OUTLET.
c
DIMENSION VRATTN),TIN(N) , TOUT(N), VMASS(N), XL(N)
A ,HKN) ,T(.$) ,VT3)
DO 1 I 1,N
n
c FIND THE AVERAGI SPECIFIC HEAT OF THF Oil

TTI) TINT I)

T(2) TOUTTI)

CALL SPEC IFT T,V,2)
CPAV TVT1)+VT2))/2.
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c CALCULAU TUI INSIUE WAIt ItnMKAUIKI
2
1W1 VMASS(I) CEAV"(10UT(I1)-1IN(1))/(3.14*0.0254*
A XI.(1)*HI (1))e(fOUT(1)4UN( 1))/2.

CAI-CLIl An TUI. VISCOSITIES

T(A)-TU1
CALI. 1SC(T,V,3)
vs (V(i >+v(?)
VRAT(I)-VCi)lVe
1 CONTINLIL

(2}

c ALL CALCULATIONS I[>ONE:
RL TURN
LND
SUE ROUTINE SE'LICON(TAEII ,C.M)

Cc SUBROUTINE TO CALCULATE THI CONSTANTS 101: THE
Cc SFLINE 1 IT
C REF: FENNINUT ON ,R.U
INTRODUCTORY COMPUTER METHODS AND NUMERICAL
c ANALYSIS. MAC MI LEAN 196S

| JMENSION TABLE (M,r> ,C(4,M) ,D(1tn .1'dCD
A A(10, .i>,E(11),Z(1Q),X(1(),Y(1Q)
DO 100 1-1rM
X(1) TABLE(1,1)
Y<1) TABLE(I,2)
100 CONTINUE
MM M 1
DO 2 K=1.MM
D<K) K(K+1) -X<R)
R(K' D(K>/6.
2 E(l ) iY(K*1>-Y(K) )/D(K)
DO S R-2.MM
J B(K) E(K) HE 1>
A(1,2) 1. D(1)/D(2)
A(l1,3>"0<1)/D(2>
A(2,3) (2> f(1)<A(1,3)
A(2,2)-2. (I <1)# (. ) > I<1 ) ‘A1, 2 >
AC, 3) AC ,3)/A(2,.)
B(2) 0(2)/A(2,2)
DO A K 3.MM
A(l..2) 2.*U(K-1)U (K ))I(K 1) Ad: 1,3)
B(K)-B(I') I (R 1)*I.(1 1,
A(R,3) | (R)/IA(R,2)
1, B<K) B(R)/A(R,2)
(1-D(M 2)/D(M 1)
A(M,1) 1.+ Q» A<M 2,3)
A(M, 2) u- A(M, 1)*A(M- 1,3)
B(M)-B(M-2) A(M,1)»B(M 1)
?2(M) E(M)/A(M.2)
MN-M 2

,t (10) .
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O 0O00—T0O0 0O OO0

(92X 2]

O W oo a0

DO 6
K-M
Z(K)Ib(K)-A(K,3)*Z(K41)

1-1.MN

75

Z(1) A(1,2)*Z(2) A(1,3)*Z(J)
DO 7 k i.nn

Q-1.2Z2(6.*D(K))

C(1,K) Z(K)*0

C(2,K)=Z(K+1)+W
C(3»K)-Y(K)/D(K) Z(K)-MK)
C(4,K)=Y(K+1)/D(::)-Z(K+1)*P(K)
RETURN

END

SUBROUTINE COND(T,CND,N)
S.I. UNIST ARE USED

SUBROUTINE TO INTERPOLATE
THERIIAL CONDUCTIVITY FROM

DATA IS EOR REGAL Oil t

T CONTAINS THE

CND CONJAINS THE

CTABLE

LI NEARLY | OF
A GIVEN TEMPERATURE

TEMPERATURE(S>
INTERPOLATED THERMAL
N IS THE NUMBER OF DATA POINTS TO BI
CONTAINS THE LOOK-UF

CONDUCTIVITY(S)
PROCESSED
TABLE

DIMENSION T(N),tND(N)*CTABLE (9,2)

0.,200.,2L0.,300./

DATA (CTABLE (1,1),1m1,9)/"
A 20.. 0.,60.,80.,100.,1S
DATA (CTABLE <1,2) ,1 1,9),

A 132.36,131.048,127.66,128.19,126.9,123.

B ,119.42,115.19,112.36/

SET UF LOOP FOR NUMBER Of

DATA POINTS

DO 100 K=1,N
f IND THE POSITION OF T | THf LOOP UP TABLE
DO 1 1-7.9
J I
COUNTER VALUI AT EXIT
II(T(K).LT.CTABLE(1,1)) GO TO 3
If (T(K).1f.CTAfIf(1,1)) GO TO 7
Il NCT LOOI
CONTINUE
- n
THE VALUE: IS OUT 01 THI TOP 01 THI TABLE
CONTINUE
THf VALUE IS NOT FOUND WITHIN THE

FRINT WARNING AND

IN If KF 01. ATI

FOUNDS OF THE TABLE

USING LAST 2 VALUES |IN THE
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WRITI(6,99) T(K)

99 FORMAT(/(5, "THK TUhft RiMUki VAL lit ".r10.7," WAS NOT FOUND"
c " IN [1H:: BOUNDS OF TUlI LOOK U TABLL"
A" THF TFIF FcMAL CONDUCT ) VII HAS FIIN"
0,z T5," LINIARLY LXTRAFOL AU-D | ROM fcXISTINIi VALULS")
C
C CARRY ON INTO TIT. INTI RFO1.AT)ON StCTION
C  memeemesessessssssssssss s ssessssmesmsmsm—sm—sm—mm———————— Y mee———
c
r CONTINUE
(o INTE.RPOL.A1E LINEARLY |1 OR K
C
CND(K) - (T(K)-CTABLL (J 1,1 >)/(CTAFLE (J,1)=aCTAF?21 L(J-1 ,1))
CND(K) CND<K)i*(CTABLE (J,2) CTABLL (J 1,2) )+CTAi. LE (J- 1,2)
CNO(K) CND(K)*0.0U1
C
C THE THERMAL CONDUCTIVITY IS NOW INTERPOLATED
C CALCULATE THE NEXT VALUE
100 CONTINUE
C -1
i;
C ALL FINISHED
CRETURN WITH INTERPOLATED VALUES
C
RETURN
END
SUBROUTINE ORE 0 (PRAT,TIN,TOUT,VMASS.XL,H1,RL,N)
ROUTINE TO CALCULATE THE. CORRECTION F'CTOR OF GREGORIO
C
DIMENSION RE(N).FRAT(N), T1IN.N), TOUl (N),VMASS(N), XL (N)
w SHI(N) ,T(3) ,CP(3) ,AK( "' ,v(3)
DO 1 I 1,N
C
c FIND THE AVERAGE SPECIF IC HE AT OF THE OIL
T(1) TIN(I)
T(?) TOUF(I)
CALL SPI CII (T,V,2)
CFAV (Vd)4Vv (:"))/:".
c
c CALCULATE THE |INSIDE WAIL TEMPERATURE
C
TUT VMASS(1 )'CFAV"™ (TOUT(lI) TIN(Il))/(3.1 ,#0.0254*
A XL(I)*HI(1)),(TCUT(I)>TIN(1))]:
C

1(3) TW)
T(1)-<TAN(1)*TOUT (I ))/:".
T(2) (T(1)eT(3))/2 .

CALI SPECIE (T ,CF ,3)

CALI VI SI (7,V,3>

CALL COND(T.AK.3)

PRI CP (2) -V(. )/Al: (2)

IRW CP(3)+V(3)/AK(3)

CSIR REPORT CEf'G 37,



IMi. ti U )*V(1)/AK (1)

Xiflx (PkF fkW )/tf-kF: | kw) o0 .k

Dt-Nfl (FRBmmO.D1j> :ki (1) (.Q2) ((13. XII R) *0.01
XNUiV ((0.1 XIkk)#«0.?)*0 41 0717

XI  XNUM/D! Nr,

fkAI(l) (F'k|/kkU>| mXK

CON I INUK

ALL . AL CUL AT | ONJi OONI
RETURN
END
SUBROUTINE kEG(X,Y,N>
DIMINSION X(120),Y(120)
XBAk 0.
YBAR 0.
XX=0.
aY=0.
Y=0.
00 1 I-1 N
XX XX-tX( 1)*X (1)
iY YY+Y(L)*Y (1)
Y 4X(1)» Y(I)
XBAR XBAR4X(l)
YBAR iUAk+Y (1)

CONTINUE

WRITE(6, )N," XX",XX,"YY".YY

Will 1 - +)"XBAR" , XBAR, "YBAR" , YBAR
I110AT(N)

XBAR XBAR/I
YBAR YBAK/G
XX C XBAR *XBAR
.v, YY sC YBAR (YBAR
' XY -XY C-XBAR* YBAR
WR) IE(6,*)"SX".8X. BY",SY , "S8SXY", SXY
1 SXY/SQRT(SX*!;Y

A-SXY/SX

I YBAR A XI Ai

WKJTE(A,*)" R ", A, A
Cl OR

I HI)
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U vi1eViillA*, *11
xIL\ (H» *ky> il M tlcM#

XHUM XIl k f'r ../-"U. v
0 xnun/Dtlw

1IRM <l ee|*Ifl , Il » *xl

CON!INUt

ALL C,M CUL A!! UNI- | ONt
Ri TURN
INO
SUI'KOUTINI NIk"X"I.NI
otflItN sioN »xi:o0i.i &/c
xIAN 0.
V(A* «0-
XX-0.
r; I.
Xf-0.
DC 1 !«!.N
XX xx«xili»iU
IV YY»V*1inlel-
XI M *k1l I*V11 »
iCAR XtAi ca<1'

YI'AN 1\

CONTJNUL

W Kill (A,* /M, a e m T

NI JII #*, +1"%*Al'"",K&AR. ,,>rAA“ Il A>
IL-i 1(Hi

xK6f« xftAR/C
VHAIj VI\Ak/t
ex A* -
XV vhr Cil" AF « fl Al
tXY->Y CeXdAR'YGAf
WN) i<6.'» s*».s*. ;i ¢ i.1s-. .sY>
R %.-r[iURT ISi'bl
A.t,V /)X
I t|!A* A'XIA,
WU.K#,*)" I<K ».N," A " A" |
»10»
| Mb

nm HI*QWT CJN'l 1~



6.14 PHYSICAL PROPERTIES

6.14.1 Regal oil B (R and O)

TABLE 9 Physi. | properties

0 C X % P

°c JIkgK W/mK x 103 kg/m* x 103 kg/m 3 o
20 1871,5 132.36 102.1 872.5 1443.64
40 1946,02 131,048 35,53 862,1 527.61
60 2018,04 129,66 15,69 848,0 2442
80 2093.40 128,19 8.46 837.8 138.13
100 2160.39 126,90 5.24 825.0 89.21
150 2343,77 123.00 2,23 799.8 42,49
200 2522.55 119,42 1.27 772.5 26,83
250 2702.58 115,91 750.1
300 2890,99 112.36 7271

Co - 1804.52 J/kgK, b - 3.56 J/kgK2

0 ' v [af] " 630 * 'O'*/ °¢c

6.14.2 Water

Physical properties for waw were taken from “Thermodynamic and Transport Properties

of lluids , Y R Mayhew and G f C Rogers, Oxford. (1973).
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FIGURES

Figure 1 Schematic layout ol the experimental rig
Figure 2 Assembled section of the heat exchanger
Figure 3 Item 2 of Figure 2

Figure 4 Iltem 3 of Figure 2

Figure 5 Item 4 of Figure 2

Figure 6 Item 5 of Figure 2

Figure 7 Item 6 of Figure 2

Figure 8 Item 7 of Figure 2

Figure 9 Connecting piece

Figure 10 Item 1 of Figure 9

Figure 11 Item 2 of Figure 9

Figure 12 Item 3 of Figure 9

Figure 13 Item 4 of Figure 9

Figure 14 item 5 of Figure 9

Figure 15 Item 6 of Figure 9

Figure 16 Manometer

Figure 17 Static mixer

Figure 18 Temperature probe for water temperature in the inlet header

Figure 19 Detail of Figure 18

Figure 20 Detail of Figure 18

Figure 21 Data plotted against the Hausen equation
Figure 22 Metais and Eckert plot of the data

Figure 23 Data plotted against the Colburn type equation
Figure 24 Modified Metais and Eckert plot

Figure 25 Mixed turbulent equation

Figure 26 Upper transitional equation

Figure 27 Middle transitional eonation

Figure 28 Mixed laminar equation

Figure 29 Lower transitional data as a function of the Stanton and Reynolds groups
Figure 30 Lower transitional equation

Figure 31 Hausen equation compared with derived equations
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FIGURE 2 Assembled sec,.on of the heat exchanger
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Item 4 of Figure 2
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FIGURE 6 Item 5 ol Figme 2
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FIGURE 7 Item 6 of | niure 2
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FIGURE 10 Item 1 of Figure 9
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FIGURE 11 Item 2 of Figure 9
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FIGURE 15 Item 6 of Flgun B |
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FIGURE 16a Mjnometer
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FIGURE 16b Manometer
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FIGURE 17 Static mixei
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FIGURE 19 Detail of Figure 18
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FIGURE 19 Detail of Figure 8
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FIGURE 21
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ta plotted aq , the Hauser equation
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FIGURE 22 Metais and Eckert plot o( the d.na
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FIGURE 23
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Datd plcited against the Colburn type equation
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FIGURE 24
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Modified Metals and EckcM plot
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FIGURE 26 Upper transitional equation

€>

ro

VIN 3r<Iti3dX3

CSIR REPORT CENG 371



FIGURE 26
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FIGURE 27
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Middle transitional equation
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FIGURE 29 Lower transitional data as a function of the Stanton and Reynolds groups
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FIGURE 29 Lower transitional data as a function of the Stanton and Rrynolds groups
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FIGURE 30 Lower transitional equation
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FIGURE 31

Hausen equation compared with fli-nveti
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NOMENCLATURE

A,
Ao

Co

Elx)

Fix.)

ho

dl

mi

m2

Surface area u&ed in 6.7.2

Coefficient as defined in 6.7.1

Coefficient in Andrade equation

Coefficient in thermal conductivity equation
Coefficient as defined in 6 7.1

Coefficient in specific heat equation
Specific heat

Specific heat at reference temperature
Inside diameti r of tube

The error in x

A general funct on used in 67
Gravitational acceleration

Heat transfer coefficient

Heat transfer coefficient in the annulus
Characteristic length

Incremental tut length

Tut* length

Mass flow ran

Mass flow of oil as calculated from calibration equation
Mass flow of oil corrected for density
Arithmetic mean value

Rotameter reading

Correction factor of Gregorig used in 34 1
Heat flux

Heat transfer rate

Resistance

Re stance of standard resistance thermometer
Resistance as measured by bridge
Resistance corrected to standard tables
Radius

Absolute temperature

Critical tempi rature

Velocity

CSIF1 REPORT CENG 371

m2
W3/m3
kg/ms
W/mK
WK
J/kg
J/kgK
JIikgK
m

dimensk
that of

m/s3
W/m2K
W/m2K

kg/s
kg/s
kg/s

/m3

X X 3 3 3 3 3 = =

m/s



Greek symbols

0 Coefficient of volume expansivity
s Dynamic viscosity

T7-X Ratio of bulk to wall viscosity
0 Temperature

Datum temperature in thermal conductivity equation

Temperature of the water in the cooling jacket

X Thermal conductivity

Xo Thermal conductivity at datum temperature
P Density

P, Density of rotameter float

T Response time of resistance thermometer

Subscripts used in general equations

(Specific instances are included previously)

i At inlet conditions

0 At outlet conditions

wi At inside wall conditions
wo At outside wall conditions
£ Pertaining to liquid

v Pertaining to vapour

b At bulk conditions

b* At bulk inlet conditions

bo At hulk outlet conditions

Dimensionless gioups

(Properties are evaluated at the bulk temperature)

Grashof number Gr 0gJ!3p JA fI/t]*
Gr() (3gD 3p 2At» /13
Gr, 0gl 3P2AO0 /n
Nusselt numtiet Nu K>

>
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1/K

kg/ms

°C
°C
°C
W/mK
W/mK
kg/m3
kg/m3



Prandtl number

X
£wD 4m
Reynolds number y 1D
Nu
Stanton number pwC RePr
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FORCED CONVECTIVE HEAT TRANSFER
IN SINGLE PHASE FLOW OF A NEWTONIAN FLUID

IN A CIRCULAR PIPE

A’ annotat'd summary of empirical correlations

DOUGLAS GORDON ROGER.

SYt (IPS 1S

An extensive bibliography of empirical correlat ons for the Nus.ell group for internal
Newtonian p.pe flow has been compiled to facilitate the design of heat transfer equipment An
index is provided for locating experimental heat transfer Co. fficients for particular lluids and flow
coneitions. The area of transitional flow is lacking in experimental data and more data must

be collected in this region before reliable predictions of heat transfer coefficients may be made.

KEYWORDS Heat transfer coefficient, turbulent,laminar, transition, review

internal flows, empirical corielations, fluid flow



1.1

1.2

21

211

2.2

221

2.3

2.3.1

24

2.5

3.1

3.2

3.3

CON1TENTS

INTRODUCTION

FLOW REGIMES

LOCATING INFORMATION

CHRONOLOGICAL SUMMARY OF EXPERIMENTAL HEAT TRANSFER 6

COEFFICIENT CORRELATIONS

TURBULENT FLOW HEAT TRANSFER CORRELATIONS

Coneluilons

LAMINAR FLOW HEAT TRANSFER CORRELATIONS

Concluiioni

TRANSITIONAL FLOW HEAT TRANSFER CORRELATIONS

Conclunons

CORRECTION METHODS FOR VARIABLE PHYSICAL PROPERTIES

CONCLUSIONS

EXTENDED CHRONOLOGICAL SURVEY
TURBULENT | LOW CORHE LATIONS
LAMINAR FIOW CORRELATIONS

TRANSITIONAL FLOW CORRELATIONS

CSIR REPORT CENG 327

11

12

15

16

21

22

43

49



11

1.2

2.2

221

23

2.31

24

2.6

3.1

32

3.3

CONTENTS

INTRODUCTION

FLOW REGIMES

LOCATING INFORMATION

CHRONOLOGICAL SUMMARY OF EXPERIMENTAL HEAT TRANSFER 6

COEFFICIENT CORRELATIONS

TURBULENT FLOW HEAT TRANSFER CORRELATIONS

Conclusions

LAMINAR FLOW HEAT TRANSFER CORRELATIONS

Conclusions

TRANSITIONAL FLOW HEAT TRANSFER CORRELATIONS

Conclusions
CORRECTION METHODS FOR VARIABLE PHYSICA. PROPERTIES

CONCLUSIONS

EXTENDED CHRONOLOGICAL SURVEY
TURBULENT FLOW CORRELATIONS
LAMINAR FLOW CORRELATIONS

TRANSITIONAL FLOW CORRELATIONS

CSIR REPORT CENG 322

11

14

15

16

21

22

22

43

49



APPENDIX

REFERENCES

FLUID INDEX

EQUATION INDEX

SUMMARY OF ANALYTICAL SOLUTIONS FOR TURBULENT FLOW

SUMMARY OF ANALYTICAL SOLUTIONS FOR LAMINAR FLOW

NOMENCLATURE

CSIR REPORT CENG 322



INI RODUCTIUN

Orat/ > Sirnphfi 'tio’t
arc the ttr'.' step wwtird
thi mastery of a stitiject

Thomas Maim

R. Hat U ht>at tia ir i Hicu-nR 101 designing heal exchann-' equipment an often di.ficult

10 oh,am and the desig, eng,net: ma, or, o<.as.on question tht applicab.lih' o' a chosen coeH.oen,

Tho doubt may result in ove conservative design methods being used and more expe, ,ve units

tha' necessa-v txnnq designed

This bibliography via compile | & an aid to the designer to find an accurate heat transfer

confident lor the conditio* which | s designing and to clarify the state of experimental

dat. and correlations as a first step to improving the design process

T heat nan - coefficient ft th, t ansf, of hen to or Iron a non porous wall to a

tiviti d icd by the equation

"Slurr wall

The magrntudr of th- hr a; transfc, coefficient, h, has Ix-en determined to depend

S ’istantially < tn vet and i is ti convenient to subdivide tv at transfer coefncients
flow pat- Tt -dep.nd nt of n on oth,, factors such as the Prandtl numbe
W imb- a P, let numb- drv i t enablr

a convenient subdivision to be made.

FLOW HFGIME!

ainil fQ n( 1, , udii-nsed bythe three regions, lamina1, turbuli t andtransitional

mi, I.ti occurring in nintermediate r*i ,n tietween laminar and turbulent flow The

,1,0 # floiA may he further subdivided into la' unar to turfiulent tiansitional and turbulent to

i,on-. lalsr call. revers. transitu dep ndm. oi the history of the flow. The thre,
,d nrm i lregions are trad.i. .ally charact- u- sy th- Hvynoki- numb,1 as
arninei He ‘ « f00
rans ',or,al 2 000 Hr 10 000
ibull tH 1 00(1
tn, ti- niiy and tht h. it transfer rate affect the transition

prOCt s

1 IV (iN< 377
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F . mirmjl pirn flow Mcldi and Eckut [19G4) recogmwd the effect of fiee convection on

th. flow pattern and incorporated th. GrH, product |, further lutxfivide the flow into the regions

Forced convection turbulent

Free convection turbulent

Forced convection lammai

Free convection lamina’

Mixed convection turbulent

Mixed convection lammai

In this report only the three fundamental regions of laminar, turbulent and transitional

flows and only expenmental results and correlations are considered. For reviews on the theoretical

models the texts of Shah and London (19781 for laminar flow models and Reynolds and Cebeci

(1976) and Laundei and Spaldm (1972) (or turbulent flow models are recommended There

speedic text for transitional flow and this region

is no

is usually included In turbulent flow modelling

12 LOCATING INFORMATION

Fluid and Equation indexes wen prepared for localma original experimental data for

particula- fluids and flow conditions For exempt- if a heat transfer coefficient is required for

heating molass-s a tu bulent flow in a horizontal i the Fluid index (Section 4 2) indicates that

Friend and Metzne- (1958) obtain- d experimental data cross-referring t 1958 in the Equation index

(Section 4 3) for the article by Friend an | M- tzne will give the data a'd an accural' heat pansfei

coefficient

A natively the Equation index may be used for evaluating a oiven correlation for the

Mussel! numtx (or other heat tram4*, group) For example, if the m uahor of Malma aid Sparrow

(19641 wa m qu tion. th- entry u the Equation index will indicate how the equation tits giver

experimental data

Tht Equation md-+ ah .c rUims entries for which th.-re is no cross reference in the Fluid

inai x The entries an lamely anilyte | solutions, or corn litions based on olht-' researcher* data

FO- literaturt othe. tha- Fnglish thi VDI Warmeatla H, ichnungshlatt,’” ur den

Wurmr ulx rganq is recommend 'l m» an inteicsting summary

LCU U I A 1 B B



? CHRONOLOGICAL SUMMARY 01 [XPtHIMtNIAl HI AT TRANSFER

COEFFICIENT CORRE I AT ION

Osborne Reynolds (1874. 1884) was one ol tb. first researchers torecognise ="ndquantify

the modes in which fluids flow in piper This hr did as follow

In rlii first place, it /las shown that the property otviscosity or treachnt:

possessed more or less by all fluids, is the general influence conclusive to

steadiness, whilt on the other hand, space and velocity are the counter influence...’

Reynolds therefor, divided fluid flow into two region which havr since been termed laminar

and turbulent flow, which in isothermal conditions an distinguished by the Reynolds group, *

It was not until crca 1940 tnat an intermediatr region of fluid flow which hada marked

effect on th. heat transfer, was discerned. This region was ti med transitional flowand conelations

of me form of Figure 1 were accepted, noteworthy is the lack ofindication in the figure of how

to select .» Nusselt numlier in the transition region

FIGURE 1 Nusselt numbcs for transitional oa- How (Pi 0.71

Lomrnar flow
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Crc.i 19M Ect ri ,in<i Diaguila ami lalci Metai; and Eckprt (1964) identified thi effect of

frei convection 01 ™» e tent and location of the three flow regions and presented results as in

Figuti 2
FIGURf 2 Ri gimi m of fiei forced, .mil rr d ciniveclia-i loi Mu,
througt' horizontal tube
10
FORCED CON.t HOh
Turbulent
4
to
Transition Lom ngr Tu'bjlent MIXED CONVECTION
Turbulent
FORCED F*O*
Laminar
M x ED CONVECTION
Lommo'
2
to
10
4 5 7 P 9
GrPr
*
(H mm Pi, 1 ) Metais and Eckert (1964)

(The free convection limit wa? not establishea through lack of data)

How 've correlation for d m mirun the he.,' transfer ir th» transition region were still
madi ouate and circa 1970 Bank . fiirtn. s, rdtvid, mthi re . into th separate cases of laminar
to turbjltnt ftrans tion and turbuh 1 fr lamm, transi ion or revrm transition.

Witti IF subdivision of thi flow i nditi - Fiuuri has been constructed It is

envisaged that this Figure will b, enlarged m the future m a nnrr complete und-rStanding is

reached

CSIH ni ("OPT (INC. 37
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(1

TURBULENT FLOW HEAT TRANSItR CORFU |

This section summarises tin most important points that may hi

survey in section J.

Since the available literatun

often difficult to visualise the progression of the scicna

of experimental turbulent flov heat transfer coefficient correlations Table

IONS

extractor! from the extended

on h. at transfer extends over a relatively long time span, it is

To facilitate Tin visualisation of the state

1 has been constructed.

From this it is rnatively easy to grasp th. cha.n of thought through the time span

In the other sections on larn.nar and transition flow heat transfer correlations,

have been drawn up to facilitate visualisation

similar tables

TABLE 1 A chronological summaiy nl tuibulent lluw heal Pans™

correlation methods

UWLT const, wall temp
UHF uniform heat flux
BOUNDAP'
CONDIT IONS DATt
1905 Nu | and Bouss.ni iu* from dimensional analysis
1909 sugi'.'st Nu NRel (Pr)
UWT 1917 Nusselt suggests Nu (RePrl(" LI for a
Pr 0.7 de\ loping velocity profit' . -|
J_ 2_| Cs 1
191C Tayloi propose A C w* "1 V1
1919 linking friction and
heat transfr
1922 McAdams and Frost take the viscosity at an average
film temperature to align data
LfD > 35 1924 McAdams and frost suggest Nu 4(Re) (1 ¢ a”™ L)r
eliminating the effect of infmiti tulw length on the
Nu
UWT 1924 Ricr incorporate! a temp raturi differenci term,
Pi 2,48 possibly to aicount foi free convectior
7.35
1929 Keevil and MrAdam- notr the effect of the waM to

Ini tempi atun diHen no to jive different velocity

Poflll
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2, TURBULENT FLOW HEAT TRANS' CORRELATIONS

This lection summarises thi most importai t points th..t may hi extracted from the extendi il
Survey in section 3

Since the available literature on h. at Iran .r extend!over a relatively long time span, it is

often  difficult to visualise the piegression of the,enc To lac.lilal. the visualisation of the state

of experimental turbulent flow heat transfer coefficient correlations Table 1 has been constructed.

From this it is relatively easyto grasp the chan of thoughtthrough the time span

In th- other sections on lar na and transition flow heat transfer correlations,similar tables

have been drawn up tn facilitate visualisation

TABLE 1 A chronological summary of tuihulent IL.« mat nanshi

correlation methods

UWT const wall temp

UHF uniform heat flux

FOUND A flv

CONDITION' 0AT
190b Nu Hi and Boussincs Ul from dimensional analysis
1909 suggest Nu l4Re) . (Pr)
UVvV.T 1917 Nusselt suggests Nu uRePr)¢ LI for a
Fr 0.7 developing velocity profile
1916 Taylo' propose i 2T y (Pr- 1) 1
1919 linking friction and
heat transfer
1922 McAdams and Frost take the viscosity at an average
film tempeiaturi to align data
LD 3Y) 1924 McAdams and Frost sugg-st Nu mlRel (1 T ad/L)r
eliminating tin effect of infinite tube length on the
Nu.
UWT 1924 Rici incorporates a temperature diffeieno V mm,
Pr 2.48 possibly to account for free innvection
7.3!)
1929 knevil and McAdams not' the eflrct of the wall to
bull li-mpi atun dilfcn-nci to give diffeient velocity
profile

CSIR RF.PORT C¢tN'. 32?7



BOUNDARY

CONDnN IONS

UWT

/D 59 -224
UWT

UHF

L/D 48
Pr 2 o)
UWT

L/D 5
Pr 0,7
UHF

UWT

Pr 0,7

DAL I

193’

1931

1933

1945

1950

1951

1954

1954

1955

1961

1963

10

Liiwerv m and Shi.iwood find lhat 'L has only an

effect for viscous liquids
Drew, Hoorn and McAdams suonest using the G.-
number | aRePr LI

Colburn suggests using film temperature to align thi
dat and suggests that fcr large Gr the group
(1 aGr 31 should be included.

Bernardo and Eian note that the St correlated results

better in the lower turbulent region.

Deisslcr conclude < that the rflect of fluid properties

across the tubi can b'- eliminated by evaluating the

prop-rties at a temperature close to the aveiam of the

wall and bulk temperatures

Lyon notes that there is an expected minimum of the

Nu as Pr m0.

Di .jSIm notes that increasing Pr eliminates the cntranct
effect and that the effect of variableviscosity can tx
eliminated by evaluating the viscosity attemperatures

which an a function of thf Pr

Eckert and Dia lila note the effect of GrPr on

determining tht limits of the flow regions.

Hartnett defines thi thermal entrance length and note

that at high Re the Pr has little effect

J.n kson Spurlock and Purdy experimenting with

develop. v velocity profile noti & effect of 'd but
n i of In' convntion In theii experiments the
boundar, layii did not fill the tube
Petukhov and Popov sugciest the equation

|

8 RePr

Nu
hx/'/R IP, 3 1
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HOUN t ABV

CONDIT IONS DAT
UHF 1964 Allt;n and Eck' rt uif th. wall |1 lluid temperature
Lr'o 30
Pr 7-8
Umd

Uwi1 1965 Kola' us. 1 turbulent Be 7l.l.n_norn lan
I D 31 data
Pr 071 =m

5,67
UHE 1967 Gowen and Smith show that the universal temperature
| /D 21 piolih is dependent on Pr and Re.
Pr 0.7 r

143
UWT 1971 Herb, 't and St ms for vertical tubes note that the GrPr
L.D 80 has little effect at high Re but increases as Re decreases
Pr - 2 =8

dP
1972 Gross and Thomas nolt that inclusion of the dx term
improve- a theoretical modi |
1974 Mon. Sakakibara and Tanimoto find that for Gz 60

th ra'io o' th wall thermal conductivity to that of the

fluid and thi wall thi kness may be significant.

211 Conclusions

For heat transfe .u a fluid with t ostant | opertics. a fully developed velocity profile and

without ft co ivection m=ffects. the Nusselt numbei correlation < of the form Nu i IRe). .(Pr).

Fo- fn- convecti rMeets thi term (1 + a Gr I may be included as a multiplier.

"Thr e*h,"” of u-mg th qgmu[ & a multiplu' is discussed by Brown and Thorrvs (1965)1

For a divelopm velocily profit" Ihi tern i1 DI or inclusion of a friction terms/AfT

may t* inclurnd .is a multiplier 4 '[))" may In cntir.sed as piedictmg an infm.tl Nu for an

infmiti tub, length and Il « (I DI'l is sometimr used to eliminat, im incongruity Thi

alternative US of thi G-, 1/ numU-i e not to mclud entiam m eft, n but to define thi ratio of

tin rati of heat transfer by convei non to th, rat, of heat trans' t by conduction

csm urtxsRi CING 377



Alternatively tI>

22

12

Variable fluid properties are accounted lor

1hi most ol’ n cited equation is that ol

n Pr
Nu

1,07 , 127/ f (Pi

equations recommended by M' -ai

LAMINAR FLOW HEAT TRANSFER CQRRELAKC

A m section 2 1, Table 2 ha

TABLE 2 A chronological summary of Ilaminai

loti

by the ratio Nu'Nuo as explained

is

and Eckeit (19641 may Ix used

b >n constructed to facilitate visualisation.

in section 24

Petukhov and Popov (196d), with the variable
fluid ptopfty correction term of Hufschmidt. Burck and Riebold (19661 which

BOUNDARY

flow heat transfer correlations

DATS
COND IT IONS
SMT 1885 Grai i; and Nusselt formula’* an analytical solution for
UHF 1910 fulls develop'd velocity and temperature profiles
UWT 1928 Lc.eque extends th result to developing velocity
UHF prohl giving Nu afRePr L1
1930 Dittus and Boelter include Ih< tern Tuv to include

variable physical properties.
UWT 1930 i.nlburn and Hougen find that Nu aPr Gr
Pr 2 .+ 6 v.,i prop ’ties based on a film temperaturr. indepen

d- it d the Re
UHF 1931 Kirki Hi ii' McCabe propose the form
/D 160 " ¢

RpPr d IRePr d-. )n
1933 C ll:-n intludi thi tirn 1 ¢ a Gr * to account

1- In + convection and b.i: properties on a film

P mperature
I'D 90 1936 Sir 1 anl Tali sugi st thi property con netion

1 r ioH
Nu alRePi 1) 3 —r

CSIH ntPCim CENC. 327



BOUM' AHY
CONDITIONS

UWA1

Pi 43

LD 20 °
602

uw?

Pt ” 60 -
1000

LD 40 -
193

UHF

Pi 07 8

1D 72

LD 36
72

UHC

1D 121

Pi 07

UHF

Pl 07

LD 80

UHF

Pl 2 4

*p 700

T 28

DAT!

1942

1943

1959

1961

1962

196b

1966

1966

1967

1968

1971

13

"
Uaitmeclli i't dlI ciitnis! thi of 1> aGi = asa
multiplu | as ihi would mdicati an incieasmq eftecl o
frue convection with increasing R' contiary to then

otiseivi'd lesults to1 vertical tuliet (Set Brown and

Thoma 19651

Kern and Othmii suggest - —

Stephan -uggests Nu i (L, Pe) lor constant proper-

ties and Nu f. (L/*"Re.Pr) for variable properties

Ede suggests Nu a 4 bGr

Olivi  cntiti in as producing a term in D* and

1
suggi st Ci d.

Biow and Thoma1 find that fot horizontal tubes thi

fi' cc vection men as - v<ith incieasir.g Ri

Mon ei al find that Ire convection effect staits at

ReR. 10 an! that the critic. dr lends cn thi

intensity of tht semndarv flow

McCon ,i a Eci C't notice that thi free convection

pti 1 mena wma* thi rai of Gr i Ri increases

Igbal . Sta uewicz analyticallv find that tfu tut*

inclinati m has little effect on the Nu

ICrhl” 4
Nu

Shannon and Depew notici that for

the natural convection is negligibli

Depiw and Am - st sugai i using thi group

G, Gr" P-n

csm Ht pom CENG 377
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TRANSITIONA1 FLOW HFATIRANSF R :ORRE | AT IONL

Ai in tht previous sections Tat* 3 has tv en constructed to facilitate visualisation.

TABLE 3 A chronological summaiv of tiansitional flow heai tiansler cor elalions
BOUNDARY
CONDITIONS DATT
1933 Cc
L T .
as a rlistinguishma criterion
1936 S
AMwell
1940 N
w
LTS 1942 N
140 0 14
-0.8 - —
*/ID - 234 0,0067 Pr St
CpG I ~F «
1966 PrtH W< I (!
"
st 1 100wt
St Stt .
0 000 . 10 000 j k ?t00j
. 10 000
and found no effect of *~ d
1970 4
|
1970
reiiK'i <" o »l 1"1*1 k
1970 m Peifcin fi eeifh#m In- saHIICtfiK) 1h
if* wi u*"
1970
v fi- - t» href fiensiIr*
UWT 1976 imY fmil' fum CR' wiiert C and n are
| /D 77 = hi |1ﬂ*1|r IJ | -
231
1977 Churchill prop «» a comprehensivi correlating equation

loi tin total Hi* region, however, the equation is
viiy iumtx’i m and is madi up of various individual

equations
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231 Conclusions

Thi- extent of tin transition region is not clearly definable end depends on the conditions

of the system

The most promising correlations for the heat tiansfer coefficient appear as afunction of

the Stanton numbei. rather than the Nusselt numfxn

The effects of free convection, variable physical properties and 1 D ratio onthe heat

transfer hav< not been determined extensively

The only available data are

for air Pechenegov 1975

and for liquids Norris and Sims 1942

and these are therefore recommended

24 CORRECTION METHODS FOR VARIABLE PHVSIC.Al PRUPIH1IES

It is most often convenient It interpret experimental results as a deviation from some

specific datum In heat transfer to a fluid it is convenient to represent the datum as the limitim)

case of zero heat flux, unde- which restriction physical properties will be effectively constant du-

to the uniform temperature fields

The heal transfer under finite heat flux is then somr function of the limiting case of zero

heat flux. This is expressed as

Nu

Nc
whi = Nu r the limiting rat | zero he -« flux Table ' has tx mn constructed from correlations
in tii- literature to summarisi av.nlabli correction method

(.SIR RtPOHT CENC. 377



TABLE 4

FLUID

Ci5

a5

C/5

AUTHOR

I'm

Humble, Lowdermilk

and Dt-smon

Kays

Bialoko/ and

Saunders

Wright and

Walters

McCarthy .ir

Wolf

Taylor and

Kirchgessner

McCailhy and

Wolf

Vt AR

19L

1951

1955

1956

1959

1960

1960

1960

17

Correction lactors lor variatrli

Nu CR 08
0,5 0,9 0,9
0.0218 0,0212
0 -0,27
Nu_
Nu
1
0,55 at
|
iKiThe'mai iad m ir
n 0,25 heatino
n 0,08 cooling
A 0,6
Nu T
NL T.
1.1 1.73
0 676
Nu 1,
Nu; V.
1
1
T
-0.3
Nu T
Nu
T
£ 15 2.8
T
Nu it
Nuk
|
2 1,6 3,9
\
-0,7
Nu
Nuc
T
1,5 9,9
T.

physical properties

CORARt CTION FACTOR
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Air

12 - 23

0.0223

-0,58

Air

Ai>

Hydi n

Hydrogen

Helium

Hydrov ri

Helium



FLUID

s

c

® A8

«

ALil MO I"

Wielanri

Taylor

Petukhov and

Popov

Kutateladze

(through Petukhov)

Kirillov and

Maluqin

McEligot. Mi an

Leppert

Lelchuk, ElphimoV

and Fedotn.

Perkins and

Worsoe Schmidt

Volkov ant1 lvanov

Petukhov
Kirillov and

Maidonic

1967

1963

1963

1963

1963

1965

1965

1965

1966

1961

CORRECT ION
Nu
Nu
< 2,8
1,5 -56
i -0.47
Nu
Nut f
Nu.
N.i
In
T.
«0,6
Nu T,
Nu T.
1,1 2,3
Nu I:-A 1
Nu
11 <25
11 -27
-0 7
Nu T
Nu |
It i
Nu *1

T
11 < 21
T!
NLI " r U " .
Nu
(0.9 log j
1 =6
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FACTOR

+ 0.2051

Helium and
Hydrogen

Nitrogen

An

Carbon di
oxide

Argon
Nitrooen

Nitrogen

Nitrogen



AUTHOH COFnECTION FACTOR

Nu .
KuUtwlifnV' N 1,27 0,27 cooling
u
tv IfIIUIF  C<irg|ix«-j
19%
0)) 0,66
heating
-0.6
u
Met ligot, Ormatid 196G f
and Perkins
Nu
Zucchetto, and 1973 N
Tnotsen
Kaye and Furnas 19J4 tooling reeling cooling
0,5 liquids
1,0 gases
Dittus and Bwelter 1930 Nu aRe° ePr
0,3 cooling
0,4 hcatmg
Nu &T#
Colburn 1933 Na o
0,064
ir "
Kraussold 1933 Nu aRe 1 1J ft
0,37 hi ating
0.3 cooling
0,14
Nu
Siedr-r and TaV 1936 Nu
L ‘wen
Nu t
Michejev and 1957 Nu r
Zukauskas

Ithrough Gre i it

19701
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Jakovlev
(ihrounh Gregorig
1970)

Kutatelarize
(through Gregorio
1970)

Mahna and Sparrow

Hulichmidt, Burck
and Riebold

Hackl and Groll

Shannon and Depev.

Gregongq

2U

CONRE C7ION FACTOR

Nu

Nu
1968 Nu
1964 NUu

Nu
1966 Nu
1969

Nu
1969

m

Nu
1970 ho

Nu
1977 Nu
1976
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0,645

<n(Gz)

I»>4r

4 0,355

in graphical

lorm

0,07»7



From thi! Table it may I" concluded that tin correlation1 tor qas<" and liquid- arc of

different form.
For gases the form

Nu
No vV T «

aptx-ars to be the only form of correction

For liquids there is a laigi variety of correction forms however, it is physically most

likely that use of the Prandtl group may be the most reliable form The correction term of

Gregong (1976) is thus possibly the most favourable correction method

25 CONCLUSIONS

Data and correlations for th, heat transf. - coefficient for laminar and turbulent flow of

fluids with variable physical prop lies, developing velocity profih and tree convection effects are

A/ | I | NI * « ' i vk

i.- *H#n-*» v " '

most circumstances and for unusual circumstances reliab' prediction methods are available

The area of transitior flnw has notbe- i extensively examined and methods for determining

theextent ot this region and obtaining heat tiansfer coefficients may tx unreliable

Mori data must be collected for the transition region beforereliable predictions of heat

transfer coefficients may be made
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3 EXTENDED CHRONOLOGICAL SURVEY

31 TURBULENT FLOW CORRELATIONS

Although tuthuluncp as such was not ob<prved until ciica 1884, Boussinesque in 1877
proposed a theory of eddy d t'usion to account for the larger measured pressure gradient in pipe
flow than tha' predicted hy the theory of Hatir n (1839) and Poiseuill- (1841. 18461 Hi effectively

introduced a mixing coefficient A for the Reynolds stress in turbulent flow by defining

—puN* |

This has the disadvantage that A is not a property of thi fluid but is defiendent on the

mean velocity

Lati Boussinesque (1905) from dimensional analysis derived the functional form

=3
[ ]
(g}
o
-_—

where C and y, were functions to be derived from experimental results He did not, however,

verify this experimentally.

Around the same time Nusselt (1909) afs" us.ng dimensional analysis, suggested that

and experimentally determined n 0,786 ..id t 15,90 The group A was later to be termed

the Nussed number.

It 1917 Nusselt extended his previous results to include a developing velocity profile and

di termim | that for an

*
# €
Nil 0,0362? [ /rdulc
J
wa' found to hold 7 hi L term allowed lor thi developing profili
G | Taylor (1916 1919) extended Reynold analogy to includ two regions cl flow insi; i
tin pipi, a laminar region wheri (thi "cnpfhcient ol turbulent exchange") is negligible and a
I jrbulent region whiri the viscosity is negligihli Ftom this he deduced the relation
Cppul
PP frif Hi 1)
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vvhin u i tht velocity at thi lanuna turbulent layer

Gtobir (19211 proposed the provisional epuation lor both liquids and gases

i I 79
; ujpCji
fbi | K

possibly as an extension ol Nussclt s n suits Thi' wa1 later criticised by McAdams and Frost (19241

as failing to allow satisfactorily tor variations in diameti r and velocity

McAdams and Frost (19221 noted that a critical velocity that m fined the boundary between

laminar and turbulent flow could be expressed as

pdfg

and also noted that in certain cases the transition could be delayed far in excess of this velocity

Using the results from experiments with light oils and water they suggested a simplified form of the

Boussim sque equation as
Nu - aRe1

wher the viscosi y was taken at thi avirag- film temperatuu in on attempt to correlate the data

satisfactorily.

Two vyears later McAdams and Frost (19241. after experimenting with the heating of water

put forwaiU the equation

50d 0B

after noticing a pronounced effect of the Lf ratio

R (1924), using coll-at d data aid bn-mg physical properties on thi film temperature

proposed an equation of tm- form
Nu a1l Pr° LRe 6

for us- with gases and liquid in flow will abovi the critK | valui Thi us- of the suggi is
tht influencr of frei convection
In 1920 Prandtl devr+iped his mixing length hypothesis

du I do

oo (, is the Prandtl mixing length).
| dy jily
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1 his theory has $ubse(luently been used extensively and sdll finds numerous applications
Cox (1928), using semimtheoretical considerations derived the equation

"o, 1 -

Nu aRe FP| 1

ami based the physical ptoperties on the turn b npeiature as had McAdams and Frost (1922).

Morris and Whitman (1926) experimented extensively with three pet oleum oils and using

the form

Nu a (Re) t (Pr)
presented the results in graphical form, differentiating between heating and cooling The Nu was
defined as a point value rattier than length avei | value and the use of averagr fluid prope ties
rather tha film properties gave mon| consistent n suits Figures 4 and 5 are the plots obtained
and it is interesting to nob that then is mori scatter in the data for cooling, suggesting an

additional mechanism not allowed for in the equation used.

FIGURE 4 The heat transfer coefficient as a function of a dimensional Reynold

numtx i for h ating o* oils (Morr.s and Wmtman 1928)
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MGURI 1hi heat tianslei cotMicient a tunction o' a dimensional Reynolds
number for cooling of oils. (Mortis and Whitman 1928)
2000
1000
; - 100

COOLING DATA

10 100 200 400 BOO
DV
2
Pr« - ilb28 further developed tin results of 1aylor (1916 - 1919 by observing that
Si ith pipes
wa. pn oc'ti This li-f to thr equation:

1

M 2 1> Ri 8 (Pr 1)

Iw found to hold for small Pr only

MrAdam' 11929) note i theeffect of i direction of ih- heat transmission on
ant n the fnrti i facto' Physirally tt situation wa< rep'esenti ' a' in
f th ,Kprrin,-ntal r ritt oltwo Dili the quantified tin effect in the form of
M tempi iature diffrieno as in figun 7
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FIGURE 6 Effect of h : transmi ;mn on velocify (fisinlintioi m

viscous motion (Keevil and McAdams 19291

VEIOCIT r
WALL
WALL
Curve 1 - isothermalflow
Curve 2 — heating ofliquidorcooling of gas.
Curve 3 - cooling ofliquidorheating of gas.
FIGURE 7 The effect of /T on thi friction factor in mna flow

(Keevil and McAdams 1929)

06
oc Cool nl Heating
04 AT = Temperafure difference degrees C

a 40 20 0 20 40 a 8 100 120
AT Od to Pipe ATPipe to Oil

As with thi resill of Morn, and Whitm.i (1928 tin data <oi coolingwen more scattered

indicating an unaccounted for mechanism

Eagli and Ferguson (1930), after an exhaustivisurvey of the published data, concluded that

it was impossible to deduce any general ml by whichheat transfer coefficients could he predicted

under any given conditions

CSIR REPORT CEN(, 327



They also proposed that in addition to a him and core renmn thi-it vva- an intermediate

layer, winch led to the equation

au

- — A +B (Pr - 1) +CIPi - 1)2
k

(0]

when A, B and C are functions of the Be Experimenting with wat. , they noted that there was
agreement between tin equation and tin experimental data They als postulated that the scatter

in experimvntal results could bt caused by a tree convection effect

Ditlus and Boelter (1930) in a now classit paper exi nmentally determined correlations for
the heating and cooling of oils. As with previous investigators they could not reconc le the heating

and cooling data and suggested the equations

Nu aRe0-8Pi° 1 for heating, and

Nu bRec aPr®3 for cooling

The effect of an entrance region was noted but was not correlated due to insufficient data.
d/
An equation for laminai flow wa also suggested in which a L term was included for entrance

effects andthe term T ~ toaccount for fret convection effects
Lawrence and Sherwood (19311 investigated the effect of the tube length using water
Slender’ in 1930 had noted that the us> of the factor | 1] used as a multipl r in the

Nusselt equation indicated zero heat transfer for infinite pipes, and had proposed the equation

Nu alRePr)0-76 + bRePr(d/L)

Howi'n , us experimental data on flow without a developing section Lawrence and Sherwood

conclud#! tha* the d”L ratio had no effect and proposed thi equation

They noted, howevei, that f. oil; in thr semi turbulent region thr ' L rati appeared to have a

(>ronounc6 1 effect but did not have sufficient data to correlati ttu results

Drew, Hogan and McAdams (1931) reviewed thr availabh equations and using previously

published data concluded that no modell were al'ouatr to descnb- the trui situation, and suggested

‘Slender , W«  Veroflr ntbrh Siemvt-1 Konzern 9. 88 (19301 as referred to by Lawrence and

Sherwood (1931).
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tlie usp of I.x group (Grac't/ number) to correlate the data.It is very interesting to

note that the Gz aRef'r1, L which tii in with previous correlations

Nussclt 119311, using the data of Burbach* and of Eagle and Ferguson (19301 substantiated
his postulate that the equation was of thi form
0,0657?

No rfh'1 i

Sherwood and Petrie (193?) experimented extensively with the heating of several liquids
of Pi from 1 to 20 and successfully correlated iht results using an equation of the Dittus and

Boelter (1930) form as suggested in 1931 They further noted that the results were inaccurate for

lower Re

Murphtee (1932) criticised the Prandtl model as not showing the effect of large Pi
effectively and, assuming the model of eddy currents whose value was zero at the wall and increased

to a constant value in the bulk of the fluid, derived the formula

Nu * 1 « p-

J

where . is a complicated function When appbi to experimental results the model was found to

be reasonable.

Colburn (1933) introduced the iH factor which he defined as

CpG '

and postulated a direct link between this and the friction factor f -
U'mg others' experimental results and basing th' fluid propertin an a film tempi ratuie defined as

°, i for turbulent flow and

for lam nar flow.

‘Burbach, Th and Hermann, R. "Suommgswu drrstand unri Warn, jborgang in Rohrpi "

liepzig 1930, p 4b, as .eferred to by Nussclt (1931),
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wcCe
thp use of the group (Gract? number) to correlate the data It is very interesting to

note that the G? aRePr L whn h tic: in with previous correlations

Nusselt (1931), using the data of Burbach* and of Eagle and Ferguson (1930) substantiated
his postulate that the equation was of the form
0.0B63

Nu aRc0,704 Pr° 350 *

Sherwood and Petrie (1932) experimented extensively with the heating of several liquids
of Pi from 1 to 20 and successfully correlated the results using an equation ofthe Dittos and

Boelter (1930) form as suggested in 1931 They further noted that the results wen inaccurati for

lower Re.

Murphrec (1932) criticised the Prandtl model as not showing the effect of large Pi
effectively and, assuming the model of eddy currents whose value was zero at the wall and increased

to a constant value in tht bulk of thi fluid, derived the formula

where , is a complicated function When applre i to experimental results the model was found to

be reasonable.

Colburn (1933) introduced the jH factor which he defined as

,RL

pu

and postulated a direct link t* tween this and t*" friction factor f _ -

Using others' experimental results and basing the fluid properties on a film temperature defined as

g 4 Vi(m ) for turbulent flow and

f en well mug

f eug 4 %( #n #ug | for laminar flow.

‘Burbach, Th and Hermann, R. "Stn m vied island und Wiirmeubiigang in Rohren",

Liepzig 1930, p 46, as lelerred to by Nu'selt (1931),
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hi clvrivei! the equations

rrG 1 °'3-
H “ArAPL L

1h 3S' 5 for laminar flow

Hr suggested the use of the parameter

for turbulent flow and

trim

to bring the heating and cooling data into line and noted tfiat for larg Gr, inclusion of the term

(1 + 0,015 Gr | was necessary

The IHand 1 # factors did not correlate in the laminar region but were in good agreement
> large Re. In accordanc with friction data Colburn presumed an analogous form for the heat
transfer coefficient and hence constructed Figun 8, which extends from laminar to turbulent flow
The form of the curve in thi transition region is, however, arbitrary and not based on sound

experimental data.

FIGURE 8 The functions i and *» as a function of the Reynolds numbe

for lamiru and turbulent flow. (Colburr 1933
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0 001
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1his work ol Colburn's was a majoi advanci and graphs of the form of Figure 8 are

still used, os for example, in Kern's book "Ptoces' Hea' Transfer" (Figure 91

FIGURE 9 The functions i anti as . function of thi Reynolds numoer

for lammai and turbjl’nl flow (Kern 1960)
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Kraussold (19331 experimentally determined a correlation of the form

0,064

Nu aRe° BPr0-37 , d/L J

for thi heating of fluid! and changed the exponent of the Pi to 0,3 tor cooling This indicated

that thire was an entrance effect, contrary to previous results

Kaye and Furnas (1934) advanced the theory of a stationary film at the vill to explain

thi difference in heating and cooling data and suggested a correction lector

' heeling
coolma neming

cooling J

when r was 05 to. liquid and 1.0 lot gates

Sieder and Tati (19361 in a now renowned paper, presented exiienmental results for the

hi atmg and cooling of oils, and based on the results, tug rested the use of the factor
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to bring the heating and i ultn. data into agreement. They suggested a
‘Veil
value o' 0 14 loi tht exponent of this correction factor and noting that the ratio d was not
necessary in turbulent flow produced a correlation as in figuri (> This form is still widely

accepted although thi scatter of the original data is iy large

Von Karman (19391 introduced the concept of a buffer 'dyer between tht laminar
sublayim and tht ‘ire in pipe flow Using thn theory and thi R ynolds analc; he obtained,

using Nikuradse’s velocity profiles, (19321, the relation

1 2 _ 1+ 1In 1t  6(®Pr- 1)
c - |
which for Pr 1 reduces to the Reynolds analogy and for Pr 1 small reduces to a form similar
to that of Taylor (1916 - 19191 Comparison o' this equation with the results of Dittus and

Boclter (19301 war good for Pr < 25 This effect of the Pr may be expected when using a

F.. ynolds analogy.

Boelter, Martmellr and Jonassen (1941) extended Von Karman's model by including
variable viscosity ir tf laminar sublayer and constant viscosity outs.dr This constant viscosity
was an average viscosity, not a viscosity at an averaq temperature They derived a equation by

adding thi three resistances

-k laminar layer
dy
' d
.-'L _1 - buffer layer
A Cp L Pr dy
d.
9 turbulent cc e
A Co dy

which wen m . in merit when compared with the data of Morris and Vt1itman 11928)

Haus (1943) US | the n suits of SieOer and Tate 11936) and oti rs withspecial at" ntion

to thi eff' t of n .nid arrived at the function

, f . 0,4
Nu a(R<" 3 125)Pr ' r1A1T 3
| J

Thi equatror do< not show tin anon iy ofzero H at transfe1 for infinite tube length
Bernardo ,ind Eiarr (1945' ex;ieiimi-iHcd with rttiyleru glycol and found ttiat the Dittus

and Bocltrr 11930) form of tin equation correlated thi re rip satisfactorily They also noted that

Ir
ti.i Stanton numfii Up& coirelatrd llv. n ult better in tin lower turbulent region
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Martmplli 11947) cxtnnded the model proposed by Von Kamnan to include low Prandtl
numbers by considering molecular conduction In the turbulent core He also constructed a generalised

velocity distribution using thi results of Nikuradse (19321 and Reichardt (1943) as given in

Figure 10
FIGURE 10 ( 5d velocity distribution for turbulent flow in tubes
(Martinelli 1947)
BUFFt
LAVE R
20
+
3
U*='305 +5 00 fny +
5 10 30 100 1000

y+

Using dimensir- 1analy , D sler (1950 determined that the eddy conductivity could be

rmpressed as i n7 uy

whir, n' is experimentally rl'termini | From this h developed velocity profiles that agreed with
expelimental results Sutiseuuently he I'xtendi-' thir analysis (19501 to include variations in physical
propertie' and concluded that tin effect of flui | properlie acros- thi tubr could be eliminated by

evaluating the propertie at a temiwrature clos. to the averag of thi + all and bulk temperatures

Two years later Deissln and Ci, (1952) extended this work to include Pr m unity and
found that tin predicted ults agrei d with expeiimental results for ait

Danckwcrts (19511 wliih considering liguid film coefficients , gas atisorption proposed the
surlacr rt newal model Thi i ,i of a stagnant film near the wall wa abandoned and the idea of

eddies continually exposing irnsh seitions of the Surfaci was considiied
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Lyon (19511, usmii tw assumpnons of fully developed velocity and temperature profiles,

uniform heat flux and Pr, arrived at an integral form for the Nussclt number which was

shown to be in reasonable agreement with experimental results He further noted from this integral
form that there wJs an expected minimum for the Nu as Pr « 0

in turbulent flow, which was

around 7. This wa- later used tiy Churchill (19771 m his method of using asymptotes to obtain

interpolator/ equations.

Lm, Moulton and Putnam (19531 assumed an etlJy viscosity in the region closeto the

walland derived an equation that fitted experimental velocity profiles very will This then

elir, mated the concept of a laminar sublayer as in the surface renewal model

Derssler (1954) pointed out that the inadequacy of his previous results was dueto the

expression used for the edciy diffusivity close to the wall A new expression, modified to account

for the effect of kinematic viscosity in reducing turbulence clos to the wall, gave improved results

and indicated that except at low Ri th. entrance effect decreased with increasing Pr. His analysis

also indicated that the effect of variable viscosity could be eliminated by evaluating the viscosity at

a temperature which was a function of the Pr

Eckert a d Diaguila (19541 exnerimented with air flowing in vertical tubes and found that

with properties based on a film temperature Hausen's equation underestimated the heat transfer
-ocfficient at high Re. Using the results of Martmelli and Boelter and Watzinger and Johnson

(ia j9r they divided the fluid flow into the three regions of forced, mixef and free flaw usmc, the

criterion Rr a'PrGr )0,33 and plotted the result as in Figure 11.
FIGURE M1 Subdivision of trie flow regions as a function of the Reynolds
[ 4 “a 1
L/d FORCED-FLO*
20

PRESENT
STUPT

[ R A A |

Wat/mgur, A and Johnson, D H
Forsh ad Geh |Ingci 10 18?7 (1939)
as referred te by Eckert and Diaguila (1954)
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Hartnett (1955) exneumented with oil .md water with a tulll developed velocity prolili

to determine the thermal entrance length,

defined as the length needed for in, heat transfer

coefficient to reach a constant value He concluded that at high R. the Pi had little effect on

the entry length Figure 12 is a typical result.

FIGURE 12 Thermal Entry Length results foi oil flow in the .ransition region

(Hartnett 1955)

re uD/l 344
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Deissler (1955) analytically derived expressions tor the thermal entrance length for umVirm

h, [t flux and uniform wall temperaturr and obtained results which agreed well with experimental

results,

Sparrow. Hallma and Sii-gcl (1958) analytically derived expression for the thermal

entrant, length assuming a uniform temperature and , fully developed velocity profile. A similar

approi to that of (ir.i.r/ w u d yielded results that agreed with those of Deissler (1955).

The, noted that the effect of increasing Pi

wa' to deer, as, thl thermal entrance length, which is

ex pi cted from the physics

Friend and M-t/ner (1958) m

hired and simplified Reichardt's (1943) analysis for the case

of moderate Pi to the form

11
St

1,2 > (B = DhIPrIV ?
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whet! Pr) was expt tally d,termm,.tl to b 11,8 P," 3 Interest,nq to note is the

consistency of th, results through the transition region in Figure 13

FIGURE 13 The Nusse numb, ' a . function of th, Ri ynolils numliM

for heating of molasses (Fiiencl and Mrtzmi 19!iFI
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Aler and Chao 11960) modified Prandtl's mixing length hypothesis to include a continuous

change of momentum and energy during the flight of an eddy This translates to

vanablt
'K

Results from this model agreed with experimental results

Jackso. Spurlock and Purdy 11961) experimented with a.r with a developing velocity profile
and found an effect of tube

length but not of free convection. The tubes used in the experiments
were not long enough to allow the boundary layer to completely fill the tube Their results for

thi lower turbulent transitional region were consistent See Fiqure 14
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FIGURf 14 Niii.scM rt' inbi’i ,i’, & lunction 3< t
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o D/L -0 67
m D/L -0 127
v D/L -0 090
o D/L -0 063
v D/L -0 045
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1000
RePr
Petukhov and Popov (19631 used a numerical P'oci

nation, assuming vanahk physical properties, and found a

From experimental

« terpolation formula

f,
8 Ri'Pi
Nu
1.07 ~ 12.7 1+ le IF 4" - i)
s imilar to th, form of Fnend and Met/ne, (1958)

tukhuv

. nd Popov (1963) suggested th. us. o’
Nu_ T
Nu r
liel/ 1 mperature load They also mentioned the tactoi
Nu,
NU. I
7\
At . uum (1017) M tht I " WIP#
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results for constant physical

he ReynoU “andtl
' Plu. 1961)
on Turbulent flow -
dure to sowf the heat and momentum

more generalised form oi the Lyon

properties they derived the

For vanal.le physical properties
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D.pprey

cavity vortex theory This assumes that th(

37

and Sabersky (1963) look, d ai th. din | of

lurf.ict roughr.es ami pi.-i "'b

wall consists of small cavitit and th.1ti 'l

and about these cavities consists of one or more standing vortices

Metais and Eckert (19641 summarised thi
presented the results in graphical form

of a limit b weei

Available exper.mental

free and mixed convection in horizontal

in Figures 15 and 16.

FIGURE

16 The extent of tin flow region for

(Metais and Eckert =« ‘I 1

FORCED CONVECTION
Turbulent flow.

Tronsilion Lominor-Turbjlenr

FORCED CONVECTION
LomnQr 1:ow

MIXED CONVECT )N
Lommor flow
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FIGURE 16 Thr extent of the flow regions lot How m yertica' tul>e«

(Metals and Eckert 1964)
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Allen and Eckert (19641 experimented with water and usi | the wallto bulk fluid

lemperature difference, to show trn effect of variable physical properties, to correlatetne

results
(heir results, compared with the equatior of Dittus and Boelitr (1930) are shown in Figure 17
[hey noted that the entrance effects were vers similar to those c¢ Hartnitt (19651
FIGURE 17 Companson of results 04 Allen anc A with Dittus and Boel

IAllpn a ri Eckprt 1964)

I . f- -
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f
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They ale noted that tin collection factor of Surfer anil Tate (1936) was not satisfactory

but did not suggest an aheinativi Their data are compared with those of others in Figure 18

FIGURE 18 Comparison of heat transfer coi In i-nr. wil nl athe

investin itors Thermally developed, constant property case

Pi B L liform wall hiat flux (Allen and Eckert 1964)

CONSTANT PROPERTY FLUID! Pr = 8)

ALLEN AND ECKERT

o EAGLE AND FERGUSON

HASTRUP
HARTNETT

DITTUS-80ELTER EOUAT
t 4 i o (o” 7
Re

Malma and Sparrow 119641 extended the wort of Allen and Eckert (19641 to include oils

and suggested the correction factor

L
be used for V8' able physical properties

Subbotin, Ibragimov and Nomofilov (1965), after experiments over a wide range of Re and

Pr, suggested that

Nu 7.24
log Rp

In used for constant properties
Ko r (19651 derived the semi theoretical relation
Nu a Pr"

, V8.

i i the group was called the turbulent Re]|
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HuHchmitil Buick and R.<tmltl (19G6> suggested, ahcr experiment! with water, that the

group

t *v

fh
tic used loi tempi t dependent prop'ities and used witti the equation of Petukhov and Popo
(1963).

McEligot, Oimand nd Pckms (19661 found that at He 4 000 the Dittus and Boeder

(1970) relation was satisfaitory -id suggested thi us. of

Nu_
Nu

for variable properties. They used the latio of Ty i 1( plotted against th< modified Reynolds

group

R, fc -
udTe

to distinguish betwei n the fl w regions.

Gowen and Smith ( 967) expenm- dally investigated the effect of the Pi based on a film

temperature on the temperature profile A- iming equal eddy diffusivities for heat and momentum

they derived a universal temperature profile of the form

where A was constant and T a function of the P. Their experiments showed t1 to have 3

dependence on the Re

Polvakov (19f 8) aftei experimentation, concluded from the inadequacy of the Petukhov and

Popov (1963) equation co-rela" results @& large Gr. that free convection must still be influencing

heat transfer in the turbul | region

In 1968 th- Engineer,. Sciences Dal.,, Unit published the first of their summaries on heat

transfer in pipe 7 hes, summ.. iv a-' updated at regular interval:

tH
Lawn (1969), from a theoretical discussion, concluded that the turbulent P*

mustbe dependent on the R, which severely limits itsusefulnes inpr tir.i

calculations and whrh question its physir il significant.
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Hufschmidt, Buick and Hi. hold (1960 suggested,

group

be used for temperature dependent properties and used with

<19631.

McEligot, Ormand and Perkins (19661 found that

(1930, relation was satisfactory and suggested th< us- of

aftei experiments with water, that the

the equation of Petukhov and Popov

at Re "m 4 000 the Dittos and Boelter

for variable properties They used th. ran- of to T, plotted against the modified Reynolds
group
u I,
Hf -
1f"2*
to distinguish between the flow regions.
Gowen and Smith (1967) experimentally ,west,gated the effect of the Pr based on a film

temperature on the temperatuie profih

they derived a universal temperature profile of the form

t* »

AIW + B

Assuming equal eddy diffusivities for heat and momentum

where was constant and B_ a function of the Pr Theii experiments shov.ad t+ to have a
dependence on the Re
Polyakov (19681, after experimentation, concluded from the

Popov (1963) equation to correlan result at large Gr.

'mat transfer *n the turbulent region

that free convection must still

inadequacy of the Petukhov and

be influencing

In '968 the Fngin- rm Scienc D I'nit publi bed th, first of thru summaries on heat
transfer in pipi The* summaries an up it' ' at reuular int- wn

Lawn (1969i. from , theoretical di sMOn. concluded th* th, turbulent Pr* - -M
must be dependent on the * which severely limits its usefulne | r pra tical
calculations and which Questions its physical s<unfic.inr
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Hockl and ( oil 119G9) and Hausen (1969) suggested the correction factor

NU/Nu 0,64b + 0,355
'b
be used in preference to th, S.eder and Tate (193") form This correction was obtained after

numerous experiments with oils

McEligot, Smith and Bankston (1970), in an excellent paper, reviewed the theoretical models

for turbulent flow, and using a finite ddferenci scheme solved thi flow actuations assuming

temperature dependent physical properties and found a substantial improvement on previous models

They concluded that mixing length models are better than eddy diffusivity models for predicting

the heat transfer and suggested the Van Driest mixing length model a, the host A summary of

the models is given in the Appendix 4.4.

Gregong (1970), from theoretical considerations, arrived at a complicated correction factor

for physical properties This facto was of the form

K.Kpr

where each K is a fu rcti n of the temperature and the ) ratio

Herbert and Sterns (19711 expenmente with water flowing in vertical tubes and noted

that at high Re the product GrPr had little effect, but hada strong influence at low Re

Gross , d Thoma (1972) introduced the term into the eddy penetration model and

found that this improved the correlation This suggests that it may b< necessary to include the

® term in empirical cor elations
dx

Launder and Spal«m (197?) summarised the models of turbulence in a veryreadable form

andthis is recommended mu a study of the theoretical models.

Pennell, Sparrow at | Eck-t (19721 and Kudva and Sesonske (1972) found from experiments

that in the region near tfv wall a 1ir th* region nea tin centri lint V m ratio of the turbulence

intensity 10 th- friction vein it\ | mdr oeridi nt of tin Ri

Zuccnetto and Thors, n (197 n noted It,,it for ait thevauabl. physical (iron ‘'tics could be

corrected by

Nu
Nu 1
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Moti. Sakakibara and Tanimoto (1974) analylicallv found that at Gz 50, the ratio of the

thermal conductivity of the wall to that of tl fluid, and the thickness of the tube wall, may
become significant factors on tin heat trar lei
Sleicher and Rouse (1975) reviewi— i lev empiritd equations and recommended etukhov

(1970) as the best. Using others' expciimental data they developed an equation similar in form to

that of Petukhov but in which the exponent of the Rr and Pr were functions of the Pi

Hrycak and Andrushkiw (19741 used Meissuer s entropy princrpl to develop a method of

predicting the critical Re and found the melt d ti In fairly ‘ah

Gregorig (1976) considered the case where tin Pr numi isa non linear function o

temperature, and using similarity considerations arrived at a correction factor

iy
Nr,

where Pisa complicated function of th Re ,ir-1 Pr

Hanna and Sandail (1976) developed an nalytical approximation for

and found it to be in teasonabl ago mmerit with Petukhov': 11970) experimental results.
Polley (1979) usina dat.i o .in. determined that the Engir ering Sciences Data Unit
correlations were significantly b. M than th, Drttus and Boelte (1930) or Sieder and late (19361

equations

No further paper havi beer trar. 1 since this
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3? LAMINAR FLOW CORRELATIONS

Graptz in 1885 and later Nusselt in 1910 used the following assumptions to obtain a

solution lor laminar pipe How

| fully developed paraliolicvelocity prolih

i) constant wall temperaturr boundary condition
in) negligible axial conduction
V| constant fluid properties.

The resulting partial differential equation was solved to give a series solution lor the

Nusselt number as a function of the Pecint number which gives the result in Figure 19.

FIGURE 19 Local Nusselt numbi" for laminar flow (HSU 19631

Sieder and Tate

I,,* , ,15 of Si le and Tatr an' | V.qui's extension of the Graetz result, are included

in the pint for comparison

Li vi . (1978 extr nde i the re ill to includi u develonir velocity profile, giving
Nu 1607 J*11 Re Pr 3 (Figure 1)
I J
D.ttu* and Bo.lt, ' (1930. using e.perim ntal data on the heating and cooling ol
added t'* term to includi variation' in nhyscal properties
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Kem and Othmt i 11943 cxiwnmunted with oils and Irom th, results suggested the term
2,25 (1 > 001 Gr 3 1llog R,

as a correction for fiee convei tion effec |

Kays (1955) numerically solved th, energy eujations using the velocity prof. s of Langhaar

and neglecting the radial velocity end axial < induction terms Agreement will experimental results

‘or gases was good and the correction fai tor

t*OTf*errn#l

where m 0,25 for the heating and 0,08 for the cooling of gasei for temperature depi iden*

properties was advance |

Stephan (1959) argued that for constant properties the lunction was o‘ the form

Mo < ,[>1]

and tha* tor variable propert.r

Nu f [om

From semi ttieoretical considerations he arrived at the interesting form

0,06/7 (P'R L
Nu 3 06

0
1 > 0.1 Pr(Re[ (1/L)

Edr (1961) experimented witi air .nd water an i found that the data could br correlated

using the Gra'.hoff rum tier only in the form
Nu 4,36(1 « 0,06Gr°3)

Olive- (1962) critic,- | the usi of the tern Gr1 | smci the produc , term in 04 which
may havr strong influence not phy , Ily -xpecterf and sui sted the us, of GrPi d He noted
that the effect of the tut" length on thi fri, r.ini ,tin tie ts should physically br different for

horizontal and vcMic.il tutx" a-uf posiulaii-rl trial for lionzontal tubr the flow pattern would tie as

in Figure 20
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FIGURE 20 Prubahl- flow pattern in horizontal tube with heated wall,

la) end elevation and 1Ib) ho'izontal elevation (Oliver 1962)
sWall
G ! trvr c* f'v* Centre
(0) (t)

Brown and Thomas (19651 experiment'd with water in horizontal tubes and found that
contrary to Martmelli's work on vertii | tube' it apt'arid that free conver tion effects increased
with the flow rate This was reconcile ' by p stulatmi ttiat at higher flow rates thi temperature
gradient at the wall would be higner than at low flow rate and hencn the free convection effect

would be greater

Mon et al (1966) found from experiments with air at high hea1 flux that the free
convection han pronour id effect which sta'b | at about ReRa 103 They also noted that

the critical Reynolds appearen dependent on the inter sity of the seconda ¢low and suggested

R-ef m 128 (ReRa)' °

McComat and Eckert (19661 noticed that the effect of free convection in air flows increase’

as the ratio of Gr to Re increased and suggested using Oliver's (1962) equation

Igbil and Sta z (19:i7) looked anal ticatly at the effect of the tub# inclination on
combin d free and force cunv-cbo a< | conclund tt t this had little affect on the Nu but did

affect tl friction factor They note i that a temperature dependent density affected mainly the

velocity field and not the temperaturi fiel |
Mon and Futagami (1967) extended th- work of Mon el al (1966) and experimentally

determined that the vorii m in tn seSond y flow pattern moved closer to the wall with increasing

ReRa (intensdy of tm secondary flow) Th* results an reproduced in Figure 21
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FIGURI 20 Probable Flow pattern in horizontal tube with heated wall
' (hi horizontal elevation. (Oliver 19721

la rul elevation

A e Wall

Direction of flow Centre

(o) (b)

Browi and Thomai (19651 experimented with water in horizontal tubes and found that
trii-v ti  Martii iclli's work on ve tii*l tub-' it .in artd that fre- convection effects increased
win th- flow -at- This was reconcile i iilatm, that at higher flow rates the temperature
gradient at the wall w-uld he higner than at low flow rales end hence the free convection effect

would be a'eat”

e 1 ii 196 I fn experiments with air at high heat flux that the fiee

t - i ch i which started at
intensity ot the secondary flow and suggested

ibout ReRa 103 Tnev also noted that

- n— fi, — ¢ n* » d- *«-i it -» tle
R 128 (ReRa
M mi and Eckert (19661 n it.ced that the ffect of free convection in air flows tnr-eased

r.iin r.1 Gr to Re increased and suggested usint, Oliver's (1962) equation.

’ the effect of the tube nclination on

‘19671 looked analytically a

Igbal and St 1 wicz
I tliat this had little affect

nbu ft and 1 'ms» co mi » | concludi on the Nu but did
«ti- i tf fmii »nr Tr- y notr» that - terrv rature rfependent density affected mainly the

velocity field and not thr temperaturi field

Mon and futaiiami (19( /I extended tht work o< Mon et al (1966) and experimentally
deirriii - .at tl vortices in toe secondary flow pattern moved closer to the wall with increasing
ReRii (intensity of th se.indary flow) Thi res ills an reproduced in Figure 21
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FIGURE 21 Seco'iddfy (low paMnm ... . Fuia'i 19G7)

(a) RtRa 2 K 104 (hi Ri-Ra 9 x 10* (cl ReRa 1,6 x 10*

Centres ol vortices move closer to wall for increasing ReR.i

Shannon and Depew (1968) experimented with the heating of water at low Reynold,

number and noticed a pronounced effect of the L d ratio and from this concluded that for

B# 'l 4 < 2
Nuo

the natural convection influence was nechgible

A year later Shannon and Depev (1969 <cnncludi * from a theoretical consideration that

for a experimtntal dependence of . on T th> tempcratu distr,bu#)n in the fluid is i function

of tm Viscosity ratio and the Gz only From expenm- 1 with ethylene glycol they found the

relation

=

where m is specified > Figure 22
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FIGURE 22 Exponent m venu'

(Stiannoi and D ™M 11969)

EXPERIMENTAL DATA

-0 30
L -0 20 NUMF RICAI
z ANALYSES
ul
z

-0 10

SIEDER - TATE
0 0005 0010

( = (GRAETZ NUMBER) 1

Kuppei. Hauptmann and Ighal (1969i expenmented with uniform heat flux on water
although unablp to correlate the data to show the effect of free convection, found a strong

correlation with * d ratio as in Figure 23

FIGURE 23 Varia'e n of Nussplt numb' ' alona tube IKupp"' eta* 1969)

GRAFT/
SOLUTION

m/D & 300

R, 1156 1311
Gr .456 3579

Ro ieeQ5 23891

100 200 300
*ID
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Shah and London (1971) summarised the analytical solutions for laminar flow in a large

variety of geometries A summary of their findings is reproduced in the Appendix 4 5.

Porter (1971) summarised (without the knowledge of Shah and London) the laminar flow

of Newtonian and Non Newtonian fluids

Depe* and August (1971) experimentally determined that the effect of free convection was

not correlated adequately liy GrPrL/d for 1 d m 50 and suggested using G;Gr"Pi since ri ceased

to have significance in this range.

There appears to have been no further experimental investigation after this date.

3.3 TRANSITIONAL FLOW CORRELATIONS!

Colburn 119331 and Sieder and Tate (1936) were the first to .uggest heat transfer

correlations in the transition region These correlations derived from the analagous plots for fluid

friction, give a discontinuity where tt extende 1 turbulent rang- meets the laminar range Colburn

used the ratio

Allim

to correlate the results and Siedei and Tati wur

I\v«n

Norris and Str d (1940) noted that there may tie a distinct region where the flow "may

tu neither lammai nor turbulent, hut of an intermediau nature" They ntted that the transition

region br an at approximately Re 2 100 and extended as far as Re 11) 000 for large values

of L/d

No'ri1 and Sims (1942) exp< "indented with the co lin« of oils of high pr in vertically

downward IloJs in the semi turbulent h non ol 1 500 Ri 11 000 Thi velocity profile was

undi velopr ' and 7d was fixed in tin experiment Usm physical properties based on an average

inlet and outl ' tempereturi they denvi | tin i luation

h 0,00G7Pr”'B '
CpG L

whictr correlat'd ttii results better than thi nnth.i * of Coltiurn or of Sieder and Tate

Senei il and Rothfus (19531 investigat'd laminar to turbulent transition In isothermally

flowing an and noli I t it Ira" inn was limitid t a narrow rang of Re 2100 to 2800 and marked

by extreme changes in the velocity profile. They found that friction data were independent of the
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direction of approx n to thi- transition r inn but did not extend their experiments to non isotr ermal

IKh

Ede (1961) experimented with an and water in the transition region but could not find

any satisfactory method of coirelating thi data

Petersen and Christiansen (1966) look'd specifically at tht transition region for Newtonian

and Non Newtonian fluids and empirically den th relation
Re 1
st st Sigi n . 10 o000
- m 10000 10 000 2 100
H. 10 000 . !
where is the slope of the heat transfer correlation curvi chosen for the turbulent

region and

(Re - 710)
((Re) 1,635 log
«1H (R - 1800)

They found that t (Re) effectively eliminated the effect of * d ratio

McEhgot. Ormanri and Perkins (19661 experimented in the transition region but the results

could not be correlated

Bankston (19701 experimented with hydrogen and helium undergoing turbulent to laminar

transition at high heat loads and found that transition occurred at a bulk Re far in excess of the

minimum turbulent Re for adiabatic flows He also likened the process to the reverse transition

of boundary layers in external flows

McEligot. Coon and Perkin (1970) summarised the research on laminarisation in tubes and

pointed out that th' a nation pa-ameter

use in external flows could be used for internal flows

for predic’mg laminarisation.

Coon and Perkin# (1970) looked specifu ally at the reverse transition of air and concluded

chat if

G’dT C
b 111 on bulk properties w <+ exceedi | tor , initially turhulrm flow then the turbulent flow
correlations did not pred cl ti h i transfer coetfici-nt acirptahly They further noted that

downstream of the point
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the laminar How equations predicted im heat transfer coefficient. Their results in thi transition

region do not appear to bi haphazard Ser Figure 21

FIGURE 24 Bulk Nussnlt number dalo romp I' etz Solution length

lammai flow, turbulent flow d |l h_ everse transition

(Coon and Perkins 19701

100

50

TRANSITION

k /D

Fte Pr

Dyban and Epik (1971) look- | at reverse transit, using air flow in nozzles and concluded

that the local Nu could not be expressed in terms of the Ri with only one exponent for the Re

Flow ever, they did not suggest a correlation Figure 25 is a plot of the results obtained.
FIGV°E 25 Changr in th- R, expi-ni" t It transi'ni IllIn.- te iiitv. Isolii' line; -
local heat transit da'h»l line; averau heat transfer): A. B —
conicsi convergent nozzle c. D Vnoshmsliy nnzzh

(Dyban and Epik 1971)

26

20
08
06
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Kuznetsova (197?) looked at the transitional flow of oil (without saymg whether this was

reverse transitional or laminar to turbulent) and In - tin n suits recommended that the equation
Nu 0.013 Rr° 8 Pi0O 4 | --
b' used The results weie well correlated by this However, much of thi original text was lost

in translation.

Pechenegov (1975) experimented with air undergoing reverse transition and form'4 that the

results could be correlated using the equation

Nu cR n

where ¢ and n are functions of L d. This was in accordance with the expectations of Dybon and

Epik (1971) that no single exponent could hi used to the Ri

Churchill 11977) proposed a comprehensive correlating equation for the total flow region

w oW * K., *[Kv-0) *tN; ")

H
b 1
h V. ij o1
The individual expressions for the N ,s were lour# from express; ns in the literature In
particular, in the transition region, Churchill prop | using the asymptote
r *
Nu I (Fa ? 2501 / 730
Nu — _ laminar .Re 21D [
and a vali™ of the exponent c -2 For the entin turbulent and transition region the function
L] L]
Nu, ! 11

was proposed.

Since the. tinn no literature ha' appeari
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This index ,s tor Uadno ongqginal exper,m,.,,.,| data on the heat transfer to fluids in p.pes
The heat transfer conditions are I.mited to th,

internal flow of Newtonian fluids in laminar,

transitional or turbulent flow in hon/or tal or v.rti .. circular pipes

Cross-referencing with the EQUATION INDEX , intended and actual data may Nr obtained

from that index or the original literature

The work of Porter (1971) is recommended for reference' for Non Newtonian fluids in

laminar flow and for Newtonian fluids in differwt geometries

RANGE REFERENCE
FLUID
Reynolds 1 Orientation
Air Unknown Horizontal Nusselt (19171
300 100 000 Horizontal Ede (19611
Laminar Horizontal Mon and Futagamr (1967)
100 900 Horizontal McComas and Eckert (1966)
100 - 13 000 Horizontal Mon et al (1966)
Laminar and turbulent Horizontal Jackson et al 11961)
Turbulent Subbotin et al 11665)
4 500 140 000 Horizontal Kola* (1965)
Tur bulent i Vertical Gowen and Smith (19671
T urbulent ! Horizontal Pechenegov (1975)
T urbulent | Horizontal Zucchetto and Thorsen (1973
iurbulent Rici (1924)
Turbulent i Horizontal Diisslei and Eian (1952)
Turbulent Vertical Eckert and Diaguila (1954)
Asxarel 3 bOO - 11 000 1Verti 1 Norris and Sims (19421
- 1 Horizontal Sherwood and Petrie (1932)
Acetone 1 ouc 100 000 |
Ben/e ne 1 000 100 000 Horizontal Sherwood and Petrie (1932)
n Butanol 1 000 100 000 i Horizontal Sherwood and Petrie (1932)
Butanol 6 000 - 300 000 Horizontal Bernado and Eian 11945)
Corn syrui Turbulent j Horizontal Friend and Metzner (1958)
Ethanol Laminar | Horizontal Drpew and August (19711
Laminar :lIHorizontaI Olive' (1962)
Ethylr ne 1
i Shannon and Depew (1969)
6 300 1Horizontal
glycol 1 -
5 000 300 000 1Horizontal Bern In and Eian (1945)
1urbulent Vi | tic al Gowen and Smith (1967)
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RANG!

FLUID
Reynold#
Glycerol Lar n.u
Laminai
| aminar
Helium 1 450 45 000
Kerosene 1 000 = 100 000
Mercury Turbulent
Molasses Turbulent
Nitrogen 1 450 - 4 500
oil Lamina-
Laminar
Laminar and turbulent
Laminar
Laminar
2 300 - 48 o000
3 500 - 11 000
Turbulent
4 000 11 000
Turbulent
Gas oil 1 867 43 000
Straw oil 1 86?2 - 43 000
Transform =
oil
Fuel oil
Light mo
tor oil 1 867 43 000

Vi locitr 01 Laminar

and turbulent

OnenlfltKin

Hoi izontal

-

Horizontal

Horizontal

, Veitical

Hoi izontal

Horizontal

Vertical

Horizontal

—

Vertical
Horizontal
Horizontal
Vertical

Vertical

Vertical

-

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Hoi izontal

Horizontal

Horizontal
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Kern and Othmer (1943)
Test (1968

Hartnett (1955)

Norris and Sims (1942)
Malm,i and Sparrow (1964)
Hackl and Groll (1969)

McAdams and Frost (1922i

Morris and Whitman (1928)

is a 1 Whitman (1928)

Kuznetsova 11977?)

Kuznetsova 11972)

Morin and Whitman (1928)

K -vil and McAdams (1929)



FLUID

Spiiulli oil

Light oil

Rahtwth

oil

Heavy fuel

oil

Sodium

Sugar 10

lution

Water

HANOI

Laminzi and turbulent

Lai Vmar

Laminar and turbulent

Laminai

T urbulent

Turbulent

1 862 43 000
Laminar

Laminar

1 o000 - 100 000
Laminar

Laminar

Laminar

100 - 2 000

300 100 000

2 300 48 000
Laminar

Laminar

120 2 300

5 800 71 000
14 000 50 000
5 000 300 000
14 000 500 000
13 000 111 000
Turbulent

4 500 140 000
Turbulent

20 000 640 000

Turbulent

1 urbulent

O'lenielion

Hor i/ontal

Horizontal

Horizon#

onzontal

lonzontal

Horizontal
Vertical

Horizontal
Horizontal
Horizontal
Vertical

Horizontal
Horizontal
Horizontal
Vertical

Horizontal
Horizontal
Horizontal

Vertical

Horizontal
Vertical

Hoi izontal
Horizontal

Horizontal

Hor i/ontal

CSIH HI POm CENG 327

Rtf IRENCt

Keevil and McAdams 119291

Kirkbride vnd McCabe 119311

Keevil and McAdams (19291

K kbrid- and McCabe ( 13V.

|Subbotin el al (19651

Friend and Metzner (1958)
| Worm, and Whitman (19281
Colburn and Hounen (1930)
Kirkbride and McCabe (1931)
| Sherwood and Petrie (1932)
1Sm r and Tate (1936)
|M.iitmelli et al (1942)

Depi A and August (1971)
| Kupper et al (1969)
I di (19611

H -tneti (1955)

lliver (1962)
| ;own and Thomas (1965)
»hannon and Depew (1968)
i ti"1 and Sterns (1971)

V ilker and Bolt (1973)
| (e,n to and Elan (1945)
| )itiprey and Sabersky (1963)
M and Eckert (1964)
IVa and Sparrow (1964)
Ik * (1965)
I Subbotin et al 11965)
Hulschmidt et al (1966)
McAdams and Frost (1922)

Riv 119241



HANOI

RE Ft RI NCt
et Heynold* Q«itmatton
McAdams and Frost (1S24)
Water Turbulent
Turbulent | Horizontal | auli and Ferguson (1930)
Turbulent and laminar j Horizontal Dntus and Boclter (1930)
Turoulent j Horizontal Lawrem and Sherwood (1931)
Turbulent | Horizontal Nusselt (19311
4.3 EQUATION INI X

This index is used in conju-ction with the FLUID INDEX for tracing equations or direct
experimental results Likewise the heat transfer

conditions are limited to the in'ernal flow o'

Newtonian fluids in laminar,

tram nonal or turbulent flow in horizontal or vertical circular pipes

Both theoretically based and empirical equations are incorporated

For a more complete review of the theoretical eouations th works of Shahand London
(1978) for lamina- flow and Lender and Spald,ng (1972). Petukhov <1970). McEhgotet ai(19701

and Reynold, and CebecT (1976) turbulent flow are recommenced
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SUMMARY OF ANALYTICAL SOLUTIONS FOR TURBULENT FLOY.

FROM McEL uOT, SMITH AND BANKSTON (197Ql

PREDICTION FOR

CONSTANT
PROPERTIES,
Re - 105
"Tnl»'7R«t»ranal Bent Riipresenntion d Range ‘Ju/NuDB 'I'oKM
Reichardl Wall » 0.945 3,989
"local"
o <1
!
Reichardt
modified Same except replaced V' by y‘ in
"wall" argur.ent of tanh Same Same + Same Same Same
1
Reichardt >
*
wall" , g VY tanh - [Same ! Same Same Same  Same
v-2tii’'*2i'tr
Three layer

Smith, S B. MSE Report Umv
modified 0,4 10,964 0,993
Arizona. 1967.

Martinelli
T * >y 1
Sparrow, . «n uy .1-e nu/( n 0,124
Hallman aid vi<v«
0,36 26,0 0,943 0,984
Siegel . . 1
- Xy fl1-21-1 \
local v L v
Sparrow, Viscous sublayer same (except range); vi<
Hallman and 0,36 26,0 Same Same
Core j x yr [1 -1
Siegel "wall 1 1 vi>v;
Van Driest
£- Xy 1-ex o> d Wall
"local" 04 26.0 1.03 1,06
s
Van Dries' Same except replaced y by y* in
"wall" argument of exp Same Same Same Same Same
> .
Kendall et d Xy / Wall
al  "local" h . / 10,4 1. fj ( 1.03 106
dyy v \ .
Kendall et d Xy* /\ 4
Same Same Same Samp Some
me MW jip d v; L
Kendall w Wall region same form as Kendall et t>1<
Clauser al.  "wall". 0,44 11.B: 0,018 0,939 1,00
"wall" Core (or wake) & *e+ 0,018 ur u\’
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SUMMARY OF ANALYTICAL SOLUTIONS FOR LAMINAR FLOW

IN VARIOUS GEOMETRIES

GEOMETRY

Equilateral tilangula

duct with rounded corners

Sine ducts

Circular sector

ducts

Circular segment

ducts

Flat sided circular
duct

n sided cusped

ducts

Moon shaped

ducts

Cardioid duct

Eccentric annular

ducts

Annular sector

ducts

Regular polygonal ducts

with central circular cores

Circular duct with Central

regular polygonal cores

Longitu Imal flow I* tw |

cylinders, triangular airay

(SHAH AND LONDON

m
0
N

«

)
b
©

CSIR REPORT CENG 327

1197111

GEOMETRY

Longitudinal flow between

cylinders, square array

Pascal’'s limaccn

Curvilinear polygonal

ducts

Ovaloid ducts

Confocal elliptical
ducts

Circular duct with rounded

corner square cores

Circular duct with

elliptical cores

Elliptical ducts with
circular cores

Internally finned
tube

Curved circular

ducts

Curved rectangular

ducts

Curved elliptical
ducts

Curved concentric

annular ducts



GEOMETRY 1Re

Straight circular
duct

Parallel plates

Rectangular ducts
2b/2a - 0 - 1

Isosceles triangular
ducts 20 — 0 — 180

Right triangular duct
0- 0- 180°

n ded regular polygonal

ducts n ~ 3 —

Elliptical duct
2tii2a ~ 0

Concentric annular ducts

CSIM REPORT CENG 322
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140/17

3,657

7,541
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46 NOMENCLATURE £

Transfer area

Empirical coefficient m
subvciiprtd
Cp Specific heat (J/kgK)
Nu
C. Coefficient of friction
Coefficient of heat transfer P
Pe
CppuG
. . Pr
Inside diameter of tube Im)

(Fanning) friction factor

2R
ouU 2 q
Gravitational acceleration Q
(m/$2)
Ra
Mass velocity 4m
nd2 Re
(kg/sm2)
Gr Grashof number
ViIilti'i1
V
R
Gz Graetz number
S
mCp A R *«Prd
k£ St
Heat transfer coefficient
(W/m 2K)
Colburn's factor
Thermal conductivity
(W/mK) U

CSIR REPORT CENG 372
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Characteristic length (m)
Tube length (m)
Prandtl's mixing length

Mass flow rate

(kg/s) pu

Nusselt number

hd
k

Pre.sure (N/m2)

Peclet numbe

fydCp . Re ?r
k d

Prandtl number

Cpu
k

Heat flux (W/m2l
Heat flow rate (W)
Raleigh number GrPr

Reynolds number

Radius (m)

Resistance to flow

Cross sectional area (m2)
Stanton number

Nu
puCp Re*Pr

Temperature (K)
Time ($)
Velocity x (m/s)

Overall heat transfer coefficient

CSIR REPORT CENG 322

['A/m 2K)



Velocity vy (m/s)

Velocity z (m/s)

Direction along axis of pipe

Direction along radius

Ratio of viscosity to the viscosity of

water at 68 °F

Thermal diffusivity

(m2/s)
pCp

Subscripts

(ml

am

(m)

avg

0O

Coefficient of volume expansion

(1)
K

Dynamic viscos.ty

Kinematic viscosity
(mz/$)

Temperature

(K)
Density (kgq/m3)
Shear stress (N/m2)
Eddy diffusivity (m2/s)
Eddy diffusivity of heat

Eddy diffusivity

Layer thickness

(m)

CSIR FEPORT CENG 322

of momen.um

1,2, etc

(m2/s)

(rr'2/s)

CSIR ,t.

Bulk

Arithmetic mean

Average

Centreline

Wall
Inlet, intermediate

Outlet

at zero heat flux;

Constant properties

Log mean

Based ondiameter

Based on x distance
Based on tube length
Film

Arbitrary basis

As infinite conditions are

URT CENG 322

reached






APPENDIX IV

COMPOSITE SECTION OF TRAVERSES
A,RAND C (SEE MAP I) SHOWING

| ITHOIOOY AND DEPOSITIONAL
FNVIRONMENTS AND THE.
TAPHONOMY OF DIICTODON

Ffj ICFPS FOSSILS

REFER TO FIG. 8 FOR EXPLANATION
OF TAPHONOMC CLASSES

L CCCND

SANDSTONE
SILTSTONE

MUDSTONE

CALCAREOQUS
CONCRETIONARY
LAYER

tHERT"

CALCAREOUS
NODULES

FOSSIL LOCALITY

tin OF DIICTODON
FELICEPS

OBSERVED FOSSIL
(NOT COLLECTED)

3

SCALE IN METRES

300

2701-

240

(20

DECOMPOSITION AL
S(L HG 8

UN -

LAO
DISTURBED

ABCDEFGH

uf-
7 A

4i
(1

Vi

(Sit

(1S)

M

(1)

_(0). .
@) -

CLASSES

DEPOSITIONAL ENVIRONMENT

PROX MAL FLOODBASIN

CHANNEL

DISTAL FLOODBASIN

MANNE. BASF

CHANNEL

CHANNEL BANK

DISTAL FLOODBASIN

HANNEL

PROXIMAL FLOODBASIN

O'.STAu FLOODBASIN

"KENRTT
P.OXIMAL FLOODBASIN
(( MANNE L BANK

CtANNEL

CHANNEL BANK

DISTAL FLOODBASIN

CHANNEL

PROXIMAL FLOODBASIN

DISTAL FLOODBASIN

CHANNL dMK
CHAfihLL

PROXIMAL FLOODBASIN

LAN tili

PROXIMAL FLOODBASIN

HANNEL BANK

CHANNEL

VHANNEL BANK

CHANNEL

CHANNEL BANK

ISTA. (-LOODBASIN

HANNEL BANK

HANNEL

depositon
mainly on
proximal

xfloodplain
Of Low

f sinvosiTy

ST REAMS

DEPOSITION
MAINLY ON
DISTAL

" FLOODPL AIN
OF HIGH
SINUOSITY

STREAM

DEPOSITION
MAINLY ON
PROX IMA,
*FLOOOPI AIN
Of HIGH
AND LOW
SINUOSITY
STREAMS

BIOZONE\
KtYSER a SMITI

(1973)

AULACEPHALODON

ASSEMBLAGE

ZONE

TRQ MDQSTQMA

A: .1 MBLAG"®

ZONE

PRISTEPOGNATHUS /

DIICT( pom

ASSI MBI AG

ZONE
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Bl ' Ji nn i i

TYPEA BEDS: PLAN OF REIERSVLEI SANDSTONE

SCJ 2 «

POINT BAR |1l

POINT BA* |

CHANNEL-FILL

*IVAS S| SPLAT

MEANDER
CUT OFF?

MY (I

POINT BA* IV

INTERPOLATED CHANNEL
(notexposed |

\\V k'

OVERBANK SPLAT

POINT BAR Il

Jifctiag#
E ¢]

MEASURED SECTIONS

SAMt AS APPENDIX SECTIONS 5 'L! 4

3000
2350, ’
750m ISOOm .

I — SCALE APPROX. 1*22700



APPENDIX U
SEDIMENTOLOGICAL LOGS OF 3

TRANSECTS IN THE WATERVAL
AREA

referto map 1 for transect paths

SCALE IN METERS ro

-10
-15

L-20

THOUGH CROSS BEDDED SST. ®
HORIZONTALLY BEDDED SST.

MASSIVELY BEDDED SST.

NIPPLE CROSS LAMINATED SST. i i1
MUDSTONE 0rB8Il- CONGLOMERATE trtr 77

A B

Z2J

-ve*t

\
38 >.

/*.vv

Al L/

CL IMBING NIPPLE | AMINAT N
PLANAR CROSS 8EDDI.G

INCIPIENT RIPPLE LAMINAT N
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