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S Y N O P S I S

The hi at tram fer coefficients fo r the cooling of a Newtonian o il were determined for the 

ranges 550 <  Re <  2800 and 132 <  Pr <  642 The Reynolds number alone proved to  be an 

in s u ffic ie n t critnrion fo r the D ivis ion of transfer regimes, in line w ith  the view of Eckert. In each 

of three of the transfer regimes recognised heal transfer was correlated by a Hausen type equation

Nu A {R e0 B - B)( 1,8 P r' 3 - 0,8111 ♦ <D / L ) ' ^  ] j ° ^

The valui found for A and I were 0,0184 and 213,9 for the mixed turbu lent regime, 0,0277 and

272,5 fo r the upper transitiona1 regime. 0,0176 and 106.1 fo r the middle transitional regime, while 

in the mixed laminar regime I hr correlating equation was Nu 0,0002 Re1 4 ‘ Pr '* ^ j

In all the- regimes the Stanton number increases w ith  Reynolds number, while in true turbulent

or laminar flow  it decreasi s In the lower transitional regime, characterised try low w all Reynolds 

numbers, the Stanton number fluctuated w ith  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 flu ids is comm only divided in to  only two main flow  patterns, the laminar 

flow  and the turbulent flow  regions. In most situations this subdivision is adequate In that the

flow  is either fu lly  turbulent or fu lly  laminar. However, an intermediate flow  situation exists

where the flu id 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 turbu lent to 'arninar; the latter is called reversion, reverse transition or 

relaminarisatiou.

1.1 OCCURRENCE OF RE LAM INARISAT ION

There are a number of instances where the relar .inarisation of flu id  flows may occur.

These are11 :

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 w ith  the gradual enlargement 

of a pipe or channel if the angle o f divergence is suffic iently 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 fric tion  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 

nw where there is a Reynolds number decrease w ith  time.

Stably s tra tified  flows. This is the suppression of turbulence in the presence of a

stabilising density gradient and can tx* observed to occur frequently in the atmosphere. In these

instances it is ,,.e presence of a lighter flu id  on top  that causes the rising flu id  to  w ork against 

gravity and so turbulent energy may Ire converted in to  gravitational potential energy. This energy 

absorption leads to reversion of the flow

Highly accelerated flows. Reversion has been observed to occur to a turbulent boundary 

layer subjected to a large favourable pressure gradient This phenomenon is mostly lim ited to 

external flows.

Curved flows. Reversion has I teen observed during the radial Poiseuille flow  between tw o 

par] I lei discs. However, the phenomenon does not apfiear 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 aptxiars that the Coriolis force is providing the force for stabilising the flow .
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Surface mass transfer. Expt nme?nt$ show th a t  fu lly  developed pipe flo w  exh ib its  »ome 

laminar features when a un ifo rm  circum ferentia l in jection is applied to  the flo w . It is probable 

tha t the injection of f lu id  is in some way affecting th e  eddies close to  the wall and hence the 

entire flow .

M agnetohydrodynam ic d u c t flows. Experiments have shown that w ith  a su ffic ien tly  strong 

fie ld the skin fr ic t io n  changes from  the tu rbu len t value to  one characteristic o f laminar 

magnetohydrodynamic flo w . The experiments fu rther show that under these circumstances the 

tu rbu len t fluctuations do not disappear although they do not appear to  con tribu te  to  m om entum  

transport.

Thermal effects. There are tw o instanc-s where thermal effects may cause reversion 

a The heating o f a gas in in ternal flow  where w ith  increasing tem perature the gas 

density decreases and the ve loc ity  increases, therefore causing reversion due to

accele.ation. It is also possible that it is the increase in kinem atic viscosity

th. t is causing the reversion Th s cause is seldom encountered in the process 

industry.

b. The cooling o f a liqu id  in in ternal flow  where it is like ly  that the increase in 

viscos.iy is causing the reversion, that is, reversion by dissipation. This case 

was selected to r fu rthe r study.

1,2 SPECIFIC PROBLEM S E lE c r iD

Tne change in flo w  pattern neci ssarily changes the heat transfer rate w hich in tu rn  affects 

the sizing of equipm ent to  e ffect a given heat exchange du ty . Since the heat transfer rate under

laminar flow  conditions is much less than the rate under tu rbu len t conditions it is desirable to

use turbulent flow  conditions in equipm ent design. However, this cannot always t r  done, either 

due to  lim itations on available pumping p o w e r  Gr because of the physical properties o f the flu id . 

S ituations may therefore -x is l fo r w hich equipm ent must he designed w ith  transitiona l flow  occuring

Data and correlations fo r the heat transfer rate for laminar and tu rbu len t conditions fo r

internal flu id  flow  are numerous and acceptably accurate, however, a survey has shown1" '  that

there is a dearth o f in fo rm a tion  concerning the transitional region.

The situation of tu rbu len t to  laminar transition is more o ften  encountered in industry 

(cooling o f liquids) than* the laminar to  tu rbu len t transition and it has therefore been decided to 

investigate t iv  form er s itua tion , more specifically the effect of turbulent to laminar transition on 

the heat transfer of a cooling Newtonian liquid.

* Reference (2) forms an .ddnndum to this report and serves as a s u r v e y  

of the pertinent literature. It is suggested that the addendum b e  r e a d  
at this stage. The addendum starts on page 115.
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The boundary conditions chosen fo i the experiments are:

i. Internal forced flo w  o f a Newtonian flu id  in a horizonta l, circular tube

ii, A  un ifo rm  temperature of the f lu id  at the start o f the test section

iii, A un ifo rm  w all tem perature on the outside o f the tube

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

diameter ratio.

v. Steady state cond ition .

These conditions have been chosen so as to  simulate the s itua tion  occur mg in a shell and 

tube exchanger where the tube side heat transfei coeffic ient lim its  the design.

2 EXPER IM EN TAL AND  PROCESSING OF Mt SUI TS

The flow  diagram o f the experimental system is given in Figure 1 (Section 6 19 and may 

be summarised as fo llow s:

COOLING WATER FEED 
r  T HEADER

DOUBLE PIPE HE At EXCHANGER SECTIONS

IL 'iTLD  L. .. ........... l i u C . ., . .  . »  o il RETURN
>11 FEED .....................— ^  ' C = = J - | r

f  _  COOLING WATER RETURN

There are tw o loops in the process, the one fo r the o il flow ing  on the inside o f the test

pipe and tne other fo r the cooling wa’ er flow ing  on tl e outside or annulus. A t no tim e are the

fluids in direct contact There ate nine individual test sections, each identical, and fitte d  together 

to  form  one long heat exchanger. Detailed drawings o f the test sections and the connecting pieces

are given in Figures 7 to  15 (Section 6.151.

In the experiments Ftegal O il B has been used as the inside flu id . A description o f each 

process loop is given in Section 6.1.
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T h , m ethods =1 l lo »  «m p»  „ u ,«  m . « Ur,m « o t - d  d = ,„m m ,, io n  o. p h y i d

properties g -e n  Sections 6.2. 6.3 end 6 4  r . s p e c .c l .

The quantities measured during the experim entation are the

d bulk o il in le t temperature

b bulk o il ou tle t temperature

C Oil mass flow  rate

d cooling water temperature.

The range o f d im en.ionless groups tha t the experiments cover is given in Table 1.

TABLE 1 Range of d,mensio„les< groups covered by the data

D i m e n t i o n l e s i  g r o u p  

based o n  a r i t h m e t i c  

ave rage p r o p e r t i e s

M i n i m u m M a x i m u m

Re 553 2 808

Pr 137.5 642.0

Gr 4 846 59 636

"w 1.04 8,80

17

% 107 321

The experim enta l apparatus was designed w ith  the a,m o f measuring the temperature profile 

w ith  respect to  length as the o il flow ing  in the jacketed pipe is cooled by the water in the jacket. 

The o il w ill enter in tu rbu len t flo w  and as it cools w ill relammanse and e x it from  the test section 

flow ing laminar,y The temperature pro file  obtained w il l  thus indicate how the heat transfer

changes as th  flo w  relammarises

However it has proved impossible to  measure the bu lk  temperature of the o il w ith  a 

platinum  resistance therm om eter extending over the p ip e d ia m e te . The temperature pro file  ,n 

o„ causes the therm om eter to measu , some average value that i ,  no t the mean bu lk  v a lu e *

,s shown by the results In Section 6.9. It has also no t been practicable to  use a therm istor 

and traverse across the diameter to  obtain a temperature and velocity p ro file  and thus a bulk 

temp ature since the V ie required to do such measurements w ould  require that a constant state

m n d i t io n e x is t s fo r a lo n g ix r r io d o f t im e .  .re q u ire m e n t that is no t usually achieved in  relatively

tm all apparatus o f the nature used.
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, i t ,    > V v  , '!•« <    mm.Kl,dl«lv hetor temperature

. p „  . th , d .s .u .p  th. flow  com plete ly it ha only been possible to  measure

,h, uwb , e m ^ ,  „  t t ,  ou tle , from  the ,e „  se.tron The te m ^ r . tu re  o f the o „  . t  the mlet

,  ,0 ,10. u becau. • tin. lagged section used and thus th ,* temperature car, be measured w ith o u t a

mix,nr, devin1 I* < use I

Usoy th, , xpe. ,rental result m Section 6 12. the heat transfer coefficient has been

tau utatert ft on

fii.
. ", x  { b<y„0 y , * u "4 c  c j ]  1 ( 2.11

211XL -  rhjln b l « „  « B ,I • I C „  * “ . o " .

ei ,  I Tt „ TI.O. I'll' beet, perlomtett by computer u tit-l the programt

1 v "! ■ Se '1' R.6.

, t r.U h A N A L ’ SI'

, ,  . O, bob  tandoo ,Pd w t.e m a b , t o  lb .  . .p e n m e n , , . , ,  determ ined

, . . .  ««.. Section . » ' t l h il/h . 5

y it, ma*  .....  arc a result o ' the ,ssr.mpt,orv that

, -he outside wall temperature is equal to  the cooling water temperature. This 

rxsumptio' is used since

4 the heat flux  in each section is unknow n, and

„  now  rate o l coolrnq water to  each tectron not know n accurately.

„  ,bn tmpotubl. .0  ca tcu ,.,' the outt.O . watt ten pe t.tu -e  .ccu .a te ly  (C orre la tion,

,h, n u t,Id , hear te e n * .  m e it ic e n , are typ,catty no more .e c u , . , ,  than 10% to  20 .1

 .....  r n t r o d u c  .1 ty tte m .te  error In to  the eaperrrnental r . t u l t ,  w h ich hat

ttrown to I .  Ol the order o l 2 t  in  the calculation o l the h .a , t r . n t l . r

 ........I .rod o l th. order o< h% in I he d c o l . t io n  o l the G .a tho l nom b.r

(S, ,i I I  Sir.ce the d rre .hon  in w h ich  the error lie , i ,  a lway, the same (under- 

   I I ,  hea, I  I f ,  c e l lic re n ,  and G ra .ho l n u m b .,I i, c .n  he allowed

tfir in i orrirla ting th, data

I, I ow e .' th  a •ami .,on is no,  .........   I... . w all temperature is
  ...............      rally accepted   on, I.., the outside hea, t r .n . l . t  coellicren,

„ a tonal,I, assumption, lo r the heal II,™ in each seel,on. the error introduced

writ b. random and o l unknown  jn ilu d e  This I, undesirable and hence w o ,k m ,

w ith  d s.town magnitude systemab, e-rot has been chosen

r.SIH REPORT CfNCs 371
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the wall temperatur* .s t„n s . , . th -  " ,  Ut the H ■ , ct h x p -n m e n i,. o,- • o w ,

(Section 6  10» that there ,  ,  t , n p ,  .Nee , ' t  6 L ^  the c o o tir  w a 'c r 

flow ing  th rough  each sect,or fh is  wiv crease t - mear ' f^n p e ra i re  t v

0 % O.it ' C which w ill cauv a f u r  the sslem atic t i o . of the r-J e r  d  Oh

the calculation o f the heat transfer m a tte , . ,t an,I o f the order o f 1% "  the "rasho ' 

number This error arts m the sam. d re c tio n  a the o tf- t v tem ahc error anrf

Grashot g r o u p  to   ̂ ' <  f
Gf

3 DISCUSSION

3.1 COMPARISON O f E X P E H IM F M A l R E S U H S  WITH

CO R R E L AT IO NS E ROM THE . ITERATUR I:

cuts h„, h- -1 I Med U I •' ' Of

Hausen13’ :

Init ally the data obtained from thi ext-

Nu 0 .0 2 3 S (R e °fl 230H1.8Pr '  0.8 '1 t ,n U
0 14

I.', 1 1

w ith  the result as p lo tted  in Figure 21. I r ,m th is it » n  b e  n note,- that it « not pot bfc : 

correlate the data adequately using th is form of , -relation and relying on the Reynold n um ber^  

alone to  distinguish among the transfer regim- The c riti 'ia  established by Metars end 

have then been applied to the data as indicate, in  F.gurr 2 2 , to separate the data in to  various 

transfer regimes This method effective ly us, th , Grashof. Prandt. and L/ 0  ratios to  character 

the effect o f heat transfer on the transition mechanism However, these subdivisions have proved 

inadequate and no reasonable corre lation has been obtained fo r the data neither w ith  existing 

equations in the literature nor w ith  m odifica tions to  such equations. F mure 23 sh„ws th , Mm ar 

Colburn form  that is most o ften used as an example for correlation*

| ,  has therefore been necessary to redefine the limit* •« th* transfer , mm m such a 

manner that correlating equations an h r found to- th, data in <, h re,non

( S IR  R E PO R T V I  N U  3 H



r e d e f i n i t i o n  o f  t r a n s f e r  r e g i m e s

S i«J.r and T a t. (1936 I151 noted tha t the S tanton n u m te  decmatet w ith  inc.aattng n .v n o h l i  

ntintber in both tha lam ina, and tha tu tb u k n , ,a , im .t .  H o w « « .  in the tnhahwa.n „ „ io n  tha 

Stanton num b., appaa.a to  i n c . , ,  w ith  inc .aann , R ayno ld , n u m b ,,. T b it ah ,a ,ion  hat haan 

apntied to  tha data to subdivida tha flo w  tag iom  as given in Figure ?»

h„  tu tth e t been found tha t a Reynolds number e ffec tive ly  based on the wall viscos.ty 

as given by A , , ^ - r  is mo,a e lf.a tr .e  in corre lating the reg ion, than a bulk R ayno ld , number.

This may I n . u lJ e *  be a .p a a t.d  sinoa the haa, transfer I ,  predom inantly  concerned w ith  the rwpon 

a,os. ,o  the wall and hence properties based on a w a ll temperature may be more effectwe ,n 

convection correlations.

The rsiyed tu rbu len t and m i.e d  lamina, reg ion , hay. lean  so termed because the S tanton 

„ i ijn.se, is s til l increasing w ith  increasing R eyno ld , number in them  region,, h o w , , , , ,  th e , are 

d istinct from  the transitional regions.

The trans ition ,, region fu rth e r appear. -= divide in.O three d is tinc t subregions the upper, 

m iddle and lower trans ition ,! region. This rod,cares tha t cooling rate is no, adequately 

characterised by ,h ,  fratio and the G ra .ho f num ber, and that a more oonvenren, length scale 

may „ i „  on which to" base dimension,ess groups „  „  possible , h „  such a length scale may 

com , either „ o m  a resd.nee „ m ,  concept „ o m  t  re .,ew  o f a llow ing tune and distance fo r  free 

convection effects *o set up. or from  an entry length cons,deration.

3.3 CORRELATING EQ U A TIONS FOR kACH TRANSFER REGIME

With the transfer regions divided as given in Figure 24. correlating equations have been 

obtained for each regime.

3 3 1 Mined tu rbu len t regime

this region th , attu.tion of Hausen has been found ,0  be able ,0 be conyeniently 

modified to I d  the data. As w dh correlation, fried for .V  the region, the effect, of the Prandtl 

groue. the L/D  t.t io  and th , ^  ratio have bee., tested without any conclusive ev.d.nc, l* ,n »  

found for cause to change the form presented by Hansen.

The modified equation that has been found to be most suited to the mixed turbulent 

data is given in Figure 25 as

CSIR R I P O R T  C E N G  371
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Nu C.C184(Re0 B -  2 I3 .9 H I.8 P ,' '  -  0.8111 • l " ' l /  ' I  ' ^ 1  "

^  „ p o n , n ,  in  ,h .  Reynolds g,=up has been ,e.eined 0.8 .in c . . h i .  i .  9 ™ " " V

iccepled . .  being Id ,  ,u ,b o „ n ,  Rdv., E d o . n o n .  lesled . i . h  o .he , 0 . .he eeponen,

)id not prom pt a change of the exponent from  0,8

The correction ..C O , o, G r e g o r , , - .  [  h »  l« .n  ^  » '

, J L  | °  "  9, oup bu t .h o w . no m .rke d  im p .o w  nent in the correlation. B .cauw  o t^ . t , .

com plexity o t C c u l . t in ,  t lw  G.egor.g . .C o ,  h . .  ,» .n  decided ,0  r . ta .n  .he

P o in t, on the  b o u n d .,ie . o . the region may be noted a. correlating w ith  to b .e o u .n t

corre la tion. The a y e ,* ,, data . c t t e ,  to , th i.  cnr.e iation i.  o l the orde, o ' 6V

3 3 2 Upper transitional regime

A . wrth the m ixed tu rbu len t reg.on the Haumn torn , o . the eduanon ha. been tound to 

be the torn, m o .t .u ,tab le  lo r  CO,re,aim, the data. T h i.  i .   ............... fig u re  26  a.

Nu -  0 .0 2 7 7 IR .0 '  -  2 7 2 .S I I I .8 P , ' ' '  -  0.8111 •  f ' u '  ' " ^ 1  1331

The m r w  data .ca lle r lo r  the corre la tion i.  o . the order o ' 10% to  16%.

3.3.3 Middle transitional regime

A , w „h  the m ixed tu rbu len t and the upper tre n t.tlo n .l region. Ih ,  H .u w n  lo rn , o l the 

eouation h ,. heen ,-u n d  to  co,relate the data m o .t . u i t . b l .  The equation a, g i.en  in figure 27

Nu 0 ,0 1 7 6 (0 ' 0.8 .  i06 ,1 )(1 ,8P r’ /3 - 0,8111 ♦ (”  cl J H T/ j ) (3 4 )

Th , d „ a  point 59 . has l*= n  a»ixn«d to be an ,*pm ,m anta, arro, sinca it w i„ not ,it in 

with any form of the aquation nor in any other region.
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3.3.4 Mixed laminar n ‘c)imr

fhe  equation as given in Figure 28 has been found  to  be most suitable fo r ^ re la t in g  

results in th is region.

Nu -  0 .0 0 0 /R e 1 •42Pr1,3( - M < (3 51
'w

The exponent o f the Reynolds group. 1.42. raises doub t as to  whether this region may in 

fa r t be termed laminar since it  is characteristic o f the lam inar region when the exponent is 3.

I, is thus possible that there are tw o  regions rather than one in this area o f Figure 24 However 

the data set is too small to  be able to  separate the regions I t  has thus been decided to  accept

the correlation.

3 3 5  Lowei transitional regime

No .o,tab le  equation hat been found to  correlate the data in tb i t  region. T ie  Stanton 

number apoe.r, to  be random » i .b  retpec, to  the R eyno ld , number a, given in  Figure 29 and i, 

b „  th o t been im pow ible even ,0  u *  the data to r ,=ale up. The on ly  group that appear, ,0  

correlate the data at a'l is

.  , 0 2  (3.6)
f H £ f l U / D ) Pr0 -6

as given in Figure 30 It is doub tfu l w hether this is in any way adequate, however

Since the data in this region are predom inantly fo r short length tubes it .s possible that 

entry effects are causing the data scatter. These data arc also characteristic of low mass flow

rates used in order to  obtain reasonable tem perature drops during experim entation and i t  is possible 

that the nature o f the flow  ,t completely d iffe re n t to  tha t o f the other data.

Chronologically these data were obtained shortly before the temperature probe at the o il 

inlet was found to be faulty and thus experimental error could also be the cause of the data scatter

3.4 COMPARISON 01 K ) U A 1 IQNT, W M H  fH f  HAUSEN E Q U A T ION

In order to show the effect of subdividing the flow as given in Figure 24, a p lo t has been 

prepared of the data against the Hausen equation as given in fig u re  31.

This shows the value o f subdividing the flow  in to  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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r;;:.;r "  r:rr:„ ::r”
4 CONCLUSIONS A N D  R EC O M M l N DATIO NS

C o n d uu o m  .,= m  . «  p m m m m , ^  » •  — -  —

the experimental result ..re as follows.

1 Correlations ob ta ined fo r each transfer regime.

„ c to ,  n „u e n c m ,,h e  transfer have been taken rnto m c o u n tu s rn g fh e  G r « o .  

Prandtl and 1 >0 ra tio  groups.

Nu 0,184(Reo e - 213.91(1 .BPf1 3 -  0 .8 )11 + <h  L I 3 1 ^

Up[wr transitional: [Equation (3 3 li

Nu -  0.02771R 

M idd le  transitional [Equation (3 4)] 

Nu 0 ,0 1 76(Re'

M ixed laminar [Equation (3.5)1

Nu 0 .0002Re1-4a Pr, '3 (nJLl
W

e0 B -  213.91(1,8 P r 'Z3 -  0 .8 )[1  ♦ (D /U  3 1<^ >

.0 8 - 1 0 6 .H d .8 P r1 3 -  0 .8 )11 + L>

2. R ecom m enda tions fo r  fu r th e r  w m i .

t . p , n , n= . d u , in ,  , h „  eKpei'dwnU I h . .  I r n l . c . r i  I h . l  ~ -

a n d ,.., o . transle,  .........   . « . « » -  ■ « “ >"................... ......................
A Ihr lo l l» ,n ,  condi,ion, .nd « d , P - " l  » V ™ ' *
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j fou r d iffe ren t tube lengths ranging from  2 to  10 metres,

ii straight lengths o f tube w ith o u t jo ints or internal protrusions

to  d is tu rb  the flo w , 

j.j three d iffe ren t tube diameters ranging from  It) to  38 m illim etres.

,v horizonta l, intermediate and vertical inc lina tion  o f the test section,

v a test section constructed as indicated below

HONEYCOMB FLOW 
STATIC STRAIGHTENER 
MIXER +

T

HONEYCOMB FLOW 
STRAIGHTENER

|  STATIC MIXER

a
FLOW P R O F I L E  
D E V E L O P I N G  S E C T I O N

T E S T  S EC TI ON

TEMPERATURE
PROBE

TEMPERATURE
PROBE

Wiii.

IX.

X.

xi.

xii.

xiii.

tha t the cooling medium be water supplied to  a m ultisectioned |acket 

w ound  the test section.

a turb ine flow  meter or other accuratr type o f flow  meter in the 

test flu id  loop,

that the cooling water flo w  rate and bulk in let and ou tle t temperatures 

are m onitored to  give an overall heat balanoe,

a fu lly  automated data logging w ith  itrm e d ia *, evaluation of the data 

and graphical display and using th  - fa c ility  to  obta in a complete 

d is tribu tion  of data points on a Metais Eckert type plot,

use of tw o or three d iffe ren t test flu ids,

steady state operation on ly ,

Reynolds numbers in the range bOO <  Re <  10 000. 

tu rbu len t to  laminar transition in it ia lly .
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6 APPENDIX

6.1 L X P E R IW  M l A t

The two process loops as given in Figure 1 are as fo llow s

0/7 Side. S tarting at the hi ader tank the o il flows across electrical heaters to  a rotary

vane pump. This is a V a riflo  pum p from  Blackmer Pump Co. tha t is adjustable to  ob ta in  various

f,v v rates. A fte r the pump, the hot o il pisses through a heavily insulated calm ing section.

This section is to  e lim inate sw irl introduced by the pump and to  allow the flu id  to  reach therma'

equilibrium .

The firs t tem pt 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  su t the 

dimensions of the pipe at each particular jo in t to  prevent any pro jection or edge triggering turbulence 

in the flow  This is also w hy the temperature probes are retractable. To check the system for

possible projections, water has been run down the inside pipe at a v e , h ig h  Reynolds number and 

the pressure drop has been m onitored at each connecting piece using a m u ltip le  arm manometer as 

shown in Figure 16 Any surface irregularities are ob erved as apparent errors in the pressure drop 

and in this way each section has been corrected for alignment

Tne firs t temperature probe is extended in to  the flu id  at all times to  measure the in let 

o il te .perature. The fla t temperature pro file  at this po in t ensures that the temperature measured 

by the resistance therm om eter is in fact the mean bulk temperature.

Undisturbed, the o il then flows fo r c variable number o f sections with all the thermometers

,n the path w ithdraw n. The length of the test section flow  has been varied during the experiments 

to  obtain data on the effect o f the length to diameter ra tio  on the heat transfer.

A t the end of the test section the temperature o f the flu id  is measured after it has passed 

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

the strong temperature gradient in the flu id . Results w ith o u t a m ix ing  device (Section 6.9) show 

that the temperature interpreted by the thermometer can tie up to  7 °C  trom  the true bu lk 

temperature

A fte r the final section of heal exchanger, the o il is routed through a rotameter and bark 

to  the holding tank.

Water side. The water ,s taken from  a holding tank tha t is kept at constant temperature 

by continually Introducing fresh water from  the mains supply and allowing a continual overflow.

The water ,s pumped by a Matheson and Bremner M u ltif lo  pum p in to  two headers, in one o f which
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6 APPENDIX

6.1 EXPERIMENT At

The two process loops as given in Figure 1 are as fo llow s

O il side. S tarting at the header tank the o il flow s across electrical heaters to  a ro ta ry  

vane pump. This is a V a riflo  pum p from  Blackme, Pump Co. that is adjustable to  obta in  various

flow  rates. A fter the pum p, the ho t o il pisses through a heavily insulated calm ing section.

This section is to  e lim inate swirl introduced by the pump and to allow the flu id  to  reach thermal

equilibrium.

The first temperature probe is at the end o f the developing section, as detailed in 

Figures 9 to  15. These p ro w s  and connecting pieces have all been custom made to  suit the 

dimensions of the pipe at each particular jo in t to  prevent any pro|ect,cn or edge triggering turbulence 

in the flow  This is also w hy the temperature probes are retractable. To check the system for 

possible projections, water has been run dc,.«-r, the inside pipe at a very high Reynolds number and 

the pressure drop has been m onitored at each connecting piece using a m ultip le  arm manometer as 

shewn in Figure 16 A ny 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 is extended in to  the flu id  at all times to  measure the in let 

o il temperature. The fla t temperature profile  at this po in t ensures tha t the temperature measured 

by the resistance therm om eter is in fact the mean bulk temperature.

Und.sturbed, the o il then flows fo r a variable number of sections w ith  all the thermometers 

in the path w ithdraw n. The length of the test section flow  has been varied during  the experiments 

to obtain data on the e ffect of the length to diameter ra tio  on the heat transfer.

A t the end of the test section the temperature o f the flu id  is measured after it has passed 

through a m ixing device as detailed in Figure 17 This m ixing device is necessary because of 

the strong temperature gradient ,n the flu id . Results w ith o u t a m ix ing  device (Section 6 .9) show 

that the temperature interpreted by the thermometer can tie up to  ? from  the true bu lk 

temperature

A fter the fina l section of heat exchanger, the o il is routed through a rotameter and back 

to  the holding tank

Water side. The water is taken from  a holding tank that is kept at constant temperature 

by continually in troducing  fresh water from  the mains supply and allow ing a continua l overflow  

The water is pumped by a Matheson and Bremner M u ltif lo  pump in to  two headers, in one o f which
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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 since the tem perature of the water in each header is 

necessarily the same. The flow  rate to  each header has been determ ined using orifice  plates w ith

an orifice diameter of 20 mm (Section h HI

With the headers arranged in th is  way it is generally accepted that the flow  W ill  d istribute 

evenly provided that each ction is identical The temperature o f the water ex iting  from  each 

section has been measured using p la tinum  resistance thermometers and i t  has been found that the 

temperature rise is less than 1 °C  (Section 6.101. The wate is then returned to the holding tank

6.2 FLOW M FA SU R EM FN I

5 2.1 Flow rate of water in th r .im uiln'

The flow  rate o f the cooling w ater to  each header has been m ean ed on one oc as,on and 

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

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

orifice  has been measured using a d iffe ren tia l pressure gauge (Section 6.8V

It has been found  that the flo w  rate is essentially constant fo r 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 w h ich  is the arithm etic average flow  rate.

5 2 2 Flow rate of oil mud" ti .t u '

The flow  rate o f the o il flow ing  on the inside o f the test P'Pr letermmed using 

a calibrated Fische- and Porter precision bore rotameter. The rotameter has l>een calibrated w ith

water a, a °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 1 .  -0 .016603 4 0 ,0 0 /7 6 2 N h <6 2 1

w ith  a regression coeffic ien t r 0.9989. N „  is the rotam eter reading, and^he  equation is

lim ited to 16 <  N / %  < 100 fo r an estimated error in the flow  rate of — - L  <  3%

Correction has been made fo r d iffe ren t flu ids using the equation recommended by Fischer

and Porter
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No correction  fac to r is necessary fo r  charges m v iscos ity .

g j  TEMPERATURE M L A i n i R t M I NJ

Calibrated 100 ohm  p la tinum  resistance thermometers are used to  measure 

temperature. This type o f therm om eter has a relative ly fast response tune r  where r  <" 1 second, 

a negligible offset d r if t  w ith  tim e, and is accepted as the International Practical Temperature Scale

stand: d fo r temperatures -  180 <  ( ' “ ’C ■ + ! ,lH:

A ll the resistance therm om eters used have been calibrated in an ice hath against a standard 

100 ohm platinum resistance therm om eter tha t has been calibrated by the Precise Physic; I 

M e a s u re m e n ts  Group of the CSIR. A ll the thermometers are thus referred to  th -  same standard 

state and. therefore, temperature differences are know n w ith  great accuracy. The absolute 

temperatures are known on ly  w ith  respect to  the standard thermometer used fo r the calibra tion 

and this is known to have an accuracy E (fl) <  0.10 °C .

The bridge used fo r determ ining the resistance o f each thermometer is a Leeds and N orth rup  

3078 portable precision temperature bridge u tilis ing  a fou r lead, alternating current system of 

resolution 0,025 °C . The read given by the bridge is in ohms and has to  be subsequently 

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

have been v d id  fo  measurement us.ng a simple manual sw itching box

The temperature is determ ined from  the resistance reading using the method proposed by 

Leeds and Northrup in the user manual fo r the bridge This method is to  firs t obta in a corrected

value ised on the calibrated value

where °  refers to the calibration po in t

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

interpolation in the standard tables fu r 100 ohm p la tinum  resistance thermometers based on the 

International Practical Temperature Scale o f 1068 The expected error in the temperature is 

estimated as EIO) ^ 0,05 *(,
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\  m -rvv tio fi - f i  •■ss.r > to 1 t h . i v

' t MPfcRAi UtU. MfcASUHt M bf.

( a liirstc U) i>t-m p t.iim u  > resistenci V iermomt'ters art used to measure

Th iv v  .'f t". rnomete has a relative ly last response time r where r  <  1 second,

■ jliy ih ;, «• . • • v. •> f - , I a n vp te d  a the International Practical Temperature Scale

i ian) ' t 1R( t '° i •t 60C1

■ i 'ia v f be**i i ,ilibr.it' l in in  i f 1 hath against a standard

r. i "  -"iii t.' that ‘ • been calibrate I by the Precise Physical 

: .ur„,, 1$ t r f  . • n  (  ! A  ti • t mometer: arc thus referred to tire same standard

• • , • . .fo  • . " rence arc known with great accuracy The absolute

• , ' ,16 s • A , v. •* r. p. t ; the standard therm  It • used 1,.- the calibration

n is • a t . . . r  rr y t - • 0,10 ’<

Ttv t •• • . tl ' ■lam* of i . n i  thermometer ■ a Leeds and N orth rop

p.,rtiit . precisei' temperature bridge u tilis ing .« four lead alternating current system of 

o luhor 0,0?? °C  U r , 'm  , given by the bridq. i- in ohms and has to  tie subsequently

essr d ' give . r.n re "  v.uii us th u te- it the various points in the system 

i h,-, • f le ru  t ■ ,i 'tple man . 'I / - t r  ling bo*

•, i i, t ,. ' .  • i- ■ < t ' i  "  • • i reading using the method proposed by

Northrop tin  u.- • ■ t* - i 1 method is to firs t obta in a corrected

. . i ' i i  be 'ii m  h- ra librated v.. «

h P H 16.3.11
1 R "

v.1 ■ ii fers t. tf 'i i iiil pm nt

ii, t l"  meted . < th. n istanc' thi te m p i' at up is th, found by linear

,,Mjlatit)' if th Pindard t.ib lt f - 100 ohm platinum  resistano thermometers based on the

Intemation, Pmctir.. 1,- , peratun ' i.-t- of 1068 The , xpneted erro» in the temperature is 

I 'm all'll i 1 (P 0,O'
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6 4 PHYSICAL PROPERTIES

No correction is included in the physical properties for effects o f pressure since all th> 

experiments hav- been conducted at ambient prt .iu ii- using liqu id  on ly  and tfie effect of pressure 

on liquid properties is negligible fo r small change' m pie"sure

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

o f temperature Values for the mi used iRt , 01 B) and 1 a water at. tan at- I Se no- 6 14

Since the physical properties a n  available only it discreet values of temperature and ■ )t

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

temperatures The various interpolation techniqu- used .ce d cr below

Viscosity. The liquid viscosity co,relates fa irly  clo -Ty w ith  th, Andrade equr.t-oi

r] » AoexplR/T) (6.4.1)

A plot of ln(T?) as a func tion  o f |  should, the- fore. Ire lineai This has been noticed not to be 

quite accurate and a better f i t  has been i/r ta  .n -' using a cubic spline i . f 19 to  ln(r/) as a function

„ i .

in t. nterpolatcd value is thus obtained from  the line spline fitte d  to the data points in 

the immediate v ic in ity  o f the in terpo la tion point

Thermo! conductivity. The liquid th m c cn • luct . tv follows th fonn ’

X Xe |1 - a(0 -  9 o)l (6 4.2)

Since (?o is an arb itra ry temperature, X may be assumed to  be linear w ith  the centigrade temperatun 

This has been found 1 Ire true and a linear in terpo la tion technique is adopted

Specific /wot. The specific heat is generally11"  assumed to he linear w ith  temperature 

It has been found that over reasonable variations in temper, tun  th i is the cas, and hence a linear 

interpolation technique is used.

Density. The form

(6.4.3)
-  Pv>t 

i Perry1101

and the critical temperature art- unknown The form  of the equation suggest; that ln(p) may be

is suggested in P e rry '1' "  This is not usable w ith  the o il properties since the vapci r properties

CSIR REPORT CENG 371



' /

21

linear; w ith  ln |6 ), however, th is is not so end thv m ethod o f t i l t in g  cubic splines to p versus 0 

is used giving good results This m ethod is on ly acceptable fo r in te rpo la tion  and not fo r 

extrapolation; however, all experiments have been conducted under conditions w ith in  the bounds 

of known •

6.5 C ALC ULATIO N  OF THE HEAT T R A N S f I R CO I I f IC II NT

The average heat transfer coeffic ient over the test section is calculated as fo llows and the 

geometry is given in die figure below:

Water -«

O il * 0 |;

A simple heat balance has been used to  yve

10 - 0 dO
In-®-

i
h 2 l lr ,d l  211X^01

(6 5.1)

where dO may lie w ritte n  as

dO - m |(Co + h0)d0 (6.5.2)

where CIO) Co *  bd (6.5.3)

Equation (6.5.2) is substituted in Equation (6.5 1) and integrated from  0 0 ( ( to

0 = 0, and from  I 0 to  I L assuming that:

H.

iii.

the thermal conductiv ity  of the wall 0  ̂ ) is constant 

relatively small variations in temperature,

the tulie dimensions remain constant,

the outside wall temperature 0 ^  is constant.

Th.s is reasonable fo r
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Using separation o f variables und solving to r h i gives:

I 4  l C o 4 tV ,w o , ln

211 a L -  m |
'..O •  * * n l l

■ Jj
b(0^_ -  0 b || ♦ (C_ + bO )lnho e : 11

(6.5.4)

In this fo rm  the heat transfer coeffic ien t, is an average value

6.6 COMPUTER PROGRAMS

Data accumulated during experim entation is in the form  o f resistance measurements from  

the p latinum  resistance thermometers and o f rotameter readings. From this raw data it is necessary 

to determine flow  rates, temperatures, physical properties dimensionless members and the heat 

transfer coeffic ient. It  is not practical to do  this by hand fo r each experiment due to  the amount 

of work necessary to  interpolate physical properties This task is therefore computerised as 

program 1 in FO R TR AN  on the CSIR's C ontro l Data Corporation (CDCI Cyber 174 Program 1 

reads in rotameter readings and resistances and gives out po in t values fo r physical properties and 

dimensionless groups and gives an average heat transfer coeffic ient and also arithm etic  average 

dimensionless groups This data is then in a reasonable form at to  be used in correlating other

In correlating the data a large number of variations need to  be considered in the 

organisation of correlating equations. This is most conveniently done using com puter program 2.

A ll the data from  program 1 is incorporated as a data input file  to  program 2 An interactive 

p lo tting routine and a T ek tron ix  4662 d ig ita l p lo tte r are coupled to  the program to  obta in  plots 

of the correlations tried

Printouts o f bo th  programs are given in Section 6.13

6 7 EXPECTED ERRORS

There are tw o  types of errors that may Iw assoc lated w ith  experimental data, random errors 

and systematic errors, b o th  forms of w hich arc present m these expciim ental data The random 

errors an associated w ith  instrum ent accuracy and given in Section 6 7.1 and the systematic 

errors given in Section 6.7.2 arc associa cd w ith  the assumption o f the outside w a ll temperature 

of the tes' sections being equal to  the cooling watei temperature. A summary o f the expected 

errors is given in Tabic 2
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TABLE 7 Summary of expected errors

Var iable R a n do r  error
Syst emat ic

error
M a x i m u m  

to ta l  er ror

0 t/°C 0,06 0 0,05

0 /°C 0,05 0 0,05o

0 /°c 0,05 -1 .3 1,35WO

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 o f a general function, ^ (x ) , is defined as

2

( 1 1 )

1-1 I  d x ,  J E ( x / (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 .b 4). 

For practical purposes it is assumed that:

i. the error in the thermal conductivity is zero,

ii. the error in length measurement is zero,

iii. the errors in C and b are zero.

Let

m (XX
t -  e  i "

■ b(/1 - f l , ,) * (C + bfl )ln bo W.P
r , ' bo bl o wo g -  ftL bl wo .

(6.7.2)

(6.7.3)
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Then it may easily be shown that_

2 IIX :

B'

dh
dm,

>wn that

iVbL J
i ^ o  - ° J  * < , r  4 ew = ),n

0bo ~.f w o
'P.,| 0wo 1 (6 .7.4)

d h _  «

bo

f , .  : ' ■ 1 , , ,  

[ I JJ L ... J
Xbrh 

B

_ d h _  ,
dO b̂ I

( - U Xbm , j ,  J  |

0 , ' , \0 hi

• b , i 1 . (, i
• . j j  i  * .  J

(6.7 6)

d h

dfl

    !£, . II :
IV bo 9 b l ’ I

I ” . .  •  -  “ . o ' H

,0 . -  e
♦ b ln ( - ^ | l r [  h-°

Ui ^  w o

(6 .7 .7 )

The error in h is then

E(h) 2 ( i '^ - l 'E lm ,)2 ♦ ( -d h _ )2E (9h„ )2 ♦ ( ^  E(0. ,)2 + ( - ^ 4 ^ ( 0  I2 (6 7.8)
dm, -'flbo bo cV>b| bl «Wwo wo

The expected e-rors in temperature and flow  measurement are:

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

resistance thermometers end a Leeds and N orthrop 8078  portable precision temperature 

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

conditions. However, it is more realistic to double this value T '»  value for the

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

n. Flow rate. The flow rate is measured using a Fischer and Porter FP 1 - 3 5 - 6 -  10 /80

precision bore rotameter w ith  a G N S V T 6 6  shunless steel float The rotameter has '

twren calibrated w ith  water at 16 °C  using a weighing tank system. The expected
E(rh )

error in the range 15 <  N /% <  100 is <  3%.
rh,

The correction for a d ifferent fluid in the rotameter is performed using the 

recommended equation of Fischer and Porter

1 ip, • p , ip ,
(6.7.9)
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This correction causes further degradation of accuracy in measuremen*.

In the experimental apparatus the rotam eter is some distance from  the last temperature 

measuring point. The effect o f the error in temperature on the density correction 

factor has Iwen determ ined as in Table 3.

TABLE 3 E iro i in flo w  rate due to  temperature

R o t a m e t e r
reading

N r /%

F l u i d
t e m p e r a t u r e

T , /  °C

C alcu la t ed  m a n  
f l o w  rate

r h g / h g t  1

E r r o r  due to  
t e m p e r a t u r e

/%

88,5 54.16 0,6264 t  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.

E(m )
The overall accuracy o f flo w  measurement is thus assumed to be —  ' <  3%.

m,

in. The average expected error. A n  arb itra ry extreiim ental run selected is

0 b| -  66,96 °C . 0 bo -  62,60 °C ; 0 ^  22,56 °C  (run 1)

m, 0,5065 kg/s, L 8,154 m h - 169,9 W /m 3K

f ixed constants in the system are

c 1804,32 J/kgK

b 3.56 J /kgK 7

X 100 W /m K mean

r l 0,01267 m

ro 0,01588 m

.. 100

Using these values th r  fo llow ing have been calculated

E lm ,) 0,015 kg/s

A ,

B .

866  259,85 W ^/m 7 

5097,83 WK
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2 6

B 7  ”
h -  169,927 W /m 2K

d h _  „
d m |

337,837 W s/m2K kg

d f

d f lbo

36.478 W /m 2 K 2

dh__ ,

d9 b,
-39 ,8 3 6 W /m 2K 2

dh ' 
60

4.6 W /m 2K 2

Therefore

E |h )2 25,68 + 3,327 + 3,967 + 0,041 = 33,051 W v /m 4K 2

and ^  ”  3.4%.

Therefore the expected error in the heat transfer coeffic ient is <  3.4%,

Reynolds number. As previously it  is assumed th a t :

a. there is no error in length measurement,

b. there is no error in physical properties.

Thus

E lB i l  = 3% (the error in rh,).
Rc

Nusselt number. W ith  the previous assumption this reduces to

E(NuJ 3,4%,
Nu

Prandtl number. W ith (hr previous assumption, the Pr has no error.

C asho f number. Using the previous assumptions and assuming no error in 

the on ly  error is associated w ith  the temperature.

Using the general fo rm  o f the error equation

dG- M V
iiO , T}J

dGr .  - f ta l  V .
dO, T)7

(6.7.10)

(6.7.11)
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I

27

f i r i l  '
G r  J (6.7.12)

and

^ 1 5 0  *  0 ,5 ri . w ith  0 » 25 °C , 0 » 40 °C  (characteristic temperatures).
Gr 1 2

6.7.2 Systematic errors

The only know n systematic error tha t is encountered is the error in the outside w all 

temperature used in the calculation o f the heat transfer coeffic ien t (Nusselt number) and the 

Grashof number. This error is caused by assuming that the m o lin g  water temperature is the same 

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

The reasons for these assumptions are given in Section 2 The e iro r introduced has been estimated 

as fo llow s:

C a lcu la tion  o f  e rro r i t  the ou ts ide  w a ll tem perature. The outside wall to  flu id  temperature 

difference is given by

B -  0
m o  m  a h A

o

(6 7.13)

Typical experimental values fo r the right hand side o f Equation ((> 7 13) are

q *  1,5 KW /section

A = 0,09 m 2/section

h *  17 000 W /m 2K (Sectnn 6 11)

Using these values

0 -  0 0.98 °C.w o we

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

temperature (Section 6 101

Therefore, e ffective ly , using thi outside inlet flu id  tem perature equal to  the outside wall 

temperature introduces an error o f E (0 ^^ ) ' 1,3 °C.

Effect on the N usselt number o f i  I °C  error in the outside w all temperature. Using 

two arb itrary d iffe ren t w all temperatures to calculate the Nusselt number and using results from  an 

arbitrary experiment gives for 0 ^  22,56, Nu 32,8, and for ■ 21,56, Nu 32,1
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That is, the Nusselt number is underestimated by 7"- per degree Celsius o f the outside wall 

temperature.

Effect on the Grashof num ber o f  a 1 °C  error in the outside w a ll temperature. This 's

the only other group that was affected by the systematic error. The e ft"  > of an error in the

outside wall temperature gives for 0 ^  66,9(1, Gr 17 347, and fo r d ^ 65,89, Gr 16 434.

Therefore the Grashof number is underestimated by approxim ately 5"- per degree Celsius o f the

outside wall temperature.

6 8  O RIFICE PI A T I RESULTS

These results have Ireen obtained fo r the flow  rate of water to  the tw o in let headers.

TABLE 4 Header w ith  five sections

T e m p e r s t u r e

(01/ °C

m

kg/s

?5 4,793

28 4,816

30 4.817

34 4,812

38,5 4.797

43 4.777

44.8 4,777

Mean 4,798/kg 1

Standard deviation 0,01 7/kgs 1
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TABLE 5 Header w th  tcn" 1'1"'

T e m p e r e t u r e

Idl/ ° c

m

kg/s

27 4,0895

2 S 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 c'8 kn's

ERROR IN TEM PERATURE MEASUREMENT OF O il  

W ITHOUT M IX IN G  HI V IC f

The fo llow ing  measurements have been taken unde, normal operating conditions w ith  

a a plain thermometer, and

b a m ixing section and thermometer

TABLE 6 Error ,n tem peia turr rnr asurernent

R un 1 2 3 4 6

Plain 0 J  °C 52,24 49,77 40,85 27.74 25.2b

Mixed 0
1 °C 50,31 47,12 4 7,20 26.55 24.52

Difference

-  °2>
/  °C 1,93 2,65 2.65 1 19 0,76
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Run no. 5 has been done under adiabatic conditions and reflects the error in calibration of 

the thermometers. ,'akiny 1 s ca libra tion error in to e ffect, the average difference in the measured 

temperature to the true tem perature is 1,35 C

6.10 TEMPERATURE RISE IN W ATER ACROSS V ST S R IIO N S  

TABLE 7

Run 1 Run 2 Run 3 Mean rise

Temperature o f water /°C 27.25 2 ,.0 7 26,84 0
f

Temperature of w ater 0 0/°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

6 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 .5 3

9 27,74 27.56 27,36 0.60

m 0,64/°C

6.11 H ( AT T H A N S U H  C O n H C I fN T  IN TUI A N N llt.U S

The heat transfer coeffic ien t on the outside of the pipe is rs tim , “ d using the equation 

of Monrad and Pelton 01 fo r annnli The equation is

Nu n,0?0Reo pP r' 3 5
L " ,

0  !>3

(6.11 1)

w ith  Re 4m
I l t j lD ,  » D ?)

h(D -  0  )
and Nu

c s m  R f  PORT V I  NG 371



In th r . i r  the dimensions of the annuius are

Inside pipe ID 24,94 mm OD 31,75 mm

Outside pipe ID 35.74 mm

11- 1,126.
D t

Th, rn.is 1 .'A i l r  in each section is 0.98 ky as given in Sec Io n  6 8. and the flu id  is water.

F-rom th  it , po .iiile to determm the hi at transfer coeffic ient as in fab le  8.

TABLE 8 Heat transfer to e ffic ie n i m t i n  annuius

Re P, Nu ho /W m "2K * 1

It. 16 274 7.99 99,561 14 846

20 18 451 6 95 105,085 15 881

25 20 773 6.09 110 566 16 931

30 22 197 5.34 120,444 17 960

35 25 749 4,80 121,285 18 998

40 28 399 4.3 126,454 20 029
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6.12 EXPERIM ENTAL RESUt TS

0, 9 0 rr h i
Nu St

° c °C °C * / m , K
Re Pr -k.

m

6 6 . 9 6 0 6 2 . 5 0 0 2 2 . 5 6 0 1 6 9 . 7 . ' 3 2 . 8 0 . 8 2 4 0 E - 0 * 1 8 9 1 . 0 212. 4 12 8. 154
6 7 . 8 2 0 6 2 . 9 1 0 2 2 . 7 2 0 . 4 9 f  • 1 8 1 . 9 0 3 5 . 2 0 . 8 9 6 0 E - 0 4 1 9 0 4 . 0 2 0 8 . 0 . 606BE 12 8 . 154
5 9 . 5 5 0 5 6 . 7 4 0 2 4 . 4 2 0 . 5354 1 * 0 . 0 0 2 6 . 9 6 . 6 5 0 0 E - 0 4 1 5 9 1 . 0 2 6 2 . 0 . 2g 05E 12 8 . 1 5 4
5 9 . 7 6 0 5 6 . 8 * 0 2 4 . 4 7 0 1 4 2 . 0 0 2 7 . 3 6 . 6 5 9 0 E - 0 4 1 6 0 1 . 0 2 6 0 . 0 . 2955E 12 8 . 1 5 *
6 2 . 7 8 0 5 9 . 3 2 0 2 5 . 5 0 0 2 0 2 . 0 0 3 8 . 9 6 . " 5 9 0 E - 0 4 2170 0 2 3 8 . 0 . 3767E 12 8 . 1 5 *

5 9 . 3 4 0 2 5 . 4  70 . 6578 2 0 0 . 2 0 3 8 . 6 3 . 7 5 3 0 E - 0 * 2171 . 0 2 3 8 . 0 . 3 / / 0 E 12 8 . 1 5 *
7 0 . 1 2 0 6 4 . 8 7 0 2 5 . 4  0 . 5 7 7 3 2 2 9 . 5 0 4 4 . 4 3 . 9 7 1 0E - 0 4 2 3 6 4 . 0 1 9 5 . 0 . 6860E 12 6 . 1 5 4
6 7 . 4 5 0 6 2 . 7 6 0 2 5 . 7 6 0 . 7077 2 6 7 . ' * 5 1 . " * . 9 2 8 0 E - 0 4 2 6 8 1 . 0 2 0 9 . 7 . 5498E 12 8 . 1 5 *
6 7 . 4 0 0 6 2 . 7 0 0 2 5 . 8 1 0 . 7077 2 6 8 . 1  ,5 1 . 8 * . 9 2 9 8 E - 0 4 2 6 7 7 . 0 2 1 0 . 0 •5468E 12 8 . '  5*
70 . 460 6 5 . 1 6 0 2 6 . 0 4 0 . 6 " 8 3 2 7 3 . 8 0 5 3 . 0 2 . 9 8 6 0 E - 0 * 2805 0 1 9 4 . 0 . 6951E « ' 3 . 1 ' * 10
7 0 . 4 8 0 6 5 . 1 8 0 2 6 . 0 4 0 . 6783 2 7 3 . 6 0 5 2 . 9 ? . 9 B 5 0 E - 0 4 2 8 0 8 . 0 1 9 3 . 0 . 6967E 12 . 15 *
71 . 8 2 0 6 6 . 2 8 0 2 2 . 4 8 . 4 t 3 3 1 8 3 . 7 0 3 5 . 6 1 . 9 2 5 0 E - 0 4 20" ’ 9 .0 1 8 6 . 0 . 8368E 12 8 . ' 5 *
7 1 . 6 * 0 6 6 . 2 5 0 2 2 . 4 6 0 . * 8 3 3 180 .  * 3 4 . 9 6 . 9 0 9 6 E - 0 4 2 0 7 3 . 0 187.  : . 8 "  5 2E 12 8 . 1 5 *
78 . 52 : 7 1 . 9 0 0 2 2 . 3 6 0 . 1 3 2 . 9 0 2 5 . 8 5 . 9 7 7 0 E -  * 1 6 9 5 . 9 1 5 8 . 0 . 1367E 13 6 . 1 5 4
6 9 . 1 0 0 6 4 . 6 6 0 2 2 . 1 0 0 . 3 4 , 4 1 0 9 . 5 2 1 . 1 9 . 7 7 3 0 E - 0 4 ’ 3 9 0 . , 1 9 9 . 0 . 6 9 8 8 E 12 8 . 1 5 4
6 8 . 8 4 0 6 4 . 3 2 0 2 1 . 1 0 0 . 3537 1 1 4 . 4 2 2 . 1 5 . 7 9 2 0 E - 0 4 1 4 0 6 . 0 2 0 0 . 0 . 6815E 12 8 . 1 ! *
6 5 . P 0 6 0 . 8 8 0 2 . . 0 5 ' . 361 . 1 2 5 . 0 0 2 * .  1 * . 8 5 2 ( 1  ( * 1 2 8 1 . " 2 2 3 . 0 12 8 . 1 5 *
6 5 . 1 3 0 6 0 . 6 2 0 2 2 . 0 5 0 . 3613 1 2 6 . 4 ' ' 2 * . 4 1 . 8 6 2 0 E - '  4 12 " 0 . 0 2 2 4 . 0 . 4920E 12 8 . 1 5 *
5 3 . 0 7 0 5 0 . 6 5 0 2 . 9 7 0 . 783 1 9 6 . 2 0 37.41 . 6 2 9 8 E - 0 4 1 6 2 8 . 0 329 .0 . 1603E 12 8 . 1 5 *
5 4 . 6 0 0 52 . 52 : ' . 9 7 0 . 6c 11 ' 3 9 . 5 : 2 6 . 8 . 5 1 3 0 8 - 0 4 1 7 0 0 . 0 3 0 8 . 0 . 1930E 12 8 . 1 5 * 20
6 5 . 9 7 0 6 2 . 5  0 2 5 . 4 5 0 . 4693 1 7 7 . 7 0 34 .  s 1 8 3 5 . 0 . ' 4 . 8 . 2399E 12 6 . 341
6 1 . 5 8 0 5 9 . 0 3 0 2 4 . 4 7 . 1 8 0 . 2 0 3 4 . 7 ' . 7  351 04 2 0 0 9 . 0 2 4 3 . 7 . 1 6 3 9 f 12 6 . 3 4 ’
6 1 . 4 5 0 5 8 . 6 5 0 2 4 . 4 2 0 . 6254 1 8 4 . 3 0 3 5 . ' 4 . 7300E 0* 1 9 9 8 . 0 2 4 4 . 9 . 1 6 6 6 9 12 6 . 3 * i
7 0 . 1 2 0 6 5 . 7 8 0 2 5 . 5 5 0 . 3246 1 3 6 . 2 0 2 6 . 3 9 . 1 0 2 4 5 - 0 3 1 348. ' 9 2 . 5 . 3327E 12 6 . 3 4
7 0 . 0 1 0 6 5 . 3 4 0 2 5 . 5 5 0 . 3247 14 ' . 8 0 2 8 . 6 1 . 1 n  2E ( 3 1 3 3 ’ . 194.1 . 3257E 12 6 . 3 4 -
6 8 . 5 5 0 64.  110 2 6 . * 5 0 . 5268 2 0 4 . 6 0 3 * .  60 . 9500E 04 2 0 9 7 . 0 2 0 0 . 0 . 2910E 12 6 . 3 4 '
6 o . o60 64.■’ 4 2 6 . 2 5 . 5268 2 0 8 . 4 0 4 0 . 3 4 . 9 6 8 0 E - 0* 2 1 0 1 . 0 19 9 . 6 . 2V28E 12 - . 1 4 1
6 6 . 4 1 0 6 3 . 0 4 2 6 . 4 0 . 64 :  6 2 2 9 . 7 0 4 4 . 4 0 . 8 ' 7 8 E - 0 4 2 4 0 2 . 0 2 1 1 . 8 . 2439E 12 6 . 3 4 ’

6 3 . 2 ' 2 4 . 4 0 0 . 6 * 9 8 2 3 6 . " 0 . 8 9 0 0 8 - 0 4 2 4 4 5 . 0 2 1 0 . 5 .24841 12 6 . 3 * 1
7 2 . 1 8 0 6 7 . r o 2 5 . 9 6 ' . 3822 1 5 " . 9v 3 0 . 6 2 . 1 005E- 03 1 6 9 0 . 0 1 8 1 . 6 . 390PE 12 6 . 3 4 ’ 30
72 . 000 6 " , 7 7 0 2 5 . 9 6 ' ♦ 5 1 . 6 0 2 9 . 4 0 . 9 6 5 ) E  0* 1 6 8 5 . 0 182 . 0 . 3870E 12 6 . 341
6 2 . 6 5 0 5 8 . 7 1 0 2 5 . 6 8 0 . * 2 6 * 1 4 3 . 5 0 2 7 . 6 9 . 8 ' 20E 0* 1 * 1 3 . 236 .9 . 1 760E 12 6 . 341
4 2 . 4 2 0 5 9 . 2 6 0 2 ' . 6 5 0 . 1 2 4 ' 1 5 4 . 9 0 2 9 . 8 8 . 8 9 6 0 5  0* 1 3 * 6 . 0 2 3 9 . 6 . 1 726E 12 6. 341
4 3 . 4 4 0 6 0 . 1 5 ' 2 5 . 5 8 0 . 3324 1 2 * 2 5 . 0 8 . 9 6 5 - •  0* 1 1 7 9 . 0 2 3 1 . 6 . 1 9 1 ' 12 6 . 3 * 1
4 5 . 9 9 0 6 0 . 6 7 2 5 . ( 0 0 .2095 1 2 0 . 6 0 2 3 . 3 0 . 14181  03 ’ * 3 . 0 221 .9 . 2221E 12 6 . 341
6 5 . 3 9 0 61 . 66 2 5 . 6 0 . 2 8 8 * 1 r  . e - 7 2 . 3 " . 9 8 6 7E 0* 1 0 7 8 . 0 2 1 9 . 9 . 2236E 12 ' 6 . 3 * 1
5 8 . 9 8 0 5 7 . 3 1 0 2 5 . 0 3 0 . 6436 1 8 2 . 6 0 35. 1 . " 050E 04 1 9 1 2 . " 2 6 1 . 9 . 4864E 11 4 . 5 3 0
5 9 . 0 0 0 5 7 . 4 7 ' 2 5 . 0 3 0 . 4437 1 6 7 . 9 0 3 2 . 3 5 . 64B0E ' 4 1 9 1 6 . 0 2 6 1 . 0 . 4907E 11 4 . 5 3 0
4 ' . 0 4 0 5 8 . 8 2 0 2 4 . 66 .4 ' I 17 . 60 3 2 . 8 * . 8860E 04 1 5 1 2 . 0 2 4 6 . 6 .5854E 11 4 . 5 7 0
61 . 5%^ 5 8 . 4 8 0 25. 01 . 3109 1 5 5 .  ■’ 0 3 0 . 0 2 . 1 2 * 1 5  03 9 6 2 . 0 2 4 6 . 0 11 4 . 5 3 0 40
4 5 . 5 0 0 63 . 2 5 0 2 5 . 2 9 . 5997 1 9 6 . 0 0 3 " . 8 9 .80381  0* 2 2 1 1 . 0 2 1 3 . 9 .B810E 11 4 . 5 3 0

: . 870 6 7 . 3 0 0 2 5 . i4 v . 3173 1 8 7 . 9 0 3 6 . 4 2 . 1 4 4 0E- 03 ' 3  6 . 0 183. . M O a E 12 4 . 5 3 0
M . 980 6 ^ .2 2 0 2 5 . 1 4 0 .3173 19' .  . 3 5 3 7 . 6 6 1 3 8 ' . 0 16 3.6 . 1409E 12 4 . 5 3 0
7 7 . 1 8 0 6 8 . 9 1 0 2 5 . 1 6 0 . 1873 1 6 3 . 5 0 31 . 7 7 . 2 1 0 9 E - 0 3 924 . 0 1 63 . 2 . 1968E 12 4 . 5 3 0
7 6 , 9 5 0 6 9 . 4 9 0 2 5 . 1 6 0 . 1946 1 7 5 . 1 0 3 4 . 01 . 2 1 7 6 E - 0 3 9 5 0 . 6 1 66 . 6 . 1922E 12 4 . 5 3 '
6 8 . 7 6 0 6 6 .0 2 0 2 6 . 5 0 0 . 6349 2 4 3 . 5 0 4 7 . 1 5 . 9 3 "OE-04 2 5 8 7 . 0 1 9 5 . 0 . 1 120E 12 4 . 5 3 0
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34

5 4 . 3 4 : ’ O. "’ 5 1 3 7 . 8 * 6 . 4365 1 ? 1 . 4 . . I 0 3 9 E - 03 2 34 . 3 1 3 2 . 3 . 76678 12 6 . 3 4 ?

8 5 . 5 7 6 8 1 . 6 ' 3 4 6 . " 0 5 . 4279 2 0 2 . 6 7 3 9 . 5 * . 1 5 3 5 8 - 0 3 2 7 5 1 . 9 : 3 7 . 4 . - 448 6 . 3 4 ?
9 3 . 7 9 : 80 . 0 3 9 4 " . 2 7 8 199 . 31 3 8 . 91 2 7 2 3 . 4 1 3 2 . 7 . ' 9 5 * 8 12 t . 3 4 2
5 .  . 633 " ' . 9 6 1 4 7 . 0 4 5 1 9 3 . 8 " 3 7 . 8 3 . 1 0 5 6 8  *7 7 " 06 . 2 1 3 3 . 0 . '.■9408 12 6 . 3 4 ?

8 1 . 1 9 4 77 . 8 1 3 4 5 . * 6 1 . 4531 1*1 . 07 3 " . 2 4 . 1 0 ) 8 8 - 0 3 2c.37 ,  ’ 14 .8 . 50768 12 e . 3 4 2
7 9 . 2 8 0 " 6 . 1: 4 5 . 5 6 6 . 4 6 0 5 1 8 7 . 6 * 3 6 . 5 6 . *  ' 4 8 - 0 4 2 r 5 ' . 3 > 4 ' . ? . 44168 >2 6 . 3 4 ?
' 3 . 1 5 7 7 0 . 8 7 " 4 4 . 6 8 4 .4 4; 166.  "6 3 2 . 3 " . " 3 3 3 8 - 0 4 2 2 7 9 . 0 171. 1 . 2 * 1 5 8 12 6 . 3 "

6 8 . 0 8 ' 6 6 . 22 " 4 4 . 1 3 9 . >66 . 54 5 2 . 2 4 . 8 0 6 3 8 - 0 4 2 0 4 1 . 9 1* 6 . 6 . V O ' E 12 6 . 3 4
6 5 . 0 4 0 6 4 . 4 0 0 4 3 . 6 * 9 . 5 1 * 7 15 :  . v 2 * . 4 1 . " 1 8 3 8 - 0 4 1970 . 1 2 0 6 . 4 . 13* 78 12 6 . 3 4 :
1 r . : 9 9 5 ' . 8 0 2 3 5 . 0 2 3 . 5  45 1 . 7 . 1 3 2 4 . 4 " . 5 6 1 6 8 - 0 4 1 5 " . 3 7 8 . 2 . 75838 11 6 . 3 4 .
■ 4 . 9 9 5 54.  v  ' 3 S . 025 . 5 " 1 2 7 . 4 6 2 4 . ' 2 6 8 - 0 4 1496 . 2? " . 4 . 5 ) 9 4 : 11 6 . 3 4 :

3 . 5 6 5 52.  "85 3 6 . M " >2 4 . 4 0 2 3 . 9 0 . r " 7 " 8 - 0 4 M i c . ? 3 1 2 . 6 . 4  71 [ 11 6 . 3 4 :
' ■0. 133 4 9 . ' 8 " 3 8 . 5 1 " . 6020 1 1 5 . 0 4 2 2 . 0 6 . 4 : 2 2 8  >4 1 2 9 3 . 9 354.  ’ . 2 4 2 : 8 1 1 6 . 3 4 ?
4 7 . 0 9 7 4 6 . 7 0 3 8 . 3 6 2 .6245 1 1 2 . 5 5 2 1 . 5 5 . 4 '  ’ 28 04 1 1 8 4 . 4 3 99 . 1 . 1428:" 11 6 . 3 4 2
4 3 . SS: 4 2 . 6 4 " . 6507 1 0 7 . 9 2 2 0 . 6 3 . 4 7 3 2 8 - 0 4 1 0 7 5 . 2 4 ’:i 4 , 7 . 70548 10 6 . 3 4 2

4 0 . ^ 4 . ( 4 4 3 9 . 2 9 3 . 6370 1 6 5 . 6 3 1 . 6 4 6 9 8 . 5 * 7 4 . 0 . 7 0 * * 8 09 6 . 3 4 2
3 6 . 1 . 6 3 5 . 9 2 - 3 1 . 2 2 7 . 6 6 "  0 1 1 1 . 4 2 2 1 . : > . 4 " 2 5 8 - 0 4 7 * 6 . 4 6 4 2 . 0 . 300  IE 10 6 . 3 4 :
4 2 . 1 4 4 4'  .E5E- 7 r ' . 4 * . 1 0 5 . 7 3 2 0 . 1 9 . 4 3 " " E - v 4 9 4 ! .  : 4*  . c .7128 10 . 34 ?

4 6 . " : ? 46 . 24 3 '' . t : , 5  93 M 6 . 6 5 22. 37 . *  438 04 1 * 4 . 1 4 ' S . * .1592 11 6 . 3 4 -
' " 2 . 705 51 . c r 7 " . 1 9 " . r ' •7 . 84 2 4 . ? ' .5 : . " 8 - ' 4 ' . E l . - : . 2 .3  34 1 1 6 . 34 7
5 3 . 6 : 9 52 . 7 8 5 3 , 65 . 543? ' 2 7 . 6 3 2 3 . " . 5 *’ 0 6 8 - 0 4 i ? 3 6 . i : 2 .1 . 43758 11
5 6 . ( ' " 5 5 . 7 2 4 3 . 8 7 ' .5 ' ’ 2 4 . 4 " 2 7 . 9 5 . 5 * 5  7 8 - 04 1 4 4 3 . * 2 " 9 . 5 . 64638 11
6 . ' 4 9 ' E . 6 4 7 3 0 . ( 2 5 . 5 - 1 1 2 4 . 0 6 2 3 , 91 . 6 ( 7 * 8  4 "  " E . O 2 5 0 . 0 . 9 5 . 4 5 1 1 6 . 3 4 .

' . . 7 ' 5 8 . 8 4 " 3 4 . 3 0 0 .4  99 1 * 9 . 6 * 2 1 . 1 4 . '  : 04 14 5,0 2 4 9 . 4 . 11288 12 6 . 3 4 "
6 3 .  4: . 94? 4 . 4 5 ' . 4 “  } 1 1 7 . 3 5 2 2 . 6 s ;E - ‘ 4 ' 59,.:. 1 .. . • . 15378 12 4 . 3 4 2

6T . 5C7 65 . 4 4 4 7 4 . " 6 ' . 47  " 1 1 6 . 9 * 2 2 . 6 ' 4 1 - 3 5 . " 2 0 0 . 6 . 22458 12 6 . 7 4 2
" 0 . 6 9 3 68 . 236 2 . 0 4 9 ,4  ' "4 1 1 9 , 9 4 22.1* . . ' 5 0 8 - 0 4 1 7 "  1 . ' 1 8 3 . * . " * 3 7 £ 12 6 . 3 4 :
4 7 . : ' S 42 . 686 3 3 . 6 5 4 . 4705 1 1 3 . 0 7 21 ,61 . 6  418 04 " " 0 . 3 4 7 0 . 2 . ' 1 0 * 8 11 6 . 3 4 ?
4 ? . 6 ' 3 43 . 077 3 3 . 8 3 5 . 4 6 '  ■ 114. 7 1 . * i . 6 2 7 * 8 - 0 4 4 6 2 . 3 . i f " ’ E 11 6 . 3 4 2

4 . 0 5 " 4 " . 09" 3 4 . 1 7 1 . 4283 12!  . U 2 3 . 2 6 . " ' 8 5 8  04 8 3 6 . 4 3 9 6 . 4 . 23758 11 6 . 3 4 2
5 5 . 1 2 5 57 . 5 1 3 3 4 . 4 ? ' .36 V t 2 3 . 0 4 , : r -I '  -  04 7 4 * . 8 E‘9 9 ,0 . 60338 11 6 . 3 4
6 : . 6 4 ' 64.791 4 2 . 4 : . 3 6 . 3 1 5 7 . 9 2 2 2 . 8 ' . 7 9 6 6 8 - 0 4 17 <.4 2 ) 5 . 2 . 1 5 * 1 5 12 6 . 3 4 ?

90

110

e ; ?  e n c g  • T C f [ [

CSIR REPORT CENG 371



13 r-. r )  ro r-i r*>
• • • • • • • • • • • • * • » •

'T  V  . : ' f lN 3 '0  0 " C 'C '0 '0 1< ? 'C '0 < . 'C

c \ a  Cj r ;
»4 v~4 —V

rv. r; r , r; ry r; r , r: r% rj
* ̂  ^  '  -r~\ '■* i-^ ^
+  +  +  +  * - * - ^  +  +  +  +  +  +  . r  +
L’J Lu W  U j U ’ uj VJ Lu '-U UJ L'J Lu «.'J U i UJ

, ,  od o  o  r , —i o  r- vr c*- c  <• >c v? «  rx
o  f .' c  'O ro 'O T '. ^ x* r% —■ o  O'r>> co r< —< rx r-x fx o  v- l- > o  -r r> rx »«
xr «o ro 'f vr n  xq fx <j u-) _i Li x- r-J -. —

f x

O  fx fy L"3 o  O  TM M  xr " O  CO f) 'O X3

— j") f  3 l'> u- oc r ;  rx  t ' -c  : '  rx  >0 00
o  " i  rx -c  y i  » r  ro h j  c . x  r  r  rx  i>  o

C 3 v-i "3 yx —3 XXX -x X-X —3 v-l X-* w  f  ;

O  O  CO L l (N -O r .  X  O  x0 <N tx n  C3 o> -< 
* • • • • * • • • • # • • # « •

*̂3 ' *  CO .' ,* -c  a .  ' - C- — X  - c  T x ■ ' —I
ro  -o  O  <  *C o  &3 'O  v l  t-x co r . .,o x  r  .  XT

• • • •  * * " #  * * #  # . •
r - —' o  x f : x<; r x $>. to  rx  • ,  >c r . <% o
ro  -* x  x  r-, x  x  x  x  x  x  x  x  x  x  cm

o  o  -<  c :  i . i  o  o  t j x  x  x  o  <  sr —'
l> rx Q  u  o  *-< >o x- <  -rx co c: <  -x .<

■ * ■ * • • • ■ • • • • • • • •
r x  — V1 X  CO CO O'  -T C-. O  X  ; x  'C -O f-J
xG X  j l  ’X  r x  CO cc O'  Cl  O  O' O'  01 <  >0 to

C-a ^  ^  V4 —4 v-4 -4

X J O' C? O  O' I? CS 3,1 cx o  r x
X  O' ul -T -„1 to X  r0 X  CO ,X X  o  ' f  u") O'
t 1'  O' cc . i  x  Ci x  x  ;/? -o cs o  •»- -o - vj- - • r 'f <■ 'T ■ x- s- -J yi .1

c
3
tr

o  o  rx co 
X  O' i  X  
Cl  O'  X  O'  

•  • •  •
y l  U-? 'O 'O 
. ' . ' . • X X

Cl  O  <,  r ;  
r '  x  . i  -r 
v-  oc . .. X

r '  o  O' ' i 
u i  •<? >o ' »

ci O  O' r Cl r c.' r-1 
Cl 03 'T 

•  • « •
r j  r .  t*1 

k i  -c x  rx

0 3  • -  t o  h '  x  i n  P ' t '

O  " T  
r »  O  

r
• •

rx r-' 
x  x

o  n
O' —<
O'  r v

x  *o
: k  r x

i *  r
• x  v T

•■x O
fx  U3

00 03 
r -  r -

01 •«  
- .  O '  
CO 03

x  r . 
x  x

c  --
no n
*—4 rx 

• •
CO O'  
r x x

x  f :
x *

-T  X  
• •

r -4 r
co a?

§  So

m co
Cl  ' x
rx ?n

Cl —i
- co 

c i  c -

< 3  x *
•O CO 
1 1  ' C

co rx rx i t  ki  x.*

X  O'  
— X  
<  o

w  c ;  
m  03

<1 —i
. ' x ( X
x l  rx 

• •
.1  x
0 3  U3

r x  r~> 
co oo

- i  X
'C  '  3
Cr> CO 

CP ! x
rx rx 

X  ' *
x  0 -
< i  —*

X  - •
to  CO

«j in
oo oo

x  rx 
-x co

<  CO
r '  rx

C, X  
to 11

CP X
rx k

ID |X 
00 00

O' tx  
X  O' 
-x -O

f  X
x r  p f

f x  c? 
r .  c:

■c
x o o

.-I a  
ac ' f
O  O ' 

• •
to 13
c  « 0

s s

CSIR RE PO RT CENG 371



36

sr -r >r >r 'f  (N
u i U") u i in  in  L") vr
1 -1  i h  y-i •-< 1 -1  ^  ro

# # # * # * #
CO CO OC CO 00 00 >c

n r :  f t  r  j  r -4 ' i
vr tf >r ' f  >r ' f
m  n  r-  ̂n  m  ►n

# • • • • •

>0 'O >0 "< 'O 'C

r> 04 r-j 04 04 r-4
xf  ^  nJ- --J xj- xT
ro m  ?<) m  ro in

• • » • • •
o  'O -O '0  - c  'O

CM N  r-4 r-4 On < 4
XT 'f xr V  >T 'f  Sf

m  m m m •n m
o  c  o  -o -o o  c

(N tN CM CN t \  04 <N (M - i  ~  - •  t-« — O  fo O  O  - i  - •  -ri -< -*  <N f .

*  *  *  4- ♦ . ♦ 4 . 4 4 4 * 4 * 4 < - 4 - ' r * 4 * 4 * 4 * - r
U4 U J U J L U U J U U L u '-u U J ^ u U J u jU J u t iC U ^ l- i ; uJC L lU -il-U L i- i'u Ju jU JLJ  
- in rx o  m tr r ) w") <r i n  x.- —■ r t cc xr o  --I oc f  l"> i n  x,- cr  rx

o  n  -o  f x o ^ x o  l '  o j  f t  oo  o > ox . - t  04 m  o  o  o ;  o : r ?  xo r t  04 %
o  o -  i x  O x  x o  O '  m  r x  r ,  u o  o  o  x ^  x r  0  a  g  —  O x  r >  x *  j -  - <  n

04 cm m m - h  x-4 i n  o .  o  x r  f  t X-* r x  i x  r - i  o  > r - o  O '
, . » • , • , « • •  • • • • • • • • • • • • • • • •

O  o  O  O  O  o  xr (N O  G  C 4 xf xO (X -4 rx □  O  G  O  04 ^4 u1) o  ■ -* rn

f t O c o c o o x O O 'C '0 'C r ,o c o o x 0 4 x j 'C * x x r 'r c M O L " ) ^ x r x 4 i> 'G O x x r  
<, xQ m m  r -4 c  f 4 04 c  m o. O' —1 g  o  l '  g  xr O' o  C'4 —i fx  g  xf «'t
r 4 r r t  r  4 m m r 4 r 4 m  po 04 m  m m  x#- G  xo xr xr in  m  04 o i r t

G O o o o O x o r n m x - i f 4  04tD  
, • • » • • • • • • • • •

x - < — ' 0 « - , c o o o O x O x x r - 4 x C '0  
O' o  rx ix  r . o  m g  G  >0 ix  to in

xC —■ OC X  CC 00 xf O, G xp x*
x-4 f  4 1—« ~4 rx  *—* ^4 x—. x-4 —t  r-'

x r x T x T ' i ' x r x r x r x r  r - r  - r x-
O O G O O O C C O C C G C  
i : i i  i i  i

U4 U4 U4 U4 U4 vu ^  U4 UJ U4 CJ LJ -J 
G C O C C C C - i O x G O -  • C x & f x
G  o  o x  " n  O '  i n  f t  G  - o  o  i  .  ^

G  G G U"i r .  -4 X  wT -4 a  xC G  n
<  >C X  x  xO G  >C xC G  y* G  G  G

$ # * # * # * * * # * #  *

o  xC r .  g  x r in  x-4 xd »-i f4  xc o  x-4
* » # * #  » # * #  * #  * #

M 'O G C O x o in - o ^ o o in o e O x c  
o- CO r-x 00 XC xT O' CD PO xr X  O'
Ot 1 o  cc rx  o* c  o-4 m  x f g  x f y“

-r xr xr xj- xr r  xr xT xr x* x/- x-* r
O C C C C C C O O C G O C
i i i i i 1 i : i ! i

Ly, UI  LlJ i_j J Ut u l  UJ UI  UJ UI  Ut
. oi r . c  u* ’ '  m o. xo co ». os <

r . rx p . o- r . ix  xr r .  o  G  :x cc G
a- g  <  -• "< g  co rx o- o  o.
x.- xT r  40 r  r  g  G  G  G  O  G  C

x O  x C  x C  C  c  y " )  y "  x O  r 4 C  C 5  x C  • '  r n  x r  - 4  O -  - x  L 5  y " )  . 1  4  X- x O
a -  m  0 -  - c  x q  c d  i x  r  & •  - 4  x r  c -  c ^  n  x o  - c  c .  —  m  g  i x  O '  O '  1 4 ;

* * * * » " " " " '
xo rx x  co rx xC ix ix 04 m xr x- in r . -4 c  ^  x-x o  r . xr n  m m -« C4
r 4 c j m  m  m r 4 04 r 4 04 r i  04 r ,  c j r» r . r ,  m  r .  f 4 1. 01 r t  04 Ct 04 .-4

o o o O G o m r o G r x M x o o
o  g  o  r-4 r 4 G  Ox 4 4  x r  <■ x-4 f  x r  

, # # * * # # # * * * * "
o  r e f t  o  xo o-  m  >'•. o> o  ’ '  i '  xf
xr  x r  c r .  c  o -  m  x r  . 4  r .  r  4 c *  r :

^  t  i W-I —1 ^  r-«

xr n  0 0  cc ^  - 4  m  g  G  g  g  * 4  -o
G G f x i x m - i r x x r O x  r  x r  x  x r
n  g  y*) xn cd co 04 in "'x o- xO • - cc
G  G  xO xC fx  4 3  G  -■) G  G  G  G  G

# • • • • • • • • • • • *

r  g  r 4 o .  0 4  G  n  - f  m  Ox xo o-  G
C i G O ' C D ' , * I X C L C C x O x r O ' O G  

# # # * # # $ * *  * #  * *
G  f J  Ox G  »4  G  - 0  xC m  x f  x*- O'  ' x
—  —, C 3 ' 0 x - i O - 4 O J C 4  04 r 4 O T 4

o  G  r x  C5 O  G  p j  0-4 m  »4 x-4 O'  G
. xl" O  f x  f x  CO CD l x  G  x t  - c  O y",

a  0  4 y l  G  xO —  m  xr  xr 04 c  * 0  G
xQ xO xO xO xC xO »■) G G G Li xf x -

# • • • • • • • • • • • •

O O O O O O G O  
04 O ' c i o rx  ox <, Ox

r  X* G  xT l >  o-  xC 00

xr f  y l  G  *4 x4 fx  f x
r 4 c 4 r 4 04 4 04  m rn

o  o  o  o  c j  o  r  4 4

-r  0 - r  4 xf l i  c 4 ^4  xc
fx  CD G  G  <J G  tx  rx

XO xC O' Ox Q C4 y4 44
L i  G  L I  G  G  G  <i  O

O  C5 O  C5 Q  CJ G  •*
L i  -O CD CO fx C5 CC CD
G  Ox Ox Ox o  'O m  G
. • . ■ . • . •

O  O  r 4 C4 G  xf P)  G
LI G  xC xO G G  xO O

c  n x r  i n t o c i o t N C n  4-  in r~ o-
E

CO CD G  G  fx  rx 04 r .  1---
-O xO C4 C 4  44 - 4  <  G  Ox
C  Cl  O  CJ G  L i  G  Ot  04

x* xr G  CO CJ CD CD OD O'
G  G  G  G  G  G  G  r  G

w  r x  c j  y i  g  r x  O x  r x  x f

cn ^  o  CO CD CO C5 xr xO
04 O ' J D C j r X y l O x - O C

g  y4 G  xr  r  j o  -C G  C
lo wi i n  L i  m  r  xr  x f  xr

r x ^ O - u l G M O x O O  
x C O O ' O  -0 G  Cx CD O' 
T4 O' O' O' G  *4 o  CO C5

xf ^ 4  -C G  O  fx  G- CJ
G  L i  G  .1  G  4.1 xf  x f  xr
r f . n Q ' - C N f n x j t r i u jr - r x o i o i c n c n c r i o o )

r x h o o ’n O ' O L i C w l
r .  - c  m ox c c  i '  r .  C3 l i
C x - r x D —i x c c d o G xt

—1 g  xC ■' rx rx co x* ^
G  G  G  G  G  G  G  G  G

O' CO o  'X  L I  X* rx Ox CD
C4 G  xr G  00 C4 XT r  xr
o  t r  r .  v i rx rx cc cc c-

.1 *-4 xO f4 f4  11 CO 00 4-1
14, X f xf L I  . 1  G  L i  i n  xc

■C xf G  VI O' IX Ox G  CD
G  xT G  o- xC -4 xr O  xf

~i fx G  xC CO T4 G  rx 
• • § • • * • • •  

xO C 4 xO T4 G  xO O  O  G
p', xr r  cn - i  in  xo -c xo

K $ $ 8 o S S 3 S

CSIR REPORT CENG 371



■

37

ft
r

c
D

>r nT —•*-4 C o a o CC Cx tx CJ fx CMV7 cO 'f sT sf sT y) r> m M 'f x- xf 'f xf sf xf 'f X*
* * »■* ■-» —< ^  n "0 M in to VO to in NO N? NO NO NO NO N) NO• • » *
CO to CO CO >c >C c •C * nT NT 'C -c <, ■o O xC ~0 • c >0

(N CN r- Cm CN r» rv #-4 _ r 4 r. CN CM CN CN CN O' Cm N
""" ** “* -* *N *N *N *N *” — c — *4

u i. i u w us . J w — U! tu tJ Ui UI Ui LJCO X •X O' < O' f •r c o O © in O' © "X > rx .0 f-x
o 'O o ~5 CO >c 1-̂ CN < to O' r; C3 O' O' © NO',*■ 'f o O' -c -f CC cc N" © -V “0 p« «-< fs NO CO to fx O'to >c <, r-j C, •T % < < <r~y —< NO vT — rx -X ( 4

' * * • .. *: • • • • * * * • ♦ •

fs. c o o rx O' CO to O' O' o fx rx V P4 Px LO <• •c CO NO xO O'* •
O' o 'T n o ro LO O 'O >0 uO CJ X f xp o NO
o O' O' >r ■r c O' n NO Cm CN rx c <> c NO CM or< C'i r.' r„ o| r; Cm Cm rv Cm CN •-4 pj .0 CM -4

o c a CO C O c CO a C o CO c •C NO X in O* .0 IX to# * # e
-< u~. o» a r-j to 04 -0 rx vT —< CO fx Px © c © 'O uOcc r% c c O' c 'f CC o NO m rx c -r •x O' NO Tx
'0 •c CO CO o O' vf x- O' r . to X X *N 'p a O' CO to fx fxr; M r» r . r ; Cm —< fN "4 P. r-4 *"4 f x r . — —

- r r xT xT xp xT x f x f X f x f xf x f x f x f x f - r ■r f 4 f •p
o G CO to

t
to t o to to to to to to to t o to t o to to to t o to

U- U I U I — le i l l w tiw U I U I U i u '
I

4*4 - J
c t o t o tn t o c to © to to 4-« NO NO to S3 to toto O ' < to .•x rx fx - f P t 17 NO SO © > 17 P 4 17
f x f  4 to © NO rx o to to © fx tn t 7 S3 to — xC NO
O' O ' O ' O ' f X *x © 05 • X to O ' © f x S3 s? f x © © »X SO S3 '3 •x.

‘ ■ • • • • ■* ■ * * * * I*

X* v f f  X O ' to xl» c M f x O ' x7 NO t » tn t o f t x f _ s : O '
rx to to 0 - r x .0 ix —M t o —« SO SO rx xp to S : Pn x f SO < xC -4

• * • ■ • • s # • e t
NO CN x f xT 17 f x fx —« fx f x to WJ r . O ' (N p t ~3

t l i n to 17 **o NO * SO NO xT • r xp C l CN NO NO NO P i NO P i C m

o to to to to to CO o to t o to NO © to x f —4 fx 17 t 7
o to •0 f 4 f x Zo - c to to NO rx •4 to to ' 7 © NO © <

# #
rx © NO NO to X# O ' so f : so xH '-4 NO n . 0 NO xC r s 17 f x ■e O-
■c < rx rx © C l NO © O ' x f NO in xp xp fx -C 17 S3 •4
r« r . CN r ; — CM r . — C4 f t n N* «N »s

rx rx N) n •r < © © -< O' f  V CM NO in CN to to rx to to rx xp
IX CC © in t o CM c^ Nf O ' x f © O ' rx x f x f O' 17 © fx
o C rx fx r j 4f xT x f O ' to rx p . N f O ' to —4 17 NO C

-X -C < ~c "C •C so in < rx S3 t~ in "■ x f to in < x f x f

T * p. '• * * • * • * • * * *

c a to to to to to to gN to to t o #*x NO cn f x © O ' CX -0 in O'
05 —X xT f t to to -o o V-4 O xC fx 4X4 NO NO O' O' tn S3 xp
f x to to to x f x f Xf to C m 17 O ' O ' © NO p" S3 C m - • rx to

• t
.0 m S3 r v» ■C 07 3 xO tn fx S3 S3 x f 4*0 O X* x f 17

C l c . CN CN r . .* t ' 4 r . r-4 ' . CN NO NO NO NO x f x f NO S '

to G t o to to to to to to to t o to xf S3 SO f x to © ©
<3 C < © NT .n to —« CM 1*7 N ) rM S3 17 x f C m C2 x f x f Xf NO
r - f x * * to © r . N> to 1-4 © rx f x © NO r. xf to P x f C l

* * •
r . r i t “- 17 O ' © NO NO o to —« O' P i xp to t 7 ©
< < < v j to t o < < tT SO •C so S3 SO S3 SO •X so •c xp xO '•3 S3

C O O  0 , 0 0 .  O  c  o  cs sr „  c  «C C'
c  <  ( <r < c  ~c cc f  c. x  >  n  oc nt {► o  O'

r  - r  o  r  .- <, o< o  *v a  ̂  "7 - -  i.'’ c  O- o  r< „■) -O
•  ..............................................

o  ~  < j ir  r. - >< ,-< o  cd o  c  r< c
-c >: <  < >c <  c <  > -c r> r< <  <  <• vc c x

CSIR REPORT CENG 371



38

3  O
s r  - r  s r  - j-  ^  s r  x -  „  - - i  - - i  o  c )  o  o  a  o  o  c ;  o  r .' r - j
lO  U") u~ L i  u") l" )  i l "  " x r xT -r xj- f  ^  r )  ^  n  m  n  r  j  r j  r  x r
^  ^  -v M-j x, ..-, x-, M  y, "? .-> b") ..-, v) L i .*  rs r x  n  ,«o

# # # # # # # # #  a # # # # # # # # # * # # # # # * #
CO 03 CO cc CO CO c& r? 00 o  <3 r -0 o  't c  xr -.f X» xr r - v  N  N  O  o

r *  r j r , n  r .  r ;  r .  i • r ,  t . i . ' ; n
—4 v '  ,M •*< *-4 —̂  ̂ f-% *4 y-4 —4
LJ VJ Lu L'J w- L'J Ub - -  Lu VJ .U  L-' u .
o  co o  v:  (x u3 c  vx o  c: c:
r-0 xC xO 'O  X- CC —< -  '  , . C- ^  r . o
r> co 0 5  r*1 .■'i o  co o  »  r*": &x c- nr.
u") O  <y oc v -  xC c  v - x f  c b  c .  c ;  :•*,

# # # # # * # # #  # # # #

n  c-i r J x -  r<  rb  —. -»  r  4 - i  r v  r ,
—̂ iM *-4 v-% r-4 - w i-4 v-4 * "* 1—4 ^  >—1

w  i-J uj u  cj v; lu vj lu u,1 uj w  ̂4
CO o  xC fXx Xj- C5 b0 O  x-1 xQ X.- —I rs
Cx CO CJ o  liO i ' ,  x f  r  00 C 4 *0  M  CO o - 
00 -x fx  x co r  vo o  ao o  - i  0 5  "x ro
^  i i  v -4 r  _ 0  i x  Cz* xC i i  C t x  i-x

O C O O C O O C O C O C D C ' O O ^ x O O O x ' O O ' O O C O r x ' x .  f - O - ' O x ' C x O
I * , # , # * * # * , # * * * * * # # # # * * * # * #

r -4 co uo xO ex □  n  - r  -x- C3 cs n  r  j  xo o  n  xc »x v") xo •* r . u") n  -o  co
co o  cc co ox o  • J . x-i r-, o  co co r ;  xo -r r x  r x  o  —1 □  co O' o

c .  ■ . n  — -1  — . . . r :  i  n  C4 r v  r ,  rb  n  - i  f 4  fb  cn r j  n  - i  n

O  O  C O  C O  c , o  a  CO  r , C O  C O  C O  Cl  C O  G  CO O  C O  C3 C O  o  a  O  C O  C O  O' n
# • # • § • • • • •  » • • • # • • ■ • • • • •  • • • •

n  J- XT C-' f ,  C O  -v C 5  0  . —  o  U) ' * 0  -O C O  ' b  f b  b O  T O  -•* xO G  —  C
Cfx C  x C  ' '■ x C* C C  -x h O  :-x O  O x  0 3  n  O x  l b  . - 4  O '  —  , >  O  0 3  x -  L 0  " N
ro  cx n  - x co ■* * i . g  - *  'O  xC r  ro  O ' I r t  ro  - r  f x  r  c l  M  ro  co o
1--. * 1  c . i J C *  x-' ii *-' n  i i  j r , n  * i  i i  i i  n  * i  r i C b i i  i i  C b  C i C J n

x r  x f  x r x r  x r  x f x r  r  x r  • • ' r  ' *  r5  r  x r  -*• x r  < r ~0 x r  r  - r  ’■■o ' r  .* - r
O C O O C O r - . O G O C O C O C 5 G C 3 C C O O O O C O G C O G C O G C O G  

i |  i  i l 1 I I I i
u  W u i L .  .i w  w  w  i. . * w  u. : J ii w  m  -■ m  w  .a w  —  v :  u. w  ^
c  co c  e  xc c  g  c  -c c, g  c c c c o o o o u o r b o o o ^ r o
xr xC  n  vo o  r,  r . f  c  : o ' ' . - . o r o ' C ' f ' * , : r ) r * o o C G ' C t o
r .  o- x c;  c  r '  O' c'  , "x -c co xc r ,  o cc- c  co o- — r ,  c . xr o  n  
G  G  O' O o- r W . v: r. • i i  O' g  ”  ' e m —i —' t C C x O x  — Ox CCr x

o  O  m  CO S3 c-  lO x f  x - -  r .  CO r>. G  i3  O- S3 xO „3  n  G  CO G  x r —
go Cb r -o ex n  r i  — c . x “ 0 «o xf -* no ffi ro xf co to .“3 w  ra r ;  xr

• # • • • » • • « • • • ■ • • • • • • • • • • • • • •
Cb bo r tn xr —• (% xj - r o- c  O' x ex r. xr "5 «o ro ex rx r: o> 
r - ,  - x  -  wx r-o i r  .  r ;  r .  r o  r ,  r- r ;  . n  rr, - •  x f  r o  f b  <N o  - -  w  d

o  o  o  r '  0  " :  <- c . q  c o  to  a o  c  c  o  o  c  co a  o  g  g  o  x f  —
rx O'  g co r  g  "  o  • '  xo .5  ex ex x® r x  a  o  xo g  ra  r x  to  - i

o  —< ex ^  G  ex xr t o x® rx oo rx - i  ro
x O C O r . C C c u O  n t b f .  . U  G  j-> -0 - r
11 *1 , , I"' n  1̂  n  1'  i i  lb C 4 ‘ - 1 *"b n

•r r x  c  ro  x*- n  rx  n  cn r x  x® rb■ o  "x rx rj rx x* 50 o- -r x® 50
- 1 —i  - i  r  i  c . - I  i i  *1  c 4 r  4 *~* n

l 0  f t n  n  r*3 - rx f.,0 G  rx (-X ,W) . -5 »b
G  ex * ,  T  G  * 50 c  S3
; , o x f  l o x f  -  ' ■ r ,  - o  .  -

ro f*3 CO r , : J Xf ’ ■ x n
n  O'  x® so . t ;  x c  x .  r o  r x

CO C ..............c o  f  < c . x f  '  x
x f  U* " ,  XT) x f  XT x f

>3 CJ Cb -b lb X0 S3 G  rx
~3 x 3  O'  f x  x f  S3 0  b to  O'
ro I . xC Cx o  c  X- O' —
40 I X- r*3 - - *C S3 1/0 G

10

8

fc

c
3
tr

o  o  a  o  o  c C O O G O O G O O O C O O t O O  
f b  L-  S3 G  C ' 1 -  V3 53 xG - t i  CO VO rO G  t o  

x f  f  r  . b  n  ■ - (  *  r  .  O '  O '  S 3  s O  C 3  G  G

C O O G G G C C x o
- b  O  f b  Xf V J fb) “ 3 O '  
-«3 — SO O  0 xO i  x3

f  /  5 0  I f  4 < •' r  
f 4 r ,  f b  . .  I r f

■it, , ’ x , "3 •-0 40 1 3 I* x* S3 S3 xC X* S3 13 50 xf 15
r , , . r . • . . , v / r  j  r j  tN  . f  b r  4 r  b 4 x f  x -

o  CO CO G  CO CO u  CO O  CO r o  : :  co co c  co  co  co o  g  c o  g  c o  f 3 g  r >  c  
co  - s  r -  G  . : 4 co r .  ' x  - s  - r  rx, ’ x  I *  - c  r x  i j  i s  " x  - x  o  ex  g  r - j  o
. 0 O'  03 • 4 so  r o  CD O 53  fx  x  * x  f x  f b  f  CO t o  V3 f .  Cx O '  «0 r )  f b  - ♦

■ a t  ■ • a • • • • * • • ■ * • • • • • • • • •
f  4 r ! r  so so r  x f  i '  o  < •'S3 -C -0 S? S) -O x® O

. .  i * rx ’ . o- O' (x co cr. tx
X ®  x ®  x ®  S 3  S 5  « C  '

J- IX X .1 .rx x f  f  J X f  x f  ro S3 xr
,3 '  - , ' 3  xO x® x® S3 x® S )  S3 S3 x0

G O G C O O O O O  G  C CO to C  G  n  C3 to O  CO O  G  O  O  O  *b o  
■o i t . 1.’ ’ g  xf rx ~j rx l0 S3 t . G G rj c  r or. <  lO uo ro ro ^  m x?

n U3 —, G  - . -b co 'o  — cs 1 , <  , C S3 - f  G  G  G  ro rx  to uT fs  CD O  Ox
• • e e e e » • • • • • • • • • • •  • • • • • • • • §

o "x co *b ,s  c -  oo . s i vo to vro r 4 1 : . r . o- -b , rb xc G  rx so xr cc i i
<  r 1 r S (X «C x -C X, xf ' - 0  -O rx rx xO xC xQ r x  Jx xQ S3 x® SO S3 x® SO

• -  rs  tx  rs  o rx to s> rx o  — tx n
4 - r r ( s r s r x i m m m m
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<r> o  c  o  o  c  <. <r> c >  o  c *  c  c  “  • >  o  o  c

• „• ‘ J  J  «r" V  M •» -« «» «  <• - r - r -  r« r , r>« r ,  r ,  r-j r

r -4 r-j r  i c n  r 4 — « r • r < r-i - *- -  -

% * * * ? . * } ■  B . Z Z ' s v  S i : * *

+  -+  -» +
U . 1  L t i  W  

•O
r> rr, o  V  ili r 1 < >  I D  O  r )  O  m  r  ■ 

i  r •-: ■ u r c i <4 o  •« o  ro

. t  _ . *  *  .. '  « f , .. ' . ' . - . i c' . - . r : y : * ' • : ^ cj r . ' .  • .

° » ' E r ' ;5 K r : E s  5"! '  ' % :  r  ? :  r  r

c -  c  o  o  o  C '  o  c
U r.f) r c  a ‘ ~ c ' *  ’ yV -I r  . «? r  co C <

■ P-. r- »- t  -  < - •  o  4 ' v

.■■ <. o  c  c -  o  <-■ o  o  o  e  r  • c -  o  o  c -  o  o  o -
t m I-') V"»o «f cr •»— r-j «t l r f

;. : ! y . v x S S i i B :  § r  •

; « SSSEST'E S CSESSSSf ESSESSIC <? <: =• «? *- ■ r7‘ Y  'T' Y  7  7  T , 7 7 I I I t I I

•SS«$|0;HniS!$liFi|H!Uo , ^  Cr — Ch — * ’ f i . 1 « < 1 . . . . . . ..............................

rr f+-> C >  f- , m  c  *r U  r < ' ^  ^  "

r r . i n  • # ,  r - j  O  " O  f  • *  * t  r~  • ’ r '  " r  c - *  r

< rr; r j u i a  r^i o  i ■ ^ m • w *
r-, a» r-i ru o  ĉ» o  w*> u * •» -c r —

i?*t -<> ccj »r> »<• c-j o  ■■< fr  r j r< r j  r j r-4 r- m
-o f  j r i r- > cti r o  r  r-* •<» hcf n  K i  h^i w ,  u'» n  r i  c  i n  i< w  i n  r  4 ( N

r 4 -o r  t4 ■ . in  v . . - -
h' lhnwT r j f i w -  l O C D O  -O r

•  .

-, r  M, u , , ; ; », «• R  v  ™ r  c' ^ e .  r ,  %
.  , 4 r 4 — - m  04 M  f  4 IN W  *-

fx Vj r t  u I f> o* M «t f i c* ctj c>
M,

9

S

X

i

c o c o  < o  o  c . ■ C C- 4 ■fi i#*> C» * *1 < -o r  - 1
*<»><) O  * »- c»(% ' u ’ < un  u'i t n  w*-

c» < O  f> r 4 
a- «i

O O C» c- <.'
r 4 o  *- o
u C» O  u'i f

( < <* C <• - c-  o
t» v> <1 'O • * 1  -
h " .  » -  —  W ~ t " C l  - c  U " >

r:  ^; t . r . x z r . z x x r .  r .
c> o  c> o  c»
O CD i t  L 1 f
t> r hn - “<i

O <> O O « --4) rr. n> r < • C> n f
x t  r̂ > r j  o «e

r » c*» O
c d  m  -  

<s n  k i r * o

g-i y-i o  u i i r  i,-> u'i u"> f r r r
r  r r j  c 4 r 4 (N r 4 r 4 r>4 c 4 f>» c-4
«r. o  c - * ’ f  * > <• c- o  <" O  C»
o  -<• ro  w, f- . « «t u - D4 --
-4 1  i>  u ' i  ^  1 r  f . r o  • t '  c *  K i  < t

* 0  f
- < i

«■ u'i U - O  c. *- fX> r r o c»
r -o 4) *4j -c* -<1 u'i ci <•
0  C '  C -  ^  • O  O  . r . c  C  c
1 i  f  4 •  «1 C> O  I  '  I  ‘ • *
L ' ^  r O  r* U"| c r> • C' f"' *

-<1 ITI c  
*4.1 o  r ■
O  C '
• t  o

a <•

• f  c» * i  f  T  r  4 »- t4. -44 r r 1 r f r
* » < > * -  r rx cd

< V ' > Cm *4j n rr f 4 CD hn r*
C  • C '  c -
L, r 4 u'i * » 4r- C4 •
r r 4 r <:*

c  m u'i u 
r  f  * C'  <  **r

w— t~ -f, r
-43 cn t*i «* 4 K «f 1 r» - i n  <- r 1 r * <

^  C ^ ’  c v

r̂ * r i  
cr o

B 2 S l S S ; i £ I S § 5 , 5 3 S ? S 5 . $ $ $ S e 8 S X l B $ K $ $ S ? ;
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c y ROM T H I S  DATA CALCULATE A IL  THt TEMPERATURES
i: AND P H Y SI CA L  PROPERTI ES ,  AND I RANCH AMD REYNOLDS NUMBERS

CALL T E M P ( R T . T . N )
I F ( I U A T E R . E Q .  I ) SO TO C ,
CALL D E N C ( T , D E N , N )
CALL C O N D I T , C N D , N )
CALL S P E C I F ( T , o P . N )
CALI.  V I  SC < T , V I S , N 
GO TO 27 

.25 CONTINUE
CALL DENCWIT ,DEN,;N>
CALL CONDWIT # CND, N )
CALL S P E CI f  U ( T , (  I . N )
CALL V I S C W I T , V [ 3 , N 1  

27 CALL R O T A I R R , VMASS, VEL , DEN , N >
CALL REYN I D E N , S . O .  ) J 9  # V I S , V M A S S , V L L , R E , N )
CALL PRANDTL( C P , V I S , CND. P R , N >

C FROM THE ABOVE* ALL THE REQUIRED DATA HAL t EEN CALCULATED AND STORED
IN THE RELEVANT ARRAYS OF DIM:  NS ION I S  . THE DIAMETER Of- THE lUBl .  . 3  

C 2 5 . 3 V  MM IN THE REYNOLDS CALC.

C
c T H I S  I S  NOW PRINTED OUT
I*

CALL W R T I RR , VMAFS, R T . T , D E N . C N D , C P , V I S , R E , P R  - " i • • N )
 -   -       * ' "■*

c
C CALCULATE THE HE A f EA I ANCI  fROM THE D A , A
C

I F  I I W A T E R . E Q . 1 ) CALL HEAT I W I T , V M A S S , C P , I , P R , CND. N )
I I t W A T f - A . F D . D  - CAE HE A ! I I T,  VMA - > ,CT .P i  , P R , C N D , D E N , V I S , N )

C
C ----------------------------------------------------------------- -------------------
c REQUESTS FOR PLOTTER
e

GOTO 71 
17 WRITE I 6 , 5 0 6 )
506  FORMAT < / T 5 , "  DO YOU WANT TO PI OT T / N " )

READ ( 5 , 5 1 ) 7 )  I PLOT
507  F O R MA T ( A 1 0 )

I F ( E O F ( 5 )  ) 7 2 ,  15
15 I F ( I P L O T . E t ) .  I H N ) G 0  TO 22 

W R I T E ( A , 5 0 8 )
508  F O R M A T ( T 5 , " W H I C H  I WO VAR I ABLES DO YOU WISH TO PLOT X-Y 

1 , /  , OR TYPE HELP TO I 1 S T " )
RE AD ( 5 , 51)7 ) I . I OT 
IF ( I  OF ( 5 )  ) 70  , 16

16 I F ( IPLO T . E Q .  I H H ) W R I 1CI A , 5 0 ? )
I f  ( IT LOT . f  ( I .  I H H )  GO TO 15
I F  ( IPLOT . EQ . "R l  i TEMP" ) CALL Kl I 0 1 ( R T ,  T . N )
IF ( I PLOT,  f Q . "RES-  DE N"  ) C ALT RPl 01 (RT , DEN , N )
IF  ( (PLOT . EQ . "RES COND" ) CALL RPl .OT (RT , CND , N )
I F ( I P L O T . E Q . " R E S  C P " ) C A L L  RT L O T ( R T , C P , N )

CSIH H E PO R T C E N G  3 71
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5 0 9

C
C
22
20

C

C
t:
(
c

c
c
c
c
c

c
c

c
i:

I H I P L O T . l  O.' -RfriS V I S " )  C A L I  Kl L O T  ( R T , V I S , N ) 
U  ( I I  L O T . t  U . "Kl .  S--RI  V"  )C Al I Kl I OT (KT , Rl  , N )
IF* < IF'LO 7 . l.U . "RL S F R " ) CAL L RF’LOT ( RE"S , F R , N )
I I  ( I I  LOT .1 U.  " T L M I ' -  RES"  ) (  Al I Rl I OT ( T . RT . N )
i r  ( i p l o r . f . Q. "  i f c n r  d l n h i c a l l  r i  l o k i  , d l  n , n >
I I  ( I PLOT . f - 0 .  " T L W -  COND" )CAL L Rl I OT (T , (  N D . N )  
IF  ( IF'LOT . [ Q .  " I t  m  CP ' *) CALL R P L O T ( T , C I  , N )
I I  ( 1 P L M  . t  L . "  T L PIP- V I S "  ) (  Al I Kl  L OT (T . V I S . N )  
IF< IF'LOT .1 Q. " T l  PIP RCY" )CAL L Rl L O T ( T , R I  , N )
I I  ( l U O T . l  U . " T I  M  PR"  ) ( AL I I I I  OT (T , PR . R)
GO TO 17
I OKMAT ( / ,  "  RE SISTANCE Rl -S.  TEMPERATURE: 

A , / "  CONDUCTIVITY COND, SPEC I I  IC HEAT CP,  
REYNOLDS RfcY, PRANDTL PR "

C , / "  E . G .  TEMP -DEN TEMP P R " )

T E M P .  D E N S I T Y  
V I S C O S I T Y  V I S ,

GO TO 71 
STOP 
END
SUE'-ROU FI NE D E N E X T . D t  N , N )

I . U N I T S  API  USED

SUBROUTI NE TO I NTE RPOl  A 11 101
DENS I T Y  FROM A G I V E N  TEMI P RAT URL 

USI NG CUBI C SPl  I N I  S 
DATA I S  FOR REGAL O i l .  I

T CONTAI NS THE T EMPERAT URE ( S )

DEN CONTAI NS THE I NT ERPOL AT ED D E N S I T Y ( S )
H I S  THE NUMBER Of DATA P 0 1 N I S  TO BE PROCESSED  

VI ABL E CON T A I N S  THE LOOK Ul TABLE

D I ME N S I ON  T k N )  . D E N C N )  . DTAI ' L f ( 9 , .  ) , C  ( 4 , 9 )
DATA ( DTAl  1 I ( 1 , 2 ) , I  1 , 9 ) /

A 6 7 2 . 5 , 8 6 2 . 1 , 8 4 8 . , 8 3 7 . 8 , 8 2 5 . .  7 9 9 . 8 ,
B 7 7 2 . 5 . 7 5 0 . 1 , 7 2 7 . 1 /

DATA (DT A I ' I  I ( 1 , 1 ) , I 1 , 9 ) 7  
A 2 0 .  , 4 0 .  , 61 ) .  , BO.  , 1 0 0 . ,
I  I ' M) .  , 2 0 0 .  , 2 5 0 .  , 3 0 0 .  7

CALC UL ATI  THE CONSTANTS FOR THI  S P U N :  F I T
C Al I SPl  I CON ( DT AIM 1 , (  , 9 )

S I T  UP LOOP I OR NUMBER Of DATA 1 0 )  NTS

DO 100 K 1 , N

I ND THE P O S I T I O N  Of T I N  V I  L OO K  UP TABLE

DO 1 ) 2 . 9
J I

C COUNTE R VALl l l  AT I X1T
I I  ( K l ; )  . l .T . DTABL E ( 1 , 1 ) )  GO TO ,5
I I  < I (I .  ) . I I . DT  API  1 ( 1 , 1 1 )  0 0  TO 2

C I F  NOT LOOT 
1 CONTI NUE

CSIH REPORT CLNG 3 , '

-u

D E N M



1 \ \ [ VALUI  I S  OUT OF Till TOI 01 I ,U T A B U  
( on r i Ni u:

; m  V A T U  I B  NOT F O U N D  W I T H I N  i Hf F O U N D S  OF IMF T A I I I

]NT WARN)  NO AND I N I l  RF'OL ATI  US INC. L A S T  . V A L U i  t> I N  THF T A Ft .  F 
WRIT! ( 6 , 9 9  I < K )
f ORFIAT ( -  11- , “ THF T F M N  R A T t l U  VA!  l i t  " , f H I . ? , “ WAS NOT FOUND" 

I N  I H I  F OUND ; 01 1 l i t .  I 001  UP 1 ABL l  . THL  D t . N S I  T V  H A S  BCE N "
, r ' • . . N F A R L i  E X T R A P O L A T E D  ( ROM t X I  ST I N S  V A L U E S " )

( AD; - N I N I  T HF. I N  I t  Rf ' Ot  AT I  01'  St  ( F I O N

I  ] h i t  t i i ' O L f ' . n  t . I N L A R L T  F OF, T

, u  -  • . M  Af.LE k J 1 , 1 ) ) /  ( DT AF L t  ( J» 1 ) - D T  ABLt  ( J  1 , 1 ) )  

l t N - I . ) - E l  N It- : t ( D T A I M l  ( . 1 , 2 )  D I AL  Ll ( J  1 , 2 ) )  +DTABLK k U -1 , 2 )

, ■ St I 1 S NOL I N T t  F.f 01 A l t  I)
L OT.  I HI  N I  X f V A L U

SO TO 1 0 0

1 ; N T I  MIL

I : i I)t Al  : T . 1 MOW I NT El  I OLA I ED US I NS  A 
US 11: S P L IN E  ROUT i n:  

i ROUTlNt .  PI .  I S V N C At I JL ATI  ■ IMF I N T E R P O L A T I O N  CONSTANTS

U  N I > (DT Al l I ( , 1 T I ) - - I 1 , 0 ) )  ( DT AF l  I ( . 1 , 1 )  T ( L  > ) * '  .'

LEN ( t ) - DEN ( K ) + ( T ( F ) I TAFt  E. ( M 1 , 1 )  ' C ( . ' , J  1 )
, | -OTABI I ( I H D ) *  •

> I ( •  > J  1 ) )

. Ei. I TT FI A: Ft  I N I N i t  LI  01 ATI  P t-Y SF' LI Nt  S
U  . . 11 HI- NT X I VALU:

N ; , Nil!

• , I . J NI SHI  I-
I ; : D U '  WIT, ;  I N T I  L I 01 AT I I VALUt

I : I URN 
I NL

! IF LOUT I N I  I L I L O N l  I A FI  I , L . N )

III I OUT I NL TO CALLULAT t I HI ( ( N S U . N I S  I OR Til l  
‘-.I I IN I  I IT
I I I :  FI  NN1 Nli I ON , R . H

I N M vODD TOI;.  COttl  U1LR PH I HODS AND NI Jf TI Ll I  M  
A N A L , S I  S.  MAS M i l  LAN 1 ?65

cr.m Mt mm Cl Nr, 3?i
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l.>i m  nc;] on  i o f . i  f ( n . , c ( a , n ) ,  t>( i o ) r f ’ c i o ) ,  t ( i o ) ,
A A ( 1 0  , 3 )  , B < 1 Q ) , Z ( 1 0 ) ,  X ( 10 ) ,  Y < 1 0 )

oo i o n  i i , r i  
X ( I  ) T ABLt :  ( I  , 1 )
Y ( l ) :  TAf- . l t  ( 1 , 2 )
CONT I NUE  

n n = n -  i  
DO 2 I 1 , MM  
D( K> X ( t . d  ) - X ( K )  
f ( K )  D ( K ) / 6 .
L ( K ) : ( Y ( t : +  1 ) *  Y ( K ) > / D ( K )
DO 3 K 2 , MM 
L . ( K ) : - L ( K ) - - t  ( K-  1 )
A ( 1 , 2 )  1 .  D ( 1 ) / D ( 2 )
0 ( 1 , 3 )  0 ( 1 ) / D C ’ )
0 ( 2 , 3 ;  I ( 2 ) 1 ( 1 ) > 0 ( 1 , 3 )
0 ( 2 , 2 ) . . » ( P ( l ) + f  ( 2 ) )  f ( l ) ' 0 ( 1 , 2 )
A ( 2 , 3 )  -  A ( 2 , 3 ) /  0  ( 2 , 2 )
1 . ( 2 )  E C ) / A C ,  2 )
DO 4 K 3 ,  fir.
0 ( K ,  2 )  2 . * ( f ( K- 1 ) ■♦ f ’ ( K ) ) - f ’ < K* 1 ) A ( (  1 , 3 )
B.  : )  B ( K )  - i  ( K - l  ) * B ( K 1 )
A ( K , 3 )  f ( K ) / A ( K , 2 ,
B ( K )  6 ( K ) / A ( K , 2 )
0 0 ( M 2 ) / D ( h  1 )
0 ( 0 , 1 ; 1 . + 0 + 0 ( 0  . , 3  
A ( M , 2 > : - 0  A ( M , 1 )  0 ( 0  1 , 3 )
B ( M)  B ( fl 2 ; A ( r . , 1 ) ♦ P. ( M I )
Z ( M ) D ( M ) / 0 ( M , 2 )
AN" r. 2
00 6 1 1 , MN
K-r .  1
Z ( K ;  I ( K :  0 ( K , 3  > Z ( K + 1 >
Z ( 1 ) 0 ( 1 , 2 )  / ( 2 )  0 ( 1 , 3 ) » Z ( 3 )
00 7 f 1 , fin
C 1 . / ( 6 . - 0 ( 0  ) )
C (1 , 0 ) /  ( K ) - 0
C ( 2 , K ) ‘ Z ( H + 1 ) , U
L ' 3 , K ) Y ( K ) / D ( K >  Z ( K )  f ( f  )
C ( 4 , K ) -  Y ( K +  1 > / l ) ( K ) - / ( K  + 1 ) ‘ P C  )
Kf TURN 
t ND
F.UV.R0U ! 1 Nf V 1 5 i ( T , V ) S , N )

S .  I .  UNI T i. OR I. USED

OULROUf  I N I  10  I M T t R f O l  ATI  101 
V I S C O S I T Y  t RON A G I V E N  I t  (II I RAT UN t 
OoTO I S  f OR KKOAI  O i l  I'

1 CONTAI NS TUI  Tt  f lP l  RAT URL ( S )
V I S  CON T A I N S  TUI I  N I fc Rf  01. AT I  D V 1 SCVS t T Y ( S )
N I S  TUI NUM'.f-R Of DATA P O I N T S  TO I f  f ROC f SSL D 

V I A B L E  C ONT AI N!  TUI  LOOK U! TALI  I
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D i n t  NS I  ON T ( N ) , V I S ( N ) , V ! A k t l  C < /i , 7 >
DATA ( VTABLt . k  I  , 2 )  , 1  1 , >

A 4 . 6 2 6 , 3 . D 7 , 2 . 7 D  ' 1 3 D ,  1 . 6 D6 , . BO: '  . . 2 3 9 /
DATA ( V T A B L E ( I , 1 > , I  1 , 7 )

A . 0 0 3 4 1 , . 0 0 3 1 9 . . 0 0 3 , . 0 0 : 0 3 , . 0 0 2 6 0 ,
B . 0 0 2 3 6 , . 0 0 2 1 1 /

C CALCULATt  THi: CONSTANT! ,  f'OK 1 HI  ST' I i M  I I I
CALI  OF’L 1 CON ( VT ALL f , t , 7 >

C
C SI T I l f  VOOf  f Ok NUrU'l K Of DATA f 01 NTS  
C

DO 1 0 0  K- 1 , N
C
c f I ND THf f O S I T I O N  Of  T I N  THf LOOK-  U f  TABLl
C

T ( k )  1 . / ( ? 7 3 .  I S  + TCI O >
DO 1 I  2 , 9
J ;  1

C COUNT H i  VALUL AT E X I T
I f  ( T ( K )  . G T . V T A B I  l.< 1 , 1 ) ) CO TO 3 
IF ( T ( K ) . G I  . VTAf . t  1 ( 1 , 1 ) ,  GO TO ?

C I F  NOT LOOK'
1 CONTI NUL

C THL VALUL I S  OUT 01 1 Hi TCI Of  THE TABLE
3 CONT IN l i t
c
C THf VALUE I S  NOT f OUND W I T H I N  T HI. BOUNDS OF THE TAf 'Lf
c
C f k l N T  WANNING AND I NT I  k f O l  ATI US) NL. I AST VALUES IN THf TABLE 

I K  l . / T O O  2 7 3 . 1 5  
Wk1 T E ( 6 , 9 9 )  TK

99 F O R M A T ( / I S , " T H E  TEMf I K A T U k f  VALUE " , 1 1 0 . 2 .  WAS NOT f OUND"
C " IN H BOUNDS 01 THE LOOK-UP T A B L E . THL V I S CO S I T Y  HAS BEEN"  
D , / ,  I S ,  "  L I N EARLY EXTRAPOLATED I 15 11 t > 1ST i h G  VALUES"  )

C
C CARRY ON INTO THL I NTERPOLATI ON S I t  ) ION
C
c, INTLkPOL ATI  L I  NEARLY FOR T

V 1 S( K ) (T ( I  ) - V I A l l  i ( i I , 1 ) ? / (  VTAPLE v J .  1 ) VI  A l l  f ( J 1 , 1 ) )
V I S ( K > V I 8 (K > * ( V I A B L E ( J , .  ' V T ABLI  v J 1 , 2  ) ) ♦ V T A B L E ( J 1 , 2 )

V 1 S ( K )  L X P ( V I S ( K ) ) < 0 . 0 0 1  
T ( K )  l . / H K )  . 7 3 .  15

C
(; THF: V I SCOSI TY  I S  NOW INTERPOLATED
C CALCULATE 1 HI NEXT VALUE

0 0  TO 100
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C ON I INCH

I HU V I S C O S I T Y  I S  NOW ) N I t  Kf 01 ATI  D US I N G (■
CUBI C SPLI NE ROUTI NE
SUBROUTI NE S I L I C O N  CALCUL ATES THE I N T E R P O L A T I O N  CONSTANTS

V 1 S ( K >  ( V T A t l  L ( J ,  1 ) T ( K )  ) M C ( 1  , J  1 )  ( V [ API  t ( J .  1 )  - 1 C  ) ) < ■ * '

2 + C ( 3 ,  J 1 ) )
V l S ( K )  V I  S ( R ) + < T ( K ) • VT API  L ( J 1 , 1 ) ) * ( I J 1 ) < ( T CR ) -  V T AP L t  ( J 

2 ) ) * f 2 + C ( 4 , J  1 ) >
VI  S ( / ( )  t XP(  V 1 S ( K )  >♦ 0 . 0 0 1  
T ( K )  1 . / T O O - 2 7 3 .  I S

THE V I S C O S I T  T HAS Pt PN I NTt  f . 'POLATl  0 BY S P I I N P S  
CALCIJL.AU: THC NL XT VAi lit:

C0NT1NUI
    -  - *    * 1

Al t  E I N I  S H I D
RETURN WI TH I N T E R P O L A T E D  VALUES

RETURN
END
SUBROUTINE S P t C I P ( T . C t  , H>

S . I .  U N I T S  AR1 USED

SUBPOUT I HI TO I NTERPOL ATE L I N E A R L Y  t OR 
SPEC I f  I C HP AT TROfl  A G I V E N  TEMPERATURE  

DATA I S  FOR REGAL O H  B

T CONTAI NS T HI Tt  MPE RATURT <S)
Cl CONTAI N 1 HI I N T E R P OL A T E D S r i C H U  HI. AT ( S )
N I S  TUI NUMBER Of DATA P O I N T S  TO I t  PROCESSED  

CP TABLE C O N T A I N S  THE l.OOR UP TALL:

D I ME N S I O N  T ( N ) , C P ( N )  . ( ( T A P I f  ( V , . )
DATA (Cl  TAI  Lt ( I , 2 )  , I  1 . 9 ) /

A 1 S 7 1 . 5 ,  1 9 4 6  . 0 : -  H O I S .  0 4  , 2 0 V 3 . 4 . : J 6 0  . 3 > .
B 2 3 4 3 . / 7 , 2 5 2 2 . L 5 , 2 7 0 : . G O . 2 6 9 0 . 9 9 /

DAT A ( C f ’ TABl  f ( 1 , J y . 1 -  1 . 9 )
A 2 0 .  >40 .  > 6 0 .  > 0 0 .  > 1 0 0 .  > I O C .  >. ■':i . > . .j 0 • > Cj i ) .  /

SETT UP LOOP I OR NUMBE R OF DATA POI NT S

DO 1 0 0  K 1 . N

F I N D  I HE P O S I T I O N  OF T I N 1 HI 1 0  OR UP TAFLE

DO 1 J 2 , 9  
J I
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c COUNT t K  VALUE AT E X I T
I I  ( T (E. ) . l . T  . CF TABLC ( 1 , 1 ) ) GC TO .5
I K T  ( K )  .1 E . C M  ACLl  ( 1 , 1 ) )  GO TO ?

C I F  NOT LOO:
, 1 CONTINUE:
c
C ----------  - -------  ---------------  ---------------------------
c THE VALUE l i i  OUT 01 THE TOP OF VH: TAB I I
3 CONTI NUE
£
c the  VALUE I S  NOT FOUND W I T H I N  THE. EOUNDS OF THE TABLE
c
C E PI NT WARNI NG AND I N T I  Rf ' OLA i l  US I N G LAST ? VALUES I N  THE TABLE 

WRI TE ( 6 , 9 9 )  U K )
99 E ORMAT( / T 5 , "THE TE MPE ;AT URE VALUE " , F 1 0 . 2 . "  WAS HOT I QUND"

c T||: i OUNDS O: THE EOCE. UT T A B L E . 1 HE S P E C I F I C  HEAT HAS BEEN"
D f / . T G , "  L1NEARI .  V I > I RAF01 AT ED ( EtOM E X I S T I N G  V A L U E S ' )

C
c CAE: Ex , ON I NTO i HI  I N T E R P O L A T I O N  S E C T I O N
L  -------* --------  ' *"
c  ' -  1 x
2 CON I1NUE
C I NTERPOL ATE L I N E A R L Y  FOR Cl

CP (Ex > ( T ( EC) PE TAE-LE ( J-  1 , 1 ) )  /  ( LET ABLE ( J , 1 ) PP1 At I L ( J- ) . 1 ) )
C P ( K )  C P ( K ) ♦ (CT T A P I L ( J , 2 ,  CP T A B I L < J - I , C ) ) +CPT A B L E ( J 1 , 2 )

C , HE SPECI E 1C HE A I I S  NOW I N T E R P OL A T E D
C CALCULATE THE NEXT VALUl
100 CONTI NUE

: C
c ALE F I N I S H E D
C RETURN WI TH I NT E RPOL AT ED VALUES
c

KFI  URN
END
SUBROUTI NE ( OND( T » CND» N )

C S .  I .  UN I S  I ARI  USE I)
C
C SUBROUTI NE i 0 I N T I  Rf ' Ol .ATI  I I N  LARI.  V I 01
C I HFRMAL C O N D U C T I V I T Y  t ROM A G I V E N  T E Ml I k  TT URL
C DATA I S  E OR RPGAI  O i l  I 
t:

T CONTAI NS THE T P M  1 E AT URE ( P )
CND CON T AI N S  Till I NTERPOL ATED THERMAL CONDUCT I V I 1 Y(  !>)

C N I S  THE NUMBE E UE 1<ATT P O I N T S  TO E E E'ROt LSSLD
i: I a im . f c o n i a e n  t h ; I OOF; UP t a l l  I

D I ME N S I O N  T ( N )  , CND ( N > , CT ABE E ( 9 ,  : )
DATA (CTADIT ( I , 1 ) , 1  1 , 9 ) /

A «' 0.  , 4 0 .  , 6 0 .  , GO.  , 1 0 0 .  , 1 110 . , 0 0 *  , • SCI. , . (0 0  . /  
DATA (CTABE. l  ( 1 , 0 , 1  1 , 9 , /

A 1 3 2 . 3 6 , 1 3 1 . 0 4 G , 1 2 9 . 6 6 , 1 2 9 . 1 9 , 1 2 6 . 9 , 1 2 3 .
B , 1 1 9 . 4 2 , 1  I S . 1 9 . 1 1 2 . 3 6 /
        - * I - - -
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c SLT UP LOOP f OK NUMBt R OF UA1A POINTS 
C

DO 1 0 0  K 1 . N
C
c FIND THF. P O S I T I ON  OF T I N  THF LOOK- UP TAPI I 
C

DO 1 1 1 , 9  
J I

C COUNT PR VALUE AT F X I T
I I  ( T ( K 1  . L T . C T A B L L . t  1 , 1 ) ) 0 0  TO .$
IF ( T < K )  . L I  . C l API  F ( 1 . 1 ) )  GO 10  2 

C I K NOT LOO!
1 CONTI NUE  
C

C THE VALIJt I S  OUT OK TH TO: 0 UP TA BU :
3 CCNTl NUt
f
C THF VALUE I S  NOT FOUND W I T H I N  THE POUNDS OF THF I API t

C PRINT WARNING AND INTF R'  OL ATI  USING LAST ? VALUES IN THE
W R I T E ( 6 , 9 9 1  T < KI  

99 FOF M A T ( / I S , " T H E  , I MF F RATURF VALUE " , F  1 0 . :  WAS NOT
C " I N TIU-: BOUNDS 0! TIN l.OOF> UP TABLE"
A THi  THI KMAL C O N D U C T I V I T Y  HAS FEKN"
O . / . T S , '  L I N E A R L Y  EXTRAPOL AT ED FROM E X I S T I N G  V A L U E S " )

C
C CARRY ON I NTO THI  I N T E R P O L A T I O N  SF CT I ON
C ............................- .....................................................    *  % ............... ................  ...............

2 CONTI NUF
C INTERPOLATE L I N E A R L Y  F OR K
C

CND( K ) ( T ( K )  CT API  F ( J 1 , 1  ) ) / ( ( !  API I < J ,  1 > - CT API I. < J- 3 . 1  
CHI) ( K ) CNO ( K > ( CT ABL I  ( ,J, 2 ) - C  TABLL ( J 1 , ) +CTABLE ( J - 1 ,
CHI' ( F:) C N D ( K ) ' 0 . 0 0 1

C
c THI TFIF P.TAL C ONDIK T 1 V 1 TT I S  NOW I N T E R POL A T E D
i: r.ALCUL A l l  I HE NF X f  VAI  Ul
100  CONTINUE

C
c ALL F I N I S H E D
i; R E T U R N  W i T H  I N T I  Ri  Ot  A T I  0  V A L U E S  

C
Kl  I URN 
I N C
S U B R O U T I N E  T E M R ( K T , T , N )

C S .  I .  U N I T S  ARE USE I)

S U B R O U T I N E  TO I N T E R P O L A T E  I I  HE ARE T FOR 
C I  CAE ERA I UR I E I- Of1'. A G I V E N  R E S I S T A N C E  T H E R M O M E T E R

C R E S I  STANCE .
f  P R I M A R I L Y  1 NT  E N D  EE) F O R  USE W i l l .  P K T ' S .
r
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u
c
.*
«v

c

c

RT CONTAINS THE RESISTANCE<S)
T CONTAINS THE INTT REOI.AVt  I) f t  MI ERA t URk ( S '
,M I S  THE NUMBER OF DATA I O l f H S  10 BE FROi E j ^ I . '

RT TABLE CONTAINS THE 1.0 U! lAE!  .

DIMENSION R T ( M ) , T I N ) , R T I A B I  K ( 3 3 , 2 )
DATA ( R T T A P A . E ( I , 1 )  , I W T S ) /

A 1 00  . 0 0 0  , 1 0 1 .  / '«? , 1 0 S . 9 0 4 ,  10 . , .  8u 1 . 1 0 ,  . 
A 1 0 9 . 7 3 7 , l l l . 6 / S , l l S . 6 H ' l l " j ' 3 ' ' i / ' ' { j '
B U Y . 3 9 9 , 1 2 1 . 3 2 2 , 1 2 3 . 2 4 3 , 1 2 5 . 1 6 0 , I E / . 0 ^ ’
C128 . 9 0 6  , 1 3 0 . 8 9 3 ,  1 3 2 . 8 0 1  , 13 4 . 7 0 3 ,  1 iA.6>)
0 1 3 8 . 5 0 0 , 1 4 0 . 3 9 4 , 1 4  2 . 2 8 5 , 1 4 4 . 1 7 3 , 1 4 6 . 0 5 8 ,
0 1 4 7 . 9 4 1 , 1 4 9 . 8 2 0 , 1 5 1 . 6 9 6 ,
E l 5 3 . 3 7 0 , 1 5 5 . 4  4 0 . 1 5  7 . 3 0 8 , 1 5 9 . 1  3 , 1 6 1 . 0  3 5 ,
F 1 6 2 . 8 9  4 , 1 6  - . 7 3 0 /

DATA (RT TABLE ( I ,  2 )  , 1 - 1 , 3 5 ) /  t i r
, : 0.  , 5 .  , 1 0 .  , 15 . ,  2 0 .  , 2 5 .  , 3 0 .  . 3 5 .  - 4 0 .  > 4 . , . ,  -o . ,  ,

E 6 0 . , 6  , 7 0 . , 7 5 . , 8 0 . , 8 5 . , 9 0 . , 9 3 .  10 0 . ,
\ 1 0 5 . , 1 1 0 . , 1 1 5 . , 1 7 0 . , ' ^ 5 . , 1 3 0 . , 1 3 5 .  -
0 1 4 0 . , 1 4 3 . , 1 5 0 . , 1 3 5 . , 1 6 0 . , 1 6 5 . , 1 7 0 . 7

SET UP LOOP FOR NUMBER OF DATA POINTS

DO 100  K - l , N  

F IND THE P O S I T I O N  OF RT IN THE LOOK UP TABLE

DO 1 K  , 3 5  
1 I

C COUNTER VALUE AT EX I T
I F ( R T ( K ) . L T . R T T A B L : : ( 1 , 1 > )  oo t o  s 
IF (RT (K> . L I  . F .TTABLE(  I . 1 > ) GO TO 2 

C I F  NOT LOO!
1 CONTINUE

C ..........................................................................       - - - - - .
t; THE VALUE 15 OUT OF THE TOP OF THE TABLE 
3 CONTINUE

C THE VALUE I S  NOT FOUND W I T H I N  THE BOUNDS OF THE TABLE 

C PRINT WARNING AND INTERPOLATE USING LAST 2 VALUES IN THE TAfAE

h a s  w f M "

C CARRY ON IN 10 THE I NTERPOLATI ON l ( .  TION
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ROUTI NE.  10  C ALCUI AT I  THE REYNOLDS NUMBER EROM t I THER 
THE: VELOCI TY OR 1 HI: MASS F I. OUR A 1 K 

DENS I S  THE DENSITY 
C D I A  I S  THE P I P E  DIAMETER 
C V1SC0S I S  iHE V I S C O S I T Y
i: VMASS I S  THE CALCULATED MASS H  OW
C VEL I S  THE CALCULATED V E L O C I T Y
C REYNOLD I S  THE CALCULATE: :  REYNOLDS FROM THE ABOVE
C N I S  THE NUMBER 01 DATA POINTS TO BE f 'ROCLS ED
C

C
C

I F  1 HE MASS FLOW I S  ZERO I I U N THE I N D I V I D U A L  V E L O C T 1 1 S ARE C F C I F 1 < 0  
DI MENSION Dl  NS < N ) r VL I. < N ) , V I 0 , ( N ) , Rl TNOI D ( N )
DO 2  1 1 , N
I F ( V E L d )  . L t  . 1 . 1  i ) GO TO 1

REYNOLD( 1 )  L E N S ( I ) • VEi  ( I ) D I A / V l S C O S ( I )
130 TO 2

c  . . . . . . . . . . . . . . . . — . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . •      1
1 CONTINUE
C CHECK THAT IMF MASS FLOW I S  ALSO NOT ZERO 

I F (  V M A S S . L E . l . E - 4 )  (30 TO 5
c     ’ •  2 ‘

REYNOLD ( I ) -  4 -s , ASS/  C . 1 -i 1 SV • V I SCOS ( I ) DIA)
GO TO 2

c - -- -- -- -- -- -- -  ------------ --------  -■ •" ■ -* ■ - “ -
1 CONTINUE
C UR ITT WARNING

UR I IE ( 6 ,  4 0 0
400 FORMAT( , . T S , "  REYNOLDS CAN NOT BE CALCULATED AS BOTH 

A "  THE HA iSf  LOW AND VEI. DC I T  T ARE L R O . " , / , T C ,
B"  THE RE I S  St I TO ZERO . " >

DO 6 J - 1 , N  
6 REYNOLD!J>  0 . 0
c
2 CONTINUE

RETURN
END

SUBROU( INE ROT A(PERCEN » VMASS » VEL » DEN r N )
DI MENSI ON VEI ( N ) # DEN< N )

ROUTINE TO CALCULATI  THt MASS t LOW RATt  ( V i  L O C I T Y )  f ROM THE R O l A M E t r R
THE V A R I A T I O N  IN DENSI TY  01 1 HI F L U I D  I S  INCLUDED IN THE CORRECTION

METHOD. THE V I S C O S I T Y  I S  NOT I NEl .UENC INO IF THI REYNOLDS NUMBER I S  
GREATER THAN I . E . ’

C
C CHECK IF READING I S  I N S I D E  CAI I t  RATION RANGE 

I F ( I E R C E N . G T . 1 0 0 . >  GO TO I 
I t  ( f t  RCEN. L t  . 1 ' , .  ) GO TO 1
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;$ C O NTINUE
f  CALCULATE THE P1ASC H  OW \ K'OM THI' CORREL AT I NG E.(IN.
C

VMASG1 0 . 0 1 G 6 0 3 + 0 . 0 0 7 / 6 : + E E R C L N  
C CORRECT T H I S  COR 1 HE V A R I A T I O N  I N  DENS I  1Y
C

VMASS VMASS1 SORT ( ( 8 0 ^ 0 .  UE N ( N ) ) • [»t N ( N ) /  ( ( EiOI’O . 9 C/ 9 . ) + 9 9 9  . ) ) 
C DENS I T i Of THE I LOAF I S  BOZO K l i /P I l
C DENSI I V Of H 2 0  AT 16 I S  9 9 9  K G / 0 3
C
c CALCULATE THE V E L O C I T Y  I N THE f I f  E AT EACH P O I N T
C DI AMETER I S  2 0 . 3 9  MM

0 1 A . 0 2 5 3 9  
DO 7 KJ 1 , N

7 V E L ( J J )  A.  V M A S S / ( D ( N ( J J >  * ( 3 . 1 6 1 5 9 - 0 1 A - D I A ) )
C

GO TO 2
C - .................................  . . . . .  . . .  - .............  1"
1 CONTI NUE
C PRI NT  WARNI NG MESSAGE . NO THEN CALCULATE f LvWRATl  

W R I T E ( 6 , 4 0 0 )
400  F O R M A T ( / , T 5 . " THE ROTAMETER READI NG I S  OUT Of RANGE " ,

B" Of  THE C A L I B R A T I O N . M
A , / , "  THE MASS f LOW MUST BE CONSI DERED SUSPEE T"  )

GO TO 3
Q i: : tt e  : t -  : t ! • •• -

2 CONTINUE.
RETURN
END
SUBROUTI NE P P L O T ( X , Y , N )
D I ME N S I ON  X < 1 ? ) , Y < 1 2 , 1 > , 1 CHAR< 1 0 ) . R A N G E ( 4 > . I T I T L E ( 1 4 4 >
DI M!  NS I ON N I N C H ( Z ) , MASK( 2 0 0 0 )

C READ THE T I T L E  AND A X I S  CHARS 
W R I T E ( 6 , 8 )

9 FORMAT( "  T i l l  I ' ">
READ ( 5 , 7  ; ( I T I  I f  I ( 1 , 1  I , / : ' )

7 f 0 RMA1 ( 8 0 A1  )
W R I T E ( 6 , 9 )

9 FORMAT<"  / A X I S ' " )
READ( 5 , 7 )  ( I T I I L I  i l ) , l  , - 1 0 8 )
WR I T E ( 6 , 6 )

6 FORMAT( "  Y A X I S "  )
El A D ( 5 . 7 )  < 1 T I  TI  f ( 1 )  , 1 1 0 9 , 1 4 4 )

C I END MAX VALUES VALUES 01 X AND <
XMA/  l . E  10  
YMAX 1.1 10  
DO 1 1 1 , N
I I  ( X (  I ) .1 E . X M A X )  GOTO 1 
XMAX X ( 1 )

;; 1F ( Y ( I ) . 11 . YMAX ) GOTO :
Y MA X - Y ( 1 )

1 CONTI NUE
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:  F INI )  HIN VALUl  6 Of X AND Y
Xr. IN 1 . 01:10 
YPUN 1 . 0 E 1 0
00 10 1 - 1 , N
I f  ( X (  1 ) . G D . X n i N )  C. TO 20 
xr. iN x< i )

20 M ( Y (  1 ) .01 . Y M N )  ( . 010  10 
Y M I N - Y ( I )

10 CONTINUE
RANGE ( 1 )  XMlN- tO.  1 * (XM1N XMAX)
RANGE: ( 2 ) XMAX + O . l  (XMAX - X MI  N >
RANGE C O  YMIN + 0 .  1-  ( Y M I N • YMAX )
RANGE(A)  YMAX + 0 .1 * < YMAX YMI N)
1 CHAR(3 ) "  + "
ICR 0
N l N C H ( l )  20 
N INCH CO 20
CALL R L 0 T B ( N 1 N C H , " R I C H " , 1 0 )
X v N+ 1 > rang: . .  ( 1)
>. ( N + 2 ) (RANGE ( 2 )  RANGE ( 1 ) ) / 2 i .
Y ( N + 1 ) - RA NGL ( 3 )
Y ( N + ( RANGE < / . ) - RANGE C O ) / I D  
TITLE: "MAMLA"
N I * G
TITLE X "XAX1G"
NX 5
TITLE Y "YAXJ R"
NY 5
WR1 IE ' ( 6 , 9 9 9  ) " N  " , N 

9 9 9  FORMAT < A I D , I S )
WRITE ( 6  , 9R9 ) " X - V A I  UE " , X 

9 8 9  FORMAT ( A 1 0 ,  ( 4 0 1 6 . 7 , - 0 . )  )
WRITE ( 6 . 9 8 9 )  "Y-VALUE " , Y
CALI GENRLT ( X , Y , N , (C 1 , 0 . 0 , 1  . T I T L E  . NT , T 1 TI  E X , NX , T I TI f. Y , NY , 

1 2 5 . , 1 5 . , 1 , 2 . )
CA! L RLOT ( 0 ,  , 0 .  , 9 9 9 )
RE TURN 
END
SUBROUTINE l-l  Hi  W(T , E E I ! , N )

L , .  I  . UNIT ART U' . I I
c
C SUBROUTINE TO 1NTE I ROE ATE I Of
C DCNSITY FROM A GIVEN K  Ml I RAT UR I
C USING CUBIC SET INI  S
C DATA I S  f OR WAKE,
£ ■ '

( T CONTAINS THE 11 hi I RAT HIT C  >
C DE N CONTAINS 1 III I N K  Rl 01 A 11 I) Dl N 1 ( Y ( 5 )
C N I S  THE NUMI E R Of DAT A COIN IS 10 EE I ROCE SSE.f)
L VIABLE CONTAINS THL 1.001, Ul I ABIE
C

U ] Ml NS ION T ( N ) , DCN ( N ) , E)T Af. l  E ( 9 , 2 ) , C < 4 , 9 >

CSIR M fP O R T  C ( N r ,  371



53

C f 1ND MIN VALULS Of X AND 1
X n i N -  1 .01 10 
YMIN 1 . 0 1 10
DC 10 1 * 1 , N
I f  ( X ( l ) . G l . X n i N )  GOTO 20  
xmiN . < ( i )

00  I I  ( Y d ) .  0 1 .  Y M I N )  GOTO 10
Y H1N -■ Y ( I ;

1C CONTINUE
RANGE (1 ) XMl N- f O.  1 - ( X M I N -  > NA> )
RANGtl ( 2 ) : XMAX + 0 . 1  (XMAX X M I N )
RANGE C O  Y M I N + 0 . 1 ' ( Y M I N - Y M A X )
RANGE! 4 )  YMAX C ) . 1 M Y M A X  Y M I N )
I CHAR(1 ) " V-  
ICR 0
N I NC f K  1 )• 20  
N I N C H ( 2 > - 2 0
CALL f l O T S ( N ) N C H , " R I C H ” , 1 0 )
X ( N t l > RANGE( 1 )
X ( N+ 2 >  ( R A N G E ( 2 >  RANGE( 1 ) ) / 2 L
Y < N ♦ 1 )  RANGE( i )
Y ( N ■* 2 ) -  ( RANGE ( / . )  ANGE (V.)  ) / l  0 
1 I I LL  "MAME'A"
N T V.
TITLE X "XAX I S "
NX U
T I T L E Y  " Y A X I 5 "
NY 5
W R I T E ( 6 , 9 9 9 ) " N  "» N 

9 9 9  FORMAT( A 1 0 , 1 0 )
WRITE (6,989)"X- VALUE"  .X  

9 6 9  F O R M A T ( A I D , ( 4 G 1 6 . 7 , 3 X >  )
WRITE ( 6 , 9 8 9 )  " Y - VALUE" . Y
f A d  GE NE'E T ( X , Y , N , 3 , 1 , 0 . 0 , 1 ,  T I T L E ,  N T , T 1 T L E X , N X , T I T L E Y ,  NY,  

1 2 L . , 1 b . , 1 , 2 . )
CALL P L OT ( 0 . , 0 . , 9 9 9 )
RETURN
END
SUBROUTlNf  E'E N( W(T , ()! N , N )

L . 1 . UNIT i ARI U I I 
L
L SUBROUTINE TO 1NTE RROLATE f Of
C DENSI T  Y FROM A G I V E N  Ft' f l f  I UATUI  I
C USING CUBIC ORE I N F S
: DATA I S  FOR WATER

( l CO. I A I N S THE Tf MRERATUf I. (S)
DI N CONTAINS I HI I N T I  RF Ol ATEI)  D K i f S I  FY < S )
N I S  l i l t  NEIME-E L Of DA IA f 0 , N i l  10 ( f PROCESSED  

L VIABLE COi ' l  A I N S  THE LOO! Ill TABLE
C

I ] Ml NSION T (N ) »E'E N ( N ) , DTABl  E ( 9 , 2 ) , C ( 4 , 9 )
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DA I A <1 1 i'iVL 1. ( I > • - ' I  I '
A 9 9 8  . 2 0 3  , 9 9 ?  . 1 A. , 9 8  ' . . < 1 . : 1 ‘ A  » > 1 < . /  »
! 8 6  , . 3 0 4 ,  7 9 9 .  3 6 i 1.  . 1

DATA ( DT ABL l  ( I  , 1 ) , 1 1 , 9 )
A 2 0 . , 4 0 .  , 6 0 . , 8 0 . , 1 0 1j . ,

i o.  . o o . , : o o . . 3 0 0 . /

. ' i l l  a m  ;Ht  CONSTANTS f 0! M i l  I I  I N I  I I I  
. I . I I  ON<DTAPI  C . I 9

I 01 Ni l  MCI  K OF DAT ,  I 0 1  NT!

1 0 . : 1 ,N

, , ON Of T IN Mil LOOK I' I A M  t

i i

vOUN M I  VALUf AT I XIT 
.: ; a m  i < 1 i > : 0 TO 3
; 1 .LI",; ! A! .1 (1,1)' A T -

LOOP 
TNI IN

.. M . . . .. y.. ,

:. UI I ■ M U  I OF 01 THi:  TAI Li
c o m m i t :

, , .. ... v I  : HI  L I HI LOUN. . Of 11<F l ,.1 I >

, , jH WAF N 1 NO A J M  I . A  . I -1 N O  LA.,  I . VAI. Ui 8 Ml i HI TAF-Lf

' Of .  M A I  1 : l  T H K  . '  MI  I C A M i l .  t V A L U E  » I  1 0 . . , "  U A L  N O T  P O U N D

;N THI HOUND' : TIC LOOP UI TABU . THi  DENSITY HAS BEEN
j ,;( a ! ' , ; TI Al 'Ol  A TI  D I LAM E X I S T I N G  V A I U E S "  )

. MM-  THI I i . l t  M  , AT ION $it.( I 1 ON

m  a  i ; , ; :

( 1 L i ,  i l , < L'T A M  t (  J » 1 ) D T I ' M  u l  1 , 1 > >
I i f. , ! V A T  D I A I M  I < J  I  , . M  D T A I  I E  < J  1 ,  M

, Ut L. ) . 1 NOW J A M LI A MD
/ ;  M L . , I ,  HI! Hi f VAM".

C T'  1 0 0

: vNI  JNl' i

DIN'  I TT  f, • • N 11 I I » TI I US I  NO A

; ' ' 'i m u ' , . j . A! ATI .11! IN T I  Fxf'Ol AT 1 ON CONSTANTS

ill MEPOni ' INC, 3M



5b

UENUO (DTAKLt  ( J , l ) - K h )  , M (  ( 1 , J  D  1 ( J , 1 ;

^ 0 E N ( K ) ' D E : H ( K )  + <1  ( K )  U V . t ' . L f  ( J  U X i  . J - l  '

A ( T ( K )  DTAIM.t. ( J 1 / 1 ) ) * ' - 
(\ 4 C ( a ,  j -  m

THE U t - N ^ n  V HAP HEEN I N I E k f O L A H D  I V SI L I N I  ..
c a l c u l a t : t h e  n e x t  v a l u e

100 CONTINUE
n _ ^  ^  * ------ — —     ^

c

r RETURN WI TH I N T E R P O L A T E D  VALUES

c
R E T U R N
ENE
SUV-ROU f I N I  V I  SOW ( T • V I  o t H > 

t; S .  I .  U N I T S  ARE USE 0

c D A T A  I S  I OR WA T E R

i -
DI ME NS I ON  T ( N ) . V I  S ( N ) . V i AI  I I ( ' 1

D A T A  ( V I A B L E ( 1 , 1 , , I  1 ' / '
A . 0 0 3 4 1 , . 0 0 3 1 9 , . 0 0 3 , . 0 0 : 0 3 , . 0 0 .  3 8  ,

C A L C U L A T E  T H E  C O N S T A N T S  I 01. f H I  S P L I N E  I I !

( . Al  l  ;>E'l I  CON ( V T  A B L E  , C , - >

C SET UP L O O P  I OR N U M B E R  01 D A T A  P O I N T S

C
DO 1 0 0  I 1 » N 

C ; ] N I )  T HE P O S I T I O N  Of T I N  T HI  t OOK UP l ABL L

T ( K ) • 1 3 . 1 D ■* T < R > )

DO I  I  , 9

r J 1 C O U N T E R  VAI  Ul  AT I X I T

II- ( T ( P )  . GT . V I A B L E  U  , 1 ) > LO 1 ' 
ti  / -r / 1  ̂ . U f A l l  f ( 1 , 1 ) )  0 0  TO .

T ( P ) ) * * 2

8 0 6 /
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U E N U . V  ( D K . m  ( J . l >  1 )  c n . M . u  ( J , l  '

^ U L N U ( )  D I W ( K )  + (1 ( K )  01 A l l  ! <J 1 - 1 > ^  a ( :  ' J " 1 '
A it ( T t K )  D T A B L t ;  ( J  - 1 /  1 > ) *

A + C ( 4 , J  1 ) )

TUB UE N S n  Y HAS l -LKN I N  I ElKl*01 A H  B B ' •,i I 1 At b
C A l . C U l . A T t :  THE. NT XT V A t  l i 1.

100 CONTINUE.

R E . T U R N  W I T H  I N T E . I - ' ‘ O L . A T E  D V . . I  U L - i

KF T URN 
LHC
SUlvROUT ) NE VI  SCW ( T , V I S  » N )

s . i .  u n i t s  a rt : use  0

C I V l l " ! !  M F C R A 1 URC

LATA i :  f OK WAT El

VI ABLE CONTAI NS I HE l .OOL US' TABLE

01MI  NSI ON 1 ( N )  . V I S ( N )  , VT AIM E ( 7  , 2 )  . C ( 4 , >

DATA ( V I ABLE ( ! ' D ' l  1 ' /  y ' .
A.  0 0 3 4 1  . . 0 0 3 1 9  , . 0 0 3 .  . 0 0 :  3 /  . . EC . >' t »

,

‘ CAt CUE ATE THE CONSTANTS t OK THE SKI I N L  I IT 
C ALE M L K  ONEV TAE LI , C ,  - )

:M T UE I 0 0 L I 01 NUht EMv 01 DAT A L O I N  I S

C
[)0 1 0 0  I 1 »N

( f ] ND THE LOS)  T I ON Of 1 I N  1 HI  LOOK; - UL 1 ALE i

T ( K )  1 . / ( 7 7 3 .  I t . +  K K )  )
DO I I  ■ t 1'

c * 1 COUNTER VAIUE A1 EX I T
I I  ( T ( K ) . G T . VT AB LE. ( 1 . 1 ) )  SO 1 
rt: f t  i  t ) . nt . V T AfM 1 ( 1 - 1 ) )  SO TO .

T ( K

C O A /
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, II-- NOT -  LOO!
CONT I NUt

:   ......................................................... - ...............  2 ................ ...............
; > in: VALUE I S  OUT 01 THE TO! 0! THL TABLE
3 CON T I NUl

C TUI  VALUE I S  HOT I 0L1NI) W I T H I N  THE HOUNDS 01 THE 1 A U  L

C f t ;  IHT  WARNING AND I N t t  Nt'Ot A I L  U S I N G  I A S !  V A L U t K  I N  I H L  TABLE 

TK 1 , / T ( K )  2 / 3 . I D

99 B K , ;

c CAkKY ON I NTO THL I N T I  kf ' OLAT I  ON S E C T I O N  

C } NTL HE'01 ATI  l l N L A K L T  f 01; i

1 » » ^ .ts w !a E s ;« K 5 a s s i:s
V I S ( K ) - L X r ( V l S ( K > ) * 1 • L ?
T ( Ew l . / T ( K '  2 /  3 . 1 ' S

THL V I S C O S I T Y  I S  HOW I N T L K I O L A T L D  
C CALCULATE THL N! XT VALUE

GO TO 1 0 0  ___________ _______ _

I*
r

c

CONTlNUt

THL VISCOSITY IS HOW IN ft K L O L A I L D  USING A

S U G N O U T INE^SE L I C O N I CA l . C U L A T E  S 1 HI 1 N 1 1 R I  OLAV 1 ON CONSTANTS  

V ) S < K ) : < V l A l ' . L L ( J . l ) H K ) ) . ( t : ( l . J  1 )  < V I  ABLE. < J . I  > - T < K )  >« « 2

' v . S m ' v i M l ’ l K K I I V T A M C J  EC ( G . J '  t > . (  I  < K » -VIABLE: ( J  . . .

z ) ) »*2 + L< ' ,  1 t v >
V I S M • LXE ( V 1 S ( V . )  >-  1 . t  9 
ft) i 1./ T O O  2 73. IS

-all VISCOSITY HAS II fH 1N 11 Kl 0 1 i I D I i SI! INIS 
CALCUI ATI THL HI  XT VALUt

j’oO CON I I NUt
f .........  - - - .. — *" *" -

c
( all I INI SHI D

FiLTUKN WI TH I N I  I Kl 01 ATI I) VALUI  b

c
k t T U k N  
l  wn
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C
C
c
c

s u t R O i n i N t  SF-t 1 1: w ( t , ( r , n )
5.1. UNITS AM: USID

SUfvROUTlNI  TO I N f t R f O L A T L  L I N I  AKLV f OK 
S F t X H  I t :  HffAT FROM A G I V L N  TLMI ' i  RATIJRl.

DATA I S  I Ok WAT I k

T CONTAINS THi  TI  M i l  RAT URL S)
CF CONTAI NS THtl  I N  TER I Ol .ATLD S P E C I F  I (  HI A T ( L ,
N I S  1 HE NUML'LR Of DATA f 0 1 W I S TO f t PROCESSED  

C P TABLE CON T AI N S  THE t.OOR U: TABER

DIMENSION T ( N )  , C K N )  . CRT A l t  t ( 9 , : )
DATA ( C P T A B L E t I , 2 )  , 1 1 , 9 ) /

A /, 1 8 3 .  . ' t  1 7 9 .  , 4  I K S .  , 4 1 9 8 .  , 4 2 1 9 .  , V u  1 0 .  ,
B 4 8 7 0 . , 3 6 5 0 . /

DATA ( CPTAf . l  t ( I , 1 )  , I 1 , 9 ) /
A 213. , 4 0 .  , 6 0 .  , f,S . i 1 0 0 .  , 1 0(3. , ^ 0 0 .  , 2 5 0  . , 3 (j0 . - 

.    . . . .     - - - - - -   1 ......................

S I T  UP t OOP f OR NUMBER OF DATA P O I N T S  

DO 1 0 0  ft 1 , N 

f l N D  THE P O S I T I O N  Of 1 I N  THI  I.OOP UP TARE!

DO 1 1: 9
J I

COUNTER VALUE AT E X I T  
I F ( T ( K ) . L r . C F T A B E E ( l , l ) >  (30 TO 3
I f (T <K) .EE .CETARl  1 ( 1 , 1 )  DO TO 2

I F  NOT - LOOP 
CONTINUE

THE VALUE I S  OUT 01 TIE TOR 01 I IE TABLE  
CON f 3 NUf

C 
1
C
V
c
3 
C
c THI  VAEUl I S  NOT I Oil l,D U l i r l l N  3 lit f .OUNDS OF THE TABLE
C
t f R I N T  WARNING AND I N r R P P O E A T l  US I N G EAST I VALUES I N  THI TABLE

WRITE ( 6 , 9 9 ;  M l  ;
VS f ORMAT ( /  1 5 ,  " IHF T I  MI L  NATURE VALUE " , I 1 0 .  2 , " WAS NOT FOUND"

F " IN ,111 fOUNDE Of THE I OOP UP TAP I f  . THE S P E C I F I C  HEAT HAS r t  E N "
D , /  , T 5 , " L I N E A R L Y  t XTRAPOt .ATl  D FROM E X I S T I N G  V A L U E S " )

C

L
c
2

CARRY ON 1 N ( 0  T HI I NT f Rf OE AT I ON S f l l l O N

C O N I I N U I  
INTERPOLATE L I N E A R L Y  FOR Cl

C p( K ) ( T ( I ) CP TABLE ( J 1 , 1 )  ) / ( C P T  ABLE ( . 1 , 1 ) - C P T  ABLf ( J -  1 , 1 > ) 
C P ( K )  Cl ( K )  - ( C P T A B E L ( J , 2 )  CF TALI L ( J  1 , 2 ) ) + C P T A B L E ( J 1 , 2 )

CSIH R E P O R T C E N G  3 M
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t :
c m i  s r c c i n c  m l a t  i s  now i n u  ki  o l a t l d
c CALCULATE THE NEXT VALUE
100 CONTI NHL

C ALL f I N I  S H I U
C RETURN WITH INTERPOLATED VALUES 
C

RETURN
END
SUL ROl i r i N I  CONDUCT,  C N O . N )  

c S . I .  UN I S T  ARE USED 
C
c SUBROUTI NE TO I N T E R P OL  ATI  L I N E A R L Y  ► OR
C THERMAL C O N D U C T I V I T Y  FROM A G I V E N  I EMl  I RATURL
C DATA I S  TOR WATER
C
r  T CONTAI NS T Ht  TEMPERATURE.  ( S )
C CND CONTAINS THE i  NT E RF'OLATED 1 HPRMAL CONDUCT ' V I I  Y ( S )
C N I S  THE NUMBER Of DATA POINTS 10 EE PROCESSED
C CTABLE CONTAINS THE LOOK UP TABLE
C

D I ME N S I ON  T ( N )  , C N D ( N ) , CTAE L E ( V , ?>
DATA (C TABLE'( I  * 1 )  » I  1 9  ) /

A I ’0 .  « A0 .  , A0 .  , 8 0 .  .1 0 • • 1 DO •  » *' S0 .  > LoCJ • » U(t • /
DATA ( C T A B L E E I , 2 ) , 1  1 , 9 ) /

A . 6 0 3 , . 6 3 : , . 6 5 3 , . 6 7 0 , . 6 8 1 , . 6 8 / , . 6 6 b , . 6 1 6 , . 0 4 1 /

c - 
c 
c 
c

SET UP LOOP f Of NUMBER Of DATA POINTS  

DO 100 K 1 . N
C
c F I ND THE P O S I T I O N  Of T I N  THf I 001 UP TABLE
C

DO 1 I . , 9  
J I

r  COUNTER VALUE AT EXI T
I I  ( T ( K ) . l  T . L T AIM 1.(1 , 1 ) )  CO TO 3
I f  ( T ( K ) . E I  .CTABL f. (1 . 1 > > f-0 TO ?

C I I  NOT •• LOOT 
1 CONTINUE
C

c THE VALUE I S  OUT 01 THI TOT 01 T HI TAPI I 
3 CONTINUE
C
L THI VALUE I S  NOT FOUND W I T H I N  THI POUNDS Of 1 HI 1 ABLE

C PRINT WARNING AND I NT f Rf 01 AT I USING I AST VALUES I N  THE TAEL I 
WRITE ( 6 ,  9 9 )  T O O

99 FORMAT < / T b ,  "THf  I f  Mf I RAT UR f VALUE " , 1 1 0 . 2 , "  WAS NOT FOUND"
C " I N  THE BOUNDS 01 . HI. LOOK UP TABLE"
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^ H m L Y C m ” CJ o L M . ' o H m » l i 5",s i i n g  v a l u e s - ,

CARRY ON INTO THE I N Y t R I - O L A U O N  S r t U O N  ^ .........................

CON! I NUl 
INTERP O L A T E  L I N I A R L T  10! '  K

THE THERMAL CONDUCTI VI TY  I S  NOW 1N U  M  OLA"! t !■
; CALCULATE THE NEXT VALUE
100 CONTINUE    1 _____________

r ALL E1N1SHLD
C RETURN WI TH INTERPOLATE!  VALLt. ,

C
RETURN

g ^ . ^ r s S i ’. s s s K s s s s t o r - " 1"
A R E ( W ) » P R ( N ) , V t L ( N )

C ROUTINE TO WRITE OUT RESULTS

"^FORMAT ( T D r  ^ROTAMETER R EA D I N G  I S  " * E 6 . 1  » " MAS< M O W  I S  

A H 0 . 4 , "  K G / S ” )

. K V . / ' . ^ ' n L U M A N C L  T t m - t R A Y U M  OLHSItY "■

M N O U C T IV IT V  v i s m n v  K, ISOLDS LKANDl L '*

e ’ " VELOCI T  Y " >

N R M A l t " * ^  OHMS CELSI US  KC/M3
A ^  J / K C  K K G ' "  S
A" M / S"  )

R K D . K n . D E N i n . C N D d l . C M n . V I S d l . R K D . F R d )

B,  V L L d  )

A L I O , 4 , 3 a , I 1 0 . 2 , 3 X , I  1 ------ * 3 X , I . - . .  -
RETURN

SUE ROUT I N I  H L A T I W ( T , V M A S S , E R , K I  ' . I N ! > . N )

r o u t i n e : t o  cai c u e  a t e t h e  h e a t  l o a d  t if .

403

404

4 0:
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f E E - B E B E i iE B E ^ '
t, ,KTO(  10)

1
C
c  — .................... .........................
t; iSLT LOOK* TO N 1

K N- 1

C CALCULATE THK HK AT K AI ANL t
00 2 1- W K  ,
C T 'A V C i  ( 1  > ( 0 1 '  (  1 ■« 1 )  -t (  I  (  1 )  ' /  - •

DT'l) T (I♦1) "T (1)
Ht  AT ( 1 ) • VdASS CK'A VO ( 1 ) *  L '  ̂ 1 1 

2 C O N T I N U E

C6LCW A l l  1H! I OG Ml-AN H  hi '  l>H f  

l01 18 Till. I N '  I T  KE A M  SI  AN, ; , "

A , "  READING")  
k l A U ( 5 , ' ) k T O ( l O )

10A f’ o k n A T t / "  WHAT AKI THE OUTLET HE ALL K 
A RESISTANCES ( ' ) > '  '

C = ^  ^

C
CALI TENT' < NT 0 » TO » N )
W R I T E ( 6 , 1 0 6 )

F 0 R A A T t  / !  " ' T HE ̂  T E PIF I .  R A TUR E S ARE ( 1  9  AND I N L E T ) ' )  
 ̂ ORMAT ( / .  1 0 ( f  8 . ; ‘ >)
DO ;$ I 1 ,K  
T 1 1 0 ( 1 0 ) - T ( I + 1 )
12 T 0 ( I ) - T ( I )
0 1 1 ( 1 )  ( T 1 11 ) / ( ALOO( T 1 /  I . ) >
CONTINUE

10 ,, 
1 ov,

CALCULATE THI OVl  CALL II I L 
0 0  /, 1 1 > L

1HT I NS  101 AREA I S  0 . 0 / 1 1 6  : RL C 1 T'kOE Al P i . O S l H  
A U ( I  ' HI  AT ( I J * 1 A .OS V . / D T L (  I )
CON f 1NUt

.......................................................  4 —  - ..........................

CALCUt Al  I THi AVi it AGE l'<l 'F R AND CONDUC I 1V.M (
f i f t  !* 1 1 , K
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k L A V ( I )  ( k t  (1 + 1 ) 4 K K ( 1 ) ) / '  • 
F R h V  ( 1 ) (F*l< ( 1 1 1 y + F'R < I  > > /  • • 
C;NDAV ( 1 ) (CND< !■» 1 ) •* 1 ) ) / . ’ .
CONl INUL

U'

i o :

UR l i t :  T H I S  ALL OUT

» " ...................A " KLAVb h h vu ( W/ M2  K

f ; / ' "  u ' u / r ,  K" )
5 m E ,u l m > H t M t l > . U I < > > . » T t ( l > . A U < I > . K l A V < l > . f * A V < l > . C H O A V i l >

F 0 M M 1 3  ( l l O . 2 . 3 X > - 3 X , 3 ( r i 0 . 2 . 3 X > . l l 0 . / , )

9 9 6

C

7
C
C

109

CALCULATl  TH,: I N S I W  * „ ( .  , k M  TH,  L U U A T 1 0 N  OF F.Ut: < 1 9 6 1 )  

F O k n A l f / "  US I N G  t U U A U O N  OF LDt  < 1 9 6 0 / " >

ANU< I  ) . 0 : ' 6 -  ( K L A V (  1 ) f  ' .< » ^AV (1 • '' ;
A H U ( I ) - A N U ( I )  CN D A V < I ) / • : • >
THU T Lit F U1AMLTLR I S  . 0
ALU I  l . / t l . / A U  1 1 l . / A H U d ) :
CON : 1NUF

Nil 

W / M 2  K

HI

W / M 2 K " )

8
1 1 0
C
t;
c

9 9 9

t:

7 6

F k I N I  OH I T H t .  F<f S U 1 ; i 

UR I  I t < 6 x 1 0 9 )
F OkttAT < / » "  0

A , "RKSISTANCl :  OUTSI D l  ' , 
t-, /," W/n2 K

V k i u  u ! !  1 0 ) A U < 1 ) . A N U t I  ) . AHIK I  ) • AKU < 1 >

C O N l I N U L  
FORMAT i (F 1 0 . > >

- m  . NSt D , :  h 'i c  H .r.r, i m  i : ok c,  h a u s L m < i v m »

V W M H ^ ’ u' lNC-  , H U M  ION M  HAUSl N < t V M ) - »

XL . 9 0 6  
THL 1'UBL LL NO TH I S  9 0 6  ML

fiNU ( )  ) : . 02%  . ( M f . v c n . - . e - m . ) ' < 1 . 8-1 KAV u  8 ) •
A (!.+(.025/XL)**.666)
XI XL i .906
A H U ( 1 ) A H U ( 1 ) 4 C H U A V ( 1 ) / . L ■
ARt J  ( 1 / 1 .  /  < 1 .  /  A U  ( I  > 1 .  / A H I K  I  i )

( ON 11NUI
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C

i vy Nil  

W/M: '  K

H I

W / H 2  K " )

88
C
220

f ’ k l N T  O i l !  T H I  K l  8 l i n n  
W R 1 T E ( 6 , I V Y )
I o u r i A i  ( / .  "  u

A , " R K S I S T A N C t :  O U T S I O !  ,

B / , '  W /M 2  K

WKH I ( 6  , 2 2 0 )  A I K  1 > - AND ( 1 ) • AHIK 1 ) . ANH < 1 >
CON!  I N I J l

f O k l l A T  ( I  1 0 . 2 . 3 X ,  I  1 0 . . ,  ; v x , . ' I u ;  • ) >

RE. TURN

SUE.ROU I 1 NT H L A T  L I T *  VMASS A V .  RE . RK • ( N O  • O L N ,  V I  8  . N ; 

k v U r i N I  1 0  CAI.  C U L A T I  THE H . . . ! .

D i n L N E , T ON R L ( N ) , R R < N ) , C N D ( N ) K : R ( N ) , [ ) E N ( N ) , V l E i ( N )  , T ( H I

C
n

c

100

101

1 0 2
C

R E A D  T H E  T U B E  L E N G T H  A N D  T H E  W A L L  T E M P E R A T U R E

B ir -M -a tis s s s s  ■ » * •
R E A D ( 5 , * ) R T 0

E 0  KM A T t  /  i " 1 0 1 V  ( T H E  T UBE  l I N O T H  ( M )  )
RE A D ( 5 »  *  ) X L  
C A L I  TE M E ' ( R I O ,  T O  » 1 )

^ O R M A T t / ! "  T H E  WA L I  T E M P E R A T U R E  I E  ' , ( 6 . 2 )

C A L C U L A T E  THE A V E R A G E  RI  SUi . TG

V
nu

c
c

I
c

CE AVt i -  ( C R ( l )  + C R ( 2 ) ) / 2 .
CNDAV ( C N D ( 1 ) * C N D ( 2 ) ) / 2 .
REAV (RE < 1 >4 E.E < 2 ) ) /  2 .
F RAV ( PR < 1 ) + P R < 2 )

THE. THERMAI C O N D U C T I V I T Y  01 BRASS I S  TAKEN AT t.O OLE C

AD H J O , .( - W/ME 
; HE. TIE I  . () • I S  1 2 ,  4 /  AM

CALCULATE THE H . T . C .  ASSUMING CONSTANT LI 

CAE CUE ATE THE NU AND ST Nil Ml I 12)
AST 1 i l l  1 / C P A V O /  ( VMASS/ O .OOOU)
ANU1 H I  1 •().(;. ■ CNDAV
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CALCULATE THE t iRASHOi '  NUPHM 
C BETA I S  636  E 6

s u r  w .
GRAV CfiRl Gkl'

WRITE THIS OUT
W R I T E ( 6 . 1 0 3 )  FR SR"

103 L r  i  n :  1 ,V! ' t o i  > I I1 11 /is  r  i . ANU i . Rt , w , f r a v  - h ra v
104 FORMAT( 6  C L I O . 4 ) )

C __________ __________ _________

c CALCULATE THE H . T . C  AS CUM I NC  . I P d ;

C x S = < ? 8 0 ; , ! S S 1 ^ 5 6 . T o ' ; : A w i ; : < T <  = ) T 0 ) / < T ( 1 )  T O ) )

H I 2 ^ - K ) * ( V m A S s t l 0 0 ^ 4 < X 3 / U . 0 1 2 4 / ) / ( 2 . ' j . l 4 1  , V * 1 0 0 . : 4

A XL V M A S S * A L O G ( I S . 8 0 / I  - .  - ’ ( 5
AST2 HI  2 /CF‘AVG/  ( VMASS/O . OOOu )
AMU.: H I 2  0 . 0 2 5 / C N D A V

CI OS READ ( 6 4 ,  )

= 0 *  W R I T E t A ^ t  10 / )   ̂T 1 1 )  ?T < 0 .  y r t A S S . H I  ^ . A N U 2 . AST' . ’ . REAV • F'RAW»C R A V .

1 0 /  ‘ f o M M  < 3 » * . l . l X ) , F * . 4 . l X . F * . 2 . l X . f 4 . ? . l X . 6 1 0 . * . l X . F * . t .

I i X , F 6 . l , l X , K l 0 . 4 , 2 X , F j . 3 ,      . . .

RETURN
irw n
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t>. 13.2 Progriim 2

PROGRAM 0 6 R  ( I  MRU I ,  I M ,  OUT,  OUT H I T  , T AfL'J IN , T APE 6 O U T H A H  7 
A , T A F E 6 i ,  TA P E ? ,  TAF V 1 0 ,  T APE 6 I  I N P U T  , T A F E 6 2 - 0 U  I T I T ,  I A I  ..

PROGRAM TO PLOT AND C O R F U  ATL THl  DATA 1AKLN PROM THP GREEN UAMPA 
THE EX P E R I M E N T AL  DATA 13 ON TA' i 7

• S B s E E i S S i s B i s R i
A , G R L < 1 3 0 )

COMMON X , Y , NR

C SET THE FLAGS FOR THE VA RI OUS CASF ,
C
C REENTRY POI NT  
7 1 3 2  CONTINUE

C 1 * ICH1 1 AND I A  V G =1 THEN THE CH I  2 l E b T  I S  DONE

£ If. I X  IRA™ 1 THEN THE DATA OF S I E D E R /  TATE E IC. I S  I N H  J  u E J

C I F  I HAUSEN 1 THEN TH: HAUSEN COR RELA TI ON 1 a USED

c I L O L o - D  ^  I C 0 L B , J  THEN THE COLBURN TYPE PLOT I S  DONE

c ' i f  1S T - 1  T H I N  THE S I E D E R  TATE TYPE PLOT I S  DONE

-- 11 I D E P E U *  1 THE A DEPEW/AUGUST TYPE PLOT I b DONE

£ I f  I D O U G - 1 THIN MY CORRELATI ONS ARE DONE

£ '  i f  i a VG 1 THEN I HI AVERAGE P E R C T . ERROR I S  CALCULATE A

I MET -U
C I F  I  ME I -1 THEN THl  Ml ; A I S  ECKERT PLOT I S  DON!

C I E  1 LENGTH NOT 0 THEN NUMBERED PLOT I S  DONE i DR
C THE S P E C I F I E D  EXCHANGER LENGTH
C SEE STATEMENTS B I O  B90  FOR CODES <1 9 )
0
C I I  I L E NGT H  12 THEN A I I OT 01 AI  L THE DATA I S  MADt

C
n4#

£ U n  1KUZ 1 THEN I HE KUZNETSOVA PLOT 13 DONE
r*U

I N K  0
C I F  INK I THEN A NU RE PLOT I S  DONE
C

I N C  0
£ I f  ING 1 THEN A NU GR I I OT I S  DON!

C
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C

I PI Cl
I f  l e t  1 . ' I L K  .. - 7

1 K b  0
] I- JKG 1 THf  K A I

f f f t  Of  I S  VON I

M. CIK f t  Of I S  UONt.

I L L  0
] f  I f f  I THf-N A -.1

ISC- Cl
I f  I SO 1 fit H A -1

f f f t  Of  I S  t lONt

u k  f L O .  I S  UONt

I K ! '  0
I t  1 NP; 1 1 t i t  N f t l t  NU f L O  I I S  DONl.

I t  I Of  i  I t i t  N . Mt NU - Kf O f  i I Of I S  DONL

f*
V

f t .  AD IN St t K  I ION

?S? KLADCS.  V3:>>IPt 
732 l ORf . ATCAt :

I t  I ! i . L C l . 3 H o r O ) S  . ot 
i r  ( I f . . t.L . .MSON HI TO / • . .  
I F C l f t . L O .  3H1CK) 1C H 1 1

I l  t l K . L O . J U I :  I IXTFxA- 1
I t  C l t t . t  C I . 3H I H A)  IKAU;  t H 1
I f  ( I R . L O . 3 l  I CC)  I  COL P. i
I K i n . L C l . 3 H I S T ) l S f  1
i r c I M . L O . S i n D C )  ID E !  [ U 1

I M i n . t  . 3H1U0 ) IUOUO 1
I F < I R . L Q . 3 H I A V : I A V C  1
i k i n . c u . 3 H i n t  > i m  f i
r r  ( I R . E . 0 . 3 H I K ! J  IKUI  1
I K  I Pl . t  0 . ;<Hl l  i ) l  f ADCS. - > I L L N O f  H
IF ( I  M . f 0 . CHI NR ) INI  1
I t  ( I  M . L Cl. 3HI  NC> > I NO- 1
IF ( I R .  LQ . 3H i :  i. ) IF 1 l
I K  i n . f U . S H l k G ) I f A  1
IF ( I I I .  t 1 . CHIRl ) IR1 1
i t  c i n . r c i . s H i s o )  i s o  i
I I  ( l i ' l . l  0 .  CH i i f  - INI  1 
I K  1 M. f C I . S H I GK )  I OK 1 
GO TO 7 5

CON I I NfH

C .vI AD IN I HI DATA 
f t  L I ND >
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DO 6 9 9  1 = 1 , 9  
699 NR( I  ) 0

N- 0
DO 1 I I , 400

READ ( 7 » *  ) T I N  ( I  ) .TOUT ( I ) . T M ( l ) .  VMASS C l ) , H I  ( I  ) , ANII < D - A S T  ■; I )  , RF : -
A F ' R C > , G R ( T )  , X L C I )

15- ( £ 0 F ( 7 )  J I M  
CONTINUE

C .-------------------  -------
N==N -1 
KKK -N

C I F  IXTRA I S  1 READ I N THE DATA 
C OF S I E D E R / 7 A T E  NORRI S / S I MMS 

I f  ( I X T R A . L U . O )  GO TO 89 
KK = N > 1 
KKK N+70 
DO 88  I  K K . KK K
READ ( 5 , * '  VRAT ( I  ) , A H U ( I )  , : ' E ( I ) , .  R ( l / ,  < I 
V R A T ( I ; l . / V R A T  < I )

38 CONTINUE
89 CONTINUE

C-
C

r DETERMINE THE V I S C O S I T Y  RATIO
[J

CALL V I 3 R A T ( V R A T , T I N , T O U T , V M A S S , X L , H I . N >
C VRAT I S  V W/V 3

C DETERMINE THE GREGORIO CORRECTION I F  DATA 13 NOT fRESENT
IF ( I X  TRA. EQ . 0 ) CALL G R L K F  R A T , T I N ,  TOUT , V M A S S  , XL , H I  , a E , N .

C __________ ___________________

CALCULATE THE GP' SHOF AMD GRAE T 7. HO. ' OR I- UR 1 HER USE 
C THE GRASHOF NU BER BASED ON L ENG ' H 1 3 GRL
C

DO 115  1 = 1 , KKK
GZ ( I  ) = . 7 8 5 * R E  ( I ) ‘ f R( I > 1 0 . 0 ; ' 5 4 / X L  ( I )

GRL( I ) * G R ( I > . , T t
IF ( I  XTRA . EO. 0 ) GR ( I  ) OR ( I ) * ( 1 . 6 3 9 E - 5 / ( X L (  1 ) ’  -  > >

U S  CONTINUE
c
c WRITE THESE RESULTS TO THE OUTPUT F i l l
C
C
c

c

[ .RANCH ROUND THE FOLLOWING IF AVERAGE ERROR I f*  10 EE f OUND 
I F ( I A V G . E Q . 1 >G0 TO / 8 9

C BRANCH ROUND I i A NU F<f PLOT I  S 10 BE DONt
T F ( I  NR . EQ. 1 J GO TO 7 8 9
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DO 77 I  i . K K K
C ............

C ROUTINE TO 00  CORLLL.A r tCN

c
I F ( I  HOUSE N . K 0 . 1 >

A ' RE( I ) 0 . 0 1 8 4 ^ ( R E ( I ) " ' U . L  .1
B ( 1 . 8 * F R C I >*  * 3 . 3  0 . 8 )
C ( 1 . + ( 0 . 0 2 5  , / X L (  I ) )  > O . A > )  *
0 ( V RA T( ! ) * < ( - 0 . 1 4 ) )

I F  ( IDEF'EW . EU . 1 )

v iE $ E E i^ is s .» i,—
A ( F R < I ) ‘ •• k -  0 . 5 i  ) ) >

A ( ( X L (  I  ) / 0 . G 2 b 4  ) . . 0 . . ) " ( t k ( D " 0 . j j  
I F  ( IF E . EG . 1)  AMU <■ I )  A X  ( I ,
I F ( I F L . E U . l > R E ( D  K E ( I ) ' E R ( 1 )

I R G . E Q . 1  ) ANU ( I ) AST ( I >
( I R G . E U .  U K F .  ( 1 ) k l  ( I  ) • o K (  1 »

[ F t  I R E . E G .  1 ) AN: , , I ) • A : T ( 1 )
I F < I S G . L 0 . 1 ) A N U ( I ) A S T ( I >
I F t l S G  . E Q . l ) R E ( I )  G R ( I )
I F ( 1N F'. t Cl. 1 ) K F ( I ) k F ( I ) * : 1 1
I F ( I G K . E G . 1 ) R E ( I ) R E ( I  ) "OR( I )
CONTINUE 

CONTINUE

I F
I F

7 b7
C
c - -
C
r

DETERMINE THE AVERAGE PERCENTAGE 
L L I W I t N  THf FUUAT10N AND THE DATA

RROR

I F  ( l A V G . E O . O ) G O  TO 7 7 ?
E 2 - U .

NN 0 ( i s  i H I  AVERAGE PERCENTAGE ERROR

IF  ( I C H I  . E l l .  1 ) GO TO B ? i
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e
3V1

?99

C
89?

C
799
C ■

s E i T S s s i E f c s s r ........

GO TO 999

CONTI NUE ,,JMrM ,

CONTINUE
I F  ( I  CHI  .EC).  1 ) GO TO 39. '

' THE AVERAGE PERCENTAGE ERROR 13  

STOP

WRITE T ' C H l ? " .  E 2 .  "POI NT S" »NN

STOP

CONTI NUE ________ _______ _____

810
8 2 0
830
8 4 0
850
3 6 0
870
8 8 0
890
10
66
C
C
C

I F ( I L E N G T H . E 3 . 1 2 ) 0 0  10 6 S 

U°  Kx L (  I )  . 8 0 . 0 . 9 0 6 )  CALL [ I  . ' JEaRE,

(XL ( I ) .  EC). 8 . IV. . )  CALL M o U l W R E  
CONT INUL  
CONf 1NUE

I F
IF
I F
I F
IF
I F
IF
I F
I F

A N U , 1 , 1 )  
i ANU, 2 , I ) 
A N U , 3 , > )

, A N U , 4 ,  I )
, ANU , V», I  ) 
, A N U , 6 , I )  
, A N U , 7 , 1 )  
, ANU, 8 ,  I  > 
, A N U , 9 , I )

THE PLOTTI NG OF THE DATA

C
C

NOW DO

CALL R P L O T ( K K K »I L E N G T H , R E . ANU)
GO TO 7 1 3 2  
f  ND

E l l l l l s l E E S l i E r -
COMMON X , Y , NR 
NR ( I . )  N R ( L )  + t 
X ( N R (L > • L > R E ( I )
Y ( N R ( L )  , L )  ANU( I 
RETURN

SUBROUTI NE RPLOT ( N , I L E N GT H , H E , A N U )

ROUTINE TO F LOT THF DATA

CSIR REPORT CENG 371
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‘IS 'i l i iE a iiE ii i6
kF‘ ( 4 0 0 ) ,  AND ( 400  > , A ( ."u ) , l <  2 b >

( X ( 1 , 2 >
( X ( l , b )
( X ( 1 , 8 )
( Y d ,  2 )
( Y ( l , 5 )
( Y d  , U )

EQUI VALENCE ( X d  , 1 )
( X ( l , 4 )  
( X d , / >  
d d , l )  
( Y d ,  4)  
- Y d . ' / )

x t d ) >'
, X 4 ( i  ) )
, X /  d  ) )
, Y 1 ( 1 ) )

,Y 4 (  1)  )
, Y / d  , )

, X b ( 1 ) )  
, X 8 ( l ) ) 
, Y 2 d d  
, Y C d  ) ) 
, Y 8 ( l > )

( X d  , 5) , X i  d  > ) 
( X d  , 6 )  , X & ( 1 )  ) 
( X (  1 , 9 )  , X 9 d )  )

, ( Y d , 3 )  , Y 3 (1 )> 
, ( Y d , 6 ) , Y 6 d ) )  
, ( Y d ,  V ) , Y V d ) )

C
C

c
c
c

READ THE T I T L E  
T I T L E - "
T1TLEX " 
T I T L E Y  "

AND AXI S  CHARS

SCALE AXES FOR ALL PLOTS

CALL SCALE( RE . 1 5 . , N , 1>
CALL SCALE( ANU,  1 0 . ,N , 1 )
X X (1) -  X X (2) RE(N + 1 )
X X ( 3 > -  R E ( N * 2 )
YY ( 1 ) Y Y ( 2 >  A N U ( N + l )
Y Y ( 3 ) - A N U ( N t 2 )

SET UP THE C A L L I N G  R O U T I N E S  

NT 10

1 b i i p : =

c

50

6 0

CALL P L O T S ( N I N C H . " R I C H " , 1 0 )

GOTO 99  
CONTI NUE
CALL O E N P L T ( X X , Y Y . 1 , 3 ,  1 , 0 . 0 , 0

1 , 0 .)
;F NET T ( X I  , Y1 , N R d  )

I T ( X 2 , Y 2 , N R ( 2 )  
T ( X 3 , Y 3 , N R ( 3 )

, i I  I L L , N  f , T I T L E X , N X * T I T L E Y , N Y ,

1 , IU .
I F ( N R d  ) . N L . O ) CALI
IF ( N R < 2 ) . N L . O ) LAI.
IF ( NR( 3 ) . Nf . 0 ) CAL t.
I F ( NR( 4 ) . NE. 0  > CALL
1) ( N R < 5 ) . NE. 0 )
I F ( N R d )  . NE . 0 ) CALL

, 2 ,

ul- NPI  f ( X 4 , Y 4 , NR ( 4)  
GLNPTT ( X 5 ,  YS. NRCu)  
Of. H i ' r T ( X A , Y 6 NR ( 6 )

1 , 1  
1

, 3 ,  1
, 4 , - 1  
, l,» 1
, A , 1

,0 
.0 
. 0 
. 0 
. 0  

) . 0

0 ) 
0 ) 
0 ) 

, 0 ) 
, 0 ) 
, 0 )

CSIH REPORT CENG 371



o 
n

 o 
f ■

I I  ( NR( 7>  .Nt  . 0 )  CALL Gt. .NLT'l ( X . Y /  , .NK ( 7 ) . . l . C . O . C )

GOTO 99
99 CALL 5 L0T  v O . , 0 . * 9 9 9 )

RETURN

SUBROUTINE NUMF t.T < I L  * XX * YY »RI * ANU * N >

: ........... TH I S SUBROUTINE PLOTS THE UATAPOINTS OF A DAT AGET WITH SPEC

= : :  m u
NOTE:  SYMBOLS ARE NOT SELF i. E N I E a CO     ..

DI MENSI ON X ( 2 0 0 .  ?) * Y (  . 10 0 * 9 )  * X X ( . i )  - T '< < •$ ) *NR< / :
C , A N U ( 4 0 D > , R E ( 4 0 0 )

COMMON X , Y » NR

PNUM 0 .
M = N R ( I L )
CALL t L O T ( 1 . 0 , ! . 3 , - 3 )

E  . * . i o : ; J S : r ? L c “ r . m r > * > s t s > '
I F ( I L . E d . 1 2 ) 0 0  TO 100 
GO TO 101

100 DO 60  K l . N
XX(  1 ) ( R E ( K )  XXt  2)  ) / X X ( . $ )
YY( 1 )  - ( A N U ( K ) • Y Y ( 2 ) ) / Y Y ( 3 )
PNUM PNUM1 1 .
CALL NUMBER( X X ( 1 ) *  YY < 1 ) * . 1 4  * PNUM, 0 . *  -  I )

60 CONTINUE
GO TO 99

101 CONTINUE
DO SO L 1 * M
x x < 1 ) ( X ( L ,  I L  ) XXC2 ) > / X X ( 3 )
Y Y ( 1 )  ( Y ( L . I L )  Y Y ( 2 ) ) / Y Y ( S )
PNUM PNUM+1.
WRITE ( 6 . 4 0 )  L . I , X ( t .11 ) , T ( L , 11 

40  FORMAT ( , 1 0 , I  S * T I ? , 1 5 , T 2 G , E 1 0 .  , , T 4 I , E 13.  ,
CALL NUMBEK( X X ( 1 )» Y Y ( 1 > . . 1 4 . F NUM, 0 . ,  1 >

SO CONTINUE
?9 RETURN

END
SUBROUTINE V I  S C ( T , V I 3 , N )

C S . I .  U N I T S  ARE USED
C
c SUBROUTINE TO I N f I R P O L A T t
C V I S C O S I T Y  FROM A GIVEN U'.Ml ERA 1 URL
C DATA 13 FOR REGAL OIL  B
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T C ONT AI N S  THE TEMPERATl iUl  ( S )  , r t r r r V / e ,
V I S  CONTAINS THE INTERPOL A U S  V I S L O s I T f t S )
N 13 THE NUMBER OP DATA POINTS 10 BE t POC. . ,ol  

V TABLE CONTAINS I HE LOOK 1J1 TAPI P

DIMENSION T ( N ) , V I S ( N ) , V : A B L E ( 7  ». ' - L - 1 ’ ' 1 
DATA ( V I A B L E ( I « 2 ) -  I 1,  7)

M  . 6 2 6 , 3 .  S 7 , 2 .  '7 S 3 , 2 . 1  35  • 1 . 6 5 6 ,  . 'oO............W /
DATA ( V I A B L E ( I  , I > , I  I , ' ) .

A . 0 0 3 4 1  , . 0 0 3 1  ? , . 0 0 3 , . u O . 0 3 , . 0 0 2 6 7 ,

CALCULATE THE CONSTANTS FOR THE S : L I N E  •
CALL SPL ICON ( V I A B L E  , C , >

SET UP LOOP I OR NUMBER OF DATA f O l N T S

DO 1 0 0  K 1 , N 

F I N D  THE P O S I T I O N  01 T I N  THE LOOK UP TABLE

T ( K ) 1 . / ( 2 7 3 . 15  + T ( K ) )
DO 1 I 2 , 9  
J = I

c COUNTER VALUE AT t ( I T
I F ( T ( K ) . S T . V <ABL 1 , 1 )
IE T ( K ) . 0 E . V T ABLE ( 1 , 1 ) > >0 TO .

C I F  NOT - LOOP 
1 CONTI NUE

3.

99

: THE VAT NF. I S  OUT OF THE TOP OF THE TABLE
} CONTINUE

;; THE VALUE I S  NOT FOUND W I T H I N  THE BOUNDS Of THE l A B L t  

I  PRINT WARNING AND INTERPOLATE USING LAST 2 VALUES IN THE TABLE

6 k e n "

CARRY ON I N f O  THE I NT E R P OLA T I ON  .<((. I 10N 

INTERPOL AT F L I N E A RL Y  f OR T

V I S ( K )  - L X P ( V 1 3 ( K ) ) * 0 . 0 0 1  
I ( K ) 1 . / T ( K ) 2 7 3 .  I S

THE V I S C O S I T Y  I S  NOW I N '  I RPOLATf  D 
CALCULATE THE NEXT VALUE 

f;n TO 1 DO
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2 CONTINUE
c
C THL V I S CO S I T Y  I S  NOW INTECKTOl A T l l )  US I NS A
C CUBIC S P L I N E  ROUTI NE
C SUBROUTINE S I L I C O N  CALCULATES THE I N T E R P O L A T I O N  CONSTANTS

V 1 S ( K )  ( V T A B L E < J » 1 ) T CR) ) *  <C( 1 , J 1 ) <V I A B L E  <J . 1)  T ( K ) > ' ^
Z + C ( 3 , J  1 ) )

V I S ( K )  V I S ( K > * ( T < K > VTABLl  ( J-  1 , 1 ) ) * ( C ( 2 , J - 1> ( 1 ( h ) - V I A B L E ! J  
L ) )  " * 2  + C ( 4 ,  1 1 ) )

V I S ( K )  E X P ( V 1 S ( K ) ) - O . O O l  
T ( K )  1 . / T ( K )  - 2 / 3 . 1 5

C
c THE V I S CO S I T Y  HAS BEEN INTERPOLATED BY S P L I N E S
C CALCULATE THE NEXT VALUE

C
ICO CONTINUE
C — ................................   - ............. — .- ...................—  i -  ...................
c
C ALL F I N I S H E D
C RETURN WITH I NTERPOL AT ED VALUES  
C

RETURN
E N D
SUBROUTI NE S P E C I F ( T , C P , N )

C S . I .  U N I T S  ARE USEE 
C
C SUBROUTI NE TO I NTERPOLATE L I N E A R L Y  FOR
C S P E C I F I C  HEAT I ROM A G I V E N  TEMPERATURE
C DATA IS FOR REGAL O I L  B 
C
I I CONT AI NS  THE T E M P E R A T U R E ( S )
C CP CONT A I NS  THE I NTERPOL ATED S P E C I F I C  H E A T ( S )
C N I S  THE NUMBER OF DATA POINTS 10 BE PROCESSED
C CPTABLE C ONT AI N S  THE LOOK UP TABLE
C

DIMENSION T ( N > , C P ( N ) , C P T A BL E ( 9 , 2 )
DATA ( C P T A B L E ( I , 2 )  , 1 1 , 9 ) /

A 1 8 / 1 . S , 1 9 4 A . 0 2 , 2 0 1 8 . 0 4 , 2 0 9 B . 4 , 2 1 6 0 . 3 9 ,
6 2 3 4 3 . 7 / ,  2 5 2 2  . 5 5  , 2 7 0 2  . 58  , 2891) .  9 9 /

DATA (CP T A B L E ( 1 , 1 ) , I 1 , 9 ) /
A 2 0 .  , 4 0 . , 4 0 . , 8 0 . ,  1 0 0 . , I S O . , 2 0 0 . , 2 5 0 .  , 3 0 0 . /

C .......... — -------------------------  1 ----------------
c
c 31 r UP LOOP f OR NUMBER Of DATA POINTS 

DO 100 K 1 , N 

F I N D  THE P O S I T I O N  01 T IN Til l  LOOK-UP TABLt

DO 1 1 = 2 , 9
J » I
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c COUNTER VALUE A f  E X I T
[ F ( T ( K ) . L T . I : P r A & L E < l , l ) )  UO TO J 
IE (1 ( K >.  LE . CE'T AF.U E ( I » 1 > > GO TO 2 

C I F  NOT - LOOP 
1 CONTINUE
C
C — ............... ....... ................. ............................................................. .............................
i: THE VALUE I S  OUT OF THE TOP OF THE TABLE
3 CONTINUE
i:
C THE VALUE I S  NO I f OUND WI THI N T HI BOUNDS OF THE TABLE
c"
I  r R I N T  WARNING AND INTERPOLATE USING LAST VALUES IN THE TABLE

WRITl  ( 6 , 9 9 )  T (K> ^
99 FORMAT( / 1 5  r " T H E  TEMPERATURE VALUt  " , T  1 0 . 2 , "  WAS NOT F 0 !ND

C " IN THE BOUND Of THE LOOK UP TABLE.  THE S P E C I F I C  HEA f HAS
D , / , T S , " L I NEA R L Y EXTRAPOLATED FROM EXI ST  IPG V A L U E S " )

C
C CARRY ON INTO THE I NTERPOLATION SECTION

 -     - 2 ..........................................................

2 CO N TINUE
C I N T E R P OL A T E  L I N E A R L Y  FOR CP
C

C P ( K ) - ( T ( K ) - C P  T A B L E ( J 1 , 1 ) ) / ( C P T A B L E ( J * 1 )  O P T A B L E ( J - 1 » 1 ) >  
C P ( K ) = C P ( K ) ( C P T A B L E ( J . 2 )  C P T A B L E ( J - I » 2 ) ) + C P T A B L E ( J - 1» 2 )

C
c THE S P E C I F I C  HEAT I S  NOW I N T ERPOL AT ED  

CALCULATE THE NEXT VALUE  
100 CONTI NUE
C .......       -- i----------------
e
C ALL F I N I  SHF. u
C R E TURN WI TH I N I  f R T' 01 A I E 0 VALU E S

RETURN
END
SUBROUr INE V I S R A T ( V RA T , T I N , T O U T , V M A S S , X L , H I , N )

C
C SUBROUTINE TO CALCULATE THE V I S C O S I T Y  RATIO
C DEFINED AS V I S  WALL/  V I S  BULK
C WHERE THE BULK V I S C O S I I Y  I S  ARlTHMf  TC MEAN OF
C THE V I S C O S I T Y  AT THE I NLET AND OUTLPT.
C

DI MENSION V R A T ( N ) , T I N I N ) , T O U T ( N ) , V M A S S ( N ) , XL I N )  
A , H I ( N > , T ( 3 ) , V ( 3 >
00 1 I 1 ,N

c
C F I ND THE AVL'RAGl S P E C I F I C  HEAT OF THt O i l

T ( t )  T INT I )
1 ( 2 )  TOUT I I )
CALL S P E C I F ! T , V , 2 )  
c p a v  ( v i  i ) t v i ; > )  ) / : > .
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( C A L C U L A U  1HI I N S I D E  UAL I 1 LME t NATURE 
[

1 W1 V M A S S ( 1 ) • CE AV-  ( T O U T ( I ) - T 1 N ( I ) > / ( 3 . 1 4 » 0 . 0 2 5 4 *  
A XL. ( I ) * MI  < I ) ) ♦ ( TOUT < I  ) + T I N  ( I  ) ) / 2  .

C
CALCULATE THE. V I S C O S I T I E S

c .
T ( 3 )  - 1  U 1
CALL V I S C ( T» V » 3 )
VI: ( V ( l > + V ( : ' ) ) / 2 .
VRAT(  I  ) - V C i ) Z V e  

1 CONT1NLIL
c
c ALL CALC UL ATI ONS DONE:

RLTURN
END

SUL ROU T I N E  S P L I  CON ( T Af  L f , C,M>

C SUBROUTINE TO CALCULATE THE CONSTANTS E OE: THE 
C S P L I N E  I I T
C REE : PENN I NSTON , R . H

INTRODUCTORY COMPUTER METHODS AND NUMERI CAL
1  A N A L Y S I S ,  MAC MI  LEAN 1 9 6 S
C

! i MENBI  ON T A C L L ( M , 2 ) »  C ( 4  » M ) . D < 1 0 1 »  P ( 1 0 ) »  E ( 1 0 ) *  
A A ( 1 0 » : i > » B(  1 0 )  , Z (  1 0 )  , X ( 1 0 )  , Y ( 1 0 )

DO 1 0 0  1 - 1  , t\
X(  I ) T A B L E ( 1  , 1 )
Y(  I ) T A B L E ( I r  2 )

100 CONTINUE 
MM M 1 
DO 2 K * 1» MM 
D ( K ) X ( K  + 1 )  - X < K )
P ( K ' D ( K > / 6 .

2 E ( E ) ■ v Y ( K + 1 ) • Y ( K ) ) / D ( K ) 
l ;0 3 K « 2 i M M

3 B ( K ) E ( K )  I <E 1 >
A ( 1 , 2 )  • 1 .  D ( 1 ) / D ( 2 )
A ( 1  > 3 )  -- 0 < 1 ) / 0 < 2 >
A ( 2 . 3 )  P ( 2 )  f ( 1 > * A ( 1 . 3 )
A ( 2 , 2 )  - 2 .  (!  \ D + :  ( •  ) > P ( 1 ) ' A ( 1 , 2 )
A C .  3 )  A C  C O / A C ' , . ' )
BC>)  0 ( 2 ) / A C C  2 )
DO A E- 3 ,  MM
A(E. , 2 ) 2 .  » ( P ( K -  1 > ♦! ( E C )  t (K 1 ) ALL 1 , 3 )
B( K> - B( 1C : ( l ,  1)  c . d  1 ,
A ( R , 3 )  P ( R ) / A < K , 2 )

/, B ( K ) B ( K ) / A ( K , 2 )
( i - D ( M 2 ) /  D < M • 1 )
A ( M, 1 >  1 . +  Q + A ( M 2 , 3 )
A ( M , 2 ) I) • A < M , 1 ) *  A ( M - 1 . 3 )
B ( M) - B ( M • 2 ) • A ( M , 1 > *  B ( M J )
Z ( M)  B ( M > / A ( M , 2 )
MN-M 2
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DO 6 I - 1  * MN 
K - f l  t

6 Z ( K ) ^ f c - . ( K ) - A ( K . 3 ) * Z ( K 4 l )
Z (  1 )  A ( 1 , 2 ) * Z ( 2 >  A ( 1 , 3 ) * Z ( 3 )
DO 7 K i , m n  
G - 1 . / ( 6 . * 0 ( K > )
C ( 1 , K ) - Z ( K ) * Q  
C ( 2 , K ) = Z ( K + 1 )
C ( 3 » K ) 5- Y < K ) / D ( K )  Z ( K ) ♦ f ( K )

7 C ( 4 , K ) = Y ( K + 1 ) / D ( K ) - Z ( K + 1 ) * P ( K )
RETURN
END
SUBROUTINE C O N D ( T , C N D , N >

C S . I .  UN I  ST ARE USED 
C
f  SUBROUTI NE TO I NT ER POL A T E L I N E A R L Y  I OF
C THERMAL C O N D U C T I V I T Y  FROM A G I V E N  TEMPERATURE
C DATA I S  FOR REGAL O i l  E
C
c T CONTAI NS THF T Er t PLNATURE( S >
C END CON T A I NS  THE I NTERPOLAT ED THERMAL CONDUCT I V I T Y ( S )
C N I S THE NUMBER OF DATA P O I N T S  TO FF PROCESSED
C CTABLE CONTAINS THE LOOK-UP TABLE
C

D I M E N S I O N  T ( N > i C N D ( N ) , C  TABLE( 9 , ? )
DATA ( C T A B L E ( 1 , 1  ) » I  - 1 - 7 ) /

A 2 0 .  , 0 . , 6 0 .  , 8 0 .  , 1 0 0 .  , 11,0 . , 2 0 0 .  . 2 L 0 . , 3 0 0 .  /
DATA ( C T A B L E < 1 , 7 )  , I  1 , 9 ) ,

A 1 3 2 . 3 6 ,  131 . 0 4 8 ,  12? .  6 6 ,  128 .  19 ,  1 7 6 . 9 .  12.$.
B , 1 1 9 . 4 2 , 1 1 5 . 1 9 , 1 1 2 . 3 6 /

c ...........        1 . . . . . . . . . . . . . .
c
C SET UP LOOP FOR NUMBER OF DATA POINTS
C

DO 100  K = 1 , N

C FIND THE P O S I T I ON  Of T : THF L O O K U P  TABLE

C
DO 1 1 - 7 . 9

r  COUNTER VALUE AT I X1T
I I  ( T ( K ) . L T .  C T A B L E ( 1 , 1 ) )  GO TO 3
IF ( T  <K> .1 F . CTAF I F ( 1 . 1 ) > GO TO 2

C I I  NOT LOOI  
1 C O N T I N U E

Cc ..........         .   - ..........
c THE VALUE I S  OUT 01 THI TOP 01 THE TABLE
3 CONTINUE
£
r  1H( VALUE I S  NOT FOUND WI THI N THE FOUNDS OF THE TABLE

f. PRINT WARNING AND I NT I  KF OLATF USING LAST 2 VALUES IN THE TAELI
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W K I T l ( 6 , 9 9 )  T<K)
9V FORMAT ( /  I u ,  "1 UK U  MF'l RATURi  VALUt  " , r 1 0 . 1’ , " WAS NOT I OUND"

c "  in i h : :  b o u n d s  o ;  t i n  l o o k  i j ;  t a b l l "
a THI THERMAL CONDUCTI VI TY HAS K t I N "
0 , / , T 5 , "  LINE ARLY FXTRAFOL ATLD I ROM E X I S T I N G  VALUES" )

C
C CARRY ON I NTO T Hr. I NTERPOLATI ON SECTI ON
C ........................................ - ..............    2 .-  -
C
C CONTINUE
C INTERPOLATE LI NE ARLY I-OR K 
C

CND( K)  -  ( T ( K  ) -CT ABLE ( J 1 , 1 ) )  /  (CT AE'LE ( J , 1 ) • CTAFM E ( J - l  , 1)  >
CND( K)  E N D  < K ) <♦ ( C T ABLE < J » 2 > C TABLE < J 1 , 2 ) ) +  CTAi .LE ( J- 1,  2 )
CND( K)  C N D ( K ) * O . O U l

C
C THE THERMAL CONDUCTI VI TY I S NOW I NTERPOLATED
C CALCULATE THE NEXT VALUE
100 CONTINUE
c ....................................................................      1 ' ••------------- -----------

c ALL F I N I S H E D
C RETURN WI TH I NTERPOLATED VALUES
C

C

RETURN
END
SUBROUTINE ORE C (PR AT ,TIN,TOUT , VMASS, XL .HI , RE. ,N)

ROUTINE TO CALCULATE THE. C O R R E C T I O N  I ' ( T OR OF G R E G O R I O

DIMENSION R E ( N )  . E R A T ( N ) , T I N x N ) , TOUT ( N ) . VMASS< N > , XL (N)  
,, ,HI ( N )  ,T(3) .CP (3) » AK ( : ,v (3)
00 1 I 1 , N

C FIND THE AVtR A O E  SPECIFIC HE AT OF THE OIL
T < 1 ) • T 1 N ( I  ) 
t c ? )  l o u r c  I )
CALL SRI ClI ( T , V ,2 )
CP AV  <V< 1 ) + V ( 2 )  ) / : ' .

c
c CALCULATE I HE INSIDE WAIT TEMPERATURE 
C

T U I  V M A S S  ( 1 ) ‘ CPAV* ( T OUT < I ) • T 1  N < I > > /  < 3 . 1 0  . *

A XL (I ) *HI ( I ) > ♦ ( TOUT < I M  ! IN ( I > ) /'. .

c
T (3) T W J
T ( 1  ) -  < T 1 N ( I ) + 1 O U T  ( I  ) ) / 2  . 

1 ( 2 )  ( T (  1 M T  ( 3 )  ) / L  .

CALI SPECIE (T ,CE ,3)
C A L I V I  S I ( 7 ,  V , 3 )
CALL CONIXT , AE(,3)
PRI CP ( 2 )  ' V ( . ) / A K  ( 2 )
PRW C P ( 3 ) * V (3)/AK(3>
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I ki;. t;i < l ) * V (  l  > /AK ( 1 )
XI H<  (t-'kf t ' R W > / x f k l ' .  I RW) 0 . 1,
DE.Nn (FRB* • O . O l j )  : k l  ( I ) ,  0 . 0 . 1 )  ( ( I ) .  J X I I  R) #0 .
XNim- ( (0 . i. X l k k  )T < 0 . 2 ) * 0 . : ' 6 4 4 U . 0 7 l , 7
XI XNUn/DI  NM
PRAT ( I )  ( PRI ’ / P k U  ) - < XP
CON ) INUt:

AL i. CALCULATIONS; UONl  
RETURN 
KND
C-iUBROUTlNL R L G ( X , Y , N >
D ir . l  NSION X U  2 0 )  , Y(  1 2 0 )
XBAR 0.
YEAR 0 .
XX = 0 .
, v  o .

VY: 0 .
OV 1 I  - I N 
XX X X 4 X U  >* X< I >
; Y YY + Y ( 1 ) » Y ( I )
;y * >; < n  * y ( I )

XBAR XBAR 4 X ( I )
YBAR i L.AR4Y (1 )
CONTINUE
WR I T E ( 6 , • ) N , "  X X " . X X , " Y Y " , Y Y  
Li: I :  ) "XBAR"  t XBAR » " Y B A R "  » YBAR

: L OAT ( N)
XBAR XBAR/ I  
YBAR YBAR/C

XX C XBAR*XBAR 
V: YY - r. • YBAR-* YBAk 

( :<Y XY C * XBAR* YBAR
WR) f T (  6 ,» ) "SX " , SX.  ' BY " ,BY , " S X V . S X Y  
I I5XY/SQRT ( SX * !:< Y 
A - S X Y / S X  
I YBAR A Xi A;
WRITE ( 6 , U "  R " > I • ' A " > A i " V " . t 
STOP 
i NO
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6.14 PHYSICAL PRO PERTIES

6.14.1 Regal o il B (R and O)

TABLE 9 Physi.al properties

0 c X r? P°c J/kgK W /mK x 103 kg/m* x 103 kg/m 3
Pr

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 15,69 848,0 244,2
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 26,82
250 2702,58 115,91 750.1
300L 2890,99 112,36 727,1

CQ -  1804,52 J/kgK, b = 3 .56 J/kgK2

0 '  v  [ i f ]  '  630 * 10~6 / ° C

6.14.2 Water

Phys.cal properties for wa.^r were taken from  'Therm odynam ic and Transport Properties 

of I luids , Y R May hew and G f C Rogers, Oxford, (1973),
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Assembled section o f the heat exchangerFIGURE 2
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FIGURE 5 Item 4 of Figure ')
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FIGURE 6 Item 5 ol Figure 2
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FIGURE 10 Item 1 of Figuti 9 I
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FIGURE 11 Item 2 of Figure 9
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FIGURE 13
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FIGURE 16a Manometer
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FIGURE 17 Static mixei
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Detail of Figure 18
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FIGURE 19 Detail of Figure ',8
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FIGURE 21 I td plotted again.• the Hausen equation
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FIGURE 22 Metdis and Eckert plot of the d.na
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FIGURE 23 D a tj p lotted against the Colburn type equation
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Modified Metals and EckeM plot
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FIGURE 25 Mixed turbulent equation
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F IG U R E  26 Upper trans itiona l equa tion
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F IG U R E  20 U pper transit onal equa tion
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FIGURE 27
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Middle transitional equation
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H U U  .8  M ix in i lam inar equa tion

O
O

<v

ro

K)

191I__
oo o oo ooo oo

tv

r N)  U|

CSIR H H ’ OHT CENG 371

In 
(R

e 
) 

(* 
10

'



109

FIG U R E  29 Lower transitional data as a function of the S tan to n  and Reyno lds groups
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F IGURE 29 Lower transitional data as a function  of the S tanton and Reynolds groups
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F IG U R E  30 L o w e r  trans itiona l equation

O

m

CM

K>

J O

PU

ro

mCL
IT )

fOIf)

ro

m

O OO OO OOOO o

K> CM

lV lN 3 h lM 3 d X 3
nN

CSIR REPORT CENG 371



111

F IG U R E  31 Hausen equa tion  com pared w ith  d i- r iv d  rq ','d t:ons

W

CL O

K)

OJ

a o

o

CXJ
IO ru

in
3<
I

3



N O M E N C LA T U R E

A Surface area used in 6.7.2 m 2

A , Coeffic ient as defined in 6.7.1 W2/m 2

A o Coefficient in Andrade equation kg/ms

a Coeffic ient in thermal conductiv ity  equation W/mK

B , Coeffic ient as defined in 6 7.1 WK

b Coeffic ient in specific heat equation J/kg

C Specific heat J/kgK

Co
Specific heat at reference temperature J/kgK

D Inside diameter of tube m

Elx) The error in x dimensic 
that o f

F lx .l A general funct on used in 6 7

g Gravitational acceleration m/s2

h Heat transfer coeffic ient W /m 2K

ho
Heat transfer coeffic ient in the annulus W /m 2K

£ Characteristic length m

dl Incremental tu t length m

L Tube length m

m Mass flow  rah kg/s

m . Mass flow  of o il as calculated from  calibration equation kg/s

m j Mass flow  of o il corrected for density kg/s

m A rithm etic  mean value

Nr Rotameter reading %

P Correction factor o f Gregorig used in 3 4  1

q Heat flux W /m 2

6 Heat transfer rate W

R Resistance n

Ro
Resistance of standard resistance thermometer n

R i Resistance as measured by bridge n

R=
Resistance corrected to standard tables ft

r Radius m

T Absolute temperature K

Tc Critical tempi rature K

W Velocity m/s
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Greek symbols

0 C oeffic ient o f volume expansivity 1/K

tj D ynam ic viscosity kg/ms

t j /7v  Ratio o f bulk to wall viscosity

8 Temperature °C

0 o Datum temperature in thermal conductiv ity  equation C°C

0 Temperature o f the water in the cooling jacket °C

X Thermal conductiv ity W /mK

Xo Thermal conductiv ity at datum temperature W /mK

p Density kg /m 3

p f Density of rotameter floa t kg/m 3

T Response time of resistance thermometer s

Subscripts used in genera! equations

(Specific instances are included previously)

i A t in let conditions

o A t ou tle t conditions

wi A t inside wall conditions

wo A t outside wall conditions

t Pertaining to liqu id

V Pertaining to  vapour

b A t bulk conditions

bi A t bulk mlet conditions

bo A t hulk outle t conditions

Dim ensionleu gioups

(Properties am evaluated at the hulk temperature)

Grashof number Gr 0g  /  3 p yA 0 /  fj

G rt) 0 g D 3 p  ̂ A 0 /  r j J

G ri 0g  I * p 3 tsO l v J

Nusselt numtxrr Nu
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Prandtl number Pr

Reynolds number Re

Stanton number St

ca
X

£w D 4m

V I I tjD

_h_ = Nu
pwC RePr
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f o r c e d  c o n v e c t iv e  h e a t  t r a n s f e r

IN SINGLE PHASE FLOW OF A NEW TONIAN FLUID  

IN A CIRCULAR PIPE

A ' annotated summary of empirical correlations 

DOUGLAS GORDON ROGER:

S Y f 0  P S I S

An extensive bibliography of empirical correlat ons fo r the Nus.elt group fo r internal 

Newtonian p.pe flow  has been compiled to facilitate the design of heat transfer equipment An 

index is provided fo r locating experimental heat transfer to . Micients for particular fluids 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 coeffic ient, turbulent, lam inar, transition, review

internal flows, empirical corielations, flu id  flow
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IN I RODUCTION!

Orai r ,v S im phfi rtio 't 
are the nr'-’ step toward  
thi mastery o f .» subject

Thomas Mann

R .h y tu  ht-at till 1.' I ffici.-nts W  designing heat exchar#!.- equipment an often d ifficult 

, 0 obtain and the desigi engmv i m a, or. m . as,on question th< applicability o 4 a chosen coeff.cienl 

Ihr-  doubt may result in ove conservative design methods being used and more expe< ive units 

the' necessary Ire mg designed

This bibliography v a compile ! a- an aid to the designer to f in d  an accurate heat transfer 

co, - fit urnt for the conditio which I Is designing and to clarify the state of experim enta l

fla t, and correlations as :i first Step to improving the design process

T heat p a r coeffic ient U th t t .msb of h u t  to or Iron a non porous wall to a

t i n  ' . d ifd  by the equation

- k flu ff . y wall

Tht magnitudr of th. h« j ; transfer coeffic ient. h, has been determined to depend 

S Htantially ( to  vd  ' ' and . is V convenient to subdivide h-at transfer coe ffic ien ts

, i , ,  , t< trv flow oath: Tt " d fp-nd. nr- vf n on oth< - factors such as the Prandtt num ber,

.** ,mb. a ■ P. let numb' do i t enabh a convenient subdivision to  be made.

1 FLOW R FG IM E:

. , , , , 1  f 0 ncj lli i ■ i.a it'-,sed  by the three regions, lamina-, turbutr t and transitional

•I, i .tt occurring in it intermediate r< i, in betweim laminar and turbulent flow. The

,l tM lk.v. may he further subdivided into l„ - tinar to turbulent transitional and turbulent to 

, . , I ynr.it,on,d. (alv call* r.-v.-rst transit,. dep ndm v  the history of the flow . The thre.

mi ■ t v  • i I regions a r e  Padit, ,ally chaiaci* , ,  • b y  the R eynold ' number a s

amiricii Hr 1 « tOO

raiis ’ io r,a l 2 0 0 0  R, 10 0 0 0

; bull t h  ' 000

. . , ... mi t" <i* " t r y  ami th, h, it transfer rate effect the transition

pf occss

( - I IN ' f 1 N< 3?V

I:

M l





t „ inti'rnal pirK flow Meld, d.td E c k t.t (19C.4) rea>qnived the effect of fiee convect.or. on 

th. flow pattern and incorporated th< CirP. product 1. further sutxf.vide the flow into the req.ons

Forced convection turbulent 

Free convection turbulent

Forced convection laminar 

Free convection lamina'

Mixed convection turbulent 

Mixed convection laminar

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

flows and only experimental 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 L a u n d e r  and Spaldm (1972) for turbulent flow models are recommended There is no

spec'.c text for transitional flow and this re g ie  is usually included n turbulent flow modelling

1 2 LO C A TIN G  in f o r m a t i o n

Fluid and Equation indexes wert prepared for local me original experimental data for 

particular fluids and flow conditions. For exempt- h a heat transfer coefficient is required for

heating molasses . turbulent flow ....  horizontal pi 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 I M- tine will give the data a 'd an accural- heat transfer

coefficient

A natively the Equation index may be used for evaluate-g a given correlation fo- the 

Nusselt riumtx (or other heat trarefe- group) For example, if the - uatior of Malma a id  Sparrow

(1904) wa in qu-’ bon. th - entry u the Equation index w ill indicate how the equation fits giver

experimental date

Tht Equation m d -» at" - ( "hurts entries for which then* is no cross reference in the Fluid 

ino-x The - entnet an lamely a» ilyti- I solutions, or corn Lit ions based on othe- researchers' data

Fo- literature other thj- English th. V D I W5r meatla 6. •. chnUngsblattc' fur den 

Warmi ulxrgarui is recommend -I ■- an interesting summary



? CHRONOLO GICAL SUMMAHV 01 t X P f H I M t N T A t  Ht AT T H A N f.H H

C0EFFICIC N1 CORRT I A t  IONS

Osborne R eyno lds (1874 , 18841 wa< one o f th. f irs t researchers to  recognise " i d  q u a n tify

the modes in w h ich  f lu id s  f lo w  in  piper T h is  h r d id  as fo llo w

"... In  thi f irs t place, i t  has shown that the prope rty  o t viscosity n r tre a d in t:  ,

possessed m ore o r less hy  a ll flu ids , is the general in fluence conclusive to

steadiness, w h ib  on  the o ther hand, space and ve loc ity  are the cou n te r in flu e n ce ...'

Reynolds the re fo r, d iv ided  flu id  f lo w  in to  tw o  reg ion w h ich  fiavi since been term ed lam inar 

and tu rbu le n t flow , w h ic h  in  iso therm al con d itions  an distinguished by the Reynolds group, ^ •

It was no t u n t i l  c irca 1940 tna t an in te rm ed iav region o f f lu id  f lo w  w h ich  had a m arked 

effect on  th . heat transfe r, was discerned. T h is  region was t i  med trans ition a l f lo w  and con e la tion s  

o f tne fo rm  o f F igure 1 were accepted; no te w o rth y  is the lack o f in d ica tio n  in  the figu re  o f how 

to  select . Nusseh num ber in  the tra n s itio n  region

Nusselt num be.s fo r trans itiona l na- flow (Fh 0,7)FIG U R E 1

Nu,

Laminar flow

___L

CSIH R f PORT CENG 32?
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C rc.i 1954 EcV rt i<i>d Diaquilu ami la tc i Metair. and E ckert (1964) id en tified  th i e ffect td

fret convection oi t'u e tent and location of the three flow regions and presented results as in 

Ftgun 2

F iG U R f 2 R, gimi ' of fie i forced, .ne! m m  d c .M iv rtio - i fo i Hnv.

througli horizontal tube

Re

10'

FORCED CON.: TlON 
T  u f  b u l t n i

t o 4
c m i x e d  c o n v e c t i o n

T u rb u le n t
Tronsitior LOm.nar Tj ' t ) j l# C

-

*

FORCED F.0W
U o m m o r

V >ED CONVECTION 
Lom m o'

2
1C

10
97 e54

GrPr

H
| I f  • • Pi , 1 ) M etais and E ckert (1964)

(The free convection lim it w .r not estabhshe • through lack of data)

How •wet, correlation for d • m inln the he..* trar.sfc it. th. transition region were still 

inadr ouat- and circa 1970 Bank n liift 'v  s , idivid, ' th, regi into th. separate cases o f laminar

to tu rb u U n t trans lion and turbul, 1 ti lamtn, tra-v-i'ion ur rm *m  transition.

W ith th,-.' subdivision nf thi flow r ndifi Fnnm 3 has been constructed It is 

envisaged that this Figure will b, enlarged i" the future .. a ru in  complete understanding is 

reached

C5IH Ml I'OMT ( I NO 3?.’



Schem ata .tm re'.. n ta tm a  o l How ilw c .c t,  and bounda .y  c o m l.t io 'r ,  

fo r  heat transle i m pipes

FIG UHE 3

LL

UJ

C S I R  R l  1*0i n  t t NC> 3 2 2
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T U R B U L E N T  FLOW HF AT  T R A N S l  t L C O h R I  I AT IONS

This section summarises t in  m ost im p o rta n t po in ts  tha t may t>< extracted fro m  the extended 

survey in section o.

S nce  the available literature on  h. at transfer extends over a re la tive ly  lonv tim e span, it is 

o ften  d if f ic u lt  to  visualise the progression o f the s u m o  T o  fac ilita te  tin  visualisation o f the state 

of experim ental tu rb u le n t flov> heat transfer c o e ffic ie n t co rre la tions Table 1 has been constructed. 

F rom  th is  it is re la tive ly  easy to  grasp th. cha.n o f though t th rough  the tim e  span.

In the  o t h e r  sections on lam inar and tra n s itio n  flo w  heal transfer corre la tions, sim ilar tables 

have been d r a w n  up to  fac ilita te  visualisation

TABLE 1 A chronological summary id Kc tujleut He./, heat trans'e

correlation methods

UW'T const, w a ll temp

UHF u n ifo rm  heat f lu x

BOUNPAR  ̂
CONDITIONS DATE

1905 N u . elt and boussirv iu> from  d im ensional analysis

1909 sug'i'.'st Nu ‘TRvI (Pr)

UWT 1917 Nusselt suggests Nu : (R eP r)(' L i fo r a

Pr 0,7

191G

dev. lop ing  ve loc ity  p ro f il<

J_ 2 -
Taylor propose  ̂ q

", 1 
1 t  -  (Pr -  1)

1919 link in g  fr ic t io n  and 

heat transf?

1922 M cAdam s and Frost take the viscosity  at an average

film  tem perature to  align data

L ,D > 35 1924 M cAdam s and 1 rost suggest Nu <(R e) (1 * a (1'L ) r

e lim in a tin g  the e ffec t o f in f m m  tu !* ' length on the

Nu

UWT 1924 Ric* in c u rp o ra ttr  n tem p ratun d if le re iM  term ,

Pr 2,48 possib ly to  ai count fo i free convection.

7,35

1929 ke e v il and M rAdam - noh  the e ffec t o f the w a il to  

b i'T  tem pi at tin d d fe n  un to  give d iffe re n t ve loc ity

p -o f i l i"

csm REPORT CLNG 37?



2 1 t u r b u l e n t  now  H E A T  i r a n v h .  c o h r  h a t  i o n s

This section sumrnprises th . most im p o rta i t po in ts  th .d  m a\ b i extracted U om  the e x te n d i.i 

survey in  section 3

Since the available l ite ra lu n  on h. at Iran- . r extend! over a re la tive ly  long tim e span, it is 

o ften  d if f ic u lt  to  Visualise the progression o f  the ,onc« T o  fa c .lita t. the visualisation o f the state 

of experim enta l tu rb u le n t flo w  heat transfer co e ffic ien t co rre la tions Table 1 has been constructed. 

From  this it is re la tive ly  easy to  grasp the chan o f though t th rough  the tim e span.

I „  th  o ther sections on lam ina and trans ition  f lo w  heat transfer corre la tions, s im ilar tables 

have been drawn up to fa c ilita te  v isualisation

T A B LE  1 A chrono log ica l sum m aiy of tu .b u le.d f l .w in ai tta n sb ’i

c o rre la tio n  m ethods

UVVT cons: w a ll tem p

UHF u n ifo rm  heat f lu x

BOUNDA Rv 
CON D IT IO N ' O A T l

1906 N u ' l! and Boussines iu« fro m  dimensional analysis

1909 suggest Nu MRe) ,(P r)

uv.nr 1917 Nusselt suggests Nu ■ (RePr)(l LI fo r a

Fr 0 .7

19 If)

developing velocity profile

J  _2_
T aylo ' propose q ^ u '  1 I T  y  (Pi -  1)

1919 linking friction and 

heat transfer

1922 McAdams and Frost take the viscosity at an average

film  temperature to align data

L ,D 36 1924 McAdams and Frost suggest Nu - (Re) (1 t  a d / L l ’

e lim in a tin g  tin  effect o f in fin ite  tube length on the

Nu.

UWT 1924 R ir i incorporates a tem perature d iffe re n c  t> • m,

Pi 2.48 possibly to  account to i free i unvection

7,36

1929 Keevil and M cAdam s not- the e ffec t of the w a ll to  

hub tem pi a tun riiH ere iiD  to  give d iffe io n t ve loc ity

p ro file

CSIR REPORT Cl N1) 3?^
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B O UN DAR Y
CON o n  IONS

UWT

l /D U9 ‘ 224

UWT

UHF

L/D  

Pr 2

48

5

UWT 

L /D 5 

Pr 0,7

UHF

UWT 

Pr 0,7

OAT l

1931

1931

1933

1945

1950

1951

1954

1954

1955

1961

1963

L iiw ’ PM ' and Shi t wood hod that ' I  has on ly  an 

effect for viscous liquids

Drew , Hoorn and McAdams soonest using the G.-

num ber I a R ePr'' 'L I

C o l b u r n  suggests using f ilm  tem perature to  align th i 

dat. and suggests tha t fo ' large Gr the group 

(1 > a Gr 3 ) should be included.

Bernardo and E ,a „ note tha t the St corre lated results

be tte r in the low er tu rb u le n t region.

Deissler concludt that the eflect of f lu id  properties

across the tubi can be eliminated by evaluating the 

properties at a temperature close to the averanf o f the 

wall and bulk temperatures 

Lyon notes that there is an expected m in im um  o f the 

Nu as Pr ■ 0.

D, ..s ic  notes that Increasing Pr eliminates the entrance 

effect and that the effect of variable viscosity can tw

eliminated by evaluating me viscosity at tem peratures

which at- a function of the Pr

Eckert and Dia lila note the effect of GrPr on

determining the limits of the flow regions.

H a rtn e tt d e f i n e s  ttv  therm al entrance length a n d  notes 

tha t at high He the Pr has litt le  effect

J.ekson Spur loci and Purdy experim enting w ith  

devolopin velocity pro file  not- a- effect of 1 ' d  but 

n t of In  ■ ronv- i tion In their experim ents the 

bound,i r>  la y i  - did not fill the tube

Petukhov and Popov suguest the equation

1

Nu
8 RePr

a i b x / ^ B  (Pr' 3 11

CSIH REPORT CENG 327
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H O U N t A R V 

C O N  P I T  IO N S
D A T  1

UHF 1964 Allen and Eel" rt use th. wall t , fluid temperature

L /0  30 different, to  correlate the local Nu

Pr 7 • 8  

UWT

L /D 31

1965
Um d

Kohi' us. ' .i turbulent R et ( 1 to corn lau

data 8

Pr 0,71 *

6,5?

UHF 1967 Gowen and Smith show that the universal temperature

L/0  21 profit, ,s dependent on Pr and Re.

Pr 0.7 -*

14.3

UWT 1971 H erb ,ft and St m  for vertical tutx's note that the GrPr

L 'D 80 has little effect at high Re but increases as Re decreases

Pr - 2 - 8

1972
dP

Gross and Thomas nob. that inclusion of the dx term 

improve' a theoretical mod. 1

1974 Mori, Sakakibata and Tanim oto fit'd  that for Gz 50 

ttr ra ’ , 0  o' th wall thermal conductivity to that of the 

fluid and th, wall th, kness may he significant.

2 1 1 ConcluMon-,

For heat transit ;j  a fluid w ith i -istant f operties a fu lly developed velocity profile and

Without fr. co ivection •fleets, the Nusselt numbei correlation -s of the form  Nu d (Re). .(Pr).

F o ' fn c o n v c ti (Meets the term (1 ♦ a G r ’ ) may be inc luded as a m u ltip lie r .

'T tx  pfle- • of u'mfl th qrout a' a multiple ' is discussed by Brown and Thomas (1965)1

For a d< veto pi" velocity profil' the tern i 1 D l or inclusion of a fnction term s / ^ T  

may tv included .is a mult,pi,e, ( l 'D )°  may I-  cut vised as predicting an infinit. Nu for an

infinib tub, length and [1 > ( ' D )’ 1 is sometmv used to eliminat, tm incongruity Th,

alter nativ  US' oi the G '., 1/ numtvr v not to ihclud entrant' el It v but to define th, ratio of 

he rate of heal transfer by conve, non to th. rati of heat trails' r by conduction

CSIR REPORT Cf NO 3??

■ B I B
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Variable fluid properties are accounted for by the ratio Nu 'Nuo as explained in section 2 4

Tht must ob n cited enuation is that of Petukhov and Popov (196J), w ith the variable 

fluid property correction term of Hufschmidt, tiurck and Riebold (1966) which is

Nu

1.07 < 12.7 (P i‘ ’ D

Pr

Pt

0 11

Alternatively th equations recommended by M' 'ai - and Eckert (1964) may tn used

2 ?  l a m i n a r  f l o w  h e a t  t r a n s f e r  COR RE I A 1 IONS

A in section 2 1, Table 2 ha bren constructed to facilitate visualisation.

TABLE 2 A chronological sum m ary o f laminar f lo w  heat transfer corre la tions

BO UN DAR Y  

COND IT IONS DATS

UW T 1885 Gra- i /  and Nuist-lt form ula’ ' an analytical solution for

UHF 1910 fully develop'd velocity and temperature profiles

UWT

UHF

1928 Le.cque extends th result to developing velocity 

profit giving Nu alRePr L'

1930 Dittos and Boclter include th' tern T Lk. to include 

variable physical properties.

UWT 1930
i , 3

v.nlburn and Hougen find that Nu aP' Gr

Pr 2 • 6 v. it prop 'ties based on a f ilm  temper aturr, indepen

d- it if the Re

UHF 1931 K irk ! r! are* McCabe propose the form

l /D  160 b c 
Nu a '  ■ 1 * -  ——

RePr d (RePr d ,. )n 
/L  a

1933 ( II: n tntludr thr U rn  1 + v Gr to account 

1 111 convection and b.v properties on a film  

[irnperature

l /D  90 1936 Sit t1 an t 1 ati sug i st thi property correction 
, i r  i  o M  

Nu alRePt* I ) 3

c s m  r u p o m  c e n g  3?7
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y. O  U M  ’ a k y
C O  N D IT IO N G

UW7 

Pi 43 

L D 20 - 

602

UW7

Pi '  60 -  

1000 

L D 40 - 

193

UHF

Pi 0,7 ■ 8 

1 D 72

L D 36 *

72

U K 17

1 d  1 2 :

Pi 0,7  

UHF

Pr 0 7 

1 D 80

UHF

Pi 2 -fc

■/D

[)

700

28

D A T l

1942

1943

1959

1961

1962

1965

1966

1966

1967

1968

1971

/3
M aitinelli f t  <il c iitu  isi thi of 1 + aGr as a 

multiplii i as th i1 would indicati an increasing effect of 

free convection w ith  increasing Ri contrary to then 

otiservi-d results to 1 vertical tube! (Set Brown and

Thoma 1965)

Kern and Othmi i suggest 1 - aGr

log Re

i (Ly ,Pe) to r constant proper-Stephan suggests Nu 

tir-s and Nu 1 (L /^R e.Pr) for variable properties

Ede suggests Nu a 4 bGr '3

Olivt cn tn i i.ir as producing a term in D * and

sugrr st Gr d.

Brow and Thoma- find that foi horizontal tubes thi 

fr< cc vection incn-as'" v,it': mcreasir.g R;

Mon et at find that fre convection effect starts at 

ReR, 10 a n  t that the critic, depends cn thi

intensity of thi se- nndp.ry flow

McCon ,i „ Ec-.e 't notice that thi free convection

effi ■ inct-v - a* thi rai of Gr t Ri increases

Iq b a l  . Sta -uewicz analytically find that thi tu lx 

inrbnati m has little effect on the Nu
(C rP r)’ 4

Shannon and Depew not in that for 

the natural convection r, negligibl'

Dep,v\ and Am si sugai t using tin group 

G. G rn Pr"

Nu
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tube lengths giving in fin ite  heat

>fl group alone is included a

function  of the

most recent



1 Conclusions

For 3 fo lly  developed psrabo li 

convection effects, the Nusselt number

u n ifo rm  w a ll tem peraturr

roperties anti no f r r

transff

This la

tog R 
m u ltip le

Grasfrof

(W O )" or |1 

o f in fin ite  t

'D )n ] m ay be included as

lengths qi

■, however, the fo rm s 1 ■* aGr ' am 

G rashoff g roup alone is included as 

o is corre la ted ar a fu n c tio n  o f the

flue)'

ReR

:



T R A N C IT IO N A t F LOW H[ A7 I H A N S f t H CORRfc 1 AT IONS

As m (h i previous sections Tablr 3 has t« en constructed to  facilitate visualisation. 

TABLE 3 A chfc no logical summai v nf tn insitional flow  heat P a n s ie r  cot elations

B O U N D A  R Y  

C O N D I T I O N S
D A T S

1933 C
L

t

1936 S

1940 N

w

Pr 3b ' 1942 N

140

L /D  234

1966 P 

a

1970

1970

1970

1970

UWT 197b

L /D  77 • 

231

1977

Coltnnn constructs (raphical correlations using thr ratio 

as a rlistingutshma criterion

1" r"  ^ir-er
icder and Tatt m an analagous form us* 'T"c

^weii

CpG

St St.

0.0067 Pr - 0.8
o 1 a

St

10 0 0 0

and found no effect o f  ̂ d

S ',. 1
i  r 

Re 1

J ^ 'lO  000 J O  000 j

t : r <

CR' vstiert C and n arc

Ctiurchill prop a cumprehensivi correlating equation 

foi tin to ta l it ivi region, however, the equation is 

v i 'v  < umber ■ m  and is madi up of various individual 

equations
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2 3 1 Conclusions

The extLMit of Tin transition  region is not clearly definable and depends on the conditions 

of the system

The most promising correlations for the heat tiansfcr coeffic ient appear as a func tion  of

the Stanton num bei, rather than the Nussell numfiei

The effects of free convection, variable physical properties and 1 0  ratio on the heat

transfer hav- not been determ ined extensively

The only available data are

for air Pechenegov 1975

and for liquids Norris and Sims 1942

and these are therefore recommended

2 4  CORRECTION M f T H O D S  FOR V A K I A B l f PHYSir.At FHo r i H l l f S

It is most often convem -nt tr interpret axperimer.tal results as a deviation from  some 

specific datum In heat transfer to a flu id  it is convenient to  represent the datum as the lim itm : 

case o f zero heat flux, unde- which restriction physical properties w ill be effectively constant du- 

to  the uniform  temperature fields

The heal transfer under fin ite  heat flux is then somt function of the lim iting  case of zero 

heat flux. This is expressed as

Nvi
Nu(

whi - Nur i- the lim iting cat 1 zero he • flux Table has tx n constructed from  correlations 

in th- literature to summans- av.n llb li correction method

(.SIM R f PORT Cf N(> 3??
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T A B U  4 Correction factors lo t vauabl. physical properties

F L U I D

C/3

UJ

C/3

<
o

V )

<
o

A U T H O R

II',n

Humble, Lowderm ilk 

and Dusmon

Kays

Bialokoz and 

Saunders

Wright and 

Walters

McCarthy .r 

Wolf

T avltir and 

Kirchgessnei

McCai thy and 

Wolf

T I A R

19b’

1951

1955

1956

Nu CRi

C O R H t  C T I O N  F A C T O R

I
T

0 8 Air

t-

0.5 0 .9  0,9 - 1.2 1.2 -  2,3

0,0218 0,0212 0,0223

0 -0 ,2 7  -  0,58

Nu_
Nu

0 at - *  <  1
T

0,55 at —'v- 1
b

••Dthe'-mal

n 0,26 heatmn

n 0,08 cooling

Nu ' T*
0.6

Nut Tf J

L *  , 1.1 • 1,73

1959

1960

1960

1960

Nu
Nu b

-0 676

- 1
T

Nu
Nu

-0,3

TS 16
2.8

N u

Nu

JO- 1.6
Tb

Nu T

Nu T,o L b
T
-Ft 1,5
T b

3,9

- 0 . 7

9.9

Air

T ' S£*I!__
, n ,«ed mpe' J

Aii

Hydr n

Hydrogen

Helium

Hydrogen 

Helium

CSIR REPORT CENG 377



I f

f L U l D A L ' 1  M C I ' C O R R E C T I O N  F A C T O R

V)

Ui

V .

<
G

tr-

iii

V)

<
G

Wirland

Taylor

Petukhot and 

Popov

Kutaieladze 

(through Petukhov)

K ir illo v  and 

Malugiri

V cE ligot. May- ' an 

Leppert

lelchuk, ElphimoV 

and Fedoti i.

1962

1963

1963

1963

Nu
Nu

Helium and 
Hydrogen

< 2,8 

1,6 - 6,6

Nu

NuO

Nu.

- 0 . 4 7

1963

N.i

Nu
Nu

f t
* 1

1965

1966

Nu
Nu

T

T.

T w ' -0.5

, T b

1.1 2,3

1 [ I T
j

r.
T

b J

r 1.1 • 2,5
11 - 2.7

Perkins and 

Worsoe Schmidt

1965 Nu
Nu

T

T

- 0 , ;

Volkov a '" ' Ivanov 1966

Petukhov 

K irillov ami 

Maidonic

1961

Nu
Nuc

T
J f:

\

Nu
Nu t

n

T

T

1,1 •  2.1

10.9 tog T
b

♦ 0.2051

1 • 6

Nitrogen

Air
Carbon d i 

oxide 
Argon 
Nitrogen

Nitrogen

A it

Nitrogen
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C O R R E C T IO N  f ACTOHY E A RA U T H O R

Nu
Nu

cooling1.27 0.27

0 , 6 6
heating

V)

LU
- 0 . 5Nu

1960Mcl hgot, Ormantl 

and Perkins

Nu
1973Zucchetto. and 

Thotsen

b» ’ r' o
1934Kaye and Furnas

‘ c o o l i n ge o o l m g

0,5 liquids 

1,0 gases

Nu aRen BPr1930Dittos and Boeder

0.3 cooling 

0,4 heating

Nu
1933Colburn

0 , 0 6 4

aRe'Nu1933Kraussold

0,37 hi atmg 

0.3 cooling

0 . 1 4
Nu
Nu1936Sieder and Tat>

^ ‘ w e l l

Nu
Nu195?Michejev and 

Zukauskas

(through G t e - i  m

19/01
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c o u n t  CTION FACTOR

Nu
Jakovlev

(throunh Gregorlg 

19701

Nu
Nu1968Kutateladze 

(through Gregorio 

1970)
0,25 coolmg 

0,06 heating

Nu1964Maltna and Sparrow

Nu
Nu1966Hufschmidt, Buick 

and Riebold

4 0,3550,6451969Hackl and Groll

No VI
1969Shannon and Depev.

<n(Gz) m graphical lo rmm

Nu
1970Gregonq

Nu
Nu1972

1976

,
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From thir TabU h may t" conclucipd that tin conplation* for qas>". and liqu id ' arc of 

d ifferent form .

For gases the form  

Nu
nTT 'n (T

appears to be the only form  of correction

For liquids there is a laryr variety of correction forms however, it ir. physically most 

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

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

2 5 CONCLUSIONS

Data and correlations for tht heat transf- ■ coeffic ient for laminar and turbulent flow  of 

fluids w ith  variable physical prop ties, developing velocity p ro fili and tree convection effects are

i

most circumstances and fo r unusual circumstances rehab’ prediction methods are available

The area of transitior flnw has not be' i extensively examined and methods for determining

the extern of this region and obtaining heat tiansfer coefficients may t*  unreliable

Mon data must be collected fo r the transition region before reliable predictions of heat

transfer coefficients may be made.
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3 EXTENDED CHRONOLOGICAL SURVEY

3 1 TURBULENT E LOW CORRL L A I IONS

Although turbulence as such was not observed un til c iic ii 1884, Boussinesque in 1877 

proposed a theory o l eddy d !fu s io n  to  account for the l-egei measuied pressure gradient in pipe 

flow than tha' predicted by trie theory of H,m, n (1839) and Poiseuili (1841, 1846) Hi effectively 

introduced a mixing coefficient A for the Reynolds stress in tu rbu len t flow  by defining

1 his has the disadvantage that A is not a property of thi flu id  but is det>endent on the 

mean velocity

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

verify this experimentally.

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

h ! ' k>v«lL uCp
d 1 * n k .

and experimentally determined n 0,786 . id I 15,90 The group 1 was later to be termed
k

the Nusse't number,

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

dr termin' I that for air

wa- found to hold Tin L term allowed fur thi developing profile

G I Taylor (1916 1919) extended Reynold analogy to  includ tw o regions c l flo w  insidi

tin pipe, a laminar region when (thi ‘ 'coefficient o f turbu lent exchange") is negligible and a

t jrbu lcn l region whi rr the viscosity is ncqligihL From this he deduced the relation

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

h

i/duC fi0,036??

Cppul l
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wht M u i th i velocity at tht lamina turbu lent layer

Gtobi r (1921) proposed the provisional equation lo r both liquids and gases

- f *  ' ”

possibly as an extension o l Nusselt s r« suits This wa1 later criticised by McAdams and Frost (1924' 

as (ailing to allow satisfactorily lor variations in diameti r and velocity

McAdams and Frost (19221 noted that a critica l velocity  that , fined the boundary between 

laminar and turbulent (low  could be expressed as

u -
Pdfc

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

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

Boussinr-sque equation as

Nu - a Fie1

when the viscosi y was taken at th< avrrag> film  temperaturr in on attempt to correlate the data 

satisfactorily.

Two years later McAdams and Frost (19241. after experimenting w ith  the heating of water 

put forward the equation

Nu 3
50(1 

1 *  , R e ° *

L— j
after noticing a pronounced effect of th  d ratio

Rn • (1924). using coll- - 1. cl data a " I ba'.mg physical properties on thi film  temperatun 

proposed an equation of tun form

Nu a • Pr° L Re 6

for us* w ith  gases and liqu id  in flow  wt II abovi the c rltii at vatu- Th i us, of the suggests 

th i influence of fm  convection

In 1925 Praridtl (level >ped his m ixing length hypothesis

I dn I du
t p ■ I (t  ̂ I (jy ( i IS the Praridtl m ixing length).
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1 his theo iy has subsetiupntly be on used extensively and s t i l l  finds numerous applications

Cox (19281, using semi - theoretical considerations dert-ed the equation

!> ,  1 ~
Nu aRv 1 Pi 1

and based the physical properties on the turn t« nperaturo as had McAdams and Frost (1922).

Morris and Whitman (1928) experimented extensively w ith  three pet oleum oils and using

the form

Nu a (Re) t, (Pr)

presented the results in graphical form , d ifferentia ting between heating and cooling "The Nu was 

defined as a point value rattier than length aver a i l value and the use of average flu id prope ties 

rather tha film  properties gave mon consistent rt suits Figures 4 and 5 are the plots obtained 

and it is interesting to not* that then is mon scatter m the data fo r 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 

numbe r for h. atmg o* oils (Morr.s and W hitman 1928)

2000

1000
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0 0
Hi ATING DATA

100 200 400 80010

DV
z
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H G U R ! 1 1 tv hvat t i anslvi covlficient a function o* a dimensional Rvyiiolds

numbpr for cooling of oils. (Morns and Whitman 1928)

2000

1000

100 COOLING DATA

100 2 0 0  4 0 0  8 0 010

DV
Z

pr : Ur28 furtlier developed tlv results of Taylor (1916 -  1919 by observing that

• • sr ith pipes

ur
u

wa.- p r in c t i  I • P ’ This Ir f to  the equation:

1  _
Cm ? 1 + R! 1 8 (Pt 1)

I found to hold for small Pr only

Mr Adam 11929) note ' the effect of direction of th heat transmission on 

am m ttie fnrti i facto' Physii a l l y  tt, situation war represent* 1 a' in 

\  i . th- ' n.|jerin i- ntal r i l f  (if two oil! ttv , quantified thi effect in the form  of

.,11 i • i- ti-m|v : ature riifferenci as in f iqun 7
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FIGURE 6 Effect Of h' . 1 transmi moii on velocity (liM riinH iot in

viscous m otion (Keevil and McAdams 19291

vtiocn i
WALL

WALL

Curve 1 -  isothermal flov.

Curve 2 -  heating of liquid or cooling o f gas.

Curve 3 - cooling of liquid or heating o f gas.

FIGURE 7 The effect of / T  on tht fr ic tio n  factor in amma- flov. 

(Keevil and McAdams 1929)

0  6

Heafmgo e •> rCool n i
AT = Temperature  di fference degrees C0 4

8 0 100 1204 0 6 02020 04 06 0
AT Oil to Pipe AT Pipe to Oil

As w ith  |hi res lit of M orn and W hitm.i (1928 tin data foi cooling wen more scattered 

indicating an unaccounted to- mechanism

Eagli and Ferguson (1930), after an exhaustive suive> o f the puhlishnd data, concluded that 

n was impossible to deduce any general m l by w hich heat transfer coefficients could be predicted 

under any given conditions

CSIH RE PORT C tN (i 327



They also proposed that in addition to a tilm  and core teniun th ru  vva'. an intermediate 

layei, which led to the equation

au
—  A  4 B (Pr -  1) -r C(Pi - I ) 2 
kO

when A, B and C aie functions of t t ir  Fir Exprnm entim ) w ith  wdt. , they noted that there was

agreement between ttr  equation and tin experimental data They aU postulated that the scatter

in experimental results could bt caused by a t ie r  convection effect

D ittos and Boelter (1930) in a now classic paper exi nm entally determined correlations for

the heating and cooling o f oils. As w ith  previous investigators they could not reconc le the heating

and cooling data and suggested the equations

Nu aRe0 ' 8Pr0 ̂  for heating, and

Nu bRe° aPr0 3 for cooling

The effect o f an entrance region was noted but was not correlated due to insuffic ient data.
d /

An equation for laminar flow  wa also suggested in w hen a L term was included fry entrance

effects and the term T ^  to account for fret convection effects

Lawrence and Sherwood (19311 investigated the effect o f the tube length using water 

Stender" in 1930 had noted that the us‘- of the factor ^ I j  used as a m u ltip L -r in the 

Nusselt equation indicated zero heat transfer for in fin ite  pipes, and had proposed the equation

Nu a(RePi)0-75 4 bR rP r(d / l )

Howr'v* , usir experimental data on flow  w ithou t a developing section Lawrence and Sherwood 

conclud' ! tha1 the d/L ra tio  had no effect and proposed th< equation

Nu aHe° ' P i°

They noted, how evr, that f, o il: in the semi turbulent region the ' L rati appeared to  have a

prronounci ' effect but d id  not have suffic ient data to correlati thr results

Drew, Hogan and McAdams (1931) reviewed the availabli equations and using previously 

published data concluded that no model* wen a I' quati to  describ- the tru i situation, and suggested

“Stender, We Verof h r it l ir  h S iem vi" K purer n 9. 88 (1930) as referred to by Lawrence and 

Sherwood (1931).
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Hie use of t. 't g iou|i k l (G raet/ numhei) to  correlate the data. It is very interesting to

note that the G / aRef’ r1, L which in in w ith  previous correlations

Nusselt (1931 >, using the data of Burbach4 and o f tag le  and Ferguson (1930) substantiated 

his postulate that the equation was of th i form

0 , 0 6 6 2

Sherwood and Petrit (19321 experimented extensively w ith  the heating o f several liquids 

of Pi from  1 to 20 and successfully correlated the results using an equation of the D ittus and 

Boelter (1930) form  as suggested in 1931 They further noted that the results were inaccurate for 

lower Re

Murphree (1932) criticised the P iandtl model as no t Showing the effect of large Pt 

effectively and, assuming the model of eddy currents whose value was zero at the wall and increased 

to a constant value in the bulk o f the flu id , derived the form ula

where . is a complicated function  When apple to experimental results the model was found to 

be reasonable.

Colburn (1933) introduced the jh factor which he defined as

U 'ing others' experimental results and basing th- flu id  propettii on a film  tempi ratuie defined as

'h CpG

R
tnd postulated a direct lin t between this and the fr ic tio n  factor f

for tu rbu len t flow and

for lam nar flow .

‘ Burbach, Th and Hermann, R. "S irdm m gsw u d rr stand und Wiirmvulierqani; in Rohrei ", 

liepzig  1930, p 45, as .eferred to by Nusselt (1931),
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yycp
V ip usp of th t gtoup k[ (G raf-v number) to  correlate the data. It is very interesting to 

note that the G / aRePi L w hnh  tie: in w ith  previous correlations

Mussel t (1931), using the d.ita of Bur bach* and o f Eagle and Ferguson (1930) substantiated 

his postulate that the equation was of the form

o .o tsz

Mu aRe0,764 Pr0 356

Sherwood and Petrie (1932) expvnmented extensively w ith  the heating of several liquids 

of Pi from 1 to 20 and successfully correlated the results using an equation of the D ittos  and 

Boelter (1930) fo rm  as suggested in 1931 They further noted that the results wen inaccurah for 

lower Re.

Murphree (1932) criticised the Prandtl model as no t 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 o f thi flu id , derived the form ula

1 -
Nu =

where , is a complicated function  When applic : to experimental results the model was found to 

be reasonable.

Colburn (1933) introduced the j M factor which he defined as

R
and postulated a direct link te tween this and t 1’ " fr ic tio n  factor f * ?

7 pu

Using others' experimental results arid basing the flu id  properties on a film  temperature defined as 

. f  V.T' ... ) for turbulent flow andT eng well Hug

S % (' ) for laminar flow ,t eug * *11 eug

‘ Burbach, Th and Hermann, R. " S h im  ,vied island und Wiirmebbr rgang in Rohren", 

Liepzig 1930, p 45, as referred to  by Nu'selt (1931),
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ht derived the equations

f d G l  0 '3 - 
H  8 ' l) 1 . J
M" [i

for turbulent flow  and

1h a

- ' >3
for laminar flow

Hr suggested the use of the parameter

T auB 1 " 3

L turn J
to bung the heating and cooling data in to  line and noted that for latg Gr, inclusion of the term 

(1 + 0,015 Gr 3 I was necessary

The lHand 1 factors did not correlate in the laminar region but were in good agreement 

or large Re. In accordanc w ith  fr ic tio n  data Colburn presumed an analogous form  fo r the heat 

transfer coefficient and hence constructed Figuu 8, which extends from laminar to tu rbu len t flow . 

The form o f the curve in th i transition region is, however, arb itrary and not based on sound 

experimental data.

FIGURE 8 The functions i and L as a function  o f the Reynolds numbe 

for lam irv and turbulent flow . (Colburn 1933
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7 his work o l Colburn 's w js  a maioi advano and graphs of the form  of Figure 8 are 

still used, as for example, in Kern's book "Pioces- Hna’ T ransfer" (Figure 9)

FIGURE 9 The functions i and jH as ■ function  of th i Reynolds numoer 

for laminar and turbulent flow (Kern I960)
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Kraussold (19331 experimentally determined a correlation of the form

^ 0  B p , 0 . 3 7  ' d / ^  ° '
. 0 6 4

Nu

for th i heating of flu id ! and changed the exponent of the Pr to 0,3 to r cooling. This indicated

that there was an entrance effect, contrary to  previous results

Kaye and Furnas (1934) advanced the theory of a stationary film  at the v i l l  to explain

the difference in heating and cooling data and suggested a correction factor

h h
c o a l i e n  i r e e i l n o

’ heetlhg *j 

cooling j

when r was 0.6 to. lipo id  and 1.0 for gases

Sicder and Tate (1936) In a now renowned paper, presented nxiienmental results for the 

hr atinq and cooling o ' oils, and based on the results, sug tested the use of the factor
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to  bring the heating and i nlm  datu in to  agreement. They suggested a
k .• V,»l'

value o' 0 14 lo t tht exponent of th is correction factor and noting that the ra tio  ri was not

necessary in turbulent flow  produced a correlation as in f igurt (> This fo rm  is still w idely 

accepted although thi scatter of the original data is 'v large

Von Karmen (1939) introduced the concept of a buffer 'ayer between th t laminar 

sublayc • and tlv  'o re  in pipe flow  Using the theory and thi R ynolds analog he obtained, 

using Nikuradse's velocity profiles, (1932), the relation

1 _2_
C, 1

1 > In 1 + 6 (Pr -  1)

w hich for Pr 1 reduces to  the Reynolds analogy and for Pi 1 small reduces to  a form  similar 

to that of T a y l o r  (1916 - 1919) Comparison o ' this equation w ith  the results o f D ittus  and

Boclter (1930) war good fo r Pr <  25 This effect of the Pr may be expected when using a 

P.. ynolds analogy.

Boclter, K'artmelli and Jonassen (1941) extended Von Karman's model by including 

variable viscosity u th laminar sublayer and constant viscosity outs,dr This constant viscosity 

was an average viscosity, no t a viscosity at an aver a-; temperature They derived a equation by 

adding thi three resistances

(| A

. -< L  
A Cp

—k dy

- I  ' 4 ,
L Pr

d

dy

laminar layer 

buffer layer

q
A Co

d .
dy

turbu lent cc e

which w e n  in . in merit wtivn compared w i t h  the data of Morns and W ■ dman (1928)

HdUSr • • (1943) US' I the n suits of Siedcr and Tate (1936) and o ti rs w ith  special at* ntion

to th t e ff' t of <: ,ind arrived at the function

Nu a(Rt 3 125)Pr’ 3 > ((,/ l ) '  3I J
0 14

The equahor do< not show tin  anon ily of zero f i at trans it' for in firn ti tube length

Bernards, ,md E lan (1945' experimented w ith  elhyfens glycol and found ttiat the D ittos

and B o c ltr ' 11930) form  o f tie equation correlated thi n - dp satisfactorily They also noted that 
h

ti.< Stanton numb' Uptu correlated th, u ult better in ttv lower turbulent region
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M artm rlli 11947) extended the model proposed by Von Karman to include low Ptandll 

numbers b \ considering molecular conduction In the turbulent core He also constructed a generalised 

velocity d istribution using ttv results of Nikuradse (19321 and Reichardt (1943) as given in 

Figure 10

F ig u r e  10 ('. U. .ills d velocity d is tribu tion  for turbulent flow  in tubes

(M artm elli 1947)

t u r b u l f n t

CORE
, _ L A V ,N A R _  BUFFE R 
SUBLAYER L A Y E R

20

♦
■D

U * = - 3 0 5  + 5  0 0  ( n y f

5 10 30 100 1000
y +

Using dimensif 1 analysi D i Uer (1950 determined that the eddy conductivity could be

c-pressed as i n7 uy

w h.-, n ' is experimentally rl, ter mine ! From tins h developed velocity profiles that agreed w ith  

experimental results Subseuuently h r extendi ' this analysis (19501 to include variations in physical 

proper tie* and concluded that tin effect of flu i i proper tie acros thr tubi could be eliminated by 

evaluating the proper tie at a temperature clos. to th r everag of thi - all and bulk temperatures

Two years la trr D riss lr, and C i, (1952) extended this work to  include Pr • un ity  and

found that tin predicted ults agreid w ith  experimental results for ail

Danckwerts (1951) whil« considering liqu id  film  coefficients , gas absorption proposed the

surtan- n nvwal model T hi cfi ,i o f a stagnant film  near the wall wu abandoned and the idea of

eddies continually exposing iinsh sections of the Surfac was considered

CGI Ft REPORT CENG T?i'



Lyo ii (1951), usnu; thi assumptions of fu lly  developed velocity and temperature profiles,

uniform  heat flu*, and Pr( arrived at an integral form for the Nusselt number which was

shown to be in reasonable aqn-ement w ith  experimental results He further noted from  this integral 

form that there w js on expected m in im um  fo r the Nu as Pr • 0 in turbu lent flow , which was

around 7. This wa later used by Churchill (1977) >n his method of using asymptotes to  obtain

mterpolatory equations.

Lin, Moulton and Putnam (1953) assumed an e il iy  viscosity in the region close to the

wall and derived an equation that fitte d  experimental velocity profiles very w il l  This then

elir, mated the concept of a laminar sublayer as in the Surface renewal model

Deissler (1954) pointed out that the inadequacy of his previous results was due to the

expression used for the eddy d iffu s iv ity  close to the wall A new expression, m odified to account

for the effect of kinematic viscosity in reducing turbulence clos to the wall, gave improved results 

and indicated that except at low Rt th- entrance effect decreased w ith  increasing Pr. His analysis 

also indicated that the effect of variable viscosity could be elim inated by evaluating the viscosity at 

a temperature which was a function  of the Pr

Eckert a 3 Diaguila (19541 experimented w ith  air flow ing in vertical tubes and found that 

With properties based on a film  temperature Hausen's equation underestimated the heat transfer 

-ocffic ien t at high Re. Using the results o f M artm elli and BoelVv and Watzinger and Johnson 

t i y j9 ) *  they divided the flu id  flow  in to  the three reqions of forced, m ix e f  and free flaw  usmc, the 

crdenon Ri a'PrGi )0 ’33 and p lo tted the resuh as in Figure 11.

FIGURE 11 Subdivision of trie flow regions as a function of the Reynolds

10 Pr L /d
0 7 20

7 5
3 0 20

FORCED-FLO*

5
10

PRfSENT 
STUDT 
Pr - 0 7  
L /d :  5

Watzinger, A and Johnson, M H
Forsh ad Geh Ingei 10, 18? (1939)
as referred tr- by Eckert and Diaguila (1954)
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Hartnett (1956) experimented w ith  o il .md water w ith a 1ull> developed velocity ptoliV  

to  determine the thermal entrance length, defined as the length needed for th. heat transfer 

coefficient to  reach a constant value He concluded that at high R. the P- had lit tle  effect or. 

the entry length. Figure 12 is a typical result.

FIGURE 12 Thermal Entry Length results for o il f low in the .ransition region

(H artnett 1955)
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Drossier (1955) analytically derived expressions tor th i thermal entrance length fo r uniform  

h< it flux and uniform  wall temperatur, and obtained results which agreed well w ith  experimental

results.

Sparrow. Hallma- and S i.-H  (1968) analytically derived ,c  expression for the thermal 

entrant, length assuming a un iform  temperature and fu lly  developed velocity profile. A similar 

appro* to that of (,r.i, r , w u d yielded results that agreed w ith  those of Deisslet (1955). 

The, noted that the effect of increasing Pi wa" to dec,, as, th. thermal entrance length, which Is 

exp'Cted from the physics

Friend and M -m ie r (1958) m , I,tied and simplified R eich,irdfs (1943) analysis for the case 

of moderate Pt to the form

%
S t ----------------- * ---------------- y z z r

1,2 > (Pi - 1)b(Pr) v  2
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when p,| W ,s expt tally determ,n ,,, ,o  b  11,8 Pr" 3 . loterestlnq to note is the

consistency of th< results through the transition region m Figure 13

FIG U R t 13 The Nusse numb, ' a' ,i functn in nt ttn R i-ynoFh num lii'i

for heating of molasses (P ium k I ami M i-i/m -i lO fil')
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Azer and Cnao (1960) 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
£ x*

Results from this model agreed with experimental results

Jackso. Spurlock and Purdy (1961) experimented with a.r with a developing velocity profile 

and found an effect of tube length hut 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 tor 

th! lower turbulent transitional region were consistent. See Figure 14
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FIGURl 14 Ntr.st'M rv inbvi ,i-, .1 lunction  o l Ibc Reynolds Frandtl

group 1( ,111 (J,K k',ou Spm lor^ .1"  < Fu,,', 1901)
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Petukhov end Popov (19631 used <1 numerical proo-iure to sowe the heat and momentum 

nation assuming vanahU physical properties, and found a more generalised form of the Lyon 

951. • : ,.l From experimental results for constant physical properties they derived the

terpolation formula

1,

Nu
8 RePr

1,07 4 12,7 V  y8 (F ’ -  1)

, ,-nilar to th- form  of Friend and Met/ne. (1968) For variable physical properties

:1vkhi)v rid Popov (1963) sugoetttd th. us, o»

Nu. f 1  
Nu

I , ,■ ti mpcratUK load' They also mentioned the factor

Nu,

Nu
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Dipprey and Sabeisky (1963) look, d at th, t tli, t of surl-.u rouyhces a,„i p i,-,- • i ti

cavity  vortex  theory Ttm  assumes that the wall consists of small cavitit and th • v 'I

and ahout these cavities consists of one or mote standing vortices

Metais and Eckert (1964) sumrr.aused th, correlations for horizontal and vertical flow

presented the results in graphical form Available exper.ment»l data did not permit th, establishme t 

of a limn b wee free and mixed convection in horizontal tube Their results ate reproduce

in Figures 15 and 16.

FIGURE 15 The extent of the flow region fie Mow in hou/ontal to tie

(Metais and Eekcit

f o r c e d  c o n v e c t i o n

Turbulent  f low

MIXED CONVICTION
Turbo fn t  10*

Tronsi t ior ,  Lominor-Turbulen '

Re

FORCED CONVECTION  
Lore.' nflr f :ow
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FIGURE 16 Thr  exten t o f the f lo w  regions fo i flo w  m yeMica1 1nl»

(Metals and Eckert 1964)
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Allen and Eckert ( 19641 experimented with water and ust t the wall to  bulk flu id  

emperature difference, to  show th» effect of variable physical properties, to correlate Vie results 

f heir results, compared w ith  the equatior of Dittos and BogIpr 11930) are shown in Figure 17

f hey noted that the entrance effects were vers similar to those i  Hartrutt (1965)

FIGURE 17 Comparison of results o* Allen anr Eel t w ith  D ittos and Boelti r
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fh c y  al ' noted that tin correction factor of Sn der and Tate (1936) was not satisfactory 

but did not suggest an alternative Their data are compared w ith  those o f others in Figure 18

FIGURE 18 Comparison o f  heat transfer COef tn  nml'. w ill thnv t>< olhci

investni itors Thermally developed, constant property cav 

Pi 8 L l i f o r m  wall hi at flux (A llen and Eckert 1964)

3
Z

CONSTANT PROPERTY FLUID ( Pr = 8 )

ALLEN AND ECKERT
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Re

Malma and Sparrow (19641 extended the wor) of A llen and Eckert (1964) to  include oils 

and suggested the correction factor

[ ]
0 , 0 5

be used for V 8 ' able physical properties

Subbotin, Ibragimov and Nom ofilov (1965), after experiments over a wide range of Re and 

Pr, suggested that

Nu 7,?4
log Re

t), used for constant properties

Kolar (19651 derived the semi theoretical relation

r u d "n
Nu a - .— ,

r V ^ e .

v, i -i the group was called the turbulent Rei

Pr° *
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Hufschmidt Bu ick and FU hold <1966> suggested, a ftc  experiment! w ith  water, that the

group

tre used lo i tempi ' dependent propi i ties and used w it t i the equation o< Vetukhov and Popo 

(1963).

McEligot, Q im and nd Pe-kms (1966) found that at He 4 000 the D ittos and Boelter 

(19^0) relation was satisfactory id suggested the us. of

for variable properties. They used the ratio o f Ty< t p lotted against th< modified Reynolds

to distinguish betwei n the fi 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 diffusivit.es fo r heat and momentum 

they derived a universal temperature profile of the form

dependence on the Re

Polvakov (191 8) aftei experimentation, concluded from the inadequacy of the Petukhov and 

Popov (1963) equation co-re la" results at large Gr, that free convection must still be influencing 

heat transfer In the tu rbu l t region.

In 1968 V " Engineer.' Sciences Dal.. U nit published the first of their summaries on heat 

transfer in pipe Thes< vim m .' H" » "  updated at regular interval:

t H
Lawn (19691, from  a theoretical discussion, concluded that the turbulent Pr( 

must lie dependent on the R- whicti severely lim its its uselulnes in pr,i :ti(,.l 

calculations and w hicti question its physe ,il significant ■

Nu
Nu o

group

Re
4m T b

y d  T

» A In ♦ B
s V

where A was constant and a function of the P- Their experiments showed V  to have 3
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Hulschniidt, Buick and Bn hold (1960  suggested, altei experiments with water, that the

group

be used lor temperature dependent properties and used with the equation of Petukhov am. Popov 

(19631.

McEtigot, Ormand and Perkins (1966) found that at Re '• 4 000 the Dittus and Boelter 

(1930) relation was satisfactory and suggested th< us- of

N i l  -  [ Ls 1J
for variable properties. They used thr ran of Tv to T , plotted against the modified Reynolds 

group

l h d T w

to distinguish between the flow regions.

Gowen and Smith (1967) expcrime itally . west.gated the effect of the Pr based on a film 

temperature on the temperatuie profit' Assuming equal eddy diffusivities for heat and momentum 

they derived a universal temperature profile of the form

t* *  A in  + B
% V  6

where A was constant and B( a function of the Pr Their experiments show ad t4 to have a 

dependence on the Re

Polyakov (196BI, after experimentation, concluded from the inadequacy of the Petukhov and 

Popov (1963) equation to correlat. result at large Gr, that tree convection must still be influencing 

'..■at transfer in the turbulent region

In '968 the Enqin rm Sem e , D Unit publi bed thr first of th ru  summaries on heat

transfer in pipr Thes summaries are up ' it- ' at reiular int- va1

t H
Lawn (1969i. from ,, theoretical di s--ion. cnncltided tti tin turbulent Pr̂  = -

must be dependent on the '• winch severely limits its usefulne i pra -tic.il 

calculations and whicti (luestioiis its physical s. irnfic.inr
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H,,ckl and ( oil (1969) and Hausen (1969) suggested the correction factor

Nu /Nu 0 ,6 4 b
‘ b J

+ 0,355

be used in preference to th, Sieder and Tate (193' ) form This correction was obtained after 

numerous experiments w ith oils

McEligot, Smith and Bankston (1970), in an excellent paper, reviewed the theoretical models 

for turbulent flow , and using a fin ite  ddh-reno scheme solved th, flow equations assuming 

temperature dependent physical properties and found a substantial improvement on previous models 

They concluded that m ixing length models are better than eddy d iffus iv ity  models tor predicting 

the heat transfer and suggested the Van Driest m ixing length model a-, the best 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 .K p ,

where each K is a fuacti n of the temperature and the 1 I ratio

Herbert and Sterns (1971) experiment® w ith  water flow ing in vertical tubes and noted

that at high Re the product GrPr had lit tle  effect, but had a strong influence at low Re

Gross , d Thoma (19721 introduced the term into the eddy penetration model and

found mat this improved the correlation This suggests that it may b< necessary to include the 

term in empirical cor Nations
d *

Launder and Spal m (1972) summarised the models of turbulence in a very readable form  

and this is recommended "  a study of thr theoretical models.

Pennell, Sparrow ar I E O " t  (1972) and Kudva and Sesonske (1972) found from  experiments

that m the region near th- wall a ' it th- region n.-a- th, centrr lim  ft - ra tio  of the turbulence

intensity to  th - friction vein it> i indi nnnd- nt of th- F i

Zuccnetlo and Thors- n (197 h noted that fo r an the va-iabl- physical pron "ties could be 

corrected by

-d 17
Nu
Nu b
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Mon. Sakakibara and Tam m oto (1974) ana lvtira lty  found mat at C / 50, the ratio of the

thermal conductivity of the wall to  that of t i flu id , and the thicknesr. of the tube wall, may

become significant factors on th i heat trar fet

Sleicher and Rouse (1975) r e v i e w , i  fev empin, ,1 equations and recommended Petukhov

(1970) as the best. Using others' experimental data they developed an equation similar in form  to

that of Petukhov but in which the exponent of the Rt and Pr were functions of the Pi

Hrycak and Andrushkiw (19741 used Meissnc s entropy principl to  develop a method of 

predicting the critical Re and found tlie rnetf d ti l „  fairly a tu-at.-

Gregorig (1976) considered the case where tin Pr numt is a non linear func tion  o 

temperature, and using sim ilarity considerations arrived at a correction factor

when P is a complicated function  of th Re ,r I Pr

Hanna and Sandail (19781 developed an analytical approximation for

and found it to  be in leasonabl agr- 'm erit w it fi Petukhov'! 11970) experimental results.

Pulley (1979) usinc dat., o .nr, determined that the Engineering Sciences Data U nit 

correlations were significantly beth than th. D irtus and Boeltc (1930) or Sieder and la te  (1936) 

equations

No lurtfie r p a p f haw beer trar* ' Since this
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3? LAMINAR FLOW CORRC LAI IONS

C a c t, in 1885 and later Nusselt in 1910 used the fo llow ,ng assumpt.ons to  obtain a 

solution lor laminar pipe How

,) fully developed parabolic velocitv p ro ftl'

ii) constant wall tem pcraturi boundary condition

in) negligible axial conduction

iv) constant flu id  properties.

The resulting partial d ifferentia l equation was solved to  give a series solution lor the 

Nusselt number as a function of the Peeler number which gives the result in Figure 19.

FIGURF 19 Local Nusselt rn im hi" h "  lamina' flow (HSU 1903)

10s

Sieder and TateL  10

Leveque

C Pe

I r   .Its of S. I.. 8<v! Tat( an-' le v .q u r 's  extension of the Greet, result, are included

in the plot for comparison

Ltvr . (1978- extends: thi re lit to includi a develonir velocity profile, giving

Nu 1,607 |d  I RePr J 3 (Figure 11

Ditnis and Bo- It,-' (1930 ' using experim ntal data on the heating and cooling of oils

added P r term ‘ 7 ( M to Includi variation' in physical pro|)ur tvs
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and concluded thatHougen (1930)

RePr

0,015 Gf
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Kem arid Othmi i (1943 (•xpenmentec) with oih and Irom thi results suggested the term

2.2b (1 > 0  01 Gr 3 ) log R.

as a correction foi free convn tion eifer I

Kays (19 55 ) num encally solved th- energy en jatkm s using the velocity prof. s of Langhaar

and neglecting the radial velocity end axial i induction terms Agreement w in  experim ental results

‘or gases was good and the correction fui ten

wothermel

where m  0 ,2 5  for the heating and 0 ,0 R  fur the cooling of gase! for tem perature dep< iden* 

properties^ was advance I

Stephan 11959) argued that tor constant properties the function was o* the form

Nu M d - ' ]

and thar for variable property

M u f [ k f i e . P r  
[ D

From  semi theoretical considerations he arrived at the interesting form

0,06/7(PrRe l! L) ' ' 
N u 3 06  ̂

1 * 0.1 Pf(Re[ d/ U °  H:!

Edr (1961 ) cxpc-im ented w in  an . nd water an ! found that the data could be correlated 

using the Gra'-hoff hum tier only in the form

Nu 4.36(1 i  O.OGGr0 3 )

Olive- (1962) critic i"  ! the um of the tern G r1 I smc the produc , term in D 4 which 

may have strong influence not phy , lly expected and so i sted the uv of G rPr1 -'d He noted

that the effect of the tula lemith on thi fn  . r ,ms. - tin- fie  is should physically hr different for 

horizontal and vertic.il tube' a'id posiulated that for horizontal lube the flow pattern would be as 

in Figure 20
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FIGURF 20 Probahl. flow pattern in horizontal tube with heated wall,

la ! end elevation and (!>) h o 'i/o n ta l elevation (Oliver 19G2)

W all

Centre
(o ) (b )

Brown and Thomas (1965! expe rim en t'd  w ith  water in horizonta l tubes and found that

contrary to M artine lli's  w ork on vertii I tube" it api " ari d that free conver tion  effects increased

w ith  the flow  rate This was reconcile 1 by p s tu la tm i ttia t at higher flow rates th i temperature 

gradient at the w all w ould be higner ttian at low flow  rate and henc the free convection effect 

w ou ld  be greater

Mon et al (1966) found from  experiments w ith  air at high hea- flux  that the free 

convection ban , p rono tr id  effect w hich sta't- I at about ReRa 103 They also noted that 

the critical Reynolds appearett dependent on the inter sity of the si-conda ♦low and suggested

Ri-cf * 128 (R e R a)' 4

McComar and Eckert (19661 noticed that the effect of free convection in an flows increase''

as the ratio of Gr to  Re increased and suggested using O liver's (1962) equation

lq b : l  and Sta ■ z (19i)?| looked anal bcally at the effect o f the tubr inc lina tion  on 

com b in 'd  free and fo re  f.ons-ctio- a I conc liend  tf .n th is had lit tle  affect on the Nu but did 

a ffect tt fr ic tion  f i r t c  They note tha t a temperature dependent density affected m ain ly  the

ve loc ity  field and not the tem peratun fiei !

Mon and Fut-igami (1967) extended th- w ork of M on et al (1966 ) and experimentally  

determined that the vo rii ■ in te Seionri -y flow pattern moved closer to  the wall w ith  increasing

ReRa lintensdy of th' secondary flow ) Th" results an reproduced in Figure 21

CSIH H tP O H t C tN t. 37?



fIG U R I 20 Probable flow  pattern in  horizonta l tube w ith  heater! wall

la ' nd elevation in.I (M  horizonta l elevation. (Oliver 19°2)

( 0  )

W all

D i re c t i on  of flow  Centre
( b )

Browi and Thomar (19651 experim ented w ith  water in horizonta l tubes and found that

t r - ’ v ti M artine lll's  work on ve in I tub- it .us • an .1 that fre* convection effects increased

witr ih. flow -at. This was reconcile i : i la tm , that at higher flow rates the temperature 

gradient at the wall w -'u ld be higner than at low flow  rate:, end hence the free convection effect 

would be q ioatff

i ! ... 196' i f ' i  ■ experim ents w ith  air at high heat flux  that the fiee

cti< i . : f t * .  ' which, started at about ReRa 103 Tnev also noted that

f "  n- ■ d , !■ nt i f  in tensity of the secondary flow  and suggested

R >r 128 (R eR a.’ ';

W m and Eckert (1 9 6 6 i n it . r e d  that the fleet o f free convection in air flows mc-eased

r,iri( <;« Gr to Re increased and suggested usint, Oliver's (1962) equation.

Iqbal and S tar' wicz '1 9 6 7 i looked analytically a’ the e ffect o f the tube nc lination on 

nh,i fr-'. and I "  cu . ur, a- I concludi f tfia t this had lit t le  affect on the Nu hut did

ft. ' tt hu ll f.- r.-r T 1 -v note that temp ra tu rf dependent density affected m ain ly the

velocity field and not thr tem peraturi fie ld

f.lon and FuVviami (1 9 (./) e x te n d 'd  thr w ork  o f M on et al (1966) and experim entally 

del -n .r ...at II vortir.es in the serondary Row pattern moved closer to  the wall w ith  increasing 

ReR.i (intensity o f th se indary flow ) Th. res ilts  an reproduced in Figure 21
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FIGURE 21 Scco'id.ify How tia itfin . (M»"i .mi! Fun,<i.i'", m / )

(a) Rt Ra 2 x 104 (h i Rt-Ra 9 x 10* (c) Rt-Ra 1,6 x 10f

C entrfs of vorticos move c lo w  to  w all fo r increasing ReR,.

Shannon and Depew (1968) experimented w ith  the heating o f water at low  R eynold- 

number and noticed a pr unounced effect o f the L d ra tio  and from  this concluded tha t fo r

(GrPr)' 4 < 2
N uo

the natural convection influence was negligible

A year later Shannon and Depev (1969 cnncludi from  a theoretical consideration that

for ar experim tnta l dependence of . on T th<- temperatu d is trib u tio n  in the flu id  is a func tion

of tr.f viscosity ra tio  and the Gz only From expenm - • w ith  ethylene g lycol they found the 

relation

where m is specified i> Figure 22
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I IGURE 22 E xpom -nt m verst.' (Stiannor rtml D tx (1989)
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Kupper. Hauptmann and Iqbal 11969) experimented w ith  un ifo rm  heat flux on water and 

although unable to  corre latf the date to  show the effect of free convection, found a strong 

correlation w ith  *■" d ra tio  as in Figure 23

FIGURE 23 Vana" n o f Nusselt n u m b '  along tube IK u p p "' et al 1969)
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Shah and London (1971) summarised the analytical so lutions for laminar flow  in a large 

variety of geometries A summary of their findings is reproduced in the Appendix 4 5.

Porter (1971) summarised (w ith o u t the knowledge o f Shah and London) the laminar flow  

of Newtonian and Non Newtonian flu ids

Depev. and August (1971) experim entally determ ined that the e ffect of free convection was 

not correlated adequately by GrPrL /d fo r 1 d • 50 and suggested using G /G rnPi' since 1 d ceased

to  have significance in this range.

There appears to have been no further experim enta l investigation after this date.

3.3 TR A N SIT IO N A L FLOW C O R R ELATIO N !;

Colburn (1933) and Sieder and Tati- (1936) were the firs t to  .uggest heat transfer 

correlations in the transition region These correlations d e n v r i from the analagous p lots fo r flu id  

fr ic tio n , give a d iscon tinu ity  where t l  extende 1 tu rb u le n t ranqf meets the lam inar range C olburn 

used the ratio

lwE3ge

Wlim

to  correlav the results and Siedei and Tati us :f
‘ 'wen

Norris and Streid (1940) noted that there may be a d is tinct region where the flow  "m ay  

t» neither laminai nor tu rbu len t, b u t o f  an mtermechati n a tu re "  They ncted that the transition 

region begun at approxim ately Re 2 100 and extended as far as Rr 10 000 fo r large values 

o f L ^d

N o-m ' and Sims (1942) exp. -imented w dh the co hnu of oils o f hiqh hr in vertica lly 

downward flo.s in the semi turbu lent ri non of 1 500 • R< 11 000 Thi velocity p ro file  was 

und' velopr ' and 1 Af was fixed in tfv experiment Usm physical properties based on an average 

inlet and out! " temperatun they denvi ! ttv i lua tion

r  i

r  0,O067Pr”o,f< 1
C G I  v,v ,

p  *

w hich ro r te la " d ttn results lietter than tie  m- th , - o f C olburn or o f Sieder and Tate

Senei il and R othfus (19531 investigatrd laminar to turbu lent trans ition  in isotherm ally 

flow ing  air and n o li ! t- it tra n .itio n  was lim ited  t a r-arrow range of He 2100 to  2800 and marked 

by extreme changes in the velocity p ro file . They found  that fr ic tio n  data were independent of the
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direction ol appro,t  n to the transition re non but did not extend their experiments to non isott ermel

Edv (1 9 6 1 ) experimented w ith  an and water in the transition region but could not find  

any satisfactory method of coirelating th, date

Petersen and Christiansen (1966 ) lo o k 'd  specifically at th( transition region for Newtonian  

and Non Newtonian fluids and empirically derive i th relation

St S t,
u 'f i t .  ,v f ir

R •  1
R,. I3 10 000

= 10 000
. ^ Hr 10 000 , 10 0 0 0 j 2 100

where is the slope of trie heat transfer correlation cu rv  Chosen for the turbulent region and

. (Re -  710) 
i (R c )  1 .635 log (Re _ - i W .

They found that ; (Re) effectively eliminated the effect of *" d ratio

McEhgot. Ormand and Perkins (19661 experimented in thr transition region bu t the results 

could not be correlated

Bankston (1970) experimented w ith hydrogen and helium undergoing tu rbu len t to laminar 

transition at high heat loads and found that transition occurred at a bulk Re far in excess of the 

minim um turbulent Re for adiabatic flows He also likened the process to  the reverse transition 

of boundary layers in external flows

McEhgot. Coon and Perkin (1970) summarised the research on lam inarisation in tubes and 

pointed out that th< a deration  pa-ameter u m  in external flows could be used for internal flows 

for predic'mg laminarisation.

Coon and Perkin (1970 ) looked specif,'ally at the reverse transition of a,r and concluded

’ hat if

G ?dT C

bu s ' I on bulk properties w c x c c d i I tor . initially turbid • flow then the tu rbu len t flow

correlations did  not pred ct u hi at transfer coefficient acccpfcibly They further noted that 

downstream of the point

[ r
,1
bj * 10 ' )  n . , , '  m x ,''

T

T
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ttu- laminar How equations predicted th< heat tiansfvr coeffic ien t. Their results in thr transition 

legion do not appear to  bt haphazard Set Figure 2-1

FIGURE 24 Bulk Nusselt number datu lo m p .t ' t "  I.. ',re t/ S o lu tion  length

laminar flow , tu rbu len t flow  „ ti fl w w ith  reverse transition 

(Coon and Perkins 1970)

1 0 0

50
o  0  o  0 0

/  20 
z TTfiN Srt ION

•3

» / D  

Fte Pr

Dyban and Epik (1971) look- I at revrse  transit, using air flow  in nozzles and concluded

ths t the local Nu could no t be expressed in terrm  o f the R, w ith  on ly  one exponent fo r the Re 

Flow ever, they did not suggest a corre la tion Figure 25 is „ p lo t o f the results obtained.

F IG U °E  25 Changi in th- R, pxpi-tu ■ t ft trans ,'n t flu.-, re rim' is u l" ' line: -

local heat transf- da-h I lines aver,m h u t  transfer): A, B -

co n ic il convergent nozzle C. D V itoshmst iy un/zl-

(Dyban and Epik 1971)

N u

26

2 0

0 8

0 6

0 4
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Kuznetsova (197?) looked at the transtt.onal flow  o f o il (w ith o u t say mg whether this was 

reverse tiansitiona l or laminar to  tu rbu len t) and In  " tm  n Milts recommended that the equation

Nu 0.013 Re0 8 Pr-•[it]-"
I), used The results we it- well correlated by this However, much of thi orig inal te x t was lost 

in translation.

Pechenegov (1975) experimented w ith  air undergoing reverse transition and fo n n'4 tha t the 

results could be correlated using the equation

Nu cR. n

where c and n are functions of L d. This was in accordance w itti the expectations of D ybon and 

Epik (1971) that no single exponent could hi used to the Ri

C hurchill (1977) proposed a comprehensive correlating equation for the to ta l flow  region

Nu Nu Um .n»f * f * c - ~  ’ [ K v . ' o ) '  -

'  » t  '

K .

The individual expressions fo r the N. ' s  were fo u r from  express) ns in the literature In 

particular, in the transition  region, Church,II propot I using the asymptote

Nu Nu I e,R* 3 3 f0 > '  730 I
laminar.R* 7 100 [  J

and a va il" of the expore nt ( -2 For the entirr tu rbu len t and transition region the function

\N u,
Nu Nu 3t;*' iTion#( J

was proposed.

Since the. lin n  no litera ture ha' appt-au
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This index .s to r tracing o .iq inal exper,mental data on the heat transfer to  flu ids  in pipes, 

The heat transfer conditions are l.m ited  to th, internal flow  o f Newtonian flu ids in laminar, 

transitional or tu rbu len t flow  in h o riro i tal or v. Mi ,.t circular pipes

Cross-referencing w ith  the EQ U ATIO N  IN D EX , intended and actual data may Nr obtained 

from  that index or the orig inal lite ra tu n

The work o f Porter (1971) is recommended fo r te f-renc ." tor Non N ewtonian flu ids in 

laminar flo w  and for Newtonian flu ids  in d iffer* t geometries

F L U ID
RANGE

Reynold! 1 Orientation
REF E RE N CE

A ir U nknown H orizonta l Nusselt (19171

300 100 000 H orizonta l Ede (19611

Lamina* H orizonta l M on and Futagami (1967)

100 -  900 H orizonta l McComas and Eckert (1966)

100 -  13 000 Horizontal Mori et al (1966)

Laminar and turbulent Horizontal Jackson rt al (1961)

T  urbulent Subbotin et al 11665)

4 500 140 000 Horizontal Kola* (1965)

T ur bulent Vertical Gowen and Sm ith (1967)

T urbulent i Horizontal Pvchenegov (1975)

T urbulent I Horizontal Zucchetto and Thor sen (1973

i urbulent Rici (1924)

T urbulent i Horizontal D* issler and Eian (1952)

T urbulent Vertical Eckert and Diaguita (1954)

Askar el 3 500 -  11 000 I V r r t i 1 Norris and Sims (1942'

Acetone 1 0UC -  100 000 1 Horizontal 
1

Sherwood and Petrie (1932)

Ben re nr: 1 000 100 000 H orizontal Sherwood and Petrie (1932)

n Butanol 1 000 100 000 i H orizonta l Sherwood and Petrie (1932)

Butanol 5 000 -  300 000 , Horizontal Bernado and Eian 11945)

Com syru i Turbulent 1 Horizontal Friend and Metzner (1958)

Ethanol Laminar i Horizontal Depiv. and August (1971)

L amina' I Horizontal
1

Oliver (1962)

Ethyl* rv

glycol 6  300 l Horizontal Shannon and Depew (1969)

5 000 300 000 I Horizontal Bern In and Eian (1945)

1 urbulent 1 V* ' tic al 

.  1

Gowen and Sm ith (1967)
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f l u i d
R A N C H

R e y n o l d *

MF F t  Rf  N C t

Of ientetio'i

G lyceio i I Lamin.n 

Laminat 

I  aminar

Helium I 1 450 45 000

Hoi i/om a l 

, H orizontal 

I H orizontal

Vtn tical

Kerosene I 1 000 • 100 000

Mercury Turbulent

Molasses Turbulent

N itrogen | 1 450 — 4 500

O il I Lamina-

Laminar

Laminar and tu rbu len t 

Laminar 

Laminar

2 300 - 48 000

3 500 -  11 000

Turbulent

4 000 11 000

T urbulent

Gas o il I 1 86? 43 000

Straw o il I 1 86? — 43 000

Transform  - 
Oil

1 H oiizonta l

Horizontal

Vertical

I

| Horizontal 

Vertical 

Horizontal 

Horizontal 

Vertical
I

Vertical 

| Vertical

i H orizontal
l
i H orizontal

I
I

I
Horizontal 

I Horizontal

f u rl o il

Light mo 
tor o il

Vi Incite o il

Horizontal
I

1 86? 43 000

H orizontal
I
I

H orizontal

Laminar and tu rbu len t H orizonta l

Sieder and Tate (1936) 

Depew and August (1971) 

Oliver (196?)

M et bgot e' al (1966)

Sherwood and Petrie (1932)

Subbotm  et al (1965)

Friend and Metz net (1958)

M c flig o t et al (1966)

| Sieder and Tate (1936) 

M artine lli et al (1942)

| O ittus a n d  Boeitcr (1930) 

Kern and Othm er (1943)

I Test (196P 

Hartnett (1955)

I Norris and Sims (1942) 

Malm,i ,vvd Sparrow (1964!

I Hackl and G ro ll (1969) 

McAdams and Frost (19?2>

Morris and W hitman (1928)

irris and W hitm an (1928)

Kuznetsova 1197?) 

Kuznetsova 11972)

Mortis and W hitm an (1928) 

Keevil and McAdams (1929)
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F L U I D
H A N O I

| OM«nt»Uon
F i t  H  R t  N C f

Splndli o il

L ight oil

Rahbeth ' 

o il

Heavy tuel 
o il

Sodium

Sugar so 
lu tion

Water

Lam infi and turbulent

Lai linar

H orizonta l

Horizontal

Laminar and turbulent H o rizo n til

Laminar

T urbulent 

Turbulent

1 86? 43 000

Laminar 

Laminar 

1 000 -  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

T urbulent 

Turbulent

orizon ta l

H orizonta l

H orizonta l

Vertical

Horizonta l

Horizontal

Horizontal

Vertica l

Horizontal

Horizontal

H orizonta l

Vertical

H orizonta l

Horizontal

H orizonta l

Vertical

Horizontal 

Vertical 

Hoi izontal 

Horizontal 

Horizontal

Hot izontal

Keevil and McAdams (1929)

I K irkb ride  and McCabe (1931)

Keevil and McAdams (1929)

| K i;k b rid ' and McCabe i" ) 3 V ,

I Subbotin el a I (1965)

F r i e n d  and Metzoer (1958)

M o r r c .  and W hitm an (1928) 

Colburn and Houoen (1930) 

K irkbride  and McCabe (1931) 

Sherwood and Petrie (1932)

Si* ter and Tote (1936) 

M ./t in e lli el al (19421 

Dep* .\ and August (1971)

K u p p c  pt al (1969) 

id ,  (1961)

Hartnett (1955)

Oliver (1962)

B own and Thomas (1965)

I shannon and Depew (1968) 

H i" * t and Stems (1971)

I Walker and B o lt (1973)

H*'* "  ■ lo and t  lan (1945) 

D ipprey and Saber sky (1963) 

Ah' and Eckert (1964) 

Malini and Sparrow (1964)

K tla f (1965)

Subbotin et al (1965) 

Hutschm idt et al (1966) 

McAdams and Frost (192?) 

Hie* (1924)
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f l u i d
H eyno lds

R A N U t

Of ien te t io f i
n r  F t  H i n c e

Water Turbu len t i McAdams and Frost (1S24)

T urbulont ! H orizonta l 1 auli and Ferguson (1930)

Turbu len t and laminar j H orizonta l D ittos  and Boelter (1930)

T uruu lent j H orizonta l Lawrenc and Sherwood (1931)

T u rbu len t I H orizonta l Nusselt (1931)

4.3 EQUATION INOE X

This index i t  used in con junction w ith  the FLU ID  IN D EX fo r tracing equations or d irect 

experimental results Likewise the heat transfer conditions are lim ited  to  the in-ernal flow  o' 

Newtonian flu ids n  lam inar, tram  t.onal or tu rbu len t flow  in horizonta l or vertical circular pipes.

B oth  theoretica lly based and empirical equations arc incorporated

For a more com plete review of the theoretical equations th works of Shah and London  

(1978) fo r laminar flo w  and Launder and Spalding (1972). Petukhov  ' 1970). M cEhgot er ai (19701 

and Reynold* and C ebed  (1976) >  turbu lent flow  are recommenced
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4 4 S U M M A R Y  OF A N A L Y T IC A L  S O LU T IO N S  LO R T U R B U LE N T  L LOV.

FROM M cEL u O T , S M ITH  A N D  B A N K S TO N  (1 9 /0 )

' 'T i t le '7 R e fe i  ena< Banc Rapresenlation

Reichardt

" lo c a l"

Reichardt

m od ified

Mir 11,0

Same except replaced V ’ by y ’ in

" w a ll"  argur-ient o f tanh

  1-------------
Reichardt

——-  -  *  
" w a ll"  „  6

PREDICTION FOR 
CONSTANT 

PROPERTIES,

Re - TO5 

Range N u /N u d b  l/< D K M

W all . 0 ,945 10,989

<1

Same Same Same

y ^ - y  tanh

Y . k r j K i ^ :
Same

Three layer

m od ified

M artm e lli

Sparrow, 

Hallm an a id 

Siegel 

" lo c a l"

Sm ith, S B. MSE Report Umv 

Arizona, 1967.

Sparrow, 

Hallm an and 

Siegel "w a ll '

~  f  TL* LeT]
‘ = n uy 1-e u,-, I n 0,

—  y y *  f l  -  - Y - l  - 1
v I u

0,4

Same

Same

Same

i 0,964

Same

Same

0,993

124

0,36

Viscous sublayer same (except range); 

Core ; *  Vv. f ’  " r X  j " 1

Van Driest 

" lo c a l"
f * *y 1 - ex

Van Dries* Same except replaced y by y * in

"w a l l"  argum ent o f exp

26,0

0,36 26,0

0 4

Same

v:<v i
i 0 ,943 0,984

v l< V t

v i > Y :

Same

26,0

Same

Wall

Same

Kendall e l d *  x y ‘ .* /■ — 7 y
al "local" t ♦

dVy V

Wall
10.42

Kendall et (I xy * /  \ ,Val. "w a ll"
dv .

Kendall w  W all region same fo rm  as K enda ll et

Clauser

"w a ll"

al. " w a ll" .

Core (or wake) t ♦ i 0 ,018 uf

Same

0,44

11,83

Same

11.83

Same

C.4 P <  

0,018

V

1.03

Same

1,136

Same

1.03

Same

0,939

Same

1 06

Same

1.00
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4 5 SUMMARY Of ANALYTICAL SOLUTIONS FOR LAMINAR FLOW

IN VARIOUS GEOMETRIES (SHAH AND LONDON (1971)]

GEOMETRY GEOMETRY

a  Equ ila tera l t i mngula 

a — A duct w ith  rounded corners

1 , L o ng itud ina l f lo w  between 

cylinders, square array

/ \  Sine ducts Pascal’s hmacon

C ircular sector 

ducts

y _Y C urvilinear po lygonal

/ ' - A  ducts

.TN C ircular segment 

f. j y  ducts
( ) O valo id  ducts 

" ------ y

Z “ "A F la t sided circular 

X. duct

/  C onfoca l e llip tica l 

ducts

n sided cusped 

Tr ducts

^  X  C ircular duct w ith  rounded 

) corner square cores

■------------------------------------------------------------------- ------------------  "
M oon shaped 

ducts

-
/  \  Circular du c t w ith  

e llip tic a l cores

x-— El l i pt i cal  ducts w ith  
C ard io id  duct c ircu lar cores

E ccen tric  annular 

x J ducts

\  In te rn a lly  finned

V V /  lube

A nnu la r sector 

.'-T— J ducts

Q  Curved circular 

ducts

Regular po lygonal ducts 

y  w ith  centra l c ircu lar cores

Curved rectangular 

ducts

^ T \  C ircu lar duct w ith  centra l 

V ^  J  regular po lygonal cores

' — \ Q  Curved e llip tica l

<C /  ducts
... . .................  ............—

Long itu  linal flo w  te tw • n 

T 0 Q "^y cylinders, triangular array

y  ( ^ )  Curved concentric 

Z., annular ducts

CSIR REPOFO CFNG 322



NuNuIRf?GEOMETRY Ml

Straight circular 

duct 3.65748/11

7,541140/17Parallel plates

Rectangular ducts 

2b/2a -  0  -  1

Isosceles triangu lar 

ducts 20  ~  0 — 180

R ight triangu lar duct 

6 "  0  -  180°

n sided regular po lygona l 

ducts n ~  3 —

E llip tic a l duct 

2 ti/2a  ~  0

C oncentric annular ducts

CSIM REPORT CENG 322



162 163

NOMENCLATURE

Transfer area

Empirical coefficient

• u b s c / lp t w d

Cp Specific heat (J/kgK I

C. Coefficient of friction

Gr

Gz

Coefficient of heat transfer

Cppu6

Inside diameter of tube Im ) 

(Fanning) friction factor

2R

pu 7

Gravitational acceleration 

(m /s ')

Mass velocity 4m

H d 2

(kg/sm2 )

Grashof numtrer

Graetz number

mCp ^  _R '‘" Prd
kJC

Heat transfer coefficient 

(W /m 2 K)

Colburn's factor

Thermal conductivity 

lW/m K)

£

L

t

m

Nu

P

Re

Pr

q

Q

Ra

Re

R

S

St

Characteristic length (m) 

Tube length (m) 

Prandtl's mixing length

Mass flow  rate 

(kg/s) pu

Nusselt number

hd
k

Pre.sure (N /m 2 )

Peclet numbe

cydcp  „ Re Pr 
k d

Prandtl number

Cpu
k

Heat flux (W /m 2 )

Heat flow rate (W)

Raleigh number GrPr 

Reynolds number

u

Radius (m)

Resistance to flow  

Cross sectional area (m 2 )

Stanton number 

h Nu
RedPr

U

puCp  

Temperature (K)

T ime ($)

Velocity x (m/s)

Overall heat transfer coefficient (^ /m 2K)

CSIR REPORT C E N G  3?2 CSIR REPORT CENG 322



Velocity y (m/»)

Velocity /  (m /i)

Direction along axis of pipe (m)

Direction along radius (m)

Ratio of viscosity to the viscosity of 
water at 68 °F

Thermal Oiffusivity 

(m 2/s)
pCp

Coefficient of volume expansion 

Dynamic viscos.ty

Kinematic viscosity

—  (m 2/s)
P

Temperature (K)

Density (kq /m 3 )

Shear stress (N /m 2 )

Eddy diffusivity (m 2 /s)

Eddy diffusivity of heat (n ^ /s)

Eddy diffusivity of momen.um (rT>2 /s) 

Layer thickness (m)

Subscripts

b Bulk

am Arithm etic mean

avg Average

C Centreline

Wall

In let, intermediate 

O utlet at zero heat flux; 

Constant properties

Em Log mean

d Based on diameter

*  Based on x distance

L Based on tube length

f Film

1,2, etc Arbitrary basis

As infinite conditions are reached
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APPENDIX IV
P O M P O S I T F  S E C T I O N  O F  T R A V E R S E S  

A , R  A N D  C  ( S E E  M A P  I L S H Q W I N G  

L I T H O L P G Y  A N D  D E P O S I T I O N A L  

F N V I R O r > I M E N T S  A N D  _ T H &  

T A P H O N O M Y  O F  D I I C T O D O N  

F p l  I C F P S  F O S S I L S

REFER TO FIG. 8 FOR EXPLANATION 

OF TAPHONOMIC CLASSES

(3)

(0 )

SANDSTONE

SILTSTONE

MUDSTONE

CALCAREOUS
CONCRETIONARY
LAYER

tHERT"

CALCAREOUS
NODULES

FOSSIL LOCALITY

NO OF DIICTODON 
FELICEPS

OBSERVED FOSSIL 
(NOT COLLECTED)

SCALE IN METRES

DECOM POSITIONAL CLASSES 
SI I FlG 8 DEPOSITIONAL ENVIRONMENT

300

TRANS - 
PORTED

■ U N  ~ 
DISTURBED

 - r  - f~  i  T

A  B  C  i D  E

P R O X M A l  f l o o d b a s in

Ch a n n e l

d is t a l  f l o o d b a s in

. . 

c h a n n e l
2 7 0 / . . . .

CHANNEL BANK

DISTAL FLOODBASIN

HANNEL  

PROXIMAL FLOODBASIN

D'.STAc. FLOODBASIN

rH ZR R F T

PROXIMAL FLOODBASIN

H A N N E L  BANK 

CHANNEL

CPANNEL BANK

DISTAL FLOODBASIN

1
CHANNEL

p r o x im a l  f l o o d b a s in

DISTAL FLOODBASIN

CHANNEL BANK 
C h A M iE L

PROXIMAL F lOODBAS iN

LyA N M Ek b A 'iN

PRQXIMAi FLOODBASIN

HANNEL BANK

CHANNt I

vHANNEL BANK 

CHANNEL

. . • * * * * * * # # # * " * " " * * 1  

. . • • • • • e e e e e e  • • • * * *■* CHANNEL BANK

ISTA. FLOODBASIN

HANNEL BANK 

HANNEL. . - • • • # • • ♦ • • • • • • • •  * el1

BIOZONES 
KEYSER a  SMITH 
(1979) f

DEPOSITION

mainly on
PROXIMAL 

X F L O O D P L A IN  

/ O F  LOW 
| SINUOSITY  

STREAMS AULACEPHALOGON

ASSEMBLAGE

ZONE

t r o p id o s t o m a

d e p o s it io n

m a in ly  o n  A: . t  M B L A G  

X  d i s t a l  
'  f l o o d p l a i n  Z O N (

OF HIGH i 
s in u o s it y

STREAM

d e p o s it io n

MAINLY ON 

PROX iMAl 

>  lOODPL AIN 

. OF HIGH
a n d  lo w

SINUOSITY

STREAMS

prist e r ogna  t HUS /

D I I C T O D O N  

AS S l  MBLAGt 

ZONE

k,.., v *  H i

#

*
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M E A N D E R
C U T  O f f ?

C H A N N E L -F IL L

P O IN T  B A R  IV

  IN T E R P O L A T E D  C H A N N E L
(n o t  e x p o s e d  I

P O IN T  B A R  I I I

V I  I ^
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APPENDIX JJ
SEDIMENTOLOGICAL LOGS OF 3 
TRANSECTS IN THE WATERVAL 
AREA

refer to map 1 for transect paths

SCALE IN METERS

L ,

B
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. •= 1=31
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