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o rperioontal analysts of convectiiro host trarwfcr 
with forced flow of flu.t through a z oioctrically hantod, 
long vertical tuabo Is reported bore. 

The rnrjo of flew in the present uor.t. vnriced frori  
l., minr to turbulent and the fluids used were rntr and. 
nix. 	to i flew rates ui ► water the influence of 
froo convection (use.ly neglected tree conidcrthtj 
pure forced .f .o ) is considerable and the case becotoc 
t.h-,t of the eobinod forced and free convoctionm The 
transfer of heat by such a flow through vortical tube 
(1 Toro generally in vex tied i losed chamol€ &it a a 
flow parallel to the direction of the body force i.e. 
Gravity or centrifugal), is quite COImOU but it 10 only 
recently that Lnveatigatiot have been made in dotorvi.r ix 
the characteristics of such a system. Possible uses 
in cle r reacts', turbine blado cooling  .nd c -toin 
heat cachnnge apparatus have cro tcd nez interests in 
this field of bent transfer.  

The apparatus uro docignod to fulfil . the following 

ob joctivanm 
i. To dotori3 no the avorago boat tranafor ccfficiont 

for c atcr and air flow throurh tho gabs at 

Varying flow rates; 

2, To study the affect of froo convection forces 

on the for cod flog and 
3. To coiolato fro the tort results the dir cnaion- 

loss I"~ucaolt nwnbor, Reynolds rzuabor and Prz tl 
of 

number for the typo/flew consid cd. 
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Tho cane of fcrco4 flotr boat transfer has boon thooro-►. 
ticttUy and oporItrontai1y invostigatcd by a somber of 
.rocn 	oz s (1 to 6) 

s`~ •,a~ "~' .111 '~~ l,:~'~*~ ~'~`~,, 

O.Reyn61d , L. Priandtl, T Von trrnan, ,1. Graetz, 
If. t'mse1 , J. Lo roq , A.P. Colburnp 	iodGr f G.L.. 

Tote and U, Copo co some of tho early c orkors in the 
field of convective boat trer sfor. T toy hevo contributed  

connidorabl7 to tho undortandtng of forced  forcod flou phon o ,. 
P nold's nnaln (1874) ss Improvod by Drandti anti tho 
cdaitioiia1 refine is wore x-ido by Vór Itarrian (1939), 
Bocit (1941), trtinclli (194?) and most recently by 
Doisclor (19 51 and 1954). The mat c ctical theory for tho 
ttpo of f1ota in tho prosont uark hs boon presented by 

 B.C.. UnrUmM and L3oeltor, O.A. Ostro t D. :. Oztrrch, 
14J. LtGbthiU, UU.I.. K s(v),, . I1us.solt and others.. 
A rcrrkob10 Asper revct,in,j the main dovolopti3nte which 
bava resulted In the forultion of heat trnn: for across 
turbulont inccz pre siblo bounty layers has boon recently 
prosontod by 3. Kostin & P.. . Richardson (5). 

.iwr;. i i•.sr y~~r. r r.r.~..r.r+wr... 

InformationInfortrztion about perients with forced £1 s has 
been Liven by E. .G. I3ckort and A.J. D1 c uila (2), '.t .:dark 
and U.12. ioccnow, I.IT. Siodcr and C..Tote, 	7.3al nn(3), 
.4 J. Edo(1) and others. 
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Foforenco 2 ha given a 'avian of availabio information  infornatiou 

about th oxporimontt on tizod flcts conducted at U! CA 

1r toratorios and oj, o horn. Hallman (3) has contr lbntcd 

c good dad. of Information on the c sb ,nod forced and 

f oo convection through vorti a1 tubas in his Ph,D. work 

of Purdue Universit r. 'Recent oxporinonts on forded heat 

transfer conducted by AJ. Ede (1) at Ratios 1nginoertng  

Laboratory .cho, soi n eoont itith the results of the 

procont orK 

oferonces of Desnon tnd &&z recent exporix cnts 

on nir f1 , Bnri10 and sire' ti residua for vater nnt. 
410wine 

of or liquids I,thcugb e.1 tr is ly hoat d tubes have boon 

r,ivon by 14c AdMS(10).. 



Tho 1tiid totion can bo in a ccd by two procc oa. 

Ttc fl id c-y be not in ration r s a root of don ty 
jnc or buoyzncr duo to tcporature vo'iatton, the 

r.v bnn1ot icinrj CQI.lod free or natural oncction. Ubcn 

rho notion t owed bar• ace cztovn31 nt oncy cuc as 
jyttp or h1oior, tho bcat tnafcr is cuecd by foxco4 

cc ~cticn Ictul347 ucb buo7rincy forecs 1U  

prcz out In tho`orcci ` .o boat trinsfox` ao well. Ucua11 
tt:cy tiro of ccia11cr o'dwof niiuitudo than the cttornI 

fo'coa 	eay be nciccte. In certain angina, arm 

	

Y:plicntiono, hovcvcr, t iu caimot be do 	Zt an for 

irutanco marid quite oarir tbit- the hct ezcbrino in 

oil cooIciri ate, sr a c 1criin-artla to Cnp1ocI, Xe 
aftoctod akcby free convection cants a orposcd 
to forco fl . Px'co convection cannot be noxiectid In 

cuch ceeoo uhere lo flow v1oitto arc czpicVod. It in 
ooatiG1os oconcii eally nocoary to G00opt 1 xt f10 

v o itjco in boat ozc 	o ,p aces even -4th a 
bczt t nsfcr co ficiont to reduce tho stn poor 
roqutroonte.. .A fOrect f1t t4th h1C2 volccit10 to of 
CoW Dc very coon in o tno to ppiiccitions. 

:uccalt cacco to have first ryp U (1909) the 
princip.c of d . cm vicn 1 cirilarity to to field of hint 
tan&1cr i ide to papore, ou cvotc to foe 	mvection  

to 
r rd t c othor/f oo noctton in ccu 	: 
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ippIyiu hic ci.ia , a rolution for froo convection 
invo1vint three iriportant dinianiionX000 nu bore is obtained. d. 

tau 3* 	(or* Pr) tu 	 0 0 # R.. 	 (z) 
This nay be put in the , o 

= C ore. prb  'horo as  b, c and c n toflte to bo 
totoraincd O of aOUtaflr for a particular au otter of 
the ,  rot . 

.;;o Wad Cofl c I0I 
Is onginooring practice,: the TS-olt nizboe for 

tho flo i in cloeod etannola is umany oroluatcd frog 
ciporical ozuAttont bum on ozorinontil rocult u, 
ultlwu& in recent yoaru obi-nalytic notbodo of approach 
have a .o czidor ablo stales toward* en undOrataxt4in(j 
of the basi principles of forccd convection in tubov ate,. 
Fr+o-: the donsionel analysis toe the case of forced 

convection, the experimental uults obtained can bo 
Co related 	 ua i+ of the to=# 

Rom the Royuolde  nzbor  plays a &tnj1rr influencing role 
to the Grauhef nuubor lit free convection. In both the 
Ca50z3 Prcndtl a hor, a property of the cubtencohta on 
adIitional. influonco. Conet ante ,ft., Q a ar+O differont 
for turbulent and lcinar rho. 

It is kriotin thct$, li?so the velocity boundary layer' 
to a fluid flou duo to a body o f aco p there i s a tho a. 
boundary layer coiprlathg a liquid rC3 ion iri hin a t all 
diotozico of the aol liquid interface t tch is rouponuiblo 
for the transfer of heat froi tho .solid to the fluid. 



tJjthjn this liquid lt4vor,  tho t+cmporaturo chznoc fro 

t at the intorfoco to a va3.uo tb in tho fitaid 

bps. 
0, arou jilina ( , 3S) tac apparently the first to uco 

trio follcring. beat fIOU equation of tho tho.ia1. bury 

layer for ,  heat trz2cfor calcu latloncz 

A I ftbt}  u = o 	 (3) 

vi soLuAUon  . dc for I xQ.r as sow. as turbtnt 

£.lot: an4 bac bean derived under the aonuiiption of constant 

troncort propor ioo of the fluids tt can bo uoczl tthoro 

the variation of transport proportion with tcporaturo is 

e31 bm'evor the range of its validity can be xtond 

by introducing of suitably *"son Goan v uos L fair 

ttotment. of bourtury layer heat flow ou.atLon Ic Given 

by dtort (11). 

For a fUUr dovoloped flow in a tuba an approx1rnto 

calculationof beat trenafor may ho ie4o ty ac u 1Lntj the 

to poraturo profile to be a cubic porobolu in the f o . 
0=a17+b1y2 oc 	 .00 40..* 	(14) 

Moro y Ic the diotaneo bottoon the tuba seU ad an 

ol000nt cancideroti In the 'lam bulk and a, b!A c arc 

conct ant fi. 

Conoicloring tho boat triter +coofficiont banal on 
the 

the tot or,,.tua difference bot 10 avore3o tciporatto of 

the fluid butt (ti) and the ua1i. tomporatu.ro ( a) L c.zort 

(i) dorivon a of p1.o relation viz. 
° 'rcnmy ort proportion of Importenco are vinroDity and 
tI,t conduodivity. 
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Iu = 	=x.12 	 ( ) 

Boat trrnofor fro2 the wOUB of the tube wno 1co 

colculatod by Gratz (1880, 1895), CC3UOn4Or (1O2), 
UnsDalt with i @vior 5tokoe outionz, continuity oquotioa 

cad otiorry oquation.. t.Sith thic procoduwop for a uniform 

host ,flue fro the vall (,) nd constant fluid proportion 

S) -rte a tomporaturo s Toren (3 boivoon thatt of 

c wort o fluid bul1 oni the Aso..*  a oiiplo rolotion ronul o 

Vita 

11u4.36 	 0...0.0 	(6) 
It oxporiconto conductcd in thic field with 

cortain fluids do not tgroe re1l with the rooultc from tho 

above oquat on duo tot 

1) the effect of variation of viscosity on the voLocity 

and tor4perAturo prof iioo; 

2) eddies cauod by the tree convection ofioct 4t lo v flow 

lo cit ioi; and 
3) boonco of fully doveic pod floxu,. 

Thco:otic811ylt  the £u.ssoi-t numbor io roluted to. 

(Re, Pep d/1, / ) by a ooep catod o, r000ion Stich c ,r be 

roproiontoprozimeto1y, by on infinite aortae. floteronco 

(is) doncriboz for 1aithar flow of fletontezi f uLdo on 

aeporicol oquation iris. 

a' ( Re. Pr. d/ l)) ! r P 	.......  (7o ) 

An oQpariool equation Gu gostod by si+r or and 'oto tint) olso 

boon widely unod for liquids; 

Iit3 = 1.83 Cif P' .. 4/1)0*33 ( .)O.1'1 ... (?b) 
-i 



0 

1l thcoretical oquatien of boat tranofor for a fully 

dovolopcd to bulont floe no derived by L.l3r€ tl C: C).!. 

Taylor is 
8t 	 o 	 Ca) 

C. Roffman gives a rolation for A in tho o vo 

equation; A = 1,5 
Bocauoo of the c pllcatc distribution of tomporcit ro to 

turbulent fioti a prociso functional rolation of the form 

of oquation (2) cwt bo obtaincd. d. aoforonco( ) 

ontiono, in a s 	thosroti.c . a nonor ,a oquation of tho 

forms 
flu =Res.. prt 	 .... * * C2a) 

video theoretically founded rolationo coporical foriulas 
have alao boon presented. Dittus and oltoi° gave a voU 

kaQ 1n relation for lont pipes. viz. 
Iu,-OCr 	08. 'r 	 . (3) 

for 10,000  ( Re (, 220,000, 0.7  < Pr (120, >G0. 

The physical proportion have boon evaluated at Ciao 

son bulk tc poraturoi 
For caooa Pr has v luoa ranging from CR65 to 0.0 and the 
equation (9) tctoo an approzionto form 

4c zort (") .eationa 4 oonot at of 0.03 in o ,uatioa (3). 
8030 other invootigators have nu ,opted a con tz nt of 0.021. 
and 0.018 for t;a000 and 0.023 and 0.027 for l gelds. 
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?iohondon and soundorm () have ton o, valuo Of 

0.75 for Pr. for gases and give* 
0«8. 

Vu = 0.026 (Ro. r) 
0.8 

0.023 (ado.) 	 .... 	(n) 

Strictly, for similarity, tho ratio of pipe 

diaiotor to length Cd/I) should be included in above 

oquations but the comparison of results for different 

value: shuns that the power of (4/1) is only about 0.06 

as that for the ratio 3/d above, above 10 it can, for 

practical purposes be .neglontc . . 

The P, us Martinofli equation I r uniform heat 

flux is of the fol .o ring forms 

= 

C 
(Pr 

, 

) 
Orn(l+8 Pr.. )+ 0*6 .J ►R 	in  

CV.Il 

 

hero f is the friction factor and ZOR is the 

ratio of diffusivities. 
Attempt will not be made to copure all of t hose 

rolations with tho results of tho proscnt pork; hoover 

one or to roptosontativo relations Qay be considerrd0 

D_L0 ci A1 UL 

In this crier  with upward floii of fluid through 

the tuba tho I?ussolt nuz3bor obtained is grouter than the 

pure f9rcci c onvoction valuo of 4 	indicating that the 
upward flour  tends to increase the heat transfer, 



I1id floes' region is usually defined an tho region 

in which tho boat transfer differs by core than 10 from 

tt one obtained frith pure forccd f1oi or frog convoction 

relation. I1c, ian' a proposed to calculate the heat 
transfer coefficient both for forced oonvoction and frog 

convection separately and usc the l rgor veto. rloaourod 

values obtained for the floir through vertical tuboe did 

not deviate by more than 2& from the va1u_ag ,  cxcu1atod 

by ticAdam' s rule. 

Dimensional analysis  for mixed flair gives a 

relations 
Nu -» 0 (Res  Pr, Or)  

r .man' o (3) analysis involves tho product of 
Pr dtl an Grashof numbers (Or x Pr) known as Rayleigh 
number NNOO which is a measure of the extent or free 

convective effects. He proposed a relation for Ilussolt 
nub or as a function of Rayleigh  n bsriviz. 

Nu = 1.40 (Ra)0.28 	 .... 	(14 ) 

for 103 < Ha <, 10,003  
tho 

but rrar3ss that/experimental data of otbotss fall boloi 

thct obtained free. equation (14). 

o uoro recent ozporiments by Gross in his Ph.D. 
work troro designed for pure forced convection, but 

Rayleigh uuabors veto high enough and showed significant 

effect of frco convection. Gross's data show a large 

ocattor from the value of Du of 
Reference (2) szontiouo the equations distinguishing 

the f r oo citd forced flow regions. 
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For the limit between free and mixed flow; t 

Re = 7.39 (Gr)0.35 	
(16) 

and between forced and mixed flow;. 

Re = 1964. 	()0.35 	 .... 	(16) 

These equations were offered by S. Ostrach. 

A.J.&de(1) suggests; 
Nu = 4.36 (iso.08 Gr0.3) 	 .... 	(17) 

for laminar flow of water. 
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ho present thesis is aimed at stzdyini3  the forced 

convective boat transfer for the fluids (irnter and air) 
f3.o ing through an electrically boated, oternai1yexternally 
insulated vertical tuba by ova5.uatin Reg  Pr,, Th and 
Gr for the varying  flow rates of the ,hide 0  applying  
varying heat fluxes The heat transfer coefficients 

are based on the soiid.iiquid interface area end the 
mean trail to fluid hulk tezoraturo, the trcnopo t 
proportion being taken at the mean bulk tcnzperatwe.  

1, The fluid mobimis steady (larninar transient, 
or turbulent). 

2, No radial or tangential velocity components exist * 
3.. Temperature profiles within the fluid are fully 

dovo3aped, 

4. V iation In physical proortios of thO fluids 
t ith temperature are very seal. 

5,, to voluiao heat sources are prosont in the fluid. 
6. The boat flux applied is uniformfor one sot of 

roadi e, 

7, The temperature gradient in the fluid bulk 
along the length of the tube is constant. 



flu 	d 

The ob joct of the ozporir cnt tiara to obtain di to to 

co en analysis of the forcod convection heat trensfor for 
fluids ilo5ine up'1c through a vortical tubo. The fluids 

usod taro clator r d airs 
The apparatus uoC .nstr ontod to doto noz 

(1) the flow rate of the fluid; 

(2) tc poroturo variation along the wall of the tubo; 

(3) hoot input to tho tuba; cd 

inlet an outlet fluid bulk tcp araturos. 

. seheeatic flair 4i ranappoaro so 'ig. i() and 

a pbotoCx'ophic view ai flg,iCb. It consisted of o0 elect-

ricdlly hotod thin illcd tainies stool toot lath 

(tube) snzi the associated oqu.i p oht. 

The total irngth of the to Lras 9' 1 "`. The tryst 

section length was 7' . The tubo t,'eo -" OD tii .O3~' 
roll thicitnooso. Length to difx1otor ratio for the toot 
section von 2:3. This ratio (L/D) to establish the fully 
dovolopod flan aam 	ahead of Lost coctioo uaz 12. But 
as the cormocting pipe was also of the sa io dIaaotor as 

e tube, it uns aozu: od that the floe Uao already fully 
dovolopcd. 

*in fact tio total tuba length c as obtai c by cone cting 
tvo piococ of atoir .000 stool tuba by a braoo bush, coo i?ig.2. 
The length covorcd by tic brass bush use not coasidorofl in 
the toot lcn th bocsuco of its nenligiblo rociat~xnco as 
coppcirod to stainless stool.  

+ gffootivo length of the test section, 
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Fig. 1(b) A vied of the complete experimental 
set up 
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ho toot cocoon and tho uppoz part of tho tubo vao 
to 	od by Q azjbaotoo ropo 1ano .ation to rod co 
tho boat 200c to the ourroun ingo to a !iniouQ. 

,later supply uaa oa4o from thotop fittod noar the 
oEporiontc11 cot up. Tio volvo* in oorioo uoro ucc1 to 
rorjulato tho tutor flov. Plastic tubing JO ID vao connoctcd 
from the top to the tubo at inlet tzid i` m the tube to the 

c oira tom. at outlet. flow rate of 'ator u s Qoo urcd by 

as t vo WOL-gl& tr-O #T irhich Sao accurate e uIi for practical 
pL i',ocoo• 

Air aupp1.y uae eado by on air comprovcor (0-100 poi 3 
at todorato procouroc (20 psi ) and .flow rejtatcd by a 
valvo in the 1tnd 	tr was al1ood to dio stead from the 
upper and of the tubc,. 

the tube trac boated by t be paoscto of electrical 
current along the Corot length. Soo figure (a) for olcctri- 
ci 4iogr., A photographic view is gives in ftgwo 3(b). 

Since a oiwjlo trinotoior to produce to voltage and tit and 
high currant xraa not Available, three trarLofooro of the 
opocificationo Civon bo3au uor u.00 in oorioc. 

tn. (1) i;. to tranotoa or: Prior ry -230 Volts 
l3ocondary 
t a riablo - 0 - 270 Volta 
Cnrront 
capacity • a t go.- 

1o.2. Coop do'.sn trancfoznor, Prices - 230 ¶o].tn,131'.-jpo. 
1oC11 o ' - 1209  6, 20$  

16q  10,, L Voltoe 
Currcnt 
capacity.. 27.8 ipc, 

,A t tnbo put across the toot ocction (fi11cd with noroc ) 
served ,s a check in rogulntin the fluid fl . 
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Fig. 2(b) Shows the insulated test section- 
The arrows indicate the locations 
of thermocouple Junctions. 

Fig .3(b) A view showing the power supply 
system and thermo electric circuit. 



NNo.3 : gelding trzAsforaor: 'ri.a, r7 	- 230 Volts, X"r cgs. 
'.lax. current 
capacity i '0 - mPS. 
at 26 iiolts. 

This arr< geieut facilitate1 tr give vol age apto 

a to urn of 6 volts on tie test saction. it1 Lp vlt:.igas 
c-3 f1 not € e obtainod because of the limited current 

carryingcaa ici t is s of t he t r sfomr!Ibez 1 :iii 2. 

Beat #Tr es .yore varie , by a us ting, voltu es to 6 volts, 

4.8, 3 az i 1.6 volts fur runs zith 'JLter and 4* :3# 2 ; 3 1 

volt for runs with air. 

To 3oasure t.ie poor supple 	.4. valuer 

(0 = IOY) is put across the tout section. The t e. :t :section 

r~.=. si st co in clt ling the conL.ucto ray W ::.s found to O).365 
tJhi. 3js u ra osured ca docile briUgo iii t, Ut uL ctrica l 

as ►sur zont Lab. It as zwui th.•.t 	a rzfsist, cs dt)ea 

not v_ y within the tcuperature r .. a involve. a c* ck 
'was z O on to moasureitimt of o rcr •sully by introducing .. 

as rirotor (0 -23<aps.) co ectzd to t io sccon1ary of a 
currant trznsfor,  or, tas p ?i-i.~ry of t ich was c3nnctc3 in 

series tiith do test section,. It ::s obsorvc-a that tine valuas 

crl+ ulat€ ► by voltmetur re in7s (s2/d) + U those c .cul ted 

by anizter 8 readings were practically the sane. 
-ur€;ss conuictors eere designei to supply t kL3 poser 

to tho t gist auction as well ; s to support tie tube z4t tae 

up, r i.Li th u lower sn . of t no, test section. The arr gel*ent 

has Dean shown in 11g. 4. 

uoppar conzL: Utz4. ther=:mocouples a ro ur rr.I to :aa. six e 

the all 1pardtures on W3e test section ni ixil,,t and outlet 

fluid bulk to per itures. +,,U the wires weraa 3Jgauge size. 
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con icnUUonal thoziocznziio oirc i c itci of 

1) r.C. jtcntioziotcr trycoe) 
2 y vin, coilCol' tnoioter iilth 1c 	cdQ .^ 

3) Utcnrlors cull I4O V. 
4) Acctrnlator - GV. 
5) `Icrocoulo cciiocto w tc i. 

6) .% ther. oofla► cutaining ice, co the cold 
junction (320.0, 

7) S a ate. 

L4.m.f. o. of the t# or c uplos worn oowuro 

riot in flicb tho raings aro t dton. vi tb no current 
ulo3inr through tho circuit and thus they oro indcjonücnt 
of the load Ienzth cnd of t ho oo3.ot ceo in tea a o- 

oouplo circuit. A calibration under th000 eriditiono Is 
du Mont only on the cipooitino o ' the ciotoa uoo1s, the 
tomporature of he pnet ono, ucr4r c7 of the at n ii d 
col end the unitority of the rostotenco ttiro. 

Pour thez U?IOO- coiinocttons warn made on tho toot 
cocoon 	in Fic-.2. The toot section vac dlv iod in 
four oquni parts of 1' 11 each and the thor_ cuplo 
Junction uaa put at tho co tro of each tech part. One 
thoiocoUplo junction vao put on thø ill of the tuba 3 
bolov from tho otartinG of tho toot cocoon an1 one 40  above 
the on of tho toot coction Pot all practice]. purpococ, 

3 t 3 thoz'Q,cplao inucatcd tho to poroturoa of to inlet 
and outlet flul(3 b'aik. in caoo Of air fl.ti he-.Tovor the 
the c>nplo Junction u. o izac rtc in the tuba to a lcptil 
of abavo 4" Iro,3 the uupor ori of the tuba to noaauro the 
lc3virj bu3J toziporeturo Hero proclna 'r 



aho th ocuj,1co croro ca1ibratc 1 for the tccpccturo 

rj oo o councorr in tho o Pori ants by uoisar a hot vatoL 
tack as do hot ,racoon. A photograph of much a crlibratLon 
appratus is oIt n in Vig.3. It can obrorv'od thct to 
valaos of o.a..J.o. o rooc1 fairly uitf the valuon given in 

13S circular 531 (17). 

LS 

t,e uat a Coro tdon in the fo otiirr anon 

1) First tho flot  rata tsar established, In caoo of 

v ►tor t .io quantity Sao noasarcd in the Neigh tact for 30 

uir_uuoo period, 
2) For a particular floe rata the msz1rnu2 heat 

flux sae app1ett to the tube. Roc Lingo sore icon for 1 

tho t1iotz ocauplos after the atoady statewas established. 

To o l '` the time rouircd for steady state to bo ostabliDhcd 
vas about 30 sous os. The heat flux uas then reduced . end 

the procoduro r pCotc . In thin zwannor the data gore 
obtained ith different flow rates and heat fluxes. 

In cane of ueter ttoyno1d nuibor ranged iron 0 to 
15,100. LLihor aoynold nuibars .roro not obtained because 
of trio Ur itat:ionc on the hoot flux values. or air tho 

floyno1d n abor s rr cl fr3 4, 400 to a na inum of 60,000. 

With air at lo j RoynolQs nuzbor to corrections uero of 

c r parablo ma=ot o8 to the data hoat tr incfor •s 

use ,caont3.y no uortirab ilo rojult o ,.:oro obtuinod « tioynoldi 

a=bore hiChor Man  thn 3,030 could not be ob taoA bccauao of 

the iacoefticity of to eoaproscor to give a otay I1©U at 
hi3h 1101 rates. 



Fig. 5 Shows the apparatus for thermocouple 
calibration. 



_ 1 — 

Tho rooulto of tho ozporinont cnd their discussion 
ufli be proocatod in the folloulnn parcgrapI c. Trio 
roculto i^vo bcoa3 tab Ltatcd in hppon'ciz Z and a oc. plo 
calculation b-c boon Civon In Appon$ix Co 

?to rcoulto could bo boot intorprotcd by studyinC 
the follouin curvoc drawn froi the toot roculto: 

l) ei plot botuoon I.u/Pr0°~ \T. a. 
six or uator and air for tho ontire flow 

involvou in to of por sont; 

2) is plot botueon 	o? andRe-. 	for 
PrF4~ 

lc3inur flow of uator. 

3) Al plot botuoon Wu V. Xl,1 and 9 V. . /d to thou 
tho variation of heat transferalong the pipo 
ionCth, 

VLC. (6) has boon plottc1 to c iou tho variation of 
rw/PrQ°"' with Ro for tho entire floe rengoo that could bo 
covered + during tbo onporknontfl„ To obtain cuitablo 
rob ati ono in the fo r 2s 

I Ito' Pr for uator end air float tae convention 
Ic to plot E Prn a;ainot Ho on a log - log papor. 

study of the roculto of Ciro ozparirioato c~nd;actc2 
by other invoatigatoro c k Ootc 1 the choico of m n as O.<. 
b i uro 3 rovoalc that trio 3otbod of corclution in the f'oa 
3Cmt: ©nod above to roaconably cucc000ful. 
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in tho l+ztnar range for rates a significant scatter 

can be marked at lQwr values of Ro. This was duo to 
the influebco of free convection duo to the variation 

in heat fluxes. This influence is discussed later. 
Data for various boat fluxes have been dietinguishod in 

the Fig. 

in the transient region (Re = 2300 to 8000) for 

water, IT /prQ•4` seems to increase at a much higher rate 

and some scat ter is market, in this region indicating 

that there Is no consistent variation of NWPr0* with 

Re. 

In the turbulent range, both ,for' iatvt and air$  

the scatter in the data is much loss,#  and straight linos 
could be drawn, averaging the data to obtain the suitable 
corviitions. It can be marked that the data for water 
fall.. above those for air indicating that in case of water 
the effect of free convection may be significant. 

Pig. 7 1s a plot o.f 4M 	D 	= for leinar  

ranCo for uator. The chief interest to study this region 
hoe in the investigation of influence of free convection 

effects on forced flow hoot transfer. it can be noticed 

that to is always greater than 4.360  the theoretical valuo 

for the case of pure forced convection. In those oxpori-
aants the minimum venue of Su obtained was 6.0 Raj1M=(3) 

obtained a miniautn value of •tlu of 4.62 in his experiments. 
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The 	 ti a ua 	r 

iitco A t! 	C C ht2rlLP 

c cctio 	The Intensity of Scarce convection effect 

can bo estimated `rcra t a values of Or for the 1 M 

The data of °Zck :t and Diagui .a (2) Ha. ,lx an( ) 

aM Ido(1) sujgost a corcintion bettoon i u & Or for the 

ithtod flou. Unfortunately, no consistent variation of 

t u Frith. Or is noticeable in the results of this thesis, 

This to probably due to the lots valuoc of Or obtained in 
the present x ork. On the other hand variation of I1y/PrO94 

with Re seems more reasonable, but still falls to give 
a direct corolation bot oon Nu/Pr0'4  and R.e because of 
the large scatters  due to free convection effects, 
Lack of vertation of :Nu with either Re car Or suggests, 
that for the typo of the flo r involved in the prosent 
experiments, a better oorcation might be expected by 
considering the Influence of both Re and Or on the heat, 
transfer „ Such an expectation is well supported thoor+o•-

tically, but the author hers not come across an empirical 
relation In this form. After long trials, the author 

has boon cuocadcFM in getting a corolation which involvoo 

flu, Be, Or and Pr for the mimed flojr region. 
Via, 7 is a result of those trials and reveals that the 

attar pt is roeconabl.y successfUl o The data in figure 7 

can be corolatod by an equations 

Nu tr O.O28 Pr. Roo° a  Gr°a1 	•eo••wr•w ('30) 
Ty UF, 	

for 6,000 (. Or -e lO0,O00  
This equation oxibits that the influence of Rep for the 

typo of flow involved on the heat transfer t  is more pronounce 
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it can be soon from Fig. 6 that for turbulent 

ramie (Ro 7 80 00) for watary the results are closely 
corol.atcd by the equations 

flu = 0.0246R0. 4Pr0.4 	 .... 	(18) 

but the data obtained with air are not reconciled 

with thoso for water. 
For air the corolation obtained for turbulent range Is: 

o•19 04 flu = 0.0242- 	.Pr 
f~ 	~} 	/~ 	~ o•79 
or Vu = 0O0 og5RO 	 .... 	(ii 

already mentioned, there a nu ube.r of formulas 
which can be compared with these results e.g. the familiar 
oquat ions 

nu = 0.023 . Pr0-+4 	.... 	(9) 
inwhich the physical properties have been taken at tho 
mean bulk temperature. A line corresponding to this 
oc,uation is drawn in Fig, 6. This equation serves as 
a comprise between the data for water and air but does 
not roprosont either precisely. The slope of this line 
in ooaauha,t different but the d0screpaucy is not serious, 
it abDuld bo mentioned that this oqui tion was r000maendod 
for highly turbulent range only. 

The higher values of Lfor water may be due to 

tho effect of free convection prevalent oven in the 
t b' l t ran g involved in tho prevent exporJmant. his 
sttciont could bo supported by the fact that oven at tho 
highoot flow rate (Ho = 16,100) the iagnitudo of the Gr. 
Was of tho ordor of 4000 for water. 
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air 
In case of/flow the magnitude of Or are small and 

the effect of free convection is negligible; the data for 

air thus fall below the line for equation (9). 

Fig. 8 represents the variation of Nualongand 4) 

along the length of the tube for a particular run using 

water. A little higher value of Nu at the beginning of 

the session may, be due to the entrance effects in the 

tube. For the rest of the length a very small increase 

in Nu is noticed. This may be explained by the fact that 

there is a decrease in the viscosity of water as the 

temperature  +ong the length of the tube increases, which 

in turn increases Re and hence the heat transfer coefficient. 

A corresponding water to wall temperature difference ( ) Cv►VV. 

is also shown in the same Fig. For lower beat fluxes, 

of course, this variation becomes insignificant. 

In case of air also the variation of Nu and 0 shows 

the same trend as in case of water inspite of an increase 

in viscosity of air with the temperature. This interesting 

fact can however be justified by noticing the faster 

Increase In the value of conductivity of gases as 

compared to the viscosity as temperature increases. 



J 

. The data have boom obtained or the upward Z10 r 
of tiatc and air tbron h an electrically heated,, 
ortornally insulated vortical tube,. 

The .boat tr nsfcr cc fficient for water .n tho 
lam..naif ranijo,x  varied from 56 to 100. In the turbulent 
range it varied from 800 to 1500. For airy thoo 
c f oient i renOd from about 6 to 60. , 

Zn the late r :gases for tyater the data is 
corolatod by an equation 

Nu a 0,0233 Pr,Re033. Gr0' , 	**** (20) 

For turbulent  range, of to or the qquation obtained la* 
0-sg 

 

04 HU 0«'I  4GRo. Pr 	 , ,  
For turbulent range of -air the equation  obtai n .s t 

U 0,Ooa45.k# 	 .... (19)  

The reoults eboii a significant otfoot of free 
convection, particularly in 1atinar range of tratcr. 
Uquitions 3 and 1ø9  compare favourably ,tit the wen 



1 	Length of the test section - ft. 

d 	Inside dia. of the tube 	ft. 
D •- Outside dia. of the tube - ft. 

Cross section area of the tuba - .t2- 
Surface area of the test section - ft.2 
Heat transfer coefficient U/hr-dcg. . ft „2 
'hernial conductivity of the fluid U/ -dog.F - ft. 
Specific heat of the fluid 	z IU/lb~-►dogJ. 
Dynamic viscosity of the fluid b / t. . 
Kinciinatie Viscovity of the fluid ft .2/hr.  . 

CD- 

V - Average fluid velocity ft. `sec. 

f 	Mass density r of the fluidlb/ft.3  

~► 
 

Coefficient of volurnatrle a ar ion lfdegJ. 
.- Thermal dittusivity *IVP, a 

g - Acceleration due to gravity ft./soc.,2  
t - Any temperature +ieg `. 
tb - T emporaturo of the fluid bulk dog J, 

bulk 
t and tb0 - Inlet and outlet fluid/temperature 
t , - iomperaturo of .Inside call surface 
t -► Temperature of outside wall surface 

0 
11 ~. Weight flo 3 rate lb/hr.  

z - 	ixial distance alb the tube - ft. 

q -- 	.;tall hortt flux - BTU/ hr. • 2 

qth •* Thermal. energy rise of the fluid pas ing through 
the test section - 13TU/hr.  . or mitt. 

V - Voltage across the test sOction. 
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I 	Current passing through the test section - .Amps,. 

R 	D.C. Resistance of the test section. 

qe - Not electrical energy input - BTU/fir.  

_► Best lose to the surroundings - 'U/hr. 
0 	Plu14 to ,ll temperature difference 

86 - Mean fluid to wall temperature- difference 
c n' j. cj- «,kr a ioti&r -~vbe 	i 	me1 c4j 'Y)JJ 

Re 	Reynolds number = VdP 

Pr 	Prandtl number = 

Nix 	Nussolt giber = 
E 

Or 	Grashof giber = 	____ . 
,vt 

I a -- Rayleigh rzumb e = ( x Pr . ) 
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a 

The tost section lex6tt a 7.x.75 tt.(ef Toctivo ) 
Outside die.. of the tuba O. 16 ft. 
inzith da. of the tube o 0.03645 
Inside surface area of the tube = 0.888 czq.tt. 
Cross sectional area of the tube 0.1603 sq.irtoheo. 

V1c rate a 1.05 .b/ .n. 
Average velocity or the foe 	~+y }~ q+~. 

#1 ' 0 091603 

.1.05 x 0.2575 = 0.27 ft./soc... 

Test so on voltage = *9 V. 

tb 1 82..81?; tb  
Avorago bulk temperature tam 97018 
Thermal rise q =1.05 i 1. z (l.. L6 u» 82.8) 

1.05 z 28.7 = 304. WIin. 

30.1 z 67.5 = 2030 BTU/ . ft 

Pr ;%4= 1 z 	5 = 4.$1 

h o 	n i t $ = 946 I3TUfbr-ft2. t o1. F. 23 05, 
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Or 	d349 r 107z103 t 216 z(0003G45 )3 
/uz 

x 107 z21.6 z 8&tt111,0O0 

h 	ei 	x 	( "d =' .v) 

3515 
Opt .ss ~ 9*90 

t = 	 Q =8D1 

• w ~ 

NO 

=968 
21. 

(Aworagc Ro = 1285 )  

The transport proportions 	Kand r ha.Vo boon 
ovalntxtod at tho noon bulk temperature. Tho 
valuoa have been ts1son from tbo Duos dram 
fo thoco pro o'ties from the ti bloc given in 
Ro. '.(32) and (1G), 
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Rio 	(14 ) 	 ,., = 0  

C p (tbo*Itbl ) 

tibore q is the not heat energy gained by the fluid. 

Yost section voltage -»' 3V. 
87, 	t 	= 167,60 OF 

A bulk temperature = 122"x' 
Not heat energy input /fin. 

(V2/) 	beat loss tlougb the insulation 
60 

7#87 . 0,56 	7.31 U/ in. 

M 	 0.43 lb/ z . 

Re a 0,082 z 	tIO 	18,900 
132 

= 0*7 Aimaàst constant for the temperature range  
involved. 

4 	 7.31 a 67,5 =492 BTU/ hr. ft2. 
A 	L3 

= 	= , 	= 22..3 
~n 

°Thtei- The heat losses through the innulat#.on have boon 
appro,Umate3.y found by compnring the electrical 
energy input and the thermnl rise for data 
obtained for *star. 
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