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GENERAL INTRODUCTIO~ 

Interest in high-t~mperature chemical processing was 

stimulated about ten years ago when hlgh temperature g~ne~ 

rating equlpment o ~srtloularly plasma torch devlces o beosme 

commerclally available. Hlgh temperature chemlcsl processing 

provldes a new method of obtainlng extremely rapid reactlon 

rates (resultlng ln smaller equlpment) and, in addition, 

enables the ohemloal engineer to achieve reactions whlch are 

only feaslble st such energy levels. Because of the hlgh 

energy lnput lnvolved ln these processes, maxlmum recovery 

la necessary from, an E:l9pnomlc standpolnt. 

In vlew of these oonslderatlons, lt ls of lmportance to 

know whether or not the emplrlcal equatlons predi::ctlng the 

transfer of heat and mass at low or moderate temperatures can 

be extrQPo~ated to oondltlons preval1lng st hlgher tempera

ture ~~vels... In th1s context, Kupanek (1),. cC?nstructed a reac

tor in whlch transport and cheJIl.lca~ processe~ coula 'be stu

dled, using a dlrec~-current plasma torch aa the heat; source. 

Whlle his lnvestlg~tlon wss concerned prlnclpally w1th forced 

convection to statlonary spheres, it was declded to extend 

hls stu.dy to other blunt bodles.. The present alms ,were first 

to obtaln hest transfer data. t'or d1ffel·ent tlow con;f'lguratlons 



and second g to check'if a particular characteristic length 

could be obtained to pre9-1ct f'orced convectlo;n to varlous 

'shaped bodies from a standard relationshlpo ' The first part 

of thé thesls consists,of a criticsl revlew of the llterature 

pertainlng to hest transfer to cyllnderso The second p~rt 

deals with the exp,erlmental aspect~ of the investigationo 

2 

The latter seotion has been ~de complete in 1tself p in thst 

it has a separate Introduct1onp Nomenclature and Blbllography. 

This ~es ,it possib~e to publlsh th1s part of the thests wlth 

little mod.lficatlo~1) td111e 'pr'esentirlg the work in a clearer 

11ght and tacl11tat1ng lts lnterpretat1on. 



SURVEY OF THE LITERATURE 

INTRODUCTION 

Kubanekl) working in this la.boratory, has already presentcd 

a oomprehensive literature survey as part of his Ph.D. Thes1s 

(1), in which most of the aspeots of the field of plasma jets 

,and the1r applioations are rev1ewed, 1oe. t 

- Developments in h1gh temperature -"~echniques; 

- Measurement teohniques in gasas at elevated temperature; 

- Advanoes in plasma jet technology; 

- Properties of conf1ned jets. 

Aooordingly. the present literature review has been res

trioted ta the speoifio topie of hest transfer to oylinders in 

cross-flow. Even so, this restriction has 1eft oonsiderable 

ground to oover ; for example, Morkov1n (2) reported 155 refe

ranoes ta stud1es conoerned w1th the flow of fluid in the wake 

reg10n of a oyl1nder aloneA It wes, therefore, deemed beyond 

the soape of the pr~sent study to review aIl the pepers pub-

11shed. in this area and an attempt. has been made to report 

only those which are direotly pertinent to the topie of tnis 

thesis. Emphasis has been given to the various problems ar1-

s1ng from the seemingly simple flow and heat transfer situa

tions prevailing around a oy11nder in the light of the 11m1ted 

knowledge of the mechan1sms involved. 
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10 ANALYTICAL PREDICTION OF LOCAL BEAT 

THANSFEB BY FORCED CONVECTION AROUND A 

'fll0 - DIr·lENSIONAL BODY 

INTRODUCTION 

The differentlal equations whlch govern the f1ot'1 of a 

fluld around a two-dlmensional bOdy are well knot~. Attempts 

to solve them have been made wlth the objectlve of pred1ctlng 

the looal heat transfer rates from the oharaoterlstlcs of the 

flow fleld. Unfortunately, two major ob~~acles have 11mlted 

thes~ attempts : the transfer mechan1sm ln the wake reglon 18 

not known and secondly, the oharacterlstlcs of the flow st 

any point 1n the fluld are dlfflcult tQ predlot -a·eourately. 

It should be noted, however, that in the front part of a 

oyllnder immersed in a flowing fluld, where the tran8fer of 

the momentum and haat are controlled through very thln layera, 

several authors {3-11), and more recently Perklns and Leppert 

(12), have qu1te suooasstully app11ed the bounA$ry layer theory 

to the predlotion of local hest transfer in thls r~g1on. 

ANALYTICA~ PREDICTIONS IN TRi LAMINAR BOUN~RY tAlER REGION 

At any tlme and any polnt ln a f'lu1d, the mO.\1lentum, 

contlnu! ty and energy equet10ns must be satlsfled. .\'lhereas ln the 
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, wslte ragion the charaoterlstioa of the :fluld t.lre strongly time

dependant due to the turbulent nature of the floN, 1.n the bound

ary layer reglon of a cyllnder a elmpler Bpproach to the predic

tion ot heat transfer la posslble~ due to the steadiness ot the 

flow and to a better understendlng of lte charscterlsticso 

The main assumptlons'uauslly made in the devalopment of'thè 

analytlcal prediotions are as follows 8 

'* 

- The Reynolds number ia large enough o euoh that boundary 
{\ , , 

layer 'approximations apply (Re> 1) S 

,... The ~lui.d le ,incompressible Ut < 1) 5 

" The temperature dlfterence be~ween ~he main stream and 
, , 

the SQrtace'ls small' enough so that the physical proe 

perties ot the tluld are constant throughout the bound

ary layer; 

~ Contribution ot natural convection la neglaoted (Grl 
2 

Be <::1); 

- The hest due to friction dissipation la negligible with 

respect to oonvective heat tranefer (Ec~l), : 

- The denslty of the t1uid is h1gh enough so that it may 

be treated as a continuum (Kn~l). 

- The flow outelde the boundary layer le lnviscld and ir

rotationsl; 

all symbols and abbreviatlone are defined in the Nomenclature 

st the end of the l1teratura review. 

.~ 

J '. 1 

,1 
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- The flOl'l upstream of the cyllnder ls unlform; 

- The boundary layer la laminar and no effect of free-

stream turbulence ls consldered; 

- The effect of curvature or the w&ll la ignored so that 

SIR ls assumed to be very small; 

- T~e surface temperaturé or the heat flux ls unlform 

around tl'Jecyllndere 

6 

U:t:lder·these condltlorlsg the veloclty and temperature pro

files in the bou~dary layer are obtalned from the simultaneous 

solutions of the cont1nultyo momentum and energyi equations : 

- lIlomentum, 

u(ùu/ <ht) + v(à W~y) = Umax (~UmdJx) +})< "èlu/vy2) (1) 

... Contlnu1ty • (ùu/é)x) + ('è)v/è)y) :: 0 

Frotn thef:Je equatlo.ns it can be noted that under the res

trlctions mentloned (small temperature dlfference and buoyancy 

forces negllg1ble) the veloclty fleld does not de pend upon 

the temperature fleld but the converse ls not true, and se

oondly the temperatu~e equatlon ls llneer, unllke the equstlon 

of mot1on. Thls leads t~ ~onslderable simplificatlons ln the 

process of lntegratlng, and superp~sltlon of known sol~tions 

becomea possible. 

Tpe momentum and contlnulty equ.atlons are flret solved 
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Ref4 {1) givas some ot' the methods employed. Suffiee lt to 

Bay that a veloclty distribution through the boundary layer 18 
1 1 sssumed and the Von Karman integral equation used. Morepver, 

the varlatlon of Umex i'J'lth ~ ls very often sssumed to be given -
by potentiel ~low th~~ry if the flow upstream qf the eyllnder 

18 uniform (Umex = 2~sine)Q Renee ~he energy equation 18 

solved and the temperature profile obtained. 

Because at the surface heat la only transf'erzed by mole

culer oond,uctionl) the heat transfer equatlon must s~t~sfy'the 

following : 

(4) 

œ h(~ - IJ:Iw) 

and therefore ~ h == ... k(é)T/ ~)y=o' / (~- Tw> ( 6) 

Nu ::: hD/k t:: ... (~T/ë)y) y=o/(ToO-'~)/D (7) 

~s already ~entloned a n~ber of analyt10al sqlutions 

(3-11) have been presented. Chapman a~q. Rubesln (3) worked 

out a solutlon ~n the case ,of zero press~re gradient in the 
1 

direfjltlon of flow and w1th arbltrarysurfaoe temperature. 

Sepan (7) predloted looal haat transfer tor an'arbitrary free

stream veloclty and 'surface temperature diatr1butlon. K~e1n 

and 'J!rlbus (6) to~k ~~t'o acoount some adQ.~tionRl effeots due 

to t3~rface diseC)nt1n~1ty, suoh as str1ps and wl~es. Levy and 

Sebl!in ~5) and Levy (4) sol ved for unl,fo~ surface tempe~ature 9 
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wh~reas9 Llghthill (9~, Behan and Chan (8) solved for the cons

tant haat flux oase. Perkins and Leppert (12) applied to a 

cylinder the method developed by Brotm et al. (14) for sphere Sl 

assumlng d 4th order polynomial thermal and velooity profiles 

Beross the boun:dary ieyero In thls lest publioation, B compa

r1son 'bf the author~O exper1mental vel~es ~f local hest trana

fer coefficients wfth the predictions of varlous Buthora (8, 

9\l 11) la giveno 

It 1s lnteresting tq note that ,l first, although theae pre -

dictions have been set up ,f.or diff~rent temperatures around the 

, cy11nder, alt "have the, same sh~pe and 11e wl t~in 4,&' of one an .. 

other, and seoOndlY, departure of 30% between the experimental 

value~ and the predicted ones can be explained by turbulence 

et:tects in the experiment. whioh are not oonsidered ln the pre

dlotions. It can be concluded, therefore,l that in splte of the 

oomplexlty of the probl~m and of t~e assumptlons made, the 

agreement between predioted va~ues of the looal haat transfer 

ooefficients and 'the measu.red ones ls surprlns1ngly goc;>d, as 

long as no turbulence affects are introduced • . . , . . . 

BeeentlYl! ~lbby .et' al.' (i5) proposed a two-layer model to 

accanmodate the law of the wall and t'~e wake-11ke charaoteristlc 

of the outer layer to ~he case of heat,transfer through a tur

bulent incompress1ble boundary layer in presenoe of a free 

stream pressure ,gradient. So, faro this model has been success

fully applled to t'lat plates only SI but '1 t ls hoped that 1 twill 

1 
1 

"1 

1 



be extended to the two-dimensional cyllnder case. 

PREDICTION OF BEAT TBANSFER FROM ANALOGIES BET~<JEEN MOf.lENTUI<l 

AND BEAT TRANSFER 

Because the transfer ofmomentum and hest are analogous 

processes p re1atlonshlps between them have been developed 

9 

for the purpose of utillzirlg friction data in the prediction 

of heattransfer rates. The so-ca11ed "Reynolds Analogy", 

which holds f~r the case where the thermal and ve10city bound

ary 1ayers have the same thickness, i.e. for Pr = 1. usually 

refers ta the equation 

(8) 

More complicated express10ns have been developed ta ln

e1ude boundary layer effects and there now exist various other 

so-ca11ed anàlogies which try to escape the limitatlon of the 

Prandtl nUmbar. / / The best known are : the Prandt1, Von Karman, . 

Co1burn, Mar.t1ne11l'. S.eban· and Shimazaki, and Lyons analo~ies. 

Usua11y, these analogles have been suooessfu1 ln. the case 

of flow paral1el to a plane surface o~ f10w lnslde a t~be but 

they apply ra ther badly to cy1ind.ers in crQss-:f'low (13, 16. 

17). Bowever, Purvea and Brodkey (18) found a reasonable agree

ment between the CQlburn analogy and the McAdams oorre1at~on 

for Reynolds numbers less than 100. Slm11arly, Davies (19), 

and Davies and Flshe~ (20) deve10ped an analytical correlation 

fol" heat transfer from small e1ectrlcally-heated w!re s founded 
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upon the anal ogy between momentum and heat transfer o The 

results 9 obtalned 1n an un1form air stream 9 oovered flow Maoh 

numbers up to 2, w1th densit1es from atmospheric down to f~ee 

molecular flow oonditions and with surface temperatures up 
o to 1470 Fo; they agreed reasonab1y well with the theoretical 

prediotions et Reynolds numbers up to 10000 

For cylinders in cross-flo't'1 9 any form of anal ogy breaks 

down as soon as turbulenoe effects take place. Gledt (:21) 

proved that for both the laminar and turbulent boundarylayer 

regions, the 1ntens1ty of the free stream turbulence had a 

d1fferent affect on the heat transfer and the sk1n fr1ct1on, 

the former belng much ~ore affected by 1t than the sk1n fric

t1on, and therefore, no s1mple relat1onsh1p oould be der1ved. 

Kest1n (22) stressed that the Reynolds anal ogy was a l1m1t1ng 

law 1n the oase of no turbulence intensity effeot. 

S1lver (23) po1nted out that, 1n the case of turbulent 

f19W, a more systemat1c study of the Reynolds flux would 

1mprove the understand1ng of the analogy, because 1t 1s the 

f1rst parameter from wh1ch h and cf depend. Moreover the use 

of the Reynolds flux la complet,ely cons1stent w1 th existing 

qual1tat1ve 1deas of turbulence and oould be predioted by some 

statlst10al treatment of the latter. It ls worthy of ment10n 

that Ch1 and Spaldlng (17) have succeasfully estab11shed a 

re1at1onsh1p between the stanton number amd the sk1n frlot1on 

coeff1c1ent 1n the oase of the hast transfer to a flat plate 



through a turbulent boundary layer ln alr. Henoe, lt can be 

conoluded that so far, analogles between momentum and hest 

Il 

transfer do not provlde aocurate methods to predict hest trans

fer rates from skin friction data, exoept in the Iow Reynolds 

number ranŒe. 

SIMlLARITY OF TWO, NON-ISOTHEHMAL SYSTEMS 

Tl'lO non-i,sothermal systems will have similar solutions if 

both the condi'tions of dynamic similarl ty and similari ty of the 

variations with temperature of the physical propertles of the 

~luid are satisfied. 

The condition of dynamic similarlty requires identity of 

the parameters which are involved in the dimens10nleŒ momentum 

and energy equations, namely : ~, ~, ~, Qr. In the case 

of forced convection, the heat transfer ooefficient in the 

Nu~selt form May be expected to be a function of Râ, ~, ~, 

lf naturel convection i,s neglected (Gr / Re2 ~ 1). If in ad

dit10n the he~t dlss1pated by friction'ls also negliglble com

pared with the forced convective heat transfer, the Eckert num

ber ls also ignored. Therefo~e, two non-isothel~al systems 

will have dyn~lcally-siml1sr solutions for pure convective 

hest transfer if ~ and ~ are the same and hence : 

Nu :::: f (Re, Pr) 

Regard1ng the second condition of s1m11arlty, it seems 

interestlng to quote the remark made by Douglas and Churchill 

(24) • 
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"Jakob polnted out that for complete dynam1c sim11arity 

between two non-isotherm~l systems, the same ratlos must 

exist between the slgnlfloant phys1cel properties et geo

metrlcally equlvalent points. A lack of similarlty will 

necessarl1y exist for any two fluids whose properties do 

119t vary identically w1th temperature. A liquid and a 

gas fail in th1s respect, but two gases prov1de reaso

nable s1ml1ar1ty. For aIl gases, the variat10ns of ~, 

~, and ~ w1th temperature are quite slm11ar". 

The expression suggested by Jakob to account for the 

var1atlons of propert1es wlth temperature 18 as follows : 

(lO) 



IIo FLOW AND BEAT TRANSFER AROUND A CYLINDER 

IMrQERSED IN A STEADY TURBULENCE - FREE STREAr-i 

Thls chapter presents a qualltatlve outl1ne of the flow 

and of the local heat transfer distribution around a cylinder 

when the main flow can be considered as steady and uniformo 

No attempt will be made here to take lnto account such effects 

as free-stream turbulence or large temp~rature gradients on 

the local flow pattern or hest transfer, these effects being 

discussed later. 

FLOW AROUND A CYLINDER 

At very low !!!::" (Re <1), the relative mot10n betl'!een a 

. blunt body and a flu1d ls governed by v1scous forces. A lami

nar bound~ry layer starts from the front stagnatlon point and 

th1ckens as lt proceeds further downstream. Past the equator 

the unfavorable pressure grad1ent has neg11gible effects and 

no separation of the layer ooeurs. Outs1de the layer, the 

flow can be consldered as 1nv1sc1d and la weIl described by 

t~e potenti~l flow theory. 

As ~ lncreases (5 <Re < 40) the comblned effects of the 

vlsoous forces and the unfavorable pressure gradient in the 

rear half of the cyllnder slow down the particles in the layer 

ta suah an: extent that they are stopped and a reverse flow 18 
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1nltlated, forcing the boundary layer to separate from the 

surface. Beyond the separation point, symmetrical and stable 

fixed vortices are bounded by steady streamline surfaces. 

In the range 50 <Re <140 \) the laminer l'1ake becomes unste

ble and sterts to oscillate laterally. Because of thls ln-
1 

stabl11 ty, the vorticea break away al ternately forming the so~ 

càlled vortex street. The vortex motion la laminar and per

slsts for a long tlme before belng dlss1pated through vlscous 

d1ffuaiono The shedding process ls characterlzed by the fre

quency at which vortices are carrled away and is usually de

fined in dimensionless form by the Strouhal number~. In 

thi's range of ~, .§!: increases wi th~. Moreover, because 

of the lncreaslng effectiveness of the positive pressure gra~ 

dlent at the rear, the transition point moves forward, in~ 

creasing the wic;l.th of the wake. For the reglon 140 <Re <300, 

the detached boundary layer origlnated from each separatlon 

point becomes turbul~nt before rolling up into vortlces. The 

point where transition to turbulence in the vortex street 

takea place depends on R2. The vortices formed ln this range 

soon diffuse as they move downstream, making it dlfficult to 

determlne the shedding frequency. 

In the subc'ritlcal reglon (300 <Re < 150\)000) a deflnite 

sheddlng frequency returns which ls surprisingly constant 

over the whole range of~. Accordlng to Roshko (25), the 

wake becomes fully turbulent about 50 dlameters downstream of 

the cyllnder, aIl traces of upstream perlodlcity having dlsap-
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peared. As Re ls increased 9 the transition to turbulence ln - ,,',' . . 

the free vortex layer takes place closer and aloser to the cy-

11nder. In the front part of the cyllnderl) the separation 

point moves upstreamo However, the experiments by Fage and 

~alltner (26). a~d t:ichmldt and Wenner (27) shol'Ted that for ~ 

~bove 8,000 the maxlmum,negative pressure normal to the sur-
o 

face of the cylinder occurred at about 70 from the stagnation 

point and that aIl separation poi~ts were between 80 and 850
0 

At the criticsl ~ the laminar boundary layer becomes tur

bulent. Transition to turbulenoe causes the separation point 

to move downstream because of the abl1ity of turbulent flow to 

.overoome much larger adyerse pressure gradients. This can be 

explalned by the inc~ease 1.n the lateral momentum transfer due 

to turbulent mixing and ~herefore a partlcle ln the turbulent 

boundary layer entering a raglon of rislng pressure is more 

able to draw energy from the external flow and to preserve lts 

forward motion for, a greater distance. This shift downstream 

of the separa~~qn point res~ricts the wake wldth. Besldes g 

the pressure distribution becomes more llke that of an invls

cid flow and thls expla1ns the ma~ked decrease in the drag 

coeff~clen~ e.t the critical Reynolds numbero fJIoreover ll the 

point of maximum negat~v~ normal pressure moves further down

stream (21, 26). 

At the cri~ioa~ pointu the sheddlng frequency develops a 

marked change in behaviQu.rp increaslng abruptly. In the supe~-
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cr1tical rang~!I no specifie change 111 the flow i8 observed, 

except that the transition point of the attached boundary 

layer move~ upstream when Re 1ncreases. 

BEAT TRANSFV.5W,-DISTRIBUTION AROUND A CYLINDER 
'" . . . ." ; '. . . '," 

In the low range (Re<lpO()O) the main measurements of 

local heat transfer around a cylinder have been carried out by 

Eckert and Soehngen (28,). Thelr plots of !2 v~rsus ~ at three 

va~ues of the Reynolds n~be~ (Re = 23, 224, 597) show the hest 

transfer coefficient to decrease from the front stagnation 

e · 0 point to ~ min1mum st ~ between 120 and 130 (which corre~pond8 

to the separation point) and then to ri s,e steadily up to the 

rear s~agnation point where it ~s alway~ smaller than at the 

front. In this l'ange" lm in the attached boundary layer in

creases much more rapidly wlth 1ncreasing ~ than, in the ~ake, 

and therefore, the contribut1on of the wake 18 small compared 

to that of the front. 

Extensive experimental studies of the local heat transfer 

( 21, 27, 29 'to 31) have covered the subcri tiÜl range (500 < Re 

<150.000). Al'I;hough, the resul ts of these studies may differ 

quantltatively, aIl of them agree on the V~shape of the haat 

transfer distribution. As Re ls lncreased p the wake contrlbu~ ........ . ., 

tien becomes more and more important. Schmidt and Wenner (27) 

polnted out that the heat transfer et the front and rear stag~ 

nation points has the sarne value st ~ = 259000 and st ~ = 
54,000 the wake accounts for 50% of the total hest transfer. 



17 

In the oritioal R2 region (150,000-300,000), the local 

heat transfer undergoes a marked ohangeo The heat transfer 

distribution (21, 26, 27p 32, 33) similar1y to the skin fric

tion distribution, disp1ays two minima between the two stagna

tion points, one at about 950 and the other ~t 1500
, while a 

maximum between them ooours around 1150
0 Several oonflioting 

opinions have been advanced regarding the interpretation of 

these ourveso Fage and Falkner (26) postulated thet the first 

m~nimum oorresponded to a transition from a laminer to El tur

bulent boundary layer and no separation would occur before 

the maximum (e= 118°). Sohmidt and Wenner (27) agreed with 

Fage and Falkner, partioularly when they noted that their lowest 

looal heat transfer ooeffioient'in the criticsl region ooourred 

a.t about t~e same position as the minimum in ~age and Falkner' s 

frictiona1 intena1ty curves and a similar correspondence occur

red for the maximum at e = llSo. 

Another explanation has been developed by Gledt (2l)~ 

Zapp (32) and Sebal'l (33). Gledt noted the coincidence of, the 

location of the first minimum in the hest tr~nsfer ooefficient 

and the zero value of the skin friction coefficient anq sugges

ted that a laminar separation would occur, rather than a transi

tion in the nature of the boundary layer. Zapp (32) bas1ng 

h1mself upon L1nke's (34) andSbhubauer's exper1ments (35) wh1cp 

showed that a 1am1nar boundary layer can ex1st as a free lam1-

ner layer fo11oW1ng separation and that, as the iree layer 
~ , , , 
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thickens, transition to turbulent flow can occur, concluded 

that the first minimum, the new maximum and the second minimum 

in the heat transfer curves could quite conceiva');)~y be caused 

by the separation of a laminar boundary layer, the re-attach

ment of a turbulent boundary layer and lts subsequent separa-

tion, respectivelyo Thus a laminar "separation bUbbleu , as en

countered on airfoils, may exist bet't'leen the fi·rst separation 

point and the point of re-attachment. This view was supported 

later by Seban (33) and \'ladsworth (36). Knudsen and Katz (13), 

on the other hand, bel~eve that the first minimum is due to 

transition and no separatlon Occurs before the second minimum 

Kestin (37) supports the samevlew and adds : "further increase 

in the ~ has little effect on the point of separatlon of the 

turbulent boundary layer but causes the polnt of transltlon to 

moYé upstreamu • 

For supercritlcal Re the experlments of Schmidt and Wenner 
, -

(27) at Re = 426,000 sho~ed that the heat transfer distribution 

dlsplays the seme behaviour as.in'the critical regime. It ls 

lnteresting to note however, that'the value of the second ma

ximum (e = 1150
) ls twice as high as the value et ei ther stag

nation point. 



,.il.L.. EFFECTS OF VARIOUS FACTORS 

ON HEAT TRANSFER 

EFFECT O',F TURBUI,ENCE ON HEAT TRANSFER 

It has long been knOl'ffi that turbulence inoreases the rate 

of heat transfer. In ear1y lnvestlgatlons, Re1her (38), and 

Grlfflths and AWberry (39) noted increases of 50 and 100%, res= 

pectlvely, by placlng a turbulence generator upstream of the 

test sectlon. However, lt 8eemS that the flrst quantitative 

lnvestlgatlon was carr1ed out by Comlngs et al. (40) ln 1948. 

Slnce then, other contrlbutions have provlded addltlonsl data~ , 

but they are usually not conslstent quantltatively and no 

theory exlsts st present to predlct accurstely the effect of 

turbulence on hest transfer. 

Thl.s,inconsistency between the experimental resul ts has 
, ' 

been very loglcally explalned by Kestln and Maeder (22) who 

polnted out the difflculty of obtalnlng slml1arlty between two 

turbulent systems : "In the elementary derivatlon of the laws 

"of slmllarity whlch applled in·forced oonveotion, the external 

flow ls always desorlbed by specifylng only ~. This constl= 

tutes an adequate description in cases when the external flow 

18 lamlnar, 1.e. ! = O. However, when the flow is turbulent p 

the laws of slml1arl ty imply, in addition, SI. slml1arl ty in the ran"", 
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dom fluctua.tions in ,the stream.. Pres,ent day experlmental evi

dance seeme to show that an adequate degree of slml1arity 1s 

achleved whènthe 1ntenslty of turbulenoe l and the soale of 

turbulence Lare flxed in value" .. 

As polnted out by the authors, even this description of 

the turbulent tree-stream dlsregards the frequency of the ran

dom fluctuations and Kestin (37) reoently suggested that the 

frequency spectrum s,hould be de'scribed as l'le11. Beside this 

lack of sim~larlty, no 8t~ndard method to measure l and ~ has 

been deflned$ Som,a researchers measure 1. outside the boundary 

layer with the model in p1a~e (frequ.ently st some unspec1f1ed 

d1stance upstream of the oyllnder), othérs mea.sure lt in the 

empty test sect1on. D:i,sagreement betweèn the d1fferent studles 

can a1so be oaused by secondary affeots such as blockage or 

large temperature gradients. 

Whateverln'oons1steric1'es may exiat, qua11 tat1 ve,. and in 

certa1n oases sem1-quant1tat1ve, argUments may be obtained 

whlch w1ll he d1soussed 1n turn. 

A) Influence on Local Hest TranBte~ 

The measurements of local heat tr~nàfer coeffioients arouhd 

a cyllnd~r in presence of a turbulent free~atream have been per~ 

formed by Gledt (21) 1 ZeL,PP (:32) ~ Perklns and Le;PPfitJ:'t (12.) t Seban . ' 

(3:3) and KE;3st1n. Maeder and Sog1n (41) .. ,Bogin ~nd ,Sub,raman1an 

(42), ca.rr1éd o:ut exper1m~ntG of maastre.nsfer .. , 
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G1edt (21) stud~ed the affect of 1 on both the skln rrlc-

t10n coeffioient and the local hast transfer coefficient below 

~nd ab ove the cri tic~l . R.!à" He found that l will foroe the tran .. ·· 

sit10n to turbulence te take place et much lcwer critiasl Rey-

nolds number. The magnitude of the sk1n friotion -coefficient 

weB not apprec1ably affected by r whereas the local heat trans

fer exhlbited a marked 1ncre~8e, pr1mar11y in the boundary la~ 

yer reglon. For instance, when l wes increased from 1 to 4%, 

st comparable' va.lues of' the main free-stream veloe1 ty t'the heat 

trsnsfer coefficients at the front stagnation po1n~ 1'1e1'6 approx-

1mately 25% hlgher and the ratios of heat tranSfer st the front 

and rear halves were lncreased from 0.85 ta 1.1, respeot1vely~ 
'.' , . 

Zapp (32) measured the local ~ for three values of ~ (39.000, 

71,500 and 110,000) et threelevels of turbulence (3, 9 and 

11,5%)and his results agree w1th the prevlous ones. 

Kestln and Maeder (22) wanted ta verity the assumptlon that 

l not only promotea an: aarl1er transition to turbulence in the 

laminar boundary layer but has an effect on the local hast trans .... 

fer as well. Because only the average' hest transfer coefficient 

was measured,,. the transition po1nt had to be fixed on the oyl.ln"", 

der by means of a trlpplng wlre located at 600 from the oncomlng 

stream, so that soma conclusions could be drawn. The turbulent 

boundary layer separat10n po1nt belng unaffeoted by 1, the sur

faoe of the cy11nder was then d1vided lnto three deflnite regions 

at a gi ven!.ùt. Tnelr resul ta in the cri tloal regio:n 140,000 < 
Re < 240,000 fully confirmed the1r hypothesls but 1 t was 1mpos-
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sible to dlscern which of the three regions~ the laminar boun~ 

dary layer, the turbulent boundary layer or the wake, was af

f'ected the Most by the turbulenceo Subsequent measurements (41) 

of the local heat transfer in the same flow conditions showed 

that the overall 1ncrease was malnly due ta that of the lamlnar 

boundary layer reglon. In thls ~ range 9 NB at the stagnation 

pOint was 1ncreased by 80% when 1. varied froID 0 to 206% .. 

Beban t s conclusions (33) agree wi th those of G:tedt t Zapp. 

Kestln et alo, and may be summar1zed as follow 

- 'l'he hest transfer coefficient in the laminaI' bcundary 

layer increases wlt~ a maximum ga1n at the point of 

largest pressure gradient and a minimum at the smalleat 

(hence~ he suggested that the effect of ! could be 

strongly dependent on the pressul'e gradient.); 

- The cr1tical Reynolds number la reduced to lower values 

as l 18 increased; 

- The lntensity of turbulence 8eems ta have no appreo1able 

effect on the heat transfer in thé turbulent boundary 

layer regian; 

- Th~ 1ntenslty of turbulence affects the charaoter of the 

separated flow .. 

This la~point has been discussed by Richardson (43) who 

mentioned however that the wake lB much less affected than the 

laminer boundary layer~ 

Sogin and Subramanian (42) studled the local mass transfer 
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from oylinders in cross-flow in the oritiasl ~egion~ Mass trans

fer rates were.lncreased by 50% in the boundary layer reg1on. 

when l was changed from 008 to 204%0 Besldes, thelr mass trans

fer dlstrlbution clearly demonstrates that, st least in the 

boundary layer reglon, an almost complete oorrespondenoe:ex1sts 

between the transfer of mass and that of heat~ 

~l Effect of Intensltx of Turbulence on the Average 

HeatnTran@fer Coefficient 

The more important investigations deallng with the average 

hest transfer ooefflclent have been performed by Com1nga, Clapp 

and Taylor (40), Maisel and Sherwood (44), Van der Hegge Zijnen 

(45)' and Kestln and Maeder (22,41,46,47). 

Comlngs et al Q (40) worked 1'11 th cyllnders in the lower range 

of R2 (fram 400 to 20,000) and varled thè turbulence level 

wldely (from 108 to 22%).. At fu! = 5,,800, ~ was 1ncreased by 

25% when l varled tram 1.8 ~o 7%. whlle a further lnorease in the 

turbulenoe level up to 22% resulted in another 1ncrease of only 

5%. Thls tendenoy of !g towards a 11mltlng yalue as l la 1n

creased aeamB to 1nd1cate that at a glven ~, l 1s more effec

tive ln the low range of turbulence., Moreover, the h1gher the 

~t the more effeotive ls *' the seoond hav1ng almost hO effect 

st low ~ ( Re <500). 

Ma1sel and Sherwood (44) however. dld not conflrm the type 

of relatlonshlp obtalned by Comlngs, ~lapp and Taylor. Wheress 

the lattertound a defln1te flattenlng of the ourve ID! versus !. 
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for high values of l, Maiael and Sherwood obta1ned a reverse 

curvature in the oase of sph~reso 

Van 4er Hegge Z1jnen (45) aeamB to be tha only o~e who 

made a systematio investigation of the comb1ned influenoe 

of th~ soale of turbulenoe, k' and of the intena1ty of 

turbulenoei) 10 on the trensfer of hast trom : ... 9.,. oyllnder 

in orosa;..flo~l. In his.exten,s1ve measur<?ments s the aoa;te of' 
. . 

turbulenoe verled tram value a mu oh Breote~ thon!) to valuee 

oomparable te thecyl1nder dlameter (00)< IJD <240).. The 

~8nge of Ba covered extends trom 60 to 25,800 and that of the 

turbulenoe "ntenslty,' t'rom O·to 14". His oonolusions t'rom 

.h1séxperimental results for ~~e defined as the ratio of 

(Nu) turb over-:.(Nu) lem are 1 

1) At constant value ot the ratio L1D,~* 1noreases w1th 

(Re x IJ,· the rate ot 1norease baing h1ghesttor low 
1 

values of the produot, when (Re x 1»100 the rate of 

1ncreaselsconstant. 

2) At oonstant value ot ~he produot (Re x I), hast trans

fer e1ther lnoreases or deoreases wlth lnoreasing scale 

ratio, the maximum be1ng reaohed when (LIn) 1a about 

l.Ste 1.6. 

) Any variat10n ln 10r & 1s more effeotive at h1gher ~. 

Moreover. h~ noted that ~ 

4) In the range 60 < Re < 600. no turbulence effect on hea t 

tr~nsrer wes round up to ~ turbulence leve1 of 13%. 



.5) The optimum value of (LIn) = 1 .. 6, may correspond to 

a condition of resonance between free-stream fluc-

tuations and eddy sheddlng. This resonance would 

reinforoe the oscillation of the eddles in the wake 

2.5 

and oause the observed maximum in ~o This hypothe

sis has been supported by Fand and Cheng (48). 
e,.' 

The author assumed that the followlng equation repre

senta weIl the turbulence and scale effeeœ on heat transfer 

(11) 

where fand f are two empirlcal functions. 

Although this 1n~estigat1on was carrled out carefully, 
, ' 

aome l'esults are qu1te 1noonclus1ve : at Re = 10,000, Van der 

Hegge ZljnenO a ourves pred1ct' that, f,or (Lin) less the.n 1 .. 6, 

increaa1ng the soale would'1norease the effect1veness of the 

turbulence, whereas '.Ià.yl,itfr's thê6ry predlcts the opposi te and 

Drydenfts data seem to conf1rm Taylor's po1nt of view. Besides 

th~ scale of turbulence has an effect eyen st (LlQ) exceedlng 

ten. 

Keatin and Maeder (22) carried out experlments et hlgh li~ 

( 140,000 < Re < 300 ,000). Theil' re sul t s are pre sen ted in the 

form 0t curves of ~, at constant value of l (varying from 0.8 

to 2 • .5%), whlch indlcate that ! la much more effective at Iow 

values of ~ in thls range. An attempt ta correlate th~ varia

tion of ~ st constant ~ and ~ wlth Taylor's parameter did 

not Iead to a useful l'eault. 
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Kestin and co-workers (47, 49) studied the oomblned areots 

of the pressure gradient and ! upon the hest transfer to a flat 

plateu In the case of zero.pressure gradient (~7) no effect 

of ! wes detected in elther the lamlnar or tubule nt boundary 

layer. ! slmply forces transition to tske place earlier. 

In the case of a moderate pressure gradient (49) a sllght 

increase in free stream turbulence wes found to Increase neat 

tranafer througha lamlnar·bound.ary la.yer, but nothing happened 
1 

in the cass of ~ turbulent boundary layer. 

In spite of the ta~lure to flnd a correlation, It ls pos

.sible to summarize the results·of the investigations reported 

above as follows : 

- Free-stream turbulence May affect heat (a~d mass) trans

fer rates both locally and through flow configuration • 

..,. The 100al -a'ftect is I!luch greater on a laminer boundary 

layer than on a turbulent boundary layer or the wake. 

- Binee the skin and ·drag coefficient are much less af

feoted by turbulence than the heat transfer ooefficient, 

it ~eems tn~t the temperature profile in the thermal 

boundary layer ls much more sensitive to variations of 

l than the velocity profile. 

C) Effect of Turbulence on Transltion 
, 1 

'l'hie topie belng of particul B:r interest to the exper1-

mental part of this thesls, it will be d1soussed in some deta11a. 

... " 

...., 
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The first theory dea11ng w1th 1nstabl11ty of the laminer 

boundary layer 1s the weIl known Tollmlen-Schl1chting theory~ 

This the ory correctly prèdicts the growth or decay of small 

di sturbances in the bound.ary layer but carl,not pred1ct where 

transition will oceur. Moreover, lt epp11es orily at low le

vels of turbulence 1ntens1ty. (l'<O~ .. 2%). For higher 1., Taylor 

(50) and \'l1eghardt (51) postulated that pressure fluctua.tions 

coupled with ! are mainly responsible for transition and they 

estab11shed that the~) cri t 0 depends on the single parame .... · 
1/5 

ter 1L = l (D/L) . usually called Taylor 0 s parameter. Dryden 

and Schubauer (52) suecessfully appliedth1s parameter, wh1ch 

reduced the scatter 1n the1r data in the transition zone. 

However, it cannat be app11ed to commonly oceur1ng non-1so-

trapic flow and 1ts va11dity et higher l levels and lower Re - -
cannot be assumed •. 

Torobln and Gauvln (5; to 58) in the1r extensive revlew 

,of the fundamental aspects of solid,~ gas flow, fully dlscus-
• 
sed the three causative factors wh1ch are ma1nly respons1ble 

for transition namely Il the pressure g!"ad1ent, the roughness 

of the surf~ce and the disturbance 1n the free-stream. It 

1s recognized to-day that a favorable pressure gradient will 

postpone trans1t1on whereas an unfavorable one w1ll prqmote 1t. 

I~ their experimental study on freely-mov1ng spheres at 

Iow lli:,' 'c 400 - 3,000) in turbulent air stream (the relative 

intens1ty of turbulence in the case of a freely-moving part-
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101e oan reach values QS hlgh as 40%) no particular dlameter 

effect on the trans1t1on phenomenon wes detected. Besides, 

a11 the resul ts at 1 > 1% conflrmed that the magnl tude of the 

turbulent disturbance rather than ita frequency was the tiret 

causative factor for transltlono They propoaed that transi

tion will occ~r if the ratio EzlEv (Er = turbulent energy of 

the oncoming fluid; Ev = vlscou8 damplng energy) reaches a 

critiaal value whlch allowssufflcient penetration of the free

stream dlsturbances lnto the laminar boundary layer in arder 

to promote turbulence in ito In mathematieal terms, thls crl

terian reduees to : 

12 (Re)crlt. = constant (12) 

Thelr experimentai data on spheres agreed wlth th1s correla

tion qultewell, which seeme to oonflrm that, st Ieast for 

h1gh turbulenoe levaIs, the scale of turbulence ls a minor 

parameter. Thls small degree of dependenoe ls corroborated 

by the faot that a power of only 1/5 was taken to aecount for 

scale effects in the Taylor parameter. 

Van Drlest and Blumer (59) formulated a orlter1on for 

the transition of the boundary layer, by considering that 

the ratio of the local lnertial stress to the 'looal vlacous 

stress must reach a l1mit1ng value Bomewhere 1n the flow o 

Wlth that assumptlon they derived a transition equatlon g1ven 

as = 

1 ,690/ (Re) Je , ~ 
0.528 2 2 0.5 = O.J211(m\"O.11) + 0.73 J l (Re)xtt 

( 1) 
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where subscript ~ refars to the d1stnn~e tram the stagnation 

point wh~re trans1t1on ! to turbulenoe ta.kes place. Pl 1a de-
.' 

f1ned by Ume.x O(:)Cm where Umax la the veloof t~. st thE\ outer edge 

of the boundary . layer ; and ~ 1 s a g1 ven funotlon of m only .. 

This equet10n fite flet plate (m c 0) trans1t~on data well. 

Recently~ Talmor (60) reported Q hast transfer investl~ 

gatlon to throat tubes in hlgh ... temperature tl'rutson.iu cross ... 

flow wlth combustlon-induced turbulence whic.h 1nd1cates that 

the boundary layer around smalt (61) and large (62) dlameter

throat tubes la turbulent. esaentlally tram the stagnation point 

or very close to ,it (ê c ,lOO)~ Then,beoàuse he was not able 

to measure ! directly. Talmor solved Van Dr1est and Blumer-g 

equatlon for! and round that transition took plaoe at the 

obaerved points on the oyllnder for values of ! ranglng trom 

15 to 20%_ These values baing qulte reasonable. lt aeems that 

the method oould provlde and indireot method of measur1ng l~ 

ReoentlYII Kozlov (63). while reasseselng aome of Taylor's 

assumptlons. derlved the follow1ng relation,shlp for Q flat 
'f 

plate 1: 

As ,already d1scUBsed, knowledge of the flow pattern about 



~y11ndera e.t the point or !'eg1on where trans1tion ()CCUl'S le 

still· 1ucomplete. 
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In addit~on ta the oontradictory interpretations of the 

100al hee.t transfer curves around a. body, the spec1:f'lo stu ... 

dies" dealing wl th tran~1 tian do not shed more 11ght. "'lads~ 

worth (36) assumes momentary separation of the laminar bound .... 

e:ry layer ta be a nacessary oandi tian, 'l'lherees Kra~er (66) 

refera ta exper1ments in wh1ch transi t10n oecux'red '&\1'1 thout 

separation. Taylor, Wieghardt, Van Drleat and Blumer and. 

l)~he1'8 wOl'kers assume the pressure fluctuations and the free ..... 

stream turbulenoe tQ ~ause aep~ratlon. whereas Stetnberg (67) 

disagrees w1th the above assumpt10ns and supposes that turbu~ 

~ence acta on the laminar boundary layer by creatlng large 

Reynolds ahEt,Br streases in 1t. 

It oan be o~ncluded that the laminer boundary layer l'eacte 

tofreeftstream fluetuatlons in a very complloated m~nnar and 

thatt ut preaent~ no satlsfactory thaory ls aval1able to a~~ 

plain and predlct th~ ~echan1a~ of trana1tlol'l1t 

EFFECT OF LARGE TEMPERATURE, P,IFFERENCES 
.~. .J \,") t,", ;1 

.; .. 

~arge temperature dlfference~ p'~$e two main problems % 

how they affect the value· of h. and how to take 1nto account 

the resultlng large var1a.tions in physical propertieso As 

~lsoussed by Audlutor1 (68), the so~cQlled "Newton's law of 

coollng4' ia a very uaeful concept if, a.nd only if f. 

dh / d (~T) = 0 (15) 
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It aeems that agnation (15) 1s clearly aatisfied fol' mode

rate ~~9 but st h1gher values this 1s ~ot 80 4 H11pert (69) 

found that h WQS about 6% h1gher for ~~ ~ l~OOOoC~ than for 
o . 

b. T ::= 100 c~ 

MoEligot et al~ (70) observed that large temperature dif

fe:rences bet'41een agas heated (l'Ih1.1e in turbulent flow through 

~. tube) and the Tr18;11 reduced both the hest :re.nsfer end the 

akln friction in compariaon wlth small ~ behaviour at the 

.same ~» lilhereaa Peturkho'lT et el. (71) came to the opposite 

oonclusion for hast tranafer. 

Churchill and Brier (72) showed that exlst1ng correlations 

based upan small ~ do not adaquately represent data for large 

j.;:.~ becauae of the lack of slm11ar1 ty in the var1a.tion of phy

~1oal propert1es of fluid~ and the imposslb111ty of flnding a 

prope~ temperature bas1s_ 

Hawever, in many gas ~tud1ea involv1ng a large ~t aat1$~ 

factory ~epreaentatlon of the data for bath overall and'local 

heat trsnsfer rates we,s round possible by the introduct1on of 

the parameter (TblTw)~ For liquids, a better repres~nt~tion 

la aoh1aved by a v1aooslty ratio faotor with an appropria te 

exponent. Theoholce of the appropriate temperature for. the 

evaluatlon of physlcal propertiea ln the oase of large tempe-
1 

rature' d1ff'erenoes will be dlaouased later" 

Eokert (73, 74) has shawn that when the temperQture var1a-



tion through the bounda.ry layer 16 such that Cp varies consl

derablYI the temperature difference should be 'replaced by the 

enths,lpy' d1fference.. This 18 partlcule.rly important under 

cond.1tions in which thermal equl11brlum does not exlst and 

a single temperature cannot properly descrlbe the state of 

the gas .. 

EFFECT OF COOLING OR HEATING ON HEAT TRANSFER 

S~h11cht1ng (75) showed from the boundary layer equa

t10n that the heat1ng or coollng of a body should have some 

affect on the stabll1 ty of the boundary layer.. Fü.l: ooo11ng 

a gas, the boundary layer should be destab1l1zed because the 

visoos1ty l~creases wlth temperature. Perk1ns and Leppert (12) 

wh11e studylng the pressure distr1 b~,t1o~ a~ound a cyl1nder 

when the latter cools orheats a flu1d, dld not flnd aignifi

cant differences over the lamlnar boundary layer region. How

ever, the1r data aeem ta ind1cate, in agreement w1th Schlich

tingts su.ggest1on, that cooling or hasting may a.ffect both the 

pressure distribution apd. the transition point when ~ le nea:r. 

(Re)crit. 

Smith and Kaups (76) found. in their study on laminar 

boundary layers in water, that heat1ng the wall had s strong. 

favorable effect on the boundary layer stab11ity~ In adverse 

pressure gradients, a heated wall appeared to delay separation. 

It has been observed exper1mentally that coollng and 
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heat1ng data fall on two dlfferent linea. Douglas and Chur

ohill (24) howevar, achleved a reasonable agreement when they 

replotted ~11 the date for heat transfer to oy11nders in cross

flow on the baste of the film temperature. 

Nevertheles8, several authors(72) (77) recommend the use 

of two d1fferent l1nesg th1s being more consistent with the 

pl"ino1ple of s1m11arl ty of tl-l0 noni'sothermal systems. 

. ' 
EFFECT OF BODY SHAPE ON BEAT T&\NSFER 
ÀO ."wP'a'lllll.... "V"""""w 

Accord1ng to the prlnciple of hydrodynamic s1milar1ty, 1t 

18 obvlous that the shape and the orientation of the body w1th 
. 

respect to flow constitute the-most important parameters wh1ch 

affect the flow and the heattransfer~ Therefore, one oould 

e~pect as many relatlonshlps for hest transfer as there ~Xi8t 
( 

d1fferent shapes of part1clès1n di~ferent ùrlentat1ons. How-

ever, some attempts have bean'made ta flnd Q standard characte

r1atio length wh1èh oould allow prediction of hest tran~fer for 

any shape of particle from a standard heat transfer equatlon. 

Although the problem 1s probably too oomplex for th1s s1mp11-

fled approach, some of these attempts have Bucoeeded reasonably 

weIl. 

In 1953, Kr1scher(78) def1ned a "flow lengthll LJt, as the -
length of the pa th oovered by the stream1ng medium slang the 

surface. Subsequent investigations on hast and mase transfer 

(19, 80) on fourteen shapes ahowed that ~ may be conaldered 

as useful for two dlmenslonal' shapes only. 

1 
1 , l 
! 

l 
1 . l 

1 

1 

1 
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Polonskaya and Mel t n1kova (81) suggested that AO.5 should be used 

1nstead (! 1a the surf.ace aree). 

" Pasternak and Gauv1n (82) stud1ed th~ convecrt1v~ hast and 

mass transfer for twenty shapes suspended in various ~rlentat1ons 

in a hot turbulent air ~tream at moderate ~ (400 - 8 0 000). 

They derived a oharacter1stlc length Ln from qualitative boundary 

layer oonsiderations whioh takes into aooount both the body shape 

a~d the orientation of the particle and wh1ch wes def1ned by : 

Ln = A l'p 
m (l6) 

where :m 1s the m1d croBs-section per1meter normal to the flow. 

A standard oorrelation was obtalned wlth a Boetter of only ! 15%. 

This conoept was a1so ~pp11ed ta free~~-~ov1ng bad1os-,(83). 

Shch1tnikov (84) 'tried to a.pply the above character1st1c 

lengths in the case of pure oonveotive he st transfer at muoh 

highar ~ (10,000 ta 140,000) and round batter oorrelation of 

his data by us1ngthe reduoed per1meter over the mid-body oroas

section (pogfn). 

SURFACE EFFECT ON BEAT TRANSFER 
i 

Surfaoe roughness may affeot the heat tranafer bycreat1ng 

in the boundary layer soma d1sturbanoea wh10h under ceriia111. o1r

oumstances. may grow tp'~e large'enough to de~111za lt and 

promote ~ranB1t1onQ Artif1c1al raug~eaa oan be ach1eved by 

means of str1ps or tr1pplng wl~ea, and relavant studies 



are found in refo ; (13, 22, 27~ 56,85)0 

The surface mayalso have a chem1cal action on the 

flu1d, and heat generation mey be involved as well. This 

18 the oase for tests in arc-heated streamsof d18soc1ated 

ni trogen lihere re.combination of the atoms takes place at 

the surface. For 8uch condltions W1nkler and Sheldahl (86) 

reported that errora up to 20% had been experlenced ln the 

measurement of free-stream enthalpy by not maintalning a 

h1ghly catalytlc S!urface on their probe. The rate"at which 

heat ls evolved durlng recombinatlon of nltrogen atomsat 
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the surface has been lnvestlgated by Chludzlnsk1, Kadlec and 

Churchlll (87) and lt was found that the c~ntrlbutlon from 

the hea..t nf reactlon could he as important as that of the 

convective hest transfer 1.tself. In that cass, any modifica-

tion in the state of the catalytlc surface affects the heat 

transfer rueasurements to a large degree. 

EF'FECT OF MACH NUMBER ON BEAT TBANSFER 

The formatiQn of the boundary layer la due to fr1ct1onal 

affects between the su~fsoe and the v1scous nature of the 

flow1ng rluid~ Fluid fr1ct1on la an 1rreversible process and 

therefore generates heat wh1ch must be cons1dered in the ener

gy equat1on. As already ment1oned, however, for veloclt1es 

correspondlng to M <.0.5, the influence of f'r1ct1onal d1ss1pE\

tlon 18 neglig1ble w1th respect to the oonvective hest trans

fer. For veloc1 tles beyond th1s t ·1 t gradually beoomes of major 



importance and references(19) (20) and (BB) have studied this 

effect on heat transfer, in the Iow ~ range (0.02<:Re<:I,000) 

for continuum flol'l or free molecular 'tIO'tr-l.. The experimental 

results clearly show that : 

- At a given Re, Nu decreases when M increases; - - -
This ettect ls larger the lower ~ ls. 

~FFECT OF A JET FLOW ON BEAT' TRANS FER 

Kubanek Cl) has :t'ully reviewed the hydrodynamic proper

tiee of' free and confined jet's.. Emphasis should be placed 

here on sorne aspects of heat transter to a body immersed in a 

jet flow. The changes in the properties of a jet i,n both the 

axial and radial directions'of the flow issuing from an orifice 

causes flow problems which are not encountered in studies in

volving a duct or a wind tunnel. 

Schuh and Persson (B9) investigated the effect of a two

dimensionsl jet of limited initial th1ckness upon the average 

heat transfer of a cylinder in cross-tlow placed st d1f'rerent 

d~stances, ~, from the nozzle. T"he Reynolds number based on 

D and V at the nozzle exit, ranged from 20,000 to 50,000. - -
Surprfsingly, the max1mum heat transfer coefficient was ob

tained for a jet with an init1al thickness of l/B the cy11n-

der D and w1th the c.y11ndeT at a distance from the'nozzle 
" -

exit ot ~bout two to elght times the jet th1ckness. This re

,aul t weB explained by the ab111 ty ot th1n jeta to adhere to 

curved surfaces (Coanda etfeet). 
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Gardo~ and Akflrat (9~ showed that sorne seemingly anoma

lous heat transfer phenomene.. wi th i'inpinging jets could be exp

lained as effects o'f the intense a.nd spatially-varying turbU

Te:nce inherent in jets 0 As a. matter of fact \1 turbulence ln 

jets is generated by the jets themselves while in a wind tun

nel a. more uniform distribution of turbulence ls artiflcially 
" 

obtained ·~ver 'che t~st section. .Besides, 1. has been found to" 

be uniquely determined by the jet ~ and the dimensionless jet 

length z/d (where d is the diameter of the nozzle). - ""'" 

EFFECT OF BLOCKAGE ON BEAT TBANSFER 

When a cylinder blocks off a large proportlon'of the chan

nel oross-section, the pressure andvelocitydlstributiOnlj ~he 

separation and transition points, and the local heat transfe'r 

will be atfected. Perkins and Leppert (12), using both poten~ 

tial flow theory and presl:lUre measurements, investlgated and 

correlated the effeot of blockage on the hydrodynamic behaviour 

over the front haIt of a cylinder. Blockage ln:thls region 

was found to force ve1oo1tles to lnorease, separation to occur 

further downstream and velocity distribut10ns to be more like 

those predicted by potential flow theory. These authors and . 

more recently Tetlmor (60)' made an extensive rev1ew and compa

ri'son of the ex1st1ng methods for correoting the local or 

average heat transfer data for blockage effects. Therefore, 

no further d1scussion will be presented hers, except for 

stressing that these methods are purely emplrical and correct 

the effeot only partlal1y. Studies (12, 60, 61, 62, 91) invol-

-, 



vinh; hlgh blockage ratios should be examined w1th c1rcumspee'1" 

tion when they are to be compared wl th other heat transie!" in ..... ··· 

veS1jgations in whioh this problem lB absent" 



!V" CONVECTIVE HEAT TRANS FER CORRELATIONS 

FOR A CYLINDER IN CROSS ~ FLOW _.!do 

iffiE C IRCULAR CYLINDID! 

!.inder the oondition of pure convective heat 'cransfarl\' 

:l.t has been shown in the seot1on on similal'i ty of t't'TO non .... 

1sothermal systems that.the heat transfer coefficient was a 

tunotion of ~ and!! alone ~ 

Nu r;:: f(Re~ Pr) 

The ava~lable evidenee lndicates that a form of thia 

ftu'iction 113 ~ 
n lI!. 

Nu = a + b (Re) {Pr} 

(17) 

(18) 

:where .! 1,g the va. lue of the !œ in 'l.~he case of an e.1most sta.g

nant flu1d and has values of 2~O and 0.32 for a sphere and ~ 

cyl1nder~ respectivély~ 

An analogous equatlon exists for mass transfer t 

, 1 n m 
Sh ::: a + b (Re) (Sc) (19) 

lt 1s usua11y admitted from both exper1mental 

observation and theorical oonsidera.tion that ·m ::: 1/3.. Under 

conditions where heat transfer and mass transfer are analogous 

prooesses) equattons (18) and (19) are identioal. 
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!lvery clear example for this 18 given by Sogln and Su

bramanianva work (42), who round an excellent 1dentlty between 

the local ~ and §h in the boundary layer reglon of s cy11nder~ 

FoT. relatlvely large ~, the contribution of ~ la negllgible 

and the pure oonvective heat transfe!' equation Decomes ï 

n 1/3 
Nu c:b(Re) (pr) (20) 

Most of' the correla.tions to): cyl1nders a.re :t,'eparted tn 

th1s :rorm~ 

Colburn (16) proposed Et gene.ral method of. correlating 

heat transter data by plottlng ~ 

2/3 
(S/A) (Pl") 

versus' ~II where'h in the Stanton number ia the film coeffi .... 

oient~ The advantages or uaing this dimensionless number are 

twofold ~, J g conta1ns the data wh1eh are generally t'ound in 

axperiments and whlcll are used in ,the, design of haat exchen .... .... 

gers" and seoondly, J a :: 'fr)2 when the Colburn's analogy be~~ 

tween. heatand momentum transfert holds. Moreovert Colburn 

pointed out that.the usual way of plott1ng (Hu)/(pr)l/; 

versus ~ wes the same as plotting (JH) (Re) versus ~, 

whlch thus ~nv~lves plotting a·functlon against itself. Be

cause 1t le usually admitted that the exponent of ~ 1s 0.5 

ln the eubcr1tical range, Keetin (37) found lt more Qonvenlent 

ln the study of part10ular effects, e,g. turbulence, blockage 

etc, to present thë' heat transf'er results by the Froeesllng 
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1/2 
number (Fr == Nu/(Re) )0- In aIl the relatlonships wh'1ch will 

. be revlewed, lt must be kept ln m1nd that small differences in 

!! (whlch occur ln measuring the slope of the stralght line on 

log-log coordinates represent1ng equat10n (20») cause large 

changes in the value of the oonstant ~o 

A considerable divergence of opinion exists about the 

temperature basis at which the flu1d propert1es must be evalua

ted o ~ome authors (16, 19~ 7i, 72, 77) recommend the use of 

the bulk temperature ~; others {16, 249 45, 92} the film 

temperature Tf deflned as (Tb + Tw)/2~ and others, eo-g. Kestin -and Maeder (22) and Hllpert (69)& rather than ta temperature~ 

ca.lcula.te the 1ntegral Mean value of the phys1cal propel'tieê 

through the boundary layer, that 1s f 

J."T 
. .:.~. = l/(T

b 
- T ) b -ydT 

W T w . 
Talmor (60) used t'or :reference tempera ture th\!) arl thmeti e';. 

average of the ~d1abat10 wall temperl;1ture {equal ta the staguo 

nation temperature for Pr = 1) and the actual wall temperature 

i.e. (Taw + Tw)/? 

Davies and Fisher (2·0)\1 from both exper1mental evldence 

and theoret1cal conslderat1ons~ strongly recommend the eva.lua-· 

tion of the thermal conduct1vlty ~ of the flu1d. at the tempera"". 

ture of the wall. 

McE11gotl) Magee and Leppert (70) present a table compar1ng " 
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twenty different investigations on conveotive hea~'tranS'fer 
" 

1naide a tube~ trom whioh it can be seen that the film basis 

!! ls usually employed tor the average hast trens1'er ooe1'1'i

clent~ whereas ~ lsused for t~e local hest transfer ooef

rlcient9 Recent experimental etudies on conveotive hest 

transfer wlth hign temperature dif1'erences 1nside (70) or 

outside (72) a cyilnder or on a flet plate (11} seem to in

dicate that Tb 1s a better basls g wnereas ~f 18 restrioted to - -
lO'Ç·;r or mocierate tempe rature differences.. Unleas otherwlsa 

stated, :t w1ll oe aS,sJ.!med as the baais in the f611o,"ling dis .. 

cusalon. 

Looal hast tranafer l'es\ll,ts are usual1y p:resented graphi .... 

0811y (12* 21, 26, 27, 28, 29, 32, J7, 72, 93). Mart1nelll 

and oo-workera (94) Eitudled the data of Schmidt and l'lenner 

(27) and proposed the fo11owlng emplr1cal equatlon for pre~ 

dloting the loca~ ~ around a oy11nder tor ~ up to 80° and 

free-stream tu~bulenoe level !<l%.J 

Nu = 1.14(~Pl') O.l:to '(Re) 0.50 [1 - (e /90)3 ] 

This equatlon. for e = 0; reduces to the wall known 
• 

Squire'· eqUat10n (95) st the front stagnation point 

Nu = i.14(Pr) 0.40 (Re) 0.50 '" 0.6 <' Pr< 2 (24) 

whl1e Perkins and Leppert (12) obtalned trom a theoret1cal a,p

proBch : 
0.50 0 .. )6 

Nu ~ 1.08 (Re) (pr) (25) 

"'. 
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Talmor (60) recently reported heat transfer re~ults for 

1mmersed, cyllnders in a high temperature tl'anson1c cross-flm" 

w-lth h1gh blockage ratios", These investiga.tions, w1th combus-, 

t1on-induced turbulence, 1~dicated that the boundary l~yer 

around small( 61) or large (62) d1ameter throat tubes l'laS es .... 

aent1a.lly turbulentfthe tra.nsition tak1ng place at approx1~ 

mately 10° trom the stagnation point. A blookage~correcting 

correlation was proposed et the front stagnation point for 

l <1.% ~ 

where K = s 

( 26) 

[1 + (D/W)O.~J la a blockage-correct1on factor. 

Moreover, a relatlonship for the hest transfer at the stagna-

tian point and the average around the cylinder was presented 

[(NU) !;~:o" (prl-
o
.:n J ~MV (Re~oJO.40 [1'o2/gc foD\,]O.20 

[Tr/ToJOIl32:; 0.01.55 (27) 

where Tr/To = 0 • .5(1 iTw/To) and the subscr1pt .Q. refera to 

stagnation oonditions. It 1s worthwh11e to mention that the 

same author, ln a prev1aus study (96) der1ved two equations 

whose essential feature ls the prediction of the local ~ in 

the case of a laminar or a turbulent bound~ry layer tram Q 

knowl,edge of the angular pressure distribution data only. 

Richardson (43) in examin,1ng the 100al heat tre4lt"sfer c.~et'-: 

ficient obta1ned by various workers (5. 21, 31t 32, 42) con-
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oludes that ~ et the rear~agnation point is proportionsl 

to ~ to the 2/3 power. 

For the average heat transfer ooeffioient the standard 

relationshlp 1s that of McAdams (92). He p~otted all the 

convective hast transfer data availab1e in 1950 between air 

end a cyllnder in cross"'f~01}l. ~ varied trom 0.02 to 235,000 

and the f1uid properti~8 were eva1uated at :t' except for the 

density t'lhich t'las taken at:eo Binoe the !J! - ~ 1ine, l'lhen 

plotted on a log~log sca1e was curved, several straight-1ine 

o~~re1ations were propose4 for different ranges of ~ : 

0.1 < Re < 1 ,1 000 Nu i= 0.32 t O.48(~e)O.S2(pr)0.33 (28) 

·1,000 <Re < 50,000 Nu = 0.27 (Re)0.60 (pr)0.33 ( 29) 

50.000 < Re <250,000 Nu = O.027(Re) 
0.805 

(pr) 
0.33 

(30) 

McAdams recQmmands the correlation reported by Hilpert 

(69) as being the MOSt re1iable and representatlve of most 

of the ava11able data. R10hardson (97), however, reoent1y 

suggested that Hilpert's results oould be inoorreot. This 

pq1nt w1ll be d1soussed Iater. Kest1n and Ma~der (22), not

lng the ooinoldenoe of the1r ourve at l = 0.9% wlth Hilpert's, 

suggested that thls co1nc~dence oould .const1tute an indirect 

determ1nat1on of H1lpert Va free-stream turbulence 1nténslty. 

Church1ll and Brier (72) lnvest1gsted the 100al hest 
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transfer at Iow ~ (300 <Reb < 2,300) and high temperature dif

ferences (580<6T<1,800oF.) in a low turbulence level n1trogen 

stream (1 <2%,)0 The~rage heat transfer coefficients were 

about 30% higher than thoae predicted by McAd~s and were better 

correlated when the physical propert1es were evaluated et Tbo 

They proposed the folloldng relat10nship for the average Nu : 

0.5 
Nu = O.60{Re)b 

1/3 
(pr)b (31) 

where (Tb /TTJ1) accounts for the large temperature dlf'ference. 

However, the scatter of the points and the narrow range of (Tt/T
w

) 

wh1ch was investigated cast doubt on the s1gn1flcance of thls 

temperature ratio. 

Douglas and Churchill (24) in 1956, replotted aIl the data 

ava11able for both the coo11ng or the hesting of a cy11nder by 

a gas and showed that a single ~ - Râ ourv.e could. be obteined 

if all the propertles were evaluated st~. A semi-theoretical 

equat10n wes presented , 

Nu == 0.46(Re) 0.5 + 0 .• 00128 Be 500 <Re < 300 1 000 

which aas~es a laminar res1stance through the boundary layer 

and a turbulent resistance in the region of separated flow. 

(32) 

Beveral authors (12, 24. 93, 98. 99) and Riohardson in 

part1cular (43), have s~ggested that a more real1st1c relat1on

sh1p would be obtalned 1f. instead of postulat1ng an 
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expression of the form of equation (20), the total heat trans

fer were expressed as the sum of the transfer of heat in the 

boundary layer and in the w~ke regions, eaoh baing assessed 

independently of the other... Richardson proposed the follow-

1ng equatlon : 

(:33) 

where Cl 18 a coefficient being affected by free-stream tur

bulence whereas C2 18 no'c significantly affected by i t.. His 

results were bounded by the two equations 

Nu 
0.,5 2/; 

= O.37(Re) + O~057 (Re) ( 34·) 

Nu = o.S5(Re)O.S + O.084(Re}2/3 (3.5) 

The variation in Cl wes due. as already stated, ta 1, 
while the variation in C2 wes attributed to ex periment al errors. 

The value 2/3 of the exponent .!: was e.sar1bed to the wake beeause 

such an exponent was reported in many investigations on heat 

transfer in the wake of other blunt bodies. Other authors (12 t 

72, 98) have conflrmed the correctness of th1s value wh11e 

some others (24, 93. 99) postulated a value of r = 1. 

Churchill and Brier ~72) presented a very 1ntemsttng plot 

showlng the variat10n of n (see equatlon (20» around a oy11nder. 

Wh11e .!! was quasi-steady for o~ 6"80° t vary1ng from 0.55 ta 

0.50, an abrupt drop was d1splayed in the region of separa-

tion, followed by a marked lnorease up to the rear 



stagna.tion po1nt~ for whlch reg10n !! va.r1ed from 0 .. 27 to O,9~, 
1 

Renosa an average value of 2/3 seeme quite sens1ble~ 

Fend {98} equated the two parts of. the right hand side 

of equat10n (33) to each other at Re = 39,000, becaUB6 

McAdama reported that~ st this ~, the two contributions ara 

, 1dent1oal~ and foun~ n ~ O~58~ 

Pe~k1na and Leppert (12) 1nvest1gated looal heat trans~ 

fal" coefficients betl'leen e. unlformly heated eylinder and, \'latel' 

in crass-tlow at hlgh Re (2.000 to 120,000), mode~ate Pr - -
(1 to 7) t, low ~ (20 to 120°F.) and high blocke.ge rati()a PLV] 
{O~20a ta O~415}~ The1r data wera represented by two equa~; 

'ttone " 

0.25 ..0 .40 0 ~ 5 0 t. 67 
(Nu) (fw~/b) (Pr). = O. 31 (Rtf) , + O~ll(Rd') ()6) 

, O~2, ~O~O ~ 0 .. 5 
(Nu) <tw/ fb) (Pl') = O.57(Iie} +O.0022Re* (37} 

where ~*ls the blockage-corrected Reynolds number (Be*~ 

U oaD/v) or. Correlation (36) appears ta be more aat1sfactor1 

than' (37) \0 

Fand (98) carr1ed out sim11ar exper1ments exoept that 
4 5' 

blookage effects were carefully avolded (10 <Re <10 and 

° 4<ÔT < 10 Po)" Hia results are in good agreement wi th 

McAdams' correlation ~ 

()8) 
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whieh had 'been derived for liquidsin the low !!2 range (0.1< 

Re <200)~ Fendus data were equally well represented by the 

equatlon ~ 

Perkins and teppertOe resulta are 60% higher than those of 

Fand~ The dlfference in ! could not he made ta aocount for 

mare than 20% of thls difference, and Fend has suggested that 

the reIïla1ndsl' wa,a due ta the ,blockage and seoondary :t'lotI et' .... 

teots .. 

The only correlation wh1ch exists tQ pred1ct the affect 

of scale and lntenslty of turbulence of the free stream on 

the haat transfer ta cylinders ls the one proposed by Van der 

Hegge Z1jnen (45). His work having been already examined 

(p .. 24). h1s relat10nship w1ll just 'Qe restated l 

From a colleotion of known data, the same author (99) de~ 

rived the fOllowing ,~uatlon for cylinders in a1r : 

Nu == 0, .. :35 + O.SUle)O.S + 0.001 Re (41) 

" 

This relatlonship has been conflrmed ~y Van Meel (9:3), who 

developed an original technique to measure the local hest 

transfert whose essential feature 1s that only 'the temperature . , 

distribution, on the sUl'faoe has to be known ... 
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Heat transfer to fine wires from rarified air streams has 

been studied by Baldwin (100) and Davies (19). The former 

found that under s11p~flow cond1tion (Kn> 0.01) the exponent 

of ~ shifts from 0.5 to 1. Davies, from theoretica1 deve1op-
.. 

ments fi der1ved a re1ations'h1p re1ating ~ to. the sk1n friction 

coefficient ~ 

Nu = (.cf) .(Re) (pr) ln y (42) 

~lhere ''6 == C le. Several equations are prssented to evaluate 
p v 

c ... 
f 

Hest tranafer' to thermocoup1ea1s a matter of importance 

in the determination of oonduction and radiation oorrections 

in hot gas streams~ Th1s subject has been rev1ewed 1n Ref.(l) 

and the relationsh1p of Scadron and Warshawsky (101) 1s g1ven 

below 

4 OoS 
(~u) t = 0 .. 78 (Re)t 

0,,) 
(pr)t 

where the phys1oa1 propert1es of the gas are evaluated at 

the ~otal temperature. 

Mention must be given to Ch1udz1nskl et al. (87) who 

lnvestlgated the heat transfer to a thermooouple 1mmersed 

for peri~ds less than 0.1 sec. ln a 5-Kw. radlo-frequency 
r 

argon-nltrogen plasma jet. The ooefficients the y obtained 

1 

1 
i 
j 
1 

1 
1 

1 
l, 
J J 
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were more than twice as high as those predicted by equatfon 

(43)9 Aue to atom recombination st the. surface, and were cor-

related by the fol10wing correlation : 

0~5 0·3 05 
h = 1~05(kb(D) (Be)b (Pr)b· + (0.20/l2D) CI 

[ 
-20 . ....20· -20 J 

1.7210 CA+ + 1011 10. Cw 0} 70S 10 eN 

(44) 

THE NON-CIRCULAR CYLINDER 

Correlations to predict heat transfer to non-circular 

cylinders C'an be said to be non-existent CI It· see!lls that. only 

Hilpert (69), and Knoblauch and Reiher (102) have i~;estigated 
the field. Results are reported in the form of equation (20) 

n 
Nu = b (Re) (4S) 

This equat10n bas been appl1ed to gases on1y, and values 

of J2. and!! are g1ven in Table I. 

Recently, however, Harlow,and Fromm (103) stud1ed the dy

nam1cs and the heat transfer in the Von Kàrmànwake of a rectan-

.gular cyl1nder (25 <Re < 400) • "The heat ·transfer was measured 

from the heated rear of thecylinder and the1r results, after 
, 

blockage corr~ct1on, showed that : 

- at very 101'1 Reynolds number (,Re <100), the Nussel t number 

1s proport1onsl to R2 a~ the 1/2 power 

Nu = 0.36 Rel / 2 (46) 

\ . 

1 
1 

\ 
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TABLE l. 

, . 

HEAT TBANSFER TC SQUARE CYLlNDERR 

Flow direction Re 
n b Observ:~r 

a.nd profile t'rom to 

O-~ (69) --t1> att 50000 100,000 .67; .092 
._~ 

-11> ~ 11 2,;00 8,000 .699 .160 (102) 

~ <2> 2,,00 7,.500 .624 .261 (102) 

--t> ~~ 5,000 100,000 • .588 .222 (69) 

'T~e ~f.U/~·1 ~~ -f.,/l.IJt CAkol; I~ ra!Je (t) 1$ }/,e ota!M(l!ë. of (}\ 
cM wJ~ '7/,'ltJe. et (!~ J.w. F{f) GUPGt. 

- for 100 <Re < 1;0 transl tion ln the streakllne pattern 

takes place; 

- for Re> ~;O, ~ ls proportionsl to Râ st the 2/) power 

Nu = 0.1); Re2l) (47) 

lnClloatlng lia tend~ncy to universel behavlour for hest 

transfer ln the reglon of separsted flow", as prevlous

ly suggested by., Riohardson (4). 

" 

1 
\ 

1 
1 
1 
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1 

1 
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1 
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NOM E N C LAT URE 

ROMAN SYMBOLS 

a 

A 

'b 

c 

Cf 

Cl' C2 

Cp 

Cv 

D 

DM 

Dv 

e 

f 

gc 

G 

h 

j 

... constant 

- surface aree, ft. 2 

- constant 

- veloc1ty of sound, ft./sec. 

- skin friction coefficient 

- constants 

- specifie heat at constant pressure, B.t.u./lb.oF. 

- specifie hest at constant volume, B.t.u!lb.oF. 

- d1ameter, ft. 

- molal d1ffusivity, Ibrmole/hr. ft. 

- mass d1ffus1v1ty, ft. 2/hr. 

- exponent 

- funct10n 

- grav1 tational . constant. " 

- mass veloc1ty Ib./sec. ft. 2 

- heat transfer coeff1c1ent, B.t.u./hr. ft. 2 oF. 

- exponent 

- thermal conduct1v1ty, B.t.u./hr.ft. 2 °F./ft. 

- mass transfer coeffic1ent, Ib.-mole/hr. ft. 2 

- Euler1an macroscale of turbulence, ft. 



m 

n 

p 

Pm 

q 

r 

R 

S 

- constant 

- constant 
2 - pressure, lbo/ft. 

- Mid cross-section perimeter, ft. 

2 - hast flux, B.touo /hro fto 

... constant ' 

- radius, ft., 

- cross-sectional ares, ft. 2 

T - temperature, °F~ or oR. 

u - velocity component in x direction, ft./sec. 

u' - fluctuat1ng component of veloclty, ft./seo. 

u - average velocity, ft./sec. 

- veloclty et the outer edge of the velocity 
boundary layer" ft./ sec If . 

v - velocity component in y direction, ft./sec .. 

w - duct width, ft. 

GREEK SYMBOLS 

f t ( 0'0\-1 - coef ic1en of volume expansion, ~ 

- boundary layer thickness, ft • 
.. 

- Mean free path of gas, ft. 

- vlscosity, Ib./ft.hr. 

- kinematic viscoslty, ft. 2/hr. 

- )01416 
) 

- de~sit~, lb./ft. 

53 
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DIMENSIONLESS GROUPS 

E - Eckert number, [U
2
/Cp (.6T)] 

Gr - Grashof number, [D3 gcP (.6 T) /--v 2J 

l - lntenslty of turbulence, [({u t )2)Oo5 1 uJ 
Kn - Knuds,en number ,l (À/D) 

M - Mach number, (U/c) 

Nu - Nusselt number, (hD/k) 

Pr - Prandtl number, (Cpf- /k ) 

Re - Reynolds number, (DU f / r- ) 
(Re)crlt. - cr1tlcal Reynolds number 

Sc - Schnldt. number, (fi f Dv) 

Sh ... Sher'W'ood num'ber li (kGD/D
M

) 

st - stanton number, <h/CpG) 

SUBSCRIPT 

aw - adlabat10 

b - bulk or free-atream 

f - film 

o - stagnation 

w - wall 

00 - free-stream 

OPERATORS 

~ - difference 

oC - proportlonality 

~ - partial derlvatlve 

d - derlvatlve 
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EXPERIMENTAL PART 

~NTRODUCTrON 

Research in the field of high-temperature chem1cal and 

metallurg1cal processing 18 rap1dly gaining momentum, princ1-

pally as a result of reoent progress in the design of direot

ourrent ~lasma torches. 

Kubanek (1), work1ng"1n th1s laboratory, stud1ed the 

pure conveotive hest transfer from a nltrogen plasma jet te 

water oooled atationary spheres. His results showed tha~ ln 

the low range ~f Reynolds numbers 1~vest1gated (630 - 4300), 

the boundary layer was turbulent in nature. 

The purpose of the present work was to study, under s1m1-

lar conditions, the behav10ur of circular oy11nders and ofa" oy

l1nder with a square oro~s-Beot1on in two or1entatlonsu 

BEAT TRANSFER __ TO CYLINDERS 

Beat transf.er by forced oonvection to oylinders in oross

flow has been extensively 1nvestigated in" the oase of oiroular 

oy11nders (2 ~ 19) whereas an almoBt negllgible number of etu

dies have dealt w1th other cross-sect1onal geometries, suoh 

as el11ptl0 (9~ 20, 21), square (16, 20), reotangulâr (22) 
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or hexagonal (16)~ AlI these studies have been conducted st 

low or moderate temperature d1fferences (leas than J50op.) in 

streams of relatlvely low turbulenoe levels~ For cirouler cy

linders, howevel' ~ a few experiments (1. 16 ~ 23-JO) were carried 
o 

out with temperature d1fferences rang1ng from 1000 to 5000 F. 

In some of them (16, 29~ 30) the wall was ra1sed to elevated 
o 

temperature (IDOC to 1800 F.) wh11e the gas was et room tempera-

ture. Hilpert (16) obaerved a 6% 1ncrease in hD/k as the m 
surface temperature wss lnoreased from 100 to 10000 C. 

A considerable dl vergence of opinions exista concerning 
, . 

the temperature bas1e st whlohthe phys1cal propert1es must 

be evaluated. Some authors (l, 25. J1, .32, 3:3) recommended 

the bulk temperature, others~ the film temperature def1ned as 

0.5 (;rb + 'l'w) by (3, 14, 34, 35) or as 0 • .5 (Taw + Tw) by Talmor 

(36). Kest1n and Maeder (5) and H11pert (16) 1ntegrated the 

physioal propert1es through the boundary layer. 

The effect of the 1ntenslty of turbulenoe on the local hest 

transfer coefficient or the average ooeffic1ent has been inves

tigated by (2,4, 8, 9, 37) and (5, 12 11 14, 38), respeot1ve1y. 

Although a considerable d1ssgreement exista between the results 

of the var10uB workers, general conolusions may be summar1zad 

as follows : 

- Free-stream turbulenoe affeots the haat transfer rate 

bath looally and through flow conf1guration; 
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The local effect 1s much greater on a laminer than ona 

turbulent boundary layer or on the wake. 

Van der Hegge Zljnen (14) seems to be the only one who made 

a systemat1c investigation of the combined influence of the 

scale and 1ntensity of turbulence. He assumed that the func

tionsl relationship between hest transfer and these parameters 

was of the form 

From h1s experimental results he concluded that : 

- At constant value of (Lx/D) , ~* lncreased with the pro

duct (~), the rate of increase being highest for low 

values of (~); when {~»lOO the rate of lncrease 

WQS constant. 

- At constant value of (~), ~* elther 1ncr~ases or d~

creases wlth lncreaslng scale ratio, the maximum being 

reached when (LxID) ls about 1.5 to 1.6. 

- Any variation 1n ! or ~ ls more effective st higher ~. 

Although his experlments were carefully conducted, it 

should be noted that his data were quite scattered and that some 

of hie conclusions are opposed to thosepredic'ted by the Taylor 

parameter. 

Turbulence causes transition in the boundary layer to oeeur 

st mueh lower critlcal Reynolds number. While Taylor (39) and 

'. 
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Wieghardt (40) demonstrated that (Re)crit. depends on the so

ca11ed Taylor parameterJl = l (~x!D)Oo2 for isotropic and 

10w turbulence streams o. Torobin and Gauvln (41), in their 

experimenta1 study on freely-moving spheres st 10w ~ (400 -

3000) and high relative 1ntensity of turbulence (1 to 40%), 

found that ! wes the tirst causative factor of transition, 

and obtained a cr1terlon predlcting transition: 

12 (Re) lt' c constant = 45 for spheres (2) cr 0 

Van Oriest and B1umer (42) proposed an equation which 

predicts, at transition, the location of the transit10n point 

st ~he surface. Recent1y, Talmor (43) app1ied the equation 

in reverse to obtain the turbulence intenslty in a combustion-

1nduced turbulent stream from a knowledge of the point of 

transition. 

As the ca1culated intensity was of the expected magnitude, 

Ta1mor proposed that this method may provide a usefu1 means of 

indirect lntensity determination in situations where direct 

measurements are lmpossib1e. 

Several charaoterlst1c lengths have been proposed to pre

dlct convective hest (and mass) transfer to varlous particles 

from a standard re1ationship.,n Krischer and Loos' characteris

tic 1engtht (44) w~s found to be applicable to two-dlmenslona1 

bodles on1y. Pasternak and Gauvln (45) studied convective 

haat and mass transfer for twenty sh~pes suspended ln vsrious 

orientations, in a hot turbulent air stream (10%) at moderate 



~. (400 - 8000). 
1/ 

They derlved a characterlstlc lengthb 
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from qualltatlve boundary layer conslderations which takes 

lnto account the body shape and the orientation of the parti

cle and which was deflnes as : 

Il 
L =A 1 Pm (3) 

Shchltnlkov (46) trled to apply the characteristic length 

of Pasternak and Gauvln and that of Polonskaya and Mel'nlkova 

(47) (defined as AOo5) to the case of pure convective hest 

transfer at much hlgher ~ (10,000 to 140,000) and found a 

better correlatlon of hls data by uslng the reduced perlmeter 

over the mld-body cross-sectlon~(Pm IlL). 

Relat10nshlps to predlct force-convectlve heat transfer 

to clrcular cyllnders for low and moderate temperature dlffe

rences are abundant. They oan be obtalned ln the followlng 

references (3, 10, 13, 14, 16, 17, 19, 35) and. (2, 18, 35) 

for g~ses and llqulds, respect1vely. 

The heat transfer investigatlons at hlgh temperature, 

whloh are partlcularly pert1nent to thls work, w1ll now be 

examlned. 

Scadron and Warshawsky (27) have studled heat transfer to 

bare thermocouples ln cons1der1ng the hot junotlon as consls

t~of two cyllnders. They obtalned the followlng relatlonshlp 

(Nu) t == 0.478 (Re) t 0.5 (Fr) t 0.3 (4) 

, 
l 
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ln the ranges: 250 < ,(Re) t <30,000; 001 <00 < 0090 The subscrlpt 

~ stands for,total temperatureo Thls re1ationshlp has been 

verlfled by G1awe and Johnson (48) et temperaturesup to 3000oF. 

Churchl11 and Brler (25) investlgated the local heat 

transfer coefflcient at low~, (300 < (Re)b< 2\'1300) and re1a

tive1y high remperature differellces (S80 < 6,T <1800o
po) in a 

low-turbulence leve1 nitrogen stream (1 <2%)0 Thelr average 

coefficlents were 30% hlgher than those predlcted by McAdams' 

corre1ationo They proposed : 

6 1 O. S ( 1/3 ( J ) 0.12 
(NU)b = 0.0 (Re)b pr)b T~Tw (S) 

Douglas and Churchl11 (34) replotted the da~a aval1able 

for both the ooo11ng and heating of a cy11nder by a gas and 

showed a slngle ~ - ~ curve could be obtalned lf a11 the 

propert1es were eva1uated at:.t0 A sem1-emplrl'ca1 equat10n 

waspresented : 

(Nu)f = 0.46(Re) f O.S + 0.00128(Re)f ( 6) 

SOO < (Re) f <300.000. 

Ch1udz1nsk1 et al. (26) measured the hast transfer to a 

thermocouple 1mmersed for perlods 1ess than 001 seco 1n a 

S-Kw. radlo-frequency argon-n1trogen plasma jet. The coeffl

c1ents they obtalned were more than tw1cegreater than those 

pred1cted by Scadron and Warshawsky's equat1on, due to stom 
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recombination at the surface, and were correl~ted by the 

follow1ng correlation : 

o.) 
(pr)b 

( 7) 

The first term in equat10n (7) is the convective contri

but~on while the second is the reaction contributiono It is 

worthy of mention that the gas veloc1 ty 't'Tas not measured, and 

an average value, based on the total flow rate was used for 

calculating ~ which ranged from 2 to 10. 

Recently, Talmor ()6) reported heat transfer data for 

cylinders immersed in a high temperature (5,000oF.), high 

blockage ratio (D/W=0.75), transonic stream which oonslsted 

of combustion products. Under these conditions, the boundary 

layer was found to be essentially turbulent, transition tak

ing place at about 100 from the front stagnation point. 

A +,elationship for the heat transfer at the stagnation 

point or averaged around the cylinder was presented : 

where TrfTo =110.5(1 + ~/To) and the sUbscr1pt .Q. refers to 

the stégnation conditions. 
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Kubanek (1) studied the heat transfer to spheres in s 

confined n1trogen plasma jet. In the ~ range covered (600 -

4,300), with temperatures up to 5,000oF. 9 the boundary layer 

was found to be turbulent as 1nd1cated by the value close to 

008 of the exponent of the Reynolds number. The correlation 

proposed was : 

00757 0033 
For spheres: (NU)b = 0~118 (Re)b (pr)b 

It is worthwhile to mention the hydrodynamic and hest 

transfer investigation carried out by Harlow and Fromm (22) 
1 1 

in the von Karmam wake of a rectangular cylinder st low tem-

perature difference in the ~ range 25 to 400. The1r results 

for hest transfer, corrected for blockage effects, showed that 

for Re < 100, E1! was proportional to !!2 to the 1/ 2 power, where

as for Re> 150, lli! was proportional to ~ to the 2/3 power. 

The latter E1! - R2 dependency is in agreement with the "uni

versal behav1our" for heat transfer in the region of separate4 

flow suggested by Richardson (13). 



EXPERIMENTAL 

APPARATUS 

The Plasma-Generat1ngj}ystem 

The nitrogen stream was brought to h1gh temperature by a 

dlreot-ourrent plasma toroh manufaotured by Thermal Dynamics 

Corporationo The overall system consisted of four uni ts'. , the 

plasma t~rch, the oontrol eon~ole, the powe~ supply and the 

cooling sys'tem. The power was supplied by a selenium reoti

fier, model TDC IA-40. The input voltage was 3-pnase, 60 

o.p.s., 757 volts, while the output open circuit oould provide 

80, 160 or 320 voltso 

The direct current could be adju~ted up to 1000 Ampo during 

operation. The coo11ng system, model H-20, ma1nta1ned the torah 

parts st a reasonable temperature by circulation of distilled" 

water. 

The console was equipped with all the contrals to operate 

the starting system as well as "the gas flow rate and the power 

input to the torch. 

The plasma torch, model F-40, can be seen in Fig. 1 and 2 and 

Table 1. The torch wes lO?in.long and had a diameter of 2.75-in. 



PIGURE l 

Photogra~h of THERMAL DYNAMICB 

Model F-40 Plasma Toroh 
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PIGURE 2 

Configuration ofT~ DINAMICS 

Modal F- 40 . Plasma Tor~h 
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TABLE l 

LIST OF PARTS FOR F-40 PLASMA TOReH ... -

Item Number 
in F16" 2 Descript'.on 

l 'Electrode ~nob 

2 Plastic Insulator 

3 t-o' Rings 

4 Insulated Ma1n BQdy 

5 ~later Tube 

6 l'Iain Body Shell 

7 Ceramic'Gas Ring 

8 Nozzle ~eat1ng Plate 

9 Nozzle Reta1n1ng Nut 

10 Water-Tube Stud 

11 Tungsten Cathode 

12 Nozz1e Anode , 

13 Gas In1èt F~tt1ng 
/, .. 

14 Water-Cooled Lead 

15 Nozz1e-Adjust1ng Nut 

) 
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The ga~ ls symmetrloally diatributed in the ohamber around the 

cathodeby means of a circular,perforated,ceramic plate (ltem 

No~7) before paSSillg through the gap between the tungste~ oa

thode and ,the copper anode nozzleo Both eleotrodes are water

cooled. The gap between them wes a4justed to 1/16~in. by turn-

1ng the electrode knob (item No. 1) to bring the oathode aga1nst 

the nozzle~ followed ~Y one turn in the opposite direotion. 

Two sizes of nozzle were emplnyed (with the oorresponding 

matchlng oathodes): No. l, with a dlameter of Oo219~1no. an4 

No. 3, wlth a dlameter of 0.3l2-1n. The allgnment between the 

eleotrodeswas oheo~ed vlsually before every run by means of a 

,hlgh-freque~oy spark 1ssulng from the shoulder of the cathode 

whl1~ the gas stream flowed through the torch. Correotlqns 

oould be made by means of three adjustlng etuds whloh allowed 

relatlve dlsplaoement o~ the nozzle wlth respeot to the cathode. 

Allgnment wes correot when th~ epark was equally well dlstrl

b~ted all around the nozzle. 'Mlsalignment as well as humldity 

oontent ln the gas oaused plttlng a~d quiok deterioratlon of the 

nQzzleo 

The 19~1tlon of the arc wes aohi~ved by the hlgh-frequency 

spark whloh had to be malntalned untl1 thé arc ourrent wae'above 
1 

90 amp., so the prooess could sustaln 1tsélf. It WQS noted that 

the hlgher the energy input, the more stable the aro was. 

Wheaton and Dean (49) have oarrled out a study of the arc proo6ss 

in a slml1ar F-40 toroh operatlng with nitrQseno They observed 
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that the arc h~d the shape of an inside-out umbrella issulng 

from the very tlp of th~ cathode and proceedlng down, from the 

entrance of the nozzle ta its exist where it extlnguishedo 

This isa cycllc process and was reported to occur at a frequen

cy of about 10,000 OopeGo and to induce on the efflux some non

homogene1ties kno~m as e'pockets of plasman , r~presentlng reglons 

of hlgh local temperatureo These have a1so been observed in 

an argon plasma jet by Watson et al. (50) 

The Graphite Chamber and the Cool1ng System 

The plasma jet was confined in a vertical ARG grapbite 

tube, 71.35-in. long, 8-in. and 10-in. in inside and outside 

diameters, respectively (Fig. 3 and 4). Six graphite ports 

were press-fitted lnto the chamber in three diametrically op

posed pairs with thelr centres at distanoes of l? 36 and 60 

inches from the top. They were 19-in. long, 0.625-in. thick an 

and had inside dlameter of 1.25 in. Flanges, allowing insertion 

of probes, could be screwed on themo 

The top of the chamber was closed with a press-fitted, 

sealed 1.0-ino thick graphite lid whioh was covered by a oooling 

plate to proteot the plasma torch ~nd its leads from the heat of 

the reactor. Holes of 1.375-in. in the graphite and of 2.75-in. 

in the plate, oentred on the axis of the ohember, were provided 
h , 

for the insertion of the torche An off-centre O.SO-in. i.d. 

graphite purge tube was also aval1ab1eo 
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fhotograph ot Grap111te Ch~mber wlth top Cooll~ 
. , 

Pla~~ anq Plasma Torah ln Position 





) 

.. ,. 

PlIGURE 4 

Sobel1atl()Dl~gram of .Grap~lte Chambar 

. and. Cooltng Syst.~m 
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At lts base, the graphite tube had a 3-ln. thlok gra-

phi 'te screwed flange wh~ch rested on a water-cooled supporting 

flangeo The latter was supported st 85 1nches ab ove the floor 

by two 4.ino x 4-in. I-beams. The gas leaving the chamber was 

passed through cooled tubes before exhaustlng to the atmosphere~ 

The exhaust line was also provided w1th a cyclone separator 9 a 

nitrogen injector, and a flame arrester for operations 1nvolving 

fine partiele injections lnta the toroh,or hydrogen as worklng 

The graphite chamber wes 1nsulated w1th twelve 1nches of 

uFlberfrax", enclosed in a steel shell* 

A purge line wes prov1ded to flush the oxygen present in 

the 1nsulat1on material when the chamber wall was brought to 

elevated temperatures. To measure the wall temperaturea. ntne 

chromel-alumel l/16-1n. ood. sheated therm~couples were distr1-

buted alon~ the chamber and were connecte~ to a Mlnneapolls

Honeywell l2-point strip chart recorder. 

~NIQUE OF MEABUREMENTS 

a) Temperature and Velocity Mea8ureme~ 

Measurements of the gas temperature were made wlth a bare

w1ret O.OOS-ln. diameter tungsten -5% rhenium t tungsten -26% 

rhenlum thermocouple. The sheath and insUlat10n material were 

lnconel and magnes1a, respectlvely, with an outslde dlameter of 
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0.040 inch. The thermocouple was enclosed inslde a water-cooled 

1/4-ineooodo brass tube with a con1cal end, out of which the 

bare tlp was made to protrude 1/4-1n. Extenslon wlres from the 

thermocouple junctlon were oonnected to à Mlnneapolls-Honeywe11 

strlp chart reoorder. 

Veloc:1 ty t'lB.S measured by means of a. total-head probe 

t'lhich wa,s speclally constructed by solderlng a OCl064-1n. ood. \) 

0.023-1n. ioda and 3/a-ln. long type 316 stalnless steel tube 

to the openl~g of a water-cooled asplratlng probe 8upplied by 

Thermal Systems Inc. A reference pressure, close to the statlc 

pressure in value, :~as taken inslde port No.l, and the dynam1c 

pressure was read on an 1nollned manometer wlth methanol as the 

worklng f1uld. F1uctuatlons were damped out by means of short 

lengths of cap111ary tub1ng. 

Radlatlon and conduct1on correctloné were app11ed to the 

thermocouple readlngs. Radiatlon correctionà were c.alcu1ated 

by the Scadron and 'W~rshawsky (27) equatlon 1 

(J' ~tcDtcTb 4[1 - (T/Ttc)4] 

where Tb' Td , Ttc are the absolute temperatures'of the bulk gas, - --
encloslng duct, and the thermocouple junctlon, respectlvely; 

Dtc la the thermocouple wlre dlameter; 

la the Stefan-Boltzmann constant; 
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Etc is the thermocouple wire emi ssi vi ty f'rom Ref. (51) -
(Nu)b 1a g1venby : 

(10) 

Conduotion oorreotions are evaluated by the solution of 

the followlng system of' aquations 

( 11) 

y '= seoh n ,( ~ Lto" /' 2) 

0.5 
~ = [4 (Nu)b Kb 1 D

2 
ktoJ 

(12) 

(1)) 

where Tsh 18 the abso1ute temperature of the w1re st the sheath; -
is the length of the thermooouple wire outside the sheath; 

·1s the,thermooouple wire thermal oonduot1vlty.· 

The veloolty was oaloulated trom Bernoul11 t s equat10n 

(14) 

Although the base of the head probe WQS oooled, the tlp 

was glow1ng red (1400 - 20000F.) and 1t WQB deemed that no dens1ty 

correotions were neoessary. The assessment of the radiation 

and oondUotion oorrect10ns as well as the veloo1ty d~termina

tions were obta1ned by an iterative prooedure. 

br Heet Transfer 14eesurements 

The oversll heat transfer was obta1ned by measur1ng the 
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watel' temperature rise between two cross-sections (called IN and 

OUT and symmetrically spaced at Oo500-inc on each side of the 

jet axis) for a g1ven watel' flcw rateo The latter was simply 

determ1ned by time-volumetry. 

At first; the temperature rise was measured by means of 

two O.OOS-in. diameter chromel-alumel thermocouples, each hot 

junct10n bei~g held in a slotted circular sheath which was slip

ped in the tube_ Th1s system wes given up because the expel'1-

ments showed that the temperature dlfference so obta1ned, elther 

by direct (d1fferential thermocouples) or indirect (absolute 

thermocouples) measurements, was greater than tilose obtalned 

by using one absolute thermocouple and moving the whole tube 

laterally so as ta d1splace the hot junction from one cross

section ta the other. The water flow being lamlnar (Re <800), 

th1s phenomenon was attr1buted to either the dlfferent degl'ees 

of mlx1ng i.n the or1fices (~he second or1fice took advantage 

of the m1x1ng ln the fi~st) leakage between the sheath'and the 

the tube, or bot~ effects. 

In the l1ght of these results, TIN and TOUT were measured 

by lateral d1splacement of a single thermocouPl~ junction from 

one section to the other. 

To, th1s end p lIl6~in. o~d. stainless steel sheathed chro~ 

mel-alumel thermocoup~ probest w1th e1ther insulated or exposed 
, ' , 

hot junctfon were employed~ ~hree inohes long turbulence gene-

, 
, j 

\ 
, , 



81 

rators (springs or spirals) were wrapped around them to promote 

mixing of the fluld before lt" came in contact with the hot junc

tion. It was assumed that the mea~>ured temperature l'laS equal to 

the Mean temperature Bcroes the section. If this were not so, 

i t 't'TOuld be reasonable to expect that the temperature difference 

bet\'leen the tl'10 cross-sections would correspond to the real 

temperature dlfference because of the ldentical hydrodynam1c 

conditions at both locat1onso 

Large fluct~ations were found in the thermocouple output~ 

Their or1gln was examlned and the ground1ng of the tube was 

found to be very lmportant. Although Kubanek (1) had shown 

that the nltrogen stream at the level of por~· N~.l of the chamber 

was ln a quasl-molecular etate, some lonlzed partlc~es exlst 

whlch oan bul1d up a voltage when they hlt the ungrounded tube.> 

A voltage dlfference of 1.5 volt was measured between the 

tube and the ground. This noise could create fluotuatlons as 

large as the temperature dlfferenoe, and therefore a perfect 

groundlng was oompulsory. Even SOt the fluotuations due to both 

the flame in~tabl11ty and the lmperfect mixlng were stlll large 

compared to the temperature dlfference. To determlne the effect 

of lmperfect mlxlng, the ratio of the amplitude of the water 

fluotuations to the temperature dlfference wes studled on a 

str1p ohart recorder when the water flow-rate was varled. This 

investigation showed that lmperfect mlxlng was e partlal but 

) not the prlm~ry cause of these fluotuations. For instanoe, for 
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a hest flux of 400 ~.t.uD/hr. between the sections, the ratio 

decreased from 25 to 15% when the flow-rate wes increesed from 

340 to 1,600 cm. 3/min. (i.eo 2,900 <Re <13,000). The fact that 

these fluctuations were partlally caused by the m1xing was 

corroborated by two other observat1ons : 

- The records of water temperature displayed two k1nds of 

fluctuat10ns : sorne large in amplitude and with per10d 

of 2·to 3 seconds on which were superimposed smaller ones. 

The larger ones were undoubtedly due to the flame' 'ins

tability as the~ usually corresponded to a change in the 

sound Qf the torch operation. 

- Cooling of the tube by agas 1n a very turbulent regime 

(Re = 60,000) showed low frequency fluctuations only. 

To m1n1mlze the temperature fluctuations an insulated hot 

junotion wss deemed more adequate than an exposed one, becauae 

of the integrating effeot of the metal110 tip of the probe. 

However, the differenoe between the two types wes not appre

ciable, due probably te the small size of the tip and 1ts fast 

response (0.2~ se~.). Therefore, both kinds of probes were 

used. 

To get the best temporal average of the fluotuat1on output 

of the tbermocouple loop, several methods were tr1ed : a str1p 

ohart reoorder wi th low span (0 - 1 mv.) on wh10h the a1verag1ng 

was done v1sually; a very sens1 t1 ve (00004 fAmp/ um.) ori t1 oally

damped galvanometer w1th a natural per10d of oso111at1on of 

..... 

1 

1 

1 

1 

1 

1 
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405 ,seconds.; and an lntegra.tlng system. The la.tter was f1nally 

employed becQuse of lts accuracy and simp11city of operatlono 

It wes oomposed of a DYMEC voltage-to-frequency oonverte~model 

(No. 2210) and an electro'nic frequency counter (Rewlett-Packard 

modal 3?34A)~ The mean temperature could be obtalned wlth a 

resol~t1"on of o.o5°e. for periods of one or ten seconds. 

PROCEJ2!!!ll1 

Eleven sets of operatlng conditions were selected, based 

on nozzle s1ze, net power input ta the gas and gas flollJ' rate. 

These are listed ln Table nw1th thelr identif1catlon numbers 

set. To avo1d radla~lon, effects from the progresslvely hott~r 

graphite wall, runs were conducted over short periode of lese 

than four mlnutes. Renee the wall temperature at the end of a 

run never exceed 200°C. 

The temperature and veloclty prof1les around the axis being 

relat1vely fIat (Fig. 5~ KUbanek prof1les), temperature and 

vel~c1ty measurements were conducted s1multaneously, each probe 

belng l/16-1n. from the jet ax1s. Readlngs were taken every 
\," '" 

f1fteen seconds. 

For heat transfer rate measurements, the water flow rate 

was chosen soàs to produce an appreciable temperature d1ffe

rence, of the order of 20 C. The water temperature at each cross

sectlon of the test reglon of the cyllnder was obta1ned by late

ral,dlsplacement of the tube-thermocouple assembly. After the 
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TABLE II 

DESIGNATION OF THE PLAS~ffi-TORCH OPERATING 
'"""1" • 

CONDITIONS , =-'" 

Nozz1e Net Power Input N1trogen Run 
f10w 

No. to gas (Itt'lo ) (socoroho) des1gnat1on 

1 11.0 100 1-11 - 100 

1 11.0 150 1..,11 - 150 

J Il.0 150 3-11 - 150 

:3 11.0 200 3-11 ;.. 200 

3 14.0 100 3-14 - 100 

:3 14.0 150 ·3-14 - 1,50 

3 14.0 200 3-14 - 200 

:3 19.,5 150 3-19.,5-1,50 

3 19.,5 200 3-19.,5-200 

3 23.5 150 3-23.,5-1,50 

3 23.,5 200 3-2) • .5",,200 
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. FIGURE 5 

Temperature and Veloclty Profiles 

aa .~bta1ned by Kubanek (1) 
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system had been posltloned, the new steady-state was reached 

wlthln from four to five seconds. The temperature was then 

measured for ten seconds. The water flow rate was determined 

by duplicate measurements of the time required to fill up a 

graduated 1000-cm.) cylinder. 

When heat transfer experiments fôr a cylinder were com-

pleted, the stability of plasma flame generation was checked 

by means of temperature measurements of the nitrogen stream. 

Because slight changes took place in the tempe rature and 

veloc1ty of the jet as the chamber was heated up, a1l the mea

sured quantit1es were determ1ned from a plot of these quant1 ~ 

t1es vs. _t1~e:and, eyalua.ted,at time t =.3 m1nutes. 

STATE AND PHYSICAL PROPERTIES OF THE GAS 

In the present system, the n1trogen stream exper1enced 

very large temperature changes. In the çase of the h1ghest 

enthalpy level run '() - 23.4 - 150), the temperature and velo

c1ty dropped from lO,OOOoF. and 2,500 ft./sec. to 4,300oF and 

110 ft./sec. along the ax1s of the jet, between the nozzle and 

the test sect1on. Thus the rate of tempere.ture change was of 

the order of 106 °F./sec. Such a ra.te of change approaches the 

lower end of the range of temperature changes (106 - 1013 °K.I 
sec.~ in wh1ch heterogeneous nonequillbplum systems are formed, 

ln whlch some molecules are exclted to m~ch h1gher ener~y levels 

than others (52). However, Kubanek (1) calculated that the 
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ni trogen molecules lssuing from the nozzle of the torch l'TOuld 

undergo about 106 colllsions before rea.chlng the test section. 

Accordlng to Greene et al" (53) and Blackman (54) molecular 

nitrogen required about 20 and 104 - 105 collisions for rota

tionsl and vibrational relaxations, respectlvely. Bence it 

is reasonable to expect the gas at the test section to be in 

a stete close to thermal equl1ibrlum, since the requirements 

for it are almost satisfied for the most severe temperature 

change. 

For temperatures of 10,000 (at nozzle exit) and 5,000oF. 

(atthe test sectl0~~i the equl1ibrium co~posltlon between the 

specles, as glve~ by Dre~llshak et a1.(55), are presented in 

Table IIIwhlch shows that the plasma at the nozzle, if at equl--

11brium, '~s in a partly molecular (70%) and partly dlssoclated 

(30%) form, whl1e the gas ls ln a quasl-molecular stete at the 

test sectlon. Bence, the physical propertles used at the test 

sectlon were assumed to be those of molecular n1trogen st atmo

spherlc pressure as proposed by John et al. (56) for the vls

cosity, references (56,57,58) fo! the thermal conductlvlty, and 

Drelllshak et al. (55) for the denslty and the ~peclflc heat at 

constant pressure. The varlations of these propertles wlth tem

perature are shown ln Fig. 6, 7, 8, 9 • 
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TABLE III 

EQUILIBRIUM COMPOSITION OF GAS AT NOZZLE EXIT 

AND AT CENTRE OF TEST-SECTION FOR HUN 3-23n4-1jO 

88 

Species Plasma Centre test-sect1on 
composition composition 

-3 " 1'7 18 
lrlolecu1es (N 2) cm. 6.8 x 10 2.4 x 10 

-3 13 '7 
Ionized Mo1ec~les (N 2+) cm. 3.3 x 10 1.5 x 10 

-3 1'7 13 
Atoms (N) cm. 4.5 x 10 6.1 x 10 

Ion1zed Atoms (N+) 
-3 14 4 

cm. 1.0 x 10 1.'7 x 10 
-3 14· '7 

Electrons cm. 1.3 x 10 1.5 x 10 
-3 18 ; 18 

Total Part1cles cm. 1.1 x 10 2.4 x 10 

. . 



FIGURE 6 

Nltrogsn Vlsooalty at Atmospherl0 Pressure 
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. FIGURE 7 

Nlt~os~n ~hermal Conduot1vlty 

. (At Atmosplle;r3,c Pre,surfi)' 

90 
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FIGURE a 

N1trogen Denslty st Atmospherlc Pressure 
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FIGURE 9 

Speolflc~eat st Constant Pressure 

of'Nltrogen st Atmospherl0 Pressure 
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RESULTS 

Velo01ty and Temperature Measurement~ 

Data for s1multaneous velooi ty and temperature, measure

ments are presented as a table in Appendix AG Averaged tempera

ture and veloo1ty of the jet for eaoh operating oondition are 

g1ven in Table IV slong with the radiation and oonduotion cor

reotion for the temperature. Temperatures and veloc1 ties ~lere 

found to be reproduc1 ble wi,th a maximum devlat10n of 8 and 5% 9 

raspectlvely. Temperat~re fluctuations of about 1000 F. were 

observed in the 3et. 

Heat Transfer Measurements 

Heat transfer data are reported in the Nuaselt nlnnber form 

uslng both the bulk and film temperaturesas reference tempera

ture, on the ba~ls of ~he equ~tlon 1 

" 

Nu 1:1 M" Cp (TOUT - TIN) / A (Tb - Tw> (D/k) (10) 

They $re shown 1n Tables V and VI for the 1/4-1ri. o.d. c1r

oular oylinder, Tables VII and VIII for the 1/8-in. o.d. olrcu-

1ar cy11nder. Tables IX and X for the l/4-lno square oyllnder 

wlth a faoe perpend10ular to the jet, and Ta~les XI and XII for 

the 1/4-1n. square cyllnder wlth a~ e~ge fscing the jet. 

Plots of the re$u1ts are presented ln Fig. 10 and 11 for 

the o1roular oylinders, Fig. 12 and 1) for the square oylinder

faoe 1) and Fig. 14 and lS for the square oylinder-edge 0, For 
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HUN 

1-11.0-100 

1~11.0-150 

3-11.0-150 

3-11.0-200 

3-14.0-100 

3-14.0-150 

3-14.0-200 ' 

3-1905-150 

3-19.5-200 

3-23.4-150 ' 

3-23.4-200 

TABLE IV 

TEMPERATURE AND VELOCITY RESULTS 

Ap~ T . 6,T 
avg o 

cavg • cond. 
mm.CH3OH oF. oF. 

202 1930 218 

279 1690 160 

129 2010 267 

151 1863 237· 

102 2606 444 

152 2270 335 

194 2085 249 

197 2927 499 

290 2701 377 

227 3180 539 

312 2980 439 

* inclination at 1/25. 

6T 
rad. Tb 

oF. oF .. 

III 2260 

74 ~920 

165 2540 

115 2210 

381 3440 

216 2820 

165 2550 

47~ 3900 

310 3390 

553 4270 

425 3840 

--/ 

V
b 

ft./ sec. 

77.7 

85.4 

64.4 
1 

63.9 
! 

66.1 

73.3 

80.0 

96.7 

105.8 

108.7 

121~7 

'" ~ 
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TABLEVeHEATTRANSFERDATA FOR 1/4-INII CaDa CIRCULAR CYLINDER 

-~ -- NITR PROPERTIES EVALUATED AT- BULl{ TEf-lPERAT .... JRE 

RUN Vb Tb- Tb-Tw Temp. TlITw (Re~b (Nu)b 
basls 

ft; .. t sec __ . oF. 0 F.- - op. °R .. /.°R. 

1-11.0-100 78 2260 2130 2260 4.61 650 11.10 12030 

1-11.0-150 85 1920 1790 1920 4.0:3 886 15090 15.30 17.20 
.' 

3-1100-150 64 2540 2410· 2S40 5'.08 452 Bo 10 9045 9075 

3-1100-200 64 2210 2080 2210 4~52 551 10.70 12010 11.70 

3-14.0-100 66 3t,L40 3310 3440 6061 300 6.36 6070 6~70 

3-14.0-150 73 2820 2690 2820 -5.:56 444 8080 9020 8.25 

3-14.0-200 80 2550 2420 2550 3.11 565 10.20 10 8 40 11.10 

3-19.5-150 97 3900 3770 3900 7.37 361 7056 7.20 08 80 

,3-19-5-200 106 3390 3260 3390 6-.52 499 10 086 9080 9010 

3-23.4-150 109 4270 4140 -4270 8.0~ 351 70 68 7.80 7,,4 

3-2304-200 121 - 3880 3750 3880 7.29 460 8.;0 _ 8.52 8037 
1 

~ 

"-./ 

12.10-

10.10 

. 

8.05 

i 

'" V\ 
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HUN 

1-11.'0-100 

1-11.0-150 

3-11.0-150 

3-11.0-200 

3-:14.0-100 

3-14.0-150 

3-14 •. 0-200 

3-19 • .5-150 

3-19.5-200 

3-23.4-150 

3-23.4-200 

TABLE VI. BEAT TRL~SFEH DATA FO~ 1I4-IN~D;., CmCULAR- C-mnIDER 

WITH PHYSICAL PROPERTIES EVALUATED AT FILM TEI<IPERATURE' 

Vb Tb Tb ... Tw Temp. 
o T/Tw (He)r (Nu)r 

bas1e 
rt./ sec. oF. °F~ oF. ca .loR. 

18 2260 2130 1195 4.61- 1462 16 070 18 e 50 

85 1920 1790 1025 4.03 191.5 25 020 13 .. 40 22050 
. 

64 2540 2410 1335 5.08. '1049 12.30 14 p 30 '14.80 

64 2210 2080 1170 4.52- 1234 16.00 . '18.10 17060 

66 3440 3310 1785 6.61. 758 10000 10.5Q 10.50 

73 2820 2690 1475 .5.56. 1062 13.50 14010 12.70 

80 2550 ·2420 1340 5.11. 1311 15.60 15095 17000 

97 3900 3770 2015 7.37< 949 11095 11038 11010 

106 3390 3260. 1760 6.52, 1243· 16080 15~28 i40io 
109 4270 4140 2200 8003. 943 12.20 12040 11 080 

. 
121 3880 3150 2005 7.29. 1197 13.40 13.48 13020 1 . 

la-.10-

15.42 

12.70 

1 

i 

'" ~ 
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TABLE VII. BEAT TBANSFER DATA FOR M8-IN;, C.D. CIRCULAR CYLINDER , J 

WITH PRCPERTIES EVALUATED AT BULK TEl~PERATURE 

R U N, Vb Tb Tb-Tw Temp. T";Tw (Re)b {rJu)b 
bas1s 

ft./ sec. oF. oF. op. oR/Cg. 

1-11. ().r1.00 78 2260 2130 2260 4.61 325 8.,00 8017 

1-11.0-150 85 1920 1790 1920 4003 443 9060 9.85 

3-11.0-150 64 2540 2410 2540 5.08 226 6.34 

3-11.0-200 64 2210 2080 2210 ~.52 275 7.12 7046 7070 

3-14.0-100 66 3440 3310 3440 6.61 . 150 4055 5 0 01 4030 

3-14 .. 0-150 73 2820 2690 2820 5.56 222 6046 6062 

3-14.0-200 80 2550 2420 2550 5.11 282 6.70 7022 7816 

3-19.5-150 97 3900 3770 3900 7.37 180 4886 5.12 
i 

1 

3-19.5-200 106 3390 :3260 3390 6.52 245 ! 6.34 
li i 

3-23.4-150 109 4270 4140 4270 8.03 175 li 5.14 5.,32 

3-23.4-200 121 3880 3750 J880 7.29 230 : 6 .. 12 
[ 

'-.,./ 

5004 

1 

1 

\0 
"'l 



'--/ 

HUN 

1-11.0-100 

1-11.0-150 

. 3-11.0-150 

3-1100-200 

3-14.0-100 

3-14.0-150 

3-14.0-200 

3-19.5-150 

3-19.5-200 

3-2304-150 

i 

3-23.4-200 

TABLE VIII. BEAT TBANSFER DATA FOR lI8-IN, a.D. CIRCULAR CYLINDER 

WITH PROPERTIES EVALUATED AT FILM Tm1PERATURE 

Vb Tb Tb-Tw Temp. Tlf'Tl'l (Re)r (Nu)r 
·basls 

rt./ sec. OF. OF. Op. °R./ca. 

78 2260 2130 1195 4.61. 731 12.00 12.22 

85 1920 1790 1025 4.03- 958 14010 14.50 

64 2540 2410 1335 5.08 . 525 9065 

64 2210 2080 1170 4.·52. 617 10066 11018 11.52 

66 3440 3310 1785 6.61, 379 7.17 7.90 6.76 

73 2820 2690 1475 5.56. 531 9097 10.20 
.. 

80 2550 2420 1340 5.11, 656 10025 11.10 11.00 

97. 3900 3770 2015 - 7.37- 475 7069 8.10 

106 3390 3260 1760 6.52. 621 9085 

109 4270 4140 2200 8~O3~ 471 80 17 8.48 

121 J880 3750 2005 7.29. 599 9067 

( 

"--" 

7.95 

'-0 
00 
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TABLE IX. HEAT TBANSFER DATA ·FOR 1/4-IN •. SQUARE CYLINDER 

WITH A FACE. PERPENDlCULAR Ta THE JET. PROPERTlES AT BULl( TEMPERATURE 

R U l~ Vb Tb Tb-Tv Temp. T..JTw (Re)b {Nu)b 
basls 

rt./ sec. oF. oF. °F~ o-B,/oR. 

. 
1-11.0-100 78 2260 2130 2260 4.61 650 9 0 60 9.90 

1-11.0-150 85 1920 1790 1920 4.03 886 14050 14000 

3-11.0-150 64 2540 2410 254rO 5.08 452 8000 7.19 8,,90 

3-11.0-200 64 2210 2080 2210 4 • .52 551 10.20 9.92 

3-14.0-100 66 3440 ;310 3440 6.6~ 300 6060 :5.90 5.50 
" 

3-14.0~150 73 2820 2690 2820 5.56 444 9.02 ·9.20 

3-14.0-200 80 2550 2420 2550 5.11 56j 9068 10.50 10.30 
1 

3-19.5-150 97 3900 3770 3900 7.;7 
1 

361 7.00 7035 

3-19.5-200 106 3390 3260 -3390 6o§2 490 9.70 8.23 
,,-

3-23.4-1,50 109 4270 4140 4270 8.03 351 7.76 8.0C' 

1" 3-23.4-200 121 3880 3750 3880 7.29 460 9.26 10.30 10.40 

'" '" 
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TABLE X. BEAT T~SFER DA~ FOR V 4-IN. SQUARE CYLINDER "trIITH 

A PACE PERPENDlCULAR TC THE JET. PROPERTIES AT PlUI TEI·iPERATURE 

BUN V
b

, Tb T -T· Temp. TrfTw (Re)r (Nu)i-b w bas1s 
. / ° op. op. °R./oR. ft. see •. p. 

1-11.0-100 78 2260 2130 1195 4.61 1462 14039 ,14.95 

1-11.0-150 85 1920 1790 1025 4.03 1915 21.30 ,20,,62 

3-1100-150 64 2540 2410 1335 50G8 1049 12.15 ,10090 .13~60 

3-1100-200 64 2210 2080 1170 4052 1234- 15.27 14.86 

3-14.0-100 66 3440 3310 1785 ·6061 758 10.40 9.31 8.66 

3-14.0-150 73 2820 2690 1475 5.56 1062 13087 14.17 

3-11+.0-200 80 2550 2420 1340 5011 1311 14.84 16010 15075 

3-19~5-150 97 3900 3770 2015 7:.37 949 Il.06 11061 

3-1905-200} 106 3390 3260 1760 6.52 1243 15,,10 12080 

3~23~4-150 109 4270 4140 2200 8003 943 12.70 12.37 

3-23.4-200 121 3880 3.75.0 2005 7·.29 1197 160.45 14.64. 16.32 
_r.... -----

.... 
o 
o 
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TABLE XI. HEAT TRANSFER DATA FOR 1I4-IN. SQUARE CYLINDE,R 

'WITH AN EDGE FACING THE JET. PROPERTIES AT BULK TEMPERATURE 

, . 
RUN Vb Tb Tb-Tw Temp. Tr/Tw (Re)b' ' (Nu)b 

basls 
ft./ sec. oF. oF. oF. °n./oR. 

1-11.0-100 78 2260 2130 2260 4.61 650 '11070 12.25 

1-11.0-150 ,85 1920 1790 1920 4.03 886 16.00 16.90 

3-11.0-150 64 2540 2410 2540 S.e8 452 10.20 9.10 
1 

3-11.0-200 64 2210 2080 2210 4,.~2 551 11.80 11.43 

3 ... 14.0-100 66 3440 3310 ,3440 6.61 300 8 0 50 8.20 

3-14.0-150 73 2820 2690 2820 5.~6 444 10094 11040 

3·-14.0-200 80 2550 2420 2550 5.11, 565 11060 10.46 

3·-19.5-150 97 3900 3770 3900 7.,;7 361 8.35 10.50 

3 ... 19.5-200 106 3390 3260 3390 6.52 490 12 0 60 . 10.70 

3-23.4-150 109 4270 4140 4270 8.03 351 9.26 10.50 

3-23.4-200 121 3880 3750 3880 7.?9 460 9.58 10.80 

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

, 

8.70 

'--'J' 

1 

~ 
o 
~ 
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TABLE XIL HEAT TRANSFER DATA FOR 1I4-IN" SQUARE CYLINDER 
". . 

WITH AN EDGE FACING THE JET. PROPERTIES ... AT- FILI·l TEr·lPERATURE 

RQN Vb Tb Tb-Tw Temp. Tt!Tw (Re)f (NU)r 
bas1s 

ft./ sec. oF. op. ' op. °R./ca • 

1-11.0-100 78 2260 2130 1195 4.61 1462 17052 18 040 

1-11.0-150 85 1920 1790 1025 - 4.03 1915 23.51 24.88 

3-11.0-150 64 2540 2410 13~5 5.08 1049 15051 13.80 

3-11.0-200 64 2210 2080 1170 4.52 1234 17 0 66 17012 

. 3-14.0-100 66 3440 3310 1785 6.61 758 13 0 40 12090 
! , 

3-14.0-150 73 2820 2690 1475 5.56 1062 16.?3 16.43 

3-14.0-200 80 2550 2420 1340 5.il 1311 17.83 16.Q3 

3-19.5-150 97 3900 3770 2015 7.37 949 13017 18.58 

3-19.5-200 106 3390: 3260 1760 6.52 1243 19060" 16.90 

3- 23.4-150 109 4270 4140 2200 8.03 943 14.76 16.78 

3-23.4-200 121 3880 3750 2005 7.29 1197 iS.14 17.12 
1 L ____ ~_~ _______ 

, 

13.95 

",,--, 

1 

~ 
o 
l\) 
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PIGURE 10 . 

. Beat 'Transte~ Besul~8 forl/4 'and l/8 ... 1n. o.,d. 

Cl~Qular Cyllnderso P~opertlea st 

BulkTempel'a,tu~e 

10) 
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FIGURE 11 

Beat Transfer Results for 1/4 and lI8-ln. o.d. 

Clroular Cy11ndersa Propert1es at 

Pilm Temperature 

104 
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FIGURE 12 

Heat Transfer Resulta for l!4-1n. Square Cyllnder 

w1th. a Faoe ferpendloular to the Jet. 

Propertles at Bulk Temperature 

105 
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·PIGURE 13 

. Heat Transfer Resulta for 1/4-1n. Square Cyllnder 

w1 th a Face Perpendlculart() the Jet. 

"~Z'QPe.rtle,a st -Film Temperature 
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FIGURE 14 

Beat Transfer Resul~s for l/4-1n. Square Cyllnder 

wlth an Edge Faclng the JetG 

Prop~r-t~.eB" a t_.~Ulk -T,er.npërà tùre 
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F:J;GURE 15 

'H~at ~rQnsferResults for l/4-1n. Bquare'CY1inder 

wlth an Edge l'aeiong tp~ Jet o 

'. Proper1ï1~s st Film Temperature 
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olro~lar oyllnder~ oomp~~lsons of the present results wlth 

those of Douglas and Churohill and Churchill, and Brier are given 

in Figo 11 and 16\l respeotlvelyo For the square oylinders,the 

1ine of Hilpe~t (16) has bee~ ext:r;"apolated do~m to the ~ range 

studied (the lower limit of the range investlgated by this au

thor was 5,000). 

A oompariaon of the hast transfer'oorrelatlon~ for ,the dlf

ferent geometries (lnoludlng the resul ta for sphe..rea obta1ned 

by I{ubanek (1) ) la preaented 1n F1glll, 170 The, values of the 

pbys1oalproperties at bu1k and film temp~~atures aregiven in 

Appendices B and C, respeotlve1y. It wes asoertained that con

duotion effeot~ slong the wall of,the oy11nders, as well as na

tural oonveotion effeots (Gr/Re2 < 1) were ,unimportant oompared 

to the oonveotive heat transfer. 

Treatment, of the Data 

Two,relationahlps have b~en trled to fit th~ data. The 

firet model wes : 

(11) 

while in th~ s,eoond a., temperaturè ratio (Tl/Tw) wes lno1uded to 

aooount tor'the1arge temperature differenoe and its,effeot on 

the physioal propertles 

(12) 

Results of the leBst-square analyste by oomputer are pre-



FIGURE 16 

Comparl~on of the Heat Transfe~ Data 

for ClrcularC3fllnders wlth Those of 

Churohill and Brier 

.. 
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FIGURE 17 

Comparle0J!l of ,the Beat Transter Correlations 
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aent~d in Table XIIIe 

The Pr~ndtl numbe~9 baing pratloallyoonstent (Oe69<Pr<Oo7l)g 

was Dot oonsldere~ durlng the prooesslng of the data but was 1n

olu'ded st the end to generalize the oorrelatlonso The. tempe~a.

ture 01' the wall baing in the nerrow ronge ~20-1400Fo anl 

avoroge value of l)OoPe, ~las .used in 0.11 the celoulationeo 

. }llllqpSSION OF' RESULTS.· 
• . ',1... . \ . , 

TeblE:lXIII olearly shot'J's that the exponent of' the Reynolds 
',' .' • 1 

number la greater ~h~ O.S. wh10h la lnterpreted as lnd1oat1ng 

that Q;,:part ~t the attaohed boundary layer la turbulent. Ao

oordlng to TOll'obln and Gauvln (41) t t~ansl tion ln the boundary·· 

layer will take plaoe aven Q~ low Reynolds number lf the turbu

lent energy of ~hEf~free ... stream' la large enough (oompared· to the 

vlsooua d$mplng energy ln the inlt1ally-lam1narboundary layer) . ,. , .', 

to allqw Suffiqlent penetration of the dlsturbanoes lnto the 

. boundary layer. It seem':1 that, ln the present study, transition 

to • turbule~~ boundarY.layer wa~ attalned st varlousd1stanoes 

downs~ream fr.om the. stagnation point (as ref.l.eoted by the varylng 
. . . 

values of ~ reported ln· 'l'able· XIII) owlng' to the f.ollowlng oon

slderatl~ns , 

1) 'l'he ver~ hlgh turbulence level orthe jet g~nerated by 

the toroh. Aooordlng to Refo (S~and (60) the lntens1ty 

of turbulenèë of a coniflned jet ls about 20 to 25% 'st a . . ". 

distanoe o.r about 40 d1ameters t'rom· the nozzle ~ 
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TABLE XIII 

PROCESSING OF THE DATA FOR MODEL No.1 (Nu=aRen) AND MODEL No.2 [Iiu=aeHe~o (T1:IT )m1 
. \1 J 

, ., 

SHAPES a or-a' SE~logaJ n.or .n' SE. (n) . m SE.(m) D.F. SE!log.y) Corro 
or Coeff. 

sEln'J H2 

Mod. 1 0.054 0 .• 269 00836 0.043 - 33 00072 0.918 

~ Tb - Mod. 2 0.172 0.708 0.069 -0.204 0.088 32 0.068 0.930 

0, Mod. 1 0.022 0.439 0 .. 910 0.061 33 0.083 0 .. 863 
Tf 

l/4-in. -
o.d. Mod. 2 0.186 0 .. 698 0 .. 066 -0.324 0 .. 068 32 0.064 0.923 

Mod, 1 0.147 0.183 0.690 0.033 21 0.051 0.953 

~ ~ 
Mod. 2 0.367 0.58'2 0.059 -0.187 00086 20 0.047 , 0.961 

O.' Mod. 1 0 .. 092 0.312 0.738 0.049 21 0.061 0.915 

2 lI8-in. 
o.d. ltlod. 2 0.458 0.560 0.059 -0.281 0.071 20 0.047 0.952 

Mod. 1 0.112 0.408 0.710 0.066 <. . 24 0.095 0.8~7 

~ 
Tb 
~od. 2 0.0197 0.901 0 .. 085 0.326 0.108 23 0.082 0.876 

Mod. 1 0.0459 0.517 0.809 0.073 24 0.087 0.835 

D T, 
...! 

1 Mod. 2 , SAME AS MODEL, Noo 1. 
i 

----- .. _- --------_. - -- - --- ---- --- --- - ~._--_._._._---- - -- --- -- ._. __ ._------~------ . - _. - . ---- --

! 

1 

1 

1 

1 

1-' 
1-' 
Ul 
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TABLE XIII . -{ conti d) 

HiOCESSlNG OF THE DATA ~9R MODEL No.1 (Nu=aRen)AND l'lODEL No~ KNu=aORe
no 

(Tt/Tw)m] 

SHAPES a or al SE~loga) n or ni SE. (n) m SE~m) DoF. SE(log.y) Corrll? 
or . Coeff. 

SEin'> R2 

Mod. 1 0.365 0.377 .0.550 0.060 21 00082 0.796 

J ~ Mod. 2 SAME AS MODEL No. l 

0 
Mod. 1 0.268 0.576 00603 0.071 21 00079 0.775 

~ 
Mod. 2 SAME AS MODEL No. 1 

Mod. 1 0.104 00756 0.016 57 0.061 0.975 

~ 
!g 

Mod. 2 SAME AS MODEL No .. 1 

0 
Mod 1 0.048 0.822 0.021 57 0.068 0.964 

::.t 
Mod. 2 o~06 0 •. 749 0 •. 033 -Oo~19 0 •. 43 - 56 0.064 0.968 SPBERES 

.. 

..... ..... 
-t==" 
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2) The cyclic process of the arc generates pockets of 

plasma abput one inch long tlli th 'a diameter of 0.2 to 003 

inoh (1)0 Due to the large axial a~d radial velocity 

gradients, these pookets will exohange energy by turbu~ 
, ' 

lent diffusion and decrease in size. ' However, thiB 

phenomenon enhanc~the ~urbulence of the jet. 

3) The important deorease in the'value of the nitrogen vls

oosity throughthe boundary layer towards the ~all will 

decrease 1 ta stabili ty tOl'lards disturbances in, the vioi.

n1ty of the latter (~ can be two to three tlmes smaller 

atthe wall th an 1n the jet). 

!, 

Bafore d1sc~ss1 ng the resul ts in more de~a11'7 Bome cQn-
, , 

a1der~tlons are g1ven now concern1ng model No. 2.·, ~ 

~~n1floapoe of, the Temperature Batlp 

Table XIII shows thatthe temperature rat10 (T~~w) dOGS 

not make a oonsistent oontr1but1on to the heat transfer. How~ 

ever, 1t oan be noted that large temperature differences seam to 

haVe a tendenoy to deoreas~ 'the value of the' heat transfer coef-

'fio1ent,as indloated by the negative 'va1ue of m9st of the ex-

ponents. Th~ qnly / exoeption ocours ln the case of' th'e square 
, . ".' .. 

cyiinder results, whloh are more soattered than the others 

,(owing tQ a possible yaw in the support when heated)e 

Although no slgnlfioant oonolusl.ons oan be dr~wn from Table 

XIII 9 it oan be remarked that such an effect is coherent. The 
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affects of a large temperature difference can be expected to 

be reversed for the heatlng and the coollng of a surface by a 

gas, becauae the temperature and velocity profiles r~act to 

la~ge ~~" in opposite wayswhen the direction of the heat flow 

ia changed. The oar~ful investlgatlons of Hllpert (16) and 

Collia and Williams (,61) h~ve shown that large 6To s lncrease 

the hest transfar for the ~9 of the coollng of a cyllndero 

Renee a decrease of the hest transfer coefficient can be expec-

ted for the hasting of a oylinder by a hot gasg as in the pre

sent study. It should be noted that Churchill and Brier (~5) 

round the reverse effect ln the latter case. However, the 

lnclusion of the temperature ra,tl0 ln the1r relatlonshlp 119 not 

warranted, as 1ndloated by the low correlatlon ooefflolent (less 

:th~n 0.2) reported by (1) after he tested the slgnlfloanoe of 

this ratl0 in thelrcorrelatlo~. Thls May be due to the oondl

tlon "impos"ed on the 'Reynolds number exponen~ Il whlQh was flxed 

by Churohlll and" Brler at the value of 0.5~ 
.. 

" Although the introduction of the temperature ratl0 ma~ 
, . 

improve the correlatl~ns very sllghtly ln the present lnves'tl

gatlon, partloularly ln the oase of data evaluated on the ~ilm 

tempe~ature bas1e, 1ts slgnifloance ls doubtful and model No. 2 

was dlsoarded. The oorrelation of the data by equatlon (11) ls 

therefore adopted for ,the purpose of the rest of thls dlscusslon. 
~ . ' 

Although the value Qf n was partloularly affeoted by the experl-
. , . .-
mental po1nts at eaoh end of the Reynolds number range lnvestl-

, , 

, , 

gated, ita valuetor eBoh geometry 1a' oonslstent wlth"thee%pected 
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) flow corifigurationa 

Circular Cylindera 

Figo 10 and 11 show that ~he results for ,the 1/4 and 1/8-

ino ood. circuler cylindera tell on two l1neso This wes confir ... 
-

med by a stat1stical test by the computero Due 't~ a lack of 

information about the turbulence of the jet, and 'more particu

larly about its scale p no argument ls available to explain thls 

di screpancy 0 Neverthelessp a possible affect of the combined 

action'of ~he scale of turbulence and of the in1tial pockets 

9f plasma can be suggested, the d1ameter of the l/8-i~~ ood. cy

cy11nder beine; small ,enough. It should be remembered that Van 

der Hegge Z1jnen (14) has recomme~ded the use of a (L/D) ratio. 
" --

But thi's suggestion hè,s never been vlnd1cated. I~add+t.1~:t}.i 1 t 

should be po1nted out that the results for the l/4-1n. oQdo 

cy11nder are more rel table from an exper1mental po1nt of view, 

as well as muoh more plentlful, and the preferent1al use of the 

latter results ls recommended. From the h1gh value of the ex

ponent n on the ReynoldS number, 1t can be inferred that the 
" .. 

at,tached boundary layer 1a turbulent over MOst of its course, 

and that the contribution of the small wake to heat transfer 

(the po1nt of separa~1on ia well'in the rear of the cylinder) 1s 

not very important. 

Compariso~ with the data of Douglas and Church1ll, and of 

Church1ll and Brier shows that the present data are s11ghtly 

below their results. Th1s can be attributed to the difference 
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in ~he temperature levels et which the experiments were conduc

ted (the varia.tions of the phy~lcal properties are muoh larg.er 

in the present ~.nveS~igation) SI also to a possible slight depar

ture of the etate of 'the gas trom the equilibrium conditions, 

and ma1nlY9 to the essential difference in the boundary layer 

reg1meo 

Square Cllinder wlth a Faoe Perpend1cular ta the Jet 

This case suggests the existence of a turbulent boundary 

layer, as wel10 The layer forming at the ~xis plane must be 

in a laminar reg1me, but qUiokly becomes turbulent. The essen

tia1 difference with the previous case is that a separation oc

eurs as the upstream oorners,fdaow,ed i~ all l1kelihood by reat

tachment ot" the boundary layer. Final ,separation then takes 

plaoe st the edges of the lower faoe. Owing to the fi~ed sepa

ration of the boundary layer, the wake oontribution i~ this 

oase (which by itself wou1d have a value of!! of 0.6) 18 larger 

than for a ciroular oy11nder. '. The :relative scatter of' the data 

for this geome.tr;r may be due to a oertain yaw in the tube posi

tion" 

Square Cy1inder with an Edge ~aoing the Jet 

In this geometry (whioh is roughly s1milar to a wedge body) 

separation points will be looated at eaoh side~of the mid cross

seotion plane and therefore the, wake oontribution will oocupy 

50% of the total surfaoe areso 'l'he value of' !! in this case seems 
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ta indicate that the attached boundary layer was essent1ally la

m1nar$' The rate of Change of ~he pressure gradient in the front 

part of the body be1ng l'ess for th1s configuration (es in the 

case of a wedge)it 1s conce~~able that t~ans1t1on,if it occurs, 

t'1i11 teke ~lace further downst~e,~ than in the previous case,sq 

The quasi-laminer bounclary layer reg10n end the l'laIte reg10n 

being well delimited, a hast transf~r relationshlp of the type 

proposad by Richardson (13) was attempted, namely 

1/2 
Nu = Cl Re 

2/3 
+ C2 Re (13) 

However, processing of the data revealed that the correla

tion ,coefficient was low (less than 0.3) and this model was 

therefore given up. 
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cp. N C LUS l O· N S 

Besed on the data obtained p the following correla

tions are recommended for the various geometries studled 

(the results of ~ubanek obtained on spheres ar~ included for 

comparisc;m) il w1.1:ih the' physical properties evaluated st bu11t 

temperature : 

0.757 0.33 
Nu = 0.118 (Re) (pr) 

SHERE 
(14) 

clngyLARCYLINDER 

. 0.836 0.33 
Nu = O.0612(Re) (pr) (15) 
.'. 

SQUAR~' CYLIN~WITH AFAC~ PEBPENDICULAR Ta THE JET 

0.711 0.33 
Nu = 0.126 (Re) (Pr) (16) 

SQUARE CYLINDER. WITH ~N EDGE FACING THE JET. 

. 0.549 0.33 
~~ = 0,4l2(Re) (pr) (17) 

The charaoteristlc length in the last two cases ls 

the side of the square~ 

It must be emphaslzed that these correlatlons apply 

only to systems 'of hlgh lntenslty of turbulenge, as studled ln 

the present lnvestigatlon. As a result. lt can be lnferred 

. that the ln'.tial1y:~1~lnar boundary layer will undergo transl

tion at'various points downstream of th~·front stagnatlon polnt 
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depend1ng on the dlfferent pressure gradients imposed by the 

different geometries stud~edo In: other ~1Ords, beoa:q,se of the 

form of the abov.e equations, the value of n will reflect the ~~ - , 

combined co~ributions from the attaohed boundary layer in the 

front and the wake r,egion in the backo Thus a logical in

crease i~ T wes obtained fro~ a wedge~type body with e large 

fixed l':rake (sqUE,\re cy11nder-edge) through a'configuration 

yle1ding a sma11er wake and a larger turbulent boundary layer 

rel?art1 tion (square cyllnder-fac,e) and fina11y 'to configuratj,ons 
,. 

wlth sma11.wakes and maximum extent of turbulent boundary ~ayers 

(oircu1ar cyllnde~ and sphere). 

Under these condltlons, lt ls not surprls1~ that a 

better agreement/la obtalned by estimating the physlcal pro

pertlea of the fluld at the bulk temperature. For Most of the 

publl~hed oorrelations of d~ta on heat transfer to bodies of 

varlous shapes, the Mean fluld temperature has been reported 

to glve better res~lts. Slneë these studles were lnvarlablr 
0.5 

correlated by means of lRe) • there i~ I1ttle doubt that the 

boundary layer was in a laminar regime, and an arlthmetlc ave

rage temperature would be expectE)d to represent a good averE!Lge 

for the estimation of the physlcal propertles. When the bound

ary layer la ~urbulent, however •. the intense mixing action in 

thls region sh~u1d be expeQted to y1eld an average temperature 

in the layer much closer to that of the free-stream. 

Pravlous studies wlth the alm of finding a standard 
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oharaoteristio length to oorrelate the convective hest transfer 

to bodies of various shapes were found to ba fairly successful 

beoauae for a11 of them the attaohed boundary layer wes in an 

essentla11y 1~lnar ,r~~~me (44, 450 46, 47). Therefore lt 

was possible to deflne a oharaoteristic length 't'lhich co~ld 

reasonably aooount for the dlfferenoe in the f1Qw pattern 

around the various geometries 9 even for fa1r1y severe condi

tlons of free-stream turbulenoe (10% ln the oase of 'referenoe 

45)9 providlng that transltlon to a turbulent boundary +syer 

dld not ooour. The present study, however, clearly shows that 

the oonoept cfa un1.versal. charaoterlatl0 length breaks down aa 

soon as mlxed reglmes ln the boundary layer are lnv~lved beoause 

a slml1arlty ln the transitlon of the layer does not exlst for 
".: , 

the varlous bodles. 

Although the model proposed by Rlohardson (13) was not 

successful ln oorr~latlng the results obtalned for a cyllnder 

wlth an edge faolng the jet, lt la felt on the other ~nd that 

the form of the equatlons, (14) to (17) la 1 over-slmpllf1ed and 

that 9 more oomplex relation, lrivolv~ng ~he separa~e oontrlbu

tions from the atta~he~ boundary layer and from the wake raglon 

(wlth poaslbly an addl~l~nal lnteractlon term) would b~ more 

Bucoessful: lJ;). pr'edlotlng the heat transfer rates correspondlng 

to varlous geometrles. Slml1arly. the effects of'varlous levels 

of turbulenoe lntansity sho~ld be aco~unted for in thaseequa

t~ons. M~ more exp~rlmentadda~a mUB~however, be acqulred, 

before a better undestandlng of the oomplex mechanlsm of hast 

transfar oan ba obtalnad. 
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N OM E N C L.A T URE 

ROMAN SYMBOLS 

a 

A 

... constant 
2 - lateral surfaoe ares, ft~ 

- specifie heat st constant pressure, Bot.uo/ 
lbo oF. 

CA+,CN+oC\\T ... concentra.tion of' A+ ions, N+ ions, N a.toms 
~ respectivelyo ft;J 

D 

n 

p 

u· 

u 
w 

ID d1ameter, ft. 

- grav1tational constant 

- heat transfer coeff1~1entt B.t.u./hr. ft. 2 oF. 

- thermalconduot1v1ty, B.t.u./hr. ft. 2 ~Fc./ft. 

- Eulerian maoroscale of turbulence, ft. 

- water flow rate, lb./hr. 

- exponent 
2 - pressure, lb./ft. 

- m1d cross-seot1on per1meter, ft. 

- oorrelat10n, o~eff1c1ent 

- temperature, o~or oR. 

- fluctua~1.ng component of thé veloo1ty, ft./seo. 

average veloc1ty, ft./sec. 

- duot w1dth,. ft. 

ABBREVIATIONS 

.D.F. - degree of freedom 

SE. - standard error 



GBEEK SYMBOLS 
..--- .' 

o -1 - coefficient of volume expansion, ( R.) 

- viscoslty, lb./ftohr. 
2 - k-lnematic v1scos1ty, ft. l'hr. 

- denslty, lbo/ft. 3 

- funct10ns 

DIMENSIONrJESS GROUPS 

Gr - Grashot' nUlIlber, [D3gp <.6,T) / 'l]o.s 
l - InteJ;lsi ~Y··'of turbulence g n (u * ) 2) / U.] 
1\1: - Ma.ch number 

Nu - Nuasel.t number, (hD/k) 

Pr - Prandtl number, (Cpf"/lt) 

Re - Reynolds number, (DU f / 1'-"> 
(He) - criticsl Reynolds number 

·cr1t. 

SUBSCRIPTS 

aw 

b 

f 

m 

o 

w 

- wall adlabatlc 
" . . 

- bulk 

- film 

- mean ~ntegrated 

stagna.tion 

- wall 

124 
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APPENDIX A 

DYNAMIC PRESSURE AND THEBl10COUPLE DATA 

RUN 6.P>;{: Tc a>f< Tc 

mm. CH30H °141 . . 
.. - _ 0 • .mm.CH30H Qp~ . 

. . 

1-11,0-100 206 2000 203 1940 

1-11.0-15~ 281 17~5 275 : 1710 

3.-11.0-150 136 1900 ' 124 2120 
.. 

3-11.0-200 169 . 1710 154 1860 

3-14.0-100 106 , '. ";. 
2570 107 2590 

3"'!14.0-150 151 2140 158 2350 

3-14.0-200 208 1975 1:83 2'180 

3-19.5-150 202 3000 201 2975 
.-

3-19.5~200 267 271,0 274 2735 

3-23.4-150 231 3180 229 )150 

3~2J.4-200 318 3035 306 2950 
.. 

* lnclll".atl.on a t 1/ 25 

. 
6,p '/f r 

mnl.CH"OH 

196 

271 

129 

129 

9.2 

141 

19{} 

189 

267 

223 

311 

. 
Tc 

oF. 

1860 1 

1660 1 

2020 

2020 

2660 

233q 

2100 

2805 

2660 

318q 

2950 

....... ~ 

.-

..... 
N 
\.0 



, ___ J!' '-;..~' 

APPENDIX B 

VAL"UES OF THE PHYSlCAL PROPEBTIES - BULl{ TEr·lPERATURE 

HUN Tb (x102 c xl02 .'k xl02 fXI02 
p 

0p-. 1bo/ft.3 / o_ .• B;" t..u o/~oft,p.F '. Ib./hr .. fto B.t.u. lb. -F. 
- '. 

1-11.0-100 2260 1.40 29.7 5040 1206 

1.11.0-150 1920 1060 29.15 4.85 .11.5 
-,,' . - .' 

3-11.0-150 2540 1.27 30.06 5.85 13.4 

3-11.0-200 2210 1.43 29.65 5032 1294 

3-14.0-:100 3440 0~98 30.90 7.25 1602 

3-14.0-150 28.20 1.16 30~35 6.30 14.3 

3-14.0-200 2550 1.27 30.10 5.90 13.5 

3-19.5-150 3900 0.87 )1 .. 15 7.90 17.5 

3-;1.9.5-200 3390 0.99 JO.85 7.15 1601 
' .. 

3-23.4-150 4270 0.80 31.35 8045 1806 

3-23.4-200 .)880 0.,88 31.15 7.90 17.4 

t-r 
\.rJ 
o 



\ 

".......,.'/' 

RUN 

'. 

1-11.0-100 

1-11.0-lS0 

) ... 11.0-150 

)-11.0-200 

3-14.0-100 , 
3-14.0-150 

3-14.0~200 

.3-19.5-150 

.3-19.5-200 

3-23.4-150 

3-23.4-200 

- - . 

APPENDIX C 

VALUES OP THE PHYSICAL PROPERTIES .. FILI1 TEHPERATURE 

: '". .". .. , 

'If fxlO2 CpX102 k xl02 

Op. 1be/ft.~ b • .t.u./1b.Op. . b.tou./hr~ftooF. 
. ., -. . 

1195 2.30 27.45 3060 
.. 

1025 2.58 26.90 3.30 

1335 2.12 27.85 3.85 

1170 2.34 27.35 3.55 

1785 1.70 28.90 4.60 

1475 1.96 28.25 4.10 

1340 20 12 27.90 3.85 

2015 1.54 29 • .35 ,5.00 

1760 1.72 28.85 4060 

2200 1.43 .." 29.65 5.30 

2005 1.55 29 • .30 5000 

fX1 Q2 

1bo/br.ft. 

9.2 

8.6 

9.7 

9.1 

Il,,1 

1001 

9.7 

Il.8 

Il.0 

1204 

Il.8-

1,-

1 

...., 
\.al ...., 



CONTRIBUTION TC KNOlt!LEDGE 

The hest transfer by forced convection between s 

highly turbulent jet at elevated temperature and blunt bodies 

of various shapes has been investlgatedo, Correlations were 

obtained o which ind1cate that : 

1) For such systems an attached turbulent boundary 

layer was' 'prevalling-, ' even àt~Ol'J Reynolds numbers; 

2) The physical propert1es had to be evaluated at 

bulk temperature, suggesting that the cho1c~ of a 

temper~ture bas1e 1s closely l1nked to the nature 

of the attached layer; 

:3> The use of a standard char~cter1stic length was 

found to fa1l for s1tuations in whi~b m1xed regimes 

ex1st 1n the boundary layer. Rence, 1ts value 

seems to be restr1cted ~o the case of laminer layers 

only. 
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SUGGESTIONS FOR FURTHER WORK " 

It ls suggested'1ihat t:urther ,investigatlons ln the field 

of heat trans:fer to blunt :bodies in' hlgh temperature surround

ings oould be of interest both from a fundamental and practical 

point of Vie\êl in the ibllowings are~s : 

- In the pz'aeent ,system, the measurements of the intensl ty 

and scale of :lïurbulence ,will undoubtly shed more 11ght 

on the resultso More generally, researQhes' in the me-
. '. . 

chanisms' and cr1 teria \. for trans1 tion 1n the boundary 

layer 111 hlghly turbulent 'jets w1ll glve a'better unders-
" . '~ .. " '.:;, , " . ..; . . . 

tandlngofthe.presentdata. 

- Heat' transfer Inv~stlgatlons ln the core of a jet, 
• • r' . 

where.turbulence effects are smaller, could provlde new 

a.venues of approach for' the s~udy of the influence of 
largetemperat~redlfferences in ,the case of a heated 

body. 

Rècent progress ln the deslgn of arc headconflguratlons 

,(as the dual duct or y-configurat1on a~c head recently 

deslgned by Thermal Dynamlcs Corporatlon) have Improved 

the performance and tpe stabil1ty of the arc operation. 

~ence, a more stable arc operation, coupled w1th quasi 

steady-state conditions provided by a free-jet will a~19w 

more accurate means tb investigate the tranapQrt of heat. 




