
, 

'~-

, . 
• If .. 

"'J/ 

/ t'a,. ~_. 
rI./ ~"' ... _~ _______ , 

'. 

, . 

~ 

j 
, 

) 

. 
l'.,' 

CONVECTIVE HEAT TRANS FER UNDER A TURBULENT IMPlNGING 

SLOT JET AT LARGE TEMPERATURE DIFFERENCES 

.; .. .... r ~ .. ~ 

by ~7 

,., Debmalya ~as 

,-

/. ,- ,1"',).... 
\ t'\l 

, f 

';' 

.' " 
) 

, 
A thesis submitted ta the Faculty of 

in partial fulf11ment of the , 

of Mas/er degree of 

Che~cal Engineerin~tment 
McGill University . 
Montreal, P.Q. -

. 
, . 

Canada . .. 

& 

.~ 

\ 
Graduate,Studies 

requirements for 

Engineering 

.. ..... 

• 

and 

the 

<6 

D. '. 

.~ 

.~ \ 

Research 

., 

. ... 

• -

(jj) August 1982 

~ 

;, 

, . -o. 'il 

a 

4 " 

" 

" 

" 

• 

Q', 

" ' . 
,0 

) 

. 
l 

, 

, 

:' 
, ( 



il' &, ",} 

l .. 

• 
" 

t" \' 

\, 
.. ,:., " . ' 

/ , . 1 
! ' 
\ 

IMPINGEHENT ~T TRANS'FER AT 

TEMPERATURE DIFFERENCES 

~, 
J -, 

.' 

,.>. 
; -r .. ':~ 

" 

~, . .\ 

• 

.\ 

\ 
, 

... 
.. 

" 

.'?. .. ~ .. ,',,# 

, , ""- . '''' 

:~~~. .\ 
LARG~ 

'-..< 

, , 

f 

~ . 

. 
l 

1 

'0 

. l 

... 

... 

. ~ 
~~~ ... --.......-~- -~, -"i;;:~------""" 

i 
L 





... 

.' 

, 1 

Il , 
,1 
, j 

, 

, 

i 

1" 

1 
1 
! 

1 ~ 

f 

,f 

~ , 

----------,------

" 

ABSTRACT 

, 
"< 

i 

Effect of high temperature' differencE7s' ,op local and average heat 

transfer rates under a confined single slot je~ was studied experimentally 
, ~ 

for nozzle ~it Reynolds numbeu from 1000 to 209°0, nozzle exit to iropinge-
> .., 

ment surface spacing from '5 to l2\IlOZzle widths, lateral distances from the 

stagnation Hne up to 18 nozde .n~\S and Je;-inipin~eme"'t surface tempera

ture differences from 509 to :j'QOoe. ,\ 

Jo 
fur s~agnation 'Nusselt number ,\\WO acceptable form,s were obtained 

for incorporàt~ng the effect of temperatu~~ difference, the ~emperature 
\ 

'ratio method and" the reference temperature method. Use of the former i8 
. ' 

recommended. 
\ 
\ 

The stagnation ~usse,lt number" evaluate<;h:at nozzle exit temperature, 

)was found to de~rease by about 6.5% over the range 0 ~ ~T ~ 3000G or 

, 1 ~ T/Ts ~ 2.06. Expresse! i~ ten:s' 6f effect ~f tempe~ature difference 

on stagnation. heat transfj coefficients this effact 'corresponds to an' in-

.II : >:l • J 

crease in h of about 62% over this same 'temperature range. Beyond about 7 
('lo b 

nozzle widths from stagnation ther~ is no signifrcant effect of temperaturè 
. . 

differel1ce on Nusf?'!>,~lt numbe.,r but a s'ignificant· effect on h remains. --./ 

A general correla~ion was ~eveloped for average Nusselt number in 
'c>' 

the form: 

Nu. 
J 

, ..r ç ""tif' 

a = K Re. 
J 

where aIl four corre'lation parameters are functions of the 'extent of 

the impingement surface over which heat transfer is averaged. . \ 

Analysis of confinedjet impingement heat transfer as a confined 

~ 

flow established that the fraction of available heat which is transferred 

. . 1/3 
beiween the jet and' the impingement surface is proportional to (x/w) 

·and. to lIRe. 0 .5. 
J 
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;' " RESUME 

( . 
.a 

L"effet de différences de température élevée sur le taux local 
, <, 

et moyen de t'ransfert de chaleur sous un jet rectangulaire confiné a été 
• v , 

mesuré"expérimentalement pour de difference de température, jet à la 
• :- \ 0 0 

surface \'impact, de 50 C à' 300 C, pour uné>J gamme de nombre de Reynolds, 

"d' ~sp.ce~~e la. surf ace d' impac; et de la long~eur de cette surf ace" 

ur l'incorporation de. cet effet dans le 'calcul du nombre de Nusselt ""'" 
- '\ J.-. 

au oint de stagn~tion, d~ux. corrélations ont été obtenues, la' métho~~ 
, 

basée sur le rapport dç, températures (recommandée), et la méthode basée . , ~ .. , 

sut une température de référence.->, 

u delà de la g'aIllDle de' ,température ',de 0 ~ 6T ~ 300~C ou 

1 ~ T/T
s 

~ 2.06 le nombré de Nusselt au point de stagn~tiori dé~oît 
-;:;:, 

par 6.57. alor que le' coefficient h augment de 627.. A une distance:. 

supérieure à 7 

devient négligeab 

de buses du point de stagnation, cet eff~t 
() 

le nombre local de Nussèlt ~ais demeure 

significative sur e coeff~cient local h. 

Une générale pou~_le,nombre de Nusselt moyé~ est 

-f ,. 

. b ' 11 
= K Rej ~ (H/w.) (T/Ts ) c pr j \ 

'.I.\'\. .. 

" 

où sont fonctions ~e laI ~ongueur\ de la surface d'impact. 

Une analyse omme'système d'écoulement confiné étab1~t que la 

fraction de chaleur d ~ponibl~ qUi' est tral'férée entre le j et et la 

• < f~' \'f11 
surface d'impâct ~st opor~ionnelle à (x/~) 3 et à 
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1.0 INTRODUCTION 

The high convective-heat and mass transfer rates achieved by 

jets impinging ,on ':i surface have led to application of impinging, j'ets 

in industry. Thus impinging jets are used for, the d'rying of paper, 
, 

l 

annealing non ferrous metals and plastic sheets, tempering and toughe-

ning glass, heating or cooling of leading edges of turbine blades and , , 

spot cooling of electronic components. Dependi~~n application, round 
• 

or slot jets are used individually or in arrary of multiple nozzles. 
t 

In the paper industry, high velocity impingement dryers are 

use: exte~iVely on ma~hines_ where iroduc~~on rates are, ~~mited ,by 

drying rates. !he YanRee dryer for the drying of tissue prodijcts, and . , 

'high veloéity dryer on coating machines reflect paper industry use of 

impingement drying processes. High VelOry impingement dryers have 

also been shown te be very effecti~ f drying newsprint in'the 
. A 

Papridryer process\which w~s proposed by Burgess et al.~(1972). In 
i> 

this proce~~ the i~inging ~~ing rates were enhanced by draw~ng sorne 
1 

of the 
, 

impingement air through, the paper. ' 
" 

6 - ) , 
In many impingement heat' transfer applications, very large 

temperature 'differènces are used. 'For, example, impingement paper dryers 

are frequently operated with jet,temperatures in excess of 400°C tor 

with temperature differences in excess of 300 d C). Yet'the majority of 
\ 

i~pingement heat transfer studies, which are us~d as a bas~s for the 

design of impingement heat transfer equipment, have been made with small 
• 

temperature differences, typically 20o~70°C, Very little i5 known about 

the effects of large temperature differences on imp,ingement he~t 

transfer coefficients and about the validity of using the heat transfer 

\ . 

If >lm 

l ' 

1 

'1 
1 

, 
: ' 

, . 
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, 
cor~elations with low temperature differences to predict,heat transfer 

rates at-high. temperature diff~rencès. 1t 
The objective of this study was the~efore tp measure thê effect 

of high temperature dif~efences on impingement heat transfer rates, and 

to find ways of accountin~ for these effects in impinge~ent heat transfer .. 
calcu1:ations • 

• 
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-2.1 Introduction 

Many studies have been published àbout flow and heat transfer 

characteristics of impinging jets. Extensive reviews of these studies 

r 
have been mad.,e by Gauntner et al. (1970), MujUmdar and .Douglqs (1972), ~ 

Livingwood ~t al. (1973), }lartin (1977) 'and more recently by übot (1981). 

Hence the review presented here has been made ta highlight only those 

aspects of the impingement flow and heat transfer work which are rele

vant to ~he scope of this thesis. A summêry of the references Whith :re 
most relevant to this work flnd which are referred ta the subsequent: 

" 
discussion is presented in Tabl~ 2.1. 

2.2 Impingement Flow Characteristics 

-. - > ,." 

Although the impingement flow characteristics are not xhe major 

issue in this work, they form the basis for the irtterpretation of 

impingement heat transfer characteristics. :·Hence impingement flow is 

presented here. 

Poreh and Cermak (1959) made the following characte~istics of 

the flow field under impinging jet (Figure 2.1): ~ 

a) free )et 

b) stagnation flow " 
~) wall' jet. 

a) Free jet region. 

• This is the region of deve10pment and expansion of the jet from' 

the nozz1e exit and extending ta the position where flow characteristics 

of the jet first start to be influenced by the impfngement surfate. The 

profile of axial velocity may undergo considerable change in this r&gion, 

especially if the velocity profile at the nozzle exit 15 far from fully 

\ 
~~ ~-.,...-.. . ._, . ,'.~ LL. L Xi .. -.\--------
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deve10ped profile. Turbulence characteristics change sharply in the free 
\... 

jet region~ especia1ly during the initiai part of it.' 'The free jet region ~ 

" 
may be considered to 'he composed of three sub re'gions, firSjt the potential 

core, then the deve10plng jet and .finally tpe, developed jet - provided the 
'" ~~tng of,the impingement surface {rom the nozzle exit ls sufficient. 

? '. .e The, P?tentia1 core ~ers t'a that part of the free jet regioD 

over which axial ve~ocity remains unchanged frGm the values exist1 
J 

the nozzle exit. The length of the potential core-is an important 

parameter for heat transfer applications, since stagnation heat transfe ) . ~, 

, , 
rates tend ta reach a maximum when the impingement surface is located at 

the spacing ~corresponding to the position of the tip of thé potentia1 

core. For slot jets potential,core length values rang~fg from 5 tq 8, 
, 
Umes the nozzle width have been reported. Potential core length is 

affected by the turbulence characteristics at the nozzle exit,..., hence is 

affected by variables which may affect nozzle exit turbulence"such 'as 

g~ome,try of ;hê nazzle and of the flow channel upstream of the nozzle" , , 
1 

and Reynolds' number. Somé of:'-t,he diversity in t;~sults reported may a1so 

be attributed ta the ~locity measuring techniques used, i.e. pitot tube 

or hot wire anemometry, as has b~en diseussed in d~tail by Obot (1981).,-! 

The developed flow region, which exists on]y for suffiëiently 

wide'spacing of the impingement surface from nozzle exit, refers ta 

that part of the, free jet in which center~ne axial veloeity deca~~ 
inversely proportiona1 to CH/w)O'S. 'The reg10n beyond dle potenti~ 

il 

core, Le. when axial veIo'city is no longer constant, but before the 

developed flow region where veloei ty 'drops proporti1Dnal to (H/w) 0,5 , 
~ 

is referred to as thë region of developing flow or the transition region. 

Both the {ixia1 velocity andJturbulence characteristics of slot .. 
jets have most recen tIy been measured by Saad (1981) who, ~.n integrating 

-( 
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o 

" 

( -~- -'II , , 
~ 

~ 
1 

" 
1 

, ! 

his own new measurements wi th those of earlier workers, has aiso 

provided a generai review of ,~this area~ 

b) Stagnation flow reg~an. 
" 

" 

----( 
- 1 

l--.,. , 

" ,\ 

This region begins at the position' where ·the free· jet firs t 
Q 

begins t~ be affected by the presence of the>1mpingement surface, 

9 

- '- III 

inc1udé-s the regionwhere th~.,flO,W di~:ges. an~~(,1;en~.~n ... p ',0 the " 

impingement surface. ~, __ 
'. \\. . '"" 

, In the stagnation region the axial velocity decreases rapidly, 

axial turbulence intensity increases, and the pressure'increases as the. . ~ 

axial velocity component ls transformed to a lateral velocity. The , 

" maximum stati,c pre&sure occurs at the stagnation lfqe. From this 

maximum the static pressure along the lmpingement surf~ce drops sharply. 

Thus Sa~d (1981) found that the pressure half width, i~e. where ,the 
1 

l ,static pressure was one-half of the stagnation pressurej occurs at 

x/H = 0.15 ::!: 0.01. This region of a s trongly ri'egati ve presst,lre gradient 

is o~~rticu1ar importance becauS~ of its ability ta main tain a 

\ 

bOmldary layer 1aminar even for a high1y turbulent 'impinging jet. 

The approximate dimensions of the sta~ation region are of 

intè~t. 'te distance normal f"Pm the impinge~ent surface ot Whi{h ", 

the, stagnation region begins for a slot jet has 'been measurecf by Schél(uer.- \ .. 
and Eustis (1963), Beltaos and Rajaratnam (I973) aQ-d by Saad (1981), a11 ... 
'" . ,-' 

of whom found that axial v.elocity begins to feel the effect of an 

impingement surface at about ~.2H to O.3H from the surf~e., However, 
,~ "-

Saad found that axial turbulence level was nq!1f, a,ffected by the 
~ ft' • 

pre~ence of an imp~n~ement seface ~ntil less tlmn 0.05 H from the 

surface. The iateral extent of the stagna~ion region, defined as the 

, . 
" . 

p , 

1 : 

4 



J 
,1 

, ' 

, 

" 

o 

, 

~r-. . t 

.' " 
, .r 

> • 10 

, 
, dis~ance From stagnation where the static pressure gradient becomes 

•• +. 

.. 
negligible, has ~~n' reported by Be1taos and Rajaratnam (1974) to be 

abo ut O. 35 H f~dÎü\h~ stagna tion' l~ne for 21 <' ~ fw < 66. wliile for • 

4 < H/w < 16 Saad ~81) fou~d his distance to bé O.SH ± O.1H. It 
l 

sh'ould be noted that H, not w, has been found ta be the more relevant 

characteristie dimension with respect to th~_stagnation or impingement 
r / , 

l '\ 

region. f , 
/ .. 

-' c) t 
Wall jet -region. 

In the wall jet region the accelerated stagnati~ ~low trans-

f;rms~ a decelerated wall jet flow with.a negl~îe I1teral pressure 

ft g~adi.ent. The lateral ve10city developed in tfe stagnation region passes 

~hrough a maximumat the end of the stagnation region. The boundary 

layer transitio~ from laminar to turbulent also occurs in the wall 'jet 
, 0 

:egion.' An extensive characterization of bath the meàn' velocity and 

" ~" turbulence characteristics in the stagnation 'and wall jet regions of an 
/1 

impinging jet has recently been given by Obot (1981) for the similar 

case of a round turbulent jet. 

L li. 

2.3 Effects of Geometrie and FI~Parameters on Slot Jet Impingement 

Heat Transfer 

The major geomet;ric and flow parazœters affecting heat transfer 

under a single stationarYllot jet are the nozzle to impingement surface 

spacing, the laterai dist ce along thepimpingement surface.from the 

sta~ation line and the jet exit ReYnolds number. 
..: -

• The effect o~ nozzle impingement ,",urface spacing on stagnation 

11ne" Nussel t number at two- Reynolds numb ers for a turbulent slot Je~ is 

-" . 

( 

1 ~ , 

1 
~ l ' 

1 
1 

·1 
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illustrated on Figure 2.2 with data from Gardon and Akfirat (1966), 
• f 

Cadek (1974) and Saap (1981). The results from these three references 

show the same trend; 
~.... Il ~ 

the stagnation line Nussel t number passes, through , 

to surface spacing of about 7w to aw. As heat a maximum a tL a nozz e 

transfer in~eases both mean velocity and turbulence the occurrence 
. 

of this maximum in u reflects the fact that for R/w spacings 1ess than 
1.. 

that for the maximum, Nu ls dominated by the increasing, turbulence 
, 0 ' • 

while ,for laT~er values of H/w, Nu
o 

ls domina~ed by the decreasing mean 
~ 

velocity~ 

.. , 
The <ti,ariation of local Nusselt numbe t wi th laterai dis tance from 

the stagnation line is i1lustrated for a single s'lot jet'with the data, 
", 

of Gardon and Akfirat (1966), Cadek (1974) and Saad (1981) on Figure 

- il • 11 

2.3 (a) 'for'H/w = 2 and on Figure 2.3 (b) for H/w ~ 8. The striking ~ 

difference between these two figures is the presence of an' off-stagnation 
,.' 

mini~um and maximum in _~he profiles at the ,lower spacing. The /ff- ( 

stagna tio peaks at low spacing are associated with the onset of and the, 

'completion a transition from a laminar ta à turbul~nt'boundary layer. 

.. 1 • 

The combination of la high jet Reynold:?- numbe r and a 1aw spacing 'produées 

a negative press re gradient in the stagnation region which 1s 'suffi-
t " 

f 4 
,< c1ently strang' s to maintain the boundary layer as laminar .even for a 

, , 
highly turbuI Beyond the regian of steep negative pressure 

gradient e anset of bounqary layer transition is marked by the off 

stagnati0Q.. minimum in the profile, while camp1etion of this transition 

is marked by the' secontary maximum. 

!pe effects of Reynolds number on stagnation Nusselt and average 
, ~ 

Nusselt 'numbers are illeustrated on Figures 2.~ and '2.5 t;aing, tpe results 

" " , 
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.. 
of various wo-rkers. The slopes of 0.5 ta '0.6 on Figure 2.4 are an 

)< .. 
indication of the lamüi.ar character of the boundary layer in the stag-

nation re.gion, even for turbulent jets. The higher slopes of 0.6 to 0.8 

for the relationships between Nu' and Rej on Figure' 2.5 r.e{lect the 
, -' ,,', 

fact that beyond some distances from stagnation the boundax-y-' layer ~ 

turbulent, hence in that region the effect of jet Reynolds, ~umber on 

Nusselt number is that normally fo~d for turbulent flow. 
<\ 

Another impo~tant parameter, one which has not received appro-

... 
priate attention until r.ecently, is the effect of confinement of, the . -

1) impingement system with a surface or hood pa"rallel to the impingemenCt 
f,} 

surface. MoSt indus trial process applicati~ns involved confined jet 

systems whereas ~ost· experimental work has been carried out with uncon-

, fined jets. Folayan (19-77), who used a shroud at the plane of a slot 

nO,zzle exit, observed both stagnation and wall je't region heat transfer 

were 10%-20% less than for unconfined jets. van Heiningen et/al. (1977) 

also observed reduced Nusselt number in the wall jet' region from a slot 

nozzle. The same trend was also observed by abot (1981) for a round 

nozzle, with largest effect of confinemeht occurri~g at the smalle~t 

spacing. 
, ~ 

Reduction in Nusselt numoer is attributed to'the effect of the-

confinement su~face in reducing or eliminating entrainment of fluid from 
. 

the environme~ t by the jet. Such en trainment affects both the' flow 

field and the temperature field in the impingement sy~tem, and hence 

affects' the heat; transfer. 

'1 t is evident that in an experimental faeility of an unconfined 

jèt the results. would becoIDe a function of whether a heatingo~.r a cool!in~ 
.' 

jet were used beeause fluid entrainment from the environment would have 

() 

1 " , 

, 
1 , 

, 1 
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the opposit effect on the temperature field in the impingement system 

for thosDe two cases. Earl1er workers had 1argely ignor~d this effect 

.which can be qui te significant . 

,1 

2.4 Effect of Temperature Difference 

The li~ting in Table 2.1 of previous studies documents the 1ack 
, 

of att~ntion to the measurement of impingement heat transfer for large 

tempe rature differences between ~he jet and impingement surface. This 

~eficiency, understandab1e becaus;~~f the experimentaf difficult1 

ittvolved i8 none the less unfortunate because important industria1 

applications such as paper drying and turbine blad-e cooling ~nvolve 

high temperature differences. On1y thiee experimental etudies with 

high temperature differences have b~en reported, aIl for imPingi~~ 
'. 

round j~ts, Perry (1954), Th'urlow (1954) and Huang (1963). Unfortu- ,'" 

nately none of them made any systematic study to induce the temperature . ~ 

difference effect in a way useful in others. ;' 

.In the ear1i~r study, Perry (1954) for his unconfined round 

jet used up ta' 600°C jet temperature and a temperature difference 

varied from 100° to 400°C. A relationship, independent o'f temperaf:ure, 

was developed with properties evaluated at the me an film temperature. 

The usefulness of Perry's results is limited by uncertainties con-

cerning his i~pingement surface spacing from the nozzle exit and his 

basis for determ~ning the temperature difference used for con~erting 

from the heat flux measured to the Nusse1t number reported. It appears , 

that Perry did not base his temperature difference, 6T, on jet 

temperature, Tj~ but instead, on an estimate of temperaturè of a free 

r 
t' 
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jet at some unspecified distance greater than 8 nozz1e diameters'from 

the nozz1e exit. -' 

Thur10w (1954) in a C02unication to previous author, reported 

his results 'for a UO:confintd hot (>3'-202~C) round imp1ngin 

Thur10w confirmêd a definite ef ect of temperature dependent 

properties,even at T
j 

= 53'C, ~did not,inciude this aspect in, 

correlation.' 

Huang (1963) used an unconfined hot (150°-177°C) air jet 

• 
impinging on a co1d surface. He used arr! val ve1oc:J,ty, 'U , as the 

a 

characteristic ve10city ~n his Reynolds number, thus mak~ it diffi~ 
1 

1\ 

cult to intetpret results. However, using the empirica1 relation U • 
.' " a 

6.63 U 0 (D/H) proposed by Gardon and Cobonpue '" (19?3), ,Huang' s Reynolds 

numbar is transformed to jet exit Reynolds number to faci1itate co~ 

parison. 

The high temperature difference resu1ts of Perry', Thurlow and 

Huang are c~mpared with the r~liable low temperature data of Gardon 

and Cobonpue (1963) on Figure, 2.6: The resu1ts of Perry anœ Gardon 

and Cobonpue are in excellent agreement with each other but an order 

of ,magnitude higher than those of Huang and Thur1ow. However this 

,; agreement between Perry, who used an ambiguous temperature difference 

term to convert heat flux to heat transfer coefficient and Gardon and 
(' 

Cobonpue~ using the temperature difference between jet and surface, 

,18 apparently somewhat fortu1tous. The lower values for Huang' s, 

Nusselt numbers as compared to Gardon and Cobonpue and P~rry may be 

attributed at Iea~t in part to the use of inc~rrect equations for, U , 
a 

the arrivaI velocity for' a jet 1ssuing from short sharp-edged inlet , 

nozzies which unfo,rtunate1y have .not been specified in Huang' s paper. 
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\l' Due to incomp1ete information availab~e from the publication of 

these early works with high temperature' differences it i5 not possible 

ta determine the source of the large disçrepancies nor to use any of 
., ,p"' 

the results with confidence. 

Very recently van Héiningen (1982) examined, the affect of tem

perat~re difference but ov~r quite a small J:'ange 10o'C to' 50°C of fiT. 

After testing several a1ternate forms of incorporating the effect "Of ' 

temperature dependent physical properties van Heiningen adopted the 
ct· ' 

procedure of ~va1uating aIl ,p~operties at the nozzle exit temperature, 
, 

T
j

, and including a, ~ime~iopless temperature rat~o,' ~j/Ts' 

A number of studies are available on the effect of high tem-

perature difference ,on heat transfer for confined an,d unconfined flows., 
. 

Extensive reviews bave be:en made ,by Kays (1966), Petukhov (1970), 

Shah and Lond~n (1978). 

In engineering applications, ~ne of two m~thods, the tempe;ature , ' 
• 

ratio method and refetence temperature method, are conventionally'used 

to account for the large variation in physic,al prop,erties which âàects 

the value of aIl nondimensional parameters. In the ,first method the 
, 

ratio of Nusselt number at bulk temperature (f6r'a confined flow) and 

that at the constant property condition is· r~lated to'the~ratio of bulk' , 

temperature to a reference temperature, i.e • 
. ; r , 

. " . 
where"subscripts b, Cp and 0 refer to evaluation at the .,.bulk, .constant 

~per~; and reference temper~ture condition. Usually surface tempera-, , 

-cure :l.s c>used as reference temperature. By contrast, C iit, ~he reference 
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, 
method aIl the ptoperties are evaluated at some 

r ferÉmce temperat-,ure so t};lat no temperature ratio term is required in 

the correlation. 'The "film" temperature, the, mean temperature betw~!3n 

that of ~he 'surface and either the bulk temperature (for a confined 

$ , 

flow) or a boundary conditidn temperature (for an unconfined flow) ia a 

frequent choicé o~ t~i~rence temperatu~e: Each method finds it~ 
own proponents in ~he'lit~rature. For design ~ôses the temperature 

ratio method can have some advantage in simplicity of use. 

For the case of impinging jets, the temperature ratio equatiort 

can be written as 

where subscripts j and s refers to )measurements at the nozzle exit and 

impingement surface~, Kays (1966) solved numerieally for the case of a 

laminar two dimensional flow and obtained n = -0.1 for heating and -0".07 

for eooling at the stagnation line. The experimental study on flow 

past cyliilder" for a cooling air by Kays and Nicol! (1963) showed 
o , 

. n • 0.02 at stagnation. Over a Bmall r~nge of temperature difference, 

; . 
as noted before, van Heiningen did not observe any effeet of temperature 

for heating and cooling impinging slot jet. However using n = -0.1 as 

sugge.ted by Kays for hot~et"!. t~e maximum value of (T/Ts)n correction' /J' \" .. 
term for his data was less than 2% which was -within the range of his 

.' , 
experimental error. The author recommended the exponent valuès propos~d 

• 1 

by Kays for temperature"ratio"?j/Ts ' in impinging jet correlations. 
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2.5 o"-tives of Prë'sent' Work 

From 'literature,rev~ it is evident that no rel~able data 
~ , 

exist on imPingemenj'heat transfer at vapi~ble and large temperature 

d1fferences betweèn,·'the jet a~d the impingement surface. A $tudy was 

therefore deSignedjo in~stù.te tlré<'d'f~~t of High temperaturj" 

difiDerences on impingement heat transfer, with the following specifie 

obj eC,tives: 

i) To obtain an extensive set of da~ on both local and ,,1. 

'average heat transfer urider a confined high temperature impinging ~lot 

jet. ' 

ii) To derive correlations for heat transfer -in this system 

which would adequately allow for the large variation in physical 

properties associated With)high temperature differences in :uch a way 

as the correlations would embrace impingement heat transfer rate~ at 

both high and 'low temperature differences·. 
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3.1 Introduction 

Th~ experimenta1 apparat us was designed for the study of 

impinging jet heat transfer ~t high temperature differences. Choice of 

the f10w configuration and major parameters'was infl~encep by those 
, 

uaed in ather studies in the pro gram of investigation by t~e Mc~l 

~1mpinging jet drying group. Thus for the ,present study eq\dpment was 
" 

built for measurement'of profiles of ioc~l h~at tra~fer under a con
f'; 

fined, turbulent imp1nging slot jet. As high temperature ditferences 

bétween'the jet and the impingement surface was the prime objective, ~ 

, faci1ity, with a hot jet impinging on a cool surface, was built which 

made it possible ta use temperature dif_ferences up to' 300°C. The 

effect of temperature difference,up ta t~is high'l~vel was determined 
" \ 

~or jet Reynolds numbers, over a range of 1000 to 20,000 and at impinge-

ment surface spacing from t,he no~zlè exit in the range of 5 tc) 12 nozzle 
, 

widthS. Th"1.s equil'ment ànd the experimentB.l, proced.ures' used for 

obtaining profiles of local heat transfer are reported in, this chapter;. 

3.2 . Description of the Equipment 
, . 

A schematic flow diagram for the experimenta1 faci1ity is shoWn . 
in.Figure 3.1. The hot air supply system, the blow~r, heatar and. 

accessories will be des~ed following consideration of the impingement 

apparatus. 

f'> 

3.2.1 Impingement Apparatus ' " . 
The impingement apparatus consists essentially of fi~e sections: 

1) Entrance section 

i1) PlenUm chamber 
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Ui) Nozzle, c nfinemen t,- -sux;:f~ce, exit ports 

iV) Side wall ~ 

tl ' ~ 

v) surface. 

A gene raI view of the imp1ngement apparatus 1s prQvided by the 

photograph of Figure 3.2 wh1le the close up photograph of Figure 3.3, 

shows the main elements with the front caver removed. The entire 

assembly, exclusive only of the impingement surface, was fabricated 

from 12.7 mm thick Marinite l (Johns-Hanville canada Ltd.), a material 

for:med of calcium silicate with inert tillers and reinforcing agents: 

The usual' application of Marinite I_is as fireproof structural insula-

tian. The substance was chosen as the construction material for the 

high temperature jet ~pparat~s riot only for it~ good insulat!ng property 

but for its ,excepent- structural strength, gODd machinab':l li ty , -high 
l 

temperature resistance, low thermal expansio~ and non-corroding qualities. 

A detailed specification of Marinite.I is prèsented in Appendix D~ l'wo 

1.2 m x 2.4 m sheets ot Marinite l were sufficient for, construction of 

the impingement assembly. 

i) Entrance section: 
• .' 

As shawn in Figur~ 3.3 this part 0Jt the apparatus has j three 

compar~ments, i.e. the flow entrance central section between two exha4st 

flow duct at the sides. The'central section connected 'the circular 
. 

76 mm ID inlet pipe to the-190 mm square plenum chamber. Thus the 

inside dimensions of this square cross ~ection d~c~ tapered from 76 mm 
./ 

ta 190 mm over a length of 0.64 m, dimensions chasen ta keep the angle 

of divergence to 5°. The two tapered side compartments of rectangular 
1 4 
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cross section connected the recta gular exhaust chambers (190 x 92.5 mm 

inside dimension) to the upper fI nge where these sections te~inated 

with a 76 mm square cross-section to match the two 76 mm ID exhaust 

pipes. As may be seen from bath p otographs a pair of large flanges 

-) 

;~ provided the connection between th three square ducts of Marinite land 

the corresponding three entrance and "exhaust flows. 

produce.a unijorm velocity over the length çf the slot nozzle and to 

provide a controlled low turbulence evel in the flow to the nozzle sa 

that the flow 4characteristics of the jet at the nozzle exit would match 

those of previous studies, thus facil tating comparison of results. 

The plenum chamber, 190 mm square ins de eros~-section, was 305 mm in 

the flow direction. The 50 mm length f aluminium honeycomb (5 mm cell 

dimension) and two lOO-mesh screens, a 1 spaced<about 40 mm apart can 
~ 

be~seen on Figure 3.3 • 

, 
iii) Nozzle, confinement su~face, exit ports: 

The present high temperature di impingement heat transfer 

study was carried out with a conrined si 6 mm wide, wi~h 
'. 

the spent flow exiting through two exha each 61 mm wide. The 

nozzle was fabricated with,fon elliptic in et and a square exit according 

to the ASME standard, in order to provide a jet of flow characteristics 

comparabl@ to studies at low temperature Although there are 
, 

more numerous studies of unconfined jets. he present investigation wi th 1 

a confinement surface continues the orient tian of ~he~rogram of studies 

from this labora~ory wh~~h are motivated by industrial applications such 
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as the drying of paper for which a confinement hood must be used. The' 

dimensions we~e selected ta provide the same ratio of jet width to 

centreline spacing between ~nlet nozzle and exhaust ports aS,existed in 

pilot plant Papridryer, i.e. a ratio of 0.035, conventionaily termed as 

3.5% open area. 
. 

A pair of Marinite plates, 9.6 mm thick, machined at one end 

with an elliptic profile for the in1~t jet and at the other end with a 

square edge for the exhaust port, were fixed to the bottom of the plenum ..... ' 

chamber, th~ providin~ three elements of the impingement apparatus, i.e. 

a 6 mm wide nozzle, l~ mm wide confinement surfaces and 61 mm wide 

exhaust ports. 

This pair of plates ls seen clearly in Figure 3.3. As the nozzle 

plates were fixed to the inside of the retaining side walls of the 

apparatus, the transverse length (i) of the nozzle was the same as this 

dimension of the nozzle plate confinement surface, i.e. 190 mm. The 

corresponding high aspect ratio (i/w = 31.67) assured two dimensiona1 

flow over most of the width of the impingement surface,·as has been 
t 1 ~ 

documented in a recent study by Saad (1981) in this laboratory. 

The nozzle plates were fabricated of Marinite l beca~~ of the 

____ ... ~ ____ 1 

1 
1 
! 

low coefficient of thermàl expansion of this material (Appendix D). Thus j 

from ambient temperature ta the maximum jet temperature used, about 300°C, 

a 136 mm wide sheet of Marinite would expand only by·0.14 mm, 2.3~, a 

very small value relative to 6 mm nozzle width. A schematic diagram of 

nozzle ia shown in Figure 3.4. 

o 
liv) Side wall aasemb1y: 

t 
The flow retaining hood of the impingement appBratus comprised 

,----,-------------------- ----
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the assembly of four side·walls and the confinement surface 136 mm wide 

from nozzle inlet ta exhaust port. As the side walls ,made a closely 
. 

fitting, sliding contact on the p1enum-exhaust chamber assembly, 425 x 
\ 

215 mm, inside dimension of the former was also the outside dimension of 

the latter. This ~liding arrangement'derived from the objective of 

varying the impinge~ent surfa~ spacing from the nozzle exit, whil~ 

_ maintaining a totally enclosed, two dimensional f10w impingement system 
t 

from which the spent flow exited on1y through the two e~au~t ports. 

Slotted grooves two on the ends and three on the sides, and retaining 

~crews provided a convenient vertical adjustment of the side wall assem-

bly. The impingement surface- could thereby be spaced from 30 to 72 mm 

(i.e. from 5 ta 12 nozzle widths) from the nozzle exit. 

v) Impingement Surface: 

The impingement surface was a copper.p1ate, 305 x 165, x 6.4 mm 

thick. Copper was se1ected for its good thermal conductivity which 

facilitated obtaining a nearly uniform surface temperature as this, not 

the constant heat flux, boundary condition was chosen for the present 

study. The impingement surface was kept nearly isothermal by a high 
. , 

throughput channel flow of cold water in direct contact with the lower 

surface aI the copper impingement plate. For the extreme case\of a 

300°C jet the variation of surface temperature was only by 2°C from 
. 

stagnation to a position '20 nozz1e widths from the nozzle centreline. 

This cooling ~ater passed through a rectangular channel of g~lvanised 

steel soldered to the copper impingement plate. The Channelrwas 7~ 

deep, 165 mm wide (i.e. the same as the impingeme~t plate'width) and 

was somewhat longer (350 mm) than the impingement plate length (305 mm). 

1 

i 
1 

~, 

1 

1 

1 
1 

1 

1 
1 

1 
1 

r 
1 

, 
""1 
,1 

\.. ': 



" • ,1 
1 

,1 
,1 

() 

/ 

33 

, 
High me1ting (221°C) si1ver solder was used beca~ necessity to 

cure the heat f~ux sensor adhesive at lS0a C, as ~ibed subsequent1y. 
, 

~TWo tapered galva~ised stee1'seetions 0.7 m long provided adaptation , 
l.. • 

from the 165 'x 7 mm rectangular coo1ing channel to the 51 mm diameter 

cooling water pipe. To allow for lateral and vertical traversing of 

the impingement surface, the final connections to inlet and outlet water 

lines were made throug~ flexible rubber hoses. ~ may be seen in 
. 

Figur~ 3.3, the impingement assembly comprising the copper plate and 

steel cooling channel was supported in a 600 ~ 300 x 40 mm t~ick Marinite l 

base so that the 305 x 165 mm copper impingement surface was flush with 

the surrounding Marinite l surface. The two tapered steel cooling 
" .~ 

channels ex:ending on either side of the plate werEV~!keWise,made.flUSh 
with the Marinite surface using Kyanex cement (Cana an Refractories 

t 
Ltd.), 

The research objectives required that the impingement surface 

position be adjustable bath vertically and horizontally, t~è vertical 

positioning ~o proviqe variable spacina from the nozzle exit, the hori-
~ ~~ 

() 

zontal traversing to enable lateral profiles of local heat transfer to 

~
be made. The 

dnite base 
, i 

horizont~l traversing was provided by .mounting the 40 mm 

on a horizontal aluminium platform (760 x 380 x 10 mm) 
" 1 

which could be moved horizontally along the longer.a~is by a screw 
, 

mechanism connected to the trav~rsing control wheel visible in the 

central part of Figure 3.2. This horizontal platform was in turn 

"'~ 
supported on' a sturdy, inverted L-~haped platform. the vertical leg ~f 

which could be moved up'and down by a second screw mechanism, the verti-

cal positioning control wheel which appears near the left bottom of 

Figure 3.2. This system for control of vertical ~d horizontal position 
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of the impingement surface exceeded the requirements of the pfè$en~ 

study, f.e. verti~a1 positio?ing of imPing~me~f surface s~acing from 30 

tq "72 mm (5 to 12 ~ozzle widths) from the nozzle .exit, and horizontal 
tl 

traversing up to 72 mm (12 nazzle widths) o~, either s'ide of the nozzle 

centreline. 

Temperature 'b(. the impingemént, surface was mea:sure.~ by Teflon 
.' 

t . 
insulatèd" Chrome1-Con~tantan thermocouples suppli~d by Omega. Twelve 

J ... , 

thermocouples were p1aced from the centre along the longer axis at a 

spacing of 10 mm. '~Thermocouples were loca1ï.:.d, in holes drilled from the 

, bottom te within 0.5 mm of the su~face, the leads being carried out 

through l mm ID copper tubes soldered to the bottom of the impingement 

plate and to the cobiing duct befere passing through the Marintte l 

base. Xhe thermocouple beads wer~ epoxied te p,révent~ctri~a~ contact 

with copper plate. The thermocouple leads were connectef to the 40 

point selection- switch (Omega) which was in turn connected,to a digital 

readeut meter (MOdel 4l0A, Omega) through a cold juqction compensator 

(MOdel CJ-E, Omega). 
/ . 

3.2.2 Heat Flux Sensor 
1\ 

Local heat flux at the impingem~t surface was measured with .... , 

extremely thin (0.18 mm), "micro-foil" heat flux sensors (Madel 20~50-1) .. \ 

.~~ ~ manufactured by RDF ~orporation, Hudsb~, Ne~Hampshire. The working 
...... 

." pr"inc~~le and specifications Ij)f the sensors are given' in Ap,pendix E. 

The overall size of the rectangular sensor used was Il mm x 7 mm, ~u~ 
( 

the h~at sensing- area was much smaller, 4. 78 mm ;le 1.9 mm.' Th~ S'ensors 
- 1 

'0 
were flush meunted in the platerwith longer sensor dimension parallel to 

the longer axis of the nozzle. Thus the small ratio of sensor width to 

o ' 
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nozzle width (0.32) provided excellent.resolut1on of local Nusselt 

number. The overall thickness of this se~sor was 0.18 mm,~including 
.. 

"its protective polymide film. -
'----.. -'~ A sensor was mountêd in a groqve ('11. 25 x 7.25 x 0.31 mm deep) 

in the impingement surface. The sensor was fixed ln place by a highly 

" conductive (k = 22.5 W/mOK) sil ver suspended, epoxy adhesive (Uniset) 
t . , 

supplied by American Polymer Products Ltd. ~e surface of the sensor 
-~ 

3' 

was flush with the impingement surface. 'fh~ sensor leads were taken 
b 

out through a 1.5 mm ID copper tube placed in a small groove along the 

copper surface and surrounding Marinite base. The spacé between the 
.t' 

copper tube and t~ copper impingement surface was filled with Un1set 

which required one hour curing at lSOoÇ. The surface was then flush 

ground. 

Aftér compl~ting_a set of runs at tn~' lowest jet~temperature, 
~ , 

tl) 

SO°C, two more sensors were mounted in the same way at a distance of 

36 mm on each side of the central ope in arder to reduce experimental 
1 • 

time. Unfortunately, after completion of the experiments at 100°C jet 
. 

temperature one of the additional sensors was accidentally rendered, - / 

ino~erative, 50 the remainder of the ~xperiments were completed with two 

s~sors, still a considerable advantage over the single sensor initially 

installed. 

, , 

The leads from the heat flux sensors were connected to a digital . 
\ 

nanovoltmeter (Model 180, Keithley I~struments) thr,ough a low resist'ànce 

(0.004 m ohm), 40-point selection switch (Model OSW5-40), Omega Engi-

neering Ine., Connecticut. '\ '. 
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3.2.3 Air and Cooling Water Supply System 

--~ b10wer of ~apacitY ai 1200 cfm at 30 psi (Canadian Sirocco CO. 

Ltd.), directly driven by a two speed (3470/1730 rpm), 30 HP, 550 Volts, 

three-phase synchronous motor (Bepco Canada Ltd.) drew air from the 

laboratory at a flow rate controlled by a gate valve at the blowel' inlet, 

~~:'ir was passeâ through a fire resistant filt~r (Ameriean Air Filter 
,-r 

o Canada Ltd.) ta remove dust which eould damage the heater. The air 
l , 

was heated by a single-stage 100 KW, 550 Volts duct heater CE.W. Playford 

Co., Montreal) of square cross-section 0.6 m x 0.6 m. Adapting sections,' 

0.7 m in length, connected the 0.6 m square heater to 0.2 m diameter 

aluminium pipe on either side. As the air heater could not be operated 

at full power at a flow rate of less than 400 cfm, a flow considerably 

greater than that required for the maximum jet Reynolds number was used. 

This restriction required installation of a by-pa~s for dis charge of 

excess hot air outside the building. The air flow rate ~o the jet 

apparat us was eontrolled by a butterfly valve i~the 0.2 m diameter 

by-pass line. AlI lines were joined with aluminium flanges with high 

temperature resistant '(650°C) asb,estos used for gaskets. 

tOsulated by 25 mm or 50 mm thick fibreglass. 

AlI pipes w~re 

Û 

The exit air temperature from the heater was designed to be con-

trolled by a 150 A SCR proportional controller (Honeywell Model R7308E1259) 

,with a 135 ohm potentiometer and a mereury fi11ed temperature sensin$ 

e1ement in tqe dis charge air line. To p~oteet the heating elements there 

was also an over-temperature eut-out (Canadian Chromalox Co. Ltd. Model 

~ARC254). As in practice this instrumentation did not provide a s~ffi-

"' ~ t c1ently steady temperature, this control system was replaced by'a 
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simpler arrangement. Thus in a11 experimental work for jet temperatures' 
o 

at and above 150G~ the power to the heater was controlled si~ply by a 

135 o~~ potentiometer set;manuaIIy by reference to the te~pera~ure of 

the jet nozzle. 
~ . 

For runs at jet temperatures up to 300 GC'(heater èxit temperature 

corresponding t; abO~ 350'C), th~ heater was insulated on 811 sides to 

a thickness of 12.5 mm with ceramic blanket. When that temperature 

levei was reached it was necessary to strip the insulation from the 

heater in order to prevent overheating and thus structura~ weakeni~g 

of the walls of the heater which, unfortunately, had not been insulated 

on the inside by the heater manufacturer. With the air flow rate to t~ 

heater reduced by the valve at the blower inlet to about 400 cfm, the 

maximum heater exit temperature which could'be obtained with the heater 

uninsulated was just slightly above 350°C, thus Iimiting the pre~ent 

study to a maximum jet temperature of about 300°C • 

. The air flow rate in the 76 mm diameter aluminium line to the 

impingement apparatusowas meas~red by a square edged, 38.1 mm diameter, 

staialess steel orifice plate using flange taps. The orifice plate was 

located at 1.2 m (i.e. 16 pipeldiameters) downstream of flow straightening 

vane~~-:ï20 mm length of honeycomb with 5 mm wide cells installed in 

this pipe. The pressure difference across the O~fice was measured by 

a U-tube mano~ vith Merium fluid or, 

incIin~d manometer. 

for Iower flow rates, by an 

Temperature of hot air at the orifice and at the nozz~e exit was 

measured by 2.4 mm diameter, high temperature resistance (540Gc) glass 

braid insulated, Chromel-Constantan thermocouples. These temperatures 

were also read from the digital readout meter. 
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The large flow of cooling water required"to maintain an essen-

tiallyuniform impingement surface temperature was provided by à Fa~r

bank-Morse pump of capacity 0.57 m3/min at 150 kPa pressure, driven by a 

550 V, 5 H.P. motor. ,The cooling'water was recirculated through a l m3 

tank with a bleed ~o the drain and a make-up connection. 

3.3 Experimental Procedure 

,~ A straight forward steady state technique was used in this 

experiment. At a particular nozzle to impingement surface spacing, jet 

~ 

Reynol~s number and jet temperature, the system was allowed-to reach 

steady state, which took abou~ an hour. The flow rate, temperature at 

the orifice and at nozzle exit were measured. The local heat transfer 

profile was obtained by lateral traversing of the impingement surface 

with its heat flux sensors. minutes were required at each lateral 

position in order to reach s mentioned earlier, nozzle 

owidth, w, was 6 mm and spacing betwee the two sensors was 36 mm, i.e. 
, .,. 

6w. The output from the sensors read fr.om nanomeçer in microvolts was 

converted to heat flux in Watt/m2 by the ca\ibration factor and surface 

temperat~re correction factor supplied by the,~nufacturer. The pro- _ 
t i 

cedure used with three sensors is illustrated on Figure 3.5. Horizontal 

traversing of the impingement surface was carried obt in increments o~ 

6 mm (lw). Although five increments would provide a complete set of 

measurements, six increments were used in orde~ to p~ovide a check 

betwe~n different sensors at the same position. The heat flux was 

'C=>~ measured'at 19 positions, out to 18 w from the stagnation line, 

inc ding heat flux measurements by different sensors at the same 
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\ 

position. Symmetry of ~he heat flux distribution was also checked, for 

each rune , ' 

For each position of the impingement surface, the temperature 

. at nozzle exit and'temperature'of the surface near the sensor were 

measured. As the thermal conductivity of the prqtective polymide layer 

on the sensor was less than that of the copper ~mpingement plate, the 

t~mpe~ature of the sensor surface was slightly h~her than the impinge-, 

ment surface. -Also there was some radiative heat transfer from the hot 

air jet to the co Id impingement surface. Corrections for radiative 

heat transfer and differences in sensor and surface temperature are 

shown in Appendices F and G. 
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4.1 Resulta , 

4.1.1 Range of Experimental Conditions 

• The range of experimental conditions used in this study of con-
r.-, 

fined impinging-slot jet heat transfer is giveri in Table 4.1. Three , 
independent parameters were varied: the temperatu~e difference, nozzle 

exit to impingement surface, ~T = T. - T ; the dimensionless impingement 
, J s , 

surface spaci~g from the nozzle H/w; and the nozzle exit Reynolds number, 

Re .• Local heat flux was measured at 19 poistions along impingement 
J 

surface, from x/w = 0 to x/~ = 18, for aIl combinations of values of 6T, 

H/w and Rej shown in Table 4.1, with the sole exception that runs at 

Rej a 20,000 were carried out only for values of 6T of 50° and 100°C. 

A total of 104 runs were made. 

Table 4.1 shows the nominal or target conditions for ~he experi-

ments. The~actual operating conditions, which varied somewhat from 

these nominal values, are shown in Appendix A. 

The rang~ of dimenslonless nozzle to surface spacing~ H/w, from 

5 to 12, was chosen to braeket the value, H/w = 8( which has been 

reported to give maximum heat transfer rates at the stagnation line. 

The dimensionless flow and heat transfer parameters, Reynolds 

and Nusselt numbers, and the Pr~ndtl'number require physical properties 

viscosity, 
• /j 

~', density, 0, thermal conductivity, k, specifie heat, Cp, 

which vary signifieantly with temperature. For the present case which 

focusses on high differences in temperature between nozzle exit, T
J

, and 
~ 

impingement surfaces, T , the referenee temperature used for evaluat10n s 

of aIl such physical properties was the nozzle exi~ temperature, Tj , ,for 

reasons discussed in detail Iater. These properties are then designated 
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Table 4.1 NominJl Values of Inde ri ab les 

Variable Nominal Values of 

Rej 1000, 5000, 10000; 15000, 2 000* 

H/w 5, 8, 10, 12 

Tj - Ts ' Oc 50, 100, 150, 200, 250, 300' 

_T/Ts 
1.18,1.35, 1.53, 1.71, 1.88, 2.06 

x/w o , l, 2, 3,' 4, .............. . 18 

* Re • 20000 was used only at AT - 50° and 
j 
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The basic flow parameter, jet exit Reynolds number, taken then as 
1 

- (4.1) "" 

" 
" .'.(. 

was varied from 1000 to 15000 (and 20,000 for values of AT of SO°C and 
, 

100°C). This range included that of the mill trial Papridryer at.çhe 

lowend (Rej ,of 1000 to 3000), whi1e the higher vàlues provide comparison 
,. 

with the low AT results of previous studies by Gardon and Akfirat (1966), 

Cadek (1974) and Saad (1981). 

The independent variable of prime interest in the present work 
, 

is the AT between the hot jet, T
j

, and impingement surface, T
s

' The 

surface temperature was kept low and essentially uniform over the 

surface, at Ievies in the range 3° ta 11°C (Appendix A). During a run 

temperature variation over the impingement surface was less than 2°C 

along the entire length of the surface. The nominal AT was varied from~ 

50°C ta 300 0 e in increments of sooe. This range bridges the gap between 

the low AT results of previous investigations and the high AT of 

interest in indus trial application of impingement heat transfer for 

drying. 

4.1.2 Basis 'of Local and Averàge Nusselt Number 

The dependent variable measured in this study was local heat 

flux (q.) from the heating jet to the impingement surface. From this c 

heat flUx the convective heat tran$fer coefficient i5 first obtained in 

thè way conv~ntional for impingement heat transfer. by normalizing the 

flux tp the temperature difference Tj - T 
s' 

h • 

r 

T - T 
j s 

1. e. 

(4.2) 

t 
J 
\ 

'" 

i 
, 



, . 

o 
, 

.. 

'1 
1 
1 
1 

j' 
1 

o 

44 

In this conventiona1 represetitation the heat flux" q , 1s a tunction 'of 
c 

- 1atera1 position,a1ong the heat transfer surface while the 6T used, ' 
. . 

T
j 

- T
s

' is .not a function of lateral profile. Thus the heat transfer 

'coefficient profile, as defined by equation ~.2 is essentially the , 

heat flux profile, not heat transfert. profile. An alternative to this 

conventional treatment is developed in Section 4.5 us1ng temperature 

difference as a function of latera1 position. 

, For the dimensionless heat transfer coefficient, Nusse1t number, 

the characteristic dimension, nozz1e width, w, was'used, i.e. 

NU
j 

hw (4.3) • 
kj 

.. 
~ . 

Average Nus sel t number was ca1culatecL by numerical integration 

as . • 
1 (W NU

j • x/w o . NUj d(x/w) (4.4) 

The resu1ts for local and average heat tra~s,fer rates for al1 

104 runs are listed in Appendices Band C respes~ve1y. . ,,'\., 
\. 

-- \ 
~ 

~though heat transfer rates at the stagnation l\ne have ooly 

4.2 Stagnation Heat Transfer •. 

limited p,ractica1 significance they have been studied by ~umerous 
i 

investigators because stagnation heat transfer constitute~ a sensitivè 
r' 

standard characteristic of an impinging jet. 

4.2.1 Effect of Reynolds Number and Spacing 

The effect of Rej on ~Uoj at a11 values of H/w is shown by 
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Figure 4.1. The data shown cover the full experi~ental'range'of ~T , 
and ~y be represented logarithmically by str~ght lin~s of slope 0.5 • 

. 
Detailed discuss~on of ~he quantitative re1ationships derived from these 

data fo11ows in Section 4.2.3. 

The effect of impingement surface spacing, H/w, appears 

explicitly on Figure 4.2 for aIl five levels of Rej used. The data at 

ÂT = 50°C shawn are typical of the trends at aIl values of 6T. Stagn~
'Il 

tion Nusselt number pa~ses th~ugh a maximum at a spacing of approxi-

mately 8w except for the laminar j~t case" Rej = 1000. This maximum for 

turbulent jets 1s weIl known from previous studies by Gardon et al. 

(1966), Cadek (1974), Daane and Han (1961) and most recently by Saad 

(1981). This maxim~ ge~ives from the combined effect of centre1ine 

ve10city and turbu1~nce intensity, as convective heat transfer increases 

with bath these variables. In the potential core 9f a slot jet, which 

extends ta about 8w from the nozzle exit, the.centreline velocity 

remains essentially constan~ while the turbulence intensity increases 

rapidly with distance from the nozzle exit. ,Beyond the potential core 
- .' 

the turb~ence. intens1ty 1ncreases more~siow1y 'but the centreline 

velocity ~ sharp1y. Thus the maximum in NUoj a~ abo~t H/w a 8 

ref1ects the fact 'that Nuoj is domin~d for l'ower spacings, by the 

in~~ease of turbulence with distance from the nozz1e exit, and for 

larger spacings by the decay of m~an velocit~. Saad (1981) has presen-
1 

ted a quantitative ana1ys1s of the combined effect. 

For the case of the jet which 15 laminar at the nozzle exit, i.e. 

for Rej - 1000, it is necessary also to consider whether the~et 1s 

still laminar on arrivaI at the impingement surface. In this regard 
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a jet 

Thua 

the data of Sparrow and Wong (1975) ind1cate that"for R~j • 950, 

will still be laminar for an impingement surface spacing H/w < 10. 

it appears that, ~r the present case of Rej "" 1000, the jet remaina, 
~ , \ 

1aminar except for 'the 1argest spacing, H/w .. 12, for w~ich transition -, 
1 

to a turbulent jet may be starting as the j et arrives at the impinge'ment 

surface. The numerica1 predictions by van Heiningen (1976) show· that 
, 

heat transfer under a 1aminat:r illlpin!?i,ing slot joet, Rej" 950, is quite 

insensitiye to spacing, a prediètion that, i~ c,ontimed by thé experi

mental findings of the present study. 

4.2.2 Effect of Temperatùre Difference 

As the present study ia particu~arly oriented towards the 

influence of large differences in temperat!-lre between jet and impinge-
, 
m~nt surface, this effect on stagnation he~t transfer when the latter 

is represented as NU
oj 

1s 11lustrated on Figure 4.3. _ The data presented 

in this figure, 1. e. for H/w :& 8, at two, values 0 f Rej' 5000 ana 10000, 

are representative of all levels of H/w and Rej tested. With heat trans

fer exp~~ssed ~s NU
oj 

it 1s s~en- that NUoj is only a slight function of 

the temperature variable T /T s • ~he s10pe displayed on Figure 4.3 

corresponds ta Nu . proportional ta (Tj/T
s

) -0.11 , a relationship ta be 
, OJ 

discussed in detai1 S~f\ 

4.2.3 Quantitative Analysis 

. 
With aIl physical properties evaluated at T

j
, stagnation 

Nusselt number may be conveniently expressed as a power function of the 

independent var~ables in the form 

(4.5) 

! , 
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The correlations 'developed by various workers are summarized in Table, 2.1. 

The temperature dependency of physical properties was not a 

major effect for earlier studies made 'at low temperature differences 

between the jet and the impingement surface. However, as the basic 

focus of the. present investigation is impingement heat transfer for 

values of àT up ,ta 30QoC, treatment of the very large variation of 

physical properties between the limits of T
j 

and Ts becomes a central 

concern. 

As discussed in Section 2.4, the effects on heat transfer of 
~--

variabl~ physical properties at high temperature differences can be 

accounted for by either the temperature ratio method or the reference 

temperature method. The critical a.nalysis of these alternate methods is 

carried out using the experimental measurements of heat transfer rate 

at the stagnation line. 

In the temperature ratio method the Nusselt number is taken as 

proportional to some exponent of the ratio of relevant temperatures, 
, 

expressed as absolute temp~rature. For ~impinging jet heat transfer the 

relevant temperatures are the nozzle exit and the impingement surface 

temperatures, Tj and TB' Thus the ttper~ture ratio approach may be 

expressed for stagnation 1ine heat transfer in the form 

Nu 
o 

(4.6) 

thereby, indicating that Re and Pr are evaluated at Tj'while leaving open 

the choice of temperature basis for evaluating Nu. In "the evaluation o 

of Reynolds number _ the use of Tj is the logical physica1 property 

reference temperature as this is the temperature at the position of the 

characteristic dimension\ w, used in Re, Le. at the nozzle exit. However, 
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as heat transfer occurs throughout the entire extent of the fluid there 

is no such clear choice for the temperature to be used for· the physical 

property appearing in Nusselt number. 

The concept"of the'reference temperature method i8 to choose the 
• 

temperature basis for the Nusselt number so tbat without a temperature 

ratio term the correlation accounts adequately for the effect of tem-

perature dèpendent physical properties. For the stagnation Nusselt 

number, this equation may be expressed as 

Nu 
o 

a b d = K Rej (H/w) pr
j 

.-

(4.7) 

indicating that Re and Pr are evaluated at Ij while Nu
o 

18 evaluated' at 

a reference temperature, Tf" which eli,m1nates the need for a tempera-
'" re 

ture ratio terme 

The temperature ratio approach was applied for three alternate 

bases of expressing Nua, i.e. evaluation of Nuo at Tj , Ts and at Te the 

As the flux temperature conventionally defined as, Tf .. O.S(T
j 

+Ts ). 

variation of pr
j 

was not great, the exponent, d, in equation 4.6 18 

chosen as '1/3 from literature. The best values of the four constants 

K, a, b, c were determined by a linearized logarithmic fit of these 

equations ta the data u~ing the standard multiple linear regression 

"STATPAK" program of the McGi~l Compl:lting Centre for each of' the three 

alternatives noted, i.e. 

NUoj • KI R al e
j 

(H/w)bl (T IT )Cl 
j s 

Pr % 
j 

(4.8) 

NUof • K2 R 82. e. 
J 

(H/w)b2 (T /T ) c2. Pr % 
j s j 

(4.9) 

Nu • K3 
R ,a3 (H/w) b 3 

os 
e

j 
(T IT ) c3 

j s 
Pr % 

j 
(4.10) 
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With respect to ~he effect of H/w the weIl known fact of a 
, . , 

max~ in Nu around H/w - 8 was noted in Section 4.2.1 and displayed in 
o 

Figure 4.2. Thus aIl data for H/w • 5 was excluded from the correlation 

which thereby represents a linearization of the data over the range of 
, 

spacing, H/w, ~om 8 to 12. The constants of equation 4.8, 4.9 and 
f' 

4.10 are listed in Table 4.2 for two Reynolds number ranges (1000-20000 

and 5000-20000). The numbers in parentheses below the exponents are the 

"t," values for each exponent. 

For the wider Reynolds number range (1000-20000), the exponents 

for H/w are not significantly different from zero at the 95% confidence 

level. Figure 4.2 clearly indicates that Nu does not vary significantly 
o 

with H/w for the laminar jet case. Thus'inclusion of the tesults for 

Rej ·,1000 15 not valid and moreover obscures the effect of H/w for 

turbulent jets. When the Rej = rooo data are excluded, the exp~nents 

for H/w also beco~e significant. The exponents of Rej and Tj/Ts did 

not change significantly with exclusion of the laminar jet results. 

The expone~ts for Rej and H/w are seen fr~ Table 4.2 to be 

quite insensitive to the temperaturè basis used to calculate Nu. The 
o 

exponent for Tj/Ts ' on the pther hand Is quite sensitive ta the choice 

of reference temperatures. But for aIl these equations this temperature 

exponent was highly significant. /Às aIl three reference temperatures 
.,.~/ 

yield equally good c~rrelatio~ the most conv~nie~t choic~ was made; 

equation 4.8 in which aIl fluid properties are evaluated at T
j

, Should 

this equation be applied to iterative calculations ta determine T as 
s 

is frequently the case in drying rate calculations, the physical pro· 
i 

perties based on T
j 

remain unchanged throughout aIl of the Iterations. 

1 
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TABLE 4.2. List Qf Coefficients and Exponents of Equation 4.8, 4.9. 4.10 

r 
Coefficient Range of Exponent 

'K Re} a, for Rej 
) 

0.648 1,000- 0.485 
20,000 (113.2) 

0.664 1,000- 0.484 
20,000 (114.2) 

0.644 1,000- - 0.484 
20.000 (111.6) -

0.791 5,000- 0.48~ 
20,000 (58.3) \ 

0.800 5,000- 0.486 
20,000 (59.7) 

0.750 5,000-. 0.490 
20,000 (56.7) 

, , 

Range of Exponent Range of . H/w b, for H/w Tj/,Ts 

8-12 -0.045 1.18-2.06 
(1. 7) 

8-12 -0.048 1.18-2.06 
(1. B) 

8-12 -0.041 1.18-2:06 
(1.5) 

- 8-12 -0.134 1.18-2.06 
(5.5) 

8-12 -0.138 1.18-2.06 . 
(5.8) 

8-12 -0.129 1.18-2.06 
(5.1) 

Exponent 
e, for Tj/Ts 

-0.111 
(4.9) 

+O~188 
(8.4) 

to·650 
(28.5) .. 

-0.115 
(5.6) 

T{).185 
(9.2) 

+0.645 
(30.4) 

F" 

Nu evaluated 
0 at 

T
j 

T
f

= (T
j 

+T
s
)/2 

T s 

. T
j 

Tf = (Tj + Ts )/2 

T 
~ 

Ut 
~ 

- -------------------- "1 ~ethr 1 -fi ~--. -. -~--~------
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The exponent of Tj/T
s 

in equation 4.8 is' -0.115. The only other ' 

• Na1ue in the ·literature ,for' this exponent of the temperature r~tio is 

the value -0.10 , evaluated numerically by Kays (1966) for a laminar 

stagnation Nusse1t number. The exponents for equation 4.8, 0.485 for 

Rej and -0.134 for H/w were used in the regression Hnes on Figures 4.1 

and 4.2 respective1y. Figure 4.3 il1ustrates the use of Tj/Ts as a 

cO,crre1ating parameter for NUoj over the wide range of~T covered by the 

present experimental study. The recommended fOTm of the temperature 
, ' . 

ratio correlation for a turbulent jet is then 

- (4.11) 

As Table 4.2 shows the considerable dependency of the t~perature 

ratio exponent on the temperature basis for ca1culating Nuo (L,e. T
j

, Tf 

or T ), these results provide an effective way of determining the value 
s 

of T f which wou1d eliminate the need for a temperature ratio term, as 
re ~ 

is i1lustrated on 

/, , le~ 

19ure 4. lt ls evident from this figure that the 

te~r1l"t"'ure whicl'""=!!W&1\.es ~h~~nent, c, va.nis!t ls Tref ~ Tj - O.2(Tj - Ts}' 

. / /Evaluation ~f Nuo at this tempe~ ture in fact gave the f0110wing regr~s-
~~ 

sion equat10n: 

NUoT ref 
• 0.648 Re

j
0 .485 (HYw)-O.138 (T /T )-ù.Q02 Pr % 

, j s j 
(4.12) 

,- The maximum effect of the temperature term, (T Ir. )-/.002, is tota11y 
j ,8 

insignificant, corresponding to only a 0.15% correction for tpe most 

wide temperature range investigated. Hence for a turbulent slot jet 

over the range of ~pacing, H/w, from 8 to 12, the correlation for Nuo 
• f 

-rI--" 
using the reference temperature method is: 
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Nu", • 0.648 Re
j

O.'+85 (H/W)-O.138 prj % (4.13) 
o""ref 

Both the temperature ratio method (equation 4.11) and reference 

1 temperature method (equation 4.13) yield corre1at~~ns for Nu which ade-
- ,0 

quate1y ailow for the wide variation in physical properties asso~~ed 
~ 

with large/values of ~T.,The temperature ratio method is the more 

straightforward method to use, in that Iess complex iterations are 

invo1ved in a typical app~ation in design than would be the case for 

N~ evaluated at T f' Thus the preferred correlation is that based o re 

on the temperature ratio method, i.e. equation 4.11. 

On Figure 4.5 are displayed the regression equation 4.11, 
, 

experimenta1 data at Rej = 10000, 6T = 50°C from the present study and 

the published data of Gardon et al. (1966), Cadek (1974)" and Saad 

(1981) '. The three reference studies, all used coo1ing jets impinging 

on a h~ted surface, the opposite of the present work. Also,'th~ first 

two worka cited used unconfined jets. Saad used a confined jet system 

of'geo~try similar to that used in the present investigation. The 

fact that the results for the two studies invo1ving unconfined jets are 

higher than the present results may ref1ect the fact that confinement 

reduces entrainment of ambient air. Fo1ayan (1977) has observed that, 

for a slot jet, confinement can cause a reduction in Nu by 20%. A 
o 

simi1ar observation was a1so made by Obot (1980) for round jets. How-

ever, as Saad's measurements were also for a confined impingement system, 

the reason for this 20% d~fference between his results and those from 

the present investigation is not apparent. As turbulence is an important 

parame ter but turbulence ~easurements were not part of the scope of the 

'i 

1 

1 

1 
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.. 
present study, a difference in\turbulence level could be the source of 

this difference in results. Saad in fact documented the high sensitivity 

of stagnation heat transfer to variables which may affect turbulence at 

the nozzle exit. Thq.s ,in his case Nu could be changed by up to 20% 
o 

through changes in turbulence associated with changing nozzle width, w, 

while maintaining aU dimensio~ess variables, fixed. His documentation 

in this regard supports the possibility that differences in turbulence 

of fhe jet maY be the source of chls observed difference in results. 

Compar1son of Tables 2.1 and 4.2 show that the exponents found 

in the present work both for Re. and H/w differ substantia1ly from those 
J 

reported previous1y. Reynolds number exponents in the range from 0.566 

to 0.87 have been reported, signiflcantly larger than the value of 0.485 

of the present work. .However the most recent work reported, that of 

van Heiningen (1982) has ~stablished that heat transfer from a turbulent 

slot jet for Rej from 5200 to 31800 at spacings, H/w, of 2.6 and 6, may 

be represented adequately with Reynolds number exponent of 0.5. The 

use of the value of 0.5 as the Re. exponent derives from considerations 
J 

of laminar f10w and is justified for application to a turbulent jet on 

the basis that the boundary layer in the near vicinity of the stagnation 

I1ne is laminar even for the case of a highly turbulent jet. 

For the range of dimensionless impingement surface spacing, 

H/w, above ~, the value at which Nu typically exhibits a maximum, the 
a 

values of the exponènts on.H/w for dependence of Nu that have been 
o 

reported in the 1iterature vary from -0.37 to -0.68. The value deter

mined fra,m the present measurement Is -0.134. This lower sensitivity 

to H/w in the present results 1s a direct consequence of the non-

{ 
1 
1 , 

" 
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, 
linearity of the relationship between log Nu and log H/w, and of the 

- • ., 0 <~, 
t>-:'" 

of H/w, 8 ta 12, over which the r.esults are linearized; narrow range 

As the exponent is in fact zero at H/w'= 8, due to the maximum in Nu at o 

that spacing, depicted on Fig. 4.2, it is evident that linearization of 

the effect over the limited range to H/w near this maximum m~t yield a 

smaller exponent than linearization over a wider range of H/w (up to 

H/w - 25), as was used by previous workers. 
J 

The differences in values of the exponents he tween the present 

and previous work cannot be attributed to excessive scatter in the present 

data, because these data show quite acceptable precision. This fact is 

Ulustrated in Figure 4.6, where the experimental data are compared with 

predictions made using equation 4.11. The 24 experimental results picke-d 

at random from the en tire range of parameters over which thè equation 

4.11 Is applicaable are weIl wlthin +5% t:f the predicted values. 

4.3 Local Nusselt Number Profile 

As the analysis of stagnation Nusselt number showed that the 

effect of temperature dependent physical properties, large for high 

values of ~T, could be weIL accounted for in terma of temperature, ratio 

'f 
Tj/Ts ' with aIl dimensionless variables evaluated at T

j
, aIl subsequent 

o 

analysis ls made on this basls. 

4.3.1 Effect,'of Reynolds Number and Spacing 

For the lowest nozzle to impingeuent surface spacing" H/w • 5, 

the profile of local Nusselt I;l.umber for ilT = ISO'oC, shown on Figure 4.7 

are typical of results at this spacing measured at aIl 6 levels of ilï. 

Nozzle exit Reynolds number. i8 shown as the parameter,. 
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The data points on Figure 4.7 and some subsequent figures have 

been joined by straight lines simply ta aid visuai interpretation. The 

charac teristic feature of the data for aIl' values of ÂT at a spacing as 

close as H/w = 5 and at a sufficient1y high Rej' is the presence of a 

minimum and a secondary maximum in the~impingement region. For a tutbu-

lent single slot jet the existence of such a m:!-nimum and secondary maxi-

mum was reported by Gardon and Akfirat (1966), Cadek (1968) and IJ10st 

recently by Saad (1981) and van Heiningen (1982). Anaiogous observations 

have been made by Gardon et al. (1968) and Obot (1980) for single rotmsi 

turbulen t, jets. 

The source of the minimum and off-stagnation maximum at combina-

tions of sufficiently low spacing and.sufficiently high~Reynolds number . 
~) 

. is that these conditions produce such a steep, negativ.e gradient in 

impingetœnt surface pressure near the stagnation Une that the boundary 

layer is initially laminar even for a highly turbulent jet. Once beyond 

the region of steep, negative pressure gradient, boundary layer transi-. 

tien from laminar, ta turbulent begins. This transition ia accompanied 

bi a large increase in transport rate at the impingement surface. Fqr 
.f 

the law H/w - high Re. combination of conditions this transition occurs , J 

with such s trength and over such a narrow lateral distance as to be the 

source of othis minimum-maximum in th~ heat transfer profile. 

Along t~e impingement surface, latera1 distance from s tagnatioo, 

x,·is usually represented nondimensionally by reference to the nozzle 

width, w, as x/w. However for the 1aterai region out to the onset of 

boundary layer transition~ Le. out to the 'lninimum in such heat, transfe~ 

pro~iles, Saad (1981), using his resu1ts for a wide range of values of w 1 

H apd H/w, established that H, not w, is the preferred j 'characteristic 

-, 
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length fO~~ nondimensiona~ lateral distance, i.e. x/Ho 
l 

Spe ci fi cally ~ 

Saad showed that for his wide rang~ of w, H and H/w, the tr~ition 
, 

point minimum in heat transfer profiles regularly occurs at a lateral 

position equal to or slightly under x/H = l, whereas measured as x/w, 

this position varies widely. Thus the occurrence of the transition 

po in t minimum on Figure 4.7 at x/w = 4, which corresponds to x/H:ta O. 8 ~ 

ia consistent with Saad's ana~ysis. Further, the recent findings by van 

Heiningen that -,the transition point minimum occurred near x/H = 0.6 at 

a spacing H/w = 6, and near x/H = 1 for H/w = 2.6 is consistent with 

the location of the minimum a,t x/H = 0.8 found in the present study. 

The section of the heat transfer profile over which Nu increases with 

latera1 distance ends at the secondary maximum, the point of 'cpmp1etion 

of transition to a turbulent boundary layer. The observation'~~ the 
'r 

present study thay- this peak occurs about 2'.5w beyond the minimum in the 

profile at the onset of transition, is cons.iste~t with the-'9bservations 

of previous investigators. The decrease in heat transfer rat~ beyond 

the seconct1Lry ,maximum results from the growing thickness of the' now 
" ,l 

turbulent boundary layer. 

Typical resu1ts for higher impingement surface spacings are 
,.-..- .. 

'shown on Figure 4.8 for H/w" la and ÂT = 300°C. These bell shaped 

profiles wi thout the secondary peaks have been observed by Gardon et al. 

(1966), Cadek (1974) and Sand (1981) for single slot jets, but of courae, 

'never àt the high levels of ÂT o~ the present investigatiQn. 

4.3.2 Effect of Temperature Difference 

The effect of temperature difference on local Nu distributions 

1s illustrated. on Figures 4.9 and 4.10 for H/w .. 5. Both figures show 
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the decrease of stagnation N~selt number with increasing temper.ature 

difference, as was shown even more clearly on Figure 4.3. However, beyond 

the' stagnation region the profiles frequently cross, thus indicating 

that outside the impingement region, LIT ls no longer a predominan t 

variable when heat transfer is expressed as Nusselt number evaluated at 

, The effect of LIT on local heat transfer rate at higher impinge-

ment surfac~ spacing of H/w = 8 is shown on Figures 4.11 and 4.12. 

~ 

These profiles are typical for a11 results at the higher spacings, H/w, 

of 8 and 12. In bath figures, the effect of temperature difference"is 

quite prenounced and consistent out aS far as 6w to 8w from the stag-
, 

nation-"line. Throughout this region, local Nusselt number decreases 

with increasing LIT, as was indicated at the stagnation line on Figure 4.3. 

In the wall jet region, beyond x/w = 8, the local NU
j 

profiles cross 

and 6T c~ses ta be a significant variable. 

On Figure 4.13, results from the present study are compared with - , 

these of Gardon and Akfirat (1966), Cadek (1974) and Saad (1981). The 

géoœtry used by the first two workers differs sOIœwhat from that used ' , 

in the present work whereas Saad used a simi1ar configuration. Bath 

Gardon etaI. and Cadek used unconfined cooling jets on heated impinge-

. 
ment surfaces. Gardon et al. used a nozzle width of 3.175 mm, about 

half of that of the present work, while Cadek's nozzle width was 6.35 mm. 

The pt'esent data agree weIL with these works f~r x/w > 3 but are lower 
,~ 

by as much as 20% at and in the immediate vicinity of the stagnation 

line. Saad used 5 IIDD width· confined cooling jets on a heated"surface. 

The present data 18 lower by as much as 18% at x/w • 0 te 11% at x/w • 18. 

1 

l, 



i··~' ~~~\ ~~~~~~~~~~: ~.7 ,~~. ~' ~' 'ft_~~ • ~ ~l! i t 

of 

1 
1 

1 

.~ 

l 
',1 
i 
1 
1 
Î 

1 • j 

~, J 

: 

1 
1 

'j 

1 
-. 
1 
j 
1 

\ 

.0 

" 

.\ 

o t 

1 

\ 
l' 
1 
1 
1 

1 48' 

44 

40 

36 

"-~ 32 
.. 

a:: 
LIJ 28 
(El 

:i 
::> 
z 24 

~ 
~ 20 
(f) 

::> z 
-l 
< 
(.) 
o 
..J 

16 

12 

8 

4 

000 

1 
,1 

1 .. 
• 1 

2 

SYMBOL AT (·C) 

4 

0 50 

A 150 

• 250 

• 300 

Rej • 5,000 

HI. • 8 

6 8 

69 
JI 

"1 

~ 

A A A 
Ao/ •••• 

10 12 14 16 18 

DIMENSIONLESS DISTANCE ~FROM STAGNATION, x/w 
FIGURE 4.11 Effect of AT on Local Nu Profile at.H/w = 8 and Rej = 5000 

, 

1 
1 

1 

1 

1 
1 
, 
1. 

1 

~ 

1 
f 
1 
l ' 
1 

1 
i 
l' 

1 
!. 
, 

'" 
! 
1 



J Il 

56~--~--~--~--~--~--~--~--~--~ 

52 

48 SYMBOL AT , 

'- C 0 ~O·C 
:::J & z 44 0 200·C .. ~ 300·C 
0: 
LLI 

0 al 40 
:1 . ' 
:::J ,g Z 

1 ~ 1 
1 
1 LLI "j 
1 CI) 

CI) 

:::J 
Z 

36 

c 
o c c 

32 

..J 

~ 
'0 
..J 

, 
1. 

1 

24 
o~o 0 

~ ~ ~ .C] [J C] 0 () 
~ A A [J'C 

~ A ~ 

28 

i 
i 

2'°0 ' 2 4 6 10 .. 18 

DIMENSIONLESS 'DISTANCE FRO STAGNATION, x /w 

Effect of AT on toca1 Nu Pr He at H/w = 8 and Rej = 15000 

C) 

"1 

/ 
'1 

1 
l, 
" 

1 

1 

l ' 
1 

1 

/ 
! 

, 1 , 
! 

'/ 



.U 

1 

j 

,/ ( 

,~ 

" " - ." - -----
\ 

."..;' 

, 

, 
1 

·1 
i' 
j 

o 

- ~ ~ ~l ~. ~ , , 

' ..... ....1 BW Fd ... 

v 

71 

" 
60 

0 
e6 

â , 0 GARDON a AKFIRAT ~ 1966) 

~ CADEk (9,974 ) 
e'2 0 SAAD' (1981 ) 

...... • PRESENT STUDY 

;i.48 
0 .. • Q: 

44 a RIJ a 10000 LLI 1 

CD 6 HI. a 8 
:i 0 
::l 40 • Z 
..... "- 0 .J 

..J ,.~6 
â 0 UJ 

CI) ail 
en 32 0 
::l 0 
Z • 1 

O· ..J 28 / 
.ri~ • !J,. 0 c( _///~ 0 (.), ~ 011 

3 24" • ~ 0 a 0 • r • • 20 0 
0 

16 

o 2 4 ' 6 8 10 12 14 16 18 , , 

DIMENSIONLESS DISTANCE FRO~ STAGNATION, x/w 

.. 
FIGURE 4.13 Comparison of Local Nu Profile with Previous Results 

-, 
1 
r 
1 

. , 
1 

~ 

1 
J 

1 

1 

1\ 

1 

1 

1. 
i 
1 , 
1 
1. 

i 
l, 
1 

1 



1 

1 

.! 

() 

" 

o 

' .. 
72. 

The possible sources for these differences were discussed in Section 

" 4:2.3 in connection with the analysis of stagnation hea't transfer. 

However the discrepancy of the present data with Saad's results beyond 

the stagnation region could not be justiÎied in light of the turbulence 

ei:fec; t. 

4.4 ,Average Nusselt Number 

In the use of experimental impinging jet heat transfer results 

for process design in indus trial applications such as the, drying of 

paper and o~her wet webs, it i5 average rather than local values of the 

heat transfer coefficient which ls needed. Hence an average Nusselt 

number was obtained from the local Nu. by integration, using equation 
J 

4.4. Thus the average Nusselt number obtained is based on fluid proper-

ties at the nozzle exit temperature" T
j

, as for Nu
j

. The complete set 

of values of Nu. is listed in Appendix C. A typical 10càl Nusselt 
J • 

number distribution, Nu., and average Nusselt number distribution, 
J 

NU
f 

for Rej == 5000, H/w = 8, and ~T == 300°C are shawn together on 
t, 

FigUre 4.14. The difference between NU
j 

and NU
j 

naturally increases 

with 1aterai distancé from stagnation. 

The search for a correlation for NU
j 

waB approached in the same 

{)manner as out1ined in Section 4.2 for the case of NuOjexcept of course 

with inclusion of the additiona1 variable, dimension1ess dis tance f rom 

stagnation. x/w,, Use of the power Iaw function 

NUj K Re a b e d e (4.14) - (H/w) (T
j 

IT
s

) pr
j 

(x/w) 
j 

does nO~Ùt~~ .atisfactory dorrelation becsuse the coefficient K and 

• the exponents a, b~d c are functions of x/w. The sensitivity of these 

, , 

\ 

1 

1· 
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expO,ne~ts to x/w is' illustrated on' Figures 4.15(a, b and c). An"" increase 

in slope of the logarithme linear relationship between NU
j 

and Rej 

with increasing x/w is clearly evident on 4.,15 (a). On Figure 4.15 (b), 

the slope of ~e logarithmic NU
j 

- H/w relationship changes from negative 
b 

to ze ro as x/w inc reases • Likewise, Fi gu re 4.15 (c) shows tha t the 

logarithmic Nu. - T. /T slope is negati ve at x/w = 0 but approaches 
J J S 

zero as x/w increases. 

Because of the dèpen!;lency of these exponeI}-ts on ~/w the fo1lowing , 

regression equation 

was fitted at each value or x/w. For each regression only 60 data 

points were used, because the data at Re ... 1000 and H/w .,; 5 weré 
- -. ~ J . 

excluded for reasons discussed previously in Section 4.2.3 • 

(4.15) 

The coefficient K and the exponents a, b and c are listed in 

Table 4.3 and plotted on Figure 4.16. The ordinate scale used in each 

of the four figures was chosen to correspond approximately to th.e ~i- J 
li 

tude of the effect of the parameters on Nu
j

, over the range of para~",t'ers 
C' 

used in the experiment. 
.-

, 

For lateral positions farther than 2w from stagnation, th~ 

coefficient K varies exponentially with x/w, as ls suggested by Figure 

4.16 and confirmed by Figure 4.17. From the latter figure ~e slope, or 

exponent f!,r x/w, was determined to be approximately -';./3. It must be 

remembered that, this form for the dependence of K on x/w la not valid 

for x/w < 2. This finding is used subsequently in Section 4.5, in the 

treatment of impingement heat tran~fer as a confined heat exchanger 

system. 
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~ ~ (? TABLE 4:3. List of Coefficient and Exponents of Equation 4.16 ~" 

~ 

r 

. \ 

" ~o , 

. Range, of 

Rej 

5,000-20,000 

5,00p-20,000 . , 
5,000-20,000 

5,000"':20,000 
~- 0 

5,000.-20,000 

, . 
5,00011'20,000 

5,000-20",000 

5, OOar-2~Ï"OOO 

5,,000-20,000 

5,000-20,000 

5,000-20,0~0 

~ . 
" , 

Q 

,o' 

Range of 
ij!w 

-,-------------~ 

8-12 

, , 8-12 

,/' 

~ ·8-12 

8-12 . 

8-12 

. r 
8-12 

18- 12 

8-12 

8-12 

8-12 

'..: ... 
,/Jo. 

5,000-20,000. 8-12 

Range of 
Tj ITs. 

1. 1.8-2 .06 

1.18-2.06 

1.18-2.06 

1.18-2 .O~ 

1.18-2.06 

... 1.18-2.06 
'\ 

L 18-2.06 

1.18-=2.06 

1.18-2.06 

1.18-2.06 

1.18-2.06 

1.18-2.06 

" _.' ," .',c ,~. ~ -----: ,~\~nfl-~":f; ~M","-,-~_-' ,...----------""""'" ,. ' "., -,"- ,/"".. .. --'-- "" -') -_.....!'- • '" .... , 

. 

" 

" 
x/w Coe f fi cien t 

K 
Exponent ,... 

a, for Rej 
-- _ ... _------- ---------_ .. - -- ----_ ... ----

0 0.791 o .!r85 

"-
(58.3) .. 

2 0.680 0.484 
(46.5) .. 

3 '0.546 0.493 - (44.1) 
~ 

5 0;386 0.519 
(40.3) 

6 0.344 0.521 
(38.9)-

8 0.281 '. 0.532 .' 
(37.1) 

9 0.258 0~533 
(37~8) . ." "-

10. 0.237 0.534 
(35.2) 

12 0.192 0.538 

13 

, ~ .(35.8) 

, 0.205 / 0.541 
(3s.2) 

15 0.186 ~ 0.544 
. (34.7) 

<F . ,. 
18 0.174 0.544' 

" (33.7). ... 
, , 

.. 

Exponent 
b, for H:/w 

" 
-0.134 

(5.5) 

-0.113 
(3.7) 

-0.091 
(2.8) 

-0.091 
(1.9) 

-0.071 
,(1. 8) 

-0.068 
(1.6) 

-0.018 
(0.5) 

-0.068 
(1.5) 
~ 

-0.056\, 
(1.3) '" 

.:..0.011 
(0.'26) 

......J 

-0.007 
(0.,17) 

-0.004 
(0.089) 

'6» 

~ 

, ' 

\,' 

..... 

Exponent 
c, for Tj/Ts 

-0.115 
'5.6) 

'-0.132 
(5.2) 

-0.142 
(5.2) 

-0.149' 
(4.73) 

-0.,151 , (4.5) 

, ~b-.148 
(4.1) 

-0.075 
~ «l.~) ~ 

-0.167 
(4.~ 

-0.21 
. (S.8) 

-O.03t 
(0.81) 

-0·.041 
(0.9) 

-0.04 
(0.9) 
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The' Reynolds number exponent, ,à, ,show~an "s" sha'ped vari.ation 
, , 

wi th' x/w. The exponent 'remains mlchanged at 0.485 from x/w :> 0 to x/w = 
\ 

2, ~}:len i\lc,reas~s with x/w, eveniual!y beconling asymptoticr to a ,:,~üue. 

of 0.544 at x/w = 18. As the eXponen t of 0.485 in the' near vici:,nity of ( 

the ,s'tagnat1ori Une 1s sQ' close· to the characte>ristic value of 0.5', this' 
\./ 

I!, 

resuli: provides further confirmation of' the occurrence of a laminar . . . 
bounciary layer rI!.., the stagnation région: The increase in the Reynolds 

• 7 ' \ 
numher exponent with distance from-§tagnation refleets the transition 

" 
to a turbul~nt boundary l~yer, as diseussed in See tion 4.3. Fbr the 

NUJ - Rej relationship the limiting' value for this e'xponent, about 0.55 
~ . 

# " 

ave-raglng afAhe effeets of Re, from the 
1 ;. J r 

, 
for x/w ~,8, re'f!.ects the 

stagnation ,Iegion wbare the dependence 1s with ReD•S , to the wall j~"t 
, " 

~gion where the de pen dence is ta ReD i 8 
, 

for the fully. turbulent: boundary 

layer. 

The individual values of the exponent b, which reflects the 

, . ,sens i ti vi ty ,0 f ':"'" j ; O~H/~, are di f fe ren t Ero.. zero, ,b~ s ta tis ti càui 

.. significant amount Vat the stagnation line, where b = -0.134, and out 'to 
." 

3w from stagnation. For this reasan open symbols a're used beyond x/w = 
f . , 

3 or Figure '4.16. Although at posit;ions beyond x/w';' 3 the individwal . 
v~lues of b are hot statistically different from'zero, from Figure 4.16 

,l 
it. is evident that there is a high1y c9nsistent trend. of b with x/w over 

the entire region from stagnàtion to x/Y = 18. l t is/logieal that the 
" ... 

magnitude of this exponent s h,o..uJ.d decrease with increasing x/w. Rêsults 

which are a funedon of position from ~otagnation may be interpreted 

using (H + x) /w as a characteris tic dis tance, From the pèrspective it 
r r 

1 

f01lows that H/w is a much less significant variâb1e al: high than at 

.: r' 

0 
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low values of x/w. For . 
,; 

examp1e.., 

, . 

. . 
82-

J 

a variation in H/w between 8 and 12 at ..,.-\ 
~ ., ~ . 

\ x/w '" 0 repre.sents a 50% chan,ge in, (H + x) /w, while a t x/w = 18 the same 

/ 

variation in Hzw corresponds ta only â"]15% change in (H+x)jw. Thus 

-the t"rend for b ta approach zero 
• , l ' 

at high values ~:É' x/w is as- ~xpected. 
, 1 

'/ 

whi'th ,is The exponen te, a measure of the effect of T /T on' 

-~ 
~uj' ,.. _Ao~s no.~ vary much wi th 

, fi; r,> 0 

x/w. Thé magnitude of the ~dest fèct· 
\ .. . 

of the i:emp~rature ratio term may be reca1}ed by reference ta Fig~re l+.~; 
''', 

which c!9rresp~èls ta the value of c 7 -0.'115. applied at x/w = O. 
11 , 

Al}hou~h the individual values of è'a·re'different from zero by a statis-

'.. -tic~lly, s~gnificant amount only out ta x/w ::s 10, indic'~d on 'Fi~re 

4':16 "bY th~ use of cl~se'd SYmbO~S', i t is apparent that 'tire ent1re set 
~ . . 

of values of c flu~te within the ~ame small r~nge over the- entire 

span o~~o 18. Thus i t appea~ app"ropria te ta recommend a 

v~IJe' of c of -0.12 for the entire .range'oo~ ~/w. 

One point muSt be clarified at, this stas,e that' change in tem-. J 
/ 

pèrature difference betWeen the' Jet and iIlIPingement surface from 50° . . ' 
\ 

ta 300°C corre!'lponding ta change in T./T from 1.18 to 2.0~ causes the 
~ "I!O , J ~ 

. Nusselt n~er evaluated at the jet eXit temperatut;;e to decrea~.e by 
... r '1 

~ 

approximately·6. 5%. 
\11 • 

'However the change.' il1 heat transfe:!: co~fficient, h, 

wi th "T _ /T i5 nlucH' more dram~'i'1. ~. 
.... J 5 -

The thermal conductivity, which is 
~ 

the only eemperature dep~nde~t physica1' property ~ed in the evaluation 
\ 

of Nusseft ,number increases by approximately 60% for ,increase in physical 

propert~ evaluati~p temperature, i.e. at jet exit from 60° ta 310°C 
, ' 

• . . 
Consequently the heat transfer coefficient increases, . ' 

(A,ppendix H) • 
, 

not decreases as "the Nusselt number does, by about 50% with increase in 
r • . 

• temperature difference. 
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In summary, a regression has been fitted to the ekperimental 

data to pr~vide a measure for p,redicting average hea,t transfer rates 
, -

under 11igh temperàture singlé slot confined impinging jet. The equa- _ 

t.ion has tne following f~rm: 

'Nuj" =. K Rej a'\\(H/w)b 

5000 $, ~Z ~OOOO 

( 4.16) 

8 , H/w ~ 12 

1.2 ~"Tj/T ~ 2.1 . s 

/ 18 ' o ~ x w ~ 

'...... . 

-. 

i • 

, ' 

Thé coefficient K and exponent'$ a, band c were determined as functioos 

of· x/w and are plotted on Figures-4.16 and 4.17 anq -:re listed in Table~ 
/ 

4.3.To find average heat transfer up ta a particular distance x/w, 

the user has on1y to choose the coefficient and exponents of equation , , 
/) 

4.16 cor~esponding ta the desired value of x/w. 
'ij 

Ta test the predictions made with this procedure, ratios of 
,/ 

me~sured ta calculated average Nusselt- numbers Nu /Nu 1 were plotted 
exp ca 

'against each of the parameters Re., x/w, H/w and T./T,f on Figure 4.18. 
J J S 

The uniform scatter around' the line Nu /NU' 1 = l indicates that the 
exp ca 

predicted val~es do not vary systematically with any, of the independent. .. 
parame ters ând that these effects have been accounted for p-roperly. 

Alternately on Figure 4.19, the predicted values are plotte d agains t 

experimental results. As it is thus demonstrated that the predicted 

resul ts always -lie within ±15% of the experimen tal resu1cs, the proppsed 

correlation for average NuSsel't number may be used with confidence. 
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~ 
us1ng the temperature 

ratio method, that tÎ)e, effect, of temperature on the average Nusselt 

number changes, though moderately b.ut systematlcally, with distance from 
'. t 

th,e sta~~e up to about x/w = 6. Consequently lt is reasonable 

to expect that, the reference temperature method would lead to reference 

temperatures which a~%-" dependenc on x/w. Since a variab'le reference 

~ temperâture would ~dd substant~al~Y to the comp)XitY of che praccical 

applic~tion of chis work no' attempt was made 'to obtain any av:erage 

" ,r-' 
Nusselt number corte~ation using the reference temperature 'IIlethod. 

4.5 Ana1ysis as a Confined Flow' System 

For a conflned flow system such as chat of the present study r 

the heat transferred f~om the nozzle exit flow ta the 1mpingement 
~ 

surface' can be expressed as folldWs in terma of average heat transfer 
( . 
\ 

. "., 

coeff!dient. 

The heat given up by the jet flow can be expressed as 
~ 

(4 .. 17) 

(4.18) 

~~ . 
, where Tb is the avèrage (Le. mixing- cu~) temperature of the ,air at .. 

any location x. 

If the heaVlosses through the confi.nement surfaces are negli-
J~ c --/' 

gible, the two héat fluxes can be equated to' yielcJ. 

2hx'1 .. (4.19) 
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At the exhaust port, whe~e Tb - Te' x - L: 

T s 

In Section 

L-2 - Nu w j 

Rej p.;rj 

4.4 ve sav ~ 
.. 

~ 

the average Nusselt 'n 

Il 90 

(4.20) -

er is prd-

. '.* portional approximately to the square .J;oot .of the Reynolds number. 
J 

. ,.' 

" T~king into account, as shown in Section 4.4, that the coefficient K 

in, equation 4.15 variès appr..oximately as (x/w)'-%, .this equation can 

be rewritten as 

.. K' (x/w) -% Re O.s 
j 

) 

f' (4'.21) 

where K', a weak function of x/w, is a variable parameter aacounting 

for the effects of H/w, T
j 

/T
s 

and pr
j

. 

Rence the temperature_,difference. ratios defined, in equation 
'\ 

"-
4.19 will vary approximate1y as the inverse square root of Reynolds • 

numb-er, Le. 

- Kil 

where Kil 2K' . --
Po Pr j 

x 
w 

l/Y._ 
Re 0.,5 

j \ \ 
'(4.'22) 

The above analysis treats the' average (mixini-cup) temperature 

of the confined flow, Tb' but does so in terms of' the mean heat transfer 
, 

coefficient and Nusselt number, il and Nu., as conventionally defined 
J ' 

for an unconfined f10w. It is therefore of interest to consider the 

de fini tion of heat transfer coefficient for confined and unconfined 

jet systems, as recently suggested by"saad (1981). 

For unconfined flows, convective heat transfe~ coefficients 

are obtained by' no rmalizing the" convective ~lux to a t:.T whicfil ia the 
1-

difference between two boundary condition temperales. In the case 

i 

'/. . 

"1 
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of impin'ging jets, these temperatures are typically the nozzle e~it· 
\ ,., 

temperature, Tj,and thé heat transfer'surface temperature, T • -As 
o s 

mast impingement experimental st~dies have been carried out with un-
~ , ' 

~_ confined jets, Tj - T
s

' has been the 6T used for normall.z:tng heat 
t 

fluxes to obtain transfer coefficients. However, as ~he importance of 

, indus trial applications involving confined impingement systems lead to 

the recent series of investigations with confined jets in this laboratory, 
• It 

including the present study, the general que~tion of 'the definition of 

convective heat tranafer coefficient in confined fmpingement flow systems 

is now examined. 
't'i:. , 

For confined flow systems, convective héat transfer coefficients 

" are based on normalizing heat flux to a 6T which is the diffe.rence 

between the mixing-cup temperature of the confined flow, Tb' and the 

heat transfer surface temperature, T. Thus 'for confined flows a local 
5 

convective heat transfer coefficient i9 the local heat flux, q, 

normalized to the local 6T. A heat balance on the conf~d flow yields ,. 
the local value of the bulk temperature of the confined flow, Tb,' 

needed to ~etermine Tb ~.Ts' the local 6T. This approach is now .. ~ 

applied to the.confined impingement flow system of the'present investi-

. gation. 

, 

1 

-The ldcal heat transfer coefficient determined using the local 
~ 

temperat.~re driving force,' Tb - Ts ' ia aesi~ated as 1\ ,in order }to '6 

dis~inguish it from h, the conventional transfer co'sfficient whicUs . ' 

the loçal heat flux, q, no;ma,lis,edwith,respect to T
j 

- Ts ' the tem-
• 

perature driving force at the noz~le centerline boundary. Thus for ~, 

both q and 6T are local values which a~e a functiên of x, while for h, 

l , 

, , J 

l' 
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of loca'! h~t flux ia with respect to the bounda~ 

value of !J.T O. The heat tra~fer coeffic~ent 

9 
) 

• je 

..,.i8 related to the coefficient based ion "'If - Ta as follows: 

~ 

.\ - h (4.24) 

r 

or- ~' -
l \ " 

The values of h and ~ 

• 1 
f t J ~ 

(and correspondingly of NU
j and. Nt;" 

and of NU
j 

and Nt;,) co~ncide at the_ nozzle centerline, x - 0, while 

away from stagnation ~ ia always g~eater than h, with the difference, 

~ - .h, increasing continuously ta 
(. . 

port as' .the local value of 

!J.T
b 

decays from ~ts maximum value, at x = 0: to the minimum 

value of tJ.T
b
': Te - T

s
' at x = L. As i9 eviden~ that conditions which . . 

,reduce the relative decrease in .1T
b 

from x = 0 to x ... L would reduce 

the difference between h anCl ~, i. e. the higher the Qozzle exit flow 

ràte or T
j 

- Ta' th!! lower the diffe1îence between ~ and ~. 

Ta 11lustrate the magnitude of the difference between ,local 
, 

heat trarisfer coefficients" defined in th~~e~o alternate ways, 

of localJNusselt number (Nu
j 
and'N~) at ~/w' -.18 are listed in 

o 

values 

Table 

~.4 for three cases from the present study. The expect~d reductions ln 
..... 

th\. relative difference between NU
j 

and N'i, with irtcreasing Rej an,cl wi~h 

inCr~~ing Tj (i.e.~ncreaSing Tj - Ts ) are shawn 

Q cases l ncl 2 ,and of cases l and 3 respectively. . 
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lfl 

... 
«Ji 
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'" Lateral profUes of N~. not shawn, are of course simUar in 

app{ea~je to those for NUj shawn in Section 4.3, except that away from, 

x .' 0). profiles, :f N,u
j 
~ ~ diverge. Profiles of NU

j 
reflect the 

local flow conditions whi~h control conv~ctive heat' transfer while 

; profiles of N~ reflect local flow conditions and, as well, the local flT 

driving force for convective heat transfer. Thus it is important whe,n inter-.,. , 

preting profiles of Nusselt ntuDer torecall that local convective heat transfer 

ia. not determined uniquely by the flow:-field but, includes also the /j.T 

or th~l.effect. This fact seems not to have been widely understood. 

lt is conceivable thit much of the effect.of large flT on the 

heat transfer coefficient ~oyld be ac~ounted for if the experimental 

data wer~ analyzed in terms of ~ rather than h. However, this ap?roach. 

was not followed because it would complicate the use of the results 

of the present study for the desi~ of impinging jet ~yste~ by making 
l 

ft ne~sary for tq~ user to employ an iterative procedure. 
. -"1 

An impprtant genetal ~opsequence 'of this analysis as a confined 
, ~ 

je~ system is the additional and valuable insight into the heat,transfer 

results prQvided b~ equation (4.22). 
~ The temeprature ratio defined in 

\ 

that equation is a measure df the fraction of the sensible heat avail-

1 
able in the nozzle exit jet which has been transferred ta the impinge-

m~nt surface. Clearly as the lateral distance between tne nozzle 

cenberline and the.exhaust port ia increased, more of the available 

sensible heat is withdrawn from tlle inle.tï jet. Also, while the overall • 
rate of qeat transfer increase~ proportional to Re. 0•5 (équation 4.15) 

J .. .\ 

, it is important ta observe from equation 4.22 that the fraction of the 
, ~ , . 

a~le heat which i5 withdrawn "from the inlet jet decreases propor-

tional ta I/Rej
O•S • 
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1. The eifect'of h1gh temperature dlffe~ence o~ local and average 

I;eat transfer rates \Dtder a eonfined single siôt je~ ~ingi. on a '.

cool surface has been documented for 104 combinations of the tollowing , 
~anges of conditions: 

Jet Reynolds number, Rej' ~OOO to 20000 

.-: Implngemept surface s pacing from nozzle, 5w to l2w .. 
l, 

" Temperature difference, ~T, 50°C to 300°C 

Temperature ratio, jet to surface, T/Ts ' 1.18 to 2.~,8 

Lat~ral dist~nce from stagnation, x/w, 0 ta 18. 
i'" J "",' /il.. 

\ . 
The spènt fluid exbausted symmetrically through a pair of exhaust ports 

c, 

locàted at the end of the confinement surface, 23w from the ndzzle 

centerlin.e. " , 
\ 1 

~2.~ 1 ~vet:a~ methods 

. .) 
to incor~~e 'the large effect uf temperature 

depende~~hysical propêrtiés 
ol " 

into the heat transfer c9rr~lations were 
A 

tested.' For heat transfer At stagnation~C ~wo methods! the te!llperature 
" 

'ratio method and refa,rence tetnp'erature method wer~ found ta be suitable. 

Thé recommended<correlatiQn far stagnation heat tranefer. using 
~ ~ r / , . 

the temperature ratio method ia 

co. 
V 'Nu .. 0.79 Re Q.Lj.8~ (H/w) -0.134 (T IT r 0.115 pry3 

oj j - j s 
. 

~e re~~e~d~~ correlation of stagnation heat traqsfer using 

the ret~re~ce tempeFature method'la 

Nu . ... 
oT f re 

whe,re subscrip-t Tref 

ta be , 
T' 
ref -

0.648 Re 0.485 (H/w) -O. na Pr 113 
j : j 

. . 
~ the reference temperature~which, waa d:termined ~ 

J 
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In bath the cases, the su~scr~pt j qn the~dimensionless n~mbers indi

cates that their physië~l prope~ties 'were evaluated at the jet exit 

tem:erature, T
j

• The deviation of 'experimental measurements from either" - ' 
, 

of the correlations was within +5%. 

The Reynolds number eXponent of approximately 0.5 reflects the' , 

lamin~r character of the boundary layer in the stagnation region, ev~n 
"ft " 

for highly turbulent jets. This conclusion is conàisten~ ~th the/, 

recent findings 'of van Heiningen (1982). 

The exponents for H/w in the above correlations are smaller thàn 

-those previ01.!Sly, reported for investigations extending to much higher 

values of H/w. This lower exponen~ is a nàtural consequence of the 

) " -
maximum in Nua for H/w = 8, at which point the exp~nent ~ould be zero. 

The above two correlations are valid onl~ for Reynolds numbers 

o~ Rej ~ 5000 and for impingement surface spacings H/wQ~ 8. For turbu

lent jets, Nu passes through a l114.,ximum at H/w = 8, for t.he laminaI;' jet o 

at Rej ~ 1000, Nuo is independent of H/w over the.tested~ng~ of 

spacings, 5w to l2w. In these range~ of cbnditions, i.e. ~r 1000-< Rej 

< 5000 and 5 < H/w ~ 8, ~u may be obtained from the data in the 
o., 

Appœndix B. 

3. Lateral profiles of local Nusselt number were obtaine~ for the 

ranges of conditions 'noted above. These profiles were well defined by 

local heat flux measuremants at 19 positions over both halves of the 

entire l8w length of the impingement surface. At'the closest spacing, 

H/w = 5, characterlstic feature oÏ an off-stagnation minimu~ and maximum 

was observed at sufficiently high Re_~ 
J 

The profiles confirmed features 

reported by eariier investigators and extended documentation of local 

profiles to much higher levels of ~T than those which existed pr~viousiy. 
\ 

v 

~ 

1 
r 
" 

1 

1 

.1 

! 
1 



1 

1 

r 

~ 
---------------------------~-------------------- '4 

(~) 

. . 
, 

. , . 

. , 

\ 

The local Nusselt number distribution for th~re range of parameters, 
. 

i.è. 1000,~ R~j 

in Appendlx B. 

~ 20000, 5 ~ H/w ~ 12 and 1.18 ~ T/:~ ~' 2.08 18 listed 

~ 

< 

4. Following gen~ral correlat:10n for averag~'Nuss~lt number, for 

Rej ~ 5000, and 8 ~ H/w ~ 12~as developed, incorporating the tempera-
D • 

\t 

ture ratio method 

NUj 
"'-a b • c Pt 1fa 

( 
• K Rej tH/w) ~ (T/Ts ) j t 

where subscript j indicates evaluation of physical properties at. the 

nozzle exit temperature, T
j

• ,The coeffici~nt K and exponeflts a, band '~2 '" r , 

. ro 
c are functions of x/Vi as' given Figure:4.16 and listed'in Table 4.3. 

~~~viation of experimental data from this correlation was within 

11f.~5%. 
--: i '" 

. As the h~at transfer averaging distance is extended toward the 

" mAximm;,. value oi x/w • 18, the exponent, a, for Rej increases fro~ 
. 

approx1mately 0.5 to about 0.55. 

turbUlent character of the wall jet. 

This increase is attributed to the 

Fda fully developed turbulent 
, 

boundary layer the Reynolds,number exponent for local Nu would ,e in 

~he order of 0.8. , 

c 

Likewise, the exponent, b, for H/w, which has the value of -0.134 

for' Nu , approaches zero fdr heat ~ransfer averaged over the entire 
o ' r 

o 

lateral distance from the stagnation line to x/w ~ 18. 
r 

1 
~his diminishing 

effect of H/w on NU
j 

witth increasing x/w was in~e ete'd in tenus of the 

diminishing effect of H/w on the total distance ered. ~y the impinge-

ment flo~, H/w + x/w. . 
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} In the ranges of conditions,1000 < Rej < 5000 and 5 < H/w < 8, 
, ..,. l "i, 

for which the logarithmic linear correlation form do es not apply for 
J 1 .. 

reasons,noted earlier, NU
j 

,may be obtained from the data in Appendix C. 

No correlation was developed between average Nusselt number 
g 

and geometric and flow parameters using the reference temperature method. 
., 

From the analysis. using the temperature ratio method it became apparent 

that the reference temperature would be a function of x/w. ~ The added 

complexity of a variable reference temperature is undesirable and, with 

the 'temperature ratio method available, ~s aiso unnece~8ary. 

5. The analysis of confined jet impingement heat transfer in 

terms of a ~h~nnel flow approach was explored. At each location along 

the impingement surface, the temperature driving forcè was de~ined as 

the difference-between the local mixing-cup.temperature and the impinge-

ment surface temperatu,;re, rather than the difference between the latter 
, 

temperature and tHe nozzle exit temperature. The more realist~c values 

of, local heat tra~fer coefficient obtained in this way, which mus,t be 
d 

high,er than local values obtained wïth the conventional use of .T. -_T 
, ~ s 

as the ~T for convective heat transfer, provide a more realistic 

representation of local heat transfer coefficient but would entail 

significan~ly more effort ta calculate, correlate and ta use in design. 

However, this analysis'revealed that_the fraction of total available 

heat which is transf~r~ed ta the impingement heat transfer surface is 
" . 11 

proportional to (x/w) 3 and to I/Rej~5 whereas the overall heat 

transfer rate ois pro,po'rtional to Re 0.5 
j 
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APPENDIX A 
0 

List ,Of Exper'imenta1 tonditions 

t
j 

(OC) t (OC) H/w Re. tf (OC) t (O~) H/w ~j s J s . 
ri . 

( 

l,. 50.0 3.2 5 1000 101.8 3.8 5 1000 
If ''J " 

/ 51.9 3.5 J- 5 500Q 103.5 4.3 5 4900 

A~~ r-· 
~~_'ll 

6ef2 5 9700 9 J,. 8 4.5 5.' 10500 

51.1 10.6 5 13800 . 102.2 4.1 S . 159QO 

52.3 10.2 5 18800 102.4 3.9 5 21600 

J 
53.5 ,2.9. 8 1000 98.9 4.0 8 1000 A 

1 . 
53.6 3.2 B . 5000 105.3 4.4 8 4900 1 

J 0 
1 

--,52.8 7.5, 8 10~00" 110.8 5.~ 8 10200' . 
55.2 8.3 8 14500 111.5 7.6 ·S 15600 

55.6 7.7 8 18400 104.1 8.6 8 20"100 

54.2 3.3 10 1000 104.2 3.3 10 1000 
, " ".0 

52.3 3.,7· 10 5000 1:02.3 3.7 10 4900 

<t 49.5 11.8 10 10000 112.5 6.0 10 10100 
,(~, 

50.9 10.5 10 13600 106 .. 2 5.6 c 10 15800 

52.0 8.8 10 18100 101.4 4.3 10 21800 
\ 

55.2 3.3 12 1000 105.1 3.3 12 1000 
, 

52.1 

~1 
12 5000 102.0 3.9 12 4900 

55.0 12 10100 104.0 6.4 12 10300 
~ 

55. 8 ~ 8.1 .12 ~4500 113.4 ·7.6' 12 15600 

51..6 8.9 12 19100 105.2'). 5.1 12, 21100 

r 
i ... 

"'" l' (-'" 

}55.2 3.1 5 1000 '207.8 4.6 5 1000 

, 1 150',0 .) 4.6 5 5000 20~.6 6.l 5 5000 

156'.4. 5.4 5 9900 203.6 3.8 5 9800 

() '159.3 6.1 5 1"'4700 208.3 0 5.5 51 14600 

~ 
J~ 1 R>-

tJt 

'" 

""" 
-,,) 

~ ,~è'~i~~~~~:".;t ~-, ,J.~.;' -' \ ' - :,.'~-9... t .. ~}tl~=' .' _ ' ~l .. 1 •• " l ',,:,~<._"\-.. ~,~,,~~\~~r7~ _~-:-,~*r-:-=-~--- .. ~:.~1~.~~1·" :'~~Ûl"i~ ~' ~ .-f· . 
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APPENDIX B (cont' d) ~ 
l, 

'/ 
~:.,. l 

.~ '1; , 
t~1 .. r 

~ .< 

'* , \ 

1 

1 
"f:'fr, HjW k.-, Il 1 2 3 4 ::i 6 7 8 9 10 11 1:2 13 14 115 16 17 t,a 

1 
1.'5'$~ '5 ,1000 14.16 111.R Ch 02 1.28 6.68 6.26 5.94 5 .... 5.06 ".45 4.13 l.Sl l.I.8 2.99 2.85 2.63 2. sU 2.29 2.02 

f 
1.524 S 5333 2S.19 22 !I Il.12 16.21 15.96 15.19 14.86 12.95 12.53 12.10 Il.66 Il.41 Il.13 10,.94 10.1.J l'IO.57 10 • .Jl 10.11 9.156 
I.S42 5 9900 40.89 11.ll 26.56 21.01 21.92 21.88 22.6l ,22.62 22.32 21.21 20.14 20.32 19.72 19.0t> 18.68 Il.1'5 17.'54 16.58 16.11 
1.549 '5 1.4100 .6.96 36.95 30.73 TQI 26.11 26.18 27.74 27.6\ 27.13 26.54 26.01 25.30 24.5S l3.87 2l.61 2].29 22. ]'$ 21.94 21.S6 

1.564 ~ 1000 1.J.52 ID.15 . Il.54 6.99 6.19 5.66 5.2.J •• ~2 •• 63 •• 40 r •• G'4 3.62 3.20 2.96 2.75 2.6.J 2.5e 2.23 2.04 

i 1.560 d 5000 33.36 29.32 25.6e 22.01 19.12 18.01 17.16 16.32 15.67 t5Al4 14.73 14'.21 14.20 13.55 13.36 Il.S4 13.26 12 •• 8 12.51 , ~ 1.556 '$ 10000 .1.92 18. \8 11.53 27.40 27.18 2S.64 25.0S 24.06 23.2S 22.70 "22.2!> 21;S7 20.S4 20.14 19.39 19.1. IS.53 17.69 17.11 
1. S'9 8 1.900 '52.22 .4.24 31.20 33. G' 30.93 29.32 28.29 27 •• l 26.5} 27.'4 - 26.71 26.15 26.Cl 2 •• 98 '24.79 24.40 23.88 23.21 22.92 

1 \ 1.631 1:1 13:1:1 1 •• 3. 12.89 IG.71 8.81 7.57 7 •• 31 6.21 6.0. 5.30 5.32 5.13 •• TPJ 4.76 •• 48 3.64 3.15 3.4. 2.97 2.71 
l'l5o 13 4900 11. 13 27.60 22.49 18.78 16.70 15.47 ••• 77 13.89 1 •• 25 13.'69 13.32 12.93' 12.81 12 ••• 12.22 12 •• 3 11 •• 6 lI.ll 10.81 

1 \ 

1. 57 10 \0430 ••• "0 39.26 33.01 28.13 25.21 23.51 23.13 21.68 21.97 20.81 20.80 20.02 20.02' 18.39 18.53 18.61 18.14 17.l1 16.9'5 
1.540 ta \5200 57.91 .9.7" .2.28 16.97 34.02 32.22 J2.JO 30. !!2 JO.82 10.09 29.35 28.58 28.Z4 28.02 27.51 26.87 26 .. 34 26.10.25.85 

~:::r-";:. 

! 1.531 12 1:1:1:1 1".09 12.98 Il •• 8 9.66 8.75 6.77 6.68 5.69 ~ •• o 5.211 5.01 4.90 4.51 '.09 3.63 3.28 2.70 2.46 2.10 
1.542 12 .4900 2:5.66 2.~13 22.51 19.24 17.34 15.64 1 •• 63 13.87 ~3.61 13.1 J 12.66 12.86 12.56 12.19 Il.92 Il.84 Il.61 .... 43 Il.19 

1 1.529 12 10000 41.97 lB.Ol ]2.98 29.1)1 21l.23 26.45 24.87 2l.85 1.10 22.41 21.81 21.43 20.55 20.15 20.07 19.85 111,,82 18.69 18.32 
1 1.555 12 14900 '0'-.1 1 4 •• 92 ]9.~7 15.51 32.91 32.67 29.42 28.75 28.19 27.0-7 26.4a 25.19 25.11 24.6" 2".17 23.63 23.'.8 22.92 22.18 

\ 
..... 

~ 

1 ..... 
t.~, ~ 

\ 
';;.1 

1.7J2 5 1000 1 J. 78 11.61 8.77 7.08 6.50 6.09 5.70 5.19 4.92 4.36 4.01 J.47 3.11 2.93 2.19 2.57 2.44 2.24 2.19 

h704 S 5000 27.45, '20.68 17.Z4 15.71S 15.~1 14.82 1 CI. 51 12.67 12.24 Il.81' Il.39 Il .17 10.S9 10.11 10.52 10.33 10.19 9.96 '1073 

1.121 5 ~8DO 3S.79 30.51 25.95 22.42 11.30 21.22 21.97 22.01 21.71 20.69 20.19 19.79 ,19.50 18.89 18.51 17.58 17.39 16.44 15.9. 

1 1.718 5 1.600 .6.50 37.63 30.50 26.S3 2~.96 26.06 26.l. 25.1S8 25.21 24.56 2 •• 00 25.33 23.74 n.ol 20.9.;! 20.01 19.70 19.0. 18.112 

1.145 8 Il:):) Il0l4 10.-07 d.lO 6.77 6.01 5.50 5.08 4.78 4. SA , •• 28 3.93 .1.52 l.2. 2.99 2.78 2.66 2.57 2.25 2.00 

1.720 8 4900 31.88 27.95 2 •• J 7 20.86 18.09 Il.02 16.19 15.42 14.80 ... ~." 13.40 13.33 12.7" 12.57 12.74 l2~_9 11.76 li .21 

1.737 .. 9700 "3.00 37.38 30.d3 26.78 26.7. 25.05 2C1.4S 23."11 22.,11 22.1. 21.71 21.05 20.78 20.07 19.32 19.07 18.20 17.61 17.t2 

1.727 " 1'5000 52.58 ••• 57 37.50 .J.l.32 31.18 29.59 28.55 27~~Q 26.77 27.7. 6.99 26 •• 6 26.39 25.29 25.10 2 .... 70 2 ... 20 23.82 23 .... 6 

D . ! 
1.182 10 1 J3W 14.:n 12.81 10).39 8.58 7.30 6.86 6.01 5.79 5'i ,. 5.15 •• 98 ".62 4.39 ".12 3.42 2.94 l.2J 2.16 2.51 
1.721 la 500 ]0.87 27.40 22.lS 18.90 16.63 15 •• 2- 14.7. 13.1S7 14.204 13.69 1 J.33 12.94 12.75 12.33 12.12 12.3. Il.38 Il.09 10.73 
1.740 \0 9800 .2. S8 37.95 32.15 27.70 25.01 23 •• 9 23.15 21.82 21.93 20.S4 20.85' 19.95 19.82 • 111.19 18.18 18.21 17.76 16.89 16.3. 
1.720 la 1500" 51 ••• .... 31 37.53 32.10 29.93 28.30 28.12 26.4' 26.50 25.89 25.29 2 •• 68 24.21 2 •• 10 24.91 2 •• 39 23 ... 9 23.50 23.11 

..... 1> L t 

\\s. os ~ 

~ 
Tt, 

11.00 9.26 'i'.38 6.4. 6.40 5 •• 5 ,s. llil 4.8a. .0',69 •• 37 3.96 3.52 3.1S 2.1>2 2.39 2.00 1.1.8 12 1330 14.H. 12.4. 
1.120 .. 2 f~ggg 28. 04 23.64 22.16 IS.'l2 17.09 15 •• 2 ' 1".l9 13.64 '3.39 'i!f 12."5 12.44 Il.95 Il.60 Il.34 Il.21 Il.05 10.88 10.34 s:-
1.701 l-2 U.3. 31.4.) 32 •• 3 28.57 27.7l 25.?9 24 •• 5 23.41 22.76 2 11 21.54 21.17 20.54 20.16 20.10 19.90' 18.118 te.78 10.42 
1.,,.. 12 ' •• 6.:) 0 53.3. 4 •• 53 39.21 35.18 J2.411 32.23 28.99 28.30 Z9..30 2B. 1 Z8.21 27.6!! 21.62 27.05 '26. "9 ,25.89 lS.66 25.05 2 ••• il! 

1 
1 

.? _ 's _____ ,- -_____ ~_-
~----~_ ..... ---- :a=!I.c:f~~ ---- - --- !"- ..... ,--------- -



~ 

0, 

1 

,1 

! 

~~, ! 
A ! 

l 

f 1 
! 

J. 

~ 

TilT!> 
01.924 
1.?19 
1.911 
1.917 

1.916 
1.860 
1.895 
1.892 

1.\l2l 
1.900 
1.918 
1.9:)0 

1.920 
1.99,5 
1.898 
1.897 

~.la .. 
2.G6l 
2.07J 
2.:')12 

2.096 
2.069 
2.064 
2.l62 

>. 

2.10l 
~.'l6. 
2.014 
2.:169 

Z.IO 1 
Z.O"II 
2.a la-
Z.:)lI 

.... 

tlli., 

5 
5 
5 
5 

.; 
S 
8 
8 

\0 
la 
10 
la 

12 
12 
12 
12 

5 
5 
5 
5 

1 
8 

" 8 
8 

la 
la 
10 
1:1 

12 
12 
12 
12 

n .. 
-'--' 

6. 

APPENDIX B (cont'd) 

><el :! 3 4 '5 b 7 8 9, 
Il:1:) I.J. 13 Il.93 8.S1 1.23 0.62 6.02 5.86 5.39 4.9. 4.60 
.800 27.70 :11.92 16.56 '13.82 ".1;!.06 12.63 13.09 12.71 12.37 Il.82 
9600 18. '54 lO.39 23.52 20&2. 19.50 19.64 20.01 19.63 19.15 18.67 

14600 46. ~9 17. 08 30.07 26.48 25.57 25.36 25.32 27.51 21.21S 27.0. 

1000 1..3.08 ~1.96 9'.72 74"78- 6.76 5.95 5.59 5.19 4.91 •• 71 
.900 li •• , 1.11 21. 'J1 18.40 17.41 16.33 15. "'1 1 •• 711 14.43 13.89 
9800 43-.85 37.70 li. J 1 27.51 25.19 24.18 23.45 .22.69 22.16 21.~1 

14600 50.93 4l.56 36.97 12~87 30.57 29.03 ~.25 ~7.20 26.69 25.77 

1000 14.20 12.02 9.'3~ 7.84 6.88 6.\9 5.15 5.27 4.95 4.64 
4900 30.211 26.72- 2.l.09 20.13 1 e.24 17.07 16.40 16.01 15.66 12.66 
9500 41.92 36.59 31.43 Z8.45 2.7.16 26.72 24.80- 24.05 23 •• 5 22.87 

146:1:1 51.48 45.40 39.7. 35.93 33 .. 22 ll.51 30.48 29.75 28.99 28.62 

1000 1 •• '56 11).46 ~.d4 8.;ZO 6.99 5.62 5.28 4.81 4.55 4.37 
.4900 28.26 25. O. 21.90 18.'52 1 7.;Z 7 15.75 14.91 14.35 13.112 13.4. 

9600 .. 4.33 39.~0 32.~9 28".9. 26.67 24.8. 23.73 22.74 22.34 21.77 
148:1:1 5'1.13 ..... 11 J9.11 35.93 33.58 32.03 26.96 lO.23 29.1I~ 29.41 

. .-
,J,l:l 13. "9 li. 13 1.~8 6.57 5.115 5.32 4.90 4.40 3.91 3.5l 
500G 27.65 ,22.,)8 17.-G9 1 •• 15 1~. 18 12.90 12.69 12.38 Il.89 Il.52 

100GG J9.88 11.58 2 •• 58 21. J9 20.68 20.16 20.93 20 •• 7 19.98 19.30 
15:10:1 46.64 36 • .J6 ze.91 25.19 24.16 25.00 26.33 26'\;,13 25.51 25.22 

1000 13.52 10' • .19 10.ol5 6.04 e.99 6.15 5.78 5.37 5.011 4.87 
4900 32.46 26.18 22.61 18.92 16.92 15.1S4 15.06 14.11 Il.85 Il''42 
9900 41.26 37 ... 16 .3-0..'31 26.56 ,2 •• 51 24.40 22.52 21.89 21.3. 20.69 

1523:1 '52.0. 45.41 l7.24 32.54 29.3ft" 28.27 27.42 27.67 25.58 24.48 

1000 14.JO lZ.IO 9.d7 7.85 6.92 6.22 0 5.78 5.30 •• 98 4.67 
5000 ,31.20 27.85 2l.53 L9.12 17.69 16.7. 16.51 15 •• 0 1 •• 57 1J.78 

10000 42.79 37.26 li .68~ 27.20 24.89 21.65 22.9. 21.71 21.26 19.84 
1533:1 52.26 46.78 19.38 14.51 31.02 28.99 27.76 26.72 25.7~0 . - -

~ 0 

" 
laGG 14.1>5 10.52 d.Bq B.25 1. G3 5.65 5.31 4.1S4 4.57 4.39 
5000 29.76 261'.99 22.70 19.41 .1'.31 17.28 16.22 14.9~ 14.39 14.07 

IGOOO 41.19 37.06 34.99 31.99 ll.1 !i J'l.JI 30.113 29.31 28.51 28. t 1 
152:10 51.11 44.15 42.98 J8.81 38.'0 l5.01S 35.46 34.73 32.94 32.83 

~.~ 

• 
~ 

l-

----_. - -- ._-.. -- ..... - --- ~ ------- ---------~ 

------~ 
~ 

r--

"----' 

Q 

10 11 12 13 14 1:\ t.!."' 17 18 l, 3.82 3.54 l.55 2.7l 2.53 2.48 2. (0 2.16 :1.02 
Il.67 11.29 10.99 10.6' 10.39 10. ID 9.88 9.76 9.54 
18.16 19.39 17.52 16.85 16.30 16.23 15.17 15.62 15.49 
a6.31 25.70 25.26 24.46 24.22 23.82 23.16 22.:).3 22.11 -1 

.... 8'\' •• ll •• 22 ".05 3.86 3.71 3.46 l.39 l.10 
13.61 13.19 12.91 12.70 12. J.l 12.02 Il.69 Il.73 1\1.41 
20.63 20.JO 20.21 19.1' 19.37 18.79 18. O. \7,,68 17.51 
25.J' '2 •• 53 24.69 23.7., 23.07 22.78 22.40 21.62 21.01 

~.50 ..... 26 3.99 3.82 3.57 3.48 3.32 3.16 3.0'" 
15.04 14.76 1 •• 51 ••• 25 13.86 1 ~.07 12.54 12.13 Il.98 
22.37 21.78 20.&2 20.3' ~19.88 19.64 19.71 18.72 18.24 
23.77 27.4l 26.al 26.16 25.70 25.IJ 19.19 24.36 2l.86 

", 

4.17 3.92 ].27 3.18 3.0. 2.e3 2.75 2.55 2.18 
12.99 12.66 12.62 12.28 12.33 12.00 Il.50 Il.36 Il.12 
21.43 20.68 19.15 UI.18 le.l9 '11.61 17.37 16.el 16.51 
28.8J 28.38 28.16 27.29 20.99 26.56 26.25 '25.70 24.67 

d 

2.63 2.55 2.45 2.24 2. Q,J ·1.9G"1.87 3.1. 2~1S9 
Il.15 10.70 10.44 10.02 9.56 9.41 9.10 8.86 8.40 
18.76 IS.29 17.76 17 • .JI 16.95 16.S0 16.71 16.29 15.9l '0 

24.48 2l.78 22.91 22.'l3 20.52 2l. 10 20.72 20.30 21h17' 0 

1 

3.61 J.53, 3.31 •• 62 ••• 6 •• 40 •• 22 •• 'l2 3.86 
12.97 13.J5 12.59 12.10 Il.96 Il.64 Il.44 Il.18 10.118 
20.05 19.62 18.G9 18.49 18.02 17.82 17.48 17.06 16.58 
24.54 23.69 ~3.G2 22.81 22.16 21.82 21.52 20.7' 20.11 ," 

1 
~ 

4.53 •• 28 4.06 l.89 3.64 J.55 l.38 3.23 'l.11 
1 Il.26 12.97 Il.0' 12.62 12.19 Il.79 Il.77 Il. Il Il.01 

19.65 19.56 19.511 '18.47 16.60 16\.15 15.71 15.4J 15.12 <2 1 
25.79 2 •• 76 24.46 23.32 22.66 22.58 23.25 21.2821.GI " 

'" ~ 

4.19 3.94 3.57 . 3.47 3 • .J1 1· G9 2.99 2.78 2.65 
Il.81 13.3~ 13.08 12.73 12.62 1 .2,) Il.84 11.5. Il .21 :r 27.93 27.25 25.29 24.52 23.08 22.4'2 21.81 21.42 21.16 
l2.59 31.79, 30.64 29.64 29.43 28.26 27.94 27.32 27.'l2 VI 

1 
1 
le 
l 

- . 
-~~.,~'f, rf .... ~· --- ----
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APPENDIX C 

Avera~e Nusselt Numbers 
~ 

Till";. ~I- Pl'j () 1 ., . -3 ~ _J 6 S 9 10 11 l" ~~~9 5!~8 15 
1.l69 5 1000 '0.65 '2.86 11.28 "h16 9.3&. a-.70 8.18 7.74 7.35 7.00- 6.67 6.38 '6.12 5.49 5!~1 5!~4 - 4~142 
1.175 5 5000 29.17 26. la 23..30 21.30 19.91 l8.89 lll.oa 17.39 16.79 16.2S 15.17 15.34 14.95 14.57 14.21 Il.87 Il.56 Il.2-4 Il.02 
1.15l 5 973:1 41. \9_ 3'5.80 32.08 29.81 28.43 27.28 26.85 26.04 25.12 24.36 23.12 Z3.17 ZZ.67 ZZ.2l 21.112.021056 21.22 20.9., 20.8) 

1.1 '2 5 1 J800 48.12,41.24 17 .15 34.16 32.90 J2.25 ll.84 l,,51 31.17 10.68 JO.23 29.86 29.51 29.111 28.1'17 28.59 28.32 28.05 21.86 
1 .. 14~ 5 Isaoo 55.16 ,4B.20 43.51 40. S1 1 ... 57 ls .. 16 J7.82 l7.'9 J7.J.) 36.95 36.51 J6.15 J5.81 35.49 35.19 J_.91 34.63 34.38 34.14 

S. 

1 

1.184 8 1000 13.87 12.43 10.d~ 8.63 8.19 -".81 7.48 7.17 6.88 6 ',62 6.15 6.10 5.88 5.69 5.50 5.31 5.21 
1.1 Il;>> 8 5033 H.22 JlI.73 29.11 Zl.70 Z2.61 21.70 20.93 20.26 19.67 19.1 J IS.6S 18.25 17.86 17.51 17.16 16.84 16.19 
1.162 !S 10400 H. Jl .6.45 44.2S J8.04 l6.69 35.50 l4.45 33.36 32.J2 JI.49 JO.16 JO.II 29.01 28.97 28.47 28.00 27.72 
1.1 S7 S 14500 54.77 !!i4.20 51.26 44.77 4l.29 42. 02 40.84 19.64 38.4S 37.51 36.64 J5.88 l5.20 34.58 l4.00- ~3.46 33.27 1 1.1 71 8 18400 l; 1. 05 59.65 !!i6.89 50.71 49.r3 47.76 46.52 45.24 44.00 42.95 4ll. 02 41.18 40.4l 39.74 J9.11 38.55 38.42 ., 

1 

1.184 13 1333 1!!i.OO 13.65 12.41 11.47 10.67 10.02 9.4a 9.04 a.61 a.17 7. ~6 7.41 7.10 6.82 6.5!!i 6.29 6.04 5.82 5 .... 6 

1.175 10 5000 - 32.7:1 3~.57 28.35 26.25 24.55 23.18 22.09 21.20 20.43, 19.77 19.2-3 \11.71 18.11 17.92 17.56 17.24 16~93 16.6l 16.32 
1.112 U 1 :)1)00 4.1. !! 1 40.-43 .17.50 35.18 3l.l4 12.00 30.96 lO.09 29.311 211.76 28.07 Z7.52 21.02 26.57 26.15 25.77 25.40 25.05 24.61 
1.142 .la 11600 '51.95~47.64 44.39 42.00 40.21 38.90 l7.a7 37.03 l6.32 35.62 34.91 34.16 31.d4 33.18 32.97 12.57 J2. UI ~1.84 11.51 
1.151 10 18103 63.:>4 60.89 56.61 51.32 50.112 4S.86 47.29 46.0.- 44.98 .4.02 4J.11 42.36 41.70 41.12 40.511 40.08 19.56 39.07 38.811' 

1 
14.04 12.19 Il.85 Il.03 10.36 9.77 1.I'ta 12 1000 9.28 Il.85 8~45 8.10 7.76 7.48 7.21 7.01 6.78 6.56 6 • .35 6.11 

\ 
1.17. _ 12 5000 211_64 2~.83 25 ... 10 23.57 22.30 21.29 20 .. 4. 19.72 19.12 18.60 111.12 17.71 17.31 ~~:n 16.62 n~~· .. 32 16.03 15.83 
1.165 12 1313:1 42.611 40.71 311.71 36.96 35.53 34.35 33.42 32.65 31.97 31.33 30.79 30.l0 29.85 29.05 28.66 28.3. 28.00 
l.t69 12 14500 49.06 46.62 ••• 4. '2.61 41.17 40.02 J9.08 36.63 l6.19 l5.75 15.3~ 34.95 34.60 14.24 11.91 3l.61 33.21 ~3.02 

1.172 12 19100 Z;'." 52.55 50.40 'S.14 .7.12 46.23 45.l1 .. 4.61 43.65 42.&5 42.16 41.55 .. 0.99 40.48 f 4p.01 39.96 39;72 

'J 

~.l54 5 1000 14.3e 13.20 11.82 10.14 9.9a 9.42 s.95 Il.55 sni 7.90 7.62 7.36 1.10 6.85 6.61 6.39 6.18 5.99 5.53 
.358 5 4900 28.1 '25.l7 22.90 21.02 19.66 18.75 IS.OI 17.19 16.&. 16.l. 15.811 15.45 15.06 1 •• 70 14.l5 14.02 Il.70 13.l9 12.92 

1.136 5 \05):) 41.37 -l9.118 35.30 31.S8 29.61 28.29 27.55 27.00 26.49 25.91 25.40 24.76 24.35 23.97 2l.60 2l.26 22.9. 22.63 22.33 . l '\. 1.3!!i4 '5 15900 4~. 61 48.~ 43.01 :1S.l6 35.37 33.S8 32.99 32.15 31.73 11.ll 30.91 30.47 lo.Ql 29.64 29.26 28.88 28.52 28.11 27.83 
l.ll6 5- 2\600 56. '12 55.04 4S.01 44.17 41.61 3'lo51 l8.61 38.10 31.63 17.20 16.82 16.44 ,36.09 35.74 l5.l8 35.05 34.75 34.47 l4.16 

.... 

1.343 Il \000 11.70 12 • .88 11.86 10.a9 10.12 9.50 8.99 8.58 Il.22 .... 7.91 7.64 J.39 7.16 6.96 6.77 6.60 6.44 6.29- 6.12 
1.3-6:1 a 4933 .3Z.99 ll.24 29.15 27.32 25.60 24.27 2l.06 22.011 21.21 ZO.48 19.81 19.21 111.69 18.22 17.78 17.16 16.97 16.61 16.01 
1.380 " 10200 .".99 42.05 38.82 36.14 34.50 ll.14 32.09 31. II! 30.38 29.68 29.07 28 •• 9 27.96 27.46 26.96 26.52 26.07 25.64 25.11 
1.170 5 15600 54.05 49.88 46.04 43.04 ·4 O. 81 19.03 37.61 36.44 35.43 34.71 14.05. 33~.5 32.92 32.40 11.92 31.49 31.07 lO.74 lo.21 
1.3l9 8 201001 6Z.28 60.91 58.99 56.61 54.39 5-2.49 50.~9.41 48.15 46.89 45.72 44.65 41.611 ·42.79 41.91 41.21 40.50 19.85 :!9.4Z 

1 • .165 1 :1 I:JJ:! U.74 11.10 12.01 Il.02 10.22 9.60 9.06 8.61 Il. ltI 7.76 7.37 7.0. 6.74 6.47 6.22 5.97 5.74 5.!!3 5.24 
1 .. 1156 10 4900 11.69 30. II 28.0l ~5."Il 24.18 22.75 21.67 20.150 20.07 19.46 18.96 18.49 18.12 17.78 17.46 17.18 16.92, 16.66 16.32 

1 

1 • .J82 la 10100 *5.3. 42.15 38.86 35.89 ):!.48 ll.55 30.20 28.92 27.99 27.ll 26.42 25.78 25.2l 24.6V24.15 2l.74 2l.35 22.96 22.01 
1.361 10 15600 ~~. 66 50-.77 47.18 .4.2.Q 41.91 40.05 311.50 37.16 36.04 35.04 'i,34.IS 33.37 .32.68 l2.07 ll.53 31.03 10.58 lO.19 39.118 
1.35:1 1:) ~180:) 64.72 63.25 57.91 52."19 .q.l5 46.70 44.82 43'26 41.9. .0.83 19.74 18.96 311.Jo 17.6 Jl.12 16.64 J6.14 35.611 35.24 

J ., 
Il.69' ,"0.-91 

J 
·A69 12 1:100 15.16 13.81 12.60 10.26 9.70 9.22 a.1l1 8.42 Il.08 7.76 7.48 7.24 7.02 6.81 6.59 6.38 6.00 

l • ..J55 12 4900 29. 04 27.55 25.79 24.11 22.63 21.39 20.41 19.59 18.89 111.12 17.81 17.35 16.95 ' 16.57 16.22 15.90 15.61 15.34 1!5 .01 
1.350 IZ 10300 .3.fj2 41.45 19.0l 36.II<r. 3!5.32 34.01 lZ.1I. 11.78 10.90 10.12 29.42 c ZS .80 28.Z1 27.10 Z7.24 26.s1 26.38 25.9S 25.4Z 
1.177 12 156:):) 5J.Î4 49.91) 47.1)! ,.4.54 'Z.!U 41.1 J J9.66 ls.ll! 17.56 36.77 )6.0~ J5.l7 34.75 34.19 11.68 11.19 3"2.76 32.3' l2.10 If 1.160 /"'" 64..91 61.67 58.7 55.18 52.41 49.S4 47.66 45.89 ••••• 4l." 42.42 41.52 40.611 40.16 19.25 18.110 38.18 37.61 l7.01 , 

0\, 

" 

~ _.~~ ~;;;------ - ~ .-----~--_. 
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- APPENDIX C (cont Id) '-" 

:o-r'"""~~ \ ) ... 

t \. 

... 
/ 

'" 

'1 1 ~ 

î , " 1 'J/1;" II~ &? .. ' Il ~ 3 4 ~ 6 1 B Y 10 Il 1::! tJ 14 15 16 17 lo8 
1 1.551 5 loilo 14.16 13. or Il.Tl \0:.6\ 0;. III • 9.23 8.76 8.35 7.98 7.63 7.3\ 7.00 6.71 6." 6.20 5.9& 5.77 5.58 5.24 
1 1.,24 S 5000 28.19 25.34 22.80 21.17 20.\3 19.30 la.67 17.95 17.35 .16.82 16.35 15.9'~5.57 \5.2. 14.9. 14.67 \'.4\ \ •• 02 t:J~8 1 1 1.542 5 9900 40. 'l9 l5.67 J2.55 lO.04 28.4' 27.32 26.651) 26.15 25.72· 25.2' 24.87 24 •• 9 24.12 23.76 2l.42 23.07 22.74 22.40 22. 7 

1.549 5 14733 46.96 42.45 39.54 35.66 33.75 32.49 31.62 31.15 30.70 30.28 29.89 29.51 29.13 211.74 211.40 :8.08 27.74 27.41 27.12 1 
1 
1 
1 

Il.52 Il.83 10.13 8.5\ 1'i.65 7.3\ 7.02 
, 

1 1.564 fi 1000 9.80 9.08 8.04 6.75 6.49 6.24 6:{0 5.79 5.59 5.41 5.23 5.02 
1.560 5 SODA ll. l6 li. =14 29.44 27.58 25.89 24.57 23.51 22.62 21.85 21.18 20.60 20.07 19.61 19. 8 18.79 18.46 18.16 11.84 17.02 i 1.556 8 10033 41.Q2 41.05 37.87 35.26 33.64 ~2'. 31 31.27 30.37 29.511 28.119 28.29 27.71 27.2'1 26.70 }}AI 25.77 25 • .1' 24.9\ 24.55 
I.S49 8 1.900 52.2~.23 ".55 41.67 39.52 37.82 -36 •• 6 35.:33 3 •• 35 33.66 3:3.03 32.46 31.96 31.47 :3 .02 :30.61 lO.21 29.93 29 •• 6 

1 -
1.601 la \000 1".34 \3.61 12.66 \".7\ 10.88 10.25 9.68 9.23 8.79 8.45 8.14 7.86 7.63 7."0 7.15 6.90 6.70 6 •• 9' 6'.39 
1.550 10 4900 31.13 29.37 27.08 25.00 23.34 2Z.0l 20.99 20.11 19.46 18.88 111.37 17.92 17.53 17.17 1;:~1 16.56 16.26 15.98 15.50 

i 1.557 13 1":l430 '4. aD 42.03 39.02 36.30 l4.08 :i:~~' :~:~: 29.9\ 29.03 28.21 27.54 26.91 ,a6.,a 25.81 24.90 24.51 24.11 2'.87 
1 I.S40 10 15200 5! .<)3 ,5'.8' 49.99 .6.7, 44.19 39.51 30.54 37.70 36.94 36.24 ~5.63 35.CUI 34.58 34.10 33.64 33.Z2 :32.73 

1 

1 

! 1.5.11 IZ 1000 15.09 .... 04 13.19 12.30 11.59 10.79 10.20 9.64 9.17 Il.78 8 ....... ~ 8'.L4 7.116 7.59 7.33 7.07 6.82 (16.58 6.28 
1.542 12 .900 25.66 26.40 25.12,23.6$ 22.39 :!J.26 20.32 19.51 18.115 18.28 17.77 17.36 16.99 16.65 16.34 16.05 15.79 • 15.55 15.24 

1 
1.529 12 l "!lU;:S- 41.97 4'1.00 17.&6 35.51 34.06 :"12.79 31.66 30.6~ 29.8 ... 29.10 28.43 27.85 27.29 26.78 26.33 25.93 25.51 25.13 24.96 
1.555 12 14930 5'1.91 ~7.92 45.17 42.77 40.79 39 .... " J8.01 36.85 35.89 15.0\ 14.23 33.53 32.811 32.29 31.75 31.2~- 30.79 30.35 29.96 

j " 1 
j 

1 1.132 5 1000 .. J.7a 12.72 Il.40 10.32 9.56 8.98 8.'52 8.12 7.76 7.42 7.11 6.81 6.53 6.27 6.04 5.82 5.62 5.44 5.12 
i 1.704 5 5000 27.45 24.06 21.79 20.29 19.:33 le.58 18.00 17.33 16.77 _16.27 15.83 15.44 15.09 14.78 14.49 14.23 13.99 13.19 12.118 
i 1 .. 722 5 9800 38.79 34.65 11.75 29.42 27.79 26.70 26.02 25.52 25.10 24.65 24.25 23.88 23.54 23.21 t2.90 22.56 22.2l; 21.1t3 21.63 

1 

1.728 5 14601) 46.50 42.06 18.21 35.36 ]J.48 12.25 :Sl.40 30.71 30.10 29.55 29.0. 2a.13 28.35 27.90 /21.43 26.:n- 26.54 26.12 25.aO 
1 

, 
" 13.14 Il.61 1(1.50 9.5r a.86 a.30 7.84 1.46 "F.13 6.04 6.58 6.':)2 6.09 5.117 5~66 5.47 5.30 5.13 4.98 

:-,r, 
1.'45 " 1000 
1.720 8 .900 31.1111 29.9<: 25.137 26.27 Z4.63 23.'6 22.34 21.41 20.73 20.10 19.5] 19.02 18.58 18.17 \1.79-,.,.. 17.48 17.18 16.88 16.52 
1.737 " 9730 41.00 40.19 37. 07 J4.50 32.95 31.63 30.60 29.71 211.93 211.26 27.66 27.11 26.66 26.15 25.10 25.ZI1 24.87 24.46 24.00 
1.727 ~ 15000r 

.... 2.58 "8.57 ••• !tS 41.99 39.83 311.12 36.76 35.62 34.64 33.95 33.31 32.74 32.25 31.76 31.31 30.90 30.51 lO.22 29.84 
" 

9;42 
".. 

1 .782 10 1000 ... al Il.4Z 12.41 Il.45 10.62 9.99 8.97 8.54 8.Z0 7.91 7.6' 7.l9 7.15 6.90 6.66 6.45 6.Z5 5.90 
1.72\ la 5000 30.87 29. Il z6.87 2 •• S9 23.23 zl.93· 20.90 20.0z 19.3a III. al 18.3t 17.87 17.47 17.10 16.77 16.49 16.19 15.91 15.68 
1.740 1:1 9830 42.88 40.41 J7.66 l5.17 33.\4 11.53 30.'2 29.35 28.52 27.15. 21.13 26.53 26. al 25.45 Z4.97 Z4.S5 24.15 23.75 23.Z1 
1.120 la 15000 51.44 .7.87 " •• 4l 41.49 39.1 e 37.37 36.05 34.85 33.92 33.12 32.40 31.76 31.18 30.72 30 • .33 29.96 29.61 29.27 Z/I.82 

" 
1 

1'.46 13 •• 5 12.63 
/'" 

1 
1.74111 

~o 
Il.79 Il. Il 10'i( 9.77 9.23 ~.78 a •• 1 Il.08 ~7.ao 1.53 7.28 1'.03 '6.79 6.5. 6.31 6.11 

1.7Z0 5000 21h 04 25.a. H.61 23.19 21.97 20. 19.95 19.16 18.52 17.96 17 •• 6 17.0. t6.65 16.29 15.96 15.66 15.l9 15.14 14.98 f~ 
1.717 1 1 o,~, .~H 39.37 37.06 14.93 ]3 •• 9 32.2 31.13 lO.17 29.35 211.62 27.98 ~~:~~) ~~:~: 26.40 25.98 25.60 25.21 24. 8~ 2 •••• 
1.114 I.! 00 5 .l4 47.43 44.71 42. J3 40.36 39.01 37.57- :36.41 35.62 J4.93 , 34.32 32.85 32.43 32.02 31.64 31.28 30.84 

.... > 
1 

1 " ... 

--...... _--~--'-
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• APPENDIX C (cont' d) \\ ' .......... 
.' !. 

-riJ ,"' 
-;-;1 

~1 H,' 
~~iit 
'~l 

~. . , 
:~f' 

1 
(l 

(> 

Tj/T=c Il,''- ~e' 0 :! 3 4 5 6 7 • 8 9 10- 11 l:! 13 14 15 16 17 lB J. 
, 1"-.49 5.4~ 1 1 .~OI. 5 10110 I~. T3 I"Z.I!~ 10 •• Z 9.66 9.05, Il.60 Il.20 1.84 7.51 1.18 6.81 6.62 6.34 6.09 5.116 5.6' 5.2' 

\.H9 5 U~:) 21.10 22.42 22.')1 19.93 111.51 Il. SQ/: 16.82 16.31 15.111 15.'" 15.12 1 •• 80 14.51 '4.23 Il.911 Il.13 13.51 13.30 Il.lI 
1 I.H 1 5 9600 l~. 54 34.46 30.a2 211.17 26." lS.30 24.55 23.93 23.40 22.9l 22.50 22.2' 21.111 21.51 21.11 20.86 20.56 20.29 19.99 

1 .~11 5 \4600 .6.69 4'.lIa 31.95 35.011 l3.111 ll.1I1I 30.94 lO.51 30.14 29.83 29.51 29.20 28.89 ,28.51 211.Z8 28.00 2~.11 21 •• 1 21.13 i 
1 
i 

1. ~16 8 \ 000 1 J. 08 12.53 Il.59 10.6' 9.86 9.21 8.69 8.26 1.89 1.51 1.29 1.0. 6.82 6.62 6." 6.27 6.10 5.95 5.51 i 
?lI 

1 1.860 8 49:):) JI. 'J 29.21; '26.8' 24~73 2l.26 22.11 21015 20.36 19.70 19.12 18.62 18.16 11.16 11.40 L 7.06 16.7. 16.'S 16.111 15.5 1 
l.a95 5 9500 ;~:~~ .:~(~~ ll.6. JS.II l:!.ll ]1.63 30"6 29.49 28.611 27.94 27.211 26.10 26.2(1 25.74 25.31 2",90 24.50 2 •• 12 23.83 ! 1 .~"z IJ 14600 43.82 41.08 311.98 37.32 36.03 34.92 3 ... 01 J3.18 32 ... 7 31.81 31.26 30.7-2 lO.ZI 29.75 29.32 28.89 28.7. 1 -----;:-- 1 

J 
14.20 

. i 
1.9~ 10 1000 13. Il 12.01 10.96 10.15 9.49 8.95 8.49 8.10 7.7S 7.46 7.19 6.9 .. 6.72 6.51 6.32 6.15 5.98 5.46 , 
1.9 1:) 49:):) .10.20 28.46 26.6-7 25.04 23.68 22.57 21.69 20.98 20.39 19·62 19.20 15.83 18.50 111.20 17.91 17.60 17.31 17.02 16.85 l 1.918 la 9500 .1.92 39.25 36.65 3 •• 60 33.11 32.0. 31.01 30.14 29.40 28.74 25.16 27.63 27.11 26.63 26.18 25.7T Z5.41 25.04 24.86 

! 1.900 10 14600 51. "II .8.4. 45.54 43. 1'4 .1.16'" 39.515 38.25 37.19 ~6.211 35.151 l ... 45 33.86 33.32 32.81 32.33 31.88 31.14 :!0.16 30.29 , 
1 

1.920 12 1000 14.56 12.51 Il.29 10.52 9.8& 9.11 8.57 8.10 7.70 7.37 7.08 6.81 6.5. 6.30 6.09 S.88 S.70 5.52 5."Z 

1 1.895 IZ 493:) 2'1.26 26.65 25.07 23 •• ' 22.20 21.12 20.2. 19.50 18.87 18.33 17.84 17.41 17.0" 16.70 16 ... 1 16.13 15./I~ IS.61 15.01 
1.898 12 96.)0 .4.33 42. Il" 39.07 36~ 5. 34.56 32.9. 31.63 30.52 29.6J 28.112 28.15 27.53 26.90 26.32 25.79. 25.29 2 •• 82 24.38 23.99 
1.897 lOI 14600 S.,.I.1 47.15 "' ...... 7 42 • .13 40.se 39.16 31.41 36.52 35.78 J5.1 .. 3 ... 57 34.05 33.60 33.15 ·32.34 ll.98 JI.6 .. JI.31 30.92 

1 

'. 
Z.0'!4 :5 1000 I~. "9 12.51 11.00 9.89 9.09 8."6 7.95 7.51 7.11 6.76 6 ... 3 6.13 5.86 5.63 5.41 5.22 5.03 •• 1115 ..62 
Z.:)63 S 5:l:)Q 27.65 2 •• 86 22.27 20.24 lS.IU 17.8. 17.10 16.51 16.00 15.155 15.15 14.78 14 •• 5 1 •• 13 13.83 13.5S 13.29 13.0 .. IZ.87 
2.'173 5 10000 39.88 .35.73 J2." 1 29.36, 27.6Z 26.38 25.60 2 •• 96 2 ••• 1 23.90 23 •• 3 23.00 22.60 22.22 21.87 21.155 21.27 20.99 20.72 
Z.IH2 5 15000 46.6 .. 41.50 l7.l(l l4.27 32.25 31.04 30.36 29.82 29.34 211.93 28.52 211.13 211.13 21.32 26.93 26.56. 26.22 22.89 25.59 

2.096 !! IG.JO 1.l.5Z IZ.96 11.99 Il.00 10.20 9.52 8.99 5.5" 8.15 7.82 7.S3 1.28 1.06 6.85 6.66 6.49 6.32 6.16 5.20 :, 
l.369 ... a 4913 32. "6 3().12 21.75 25.5' 23.82 22.49 21.43 20.54 19.79 19.16 18.59 .8.16 Il.73 17.34 16.98 16.65 16.3. 16.05 15.76 
Z • .,64 ~ 9900 "l.26 40.21 36.91 l4.l2 32.36 31.04 29.82 28.83 2a.oo 27.27 26.61 26.0l 25 ... 2 2 •• 92 2 .... 6 24.05 23.66 23.29.23.00 
Z.062 ,} 15200 52. o. .a.7Z 44.90 41.51 39.32 l7,"8' 36.04 J5. 00 ll.95 3l.00 32.24 31.52 30.87 30.29 29.75 29.26 28.77 28.35 27.91 

, 
1 

loi 03 la 1000 14.30 13.19 12.09 Il. O. .10.21 9.:15 9.01 ."..55 Il.l5 7.110 7.50 7.23 6 .• 99 6.77 6.56 6.31 6.20 6.03 5.85 

1 2.l64 Il 5ll~ 31.20 Z9.52 Z7.53 25.58 2 •• 00 22.79 21.119 21.08 20.36 19.10 19.12 18.60 18.1e 17.78 17.42 Il.01 16.76 16.44 16.21 
Z.l7. 10 10000 4l.7~ 40.0J J7.25 34.74 J2.76 31.25 30.06 29.01 28.15 27.32 26.62 26.04 25.54 25.03 2 •• 47 23.95 23.47 23.02'22.95 
2 ."6~ 10 15100 52.26 .9.52 .6.14 43.23 .. 0.79 l8.82 31.2. l5.9l 34.19 33.87 33.13 l2.43 ll.1I2 31 .. 21 30.64 JO. 14 29.73 29.26 29.2/1 

1 
1 ..... 5 12.59 Il.16 10.58 9.117 9.17 8.61 8 ••• 7.75 1."1 7.12 6.85 6.60 6.311 6.17 5.911 5.110 5.64 5.511 ~ 

J 
Z.IOI IZ 1000 i ~.:)88 12 5~)l Z':!.76 21.88 26.15 24 •• ra 23.03 22.01 21.24 20.45 19.711 19.21 18.71 18.27 11.111 Il.51 17.111 16.81 16.57 16.29 1&.00 
2.070 12 10ClOO 41.19 ]Q. 12' J7.74 36.l0 35.21 " '''5 JJ.82 l3.25 12.73 l2.26 31.81 31 •• 9 31.01 30.55 30';,05 29.57 29.12 28.69 28.11 
Z .071 12 15200 51.01 47.58 46.04 .... 2. 4l.07 "1.74 4<!.85 .0.011 39.28 38.65 l8.09 37.57 37.02 l6.53 36.04 l5.54 35.11 34.67 34.211 > t . f 
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APPENDIX D 

:-- ' 
Specifications' of Marinite l 

'1 

Density 737 Kg/ui3 

Thermal expansiOll 6.91 x l-o-6 / 0 C up t'o 150°C 
1 .' .. , 

(shrinkage thereafter) 

Shrinkage length' 0.2% at,300°C , . 
Ther.mal conductivity 

0.114 W/m-°K 
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APPENDIX E 

Working Principle and Specification of Microfoil 

Heat Flux Sensor 

A-IO 

The Microfoil heat flux sensor· (Model 20450-1), man~factured 

by RDF Corp., may be represented electrically as multijunction the.rmo-

p~les. Basically, the RDF microfoil sensors differ irom conventional 

thermopile sensors in that they eliminate the use of plated jtm.ctions 

and are fabricated with homogeneous t'hermoelectric a110ys in each leg 

between junctions. The legs arè' manufactured from 0.005 mm foils which'· 
! 

greatly reduce the thermal losses due to lead conduction, Fur the rm0'te , 

the thermal junctions are formed in the shape of accurately,controlled 

platelets functioning as controlled heat sinka f~r each junction. 

Thus, the accuracy and repeatability of their calibration become inde-

pendent of mounti~g conditions. 

The microfoil sensors are fabri'cated from three laminated 

sections. The upper and iower sections are manufactured from silicone-

impregn~ted glass clotho The critical layer i5 the one in the centre 

.... and serves as a thermal 'barrier. 

As shown in Figure E.l, the thermoelectric junctions are 

formed from two materials designated as A and B, on the upper surface 
l" 

of the barrier.~In series with these are corresponding junctions on 
-, . 

the lower surface. The two output leads, ther&fore, are of the same 

maeéJ~~ as the one ~min~ from the tirst j ûucÙon on ,the ~pper surface 

and the other from the last junction on the lower surface. Although 

on1y one pair of junction~ ls r~u~red ~or a complete sensor, multiple 

pair$~of junctions are installed to insure maximum signal. Any time' 

, , 

l 
1 
>. 

1. 
1 • 
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A-Il ,. 

thermal energy ia trans'ferred through the barder, a temperature 
• f 

gradient, âT, is generated across the barrier, which is d1rectly pro-
, . 
portional ta the heat transfer rate. Renee, each pair of thermoelectric 

junctions forma a complete-d thermocou:ple circuit whose voltage output , 
Jo 

is proportional to the t$mperature gradient. 

The sensors are e1:t uipped with reference Copper-Constantan 

thermocouples. The dimensions ,pnd further specifications of the sensor 

and thermocouple are tabulated in Table E.1. As shown, the sensors 

exhibi t a very small response time, 0.02 s, as defined by the time 

required for the junctions, to reach 62% of an instantaneoU8 step :change 

in the temperature. The heat flow, sensors are individually calibrtted 
i 

by the supplier for the heat transfer rate. 
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TABLE E.l 
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, ; 

,~.. r 

Specification of Micro-foU Heat Flux. Sensor (Model 20450-1) 

NoUdnal' dimension llmmx7mm 

Heat sensin:g area. 4.78 mm x 1.9 mm 

" 
Thermal resistance 

." .. 
}œsponse time 0.020 (62% response to step change) 

',t-

Maximum operating tempo 
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APPENDIX F 
, " 

J 

, 
Correction for Difference in Conductivity between 

Impingement Surface and Sensor Materlal 

A schematic diagram of the heat flux sensor tnOllIlted on the 
G " 1 , 

impingement surface ~s shown on F1gure~.1 (a) . AssumiI}g hest conduc tian 

1n y-direction on1y, the syste~may be.expressed by the'~site wall: 

network shawn on F .l(b). Thus 

T * - T 
0, 

s a (F .1) "lm = 
RI + R2 + R3 

where qm ie the measured heat flux through tlle sensor 

T * 1s the 
s. 

temp er a t ure of the sensor surface 

T is the tempera ture at the bottom of the imp lngemen t plate 
a 

Rl ia the theIlllal resistance of the sens or .~ 
'. 

R2 :Ls 
\ 

the tœrmal t'es is tance of the adhesive 

R3 ls the thermal resistance of the p:1ate belaw the sensar 

and ' "r 
1= 

T - T s a' (F.2) q - ~ 

. 
where q ls the true impin gemen t heat flux .,.. 

T ls. the temperature of the impingement surface s 
-

~ is the the rmal res 1s tance of the plate. 

Here Rl - 5.28 }C 10-4 ~K/W-m-2 

R2 .., 5~78 x 10-6 °K/W_m-2 

R3 - 1.58 x 10-5 °K/W;m-2 
~ 

~ .. 1.57 x 10-5 °K!W_m-2 

,< ..... 

1, 

~ 

- . 
" 

1 

1 
1 

1· 
1 
! 
1 

1 

1 



() 

j. 

1 

r -

1 

,. 

0,' .. 

F.l and 

Three ~wn variables q, Ts * 
F.2 by an iterative approach. 

A-15' 
/ 

and tare solved fr0ll! equations 
a 

The q ob tained thus 18 the true-

heat flux "to the iinpingement surface and is used to calcula te the heat 
(J' 

transfer coefficient. 
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'~ FIGURE F-l! (b) 
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() 
MPENDIX G 

Radiant Heat Transfer 
·1 

At steady state condition, tg.e total heat transfer to the 

'" ' , impingement surface may be expressed by the following equati.on . 
.JI 

J 
J . q ... qc + ql' (G.1) , ~ 

J : 

l 
where q - total heat flux to the impingemen t ,sur-facè, 

convective heat flux qc - ;, 

'·1, . 
" , 

il 
r 

qr 
,. radiant heat flux \ , " 

,1 t 

1 

, 
The radiant heat transfer from a medium to a surface may be 

represented hy the following network 

qr 

• 
0 ~ 0 vVV"/'v- ·0 

~m .J 1 jl 1 - El ~l 
FI E .Ê:l' mm 

; 
, 

1. .. ., 

radiant heat 'transfel' 
i 

Th us the ! 
c " 

1 
\ 

, . , 

~ (Fom-

~ 
1 

1 + I - e] 1. E
hl

) 1 • 

FI E El 

l' 
mm 

'=' 

cr {(T j) 4 (T
s

) 4} 
.. 

• 
- e:l r " I 1 

FIe: 
+ 

mm El 

t 
1 

" where cr '!" Stephan-Boltzman constant - 5'.67 x 10-8 W/ull-K'+ l' 
1 

c-

O F1m • shape fac tor "" ,1 1 , 

e: - emissi vi ,ty of air .. 0.1 
m 

emissivity of 
1 

0.023 e:l • coppel' surface • ,,1 
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o TItus from Equation G.lr, the convective heat transfèr 18' obtained 

• as , , 

10-9 {(T
j

)4 (T ) *} 
. 
(G.2 ), , • qc • q 1.08 x s 
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) 
APPENDIX H 

r 
2: 

PhIsical ProEerties of Ailt 

·I-l.) ; 

~empé ra ture 
.. C 

Jl K P p 
Oc centipoise W/mok J/Kg oK Kg/m3 

... 
, 1 

50 0.01~3 0.028 1006 1.092 

100 . :-. 0.0216 0'.032 1011 0.946 L . 
150 0.0237 0.035 1016 0:835 

•• 200 0~02.51\... 0.039 1025, 0.746 
.". 

250 0.0274 0.042 1036 0.674 -

300 0.0292 0.0;5 1045 -0.616 ' .. 

" 
Reference:, "., 

.. 
Holman, J.P., Heat Tran~fer, 3rd Ed! tian, McGraw-Hill Boo~ 
Co., New York. 
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