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Hence the line T, = 0.5 separates the thermally developing 
and developed regions. 

The effectiveness is plotted in Fig. 4 against the dimen- 3. 
sionless distance along the flow direction. it is seen that it 
rapidly approaches its limiting value of unity for small 
Prandtl numbers. From the same figure it can be noted 4. 
that the influence of fi is significant compared to that of 
Prandtl number by observing the curves 6 and 7 which are 
plotted for Pr = 1. It is found that the effectiveness is a 5. 
weak function of tl as was observed for dimensionless mean 
temperature. 6. 
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the film effectiveness, wall-main stream 
temperature difference/wall--main stream 
temperature difference at injection slot 
[dimensionless]; 
the distance downstream of the slot [in]; 
the height of the slot opening [in] ; 
the ratio of the mass velocities, the coolant’s 
divided by the main stream’s [dimensionless]; 
dimensionless factor accounting for the effects of 
geometry, turbulence and boundary layers; 
momentum thickness of the main stream at the 
slot location [in]. 

IN THE brief note, film cooling will refer to the process of 
injecting a gas along a wall, through discrete openings, to 
shield the wall from a high temperature gas stream. A “film” 
of gas persists for a distance downstream of injection, its 
effect gradually eroded by mixing with the main stream. 
Figure 1 gives an idea of the geometry involved. 
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FIG. 1. The film cooling injection system. 
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FIG. 2. Experimental results without pressure gradient. 

The process can insulate effectively in high heat flux 
situations, and has also been proposed to control boundary 
layer separation in an adverse pressure gradient. Hypersonic 
airbreathingengines could use these traits, to name a possible 
application. 

Pai and Whitelaw [l] presented the important step of an 
analytical method (a computer solution of the boundary- 
layer equations with a mixing length concept) for the 
prediction of film cooling effectiveness. The method predicts 
a quite small effect for adverse pressure gradients. Escudier 
and Whitelaw [2] found experimentally a small pressure 
gradient effect for the introduction of coolant through a 
porous plug rather than a slot. Several experimental studies 
with favorable pressure gradients present a not entirely 
consistent view, but an indication that the effect is also small. 

Experiments were performed to investigate film cooling 
with adverse pressure gradients, in which air at moderate 
pressure, temperature and velocity flows through a duct of 
rectangular crass section. The inside vertical dimension is 
constant; the inside horizontal dimension is variable. Slots 
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FIG. 3. Film cooling results with the boundary layer 
accounted for. 

milled into the upper and lower walls allow insertion of a 
plane wall at angles of 0, 7 and 15” with the entering flow 
direction, such that the flow approximates a two-dimen- 
sional divergent flow with adverse pressure gradient. The 
angled wall contains the film cooling injector (streamwise 
position variable) described in Fig. 1, wall temperature and 
static pressure sensors and insulation on its backface to 
make the wall adiabatic. 

The experimental results will be presented in terms of; 
E, X, S and M. Many experimenters have used plots of 
the dimensionless quantities E against X/NS to bring their 
data together. For large X/MS, their data take the form 
E = .4(X/MS)-4”, where the factor il accounts for effects 
of geometry, turbulence and boundary layers and is usually 

near 20. This study, for the case without pressure gradienr. 
yields an A of near 17. as Fig. 2 shows. Reference [3] 
reports the data and test setup in detail. 

An adverse pressure gradient atrects the thickness of the 
boundary layer in the main stream. The experimental results 
of this paper agree with the general trend of a drop in 
effectiveness with a thicker boundary layer. shown in several 
studies. Figure 3 presents the data in terms of (B/S)” 3X~MS. 
The correlation shows no discernible effect of pressure 
gradient at all. These data represent. in some cases, flows 
up to boundary-layer separation. so that correction to E is 
probably not needed for adverse pressure gradients. once 
boundary layer is accounted for. 

These results are valid for low speed Row. A recent 
paper [4] presents the supersonic case as apart, in that the 
adverse pressure gradient increased effectiveness strongly. 
The reason for the difference is unclear. Many applications 
of the process are at high speed; further study is in order. 
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NOMENCLATURE 

k. ConductibilitC thermique [gcm/s3 “Cl; 

L, chaleur latente de vaporisation [erg/g] ; 
P vcT,j, pression saturante g la temptrature T, 

Cdyn/cmzl; 
P,(t), pression loin de la bulle; 

R, rayon de la bulle [cm]; 

RO> rayon initial [cm]; 
t, temps [s]; 
T v. tempbrature g l’interface (liquide et vapeur) [“Cl; 
T cc> tempkrature de la masse liquide c”C]; 

a, diffusivitk thermique [cm’/s]; 

P? masse volumique du liquide [g/cm3]; 
p,(T’,‘,), masse volumique de la vapeur a la 

temptrature T, [g/cm’] ; 
Les points reprksentent les d&iv&es par rapport au temps. 

1. INTRODUCTION 

DE NOMBREUSES Etudes [2-61 ont tti: consacrCes B la con- 
traction de bulles de vapeur soumises b des pressurisations 
ou g des sous-refroidissements rapides. Toutefois, le plus 
souvent ces Btudes n’ont trait& que de la dtcroissance de 

bulles supposkes sphCriques en permanence et de ce fait il 
existe peu de donnBes sur le maintien de la forme sphirique 
pendant la contraction. Plesset et Mitchell [l] ont Ctudie 
thboriquement la stabilitk d’une bulle soumise B une vari- 
ation de pression et ont conclu qu’une petite d&formation 
de la forme sphkrique n’est pas amplifi&e tant que le rayon 
adimensionnel, rapport rayon sur rayon initial, est inft-rieur 
5i 0.2. 

Du point de vue experimental on doit noter des rksultats 
contradictoires. Ainsi, pour des sous refroidissements 
supkrieurs B 2O”C, Florschuetz et Chao [2] ont obtenu des 
bulles initialement sphtriques qui se dkforment et se brisent 
encours decontraction. Au contraire, Board et Kimpton [3] 
opkrant B des sous refroidissements supCrieurs n’ont constatt 
de d&formation des bulles qu’immkdiatement avant d’at- 
teindre le rayon minimum qui precede une expansion de la 
bulle. 

Par ailleurs, dans le cas de bulles non sphkriques en 
ascension dans un liquide en Bbullition les chercheurs ont 
toujours ttudiC la variation du rayon de la sphere de m&me 
volume sans mentionner d’kventuelles instabilitks ou rup- 
tures, ni des diffkrences de comportement suivant la forme 
initiale de la bulle. 


