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THE PREDICTION OF WALL TEMPERATURE 

IN THE PRESENCE OF FILM COOLING 

B. R. PAI and J. H. WHITELAW 

Department of Mechanical Engineering Imperial College of Science and Technology, Exhibition Road, London, England 

(Received 21 April 1910 and in revisedform 5 June 1970) 

Abtmc-A procedure has been developed for the prediction of adiabatic-wall temperature and heat- 
transfer coefficient downstream of two-dimensional, film cooling slots. Comparisons between predicted 
and measured values demonstrate that the method satisfactorily predicts the influence of velocity ratio, 
density gradient, longitudinal pressure gradient, slot-lip boundary-layer thickness, and the ratio of lip 
thickness to slot height. The procedure usea a modified form of the Spalding-Patankar scheme to solve 
the two-dimensional, boundary-layer equations and embodies particular forms of the Prandtl mixing 
length and effective Prandtl number. 

Although the procedure is satisfactory for twodimensional slot configurations with controlled flow 
conditions, it is shown that the prediction of combuster-wall-temperature distributions is still some way 

Off. 

NOMENCLATURE 

convective heat-transfer coefficient at 
inner surface of flame tube 

[W/m’ degCJ ; 
convective heat-transfer coefficient at 
outer surface of flame tube 

[W/m2 degC] ; 
constant in the law of the wall ; 
pressure gradient parameter 

[ = v/u; du,/dx] ; 

mixing length [m] ; 
characteristic length of the wake [m] ; 
value of x over which A is evaluated, 
equation (9) [m] ; 
thermal conductivity of slot fluid 

[W/m degC1; 
mass llux across Z boundary [kg/m2 s] ; 
mass flux across E boundary [kg/m’ s] ; 
Nusselt number [(hy,jk,)] ; 
static pressure [N/m21 ; 
heat flux generated by heating element 

W/m21 ; 

PCGYC slot Reynolds number E - . 
[ 1 PC ’ 

slot lip thickness [m] ; 
absolute temperature [“K] ; 
mean velocity in x-direction [m/s] ; 
velocity maximum [m/s] ; 
characteristic velocity of the wake 

Cm/s1 ; 
YC 

1 
mean velocity at slot exit - 

Cm/s1 ; Yc s 
udY 

0 

free-stream velocity [m/s] ; 
mean velocity in the y-direction [m/s] ; 
distance from slot exit [m/s] ; 
slot height [m] ; 
slot-lip boundary-layer thickness ; 
flame absorptivity at wall temperature ; 
effective ditfusivity, Fig. 1 [kg/m-s] ; 
additive diffusivity, Fig. 1 [kg/m-s] ; 
emissivity of the flame ; 
emissivity of the combustion chamber 
casing ; 
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EW3 emissivity of flame-tube wall : 

% effectiveness based on general con- 
served property 4 

_ 4ad.W - 45 
[- 4c - 4G 1 ’ 

qExp, experimental value of effectiveness ; 
qpm, predicted value of effectiveness : 

a measure of deviation equation (9) : 
a mean value of A; 
laminar viscosity [Nsjm’] ; 
effective viscosity [Nsim’] ; 
kinematic viscosity [m’/s] ; 
coefficient in equation (10) ; 
fluid density [kg/m31 ; 
effective Prandtl or Schmidt number; 
Stefan-Boltzman constant 

[W/m’-“K4] : 
shear stress in fluid [N/m’] ; 
a conserved property : 
stream function defined by equation 

(2) ; 
non-dimensional stream function, 
equation (3). 

Subscripts 
ad, pertaining to adiabatic wall : 

2 
pertaining to slot exit ; 
external edge of boundary layer ; 

1, internal edge of boundary layer : 

G, pertaining to the free stream : 

Mi, pertaining to the wall. 

1. INTRODUCTION 

RECENTLY reported measurements in film cool- 
ing situations together with the equally recent 
procedure for solving the differential equations 
appropriate to boundary-layer flows, have made 
it possible to devise a more general method for 
predicting the properties of such flows. Thus, 
the present paper reports a procedure for 
predicting mean-flow properties downstream 
of a two-dimensional film-cooling slot and 
demonstrates, by comparison with experimental 
data, that the procedure allows accurate predic- 
tions over a wide range of velocity ratios, 

density ratios, longitudinal pressure gradients 
and two-dimensional slot configurations. This 
procedure represents another step forward in 
the long-term objective to provide a means of 
predicting important flow properties down- 
stream of three-dimensional film-cooling slots. 

Previous attempts to predict film-cooling 
performance have been restricted in the range 
of variables for which they were valid. These 
restrictions were caused partly by lack of 
knowledge of the important parameters and 
partly by the form of the procedures themselves. 
A brief review of the current state of knowledge, 
of the important parameters and prediction 
methods is included in the succeeding para- 
graphs, and will be referred to later in the paper. 

Many experimental investigations, e.g. [l--7]. 
of ?he dependence of the adiabatic-wall (or 
impervious-wall) effectiveness on the velocity 
ratio, i&-/aG, have been reported. In contrast, 
there have been only a few [l, 2, 81 investiga- 
tions of the dependence of local heat transfer 
coefficients. The ratto t/y, has been shown. 
under certain conditions, to greatly influence 
the effectiveness [6, 8. 91 but not the heat 
transfer coefticient [8]. Density ratio has a 
considerable influence on the effectiveness [7. 
lo] and longitudinal pressure gradients have 
little effect upon effectiveness unless the pressure 
gradient is strong enough to laminarise or 
separate the boundary layer [ 1 l--14] : there is 
no experimental evidence of the influence of 
density ratio and only slight evidence of the 
influence of pressure gradient [ 121 on the heat 
transfer coefficient. The thickness of the 
boundary layer on the upper surface of the slot 
lip has been shown to have little influence 
unless tiyc is small [15-181. The data reported 
in these papers [l-18] make possible the testing 
of a prediction procedure over a wide range of 
variables. 

The large number of correlation equations 
devised for film-cooling situations can be typi- 
fied by that due to Spalding [ 191, i.e. 

u = 1. x < 7, 
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where 

0.8 

RC0'2 

This equation, in common with all correlation 
equations, is valid only within the range of 
variables upon which it is based. Thus, the 
above equation, and most of its predecessors, 
cannot be used in the presence of density 
gradients; for velocity ratios in the vicinity of 
unity; or to predict variables other than the 
adiabatic-wall effectiveness. Subsequent 
attempts [20, 211 to devise more general pro- 
cedures, based on integral forms of the conser- 
vation equations, were abandoned in favour 
of procedures based on differential forms of the 
conservation equations. Two procedures have 
been developed simultaneously: the one pre- 
sented here is based on the parabolic boundary- 
layer form of the differential, conservation 
equations; the second [18, 221 is based on the 
elliptic time average Navier-Stokes equations 
and permits the prediction of recirculation. Both 
procedures are embodied in computer programs. 

The experiments reported in [23] showed that 
normal pressure gradients and recirculation 
can exist in the region close to the slot exit. 
In this region, therefore, the parabolic equations 
are not entirely valid and the elliptic equations 
should, strictly speaking, be employed. How- 
ever, since this region is of the order of 15 slot 
heights in length and the range of interest 
may extend to several hundred slot heights, 
depending on the application, it is desirable 
to determine what can be achieved with the 
boundary-layer equations. In addition, the 
solution of the parabolic equations is more than 
10 times faster than the solution of the elliptic 
equations; this economy of computational time 
is a further important reason for solving the 
parabolic equations. 

The present paper is almost entirely devoted 

to two-dimensional flows, in contrast to most 
film-cooling slots used in practice. It is useful 
to note, however, that prediction procedures 
for three-dimensional slots are entirely based 
upon empirical correlations and are restricted 
to very narrow ranges of geometrical configura- 
tions. The two-dimensional nature of the present 
prediction procedure is a serious limitation 
although it is much more general than any 
presently available alternative. The extent of 
this limitation is discussed, with particular 
reference to the design of combustor film- 
cooling slots, in a later section of this paper. 

The basic features of the present procedure 
have been described by Spalding and Patankar 
[ 241. In a subsequent paper [ 71, the application 
of the procedure to the special case of an 
impervious wall, was described. There is no need 
to repeat details previously described and the 
next section does no more than present the 
essential features of the differential equations, 
the flux laws and the solution procedure. 
Section 3 presents the particular forms of flux 
laws employed here, and the evidence for these 
choices ; this evidence is presented separately 
for the upstream and downstream regions and 
the section is divided accordingly. Section 4 
attempts-to display the generality and accuracy 
of the procedure by presenting predictions, 
and making comparisons with experimental 
data, of the adiabatic-wall effectiveness and 
heat-transfer coefficient. The application of the 
procedure to combustor film-cooling is described 
and discussed in section 5. The last section, 6, 
summarises the achievements of the present 
paper and suggests guidelines for future research 
designed to render the prediction procedure 
more applicable to combustion chamber design. 

2. RELEVANT EQUATIONS 

The equation for conservation of mean 
momentum of a two-dimensional, boundary- 
layer flow may be written in the form: 

au au 

uz+“ay= 
_Idp,‘dz 

pdx PdY’ 
(2) 
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Introducing the stream function, defined by : 

a* pu = -- and pv = - gz 
ay 

and its dimensionless form : 

(1) may be rewritten as: equation 

au 
a.y ' 

where 

a4 -. 
a.Y 

(3) 

(4) 

(5) 

(6) 

where 4 is a general dependent variable and 
c and d have the general forms: 

d zs @/Pu. 

The solution procedure of Spalding and 
Patankar [24] was devised to solve equations 
of the form of equation (5) and is used here 
because of its economy and generality. The 
x - o coordinate system ensures that the 
computations are carried out only between 
values of CO of zero and unity and an empirical 
entrainment law ensures that this is the region 
where flux gradients are finite. 

The term, c, includes the diffusion coefftcient 
appropriate to the conversed property, 4, and, 
for laminar flows, this is readily specified. For 
turbulent flow, however, an appropriate hy- 
pothesis is necessary. The present choice for 
the coefficient of momentum diffusion is based 
on Prandtl’s mixing length : 

H. WHITELAW 

(7) 

An effective Prandtl number and Schmidt 
number are specified for the equations of total 
enthalpy and species; they are here considered 
to be identical, implying an effective Lewis 
number of unity. The specification of mixing 
length and effective Prandtl/Schmidt number 
is discussed in the next section. 

3. PHYSICAL HYPOTHESES AND THEIR 
JUSTIFICATION 

The choice of the mixing-length form of 
effective viscosity was made because it represents 
the simplest form of effective viscosity which 
can be used for wall-jet and wall-wake flows. 
More complicated forms are possible but it is 
desirable to test the validity of the simplest model 
and, in any case, the available data do not permit 
the testing of higher-order models over the 
range of variables of interest in this paper. 
The choice of a single equation for species 
and total-enthalpy conservation was made for 
similar reasons; once again, available data do 
not warrant the use of a two-equation model or. 
indeed, of complex forms of the effective 
Prandtl or Schmidt number. 

Two approaches have been taken to obtaining 
specific forms of mixing length and Prandtli 
Schmidt number. The first, the direct approach. 
was to examine all available experimental 
information from which the mixing length and 
Prandtl/Schmidt number profiles could be de- 
duced. The second, the indirect approach. was 
to use the prediction procedure with assumed 
forms of the mixing length and Prandtli 
Schmidt number. Both approaches were taken 
in an earlier paper, [25], where it was concluded 
that the optimum forms of mixing length and 
Prandtl or Schmidt number were: 

@09y,/k: < y < y, I 
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and oeff = 1.75 - 1*25y/y,, respectively. 
Further examination, e.g. [26], has supported 

the choice of value of K but not the distribution 

of Ceff. The direct information is insufficiently 
precise to define CT,~ and, hence, a specific 
choice must be based on indirect evidence. 
This indirect evidence should be considered 
only in the downstream region of the flow if it 
is to be assessed in conjunction with a parabolic 
prediction procedure. This is done in the next 
subsection. Thereafter, modifications are des- 
cribed which permit the mixing length and 
Prandtl/Schmidt number distributions to be 
used in the upstream region in conjunction with 
the parabolic procedure. This is necessarily 
an approximate procedure which can be justi- 
tied on grounds of simplicity and in spite of 
the empiricism required, will be shown to be 
much more successful than previous attempts 
to predict flows of this type. 

3.1 The downstream region 
The computer program previously used in 

[25] and embodying the numerical-computa- 
tional procedure of [24], was used to effect the 
comparisons discussed in this section. The 
mixing-length distribution was that given in 
equation (8) and in cases where the presence 
of zero-velocity gradient caused the effective 
diffusivity to become zero, the effective dif- 
fusivity was taken as the value corresponding 
to a straight line between the two neighbouring 
effective diffusivity maxima; this bridging pro- 
cedure was shown in [25] to have no significant 
influence on values of mean velocity. 

The minimum value of the quantity: 

was used in judging the quality of predictions. 
This quantity was selected since it bases the 
selection procedure on the adiabatic-wall effec- 

tiveness which is the property of direct relevance 
to this paper. A mean value of A, i.e. 

was obtained for each of the three beff distribu- 
tions, 

and 

(Ten = 0.5 

Oeff = 1.0 

=eff = 1.75 - 1+25y/y,. 

The test data, the resulting values of A, 
evaluated at ?c/yc of 100 K and the maximum 
deviation occurring between ~/yc of 20 (the 
initial condition) and 100 are indicated on 
Table 1. From this table it can easily be seen 
that a value of effective Prandtl/Schmidt number 
of unity gives the best result by a large margin. 
The test data were selected to cover a practical 
range of variables in ‘zero pressure gradient 
and to provide measured profiles of velocity 
and temperature or concentration at or around 
x/y, of 20. The selection was made in order not 
to bias the result too greatly towards the 
measurements of the present authors, the 
largest number of results with known boundary 
conditions available to the authors being their 
own. 

The conclusion that a value for effective 
Prandtl/Schmidt number of unity is better 
than a linear distribution from 1.75 at the wall 
to 0.5 in the free stream is at odds with the con- 
clusion of [25]. The reason for this lies partly in 
the data selected for the test and partly on a 
modification to the Couette flow assumption 
made in [25]. The consequences of this assump- 
tion were (a) that conservation of species was 
not precisely observed and (b) it caused the 
non-dimensional concentration profile to bulge 
outwards due to the incorrect slope at the first 
grid interval from the wall. Subsequently, this 
procedure was changed to permit the correct 
consideration of convection in the half-interval 
at the wall. The details of this modification are 
described in [27]. 
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The results briefly reported in Table 1 have 
not been shown in diagrammatic form for 
reasons of space. Similarly, comparisons be- 
tween velocity and temperature/pro~e measure- 
ments, integral properties and wall-shear stress 
are not shown here. They are exhibited in 
[S] and confirm the conclusion drawn above, 

The results discussed in the previous para- 
graphs are relevant to zero-pressure-gradient 
situations. The measurements described in [13] 
permit the prediction procedure to be tested 
in constant-density, pressure gradient situa- 
tions. The results showed that the quality of 
effectiveness predictions was excellent for an 
adverse pressure gradient (KK, ‘Y - 1 x XI-“) 
but poor for a favourable pressure gradient 
(KP N I.8 x 10W6). The reason for poor pre- 
dictions in a strong favourable pressure gradient 
is the form of the law of the wall used in the 
prediction procedure. This law of the wall is 
based on van Driest’s hypothesis [28] and is 
invalid when the flow tends to laminarise as 
it will for values of Kp Iarger than approxi- 
mately 2 x 10’ 6U The measurements of velocity 
profiles and shear stress obtained in the favour- 
able pressure gradient {Kp ‘v 1.8 x 106) showed 
that this was not a fully turbulent boundary 
layer and, hence, it is to be expected that the 
wall law would be inappropriate: consequently, 
the predictions of velocity and concentration 
are poor. 

3.2 The upstream region 
The results presented in [6] and [9] revealed 

and quantified the influence of slot geometry 
on the impervious-wall effectiveness for constant 
density flow. Subsequently, [lo] extended this 
work to include the effect of density gradients. 
The measurements described in [21] and [22] 
demonstrated the elliptic nature of the flow in 
the upstream region and also showed that a 
thick slot lip gave rise to a preferred frequency 
which was rejated to the Strouhal frequency. 
Thus the flow in the upstream region is elliptic 
and may, in a limited region, be unsteady, 
Consequently, the use of a prediction method 

based on parabolic equations is an approxima- 
tion and can be justified only if it is economical 
of computer time, easy to use and correctly 
predicts the important variables. The present 
procedure is economical (approximately 15 s of 
IBM 360 time to predict effectiveness from 
?c/yc of O-200), easy to use and it remains to 
modify the specification of effective viscosity 
to permit correct predictions. 

Figure 1 shows with a dotted line the distribu- 
tion of effective diffusivity corresponding to the 
mixing-length specification of equation (7) and 

9 u/u, 

FIG. 1. Effective diffusivity profile used for prediction of 
the influence of lip thickness on effectiveness. 

a realistic mean-velocity profile corresponding 
to a short distance from the slot exit. The chain 
dotted line shows the distribution of effective 
diffusivity used in the calculations of the 
previous subsection, i.e. zero effective diffusi~ty 
is discounted by bridging. The full line shows 
the form of effective diffusivity distribution 
used to allow the procedure to predict the 
influence of lip thickness, Thus I’, represents 
the effective viscosity or diusivity profile 
resulting from the Prandti mix~g-lent hy- 
pothesis and modified by tht: bridging procedure. 
The additive diffusivity, radd, is imposed to 
represent the effect of lip thickness and was 
computed from a form of eddy-viscosity hy- 
pothesis suggested by Prandtl [29] for free 
flows, i.e. 
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where < is specified empirically, IW is a charac- 
teristic width and uW a characteristic velocity 
of the wake. In the region between the two 
inner peaks of the diffusivi~ profile, the dif- 
fusivity was assumed to vary linearly from the 
value at the inner peak to the augmented value 
at the adjacent peak. Thus, the resulting eddy- 
diffusivity profile is continuous across the layer 
and exhibits an increased value in the wake 

0,8 

? 
0.6 

0.8 
'I 

0.6 

FI<j. 2. Predicted and measured impervious-wall effectiveness: 
influence of slot lip thickness. Data of [9]. pcipc = 1. 

VYc 
0 o-13 

3 ;:;; 
e 0.89 
A 1.14 

region behind a slot lip. The additive term, radd, 
decreases to zero as the wake disappears. 

The particular form off,, used in the present 
paper may be written as: 

r add = 0.28 G/Y,)~ & lwuw (11) 

with p taken as local density, lW as the distance 
in between two points near the edges of the 
wake region where the velocity differs from 

uG andurn,, by 1 per cent and uW is the velocity 
difference between the velocity minimum in the 
wake and the mean of uG and umBX. The specifi- 
cation of 5 implied by equation (1 I) is based on 
the measured influence of t/ye on effectiveness 
[9] : the validity of this empirical procedure may 
be judged from Fig. 2. 

The specification of eddy diffusivity from the 
mixing-length assumption of equation (8) to- 
gether with equation (11) is, therefore, capable 
of predicting the influence of velocity ratio and 
lip thickness on the adiabatic-wail effectiveness. 
The ranges of lic/uG and tlyc for which this 
specification is valid is particularly relevant 
to those found in gas-turbine combustion- 
chamber practice. It has, however, so far only 
been tested in constant~ensi~ situations where- 
as combustion chamber practice involves density 
ratios of the order 25-3. Nevertheless, the quality 
of predictions obtained, with a simple eddy- 
diffusivity specification, in constant-density flows 
is encoura~ng and just&s the predictions of the 
next section which include variable-density 
situations. 

4. PREDICTIONS FROM THE SLOT EXIT 

The prediction shown in Figs. 3 and 4 were 
obtained with a value of radd of zero and show, 
respectively, the impervious-wall effectiveness 
for uniform and non-uniform density flows. 
The data, in both cases, were taken from [fl and 
were obtained with a tapered slot lip which, 
for present purposes, can be considered as a 
lip of zero thickness. The agreement between 
prediction and measurement is, on the whole. 
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0.6 - 0.37 

04- 

06- 

1 0.8 
0.6 

o'76 2620 I L 

10 100 
X/u, 

FIG. 3. Predicted and measured impervious-wall effectiveness. 
Data of [7], pc/pG = 1, tjyc = small. 
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120 e 
ArctOn 0 281 2450 

cl6 

y0.e 
Arcton 1 645 14250 

10 r * 
rlQ’ I- i&U‘ up--- 

0 01 
0 308 70 e 

I 0 

YQ’ 
0 01 

L_$ ! ___-L__.-i i h I 
10 10 100 10 v 10 100 

x/v x+ 

(a) yc;pG > 1. Argon and Arcton 12 injection. (b) pc,pG CT 1. Wydrogen injection. 

FIG. 4. Predicted and measured imperious-wall effectiveness. 
Data of [7], tiyc = small. 
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good althou~ some discrepancies can be 
observed For the non-uniform density situation 

W&i = 4.17) closest to gas turbine practice, 
the predictions tend to be pessimistic at the 
higher velocity ratios. 

Data from other authors are compared with 
predictions on Fig 5. These predictions cover 

X/YC 

FIG. 5. Predicted and measured effectiveness. Data of 
[l, 3, 101 0.84 < pc/pc < 4.17, t/ye = small in all but two 

cases. 

a wide range of velocity and density ratios and 
include the combined influence of density 
ratio and lip thickness. Once again, the predic- 
tions are generally good but at a density ratio of 

4-17, the influence of t/ye is over~st~at~. 
The predicted influence of t/y= is shown more 
clearly on Fig. 6 for two velocity ratios and at one 
value of $yc The trends are certainly borne out 
by experiment [lo] but the absolute magnitude 
is still open to question. 

04 
t- 

, x/y,:32,5 

i&u,: 1'5 

o-2/- & = 5000 i 

01 5 

P,‘P, 
(bf 

FIG. 6. Predicted influence of density and lip thickness on 
effectiveness. 

Figure 7 returns to constant density situations 
but shows predictions of Nusselt number in 
addition to effectiveness. The measurements 
were obtained iu an ~s~e~~ rig which 
is described in detail in [8]. The non-ad~bati~ 
surface was constructed from 126~~ stainless-steet 
sheet bonded to a Tufnol pipe of 73 mm i.d. 
and 150 mm long. Low voltage, high current a.c. 
electricity was passed through the stainless-steel 
sheet and the power and surface temperature 
distribution recorded. The heat balance equation 
has the form : 

.,I 
c&en = WGV - ~d,W) + MGi - TG) 

with k, and Tod,W as unknowns. For each velocity 
ratio, experiments were carried out for two values 
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0.6 - 3,51t6 16206 

Oh-- 
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FIG. 7. Predicted and measured adiabatic-wall effectiveness 
and Nusselt number. Data of [Sl. pc!pG = 0.92. 

t,qc 

g 
0.35 
1.0 

of (i$., (equal to zero and one non-zero value), slightly overestimated. The heat transfer pre- 
the two unknowns were obtained and both the dictions are also well within the experimental 
Nusselt number and adiabatic-wall effectiveness scatter and, in accord with the experimental 
determined. The predictions of effectiveness are results, demonstrate that the influence of tiyc 
again satisfactory but the influence of t/y, is is not signScant for the values of x/yt: greater 
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than 10: for smaller values of x/y, the measured 
values of Nusselt number are influenced by the 
value of t/ye but the predictions are not. 

Before considering the application of the 
present procedure to the design of combustion- 
chamber, film-cooling slots, it is useful to review 
the capabilities and limitations of the procedure, 
as indicated in the previous paragraphs; this 
may be accomplished with the aid of Fig. 8. 

limitations, well predicted by the present pro- 
cedure. Limitations include the influence of 
very strong favourable pressure gradients, where 
the boundary layer tends to laminarise; the 
influence of density ratios for low values, where 
the secondary flow is laminar; the combined 
influence of large values of density ratio, lip 
thickness and velocity ratio where the present 
procedure appears to under-predict. The pro- 

10 

08 
y 

06 

UC /UC 

(a) Velocity ratio 

I.0 

0.8 

0.6 

& /lJ, ‘/YC 

(c) Pressure gradient (d) Slot lip thickness 

PC ‘PG 
(b) Density ratio 

2 4 6 

G /UG Y&/UC 

(01 Heat transfer coefficient (f) LIP boundary layer thickness 

FIG. 8. Summary of comparisons of predicted and measured 
effectiveness and Nusselt number. 

This figure shows that the influences on the cedure also satisfactorily predicts the influence 
adiabatic-wall effectiveness of velocity ratio, of velocity ratio and slot-lip thickness on the 
density ratio, pressure gradient, slot-lip thickness Nusselt number, except in the region very close 
and lip-boundary-layer thickness are, with few to the slot exit. 
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5. APPLICATION TO COMBUSTER WALL 
COOLING 

So far the present paper has been concerned 
with film cooling through unobstructed two- 
dimensional slots in low turbulence wind tunnels 
in the absence of combustion. IJnder these 
conditions, it is hoped that the present procedure 
can be seen to be more general and more accurate 
than any existing procedure. It is important, 
however, to examine the conditions under which 
film-cooling slots operate in practice, for example 
in gas-turbine combustion chambers. The object 
of the present discussion is two-fold. First, to 
place the thermal aspects of film-cooling in 
perspective by identifying the importance of 
the various parameters involved, and second, to 
indicate whether or not the procedure presented 
in the previous sections can be used under 
practical circumstances and, if not, what modi- 
fications are required. 

It must be clearly understood that the flow 
inside the flame tube ofa gas-turbine combustion 
chamber is three-dimensional, due to asymmetry 
and irregularities in the geometry and pressure 
field, and that periodic&y exists due to instabilities 
in the recirculating flow pattern. These properties 
of the flow would seem to prohibit the use of the 
two-dimensional prediction procedure. How- 
ever, a short distance downstream of the film- 
cooling slot, the flow is likely to be locally two- 
dimensional and the instabilities are unlikely 
to seriously influence time-averaged wall tem- 
perature. Of course, it is necessary to provide a 
value of the local free-stream velocity and 
temperature and of the longitudinal pressure 
gradient ; in practice, values of free-stream 
velocity are found from measurement and, in 
the radial direction, are constant only over a 
short region. 

The temperature assumed by the flame tube is 
such that the heat received by it through radiation 
and convection from the interior of the chamber 
is balanced by the heat loss to the surroundings 
by convection and radiation. For practical 
purposes, the following equation represents the 
heat balance : 

u,(l + EW1.2)ECT;5 (Ti5 - T:? + h (T 1 s.3.w - T,) 

RI --cc,- 

= 0,[11(2+ - l)] (TJ, - T:) + h2(TW - T,, (13 

c 
R,--+ +C2-+ 

The major simplification in the above equation 
is contained in the gas radiation term, R ,. 
The derivation of this term is discussed in 
[30] and assumes, among other things, that : 
that : 

UW T, ‘-’ -= -. 
&G ( > Tw 

where eG is the flame emissivity at flame tempera- 
ture and a, is the flame absorptivity at wall 
temperature. The effects of reflection and re- 
radiation at the wall are approximately allowed 
for and for simplicity, the equation assumes the 
equality of the emissivities of the flame tube 
and the outer casing and that the outer casing is 
at a temperature T,. 

Some idea of the relative importance of the 
seven quantities in equation (12) which influence 
the wall temperature, i.e. Tad,W (determined by 
the adiabatic-wall effectiveness, r), TG and Tc, 
h,, h,, EG and Ed, may be determined from Fig. 9. 
The abscissa at the bottom of the figure indicates 
the values of these variables as a fraction of the 
datum and the corresponding dimensional 
values are shown by the scales at the top. The 
datum values chosen may be considered repre- 
sentative of conditions existing at some point 
within a modem high-compression ratio aero- 
engine. The wall temperature was computed from 
equation (12) by an iterative solution procedure. 
It can be seen-from Fig. 9 that, in order to predict 
the wall temperature to within &-20°C the 
effectiveness, free-stream temperature and 
coolant temperature must be known, to an 
accuracyofbetterthan f6percent. It may readily 
be appreciated that, for example, the value of 
TG appropriate to the radiation term cannot be 
known to this order of precision. Also, although 
the predictions contained in the previous section 
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FIG. 9. Influence of q, h,, h,, Em, Q, T, and Tc on the tempera- 
ture of a film-cooled cornbuster surface, 

indicate that this is possible for two-dimensional 
slots, it is unlikefiy that the value of F,I will be 
known to this precision for thr~~imensional 
slots. Consequently, prediction procedures are 
unlikely to be used to predict the absolute 
magnitude of the wall temperature but rather 
the trend which results from the variation of a 
particular variable. 

The prediction of each of these seven factors 
will be now briefly discussed. 

The adiabatic-wall effectiveness and the two 
convective heat-transfer coefficients can, in 

principle, be obtained from the prediction 
procedure described earlier in this paper. This 
procedure has been shown to provide reasonably 
good predictions for two-dimensional slots. 
However, the slots used in practice are not two- 
dimensional and am subject to a significant 
and complex geometry effect. The present pro- 
cedure requires rn~~~tion before it can 
predict the influence of three-dimensional geo- 
metries. On the other hand, the three-dimen- 
sional character of the flow downstream of 
three-dimensional slots appears to disappear 
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very rapidly and it is likely that a suitable 
modification to the upstream viscosity law 
can be found: such a modification depends on 
the availability of reliable experimental informa- 
tion and this is not presently available. The film 
heat-transfer coefficient appears to be a weak 
function of lip thickness and may also prove to 
be a weak function of three-dimensional geo- 
metry; this remains to be proved. The heat- 
transfer coefficient on the outer surface of the 
flame tube can be predicted by the present 
procedure except in the region of the dilution 
holes. 

The next important factor is the flame emis- 
sivity. There is considerable uncertainty in its 
value, especially at high pressure, and the only 
evaluation method known to the authors is 
that attributed to Reeves in [ 301. It is conceivable 
that the value given by the empirical expression 
may be in error by as much as 100 per cent; in 
this case, the resulting error in wall temperature 
would be 55°C for the datum conditions of Fig. 9. 

Finally, the two gas temperatures must be 
known accurately. The compressor delivery 
temperature is probably a good approximation 
to the coolant temperature for the cooling 
strips near the primary zone and further 
approximations can readily be made down- 
stream. Estimation of the flame temperature, 
on the other hand, is fraught with uncertainty. 
The practice of obtaining the flame temperature 
from the overall air-fuel ratio and an assump- 
tion of a combustion efficiency is likely to be 
too crude. In any case, the problem still remains 
as to which spatial gas temperature is appropriate. 

6. CLOSING REMARKS 

The problem of predicting the temperature 
of a film-cooled surface has two main aspects. 
First, the accurate determination of the con- 
ditions in the vicinity of the film-cooled surface, 
such as To, sG, Tc, uc and t+ Second, the develop- 
ment of an analytical method to predict quan- 
tities such as q, h1 and h, Towards the latter aim, 
sections 3 and 4 of this paper have demonstrated 

H. WHITELAW 

that the present procedure provides a basis for 
predicting the performance of unobstructed. 
two-dimensional film-cooling slots over a prac- 
tically useful range of variables such as iic,uG+ 

t%/c)Gq dpidx, Q'Yc and YG, c!Yc, 
This procedure must now be extended to 

permit satisfactory predictions downstream of 
practical slot geometries. This may be accom- 
plished, for example, by comparing the pre- 
dictions of the present procedure with experi- 
mental data for practical slot geometries to 
determine the two-dimensional equivalents (i.e. 
values of t/ye and yc) of the three-dimensional 
slots. This extension requires the availability of 
reliable data for practical slot geometries: since 
insufficient data of this type are presently 
available the proposed extension of the predic- 
tion procedure must be preceded by a programme 
to provide the required measurements. 
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LA DETERMINATION DE LA TEMPERATURE PARIETALE EN PRESENCE DUN FILM 
REFROIDISSANT 

Rwne procedure a 6tt developp& pour evaluer la temperature de paroi adiabatique et le coefficient 
de convection thermique en aval de fentes bidimensionnelles alimentant un film refroidissant. Des comparai- 
sons entre valeurs calcultes et vakurs mesur6es demontrent que la mtthode p&it convenablement 
l’influence de la vitesse, du gradient de densite, du gradient longitudinal de pression, du rapport de l’epaisseur 
des lbvres a la hauteur de la fente. La procedure utilise une forme modiliee du schema de Spalding-Patankar 
pour resoudre les equations de couche limite bidimensionnelle et associe des formes particulieres de la 
longueur de melange selon Prandtl et du nombre de Prandtl effectif. 

Bien que la PrOcedUre soit satisfaisante pour des configurations de fente bidimensionnelle avec des 
conditions d’ecoulement cont&le, il est montre que la prediction des distributions de temperature de 

paroi de chambre de combustion n’est pas encore atteinte. 

DIE BESTIMMUNG DER WANDTEMPERATUR BE1 FILM-KUHLUNG 

Zusammenfaasung-Fs wurde em Verfahren zur Bestimmung der adiabaten Wandtemperatur und des 
Wiirmeiibergangskoefliienten in Striimungsrichtung bei zweidimensionalen tilmgektihlten Rillen ent- 
wickelt Vergleick mit bcrechnetcn und gemessenen Werten zeigen, dass die Metho& den Einfluss van 
Geschwindigkeitsverhiiltnis, Dichtegradient, Druckgradient in Ltigsrichtung, Grenzschichtdicke am 
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Rillenrand und des Verh~ltnis~s der Randbreite zur Ritlentiefe ~f~~~stelle~ ~~cksicht~ L?as 
Verfahren benutzt eine abgeiinderte Form des Spaiding-Pan~nkar-Scheme 2t.u Losung von zweidi- 
mensionalen ~renzschichtgleicbungen und umfasst Sonderformen der Prandtlschen Misehllnge und der 
effektiven Prandtl-Zahl. Obwohl das Verfahren fur zweidimensionale RilIenanordnungen mit kontrollierten 
Fliessbedingungen geniigt, ist eine Vorausbestimmung der Wandtemperaturverteihmg bei Verbrennung 

noch nicht moglich. 

PACrfET TEMfIEP.\‘fYPbI CTEHKMi fIPLl KJIEHOrLHOM OXJLGK~EHMM 

ArraoTaq~~-IIpeAaraeT~H MeTog pacveTa amra6aTnuecnoPI TenrnepaTypbr cTennn n 
K03~~llqlleHTaTennOOBMeHaBH113 IKO nOTOKy WIOCKKXlUeJIeZt IIpSi NJIeHOYHIOM OXJKa?KxeHRU. 

CpaBHeHHe paCC~~TaHHbIX M vt3NepeHHblX BeJIllqBH lIOKa3bIBaeT, 'PI.0 MeTOg y~OBJleTBOpM- 

TCXbHO ~~T~BaeT B~H~HBe OTHOC~Te~b~O~ CKOpOCTII, fpaweHTa Ea[oTHOCTB, ~PO~o~bHOrO 

~pa~~eHT3 ~aB~eH~~, TOJIIQEHM ~OrpaH~~HOrO CJi0S-I y KpOMKU~e~U M OTHO~e~~~TO~~~H~ 

Kponr~ss K BbICOTe mem. B pac;ueTe ~eno~b3yeTc~ npeo6pa303aH~a~ cxeraa Cno~~~~ra- 
~3TaHKapa~~~pe~eH~ff ypaRHeHM~~~OCKO~O~O~~~HIlrHO~OC~OR, BKOTOPOa y~~~Ba~TCX 
Pr3+$u 3Ha4emR fum~h~ nepeMeIu~~aK~~ npaH,?@Tnfi. HecmoTpn naTO,qTO ~pex~araeM~~ 
MeTOE AaeT np~enme8fbIe peaynbTaT= mm paweTa IIJIOCKHX wene# npvr perynwpyemsx 

gcnosa~x Te9eHm, on Hi? ~ocTaTow0 OTpa60TaH wm onpe~enewssf npo@pllnrr TemepaTypbI 

wa cTeme KamepM cropaam. 


