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Abstract-Measurements of foreign gas concentration are presented for a wide range of velocity and 
density ratios. The mainstream boundary layer thickness and slot lip geometry were varied in order to 
investigate the importance of these parameters through the range of velocity and density ratios covered. 

The value of mass concentration at the wall increased continuously with mass flux injected, though the 
improvement was relatively small for velocity ratios greater than unity. 

For a given mass flux of foreign gas the wall value of mass-concentration (and hence by analogy the 
adiabatic wall film cooling effectiveness based on enthalpy) was slightly greater for the lightest gas injected. 
The corresponding wall value of mole-fraction (analogous to effectiveness based on adiabatic wall 
temperature) was considerably greater for the lightest gas. 

Increasing the slot lip thickness lowered the fii cooling effectiveness and its influence increased as the 
coolant density was reduced. The effect of increasing the mainstream boundary layer thickness was much 
smaller though still significant when a light gas coolant was used. 

The present results are compared with other experimental data and with the predictions of the boundary 
layer model of film cooling flows. 
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NOMENCLATURE 

mass fraction of foreign gas in mixture of 
-‘c Re,& -0-2s; 

ms 
[ 1 Pm 

foreign gas and air ; Y, distance normal to free-stream direction. 
specific heat at constant pressure ; 
stagnation enthalpy ; Greek symbols 
volumetric concentration (mole-fraction) 6, 90 % boundary layer thickness ; 
of foreign gas in mixture of foreign gas q+’ impervious wall eflectiveness 
and air ; (C, - C,)/(C, - C,) or adiabatic wall 
a constant ; effectiveness (h,, - h,,)/(hm - ho,); 
mass-velocity ratio, peu,/p,u, ; ?” impervious wall effectiveness 
molecular weight ; (K, - K,)/(K, - K,) or adiabatic wall 
pressure ; effectiveness (T,, - T,,)/( To, - To,) ; 
Reynolds number ; P? viscosity ; 
slot height ; P, density. 
thickness of slot upper lip ; 
temperature ; Subscripts 
velocity ; aw, adiabatic wall ; 
maximum velocity ; c, slot ; 
streamwise distance ; m, mainstream ; 
boundary layer correlation parameter w, wall. 
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1. INTRODUCTION 

THE USEFULNESS of film-cooling for the allevia- 
tion of surface heating is well established. The 
most common applications of the technique are 
the protection of combustion chambers and 
tail pipes in gas turbine engines. Film cooling is 
sometimes used to protect exhaust nozzles in 
rocket motors and may be needed to alleviate the 
severe kinetic heating effects suffered by hyper- 
velocity vehicles. 

The possibility of using fuel or foreign gas as 
a coolant has led to considerable research into 
heterogeneous film cooling flows [l, 21. Even 
when the coolant and mainstream gases are 
the same it is often easier experimentally to 
study the effects of density gradients due to 
temperature differences by using a foreign 
gas under isothermal conditions and invoking 
Reynolds’ Analogy (with the implicit assump- 
tion of unit turbulent Lewis Number). Thus, 
impervious wall effectiveness data for hetero- 
geneous mixing experiments, such as those 
presented here, may be used to predict the 
analogous adiabatic wall conditions needed for 
practical design. 

The aims of the present work are two-fold, 
(i) to provide new experimental data for com- 
parison with both theory and previous experi- 
ments, (ii) to draw attention to the importance of 
lip geometry and initial flow conditions in the 
subsequent mixing process. 

By using mixtures of Arcton- with air, 
and helium with air, a wide range of mass- 
velocity ratios (0.07 < m $ 16.7) have been 
covered. Injection to mainstream density ratios 
in the range 0.14 < pJp, < 4.17 have been used 
at a nominal velocity ratio of unity. Further 
tests were conducted with velocity ratios in the 
range 0.53 < u,/u, < 4.0 for the two extreme 
density ratios of 0.14 and 4.17. 

Two different thicknesses of mainstream 
boundary-layer and two widely different lip 
thicknesses have been tested to assess the 

t Arcton- is a trade name for dichlorodifluoromethane 
C Cl,F, or Freon-12. 

sensitivity of effectiveness measurements to 
these variables. 

Impervious wall effectiveness has been de- 
duced from the observed variation of mass- 
fraction of foreign gas along the wall. If the 
turbulent Lewis Number is unity then this is 
analogous to the adiabatic wall effectiveness 
based on enthalpy in the true film-cooling 
situation. Experimental data for values of the 
turbulent Lewis Number are sparse. Zakkay, 
Krause and Woo [3] measured the turbulent 
Lewis Number for the turbulent free mixing of 
coaxial gas streams of helium, hydrogen and 
argon. The values obtained lay between O-3 
and 1.2. Their measurements also suggested that 
the Lewis Number varied considerably with 
mixture concentration and this fact casts doubts 
on the validity of invoking the mass to heat 
transfer analogy even for comparative purposes. 
However, the most relevant comment is implicit 
in the experimental data of Goldstein, Rask 
and Eckert [l] which showed the very close 
agreement between mass-transfer measurements 
in film-cooling experiments using pure helium 
as the coolant in an air mainstream. Comparisons 
are made here with the adiabatic wall measure- 
ments of Goldstein et al. [l] and Hatch and 
Papell [2] and with the wall concentration 
measurements of Goldstein et al. [l] and Pai 
and Whitelaw [6]. Data from all the above 
sources are compared with the predictions of the 
boundary layer model [ 7, 81. 

2. DESCRIPTION OF APPARATUS 

The Aeronautics Department 18 x 18 in. 
closed working section open return low-speed 
wind tunnel is shown in Fig. 1. It is a “blowing” 
tunnel with centrifugal fan driven by a syn- 
chronous motor. The working section airspeed 
is varied by changing pulley sizes on the toothed 
belt drive system. Air is taken in through a filter 
box from the laboratory. After passing through 
the working section the airstream takes a 90” 
turn through corner vanes and exhausts through 
the laboratory window to atmosphere. The 
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FIG. 1. Layout of 18 in. wind tunnel, test-plate and slot geometry. 

working section operates at a pressure slightly 
above atmospheric pressure due to the small 
pressure drop through the corner vanes. 

The working section has been designed for 
versatility of use in film-cooling work. It has an 
easily removable injection slot assembly which 
exhausts the injected stream tangentially along 
a removable floor of dural plate. 

The plate has a series of 0.025 in. dia. holes 
which can be used for withdrawing samples 
or measuring wall static pressure. The plate 
rests on three jacking screws so that its angle 
may be adjusted through a limited range in 
order to achieve zero pressure gradient con- 
ditions. 

The roof of the working section is made up of 
removable shutters, one of which carried the 
traversing gear. The shutters are constructed in 
various sizes chosen to facilitate location of the 
traversing gear in any position throughout the 
6 ft length of the working section. 

The injection slot box (Fig. 1) is constructed 
of Paxolint and rests on locating flanges bolted 
to the working section sub-frame. The internal 
contraction is of moulded Araldite and in the 
present work had a contraction ratio of 48 :l. 
The upper lip of the slot is formed by a & in. 
thick gauge plate chamfered over a 1 in. length 
on its top surface to 0905 in. at slot exit. For 
some runs this was replaced by a square edged 
plate of & in. thickness behind which there 
must inevitably be some base flow but which 
may be more representative of practical slot 
design. 

The tunnel boundary layer is completely 
removed through a bleed duct (Fig. 1) but a new 
boundary layer grows over the 6 in. “starting 
length” ahead of the injection slot. The “starting 

7 A plastic manufactured by Micanite and Insulators Co. 
Ltd. 
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length” boundary layer could be artificially 
thickened by adding roughness or a trip wire. 

The air supply for injection through the slot is 
provided by the department’s high-pressure bulk 
air storage system. The supply line was throttled 
before passing to a manifold which also received 
lines from either three helium cylinders or three 
Arcton- cylinders. The air supply line and 
foreign gas lines could be throttled independently 
to provide a “tailored” mixture at the injection 
slot. 

Profiles of velocity and mass-fraction are 
obtained using a motorised traversing system. 
Continuous output of dynamic pressure during a 
traverse is achieved using a pressure transducer 
so close to the probe that its response time is 
short enough to prevent profile distortion at a 
useful traversing speed. 

The traverse drive is a reversible 12 V d.c. 
motor which drives both the traverse lead-screw 
and a helical potentiometer. The potentiometer 
gives an output voltage which is a linear function 
of probe position to within 0.01 per cent of its 
full scale output. 

Dynamic head profiles were obtained using 
an I.R.D. micromanometerl_ with, in the present 
experiments, a transducer whose sensitivity 
was 250 mV/in. water gauge with a linearity 
within 2 per cent of full scale output. This was 
calibrated before and after each run against an 
inclined single leg manometer. The transducer 
was connected to the probe by about 12 in. of 
tubing and this was found to yield a tolerable 
response time. 

The total head probe had a flattened orifice 
whose frontal dimensions were : 

internal: 0403 x 0.032 in. 
external : 0.020 x 0.050 in. 

Output voltages from the helical potentio- 
meter (proportional to probe position) and from 
the transducer (proportional to $&) were fed 
via a control panel to a Mosely X-Y recorder.$ 

+ Hilger-I.R.D. Ltd., 98 St. Pancras Way, Camden Road, 
London, N.W.l. 

$ Hewlett Packard, Mosely Division, California. 

whose sensitivity and linearity were sufficiently 
good to render any errors at this stage of signal 
processing negligible relative to those at the 
transducing stage. 

Analysis of gas-mixture constituents on a 
continuous basis has been achieved using a 
microkatharometert of the through-flow type 
with the heated wires directly in the sample 
stream. This, together with a total passage 
volume of only 2.6 p/l, enables a short response 
time to be achieved which would not be possible 
with the more conventional diffusion type 
katharometer where the heated wires are in a 
side passage and dependent upon relatively slow 
molecular diffusion from the sample stream. 
Unfortunately, however, the through flow kath- 
arometer is very sensitive to flow rate and it is 
therefore important to ensure that the pressure 
drop across the cell is constant during sampling. 
The design philosophy of this type of katharo- 
meter is outlined in [9]. 

The cell was calibrated for mixtures of 
Arcton- in air and for mixtures of helium 
in air by injecting mixtures of known composi- 
tion using a constant, known cell pressure drop 
and pressure within the cell, The calibration 
mixtures were made up in a 100 ml syringe. The 
calibrations obtained were valid for the cell 
during subsequent operation provided that the 
cell pressure drop and cell pressure were the 
same as those used for the calibration. 

The total probable uncertainty in mole fraction 
measurements amounts to not more than 2.5 per 
cent of full scale and arises from the cumulative 
effects of drift in bridge supply voltage, drift in 
cell pressure drop and uncertainty in calibration. 

The calibrations and analysis were carried 
out with a cell pressure drop of 8 in. alcohol 
and vacuum of 195 in. alcohol upstream of the 
cell. These figures were arrived at as a com- 
promise between the need for a short response 
time (governed by the travelling time of a slug 
of sampled gas from the probe to the cell) 

~~ _~~_ ~-~~ 
t Developed by the Distiller’s Company, Ltd. and 

marketed by Servomex Controls of Crowborough, Sussex. 
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and the desirability of sampling sub-isokinetic- 
ally so that the samples were representative of 
the smallest possible diameter stream-tube in the 
boundary layer. Constituent separation at the 
probe by baro-diffusion is quite negligible at the 
flow velocities used in the present work. 

The sampling conditions used yielded a 
response time of 0.5 set and a sampling velocity 
at the probe tip of about 42 ft/s (48 ml/min). 
The traversing speed was kept at speeds suffici- 
ently low to eliminate the risk of concentration 
profile distortion due to the 0.5 second response 
time of the cell. However, if higher traversing 
speeds are desirable correction for the finite 
response time simply involves an axis shift on 
the trace. 

As with the dynamic head profiles the con- 
centration profiles were plotted on the X-Y 

recorder. 

3. THE EXPERLMENTS 

As a preliminary to the main experimental 
programme a zero pressure gradient boundary 
layer flow was set up so that velocity profiles 
could be compared with the universal turbulent 
velocity profile. The floor plate was raised on 
jacking-screws so that it was flush with the 

Table 1. Runs with 100 per cent Arcton- injection or 100 per 
cent helium injection at 0.50 -C t&$,, < 4.0. Thin, chamfered 

slot lip 

Run No. ic,i% u,(ft.s- 1) 

: 
0.58 19.8 
0.93 19.8 

3 1.15 19.8 
100 per cent 4 2.00 19.8 
Arcton- Injection 5 3.00 19.8 

PC 6 4.00 19.8 
- = 4.17 7 0.53 57.0 
Pm 8 0.77 57.0 

9 1.01 57.0 
10 1.18 57.0 
11 1.40 57.0 
12 1.60 57.0 

_______~ 

100 per cent helium 
Injection 

PC - = 0.14 
Pm 

13 0.51 55.0 
14 0.81 55.0 
15 1.03 55.0 
16 1.36 55.0 
17 1.68 55.0 

square, $ in. thick upper lip of the injection slot, 
thus producing a flat plate with boundary layer 
bleed at its rounded leading edge. A 3 in. rough- 
ness strip was located near the leading edge to 
ensure a fully turbulent profile. Velocity profiles 
were recorded at a distance of 41.5 in. from the 
leading edge of the plate for a free stream 
velocity of 56.2 ft.s- ‘. 

With the film cooling geometry restored, two 
dimensionality checks of ipu2 and mole-fraction 
at the slot exit and far downstream were carried 
out. 

For the effectiveness measurements two series 
of runs were performed. Table 1 outlines the 
conditions of runs l--l7 in which the thin lip 
geometry was used. The effect of velocity ratio 
i&/u, on effectiveness was observed at density 
ratios p,/p, of. 4.17 (Arcton- into air) and 
p,/p, = 0.14 (helium into air). The velocity 
ratios were in the range 0.53 < $Ju, < 4.0 
and two values of a, were used. Table 2, covering 

Table 2. Runs with injection of Arcton-12lair mixture or 
helium/air mixtures at a nominal velocity ratio of unity and 

density ratios within the range 0.14 c p,/p, c 4.17 

PCIP, 

Thick mainstream 
boundary layer, 

S/s’= 2.54 

thin lip thick lip 

Thin mainstream 
boundary layer, 

61s = 0.90 

thin lip 

4.17 20 24 28 
2.50 29 
1.38 21 25 
1.09 31 
0.60 22 26 
0.30 23 
0.14 33 27 32 

runs 20.-33, outlines a series of runs at a nominal 
velocity ratio of unity, i.e. a peak slot velocity to 
free-stream velocity ii&,,, of unity. Two different 
mainstream boundary layer thicknesses on the 
slot upper lip and two slot lip geometries were 
used in this series of runs. Six density ratios were 
achieved by tailoring an injection mixture from 
Arcton- and air for p,/p, > 1 and from helium 
and air for p,/p, < 1. 
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For each of the 31 runs profiles of $u2 and 
mole fraction were recorded at (usually) eight 
streamwise stations within the range 
0 < x/s 6 512. The profiles produced on the 
X-Y recorder were converted into digital form 
on a D-MAC cartographic digitiser and subse- 
quently reduced by computer. 

4. PRESENTATION AND DISCUSSION 
OF RESULTS 

4.1 Comparisons with the universal turbulent- 
velocity profile 

The velocity profiles measured in the zero- 
pressure gradient boundary layer flow without 
injection were used to construct a Clauser plot 
[lo] and hence to calculate the skin-friction 
coefficient at x = 41.5 in. A value of 0.0033 
was obtained. This compares favourably with 
the value of 09036 predicted from the formula 
due to Schultz-Grunow [ll] which assumes a 
fully turbulent boundary layer growing from 
the leading edge ofa flat plate with zero pressure- 
gradient. The comparison encourages confidence 
in the measured velocity profiles. 

4.2 Two dimensionality of 
Checks on the two-dimensionality of the flow 

,o- 

-6- 

.4- 

.2- 

01 

Run No. 

IO 

9 

0 

0 

4 17 

v 16 

v 15 

b 14 

I 13 

were made at x/s = 0, 100 and 256. Profiles of 
$pu2 and mass concentration were measured at 
15 spanwise stations located at 1 in. intervals 
across the plate. 

At ?c/s = 0 the scatter on measured upper-lip 
boundary layer thickness was less than + 24 per 
cent of the mean. Scatter on velocity measure- 
ments in the slot was less than + 1 per cent of 
mean. Mixture composition within the slot was 
uniform to within + 1 per cent of the mean 
mass-fraction of foreign gas and at x/s = 256 
the scatter was +3 per cent. 

At x/s = 100 the scatter on velocity measure- 
ments was *3 per cent of free-stream velocity 
and at x/s = 256 this had increased to f6 per 
cent within 3 in. on either side of the centre line. 
In all cases the scatter was random and not 
systematic in the spanwise direction. 

4.3 Conservation offoreign gas 
A check on the integrated flux of foreign-gas 

in the boundary layer is a sensitive test of two- 
dimensionality and repeatability of injection 
conditions. Such a check was made at eight 
streamwise stations and the observed scatter 
on integrated species-flux was typically about 
12 per cent. This large degree of scatter in the 
integral check arose from the superposition of 

100% arcton - I2 

injection 

helium injection 

FIG. 2. Effect of coolant jet velocity ratio for the extreme density ratios. 
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FIG. 3. The effect of coolant jet velocity ratio (a) Arcton- 
injection ; u, = 19% ft/s; (b) Arcton- injection ; u, = 57 ft/s ; 

individual errors in the components of the 
product puC making up the integral. 

Measurements of mass-fraction, however, are 
accurate to within about 4 per cent of unity and 
yield effectiveness measurements to within 8 per 
cent when the injected gas is a two-component 
mixture. 

4.4 Impervious wall effectiveness measurements 
Figure 2 shows a semi-logarithmic plot of 

effectiveness against X/S over the range 
0.5 < u,/u, < 1.7 for 100 per cent Arcton- 
injection and 100 per cent helium injection using 
the thin lip geometry. For all the runs presented 
in Fig. 2 the mainstream velocity (u,) was about 
57 ft/s (see Table 1). The figure clearly shows 
the superior protection afforded by the largest 
mass flux of injected fluid. 

For Arcton- at velocity ratios greater than 
unity the curves tend to crowd into each other. 
Figures 3(a), (b) and (c) show cross-plots of 
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L (b) 
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‘F 0.6 

0.41 
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FIG. 4. Variation of effectiveness with slot Reynolds number 

for Arcton- injection (a) _fff. = 0.53 ; (b) > = 1.15. 
(c) helium injection U, = 55 ft/s. 
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V’ against ii&,,, for runs 1-17. Figures 3(a) 
and 3(b) show the variation of q’ with z&/u, 
for Arcton- injection. In both figures the 
effectiveness approaches the maximum close to 
a velocity ratio of unity and incremental im- 
provements in effectiveness for z&/u, rising 
above unity are very small. In contrast Fig. 3(c) 
shows the variation of q’ with z&/u,,, for helium 
injection where q’ continues to rise with z&/u, 
even for i&/u, 9 1. 

Comparing Fig. 3(a) and 3(b) we see indica- 
tions of the influence of slot Reynolds number. 
The higher absolute velocities of Fig. 3(b) 
yield higher values of q’ for a given ii&,. The 
simple boundary layer model (7) of the film 
cooling situation predicts a slot Reynolds 
number dependence q’cc[Re,] o’2 and some of the 
data of runs 1-12 have been plotted in Fig. 4 to 
indicate the Reynolds number dependence 
shown by the present results. It seems from Fig. 4 
that Reynolds number dependence becomes 
more significant as x/s increases and as ii&,, 
decreases, i.e. the very regimes where the bound- 
ary layer model is most plausible. The effect of 
Re, at s/s < 64 appears to be very small. 

Figure 5(a) shows the variation of q’ against 
x/s for the density ratio range 0.14 < p,/p, < 
4.17 and nominal unit velocity ratio. The 
results are for the thin lip geometry. Figure 5(b) 
shows a cross-plot of the same data against 
p,/p,, the data points being interpolated from 
Fig. 5(a). 

The superior protection afforded by higher 
values of mass flux is again demonstrated. 
However, for the range of x/s of practical interest 
in many film cooling situations (x/s < 50) 
indications of “saturation” are apparent, i.e. 
incremental improvements in effectiveness for a 
given x/s become smaller with increasing p,/p,. 

Figure 6 presents comparisons of effectiveness 
obtained with the two slot geometries for unit 
velocity ratio and p,/p, = 0.14, 1.38 and 4.17. 

The consequences of an injection geometry 
with high drag caused by wake flows behind 
areas of large material thickness are already 
known to be serious. Kacker and Whitelaw [ 121 

and Sivasegaram and Whitelaw [13] have 
reported data from geometries with large lip- 
thickness to slot-height ratios. Price [14] and 
Holland [15] have presented results from more 
practical geometries with three-dimensional 
irregularities which also reduce the effectiveness. 

Our results show that these effects are more 
pronounced for low values of p,/p,. For example, 
Fig. 6 shows a 50 per cent reduction in the local 
value of q’ for 10 < X/S < 100 when p,/p, = 0.14 
but the reduction drops to only 10 per cent when 
p,Jp, = 4.17. 

The effects of a thick slot lip are strikingly 
demonstrated by the velocity and concentration 
profiles for helium injection (Fig. 7). Increasing 
the lip thickness draws the helium jet into the 
base flow and causes a separation bubble on the 
plate below. Thus at .X//S = 4 the velocity profile 
indicates a reversed flow region whilst the con- 
centration profile shows that the maximum 
value is no longer at the wall. A sketch of the 
flow, since confirmed by schlieren pictures is 
included in Fig. 7. 

Similar observations of separation bubbles 
in wake regions with small amounts of base 
bleed have been reported for co-axial free-jet 
configurations by Ferri [ 161, Fox, Zakkay and 
Sinha [ 171 and by Williams and Grey [ 181. 

In contrast the influence of the slot lip on 
Arcton- flow is quite small (Fig. 8). The larger 
wake from the thick lip is quickly absorbed and 
by x/s = 16 the profiles are somewhat similar 
to those obtained using a thin lip. 

Figure 9 shows three comparisons between 
runs performed with two different mainstream 
boundary layer thicknesses, 6/s = 0.90 and 254. 
Again the velocity ratio was unity with density 
ratios of 4.17, 1.38 and 0.14. There appears to be 
little effect of mainstream boundary layer in the 
downstream region where the assumptions of 
the boundary layer model are valid. 

Nearer the slot the effects of changing the 
boundary layer thickness are more marked. It is 
expected that increasing 6 would enhance 
mixing and lower the value of r~’ near the slot. 
This is indeed the trend shown by the tests made 
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FIG. 5. Effect of coolant jet density ratio at fi,~u, = 1. thin lip geometry. 
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FIG. 6. Effect of injection slot geometry at CC/u,,, == 1. 
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RG. 7. Effect of slot geometry on velocity and mass-fraction profiles : 100 per cent helium injected into air, CC/u, * 1. 
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with p,/p, = 1.38. It might further be argued 
that the mainstream boundary layer contributes 
to the overall momentum deficit at x/s = 0 
which arises from both the slot and mainstream 
boundary layers together with any base drag 
from the slot lip. The effect of changing 6 would 
then be expected to decrease as the coolant 
density was increased, as demonstrated by the 
results with p,/p, = 4.17. The anomalous result 
using helium as the coolant may be connected 
with the transition from laminar to turbulent 
flow which took place a few slot widths down- 
stream of the injection plane for all helium 
injection runs. 

The conclusions are in qualitative agreement 
with those of Kacker and Whitelaw [4] and 
Seban [5] and extend their conclusions to flows 
with large density ratios. 

5. COMPARISONS WITH OTHER EXPERIMENTAL 

DATA AND THE PREDICTIONS OF THE BOUNDARY 

LAYER MODEL 

Semi-empirical correlations based on a 
boundary layer model of film cooling flows have 
been widely used with varying degrees of success. 
Most of the experimental data have been ob- 
tained using similar gases for both coolant 
and mainstream flows and very few data are 
available where density gradients due to both 
temperature and concentration were present. 
It is therefore worth reviewing the data where 
large density differences are present, no matter 
from what source, and comparing them with the 
data presented here and the predictions of the 
boundary layer model. 

Stollery and El-Ehwany [7] reviewed the 
origins, development and utility of the boundary 
layer model and concluded that a correlation 
equation of the type 

= {jz}-o~s (1) 

is useful for all density ratios provided u,/u, < 

1.5. They also showed [8] that the corresponding 
analogous expression for mass concentration 
at the wall is given by 

If a pure gas is injected then C, = 0, C, = 1 and 
q’ = C,. The constants A and I3 depend on the 
assumptions made concerning the shape and 
growth of the velocity, temperature and con- 
centration profiles. A and B are numerically 
similar though not necessarily the same. They 
depend critically on initial flow conditions but 
are typically between 3 and 5 for “clean” slot 
geometries. 

Often it is preferred to express film cooling 
effectiveness in terms of total temperature in 
which case it can be shown that [7] 

(3) 

where 

a = C&p,. 

The analogous expression for concentration 
by volume is 

I, & - Km Y 

’ = K, - K, = (y - 1) + l/q” 
(4) 

where y = MC/M,. 

For a pure gas K, = 0, K, = 1 and $’ = K,. 

In a recent paper Goldstein et al. [l] give both 
the wall concentration by volume (K,) and the 
film cooling effectiveness 9”. They show that 
both sets of data are well correlated by plotting 
against X. The “best lines” which they fit to their 
data have been converted to lines of C, and V’ 
using equations (3) and (4) used in the figures 
discussed below. 

Figure 10 compares our measurements of C, 
for pure helium injected into an air mainstream 
with those of Goldstein et al. The scatter is 
considerable in both sets of data and their data 
lies somewhat below our own as expected since 
they used a porous strip instead of a discrete 
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FIG. 10. Pure 
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FIG. 11. Pure helium injection, adiabatic wall temperature measirements: a comparison between the results from [l] and [2]. 
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slot for injection. The trends, however, are velocity increases so the data come more into 
identical : the wall concentration asymptotes to line with the prediction of the turbulent bound- 
a line kx-“’ far downstream but it asymptotes ary layer theory. The associated slot Reynolds 
to the lines from above. This is in contrast to the numbers are so low that the jet is laminar and 
air and heavy gas injection results displayed in transition occurs a few slot widths downstream 
Fig. 13. 

I 
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‘F 

0.1 
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UC /urn Ret 
0.31 71 

0.56 129 

0.70 173 

I.05 233 

1.27 282 

I.52 340 

“0 

I I I B 
IO loo 1000 

0 

I 0 

FIG. 12. Pure hydrogen injection ; data of Pai and Whitelaw [6]. 

The trends of Fig. 10 are again exhibited in 
Fig. 11 where the film cooling effectiveness 
measurements of Goldstein are compared with 
some of those taken by Hatch and Papell [2]. 
To complete the survey of light gas injection 
data, Fig. 12 shows how well the hydrogen 
injection measurements of Pai and Whitelaw 
correlate according to the boundary layer model 
except near the slot exit. In all the figures the 
line C, or q’ = 4x --O’* is plotted to facilitate 
comparison between the separate graphs. 

The same trend is again evident in Fig. 13 
which collects together all our thin lip geometry 
data. No matter whether the slot Reynolds 
number is increased by raising U, or pc the 
effect is the same, the effectiveness is lowered for 
small x/s and the data asymptotes more rapidly 
to the line q’ = 4X-O”. 

Tabulated data for the results reported here 
may be found in [ 191. 

6. CONCLUSIONS 

It is noticeable in Fig. 12 that as the coolant With pure Arcton- as “coolant” increasing 
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the velocity ratio ~‘&/a,,, produces higher effective- predictions of the boundary layer model i.e. 

ness values though for ii&, > 1 the improve- q’ctRe$ but for small x/s the slot Reynolds 
ments in effectiveness are small. In contrast, for number influence is small. 
pure helium injection the effectiveness continues For values of x/s less than about 100 predic- 
to improve with rising r&/u,,, even when i&/u,,, % 1. tions of the boundary layer model are un- 

For large x/s the slot Reynolds number reliable, particularly for values of PJ_+,, very 
influence is in reasonable agreement with the much less than unity. This is due in part to 

. 
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0.01 I I I 
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FIG. 13. Present data; thin slot geometry. 
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laminar flow at the slot for the low density ratio 
tests reported here. 

The consequence of thickening the slot lip is a 
decrease in effectiveness. This effect is particu- 
larly serious for low values of pJp,. 

The influence of mainstream boundary layer 
thickness on effectiveness is, in general, small. 
However, there is evidence suggesting it can 
become important if p,/p, is low; presumably 
since the momentum deficit in the boundary 
layer in these circumstances is of the same order 
of magnitude as the momentum of the injectant. 

For a given mass flow of injectant issuing 
from a thin lipped slot the highest mole-fraction 
(temperature effectiveness) values were achieved 
using the lightest gas (pure helium). 
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R&sum&-& prtsente des mesures de concentration de gaz &ranger pour une large gamme de rapports de 
vitesses et de masses volumiques. L’tpaisseur de la couche limite de l’ecoulement principal et la geometric 
de la levre de la fente ont Cte modif& de facon a etudier l’importance de ces parambtres dans la gamme 
Ctudib des rapports de vitesses et de masses volumiques. La valeur de la concentration massique a la paroi 
augmentait continiunent avec le flux massique inject& bien que l’amelioration ait tte relativement faible 
pour des rapports de vitesses plus grands que l’unite. 

Pour un flux massique don& de gaz &anger, la valeur pa&ale de la concentration massique (et, par 
analogie, I’effrcacitb de refroidissemerit de film parietal adiabatique basC sur l’enthalpie’ etait legerement 
plus grande pour le gaz le plus ltger inject& La valeur par&ale correspondante de la fraction molaire 
(analogue a l’efticacite ba&e sur la tempbrature pa&ale adiabatique) ttait considtrablement plus grande 
pour le gaz le plus leger. 

En augmentant l’tpaisseur de la levre de la fente, l’effrcacite de refroidissement de film est abaissk et 
son influence augment&s lorsque la densite du refrigerant btait reduite. L’effet d’augmenter I’epaisseur de 
la couche limite de l’tcoulement principal etait beaucoup plus faible bien qu’encore sensible lorsqu’on 
employait un refrigerant gazeux Ieger. 

Les rtsultats actuels sont compares avec d’autres don&es exp&irnentales et avec les previsions du mod&e 
du type couche limite pour les ecoulements de refroidissement par film. 
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Zusarmnenfassung-Es werden Messungen der Fremdgaskonzentration tiber einen weiten Bereich der 
Geschwindigkeits- und Dichteverhiiltnisse widergegeben. Dabei wurde die Dicke der Hauptstromgrenz- 
schicht und die Geometrie des Schlitzes verindert, um den Einfluss dieser Parameter in dem untersuchten 
Bereich der Geschwindigkeits- und Dichteverhlltnisse zu ermitteln. Der Wert der Massenkonzentration 
an der Wand wachst stetig mit dem zugeftihrten Massenstrom, obwohl die Verbesserung ziemlich gering 
ist fur Geschwindigkeitsverhlltnisse grosser als Eins. 

Fiir einen gegebenen Massenstrom des Fremdgases ist der Wert der Massenkonzentration an der Wand 
(und somit analog die von der Enthalpie abgeleitete Wirksamkeit der adiabaten Wandktihlung durch 
einen Fluid-Film) etwas grosser ftir das leichteste eingeblasene Gas. Der entsprechende Wert des Molen- 
bruches an der Wand (analog zur adiabaten Wandtemperatur) ist beachtlich grosser fur das leichteste Gas. 

Mit wachsender Dicke des Ausblaseschlitzes nimmt die Wirksamkeit der Filmktihlung ab, und zwar 
wachst dieser Einfluss mit abnehmender Dichte des Kiihlgases. Die Auswirkungen einer zunehmenden 
Dicke der Hauptstromgrenzschicht sind vie1 geringer, allerdings noch deutlich spiirbar, wenn ein leichtes 
Ktihlgas bentitzt wird. 

Die vorliegenden Ergebnisse werden mit anderen experimentellen Daten und mit den auf Grund des 
Grenzschichtmodells fur Filmkiihlung gewonnenen Voraussagen verglichen. 

AEEOTaqwsI-npeACTaBneHbI pe3yJIbTaTbl H3MepeHHFI KOH~eHTpaLWl IlHOPOJJHOI'O Fa3a B 

IIIHPOKOM AIlaIIa3OHe H3MeHeHldi CKOPOCTH M IIJIOTHOCTB. Tonmnna IIOrpaHWlHOPO CJIOR 

OCHOBHOrO IIOTOKa EI reOMeTpHR WeJllr I43MeHRJIWCb C IJeJlbIO HCCJIe~OBaHPIJf 3HaqeHHFI 3TIIX 

napahrerpon B paccMaTpm3aehroM ananaaorre ornomerrnt c~0p0cTM II IIJIOTHOCTH. BenWWHbI 

KOHqeHTPa~MH MaCCbI Ha CTeHKe BO3paCTanH C IIOBbIIUeHIleM IIJIOTHOCTB BAyBaeMOrO IIOTOHa 

MaCCbI,XOTR AJIFI OTHOIIIeHPiR CKOpOCTeti donbme e~MH&SqbIAOCTIlraeMOe II&Ill 3TOM J'BeJIMqeHlle 

6r.tno He3HaYNTeJIbHbIM. &WI AaHHOrO IIOTOKa MaCCbl MHOpO~HOrO KOMIIOHeHTa BeJIHWiHa 

KOHqeHTPaqHli MaCCbI y CTeHKM (II, CJIegOBaTenbHO, 3+@eKTHBHOCTb anna6aTWIeCKOPo 

IIJIeHO'IHOrO OXJlalKReHMX CTeHKH, OTHeCeHHaR K BHTaJIbllRB) 6bma HeMHOIWM 60rrbme npn 
BAJ'BaHMIl CaMbIX JIeFKHX ra30B. COOTBeTCTBJ'IOlLJee IIpHCTeHOsHOe 3Ha'ieHRe MOJIRPHOt 

KOHqeHTPaUMH (aHaJIOIWH0 3$+eKTHBHOCTH, 0THeceHHot K reuneparype anna6arriuecnon 
CTeHKII) 6~~0 3HaqHTeJIbHO BbIILIe AJIH CaMbIX JIeI?KHX Fa3OB.nPIl J'BeJIWIeHMll BbICOTbI~eJIEI 

CHWKaJIaCb E$@eKTMBHOCTb IIJIeHqHOI'O OXJIaFKAeHHH; BJIHRHUe 3TOii BbICOTbI J'BeJIIVIllBaJIOCb 

~~~~MeHbllreHM~~~OTHOCTMOX~a~MTe~R.~~llllC~O~b3OBaHll~~e~KO~OOXJra~~Te~~B~ll~Hlle 

pOCTaTOJI~I4HbIIIO~paHWIHO~O CJIOJIOCHOBHOI'O IIOTOKa 6r.rno rOpa3AO MeHee3aMeTHbIM,XOTR 

H AOCTaTO'IHO 3HaWiTeJIbHblM. 

Pe3J'JIbTaTbI JJaHHOti pa6orbr CpaBHHBaIOTCFI C APYrHMM 3KCIIepllMeHTaJIbHbIMH AaHHbIMH H 

c pacseraun norpannsrioro cnon npn nrreno~nohr 0xrraHcAenau. 


