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A. BROWN* andC. L. SALUJA~ 
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Abstract-Measurements of film cooling effectiveness are presented for coolant injection through a single 
hole and rows of holes with pitch to diameter ratios of 8.0, 5.33 and 2.67 with an injection angle of 30. to 
the free stream flow direction. In the case of a row of holes with a pitch to diameter ratio of 5.33 the 
influence on film cooling of injecting a small fraction of the coolant through narrow slits located three 
diameters downstream from the row of holes is investigated and is found to be significant. Also the effects 
of free stream turbulence and velocity gradient are measured and in general increased free stream 
turbulence reduces film cooling effectiveness, whereas, the influence of free stream velocity gradlent differs 
for two and three dimensional flow situations. The measurements are analysed via line sink models and 
correlations based on an energy balance, the latter are much more successful in describing the film 

cooling effectiveness measurements. 

NOMENCLATURE Greek symbols 

= (Ms,,/X)(Re,)~;‘, correlation group for a 
single hole ; 
= (Ms,/X)(Re,)$‘, correlation group for a 
row of holes; 

hole diameter; 

= p,Uf/p, UZ,. momentum flux ratio; 
= p,U,/p, U,, blowing parameter: 
= MD/P, modified blowing parameter; 

pitch of holes ; 

C, 

‘1, 

effective turbulent diffusivity ; 

= (L - 7;x.o.z,/ (T, - T,), film cooling 
effectiveness 

coolant Reynolds number; 

‘1, laterally averaged effectiveness over a pitch 

at a given downstream location ; 
v, kinematic viscosity; 

PC inlet coolent density ; 

P I( free stream density. 

INTRODUCTION 

(Re,),, free stream Reynolds number; 

$3 = D(n)‘/‘/2, equivalent slit opening of a 
single hole ; 

% = D2d4P, equivalent slit opening of a row 

of holes ; 

L inletzcoolant temperature; 
7;X,r ,=,, temperature at location x, J, z; 
T 

u:: 

free stream temperature; 
inlet coolant velocity; 

u free 

cr;b,,. 
stream velocity ; 

turbulence intensity; 

V, = (v/U~)(dU,/dx), free stream velocity 
gradient factor; 

.x. streamwise distance from the leading edge 
of the surface: 

Xi, streamwise distance from the leading edge 

of the surface of the injection holes; 

X, streamwise distance downstream from the 

centre of the holes; 

Y, distance above the surface; 
Y 03 distance above the surface to which the jet 

rises ; 
Z, lateral distance from the centre of the holes. 
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FILM cooling by injection through discrete holes is a 
promising technique for protecting the blades of the 

high pressure stages of gas turbines. Successes have 
been achieved with the film cooling technique, 

however, the performance of discrete hole cooling 
depends heavily on adopting the correct spacing 
between holes and the value of injectant velocity 
relative to the free stream velocity. Also the cooling 

performance depends on free stream, injectant and 
boundary-layer properties. 

During the past decade the attentions of some 

researchers have been directed to discrete hole film 
cooling. Goldstein et al. [I] investigated the effect of 

angled injection through a discrete hole angled at 90 
and 35” to the free stream flow direction. Film 
cooling from a circular hole with lateral inclination 

of 15 and 35” to the free stream flow direction was 
studied by Goldstein et al. [2] and a study by 
Hartsel [3] revealed the aerodynamic penalties of 
lateral angled injection on both suction and pressure 

surfaces of aerofoils. The improved cooling obtained 
by widening the exits from cooling holes was 
observed by Goldstein et ul. [4]. Kruse [S] showed 
that a double row of holes provided better cooling 
than a single row, and in a study of multiple rows of 
film cooling holes Le Brocq er ul. [6] concluded that 
a staggered pattern of holes gave superior cooling 
than holes in line. Sellers [7] proposed that the 
cooling effect of rows of holes could be predicted by 
taking into consideration the effectiveness level from 
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each upstream injection location individually. This 
has been confirmed by Muska et al. [S] and Mayle 
and Camarata [9]. 

Very limited work has been carried out on the 

influence of free stream turbulence intensity on 
discrete hole film cooling. Launder and York [lo] 

reported a drop in film cooling effectiveness due to 
increased free stream turbulence intensity in the 

presence of a favourable velocity gradient. Brown 
and Minty [ll] reported the same for film cooling 

from a slot of aspect ratio 2 in the presence of 
adverse, favourable and zero velocity gradients. The 

effect of free stream velocity gradients on discrete 
hole film cooling has been investigated by Lander et 
al. [ 121, Launder and York [lo], Nicolas and 
LeMeur [13], Brown and Minty [ll] and Liess [14] 
but no consistency of view emerges from these 
works. 

The flow field associated with injection through a 

discrete hole is three dimensional in nature. Exper- 
imental studies by Ambramovich [15], Keffer and 

Baines [16], Ramsey and Goldstein [17] and 
Bergeles et ul. [18,19] with angled injection have 
revealed the existence of streamwise vortices and a 

region of recirculation downstream of the point of 
injection. When the injection geometry involves a 

number of holes, the character of the flow becomes 

more complex as a consequence of the interaction 
between injectant jets. Bergeles et al. [19] reported 
the application of a three dimensional finite differ- 

ence partially parabolic numerical procedure de- 

veloped by Pratap and Spalding [20] to the 
prediction of mean velocity, pressure and tempera- 
ture fields following injection through a single row of 
holes normal to and inclined at 45 and 35” to the free 
stream Aow direction and for multiple rows of holes 

in staggered pattern with holes normal to the free 

stream flow direction. Also, they made predictions 
for a row of holes inclined at 30” to the free stream 
flow direction in the presence of a strong streamwise 

favourable velocity gradient. 

Heat sink models for discrete hole injection started 
from the work of Ramsey et a/. [21] who developed 
a relationship for film cooling effectiveness on an 
adiabatic surface. Evaluation of effectiveness requires 

specification of the effective turbulent diffusivity E. 
Values of the lateral spreading of effectiveness for 

normal injection and M = 0.1, measured by Gold- 
stein er ul. [l] and Ramsey and Goldstein [17], 
were used to evaluate 8. It was found that the 
predicted values of effectiveness were much greater 
than the measured values near the injection hole but 
quite good agreement was obtained for X/D > 10. 
The predictions for larger blowing rates were in poor 
agreement with experiment, this occurs as the 
thermal diffusivity in the vertical direction is greater 
than in the lateral direction, but the model could not 
account for this. Using values of diffusivity obtained 
from experimental measurements of effectiveness 
immediately downstream of the point of injection 
underpredicted effectiveness far downstream. At 

higher blowing rates (M 2 0.4) the injected jet lifts 
off the surface and Eriksen et al. [22] accounted for 
this by locating the point heat sink a distance Y = Y, 
above the injection hole. In order to satisfy the 
condition of an adiabatic wall at the Y = 0 plane an 
image sink was assumed at - Y, and the effectiveness 
calculated from the combined sinks. Eriksen et ul. 

[22] proposed that Y, be taken as the average value 
of the distance above the surface in the injectant jet 
at which maximum difference in temperature be- 

tween injectant and free stream occurs. In the same 

paper they extended the above model by assuming a 
line sink of length D extending in the Z direction and 

located Y0 above the injection hole. The strength of 
the line sink per unit length was assumed constant. 

The point sink model of Eriksen et rd. [22] 
predicted centre line, that is, Z = 0, effectiveness 

results well but underestimated the spread of the jet 
and was poor for predicting effectiveness at lateral 

locations. The uniform strength line sink model 
showed an improvement in predicting off centre line 

effectiveness but was inferior to the point sink model 
on centre line. In view of this conflict Saluja [23] 
considered the use of line sink models of varying 

strength, firstly a line sink the strength of which 
varied linearly in the lateral direction and secondly a 
line sink the strength of which varied parabolically in 

the lateral direction. In both cases the strength was 
maximum on the centre line and zero at the edges of 
the injectant hole. A third model considered by 

Saluja [23] for a row of holes was a line sink model 

of uniform strength covering the complete pitch of 
holes. Comparisons of the sink models with experi- 

ment are made later in this article. 
Correlations have been developed to describe 

film cooling measurements for continuous slot and 
single hole injection, Most of the correlations arc 

based on the de-icing work of Wieghardt [24] 
or the two dimensional flow model for injection 

of Hatch and Papell [25] and Papell [26]. Brown 

[27] extended the work of Hatch and Papell [25] 
and Papell [26] to allow for exchange between 
the two dimensional jet and the free stream 
via an energy balance. From the two dimensional 

flow model Brown [27] suggested that for a given 
angle, slot opening and injected air to free stream 
velocity ratio, the measurements can be made to 

yield a single curve if a function of the momentum 
flux ratio (I = p,C’f//r,L’t) of the injectant to free 
stream is introduced as a multiplying factor to the 
correlating group. The multiplying factor was to 
account for the initial mixing of the free stream and 
injectant at the point of injection. Such correlations 
fitted well the two dimensional injection measure- 
ments of Brown [27] for 90. 60 and 45’ angles of 
injection and Artt et d. [28] used the same 
relationships to correlate their measurements for a 
two dimensional injection geometry for 30 and 15” 
angle of injection. Brown and Minty [ 1 l] presented 
results of a study of film cooling through slots of 
various aspect ratios (24. 8. 4, 2, and 1) angled at 30’ 



Film cooling from a single hole and a row of holes 521 

to the free stream flow direction so that two and 

three dimensional injection geometries were in- 

vestigated. The correlations of Brown [27] ade- 

quately described the results for aspect ratios 24 and 
8 but for aspect ratios 4, 2 and 1 the correlations had 

to be modified. 

EXPERIMENTAL RIG AND EXPERIMENTATION 

The experimental investigation was carried out in 

a low speed recirculatory wind tunnel which pro- 
vided a uniform free stream at controlled velocity up 
to 15m/s and temperature up to 60°C. Cold air was 
injected through the base of the working section. 

Temperature measurements were made on the base 
of the working section downstream of the cold air 
injection tubes in the streamwise and lateral direc- 

tions and velocity and turbulence measurements 
were made in the exit region of the tubes and in the 
boundary-layers, jets and free stream. The injection 
configurations investigated were: a single hole and a 

single row of holes with variable pitch to diameter 
ratios of 8.0, 5.33, 4.0, 3.2 and 2.67 inclined at 30” to 

the free stream flow direction, and the single row of 
holes with pitch to diameter ratio of 5.33 with a 
normal narrow slit located three diameters down- 

stream from the holes trailing edges with the slit 
continuous and then plugged to create a single 
multiple slit row. The effects of free stream turbu- 
lence intensity up to values of 0.12, and favourable 

and adverse velocity gradients of values f1.14 
x 10m6 and -0.58 x 10m6 respectively on film 

cooling were investigated for injection through a row 

of holes having a pitch to diameter ratio of 5.33. A 
plan view of the working section of the experimental 
rig for the slit arrangements used with a row of holes 

having P/D = 5.33 is illustrated in Fig. 1. 
In the absence of cold air injection the free stream 

velocity at the point of injection was lOm/s 

throughout the measurements described in this 
article, giving a value of 3.55 x 10’ for the free stream 
Reynolds number at the point of cold air injection. 

The thickness of the boundary layer at the point of 
injection was 18mm and so its ratio to the injection 

_&- -&- -$- 
’ P/D=5.33 I 

0.0380 ( VI 

FIG. 1. Slit arrangements with a row of holes having P/D 
= 5.33 (not to scale). 

holes’ diameter was 0.925 where D = 19.4mm. The 

length to diameter ratio of the cold air injection 

tubes was 14.74. During film cooling measurements 

the temperature of the free stream was maintained 

about 30°C above the temperature of the injected 
coolant and the ratio of coolant to free stream 

density PJP, was about 1.1. The velocity ratio 

U,iU, was variable up to a value of 1.2 and so the 

blowing rate M = p,U,lpmU, was variable up to 
1.35. The corresponding upper limit for the momen- 
tum flux ratio I = p,U,2/p,Ui was about 1.6. The 

major portion of the work described in this article 

was for zero free stream velocity gradient and a 
turbulence intensity of about 0.017. 

In addition to temperature measurements for 

determination of adiabatic effectiveness micro- 
miniature hot wires were used to determine velocities 

and turbulence intensities in boundary layers, jets 
and the free stream, and flow visualisation tech- 

niques were also employed. The flow visualisation 

technique which proved most useful was the use of 

Cholesteric liquid crystals applied to the rig base 
surface behind the row of holes to give temperature 
patterns in the XZ plane at Y = 0, and the patterns 
obtained on a thin plate normal to the XZ plane and 
parallel to the XY plane and cutting centrally along 
the X direction and immersed into a cold air 

injection hole, the latter was useful in determining 
values of Y0 for the heat sink models, Brown and 

Saluja [29]. 

FILM COOLING EFFECTIVENESS RESULTS 

The effectiveness measurements for a single hole 

and a row of holes with pitch to diameter ratios 8.0, 

5.33 and 2.67 for various values of M, X/D, Z/D and 
Z/P are presented in this article. The measurements 

for pitch to diameter ratios of 4.0 and 3.2 are not 
included in this article as they fall between those for 

pitch to diameter ratios of 5.33 and 2.67. The centre 
line and averaged effectivenesses for the row of holes 
with pitch to diameter ratios of 8.0 and 2.67 are 

illustrated in Figs. 2 and 3, the measurements for 
P/D = 5.33 are intermediate between P/D = 8.0 and 

2.67 and have been omitted. Also incorporated in 
Fig. 2 is the variation of centre line effectiveness as 

measured by Goldstein et al. [2] for a row of holes 
with pitch to diameter ratio of 3.0 inclined at 35” to 

the free stream flow direction at X/D = 6.7 and Re, 
= 2.2 x 104. Some of the averaged effectiveness 
results for a row of holes with pitch to diameter ratio 
of 2.67 are replotted in Fig. 4 where they can be 
compared with the averaged effectiveness measure- 

ments of Goldstein et al. [2], Liess and Carnel [30] 
and Kruse [5]. A modified blowing parameter M’ 
= MD/P may be more meaningful than M as an 
indicator of averaged film cooling performance and 
so some of the averaged effectiveness results of Fig. 3 
were replotted against M’ by Saluja [23]. The 
modified blowing parameter normalises the injectant 
mass flow flux. The trends shown in Fig. 3 were 
reinforced when q was plotted against &f’. 
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--.-.--Goldstein, et al. [2] 

-_--- Single hole 

--- P/D=2.67 -PP/D=8.0 

.X/D=5 OX/D=10 x X/D=15 * X/D=20 

I I I 1 I J 

0 0.5 M 1.0 
FIN;. 2. rl, vs M for tixed values ofX.'D for rows of holes with 

P/D = 2.67 and 8.0. 

-- -P/D=2.67 ___ P/D=8.D 

.X/D=5 x X/D=15 

i I 4 I 1 

0 0.5 M 1.0 

Flti. 3. rj vs M for fixed values of X;D for rows of holes with 
P/D = 2.67 and 8.0. 

The experimental arrangement with a row of holes 

of pitch to diameter ratio 5.33 was used to illustrate 

the influence of free stream turbulence intensity and 
velocity gradient on film cooling and these measure- 

ments are presented in Figs. 5 and 6. This arrange- 
ment was also used to illustrate the influence of 
injecting a small fraction (about 5%) of the total 
coolant through a continuous slit or a row of slits 

located three diameters downstream from the holes 
on film cooling from the row of holes. These 
measurements are illustrated in Figs. ‘7 and 8 where 
the key to the slit configurations is given in Fig. 1. 
Comparing cases I and VI with the measurements 
without a slit shows the range of influence of the 
modification. 

DISCUSSION AND CONCLUSIONS 
ON THE MEASUREMENTS 

The effect of decreasing the pitch to diameter ratio 
for injection through a row of holes from 8.00 
through 5.33 down to 2.67 is apparent from Figs. 2 
and 3, and also from Figs. 5-8. Important obser- 
vations can be made from the various effectiveness 

-._-.-- Kruse, [5] 

I---- Liess & Carnel, [30] 

--- Goldstein, et al. [2] 

present 

,x/D=5 x X/D=15 

0.4 

,./-"-"\ 
J 

rl 
“\Y 

\I\ 

“k 

0' 
1 L’s I 1 

M 1.0 
I 

FIG.~. Comparisonofaverdgedresultswithotherworkersfor 
a row of holes with P/D = 2.67. 

measurements and they are that the optimum 
blowing rate for all values of P,!D is about OS. As 
P/D is decreased the effectiveness values at all Z/P 
tend to a narrow band for all M at locations 10 
< X.!D < 30 and for P/D = 2.67 the average values 

of TV in this narrow band is a maximum, about 0.2, 
for M = 0.5. Close to the holes, that is, X/D < 10. 
the centre line effectiveness is greatest for M < I .O for 
a row of holes with P/D = 5.33 but the average of 
effectiveness for M < 1.0 over a pitch is greatest for a 

---------U'/U,=O.O17, V=-O.58~10-~ 

_.-_- u'/u,=0.017, v=+1.14x10-6 

-- 
-U'/U,=O.O8, V=O 

u'/u,=0.017, v=o 

*X/D=5 X X/D=1 5 

0.4 - 

UC 

0.2 - 

0' 
1 

0.5 
I 1 

M 1.0 
J 

FE. The influence of free stream turbulence intensity and 
velocity gradient on film cooling. 
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------u'/u,=o.o17, Y=+l.l4x10-~ 

-- -u’/u,=o.o8, Y-O 

u IU,=O.O17, Y=O 

e x/o=5 x X/D=15 

i 
e-- 

,.A’ --‘-+-..c.._~_ 

--“;)_A._.__._ 

0.2 --* 

0 0.5 M 1.0 

FIG. 6. The infiuence of free stream turbulence intensity and 
velocity gradient on film cooling. 

row of holes with P/D = 2.67. For M > 1 the centre 
line effectiveness close to the holes is about equal for 
P/D = 8.0 and 2.67 and superior to that for P/D 
= 5.33. The average effectiveness for the P/D = 2.6? 
row of holes can be compared at two locations, that 
is, X/D = 5 and X/i, = 15, with the measurements of 
Goldstein ef ~1. [2], Liess and CarneI[30] and Kruse 
[S] in Fig. 4. The authors measurements compare 
favourably with those of other workers. 

The above measurements were for free stream 
turbufence intensity W/V, = 0.017 and zero velocity 

-..--.--- Case I 
-.-.- Case VI 

rX/D=5 x x/o=15 

0: . * 
FIG. 7. ?f, YS M fur fixed Kihxs ofX/B for a row ofhdes with 

P/D = 5.33 and slits 30 downstream. 

gradient. It is known that free stream turbulence 
intensity and velocity gradient influence film cooling 
~rformance and in view of this some measure- 
ments have been made for U‘/ti, = 0.08 with zero 
velocity gradient and for velocity gradient factors 
V[= (v/Ui)(dU,/d.x)) = + 1.14 x 1O’-6 and -0.58 
x 10-6 with a turbulence intensity of 0.017 with a 
row of holes of P/D = 5.33, see Figs. 5 and 6. It can 
be seen that higher free stream turbulence intensity 
lowers the centre line effectiveness for locations X/D 
= 5 and I5 for M 6 1.25 whereas the averaged 
effectiveness is lowered for att tM at X,/D = 5 but it is 
only lowered for M 5 0.7 at X/D = 15 and then 
increased for M 2 0.7. In general the findings on the 
effect of free stream turbulence intensity agree with 
those of Brown and Minty [ 1 l] for injection through 

No slit 

--- Case I 

-.--- Case YL 

@ x/D=5 x X/D=15 

I . ..&A-- 

,.s.=s.=? _..a.--.__I‘w- - 4 ---*-.-.-.* 
0.2 

P/D = 5.33 and slits 30 downstream. 

a single square section hole and with Launder and 
York [lo], though their investigation was for 
favourable free stream velocity gradients. The pub- 
lished work on the effect of free stream velocity 
gradient on film cooling effectiveness indicates some 
disagreement on the subject. Liess [14] measured the 
effect of favourable velocity gradients on film cooling 
effectiveness downstream from a row of holes and 
found that the effectiveness was reduced for low 
values of the blowing parameter, but his work was 
concerned only with averaged effectiveness. Launder 
and York [lo] found that steep streamwise acceier- 
ations substantially improve the effectiveness for 
discrete hole cooling systems, which was confirmed 
by the endings of Brown and Minty [ll]. The 
measurements illustrated in Figs. 5 and 6 for 
injection through a row of holes with P/D = 5.33 
show that the averaged effectiveness is greatest for 
adverse velocity gradients and least for favourable 
velocity gradients for all M and for X/D = 5 and 1.5. 
For the centre line etl’ectiveness the same is true for 
M ,( 1.2 and X/D = 5, it is not so for X,/D = 15 in 
which case the centre tine effectiveness in the 
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presence of a favourable velocity gradient although 
less than that for a zero gradient for M 5 0.7 is 

superior for M 2 0.7. The effect of free stream 
velocity gradient on film cooling effectiveness would 

appear to differ from two to three dimensional 
injection situations. 

Interest in the effect of injecting a small amount of 
coolant through a plate onto its surface a small 

distance downstream from a row of injection holes 
was stimulated by effectiveness measurements of 

Kruse [5]. The coolant arrangement of a row of 
holes with P/D = 5.33 was modified by locating a 
continuous normal slit for injecting small quantities 
of coolant onto the surface of the rig base 3D 

downstream from the trailing edges of the holes, see 
Fig. 1. The continuous slit could be progressively 

plugged to create a row of slits of different lengths 
and pitches, in all six cases were considered going 
from a continuous slit to a row of slits 2D long, see 

Fig. 1. For a continuous slit 5% of coolant was 
passed through the slit and 95% through the row of 

holes and as the slit was plugged, the percentage of 

coolant passing through the slits was progressively 
reduced. Figures 7 and 8 show some typical 

measurements for this combination cooling arrange- 
ment from which it can be seen that close to the 
holes the centre line and averaged effectiveness are 
substantially increased with injection of a small 

quantity of coolant 30 downstream from the row of 
holes for all values of M. At X/D = 15 for all 
injection arrangements the centre line effectiveness is 

increased for all values of M but there is no 
significant change in the averaged effectiveness over 

the situation for injection through a row of holes 

only. 
Three dimensional film cooling from a row of 

holes is influenced by the fluid mechanic processes 

involved, Bergeles et al. [18,19]. Some flow measure- 
ment and visualisation techniques were used by 

Saluja [23] to aid in the understanding of the film 
cooling measurements. It was found that for blowing 

rates with M > 0.5 a separation bubble exists 
downstream of the injection holes. As the blowing 

rate increases, the length of the separation bubble 

increases such that at M = 0.62 the bubble extends 

over a distance of about 30. At the blowing rates M 
= 0.92 and 1.24 the jets separate from the surface at 
the point of injection and do not reattach though the 
degree of penetration of the jet into the free stream is 

greater for M = 1.24. Turbulence intensity measure- 
ments in particular indicate that at M = 1.24 the jet 
has merged with the free stream by the location X:‘D 
= 4. The lateral spreading of the jets is more 

apparent for large values of M at locations close to 
the holes but even for A4 < 0.3 the velocity and 

turbulence profiles are similar for all Z/P at X/D 
3 6. As the free stream turbulence intensity is 

increased the jets lift off the surface more and spread 
in the lateral direction earlier. The spreading of the 
jets is the only desirable aspect of high free stream 
turbulence intensity and its effect is apparent in the 

effectiveness results presented above. 

DISCUSSION AND CONCLUSIONS ON HEAT 
SINK MODELS AND CORRELATIONS 

In order to use heat sink models it is necessary to 

evaluate Y0 and E. In the present work values of Y,, 
were obtained from flow visualisation and hot wire 

anemometer measurements and the variation of Y, 
with M is given by 

Y,,‘D = 0.46M-0.13. 

Though this method gives only approximate values 
for Y, it was acceptable as the maximum value of 

Y,/D is about 0.5 and, therefore, neglecting it in the 
heat sink model equations introduces an error in 7 of 

less than 2%. Values for the effective turbulent 
diffusivity E were determined from the experimental 

effectiveness measurements and the variation of Y,/D 
with M. The resulting values of E were found to be 

functions of the momentum flux ratio I, and location 
X/D, Z/D, for both the varying strength line sink 

models and the line sink model of uniform strength 
covering the complete pitch of holes. This is contrary 
to the assumption of constant c: in deriving ex- 

pressions for effectiveness q from heat sink models. 
From Saluja [23] the parabolically varying strength 
model was no better than the linearly varying 
strength model for which 
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and 

-o’75 E(m2/s) = 0 . 13 _ 0 X 
D 

P6exp 1 0.79 01 z , 

where 0.28 < M < 1.35 and 0 < Z/P < 1. The line sink model covering the complete pitch of holes gave 

and 

&(m2/s) = 0.014exp[2.531°~5 -0.5(X/D)] 

where 0.17 < M < 0.48 and 0 ,< Z/P < 0.3, and 

&(m’/s) = O.O44exp[ 1.S21°,5 -0.08(X/D)] 

531 

(2) 

(3) 

(4) 

(5) 

where 0.64 < M < 1.27 and 0 < Z/P < 0.3. For 
lateral locations where Z/P > 0.3 it was more 
difficult to obtain expressions for E and equations (4) 
and (5) were less accurate. Comparisons between line 
sink models and experiment are made in Fig. 9 from 
which it can be seen that a linearly varying strength 
line sink model is a good predictor of film cooling 
effectiveness for a single hofe except on the centre 
line, however, the uniform strength line sink model, 
at best, has very limited use. It should be noted that 
equations (2), (4) and (5) are reaily only applicable 
to the experimental measurements described in this 
article. though the trends indicated by these ex- 
pressions for E should apply in general. 

Correlations for film cooling have been developed 
by a number of workers based on an energy balance 
between a two dimensional jet and the free stream 

Single hole 

--- Row of holes with pID~2.67 

---+--... Eqn. (7) 

-..-..- Eqn. (3) 

l z/o & Z/P=0 

X Z/D=O.5 & Z/P=D.2 

f Z/D-l.0 & Z/P=O.4 

r 

I I t 1 

0 10 X/D 20 30 .751 )Ah 0.1 

Fro. 9. q vs X/D for fixed values of Z/E) for a single hofe and 
z/p for a row of boles with P/f, = 2.67 and M = 0.47, and 

FIG. 10. qC vs 0.21 (I-0.751).4, for a single hofe with 0.28 

compared with equations (1) and (3) respectively. 
< M <: 1 .O, and rows of holes with P/D = 8.0, 5.33 and 2.67 

and with 0.16 < M <: 1.0. 

and their correlations have been successful for 
predicting film cooling effectiveness from a con- 
tinuous slit and a discrete hole. Figure 10 illustrates 
the usefulness of correlations for predicting the 
centre line effectiveness for injection through a 
discrete hole, and superimposed on these figures are 
the measurements of Goldstein et al. [l] and Brown 
and Minty [ll]. The correlations are 

qc = 0.37[(1 -0.651°~s)A,]0~84, 

for 0.28 < M < 1.35, and 

(6) 

rIc = 0.33[(1 -0.751°~5)A,]0~7’, (7) 

for 0.28 < M < 1.0. Also in Fig. 10 the correlation 
for injection through a single hole given in equation 
(7) is used to examine the measured values of centre 
line effectiveness for rows of holes with P/D = 8.0, 
5.33 and 2.67. It is apparent that equation (7) 
becomes less useful for correlating measured values 
of centre line effectiveness for injection through a 
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FIG;. 12. ~vs0.2724, O.“’ ‘I “forarowofholeswithP/D = 2.67 
and for 0 < M < 0.64. 

row of holes as the pitch to diameter ratio decreases 
and neighbouring jets have progressively more 
influence on each other. 

In many practical situations film cooling with 

injection through a row of holes is more appropriate 
than that for a single hole. Correlations for centre 
line effectiveness and effectiveness averaged over a 
pitch have been determined for injection through a 
row of holes with P/D = 2.67 and are as follows 

‘lc = 0.62A0-47 I 

for M < 0.64 and 

~c = 0,231-05xAo 191-““1 
I 

for M > 0.64, and 

(8) 

(9) 

q = 0.27~0 I II ‘I ‘ii 
I (10) 

for M < 0.64 and 

‘I = 0.13A; (j 23 (II) 

for M > 0.64. The centre line effectiveness measure- 
ments for injection through rows of holes with P;D 

= 8.0, 5.33 and 2.67 are plotted against equation (8) 

in Fig. 11 and the averaged effectiveness measure- 
ments for the row of holes with P,lD = 2.67 are 
plotted against equation (10) in Fig. 12. Super- 

imposed on Fig. 11 are the measurements of 
Goldstein rt (11. [2]. From Fig. 11 it can be seen that 
equation (8) adequately correlates centre line effec- 
tiveness for injection through a row of holes with 
P/D = 2.67 and becomes less satisfactory ;IS the 
pitch to diameter ratio increases. Also. the deviation 

of the measured results from equation (8) for M 

> 0.64 and the measurements of Goldstein 01 trl. [2] 
for most of which M > 0.64 is apparent from Fig. Il. 
The averaged effectiveness measurements for in- 

jection through a row of holes with P/D = 2.67 only 
are plotted in Fig. 12 and these measurements are 
adequately correlated by equation (10). The fact that 
a change of correlation occurs at M 2 0.64 is not 
surprising in view of the development of separated 
flow below the jets for M 2 0.64, mentioned earlier. 

A~krto~vlrdgrmer~rs~ The authors wish to thank Mrs. Agnes 
Stitz for her help in the preparation of the paper. 

REFERENCES 

1. R. J. Goldstein, E. R. G. Eckert and J. W. Ramsey, Film 
cooling with injection through a circular hole. .I. fZ~/n(/ 
P\qr 90, 3X4- 395 (196X). 

2. R. J. Goldstein, E. R. G. Eckert. V. L. Eriksen and J. W. 
Ramsey, Film cooling following injection through 
inclined circular tubes, NASA CR72612 (19691. 

3. J. E. Hartsel, Prediction ofeffects ofmass transfer cooling 
on the blade row efficiency ofturbine aerofoils. AIAA No 
72 -1 I (1977). 

4. R. J. Goldstein. E. R. G. Eckert and F. Burggraf. Efiects 
of hole geometry and densit) on three-dimensional film 
cooling, Int. J. Hraf Muss Trmsfer 17, 595~ 607 (1974). 

5. H. Kruse, Film cooling measurements, DEVLR Report 
No. 352-74:9 (I 974). 

6. P. V. Le Brocq, B. E. Launder and C. H. Priddin. 
Discrete hole injection as a means of transpiration 
cooling. an experimental study, Proc. Inst. Mrch. Enqr.\ 
187(17), 149m 157 (1973). 

7. J. P. Sellers. Gaseous film cooling with multiple 
injection stations, A1114 .I/ l(9), 2154- 2156 (1963). 

8. J. F. Muska, R. W. Fish and M. Suo, The additive 
nature of film cooling from rows of holes, ASME Paper 
No. 75-WA/GT-I7 (1975). 

9. R. E. Mayle and F. J. Camarata, Multihole cooling film 
effectiveness and heat transfer, J. Hut Trm+v 97, 
534-538 (1975). 

10. B. E. Launder and J. York, Discrete hole cooling in the 
presence of free stream turbulence and strong favour- 
able pressure gradient, Int. .I. Ifeat Muss Trumfcr 17, 
1403 1409 (19741. 

Il. A. Brown and A. G. Minty, The effects of mainstream 
turbulence intensity and pressure gradient on film 
cooling effectiveness for cold air injection slits of 
various aspect ratios, ASME Paper No. 75-WA;HT- I7 
(1975). 

12. R. D. Lander, R. W. Fish and M. Suo, The external 
heat transfer distribution on tilm cooled turbine vanes, 
AIAA Paper No. 72 9 (1972). 



Film cooling from a single hole and a row of holes 533 

J. J. Nicolas and A. Lemeur, Curvature effects on a 
turbine blade cooling film, ASME Paper No. 74-GT- 
156 (1974). 

model for analysis of the temperature field downstream 
ofa heated jet injected into an-isothermal cross flow at an 
angle of 90”. NASA CR72990 (1971). 

13. 

14. 

15. 

16 

17 

18. 

19. 

20. 

21. 

22. 

C. Liess, Experimental investigation of film cooling 
with ejection from a row of holes for the application to 
gas turbine blades, ASME Paper No. 74CT-5 (1974). 
G. N. Ambramovich, The Theory of Turbulent Jets. 
M.I.T. Press, Cambridge, Mass. (1963). 
J. F. Keffer and W. D. Baines, The round turbulent jet 
in a cross-wind, J. F&d Me& 15,481I497 (1963). 
J. W. Ramsey and R. J. Goldstein, Interaction of a 
heated jet with a deflecting stream, NASA CR72613 
( 1970). 
G. Bergeles, A. D. Gosman and B. E. Launder, The 
near-field character of a jet discharged normal to a 
main stream, J. Heal Tr~~nsfrr 98, 373-378 (1976). 
G. Bergeles, A. D. Gosman and B. E. Launder, The 
prediction of three-dimensional discrete-hole cooling 
processes, Part 1: Laminar flow, J. Heat Trunsfer 98, 
3799386 (1976). 
V. S. Pratap and D. B. Spalding, A calculation 
procedure for partially-parabolic flow situations, Mech. 
Engng Dept. Report HTS.i74/35, Imperial College, 
London (1974). 
J. W. Ramsey, R. J. Goldstein and E. R. G. Eckert, A 
model for analysis of the temperature distribution with 
injection of a heated jet into an isothermal flow, in 
Fourth Intrrnational Heat Tran.$er Conference, Paper 
No. FC 8.5 Elsevier, Amsterdam (1970). 
V. L. Eriksen, E. R. G. Eckert and R. J. Goldstein, A 

~ , 
23. C.-L. Saluja, Film cooling from rows of discrete holes, 

Ph.D. Thesis, University of Wales Institute of Science 
and Technology, Card% (1977). 

24. K. Wieghardt, Hot-air discharge for de-icing, AAF 
Translation, Report No. F-Ts-9 19-Re, Wright Field, Ohio 
(1946). 

25. J. E. Hatch and S. S. Papell, Use of a theoretical Ilow 
model to correlate data for film cooling or heating an 
adiabatic wall by tangential injection of gases of 
different fluid properties. NASA TN-130 (1959). 

26. S. S. Papefl, Effect on gaseous film cooling of coolant 
injection through angled slots and normal holes, NASA 
TN D-299 (1960). 

27. A. Brown, A theoretical and experimental investigation 
into film cooling, JSME Semi-Int. Symp. Paper No. 224 
(1967). 

28. D. W. Artt, A. Brown and P. P. Miller, An experimental 
investigation into film cooling with particular appli- 
cation to cooled turbine blades, in Fourth International 
Heat Transfer Conference. Paver No. 55. Elsevier. 
Amsterdam”(1970). ” ’ L 

. 

29. A. Brown and C. L. Saluja, The use of cholesteric liquid 
crystals for surface temperature visualisation of film 
cooling nrocesses. J. Phvs. E. Il. 1068-1072 (1978). 

30. C. Lie% and J. Carnell Application of film‘cooling to 
gas turbine blades, in AGARD Conference Proceedings, 
73, Paper No. 23 (1971). 

REFROIDISSEMENT PAR FILM A PARTIR DUNE OUVERTURE ET DUNE 
LIGNE DE TROUS AVEC DIFFERENTS RAPPORTS PAS SUR DIAMETRE 

RCsumb On presente des mesures d’efficacitt de refroidissement par injection a travers une ouverture 
unique et une ligne de trous avec des rapports pas sur diamitre Cgaux a 8,0, 5.33 et 267, avec un angle 
d’injection de 30” par rapport a la direction de I’ecoulement libre. Dam le cas d’une ligne de trous avec un 
rapport pas sur diametre de 5,33, on etudie I’intluence sur le refroidissement par film de I’injection d’une 
petite fraction de refrigerant a travers des fentes itroites sit&es a trois diametres en aval de la ligne de 
trous et on la trouve importante. On mesure aussi les effets de la turbulence de l’ecoulement libre et du 
gradient de vitesse; en general I’accroissement de la turbulence rtduit I’efficacite du refroidissement par 
film. tandis que l’influence du gradient de vitesse est differente pour plusieurs situations d’ecoulement. Les 
mesures sent analysees a partir de modeles de puits lineaires et de formules basees sur le bilan d’energie: 

ces dernieres decrivent mieux les mesures d’efficacite du refro~dissement par film. 

FILMKUHLUNG MITTELS EINER EINZELBOHRUNG UND MIT EINER 
BOHRUNGSREIHE BEI UNTERSCHIEDLICHEM VERHALTNIS VON 

TEILUNG ZU DURCHMESSER 

Zusammenfassung-Es wird das Ergebnis von Messungen zur Wirksamkeit von Filmktihlung bei 
Ktihlmitteleinspritzung durch Einzelbohrungen und durch Bohrungsreihen mit einem Verhaltnis von 
Teilung zu Durchmesser von 8,O; 5,33 und 2,67 mitgeteilt. Der Einspritzwinkel betragt 30” gegeniiber der 
Richtung der freien Stromung. In Fall der Bohrungsreihe mit einem Verhaltnis von Teilung zu 
Durchmesser von 533 wird der EinfluB auf die Filmkiihlung untersucht, wenn ein geringer Teil des 
Kiihlmittels durch enge Spahe eingespritzt wird, die sich drei Durchmesser stromabwarts von der 
Bohrungsreihe befmden. Es wird ein ausgepdgter EinfluB dieser Anordnung festgestellt. Die 
Auswirkungen der Turbulenz und des Geschwindigkeitsgradienten der freien Stromung werden ebenfalis 
gemessen. Im allg~einen vermindert eine erhiihte Turbulenz der freien Str~mung die Wirksamkeit der 
F~lmk~hlung, wogegen sich der EinfluR des Geschwindigkeitsgradienten der freien Str~mung bei zwei- 
und dreidimensionaien Str~mungszust~nden unterscheidet. Die Messungen werden iiber ein Linien- 
senkenmodell sowie mit Korrelationen, die sich auf eine Energiebilanz stiitzen, ausgewertet. Die letzteren 

sind fur Darstefiung der MeRergebnisse weit besser geeignet. 
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il.Jl~HO~HOE OXJIA’IKAEHWE FIPM l”IOflA’-iE WiJjKOCTM 113 EAMHMUIHOI-0 
OTBEPCTMII M PR,QA OTBEPCTM~ C PA3JIMYHbIM OTHOIlIEHkiEM LUAI-A 

K AMAMETPY 

AHHOTWH~-~J~~~CT~B~~H~~ pC3yJlbTaTbl M3Me&YCHWl 3&#EKTHBHOCTII IlJifHOYHOrO OXJWKIleHM5l npL4 

BnyBe OXJlaLllATeJlSI Vepe3 eilllHH'IHOC OTBepCTMe )I p%IA OTBepCTllfi C OTHOUIeHHRMW lllara K JWMeTpy. 

PBHblMH 8,O; 5,33 H 2,6 rlpu nonaqe EWIKOCTM non yrJIOM 30” K O~HOBHOM~ IlOTOKy. flnfl pxna 

OTBepCTHfi C OTHOUleHlleM ulara K L,WWv,eTpy, PaBHbiM 5,33, WCCJIeAOBaHO B."HllHHe Ha 3I$+eKTI(BHOCTb 

WI~HO~HO~O 0xnaxfieHw Bnyea Manok ~lofl~ oxnaaltrena 9epe3 ysrue 4e.w pacnonomewbIe Ha 

paCCTOXH&W TpiX ,!WaMeTpOB BHH3 n0 I,OTOKy 01‘ MeCTOnO_'IOW(eHHI OTBepCTEi6, A HatiReHO, YTO 3T0 

Rnkll(HWeIlBnReTCICyIUeCTBCHHblM. M3MCpeHOTaKHte 503~e~CTB~eTyp6~~eHTHOCT~ OCHOBHOrO nOTOKa 

f i-panHeH_ra CKO~OCTU u HaGineHo, 9~0 eooliute yBen~q~Ba~~a~c~ Typ6yneHTHocTb Ciiilmaei 

~~eKT~aH~Tb ox~a~~eH~~, B TO B~~MR KaK fpaiweHr CKO~OCTE~ 0c~0BH0r0 noToKa oKa3blBaeT 

pZi3JIWIHOe B.IKIlHHe B 3aB~C~MOCT~ OT Tot-O, IIBjlffeTCIi JlIi nOTOK AByX- HnIt T~X~ep~btM. npOBe2eH 

aHanrt3pesynbraTOerr3wepeHBB CnOMO~b~ .WHe&HblX MO;reneii CTOKa ~3aB~C~M~Te~.OCffOBaHHblX 

Ma Ganastce 3HeprG. Ilocnenwie HasGonee npuroiwbr npe o6pa6ome pe3ynbTaTOB H3MepeHiiii 

3+$eKTHBHOCTM flJl~HO'lHOr0 OXJlaW.FHH5l. 


