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FILM COOLING FROM A SINGLE HOLE AND A ROW
OF HOLES OF VARIABLE PITCH TO DIAMETER RATIO

A. BRowN* and C. L. SALUJAT

(Received 6 March 1978 and in revised form 15 August 1978)

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 angie 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 gradient 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

Ay, =(Ms,/X)(Re,)%?, correlation group for a
single hole;

A,, = (Ms,/X)(Re)%?, correlation group for a
row of holes;

D, hole diameter:

1, = p U/p U, momentum flux ratio;

M, =p.U./p,U,, blowing parameter;

M, = MD/P, modified blowing parameter;

P, pitch of holes;

Rep, coolant Reynolds number;

(Re,),., free stream Reynolds number;

Sho = D(n)"/?/2, equivalent slit opening of a
single hole;

Sps = D’r/4P, equivalent slit opening of a row
of holes;

T, inlet.coolant temperature;

1., temperature at location x, y, z;

T,. free stream temperature;

U, inlet coolant velocity ;

U,. freestream velocity;

U'/U .. turbulence intensity ;

Vv, = (vU2 }dU _ /dx), free stream velocity
gradient factor;
X, streamwise distance from the leading edge

of the surface;

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,,  distance above the surface to which the jet
rises;

Z, lateral distance from the centre of the holes.
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Greek symbols

e, effective turbulent diffusivity ;

N = (T, —To./(T, — T,), film cooling
effectiveness

7, laterally averaged effectiveness over a pitch
at a given downstream location ;

v, kinematic viscosity;

Do inlet coolent density ;

P, [reestream density.

INTRODUCTION

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. [1] 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 al. [4]. Kruse [5] 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 ez al. [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. [8] 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 [10]
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 [11] 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. [12], Launder and York [10], Nicolas and
LeMeur [13], Brown and Minty [11] 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 al. [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 er 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 flow 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 al. [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 et al. [1] and Ramsey and Goldstein [17],
were used to evaluate ¢ 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 > 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 al.
[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 Y, above the injection hole. The strength of
the line sink per unit length was assumed constant.

The point sink model of Eriksen et al. [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 are
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,U2/pU?%) 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 al. [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 [11] 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 527

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 -+1.14
x107¢ and —0.58x107% 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 10m/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 18 mm and so its ratio to the injection
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F1G. 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 p./p, was about 1.1. The velocity ratio
U./U, was variable up to a value of 1.2 and so the
blowing rate M = p U /p, U, was variable up to
1.35. The corresponding upper limit for the momen-
tum flux ratio I = p UZ/p, U2 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 Y, 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,,
=22x10% 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 # was plotted against M’.
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F1G. 3. 17 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
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FiG.4. Comparisonofaveraged results with other workersfor
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 0.5. 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 # 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 < 1.0 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
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Fi1G. 5. The influence of free stream turbulence intensity and
velocity gradient on film cooling.
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F16. 6. The influence 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 =80 and 2.67 and superior to that for P/D
= 3.33. The average effectiveness for the P/D = 2.67
row of holes can be compared at two locations, that
is, X/D = 5 and X/D = 15, with the measurements of
Goldstein et al. [2], Liess and Carnel [30] and Kruse
[5] in Fig. 4. The authors measurements compare
favourably with those of other workers.

The above measurements were for free stream
turbulence intensity U'/U , = 0.017 and zero velocity
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F1G. 7. 5, vs M for fixed values of X/D for a row of holes with
P/D = 5.33 and slits 3D downstream.

gradient. It is known that free stream turbulence
intensity and velocity gradient influence film cooling
performance and in view of this some measure-
ments have been made for U'/U , = 0.08 with zero
velocity gradient and for velocity gradient factors
V[=(U2)dU /dx)] = +1.14x107¢ and —0.58
x 107°% 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
=35 and 15 for M <125 whereas the averaged
effectiveness is lowered for al M at X/D = Sbutitis
only lowered for M <0.7 at X/D =15 and then
increased for M = 0.7. In general the findings on the
effect of free stream turbulence intensity agree with
those of Brown and Minty [11] for injection through
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F1G. 8. 7 vs M for fixed values of X/D for a row of holes with
P/D = 5.33 and sltits 30 downstream.

a single square section hole and with Launder and
York [10], 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 [10] found that steep streamwise acceler-
ations substantially improve the effectiveness for
discrete hole cooling systems, which was confirmed
by the findings of Brown and Minty [11]. 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 15.
For the centre line effectiveness the same is true for
M<12and X/D=35, it is not so for X/D =15 in
which case the centre line effectiveness in the
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presence of a favourable velocity gradient although
less than that for a zero gradient for M < 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 3D 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
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increases such that at M = 0.62 the bubble extends
over a distance of about 3D. 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 M < 0.3 the velocity and
turbulence profiles are similar for all Z/P at X/D
2 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 Y, and ¢. 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 # of
less than 29%,. Values for the effective turbulent
diffusivity ¢ were determined from the experimental
effectiveness measurements and the variation of Y,/D
with M. The resulting values of ¢ 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 ¢ in deriving ex-
pressions for effectiveness n 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

-0.75
e(m?/s) = 0.13 (%) 10-3¢ exp[0.79(%)}

—
134
—

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

1))
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and

where 0.17 < M £ 048 and 0 < Z/P < 0.3, and

e(m?/s) = 0.044 exp[1.521°5 —0.08(X/D)] (5)

where 0.64 < M <127 and 0<Z/P<03. For
lateral locations where Z/P > 0.3 it was more
difficult to obtain expressions for & 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 hole 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 really only applicable
to the experimental measurements described in this
article, though the trends indicated by these ex-
pressions for ¢ 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
e e —— Row of holes with P/D=2.67

e e -~ g, (1)
e o EQRL (3)
® 7/D & 7/P=0
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ke i
0 10 X/b 20 30
F1G6.9. 5 vs X/D for fixed values of Z/D for a single hole and
Z/P for a row of holes with P/D = 2.67 and M = 0.47, and
compared with equations (1) and (3) respectively.

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. [1] and Brown
and Minty [11]. The correlations are

fe = 0.37[(1-0.651°)4,]1%%¢, (6)
for 0.28 < M < 1.35, and
n. = 0.33[(1-0.751°%)4,]° 71, (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

0.5 ¥ L ¥ T H ¥ k|
sGoldstein, et al. [1]
xSingle hole +
- 4P/D=8.0 vt 3
s
vP/D=5.33 4‘/
ne ++3 i Tty
+P/D=2.67 4 + a §
A
0.1F
Lyy ¢ v
v
0.06 /‘?Bmwn & Minty [11] .
0.01 0.21(1 - 0.751 }Ah 0.1

F1G. 10. . vs 0.21 (1 -0.751) 4, for a single hole with 0.28
< M < 1.0, and rows of holes with P/D = 8.0, 5.33 and 2.67
and with 0.16 < M < 1.0
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1.0 T T — T T T T
}:' Goldstein et al. © p/D=2.67,
[2] M>0.64 )
=+ P/D=2.67 g 1
" p/D=5.33 i
[ A -1
4 P/D=8.0
(8)
L J

FiG. 11 n,vs0.624247 for rows of holes with P/D = 2.67,5.33
and 8.0 and for 0 < M < 0.64.

0.5

0.1

0'05 1 1 y I -
0.111
0.27A,

70,29

F1G.12. 7jvs0.274% 117" * forarow ofholes with P/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

7, = 0.624%47 "
for M < 0.64 and
n,= 0.231‘0-58/4?-191’““1 (9)

for M > 0.64, and
i =0274%1" 020

for M < 0.64 and
7=0.134;°23 (1)

for M = 0.64. The centre line effectiveness measure-
ments for injection through rows of holes with P/D
= 8.0, 533 and 2.67 are plotted against equation (8)
in Fig. 11 and the averaged effectiveness measure-
ments for the row of holes with P/D = 2.67 are
plotted against equation (10} in Fig. 12. Super-
imposed on Fig. 11 are the measurements of
Goldstein et al. [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 us 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 e al. [2]
for most of which M > 0.64 is apparent from Fig. 11.
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 =~ 0.64 is not
surprising in view of the development of separated
flow below the jets for M = 0.64, mentioned carlier.
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REFROIDISSEMENT PAR FILM A PARTIR D’'UNE OUVERTURE ET D'UNE
LIGNE DE TROUS AVEC DIFFERENTS RAPPORTS PAS SUR DIAMETRE

Résume - On présente des mesures d’efficacité de refroidissement par injection a travers une ouverture
unique et une ligne de trous avec des rapports pas sur diamétre égaux a 8,0, 5,33 et 2,67, avec un angle
d'injection de 30° par rapport a la direction de I'écoulement libre. Dans le cas d'une ligne de trous avec un
rapport pas sur diametre de 5,33, on étudie I'influence sur le refroidissement par film de I'injection d’une
petite fraction de réfrigérant a travers des fentes étroites situées a trois diamétres en aval de la ligne de
trous et on la trouve importante. On mesure aussi les effets de la turbulence de I'écoulement libre et du
gradient de vitesse; en général I'accroissement de la turbulence réduit efficacité du refroidissement par
film, tandis que 'influence du gradient de vitesse est différente pour plusieurs situations d’écoulement. Les
mesures sont analysées a partir de modéles de puits linéaires et de formules basées sur le bilan d’énergie:
ces derniéres décrivent mieux les mesures d'efficacité du refroidissement 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 Filmkithlung bei
Kiihlmitteleinspritzung durch Einzelbohrungen und durch Bohrungsreihen mit einem Verhiltnis von
Teilung zu Durchmesser von 8,0; 5,33 und 2,67 mitgeteilt. Der Einspritzwinkel betrigt 30° gegeniiber der
Richtung der freien Stromung. In Fall der Bohrungsreihe mit einem Verhiltnis von Teilung zu
Durchmesser von 5,33 wird der EinfluBl auf die Filmkiihlung untersucht, wenn ein geringer Teil des
Kiihimittels durch enge Spalte eingespritzt wird, die sich drei Durchmesser stromabwirts von der
Bohrungsreihe befinden. Es wird ein ausgeprigter EinfluB dieser Anordnung fesigestellt. Die
Auswirkungen der Turbulenz und des Geschwindigkeitsgradienten der freien Stromung werden ebenfalls
gemessen. Im allgemeinen vermindert eine erhdhte Turbulenz der freien Stromung die Wirksamkeit der
Filmkiihlung, wogegen sich der EinfluB des Geschwindigkeitsgradienten der freien Strémung bei zwei-
und dreidimensionalen Stromungszustinden unterscheidet. Die Messungen werden iiber ein Linien-
senkenmodell sowie mit Korrelationen, die sich auf eine Energiebilanz stiitzen, ausgewertet. Die letzteren
sind fiir Darstellung der MeBergebnisse weit besser geeignet.
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NJIEHOYHOE OXJAXIEHME MPU MOJAYE XUJIKOCTH U3 EJMHHYHOIO
OTBEPCTHSA U PAJIA OTBEPCTUH C PA3JIMYHBIM OTHOHWIEHMEM IIATA
K JHAMETPY

Annorauns — [IpencraBneHbl pe3ysbTaThl U3MEpeHHs MPHEKTHBHOCTH TIEHOYHOTO OXJIAXICHHH I1PU
BilyBE OXJIAJIMTEIs Yepe3 eAMHUYHOE OTBEPCTHE W PSI OTBEPCTUH C OTHOMIEHUAMH 11Ara XK OHAMETDY,
paBubimu 8,0; 5,33 u 2,6 npu nojade XKMAKOCTH 1o yriaom 30° x ocHOBHOMY motoky. [as pana
OTBEPCTHIl C OTHOWIEHHEM 11ara K AHaMeTpy, paBHbiM 5,33, HccnenoBaHo BAMSHHE HA YPPEKTHRBOCTH
TUIEHOYHOTO OXJAXICHHA BAYBA MANOH JOAW OXJIAAMTENS Yepe3 Y3KHME IUEAM, DACHOJIOKEHHBIC HA
paccTosHMU TPEX AMAMETPOB BHU3 IO MOTOKY OT MECTOMO.IOKEHHS OTBEPCTHi, H HAHAEHO, HTO 3TO
BJMSHME SBJIACTCH CyliecTBeHHbIM. M3Mepeno Takxe so3nelcTBue TypOy/IeHTHOCTH OCHOBHOFO NOTOKA
W rpaj#enta CcKOpocTH H HallieHo, uwro BoofOwe ysenmuuBamOwasca TypOYNEHTHOCTL CHMXKaET
3pPeKTHBHOCTD OXJIAXICHHH, B TO BPEMA KaK IPAJMCHT CKOPOCTH OCHOBHOTO HOTOKZ OKasbiBacT
Pa3/iMyHOe BIMSHEE B 3aBHCHMOCTH OT TOTO, SBJSETCH JM NOTOK ABYX- win TpéxMepHeiM. [Tposenen
AHAMU3 PE3YILTATOR H3MEPEHHH ¢ MOMOIIBIO THHEHHBIX MOJesel CTOKa H 3aBHCHMOCTEH, OCHOBAHHbBIX
Ha Ganance sueprui. IMocnenume naubGonee npurogsst npu obpaborke Pe3yILTATOB H3IMEPeHHH
3pPEKTUBHOCTH NIEHOYHOIO OXAAXKIEHHS.



