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Abstract- Film cooling downstream of secondary gas injection through discrete holes has been studied 
experimentaily. The influences of hole geometry, secondary fluid density, and mainstream boundary 
layer thickness are described. Sig~ficant improvement in the film cooling effectiveness are observed 
by having the cc&ant passages widened before the exit of the secondary fluid. The use of a relatively 
dense secondary Buid, as might be encountered in many applications, requires a significantly higher 
blowing rate to cause jet separation from the surface than when the densities of the freestream and 
secondary stream are the same. This results in consideraMy better film cooling over an important range 

of density ratios. 

NOMENCLATURE 

diameter of cylindricai channel or metering 
section of shaped hole; 

P&G 
momentum flux ratio, ~. 

POJG’ 

blowing rate, pzU2/p,U,; 
ratio of hole exit are3 to bole inlet area. Exit 
area is de&ned by the imaginary intersection 
of the hole with a plane which is perpendicular 
to the channel axis and located where the axis 
emerges from the surface; 

Reynolds number !!Z%!‘? ; 

average velocity in injection channel. (metering 
hole area used for shaped channel); 
distance downstream of injectian hole; 
fateraf distance from tunnel centerline; 
boundary layer dispfacement thickness; 
dynamic viscosity; 
density; 

effectiveness ?!!!SS 
C-T, ; 

side spreading angle for each side of shaped 
hole ( W). 

Subscripts 

@J, mainstream ; 

area of hoies per unit span, i.e. effective slot 2, secondary or injection stream; 

height. (Metering hole area used for shaped aw, adiabatic wall; 

channe1); E, downstream of center of injection holes. 
temperature; 
mainstream velocity; I. tNTROLXJeffON 

t Fred Burggraf passed away in the swmmer of 1973 while THERE 1s renewed interest in the process of film eoafing 

in the full bloom of his technical career. His co-authors as a means of protecting solid surfaces exposed to high 
jain with his fellow workers at General Electric and the 
Heat Transfer Community at large to express sorrow at our 

t~~pe~ature gas stre;tms. With a twa-dimensional flow, 

foss. Fred was untiring and inspiring in his work in Heat 
the film cooling ~rf~~an~e can be predicted relatively 

Transfer, particularly as it applied to the development of well by analysis or by interpolation or extrapolatian 

the modern gas turbine engine. He will be sorely missed by of previous experimental results. With three-dimen- 
a11 who knew him as both friend and colleague. sional ilow, however, prediction &film cooling is m5re 

5% 
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di~~ul~. This is particularly true when there arc 
relatively sharp discontinuities at the entrance of the 
secondary flow stream, as occurs if the secondary fluid 
enters not through a continuous or almost continuous 

slot or porous section, but is introduced through dis- 
crete holes in the surface. Previous studies (e.g. [I]) 
indicate that for the same flow of secondary fluid. 

considerably less cooling or protection is obtained 

with discrete holes than with injection through a con- 
tinuous slot. This less efficient performance is appar- 

ently due to the penetration of the jets from the 
individual holes into the free s&cam. permitting the 
hot free stream gases to Row under the secondary fluid 

close to the surface to be protected. The intent of the 
present study is to investigate possible means for 
improving film cooling effectiveness with injection 

through discrete holes. To accomplish this, various 
means were sought which would reduce the penetration 
of the secondary fluid jet and also increase the lateral 
spreading of the jets to improve cooling downstream 
ot” the region between the injection holes. 

A number of studies (cf. [2]) suggest that the 
trajectory of a three-dimensional jet entering a cross 

stream is primarily determined by the momentum 
HLLX (or dynamic head) ratio of the IWO fluids, namely 
~,2C;~,:~+z tii. This may be contrasted to two-dimen- 

sional film cooiing in which the data can often be 

correlated using the blowing parameter (mass flux ratio} 
~)zL;2;c)1L~~. The last mentioned parameter is in- 
dicative of the enthalpy deficit of the entering secondary 

fluid and would be expected to play a role in prc- 
dieting film cooling effectiveness. However, when flow 
conditions are such that the jet can separate from the 
surface, the momentum flux ratio cited above can also 

be of importance. In most previous studies it was not 
possible to separate the effect of momentum flux ratio, 
I. from the mass flux ratio, R4, as the densities of the 
fluid streams were approxim~~tely equal. 

One possible means of keeping the entering jet close 
to the surface is to give the hole through which the 
jet leaves the surface a different area and geometry 

from the metering section. which controls the secondary 
fluid flow rate. In previous three-dimensional film 
cooling studies. the metering hole was essentially 
cylindrical. and the secondary Row channel had a 
constant circular cross section. In an effort to improve 
film cooling effectiveness, the geometry near the second- 
ary flow channel exit has been altered in the present 
study by increasing the exit area. Improved film 
cooling effectiveness might be expected for two reasons; 
one is the reduction in momentum flux at the exit of 
the holes with a decreased penetration of the jet into 
the free stream. It was also expected that the passage- 
way for the secondary fluid might be designed to pro- 
duce a Coanda effect at the exit so that injected fluid 

would follow the surface rather than penetrate into the 
free stream. 

The present study includes film cttoling measure- 
ments with injection ofa secondary gas through discrete 
holes. Before adiabatic wall measurements were made. 
flow visualization studies were performed, Thcsc 

visualization studies used a number of different injec- 
tion channel geometries. Adiabatic wall measurement< 

were then made with two selected flow geometries in 

a tunnel with an air mainstream. Both air and TV- 
frigerant- 12 were used as secondary Iluids to ~ucl\ 
the effect of density and the relative importance of the 
l~~onlentllti~ tlux and the mass flux ratios. The ml. 
portanco of the nlainstream boundar! layer thicknehs 

was also examined. 

II. APPARANJS 

Adiabatic wall temperature measurements are taken 
in the 25 cm wide by 13cm high test section of an 
open cycle wind tunnel. Air entering the tunnel passes 

through a filter. a flow straightener, a series of three 
screens, and a contraction with an area ratio of ap- 

proximately 9 to t before entering the test section. 
Downstream of the test section are a di%user and a 
blower. 

The insulated test surface is constructed of Ben&x 
(pressed wood) and is instrumented with a row of 31 
thermocouples down its centerline. Several thermo- 
couples are also located off centerline to check fol 
symmetry. Heated jets of secondary air enter through 
the test surface just upstream of the test surface. .1 

separate plate is provided in which the holes for these 
jets are drilled. It measures Mcm by 8 cm (in flovc 
direction) on the test surface and sits on a I cm step 
around its edges, so that the lower surface of this plate 

measures 22 cm by 6 cm. 
The secondary flow system that provides the heated 

air for the jet consists of a blower. an orifice ttl meter 

the flow. an electric heater and a plenum chamber 
that adjoins the test plate containing the injection 
holes. The mass flow rate of this system is controlled 
by a bleed line and valve at the outlet of the blower. 
Note that the mainstream air is essentially at room 
temperature while the secondary gas is heated. For 
the refrigerant-12 injection. the blower was replaced 
by a pressure regulated supply. 

The velocity of the mainflow in the test section is 
varied from 20 to 55 m/s. The boundary layer on the 
test surface is “tripped” by a wire at the outlet of the 
contraction section to ensure that it is both turbulent 
and uniform across the width of the test section. In 
the absence of secondary flow. the boundary Iaye! 
displacement thickness at the point of injection is 
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FIG. 1. Geometry of injection section. (a) Shaped injection channels; (b) Long cylindrical injection channels; (c) Cylindrical 
injection channels through a thin wall. 

given by the following empirical relation: 

where 6* is in mm and U, is in m/s. 
In addition to the thermocouples in the test wall, 

a rake of 17 thermocouples is used to measure lateral 
variations in temperature on the text surface. These 
thermocouples are spaced at approximately 3mm 
intervals. The total width of the rake is 50 mm. 

SecondaryJlow passage 
Two different secondary flow channel geometries 

were used in the experiments. Each had its axis inclined 
at 35 degrees from the test surface. In one, the cross 
section of the channel that admits secondary flow is 
circular throughout its length. This is called a cylin- 
drical or straight hole (or channel or passage). The 
opening of the hole in the test surface is therefore 
elliptical, the relative size of the major and minor axes 
being determined by the angle of the circular cylinder 
to the test surface: 35 degrees in the results reported 
herein, In the second type of channel, the metering 
region at the entrance of the secondary flow is circular, 
but the channel widens out at an angle of 10” near 
the exit as shown in Fig. la. This is a “shaped hole” 
(or channel or passage). The diameter of the circular 
section of such a channel was usually 6.35 mm, although 
in some of the tests injection sections with 3.18mm 
passages were used. For the cylindrical channels, two 
different secondary flow conditions were maintained: 

long entrance sections in which developed flow was 
assured (Fig. lb), and short ones, approximately 19 mm 
long, constructed by drilling holes through the wall 
(Fig. lc). No appreciable differences were observed in 
the film cooling results for the tests with long or short 
secondary flow passages. A relatively thin wall section 
was also used for the passages widened at the exit 
(shaped channels) and the channels were cut into the 
wall. In most experiments with a row of holes across the 
span of the tunnel the center-to-center spacing of the 
holes was three diameters (based on circular sections 
of the hole). A few measurements were taken with 
secondary injection through a single (straight or 
shaped) hole. 

Flow visualization 
A fog of carbon dioxide and water vapor is used in 

the flow visualization experiments. This fog is gener- 
ated by placing dry ice and warm water in a pressure 
vessel. The resulting flow passes through a hose into 
a plenum chamber and through the flow channel that 
is being tested. The jet is photographed at the outlet 
of the hole. The test hole is machined in a section of 
Plexiglas that can be mounted on one end of the plenum 
chamber. The diameter of the metering hole is typically 
6.4 mm and the Plexiglas is usually 19 mm thick. 

The flow visualization studies were made with either 
the straight holes or the holes shaped as in Fig. la. In 
all cases a single hole was used. At times a fan was 
used to provide some indication of the influence of a 
free stream. 
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III. RESULTS 

A. Flow ~isuuli~uti(~n 

Figure 2 shows the fiow of the carbon dioxide fog 
mixture through the circular hole and the shaped hole. 

Note the marked difference in the trajectory of the 
jet, although the mass flow rate through the holes is 
essentially the same. The jet from the shaped hole lies 

much closer to the surface through which it enters, 
while the jet from the cylindrical channel penetrates 
far from the wall. The fact that the jet leaving the 
shaped hole stays closer to the surface indicates that 
the film cooling performance of this geometry should 
be better, particularly at moderate and high blowing 

rates. 

B. Film cooling measurements 
Effect of channel yeonretrJ. The above reasoning is 

verified by the results presented in Fig. 3, which shows 
the film cooling effectiveness downstream of a single 
with A4 and then decreases. The performance at a 
blowing rate M = P.5 is nearly the same as for the 
cylindrical injection passage; but for all larger blowing 

hole, either cylindrical or shaped, Note that, for the 
cylindrical hole, the effectiveness is very low at blowing 
rates (M) greater than 0.5 at essentially all distances 

downstream. This agrees with previous studies which 
attributed low film cooling effectiveness to the increased 

penetration ofthe jet. Incontrast, note that the effective- 
ness for the shaped channel is less dependent on the 
blowing rate. The effectiveness first increases somewhat 
rates, the film cooling effectiveness is considerably 
better with the shaped hole. In two-dimensional film 
cooling, at least at moderate blowing rate, the film 
cooling effectiveness increases with blowing rate due to 
the increased heat capacity of the injected fluid. 

In addition to measuring the film coohng with a 
single injection hole, it is important to test the per- 
formance with injection through a row of holes across 
the span of the tunnel as might be encountered in 
actual applications. Figure 4 shows the film cooling 
effectiveness downstream of the center hole, for a row 
of eleven holes with three-diameter spacing. Figure 4 
presents results for both cylindrical passages and 
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FIG. 2. Flow visualization study of jets leaving a cylindrical or shaped channel. (a) Jet from hole of constant circular 
cross section; (b) Jet from shaped hole (as in Fig. la). 

shaped passages with the sides angled out by IO”. The 
results for cylindrical passages are similar to those 
obtained in previous studies (e.g. [l]). Some distance 
downstream of a row of cylindrical holes, the center- 
line effectiveness increases with increasing A4 appar- 
ently due to the coalescence of the jets. 

With the shaped holes, the film cooling effectiveness 
at all blowing rates studied is considerably higher 
than with the cylindrical holes. With shaped holes, the 
effectiveness is essentially independent of M at small 
distancesx/Dand increases with M further downstream. 

Figure 5 presents essentially the same data as Fig. 4 
for the shaped holes, except that in this figure the 
centerline effectiveness is plotted against the parameter 

X/(Ms), which has been used to correlate two- 
dimensional film cooling results. The lines on the figures 
are predictions [3] of the two-dimensional film cooling 
effectiveness for the range of injection Reynolds num- 
bers studied. There is moderately good agreement with 
the prediction for all h4 values at values of the 
parameter X/(Ms) larger than 100 and for the complete 
range of X/(Ms) at M N 0.5. Since the two-dimensional 
analysis primarily indicates the effects of a heat balance 
in the boundary layer when all of the secondary flow 
is spread across the span, the agreement would indicate 
that over the range of these tests the jets do not separate 
from the wait and essentially remain in the wall shear 
layer. 
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FIG. 3. Centerline effectiveness as a function of downstream FIG. 5. Centerline effectiveness following Injection of nor 
position for different blowing rates of air injection through through a row of shaped holes at 3 D spacing plotted against 

a single hole. the parameter X,/(Ms). 

provide for the possibility of greater spreading of the 

secondary flow across the tunnel wall. That this is 
essentially accomplished can be observed in comparing 
the data presented in Figs. 6a and 6b, which were 
obtained for conditions similar to those used in Fig. 4. 
Measurements of the effectiveness plotted in Fig. 6 are 
not obtained from the wall thermocouples, but rather 

from the rake ofthermocouples which is pressed against 
the wall. This is done as there are too few thermocouples 

distributed across the span of the tunnel to determine 
lateral profiles of the effectiveness, Use of a rake pressed 
against the wall also has an advantage over measurc- 
ments with thermocouples embedded in the wall in that 
it better approximates locally adiabatic wall conditions. 
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FIG. 4. Centerline effectiveness as a function of downstream 
position for injection of air through a row of 11 holes at 

three diameter spacing. 

Table 1 gives parameters for the runs labeled in 
Figs. 3-5. Parameters for the following figures cover 
the same ranges. 

A question arises as to what is the distribution of 
film cooling effectiveness across the span of the tunnel, 
i.e. how well the secondary fluid spreads laterally. Is 
there relatively good film cooling effectiveness only 
downstream of the center of the injection holes or do 
such jets spread further across the tunnel? One of the 
reasons for widening the channels sideways was to 
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Table I 

67 1.04 1.83 0. I 5x 
79 2.20 Cl.87 0.183 
82 @52 1.17 @159 
87 0.53 1.73 0,158 
8Y 2.04 0.91 0.180 
90 1.01 1.91 0.155 
93 2.20 0.40 0.214 
Y4 1.07 0.85 0.184 
95 1.03 1.67 0.161 
96 2.02 0.89 @183 
97 0.53 I-61 0162 
98 0.52 1.61 0.162 
49 I.01 1.x”, 0.157 

100 2.03 0.94 0,180 
104 0.52 1.7x @IS9 
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6. Lateral variation of film cooling effectiveness with air injection through a row of holes with 3-diameter spacing 
for M = 05 (a) Cylindrical holes; (b) Shaped holes. 

The tunnel used was not specifically designed for three- 
dimensional studies and some conduction errors in the 
wall thermocouple measurements occurred, though a 
comparison with the rake measurements showed that 
the conduction errors were not too great. Figure 6a 
shows the effectiveness measured downstream of the 
three cylindrical injection channels in the center of the 
tunnel floor. Significant peaks downstream of the hole 

centerlines and valleys between holes are observed 
close to the injection location, while the lateral vari- 
ations aresmooth~ out at large distances downstre~. 
Figure 6b is a similar plot for the shaped hole injection 
section. A much broader temperature distribution is 
observed near the hole centerline where the effective- 
ness is high. Not only is the film cooling effectiveness 
directly downstream of a shaped hole higher than 
downstream of a round cylindrical hole, but relatively 
high effectiveness is maintained across an appreciable 
span between the positions of the injection hole, 
indicating that the mean effectiveness across the span 
has been improved with the shaped holes. 

To determine how well the shaped holes would work 
with greater than 3 D spacing, an injection section 
was made with holes spaced apart by six diameters. 
The results of rake measurements with this geometry 
are shown in Fig. 7. On this figure, the center of the 
tunnel (Z/D = 0) is halfway between two holes. Note 

0 2.7 
A 67 
0 16.7 

T) 
0.6 

FIG. 7. Film cooling effectiveness as a function of lateral 
position for air injection through shaped holes spaced 

6 diameters apart at M = 0.5. 
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that the width of the film-cooled region downstream row of holo. Further downstream ~hcrc is a ptx- 
of the holes is not significantly greater than for 3 D nounced ctl’ect. particularly at Lrg~. blowing rate>. 
spacing, indicating that if such a wide spacing were where with a row of hole5 the jets from the individual 
used there woufd be large regions in between the holes holes appcai- to coalesce and fi\C hCltCr protectlni? 
which would not he directly protected by the film rhan the jet coming from ;I single hole 
coolant. It is important to be able 1~ pr4lct the hlo\+~n~ 

E_in&t of blowing rate. A better understanding of the rate at 11 hich .jet penetration iniLl IIW lnainstl-c;ml 
film-cooling phenomena can be obtained from cross becomes Ggnificant. With ;I shaped hcllc perhap ,, 

plots of some of the data to show the influence of quasi-blo\vinp parameter or mod~lic~i hlowhiii~g p41- 
blowing rate. Figure 8 shows such curves of the center- amctcr based on the xtil;tt cxii a~-cx ~httukl be LIP 

line effectiveness at two different downstream positions. This would assume that the flon in the shaped channcix 
Note that theeffectiveness values for the two geometries fills the crttire cross-section at exit. l311t otherwise bc 

0.6 

FIG 8. Centerline effectiveness as a function of blowng rate for injection of xii 
through straight round holes and shaped holes. Rou of holes on 3 0 spacing 

are in reasonable agreement with each other at low M. 
The significant decline in film cooling effectiveness with 

increased blowing through cylindrical secondary flow 
channels has been attributed to the penetration of the 
secondary fluid jets into the mainstream away from the 
adiabatic surface. Figure 8 shows that, up to the blow- 
ing rate that produces separation from the wall. the 
two geometries give very similar results. For high 
blowing rates, a decline in effectiveness occurs with the 
shaped channel injection at the downstream position 
closest to the hole. This decrease is moderate and occurs 

only at a relatively high value of M. 
Figure 9 shows the variation in film cooling effective- 

ness with blowing rate for two positions downstream 
of the cylindrical channels, both for a single hole and 
for a row of holes with a three-diameter spacing. Note 
that close to the hole there is not a great deal of 
difference between the results for a single hoie and a 

haves like the jet leaving the cyhndrlcat channel. 
The ratio of the area of the exit hoto to that at the 
entrance to the secondary flow passage (the metering 
hole area used to determine M) is denoted by the 
symbol, R. For the shaped holes dcscrihed in these 
tests. R has the value of 2.55. For the cylindrical 
injection channels R is, of course, unity. The ccnterlinc 
effectiveness downstream of injection through a single 
shaped hole (used to get a large range of M) is plotted 
vs the ratio M/R in Fig. 10. A comparison with the 
dashed curves for the round hole and with Fig. ‘J 
indicates that for the two diKerent geometries. the 
maximum effectiveness is reached at about the same 
value of MIR. This lends credence to the assumption 
that jet penetration is determined by the “mean” mass 
velocity ratio of the secondary Row to the mainstream 
Aow based on the exit area, at least when the secondary 
and mainstream fluids have almost the same densit!. 
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FIG. 10. Centerline effeetivencss as a function of blowing rate divided by area 
ratio for air injection through a sin& shaped hole. 

It should be borne in mind that if there are abrupt 
changes in the cross-section of the secondary flow 
channel, separation can occur within the channel and 
the above mnctusion may not hold. 

Ej&ct of &nsiE~ ratio, fn many actual appfications, 
the density of &he coolant is considerably higher than 
that of the primary flaw, as the former is much cooier 
than the latter. In addition, a difference in density 
might be due to the different chemical nature of the 
two fluids. To determine the effect of the density vari- 
ation on t~~-~rne~s~~n~ film cooling, some tests 
were performed using refrigerant-l2 (Freon) vapor 
(pZ/p, N 3.5) as the secondary fluid injeeted into the 
air ~~ainstream. A single 635mm diameter channel 
was used, either ~yl~~dri~a~ or shaped (angled 10 
degrees to each side as in Fig. la). Figure f f shows 
the variation of the centerline fitm cooling effectiveness 
for refrigerant injection at two different downstream 

positions as a function of M/R. The use of the area 
ratio brings the data for both geometries together 
quite well. A comparison of Fig. 11 with Fig. 10 shows 
that the value of M/R at which the maximum &e&e- 
ness occurs is considerably larger for refrigerant injec- 
tion than for air injection. 

In Fig. 12 the film cooling effectiveness is plotted 
vs the ratio of the momentum flux of the enter- 
ing jet to the momentum flux in the free stream 
(I = p,.U$‘p,Uz) for both air and refrigerant injection. 
The refrigerant results are aff for single cylindrical hole 
injection; the air results are for both injection through 
a single cylind~ca~ hole and through a row of cyhn- 
drical holes. Note that there is reasonable agreement 
in the (ho~zontal) positions of the maxima of the film 
cooling effectiveness pbtted as a function of the 
momentum flux ratio. This is best seen by comparing 
the row ofhotes data for air versus the single hofe data 
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Fro. 11. Centerline effectiveness as a function of blowmg rate divided hq 
area ratio for refrigerant-12 injection through a single shaped hole and ;I 

single cylindrical hole. 
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FIG. 12. Centeriinc effectiveness as a function of momentum flux ratlo 

for refrigerant-12 and for air injection through cylindrical holes at 

.X!ci = 5.6 and 6.7. 

for Freon, as there were not sufficient data taken at 
low blowing rates for the injection of air through a 
single hole. 

Figure 13 is a similar plot of the results for refrigerant 
and air flow through shaped holes. Here again, 
relatively good agreement is found between the posi- 
tions of the maxima for the secondary flows of very 
different density. The relatively close agreement in the 
magnitudes of the film cooling effectiveness for different 
injection fluids in both Figs. 12 and 13 may be 
fortuitous. A comparison of Fig. 12 with Fig. 13 in- 
dicates what might be a more general correlation which 
takes into account the effect of the shape of the 
secondary flow channel, at least in terms of determining 

the position of the maximum. For this purpose, atten- 
tion is directed to the upper abscissa scale in Fig. 13. 
The parameter correlating film cooling effectiveness 
appears to be the momentum ratio divided by the area 
ratio squared. The parameter i/R2 is, of course, the 
momentum flux ratio at the exit of the hole, assuming 
that the secondary flow completely fills the channel. 
The maximum film cooling effectiveness in Fig. 13 
occurs at a value of I/R2 of about 0.2, which is in 
relatively good agreement with the value shown on 
Fig. 12 (in which R is unity and I = I/R’). 

Effect of boundary luyer thickness. Another parameter 
that affects film cooling performance is the ratio of the 
boundary layer thickness to the injection hole diameter-. 
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FIG. 13. Centerline effectiveness as a function of momentum flux ratio and 
momentum flux ratio modified by channel area for injection of re- 

frigerant-12 and air through shaped holes at X/d N 6.7. 
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FIG. 14. Effect of upstream boundary layer thickness on 
centerline film cooling effectiveness for air injection through 

cylindrical holes. 
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Figure 14 shows the results of tests performed in the 
present study as well as those from [I]. Note that the 
trends reported earlier seem to bc corroherated. The 
film cooling effectiveness decreases when the ratio 01 
boundary layer thickness to injection hole diametet 

increases, although the trend is diminished at large 
ci*/D. This decreased effectiveness has been attributed 

to the lower velocity mainstream fluid near the wall 

in a boundary layer which permits greater penetration 
of the jet. Note that some of the results arc for injection 

through a row of holes. At large distances downstream 

there should be a greater difference between the results 
for a single hole and :I row of holes due to merging 
of the jets from the row’ of holes. 

IV. SLMMARY AND C‘ONCLCSIONS 

Experiments indicate the improvement of three- 
dimensional film cooling which can be obtained with 

shaped channels for the secondary flow. The USC of a 
passage with an initially round cross section widened 

to each side by an angleofabout IO degrees significant11 
increases the film cooling effectiveness immediatelq 

downstream of either a single hole or a hole in a 1’014 
of holes. In addition. the shaped hole appreciabl! 

increases the spreading of the secondary flow so that 
the film cooling effectiveness at positions laterally dis- 
placed from the centerline of ;I hole is also much 

greater than that found downstream of a cylindrical 
hole. One explanation of the increased effectiveness 
with shaped holes is that the mean bclocity of the 

secondary How is decreased with the larger exit area. 
This lower effective blowing rate causes the jet to stay 
closer to the wall rather than penetrating into the 

mainstream and accounts for the highct- tilm coohng 

effectiveness. particularly at high blowing ratea. 
The use of refrigerant-l? as a secondaq fluid ~IVL’S 

m appreciably higher film cooling cfcctivencsx zt 

larger blowing rates than when air i\ itljcctcd. In par- 
tlcular. the maximum on an efkctr~~cn~ss \ i; I~loaing 

rate curve is at much larger values of blowing rate 

for refrigerant injection than for air mlection. 
The blowing rates at which maximum tilm coohng 

effectiveness is observed for the twrl geometries and 

IWO cooling fluids could be correlatctl 1q introducing 
the exit to entrance area ratio of ths channel anti h:. 

considering that not the mass \elocit\, r;ltl<) but thy 
momentum ratio or dynamic prcssui-t~ rati<r is the I\L’? 

paramctcr in determining penetration of the let loi 
Iluids of different density. 

.~clinolr/c~r/(/c~/~l~~ll/ Thus work was suppvr-led bv the Air- 
craft Engine Dlvihion of the General l.lectr;c Co. <IL 
F.vandale, Ohio. Significant contributions to the stud) 
were made by J. W. Ramsey. D. J. Wilson. V. t. I;rika<m. 
and T Y. Chu. R. Rask helped in the prcpsrafioil o/‘ the 
manuscripl 
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I t.t’F-TS DI’ LA (;LOMETRIt D‘ORIPIC’F I-T Dl- LA DENSITE SIR I. t 
REFROIDISSFMENT P.9R FILM TRIDIMENSIONNFI 

R&urn6 OH :I >tudie ~x~~Crimentale~~~ent Ic rclt-oldlsscment par InJcction d’un lilm dc @I/ SCCOII~;IIIK A 
travcrs des orifices discrets. On dCcrit Its intluences de la pt:omt:tric du trou. de la dcnsitti du iluldc 

sccondairc ct dc I’+aisseur de la couchc limitc dc I’Ccoulement principal. On a obser\; dcs acct-ois\e- 
ments significatifs de I’eficacite du refroidissement du film avcc dcs canaux klargis avant Ia ic)i-tic dtl 
film secondairc. L’utilihation d’un fluidc sccondairc relatl\cment deny commc on pourralt Ic ~rcncontlcl 
dans de nombreuses applicationa. dcmande pout- pro\doyucl- la sCparation du jet dc la surfxc un &bit tic 
soufflagc nettcment plus gl-and clue lorsquc lea dcnsitCs du courant I~bw ci du c~~~-atlt wcondmrc wnt 
Cgales. 11 r&sultc dc ccttc i-tude un rcfroldlssement par film consldcrablernenr arnt_liorC pour un dnmalnc 

important de rapports dc dcniit2 

EFFEKTF DER l.O(‘HGFOMETRIE I:ND DER DICH-I.1‘ BEI DREIDIMENSIO?I.lLI:K 
~~LMKUHLUNC~ 

Zusammenfassung Filmkiihlung nach SckrlndilrgaslnJektion dul-ch i:ln/elhohrungen u u~dc cxpcrl- 
mentcll untcrsucht. 

Die Einfliissc der Lochgenmctric. der Srkundiirlluiddichtc und de!- Grcn7schichtdickc des I-l.lupt- 
strahles uerden beschrieben. Man beohachtet einr Vcrhesrerung dcr Filmkiihl%irkung. usnn man die 
Durchgiinge fir das Kiihltluid vor dem Austritt des Sekundirfluldcs erweitert. Die Verucndung zinc\ 
relativ dichtcn Sekund%rfluidcs. wit cs bci viclcn Anwcndungcn vorkommt. erfordcl-t tin bedeutcnd 
ctCkcres Gebliisc. urn eine Trennung des Strahls van der OberflIche LLI erreichrn. nls bei Dichtegleichhcit 
des Freistrahls und des SekundLrstrahles. Daraus crgibt sich tiber cinen wichtigen Bercich der Dichtc\,cr- 

h%ltnis<e cinc wesentlich bessere Filmhtihlung. 
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BJWiIIHEIE l-EOMETPMH OTBEPCTHJI II l-LJ-IOTHOCTM 2KkfAKOCTLI HA 
TPEXMEPHOE I-LJI~HOUHOE OXJIAlKflEHHE 

kiiIOW@SS# - ~KC~epKMeHT~b~O UCCJIeJlOBaJP.27 IlpOqeCc IXJIeHOWiOrO OXJiaXW.eHHR BIiZi3 XI0 EOTOlty 

or Mema BA’jBit BTOp~qHOrO ra3a xepes ~CK~THbie OTIKPCTE~. owc~33aeTc~ BJIHxHBe Ha 3TOT 

IIpOQeCC reOMeTp~~ OTBe$3CTHs, another BTOP~~HO~ ~~AKOCTK II TO.~~H~bI nOrpaH~HOr0 CJIOR 

OCHOBHOFO IIOTOKa. 3Ha~nTe~bHOe yBeJWieliUe 3~~KT~BnOCT~ ~~eHOqHOr0 OXJfSiCAeHUZ Ha6fitoAa- 
iIOCb B CJIyrae, KOTAa ~OABOA~~~e OXJTaJlETe3ib KaHaJIbI PaCIIlSipSIJlEiCb K MiXTy BbIXOAa BTOPHSHOZf 

)KHJtKOCTEi. &‘kiIOJIb3OBaHHe BTOprtYHOri ?KHAKOCTSi OTHOCHTefibHO 6onee BbICOKOk IIJlOTHOCTH (‘iTO 

UCTO BCTpe’iaeTCR Ha IIpaKTIiKe) Tpe6yeT 3HaYHTeJIbHO 6onee BblCOKEX CKOpOCTeZi BlQ’Ba ,IW5l 

OTTeCHeHUIf IIOTOKa OT IlOBepXHOCT~ II0 CpaBHeHEifO CO CJlyYaeM, KOrfla NJIOTHOCTH OCHOBHOrO H 

BTOpH’IHOrO IIOTOKOB OAHHaKOBbI. B pe3yJIbTaTe ,4OCTHTaeTCR 3Ha4HTeJIbHOe IIOBblIIIeHHe 3@+eKTHB- 
HOCTH nneHowor0 oxnax~eaua B miana3oHe 6e3pa3MepHOii IIJIOTHOCTH, r4MemweM BaxHoe 

npaKTurecKoe 3HaYeHHe. 


