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ABSTRACT 

This paper presents detailed measurements of the film-
cooling effectiveness for three single, scaled-up film-cooling 
hole geometries. The hole geometries investigated include 
a cylindrical hole and two holes with a diffuser shaped exit 
portion (i.e. a fanshaped and a laidback fanshaped hole). 
The flow conditions considered are the crossfiow Mach num-
ber at the hole entrance side (up to 0.6), the crossfiow Mach 
number at the hole exit side (up to 1.2), and the blowing ra-
tio (up to 2). The coolant-to-mainflow temperature ratio is 
kept constant at 0.54. The measurements are performed by 
means of an infrared camera system which provides a two-
dimensional distribution of the film-cooling effectiveness in 
the nearfield of the cooling hole down to x/D=10. 

As compared to the cylindrical hole, both expanded holes 
show significantly improved thermal protection of the sur-
face downstream of the ejection location, particularly at 
high blowing ratios. The laidback fanshaped hole provides 
a better lateral spreading of the ejected coolant than the 
fanshaped hole which leads to higher laterally averaged film-
cooling effectiveness. Coolant passage crossflow Mach num-
ber and orientation strongly affect the flowfield of the jet 
being ejected from the hole and, therefore, have an impor-
tant impact on film-cooling performance. 

NOMENCLATURE 
D Film-cooling hole diameter 
DR coolant to mainflow density ratio 

coolant to mainflow momentum flux ratio 
Film-cooling hole length measured 
along the hole centerline axis 

• Blowing ratio 
Ma Mach number 
ReD Reynolds number based on hole diameter  

Tt 	Total temperature 
Tile , Recovery temperature 
Tu 	Turbulence intensity 
• Streamwise distance from downstream edge 

of the film-cooling hole 
• Lateral distance from centerline 

of the film-cooling hole 
Greek 
a 	Angle of hole inclination 
fi 	Angle of coolant supply passage orientation 

with respect to the mainflow direction 
699 	Boundary layer thickness, 99% point 
rj 	Local film-cooling effectiveness 

Laterally averaged film-cooling effectiveness 
Subscripts 

Internal flow conditions 
External flow conditions 

AW Adiabatic wall conditions 
CL 	Centerline 
INTRODUCTION 

Increasing the life time of gas turbine blades can be 
achieved by effectively cooling the blades. Typically, this 
cooling process involves film-cooling of the blade surface. 
In an attempt to improve the cooling process, recent at-
tention has been given to contouring the hole geometry. 
Film-cooling holes with a diffuser shaped expansion at the 
exit portion of the hole are believed to improve the film-
cooling performance on a gas turbine blade. The increased 
cross-sectional area at the hole exit compared to a standard 
cylindrical hole leads to a reduction of the mean velocity 
and, thus, of the momentum flux of the jet exiting the hole. 
Therefore, the penetration of the jet into the mainflow is re-
duced resulting in an increased cooling efficiency. Further-
more, lateral expansion of the hole provides an improved 
lateral spreading of the jet leading to a better coverage of 
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Internal Temperature 
Blowing ratio 
Temperature ratio 
Pressure ratio 
Internal Mach number 
External Mach number 
Internal Reynolds number 
External Reynolds number 
Boundary layer thickness 
External turbulence level 
Internal turbulence level 

Tte 

Tic /Thy, 
Ptc/pm 
Ma 
Mani 
Rep, 
Rev,,, 
699/D 
1).1„, 
Tut  

290 K 
0.25...2 
0.54 
1 ... 2 
0, 0.3, 0.6 
0.3, 0.6, 1.2 
up to 2.5.10 5  
up to 1.3.105  
0.5 
<2% 
1% 

the airfoil in lateral direction and a higher laterally averaged 
film-cooling efficiency. 

Recent studies have shown that expanding the exit of 
the cooling hole improves film-cooling performance rela-
tive to a cylindrical hole. Overall improvements in adia-
batic effectiveness were found for laterally expanded holes 
(Goldstein, Eckert, and Burggraf (1974)) as well as for 
forward expanded holes (Makki and Jakubowski (1986)). 
Schmidt, Sen, and Bogard (1994) and Sen, Schmidt, and 
Bogard (1994) compared a cylindrical hole to a forward ex-
panded hole both having compound angle injection. Al-
though the spatially-averaged effectiveness for the cylindri-
cal and forward-expanded holes were the same, a larger 
lateral spreading of the forward expanded jet was found. 
Haller and Camus (1983) performed aerodynamic loss mea-
surements on a 2D transonic cascade. Holes with a spanwise 
flare angle of 25° were found to offer significant improve-
ments in film-cooling effectiveness without any additional 
loss penalty. Liess (1975) studied the effect of the exter-
nal crossflow Mach number on the film-cooling parameters. 
Mach numbers up to 0.9 were employed. Using the mainflow 
recovery temperature as reference temperature, no measur-
able effect on film-cooling effectiveness was found. 

However, no studies are present in the open literature 
examining the effect of transonic external crossflow Mach 
numbers for discrete hole film-cooling in the near-hole re-
gion. Despite the fact that film-cooling holes are fed from 
supply passages in most gas turbine applications there 
aren't any studies discussing the effect of coolant supply 
passage Mach number and orientation on film-cooling per-
formance. 

Flowfield measurements performed by Thole, Gritsch, 
Schulz, and Wittig (1996) showed that jet penetration as 
well as velocity gradients in the mixing region were signif-
icantly reduced for holes with expanded exits as compared 
to a cylindrical hole at the same blowing rate. Peak tur-
bulence levels were found downstream of the hole exit for 
the cylindrical hole and in the hole exit plane for the ex-
panded holes. Numerical studies performed by Giebert, 
Gritsch, Schulz, and Wittig (1997) were able to predict 
the general flow features of coolant ejection through dif-
fuser shaped holes. Discharge coefficient measurements pre-
sented by Gritsch, Schulz, and Wittig (1997) for the same 
hole geometries tested in the present paper showed that the 
discharge coefficient for all geometries strongly depends on 
the flow conditions (crossflows at hole inlet and exit, and 
pressure ratio). The discharge coefficient of both expanded 
holes was found to be higher than of the cylindrical hole, 
particularly at low pressure ratios and with a hole entrance 
crossflow applied. The effect of the additional layback on 
the discharge coefficient was negligible. 

This paper presents the film-cooling effectiveness results  

TAB. 1: Operating conditions of the film-cooling test rig 

Windows 

Owl= supply channel 
Windows 	Rim-6601in* hole 

(7.0ram 60, m) 	 (D= Ione") 

FIG. 1: Film-cooling test section 

of a comprehensive film-cooling study conducted at the Uni-
versity of Karlsruhe. Two-dimensional distributions of the 
film-cooling effectiveness in the near-field of a single, scaled-
up film-cooling hole with and without exit expansions were 
measured by means of an infrared camera system. The flow 
parameters investigated are typical for real film-cooling ap-
plications. Both, Mach numbers in the main channel as 
well as in the coolant supply passage, and the blowing ratio 
were varied in a wide range. Moreover, the effect of the ori-
entation of the coolant supply passage with respect to the 
mainflow direction was investigated. 

EXPERIMENTAL APPARATUS AND MEASURING 
TECHNIQUE 

The present investigation was carried out in a conti-
nous flow wind tunnel. The air supply was furnished by a 
high pressure, high temperature (HPHT) test facility. The 
coolant-to-mainflow temperature ratio was 0.54 and kept 
constant for all test cases which can be assumed to be rep-
resentative for typical gas turbine applications. The oper-
ating conditions are shown in Table 1. Further details of 
the test rig design, the flow conditions, and on preliminary 
testing were given by Wittig et al. (1996). 

The film-cooling test rig consists of a primary loop repre-
senting the external flow and a secondary loop representing 
the internal flow (see Fig. 1). 

Primary Loop  

The air supplied by the HPHT test facility passes a me-
tering orifice and flow straighteners before entering the test 
section through a LAVAL nozzle. The test section is 90 mm 

2 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1997/78705/V003T09A029/2410207/v003t09a029-97-gt-164.pdf by guest on 16 August 2022



in width and 41 mm in height. For the supersonic flow case 
the height of the test section was reduced to 32 mm. The 
top wall opposite to the film-cooling hole exit had a sapphire 
window required for surface temperature measurements us-
ing an infrared (IR-) camera system. 

A zero streamwise pressure gradient was set in the test 
section by adjusting the position of the upper test section 
wall. For the subsonic flow cases, the position of the top wall 
was adjusted for each blowing ratio considered. Contrary 
to the subsonic flow cases, this procedure was performed 
for the supersonic flow cases (Ma,,,=1.2) at zero coolant 
ejection (M=0) and the position of the top wall was kept 
for all blowing ratios investigated. With coolant ejected, 
the pressure distribution was of course strongly altered by 
the formation of shock waves in the test section. 
Secondary Loop  

Flow for the secondary loop is provided by the HPHT test 
facility, too. However, the total pressure in the secondary 
loop can be set independently from the primary loop. The 
flow in the secondary loop is driven by an additional blower. 
Thus, the Mach number can be set by adjusting the vol-
ume flow rate circulating in the secondary loop. The cross-
sectional area at the film-cooling hole is 60 mm in width and 
20 mm in height. Due to a 'closed loop' design of the sec-
ondary loop, the flow rate through the film-cooling hole is 
obtained directly, independently of the crossflow rate. Very 
accurate measurements of the flow rate through the film-
cooling hole were achieved. 

The orientation of the coolant supply passage with re-
spect to the mainflow direction could be set within = 0° 
(parallel flow) to 90 0  (perpendicular flow) to account for 
the various flow configurations in cooled airfoils in relation 
to film-cooling holes as discussed by Hay, Lampard, and 
Benmansour (1983). 
Film-cooling hole geometries tested  

All tests were carried out using single, scaled-up film-
cooling holes with an inclination angle of a=30°. All holes 
were sharp edged and the interior surfaces were aerodynam-
ically smooth. In total, three hole geometries (a cylindrical 
hole and two holes with an expanded exit portion) were 
tested (see Fig. 2). The diameter of the cylindrical hole 
and the diameter of the cylindrical inlet section of the ex-
panded holes was 10 mm. The length-to diameter ratio L/D 
was 6 for all hole geometries. The lateral expansion angle 
of both expanded holes was 14°, resulting in a hole width 
of 30 mm at the hole exit. The forward expansion angle 
of the laidback fanshaped hole was 15°, resulting in a hole 
length of 40 mm at the hole exit. The exit-to-entry area ra-
tio of the fanshaped and laidback fanshaped hole were 2.0 
and 2.1, respectively (areas perpendicular to hole axis). 

The hole geometries were decided in cooperation with 
the industrial partners involved in the present research pro- 

gram. The chosen geometry of the expanded holes is in 
agreement with the suggestion of Hay and Lampard (1995) 
that the length of the cylindrical section at the hole en-
trance of the expanded holes should be at least two hole 
diameters. This is to allow the flow to reattach before en-
tering the expanded section and, therefore, to improve the 
diffusion of the the flow. A large expansion angle would 
lead to an improved lateral coverage of the ejected film but 
flow separation in the diffuser section of the hole could oc-
cur. Therefore, the chosen expansion angle must be seen as 
a compromise. 

For the fanshaped and the laidback fanshaped hole, the 
calculation of the blowing ratio was based on the inlet cross-
sectional area of these holes. Thus, the blowing ratio of the 
shaped holes can be directly compared to those of the cylin-
drical hole. Same blowing ratio is synonymous with same 
amount of coolant ejected if the mainflow conditions remain 
unchanged. This makes it more convenient to evaluate the 
effect of contouring the hole. 

Each hole geometry was tested for a matrix of three inter-
nal Mach numbers (Ma c =0.0, 0.3, 0.6) and three external 
Mach numbers (Ma„,=0.3, 0.6, 1.2) over a range of blowing 
ratios. 
Adiabatic wall temperature measurements 

The test plate used for measuring adiabatic wall tem-
peratures consisted of a high temperature plastic material 
(TECAPEK) with a thermal conductivity of 0.2 W/mK and 
a maximum operating temperature of about 570 K. Sur-
face temperatures were measured using both, thermocou-
ples placed on the surface of the test plate and a AGEMA 
870 IR camera system. The IR camera system provided 
a two dimensional distribution of the temperature on the 
plate surface. The image of the test plate surface was dig-
itized into an array of 140x140 pixels. Accounting for the 
optical setup used with the IR camera a spatial resolution 
0.8mm x 0.8mm per pixel could be achieved. The test plate 
surface was covered by black paint of a well-known emissiv-
ity of 0.95. The thermocouples placed on the plate surface 
were used for an in situ calibration of the IR camera system 
to increase the accuracy of the temperature measurements. 
Details of the in situ calibration procedure were given by 
Martiny, Schiele, Gritsch, Schulz, and Wittig (1996). 

Since mainflow Mach numbers up to 1.2 were considered 
in the present study viscous dissipation and compressibility 
effects can not be neglected. Therefore, the definition of the 
local film-cooling effectiveness ?I was based on the mainflow 
recovery temperature as a reference temperature 

'Ts  n(xID,zID)— 
TAw(xID,z1D)— Mee 
„ 	 ' 
itc—  

The mainflow recovery temperature was measured on the 
test plate at a location not affected by the coolant ejection. 

3 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1997/78705/V003T09A029/2410207/v003t09a029-97-gt-164.pdf by guest on 16 August 2022



(a) 

  

b) 

( 

    

    

4 

     

    

      

        

        

30 

-g- Present study, 144.62,14.21 
Sinhe at al (1990), M=0.97 .14.2 

-y- Shim etal. (1990), M4.5,14.125 
■-t- Schmidt et el. (1994). M4.6,14.23 
-0- Schmidt at at (1996), 114.6.1=0.18 

Present study. M40.14.16 
Schmidt at al. (1994),1440.1450 
Schmidt at al. (1996), M4.0.14.00 

• 

0.4 

ce
n

te
rl

in
e  

e
ff

ec
ti

ve
ne

ss
.  
e
a
  

0.8 

0.6 

0.2 

4 0 

x/D 

       

     

■Igt: 	\ \ 
\ 

Vbr 

 

 

\ 

    

     

    

     

FIG. 2: Cylindrical, fanshaped, and laidback fanshaped film-cooling hole geometries 
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stream...me distance, xto 

FIG. 3: Comparison of present results to published data 

RESULTS AND DISCUSSION 

Preliminary tests were performed to check results of the 
present facility against previously published data presented 
by Sinha et al. (1990) Schmidt et al. (1994) and Schmidt 
et al. (1996). These references were chosen since they used 
similar cylindrical hole geometries at high density ratios as 
applied in the present study. 

a L/D DR Ma„, 
Present study 30 0  6 1.85 0.3 
Schmidt et al. (1994) 35° 4 1.6 <0.1 
Schmidt et al. (1996) 30° 6 2.0 <0.1 
Sinha et al. (1990) 35° 1.75 1.6, 2.0 <0.1 

Fig. 3 illustrates the good agreement between the present 
results and previously published data in terms of centerline 
effectiveness at moderate as well as high blowing ratios. The 
deviations of the different studies in the near-hole region 
at the moderate blowing ratio are believed to be due to 
differences in the experimental set-up (i.e. hole inclination, 
hole length-to-diameter ratio, density ratio and boundary 
layer thickness) which would be most apparent close to the 
hole. At high blowing ratio, all studies indicate that the  

coolant jet is detached from the surface resulting in a very 
low effectiveness. 

The main contribution to uncertainty in measuring the 
film-cooling effectiveness were due to variations in blowing 
ratio (6M=2%). As pointed out by Schmidt et al. (1994) 
the jet position relative to the wall is very sensitive to slight 
variations of the blowing ratio at high blowing ratios. Other 
uncertainty contributions include thermocouple measure-
ments for coolant and recovery temperatures. As shown 
by Martiny et al. (1996) the maximum deviation of the 
temperatures measured by means of the IR camera system 
from the temperatures of the surface thermocouples were 
less than 1.5 K. Combining these uncertanties results in an 
average uncertainty of 1.5% for the local and laterally aver-
aged film-cooling effectiveness. The maximum uncertainty 
was calculated to be 8%. The uncertainty in setting the 
external and internal Mach number was within 3% and in 
setting the temperature ratio was 1.5%. 

The results of the present investigation will be pre-
sented in terms of two-dimensional effectiveness distribu-
tions, streamwise and spanwise variations of the local ef-
fectiveness as well as streamwise variation of laterally av-
eraged effectiveness. As a baseline case, a mainflow Mach 
number of Marn =0.6 and a coolant supply passage cross-
flow Mach number of Ma0 =0.0 (i.e. plenum condition) were 
chosen from the test matrix. For this flow configuration 
the effect of hole geometry and blowing ratio will be shown. 
Furthermore, the effect of the mainflow Mach number, the 
coolant supply passage crossilow Mach number as well as 
the coolant supply passage orientation on film-cooling per-
formance will be presented for all hole geometries and com-
pared to the baseline case. 

Two-dimensional effectiveness distribution  

Fig. 4 shows the two-dimensional distribution of the film-
cooling effectiveness derived from IR camera images down-
stream of the baseline cylindrical hole, the fanshaped hole, 
and the laidback fanshaped hole for three blowing ratios 
(M= 0.5, 1.0, and 1.5). For the cylindrical hole the jet was 
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FIG. 4: Local effectiveness tj for the cylindrical, fanshaped, and 

found to be detached from the surface at the high blowing 
ratio (M=1.5) resulting in a poor effectiveness. Decreasing 
the blowing ratio increases the effectiveness since the pene-
tration of the jet into the mainflow is reduced. The lateral 
spreading of the jet is very poor. For the fanshaped hole 
only a small separation zone was found in the vicinity of 
the hole exit for high blowing ratios indicated by a slight 
decrease of effectiveness. The spreading of the jet is much 
better compared to the cylindrical hole, but most of the jet 
is still ejected along the centerline resulting in large gradi-
ent in lateral direction, at least for high blowing ratios. For 
the laidback fanshaped hole the centerline effectiveness is 
lower compared to the fanshaped hole. On the other hand, 
improved spreading of the cooling film compared to the fan-
shaped hole was found. The nonsymmetric characterof the 
flow exiting both shaped holes will be discussed later. 
Effect of hole shape  
Local effectiveness 
Fig. 5 presents centerline effectiveness for all three hole ge-
ometries confirming the conclusions drawn from the two-
dimensional effectiveness images. Fig. 6 shows the lateral 
distribution of effectiveness at x/D=6. The lateral expan-
sion of the jet ejected from the cylindrical hole is small 

laidback fanshaped hole at Ma,,,=0.6, Ma c =0.0, and 0=0° 

compared to both expanded holes, as one would expect. 
The fanshaped hole provides a high centerline effectiveness, 
but effectiveness decreases rapidly off-centerline. Increasing 
the blowing ratio has only a small impact on effectiveness 
at z/D > 1.25. For the laidback fanshaped hole centerline 
effectiveness is lower compared to the fanshaped hole, but 
the spreading of the jet is better, which leads to improved 
off-centerline effectiveness. 

Fig. 7 presents centerline effectiveness plotted versus 
blowing ratio at streamwise locations x/D=2, 6, and 10. 
Maximum centerline effectiveness for the cylindrical hole 
occurs at low blowing ratios, further increasing the blow-
ing ratio leads to jet separation and, therefore, drastically 
reduced effectiveness. Maximum centerline effectiveness for 
the fanshaped hole was found at a blowing ratio of about 
unity. Further increasing the blowing ratio leads only to a 
slight reduction of effectiveness. For the laidback fanshaped 
hole no maximum effectiveness was found. Centerline effec-
tiveness increases for all blowing ratios within the range 
considered. 
Laterally averaged effectiveness 
To account for the lateral spreading of the jet local film- 
cooling effectiveness values were averaged across the lateral 
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FIG. 5: Centerline effectiveness qcy for the three 
tested at Ma,,,=0.6, Ma c =0.0, and fl=0° 
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range covered by the IR camera (z/D=± 2.75) resulting in 
laterally averaged effectiveness 

ig./D) = A/272.. 755  77(x/d, z I D)d(z I D) 

Fig. 8 presents the laterally averaged film-cooling effec-
tiveness plotted versus streamwise distance for the three 
hole geometries. Due to the fact that the jet ejected from 
the cylindrical hole penetrates far into the mainflow and 
the lateral spreading of the film downstream of the cooling 
hole is very limited, the film-cooling performance at a high 
blowing ratio is poor. For both expanded holes effectiveness 
decreases monotonously with streamwise distance from the 
hole for all blowing ratios considered. The superiority of 
the expanded holes as compared to the cylindrical hole is 
clearly demonstrated. 
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FIG. 10: Effect of mainflow Mach number Ma„, on the lat-
erally averaged effectiveness fj for the three holes 
tested at Ma e =0.0 and f3=0° 

The differences between the fanshaped and the laidback 
fanshaped hole are shown in Fig. 9 where laterally averaged 
effectiveness is plotted versus blowing ratio. Additionally 
performed temperature measurements showed a streamwise 
increase of the surface temperature in the laidback portion 
of the laidback fanshaped hole. This is obviously due to 
mixing of hot mainflow and coolant jet in the laidback por-
tion of the hole which is exposed to the hot mainflow reveal-
ing lower laterally averaged effectiveness as compared to the 
fanshaped hole at low blowing ratios. For elevated blowing 
ratios, however, the performance of the laidback fanshaped 
hole is better because of the limited lateral spreading of the 
jet ejected from the fanshaped hole. 

Effect of crossflow Mach number at hole exit 

Most previous film-cooling studies using flat test plates 
applied relatively low speed mainflows and, therefore, didn't 
match engine like conditions. To evaluate the effect of cross-
flow Mach number at the hole exit the three test geome-
tries were tested at three blowing ratios (M=0.5, 1.0, 1.5) 
for three external crossflow Mach numbers (Ma„,=0.3, 0.6, 
1.2). It is the first time that the effect of a supersonic cross-
flow on discrete hole flat plate film-cooling effectiveness was 
investigated. 

The results for the cylindrical hole (Fig. 10a) show that 
the laterally averaged film-cooling effectiveness is hardly af-
fected by the crossflow Mach number for the subsonic test 
cases (Ma,„=0.3 and 0.6) at all blowing ratios investigated 
which corresponds to the findings of Liess (1975). The 
minor differences are due to run-to- run variations of the 
blowing ratio, as discussed above. For the supersonic case 
(Ma,„=1.2), however, the laterally averaged effectiveness 
was found to be increased as compared to the subsonic test 
cases. Two reasons can be identified for this behavior. The 
first reason is the drastically altered flowfield for the case of 
jet injection into a supersonic crossflow as discussed in pre-
vious studies (e.g. Spaid and Zukoski (1968)). The jet acts 
as an obstacle to the crossflow causing the generation of a 
bow shock upstream of the injection location. Approaching 
the bow shock the boundary layer faces a positive pressure 
gradient which leads to a separation of the boundary layer 
from the surface. At the separation location an additional 
weak shock is formed. Downstream of the injection loca-
tion the combined jet and crossflow is forced back to the 
surface by means of a recompression shock. Obviously, the 
shock-induced pressure field turns the ejected jet rapidly 
into a flow parallel to the surface. Therefore, film-cooling 
effectiveness is increased compared to subsonic test cases. 
This holds true particularly for higher blowing ratios since 
in these cases the lift-off of the jet is inweded by the shock-
induced pressure field. Additionally, the second reason, the 
change in crossflow Mach number of course affects the local 
recovery temperature of the flow. A reduced Mach number 
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in the vicinity of the injection location leads to a slightly 
increased film-cooling effectiveness since the calculation of 
the effectiveness is based on the recovery temperature of the 
undisturbed crossflow. However, this effect is rather small 
because the reduction of the Mach number is small since 
the speed of the undisturbed crossflow is close to sonic. 

For the expanded holes (Fig. 10b and 10c) the penetration 
into the mainflow is not that pronounced as for the cylindri-
cal hole as shown earlier (Thole et al. (1996)). Therefore, 
the effect of a supersonic crossflow on film-cooling perfor-
mance as described above is evident, but not as pronounced 
as for the cylindrical hole. For these holes, the results of the 
subsonic test cases differ somewhat, too. Two main reason 
can be identified for this behavior. First, for the Ma„ 1 =0.6 
test cases an increased pressure ratio is needed to apply the 
same blowing ratio as compared to the Ma„ 1 =0.3 test cases. 
Laser light sheet flow visualization showed that the pressure 
ratio across the hole affects the coolant distribution in the 
hole exit plane. The higher the pressure ratio the more 
coolant is ejected in the hole centerline. Lateral spread-
ing is reduced. This is particularly true for the fanshaped 
hole at high blowing ratios. Second, further experiments 
which are not presented here in detail revealed that the jet 
tends to separate from one of the side walls in a certain low 
pressure ratio range in the diffuser section of the hole , as 
indicated by Fig. 4. The skewed cooling film ejected from 
the hole leads to a reduced laterally averaged film-cooling 
effectiveness. This behavior was found for the fanshaped 
at low blowing ratios as well as for the laidback fanshaped 
for all blowing ratios. This effect is mainly dominated by 
the relatively large expansion angle of these holes. This is 
however, only a temporary phenomenon since at even lower 
pressure ratios the flow becomes attached to both side walls 
which is the range the diffuser operates at its best. 

Effect of coolant crossflow Mach number and orientation 

Thus far, none of the film-cooling studies reported have 
investigated the effect of crossflow at the hole entrance. A 
plenum, widely used to feed the film-cooling holes, is not 
necessarily a correct means to represent the internal coolant 
supply passage of an airfoil. To evaluate the effect of coolant 
supply passage crossflow three representative crossflow con-
ditions were chosen from the test matrix. These comprise 
coolant passage Mach numbers Ma c =0.0 (i.e. plenum con-
dition) and Mac =0.6 . For the Ma c =0.6 case two differ-
ent orientations of the coolant passage with respect to the 
mainflow were considered: parallel (/3=0°) and perpendic-
ular (13=90°). 

For the cylindrical hole (Fig. 11a), at the low blowing 
ratio applied no effect of the flow conditions at the hole en-
trance was found. At elevated blowing ratios, however, cool-
ing performance is significantly affected. As pointed out by 
Thole, Gritsch, Schulz, and Wittig (1997), the flow condi- 
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FIG. 11: Effect of coolant supply passage Mach number Ma c  
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FIG. 12: Local effectiveness 77 at Man=0.6, Mac =0.6, 
M=1.0, and 0=90° (a) cylindrical, (b) fanshaped, 
(c) laidback fanshaped hole 
(coolant flow approach from down to top) 

tions at the hole entrance govern the jet velocity and turbu-
lence intensity distribution in the hole exit plane. Measure-
ments reported showed that for the case of high coolant pas-
sage crossflow Mach number a separation region is formed at 
the windward side of the hole entrance shifting the coolant 
jet to the leeward side. The jet is ejected from the hole 
on the leeward side at a shallow flow angle. For the case of 
plenum condition, however, a separation region is formed at 
the leeward side of the hole entrance shifting the coolant jet 
to the windward side. The jet is ejected from the hole more 
on the windward side at a rather steep flow angle. This 
causes enhanced mixing with the hot crossflow and leads to 
a reduced film-cooling effectiveness, as shown in Fig. I la. 
Rotating the coolant supply passage to a perpendicular po-
sition keeps the jet closer to the wall, particularly at high 
blowing ratios leading to an improved lateral spreading as 
well as to an increased maximum effectiveness. 

For the fanshaped hole (Fig. 11b) the effect of the coolant 

passage crossflow Mach number is not that pronounced as 
for the cylindrical hole. The trend holds true that the film-
cooling effectiveness is improved for the high Mach number 
crossflow in the coolant passage. The effect of rotating the 
coolant supply passage• to a perpendicular position is con-
trary to the cylindrical hole. Effectiveness is rather reduced 
since the flow entering the diffuser section of the hole is 
highly disturbed resulting in a poor performance of the dif-
fuser and, therefore, a reduced lateral spreading of the jet. 
For the laidback fanshaped hole (Fig. 11c) only at the high 
blowing ratio an effect of coolant crossflow Mach number 
and orientation could be detected. 

Fig. 12 shows the two-dimensional effectiveness distri-
bution for the case of the coolant passage being rotated 
to a perpendicular position with respect to the mainflow. 
Coolant supply approach is from down to top. As can 
be seen, the maximum effectiveness either occurs on the 
upstream side with respect to the coolant flow approach 
(i.e. for the cylindrical and the laidback fanshaped hole) re-
sulting from a 'reflection' of the jet inside the hole or on 
the downstream side (i.e. for the fanshaped hole). Further 
experiments showed that only for the cylindrical hole the 
location of the maximum is strongly dependent on blowing 
ratio. The general trend was that for high blowing ratios 
the maximum occurs on the downstream side and moves 
to the upstream side as the blowing ratio is reduced. For 
both expanded holes the position of the maximum was not 
affected by the blowing ratio within the range considered. 
CONCLUSIONS 

An experimental investigation was conducted to deter-
mine the effect of hole geometry including a cylindrical hole 
and two holes with a diffuser shaped exit portion on film-
cooling performance. At the hole exit side, crossflow Mach 
numbers up to 1.2 were considered. Additionally, the ef-
fect of internal coolant supply channel Mach number and 
orientation was investigated. The results showed that 

• holes with expanded exits show significantly improved 
film-cooling effectiveness as compared to a cylindrical 
hole, particularly at high blowing ratios 

• the laidback fanshaped hole provides a better lateral 
spreading of the jet as compared to the fanshaped hole 
and, therefore, leads to increased laterally averaged ef-
fectiveness, particularly at high blowing ratios 

• transonic crossflow at hole exit side drastically alters 
the flowfield in the vicinity of the ejection location. 
Film-cooling effectiveness is increased as compared to 
subsonic flow cases, particularly for the cylindrical hole. 

• coolant crossflow Mach number and orientation have a 
strong impact on film-cooling performance in the near-
hole region. Therefore, crossflow at the hole entrance 
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side has to be taken into account when modelling film-
cooling at engine representative conditions. 
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