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ABSTRACT

The emphasis of the present study is to understand the
effects of various flowfield and geometrical parameters in the
nearfield region of a scaled-up film-cooling hole on a flat test
plate. The effect of these different parameters on adiabatic
wall effectivenesses, heat transfer coefficients, discharge co-
efficients and the near-hole velocity field will be addressed.
The geometrical parameters of concern include several an-
gles of inclination and rotation of a cylindrical film-cooling
hole and two different hole shapes - a fanshaped hole and a
laidback fanshaped hole. The fluid dynamic parameters in-
clude both the internal and external Mach number as well
as the mainstream-to-coolant ratios of total temperature,
velocity, mass flux, and momentum flux. In particular, the
interaction of a film-cooling jet being injected into a tran-
sonic mainstream will be studied.

This paper includes a detailed description of the test rig
design as well as the measuring techniques. Firstly, tests
revealing the operability of the test rig will be discussed.
Finally, an outlook of the comprehensive experimental and
numerical program will be given.
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NOMENCLATURE
Co Discharge coefficient
D Film-cooling hole diameter
H;s Ratio of boundary layer displacement

thickness §; to momentum thickness 8,

I Jet-to-crossflow momentum ratio

L Film-cooling hole length measured
along the centerline axis

M Blowing ratio

Ma Mach number

m Mass flow rate

j Static pressure

Pt Total pressure

Rep Reynolds number based on film-cooling
hole diameter

T Total temperature

u,v Streamwise and vertical components of
the mean velocity vector .

x Streamwise distance from hole centerline

¥y Vertical distance from main charnel wall

Greek

a Angle of inclination

¥ Angle of rotation

g9 Boundary layer thickness, 99 % point

Subscripts

c Internal flow conditions

m External flow conditions

AW Adiabatic wall conditions

INTRODUCTION

Increasing turbine inlet temperatures require an effective
cooling of turbine vanes and blades. Modern airfoils are
equipped with a complex cooling regime combining various
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convection cooling methods on the inner surface and film-
cooling on the outer surface. Primarily film-cooling still
offers a big potential for improvements and is, therefore,
the subject of numerous research activities.

The injection of discrete film-cooling jets into a two
dimensional boundary layer induces a complicated three-
dimensional flowfield which depends on many geometrical
and fluid dynamic parameters. As a direct consequence, the
heat transfer is also dictated by the same parameters.

The present study focuses on the detailed investigation of
the throughflow characteristics of film-cooling holes and on
the determination of the nearfield heat transfer and film-
cooling effectiveness. To get a detailed insight into the flow
structure, the investigations are performed on z scaled-up
single hole ejection configuration. The test rig is carefully
designed to meet realistic film cooling parameters. Accord-
ing to various locations of film-cooling holes on a real airfoil
with different orientations of the holes, both with respect
to the external flow as well as with respect to the internal
coolant passage flow, the test rig permits an independent
rotation of the coolant supply channel and the film-cooling
hole itself. Moreover, different hole geometries, e.g. cylin-
drical holes, fanshaped holes, and laidback fanshaped holes,
can be tested by replacing the junction between the two
channels. Mach numbers up to 1.2 in the external flow
channe] and up to (.6 in the internal flow channel can be
achieved.

Few studies have investigated the influence of contoured
film-cooling holes. In most cases, the holes are cylindri-
cal with a diffuser shaped expansion at the exit portion of
the hole. Goldstein, Eckert, and Burggraf (1974} exam-
ined holes with lateral expansion of 10° at the hole exit
portion, while Makki and Jakubowski (1986) tested holes
with a trapezoidal cross-sectional area at the exit. The in-
creased 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 main
flow is reduced resulting in an increased cooling efficiency.
Furthermore, lateral expansion of the hole provides an im-
proved lateral spreading of the jet leading to a better cover-
age of the airfoil in spanwise direction and a higher spanwise
averaged film-cooling efficiency. Hay and Lampard (1995)
investigated cylindrical holes with a lateral expansion angle
of 12.5° (flared holes) and holes with an additional layback
of 7.5°. It was found that the discharge coefficient of flared
holes is higher than for cylindrical holes. The layback does
not further increase the discharge coefficient. Haller and Ca-
mus (1983) performed aerodynamic loss measurements on
a 2D transonic cascade. Holes with a spanwise flare angle
of 25° were found to offer significant improvements in film-
cooling effectiveness without any additional loss penalty.

The improved spreading of the jet and a delayed sepa-
ration at high momentum ratios are the reasons why film-
cooling holes with compound angie orientations have gained
attention in the lterature ( e.g. Schmidt, Sen, and Bog-
ard (1994), Ligrani, Wigle, Ciriello, and Jackson {1994),
Honami, Shizawa, and Uchiyama (1992), Sathyamurthy
and Patankar (1990), Jubran and Brown {1985), Colladay
and Russell {1976) and Goldstein, Eckert, Eriksen, and
Ramsey (1970)). These holes are found to provide a sig-
nificantly improved thermal protection of the blade surface
compared to streamwise injection, in particular at elevated
momentum ratios. On the other hand, Sen, Schmidt, and
Bogard (1994) reported increased heat transfer rates due to
an enhanced interaction between the jet and the main flow,
particularly at high momentum ratios .

The numerical studies of Leylek and Zerkle (1993), Garg
and Gangler (1995) and Benz, Wittig, Beeck, and Fottner
(1993) address the effect of the flow inside the cooling hole
influencing the overall film-cooling flowfield. Since the flow-
field inside the hole is strongly affected by the way the
coolant is supplied to the film-cooling hole, a plenum cham-
ber, widely used for experimental studies, is not a correct
means to represent the internal coolant passage flow of an
airfoil. The effect of the coolant supply channel compared
to a plenum on the flow inside the film-cooling hole will be
discussed in detail by Thole, Gritsch, Schulz, and Wittig
(1996a).

Liess (1975) studied the effect of the main flow Mach
number on the film-cooling parameters. Mach numbers up
to 0.9 were employed. No measurable effect on film-cooling
efficiency was found, when the main flow recovery tempera-
ture is used as reference temperature. However, no studies
are present in the literature examining the effect of tran-
sonic main flow Mach numbers for discrete hole film-cooling
in the near-hole region.

TEST RIG DESIGN

When designing the test rig, the major intention was to
simulate as many geometrical and flow parameters of a real
airfoil as possible. As a result of comprehensive analyses
it was found that it is possible to match the Mach and
Reynolds numbers of the coolant as well as of the main
flow. Furthermore, realistic coolant-to-mainflow tempera-
ture ratios, pressure ratios, blowing ratios, momentum ra-
tios and boundary layer thickness to hole diameter ratios
can be achieved. In choosing the facility and in designing
the experiment, the test conditions given in Table 1 were
considered.

Calculations were done to determine the possible exper-
imental regimes. By minimizing the total pressure of the
mainstream, the maximum possible cross-sectional area can



Hole Diameter D 10 mm
Internal pressure Pic up to 2 Bars
Internal temperature Tie 290 K

Pressure ratio Pite/Pm 1...2
Temperature ratio Te/Tim | 1...2
Internal Mach number Ma, 0...086
External Mach number Ma,, 0...1.2
Internal Reynolds number | Rep. up to 2.5%10°
External Reynolds number | Repm up to 2.1*10%
Boundary layer thickness bgg/D (0.5

TAB. 1: Operational conditions of the film-cooling test rig
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F1G. 1: Film-cooling test rig

be achieved for a given mainstream flow rate. Maximizing
the cross-sectional area is desirable to ensure that there is
no side or top wall interference on the film-cooling flowfield.
As a consequence, the static pressure in the test section is
far below ambient pressure for the transonic flow case.

EXPERIMENTAL APPARATUS

The present investigation was carried out in a con-
tinous flow wind tunnel at the Institut fiir Thermische
Stromungsmaschinen (ITS), Karlsruhe (see Fig. 1). The air
was supplied by a high pressure, high temperature (HPHT)
test facility. The facility is able to provide 2 maximum flow
rate of 1 kg/s at a maximum temperature and pressure of
1120 K and 11 Bars, respectively.

The film-cooling test section consists of a primary loop
representing the external flow and a secondary loop repre-
senting the internal flow (see Fig. 2).

Primary Loop

The air supplied by the HPHT test facility passes a me-
tering orifice and flow straighteners before entering the test
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FIG. 2: Film-cooling test section

section through a LAVAL nozzle. This nozzle was specifi-
cally designed based on a method of characteristics solution

for Ma,,=1.2.

The test section is 90 mm in width and 41 mm in
height. For transonic flow conditions the height is reduced
to 32 mm. Using an adjustable upper wall, a zero pres-
sure gradient in streamwise direction is set in the test sec-
tion. The test section side walls and the top wall have
quartz glass windows to enable good optical access allowing
Schlieren and Laser Doppler Velocity (LDV) measurements.
The quartz glass window in the top wall can be replaced by
a sapphire window required for surface temperature mea-
surements using a infrared (IR) camera system.

Secondary Loop

An accurate measurement of the flow rate through the
film-cooling hole is indispensable for an exact determina-
tion of the flow parameters, in particular the discharge co-
efficient. The standard configuration for measuring the fliow
rate for the case of crossflow on both, entry and exit side
of the hole, is the "open” loop (Fig. 3(a)). The flow rates
in the coolant supply channel are measured up- and down-
stream of the film-cooling hole location using orifices A and
B. The difference between these two flow rates is equal to
the flow rate through the hole. For the case when the flow
rate through the hole is only a few percent of the flow rate
in the coolant supply channel the uncertainty of the calcu-
lated flow rate through the hole is of the same magnitude
as the flow rate through the hole itself. Thus, this configu-
ration can not be used to get accurate measurements of the
flow rate through the hole.

For this reason, the secondary loop used for the present
study is a recirculating channel { ”closed” loop) with only
one inlet, which is supplied by the compressor, and one exit,
which is exhausted through the film-cooling hole (Fig. 3(b)).
With this configuration the flow rate through the film-
cooling hole is obtained directly, independently of the cross-
flow flow rate. The flow rate entering the secondary loop
which is equal to the flow rate leaving the secondary loop
through the film-cooling hole, is measured using orifice C.



The secondary loop itself acts like a plenum.

The orientation of the coolant supply channel with re-
spect to the main channel can be set within 0° ( parallel

flow) to 90° ( perpendicular flow) and 180° (counter par-

allel flow) to account for the various fiow configurations in
cooled airfoils in relation to film-cooling holes discussed in
Hay, Lampard, and Benmansour (1983).

The major components of the secondary loop include a
blower, a heat exchanger and a flow section where flow is
ejected through the film-cooling hole into the mainstream.
Flow for the secondary loop is provided by the HPHT test
facility as well. However, the total pressure in the secondary
loop can be set independently from the primary loop. The
fiow in the secondary loop is driven by an additional blower.
Thus, the Mach number can be set by adjusting the volurne
flow rate circulating in the secondary loop using a throttling
valve upstream of the blower and a bypass line parallel to
the secondary loop. The majority of the secondary loop
has a large pipe diameter of 125 mm, to reduce the pressure
losses, while the cross-sectional area at the film-cooling hole
is 60 mm in width and 20 mm in height.

The blower continually supplies energy to the flow circu-
lating in the secondary loop resulting in a continous increase
of the temperature of the flow. Therefore, a water-cooled
heat exchanger is introduced to the secondary loop down-
stream of the blower. The temperature of the circulating
flow can be controlled by adjusting the amount of coolant
water going through the heat exchanger.

Film-cooling Hole Geometries

All tests were carried out using single scaled-up film-
cooling holes. In total, seven hole geometries { five cylindri-
cal holes and two shaped holes) were tested (see Table 2).
The hole geometries were decided in cooperation with the
industrial partners involved in the present research pro-
gram.

The diameter of the cylindrical holes and the diameter of
the cylindrical inlet section of the shaped holes were 10 mm.
The thickness of the wall was 30 mm and kept constant for
all hole geometries.

The lateral expansion angle of both shaped 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. A
sketch of the 30° inclined cylindrical and both shaped holes
is given in Fig, 4.

INSTRUMENTATION AND MEASURING
TECHNIQUES

The quantities of interest comprise adiabatic wall effec-
tivenesses, heat transfer coefficients, discharge coefficients,
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FIG. 3: Configurations for measuring the mass flow rate
through the film-cooling hole
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FIG. 4: Cylindrical, fanshaped, and laidback fanshaped hole
geometries



Hole geometry Hole diameter Angle of Angle of | Hole length-
D [mm] inclination a | rotation v | to-diameter
ratio L/D
1 cylindrical 10 30° 0° 8
2 cylindrical 10 45° p° 4.24
3 cylindrical 10 90° 0° 3
4 cylindrical 10 30° 45° i
5 cylindrical 10 30° 90° 6
6 fanshaped 10 30° 0° 6
7 || laidback fanshaped 10 30° 0° 6

TAB. 2: Film-cocling hole geometries

and a map of the flowfield in the vicinity of the ejection
hole. Three different types of test plates have been de-
signed including one for adiabatic effectiveness measure-
ments, one for heat transfer coefficient measurements, and
one for discharge coefficient measurements and flowfield
mapping. The test plates are equipped with removable in-
serts which allow for different cooling hole geometries and
cooling hole orientations relative to the external flow.

Adiabatic Wall Effectiveness Test Plate

Finite element analyses were performed to select a proper
material for achieving an adiabatic boundary condition.
Several materials were evaluated in terms of enduring a
nominal temperature of 600 K to enable a coolant-to main-
stream temperature ratio of about 2 and having a low ther-
mal conductivity to minimize errors due to heat conduction.
The computations indicated that a high temperature plastic
(TECAPEK) with a thermal conductivity of 0.2 W/mK and
a maximumn operating temperature of about 580 K meets
those requirements. Surface temperatures are measured us-
ing both thermocouples placed on the surface of the test
plate and an AGEMA 870 IR camera system (Fig. 5). Six-
teen Ni-NiCr thermocouples were located from 0.5 D to 10 D
downstream of the hole trailing edge on the hole centerline.
Fourteen Ni-NiCr thermocouples are positioned at stream-
wise locations of 1 D, 3 D and 6 D at a lateral distance of
-3.5 D to 4 D from the hole centerline.

The IR camera system provides a two dimensional distri-
bution of the temperature on the plate surface. The image
of the test plate surface is digitized into an array of 140x140
pixels. Accounting for the optical setup used with the IR
camera a spatial resolution of about 1 mm? per pixel could
be achieved. Actually, a calibration of the system is not
necessary, because the test plate surface is covered by black
paint of a well-known emissivity of 0.95. However, there are
some parameters influencing the measurements which are
difficult to quantify. Therefore, some of the thermocouples
mentioned above are used for re-calibrating the IR camera
system to increase the accuracy of the temperature mea-
surements. Details of surface temperature measurements

High temperature
plastics

Film-cooling hola

Thermocouple

FIG. 5: Adiabatic wall effectiveness test plate

using the IR camera system are given by Scherer, Wittig,
Morad, and Mikhael (1991) and Martiny, Schulz, and Wit-
tig (1993).

Heat Transfer Test Plate

Finite element analyses were also used for designing the
heat transfer test plate. It is a dual layer test plate with
a TECAPEK layer on top of a copper block. The opti-
mum thickness of this plastic layer was calculated to be 3.5
mm resulting in a2 minimum uncertainty of the heat transfer
coefficient. The copper block is maintained at a constant
temperature by internal water cooling (Fig. 6). The surface
temperature is measured with the IR camera. Additionally,
seven Ni-NiCr thermocouples are distributed on the plate
surface used for re-calibrating the IR camera.

The surface temperature of the test plate and the tem-
perature of the copper block are used as boundary condi-
tions for a finite element analysis. In calculating the heat
flux perpendicular to the surface of the test plate the heat
transfer coefficient can be determined.

Discharge Test Plates

For investigating the discharge coefficients seven test
plates (one for each hole geometry) were manufactured. The
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FiG. 6: Heat transfer test plate

test plates were made of aluminium allowing a very accu-
rate machining of the hole. Errors in determining the hole
size and, thus, in calculating the discharge coefficient were
therefore very small. The plates were also used for perform-
ing the flowfield measurements.

EXPERIMENTAL AND NUMERICAL PROGRAM

Discharge coefficient measurements: Each hole ge-
ometry was tested for a matrix of three internal Mach num-
bers (Ma.=0.0, 0.3, 0.6) and four external Mach numbers
(Man=0.0, 0.3, 0.6, 1.2) over a range of pressure ratio
Ptc/Pm of 1 to 2. Moreover, each hole geometry was tested
at four pressure ratios (pie/pm=1.1, 1.25, 1.4, 1.6) over a
range of internal Mach number Ma.=0.0 to 0.6 for 2 con-
stant external Mach number Ma,, of 0.0. Primary and sec-
ondary loop were positioned either parallel or perpendicular
to each other.

Adiabatic wall efficiency and heat transfer mea-
surements: Each hole geometry was tested for a matrix
of three internal Mach numbers (Ma.=0.0, 0.3, 0.6) and
three external Mach numbers (Ma,=0.3, 0.6, 1.2) over a
range of blowing ratio M=0.25 to 2. Primary and secondary
loop were positioned either parallel or perpendicular to each
other.

Flowfield visualization using Schlieren: Schlieren
flow visualization were performed for the transonic flow
cases to get an impression of the overall near-hole flowfield.
In particular, the shock pattern of the jet/main flow inter-
action was addressed.

Flowfield measurements using a LDV: Three hole
geometries, comprising the baseline 30° inclined cylindri-
cal hole, the fanshaped hole, and the laidback fanshaped
hole, were tested under isothermal flow conditions. Both the
blowing ratio and the momentum ratio were of unity. Two

main flow mach numbers were chosen (0.25 and 1.2). The
coolant Mach number was kept constant at 0.3. Mean ve-
locity components and turbulence quantities were obtained
at the hole inlet, inside the hole, at the hole exit as well
as in the primary channel upstream and downstream of the
film-cooling hole. The primary and secondary loop were
positioned parallel to each other.

Numerical flowfield and heat transfer computa-
tions: The numerical study was performed using a three-
dimensional, elliptic Navier-Stokes code. For turbulence
closure, the standard k-¢ model with wall functions was
applied. The governing equations were formulated in a
body-fitted, non-orthogonal, curvilinear coordinate system.
The code was based on a fully conservative, structured, fi-
nite volume discretization method. The transport equa-
tions were solved using a non-staggered grid. In order to
subdivide the complex computational domain into simple
blocks, a multiblock technique was used. The coupling of
she blocks was achieved by applying periodic boundary con-
ditions (Benz and Wittig 1992).

The SIMPLE algorithm of Patankar and Spalding (1972)
was used for coupling the velocity and pressure field. This
pressure-correction method was extended in order to pre-
dict transonic and supersonic flows up to Ma=3. For the
discretization of the diffusive terms, a second order, central
difference scheme was used, whereas the convective terms
of all transport equations were discretisized by the second
order accurate Monotonized-Linear-Upwind (MLU) scheme
(Noll 1992). The system of algebraic equations was solved
using a generalized conjugate gradient iterative procedure in
conjunction with an incomplete lower-upper decomposition
(ILU-CG} (Noll and Wittig 1991). The ILU-CG method
was tested for a variety of computations of complex gas
turbine flows and was found to be very fast and robust.

The capabilities and performance of the code were
demonstrated for gas turbine flow applications by Benz,
Wittig, Beeck, and Fottner (1993), Kurreck and Wittig
(1994), and Wittig, Bauer, and Noll (1987). Due to the in-
sufficient resolution of the near wall region the standard k-¢
with wall functions approach was not suitable for heat trans-
fer predictions. Therefore, low-Reynolds number k-¢ tur-
bulence models were implemented into the code (Giebert,
Bauer, and Wittig 1996).

PRELIMINARY TESTING

The most important thing in the beginning was to make
sure that the flow rate entering the secondary loop, which
is measured by a calibrated orifice, is equal to the flow rate
exiting the loop through the film-cooling hole. Therefore,
comprehensive leakage tests were performed. The test plate
with the film-cooling hole was replaced by a impermeable
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test plate. After pressurizing the secondary loop the valve
at the secondary loop inlet was closed. The pressure de-
cay inside the secondary loop was monitored. From this
information, the leackage flow rate could be derived. It was
found that the leakage flow rate was about 10 % of the ideal
flow rate through the film-cooling hole, assuming an isen-
tropic expansion from the pressure inside the loop to ambi-
ent pressure. Most of the leakage flow occured at the shafi
packing of the blower introduced in the secondary loop. By
applying a proper counterpressure at the shaft packing the
leakage flow rate was reduced to much less than 1 % of the
ideal flow rate through the film-cooling hole.

Wall boundary layer profiles were taken 5 D upstream of
the film-cooling hole in the main channel indicating that
the naturally developing boundary layer is fully turbulent.
For the low speed case (Ma,,=0.3), §35/D was 0.6 and H;-
was 1.38. The freestream turbulence level was measured to
be 1.4 %. For the high speed case (Ma,,=1.2) 39/D was
0.4 and Hyo was 1.42. The freestream turbulence level in
this case was 2.3 %. The boundary layer in the coolant
supply channel 7 D upstream of the film-cooling hole entry
was also found to be turbulent. The freestream turbulence
level there was 1 %.

At several axial positions in both the main and the
coolant supply channel, velocity profiles in lateral direc-
tion were taken to check the spanwise uniformity of the
main flow, the coolant supply flow, and the flow through
the film-cooling hole itself,

RESULTS

This section provides examples of the results achieved
within the present study.

Discharge Coefficients

The discharge coefficient Cp is the ratio of the actual
mass flow rate to the ideal mass flow rate through the film-
cooling hole. The ideal mass flow rate is calculated assum-
ing an isentropic one-dimensional expansion from the total
pressure in the secondary loop py. to the static pressure in
the primary loop pm.

Figure 7 shows a typical result for the cylindrical hole
(a=30°,4=0°). The discharge coefficient is plotted versus
the pressure ratio across the hole at four different Mach
numbers in the primary loop (Ma,,=0.0, 0.3, 0.6, and 1.2)
and a Mach number Ma, of 0.3 in the secondary loop.

The effect of Ma,, is to reduce the discharge coefficient,
particularly at low pressure ratios. This effect is more pro-
nounced at high Mach numbers Ma,, in the primary loop.
At high pressure ratios a plateau value of 0.87 for the dis-
charge coefficient was found, independent of the Mach num-
ber May, applied. Additionally, results of Hay, Lampard,
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FIG. 7: Discharge coefficient Cp plotted versus pressure ra-
tio pr./pm for Ma,=0.3 for the cylindrical hole
{a=30°,7=0°%)

and Benmansour (1983) and Hay, Henshall, and Manning
(1992) are plotted in Fig. 7. The inclination angle of the
hole and the hole length-to-diameter ratio are the same as
in the present study. However, it was found that for the case
of Ma,,=0.0 the discharge coefficients of the present study
are up to 10% higher whereas for the case of Ma,,=0.3 the
discharge coefficients are up to 10% lower than reported
by Hay and co-workers. Unlike the present study, they do
not show a common plateau value existing at high pressure
rarios.

Adiabatic Wall Effectiveness

Centerline measurements of the adiabatic wall effective-
ness 7 of the basecase cylindrical hole (a=30°7=0°) at
M=0.61 and I=0.22 up to 10 D downstream of the hole
are presented in Fig. 8. The origin of the streamwise coor-
dinate, x/D=0, is located at the trailing edge of the hole
for the present plot. Published data of Sinha, Bogard, and
Crawford (1990) and Schmidt, Sen, and Bogard (1994) are
used for validating the present results since the flow param-
eters as well as the hole geometry are similar to the present
study. Excellent agreement between the present results and
the data of Schmidt, Sen, and Bogard (1994) was found.
The deviations occuring from the data of Sinha, Bogard,
and Crawford (1990) are believed to be due to the differ-
ent hole length-to-diameter ratio, L/D=6 for the present
study compared to L/D=1.75 of Sinha, Bogard, and Craw-
ford (1990). The flow entering an orifice is known to form a
vena contracta within an orifice and to re-attach about 2 D
downstream of the orifice inlet (Hay and Spencer 1991). For
very short film-cooling holes such as used by Sinha, Bogard,
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FIG. 8: Centerline film-cooling effectiveness of the cylindri-
cal hole (o=30°,y=0°) at Ma,=0.3 and Ma,=0.0

and Crawford (1990), the jet leaves the hole as a divergent
streamtube and, thus, stays closer to the wall resulting in
elevated film-cooling effectiveness in the vicinity of the hole.

Flowfield Visualization using Schlieren

Before comprehensive flowfield studies were performed
Schlieren were used to get a qualitative impression of the
near-hole flowfield in the case of transonic fiow conditions.
Figure 9 shows the near-hole flowfield in the primary chan-
nel for the laidback fan shaped hole, The Mach number
Ma,, of the flow in the primary channel was 1.2 and the
Mach number Ma, of the flow in the secondary channel was
0.3. The blowing ratic and the momentum ratio were of
unity.

It was observed that the injected coolant acts as an obsta-
cle to the flow in the primary loop resulting in a strong shock
wave immediately upstream of film-cooling hole. Down-
stream of the hole a weak recompression shock wave could
be detected. The position and the shape of these shock
waves were found to be strongly dependent on both the
hole shape and the blowing rate.

Flowheld Measurements

Mean velocity vector profiles at 13 x/D-locations in the
primary channel for the basecase cylindrical film-cooling
hole ejection (@=30°,7y=0°) are shown in Fig. 10. The up-
stream and downstream edges of the hole are indicated by
the lines placed on the x-axis. The Mach number Ma,,
of the flow in the primary channel was 1.2 and the Mach
number Ma. of the flow in the secondary channel was 0.3.
The blowing ratio and the momentum ratio were of unity.
Although the blowing ratio and the momentum ratio were

FIG. 9: Flowfield visualization using Schlieren
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FIG. 10: Measured velocity vectors on centerline plane of
the primary channel (Ma,,=1.2, Ma.=0.3, M=1,
I=1) for the basecase cylindrical hole ejection
(a=30°,7=0°)

kept constant, the velocity distribution of the jet at the
hole exit was found to be more uniform compared to the
low Mach number case. Measurements inside the hole and
in the hole exit plane as well as numerical computations re-
vealed that the elevated pressure ratio, which is necessary
to apply a blowing ratio M=1 for the high Mach number
case, causes an altered flowfield inside the hole resulting in
higher vertical velocities at the upstream portion of the hole
exit.

Detailed results of the flowfield measurement performed
for the low Mach number case (Ma,,, =0.25) are reported by
Thole, Gritsch, Schulz, and Wittig (1996b).

Numerical Flowfield Computations

Numerical simulations were performed for the cylindrical,
fanshaped, and laidback fanshaped hole geometries at both
subsonic and transonic primary fiow conditions. In the re-
sults presented below, only the subsonic flow case for the
cylindrical hole will be considered.

The computational grid was generated using the multi-
block technique. It consists of three blocks (primary channel
135 000 grid points, cooling hole 10 000 grid points and sec-
ondary channel 33 000 grid points). CPU time was about
80 mir on a Siemens Nixdorf SNI 600/20 vector computer.

As boundary conditions, the total pressure and total tem-
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FIG. 11: Computed Mach contours on crossflow planes and inside the cylindrical film-cooling hole {(a=30°, y=0°)

perature were set at the entry of the primary and secondary
channel, and static pressure was set at the exit of primary
and secondary channel. The flow through the film-cooling
hole was not taken from the experiment, but resulted from
the calculated pressure distribution across the hole. The
computed flow rates in the primary and secondary chan-
nel, as well as through the film-cooling hole, were very close
to the measured flow rates demonstrating the capability of
the code. The calculated blowing ratio showed a maximum
deviation of 5% from the measured blowing ratio.

Figure 11 shows the computed Mach number contours.
The dominating flowfield mechanisms are clearly evident
in Figure 11 which include a strong acceleration of coolant
fluid as it enters the cooling hole. In addition, the devel-
opment of a pair of lateral vortices occur after the jet exits
the cooling hole which entrain main flow into the wake of
the jet.

Figure 12 shows a comparison of the streamwise and ver-
tical mean velocity contours calculated using the CFD code
and measured using the LDV system. The mass flow ejected
through the hole was predicted to be about 5 % higher than
the measured mass flow resulting in slightly higher predicted
values of the streamwise and vertical velocity at the exit of

the hole. Most of the jet is ejected from the downstream
portion of the hole which was predicted correctly. The po-
sition of the maximum vertical velocity downstream of the
hole, due to the main flow penetrating under the jet, is pre-
dicted too high, too far downstream, and too far away from
the wall.

Generally, the simulations are in good agreement with
the experiments. However, some discrepancies were found
when comparing the mean velocities and turbulence quan-
tities inside the hole and at the hole exit plane. In par-
ticular, the prediction for the highly three-dimensional flow
inside the hole differ significantly from the measurements
documented by Thole, Gritsch, Schulz, and Wittig (1996a).
Since the computed solution was fully converged, these ef-
fects are believed to be either due to grid dependancy of the
solution or, more likely, attributed to the k-¢ turbulence
model. The very complex flowfield inside the hole could
not be predicted accurately due to the highly anisotropic
turbulence field. These findings agree with the results re-
ported by Leylek and Zerkle (1993). Therefore, future work
will consider both possibilities, but emphasize evaluations
of more suitable turbulence models.
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FIG. 12: Measured and predicted mean velocity contours
on centerline plane of the primary channel
(Man,=0.25, Ma,=0.3, M=1, I=1) for the basecase
cylindrical hole ejection (a=30°,y=0°)

CONCLUSIONS

A new film-cooling test rig has been designed and built at
the Institut fiir Thermische Stromungsmaschinen. The de-
sign constraints, construction, and features of the rig as well
as its instrumentation and the measuring techniques applied
are described in detail. A comprehensive summary of both
Present and future experimental and numerical programs

were given. Examples of the measurements previously ob-
tained have been presented. The results demonstrate the
capability of the test rig to provide useful data for testing
film-cooling configurations, particularly at transonic main
flow conditions.
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