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Method for Correlating Discharge Coefficients
of Film-Cooling Holes

Michael Gritsch,* Achmed Schulz,” and Sigmar Wittig*
University of Karlsruhe, Karlsruhe 76128, Germany

A method for correlating the discharge coefficient of a 30-deg inclined, cylindrical film-cooling hole over a broad
range of engine-like conditions is presented. The flow conditions considered are the pressure ratio across the hole
(up to 2.25), the crossflow Mach number at the hole entry side (up to 0.6), and the crossflow Mach number at the
hole exit side (up to 1.2). The effects of baseline hole flow as well as hole entry and exit crossflows on discharge
coefficient were correlated independently of each other. Therefore, the discharge coefficient of any combination of
pressure ratio, external Mach number, and internal Mach number flow case can be predicted. A comparison of
predicted and measured discharge coefficients reveals the capability of the method proposed.

Nomenclature
b = channel width
Cp = discharge coefficient
D = film-cooling hole diameter
h = channel height
1 = momentum flux ratio
L = film-cooling hole length
Ma = Mach number
m =mass flow rate through film-cooling hole
p = static pressure
)2 = total pressure
R = gas constant
Rep  =Reynolds number based on film-cooling hole diameter
T, = total temperature
Tu = turbulence intensity
u = velocity
o = angle of hole inclination
K = ratio of specific heats
0 = density
Subscripts
c = internal flow conditions
extCr = with crossflow at hole exit
h,1 = hole entry conditions
h,2 = hole exit conditions
intCr = with crossflow at hole entry
m = external flow conditions
noCr =no crossflow at hole entry and exit

Introduction

URBINE inlet temperatures of modern gas turbines are far

beyond the allowable metal temperatures. Film cooling from
discreteholes, usually combined with internal convectivecooling, is
an efficient method to protect the surface of turbine airfoils from the
hot gas flow and keep the blade temperatures at acceptable levels
(Fig. 1). Because the film-cooling effectiveness strongly depends
on the ejected flow rate, the designer needs to know the discharge
coefficient of the film-cooling holes at any operating point of the
gas turbine to prevent not only underfeedingbut also overfeeding of
the holes. Underfeedingleads to reduced cooling effectiveness and,
therefore, blade areas with high thermal loads, whereas overfeeding
results in an inefficient use of turbine working fluid.
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The dischargecoefficient,however,dependson many geometrical
and aerodynamic parameters, such as hole geometry, pressure ratio,
and external and internal crossflows. Discharge coefficients of vari-
ous film-cooling hole geometries have been studied in the past, e.g.,
normal cylindrical holes,' 2 inclined cylindrical holes,*** or shaped
holes? % In some of these reports the effect of internal and external
crossflow on the discharge coefficient is discussed. In most cases,
however, only a very limited range of crossflow Mach numbers is
considered. A comprehensivereview of published data on discharge
coefficients for gas turbine applications was given recently.’

The major objective of the present paperis to derive an empirical
approach for predictingdischarge coefficients of a film-coolinghole
with crossflow on both the entry and exit sides of the hole. For
the flow through the hole with crossflow on both sides, pressure
losses occur at the hole entry, inside the hole, and at the hole exit.
These pressure losses are taken into account independently of each
otherfollowinga suggestionin the literature - However, additional
losses due to crossflows are expressedin arelativeincrease/decrease
of the discharge coefficient as compared with the baseline discharge
coefficient rather than in terms of additional loss coefficients.

Experimental Apparatus

The present investigation was carried out in a continuous flow
wind tunnel at the Institut fiir Thermische Stromungsmaschinen,
Karlsruhe, Germany. Details of the experimentalfacility were given
in an earlier paper.!® The film-cooling test rig consists of a primary
loop representing the external flow and a secondary loop represent-
ing the internal flow of an airfoil (Fig. 2). The air for both loops
is provided by a high-pressure, high-temperaturetest facility. How-
ever, pressure and flow rate in both loops can be set independently
of each other.

Primary Loop

The air supplied passes a metering orifice and flow straighteners
before it enters the test section through a Laval nozzle (Fig. 3). The
test section is 90 mm in width and 41 mm in height. For supersonic
flow conditions, the heightis reduced to 32 mm. Using an adjustable
upper wall, a zero pressure gradient in the streamwise direction is
set in the test section.

Preliminary tests were performed to evaluate the effect of the
coolant-to-mainflow-temperatureratio on the discharge coefficient.
The tests comprised coolant-to-mainflow-temperature ratios from
0.54 to 1.0. For a fixed pressure ratio, no measurable effect of tem-
perature ratio on discharge coefficient was found as long as the
external Mach number was matched. Therefore, the reported mea-
surements were conducted with a mainflow temperaturebeing equal
to the coolant flow temperature of about 290 K.

Secondary Loop
The flow in the secondary loop is driven by an additional blower.
Thus, the internal crossflow Mach number can be set by adjusting
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the volume flow rate circulating in the secondary loop. The cross-
sectionalareaat the film-coolingholelocationis 60 mm in width and
20 mm in height. Because of the closed-loopdesign of the secondary
loop, the flow rate through the film-cooling hole is obtained directly
by measuring the flow rate entering the loop, independently of the
crossflow rate. Therefore, very accurate measurements of the flow
rate through the film-cooling hole, which are imperative for an exact
determination of the discharge coefficient, were achieved.!® For all
tests presented in this paper, the primary and secondary loops were
oriented parallel to each other, representing a flow condition that
occurs, forexample, in the midportionof nozzle guide vanes (Fig. 1).

Definition of Discharge Coefficient
The discharge coefficient Cp is the ratio of actual mass flow
rate to ideal mass flow rate through the film-cooling hole. The ideal
mass flow rate is calculatedassuming an isentropicone-dimensional
expansion from the total pressure in the secondary loop p,. to the
static pressure in the primary loop p,,. This leads to

P (k+1)/2¢ .
Pic —= - D2
& G

2 (k—=1/k
Kk Pic -1 (1)
(K - I)RTM Pm

The total pressure and temperaturein the coolantchannel were mea-
sured one hole diameter upstream of the cooling hole inlet with a

Cp=m

probe located two hole diameters off the channel centerline. The
static pressure in the primary loop was measured at the top wall
opposite to the cooling hole exit.

Experimental Program

For the flow through the hole with crossflows, pressure losses
occur inside the hole due to wall friction and, more dominant, the
forming of a vena contracta. Furthermore, the jet-crossflow inter-
action at the entry and the exit of the hole can induce additional
pressure losses but also gains.

To determine the contributionof the differentpressure loss mech-
anisms, three test cases were considered: 1) no crossflow on both
sides of the hole to measure the baseline discharge coefficient of
the hole, 2) crossflow on the entry side, and 3) crossflow on the
exit side to investigate the additional effect of crossflow on the dis-
charge coefficient. For the present investigation, a single scaled-
up cylindrical film-cooling hole (D =10 mm) was drilled in a
flat aluminum test plate at an inclination angle of o =30 deg.
The length-to-diameter ratio L/D of the hole was 6. Hole en-
try and exit were sharp edged. The internal surfaces were aero-
dynamically smooth. The hole was tested for a matrix of pres-
sure ratios (p,./pm =1,...,2.25) and crossflow Mach numbers
(Ma,,=0.0,...,1.2 and Ma,=0.0, ...,0.6) covering the whole
range of engine operating conditions. The complete set of operating
conditionsis given in Table 1.

Estimates of Accuracy

The uncertainty'! in the values of the discharge coefficient re-
sulted from the uncertaintyin measuring the actual flow rate through
the film-cooling hole and the uncertainty in determining the ideal
flow rate. Because the secondaryloop was designedas a closed loop,
the actual flow rate could be measured for all flow cases directly us-
ing a standard orifice, leading to a maximum uncertainty of 2.5%
except for very low mass flow rates. The uncertainty in determining
the ideal flow rate was calculated to be much less than 2% except
for very low pressureratios. Overall, the uncertainty in the values of
Cp was found to be less than 2% in most of the cases considered,in-
creasingup to 4.5% for very low pressureratios and mass flow rates.

Results

No-Crossflow Case

For zero external and internal crossflow, a weak dependence of
the discharge coefficient Cp on the pressureratio p,./p,, was found
(Fig. 4; Ma,, = 0.0). There is a slight increase in the discharge co-
efficient Cp of about 10% when the pressure ratio p,./p,, is raised
from 1 to 2. This effect does not occur for incompressible flows.!? It
is believed to be due to a pressure ratio effect on the cross-sectional
area of the vena contracta formed at the hole inlet and was reported

before by others*!3

Crossflow at Hole Exit

To evaluate the additionallosses due to crossflow at the hole exit,
two sets of data were acquired (Figs. 4 and 5). They revealed that
the additionallosses strongly depend on the pressureratio as well as
the external crossflow Mach number. The crossflow at the exit side
of the hole tends to impede the jet exiting from the hole, resultingin
lower discharge coefficients compared with the no-crossflow case
at the same pressure ratio. The effect is more pronounced at high
crossflow Mach numbers and low pressure ratios.

Table 1 Operating conditions of film-cooling test rig

Condition Value
Internal pressure p,., bar <2
Internal temperature 7;., K 290
Pressure ratio p;c/pm 1,...,2.25
Temperature ratio Ty / Ty, 1
Internal Mach number Ma, 0,...,06
External Mach number Ma,, 0,...,1.2
Internal Reynolds number Rep, <2.5 % 10°
External Reynolds number Rep,, <2.1 x 10°
Internal turbulence intensity Tu., % 1
External turbulence intensity T'u,,, % <1.5
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Fig. 4 Discharge coefficient plotted vs pressure ratio with external
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number.

The results of the discharge coefficient measurements were plot-
ted vs the jet-to-external-crossfow momentum flux ratio, defined as

(ou™)1.2
Ly jexicr = m 2)
which is equal to
(kpMa®),,
Ijel/extCr = —zhz (3)
(kpMa©),,

with

m RT, ,
May, , = 4
(r/4)D%p), K

For the case Ma,, =0, e /excr is not defined according to Eq. (3).
Therefore, a fixed value of

bhy,, T

I'e extCr —
e [(n/4>1)2

is used to represent the momentum flux ratio for this case (Fig. 6;
Ma,, =0.0).

Figure 6 shows that there is a common trend but some scatter in
the plot. Thisis obviouslydueto the fact thatthe measured discharge
coefficients for the external crossflow case also include the contri-
bution of the baseline pressure losses inside the hole. Therefore, the
dischargecoefficient was normalized using the discharge coefficient
of the no-crossflow case at the same pressure ratio. The normalized
discharge coefficient is plotted vs the jet-to-external-crossfbw mo-
mentum flux ratio (Fig. 7). It was found that all data collapse to a
single curve. At low momentum flux ratios the discharge coefficient
is lower than for the no-crossflow case, indicating additional losses
due to the external crossflow. If the momentum flux ratio exceeds 2,
the effect of crossflow on the discharge coefficient can be neglected.

Jjet-to-external crossflow momentum ratio, Ieyeyc,

Fig. 6 Discharge coefficient plotted vs jet-to-external-crossflow mo-
mentum flux ratio: hole exit side crossflow.
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Fig. 7 Normalized discharge coefficient plotted vs jet-to-external-
crossflow momentum flux ratio: hole exit side crossflow.
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Fig. 8 Discharge coefficient plotted vs pressure ratio with internal
crossflow applied.

Crossflow at Hole Entry

The same procedureas for the externalcrossflow case was applied
to evaluate the additional losses due to internal crossflow. However,
the effect of internal crossflow is somewhat differentfrom the effect
of external crossflow. Figure 8 reveals that the discharge coefficient
with internalcrossflow can exceed the baseline discharge coefficient
without internal crossflow, particularly at elevated pressure ratios.
Figure 9 shows that for each pressure ratio an internal crossflow
Mach number exists for which the discharge coefficient Cp, is at an
optimum. The lower the pressure ratio is, the lower is this internal
crossflow Mach number Ma, ... However, the level of optimum
discharge coefficient is almost unaffected by the pressure ratio.
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Flowfield measurements performed inside the cooling hole by
means of a laser Doppler velocimetry system showed that the size
and location of the separationregion at the hole entry are dominated
by the internal crossflow Mach number.'* With no internalcrossflow
applied (Ma. =0.0), a separation region was found at the down-
stream edge of the hole inlet, whereas at high internal crossflow
Mach numbers (Ma, = 0.5) a separationregion was found at the up-
streamedge of the hole inlet. For amedium Mach numberMa, = 0.3,
most of the jet was found in the center of the hole, indicating that
the effect of the separation region is very small, if there is a sepa-
ration region at all. These findings were confirmed by the present
dischargecoefficientmeasurements. The peak value of the discharge
coefficientoccurs at a crossflow Mach number Ma, ,, for which the
flow enters the hole without jet separation taking place. If the cross-
flow Mach number is lower than Ma, ,,, separation occurs at the
downstream edge of the hole inlet; if the crossflow Mach number is
higher than Ma, ., separation occurs at the upstream edge of the
hole inlet, both producing additionallosses and, therefore, resulting
in decreased discharge coefficients.

The results of the discharge coefficient measurements were plot-
ted vs the jet-to-internal-crosflow momentum flux ratio, defined as

(P”z)h.l
Liet jinier = m 6)
which is equal to
(kpMa),,
Ljimey = et %)
(kpMa?),

with
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For the Ma, = 0.0 case, fje/inc: i not defined according to Eq. (7).
Therefore, a fixed value of
2
(bh),
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is used to represent the momentum flux ratio for this case (Fig. 10;
Ma, =0.0).

Figure 10 shows that there is a common trend but again some
scatter. Using the same scheme as for the exit side crossflow case,
the ratio of the discharge coefficient with entry side crossflow to
the discharge coefficient without crossflow is plotted vs the jet-to-
entry-side crossflow momentum ratio. Figure 11 shows the addi-
tional effect of crossflow at the hole entry side. It was found that for
momentum flux ratios beyond 0.6 the normalized discharge coeffi-
cientexceeds unity. This indicates that the crossflow actually makes
it easier for the flow to enter the hole. The maximum of 1.15 occurs
at a momentum flux ratio of 2. At very large momentum flux ratios,
however, no additional effect of the entry side crossflow was found.
It becomes obvious that the arbitrary definitions of the momentum
flux ratios for the case of zero crossflow [Egs. (5) and (9)] do not

09 ,
Ma,,=0.0 sy
o \ﬁ.‘o‘b n.v:
. 08¢ # Tt o
g - IERE:
5 £ P .
O o7t .
g ¢
L [ ]
B
£ 06 N 1
8 o Ma=00
: N
o a a.=u.
%0 0.5 [ - Ma=06 -
= " p/pp=1.10
B v Y
5 04 Sy
03
0.1 1 10 100 1000

jet-to-internal crossflow momentum ratio, Leyinc,

Fig. 10 Discharge coefficient plotted vs jet-to-internal-crossflow mo-
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hamper the data collapsingto a single curve because the normalized
discharge coefficients are not affected by the momentum flux ratio
for Ijel/extCr > 2 and Ijel/imCr > 100.

Prediction and Validation

The measured discharge coefficients of the two crossflow cases
were correlated by least-square curvefits represented by the solid
lines in Figs. 7 and 11. Because it is now possible to account for
the effects of baseline hole flow, hole entry crossflow, and hole exit
crossflow separately, the discharge coefficient of any flow case can
be predicted using the following calculation procedure:

CD(ptc/pma Ijel/imCra [jel/extCr) = CDnoCr(ptc/pm)

X CDimCr/CDnoCr([jel/imCr) X CDextCr/CDm)Cr([jel/extCr) (10)

Because the momentum flux of the hole flow itself depends on the
overalldischarge coefficient, an iterativecalculationof the discharge
coefficientis necessary,e.g.,by means of a small computerprogram.
Total pressures, total temperatures, and crossflow Mach numbers at
hole entry and exit have to be entered to describe the flow configu-
ration.

To validate the proposed method, additional discharge coefficient
measurements with crossflow on both sides were performed. Two
test cases were chosen. First, the hole exit crossflow Mach num-
ber was kept constant (Ma,, =0.6) while the hole entry crossflow
Mach number Ma, was varied from 0.0 to 0.6. Second, the hole
entry crossflow Mach number was kept constant (Ma, =0.6) while
the hole exit crossflow Mach number Ma,, was varied from 0.0 to
1.2. Figures 12 and 13 show a comparison of the measured and
predicted discharge coefficients. The excellent agreement between
measured and predicted values clearly demonstrates the capability
of the proposed method.
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The empirical correlationsof the presentpaperare, of course, lim-
ited to the specific geometry of the film-coolinghole and the orienta-
tion of the internal crossflow channel. The intention of the paper was
to develop a method of correlating the discharge coefficient rather
than to presenta complete set of correlations for different hole geo-
metries. However, the method was also applied to other hole geome-
tries tested in the course of the present research program, such as
cylindrical holes with a different inclination angle or with an addi-
tional rotation angle (compound angle holes). It was found that for
these holes predictions also showed good agreement with measured
data. Because the proposed method is based on the assumption that
the hole entry flow does not affect the hole exit flow and the losses
can be predicted independently of each other, the agreement was
found to be the better the longer the hole was. The authors strongly
believe that the method can be easily transferred to other hole ge-
ometries such as holes with rounded entries and exits. Future work
of the authors will particularly address the application of the pre-
sented method to flow configurations where the internal crossflow
is directed not parallel but perpendicular to the external crossflow.

Conclusions
A method for correlating the discharge coefficient of a 30-deg
inclined, cylindrical film-cooling hole was presented. The method

was based on the assumption that the losses inside the hole as well
as at the hole’s entry and exit can be predicted independently of
each other. The losses inside the hole were found to depend on
the pressure ratio across the hole, whereas the additional losses at
the hole’s entry and exit depend on the hole jet-to-crossflow mo-
mentum flux ratio. Using these correlations, the overall discharge
coefficient of any flow configuration can be predicted. A compar-
ison of predicted and measured discharge coefficients showed ex-
cellent agreement and demonstrated the capability of the method
proposed.
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