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Experimental Investigations on Effectiveness, Heat Transfer

Coefficient, and Turbulence of Film Cooling

Shao-Yen Ko* and Deng-Ying Liut
Chinese Academy of Sciences, Peking, China

Experimental studies on the film cooling effectiveness of turbulent flow over an adiabatic flat plate have been
carried out. Schiieren photographs for different flow rates are given. Experimental studies of the heat transfer
coefficient of an electrically heated flat plate are compared with theoretical results. The fluctuating velocity and
turbulence intensity distributions at different sections of the nonisothermal film cooling flowfield were measured
by a hot film anemometer. The film cooling effectiveness equations can be modified by the turbulence mixing
coefficient. '

Nomenclature
C0 = turbulence mixing coefficient of the experi-

mental equipment
Cm = turbulence mixing coefficient of the actual

turbine engine
h = coefficients of heat transfer by film cooling
M = flow rate, ps Us/px U^
m = velocity ratio, U^U^
Nus =Nusselt number, hx/ks
q" = heat flux
Res,Rex = Reynolds number
St = Stanton number
s = slot height
taw = adiabatic wall temperature
tv»ts = temperatures of mainstream and film jet
U(X)US = velocities of mainstream and film jet
x = distance downstream
0 = turbulence correction factor
e = turbulence intensity
r] = effectiveness
Subscripts
aw = adiabatic wall
s = film slot
oo = freestream conditions

Introduction

F ILM cooling is widely used in the protective cooling
designs of flame tubes, turbine blades, rocket nozzles,

and afterburners. The cooling air wall jet entering the hot gas
stream effectively thickens the boundary layer, resulting in a
change of heat transfer rate.

The adverse effect of film cooling air, especially in the
primary combustion region, is to chill the combustion process
and thereby reduce combustion efficiency. There is growing
awareness of pollutant emissions caused by low combustion
efficiency of jet engines, highlighting the need to minimize the
effects of the film cooling air. In order to develop a better
understanding of the heat transfer characteristics of the film
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cooling process, the authors made detailed studies of film
cooling effectiveness, heat transfer coefficient, and tur-
bulence intensity distributions. The Schiieren pictures
reported herein were found to be helpful in understanding the
film cooling process.

The turbulence intensity distributions for both the main-
stream and the wall jet greatly influence film cooling ef-
fectiveness. The so-called "dirty slot" of the actual structures
of the film cooling holes in the flame tube has much higher
turbulence intensity and much lower effectiveness.

Due to limitations in the capacities of experimental
equipment as reported by different authors,1'3 usually the
flow rates M are limited to lower values, while the length of
the test plate is long. These two features are contradictory to
general practice in the film cooling design of flame tubes. In
order to obtain more accurate equations for practical design
purposes, special film cooling testing equipment has been
constructed. In this equipment, the mainstream is heated by
an 130 kW electrical heater to simulate the actual heat flow
direction on the film cooled plate. The flow rate M can be
varied widely from 0.193 to 3.2. The wall jet of the film
cooling process can be divided into three sections as shown in
Fig. 1, namely, the initial and main sections and the boundary
layer flow. For film cooling design purposes, the main interest
is concentrated on the near slot of the initial and main sec-
tions.

Basic Equations of Film Cooling
The velocity and temperature distributions of the mixing

region of the flowfield are4 :

t/.-l y,-&
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(1)

(2)

iI boundary
layer flow

Fig. 1 Turbulent film cooling over flat plate.
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Film cooling effectiveness rj is defined as:

TJ = - (3)

If the mainstream velocity is very high, the Mach number
and the recovery factor R should be considered. Thus, the
effectiveness and Stanton number can be written as:

R

77 =
/v .

(5)

Librizzi and Cresci5 and Stollery and ErEhwany,6

proposed a turbulent boundary layer film cooling model to
evaluate the effectiveness. The shortcoming of their model is
that it is accurate only for very low flow rates and a simple
turbulent boundary layer thickness is used. Another in-
teresting heat sink model was introduced by Tribus and
Klein. 7 The shortcoming is its limitation to low flow rates and
to only the far side of the film slot region.

Experimental Equipment
For the adiabatic wall temperature measurements, the test

plate is made of stainless steel with a thickness of 12 mm.
There are 40 deep grooves 11.5 mm deep at the back side of
the test plate along the flow direction to eliminate heat
conduction loss.

A 0.5-mm-thick nickel-chromium band is used for the heat
transfer coefficient test as well as Schlieren photographic
equipment with a light beam diameter of 80 mm and a DISA-
type 55-m hot film anemometer and 55R33 hot film probe.

Flowf ield Measurements
Figure 2 is the measured dimensionless velocity distribution

of film cooling which is in agreement with Eq. (1). The
measured dimensionless temperature distribution is given in
Fig. 3.

Schlieren Photographs
Figure 4 shows some Schlieren pictures of the film cooling

process with both sharp edge and square edge slot plates. The
major heat transfer data are obtained with the insertion of the
square edge slot plate. The sharp edge slot plate is used for
Schlieren photographs and boundary layer formation studies.

Film Cooling Effectiveness
The large amounts of experimental data given by the

present authors as shown in Fig. 5 cover a much wider range
of flow rates. It is interesting to note the difference between
the regions of M< 1 and M> 1. At the near slot region, say
jt/s<44.5, after M reached a certain value, TJ is no longer
increasing. This means that the cooling effect is no longer
increasing beyond that range even though the flim coolant is
increased. From Fig. 5, the following film cooling ef-
fectiveness equations can be obtained:

PorM=psUs/PooU00<\:

T7=2.73 M°-4(x/s) ~0-38, x/s<20

rj=5.44 M0-4 (x/s) -°-58, 20<x/s< 150

y=2.04(x/s) -°-38

(6)

(7)

(8)

In the region x/s< 65.2 and 0.45<M< 1, the lower value of 17
from the last two equations is chosen.

2) Forl<Af<2:

77 = 1.96 M°-55 (x/s) -°-38, x/s< 150

3) For2<M<3.5:

77 = 2.71 (x/s) - °-38, x/s < 150

(9)

(10)

Based upon the same experimental data, the above
equations can be simplified to Eqs. (11) and (12) for design
purposes.

4) For M= 1-1.5:

rj=(0.1-x/Ms) ~°-5, 5<x/Ms<150

5) For M= 1.75-3.19:

-°-35, 5<x/Ms<100

(11)

(12)
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Fig. 2 Dimensionless velocity distribution of film cooling.
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a) £7^=71.1 m/s, #,=37.9 m/s,
0.83.

-54.3°C, ^=34.7°C, M=

b) #«, =71.1 m/s, I/, =62.0 m/s,
0.95.

54.5°C, rs=33.3°C, Af=

c) U^ =57.8 m/s, Us= 115 m/s,
2.46.

=83.1°C, f =31.2°C, M=

d) £7^=38.0 m/s, £/5 =125.0 m/s, ^ =47.1°C, *S=25.Q°C, M=
3.80.

Fig. 4 Schlieren photographs.

Figure 6 compares the effectiveness correlations by the
present authors and others1'8'9 for M=0.3, 0.8, 1.3, and 1.5,
and x/s chosen between 10-100. Figures 7 and 8 compare the
present effectiveness correlations with different authors16'18

and actual turbines.

Coefficient of Heat Transfer in Film Cooling
For design purposes, the heat flow rate by film cooling over

the high temperature wall must be evaluated. In the
calculation of heat flow rate, the actual value of the coef-
ficient of heat transfer and the proper temperature dif-
ference10 must be known. The heat flux can be evaluated by
the following equation:

q = h(taw-tw) (13)

Some recent experimental results11'13'18 and theoretical
evaluations14>15 demonstrate that the coefficient of heat trans-
fer by film cooling is quite different from that of conventional
forced convection, particularly at low flow rates and at the
near slot region.

Turbulence Mixing Coefficient
Recently, turbine engines designers have been interested in

the reduction of turbulence in gas streams in order to improve
engine performance and film cooling stability. As pointed out
by Juhasz-Marek,16 the effectiveness of film cooling is
strongly influenced by the turbulence mixing coefficient C0,
as shown in the following equation:

r/ =
l + C0(x/Ms) (14)

where the turbulence mixing coefficient C0 is the mean value
of initial intensities for main stream ef and jet flow es. At
present, the following equation is suggested for the evaluation
of the turbulence mixing coefficient:

C0 = ef + 0.4(\es-ef\) (15)

Comparison of Experimental and
Calculated Results

Spalding15 evaluated the coefficient of heat transfer by film
cooling in the turbulent flow by the Patankar-Spalding
method.14 Figure 9 compares the Stanton number results
calculated by Spalding15 and the experimental results of the
present authors. It is interesting to note that the tendency of a
gradual increase in the coefficient of heat transfer by film
cooling is confirmed by the work of Spalding in the near slot
region. For a given value of Stanton number, the calculated
result gives a higher value of x/s than the experiment. The
possible explanation for this discrepancy is that the actual
external boundary layer of the flowfield as measured by the
present authors is much wider than the theoretical value, and
the actual external boundary is gradually diminished
downstream. This trend can be observed in the Schlieren
pictures.

Correlations of Coefficients of Heat
Transfer by Film Cooling

The experimental results of coefficient of heat transfer by
film cooling can be correlated in two ranges, namely, M< 1
andl<M<2.

For the M<1 and 8<AYs<60 range, the following
correlation can be obtained from Fig. 10:

Nug=0.144Re°'66M-°-1 (16)
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Fig. 5 Variations of effectiveness with respect to flow rate M.
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Fig. 6 Comparisons of present effectiveness correlations with dif-
ferent authors.

where

Nug=hx/kg

Reg = Ugx/vg

For the 1<M<2 range and higher flow rates, the film jet
Reynolds number Rex has a stronger influence on heat trans-
fer coefficient near the slot region.

Figures 11-13 show that Nus is increasing as Rex increases.
These results can be expressed in the following equations:

Actual high
turbulence turbines refJ6

20 30 40 50 70 100 200

Fig. 7 Comparisons of present effectiveness correlations with respect
to actual turbines.

For l<M<2andx/s<10:

Nus = 0.057 Re° 7

where Rex = Usx/vs.
For KM<2andlO<x/5<35:

= 6.39- 10~5 (Rex/M) L3

(17)

(18)

Equation (17) is compared in Fig. 14 with the results given
by several authors, such as Seban and Back12 for
0.5<M<1.3:

Nux = 0.069 (Rexx/s) °-7 (19)

and Myers et al.13 for M< 1.3, x/s< 50 for </> = eH/eM = 2:

Nux = 0.10Re°s
8 (x/s) OM (20)
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Fig. 8 Variations of effectiveness with respect to x/Ms by different
authors.
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Fig. 10 Coefficients of heat transfer over flat plate by film cooling
for 8 < x/s < 60 and A/< 1.

Calibration of Hot Film Anemometer
for Nonisothermal Flowfield

It is difficult to calibrate the hot film anemometer for a
nonisothermal flowfield17 such as in the film cooling process.
Normally the anemometer is calibrated in the wind tunnel at
room temperature. If the temperature of the flowfield under
investigation is nonisothermal and different from room
temperature, special effort must be made for such calibration.
Generally speaking, there are two modification methods,
temperature calibration or automatic circuit compensation.
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Fig. 11 Coefficients of heat transfer over flat plate by film cooling
for x/s < 10 and 1 < M< 2.

HO MO3

Fig. 12 Variations of Nus with respect to /?^ for 10<Jt/s<35 and
KA/<2.

The temperature calibration method is used now with some
improvements. During the calibration process two im-
provements are introduced. The first is the introduction of a
calibration curve of bridge voltage V and Peclet number
instead of the normal voltage-velocity curve. Thus the
similarity of heat convection of hot film sensor is maintained
if the Peclet number of the test point is equal to the Peclet
number of the calibration wind tunnel. If the temperature of
the test point is t and the calibration temperature is 10° C,
then,

or

Pet=Pe1(

t = Uw(vt/Prt)/(v10/Pr10)

(21)

(22)

where U10 is the velocity of the calibration wind tunnel at
room temperature. During the calibration, the room tem-
perature was 10°C.

The second improvement is the introduction of the static
calibration of the resistance-temperature curve at zero
velocity. Once the stream temperature of the given test point
is known, the proper stream velocity can be evaluated from
the V-Pe curve and the resistance-temperature curve.
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Fig. 13 Coefficients of heat transfer over flat plate by film cooling
for 10 < x/s < 35 and 1< M< 2.
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Fig. 14 Comparison of Nus correlations by present authors and
those by Seban and Myers.
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Fig. 15 Comparison of velocity profile of film cooling measured by
hot film anemometer and Pitot tube.

Velocity and Turbulence Distributions
Measured by Hot Film Anemometer

Figure 15 compares the velocity profile of film cooling
measured by a hot film anemometer and a Pitot tube. After
the proper calibrations mentioned above, the agreement is
good. The distributions for velocity, instantaneous velocity,
and turbulence intensity as measured by hot film anemometer
are given in Fig. 16. The turbulence intensity distributions at
different sections and different jet velocities are given in Fig.
17.

From such experimental results, the characteristic initial
turbulence intensities for both the mainstream and the film jet
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Fig. 16 Velocity, instantaneous velocity, and turbulence intensity
distributions measured by hot film anemometer.

X=2

Fig. 17 Turbulence intensity distributions at different sections and
jet velocities.

can be chosen as follows:

For the mainstream: ef = 2% (23)

For the film jet: es = 10% (24)

Thus from Eq. (15), the turbulence mixing coefficient C0 is:

C0=5% (25)

Turbulence Correction Factor for Effectiveness
In the actual calculation of the wall temperatures of the

film cooled parts, the turbulence correction factor ($ for ef-
fectiveness is suggested as follows:

where /3 is defined as:

l + C0(x/Ms)
l + Cm(x/Ms)

(26)

(27)
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Fig. 18 Variations of turbulence mixing coefficients C0 and Cm with
respect to x/Ms.

7OO
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Fig. 19 Calculated results of temperature distribution of film cooled
flame tube.

The value ft represents the turbulence correction of rj not only
by the experimental equipment turbulence mixing coefficient
C0, but also by the turbulence mixing coefficient of the actual
turbine engine Cm. The actual values of Cm for turbine
engines can vary 10-15%. These results have been used in the
authors' computer program of the temperature and heat load
calculations for film cooled walls. It is obvious that the lower
the turbulence intensity of gas stream inside the turbine, the
higher the film cooling efffectiveness achieved.

Figure 18 shows the variations of turbulence mixing
coefficients C0 and Cm with respect to x/Ms. It is obvious
that the lower the turbulence intensity of the gas stream inside
the turbine engine, the higher the film cooling effectiveness
achieved.

As an example, Fig. 19 shows the calculated wall tem-
perature of the film cooled flame tube of a typical aircraft gas
turbine. In this calculation, the equations of effectiveness,
heat transfer coefficient, and turbulence mixing coefficient
presented herein are all used.

Conclusions
1) The velocity and temperature distributions are obtained

for film cooling process.
2) Experimental correlations of effectiveness and coef-

ficients of heat transfer for film cooling are presented.

3) The experimental data on the turbulence distributions
for nonisothermal film cooling process are obtained.

4) The equations for effectiveness, heat transfer coef-
ficient, and turbulence mixing coefficient will be useful in the
evaluation of heat transfer characteristics of film cooled
engine parts.
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