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Experimental Studies of Supersonic Film Cooling
with Shock Wave Interaction
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National Aerospace Laboratory, Kakuda, Miyagi 981-15, Japan

The supersenic film cooling was tested in the Mach 2.35 wind tunnel to investigate the effect of the external
shock wave on the film cooling. The coolant was injected with sonic speed. The weak shock wave with the pressure
ratio of 1.21 did not reduce the film cooling effectiveness. The stronger shock wave with the pressure ratio of 1.44
decreased the effectiveness of the film cooling in the restricted region. The decrease of the effectiveness was mainly
the result of the increase of the adiabatic wall temperature by the decrease of the local Mach number. The increase
of the heat transfer coefficient must be considered as well as that of the adiabatic wall temperature. In the region
of the interaction, energy and mass were not transferred, but the momentum was transferred from the primary

flow to the coolant.

Nomenclature
Cy = Stanton number
Cp. = specific heat
cy = skin-friction coefficient
Rigj = height of film coolant injector at the exit
M = Mach number
P = pressure
PO = total pressure
q = heat flux
R = gas constant
r = recovery factor
T = temperature
TO = total temperature
u = velocity
X = axial distance from the coolant injector exit
y = perpendicular distance from the lower wall
yl = y coordinate at 1 mm above the wall surface
y = ratio of specific heats
nrc = film cooling effectiveness defined in Eq. (1)
0 = density
¢ = mass fraction
Subscripts
aw = adiabatic wall
c = coolant
e = conditions at the edge of boundary layer
imp = shock wave impingement
local = local
pitot = pitot pressure
SG = shock generator
w = wall
00 = primary flow
1 = upstream of the shock wave
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2 = downstream of the shock wave and upstream of the
reflected shock wave
3 = downstream of the reflected shock wave

I. Introduction

HE film cooling is a well-known cooling method. It has widely
been used, for example, in rocket engines, and it will be used
in the scramjet engine.!

However, there are many unsolved problems with film cooling
in the supersonic flow. One of the problems is the effect of the
shock wave impingement on the coolant film.2~3 It was reported
that the shock wave impingement on the film cooling decreased
the film cooling effectiveness.’ In another report, the decrease of
the effectiveness was very small when there was no separation.” In
film cooling, there are inherent shock waves due to the thickness
of the separating lip or the inequality of the static pressure between
the coolant and the primary flow at the exit of the coolant injector.
Therefore it should be made clear how the shock wave decreases
the effectiveness of the film cooling.

In the present study, the film cooling was tested in the Mach 2.35
wind tunnel to study the effect of the external shock wave on the
film cooling.

II. Experimental Apparatus and Methods

The Mach 2.35 blowdown-type wind tunnel, shown in Fig. 1, was
used with the sonic injection of the coolant. The total temperature
and the total pressure of the primary fiuid, nitrogen, were approxi-
mately 280 K and 1400 kPa, respectively. The coolant, which was
also nitrogen, was cooled in the heat exchanger by the liquid ni-
trogen. The total temperature and the total pressure of the coolant
were approximately 230 K and 240 kPa, respectively. The design
static pressure of the coolant at the injector exit was slightly higher
than that of the primary flow of 100 kPa. The height of the coolant
injector exit was 4 mm, and the thickness of the separating lip was
1.5 mm. The boundary-layer thickness of the primary flow was about
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Fig.1 Wind tunnel.
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5 mm at the position of the coolant injector exit according to the
pitot pressure measurement.

The recovery wall temperature was measured with thermocou-
ples, whose diameter was 0.65 mm. The test section was made of
Bakelite®, phenol-formaldehyde resin. Its thermal conductivity of
0.2 W-m~!-K~! is much lower than that of the nickel alloy of
20 W.m~!-K-!. The adiabatic wall condition, therefore, seemed
to be realized practically in the test section. The thermocouples were
aligned at the center of the bottom wall with an interval of 10 mm.
One of the thermocouples was located at x/ hi,; = 0.625, which
was nearest to the exit of the film coolant injector.

The width of the test section was 50 mm, whereas the height
was 55.5 mm. The design mass flux ratio of the film coolant to the
primary flow was 0.39. The unit Reynolds number of the primary
flow and that of the coolant with sonic injection were 1.4 x 10® and
4.1 x 107 m™!, respectively.

Two kinds of shock generators were used to investigate the effect
of the shock wave strength. Table 1 shows the features of the shock
generators. The pressure ratios shown in the table were calculated
with the shock wave relation.

Table1 Shock generator

Shock Deflection

generator  angle,deg  Po/P1  P3/Pi
1 3 1.21 1.44
2 6 1.44 2.02

Table 2 Shock generator 1 position

Middle Downstream
x8G [ inj -25 85.0
Ximp/ Pinj 213 107.5

Table 3 Shock generator 2 position

Upstream Middle Downstream
x5G / hinj —15.0 —5.0 82.5
Ximp/ Pin 35 143 102.0

a) No shock generator

The positions of the shock generators and the positions of the
shock wave impingement are indicated in Tables 2 and 3. The po-
sitions of the shock generators were termed the upstream position,
the middle position, and the downstream position as shown in the
tables. The position of the shock wave impingement was the im-
pinging point of the incident shock wave on the wall or against the
separation shock wave according to the schlieren picture.

The wall pressure and the pitot pressure were measured with a ro-
tary pressure scanner (Scanivalve™). The outer diameter of the pitot
tube was 0.63 mm. The measured data were nondimensionalized
with the total pressure in the reservoir of the wind tunnel. Both sides
of the wind-tunnel test section held Pyrex® glass windows so that
optical visualization such as a schlieren method could be carried out.

In the preliminary testing, the wall temperature was measured
with an infrared-radiation thermometer, TVS-2000 (Nippon Avion-
ics Co., Ltd.), around the coolant injector exit and around x/ hyy, =
100. According to the temperature distribution, the two dimension-
ality of the wall temperature distribution was good.

1. Results

Figure 2 shows the spark schlieren photographs. In every experi-
ment with shock generator (SG)1, the shock wave reflected simply
on the wall of the wind tunnel. When SG2 was used at the upstream
position or at the middle position, the shock wave reflected compli-
catedly, and it changed the structure of the interacting region from
the quiet condition. There seems the separation shock wave from
the coolant/mixing layer. When SG2 was used at the downstream
position, the interacting region was small.

Figure 3 shows the pitot pressure distributions. The distributions
were slightly affected by SG1 around the shock impinging position.
The distribution was not affected by SG2 at the downstream posi-
tion very much. That was strongly affected by SG2 at the upstream
position and at the middle position.

The distributions of the total pressure and the wall pressure are
shown in Fig. 4. When the total pressure was calculated with the
wall pressure and the pitot pressure, it was assumed that the static
pressure and the mass fraction at y = y1 were not very much
different from the respective values on the wall.

Just behind the lip separating the primary flow from the coolant,
there was wake, and both the coolant and the primary flow expanded
toward the wake. According to the pitot pressure, wall pressure, and

b) SG1 at upstream position

Fig.2 Schlieren photographs.
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f) SG2 at downstream position

Fig. 2 (continued) Schlieren photographs.

schlieren photographs, the coolant, which was designed to be in-
jected at the sonic speed, expanded to a supersonic speed. According
to the wall pressure and the pitot pressure, the local Mach number of
the coolant at x / h;,; = 0.625 was 1.2. Then the flows reflected and
made shock waves. The coolant then decelerated across the shock
wave and became subsonic behind the reflected shock wave. The
steep wall pressure dip, which was observed in the vicinity of the
coolant injector exit except when using SG2 at the upstream posi-
tion, was because of the expansion wave and the shock wave. The
mass flux ratio and the convective Mach number changed from 0.36
and 0.54 of the design values to 0.32 and 0.58, respectively.

When SG2 was at the upstream position and at the middle po-
sition, the increased wall pressures resulting from the shock wave
impingement were greater than the total pressure of the coolant layer
without the external shock wave impingement. The total pressure

of the coolant layer increased around the region of the shock wave
interaction.

Figure 5 shows the film cooling effectiveness. The film cooling
effectiveness was defined as follows:
Taw - Tooo

Nrc = m ¢}

The total temperature of the coolant was calculated from the
adiabatic wall temperature and the Mach number at x / hinj = 0.625.
The adiabatic wall temperature is expressed as follows:
Ty = TOe r+ _l—r— (2)
L+ —1)M2 /2

Recovery factor was assumed to be 0.90.
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Fig. 3 Pitot pressure distribution.

There are several kinds of definition of film cooling effective-
ness.%7 The use of total temperature seems preferable to adiabatic
wall temperature for the following reasons.

1) The adiabatic wall temperature of the coolant layer can vary
very much because of expansion waves and shock waves in the
vicinity of the coolant injector exit. Therefore, the choice of the
position of the reference wall temperature is a very difficult problem.
When total temperature is adopted, the reference temperature is
specified simply.

2) When an experimental parameter, e.g., the injection Mach num-
ber of the coolant, is changed, the adiabatic wall temperature of the
reference position changes. Consequently, when the adiabatic wall
temperature is adopted as the reference temperature, the same lo-
cal adiabatic wall temperature is evaluated as different film cooling
effectiveness among the tests with different injection Mach num-
bers of the coolant. When the total temperature is adopted as the
reference temperature, there is not such a problem.

When there was no external shock wave, the film cooling effec-
tiveness was above unity at the upstream position. At the middle
position, the effectiveness began to fall from unity, and it became
about 0.5 at the downstream position. The drop of the film cooling
effectiveness in the downstream region was —0.47 power of the dis-
tance x. The drop was —0.62 power when the local total temperature
was used in Eq. (1) instead of the local adiabatic wall temperature
Tyw- According to the analytical investigation based on change of the
local total temperature,®® the power of the drop of the film cooling
effectiveness is —0.8 power of the distance. The power of several
investigations scattered from —0.3 to —2.0, and most of the values
were around —0.7.! The present value of —0.62 seems similar to
other previous results.

The film cooling effectiveness scattered. There seem to be several
reasons, €.g., the protrusion/hollow of the thermocouple from the
wall surface. If there is the change of the wall temperature of 1 K,
there is the change of the film cooling effectiveness of about 2% in
this testing. When there was no shock generator, the film cooling
effectiveness spread within about several percents. When there was
ashock generator, there must be the fluctuating motion of the fluid in

the separated region, and the spread of the film cooling effectiveness
might be due to this unsteadiness.
There were no differences among the effectiveness when the

-shock generators (SGs) were located at the downstream position.

SG1 did not affect the effectiveness. When SG2 was at the up-
stream position and at the middle position, the shock wave reduced
the effectiveness about 10% in each testing. In the downstream of
the shock wave impingement, however, the effectiveness recovered
to that without the external shock wave.

IV. Discussion
A. Decrease of Film Cooling Effectiveness
When the coolant does not mix with the primary flow, the total
temperature of Eq. (2) can be replaced by the total temperature of
the coolant and Eq. (1) is expressed as follows:

_{r+ 1—r _Tooo}/{l_rooo} )
re = 1+ -DM2)2 TO. TO.,

The assumption seems adequate in the vicinity of the coolant in-
jector because the pitot pressure distributions near the wall were
approximately uniform. Equation (3) indicates that when the Mach
number is zero, the adiabatic wall temperature is equal to the total
temperature, and the film cooling effectiveness is unity, and that the
film cooling effectiveness increases more than unity as the Mach
number increases. For example, when the Mach number is unity,
the adiabatic wall temperature is 0.98 x T O,, and the film cooling
effectiveness becomes 1.08 with the testing conditions of the present
study. When the Mach number is 2, then the effectiveness becomes
1.20. The film cooling effectiveness larger than unity was due to the
smaller adiabatic wall temperature than the total temperature near
the exit of the film coolant injector.

Figure 6 shows the Mach numbers at y = y1 calculated from wall
pressure and the pitot pressure. The Mach number with the SG1 was
around unity. The Mach number with the SG2 once became small
and then increased because of the expansion wave from the trailing
edge of the shock generator. The decrease of the Mach number
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Fig.5 Film cooling effectiveness.

shown in Fig. 6 can introduce the increase of the adiabatic wall
temperature and the decrease of the film cooling effectiveness of
about 10%. The decrease of the film cooling effectiveness shown
in Fig. 5 was also about 10%. The decrease of the film cooling
effectiveness in the downstream region seems to be the result of
the entrainment of the primary flow,® but the decrease of the film
cooling effectiveness in the interacting region seems mainly to be
the result of the decrease of the local Mach number. Therefore, the
film cooling effectiveness coincided with the effectiveness without
the external shock wave downstream of the interaction.

This effect of local Mach number becomes small as the tempera-
ture ratio, T O/ T O, increases as can be seen in Eq. (3). Its value
of the present testing was 1.2. When the ratio is 10, for example, the
decrease of the film cooling effectiveness is only about 1% with a
decrease of the Mach number from 3 to 0.

B. Heat Transfer Coefficient

In the actual device, the film cooling will be used with the re-
generative cooling,! and there will be heat transfer from the film
coolant to the wall. Therefore, the heat transfer coefficient is impor-
tant as well as the adiabatic wall temperature on the heat transfer.
But the film cooling effectiveness defined with Eq. (1) represents
only the effect of the adiabatic wall temperature. When the adiabatic
wall temperature is used to define the film cooling effectiveness, the
effectiveness may be higher than when the heat flux is used. The
different tendencies on the film cooling effectiveness with the shock
wave interaction among several reports*~> may be the result of the
change of the heat transfer coefficient.
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Fig. 6 Mach number aty = y1.

The report by Holden et al.> seemed to show that the shock wave
impingement destroys the effectiveness of film cooling. They mea-
sured heat flux instead of the adiabatic wall temperature. If their
decrease of the film cooling effectiveness had no relation with in-
crease of total temperature on the wall, the film cooling effectiveness
can recover downstream of the shock wave impingement, and the
effectiveness of film cooling can decrease extraordinarily in the in-
teracting region with the shock wave, even though the total temper-
ature of the coolant layer does not change very much. Consequently,
we adopted the coolant Mach number of 4 and ratio of specific heats
of 1.67 because of the experimental condition by Holden et al. in
the following discussion.

We assumed that there was no mixing of the coolant with the
primary flow, and the heat flux from the coolant to the wall is as
follows:

q=p; e Cq Cp(Tow — T) G

To investigate the increase of the heat flux across the shock wave
impingement, the heat flux far downstream of the shock wave im-
pingement, not at the interacting region, was compared with that
upstream of the shock wave impingement. The Reynolds analogy
was used to calculate the Stanton number. Assuming the Prandtl
number is unity, Eq. (4) is rewritten as follows, using Eq. (2):

- DHM2/2
q=—;—cf-Pe-Me\/y{1+(y Mz /2]

R-TO,

1—7 T, } )

xCp-TOdr + — =%
P { 1+@-0m2/2 TO.

Tw/T0,=0.5
3F My=4 R
-7 \
1=1.67 AL qs/4d,
z\; oL “(b) of Eq. (6)
s ,(c)of Eq.(6)
x/
1L aemmeem- S
cra/ci =1
0 ;
0 5 10
P3 /Py

Fig. 7 Effect of shock wave on heat flux ratio.

The ratio of heat flux with the pressure increase resulting from the
shock wave impingement to the flux without the pressure increase
is as follows, assuming the total temperature is constant across the
shock wave:

B o fﬁMﬂ\/H(y—l)Mg‘a/z

q1 - Cr1 Pe,lMe,l 1+(y—1)Mezl/2
— — i 4
(@) (®)

r+{d-n/[1+@ -1 /2]} - T./TO.)
X
r+{a-n/[1+@-0M2 /2]} - (Tu/T 0)

©)

The (a) and (b) terms express the ratio of heat transfer coefficients,
and the (c) term means the ratio of the temperature differences of
(T, — T,). Figure 7 shows the ratio of the heat fluxes by Eq. (6).
The downstream properties of the shock wave were calculated with
the shock wave relation.

When there is no mixing of the coolant with the primary flow,
the increase of the heat flux was mainly because of the increase
of the heat transfer coefficient. The decrease of the Mach number
resulting from the external shock wave does not affect the adiabatic
wall temperature very much. The unit Reynolds number does not
change very much across the shock wave, whereas the skin-friction
coefficient increases because of the decrease of the Mach number,’
and so the heat flux will become larger downstream of the shock
wave. Actually, according to the experimental results on the turbu-
lent boundary-layer/shock wave interaction, the peak heat flux is
roughly proportional to 0.85 power of the peak pressure, and the
heat flux is nearly equal to the peak flux downstream of the shock
wave impingement.!” The heat transfer coefficient must be consid-
ered as well as the adiabatic wall temperature in the shock wave
interaction. The increase of the heat flux reported by Holden et al.?
is still larger than the calculated value shown in Fig. 7, and so there
are additional causes for the increase of the heat flux resulting from
the shock wave impingement.

6

C. Mixing Enhancement

There are several reports that the turbulence increases down-
stream of the shock wave in the turbulent boundary layer'!~* and
in the turbulent shear layer.!* If the turbulence increased behind the
shock wave, the mixing may be enhanced, the local total tempera-
ture may increase, and the film cooling effectiveness may decrease.
The distance from the wall surface to the point y1, where the near-
est pitot probe to the wall was located, was small, comparing the
height of the mixing layer. Consequently, assuming that the mixing
rate at the point was, not very much different from that on the wall,
the local total temperature at y = y1 was calculated from the wall
temperature and the Mach number with Eq. (2) to investigate the
mixing rate. Then, with the local total temperature, the coolant mass
fraction was calculated with the following equation, assuming the
heat was transferred mainly due to mixing:

T Opca = ¢.TO; + (1 — )T Oco Q)
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Fig.8 Mass fraction.

Figure 8 shows the calculated mass fraction of the coolant at
y = yl. The mass fractions of the coolant of the flows with or
without the external shock waves were approximately the same.
If the decrease of the film cooling effectiveness is induced by an
increase of mixing, and there is no change in the local Mach number,
the 5% decrease of the film cooling effectiveness can be obtained
by about 10% decrease of the mass fraction of the coolant in this
testing. If the mixing was dominant, the recovery of the film cooling
effectiveness shown in Fig. 5 could not be observed. The mixing
seems not to be enhanced near the wall in the interacting region.

There seemed to be the following causes in error of mass fraction,
e.g., the value more than unity near the coolant injector exit.

1) There was about 2 K difference in temperature indication
among thermocouples. It might bring about 4% dlfference of the
mass fraction by Eq. (7).

2) The Mach number changed very much in the vicinity of the
coolant injector exit as shown in Figs. 6a and 6b, even though there
was no external shock wave. Consequently, there could be the error
of Mach number of about 0.2 there. There was about 4% difference
of the mass fraction when there was about 0.2 difference in Mach
number.

Therefore, there could be about 8% error of the mass fraction.
Many assumptions went into the present analysis of the mass frac-
tion, and the result seems to lack satisfactory accuracy. The change
of mass fraction must be investigated in another way, e.g., by gas
sampling.

D. Increase of Total Pressure
According to the total pressure distribution of Fig. 4, when there
was large pressure increase due to the shock wave, the momentum

was transported from the primary flow to the coolant layer quickly
in the interacting region, but neither the mass nor the energy were in
the present study. We have not made clear the difference of mecha-
nisms between the momentum transportation and the energy/mass
transportation.

V. Conclusions

The effect of the external shock wave on the film cooling was
investigated in the Mach 2.35 wind tunnel, and the following con-
clusions were made clear,

1) There was little effect by the external weak shock wave of the
pressure ratio of 1.21. The shock wave of the pressure ratio of 1.44
decreased the film cooling effectiveness.

2) The decrease of the film cooling effectiveness was mainly the
result of the decrease of the local Mach number.

3) The increase of the heat transfer coefficient should be con-
sidered, as well as that of the adiabatic wall temperature in the
interacting region.

4) Neither the mass nor the energy was transferred, whereas the
momentum was transferred from the primary flow to the coolant
layer in the interacting region.
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