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Effect of Film Cooling/Regenerative Cooling on Scramjet
Engine Performances

Takeshi Kanda,* Goro Masuya, Fumiei Ono, and Yoshio Wakamatsu§
National Aerospace Laboratory, Kakuda Research Center, Kimigaya, Kakuda, Miyagi 981-15, Japan

Film cooling was modeled to allow performance prediction of scramjet engine design. The model was based
on experimental results of the compressible mixing layer for the vicinity of the injection slot, and on analytical
results of the turbulent boundary layer in the region far from the slot. The film cooling model was integrated
with a quasi-one-dimensional scramjet performance prediction model. In an engine employing a combination
of film cooling and regenerative cooling, coolant flow rate of the engine slightly exceeded the stoichiometric
flow rate, even at high flight Mach numbers, and had the best specific impulse and system pressure performances.
These advantages were achieved by an increase in the volume flow rate and a decrease in the velocity difference
between the main flow and the coolant, both due to an increase in the film coolant temperature. The effective
cooling system with a combination of film cooling and regenerative cooling was also advantageous with regard

to avoidance of excess cooling of the engine wall.

Nomenclature
sound velocity
power law index of turbulent boundary-layer
growth rate
film cooling
compressibility effect in growth rate of mixing
layer
injection slot height
specific impulse
length
circumferential length of combustor, height of
inlet at the entrance
Mach number
convective Mach number
mass flow rate
total pressure
dynamic pressure
gas constant
regenerative cooling
temperature
total temperature
velocity
convection velocity
distance from injection slot
ratio of specific heats
mixing-layer thickness
film cooling efficiency defined in Fig. 1
external nozzle angle
mass flux ratio
density
equivalence ratio
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ubscripts
= position where mixing layer reaches wall
adiabatic
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C.C. = combustor

c = coolant

g = hot gas

H2 = hydrogen

I.N. = internal nozzle
m = main flow

ref = reference condition
st = stoichiometric
w = wall

0 = incompressible
o = flight condition

I. Introduction

HE scramjet is a candidate for use as the engine of the

aerospace plane. When the aerospace plane flies with a
scramjet at very high speed, total temperature in the engine
becomes very high and heat load becomes very great, neces-
sitating employment of an effective thermal protection sys-
tem. Regenerative cooling and film cooling appear to be use-
ful techniques for such a cooling system.

According to previous studies,' ~*in a regeneratively cooled
scramjet, coolant flow rate exceeds stoichiometric flow rate
in the high flight Mach number region beyond about 10, and
the engine system pressure becomes extremely high. There-
fore, specific impulse is degraded with excess fuel flow rate
and with a high level of turbine exhaust gas from the fuel
supply system.* At the same time, the engine must be strongly
made, and thus becomes heavy.

Supersonic film cooling has been studied by various re-
searchers.3~'2 The benefits of applying film cooling to a scramjet
engine, other than cooling itself, have been mentioned in
many reports,®© i.e., reduction of skin friction and thrust
augmentation. There have been, however, few quantitative
studies on scramjet engine performances with film cooling,
mainly because of the difficulty of modeling film cooling. One
model of film cooling is the turbulent boundary-layer model.'*!*
It was originally introduced for subsonic film cooling, and is
the most popular model. It adopts the growth rate of the
turbulent boundary layer. This model can predict the decay
tendency of film cooling efficiency far downstream from the.
injection slot. It has been applied to predict the flow condition
near the slot with several combinations of gas properties as
parameters, e.g., density, heat capacity, etc. These combi-
nations, however, do not seem to be so well-grounded phys-
ically. Moreover, the boundary layer and the coolant are sep-
arated near the injection slot, and it does not seem reasonable
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to apply the model for the vicinity of the slot. In another
model, the main flow and film coolant are separated com-
pletely.’s Tt does not seem to simulate the flow condition in
film cooling far downstream of the slot. There have been few
investigations employing CFD.¢ Investigation with CFD can
simulate three-dimensional effects, but it is-time-consuming
and expensive, and necessitates many calculations to clarify
the tendency of film cooling.

In the present study, we constructed a new film cooling
model and confirmed it to be consistent with experimental
results. We then used it to predict scramjet engine perfor-
mances and compared predicted performances of several cool-
ing systems in the range of flight Mach number from 8 to 24
along the flight path of a flight dynamic pressure of 100 kPa.

II. Film Cooling Model

According to experimental results,>~!? there is a relation
between film cooling efficiency defined in Fig. 1 and the dis-
tance from the exit of a coolant injection slot. Cooling effi-
ciency n and the distance x/(h-A), are plotted with logarithm
scales. In previous film cooling models, no attempt was made
to model the flow between the slot exit and position A in Fig.
1, where the efficiency is around unity. Rather, prediction of
A was attempted by extension of the turbulent boundary-layer
model. This length from the slot exit to A, x, in Fig. 1, is
shorter than the length of the effective region of film cooling,
x, in Fig. 1. x, is the length from the slot exit to the position
where the adiabatic wall temperature is 7,,, ,. The prediction
of A is, however, very important because the effective length
of film cooling x, greatly differs due to the small difference
of A. Therefore the prediction of position A must be included
in a model of film cooling.

The flow conditions of the coolant are completely inde-
pendent of the main flow in the vicinity of the injection slot,
and the coolant and the main flow mix with each other grad-
ually. This mixing seems to resemble the turbulent mixing
layer.!e~!8 Thus, an experimental equation of the turbulent
mixing layer was used to predict position A. The boundary
layer of the main flow seems to completely take in the film
coolant far downstream of the injection slot, and this is the
basis of the turbulent boundary-layer model. In our model,
the flow region of film cooling was divided into two parts: 1)
a mixing-layer region near the injection slot and 2) a turbulent
boundary-layer region far from the slot. The schematic dia-
gram of the model is shown in Fig. 2. At position A, the
mixing layer is assumed to reach the wall in the model, and
the concept of the mixing layer was applied from the injection
slot exit to A. The thickness of the boundary layer on the
wall under the coolant was much thinner than the slot height
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Fig. 1 Schematic of film cooling efficiency.
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Fig. 2 Schematic of film cooling model.

and also thinner than the thickness of the mixing layer, so
the effect of the coolant side boundary layer was neglected.
The idea of turbulent boundary layer was applied to the area
downstream of position A. In this model, static pressure of
the coolant was assumed to be the same as that of the main-
stream at the slot exit.
A. Mixing Layer Region

In this region, effects of density ratio, velocity ratio, and
compressibility on the growth rate of the mixing layer are
taken into account, following the experimental equation of
Papamoschou and Roshko!”:

dé dé —_
5;=(5)QﬂMa M

The effect of f can be expressed as a function of M. Definition
of the convective Mach number is as follows:

M, = [(u, — @)a,] @

4 becomes as follows when M,, and E are not very large,
and y and v, are not greatly different!”:

1+ (w/u, )V (0.0, 3)
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In this model, the empirical equation of Dimotakis'® was used
to predict the effect of compressibility:

fM,) = (1 = flexp(=3M,”) + f 4

f' is the value of the compressibility effect, and it is about 0.2
when the convective Mach number is very large. The growth
rate of the mixing layer in incompressible heterogeneous flow
can be expressed as follows'”:
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The distance of the mixing layer region indicated by x , in Fig.
11is as follows with the assumption that the mixing layer grows
symmetrically both in main flow and in coolant:

' 1dé
v/ (33) ©

B. Turbulent Boundary-Layer Region

Hartnett and other researchers assumed that there was a
well-developed boundary layer far downstream from the in-
jection slot of the film coolant, and showed that the film
cooling efficiency was proportional to [x/(k-A)]~** in an in-
compressible flow when the 1/7 power law was used as the
velocity profile in the turbulent boundary layer.'*!* Depen-
dence on the distance x is not changed in the compressible-
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incompressible transformation,'” and so the film cooling
efficiency is assumed to be also proportional to x~*5 in a
compressible flow in this study. The position x, can be esti-
mated as follows:

10, — 70, \""
—x (om e 7
Xy (TO — nw 1) ( )

With Eq. (6)

5/4
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-/ GR(E) e
C. Comparison with Experimental Results

Figure 3 shows a comparison of position A between film
cooling experimental results’-%-12202! and those by Eq. (6).
Convective Mach numbers of the experimental results were
from 0 to 1.4. The broken lines have inclinations of two and
one-half, respectively. Most of the experimental data, except
the solid symbols, exist between the broken lines. In the ex-
periments indicated by the solid symbols, velocity differences
between the main flow and the coolant were within about
10% of the main flow velocity. As can be seen in Eq. (5),
this model predicts a very low growth rate and a very large
value of x, when the velocity difference is small. In this case,
however, other physical phenomena seem to be dominant in
mixing.

Figure 4 is a histogram, showing results of a number of
experiments on a specified inclination index of decay of film
cooling efficiency®-1222! (see Fig. 1). The inclination of film
cooling efficiency by the analysis shifts according to the power
law of velocity distribution. Most of the experimental results
are around —0.7, while —0.8 was analytically predicted. So
the —0.8 power was adopted in this study.

D. Problems of this Film Cooling Model

Adoption of the idea of the free shear layer has been re-
jected by some researchers due to such factors as lack of
observation of large-scale structure, and the thick boundary
layer of the main flow.” We, however, conceive that we can
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Fig. 3 Comparison between experiments and calculation—Ilength of
mixing layer region.
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Fig. 4 Comparison between experiments and calculatlon—decay of
film cooling efficiency.

EFFECT OF COOLING ON SCRAMJET ENGINE PERFORMANCES

predict the film cooling performance with this model fairly
well due to the consistency of theoretical findings with ex-
perimental results shown above. In this film cooling model,
there are several problems to be solved or modification to be
made as follows:

1) Influence of shock impingement: There are several ex-
perimental results that show that shock impingement degrades
the effect of film cooling drastically.'*!' However, there are
no clear criteria of the influence on film cooling.?* The effect
of the shock impingement is a state-of-the-art research theme.

2) Wall influence on growth rate of the mixing layer: It has
been reported that the growth rate is enhanced by the wall.??
The influence of growth rate on engine performances will be
mentioned in the section on simulation results.

3) Mainstream boundary layer: According to one report,
shear layer by slot injection begins to have the character of
the free shear layer apart from the injector exit with the
distance of 25 times of the thickness of the main stream bound-
ary layer.” If the boundary layer of the main flow obstructs
the growth of the shear layer, the film cooling efficiency may
increase.

4) Static pressure distribution: In a scramjet engine, pres-
sure is not uniform. It has been reported that the static pres-
sure gradient of the main flow affects the growth rate of the
mixing layer.**

5) Static pressure dlfference at the slot exit: The static pres-
sure of the coolant usually differs from that of the main flow
at the exit of the injection slot. Increase of the film coolant
injection pressure has been found to increase film cooling
efficiency,'® but the static pressure difference creates shock
waves and expansion waves, which will disturb the main flow,
the coolant, and the mixing layer. This effect is now being
researched.

III. Simulation Method

A. Scramjet Engine Schematic Diagram

We compared engine performances among three cooling
systems: a) film cooling only, b) regenerative cooling only,
and c) a combination of film cooling and regenerative cooling.
Schematics of these systems are shown in Fig. 5. In all three
engines, coolant was the same fluid as the propellant, i.e.,
hydrogen. In the engine with only film cooling, the engine
was cooled with cold hydrogen, and the cold fuel was injected
into the combustor at stoichiometric ratio to the airflow. In
the regeneratively cooled engine, the fuel was used to cool
the engine. The fuel was heated to several hundred Kelvin.
After regenerative cooling, it was injected into the combustor

air T

i Trow| >

a) mixing/ \combustion

regenerative
cooling

b) mixing

regenerative
cooling

c) mixing combustion

Fig. 5 Scramjet engine schematics: a) film cooling only, b) regener-
ative cooling only, and c) combination of film cooling and regenerative
cooling.
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parallel to the air. The flow rate of the fuel injected into the
combustor was at least stoichiometric. In the engine with a
combination of film cooling and regenerative cooling, fuel
cooled the engine regeneratively. Subsequently, part of the
heated fuel was injected into the engine as film coolant. The
rest of the fuel, which was stoichiometric, was injected into
the combustor. In the engine with a combination of film cool-
ing and regenerative cooling, the flow rate of the film coolant
was at least 1% of the stoichiometric flow rate in every op-
eration. Both in the engine with only film cooling and in that
with a combination of film cooling and regenerative cooling,
injection slots of film coolant were set at two positions, i.e.,
1) at the entrance of the combustor, and 2) at the middle of
the combustor/internal nozzle.

To simplify the simulation, the engine was divided into
several components, i.e., an inlet, a fuel injector, a combus-
tor/internal nozzle, a cooling jacket, and an external nozzle.
The external nozzle was a part of the surface of an aerospace
plane.

The fuel injector of the regeneratively cooled engine was
designed at a flight Mach number of 14 and at a fuel supply
pressure of 10 MPa. The supply pressure was roughly the
same as the pressure at the fuel pump exit. In the other two
engines, the same fuel injector was used. The fuel was injected
with sonic velocity into the combustor in all the engines.

B. Engine Configuration

The model engine dimensions, as shown in Fig. 6, resem-
bled those of a previous investigation.? The cross section of
the inlet at the entrance was the same as that of the internal
nozzle at the exit, i.e., 6 m?. The projected cross section of
the external nozzle at its exit was twice that of the internal
nozzle at its exit. The angle of 6 was 10 deg. The contraction
ratio of the inlet was five. The wall thickness of the combustor/
internal nozzle was 1 mm. The diameter of the cooling tubes
was 10 mm.

C. Assumptions and Calculation Methods

Most of the simulation methods used here were the same
as those used in the previous investigation.? The film cooling
model was new. The main features and the new procedures
are introduced here.

1. Engine Components and Working Fluids

The simulation used a quasi-one-dimensional method. In
the external nozzle, combustion gas was assumed to flow with
Prandtl-Meyer expansion. The kinetic energy efficiency of the
inlet was 0.98. The engine thrust was calculated with inte-
gration of wall pressure, subtracting the friction drag.

Fluids in the engine, i.e., air, hydrogen, and the combustion
product were calorically perfect gases. In order to simplify
the simulation calculation in this model, there was no disso-
ciation. The flow was viscous, and friction existed in the com-
bustor/internal nozzle and in the cooling tubes.

Only the combustor/internal nozzle was cooled in this model,
it can represent the cooling characteristics of the engine be-
cause the heat load of the engine is mainly imposed in the
combustor/internal nozzle.?*> The combustor/internal nozzle
was divided into a hundred elements, each element being
composed of two parts, i.e., 1) the divergent part where the
combustion gas expanded isentropically, and 2) the constant
cross-sectional part where heat exchange and friction oc-
curred. Reynolds analogy was used in calculation of heat
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Fig. 6 Model engine configuration.

transfer, and Prandtl number was unity. The friction coeffi-
cient in the combustor/internal nozzle was calculated with van
Driest’s formula,?® whereas the coefficient in the cooling tubes
was calculated with the universal resistance law for smooth
pipes.”

According to our previous investigation,? suitable material
for a regeneratively cooled scramjet has high thermal con-
ductivity, e.g., copper. So, the combustor/internal nozzle of
the regeneratively cooled engine was made of copper. In the
film cooled engine, a good engine wall material has high al-
lowable temperature. Thus, zirconia?® was used for the en-
gine. In the engine with a combination of film cooling and
regenerative cooling, copper was also used because it was
cooled regeneratively and because the engine performances
can be easily compared with those of the regeneratively cooled
engine.

2. Film Cooling

The film coolant was injected at a Mach number of 1.2.
The static pressure of the coolant at the exit of the injection
slot was the same as that of the main flow. The features of
the film cooling were calculated utilizing the properties of the
main flow and the coolant at the exit of the coolant injection
slot. Average properties of the combustion gas flow were
calculated using the mixture of the coolant and the main flow.
Tendencies of performances of the film cooled engine were
obtained through the present simulation because of the sim-
plicity of the film cooling model and the simple integrity of
the model to the flow simulation.

IV. Simulation Results

Figure 7 shows the fuel flow rate of each engine as a form
of equivalence ratio. The flow rate of the film cooled engine
was one-tenth the value in the figure, extraordinarily high.
Rates once decreased, then increased due to a combination
of static pressure at the slot exit and heat load. The flow rate
of the regeneratively cooled engine was stoichiometric at the
low flight Mach numbers and increased with the flight Mach
number at the high Mach numbers, being roughly propor-
tional to 2.2 power of the flight Mach number.! The dotted
line shows the cooling requirement of the regeneratively cooled
engine at low flight Mach numbers. The fuel flow rate of the
engine with a combination of film cooling and regenerative
cooling was approximately stoichiometric, even at high Mach
numbers.

When the growth rate of the mixing layer of the film coolant
doubled, or when the power coefficient of the film cooling
efficiency was set at —2 instead of —0.8 in the simulation
with a combination of film cooling and regenerative cooling,
the coolant flow rates were 1.19 and 1.24 of the equivalence
ratios, respectively, at a flight Mach number of 24. The value
of —2 was selected because of the experimental datum shown
in Fig. 4. Therefore, even though the present film cooling
model cannot predict point x,, nor the decline of the film
cooling efficiency exactly, the combination of film cooling and

2.51 G..=100kPa

20l $e . X 0.1
(2 slots)\ .
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Fig. 7 Fuel flow rate.
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regenerative cooling must be very effective in reducing the
coolant flow rate.

Figure 8 shows the fuel supply pressure of each cooling
system. The pressure losses of fuel were due to heat addition
and due to friction in the cooling tubes. These losses did not
include pressure losses in manifolds nor in bends. The re-
quired fuel supply pressure of the regeneratively cooled en-
gine increased with the flight Mach number. This was due to
the increment of heat load and that of fuel flow rate. The
high pressure at low flight Mach numbers was due to the high
fuel flow rate. On the other hand, the pressure of the engine
with a combination of film cooling and regenerative cooling
decreased with the flight Mach number. This was because the
fuel flow rate decreased with the flight Mach number.

The high pressure in an engine requires a strong structure,
e.g., a very thick engine wall. This results in a heavy engine.
At the same time, the high pressure of fuel requires a fuel
supply pump with high power. For example, when a gas gen-
erator cycle is adopted for the engine, the high power causes
the turbine flow rate to increase. Since the exhaust velocity
of the working gas of the turbine is usually small and the gas
generator consumes oxidizer, the net specific impulse of the
engine becomes low.* When the combined film and regener-
ative cooling techniques are adopted, the engine does not
require high pressure of fuel, as seen in Fig. 8, and does not
suffer a serious decrease of net specific impulse.

Figure 9 shows the net specific impulse of each engine. The
contribution of the exhaust gas of the turbine mentioned above
is not included. The specific impulse of the engine with only
film cooling was very low due to the extraordinarily high fuel
flow rate. The specific impulse of the regeneratively cooled
engine became worse at high flight Mach numbers in com-
parison with that of the engine with a combination of film
cooling and regenerative cooling. This was due to the incre-
ment of fuel flow rate as shown in Fig. 7. There was little
difference of specific impulse between the engine with a com-
bination of film cooling and regenerative cooling and the en-
gine with a stoichiometric fuel flow rate.

Other advantages by film cooling, i.e., reduction of friction
and augmentation of thrust, were observed in the simulation.
Their effects on the specific impulse were, however, much
smaller than the effect of the reduction of excess fuel at high
flight Mach numbers.

20+ TW,RC.= 800K R.C.
T F.c.= 2000K \
< 15+ Qe=100kPa
g
s
= ol " F.C.&RC.
g el v (2 slots)
o
o
5+ F.C.(2 slots)\
0 . : ) . .
V] 8 12 16 20 24

Fig. 8 Fuel supply pressure.
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Fig. 9 Specific impulse.
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Fig. 10 Scale effect. The broken line shows the decline of —0.2.

Performances of the engine with a combination of film cool-
ing and regenerative cooling were compared among three
engines with different engine wall materials, i.e., copper, nickel
alloy, and zirconia. Their maximum allowable temperatures
were set at 800, 1000, and 2000 K, respectively. The copper
engine showed the greatest fuel flow rate, and the zirconia
engine showed the smallest. All the fuel flow rates of the
three engines were in close proximity of stoichiometric flow
rate, and there were slight differences in specific impulse among
them. That of the zirconia engine was the best of the three.

In the development of a scramjet engine, a subscale model
is to be tested first. Therefore, the scale effect was investi-
gated. Figure 10 shows the fuel flow rate of the engine with
a combination of film cooling and regenerative cooling. The
configuration of the engine was proportional to the original
one, i.e., the engine that had a cross section of 6 m? at the
inlet entrance; the subscript “ref” represents this engine. As
the engine became smaller, the thermal load became larger,!
but the fuel flow rate was still small, compared with that of
the regeneratively cooled engine.! The coolant flow rate was
roughly proportional to the —0.2 power of the representative
length.

V. Discussion

A. Reduction of Coolant

In the engine with a combination of film cooling and re-
generative cooling, there was a reduction of coolant flow rate.
In this section, causes of the reduction are discussed.

1. Effect of Coolant Temperature

The required flow rate of film coolant can be expressed as
follows with Eq. (8):

m. = lhp.u,
1d5 (70, — T\
] it m aw,1
= Ix,p.u, > I <—_T0m — TOC> (9a)
—~~
(@ (b)
(a)
5/4
X 1@ TOm - T‘an 9b
2dx \ TO,, — T0. (°b)
L

(b)

Figure 11 shows the relation between required flow rate
and total temperature of the film coolant in a sample cylin-
drical engine. Circumferential length of the engine / was 3.5
m, and the combustor length x,, was 5 m. The film coolant
was injected at sonic velocity parallel to the combustion gas.
These operating conditions roughly correspond to those at a
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Fig. 11 Relation between flow rate and total temperature of film
coolant.

flight Mach number of 14 and a flight dynamic pressure of
100 kPa.

The coolant flow rate decreased with increment of the total
temperature. In the engine with a combination of film cooling
and regenerative cooling, the film coolant was also heated.
There are two mechanisms due to increment of the total tem-
perature of the film coolant to reduce the required coolant
flow rate. One is due to the height of the injection slot, as
seen in Eq. (8). The height increases with an increase of
volume flow rate, i.e., an increase of total temperature of the
coolant at a specified coolant mass flow rate. The effect is
expressed as a mass flux term in Eqs. (9a) and (9b) with (a).
The term p, - u_ decreases with increment of total temperature.
Even if point x, in Fig. 1 was estimated in another way, this
effect of the increased volume flow rate would be effective,
i.e., the coolant flow rate would decrease with heating of the
coolant.

The other mechanism is due to the velocity increment of
the coolant. When the total temperature increases, velocity
of the coolant increases at a specified injection Mach number.
As the velocity difference between main flow and the coolant
decreases, growth rate of the mixing layer, indicated in Eq.
(9a) with (b), decreases. As for the compressibility effect, the
convective Mach number was beyond unity in every simula-
tion, and the value of f in Eq. (1) was always very close to
0.2 in the simulation. The part of growth rate dependent on
incompressibility decreases with increment of total temper-
ature of the film coolant as can be seen in Eq. (5b). So the
increment of the total temperature is effective for reduction
of coolant flow rate. The above two mechanisms were at the
same order of effectiveness in Fig. 11. Film coolant must be
used at high temperature to reduce its mass flow rate.

In this film cooling model, the static pressure at the film
cooling injector exit has to be set at the pressure of the main
flow, and the increment of the injection Mach number of the
- coolant increases the coolant flow rate. The general tendency
of increment of the injection Mach number, therefore, cannot
be investigated with this model.

No trouble should result from using hot hydrogen as cool-
ant. Regarding film cooling, it has been reported that com-
bustion was confined to the shear layer and maintained at a
low level in experiments using air and hydrogen.® On the other
hand, the fuel injected into the combustor will be stoichio-
metric or more, and the combustion gas will not contain any
more oxygen than in average conditions. As for local con-
ditions, part of the injected fuel will remain on the engine
wall due to the imperfection of mixing. The hot film coolant,
therefore, will not induce combustion.

2. System of Heat Exchange

In the engine with a combination of film cooling and re-
generative cooling, there are other mechanisms for reduction
of coolant mass flow rate in addition to the above-mentioned
high-temperature effect. One is moderate cooling of the en-
gine wall, and the other is shielding with coolant of the wall
from the hot gas. In the engine with only film cooling, the
wall temperature near the injection slot nearly reaches the
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Fig. 12 Wall temperature of hot gas side in the quasi-one-dimensional
simulation.

temperature of liquid hydrogen. The wall material does not
need to be cooled to the temperature of liquid hydrogen, and
a temperature around several hundred Kelvin is possible. In
the engine with a combination of film cooling and regenerative
cooling, the wall temperature near the slot was around several
hundred Kelvin, as hot as the regeneratively heated hydrogen
as shown in Fig. 12.

In the film cooled engine, the coolant shields the engine
wall near the injection slot from the hot gas, the total tem-
perature of which is around several thousand Kelvin at high
flight Mach numbers. Heat load around the entrance of the
combustor is greatest in the engine because of relatively high
static pressure. Therefore, the largest heat load was avoided
in the engine with a combination of film cooling and regen-
erative cooling, and the heat transfer to the regenerative cool-
ant was much lower in this engine than in the engine with
only regenerative cooling.

B. Engine Wall Material

In the regeneratively cooled scramjet, engine wall material
must have high thermal conductivity because of the much
higher adiabatic wall temperature of the combustion gas than
the maximum allowable temperature of the materials.? In the
film cooled scramjet, the adiabatic wall temperature was much
lower around the coolant injection slot than in the regener-
atively cooled engine as mentioned above. It was still lower
in the other region than in the regeneratively cooled engine.
So, the increment of the allowable temperature of the material
can reduce heat flux from the gas on the wall.

C. Scale Effect

In the engine with a combination of film cooling and re-
generative cooling, most of the engine wall was cooled re-
generatively. Based on Fig. 1, it can be anticipated, where
the length and the film cooling efficiency are plotted with
logarithm scales. Thus, the coolant flow rate was roughly
proportional to the —0.2 power of the representative length,
as in the regeneratively cooled engine.!

As for film cooling, the coolant flow rate is proportional
to the squares of the representative length as shown in Eq.
(9a), whereas the stoichiometric flow rate is also proportional
to the squares of the length. The scale effect will not appear
in the film cooling. The region was small where the film cool-
ing was dominant, so the effect of the film cooling did not
appear on the inclination of lines. In the vicinity of 1.01 of
the equivalence ratio, the film cooling effect appeared, and
the inclination of the lines became gentle.

VI. Conclusions

A new film cooling model was introduced. It is based on
experimental results on the compressible mixing layer and on
the analysis using the turbulent boundary layer. It was applied
to a quasi-one-dimensional simulation of a scramjet engine.
The investigation clarified some aspects as follows:

1) There is the potential benefit in using a combination of
film cooling and regenerative cooling to achieve thermal pro-
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tection while minimizing fuel flow requirements, i.e., main-
taining adequate specific impulse.

2) There are four mechanisms that reduce the coolant flow
rate, i.e., a) decrease of growth rate of the mixing layer, b)
increase of the volume flow rate of the coolant, ¢) avoidance
of too much cooling of the wall about the temperature of
liquid hydrogen, and d) shielding of the engine wall from the
hot gas. a and b were realized by an increase of total tem-
perature of the film coolant. ¢ and d were realized by a com-
bination of film cooling and regenerative cooling.

3) The reduction of excessive fuel flow rate also decreases
the system pressure in the engine with a combination of film
cooling and regenerative cooling at high flight Mach numbers.
This makes the engine lighter. At the same time, it improves
the net engine specific impulse due to the reduction of turbine
power.

4) The coolant flow rate is roughly proportional to the —0.2
power of a representative length in the engine with a com-
bination of film cooling and regenerative cooling.

The film cooling model herein reported should be more
fully developed and its consistency confirmed by further ex-
periments and numerical simulations.
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