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ABSTRACT

Pre-compression by the windward surface of the aerospace plane is necessary for scramjet
operation. However, this pre-compression causes spillage from the high-pressure windward sur-
face toward the sides of the plane. In order to examine the effects of this side-spillage, the perfor-
mance of a scramjet engine was evaluated using a 1-D flow model, and payload to the low earth
orbit estimated using an aerospace plane flight simulation. Prior to the simulation, tests with
scramjet inlet models were conducted in a Mach 4 wind tunnel to identify the primary features of
the side-spillage to assist in the simulation. The models were inclined from the flow direction to
simulate the skewed flow near the side of the plane during side-spillage, and the experiments
proved that the aerodynamic performance of the inlet was not affected by the inclination for the
entrance Mach number given to the models. However, the mass capture ratio decreased due to
reduction in the density of airflow as a result of the expansion. In the numerical estimate, side-
spillage was modeled not to reduce the performance of the inlet, but to reduce mass flow to the
inlet. The resulting decrease in airflow delivered to the engine due to spillage reduced thrust by
15%, while the corresponding payload decreased around 60%. Side fences were effective in pre-

venting spillage.
Keywords: scramjet, inlet, spillage, aerospace plane, thrust, payload
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Nomenclatures

: cross section

: drag of the aerospace plane

: net propulsive force of the engine

: net thrust with drag on the windward surface

of the airframe

: acceleration of gravity

: height of ramp of the inlet model
: engine specific impulse

: lift of the aerospace plane

: Mach number

: mass of the aerospace plane

: mass flow rate

: static pressure

: total pressure

: wall pressure

: dynamic pressure

: radius of the earth

: time

: velocity

: distance on the Earth surface

: coordinate normal to the top-wall in the inlet

model

: lateral coordinate in the inlet model, height of

aerospace plane

: ramp angle of the inlet model
:inclination angle of the inlet model

: inclination angle of the aerospace plane in the

flight simulation

: density
: angle between the engine thrust and the air-

frame velocity

Subscripts
: air
: inlet exit
: inlet entrance

: inlet throat, i.e., end position of the conver-

gent section of the inlet

: flight condition

: estimated condition upstream of supposed ex-

pansion in front of inlets in inclination

: inlet model entrance
: inlet model exit

Introduction

Many configurations for the aerospace plane and
engine have been proposed.D9 The common features
of the various aerospace planes in terms of the engine
mounting are as follows: (1) multiple engine modules
mounted on the airframe, (2) side-by-side arrange-
ment on the windward surface, and (3) pre-compres-
sion of the air by the windward airframe. Since the air-
frame width is finite, the pre-compression creates a
gradient in pressure between the center and the sides
of the airframe. The air spills out from the windward
surface to the sides of the airframe. This is desig-
nated as ’sides-spillage’ in the present study. The
propagation of the expansion waves from the sides of
the airframe affects the amount of airflow delivered to
the engine. The flow condition with the sides-spillage
is 3-D and very complicated. Therefore, in the present
study, the flow field was simplified to a 2-D model.
Figure 1 shows a schematic image of the sides-spill-
age. The 3-D flow field was projected to a 2-D plane
(bottom view of Fig. 1). Due to the pressure gradient,
there are a shock wave and an expansion fan from
each corner of the airframe leading edge at each side
of the airframe. Between the shock wave and the ex-
pansion fan, there is a slip line. The static pressures
are the same across the slip line, as well as the flow
directions. The area covered by the expansion fan is
an affected region by the sides-spillage. The engine
modules close to the sides of the airframe are in the
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Fig. 1 Schematic diagram of the aerospace plane and
the sides-spillage on the aerospace plane.
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Effect of Sides-spillage from Airframe on Scramjet Engine Performance 3

expansion waves, and the amount of airflow into the
inlet decreases. Also, the inclination of the airflow
may affect the engine and the inlet performances.

Inlets for scramjet engines have been studied at
many laboratories, Institutes, Universities and the Na-
tional Aerospace Laboratory of Japan. -9 The investi-
gations were solely designed to clarify the characteris-
tics of the inlet. However, no study was designed to
clarify the effect of the inclined airflow on the inlet per-
formance during the sides-spillage.

In the present study, the effects of the sides-spill-
age were investigated with mission simulations of the
operation of the scramjet engine and the flight of the
aerospace plane to the low earth orbit. Prior to the
simulation, the effect of the inclination of the airflow
due to the sides-spillage was investigated with prelimi-
nary experiments, and the primary effects on the inlet
performance were adopted in the numerical simula-
tions. Several options to prevent the sides-spillage

were also discussed.

Numerical Simulation Methods

The impact of the sides-spillage on the engine per-
formance and the payload was evaluated with simula-
tions. A schematic diagram of the airframe for the
prediction of the scramjet engine performance is
shown in Fig. 1. The airframe had a wedge-shape, 2-D
nose, and a body width of 15 m. The scramjet engine
was on the windward ramp surface of the airframe.
The engine was designed at the condition of the flight
Mach number of 12. This design conditions followed
the previous investigation,® which showed that the op-
eration of the scramjet engine up to Mach 12 resulted
in the maximum payload. The angle of attack was 3°,
and the windward surface angle from the airframe
center axis was also 3°. In the simulation of the sides-
spillage, both pressure and flow direction in the ex-
panded flow coincided with those after the shock wave
at the side of the airframe (Fig. 1). This condition was
calculated with the 2-D shock wave relations and the
Prandtl-Meyer function.

The height of the scramjet engine was 2 m at the
entrance. With this configuration, the inlet was in the
shock-on-lip condition at Mach 12. A width of the
scramjet of 15 m was the same as that of the airframe.
The overall contraction ratio of the engine was 5. Hy-
drogen fuel was injected normally into the combustor.

In the combustion tests with sub-scale scramjet en-
gine models, sufficient combustion conditions were
attained with normal fuel injection.919 Thus, normal
injection was adopted in the simulation. To evaluate
the performance of the scramjet, the 1-D flow model
was adopted from the entrance of the inlet to the exit
of the internal nozzle and the 2-D flow model was em-
ployed for the external nozzle. In the calculation, the
air and the combustion gas were ideal gases with con-
stant specific heats. This model is similar to that used
in Ref. 8. Procedure of the calculation was as follows:

(1) In no-spillage case, the airflow condition down-
stream of the shock wave from the leading edge
of the airframe was calculated with the 2-D shock
wave relations. In the sides-spillage case, the air-
flow was also affected by the expansion waves
from the corners of the leading edge of the air-
frame (Fig. 1). The mean flow condition to the en-
gine was calculated for each case. The boundary
layer on the airframe was ignored in the calcula-
tion of the flow condition. The ratio of the specific
heats and the molecular weight of air were 1.40
and 28.8, respectively.

(2) There was no spillage from the inlet itself. The
flow condition at the exit of the inlet was esti-
mated one-dimensionally with the mass conserva-
tion relation, the energy conservation relation and
the inlet Kinetic energy efficiency. The effect of
the inclined airflow during the sides-spillage was
included in the kinetic energy efficiency of the in-
let. That is, the Kkinetic energy efficiency of the in-
let in the inclined or not-inclined airflow condition
would be specified, based on the results of the
preliminary inlet tests, which were conducted to
investigate the effects of the inclination of the air-
flow on inlet performance. The apparatus and the
results of the tests are described in the following
chapters.

(3 Quick, stoichiometric combustion occurred in the
constant-cross-section duct one-dimensionally
above the flight Mach number of 8. Below Mach
8, the equivalence ratio was adjusted so that the
Mach number in the combustor was just above
unity to avoid thermal choking. The energy in-
crease at combustion for hydrogen mass flow
was 121 X 108 KJ * kg'l. The ratio of the specific
heats and the molecular weight of the combustion
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gas were 1.25 and 24.7, respectively.

(4) In the internal nozzle, the combustion gas ex-
panded isentropically and one-dimensionally. The
cross section at the exit of the internal nozzle was
the same as that at the entrance of the inlet. The
inviscid thrust at the internal nozzle in the
scramjet was evaluated as the difference of the
impulse functions at the entrance of the inlet and
the exit of the internal nozzle.

(5) At the entrance of the external nozzle, the com-
bustion gas expanded to the nozzle wall surface
of 19° isentropically and two-dimensionally (Fig.
1). The inviscid thrust of the external nozzle was
the product of the pressure on the wall surface
and the projected wall area. The external nozzle
was included in the engine here.

(6) A turbulent boundary layer was assumed, and the
friction coefficient was set at 0.0025.10 The fric-
tion drag was estimated with the inviscid flow con-
ditions estimated at (1)-(5), and the engine thrust
was evaluated by subtracting the friction drag
from the sum of the inviscid thrust estimated at
(4) and (5).

In the present study, the total thrust was defined
as the sum of the engine thrust and the drag on the
windward airframe surface. Here, the windward air-
frame surface consists of the surface from the air-
frame nose to the engine entrance and the outside sur-
face of the cowl. The drag on the airframe was also
affected by the expansion waves of the sides-spillage.
In the simulation, the affected area by the sides-spill-
age was the windward airframe surface (Fig. 1). The
affected area spread, e.g., 8.7°from each corner of the
airframe leading edge at the flight Mach number of 8,
and 6.3° at the Mach number of 12, respectively. The
flow condition around the windward surface is exam-
ined here under the condition of the flight Mach num-
ber of 10. The Mach number behind the shock wave
from the leading edge of the airframe is 8 at 6 degrees
of the deflection angle between the flight direction and
the windward surface. Then the Mach angle behind
the shock wave is 7.2 degrees, and the ratio of the
pressure increase was 3.7. In this situation, the static
pressure matches across the slip line from the leading
edge of the airframe with 3 degrees of the slip angle
(see Fig. 1). The angle of the shock wave beside the
airframe is 8 degrees. The angle is roughly equal to

the Mach angle on the windward surface.

In the flight simulation, the sides-spillage effect
was included during the period of scramjet operation.
The simulation methods for the flight of the aerospace
plane and the airframe data were the same as those
used in the previous investigation.9 The aerospace
plane was treated as a material point. The motion of
the plane was within the horizontal and vertical plane.
The schematic diagram of the forces is shown in Fig.
2, and the equations used in this study are given as fol-

lows:
ﬁz L u *cosy 1
dt R+z @
dz .
—_= *S1
it u -siny 2)
du F -cos6@-D .
SE= L TRT T g siny ®
dt m
d F sin6+L . .
dy _F -sin _gcosy u-cosy @
dt m e u u R+2z
am _ _F
a1, ®)

From the take-off to the flight Mach number of 6,
a hydrogen-fueled air-turbo-ramjet (ATR) propulsion
system1? was used. From Mach 6 to around Mach
12, the scramjet was applied. After the operation of
the scramjet engine, the LOX/LH; rocket enginels)
was used to achieve the low earth orbit at 100 km alti-
tude. The flight dynamic pressure was equal to 100
kPa during the operation of ATR or the scramjet, ex-

leeward surface

windward
surface

p F(scram)

z F(ATR, rocket)

earth

Fig. 2 Force, velocity and coordinates on aerospace
plane.
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Effect of Sides-spillage from Airframe on Scramjet Engine Performance 5

cept at the takeoff.

The initial mass of the aerospace plane was 460
tons at the horizontal take-off. The weight of each
part of the aerospace plane, e.g., airframe, engines,
was estimated by a weight-analysis program!4 and
modification was applied to its results.® For example,
51 ton was adopted for the mass of the airframe,
whereas the masses of the scramjet, ATR and the
rocket engine were 2 %, 6 % and 0.7 % of the initial mass

of the aerospace plane, respectively.

Experimental Apparatus

To investigate the effects of the inclination of the
airflow due to the sides-spillage on inlet performance,
the preliminary test with three inlet models were con-
ducted in a Mach 4 wind tunnel.) The inflow total
pressure and the total temperature were 2.0 MPa and
290 K, respectively. The cross-section on dimensions
of the test section was 10 cm by 10 cm. The Reynolds
number was 9 X 10’m-1. The thickness of the bound-
ary layer at 99 % of the free stream velocity was 8.7 mm
at the entrance of the inlet model.

Figure 3 shows the inlet model, which employed
both side-wall compression and ramp compression.
The end of the ramp surface coincided with the end of
the convergent section of the side-wall. Three ramp
configurations were prepared, corresponding to « =0,
5.7°, 8.3°. The heights of the ramps, h;, were 0 mm, 10
mm, and 15 mm, respectively. The overall contraction
ratios of the models were 2, 3, and 4, respectively.
Side-wall sweep-back angles were 45°. The shape of

Top wall

Exchangable
ramp block

(All dimensions in mm).

the model was designed for possible variable geom-
etry such that the top-wall could move toward the cowl
in the convergent section. The three ramps corre-
sponded to the possible positions of the top-wall. In
the present tests, the cowl leading edge was located at
the end of the convergent section of the inlet. Down-
stream of the convergent duct in the inlet was a con-
stant cross-sectional duct, which simulated an isolator.

The entire inlet model was installed on a rotating
plate. The plate provided inclination angles of 0, 3°,
and 4.5° to the free-stream. The inclination direction
was as shown in Fig. 3. In the inclined condition, the
right side-wall was on the windward side and the angle
to the airflow of the right side-wall increased. At the
inclination of 4.5°, the leeward surface of the left side-
wall had a negative angle to the free stream.

In the sides-spillage region, the spilled flow in-
clines parallel to the slip line (Fig. 1). According to the
estimation, the angle of the slip line was about 3 de-
grees in the scramjet operation from the flight Mach
number 6 to 12. Therefore, the effect of the inclined
flow during the sides-spillage was simulated with the
inclination angles of the present tests.

Wall pressure in the model and pitot pressure at
the exit of the model were measured by a mechanical
pressure scanner with 0.5 seconds per pressure port.
Pitot pressure was measured at 45 points in the no-
ramp model. The pressures were normalized by the
total pressure of the wind tunnel reservoir. The accu-
racy of the wall pressure and the pitot pressure were
=+ 0.001 and =+ 0.002 in the normalized form, respec-

Cowl  Windward
surface

Leeward
surface

Wind tunnel
wall

Fig. 3 Inlet model used in the experiments.
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Table 1 Estimated upstream airflow conditions

Inclined angle Mach No Boundarylayer Mass flowrateto  Impulse function to Density
(deg) ’ thickness (mm) 30 X 30mm(kg - s1)  30X30mm(N) (kg - m?3)

0 3.95 8.7 0.38 260 0.69

3 3.73 7.0 047 320 0.85

45 3.63 6.3 0.52 360 094

tively. The pitot pressure and the side-wall static pres-

sure at the same height as the pitot tube were used to

estimate the total pressure.

The test conditions with the inclination of the
model correspond to those of the engine module
close to the sides of the airframe, which experiences
inclined and expanded airflow. In the evaluation of the
inlet performances, the airflow condition upstream of
the inclination, i.e., the condition upstream of the sup-
posed expansion waves, should be adopted as a refer-
ence condition. The condition was estimated based
on the following assumptions.

(1) The inclined angle of the airflow through the sup-
posed expansion waves was identical to the angle
of the rotating plate.

(2) The velocity profile in the boundary layer followed
the power law, and the profile did not change
throughout the expansion.

(3) The mass flow rate in the boundary layer was con-
served throughout the expansion.

The upstream Mach number and velocity at the

Ramp O/inc. 45

edge of the boundary layer were estimated based on
the Prandtl-Meyer function and the assumption (1).
The upstream boundary layer thickness was calcu-
lated based on the assumptions (2) and (3). The air-
flow condition upstream of the expansion could be
reasonably estimated with the above procedure. In
the procedure, the momentum conservation in the
boundary layer was ignored. This resulted in an error
in the momentum balance of 0.7% when the air was in-
clined at 4.5°. Table 1 shows the estimated upstream
airflow conditions at each inclination.

Experimental Results and Discussion

0Oil flow observation

The effect of the inclination of 4.5° on the flow
condition in the model is shown in the oil flow pat-
terns of Figs. 4(a), (c) and (e). Figs. 4 (b), (d) and ()
show the patterns with no inclination for comparison.
The ramp angles of the model are 0 in (a) and (b), 57°
in (c) and (d), and 8.6° in (e) and (f), respectively.

In the models with the inclination, a much clearer

(a) No-ramp model at inclination ¢ =4.5°

Fig. 4 Oil flow patterns in the inlet models.
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(b) No-ramp model at inclination 6 =0°

(c) Ramp model of @=5.7° atinclination 6 =4.5°

Fig. 4 Oil flow patterns in the inlet models. (cont’d)
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(d) Ramp model of a =5.7° atinclination 6 =0°

(e) Ramp model of « =8.6° atinclination 6 =4.5°

Fig. 4 Oil flow patterns in the inlet models. (cont’d)
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() Ramp model of a =8.6° atinclination 6 =0°

Fig. 4 Oil flow patterns in the inlet models. (cont’d)

impingement line of the shock wave from the leading
edge of the right side-wall on the left side-wall can be
seen in the no-ramp model and the 5.7°-ramp model.
This indicates the effect of the inclination of the air-
flow: the shock wave from the right side-wall was
stronger, and the shock wave from the left side-wall
was weaker, resulting the difference of the clearness
of the line image. In the 8.6°-ramp model, the im-
pingement line could not be distinguished in the inlet
section. The effect of the boundary layer was intensi-
fied in the ramp model by the spillage of the primary
flow.

On the left side of the inlet, deflection of the air-
flow toward the cowl was larger than on the right side,
and the shock wave from the leading edge of the cowl
should therefore be stronger on the left side. How-
ever, the cowl shock angle from the horizontal line of
20°, which was estimated from the oil flow pattern,
was approximately the same on both sides.

On the top wall, oil flow lines tuned toward the left
side-wall in the models with the inclination. Due to the
skewness of the shock waves from the cowl, the sepa-
ration line on the top wall in the isolator was also
skewed.

Wall pressure and total pressure distributions

Figures 5 (a) - (c) show the effect of the inclina-

tion of the inflow air on the pressure distribution of
the top-wall. In Figs. (a) and (b), when the model was
inclined, the pressure in the isolator started to in-
crease more upstream due to the shift of the impinge-
ment of the cowl shock wave. Though there was ob-
served no shift in the model with the ramp angle of 8.3°,
it might be due to the discrete distribution of the pres-
sure ports.

The strengths of the shock waves from the side-
wall leading edges and the expansion waves from the
throat corner were different on each side due to the
inclination of the model. The difference of the shock
waves and expansion waves should produce non-uni-
formity of the pressure locally in the model. However,
on the center line of the top-wall, the pressure distribu-
tion did not show any large difference. The similarity
of the pressure on the top-wall was caused by the
thick boundary layer, which obscured the feature. In
the low Mach number region, the pressure distribu-
tion was mitigated. As the ramp angle increased, the
top wall pressure initiated to become large more up-
stream in the isolator. Because the ramp shock in-
creased with the ramp angle, the angle of the cowl
shock wave increased. However, due to the expansion
fan from the downstream corner of the ramp, the in-
creased pressure levels in the isolator were almost the
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Fig. 5 Effect of inclination on the top-wall pressure distributions.
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Effect of Sides-spillage from Airframe on Scramjet Engine Performance 11

same each other.

Figures 6 (a) - (c) show the pressure distribution
at the throat of the side-wall. In the figures of the no-
ramp model, the top-wall located at y=0 mm, and the
cowl at y=30 mm. No significant change of the pres-
sure distribution was observed near the top-wall by
the inclination of the model, as was the case on the
top-wall. In the no-ramp model, near the cowl, there
was no change of pressure level on the right side-wall,
i.e., the windward side. However, on the left side-wall,
there was a large pressure increase, since the flow on
this side went through the stronger shock waves
twice, while the flow on the other side did so only
once. As the ramp angle increased, the change of the
pressure distribution became smaller. The ratio of the
affected region by the thick boundary layer to the

Top wall Cowl
25
—O— J=0°Left
"§ —&— $=0°Right
a” —&— $=3.0°Left
~x0.020 —A— §=3.0° Right
‘;» O 8=4.5°Left
[a W —M— 8=4.5° Right
N
2 0.015
5o
[72]
n
9}
=
o
= 0.010
=
0.005

0 5 10 15 20 25 30
Distance from top wall, y (mm)

(a) No-ramp model

channel height became large in the ramp models. The
influence of the boundary layer was strengthened by
the spillage of the primary flow by the ramp shock
wave. However, the effect of the strengthened cowl
shock wave by the ramp shock wave did not appear
yet at the throat position.

The pressure distributions at the exit of the isola-
tor are shown in Figs. 7(a) - (c). Near the top-wall or
near the cowl, there was a shift in pressure level due to
the inclination. In the no-ramp model, the shift was
observed both near the top wall and near the cowl.
Near the top-wall, the impinging point of the cowl
shock wave on the top-wall moved upstream with the
inclination and the level shifted with the inclination.
Furthermore, the difference of the pressure between
the right side wall and the left wall increased with the

Top wall Cowl
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Fig. 6 Effect of inclination on the side-wall pressure distributions at the throat of the inlet model.
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Fig. 7 Effect of inclination on the side-wall pressure distributions at the exit of the inlet model.

inclination near the top wall or near the cowl. The
pressure distribution was skewed with the inclination.
Figures 8(a) - (c) show the total pressure distribu-
tions at the exit plane. The right and left side-walls
were at z=7.5 mm and -7.5 mm, respectively. In the fig-
ure, the cross and the circle represent the positions of
the lowest and the highest total pressures, respec-
tively. When there was no inclination, the distribution
was approximately symmetrical. Near the top-wall,
there was a low total-pressure region, which was
caused by the thick boundary layer. The total pres-
sure was high around the center, then decreased near
the cowl. With the inclination, in the no-ramp model,
the area with high total pressure spread on the right
side between the mid and the cowl, and the contour

lines were skewed. In the ramp-models, the symmetry
of the distribution decreased with the inclination, as
well as in the no-ramp model, and the contour lines
became skewed.
Inlet performance

Table 2 lists average Mach numbers, total pres-
sure efficiencies, mass capture ratios, and impulse
functions at the exit of the models. In the table, 'mass
capture ratio with sides-spillage’ and "impulse function
ratio with sides-spillage’ used the flow conditions up-
stream of the supposed expansion listed in Table 1 as
the references. The estimation method of the flow
condition upstream of the expansion was described in

the section "Experimental apparatus.’
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Fig. 8 Effect of inclination on total pressure distributions at the exit of the inlet model.
Table 2 Inlet model performances
Ramp angle of Inclination Averageexit Total pressure Masscapture Masscapture Impulse function Impulse function
inlet model Mach No. efficiency with sides-spillage of inlet with sides-spillage of inlet
0° 0° 274 0.53 0.74 0.74 0.627 0.627
3° 275 0.55 0.59 0.74 0.506 0.624
45° 281 0.58 0.54 0.75 0469 0.640
5.7° 0° 227 037 0.37 0.37 0.278 0278
3° 2.36 0.34 0.30 0.38 0.267 0.295
45° 247 040 0.29 041 0.239 0327
8.6° 0° 2.36 0.32 0.29 0.29 0.233 0233
3° 231 0.30 0.23 0.29 0.186 0.229
45° 237 0.33 0.22 0.31 0.181 0.247

(mass flow rate at the inlet exit)
(mass flow rate upstream of the supposed expansion)

_ Ipzuszz

) J.pOMOdAI

(mass capture ratio with sides - spillage) =

(impulse function at the inlet exit)
(impulse function upstream of the supposed expansion)

_ I(pzuz2 + Pz)dAZ

(impulse function ratio with sides - spillage) =

I(pouoz + Po)dAl
’Mass capture ratio of inlet’ and impulse function ’mass capture ratio of inlet’ and ’impulse function ra-
ratio of inlet’ used flow conditions at the entrance of tio of inlet’ represented the sole performance param-
the inlet model as the references. In other words, eters in the inlet in the inclined flow.
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(mass flow rate at the inlet exit)

(mass capture ratio of -inlet) =

(mass flow rate at the inlt entrance)

_ |p2u2dA2

) IpluldAl

(impulse function at the inlet exit)

(impulse function ratio of inlet) =

(impulse function at the inlt entrance)

With inclination to the airflow, the total pressure
efficiency and the Mach number increased. However,
the changes due to the inclination were small. The
measured total pressure efficiency corresponded to a
Kinetic energy efficiency of 0.95 in the no-ramp model.
‘Mass capture ratio of inlet’ did not change signifi-
cantly by the inclination, i.e., the inclination of the air-
flow to the inlet did not change the inlet spillage sig-
nificantly. ‘Impulse function ratio of inlet’ did not
change significantly by the inclination, either. This
means that the stream thrust function was approxi-
mately the same in each ramp model. Though the air-
flow remained skewed, the average performance of
the inlet did not change significantly due to the inclina-
tion of the incoming airflow.

‘Mass capture ratio with sides-spillage’ decreased
with the inclination. Because the density decreased
significantly through the supposed expansion waves,
the estimated mass flow rate upstream of the expan-
sion waves became larger with inclination as listed in
Table 1. Beside the sides-spillage, the mass flow rate
at the throat of the inlet is reduced by spillage from
the open bottom of the inlet, and this spillage changes
due to the Mach number and the shock wave struc-
ture in the model. In the current experiment, the
change of the entrance Mach number due to the incli-
nation was, at most, 0.3, as listed in Table 1. Accord-
ing to the calculated results using the 2-D shock wave
relations, 15 a shift of the entrance Mach number of
0.3 for Mach 4 would cause the change of the mass
capture ratio by up to 5%. The changes in the mass
capture ratio with expansion listed in Table 2 were
much larger than 5%, indicating that the decrease of
the mass capture ratio was primarily caused by the de-
crease of the density throughout the expansion. ’‘Im-
pulse function ratio with sides-spillage’ also decreased

- I(pzuz2 +P2)dA2

_I(pﬂ"lz +P )dAl

primarily due to the decrease of the mass capture ra-
tio. This means that the spilled impulse function in-
creases due to the sides-spillage upstream of the inlet,
and thus the engine thrust decreases.

In the model with the ramp top-wall, the total pres-
sure and the impulse function are small, because of
the spillage of the primary flow by the ramp shock
wave. The cowl should be extended forward to pre-
vent spillage. The effect of the cowl extension is de-
scribed in Appendix.

Simulation Results and Discussion

The experiments proved that the sides-spillage
decreased the mass flow rate into the inlet signifi-
cantly, but did not affect the aerodynamic perfor-
mance of the inlet significantly. In the simulation, only
the airflow to the engine was reduced by the sides-
spillage. The assumption of the constant Kinetic en-
ergy efficiency of the inlet regardless of the sides-spill-
age was reasonable in the following simulation. The
Kinetic energy efficiency of inlets is nearly constant
with flight Mach number.1® The kinetic energy effi-
ciency of the inlet was set to be 0.98, which was at-
tained by the empirical equation.? Approximately the
same value of the inlet was attained in the tests with
the sub-scale scramjet model. 910 The low efficiency
in the present experiments of 0.95 was due to the thick
boundary layer.

Engine performance

Figure 9 shows the thrust coefficients of the en-
gine models. The coefficient is defined as the ratio of
the total thrust to the product of the flight dynamic
pressure and the projected cross section of the engine
at the entrance. The results with ’side fence” and ’side
ramp’ will be mentioned later. Figure 10 shows the
mass flow rate into the engine, which is non-
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Fig. 9 Effect of the sides-spillage on thrust coefficient.
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Fig. 10 Effect of the sides-spillage on the air mass flow

rate into the scramjet engine.

dimensionalized by the product of the mass flux of
the free stream and the projected cross section of the
engine at the entrance. Figure 11 shows the specific
impulses of the engine models.

The thrust coefficient of the engine with the sides-
spillage was 15% lower than that of the engine with no
spillage. This was caused by the smaller mass flow
rate into the engine, as shown in Fig. 10. There was
only slight difference in the specific impulse between
the models, thus the specific impulse did not contrib-
ute the decrease of the thrust coefficient. The total
enthalpy of the inflow air and the contribution of heat
addition due to combustion were the same in the mod-
els at each flight Mach number, so the specific im-
pulse did not change significantly. The small discrep-
ancy between the trends in thrust coefficients and
mass flow rates was caused by the difference in pres-
sure on the windward airframe surface. Figure 12

25 T T T
sides-spillage
200 | - no spillage |1
)
= 15
=
a 101 1
0
51 _
O T T T
8 9 10 11 12
M.,

Fig. 11 Effect of the sides-spillage on the specific

impulse.

‘ Ml no spillage (I sides—spillage

Forebody /‘ﬁ

Cowl outer
surface

—
Engine o
=1

External
nozzle |

Total

-0.2 0 0.2 0.4 0.6

Fig. 12 Thrust/drag contents of the aerospace plane
at a flight Mach number of 10.

shows the breakdown of thrust/drag at a flight Mach
number of 10. The effect of the sides-spillage slightly
decreased the pressure drag of the aerospace plane.
However, the decline in the engine-produced thrust
was much larger than the decrease in drag on the air-
frame.

To prevent sides-spillage, side-fences and side-
ramps, as shown in Fig. 13, are options. The total
thrust with each option was calculated to clarify its ef-
fectiveness. The fences were attached to the sides of
the airframe from the nose of the airframe to the en-
trance of the engine. No propagation of the expan-
sion waves from the sides of the airframe was as-
sumed. The thickness of the fences and the pressure
drag on them were neglected. The friction drag on the
fences was counted in the total thrust.
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Fig. 13 Schematic diagrams of (a) an aerospace plane with side-fences and (b) a plane with side-ramps.

The side surfaces of the body for the model with
the side-ramps had an angle of 6° from the flight direc-
tion. This angle was chosen to be the same as the
sum of the windward airframe angle and the angle of
attack. With this configuration, the pressure on the
windward surface was expected to be approximately
the same as that on the surface of the side-ramps,
which means that there was no formation of expan-
sion waves to the windward surface from the sides of
the airframe, and no spillage. The effects of the pres-
sure on the leeward side of the airframe and of the for-
mation of the secondary flow on the pressure on the
side-ramps were neglected. The pressure drag on the
ramp surfaces was included in the total thrust.

The resulting engine performances are also
shown in Fig. 9. The friction drag on the fences de-
creased the thrust slightly from that of the model with
no sides-spillage, and the result showed the fences to
be effective for suppression of the decrease in thrust
due to the sides-spillage. When the fences are at-
tached to the airframe, additional secondary flows
may appear, e.g., vortex flow at the corner of the air-
frame and the fences. This may cause engine-starting
problems. By making the gap between the inlet and
the side fence, the vortex flow at the corner will be
evacuated outside the engine. The side-ramps in-
creased pressure drag and the thrust was lower than
that with the sides-spillage. The attachment of the
side-ramps was a negative factor for thrust.

Payload estimation

An additional drag or weight penalty due to em-
ployment of modification devices, e.g., side-fences or
side-ramps, was not included in the flight simulation.

In the present study, the scramjet operated up to a
flight Mach number of 11 in both the sides-spillage
and the no-spillage conditions. When the scramjet
was used up to Mach 11, the payload became maxi-
mum in both conditions. Figure 14 shows the flight
conditions of the sides-spillage case and the no-spill-
age case. Table 3 lists the contents of the mass ratios
of the aerospace plane.

The effect of the sides-spillage was included dur-
ing the scramjet operation in this study. The operat-
ing time was longer with the sides-spillage case be-
cause of the low thrust. In addition, the fuel con-
sumed during the scramjet operation was increased
by 6.5 tons with the sides-spillage. Finally, the payload
for the scramjet vehicle with the sides-spillage was 3.9
tons, while that with no-spillage was 6.9 tons. Hence,

the payload was 43 % lower than that with no-spillage.

600 —r No sides—spillage 129

——Sides-spillage

500 100

80

60

mass (ton)
ot

altitude (km)

40

20

0
0 500 1000 1500
time (sec)

Fig. 14 Flight conditions of the sides-spillage case and
no-spillage case.
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Table 3 Contents of mass ratio in aerospace plane.

Fuel Oxidizer Fuel tank O);ill{zer Airframe Engines Payload
No spillage 0.295 0.451 0.033 0.008 0.111 0.087 0.015
With sides-spillage 0.308 0443 0.035 0.007 0.111 0.087 0.008
Assuming the aerospace plane went into an orbit of to the sides-spillage.

200 km, the payloads of both operations were 2.0 tons
with the sides-spillage and 4.9 tons with no-spillage.
The payload level became smaller at the higher orbit,
and the ratio of the payloads further decreased due to
the sides-spillage. Each part of the aerospace plane
may become heavier than the predicted value. Then
the payload of each mission will become smaller, and
the ratio of the payloads further decreased due to the
sides-spillage.

If light-weight side-fences under 3 tons could be
manufactured, prevention of sides-spillage would be
beneficial. The volume of a side-fence was about 0.3
m3, assuming a thickness of 1 cm. If nickel-alloy
panel-structure with 1 mm average-thickness and ce-
ramic tile are used for the fences, the weights of the
structure and the tile become 530 kg and 100 kg, re-
spectively. The weight of the fences becomes 630 kg,
and the actual weight will be around the present esti-
mation. Attachment of the fences is advantageous.

Concluding remarks

The authors investigated the effects of the sides-
spillage, i.e., the spillage of the airflow by propagation
of expansion waves from the sides of the airframe, on
the performance of the scramjet and the aerospace
plane. The effect on the inlet performances by the
sides-spillage was preliminary investigated in Mach 4
wind tunnel, and the primary features of the sides-
spillage were attained. Then numerical simulations of
the scramjet engine and the flight of the aerospace
plane were conducted. The investigations clarified the
following points.

(1) The inclination of the incoming airflow by the
sides-spillage had only small effect on the aver-
age performance of the inlet models.

(2) The major effect of the sides-spillage was the de-
crease of the mass capture ratio.

(3) The thrust decreased by 15 % due to the sides-
spillage caused by the decrease of the airflow
rate, and the payload also decreased to 60 % due

(4) Side-fences were beneficial to prevent the sides-
spillage. The attachment of the side-ramps was
a negative factor for thrust.
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Appendix

In order to investigate the effect of the cowl exten-
sion on reduction of spillage, the cowl leading edge
was extended 20 mm upstream from the end of the
convergent section in the model of the ramp angle «
=5.7° with no inclination. The model with the ex-
tended cowl is designated as ‘the extended-cowl
model,” whereas the model with no cowl extension

Fig. A-1 Oil flow pattern of the extended-cowl model (ramp model « =5.7° , inclination 6 =0° ).
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Fig. A-2 Effect of the extension of the cowl on the top-wall pressure distribution.

(ramp model @ =5.7° atinclination 6 =0° ).

and the same ramp configuration as ‘normal-cowl
model.’

Figure A-1 shows the oil flow patterns in the cowl-
extended model. There was no pattern of separation
on the ramp surface of the top wall, suggesting that
the inlet was in the start condition.

Figure A-2 shows the pressure distribution on the
top wall. The pressure at the entrance of the ramp
agreed with that of the no-extended-cowl model. The
top wall pressure became larger than that of the nor-
mal cowl model on the ramp surface. There was no
impingement of a shock wave around *=60mm, thus
the inlet was in the partially-start condition.A-D

Though there was no trace of separation on the ramp,

0 05(;I'op wall O—O0—0—~ Cowl
. —0— +20mm cowl Left T ~o

~—y 0.045 —e— +20mm cowl Right
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Fig. A-3 Effect of the extension of the cowl on the side-
wall pressure distributions at the throat of the
model (ramp model @ =5.7° , inclination 6 =
0° ).

the separation region due to the pressure increase in
the isolator probably went around the crossing posi-
tion of the shock waves from the leading edges of the
side walls. The pressure level in the isolator was
higher than those of the normal cowl model.

Figure A-3 shows the pressure distribution at the
throat of the side-wall. In the model, the spillage of
the primary flow was reduced and the influence of the
boundary layer was weakened. On the left side-wall,
there was a large pressure increase, whereas there
was small change of pressure level on the right side-
wall. Figure A-4 shows the pressure distributions at
the exit of the isolator. The uniformity of the pressure
distribution was better than at the throat and than that

Top wall Cowl
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3 W
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[a W
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55 0.020
72
wn
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Fig. A-4 Effect of the extension of the cowl on the side-
wall pressure distributions at the exit of the
model (ramp model « =5.7° , inclination 6 =
0°).

This document is provided by JAXA.



Effect of Sides-spillage from Airframe on Scramjet Engine Performance 21

Table A-1 Extended-cowl model performance

Ramp angle of - Averageexit Total pressure Mass capture Impulse function
Inlet model type inlet model Inclination Mach No. efficiency of inlet of inlet
Extended-cowl model 5.7° 0° 233 047 0.56 0.445
Normal-cowl model 5.7° 0° 227 0.37 0.37 0278

of the normal cowl model.

When the cowl was extended upstream, the sym-
metry of the total pressure distribution was conserved
as shown in Fig. A-5. In comparison with the distribu-
tion of the normal cowl model in Fig. 8(b), the unifor-
mity of the distribution increased, and, for example,
the area with 50% of the total pressure spread to the
mid of the channel. As for the performance, the spill-
age of the primary flow was reduced, and as listed in
Table A-1, the mass capture ratio and other properties
were improved. The variable geometry inlet with the
top-wall moving ramp should be designed in the ex-
tended-cowl configuration.

Reference of Appendix
(A-1) Tani, K., Kanda, T., Tokunaga, T.; Starting Char-
acteristics of Scramjet Inlets, Proceedings of
11th Inetrnational Symposium on Air Breathing
Engines, AIAA, Washington, DC (1993/9)
pp.1071-1080.
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Fig. A-5 Effect of the extension of the cowl on total
pressure distributions at the exit of the
model (ramp model @ =5.7° , inclination 6
=0°).
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