
This document is provided by JAXA.



This document is provided by JAXA.



Effect of Airframe Confi guration on Condition of Airfl ow 
to Engine in Hypersonic Flow*

Takeshi KANDA*1, Kanenori KATO*1, Masatoshi KODERA*1, Kenji KUDO*1,
Atsuo MURAKAMI*1, Muneo IZUMIKAWA*1, and Shu-ichi WATANABE*2

極超音速気流中において機体形状がエンジンに流入する

気流に及ぼす影響について *

苅田丈士 *1、加藤周徳 *1、小寺正敏 *1、工藤賢司 *1、村上淳郎 *1、泉川宗男 *1、渡辺修一 *2

Abstract

   The effect of the airframe configuration on the condition of the airflow to an engine was investigated 

experimentally in a hypersonic fl ow. Three kinds of forebody models of an aerospace plane were tested in the 

1.27-m Mach 9.7 wind tunnel and in the 0.1-m Mach 6.7 pilot-wind tunnel. The leading edge of each model 

had a different width, that is, a pointed confi guration, half of the body width, and the same width as the body. 

Pitot pressure was measured at the location of the engine entrance. The uniformity of the airfl ow to an engine 

was greatest in the model with the longest width at its leading edge. The airfl ow rate to the engine was large 

with large width of the leading edge of the airframe. This feature became signifi cant in an engine with large 

height at the entrance. It was also made clear that the ratio of lift to drag was large in the model with a long 

leading edge, and that the infl uence of the shock wave – laminar boundary layer interaction did not spread 

laterally.

概　要

　極超音速気流中において機体形状がエンジンに流入する気流に及ぼす影響について実験により検討を行なった。3 種

類のスペースプレーンの機体模型を、1.27 ｍマッハ 10 風洞と 0.1 ｍマッハ 6.7 風洞で実験した。3種の機体模型の前縁

幅を点状、機体の半分、そして機体と同じ幅とした。ピトー圧をエンジン入口位置で測定した。機体前縁幅が最大の模

型で、エンジンに流入する気流の一様性は最大となった。エンジンに流入する気流流量も、機体前縁幅が最大の模型で

最大となった。この流量特性はエンジン高さが高いほど顕著となった。揚力抗力比は機体前縁幅が長い模型で大きくな

ること、層流境界層と衝撃波との干渉の影響は流れを横断する方向へは広がらないことも明らかとなった。
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I. Introduction
Aerospace planes for a future transportation 

system to a low earth orbit are now under 
investigation. The scramjet engine and the 
combined cycle engine have been studied for Two-
Stage-to-Orbit (TSTO) or Single-Stage-to-Orbit 
(SSTO) planes.1,2 Figure 1 shows a schematic of an 
aerospace plane, the fi rst stage of TSTO or SSTO. 
During flight in the supersonic and hypersonic 
regions, the windward surface of the vehicle pre-
compresses air into the engine. The engine thrust is 
approximately proportional to the mass fl ow rate of 
the captured air. 

Many kinds of airframe configurations 
of the aerospace plane have been reported.3-5 
Aerodynamic characteristics of the airframe have 
been investigated and the airflow into the engine 
has been examined.6-9 However, the effect of the 
airframe configuration from the point of view of 
engine performance was not discussed. 
 The authors have previously shown the effect 
of the engine integration into the airframe on 
the engine performance10 and the effect of the 
sides-spillage from the windward surface of the 
airframe on engine performance.11 In the present 
study, another effect of the airframe on engine 
performance was examined, that is, the effect of 
the airframe configuration on the condition of 
airfl ow to an engine. The airframe confi guration is 
related to aerodynamic stability and controllability. 
Herein, the focus is on the effect of the airframe on 
the engine performance. This effect was examined 

preliminary with inviscid CFD simulation.12 In 
the present study, the effect was investigated 
with experiments conducted in hypersonic wind 
tunnels. Three typical airframe configurations 
were examined, that is, a pointed body shape, a 
rectangular shape, and a mixed shape. The airframe 
of the aerospace plane, as well as its wings, is an 
aerodynamic component. Herein, lift and drag of 
the three bodies by wall pressure integration are 
also presented. 

Around the sides of the airframe with a swept-
back side surface, as shown in Fig. 1, air fl ows into 
the engine through the side edge and the boundary 
layer grows a short distance from the edge to the 
engine. In the swept-back wings, the transition 
appears along the leading edge.13 Transition of 
the boundary layer to a state of turbulence hardly 
spreads laterally. In an aerospace plane with swept-
back sides, the boundary layer flows into the 
engine in the laminar condition.14 The infl ow of the 
laminar boundary layer easily induces separation 
due to interaction with the shock wave. In the 
present study, spread of a region affected by the 
shock wave - laminar boundary layer interaction 
was also examined. 

II. Test Facility
 Tests were conducted at the 1.27-m hypersonic 
wind tunnel (HWT) of the Wind Tunnel Technology 
Center and at the 0.1-m pilot wind tunnel 
(PWT) of the Combined Propulsion Research 
Group, Institute of Aerospace Technology, Japan 
Aerospace Exploration Agency (JAXA). Mach 
numbers of the wind tunnels were 9.7 of HWT and 
6.7 of PWT. The total pressure, total temperature 
and exit diameter of HWT were 6.0 MPa, 1040 K 
and 1.27 m, respectively. The wall pressure at the 
exit of the facility nozzle was 1.69×102 Pa. The 
Reynolds number was 3.6 × 106 m-1. The facility 
nozzle of PWT had a square cross section. The 
total pressure, the total temperature of the standard 
operating condition and the exit height of PWT 
were 6.0 MPa, 700 K, and 100 mm, respectively. 
The Reynolds number was 3.5×107 m-1. 

Fig. 1 Schematic of an aerospace plane.
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III. Airframe Model Confi guration
Test models and measurement of Mach 9.7 tests
 Figure 2 shows the experimental models of the 
forward part of the aerospace plane airframe, from 
the leading edge to the engine entrance, used at the 
Mach 9.7 tests. Pitot pressure rakes were positioned 
at the engine entrance position. According to the 
conceptual study,2 the plane will need an engine 
with such an entrance area to accelerate in the 
hypersonic fl ight regime. Under this confi guration, 
the shock wave from the leading edge was designed 
to pass below the inlet at a fl ight Mach number of 
12. The shock wave from the leading edge passes 
from a position of 2.2 m at the engine entrance in 
Fig. 1 at an angle of attack of 4 deg, that is, at a 
defl ection angle of 8 deg from the airfl ow direction. 
In the experiments, the angle of attack, 0, 2, and 4 
deg, was one parameter. Thus, the angles between 
the airfl ow and the windward surface of the models 
were 4, 6, and 8 deg, respectively. The thickness 
of the leading edge was 0.2 mm. The models were 
made of stainless steel. 

The width of the leading edge of the models 
was another parameter. In model A, this width was 
the same as the width at the position where engine 
modules are to be attached. Model B had a leading 
edge of approximately half the width of the body. 
Model C had an approximately pointed airframe 
nose. The side surface of model C had a larger 
angle to the airflow than the windward surface. 
In the models, the imaginary engine entrance was 
located at 670 mm from the leading edge of the 
airframe on the windward surface. 

The height of imaginary engine modules was 
40 mm in the present models, and was expressed as 
H0. According to the two-dimensional shock wave 
relations, the shock wave from the leading edge 
was planned to pass 57 mm from the model surface 
at the angle of attack of 0 deg, and 53 mm at the 
angle of 4 deg. Pitot pressure was measured with 
Rake A and Rake B shown in Fig. 2 in the vertical 
direction at every 2.5 mm from the model surface 
to 20 mm and from 50 mm to 60 mm. Between 20 
and 50 mm, the positions were every 5 mm. The 
measurement positions were 9 lateral positions 

Fig. 2 Aerospace plane models and pitot rakes for Mach 9.7 tests. The shaded area denotes 
coating for roughness to change the boundary layer from laminar to turbulent.
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from the center plane: 0 mm, -9 mm, -18 mm, -60 
mm, -69 mm, -78 mm, -120 mm, -129 mm, and 
-138 mm. The pitot tubes were made of Inconel, 
their outer and inner diameters being 1 mm and 
0.7 mm, respectively. The accuracy of the pitot 
pressure was 1.5 kPa. 

Wall pressure of the airframe model was 
measured at the positions shown in Fig. 2 as 
intersections. On the leeward surface, wall pressure 
was measured at the same positions as on the 
windward surface. The positions were 30 on each 
surface and 5 on the side surface in model A. 20 on 
each surface and 5 on the side in mode B, and 16 
on each surface and 5 on the side in model C. The 
accuracy of the wall pressure was 0.3 × 102 Pa, and 
the accuracy non-dimensionalized with the facility 
nozzle exit pressure was 0.18. 
 The Reynolds number in the actual flight 
will be 6.4×107 under the conditions of the 
reference length of 30 m from the leading edge 
to the engine and the flight dynamic pressure 
of 50 kPa. In the present tests, the Reynolds 
number was 2.4×106, being lower than the actual 
value. The models were coated with aluminum 
particles 500 to 600 μm in diameter for roughness 

between 20 mm and 50 mm from the leading edges 
of the models for transition of the boundary layer 
from laminar to turbulent. The coated areas are 
shaded in Fig. 2. 

Test models and measurement of Mach 6.7 tests
 Due to the smaller size of the wind tunnel, the 
models used in PWT shown in Fig. 3 were smaller 
but the same confi guration as the models in Fig. 2. 
The models, the pitot rakes and the pitot tubes were 
made of stainless steel. The thickness of the leading 
edge of the models was 0.1 mm. In the Mach 6.7 
tests, the model was fixed at the configuration of 
the angle of attack of 4 deg. 

H0 was 8 mm in the Mach 6.7 tests, with 
the same proportion of the engine height to the 
airframe length. In Mach 6.7 flow, a shock wave 
calculated with the two-dimensional shock wave 
relation passed at 16 mm from the model surface, 
that is, 2H0 in non-dimensionalized form. The 
positions of the pitot rakes were z = 0 mm, -12 
mm, and -24 mm, respectively, from the center 
plane. The positions of the probes were 2 mm, 5 
mm, 8 mm, 11 mm, 14 mm, 17 and 20 mm from 
the model surface. The outer diameter and the inner 

Fig. 3 Aerospace plane models and pitot rakes for Mach 6.7 tests. There was no wall 
pressure port on the leeward surface. 
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diameter of the tube were 0.6 mm and 0.3 mm, 
respectively. The accuracies of the wall pressure 
and the pitot pressure were 0.1 kPa, and the 
accuracy non-dimensionalized with the nozzle 
exit pressure was 0.06. The wall pressure of the 
leeward surface of the model was not measured. 
The wall pressure was measured at 24 positions 
on the windward surface and 5 positions on the 
side surface in model A. 20 on the windward 
surface and 5 on the side in model B, and 15 on 
the windward surface and 5 on the side in model 
C. The boundary layer was turbulent due to the 
large Reynolds number of PWT, and no coating for 
roughness was applied. 

IV. Results and Discussion
Schlieren photo
 Figure 4 shows schlieren photos of (a) model 
A and (b) model B at the angle of attack of 4 deg 
in the Mach 9.7 airflow of HWT. In Fig. 4(a), 
midway from the leading edge to the pitot rake, the 
boundary layer became thick. Transition from the 
laminar to the turbulent boundary layer took place 
here. According to other photos, the boundary 

layer transition was attained only at the 4 deg angle 
of attack with roughness, and no transition was 
attained at the other angles even with roughness. 
In both model B and model C, the transition also 
took place only at the 4 deg angle of attack with 
roughness. Fig. 4 (b) shows a picture of model B 
with no roughness. No transition took place. 
 Though the pitot probe had been designed to 
be higher than the shock wave from the leading 
edge, the shock wave from the model leading edge 
passed around the edge of the pitot rake, being far 
from the position calculated with the shock wave 
relation. This was caused by rapid growth of the 
boundary layer around the leading edge. 

Pitot pressure distribution and shock wave 
location
(a) Mach 9.7 tests
 Figure 5 shows pitot pressure distributions on 
the center plane (z/w = 0) and near the edge of the 
airframe (z/w = -0.8) at the angle of attack of 4 
deg in the Mach 9.7 fl ow. w is the half width of the 
airframe body. The height of the probes from the 
model surface is non-dimensionalized by H0. As 

Fig. 4 Schlieren picture of airfl ow around a model at Mach 9.7 with angle of attack of 4 deg. (a) 
Roughness coated on model A. The boundary layer thickened midway between the leading 
edge and the pitot rake, indicating change from the laminar to the turbulent boundary 
layer. (b) No roughness coated on model B. 

(a) 

(b)
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mentioned in the previous section, the shock wave 
from the model leading edge passed far from the 
model surface, and the highest tube was lower 
than the edge of the shock wave in the test using 
model A. The shock wave passed near the surface 
in model C. The shock wave was even closer to the 
surface at the edge of the airframe (z/w = -0.8). 

The pitot pressure calculated with the shock 
wave relations is 330 behind the shock wave 
from the leading edge of the model in non-
dimensionalized form, and 120 prior to the shock 
wave. The pitot pressures of the inviscid fl ow part 
of model A agreed with these pressures on the 
center plane, and the measured pressures were 
lower at z/w = -0.8. 

In models B and C, the pitot pressures of the 
inviscid fl ow part were lower than those of model 
A on the center plane. On the other hand, the 
pressures of models B and C on the center plane 
were almost the same as those at z/w = -0.8. In 
these two models, the pressure on the side surface 
was similar to or higher than that on the windward 
surface due to the large deflection angle of the 
side surface. The influence of expansion fans 
from the corners on spillages from the windward 
surface to the sides was suppressed. This resulted 
in suppression of an increase of the Mach number, 
and the pitot pressures at z/w = -0.8 became high. 

In models B and C, the heights of the boundary 
layer were almost the same as the height in model 
A on the center plane, but were smaller than that 
in model A at z/w = -0.8. In models B and C, the 
length from the side leading edge to the engine 
entrance was short at z/w = -0.8, and the boundary 
layers were thin. At z/w = -0.8, the boundary layer 
might be laminar in the models B and C, and the 
shock wave from the pitot probe tube might induce 
separation of the boundary layer. According to the 
pitot pressure distributions, signifi cant changes of 
the airflow field were not induced as shown later 
even though there might be interaction between the 
shock wave and the boundary layer. 
 Figure 6 shows the location of the shock waves 
judged from the change of the pitot pressure. In the 
fi gure, H1 is 1.25 times and H2 is 1.5 times as high 
as H0, respectively. H1 is 50 mm and H2 is 60 mm 
from the model surface. As the width of the leading 
edge of the airframe became short, the shock wave 
passed near the model surface, especially around 
the sides of the airframe models. The distributions 
showed that the large width of the leading edge was 
favorable for pre-compression. The uniformity of 
airfl ow fl owing to an engine was largest in model A 
with the greatest leading edge width. 
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Fig. 5 Pitot pressure distributions at the angle of attack of 4 deg in Mach 9.7 fl ow.

(a) z/W = 0. (b) z/W = -0.8.
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(b) Mach 6.7 tests
 Figure 7 shows pitot pressure distributions in 
the Mach 6.7 fl ow on the center plane (z/w = 0) and 
near the edge of the airframe (z/w = -0.8). In the 
Mach 6.7 condition, calculated pitot pressures are 
120 behind the shock wave from the leading edge, 
and 58 prior to the shock. 

In models A and B, the boundary layer was not 
thick and could not be measured by the probes. 
On the center plane of model C, there was a low 
pitot pressure region on the wall. This indicates 
the possibility of a secondary flow from the side 
surface to the windward surface. In model C, the 

non-dimensionalized pressure was 3.6 on the sides 
and higher than the pressure on the windward 
surface of 2.9. This higher pressure probably 
induced a secondary vortex fl ow on the windward 
surface. 
 On the center plane, the level of the pitot 
pressure downstream of the shock wave was lower 
in model B than model A, as was also the case 
in the Mach 9.7 flow. The level of model C was 
further lower than that of model B. At z/w = -0.8, 
there was no difference in the pitot pressure behind 

(a) Attack angle was 0 deg.

(b) Attack angle was 2 deg.

(c) Attack angle was 4 deg.

Fig. 6 Locations of shock wave from leading 
edge in Mach 9.7 fl ow, based on pitot 
pressure measurement.
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(a) z/W = 0.

(b) z/W = -0.8. 

Fig. 7 Pitot pressure distributions at the angle of 
attack of 4 deg in Mach 6.7 fl ow. 
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the shock wave in the core fl ow, and the pressure of 
model C at z/w = -0.8 was almost the same as that 
on the center plane. 
 Figure 8 shows the location of the shock waves. 
The shock waves were located farther from the 
wall than the waves in the Mach 9.7 fl ow. Among 
the shock waves in the Mach 6.7 fl ow, the wave of 
model C was located nearest the wall, as was also 
the case in the Mach 9.7 fl ow. Between models A 
and B, there was no significant difference in the 
shock wave location. 

Airfl ow rates
 Rates of airfl ow to the engine were calculated 
with the pitot pressure measured at the imaginary 
model position. The wall pressure was used 
in place of static pressure. Figures 9 (a) to (c) 
show the rates of airflow of the three airframe 
models in the Mach 9.7 fl ow. The rates were non-
dimensionalized with mass fl ux of the core fl ow of 
the wind tunnel (ρu∞) and the projected area at the 
imaginary engine entrance (A,eg). For example, the 
airfl ow rate measured in the area with the height of 
H2 is non-dimensionalized with the height of H2. 

The impulse function, I, is expressed as below. 
  (1)

m  is mass flow rate, u is velocity, P is static 
pressure and A is cross section. In the hypersonic 
regime, momentum makes a larger contribution to 
the impulse function than pressure. The velocity 
does not change greatly in the region of a weak 

shock wave. Therefore, the non-dimensionalized 
impulse function into the engine is almost 
proportional to the non-dimensionalized mass fl ow 
rate. Thus, the fi gures of the impulse function are 

Fig. 8 Locations of shock wave from leading 
edge in Mach 6.7 fl ow, based on pitot 
pressure measurement. 

(a) Angle of attack was 0 deg.

(b) Angle of attack was 2 deg. 

(c) Angle of attack was 4 deg. 

Fig. 9 Rate of airfl ow into the engine in Mach 
9.7 fl ow. 
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9Effect of Airframe Confi guration on Condition of Airfl ow to Engine in Hypersonic Flow

not shown here. 
 At the 0 deg angle of attack, there was no 
significant difference or change in the non- 
dimensionalized airflow rate between the models 
nor between the heights of the engine. As shown in 
Fig. 6, the shock waves were located far from the 
model surface in the three models, so no signifi cant 
difference appeared. 

As the height of the engine increases from H0 
to H2, the ratio of the boundary layer decreases, 
whereas the ratio of the airflow rate without pre-
compression increases. The decrease of the non-
dimensionalized flow rate with the increase of 
the engine height was signifi cant in models B and 
C at the 4 deg angle of attack. In the models, the 
shock waves passed closer to the model surface 
than in model A as shown in Fig. 6(c), and the ratio 
of the non-pre-compressed airflow rate increased 
with the increase of the engine height. This 
infl uenced greater than the decrease of the ratio of 
the boundary layer on the rate of airflow into an 
engine. The rate was large in the model with a long 
leading edge. 
 Figure 10 shows the non-dimensionalized rate 
of airfl ow to an engine in the three airframe models 
in the Mach 6.7 fl ow. The fl ow rates were smaller 
than those in the Mach 9.7 fl ow, though the shock 
waves passed far from the model surface. This was 
caused by a lower pre-compression in the Mach 6.7 
fl ow. The airfl ow rate was lower in model C than 
in models A and B, i.e., the airflow rate became 
small as the length of the leading edge became 

short, as was the case in the Mach 9.7 fl ow. 
 From the results in the Mach 9.7 fl ow and the 
Mach 6.7 flow, the configuration with a longer 
leading edge such as in model A was preferable for 
the mass flow rate to an engine. When an engine 
is large such as those whose height is H2, the 
difference in the mass capture becomes clearer. 
Even when an engine is small such as those whose 
height is H0, the difference is still clear for a lower 
Mach number, as shown by the result of the Mach 
6.7 fl ow condition.

Pressure distribution on windward and leeward 
surfaces
(a) Mach 9.7 tests
 Figures 11 to 13 show isobars on the windward 
surface and Figures 14 to 16 show those on the 

Fig. 10 Rate of airfl ow into the engine in Mach 
6.7 fl ow.

(a) Model A.

(b) Model B.

(c) Model C. 

Fig. 11 Isobars on windward surface at angle of 
attack of 4 deg in Mach 9.7 fl ow.
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leeward surface of the models in the Mach 9.7 
fl ow. At the angle of attack of 0 deg, the defl ection 
angle of the windward surface is the same as that 
of the leeward surface. 
 On the windward surface, spreading of 
expansion waves was clear in the isobars of model 
A. However, the pressure level was still high in 
model A, which had the largest two-dimensionality 
of the three models at the imaginary engine 
entrance position. In the model B, pressure was 
approximately uniform at all the angles of attack. 
In the model C, pressure near the side leading 
edges was higher than that on the center due to the 
large defl ection angle of the sides of model C. 

On the leeward surface at  the angle of 

attack of 4 deg, the pressure distributions were 
approximately uniform due to no defl ection angle 
of the surface from the airfl ow direction.

(b) Mach 6.7 tests
In the Mach 6.7 tests, wall pressure was 

measured only on the windward surface at the 
angle of attack of 4 deg. Spreading of expansion 
waves was clear in the isobars and the pressure 
level was high in model A, as was the case in 
the Mach 9.7 flow. In model C, no large pressure 
distribution was measured, differing from the 
distribution in the Mach 9.7 tests. 

(a) Model A.

(b) Model B.

(c) Model C. 

Fig. 12 Isobars on windward surface at angle of 
attack of 2 deg in Mach 9.7 fl ow. 

(a) Model A.

(b) Model B.

(c) Model C. 

Fig. 13 Isobars on windward surface at angle of 
attack of 0 deg in Mach 9.7 fl ow. 
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Pressure drag and lift of the models
By integrating the wall pressure on the model 

surface, approximate pressure drag and lift of 
the models could be estimated. This included the 
force on the windward and leeward surfaces of 
the model from the leading edge to the entrance of 
the imaginary engine position, but did not include 
the drag/force on the support section and the base 
area. Figure 18 shows pressure drags, and Fig. 19 
shows ratios of lift to drag, L/D, in the Mach 9.7 
flow. The drag was non-dimensionalized with the 
cross section of the airframe model at the engine 
entrance position, (A,cross), and the dynamic 
pressure of the infl ow air (q∞). The accuracy of the 
non-dimensionalized drag was 0.003. The slight L/

D at the angle of attack of 0 deg was due the errors 
of the wall pressure measurement and the model 
confi gurations. L/D of model A with a rectangular 
projected area was similar to a previous result.15 
 The pressure on the side surface remained 
approximately constant at all three angles of attack. 
In model B, the pressure on the side surface was 
3. At the 0 deg angle of attack, the pressure on the 
windward surface was 2.4, and the pressure on the 
side surface was higher than the pressure on the 
windward surface. Therefore, the drag of model B 
was slightly larger than that of model A. At the 4 
deg angle of attack, the pressure on the windward 
surface was 4.7 and the pressure on the side was 
lower than the pressure on the windward surface. 

(a) Model A.

(b) Model B.

(c) Model C. 

Fig. 14 Isobars on leeward surface at angle of 
attack of 4 deg in Mach 9.7 fl ow. 

(a) Model A.

(b) Model B.

(c) Model C. 

Fig. 15 Isobars on leeward surface at angle of 
attack of 2 deg in Mach 9.7 fl ow.
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(a) Model A.

(b) Model B.

(c) Model C. 

Fig. 16 Isobars on leeward surface at angle of 
attack of 0 deg in Mach 9.7 fl ow. 

(a) Model A.

(b) Model B.

(c) Model C. 

Fig. 17 Isobars on windward surface at angle of 
attack of 4 deg in Mach 6.7 fl ow.

Fig. 18 Non-dimensionalized pressure drag in 
Mach 9.7 fl ow.

Fig. 19 L/D in Mach 9.7 fl ow.
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Therefore, the drag of model B became smaller 
than that of model A. In model C, the side surface 
had a larger angle to the airfl ow than the windward 
surface, and the pressure on the sides, which was 
7, was higher than the pressure on the windward 
surface at all three angles of attack. Therefore, the 
drag of model C was largest in the models. 
 L/D’s were higher in models A and B than in 
model C. The lift of model A was approximately 
1.5 times as high as that of model B. The lift of 
model B was also approximately 1.5 times as high 
as that of model C. In model C, as shown in Fig. 
18, the drag was larger than those of the other two 
models. The difference in the L/D’s was caused by 
these differences in lift and drag. 
 Figure 20 shows pressure drags, and Figure 21 
shows L/D’s in the Mach 6.7 fl ow. The pressure on 
the leeward surface was presumed to be the same 

as that of the inflow air due to the fact that the 
defl ection angle of the leeward surface was 0 deg. 
The accuracy of the non-dimensionalized drag was 
0.002. 

In contrast to the result in the Mach 9.7 flow, 
the drag of model C was not larger than those of 
the other two models. This was due to the fact 
that the pressure level on the windward surface 
was lower in model C than in models A and B, 
as shown in Fig. 17, though the pressure level on 
sides was higher. However, L/D decreased with 
the decrease of the width of the leading edge. The 
difference of lift was larger than that of drag. The 
L/D’s of the models resembled those in the Mach 
9.7 fl ow, respectively. 

Lateral spread of shock wave -  laminar 
boundary layer interaction
 The spread of the shock wave - laminar 
boundary layer interaction was investigated with 
the change of wall pressure measured at the 
imaginary engine entrance position caused by 
the pitot rakes or their tubes in Mach 9.7 flow. 
The pitot rake A’s were attached at z/w = 0, -0.4, 
and -0.8. The pitot tube of the rake closest to the 
wall was located at y = 5 mm. The rakes or the 
tubes would induce the interaction between the 
shock wave and the boundary layer. On half of 
the airframe, there was no pitot rake. The angle of 
attack was 4 deg. With roughness, the boundary 
layer was turbulent at the engine entrance at this 
angle and was laminar with no roughness. The 
accuracy of the non- dimensionalized pressure was 
0.18. 
 Figures 22 (a) to (c) show the wall pressure 
distributions with or without roughness. In model 
A, the pressure on the sides was lower than that on 
the windward surface, and the pressure became low 
toward the sides on the windward surface due to 
the expansion fan. In model C, the pressure on the 
sides was higher than that on the windward surface, 
so the pressure became high toward the sides. 

Pressure distribution was asymmetrical with no 
roughness condition in the models. The influence 
of the pitot rakes did not spread to the region 
without a rake. In model C, the pressure at z/w = 
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Fig. 20 Pressure drag in Mach 6.7 fl ow.

Fig. 21 L/D in Mach 6.7 fl ow.

This document is provided by JAXA.



JAXA Research and Development Report  JAXA-RR-07-007E14

-0.8 became low and the pressure distribution also 
became asymmetrical. The change appeared only 
at z/w = -0.8 and did not spread laterally. 

Under the infl ow of the laminar boundary layer, 
the interaction between the shock wave and the 
boundary layer appeared by the pitot rakes located 
downstream. The infl ow boundary layer should be 
turbulent, and the airframe with side leading edges 
should have devices for boundary transition.16 

V. Conclusions
 The effect of the airframe confi guration on the 
condition of airfl ow to the engine was investigated 
with three kinds of forebody models in Mach 9.7 
and Mach 6.7 flows experimentally. The present 
study clarifi ed the following points. 
 (1) The uniformity of airflow to an engine was 
greatest in model A with the longest width at its 
leading edge. 
 (2) The airfl ow rate to the engine was large with 
large width of the leading edge of the airframe. 
This feature became significant in an engine with 
large height at the entrance. 
 (3) The ratio of lift to drag was large in the model 
with a long leading edge. 
 (4) The influence of the shock wave - laminar 
boundary layer interaction did not spread laterally. 
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