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Aerodynamic Performance of Scramjet
Inlet Models with a Single Strut

Kouichiro Tani,∗ Takeshi Kanda,† and Kenji Kudou‡

Japan Aerospace Exploration Agency, Kakuda, Miyagi 981-1525, Japan

A series of three-dimensional sidewall compression-type scramjet inlet models with single struts were tested in
a Mach 4 wind tunnel to investigate the influence of a strut between the sidewalls. With the sidewalls having a
fixed shape, five struts of the same width but different lengths and wedge angles were mounted, so that the effect
of each model could be compared with the same geometrical contraction ratio. The aerodynamic performances
of inlets were determined based on the total pressure efficiency and the mass capture ratio at the geometrical
throat. Also, flow visualizations were carried out to examine the flow structure, especially around the strut. Some
of the results were compared with previously examined nonstrut models. The additional shock waves generated
by the strut created a large separation on the sidewalls and the strut wall, resulting in the reduction of the total
pressure efficiency and the capture ratio. Due to this separation, the shock wave was observed to be oscillatory.
Measurement of fluctuating wall pressure was also carried out, which revealed that, in some regions, the pressure
signals were asynchronous on the left and right sides of the strut. It seems that a small difference of the separation
bubble structure on each sidewall initiated a cascade effect of pressure imbalance around the struts.

Nomenclature
CR = contraction ratio
H = height
L = length
M = Mach number
P = pressure
W = width
X = axial direction
Y = vertical direction
Z = horizontal direction
α = sweep angle
β = bias angle
γ = ratio of specific heats (=1.4)
η = efficiency
σ = standard deviation

Subscripts

cw = cowl
in = inlet entrance
p = pressure
s = static condition
st = strut
t = stagnation condition
th = inlet geometrical throat
w = sidewall
0 = free stream

I. Introduction

I N the future, when the environment and resources in space will
be essential to sustain ever-growing human activities, reusable
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launch vehicles will play a pivotal role in space development. For a
manned transporter to earth orbit, horizontal takeoff is much more
comfortable and enhances the possibility of commercial flight. Ve-
hicles for such purposes require efficient and moderate acceleration
to hypersonic speed in the earth’s atmosphere, and thus the concept
of a hypersonic airbreathing engine has been introduced. Its well-
known benefit is that the vehicle need not carry a heavy oxidizer, in
contrast to present-day rockets, because it “breathes” the air and uses
it to burn hydrogen. Among the various types of such air-breathing
engines, the scramjet engine seems to be the most promising in the
hypersonic flight range. In Japan, both experimental and computa-
tional analysis of scramjet components has been performed in the
National Aerospace Laboratory (now a part of the Japan Aerospace
Exploration Agency) for several years,1−10 including sub scale en-
gine tests in the Ramjet Test Facility since 1994.11−13 To realize
a practical engine, however, many problems remain to be solved,
one of which is the efficient and stable compression of hypersonic
incoming air. In principle, a scramjet engine utilizes shock waves,
which cannot be avoided in the supersonic flow field, to compress
the air sufficiently for combustion. One engine configuration, origi-
nally proposed by NASA Langley Research Center,14 is a “sidewall
compression-type” inlet. Its principal advantages are that the ge-
ometry is quite simple and that a spilled flow (spillage) due to an
open bottom enables the engine to operate in a rather lower range
of Mach number without any geometrical modifications. This type
of inlet has been investigated in several countries.15−17 Some stud-
ies have focused on low-Mach-number regions around Mach 4 to
certify its starting capabilities and aerodynamic performance.18 The
results showed reasonable aerodynamic performance as a hyper-
sonic diffuser.

From a practical point of view, a strut or several struts located
between the sidewalls are thought to be required for efficient mixing
of the fuel with the airstream. Furthermore, at higher flight speed,
additional compression is achieved by the strut. On the other hand,
it is apparent that such an obstacle in the main stream would cause
loss of total pressure and introduce another complexity into the
flowfield. However, its effects on the flow structure have not been
further explored. To the authors’ knowledge, there have been some
attempts to evaluate strut effects quantitatively.19

To investigate the effect of the strut on a flow field, a single
strut was added to a previously tested nonstrut inlet model.1,2 Each
strut had the same thickness, whereas the length from the leading
edge to geometrical throat was varied. The cowl length, from its
leading edge to the geometrical throat, was the other parameter of
the experiments, and four different geometries were examined. The
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aerodynamic losses and pressure distributions were measured and
compared with those of nonstrut models. Also, visualization by the
schlieren method was carried out. These observations revealed the
existence of shock wave–boundary layer interaction near the throat
region.

Because the flow is divided by the strut, there is a good chance that
the flow on the left and that on the right side of the strut have different
physical properties. This would lead to an asymmetric flow structure,
such as boundary layer separation, and enhance the asymmetry in
both a steady and an unsteady manner. Thus, the constant load on
the strut due to the asymmetric pressure field must be considered in
actual design.

In addition to the flow visualization, the unsteady pressure at sym-
metric locations on the left and right sides of the strut was measured
with flash-mounted sensors. The ensemble average and standard de-
viation of the pressure signals were evaluated on both sides of the
strut and the differences were examined. Also, the correlation of
the signals measured at the symmetric locations was evaluated to
clarify the asymmetric motion of the unsteady flowfield.

II. Experimental Apparatus and Models
A. Wind Tunnel and Measurement Devices

All experiments were conducted in a Mach 4 blowdown-type
wind tunnel2 with a 100 by 110-mm rectangular test section, as
shown in Fig. 1. The freestream Mach number was 4.06 ± 0.005.
The total pressure, Pt0, was about 1.66 MPa for the steady measure-
ments and 2.16 MPa for the unsteady measurements. The variance of
the total pressure during an experiment was within 50 kPa. The total
temperature was room temperature. The duration of the blowdown
was about 30 s, and pressure at up to 14 ports on the sidewall and strut
wall was measured by a multiplex scanning device (Scanivalve®)
with a 50-psi (350-kPa)-range pressure transducer. The pitot pres-
sures at the throat section were also measured with Scanivalve with
a 100-psi (700-kPa) transducer. Each port was scanned at 0.5-s in-
tervals and about 10 samples were recorded. For the fluctuating
pressure measurements, small transducers (Kulite® XCQ062 series)
were flush-mounted on the top wall of the model. This transducer
has a diameter of 1/16 in. (1.6 mm) and its maximum range was
50/100 psi (350/700 kPa). Because of the perforated screen that
protects the diaphragm from dust particles, the bandwidth of these
transducers is about 50 kHz. Because the protrusion of the sensor
into the stream causes an increase of fluctuating signals, the flush-
ness of the transducers was carefully checked by visual inspection
and a “razor edge” detection method, the edge of a razor being slid
across the surface of the wall to detect any “bumps” due to the
protrusion of the transducer. The signals were digitized in 12 bits
and recorded by a wave analyzer (Yokogawa® AR4400). Actual
data processing was carried out using a Linux-base personal com-
puter after the data were transferred from the analyzer via a GP-IB
connection. Prior to the experiments, the measurement system was
calibrated, and its end-to-end uncertainty was confirmed to be less
than 0.5%.

The wall boundary layer of the wind tunnel was measured with a
pitot rake. Its 99%-velocity thickness was about 10 mm at the inlet

Fig. 1 Wind tunnel.

entrance. The unit Reynolds number was 7 × 107 m−1. Considering
the velocity profile and Reynolds number, the incoming flow and
the boundary layer were fully turbulent.

Both sides of the test section hold PyrexTM glass windows so that
optical visualizations such as the schlieren method could be carried
out.

B. Inlet Models
Figure 2 is an illustration of a typical inlet model. It consisted

of a pair of sidewalls, a single strut, and a cowl. The leading edges
of both the sidewalls and the strut had the same sweep angle, α, of
45 deg. The models were attached directly to the top or side surface
of the wind tunnel; thus, the inlet swallowed the boundary layer that
developed on the tunnel wall. Because the shock wave inside the inlet
initially emanated from the leading edge of the sidewall, in a two-
dimensional sense, it was assumed that all the consequent shock
wave planes were parallel to the leading edge. Thus, the density
jump due to the shock waves could be perceived most sensitively
by observation inside the inlet parallel to the leading edge with the
schlieren method. The models were placed on the glass side surface
of the wind tunnel, and the light path was set parallel to the leading
edge of the inlet sidewall, as shown in Fig. 1 (Location B). The
height of the models, H , was 35 mm, about three times as high as
the incoming boundary layer thickness. The entrance area, H × Win,
and the distance between the leading edge and the throat (110 mm)
were the same as those of the previously tested nonstrut models.1,2

The shape of the sidewall and the thickness of the strut were fixed,
resulting in a fixed geometrical contraction ratio (CR) of 5. The
leading edge angle of the sidewall was 4.8 deg, resulting in a CR of
3 without the strut. The experimental parameters were the strut and
cowl length between their leading edges and the model’s geometrical
throat. By varying the length of the strut (denoted as L st in Fig. 3),
the tip angle of the leading edge changed, as illustrated in Fig. 3. As
for the cowl, the tip angle was constant whereas Lcw was variable,
also as shown in Fig. 3. Five struts and four cowls were prepared,
a total of 20 different combinations. See Table 1 for a summary of
the parameters. Struts and cowls were designated using L st and Lcw

values, such as “STRUT-10” or “COWL-0” (numbers are in mm;
see Fig. 3). Seven pressure holes were tapped on both the sidewall
and the strut wall along the line located 1 mm upstream of the throat
line. Pitot pressures over the throat area were measured at the same

Fig. 2 Schematic view of model.

Fig. 3 Strut/cowl configuration.
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Table 1 Geometrical parameters

Name STRUT-10 STRUT-15 STRUT-20 STRUT-25 STRUT-30

Lst 10 mm 15 mm 20 mm 25 mm 30 mm
Tip angle 21.5 deg 14.4 deg 10.9 deg 8.7 deg 7.2 deg

Name COWL-0 COWL-10 COWL-15 COWL-20

Lcw 0 mm 10 mm 15 mm 20 mm
Tip angle 10 deg (fixed)

Fig. 4 Kulite sensor locations.

height as that the wall pressures were measured. For evaluation of
the total pressure and other aerodynamic values, the static pressure
at the point of pitot pressure measurement is required. Here, the
static pressure at z was linearly interpolated from the sidewall and
strut wall pressures, as follows:

Ps = Pw + (Pst − Pw)/Wth × (zw − z) (1)

Here, zw denotes the position of the sidewall, and z varies from
zst, the location of the strut wall, to zw . Two extreme evaluations in
which Ps was solely replaced by Pst or Pw were also carried out. The
variance of the averaged total pressure and mass capture ratio from
the current interpolated method were both within 3%. Note that with
STRUT-10, the variance of the total pressure was as large as 9%.
With the uncertainty of the position of the measurements and the
pressure measuring device, overall uncertainty of the averaged total
pressure and the mass capture ratio were 7% (13% for STRUT-10)
and 6%, respectively.

For the fluctuating pressure measurement, Kulite sensors were
flash-mounted on the top wall around the strut area. Eight symmet-
ric locations on the left and right sides of the strut, 3.9 mm from the
centerline, were selected as shown in Fig. 4. Here, each sensor loca-
tion is denoted by side and number from upstream to downstream,
for example, “L-7.”

Note that due to limitation in the number of sensors, only some
of the positions were simultaneously measured in a run.

Prior to each experiment, the model dimensions were mechan-
ically measured with calipers and a depth gauge. The variance of
Win was 27.7 ± 0.2 mm, whereas that of Wth was 3.0 ± 0.05 mm on
both the left and right sides. The maximum difference of the right
and left side throat width was 0.03 mm.

III. Results and Discussion
A. Schlieren Observation

The schlieren photos of Fig. 5, which was taken with exposure
time 1/60 s, show the shock wave patterns inside the inlet with
each strut. Because the view line was parallel to the sidewall lead-
ing edge, the image aspect ratio was different from the actual size.
To observe the whole region from the entrance to the throat, only
COWL-0 was employed. They all indicated complicated shock–
shock and shock–boundary layer interactions occurring around the
strut region. The shock waves near the throat were not so clear be-
cause of its skewed three-dimensional structure and the oscillatory
movements. The boundary layer separation of the sidewall, created
by the shock wave emanating from the strut leading edge, could be
observed in each picture. In the short strut case, the separation region
length became compatible to that of the strut. Typically in the case of

a) NON-STRUT

b) STRUT-10

c) STRUT-15

d) STRUT-20

e) STRUT-25

f) STRUT-30

Fig. 5 Schlieren photographs inside the model.

STRUT-10, the separation region began in roughly the same stream-
wise location as the strut leading edge and its end even reached the
geometrical throat. However, the separation point always remained
in the vicinity of the strut region, indicating that the boundary layer
on the sidewall was turbulent. In some of the pictures, the location
of shock waves on both sides of the strut showed an asymmetric
configuration. This asymmetry was also found as the oscillation
of the shock waves by observation using a high-speed video cam-
era (Kodak EktaPro EM 1012). Figure 6 shows some examples of
this oscillation. Pictures were taken at intervals of 1/1000 second.
The movement of separation on the sidewall and the related shock
wave (denoted as SS1 and SS2) oscillation were confirmed to be
asymmetric.
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Fig. 6 Schlieren photo-
graphs of asymmetric
shock motion (strut-25).

Fig. 7 Pressure distributions on the throat line.

B. Throat Wall Pressure
To distinguish the effect of strut length, the wall pressure distri-

butions on both the sidewall and the strut wall (Pw and Pst, nondi-
mensionalized by Pt0) are compared with COWL-0 in Fig. 7. With
COWL-0, the shock wave emanated from the leading edge of the
cowl located downstream of the throat, so it is assumed that the cowl
shock had no effect on the distribution of wall pressures at the throat.
In Fig. 7, the sidewall pressure distribution of the nonstrut model
with the same α and CR is also indicated. In every case, Pst showed
distributions similar to those of Pw of the nonstrut model. On the
other hand, Pw distributions showed some differences, depending
on the length of struts. When the strut was short, a high-pressure
region appeared, which diminished as the strut became longer, at
midheight. The struts created shock waves which were reflected on
the sidewall and caused separation, as was mentioned in the previ-
ous section. Passing over this separation bubble, the air was initially

a) Short strut

b) Long strut

Fig. 8 Wave structure around strut.

Fig. 9 Pressure distributions on the throat line.

compressed, then expanded and finally compressed again. This wave
system for the short strut and the long one are illustrated and com-
pared in Fig. 8. In the case of the short strut, the bubble length was
almost the same as that of the strut. Thus, the final compression wave
could not reach upstream of the strut throat line and the reflected
expansion wave could not reach upstream of the sidewall throat line.
As a result, the pressure value on the strut was a little lower. When
the strut became longer (i.e., the leading-edge angle of the strut be-
came smaller), the pressure rise due to the shock wave created by
the strut became smaller and thus a smaller bubble was created. The
flow near the strut surface passed through all the waves which em-
anated from the bubble, and these waves, which were reflected on
the strut, traveled back on the sidewall well upstream of the throat
line. Thus, the pressures on both walls became similar and lower.

Nonuniform pressure distribution along the throat line was
formed as follows. Due to the swept-back angle, shock waves from
the sidewalls and strut have a structure analogous to that created
around a rhombic delta wing.20 In the current geometry, the shock
waves had a two-dimensional plane shape at midheight of the mod-
els, but curved near the top wall. There, the refraction angle of the
flow due to the shock wave became smaller, as did the pressure rise.
As for the region near the cowl, the wall pressure also decreased.
This is one of the prominent effects of the open bottom configura-
tion. Because of the difference of the pressure inside and outside the
inlet, an expansion region was created over the bottom plane of the
inlet, and this expansion diminished the wall pressure near the cowl.

In Fig. 9, the cowl length effects in the STRUT-10 case are also
characterized in the form of the wall pressure distributions at the
throat. The shock wave that was generated at the leading edge of the
cowl created a high-pressure region near the cowl on both the side-
wall and the strut wall. Again, Pst distributions were similar to that
of the nonstrut inlet with the same cowl lengths. In the COWL-10
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Fig. 10 Total pressure distributions at throat.

Fig. 11 Total pressure distributions at throat.

case, Pst near the cowl increased to a level about four times as high
as that of the COWL-0 case. When the cowl became longer, this
high-pressure region gradually widened toward the top wall, and in
case of COWL-20, about half of the throat region was affected.

C. Total Pressure Distribution at the Throat
In Fig. 10, distributions of nondimensionalized total pressure at

the throat (Pt th/Pt0) are compared for the various struts, with the
same COWL-0. The effect of the sidewall boundary layer separation
can also be seen in these contours. From the top wall to the line which
indicates a value of 0.4, no significant differences could be observed.
Below this region, the separation bubble on the sidewall affected the
stream, reducing the value and distorting the distribution. The high-
total pressure region was located in the lower half of the flow passage
in the case of STRUT-30. As the strut became shorter, this region was
divided into two segments, one of them remaining at the midpoint
of the stream, the other being pushed away to the cowl side.

With varying cowl length, the total pressure distributions with
STRUT-10 are compared in Fig. 11. The effect of cowl length
seemed to appear first at the corner of the side wall and the cowl.
The low-total-pressure region (in this case, say, below 0.5) spread
out from the corner. This tendency was the same as that in the case
of longer struts (not shown here). One of the reasons for this was
the thicker boundary layer on the sidewall compared with that of the
strut wall, resulting in the formation of a larger separation region.

D. Total Pressure Efficiency and Capture Ratio
The total pressure efficiency, ηPT, and the capture ratio for all

the cases examined are shown in Fig. 12. The quantity ηPT was the
average value of the local Pt th/Pt0, weighted by the geometrical area.
The capture ratio was defined as the throat mass flux normalized
by the entrance mass flux. In Fig. 12, the data of nonstrut models with
the same α and CR are also indicated. In general, ηPT became higher
as the length of the strut became longer. In the case of STRUT-30, ηPT

did not show notable change with varying cowl length, whereas in
the case of STRUT-10, ηPT apparently became higher with a shorter
cowl. With long cowl and short strut, the boundary layer on the inner
surface of the cowl separated due to the shock wave created by the
strut with a large leading-edge angle, increasing the loss of total
pressure severely. As for the long-strut case, the shock wave from
the strut became weaker and so the separation on the inner surface
of the cowl was not so significant. Thus, Pt was somewhat higher.

The value of the capture ratio was determined by the spillage,
which is affected by the structure of the shock waves and by the

a) Total pressure recovery

b) Capture ratio

Fig. 12 Total pressure efficiency and mass capture ratio.

Fig. 13 Correlation of ηPT and Mth/Min.

position of the cowl which prevents the flow from going outward
from the inlet. The outgoing flow direction around the strut became
considerably steep, since there was an additional series of shock
waves in that region. Thus, the extension of the cowl had the po-
tential to increase the capture ratio drastically. With STRUT-10,
however, the capture ratio did not differ so much when Lcw was
greater than 10 mm. In this case, the leading edge of the strut was
located downstream of the leading edge of the cowl. Thus, the addi-
tional spillage which would be created by a strut-originated shock
wave did not exist. Moreover, further extension of the cowl (typi-
cally, with COWL-20) caused a decrease of the capture ratio. This
effect cannot be explained clearly. With long struts, for example,
STRUT-25 or -30, extension of the cowl resulted in linear effects,
increasing the capture ratio notably.

In any case, the capture ratio was about 2 to 12% smaller than
that of the nonstrut model with the same cowl geometry, and ηPT

was indicated to have about a 3 to 17% lower value than the nonstrut
models. These aerodynamic losses were significant with the “short
strut, long cowl” configuration.

Figure 13 shows the correlation between ηPT and the ratio of the
throat Mach number and the free stream Mach number (Mth/M0).
The quantity Mth was the average value, weighted by the local area
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at the measuring point. The squares represent the results of the strut
models and the circles denote the data obtained with the nonstrut
models with various α and CR.1 The results of the nonstrut models
were scattered because the static pressure at the throat was extrap-
olated from the Pw of one sidewall. Thus, it contained considerable
error. In the case of the strut models, the static pressure was inter-
polated as was mentioned earlier, and as a result, this method gave a
fairly good estimation of the static pressure distribution. In Fig. 13,
the empirical correlation introduced by Waltrup et al.21 is also indi-
cated. Waltrup’s equation represents the kinetic energy efficiency,
ηKE, and ηKE is transformed into the total pressure efficiency, ηPT,
along with the equation

ηKE = 1 − 0.4[1 − (Mth/M0)]
4 (2)

ηPT = [
1 + (γ − 1/2)M2

0 (1 − ηKE)
]γ /(1 − γ )

(3)

Using Eq. (3), the current experimental ηPT could be transformed
into ηKE. Assuming that ηKE could be estimated as a form similar
to that of Waltrup’s, the least-squares method was applied and the
empirical equation for the present data was obtained as follows:

ηKE = 1 − 0.528[1 − (Mth/M0)]
3.63 (4)

a) STRUT-10

b) STRUT-20

c) STRUT-30

Fig. 14 Time-averaged pressure.

The dashed curve in Fig. 13 shows the retransformed ηPT calcu-
lated by Eq. (4). One of the reasons for the shift from Waltrup’s
curve was the thick incoming boundary layer.

E. Unsteady Pressure Measurement
Figure 14 shows time-averaged pressure distributions measured

with STRUT-10, -20, and -30. Apparent pressure differences were
observed at L/R-7 and at L/R-8 with STRUT-10 and at L/R-4 and its
downstream locations with STRUT-30. The factor of the difference
of the maximum pressure that was observed at L/R-7 was about
1.3 for the STRUT-10 and -15 models and 1.5 for the STRUT-20,
-25, and -30 models, revealing the existence of a constant load on
the strut, at least near the top wall region. By comparing the results
with the schlieren photographs, a pressure difference was initiated
in the separation region on the sidewall, indicating that the size
and structure of the separations on the left and right sidewalls were
different. Note that a sudden expansion occurred at the throat due to
the enlargement of the flow passage. Thus, the Pw at L/R-8 somehow
showed a value lower than that obtained at L/R-7.

a) STRUT-10

b) STRUT-20

c) STRUT-30

Fig. 15 Normalized standard deviation.
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In Fig. 15, the normalized standard deviations (σp/Pw) are com-
pared for the left and right sides of the strut. With STRUT-10, σp/Pw

jumped upstream of the strut and showed discrepancies on the left
and right sides. With STRUT-30, σp/Pw increased at the leading
edge of the strut, and the discrepancy was rather big at that point.
However, σp/Pw became almost identical just downstream of the
leading edge (L/R-3, 4), and the discrepancies once again became
greater at the midpoint of the cord of the strut and downstream.
A larger standard deviation usually occurs in the shock wave and
boundary layer interaction region where a shock wave oscillates.22

The location where σp/Pw increased again corresponds to the point
where large separation and an associated shock wave on the side-
wall were observed in the schlieren photos. Since σp is the integral
of the power spectrum density, the difference of σp on the left and

a) STRUT-10

b) STRUT-20

c) STRUT-30

Fig. 16 Normalized standard deviation.

right sides could be interpreted to mean that the magnitude of the
oscillation was asymmetric.

In order to examine the unsteady asymmetries of the pressure,
the cross-correlations on the left and right sides of the strut were
evaluated and are shown in Fig. 16. The pressure signals at two
symmetric points, such as L-1 and R-1, are depicted as a pair. As
for the short strut (STRUT-10), a strong correlation was observed
at L/R-4 at τ = 0 ms. Also, at L/R-3 and L/R-5, weak peaks were
observed. Although the average values and the standard deviations
were different on the left and right sides, as was previously men-
tioned, at least the motion of the shock wave was synchronous. On
the other hand, with STRUT-30, L/R-2 to L/R-4 signals had weak
peaks at τ = 0.05 ms. Although their average values and standard
deviations were almost identical, the motion of the shock wave was
asynchronous. The same sort of asynchronous results were observed
with every strut other than STRUT-10. From this observation, it is
deduced that the asynchronous motion and asymmetry of the two
flow fields on the left and right sides of the strut were two indepen-
dent phenomena.

IV. Conclusions
The roles of the strut in the scramjet comprise enhancement of

fuel mixing and additional compression in a restricted overall length.
However, the configuration of the strut must be considered very
carefully, because it creates asymmetric separation problems and
thus flow distortion. The present parametric study of the lengths of
struts and cowls led to the following conclusions.

1) The schlieren photographs clarified the existence of large sep-
aration bubbles in the strut area. Oscillation of the shock wave in-
duced by the separation was also confirmed by high-speed video
observation.

2) A short strut caused high local pressure in the throat region
and pressure distortion between the sidewall and the strut.

3) Longer and lower leading-edge angle struts did not create high
local pressure, and the distribution of the wall pressure along the
throat line was similar to that of the nonstrut model with the same
swept-back angle and contraction ratio.

4) The ηPT of the strut models was 3 to 17% less than that of
the nonstrut model with the same swept-back angle and contraction
ratio. The “longer strut and shorter cowl” combination yielded the
highest performance.

5) The capture ratio of the strut models was 2 to 15% less than
that of the nonstrut model. The longer cowl with longer struts, but
not with the short struts, showed better performance.

6) The value of ηPT against Mth/M0 was slightly lower than pre-
dicted by Waltrup’s empirical equation. The thick incoming bound-
ary layer was one of the reasons for this lesser value.

7) The pressure on the top wall around the strut was of an asym-
metric nature in both steady and unsteady manners, suggesting the
existence of both static and dynamic load on the strut.
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