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This study describes the start/unstart characteristics of a finite and rectangular supersonic biplane wing. Two wing models were
tested in wind tunnels with aspect ratios of 0.75 (model A) and 2.5 (model B). The models were composed of a Busemann biplane
section. The tests were carried out using supersonic and transonic wind tunnels over a Mach number range of 0.3 ≤ 𝑀

∞
≤ 2.3

with angles of attack of 0∘, 2∘, and 4∘. The Schlieren system was used to observe the flow characteristics around the models. The
experimental results showed that these models had start/unstart characteristics that differed from those of the Busemann biplane
(two dimensional) owing to three-dimensional effects. Models A and B started at lowerMach numbers than the Busemann biplane.
The characteristics also varied with aspect ratio: model A (1.3 < 𝑀

∞
< 1.5) started at a lower Mach number than model B

(1.6 < 𝑀
∞
< 1.8) owing to the lower aspect ratio. Model B was located in the double solution domain for the start/unstart

characteristics at𝑀
∞
= 1.7, and model B was in either the start or unstart state at𝑀

∞
= 1.7. Once the state was determined, either

state was stable.

1. Introduction

A sonic boom is caused by shock waves and expansion
waves generated by a supersonic aircraft. As the sonic boom
generates an impulsive noise at the ground, it produces
undesirable effects on not only people but also animals and
architecture. Sonic boom mitigation is thus required for
the development of supersonic commercial aircraft [1, 2],
and extensive studies have been carried out regarding this
[3, 4]. Recently, Kusunose et al. proposed the supersonic
biplane theory [5–8] as a method of sonic boom mitigation.
This theory enables significant reduction if not complete
elimination of shock waves and expansion waves by the
wave reduction and wave cancellation effects of a biplane
configuration.

The concept of a Busemann biplane, which was first
proposed by Busemann in 1935 [9, 10], forms the basis of

supersonic biplane theory. Figure 1 shows the Busemann
biplane (two dimensional) in a supersonic flow; this biplane
consists of two half-diamond airfoils facing each other.
Figure 1(a) shows the start state: compression (shock) waves
generated from the leading edge of the elements are canceled
by an expansion wave at the shoulder; the wave drag due to
thickness is reduced significantly by the mutual cancellation
of waves. Thus, the waves propagating outside the elements
can be eliminated. Figure 1(b) shows the unstart state: a
curved bow shock forms in front of the elements owing to the
choked-flow phenomenon; the wave drag increases greatly.
Naturally, a strong shock wave propagates to the ground.
Although the Busemann biplane can be in either state at a
design Mach number, sonic boom mitigation can only be in
the start state. This issue is called the “start/unstart problem.”

The start/unstart characteristics of the Busemann biplane
have been investigated. Previous studies demonstrated that
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the characteristics are similar to those of a supersonic inlet
diffuser [11–13]: the Busemann biplane is in either the start or
unstart state at a designMach number depending on its accel-
eration/deceleration profile. The characteristics also include
flow hysteresis behavior (details are described in Section 2).
For the next step, a boomless supersonic biplane (three-
dimensional aircraft configuration) should be designed on
the basis of supersonic biplane theory. Figure 2 shows a
conceptual drawing of this three-dimensional configuration.
The airfoil shape consists of a Busemann biplane for sonic
boom mitigation; the biplane wings are finite. Thus, the
start/unstart characteristics of the finite biplane wings differ
from those of the Busemann biplane (e.g., two dimensional
characteristics). This is the fundamental issue that needs to
be investigated.

This study investigated the start/unstart characteristics
of finite rectangular supersonic biplane wings using exper-
imental fluid dynamics. Two biplane models consisting of
a Busemann biplane section with aspect ratios of 0.75 and
2.5 were tested in supersonic and transonic wind tunnels.
The test was performed for 0.3 ≤ 𝑀

∞
≤ 2.3, including

the design Mach number of𝑀
∞
= 1.7, at several angles of

attack in the range of 0∘ ≤ 𝛼 ≤ 4∘. A Schlieren system was
applied to observe flow characteristics around the models.
The start/unstart characteristics of themodelswere compared
with those of the Busemann biplane (two dimensional). In
particular, the effects of three-dimensional flows and aspect
ratio on the start/unstart characteristics were examined.

This paper is organized as follows. Section 2 presents
the outline of the start/unstart characteristics of the Buse-
mann biplane. Section 3 describes the wind tunnel facility,
models, flow visualization system, and experimental condi-
tions. Section 4 presents the results and discussion regarding
the start/unstart characteristics of the two models. Finally,
Section 5 concludes this study.

2. Start/Unstart Characteristics of
Busemann Biplane

Figure 3 shows the start/unstart characteristics of a super-
sonic inlet diffuser. The characteristics are predicted by two
limits: theKantrowitz-Donaldson limit [14–17] and isentropic
contraction limit [18]. Previous studies demonstrated that
these two limits can be applied to predicting the start/unstart
states of the Busemann biplane (two-dimensional) [11, 12].
The thick solid line in Figure 3 indicates the Kantrowitz-
Donaldson limit. Once a bow shock is generated in front
of the biplane, the Mach number set by the limit must be
exceeded for the biplane to go from the unstart state to the
start state. The limit is given by
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𝐴
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where 𝐴
𝑖
is the inlet area and 𝐴

𝑡
is the throat area (cross-

sectional area at shoulder of Busemann biplane). The broken
line refers to the isentropic contraction limit. As the Mach
number decreases from the design point, the flow is choked at
the throat at the Mach number predicted by the limit. A bow

shock is formed in front of the biplane, and theMach number
becomes𝑀

∞
= 1.0 at the throat. The isentropic contraction

limit is given by
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If the design point is defined at 𝑀
∞
= 1.7, the config-

uration of the Busemann biplane is determined as follows: the
thickness-chord ratio of the biplane is 𝑡/𝑐 = 0.05 (when the
chord length is 1.0),𝐺/𝑐 = 0.5 (𝐺 is the distance betweenwing
elements), and the wedge angle of the biplane is 5.7∘. Thus,
𝐴
𝑡
/𝐴
𝑖
of the biplane is 0.8 as indicated by the dotted line in

Figure 3.This configuration achieves compression/expansion
wave cancellation between the elements at the design point.
To reach the design point from a subsonic regime, the biplane
must first exceed the Mach number 𝑀

∞
= 2.18, where

the bow shock is swallowed backward between the wing
elements, whereas the flow is choked at 𝑀

∞
= 1.63. The

biplane has a flow-hysteresis area over 1.63 ≤ 𝑀
∞
< 2.18.

The thin solid line in Figure 3 shows how the design point
changes as a function of𝑀

∞
for the Busemann biplane with

𝑡/𝑐 = 0.05.

3. Supersonic and Transonic Wind
Tunnel Tests

3.1. Wind Tunnel. Thewind tunnel test was carried out at the
intermittent blowdown wind tunnels of the Institute of Space
and Astronautical Science, Japan Aerospace Exploration
Agency (ISAS/JAXA). Figure 4 shows the supersonic wind
tunnel, and Table 1 lists the specifications of the supersonic
and transonic wind tunnels. The supersonic wind tunnel
could change the free-stream Mach number in increments
of 0.1 over a range of 1.5 ≤ 𝑀

∞
≤ 4.0; the transonic wing

tunnel could change it in increments of 0.1 over the range of
0.3 ≤ 𝑀

∞
≤ 1.3. The transonic wind tunnel could vary𝑀

∞

continuously from high to low values during a single wind
tunnel run. This is called a Mach sweep run, which enables
the time series of changes in the flow around the model
to be measured. The cross-sectional area of the test section
was 600mm × 600mm for each tunnel. Circular windows
were installed in the test section for flow observations; these
windows were 𝜙 = 600mm in the supersonic wind tunnel
and 𝜙 = 400mm in the transonic wind tunnel.

3.2. Models. Two models with different aspect ratios were
tested: model A (AR = 0.75) and model B (AR = 2.5).
Figure 5 shows drawings of the two test models. These
models were constructed from free-machining stainless steel
(SUS303) and consisted of rectangular wings. The cross-
sectional configurations were identical to the Busemann
biplane discussed previously in Section 2: the design point
was at 𝑀

∞
= 1.7. Table 2 lists their specifications. Model

A could not ensure two-dimensionality of flows between
the wing elements owing to its low aspect ratio. However,
model A was intentionally tested to investigate the three-
dimensional effect on the start/unstart characteristics.
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Table 1: Specifications of supersonic and transonic wind tunnels of ISAS/JAXA.

Supersonic wind tunnel Transonic wind tunnel
Type Blowdown Blowdown
Mach number range 1.5–4.0 0.3–1.3
Test section size 600mm × 600mm 600mm × 600mm
Window size 𝜙 600mm 𝜙 400mm
Flow duration ≥30 s ≥30 s
Total pressure ≥149.1 kPa ≥149.1 kPa
Test gas Dry air Dry air

Table 2: Specifications of test models.

Model A Model B
Chord length, c 80mm 40mm
Thickness, t 4mm 2mm
Distance between wing elements at leading and trailing edges, G 40mm 20mm
Distance between wing elements at shoulder, G∗ 32mm 16mm
Span, w 60mm 100mm
Aspect ratio, AR 0.75 2.5
t/c 0.05 0.05
G/c 0.5 0.5

Model designmust allow for critical conditions associated
with blockage and transient starting loads [19, 20]. The
blockage ratio of the model cross-sectional area to the test
section cross-sectional area was almost 1% (model at 𝛼 = 0∘).
This is the maximum recommended ratio in supersonic wind
tunnel testing [21] and is a commonly used value in transonic
wind tunnel testing that considers tunnel wall effects [22].
Model B had a larger aspect ratio than that of model A.
However, model B had a smaller frontal projected area of the
wing than model A.

The starting loads and strength calculations were carried
out following the procedures described in [23]. The starting
load was estimated by using the empirical starting load
normal force coefficient [22]. In the estimation, the coefficient
was 0.26, the total model planform area—for example, model
B—was 𝑆 = 122 × 10−4m2, and the total pressure was 𝑃

0
=

300 kPa. The estimation indicated that the maximum load
was 9.52 × 102N; this maximum load was generated at the
starting condition of𝑀

∞
= 2.3.

Strength calculations were performed assuming that the
maximum load acted at the leading edge of the wing. The
moment arm from the leading edge to the root of the sting
was 0.4m. The section modulus of the sting was 𝑍 = 960.1 ×
10
−9m3. The resulting maximum stress at the sting root

was 𝜎max = 396.5MPa. As the yielding stress of the sting
(SNCM430) was 𝜎

𝑌
> 685MPa, the test was performed with

a safety factor of almost 1.7.
Figure 6 shows the experimental setup for the test. The

model was supported by the sting system in the tunnel. The
wings were mounted with the support section connected to
the sting. This support section could maintain the designed
distance between the wing elements.

3.3. Flow Visualization. The Schlieren system was used for
both the supersonic and transonic wind tunnel tests. Figure 7
shows a schematic of the system. Two paraboloidal mirrors

(Mizojiri Optical Co., Ltd., 𝜙 = 0.6m; 𝑓 = 6m) and
two planar mirrors (Mizojiri Optical, 𝜙 = 0.3m) were set
up for the system. A continuous light source was provided
with a xenon lamp power supply (Ushio, XB-10201AA-A)
and graded sealed xenon lamps (Ushio, UXL-1000P-O). The
Schlieren images were captured with a color video camera
(Sony, CCD-IRIS) at a sampling rate of 30Hz.

3.4. Experimental Conditions. Table 3 lists the experimental
conditions used in the tests. Model A was tested in both
the supersonic and transonic wind tunnels, while model B
was only tested in the supersonic wind tunnel. The operating
total pressure 𝑃

0
was determined by the recommended

reference criterion for these tunnels. The Reynolds number
was calculated on the basis of each chord length: 𝑐 = 0.08m
(model A) and 𝑐 = 0.04m (model B). The Mach sweep runs
were conducted in case 1 for 0.3 ≤ 𝑀

∞
≤ 0.9 and in case 2

for 0.6 ≤ 𝑀
∞
≤ 1.3. To observe the three-dimensional flow

characteristics of a supersonic biplane wing, model A was
tested at 𝜙 = 90∘ in cases 7–10. No test was carried out at
𝑀
∞
= 1.4 because of the operating characteristics of these

wind tunnels. The pitch pause technique was also used [22]:
tunnel operation was started with the model held at 𝛼 = 0∘.
The model was driven to 𝛼 = 2∘ and then stopped and held
for a period of time (approximately 7 s) to allow instrument
stabilization. In the sameway, themodelwasmoved to𝛼 = 4∘.
Finally, the model was returned to 𝛼 = 0∘.

4. Results and Discussion

4.1. Start/Unstart Characteristics of the Finite Supersonic
Biplane Wings

4.1.1. Model A (AR = 0.75). Figure 8 shows the Schlieren
images of model A for 0.3 ≤ 𝑀

∞
≤ 1.3 at 𝛼 = 0∘;
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Figure 1: Sketch of shock waves and expansion waves around Busemann biplane.

Table 3: Experimental conditions.TheMach sweep is described in Section 3.1. The pitch pause is described in Section 3.4. In the pitch pause
runs, 𝑃

0
represents the values of the first 𝛼 = 0∘.

Wind tunnel Designation Model 𝑀
∞

𝛼 [deg] 𝜙 [deg] 𝑃
0
[kPa] Re [×106]

Transonic

Case 1 A Mach sweep, 0.9–0.3 0 0 150.5 (𝑀
∞
= 0.9)–151.5 (𝑀

∞
= 0.3) 1.8–0.8

Case 2 A Mach sweep, 1.3–0.6 0 0 150.6 (𝑀
∞
= 1.3)–151.1 (𝑀

∞
= 0.6) 2.0–1.5

Case 3 A 1.0 Pitch pause, 0–4 0 150.5 1.9
Case 4 A 1.1 Pitch pause, 0–4 0 150.3 1.9
Case 5 A 1.2 Pitch pause, 0–4 0 150.6 2.0
Case 6 A 1.3 Pitch pause, 0–4 0 151.0 1.9
Case 7 A 1.0 0 90 150.7 1.9
Case 8 A 1.1 0 90 150.3 1.9
Case 9 A 1.2 0 90 150.6 2.0
Case 10 A 1.3 0 90 150.8 2.0

Supersonic

Case 11 A 1.5 Pitch pause, 0–4 0 200.2 2.4
Case 12 A 1.6 Pitch pause, 0–4 0 201.1 2.4
Case 13 A 1.7 0 0 200.5 2.3
Case 14 A 1.7 2 0 201.1 2.3
Case 15 A 1.7 4 0 200.4 2.3
Case 16 A 1.8 Pitch pause, 0–4 0 200.6 2.2
Case 17 A 1.9 Pitch pause, 0–4 0 200.4 2.1
Case 18 A 2.1 Pitch pause, 0–4 0 250.4 2.5
Case 19 A 2.3 0 0 301.4 2.7
Case 20 B 1.5 Pitch pause, 0–4 0 200.7 1.2
Case 21 B 1.6 Pitch pause, 0–4 0 200.7 1.2
Case 22 B 1.7 Pitch pause, 0–4 0 201.4 1.1
Case 23 B 1.8 Pitch pause, 0–4 0 200.2 1.1
Case 24 B 1.9 Pitch pause, 0–4 0 200.0 1.0
Case 25 B 2.0 0 0 249.8 1.3
Case 26 B 2.1 0 0 250.8 1.2

these images were taken by the Mach sweep runs of cases 1
and 2. Figure 8(a) shows a small variation in the subsonic
flow density. At 𝑀

∞
= 0.6, the flow changed gradually

around the leading edge and at the shoulder. The flow
accelerated between the elements as the area decreased, and
the flow subsequently decelerated to themodel exit as the area
increased. As the Mach number increased in subsonic flow,
a normal shock wave formed between the elements, and the
supersonic flow area progressed to the aft part (Figure 8(c)).
Figures 8(d)–8(f) show that model A was in the unstart state
at𝑀
∞
= 1.0, 1.1, and 1.3 and that expansion clearly fanned

at the shoulder.The bow shock formed ahead of the model at
𝑀
∞
= 1.0, while the bow shock stood in front of the wing

at𝑀
∞
= 1.1. The bow shock finally attached to the leading

edge of the elements at𝑀
∞
= 1.3 before it was about to be

swallowed.
Figure 9 shows the Schlieren images of model A for 1.5 ≤
𝑀
∞
≤ 2.3 at 𝛼 = 0∘; these images were obtained from

cases 11, 13, and 19. The results confirmed that model A was
in the start state for all Mach numbers including its design
Mach number of𝑀

∞
= 1.7. At𝑀

∞
= 1.7, the shock wave

from the leading edge almost hit the shoulder of the element.
The resulting flow characteristics in Figure 9(b) are similar to
the condition illustrated in Figure 1(a). For 𝑀

∞
> 1.7, the

shock angle from the leading edge decreased with increasing
𝑀
∞
. The shock wave hit the aft part on the wing surface, and
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Figure 2: Conceptual drawing of boomless supersonic biplane in
supersonic level flight [11]. The cross-sectional configuration of the
wing is a Busemann-type biplane for sonic boom mitigation. The
engines aremounted between the elements; the fuselage is placed on
the wing. The cruise Mach number was assumed to be𝑀

∞
= 1.7.
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Figure 3: Start/unstart characteristics of supersonic inlet diffuser.
The thick solid line shows the Kantrowitz-Donaldson limit, and the
broken line shows the isentropic contraction limit. The ratio of the
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shows other design points of the Busemann biplane with 𝑡/𝑐 = 0.05.

the wave reflected to the opposite side of the element. In other
words, the compression/expansion wave interaction deviated
from the condition illustrated in Figure 1(a). At 𝑀

∞
= 2.3,

the shock waves and expansionwaves from the shoulder were
visible separately between the elements. For 𝑀

∞
> 2.3,

model A was always in the start state. For𝑀
∞
< 1.7, on the

other hand, the shock angle from the leading edge increased
with decreasing𝑀

∞
. Figure 9(a) shows that the shock waves

hit in front of the shoulder, and model A seemed about to go
into the unstart state; however, it remained in the start state.

Figure 10 shows the time series Schlieren images of
model A at 𝑀

∞
= 1.3 and 1.5 during the pitch pause

runs. Figure 10(a) shows that the bow shock deformed with
increasing 𝛼. However, the bow shock was not swallowed.
The experimental results from cases 3–6 show that model A
was always in the unstart state during the pitch pause runs

Test section
Window

M∞

Figure 4: Supersonic wind tunnel facility of ISAS/JAXA. The test
section is open to the atmosphere in the figure.

for 1.0 ≤ 𝑀
∞
≤ 1.3. On the other hand, Figure 10(b)

shows that the shock wave from the leading edge of the upper
element hit in front of the shoulder of the lower element with
increasing 𝛼. However, model A remained in the start state.
The experimental results from cases 11, 12, and 16–18 showed
that model A was always in the start state during the pitch
pause runs for 1.5 ≤ 𝑀

∞
≤ 2.1. Thus, model A was deduced

to transition into the start state when 1.3 < 𝑀
∞
< 1.5 (no

test was carried out at 𝑀
∞
= 1.4 because of the operating

characteristics of the wind tunnels).
It is important to mention here the effect of connecting

pieces on the aerodynamics. A connecting piece is a prism
shape attached to the top and bottom of the wing elements
(Figure 5); the piece connects the biplane wing to the support
section (Figure 6). Figures 8(f) and 10(a) show that the
bow shock has attached to the leading edge and became
oblique shocks at the outside. However, there was another
strong bow shock on the outside of the wing elements, at
around shoulder position. These bow shocks are probably
due to the blockage of the connecting pieces. In supersonic
condition and start states, their effect is likely small. However,
in transonic condition and unstart states, it is difficult to
imagine that the pressure rise due to the bow shocks has
no effect on the aerodynamics inside of the wing elements,
especially considering the low aspect ratio.The effect of these
connecting pieces should be investigated in future studies.

4.1.2. Model B (AR = 2 .5). Figure 11 shows the Schlieren
images ofmodel B for 1.5 ≤ 𝑀

∞
≤ 2.1 at 𝛼 = 0∘; these images

were obtained from cases 20, 21, 22, and 26. For𝑀
∞
≥ 1.7,

model B was in the start state, and the variations in flow
characteristics with increases in 𝑀

∞
were similar to those

of model A. In contrast, model B was in the unstart state at
𝑀
∞
= 1.5 and 1.6. The bow shock formed in front of the

wing elements, and the flow became subsonic behind the bow
shock. Model B expanded the flow from sonic speed at the
shoulder to the aft part of the model.

Figure 12 shows the time series Schlieren images ofmodel
B at𝑀

∞
= 1.6, 1.7, and 1.8 during the pitch pause runs. At

𝑀
∞
= 1.7, model B was in the start state at the former 𝛼 =

−0.1
∘ and 1.7∘. However, model B was in the unstart state at

𝛼 = 3.7
∘ and the latter −0.2∘. These observations indicate that

model B was located in the double solution domain shown in
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Figure 5:Overview of finite rectangular supersonic biplanemodels. Bothwings use the Busemann biplane section (shown in black). Numbers
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Figure 7: Schematic of Schlieren system for wind tunnel test. “PM”
denotes a paraboloidal mirror; “𝑀” denotes a mirror.

Figure 3: model B was in either of the start/unstart states at
𝑀
∞
= 1.7. Once the state was determined, either state was

stable. The experimental results from cases 20 and 21 show
that model B was always in the unstart state during the pitch
pause runs at 𝑀

∞
= 1.5 and 1.6, whereas the results from

cases 23 and 24 show that model B was always in the start
state during the pitch pause runs at𝑀

∞
= 1.8 and 1.9. Thus,

model B transitioned into the start state when 1.6 < 𝑀
∞
<

1.8.
The implications of the difference in state between the

former 𝛼 = −0.1∘ and latter 𝛼 = −0.2∘ were considered.
The difference in 𝛼 between −0.1∘ and −0.2∘ is negligible.
If the progress of a normal shock during the wind tunnel
starting process through a test section with model B is
focused, two possible starting processes are expected. (I)
If a normal shock passes across model B during the wind
tunnel starting process, the normal shock is not swallowed
backward between the wing elements. A bow shock forms in
front of model B, and thus, the unstart state of model B is
observed under the steady flow condition at𝑀

∞
= 1.7. (II) If

nonuniform oblique shocks pass across model B during the
wind tunnel starting process, no bow shock forms in front
of model B. Thus, a start state of model B is observed under
steady flow conditions at𝑀

∞
= 1.7.

Irikado et al. [24, 25] investigated the starting shock
characteristics of the present supersonic wind tunnel. They
reported that nonuniform shocks usually pass through the
test section during the wind tunnel starting process. The
shock configuration changes according to the values of𝑀

∞

and 𝑃
0
. The shock configuration also varies even under

identical experimental conditions.
The former 𝛼 = −0.1∘ and latter 𝛼 = −0.2∘ probably

showed different states because the experimental conditions
of Figure 12(b) meet the requirements of starting process
(II): model B was in the start state in the former image at
𝛼 = −0.1

∘ because nonuniform shocks probably passed across
model B during the wind tunnel starting process. Model B
transitioned from the start state to the unstart state as 𝛼
increased. Finally,model Bwas in the unstart state in the latter
image at 𝛼 = −0.2∘. Note that all of the Schlieren images
in Figure 12(b) showed the results under the steady flow
condition at𝑀

∞
= 1.7. To demonstrate these considerations,

the shock configuration passing across model B during the
wind tunnel starting process needs to be observed for future
work.
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Figure 8: Schlieren images of flow field around model A (AR = 0.75, 𝛼 = 0∘, 𝛽 = 0∘, and 𝜙 = 0∘). The images for 0.3 ≤ 𝑀
∞
≤ 0.8 were

obtained from case 1, and those for 1.0 ≤ 𝑀
∞
≤ 1.3 were obtained from case 2. Arrows in (d) and (e) indicate reflected waves on the inner

window.
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Figure 9: Schlieren images of flow field around model A (AR = 0.75, 𝛼 = 0∘, 𝛽 = 0∘, and 𝜙 = 0∘): (a)𝑀
∞
= 1.5 (case 11), (b)𝑀

∞
= 1.7

(case 13), and (c)𝑀
∞
= 2.3 (case 19).
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(b) 𝑀
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= 1.5

Figure 10: Time series Schlieren images of model A (AR = 0.75, 𝛽 = 0∘, and 𝜙 = 0∘) during pitch pause runs: (a)𝑀
∞
= 1.3 (case 6) and (b)

𝑀
∞
= 1.5 (case 11). 𝛼 denotes the resulting angles of attack (in∘). The first image is on the left.
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Figure 11: Schlieren images of flow field around model B (AR = 2.5, 𝛼 = 0∘, 𝛽 = 0∘, and 𝜙 = 0∘): (a)𝑀
∞
= 1.5 (case 20), (b)𝑀

∞
= 1.6

(case 21), (c)𝑀
∞
= 1.7 (case 22), and (d)𝑀

∞
= 2.1 (case 26).

M∞

𝛼 = −0.1 𝛼 = −0.2𝛼 = 1.8 𝛼 = 3.7

(a) 𝑀
∞
= 1.6

M∞

𝛼 = −0.1 𝛼 = 1.7 𝛼 = 3.7 𝛼 = −0.2

(b) 𝑀
∞
= 1.7

M∞

𝛼 = 0 𝛼 = 1.8 𝛼 = 3.8 𝛼 = −0.1

(c) 𝑀
∞
= 1.8

Figure 12: Time series Schlieren images of model B (AR = 2.5, 𝛽 = 0∘, and 𝜙 = 0∘) during pitch pause runs: (a)𝑀
∞
= 1.6 (case 21), (b)

𝑀
∞
= 1.7 (case 22), and (c)𝑀

∞
= 1.8 (case 23). 𝛼 denotes resulting angles of attack (in∘). The first image is on the left side.

4.2. Three-Dimensional Effect on the Start/Unstart Charac-
teristics. The Busemann biplane (two dimensional) was in
the start state at 𝑀

∞
= 2.18 and in the unstart state at

𝑀
∞
= 1.63 based on the limits given in Figure 3. In contrast,

models A and B were in the start state at lower Mach number
ranges owing to the three-dimensional effect. Figure 13 shows
the Schlieren images of model A for 1.0 ≤ 𝑀

∞
≤ 1.2 at

𝜙 = 90
∘. When model A was in the unstart state, the curved

bow shock formed ahead of the wing, and the flow became
subsonic behind the bow shock. The pressure between the
wing elements was higher than that outside from the wing
tip. The difference in static pressure produced a spilling flow
around the wing tip from the high pressure side to the low
pressure side. This spilling flow—that is, three-dimensional
flow—relaxed the limits of the start/unstart characteristics
in comparison with those of the Busemann biplane (two
dimensional). Thus, the two models were in the start state at
lower Mach numbers.

4.3. Effects of Aspect Ratio on the Start/Unstart Characteristics.
Thedifference in start/unstart characteristics betweenmodels
A and B is discussed here. The start/unstart characteristics
varied with the aspect ratio. Model A (AR = 0.75) was in

the start state at a lowerMach number𝑀
∞
= 1.5, as shown in

Figure 9(a). However, model B (AR = 2.5) was in the unstart
state at𝑀

∞
= 1.5, as shown in Figure 11(a). This was due to

the difference in the region of two-dimensional flows between
the wing elements. Figure 14 shows the region of influence
in supersonic flow on the models at 𝑀

∞
= 1.5 based on

linearized supersonic theory [10]. The broken line shows the
Mach cone from each tip at 𝜇 = 41.8∘. The flow of the inner
part behaved as a two-dimensional flow. Figure 14(a) shows
that model A had a small region of two-dimensional flow
owing to its low AR, whereas model B had a larger region
between the tips owing to its high AR. When the region
increased in size, the start/unstart characteristics became
close to those of the Busemann biplane (two dimensional).
Thus,modelA reached the start state at lower𝑀

∞
thanmodel

B owing to its low AR.

5. Conclusions

The start/unstart characteristics of the finite rectangular
supersonic biplane wings were investigated by wind tunnel
tests for 0.3 ≤ 𝑀

∞
≤ 2.3; these tests included Mach
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Figure 13: Schlieren images of flow field around model A in unstart state (AR = 0.75, 𝛼 = 0∘, 𝛽 = 0∘, and 𝜙 = 90∘): (a)𝑀
∞
= 1.0 (case 7), (b)

𝑀
∞
= 1.1 (case 8), and (c)𝑀

∞
= 1.2 (case 9). Arrows in (b) and (c) indicate reflected waves on the inner window.
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(a) Model A
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Figure 14: Regions of influence in supersonic flow on finite biplane wings: (a) model A (AR = 0.75) and (b) model B (AR = 2.5). The
illustrations show the upper surface of the lower wing element (plan view). The broken lines indicate the Mach cone generated from each tip
at𝑀
∞
= 1.5 (𝜇 = 41.8∘).

sweep and pitch pause runs. Two types of model were tested:
AR = 0.75 (model A) and AR = 2.5 (model B). The results
showed that the start/unstart characteristics of models A
and B differed from those of the Busemann biplane (two
dimensional) owing to three-dimensional effects. The two
models were in the start state at lower Mach numbers than
those of the Busemann biplane.The characteristics of models
A and B also differed because these models had different
aspect ratios. Model A appeared to be in the start state at
lower Mach numbers (1.3 < 𝑀

∞
< 1.5) than model B

(1.6 < 𝑀
∞
< 1.8) owing to the lower aspect ratio. The pitch

pause run at𝑀
∞
= 1.7 showed that model B was located in

the double solution domain for start/unstart characteristics
and model B was in either the start state or unstart state at
𝑀
∞
= 1.7. Once the state was determined, either state was

stable.

Nomenclature

𝐴
𝑖
: Inlet area, m2
𝐴
𝑡
: Throat area, m2

AR: Aspect ratio (= w2/S = w/c)
𝑐: Chord length, m
𝑓: Focal length, m
𝐺: Distance between wing elements, m
𝐺
∗: Distance between wing elements at the shoulder,

m

𝑀: Mach number
𝑃: Pressure, Pa
Re: Reynolds number
𝑆: Wing area, m2; total model planform area, m2
𝑡: Wing thickness, m
𝑤: Wing span, m
𝑥, 𝑦, 𝑧: Cartesian coordinates
𝑍: Section modulus, m3
𝛼: Angle of attack, deg
𝛽: Angle of yaw, deg
𝛾: Ratio of specific heats
𝜇: Mach angle, deg
𝜎max: Maximum stress, Pa
𝜎
𝑌
: Yielding stress, Pa
𝜙: Diameter of window and mirror, m; angle of

roll, deg.

Subscripts

0: Ambient; total
∞: Freestream.
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