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Abstract 
An experimental study on examining aerodynamic characteristics of fuselage cross 
sections for RLVs (Reusable Launch Vehicles) was conducted at Mach number 0.3, 
0.9 and 4.0 in the wind tunnel of ISAS (Institute of Space and Astronautical Science), 
JAXA (Japan Aerospace Exploration Agency). Three bodies, having the same pro-
jected area and length, with and without a set of fins, were tested. Their cross sec-
tions are a circle, a square and a triangle with rounded corners. The results showed 
that the fuselage cross sections had large effects on aerodynamic characteristics in 
subsonic and transonic flow. The lift coefficient of the model having the triangular 
cross section with a set of the fins was larger than that of the others in high angles of 
attack region due to contributions of the separation vortices generated from the fu-
selage expanding to the wing surface. 
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1. Introduction 

Space transportation system is one of the most important infrastructures for space ac-
tivities. Low cost, improvement of reliability and safety are required for the develop-
ment of RLV (Reusable Launch Vehicle). To achieve high aerodynamic performance in 
the whole flight speed region is one of the most important issues in the development of 
RLV. High lift performance at low speed regime makes possible a shorter landing dis-
tance, and high lift-to-drag ratio performance allows easy approach during landing 
process, larger down and cross range in high speed region. 

Such RLVs have larger aerodynamic effects on a fuselage configuration due to a larg-
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er fuselage cross section compared with that of aircrafts. Therefore, investigating a fa-
vorable fuselage configuration of the RLVs is important to enhance the aerodynamic 
performances. 

Examples of past studies [1]-[8] related to aerodynamic characteristics due to the fu-
selage configuration include missiles which studied effect on the location of vortex 
breakdown on the delta wing. While many useful studies have been carried out, very 
few studies have empirically investigated the aerodynamic effects on the fuselage cross 
sections for RLVs from low speed to supersonic region, including the changes of angle 
of attack. 

Therefore, the purpose of this study is to identify aerodynamic effects due to differ-
ent fuselage configurations to enhance aerodynamic performance for RLV. In this pa-
per, we report experimental results by using three fuselage cross sections, such as a cir-
cle, a triangle and a square, having that same projected area and length, with and with-
out a set of fins at M∞ = 0.3, 0.9 and 4.0. 

2. Experimental Apparatus and Procedures 
2.1. Wind Tunnel 

The experiments were carried out in the transonic wind tunnel, supersonic wind tun-
nels of ISAS, JAXA and in the low speed wind tunnel of Kyushu University. Both the 
transonic and supersonic tunnels are blow-down type facility. Each operating Mach 
numbers is from 0.3 to 1.3 and from 1.3 to 4.0, respectively. The size of test section is 
600 mm width, 600 mm height. The low speed wind tunnel of Kyushu University has a 
closed circuit and an open test section which diameter of nozzle exit is 2,000 mm. The 
max speed is 21 m/s. 

2.2. Model and Instruments 

Figure 1 and Figure 2 show the geometry and photograph of the models. The “Circle” 
means the fuselage-alone model with the circular fuselage cross section, the “Square” 
means the fuselage-alone model with square one and the “Triangle” means fuse-
lage-alone model with triangular one. These three fuselage-alone models are called 
“Fuselage models” in the present study. The “Fuselage models” have a same projected 
area, 0.0194 m2 and a same length, 0.3448 m. As shown in Figure 1, the fuselage cross 
section smoothly varies from a triangle or a square to a circle toward the front nose of 
the model. The nose tip of these models has a same radius of 7 mm. Each corner of the 
“Fuselage models” has a same radius of 6 mm which is one tenth of the body span. 

Figure 2 shows the “Square with wings” that means wing-body configuration with 
triangular fuselage cross section, “Triangle with wings” also means wing-body configu-
ration with triangular one. These two models of the wing-body configuration are called 
“Wing-body models” in the present study. The projected area of each “Wing-body 
model” has a same area, 0.0314 m2, used as a reference area. The wings of these models 
have a delta planform of modified NACA0010 cross section with 45 degree sweepback 
angle, referred to past studies [9]-[13] on RLVs, and are demountable from the body.  
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Figure 1. Geometry and photograph of fuselage-alone models. 
 

 
(a) Triangle with wings                                                (b) Square with wings 

Figure 2. Geometry and photograph of wing-body models. 
 
The full length is 0.3448 m, used as a reference length. Center of the balance in all mod-
els is located at 231 mm behind from the front nose edge of the models. A sting-type 
six-component internal balance was used for the measurement of forces and moments. 

2.3. Test Conditions 

Table 1 shows test conditions. The transonic and supersonic wind tunnels were used to 
obtain aerodynamic characteristics and oil flow visualization results. The experiments 
were conducted at Mach number 0.3, 0.9 and 4.0 in the angle of attack α  varying  
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Table 1. Test conditions for measurement of aerodynamic forces and moments in the transonic 
and supersonic wind tunnel. 

M∞ Model α (deg.) Re 

0.3 Circle −15 ~ 40 3.1 × 106 

0.3 Square −15 ~ 40 3.1 × 106 

0.3 Triangle −15 ~ 40 3.1 × 106 

0.3 Square with wings −15 ~ 40 3.1 × 106 

0.3 Triangle with wings −15 ~ 40 3.1 × 106 

0.9 Circle −15 ~ 40 7.3 × 106 

0.9 Square −15 ~ 40 7.3 × 106 

0.9 Triangle −15 ~ 40 7.3 × 106 

0.9 Square with wings −15 ~ 35 7.4 × 106 

0.9 Triangle with wings −15 ~ 32.5 7.3 × 106 

4.0 Square with wings −15 ~ 40 8.2 × 106 

4.0 Triangle with wings −15 ~ 40 8.2 × 106 

 
from 0 degree to 40 degrees, except for the case of the “Wing-body models” at Mach 
number 0.9 that have possibilities of excessive loads over the balance capability. The 
flow visualization of smoke-wire method was conducted in the low speed wind tunnel 
of Kyushu University to understand the flow field around the models. 

3. Results and Discussion 
3.1. Aerodynamic Characteristics 

Figures 3-5 show the results of aerodynamic coefficients at Mach number 0.3, 0.9 and 
4.0. Here, the lift coefficient, drag coefficient and pitching moment coefficient are di-
mensionless number. These coefficients are defined by Equation (1) to Equation (3).  

Lift coefficient ( )zF A q∞= ⋅                               (1) 

Drag coefficient ( )xF A q∞= ⋅                              (2) 

Pitching moment coefficient ( )yM A q L∞= ⋅ ⋅                (3) 

Here, Fz is lift force, Fx is drag force, My is pitching moment, A is frontal projected 
area, q∞  is dynamic pressure of main flow, L is model length. Note, the projected area 
of the “Wing-body models” was used as a reference area for the calculation of all aero-
dynamic characteristics to compare with all models in the same graphs although the 
area of the “Fuselage models” differs from that of the “Wing-body models”. Positive 
value of the pitching moment coefficient indicates a nose-up moment. The reference 
center of the moment locates front end of the nose part.  

From Figure 3(a), as for the “Fuselage models”, the “Triangle” case is achieved larger 
lift coefficient when the angle of attack is over about 20 degrees, compared to the other 
“Fuselage models”. As for the “Wing-body models”, both cases of the “Square with 
fins” and “Triangle with fins” are almost same lift coefficient independent of the 
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(a)                                                             (b) 

 
(c)                                                             (d) 

Figure 3. Aerodynamic characteristics of M∞ = 0.3. (a) Lift coefficient; (b) Drag coefficient; (c) Polar curve; (d) Pitching moment coeffi-
cient. 

 
cross-sectional shape when the angle of attack is within 17.5 degrees, but those are ob-
viously different as the angle of attack goes over 20 degrees. The “Square with wings” 
stalls obviously. On the other hand, the “Triangle with wings” does not show such the 
specific stalling as shown in the case of the “Square with wings”, and is obtained much 
larger lift coefficient compared with the “Square with wings” case. In addition, the dif-
ference of the lift coefficient between the “Triangle with wings” and the “Square with 
wings” in high angle of attack region is larger than the difference between the fuse-
lage-alone models of “Triangle” and “Square”. This result indicates that the combina-
tion of the triangular cross-sectional fuselage and delta wings has a synergy aerody-
namic effect which increases lift coefficient effectively. 

From Figure 3(b), as for the “Fuselage models”, the “Triangle” case indicates larger 
drag coefficient when the angle of attack is over about 20 degrees, compared with that 
of the other “Fuselage models”, because the lift increase induces larger drag. In low an-
gle-of-attack region, the drag coefficients of the “Fuselage models” are arranged in or-
der of “Triangle”, “Square” and “Circle”, because of the difference of the cross sectional 
area against the main flow. As for the “Wing-body models”, the tendency of the drag 
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coefficient is almost same as the “Fuselage models”. 
Figure 3(c) shows polar curve. The “Triangle with wings” case is larger than that of 

the “Square with wings” when the drag coefficient is over about 0.3 which can be con-
sidered from the result of the drag and lift coefficient. 

Figure 3(d) shows pitching moment coefficients, which are correspond to lift and 
drag coefficient results. From the results, the center-of-pressure location of the “Square 
with wings”, when the angle of attack is over 20 degrees, is moved forward because the 
vortex on the wing can be considered breakdown. 

Figure 4 shows the aerodynamic characteristics at Mach number 0.9. Figures 4(a)- 
4(d) show lift coefficient, drag coefficient, polar curve and pitching moment coefficient, 
respectively. The qualitative tendency is almost same as that of Mach number 0.3 al-
though quantitative difference. The difference of the lift coefficient between “Square 
with wings” and “Triangle with wings” in high angle-of-attack region are smaller than 
that of Mach number 0.3 case. This is probably because Mach and Reynolds number 
effects result in decrease of the separation-vortex effects on the fuselage and delta wings 
[14]-[16]. 
 

 
(a)                                                             (b) 

 
(c)                                                             (d) 

Figure 4. Aerodynamic characteristics of M∞ = 0.9. (a) Lift coefficient; (b) Drag coefficient; (c) Polar curve; (d) Pitching moment coeffi-
cient. 
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Figure 5 shows the aerodynamic characteristics at Mach number 4.0. Figures 
5(a)-5(d) show lift coefficient, drag coefficient, polar curve and pitching moment coef-
ficient, respectively. The qualitative tendency at Mach number 4.0 differs from the re-
sults of the Mach number 0.3 and 0.9, significantly. The aerodynamic characteristics at 
Mach number 4.0 are almost determined by the projected area only, which is caused by 
compressibility effect due to the shock waves [16]. Both “Wing-body models” have 
same projected area, which results in almost same aerodynamic characteristics, being 
approximately calculable by Newtonian theory [16]. It is presumed that the effect of 
separation vortex to the body decreases due to Mach number and Reynolds number ef-
fects and low back pressure getting closer to vacuum behind the body as the Mach 
number increases, in contrast to the region of low Mach number flow. Note, the “Fuse-
lage models” experiments at Mach number 4.0 were not conducted because the results 
had been expected the same tendency as the “Wind-body models”. 

3.2. Flow Visualization 

The flow visualization was conducted by oil flow and smoke wire method to discuss the 
flow fields. Figure 6 and Figure 7 show comparison of the flow fields between the 

 

 
(a)                                                             (b) 

 
(c)                                                             (d) 

Figure 5. Aerodynamic characteristics of M∞ = 4.0. (a) Lift coefficient; (b) Drag coefficient; (c) Polar curve; (d) Pitching moment coeffi-
cient. 
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Figure 6. Oil flow visualization results of “Square with wings” and “Triangle with wings” at α = 30 deg. and M∞ = 0.3 (side view). 

 

 
(a) Square with wings                                            (b) Triangle with wings 

Figure 7. Oil flow visualization results of “Square with wings” and “Triangle with wings” at α = 30 deg. and M∞ = 0.3 (top view). 
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“Wing-body models” at angle of attack of 30 degrees, which showed a significant dif-
ference of the lift coefficient between the models. 

Figure 6 shows side view of the oil flow visualizations. From Figure 6, the primary 
separation line indicated by arrows shows flow separation of primary vortex from lower 
part of the side around the nose. For the “Square with wings” in Figure 6(a), secondary 
separation line cannot be found on the lateral surface of the fuselage, while the second-
ary separation line in the Figure 6(b) of the “Triangle with wings” is identifiable. This 
flow pattern of the “Square with wings” in Figure 6(b) showed the primary separation 
vortex did not be reattached on the side of the fuselage. 

Figure 7 shows top view of the oil flow visualizations. From Figure 7, the both mod-
els have secondary separation lines on the upper part of the fuselage. For the “Square 
with wings” in Figure 7(a), the secondary separation line can be seen from about 
30%-model-length location and it continues to the rear end of the model. The thick oil 
streak is observed on the wings, which can be considered the flow on the wing states 
“flow separation”. 

For the “Triangle with wings” in Figure 7(b), the secondary separation line on the 
fuselage is observed, that is same line as observed in the side view in Figure 6(b). The 
streamlines on the wings are formed toward the wing tip from the top of the triangle 
fuselage, which flow pattern showed the separation vortex on the fuselage was ex-
panded to the flow on the wing. 

Figure 8 and Figure 9 show flow visualization results by smoke-wire method to 
compare with the flow fields of the “Wing-body models” spatially, at same angle of at-
tack as the oil flow visualization [17]. The smoke was shined by light through slit from 
the side, then the spatial flow fields of cross sectional planes of x/L = 0.75 and x/L = 1 
were photographed from the down-stream position. Here, x is a distance from front 
edge, L is model length. 

In Figure 8(a), the separation vortex of the “Square” model is formed above the fu-
selage, and then the size of the vortex is grown larger as the vortex moves downstream. 
From the Figure 8(b), the model of the “Square with wings” forms almost same separa-
tion vortex as the fuselage-alone model, while it is observed vague smoke vortex on the 
wing in the model-end plane. Considering the flow fields including the oil flow visuali-
zation result of Figure 6 and Figure 7, the flow on and above the wing shows “flow se-
paration”. 

In Figure 9, the separation vortex on the fuselage of the both models is formed, and 
the size of the vortex is grown larger as the vortex moves downstream as same as Fig-
ure 8(a). However, the vortex formation of x/L = 1 in Figure 9(b) differs from the 
“Square with wings” in Figure 8(b). The separation vortex generated from the fuselage 
is expanded to the wing in span-wise direction due to the shape of the fuselage, and 
then the vortex is larger than that of the “Square with wings”. 

From these visualization results, the larger lift coefficient of the “Triangle with 
wings” compared with that of the “Square with wings” results from expanding the in-
fluence area of the separation vortex generated from the fuselage to the wing in the case  
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       (a) Square                          (b) Square with wings 

Figure 8. Smoke wire visualization result of “Square” and “Square with wings” at α = 30 deg., U∞ = 3 m/s. 
 

 
Figure 9. Smoke wire visualization result of “Triangle” and “Triangle with wings” at α = 30 deg., U∞ = 3 m/s [17]. 
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of “Triangle with wings”. In addition, the flow on the wing in the case of the “Square 
with wings” is separated.  

In other word, it is presumed that the synergy effect of “Triangle with wings” which 
increases lift coefficient effectively referred to past studies [6] [7]. Ericsson et al. has 
reported wing-body configurations moved the location of the separation vortex break-
down to upstream on the delta wing and decreased the breakdown angle of attack 
compared with fuselage-alone model [6] [7]. In addition, from the report of Matsuno 
[13], the lift coefficient of the 45-degree-sweep delta wing is the same as the wings in 
the present study stalled at the angle of attack of around 25 degrees. The “Square with 
wings” model of the present study indicated smaller stall angle of attack than that of the 
45-degree-sweep delta wing. This is because the separation vortex breakdown occurs 
earlier due to the effect of the fuselage, as same as the results of Ericsson et al. On the 
other hand, the lift coefficient of the “Triangle with wings” of the present study does 
not show the stall over angle of attack of 30 degrees because the influence area of the 
fuselage separation vortex expands to the wing. 

4. Conclusions 

An experimental study on examining aerodynamic characteristics of fuselage cross sec-
tions for RLVs was conducted at Mach number 0.3, 0.9 and 4.0 in the wind tunnel of 
ISAS, JAXA. This study revealed that the fuselage cross sections had large effects on 
aerodynamic characteristics in subsonic and transonic flow. The lift coefficient of the 
model having the triangular cross section with a set of fins was larger than that of the 
square model with a set of fins in high angles of attack region due to contributions of 
the separation vortices generated from the fuselage expanding to the wing surface. 
However, the qualitative tendency of the aerodynamic characteristics at Mach number 
4.0 in supersonic region differed from the results in the subsonic and transonic region 
significantly. The aerodynamic characteristics at Mach number 4.0 were determined by 
the projected area only, which was caused by Mach number and Reynolds number ef-
fects. 
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