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Abstract To investigate the angle of attack (AOA) effect of hypersonic boundary
layer transition on slightly blunted cone, China Aerodynamics Research and
Development Center has conducted a series of ballistic free flight experiments on
5◦ half angle circular cones. The projectile is 110 mm long with surface roughness
between 0.46 μm and 0.77 μm. Six shots were taken under Mach 6 and separated
unit Reynolds numbers, and the AOA varied between 0.2◦ and 7.9◦. Results showed
that the transition shifted upward to the nose tip on the leeside and afterward to
the bottom on the windside within small AOA of less than 3◦. When the angle got
further increased, the moving direction of the transition on the windside reversed
toward the nose tip but will not exceed the leeside in present results with nose tip
radius of less than 0.4 mm. The transition Reynolds number without AOA was about
4.7 × 106, and there was a noticeable decrement with AOA, which may relate with
both pressure gradient and wall heating difference.

1 Introduction

Boundary-layer transition has always been hotspot of aerodynamic theory and
experimental research, because of the important effects of boundary-layer to wide
range of aerodynamic problems, especially for hypersonic vehicles. Since the
famous Reynolds’ water tube test in 1983, which found laminar and turbulence,
researches on transition problems never stopped. For low-speed flow, semi-engineer
method based on linear stability theory (LST) can predict the transition well. How-
ever, for supersonic and hypersonic flow, strong compression, high temperature,
ablation, and real-gas effect make the boundary layer flow extremely complex. On
one side, the environment disturbance differences reduce the ground test accuracy,
and on the other side, most of the measurement technologies become useless or
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unreliable in hypersonic condition. That is why the test results of a circular cone
model, which is simple in shape but complicated in transition phenomena, differ
from one facility to another.

For the effect of AOA, most present research results show that transition moves
toward the nose tip on the leeside and moves opposite direction on the windside
[1–8], while other tests show transition reverse [9–14]. This reveals the complexity
of transition experiments, especially for blunted cone, and how to obtain consistent
and reliable data becomes very important. Fly test is ideal, but it costs a lot and the
test cycle is long. As a compromise, free flight test in ballistic range presents a new
efficiency and effective approach.

Ballistic range, different from other wind tunnels, avoids the influence of support
structures and background noise. The projectiles, accelerated to hypervelocity
by a two-stage light-gas gun, fly freely in the test chamber, where the wall to
stagnation temperature ratio and real-gas effect can be the same as the real flight.
Recently, CARDC upgraded the shadowgraph imaging system of its ballistic range
and applied in boundary layer flow visualization [15]. This paper will present a
preliminary AOA effect study on circular cone at Mach 6 and try to improve
the understanding of hypersonic boundary layer transition by qualitative and
quantitative analysis.

2 Experiment Method

The experiment was carried out in the aerophysics range of Hypervelocity Aero-
dynamics Institute, CARDC. This facility consists of launch system, measurement
system and test chamber, shown in Fig. 1. The launch system is a two-stage light-
gas gun with 28 mm launch tube and maximum 7.2 km/s launch velocity. The
measurement system contains three laser detect devices for velocity measurement, a
set of high-resolution shadowgraph imaging station, and a central computer. The test
chamber can simulate a flight environment of up to 60 km atmosphere by changing
the vacuum level.

Fig. 1 Schematic diagram of CARDC aerophysics range
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Fig. 2 The cone model and sabot

The 5◦ half angle circular cone model and sabot are shown in Fig. 2. It is
about 110 mm long with skirt, and the radius of the nose tip is under 0.4 mm.
It is made of steel and weight around 79 g. The surface roughness is between
0.46 μm and 0.77 μm. The projectile must stand high acceleration load in the launch
tube. Own to the soft launch technology [17], the launch load was notably reduced,
and the successful launch rate was improved.

Mach number and Reynolds number are mainly simulated by controling launch
velocity and environment pressure separately in the ballistic range test. The Mach
number is selected as 6 which is equal to about 2 km/s at the normal temperature.

3 Test Result

The conditions and results, including 6 shots, are shown in Table 1. The transition
point X stands for the coordinate value of x axis started from the nose of the model.
The tests were carried out under room temperature, and the wall to stagnation
temperature ratio Tw/T0 was about 0.12. The transition Reynolds number is defined
as Retr = X × Re∞/L. Test ZL-15, ZL-16, and ZL-29 had almost the same unit
Reynolds number of about 6.5 × 107 m−1, while the other three tests had a higher
unit Reynolds number of about 8.5 × 107 m−1, and their transition points were
relatively earlier than the former group.

Figures 3 and 4 showed the shadowgraph images of test ZL-13 and ZL-30. They
had nearly the same unit Reynolds number but different AOA of 7.9◦ and 0.2◦
separately. There were vast of spokewise acoustic waves, which were induced by
turbulence, among the main shock and the cone surface. The pressure gradient from
the windside to the leeside may cause cross flow and made the thickness of the
boundary layer on the leeside greater than the windside. The transition points on
both sides of the cone seemed equal in test ZL-30 as the cone flied with almost zero
AOA. Turbulent spots and intermittent turbulence can be seen on the surface of the
model.
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Fig. 3 The shadowgraph image of test ZL-13 (Ma = 5.77, Re/L = 8.56 × 107 m−1, α = 7.9◦)

0 10 20 30 40 50 60 70 80 90 100 110

Fig. 4 The shadowgraph image of test ZL-30 (Ma = 5.76, Re/L = 8.82 × 107 m−1, α = 0.2◦)

There were vortexes in the transition and turbulent area of the boundary layer,
and they presented gray level changes in the image. The eddy scale distribution
of the boundary layer was computed by FFT spectrum analysis, and it reflected
the transition process from laminar to turbulence clearly. As an example, Fig. 5
shows bar charts of the eddy scale distribution on the windside and leeside of the
cone of test ZL-30. In the laminar flow area, the eddy scale is under 0.2 mm with
small fluctuation. At the transition point, one or more sharp bars stand out, and that
corresponds to the turbulent spots. Some re-laminar areas between turbulent spots
could be identified too. According to the eddy scale distribution, the transition could
be located accurately.

The transition points on both leeside and windside of each test were compared in
Fig. 6. Higher unit Reynolds number led to earlier transition. The transition shifted
upward on the leeside and afterward on the windside within small AOA of less than
3◦. When the angle gets further increased, the moving direction of the transition
on the windside reversed toward the nose tip but will not exceed the leeside in the
present results with nose tip radius of less than 0.4 mm.
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Fig. 5 The eddy scale distribution on the model of test ZL-30

Fig. 6 Distribution of the transition point of different AOA and unit Reynolds number

For the slightly blunted cone, the main shock can be assumed to be sticked to the
wall; therefore, it is easy to calculate the local parameters of basic flow theoretically.
It seems the flow on the windside had a higher enthalpy and lower Mach number,
and that resulted in unbalance transition on the cone’s surface with AOA.

4 Discussion

Some references ascribed the moving direction reverse of the transition to the
crossflow increased by AOA. It is doubtable why there are so many differences
between results of different facilities. At least, the crossflow effect is not the only
mechanism to dominate transition process.



Free Flight Experiment Investigation of AOA Effect on Cone Boundary Layer. . . 937

It is generally recognized that wind tunnel transition occurred at lower Reynolds
numbers than in flight due to wind tunnel noise. However, the transition test result
comparison of HiFIRE-1 on ground and in flight showed that there was noticeable
decrement in transition Reynolds number with AOA from 5◦ to 13◦, even in some
case, wind tunnel windward transition occurred at a higher Reynolds number than in
flight [18]. Ballistic range test also showed same differences in transition Reynolds
number between small and big AOA.

It is noticed that there is a non-negligible change of wall to stagnation tem-
perature ratio between wind tunnel (Tw/T0 = 0.56) and in flight (Tw/T0 = 0.18
for HiFIRE-1 fly test and Tw/T0 = 0.12 for ballistic range test). Therefore, the
destabilizing effects of wall cooling may outweigh the effect of background noise
and play an important role in the transition problems. A recent paper of Tsinghua
University reported that favorite pressure gradient will stabilize the first and second
unsteady modes; however, a new mode may arise when wall heating added in the
high-speed boundary layer [19]. This theory may help to study the AOA effect to
the cone transition in further research.

5 Conclusion

The cone has a simple shape but quite complicated transition phenomenon in
hypersonic flow. To investigate the AOA effect to the slightly blunted circular cone,
CARDC carried out a series of free flight test in the ballistic range.

Results showed that the transition location shifted upward on the leeside and
afterward on the windside within small AOA. When the angle gets further increased,
the moving direction of the transition on the windside reversed toward the nose tip
but will not exceed the leeside in present results with nose tip radius of less than
0.4 mm. There is noticeable decrement in transition Reynolds number with AOA,
which may related with both pressure gradient and wall heating. Further theoretical
and experimental research is necessary.
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