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ABSTRACT

This paper performs direct numerical simulations of hypersonic boundary layer transition over a Hypersonic Transition Research Vehicle
(HyTRV) model lifting body designed by the China Aerodynamic Research and Development Center. Transitions are simulated at four
angles of attack: 0°, 3°, 5°, and 7°. The free-stream Mach number is 6, and the unit Reynolds number is 107 m~!. Four distinct transitional
regions are identified: the shoulder cross-flow and vortex region and the shoulder vortex region on the leeward side, the windward vortex
region and the windward cross-flow region on the windward side. As the angle of attack increases, the transition locations on the leeward
side generally move forward and the transition ranges expand, while the transition locations generally move backward and the transition
ranges decrease on the windward side. Moreover, the shoulder vortex region moves toward the centerline of the leeward side. At large angles
of attack (5° and 7°), the streamwise vortex on the shoulder cross-flow and vortex region will enable the transition region to be divided into
the cross-flow instability region on both sides and the streamwise vortex instability region in the middle. In addition, the streamwise vortex
also leads to a significant increase in cross-flow instability in their upper region, which can generate a new streamwise vortex instability
region between the two transition regions on the leeward side. Furthermore, since the decrease in the intensity and the range for the cross-
flow on the windward side, the windward cross-flow region tends to become narrow and ultimately disappears.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146651

I. INTRODUCTION
The transition problem is one of the few fundamental subject

hinders the development of high-speed missiles, hypersonic reentry
vehicles, hypersonic cruise vehicles, and other vehicles.
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problems left over from classical mechanics." * The transition from
laminar to turbulent flow significantly alters factors such as skin fric-
tion, noise, heat transfer, and mixing.'1 Typically, the skin friction and
heat flow in turbulent flow are 3-5 times greater than that of laminar
flow.” This difference will be significantly enhanced at hypersonic
speed and will greatly impact the aerodynamic performance and ther-
mal protection system of hypersonic vehicles.””

Currently, numerous research efforts have been directed toward
understanding hypersonic boundary layer transition.” ' Nevertheless,
the underlying mechanisms of induced boundary layer transition
remain poorly understood. As a result, no model or semi-empirical
formula can accurately predict hypersonic boundary layer transition
under a broad range of flight conditions.'"” This limitation greatly

Initially, the research on hypersonic boundary layer transition
mainly focused on simple configurations, such as flat plates and con-
cave walls."* '° Kornilov'” studied the boundary layer transition over
a smooth plate at zero angle of attack in the range of Mach =2-6 and
found an approximate method with low error and a wide range of
applicability for measuring the end of the transition region. Fedorov'®
has summarized research on various aspects of high-speed boundary
layer transition, particularly emphasizing the differences between
hypersonic, subsonic, and moderate-supersonic transitions over a flat
plate at zero angle of attack. Lu et al."” employed Nano-tracer Planar
Laser Scattering (NPLS) and Temperature-Sensitive Paints (TSP)
methods to investigate the instantaneous fine structure of the bound-
ary layer over a 45° swept slab in a hypersonic low-noise wind tunnel
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at a Mach number of 6. Chen et al.” studied the hypersonic boundary
layer transition on a concave wall induced by unsteady low-frequency
blowing and suction and found that diamond-shaped and A-shaped
structures induced by Gortler instability waves or first-mode instability
waves are highly susceptible to high-frequency secondary instabilities,
and further carried out two kinds of instability waves energy analysis.
Chen et al.”' performed a direct numerical simulation on the bound-
ary layer of a swept-wing with a sweep angle of 45° and analyzed in
depth the instability mechanism of stationary cross-flow vortices
breakdown of the high-speed cross-flow transition to full turbulence.

As the field of hypersonic boundary layer transition research con-
tinues to develop, the focus of research has been changed to other
boundary layers with more complex shapes. Among these, the cone,
which serves as the head of many hypersonic vehicles, has recently
attracted much attention.”””” Stetson and Kimmel”* performed experi-
ments on the stability of the hypersonic boundary layer over a 7° half-
cone-angle and 0° angle of attack blunt cone and measured the wave
spectrum at various positions. Su et al.”” developed a new method that
accounted for both the attenuation and amplification of disturbance
waves and applied this method to study a Mach 6 blunt cone. Li et al.”
conducted a direct numerical simulation of the hypersonic boundary
layer transition over a 5° half-cone-angle blunt cone. They obtained the
non-monotonic transition line on the cone and analyzed the mecha-
nism of delayed transition. Wang et al.” investigated the effects of wall
temperature on hypersonic boundary layer transition over an inclined
blunt cone with two wall temperatures and studied the breakdown pro-
cess of leeward streamwise vortices and crossflow vortices.

To meet the demands of high-speed, high-altitude, and long-
distance cruising for hypersonic vehicles, the design of lifting bodies
with high lift-to-drag ratios and strong maneuverability has become a
recent research focus.”® *’ The prediction, mechanism, and control
methods of hypersonic boundary layer transition for lifting bodies
have also become essential design considerations for these vehicles.”’
Despite the lifting body having a high lift-to-drag ratio, it has poor sta-
bility, particularly lateral stability. Gao et al.”* conducted experiments
on two types of lifting bodies in wind tunnels with different Mach and
Reynolds numbers and discovered that lifting bodies will have self-
excited vibration caused by the asymmetric transition at the nose at
low angles of attack. They also found that there are three distinct scales
present in hypersonic lateral separation or transition flow. Wartemann
et al.”’ conducted hypersonic reentry flight experiments on a sharp-
edged lifting body and a blunt-edged lifting body and found that the
sharp-edged lifting body, with its advanced design and lower produc-
tion cost, had a higher lift-to-drag ratio and lowered thermal load.

The HyTRV model is a lifting body model with typical hyper-
sonic vehicle characteristics. By HyTRV, we mean a Hypersonic
Transition Research Vehicle, which was designed by the China
Aerodynamic Research and Development Center.” The model's
geometry profile is completely generated by analytical functions, and
its flow region exhibits several instabilities. Therefore, the HyTRV
model is an ideal candidate for the study of hypersonic boundary layer
transition. Chen et al”” conducted a parametric study on the typical
flow characteristics and boundary layer instability characteristics of
the HyTRV model at different angles of attack through a one-
dimensional stability analysis. They also provided suggestions for
future research based on the types of instability found on the HyTRV
model at different angles of attack. Qi et al.”® conducted a direct
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numerical simulation of the hypersonic boundary layer transition over
a HyTRV model at 0° angle of attack under typical wind tunnel condi-
tions and analyzed the instability mode of each region. Chen et al.”’
performed numerical simulations and multi-dimensional linear stabil-
ity analyses for the HyTRV model at 2° angle of attack at the same
flow conditions as Qi et al.”® They also carried out a study on the dom-
inant transition mechanism in some selected regions of interest.

Despite the progress mentioned above made in research on the
HyTRV model, there are still some problems that remain. First, both
Chen et al.”” and Chen et al.”” found that the flow field distribution
and structure around the HyTRV model at a laminar state can be
greatly affected by the changes in the angle of attack, which results in
the transition mechanism over the HyTRV model more complex.
However, previous studies on the hypersonic boundary layer transition
over the HyTRV model have only been conducted at small angles of
attack of 0° or 2°. Thus, further research on it at larger angles of attack
is needed. Second, previous studies on the transition of the hypersonic
boundary layer have only been conducted on a single angle of attack
for the HyTRV model. There is a lack of comparative analysis of the
transition region and transition mechanism between the HyIRV
models at different angles of attack.

In this paper, direct numerical simulations (DNS) of the hyper-
sonic boundary layer transition over a HyTRV model lifting body are
conducted at different angles of attack, under the same flow conditions
as Qi et al,” in order to conduct a comparative analysis with previous
studies. A total of 1.4 x 10° grids are used in simulations. The angles
of attack are 0°, 3°, 5°, and 7°. According to the comparative analysis
with the flow field data of the HyTRV model at different angles of
attack, the development characteristics of the location, range and tran-
sition mechanism for each hypersonic boundary layer transition
region are summarized.

The paper is organized as follows. The numerical settings are
introduced in Sec. II. The results of numerical simulations and corre-
sponding analysis are presented in Sec. III. A summary and conclusion
are offered in Sec. I'V.

Il. NUMERICAL SETTINGS
A. The HyTRV model

The specific information of the HyTRV model can be obtained
from the research of Liu et al.”* As shown in Figs. 1 and 2, the HyTRV
model has an overall length of 1600 mm and its head is a 2:1:1 ellip-
soid. The cross section of the HyTRV model is composed of a wind-
ward side located below and a leeward side located above. The
windward side is a 4:1 elliptic curve, while the leeward side is com-
posed of a Class/Shape Function Transformation (CST) curve and a
4:1 elliptic curve.

The generating function for the leeward curve (CST) in the tail
cross section is

Y = cosOW,, 0 € [0,n],
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1)
Z=0Zc+ (1—a)Z.
The calculation function of Z is
ZC = nga
CZZS"?4'(1—'7)47 2)
1 1
=—cosf+—-, 60¢€][0,n].
= cos +2, € [0, 7]
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FIG. 1. Cross-sectional for the head and tail of the HyTRV model. The blue line
represents the windward side, and the red line represents the leeward side, consis-
tent with the size of the model of the previous study.””"

direction

FIG. 2. Side view of the HyTRV model. « is the angle of attack of the model.

The calculation functions of Zg and o are

Zg = sin 0H,

H, (3)
a=1--"2

H,

where H,, is the height of the windward side, H; is the height of the lee-
ward side, and W, = 4H,, is half the width of the cross section of the
tail. 0 is a parameter ranging from 0 and 7.

B. Flow conditions

The typical hypersonic wind tunnel flow conditions are used.
The gas species considered is air. The specific flow parameters are
shown in Table I, where Ma_ is the free-stream Mach number, Re..
is the unit Reynolds number, p., is the free-stream density, P, is the
static pressure, T, is the static temperature, T,, is the wall tempera-
ture, Ty is the total temperature, and hy is the free-stream stagnation
enthalpy. Four angles of attack are used: 0°, 3°, 5°, and 7°.

C. Numerical simulations

The numerical simulation strategy consists of two steps: laminar
simulation and transition simulation. Under the flow conditions

TABLE I. Flow parameters.
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FIG. 3. Cross section grid distribution in the laminar simulation (X'= 1500 mm).
The left side of the red dotted line is the grid used in the actual laminar simulation.
The right side of the red dotted line is the mirror grid on its left side.

currently used, the pressure of the gas is low enough and the tempera-
ture of the gas is not too high (the total temperature is 648 K), so the
real gas effects do not need to be considered. Then the perfect gas
assumption is an acceptable condition. Therefore, the perfect gas
assumption is utilized in both steps of numerical simulation.

The laminar simulation is used to obtain the steady base flow data
of the entire model at different angles of attack. The steady base flow data
serve as initial and out-boundary conditions for the transition simulation.
The parallel computational fluid dynamics software OpenCFD-EC with
finite volume method is used for the laminar simulation. In order to opti-
mize computational resources, the simulation only considers half of the
model, with the centerlines of the leeward side and the windward side
serving as the symmetry axis. The calculation domain is resolved using
601, 151, and 181 grids in the streamwise, circumferential, and wall-
normal directions, respectively, and a total number of grids is 16.42 X
10°. The cross-sectional grid distribution is shown in Fig. 3. The inviscid
fluxes are computed by using a third-order MUSCL finite difference
scheme with a Van Albada limiter, and a Van Leer method is used for
flux-vector splitting. The viscous fluxes are computed by using a fourth-
order central difference scheme. The time integration is performed using
an LU-SGS scheme. At the same flow conditions, the steady base flow is
calculated for the HyTRV model at four different angles of attack.

The transition simulation is conducted using the Graphic
Processing Unit (GPU)-accelerated finite difference method computa-
tional fluid dynamics software OpenCFD-SCU, developed by

Ma, Re,, (m™) Poo (kg/m?) P (Pa) T, (K) T,, (K) T (K) ho (J/kg)
6 107 0.051 1147 79 300 648 6.5 % 10°
Phys. Fluids 35, 044111 (2023); doi: 10.1063/5.0146651 35, 044111-3
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Dang et al.”® The software offers a speedup of more than 200 times com-

pared to Central Processing Unit (CPU)-based software using the same
algorithm, significantly accelerating the DNS calculation process and
reducing computation time. In the transition simulation, the calculation
is performed on a small computational domain, with the shock region at
the head of the model removed. The calculation range of streamwise
direction is X € [30, 1600 mm]. Two types of grids are used in the calcu-
lation, with the same number of grids in each direction, but different in
the wall-normal height distribution. The calculation domain is resolved
using 4350, 2001, and 161 grids in the streamwise, circumferential and
wall-normal directions, respectively, and a total number of grids is 1.4 x
10°. In terms of grid distribution, previous studies have found that at the
angle of attack of the HyTRV model is greater than 6°, a large vortex is
generated near the centerline of the leeward side, while the vortex
becomes smaller near the centerline of the windward side.” In order to
obtain an overall flow field structure at 7° angle of attack, the height of
the wall-normal with the near centerline of the leeward side is set
increased, while the height of the wall-normal grid with the near center-
line of the windward side is set decreased. Nevertheless, the height of the
first grid closest to the wall remains consistent between both sets. The
specific cross-sectional grid distribution is depicted in Fig. 4.

For the numerical simulation settings of the transition simula-
tion, the isothermal no-slip boundary condition is applied to the wall
surface, and the non-reflective outlet boundary condition is applied to
the outlet boundary. The inviscid fluxes are computed by using an
optimized six-order monotone-preserving scheme (OMP6), proposed
by Li et al.,”” and the Steger—Warming method is used for flux-vector
splitting. The viscous fluxes are computed by using a sixth-order cen-
tral difference scheme. The time integration is performed using a
third-order total variation diminishing (TVD) type Runge—Kutta
scheme. The filtering method proposed by Bogey et al.*’ is used to
eliminate the high-frequency nonphysical vibrations in the flow field,
ensuring the stability of the numerical simulation. The flow field is fil-
tered every 10 steps.

Angle of attack %”'I//, Angle of attack
i,
%

XK
i‘is‘"
RS
\\‘\\\

N

g Attt - ‘ SRS

it RS

gt W

g T
i o

I

Tail

FIG. 4. Cross section grid distribution in the transitional simulation at X=30
(head) and 1500 mm (tail). The left side of the red dotted line is the grid used by
the model at 0°, 3°, and 5° angle of attack. The right side of the red dotted line is
the grid used by the model at 7° angle of attack. For clarity, every fifth grid point is
shown in the tail region, and every 20th grid point is shown in the head region.
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The boundary layer transition is triggered by continuously intro-
ducing random blowing and suction perturbations on the wall of the
model within a range of 50-60 mm from the head of the model. The
streamwise and circumference velocities are both set as zero on the
wall, and the wall-normal velocity on the wall is determined by

‘V()(Zf— 1)7 Xa <x§xba

Vo(x, @, 1) = { - (4)

0, otherwise,

where v, is 2% of the streamwise velocity, & is a random number
between 0 to 1, and x, and x;, are the start and end locations of the
blowing and suction perturbations, respectively. Previous studies™°
have confirmed that the transition can be effectively triggered by intro-
ducing these random perturbations. Moreover, the transition location
is not sensitive to the specific form perturbations and has a certain
universality.

D. Grid convergence

In order to verify the grid convergence of the DNS calculation in
the transition simulation, four grids with different resolutions are
selected for simulation under the flow condition at 3° angle of attack.
The specific grid parameters are shown in Table I1. Of the four cases,
case 1 is the coarsest grid; case 2 has twice as many circumferential
grids as case 1; cases 3 and 4 have a finer streamwise grid than case 2;
case 4 is the finest grid with a total of 1.40 x 10° grids. Compared to
the other cases, the grid of case 4 in the wall-normal direction is also
refined. The height of the first grid closest to the wall is the same in all
cases.

According to the calculation results for transition simulation
shown in Figs. 5 and 6, the transition regions are clearly shown by the
distribution of the skin friction coefficient. As shown in Fig. 5, for the
leeward side, reducing the circumferential grid resolution significantly
affects the region 1-L, which may be affected by the cross-flow
instability. Therefore, decreasing the circumferential grid resolution
can enhance the numerical dissipation of high-frequency disturbances
at 3° angle of attack. However, the transition location in this region
remains relatively constant compared to other grids with finer resolu-
tion. Furthermore, increasing the wall-normal grid resolution will
slightly defer the transition, with a more pronounced impact on the
region 2-L. On the other hand, the change of the streamwise resolution
has minimal effect on the transition for the leeward side.

The effect of grid resolution changes on the windward side is
similar to that on the leeward side. As shown in Fig. 6, the region 1-W,
which is influenced by cross-flow instability, is greatly affected by the
circumferential grid resolution. However, the range and location of the
transition have little change. An increase in the wall-normal grid

TABLE Il. Grid parameters for transition simulation with different grid resolutions.

Phys. Fluids 35, 044111 (2023); doi: 10.1063/5.0146651
Published under an exclusive license by AIP Publishing

Case Streamwise Circumferential Wall-normal Total grids
number grids grids grids (x10%)
Case 1 3000 1001 121 0.36
Case 2 3000 2001 121 0.72
Case 3 4350 2001 121 1.05
Case 4 4350 2001 161 1.40
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¢ 0.0002 0.0011 0.0020

FIG. 5. Time-averaged skin friction coefficient distribution on the leeward side with different grid resolutions at 3° angle of attack: (a) case 1, (b) case 2, (c) case 3, (d) case 4,

@ region 1-L, @ region 2-L.

resolution can result in a slight delay in the transition of the region 2-
W. For the windward side, the change of the streamwise resolution
has minimal effect on the transition, similar to that observed on the
leeward side.

In order to evaluate the effect of different grid resolutions more
thoroughly on the transition, a comparison and verification of the
time-averaged skin friction coefficient curves on the centerline of the
windward side for the transition simulation with different grid resolu-
tions was conducted. As shown in Fig. 7, it can be observed that the
time-average skin friction coefficient with different grid resolutions

fluctuates sharply at X=1100mm, indicating that the transition
occurs at this location. In addition, the time-averaged skin friction
coefficient curves are consistent in the laminar flow region (X € [200,
1100 mm)]). After the transition, the time-averaged skin friction coeffi-
cient is mainly concentrated within 0.001-0.0015.

According to the above analysis, the transition ranges and loca-
tions with different grid resolutions are generally consistent. Then, this
can indicate that the previous grid is sufficient for the use of revealing
the transition mechanism. In the transition simulation, the grid
parameters in case 4 are selected for calculation.

¢ 0.0002 0.0011 0.0020

(a)

(©)

(b)

FIG. 6. Time-averaged skin friction coefficient distribution on the windward side with different grid resolutions at 3° angle of aftack: (a) case 1, (b) case 2, (c) case 3, (d) case

4, @ region 1-W, @ region 2-W.
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Ill. CALCULATION RESULTS
A. Laminar flow pattern

Figure 8 shows the instantaneous pressure distribution of the
cross section for the HyTRV model. It is observed that, with the angle
of attack increasing, the pressure on the leeward side generally
decreases while the pressure on the windward side increases. At 0°
angle of attack, there is a high-pressure area above the leeward side
(upper surface) of the model and a low-pressure area below the wind-
ward side (lower surface) of the model. The pressure at the centerline
region of the leeward side is the highest. The pressure from the central
line region of the leeward side to the shoulder region of the model
decreases first and then increases, resulting in a high-low-high pres-
sure distribution on the leeward side.

As shown in Fig. 8(b), the pressure near the wall of the concave
region of the leeward side decrease compared with the surrounding
region at 3° angle of attack, which results in a low-pressure area

FIG. 8. Instantaneous temperature distri-
bution at different angles of attack for the
laminar simulation (X = 1500 mm): (a) 0°,
(b) 3°, (c) 5°, and (d) 7°. The trend of the
instantaneous  temperature  distribution
with increasing angle of attack is consis-
tent with previous studies.”

Phys. Fluids 35, 044111 (2023); doi: 10.1063/5.0146651
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generated here. As the angle of attack increases, the pressure of the
low-pressure area decreases accordingly, and the range of the low-
pressure area gradually expands. As shown in Fig. 8(d), an obvious
and large-scale low-pressure area is generated on the concave region
of the leeward side at 7° angle of attack. The generation of low-
pressure areas may be because, as the angle of attack increases, the
flow on the depression of the concave region gradually separates, thus
a gradual decrease in the pressure of the area.

Moreover, as the angle of attack increases, the pressure in the
shoulder region of the model increases gradually, which results in a
high-pressure area generated here. The high-pressure area expands
toward the centerline of the windward side. Furthermore, the pressure
in the centerline region of the windward side always increases, indicat-
ing that the flow in the centerline region is becoming more attached to
the surface of the windward side.

According to the above analysis, combined with the streamwise
velocity distribution of the HyTRV model in Fig. 9, the generation
mechanism of streamwise vortices on the model surface can be found.
At 0° angle of attack, the centerline region of the leeward side and the
shoulder region of the model have high pressure, while the concave
region of the leeward side and the centerline region of the windward
side have low pressure. The pressure gradient drives the flow converg-
ing from high-pressure areas to low-pressure areas. Streamwise vorti-
ces will be generated under the action of shear force, which
corresponds to the streamwise vortex observed in the concave region
of the leeward side and the centerline region of the windward side at
the 0° angle of attack in Fig. 9(a).

As the angle of attack increases, the pressure decreases gradually
in the centerline region of the leeward side, and the low-pressure area
on the concave region of the leeward side moves toward the centerline
of the leeward side. Under the influence of the pressure gradient, the
streamwise vortices located on both sides of the model also move
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toward the centerline of the leeward side following the low-pressure
area. As shown in Fig. 9, the movement of streamwise vortices on both
sides of the model is visibly evident. As the angle of attack increases,
these streamwise vortices converge as they move upward. As shown in
Fig. 9(c), the edges of the streamwise vortices on both sides of the
model have connected at 5° angle of attack. However, the centers of
these vortices remain separated on both sides of the leeward side’s cen-
terline. While in Fig. 9(d), the streamwise vortices on both sides of the
model have completely merged to become a large mushroom-shaped
streamwise vortex in the central region of the leeward side at 7° angle
of attack.

Furthermore, as the angle of attack increases, a new low-pressure
area gradually develops in the upper portion of the shoulder region of
the model. Under the influence of the pressure gradient, a new flat-
tened streamwise vortex is generated on the new low-pressure area, as
observed at 7° angle of attack in Fig. 9(d). The upper edge of the
streamwise vortex extends to the top of the model with a significant
extension. On the other hand, the lower edge of the streamwise vortex
extends to the shoulder of the model with a small extension.

For the centerline region of the windward side, the pressure in
this region increases significantly as the angle of attack increases.
Simultaneously, the pressure gradient gradually decreases in the cen-
terline region. Consequently, the streamwise vortex in the centerline
region of the windward side transforms from a distinct mushroom-
like structure, as observed at 0° angle of attack in Fig. 9(a), to a flat-
tened structure, as observed at 7° angle of attack in Fig. 9(d).

In addition, the change of the angle of the shock wave with
respect to the axial direction at different angles of attack is still worthy
of attention, which is very important for the experimentalists to carry
out experimental verification. Figure 10 shows the angle of the shock
wave with respect to the axial direction (6) at different circumferential
angles (¢) at different angles of attack (X =20 mm). Table III shows

FIG. 9. Instantaneous streamwise velocity
distribution at different angles of attack for
the laminar simulation (X = 250, 500, 750,
1000, 1250, 1500 mm): (a) 0°, (b) 3°, (c)
5°, and (d) 7°. The trend of the instanta-
neous streamwise velocity distribution with
increasing angle of attack is consistent
with previous studies.”
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FIG. 10. The angle of the shock wave with respect to the axial direction (6) at dif-
ferent circumferential angles (¢) (X =20 mm).

the values of 0 on some selected regions of interest at different angles
of attack. Where ¢ = 0°, 90°, 180° are the circumferential angles of
the top, shoulder and bottom of the model, respectively. It can be
observed that as the angle of attack increases, 0 on the leeward side (¢
< 90°) gradually increases, while 0 on the windward side (¢p > 90°)
gradually decreases. The 0 of the shoulder (¢p = 90°) at different angles
of attack varies little, basically around 21.5°.

The above flow characteristics of the laminar simulation of the
HyTRV model at different angles of attack are consistent with the
findings of previous studies.””” Based on the above analysis, the flow
regions of the HyTRV model can be divided as follows. As shown in
Fig. 11, the flow region can be divided into seven distinct regions from
top to bottom: the leeward attachment-line region, the leeward cross-
flow region, the shoulder vortex region, the shoulder cross-flow and
vortex region, the shoulder attachment-line region, the windward
cross-flow region and the windward vortex region.

It is important to note that the flow region division of the
HyTRV model shown in Fig. 11 is not applicable in all cases. As the
angle of attack changes, the location and range of the flow region will
also change accordingly. As shown in Fig. 9(d), at 7° angle of attack,
the leeward attachment-line region and leeward cross-flow region
have been replaced by the shoulder vortex region. Therefore, the divi-
sion of regions at different angles of attack must be determined based
on specific circumstances.

TABLE Illl. The angle of the shock wave with respect to the axial direction (6) on
some selected regions of interest (X =20 mm).

Angle of attack (°) ¢ =0°(°) ¢ =90° (°) ¢ =180° (°)
0 21.21 21.47 16.70
3 22.61 21.48 15.22
5 23.58 21.49 14.28
7 24.60 21.57 13.38
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FIG. 11. Flow region division for the laminar simulation. Take the instantaneous
streamwise velocity distribution at 3° angle of attack as an example
(X=1500mm). The region division is similar to that in the previous study.””
However, the name of the shoulder cross-flow and vortex region is different from
the previous study, which is due to a new streamwise vortex generated in the con-
cave region of the leeward side.

B. Transitional flow pattern

The computation for the transition simulation is conducted uti-
lizing the steady basic flow data obtained from the laminar simulation
at different angles of attack. Figure 12 shows the instantaneous tem-
perature of the cross section for the HyTRV model. Compared with
the results for laminar flow simulation in Fig. 9, it can be observed that
the shoulder vortex region and the windward vortex region at each
angle of attack have transitioned due to streamwise vortex instability.
Furthermore, streamwise vortex instability is more obvious in the
shoulder cross-flow and vortex region since the 3° angle of attack.

As the angle of attack increases, the streamwise vortices in the
shoulder vortex region on both sides of the model gradually move to
the centerline region of the leeward side and merge. At 7° angle of
attack, the streamwise vortices located on both sides of the model
merge into a whole vortex, which subsequently breaks away from the
model’s surface. The shape of the streamwise vortices in the windward
vortex region gradually become flattened. The streamwise vortex insta-
bility on the centerline of the windward vortex region is the strongest,
while the instability tends to weaken toward the two sides of the
model. The streamwise vortex of the shoulder cross-flow and vortex
region becomes larger gradually as the angle of attack increases.
Following destabilization, the streamwise vortex progressively detaches
to the upper part of the model along the wall.

In previous studies,’®” the distribution of the skin friction coeffi-
cient can be regarded as the reflection of the transition region. Hence,
to further study the transition in each region of the HyTRV model, the
distribution of the time-averaged skin friction coefficient is utilized to
divide the transition regions, which are shown in Fig. 13. The skin fric-
tion coefficient can be defined as follows:

Cr = [2uVU|,,/R. (5)

According to the division depicted in Fig. 11, the boundary layer
transition occurs in four specific regions of the model: the shoulder
cross-flow and vortex region and the shoulder vortex region on the
leeward side; the windward vortex region and the windward cross-
flow region on the windward side.
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The time-averaged skin friction coefficient distribution of the
HyTRV model, which is shown in Figs. 14 and 15, clearly shows the
range and location of transition for each transition region at different
angles of attack. It is observed that the transition region for each angle
of attack exhibits a triangular shape. As the angle of attack increases,
the range and location of the transition in each region significantly
change.

As shown in Fig. 16, a comparison of the time-averaged skin fric-
tion coefficient curves at various angles of attack reveals that the tran-
sition on the centerline of the windward vortex region is gradually

HE e
¢, 0.0002 0.0011 0.0020

Leeward side

Windward side

FIG. 13. Transition region division for the transition simulation. Take the time-
averaged skin friction coefficient distribution at 3° angle of attack as an example.
Take the centerline of the model as the boundary. The upper part of the figure is
the region division on the leeward side, and the lower part is the region division on
the windward side: (a) shoulder cross-flow and vortex region, (b) shoulder vortex
region, (c) windward vortex region, and (d) windward cross-flow region.
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FIG. 12. Instantaneous temperature distri-
bution at different angles of attack for the
transition simulation (X' = 1500 mm): (a)
0°, (b) 3°, (c) 5°, and (d) 7°.

delayed as the angle of attack increases. Specifically, the transition
occurs at X =800 mm at 0° angle of attack. However, as the angle of
attack increases, the transition location is delayed to X = 1400 mm at
7° angle of attack. Furthermore, it can be observed that the time-
averaged skin friction coefficient experiences only a slight variation at
the later stage of transition as the angle of attack increases. The time-
averaged skin frictions are approximately coefficient consistent at dif-
ferent angles of attack, mainly located in 0.001-0.0015.

After completing the general analysis of transition flow patterns
at different angles of attack, the following will delve into a more spe-
cific analysis of the four transition regions.

C. Shoulder cross-flow and vortex region

As shown in Fig. 14, with the angle of attack increasing, the tran-
sition location of the shoulder cross-flow and vortex region moves
gradually forward, and the range of the transition also extends
gradually.

Figure 17 shows the head of the shoulder cross-flow and vortex
region at different angles of attack. It is observed that there are multi-
ple transversal bands (perpendicular to streamwise direction) with
equal spacing within the transition region at 0° angle of attack.
According to a previous study,”” they may originate in Mack instabil-
ity. Moreover, compared to the time-averaged skin friction coefficient
distribution in Fig. 14, the transition region does not exhibit any visible
bands, indicating that these transversal bands (seen from Fig. 17) are
likely associated with traveling cross-flow waves. As the angle of attack
increases, the transversal bands in the interior of the transition region
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FIG. 14. Time-averaged skin friction coefficient distribution on the leeward side at different angles of attack for the transition simulation: (a) 0°, (b) 3°, (c) 5°, and (d) 7°.

gradually disappear. The bands are primarily distributed on the exte-
rior of the transition region, close to the shoulder attachment line of
the model. It is noteworthy that, as the angle of attack increases to 5°
and 7°, a long section of high skin friction coefficient region (hereafter
referred to as the H-C; region) appears at the head of the transition
region, which exhibits a long strip shape and not shown at 0° and 3°
angles of attack. The region’s tail is destabilized and connected to the
head of the triangular transition region.

In order to determine the range of the transition region, it is
defined as follows: The actual transition region is demarcated by the
40% contour line of the maximum time-averaged skin friction coeffi-
cient within the transition region at each angle of attack. Other transi-
tion regions are defined similarly to this region.

For the shoulder cross-flow and vortex region, the H-C; region at
the head of the transition region will affect the determining of the

transition location. Therefore, at 5° and 7° angles of attack, it is
defined that the actual H-Cj region is demarcated by the 60% contour
line of the maximum time-averaged skin friction coefficient within
each H-Cyregion. The location of the H-Cy region’s tail represents the
actual transition location. Furthermore, at 7° angle of attack, the
shoulder cross-flow and vortex region and the shoulder vortex region
are connected at their tail, which results in the inability to determine
the range of the transition region. Therefore, the shared border of
these two transition regions is utilized to demarcate the range of the
transition region.

Table IV shows the coordinates of the head and tail of the H-Cy
region. Through analyzing the location of the H-C; region at different
angles of attack, it is observed that the angle of attack significantly
affects the direction and the length of the H-Cy region. As shown in
Table V, with the angle of attack increasing, the angle between head-

C,
(@)

0.0011
(b)

0.0020

FIG. 15. Time-averaged skin friction coefficient distribution on the windward side at different angles of attack for the transition simulation: (a) 0°, (b) 3°, (c) 5°, and (d) 7°.
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FIG. 16. Time-averaged skin friction coefficient curves on the centerline of the
windward side at different angles of attack for the transition simulation.

to-tail connecting line of the H-C region and the centerline of the
model decreases, while the length of the region increases significantly.
Furthermore, the maximum time-averaged skin friction coefficient in
this region will increase as the angle of attack increases.

Table VI shows the transition region data of the shoulder cross-
flow and vortex region. The transition locations at 5° and 7°angles of
attack have been replaced by the tail locations of the H-C region.
According to the obtained data, as the angle of attack increases, the
transition location of the shoulder cross-flow and vortex region moves
forward at a decreasing rate, while the width for the tail of the transi-
tion region expands at an increasing rate. It is noteworthy that C,ax
and Y, , increase at 0° to 5° angles of attack but decrease at 7° angle of
attack.
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TABLE IV. H-Csregion locations at different angles of attack.

Directi Head Tail Head Tail
1rection

(5°, mm) (5°, mm) (7°, mm) (7°, mm)
X 992.654 1120.75 407.65 1008.53
Y 131.47 153.50 68.46 122.38
Z 53.98 52.29 31.17 64.31

TABLE V. H-Cyregion data at different angles of attack. Cpyay is the maximum value
for the time-averaged skin friction coefficient in the H-C; region.

Angle of Chnax The angle to the Length
attack (°) (x1072) centerline (°) (mm)
5 0.3001 9.79 129.99
7 0.3213 6.01 604.20

To further analyze the situation in this transition region, 3° and
7° angles of attack have been chosen as representative cases for analy-
sis. Figure 18 shows the instantaneous skin friction coefficient distribu-
tion on the leeward side at two angles of attack. In addition, two
regions of interest, zones A and B, are selected in the transition regions
of 3° and 7° angles of attack with black dotted lines, respectively.
Figures 19 and 20 show the instantaneous flow pattern in the zones A
and B, respectively, where the vortex structures are illustrated using
the Q-criterion proposed by Hunt et al.”’

As shown in Fig. 19, the vortices in this transition region initially
manifest as oblique rolls (like the structure in the red solid line area)
with a consistent azimuth angle and equal spacing at 3° angle of attack.
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FIG. 17. Instantaneous skin friction coefficient distribution at the head of the shoulder cross-flow and vortex region at different angles of attack: (a) 0°, (b) 3°, (c) 5°, and (d) 7°.
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TABLE VI. Transition region data of the shoulder cross-flow and vortex region at dif-
ferent angles of attack. Cay is the maximum value for the time-averaged skin fric-
tion coefficient in the transition region; Xjeqq is the X axis value of the transition
location; Y; ; and Y; , is the Y axis value of the transition region’s tail on the side
close to the model centerline (inside) and away from the model centerline (outside)
at the X'= 1600 mm section, respectively; Y,, = Y; , — Y;is used to indicate the
width of the transition region’s tail.

Angle Of Cfmax Xhead Yt_i Yt_a Yw

attack (°) (x107?) (mm) (mm) (mm) (mm)
0 0.2022 1522.81 201.20 246.54 45.34
3 0.2218 1233.11 171.43 250.28 78.85
5 0.2384 1120.75 135.10 252.71 117.61
7 0.2103 1008.53 69.28 239.26 169.98

H s
¢ 00002 0.0011 0.0020 I

3° angle of attack

7° angle of attack

FIG. 18. Instantaneous skin friction coefficient distribution. Divided by the centerline
of the model, the upper part of the figure is the leeward side at 3° angle of attack,
and the lower part is the leeward side at 7° angle of attack.

Moreover, these oblique rolls are arranged in multiple longitudinal
bands along the streamwise direction, and are more particularly obvi-
ous at the edge of the transition region. With the development of obli-
que rolls, A vortices gradually emerge and transition, eventually
merging with other surrounding oblique rolls to form a triangular
region. It is also observed that the vortices within the range indicated
by the black dotted line in Fig. 19 are larger than those in the sur-
rounding areas. Comparison with Fig. 12 reveals that as the angle of

1600

FIG. 19. Instantaneous flow pattern in the zone A at 3° angle of attack. The lower
part of the figure is the wall-normal section (at the 10th grid point from the wall) rep-
resented by the streamwise velocity, and the upper part is the instantaneous vortex
structure showed by the isosurface of the Q-criterion (Q=0.001) colored by the
streamwise velocity.
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FIG. 20. Instantaneous flow pattern in the zone B at 7° angle of attack (same set-
tings as Fig. 19).

attack increases, the black dotted line area expands rapidly and a
streamwise vortex develops in this area.

As shown in Fig. 20, the long black dotted line on the leeward
side at 7° angle of attack in the lower part of Fig. 18 corresponds to the
black dotted line in Fig. 20, which is used to divide the region of cross-
flow instability and the region of streamwise vortex instability.
Compared with Fig. 19, it can be observed that the black dotted line
area in Fig. 19 has developed into a large-scale streamwise vortex at 7°
angle of attack. The streamwise vortex is initially stable but becomes
unstable at X =700 mm. With the development of the streamwise vor-
tex, the cross-flow instability in the upper portion of the transition
region intensifies and a transition occurs at X =900 mm. The bound-
ary between the upper cross-flow instability region and the lower
streamwise vortex instability region can be distinguished by the exten-
sion line of the upper edge of the streamwise vortex, as depicted by the
long black dotted line in Figs. 18 and 20.

Figure 21 shows the projection of the streamlines and pressure
distribution at X =700 mm with 7° angle of attack. It can be observed
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FIG. 21. Distribution of instantaneous pressure and streamlines in the zone B at 7°
angle of attack (the projection at X =700 mm).
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that the rapid change in the direction of the flow near the wall above
the flow vortex, resulting in the formation of a high-pressure area at
the location of this change. Under the influence of pressure gradient,
the velocity gradient will increase, which results in an increase in the
skin friction coefficient. Moreover, the streamwise vortex experienced
a long period of stable flow at the initial stage, resulting in the forma-
tion of the H-Cyregion. As the angle of attack increases, changes in the
length and direction of the streamwise vortex also lead to correspond-
ing changes in the location and range of the H-Cyregion.

Previous research’ suggested that at 0° angle of attack, the tran-
sition of the shoulder cross-flow and vortex region is caused by the
cross-flow instability between the shoulder attachment line and the
shoulder vortex region. As the angle of attack increases, this cross-flow
instability is strengthened and the range of transition expands.
However, the streamwise vortex is gradually generated with the expan-
sion of the low-pressure area on concave region of the leeward side. At
small angles of attack, the region of streamwise vortex instability is
small, and is surrounded by a larger region of cross-flow instability,
which is shown in Fig. 19. However, as the angle of attack increases,
the range of the streamwise vortex instability region gradually
expands. The entire transition region is divided into three parts:

(a) The cross-flow instability region in a small range from the
shoulder attachment line to the outside of the newly gener-
ated streamwise vortex.

(b)  The newly generated streamwise vortex instability region.

(c) An extensive range of cross-flow instability regions from the
streamwise vortices to the concave region of the model and
its upper part.

It is noteworthy that the height of the flow vortex from the wall
of the model is high, resulting in the actual boundary layer transition
region being smaller than the entire streamwise vortex instability
region. Figure 22 shows the instantaneous flow pattern at the tail of
the shoulder cross-flow and vortex region at 7° angle of attack. It can
be clearly observed the three parts of the transition region mentioned
above. Comparing the transition region at 7° angle of attack in Figs. 18
and 22, it can be observed that the streamwise vortex region at the tail
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FIG. 22. Instantaneous flow pattern at the tail of the shoulder cross-flow and vortex
region at 7° angle of attack (same settings as Fig. 19).
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of the transition region has completely transitioned and exhibits an
extensive range.

D. Shoulder vortex region

As shown in Fig. 14, with the angle of attack increasing, the
shoulder vortex region consistently moves toward the centerline of the
leeward side under the influence of the streamwise vortex. The transi-
tion location moves forward obviously in the range of angles of attack
between 0° and 3°, but this movement is less pronounced between 3°
and 7° angles of attack.

The definition and parameters of the shoulder vortex region are
similar to those of the shoulder cross-flow and vortex region (seen
from Sec. 111 C). A comparison of the data presented in Table VII (the
definitions of parameters are the same as that in Table VI) reveals that
as the angle of attack increases, Chinax consistently increases, while the
transition location does not exhibit a monotonic increase. The transi-
tion location (Xje,q) moves rearward between 3° and 5° angles of
attack. In addition, it can be observed that the tail of the transition
region (Y, ;) has moved to the centerline of the leeward side
(Y=0mm) at 7° angle of attack, indicating that the shoulder vortex
regions on both sides of the centerline of the leeward side have
merged, which is shown in Fig. 14(d). Following the merger of the
transition regions, the disturbance within the transition region is
enhanced, which may lead to a forward movement of the transition
location at 7° angle of attack as compared to that at 5° angle of attack.
The width of the tail of the transition region (Y,,) consistently shows
an increasing trend with the angle of attack increases.

As illustrated in Figs. 23(a) and 23(b), the shape of the transition
region’s head is sharp at 0° and 3° angle of attack. The skin friction
coefficient along the direction of the azimuth angle extension line is
high, extending to both sides of the model’s head as shown in Fig. 14.
However, the shape of the transition region’s head is flat and wide at
5° and 7° angles of attack. Upon observation, the head of the transition
region at 5° and 7° angles of attack can be divided into two areas by
the red dotted line in Figs. 23(c) and 23(d):

(a) The outside area (above the red dotted line) of the transition
region’s head exhibits similar characteristics to the transition
region’s head observed above at 0° and 3° angles of attack.

(b)  The inside area (below the red dotted line) of the transition
region’s head is wider and shorter than the outside area.

Moreover, there are multiple transversal bands in front of the
inside area of the transition region’s head at 5° angle of attack, which
is shown in Fig. 23(c). As solid red lines shown in Figs. 23(a)-23(d),
there is a distinct boundary of the skin friction coefficient between the

TABLE VII. Transition region data of the shoulder vortex region at different angles of
attack.

Angle Of Cfmux Xheud thi YLD Yw

attack (°) (x107%) (mm) (mm) (mm) (mm)
0 0.1781 1330.75 137.9 181.71 43.81
3 0.1805 973.20 72.76 128.74 55.98
5 0.2079 1094.73 10.69 78.90 68.21
7 0.2159 913.48 0.00 69.28 69.28
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FIG. 23. Instantaneous skin friction coeffi-
cient distribution of the shoulder vortex
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region at different angles of attack: (a) 0°,
(b) 3°, (c) 5°, and (d) 7°.
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shoulder vortex region and the shoulder cross-flow and vortex region.
The region around the shoulder cross-flow and vortex region is above
the solid red line, and the region around the shoulder vortex region is
below the solid red line. In particular, the skin friction coefficient
around the shoulder cross-flow vortex region is higher than around
the shoulder vortex region. The angle between the boundary line and
the centerline of the model decreases as the angle of attack increases.

It is noteworthy that as the angle of attack increases, a new transi-
tion region emerges between the tail of two transition regions on the
leeward side at 5° and 7°, which is shown in the black solid line area in
Figs. 23(c) and 23(d). The new transition region has a narrow width
and length of the region increases as the angle of attack increases.
Furthermore, at 7° angle of attack, the new transition region is sand-
wiched between the upper cross-flow instability region and the lower
streamwise vortex instability region, connecting the three transition
regions. In addition, it can be observed that the transition region
moves to the centerline of the windward side at 7° angle of attack
[seen from Fig. 23(d)]. It indicates that the transition regions on both
sides of the centerline of the leeward side have mostly merged into
one.

Figure 24 shows the vortex structure of the shoulder vortex
region at 3° angle of attack, with the head structure of the disturbance
magnified in the upper left corner of the figure. It can be observed that
the disturbance is present throughout the head of the vortex, approxi-
mately around X = 820 mm. Initially, the disturbance appears as some
small crescent-shaped vortices. As the disturbance develops, the
crescent-shaped vortex gradually grows. Within the range of
X =900-1000 mm, the top of crescent-shaped vortices is stretched
and broken, then rapidly contaminating the whole streamwise vortex

1460 1600

area. The transition location observed is mainly consistent with those
in Table VIL

As shown in Fig. 25, based on the vortex structure of the distur-
bance’s head at 5° angle of attack, it can be distinctly divided into two
disturbance areas: inside and outside. The two disturbance areas are
consistent with two areas on the transition region’s head observed in
Fig. 23(c). The outside area (with a large Y) of the disturbance’s head

1600

FIG. 24. Instantaneous flow pattern of the shoulder vortex region at 3° angle of
attack (same settings as Fig. 19).

Phys. Fluids 35, 044111 (2023); doi: 10.1063/5.0146651
Published under an exclusive license by AIP Publishing

35, 044111-14

2S:S¥:€0 202 Iudy 80


https://scitation.org/journal/phf

Physics of Fluids

1600

FIG. 25. Instantaneous flow pattern of the shoulder vortex region at 5° angle of
attack (same settings as Fig. 19).

at 5° angle of attack is similar to that at 3°. However, the development
of the crescent-shaped vortex at the front of the disturbance is signifi-
cantly faster than that at 3° angle of attack, and the width of the
crescent-shaped vortex is broader with a flat shape. The inside area
(with a small Y) of the disturbance’s head presents a flat ring-shaped
vortex composed of upper and lower crescent-shaped vortices. With
the development of the disturbance, the ring-shaped vortex gradually
breaks and connects with the outer crescent-shaped vortex.
Subsequently, the two kinds of vortices gradually merge into one and
occur transition rapidly.

As depicted by the streamlines (black lines) near the wall on the
leeward side in Fig. 26, it can be observed that, the flow from the head
area of the centerline of the leeward side and the attachment line of

3° angle of attack

5° angle of attack

FIG. 26. Instantaneous streamwise velocity distribution of the leeward side at dif-
ferent angles of aftack, depicted by a wall-normal slice (at the 10th grid point from
the wall): Take the centerline of the model as the boundary. The upper part of the
figure is the simulation at 3° angle of attack, and the lower part is the simulation at
5° angle of attack.
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the shoulder converges in the shoulder vortex region. Under the influ-
ence of shear force, the streamwise vortex becomes unstable and
occurs in transition. In addition, the streamwise vortex instability
region is a sharp shape and a long length at 3° angle of attack, which is
due to the large angle and broad range of flows in both directions.
However, at 5° angle of attack, the streamline at the head area of the
centerline on the leeward side begins to diverge to the outside of the
mode’s head, and the streamline at the head area of the shoulder
attachment line is sparser than that at 3° angle of attack. It indicates
that the flow of the model’s head is gradually separated. Consequently,
the angle between the flows in the two directions on the outside of the
disturbance’s head becomes smaller, and delaying the flow conver-
gence. This change in flow may cause the transition location to move
backward compared to the 3° angle of attack. Moreover, the gradual
instability of the flow along the streamline in front of the transition
region may cause the ring-shaped vortex inside the disturbance head.

Furthermore, in the lower part of Fig. 25, it is observed that a
new streamwise vortex instability region is generated, which is corre-
sponding to the black solid line area of Fig. 23(c). The disturbance ini-
tially shows as some small vortices, which subsequently evolved into a
larger crescent-shaped flat vortex. In addition, the transition approxi-
mately occurs around X = 1500 mm. As shown in Fig. 27, under the
influence of the streamwise vortex in the shoulder cross-flow and vor-
tex region, the flow above the streamwise vortex gradually converges
close to the wall, which can enhance the cross-flow in that area. The
cross-flow above the shoulder cross-flow and vortex region and the
streamwise flow below the shoulder vortex region converge between
the tails of two transition regions, which generate the disturbance and
flow instability, further resulting in the occurrence of transition.

As shown in the vortex structure in Fig. 28, the tail of the stream-
wise vortex instability region in the upper part of the transition region
has fully merged with the new instability streamwise vortex region in
the lower part of the transition region at 7° angle of attack. The
merged streamwise vortex instability region and the cross-flow insta-
bility region of the shoulder cross-flow and vortex region are con-
nected at their tail, and a distinct boundary can be observed.

200

65

80 140 200 260
Y (mm)

FIG. 27. Distribution of instantaneous temperature and streamline in the transition
region at 5° angle of attack (the projection at X = 1500 mm).
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1400

FIG. 28. Instantaneous flow pattern of the shoulder vortex region at 7° angle of
attack (same settings as Fig. 19).

Moreover, the crescent-shape vortex at the head of the upper stream-
wise vortex instability region at 7° angle of attack is wider and flatter
than that of the shape observed at 5° angle of attack. It can also be
observed that, the disturbance at 7° angle of attack develops faster
than that at 3° and 5° angles of attack. In addition, the ring-shaped
vortex, which is similar to the vortex on the outside area of the distur-
bance head at 5° angle of attack, connects with the tail of the crescent-
shaped vortex. As for the new region of streamwise vortex instability
in the lower part of Fig. 28, small oblique rolls with similar spacing are
present in the head of the disturbance. These rolls are believed to be
generated by traveling cross-flow waves, which are considered the

C 0.0002 0.0011 0.0020
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TABLE VIII. Transition region data of the windward vortex region at different angles
of attack.

Angle of attack (°) Cinax (X 107%) Xpeaqa (mm) Y, (mm)
0 0.1870 784.69 79.77
3 0.1941 1133.02 53.48
5 0.1892 1250.50 39.39
7 0.2245 1409.73 28.25

consequence of the further enhanced cross-flow around the shoulder
cross-flow and vortex region.

E. Windward vortex region

As shown in Fig. 15, with the angle of attack increasing, the range
of the windward vortex region decreases with the shrinking of the
streamwise vortex. The definition of the windward vortex region is
similar to that of the two transition regions on the leeward side (seen
from Sec. I1I C). Since the transition region is located on the centerline
of the windward side, the width of the transition region is represented
by the value of the Y axis outside the tail of the transition region (Y;)
(the definitions of other parameters are the same as that in Table VT).
As shown in Table VIII, it can be found that as the angle of attack
increases, Cpyax shows an increasing trend. However, the length and
width of the transition region are consistently decreasing.

Figure 29 shows the windward vortex region at different angles
of attack by instantaneous skin friction coefficient distribution. As the
angle of attack increases, the transition spots of high skin frictional
coefficients tend to be denser, indicating an increase in the average
skin frictional coefficient. This can be attributed to the increase in the
angle of attack, which enables the pressure to increase continuously in
the windward vortex region and the flow in the region and the vortex
are close to the wall. Moreover, as the angle of attack increases, the
boundary of the transition region gradually transforms from rough to
smooth. This suggests that other transitions may occur beyond the

FIG. 29. Instantaneous skin friction coeffi-
cient distribution of the windward vortex

region at different angles of attack: (a) 0°,
(b) 3, (c) 5°, and (d) 7°.

(d)
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boundary of the transition region. In addition, a new transition region
appears outside the tail of the original transition region at 7° angle of
attack, which is shown in the black dotted line area on the right side of
Fig. 29(d).

Since the windward vortex region shows a monotonic change as
the angle of attack increases in Fig. 29, the windward vortex region at
the 0° and 7° angles of attack with significant differences have been
selected for further analysis. As shown in Fig. 30, the windward vortex
region originated from the streamwise vortex instability. It can also be
observed that, the development’s speed of disturbances in this transi-
tion region is speedy at the 0°angle of attack, and the head of this tran-
sition region has no identifiable regular vortices similar to the head of
the region on the leeward side. In addition, the streamwise vortex
instability region of the windward vortex region and the cross-flow
instability region of the windward cross-flow region with a small vor-
tex structure below are connected at their tail. Moreover, as shown in
the red box in Fig. 30, it is noteworthy that there are multiple distur-
bances outside the transition region. These disturbances gradually
develop toward the inside of the transition region, roughening the
boundary of the transition region, which is consistent with the obser-
vation in Fig. 29(a).

As the vortex structure is shown in Fig. 31, the development of
the disturbance at 7° angle of attack is significantly slower than that at
0° angle of attack. Initially, the disturbance at the head of the transition
shows as a wide flattened crescent-shaped vortex. With the develop-
ment of the disturbance, the crescent-shaped vortex is stretched back-
ward and connected to the crescent-shaped vortex in the opposite
direction below, forming a ring-shaped vortex, before eventually losing
stability and transition occurs. In addition, a new streamwise direction
vortex is generated in the transition region indicated by the black dot-
ted line in Fig. 29(d). The transition type of the streamwise vortex is
consistent with that of the original transition region.

The streamline’s distribution can help to provide insights into the
flow patterns in the transition region and understand the causes of the
transition mechanism. As shown in Fig. 32, at 0° angle of attack,
the flows from the head of the centerline of the windward side and the
attachment line of the shoulder converge in the windward vortex
region, which results in the transition occurring. The flow inside the
transition region is stronger, while outside, it is weaker. As a result,

FIG. 30. Instantaneous flow pattern of the windward vortex region at 0° angle of
attack (same settings as Fig. 19).
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FIG. 31. Instantaneous flow pattern of the windward vortex region at 7° angle of
attack (same settings as Fig. 19).

the flow outside the transition region changes direction at the transi-
tion region’s boundary and converges with the flow in the original
direction. As shown in the red box in Fig. 32, it is shown that the flows
converge in the areas outside the transition region. As the angle of
attack increases, the flow in the head region of the centerline of the
windward side is enhanced and its range expands, while the flow from
the shoulder attachment line to the windward centerline is weakened
and its range decreases. As shown in the lower part of Fig. 32, the
entire windward vortex region at 7° angle of attack is only located
within the range of flow from the head area of the windward side cen-
terline. The transition mechanism has changed compared to that at 3°
angle of attack and the transitions will not occur beyond the boundary
of the transition region. As a result, the boundary of the transition
region becomes smooth. In addition, the transition in the region at 7°
angle of attack is caused by the flow gradually becoming increasingly
unstable along the streamline.

F. Windward cross-flow region

As shown in Fig. 15, with the angle of attack increasing, the range
of the windward cross-flow region obviously decreases, while the dis-
tinct transition spot not even be observed at 5° and 7° angles of attack.

S .

0° Windward side

7° Windward side

FIG. 32. Instantaneous streamwise velocity distribution of the windward side at dif-
ferent angles of attack, depicted by a wall-normal slice (at the 10th grid point from
the wall): Take the centerline of the model as the boundary. The upper part of the
figure is the simulation at 0° angle of attack, and the lower part is the simulation at
7° angle of attack.
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TABLE IX. Transition region data of the windward cross-flow region at different
angles of attack.

Angle Of Cfmax Xhead YtJ YLO Yw
attack (°) (x1072) (mm) (mm) (mm) (mm)
0 0.1926 1212.93 79.77 266.11 186.34
3 0.2233 1268.02 87.80 259.62 171.82
5

7

The definition of the windward cross-flow region is similar to that of
the other three transition regions (seen from Sec. I1I C). Since the tran-
sition region cannot be determined at 5° and 7° angle of attack, only
the data of the transition region at 0° and 3° angle of attack are
obtained. The specific transition region data are shown in Table IX
(the definitions of parameters are the same as that in Table VI). It can
be obvious that, the transition location (Xj,..4) at 3° angle of attack
moves backward compared to that at the 0° angle of attack. Moreover,
both sides of the tail of the transition region (Y, ; and Y, ,) move
toward the inside of the transition region at 3° angle of attack, result-
ing in a narrowing of the width of the transition region.

As illustrated in Figs. 33(a) and 33(b), the windward cross-flow
region exhibits a triangular shape at 0° and 3° angle of attack. The
region is surrounded by longitudinal bands (along the streamwise
direction). Previous studies’”** have confirmed that these longitudinal
bands are associated with cross-flow waves. In addition, some trans-
versal bands are equally spaced within these longitudinal bands. These
transversal bands are believed to develop from secondary instabilities
of the cross-flow waves. Moreover, by comparing Fig. 33 with the

ARTICLE scitation.org/journal/phf

time-averaged skin friction coefficient distribution in Fig. 15, it is
observed that no obvious bands are present, suggesting that these
bands arise from traveling cross-flow waves. As shown in Figs. 33(c)
and 33(d), the windward cross-flow region has hardly been observed
at 5° and 7° angles of attack. Among them, only minor longitudinal
bands can be observed outside the model’s tail at 5° angle of attack,
while these longitudinal bands disappear at 7°.

Figures 34 and 35 show the vortex structure of the windward
cross-flow region at 0° and 7° angle of attack, respectively. Observing
the vortex structure at 0° angle of attack in Fig. 34, it can be clearly
seen that there are many longitudinally distributed oblique rolls
around the transition region, which consistent with the positions of
the corresponding longitudinal bands in Fig. 33(a). The upper parts of
these oblique rolls are connected, resulting in a striped vortex with a
uniform azimuth angle. However, as shown in Fig. 35, the amount and
distribution of oblique rolls are significantly reduced at 7° angle of
attack and no transition occurs.

According to the streamline’s distribution of the windward side
in Fig. 32, it can be found that the windward cross-flow region is gen-
erated by the cross-flow instability originating from the shoulder
attachment line region. In addition, the cross-flow around the wind-
ward cross-flow region is strong and ranges wide range at 0° angle of
attack. As the angle of attack increases, the flow from the head of the
model is gradually strengthened and expands toward the shoulder
attachment line region. However, the cross-flow above the region of
the attachment line of the shoulder is further weakened, narrowing the
flow range to the small region above the attachment line of the shoul-
der. As a result, the range of the windward cross-flow region gradually
decreases as the angle of attack increases. Moreover, the windward
cross-flow region further narrows or even disappears due to the weak-
ening cross-flow on the windward side.
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FIG. 33. Instantaneous skin friction coefficient distribution of the windward cross-flow region at different angles of attack: (a) 0°, (b) 3°, (c) 5°, and (d) 7°.
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FIG. 34. Instantaneous flow pattern of the windward cross-flow region at 0° angle
of attack (same settings as Fig. 19).

IV. SUMMARY AND CONCLUSIONS

This paper performs direct numerical simulations (DNS) of
hypersonic boundary layer transition over a Hypersonic Transition
Research Vehicle (HyTRV) model lifting body under a typical Mach 6
hypersonic wind tunnel flow condition. Transitions are simulated at
four angles of attack: 0°, 3°, 5°, and 7°. Random blowing and suction
perturbations are introduced to trigger the transition. The results of
the DNS data show that transition occurs in four regions of the
HyTRV model: the shoulder cross-flow and vortex region, the shoul-
der vortex region, the windward vortex region, and the windward
cross-flow region. Summary and conclusions are drawn for each
region as follows:

For the shoulder cross-flow and vortex region, as the angle of
attack increases, the transition location moves forward and the transi-
tion range expands. At large angles of attack (5° and 7°), the develop-
ment of the streamwise vortex at the tail of the model leads to the
division of the triangular transition region into three parts: the cross-
flow instability region on both sides and the streamwise vortex insta-
bility region sandwiched in the middle. The presence of the streamwise
vortex leads to a significant increase in cross-flow instability in the

=o

1600

FIG. 35. Instantaneous flow pattern of the windward cross-flow region at 7° angle
of attack (same settings as Fig. 19).
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upper region of the transition region. It also leads to the generation of
a region with a high skin friction coefficient in front of the transition
region.

For the shoulder vortex region, as the angle of attack increases,
the transition range expands, and the transition region moves toward
the centerline of the leeward side. The transition location moves for-
ward at small angles of attack (0° and 3°). However, at large angles of
attack, two disturbance modes appear at the transition region’s head
due to the flow separation of the model’s head. At 5° attack angle, the
transition location moves backward owing to the delay in flow conver-
gence. While at 7° attack angle, since the transition regions on both
sides of the model gradually merge during the movement, the transi-
tion location moves forward again. Furthermore, the enhancement of
the cross-flow around the shoulder cross-flow and vortex region may
generate a new streamwise vortex instability region between the two
transition regions on the leeward side.

For the windward vortex region, as the angle of attack increases,
the transition location moves backward and the transition range
decreases. At small angles of attack, the strong flow in the transition
region may cause the flow direction outside the transition region to
change significantly at the transition boundary. It results in the bound-
ary of the transition region becoming rough due to the occurrence of
the other transitions. At large angles of attack, the flow near the center-
line of the windward side is enhanced and the flow range expands,
which directly leads to a change in the transition mechanism, thus the
boundary of the transition region becomes smooth.

For the windward cross-flow region, the triangular transition
region is surrounded by longitudinally distributed oblique rolls from
traveling cross-flow waves at small angles of attack. As the angle of
attack increases, the intensity and the range of the cross-flow on the
windward side both decreases. As a result, the transition location
moves backward, and the transition range tends to become narrow,
then transition region ultimately disappears.

Based on the analysis results of the HyTRV model lifting body at
different angles of attack in this paper, the shoulder cross-flow and
vortex region and shoulder vortex region on the leeward side exhibit
more complex transitionary behaviors than the transition regions on
the windward side under the interaction of streamwise vortex instabil-
ity and cross-flow instability. However, the transition mechanism of
these complex transitionary behaviors and their impact need to study
further. Hence, in the follow-up experimental verification and
research, it is recommended to focus on the transitionary behaviors of
the two transition regions on the leeward side.
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