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ABSTRACT

Air-blowing is one of the techniques for active flow control and thermal protection system of hypersonic vehicles. Introducing air into the
hypersonic boundary layer alters the cross-sectional profile of the boundary layer, thereby influencing the boundary-layer transition. This study
investigates the active air-blowing control effects on the hypersonic flat-plate boundary layer under various blowing mass flow rates and incoming
Mach numbers by solving the Reynolds-averaged Navier-Stokes equations with the Langtry—-Menter four-equation transitional shear stress transport
model. The study examined alterations in the blowing boundary-layer profiles under two conditions: natural and bypass transition, induced by dif-
ferent blowing flow rates. Blowing significantly alters the sonic line and boundary-layer profile characteristics, triggering blowing oblique shock and
causing alterations in the instability mechanisms of the two transition states. A higher Mach number intensifies compressibility effects, stabilizing

the boundary layer and leading to an increase in the thickness of the blowing boundary layer and air film.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174498

I. INTRODUCTION

Hypersonic vehicles are prone to experience a laminar-turbulent
transition in the boundary layer during operation,' leading to more
complex and potentially more hazardous aerodynamic and aerother-
mal environments. This transition phenomenon has the potential to
evolve into a pivotal concern, exerting influence over the outcome of
the flight.” Due to varying hypersonic flight condition and diverse
vehicle structures, the requirements for boundary-layer transition are
complex and multifaceted. For instance, delaying boundary-layer tran-
sition can lead to a reduction in heat flux and facilitate enhanced ther-
mal protection. Yet, at the same time, facilitating a transition to
turbulence can enhance the ability to withstand boundary-layer
separation and promote the admixture of fuel within the inlet of an
air-breathing vehicle.” As a result, effective boundary-layer transition
control methods must be employed to ensure the safe and efficient
operation of hypersonic vehicle.

Exploring the boundary-layer stability has proven valuable for
comprehending and investigating the transition mechanism of hyper-
sonic boundary layers. The ultimate objective of investigating the tran-
sition mechanism and the laws governing it is to achieve precise
prediction and boundary-layer transition control. Over the decades,

landmark studies in stability theory,5 % humerical simulation,''

and wind tunnel experimentation'” ™ have significantly advanced the
comprehension of the origins and mechanisms behind hypersonic
boundary-layer transition problems. In their review of hypersonic
boundary-layer transition issues from an overall design perspective, Li
et al”' summarized the areas, causes, and negative impacts of
boundary-layer transitions for reentry, gliding, and cruise vehicles.
They emphasized the importance and urgency of adopting effective
boundary-layer control methods to regulate boundary-layer transition
for the safe and efficient operation of a vehicle.

Various boundary-layer control techniques are used in thermal
protection systems (TPS),”” inlet fuel injection,” suppression of shock
wave/boundary-layer interactions (SW/BLI),”* and control of the
boundary-layer transition.””*” >’ Boundary-layer control methods can
be divided into active and passive according to whether external energy
input is required.”” Passive control methods include micro vortex gen-
erators (MVG),” roughness,”’ and porous media,”” among other
methods. Active control methods include wall heating/cooling,™
magneto-hydrodynamic methods,” plasma jets,”” and others.””’
Passive control methods principally involve installing specific shapes
in fixed positions, which can achieve control effects tailored to specific
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FIG. 1. Schematic diagram of the numerical model.

flowing conditions. Hypersonic flight vehicles, however, have a wide
range of flight speeds and in broad airspace conditions, so that active
control methods can achieve more accurate and appropriate control
effects for different flow conditions.”””® In boundary-layer control
technology, transition control is primarily achieved through two meth-
ods: altering the mean flow profile of the boundary layer and regulat-
ing the development and evolution of unstable waves within the
boundary layer.”” Blowing gas into the boundary layer is one of the
active control technologies™ and has numerous applications in hyper-
sonic vehicles, such as transpiration cooling and the introduction of
ablative gas into the boundary layer. Due to the addition of extra
momentum and energy, this changes the boundary-layer basic flow
and affects the transition. There is still some controversy about the
influence of blowing on the stability of the boundary layer.”” In early
studies on blowing gas into the boundary layer,”” it was generally
believed that light gases would lead to an earlier transition, and heavier
gases might lead to a delayed transition.”” The analysis of linear stabil-
ity theory (LST) shows that the most unstable mode of boundary-layer
blowing is the Mack mode, and blowing will lead to an increase in the
maximum growth rate of the most unstable frequency.”” However,
Schmidt et al.* found in their calculations a higher N-factor for the
first mode and speculated that K-H instability is the dominant mecha-
nism for the transition during blowing. On the other hand, Mir6 and
Pinna”® concluded that the previous transition laws apply only to non-
continuous blowing. In the case of continuous blowing through porous
media at the model’s leading edge, light gases can stabilize the second
mode, whereas heavy gases work against stability.

This paper presents numerical simulations of boundary-layer
blowing on hypersonic flat plates based on experimental flow con-
ditions obtained from the JF-12 hypersonic duplicate tunnel. The
simulations were conducted for different blowing mass flow rates
and different incoming flow Mach numbers to study the develop-
ment of cross-sectional shape, edge height, and air film thickness
of the basic flow in the boundary layer. The variation trend of the
oblique shock wave intensity of the blowing and the additional dis-
turbance brought about by the near-wall strong-blowing layer in
the blowing region are compared. Additionally, the impacts on the
evolution of sonic line height and disturbance region were
assessed.

Il. RESEARCH METHOD
A. Numerical model and boundary conditions

The calculation model used in this work is based on the physical
model and experimental conditions of Liu et al.'” in a large-scale flat
plate boundary-layer transition experiment. As depicted in Fig. 1, the
calculation domain spans 3.2 m in length and 0.6 m in height. Situated
0.4 m from the leading edge of the plate, the blowing zone extends
0.064m in length. The viscous effect is strong near the wall, resulting
in the generation of a boundary layer. Viscous forces within the
boundary layer induce upward flow, resulting in a shock wave at the
plate’s leading edge. The introduction of gas into the boundary layer in
the blowing region alters its shape and lifts its outer edge, generating
an oblique shock wave. Based on these flow characteristics, the bound-
ary conditions for the calculation model are established as follows. The
incoming flow direction is on the left with a chosen supersonic inlet
condition. The flow conditions are detailed in Table I, with Ma 7 con-
dition being selected based on the experimental flow conditions of Liu
et al.”” In Table I, Ma is the Mach number, Re is the Reynolds number,
T is the temperature, p is the pressure, and & is the enthalpy. The sub-
scripts “0” and “oco” refer to the conditions in the nozzle reservoir and
the freestream, respectively. To examine the impact of varying Mach
numbers, two incoming flow conditions were selected with the same
static temperature and unit Reynolds number, but different Mach
numbers (7 and 8). The simulation of a flat plate employs an isother-
mal no-slip boundary condition on the lower surface of the model.
The temperature at the wall, T, is 288 K. The blowing area, with a
constant mass flow rate, is the inflow boundary, and its static tempera-
ture is the same as the wall temperature. Both the blowing gas and the
incoming flow are ideal gases. The mass flow rate per unit length for
the blowing is determined based on calibration in both an atmospheric

TABLE I. Boundary conditions of incoming flow.
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TABLE II. The flow parameters of the blowing gas.

g m ) ms my
m (10°kg/s) 0 0.401 0.802 4011 34511
T, (K) 288 288 288 288 288

hy, (J/kg) 2.89 x 10° 2.89 x 10° 2.89 x 10° 2.89 x 10° 2.89 x 10°

TABLE lll. Three grids used in the grid independence study.

Mesh N, x N, Cell count
Sparse 450 x 5817 2.6 x 10°
Medium 500 x 8537 43 % 10°
Fine 500 x 14497 7.2 x 10°
Refine 550 x 14497 8.0 x 10°

pressure environment and the vacuum chamber of the JF-12 hyper-
sonic duplicate tunnel (which utilized the same equipment as the
experiment conducted by Liu et al.'”). The flow parameters for each
blowing condition are listed in Table II, where the subscript “b”
denotes the blowing. The viscosity is computed using Sutherland’s law.
The right and upper sides of the incoming flow condition model serve
as the flow outlet direction, with supersonic extrapolation applied as
the boundary condition.

B. Numerical methods

In this work, the boundary-layer blowing control process is simu-
lated using the two-dimensional (2D) compressible ideal gas
Reynolds-averaged Navier-Stokes (RANS) equations, which are solved
using the finite volume method. The spatial discretization is recon-
structed by second-order TVD (total variation diminishing) of multi-
dimensional polynomial interpolation, and the numerical flux at the

0.035—
g — = A= - = refine, x=1.5m
] — - &~ - = refine, x=2.5m
0.03—_ — & = fine,x=1.5m
g — ©= = fine,x=2.5m
] === medium, x =1.5m
0.025 — == medium, x =2.5m
] —— coarse, x =1.5m
] ——— coarse, x =2.5m
—~ 0.024
) ]
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0.014
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:
| R . ” ___:‘__‘2; —
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ARTICLE pubs.aip.org/aip/pof

interface is calculated by Harten-Lax-van Leer contact (HLLC). The
viscous flux is computed using the simple second-order average of all
vertex polynomials. The dual time stepping method is used for time
integration. In order to investigate the phenomena of transition and
turbulence, this work adopts the Langtry—-Menter four-equation transi-
tion stress shear transport model (y-Rep) that introduces the vortex
Reynolds number to solve for the boundary-layer-related quantities
locally.’ This transition model establishes a correlation between physical
quantities such as local turbulence intensity and pressure gradient with
the momentum-thickness Reynolds number for transition. It determines
the transition location by calculating the ratio of the local vorticity
Reynolds number to the critical thickness Reynolds number.” This model
has been extensively applied in the investigation of hypersonic boundary-
layer transition. Numerical experiments'' ** focused on hypersonic flat
plate and cone models to verify this transition model’s capability in pre-
dicting aerodynamic parameters such as wall heat flux and pressure. It
substantiated its capacity to simulate the physical phenomena of hyper-
sonic boundary-layer transition. Cheng et al,”” Yan et al,* and Zhang
et al”’ made further modifications and calibrations to the transition
model and achieved favorable numerical simulation results.

C. Independence verification and code validation

To ensure that the numerical results are independent of grid
scale, this study calculated the plate boundary layer using four different
grid sizes for the Ma 7-mi, condition. Table III lists the specifications
of the four grid sets.

Figure 2 presents the profiles of temperature and velocity bound-
ary layers at various locations along the flow, computed using four dif-
ferent grid sets. The horizontal axis represents the dimensionless
temperature or velocity, while the vertical axis represents the normal
coordinate of the flow field. For a sparse grid, the boundary layer is cal-
culated to have a lower peak temperature and experiences a faster
increase in temperature as well as velocity after reaching its peak.
Additionally, the sparser grid leads to a thinner calculated boundary
layer. As the gird is refined, the temperature and velocity boundary-

0.035+
4 —-4&--~ refine,x=1.5m
1 —-&-- refine,x=2.5m
0.03—_ — & = fine,x=1.5m
4 =— & = fine,x=2.5m
1 —+—p—+= medium, x=1.5m
0.0254 —+=p=—-= medium,x =2.5m
| ———— coarse,x=1.5m
1 ——— coarse,x=2.5m
—~ 0.024
g ]
= ]
= 00154

0.011

0.005
04 =
0.2 0.4 0.6 0.8 1 1.2
u/u,
(b)

FIG. 2. (a) Dimensionless temperature boundary-layer section and (b) dimensionless velocity boundary-layer section as functions of distance from wall for different grid sets.
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FIG. 3. Wall heat flux verification.

layer curves of each flow direction gradually become consistent.
Taking into account both accuracy and efficiency of the calculations,
this work selects medium mesh for computation.

In this study, the computational program is validated using the
results of flat-plate boundary-layer transition wind tunnel experiments
conducted by Liu et al."” The flow conditions are the following: Mach
number Ma,, = 5.85, unit Reynolds number Re,, =091 x 10° m ™},
and total temperature Ty = 1752 K. Figure 3 compares measured heat
flux distribution with the numerical results. It also shows the laminar heat
flux in the boundary layer obtained from the self-similar solution™” of the
plate laminar boundary layer. In Fig. 3, the x-axis represents the flat flow
direction coordinate and the y-axis represents the wall heat flux g,,.

The calculation results accurately reflect the evolution process of
the flat boundary layer from laminar to turbulent flow, as shown in
Fig. 3. In the laminar flow region upstream of a flat plate, the heat flux
decreases due to the increasing thickness of the boundary layer.
Subsequently, as the boundary-layer transitions, the heat flux begins to
increase. After the boundary layer develops into a fully turbulent flow,
the heat flux reaches its peak, then gradually decreases. The calculated
wall heat flux on the plate boundary layer agrees well with both the
wind tunnel experiments and the self-similar solution of the laminar
boundary layer, verifying the validity of the computational program
and its suitability for subsequent research.

Ill. RESEARCH RESULTS

This section delves into the influence of variations in blowing
mass flow rate and the incoming flow Mach number on the flat-plate
boundary layer. The comparison and analysis are performed for the
flow-field structure, transition characteristics, and boundary-layer pro-
file adjacent to the blowing region. Through this methodology, the
investigation examines the effects and mechanisms governing
boundary-layer control via blowing, as operational conditions change
during the flight of the hypersonic vehicle.

A. Effect of different blowing mass flow rates

This section reports an investigation of the diverse control effects
achieved by distinct blowing mass flow rates under consistent incom-
ing flow conditions through active blowing control. The report com-
mences with an examination of flow-field structures in the vicinity of

the blowing region, introducing the distinct characteristics induced by
the blowing process. Subsequently, the evolution of heat flux on the
flat plate is analyzed to elucidate the boundary-layer transition charac-
teristics resulting from different flow rates. Finally, distinct boundary-
layer profiles for each mass flow rate are analyzed based on their
respective transition characteristics.

1. Flow structure

This subsection examines the impact of varying blowing mass
flow rates on the evolution of the flow-field structure for the incoming
condition of Ma 7. The density gradient is depicted in Fig. 4 near the
blowing region under conditions of varying mass flow rates. The solid
red line represents the sonic line, reflecting the subsonic region where
the second mode propagates” The blue solid line represents the stream-
line formed by the blowing gas, which is used to describe the trajectory
of the gas injected into the boundary layer. The brown dot-dash line
indicates the boundary layer’s outer edge. After the blowing shock
wave, alterations in velocity, temperature, and pressure. Therefore, the
outer edge of the boundary layer is defined based on the location where
the dimensionless total enthalpy of the boundary layer reaches 0.99."
The total enthalpy is nondimensionalized based on the incoming flow’s
total enthalpy. In the following equation, where hj is the dimensionless
total enthalpy at the boundary layer’s outer edge, & is the total enthalpy
of the flow field, and h;, _ is the total enthalpy of the incoming flow:

my T/(y—1)+0.5(u + vz)Mai 099 .
ok 1/(y — 1)+ 0.5Ma2, =059 )

ho

As air is blown into the boundary layer, a section of the boundary
layer is lifted and its thickness increases as the mass flow rate increases.
An oblique shock wave is generated above the boundary layer as its
edge shape changes, and its intensity also increases with the escalation
of the flow rate. The blowing creates an air film covering the wall of
the blowing zone as well as downstream. For the low mass flow rate
conditions of 71, = 0.401 x 10> kg/s and i, = 0.802 x 10~ > kg/s, the
influence of blowing air on the mean flow is negligible. The gas
film established by those two conditions remains close to the wall.
The boundary-layer height and the sonic line height closely resemble
those of the non-blowing condition. The marginal increase in the
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FIG. 4. Density gradient for different blowing mass flow rates: (a) m; = 0.401
x 10~2kg/s, (b) mp =0.802 x 10~2kg/s, (c) ms =4.011 x 10~°kg/s, and (d) s
=34.511 x 10~ kgls.

boundary-layer edge oblique shock above the blowing region is weak
and barely visible in the Fig. 4. When the mass flow rate of the blowing
air is insufficient, the air film is deflected downstream in the blowing
area. For a large mass flow rate of 7, =34.511 x 10> kg/s, the blow-
ing generates a large enough pressure gradient to cause backflow
upstream of the blowing region. This results in an earlier rise of the
outer edge shape of the boundary-layer upstream, generating a series
of compression waves that converge to form an oblique shock above
the blowing region, as shown in Fig. 4(d). Above the blowing region, a
zone with zero temperature gradient and zero x component of velocity
becomes evident, distinctly forming a “strong-blowing layer.”

ARTICLE pubs.aip.org/aip/pof

In a hypersonic flat plate boundary layer without blowing flow,
the pressure change is minimal. However, when gas is injected into the
boundary layer, the pressure distribution within the boundary layer is
altered. The alteration of the pressure distribution within the boundary
layer and the interaction introduced by the oblique shock wave will
further influence the evolution of the disturbance wave. Figure 5 illus-
trates the pressure changes near the blowing region for four different
blowing flow rates. The blowing increases the static pressure of the
boundary layer above the blowing area. Additionally, the oblique shock
wave of the blowing causes an increase in pressure beyond the shock
wave, forming a high-pressure strip with a width similar to the length
of the blowing zone. As the mass flow rate increases, the blowing gas
induces a greater pressure increase. Figure 6 displays the wall pressure
for various blowing mass flow rates. The adverse pressure gradient in
the subsonic region near the wall causes the region in which the pres-
sure is changing to expand upstream of the blowing region. The wall
pressure reaches its maximum value beyond the blowing oblique shock
wave within the blowing region. As the ejected gas expands down-
stream of the blowing region, it causes a pressure drop that eventually
approaches the non-blowing flat plate wall pressure far downstream.
An increase in the flow rate leads to an expansion of the pressure dis-
turbance range within the boundary layer near the blowing region.

The oblique shock causes an abrupt change in temperature and
velocity above the boundary layer. Table IV shows the effect of differ-
ent blowing mass flow rates on shock intensity. The angle  between
the oblique shock wave and the wall is identified by the maximum
flow pressure gradient. As the mass flow rate increases, the included
angle of the oblique shock wave increases, and the intensity of the
shock wave strengthens. This leads to stronger viscous-inviscid interac-
tion near the boundary layer and affects the boundary-layer transition.

To ensure a uniform blowing over a large surface, it is a common
practice to discharge the air perpendicularly to the wall through a
porous medium. Given the constant mass flow rate and static tempera-
ture of the blowing air, the velocity distribution in the blowing region
can be determined based on the wall pressure using the ideal gas state
equation. The normal velocity distributions of the blowing region for
different mass flow rates are shown in Fig. 7. An increase in the mass
flow rate implies that air is injected into the boundary layer with a
higher velocity. In Fig. 6, the wall pressure distribution characteristics
in the blowing region are depicted. The peak of the wall pressure in the
blowing region occurs at the foot of the blowing shock. Beyond the
peak point, the blowing experiences expansion, leading to a decline in
pressure. Consequently, the normal velocity of the blowing decelerates
initially decelerates and then undergoes acceleration due to expansion.

2. Transition characteristic

The influence on the boundary-layer transition is discussed based
on the development of wall heat flux downstream of the blowing
region. To begin, an analysis is conducted regarding the evolution of
wall heat flux near the blowing region for Ma 7. As shown in Fig. 8,
the abscissa is the coordinate of the plate position, while the ordinate
denotes the wall heat flux (g,,). For both lower and higher mass flow
rates, the laminar boundary layer thickens continuously upstream of
the blowing region, resulting in a rapid decrease in heat flux. Within
the blowing region, heat flux further declines due to the cooling effect
of the blowing gas and the lifting of the boundary layer by the blowing.
Downstream of the blowing region (as shown in Fig. 9), the
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FIG. 6. Wall pressure for different blowing mass flow rate.

TABLE IV. Oblique shock wave angles caused by different mass flow rates.

#i1 (107 kg/s) 0.401 0.802 4.011 34.511
B 8.8 8.9 9.9 13.1

dimensionless temperature profile of the boundary layer rises as it
regains self-similarity (refer to Sec. III, “Boundary-layer Profile
Shapes”). So, a boundary-layer transition occurs after heat flux close to
that of laminar flow is restored downstream of the blowing region. The
transition causes heat flux to rise until it develops into a turbulent
boundary layer. However, when the mass flow rate increases to
i3 = 4.011 x 10> kg/s, the type of boundary-layer transition changes.
The heat flux downstream of the blowing region no longer reverts to
laminar but immediately increases to turbulent heat flux. In contrast,
for the high mass flow rate of #i4, the trend of heat flux change is
roughly consistent with other conditions. However, several notable

features occur: first, the formation of a recirculation zone above
the blowing zone due to a reverse pressure gradient, causing the
boundary layer to rise prematurely and heat flux to drop rapidly
around x=0.35 m; second, an increase again of heat flux due to the
deceleration of flow within the recirculation zone; and third, formation
of a strong-blowing layer within the blowing region where heat flux is
reduced to zero. Downstream of the blowing area, a bypass transition
occurs and heat flux increases rapidly. Furthermore, the increase in the
mass flow rate enhances the cooling effect of the blowing, resulting in
the formation of a longer low-heat-flux region at the 71, condition and
forcing the upward movement of the location where heat flux increases
downstream. Simultaneously, this also leads to a reduction in the heat
flux increment at the n14 condition after transition.

The above analysis reveals the different wall heat-flux-evolution
characteristics downstream of the blowing region, which can be used
to compare how the blowing mass flow rate affects the boundary-layer
transition. The analysis of the variation in transition position with
mass flow rate is based on the wall heat flux characteristics

Phys. Fluids 35, 126111 (2023); doi: 10.1063/5.0174498
Published under an exclusive license by AIP Publishing

35, 126111-6

82:90:€0 ¥202 IudY 80


pubs.aip.org/aip/phf

Physics of Fluids

N
W

= 0.401x10° kg/s
— — — 1,=0.802x10" kg/s
. 1= 4.011x10° kg/s /
e = 3.451x107 kg/s P4

A

) &
T AR

S
\

V (m/s)

— [3®] N
lIIlI?JI[?I\lIL{‘lIll

|

—
S

W
A

I

S

e e e LA R e s s e ey
0.4 0.41 0.42 0.43 0.44 0.45 0.46

x (m)

FIG. 7. The normal velocity of the blowing region for different blowing mass flow
rate.

ARTICLE pubs.aip.org/aip/pof

downstream of the blowing region, as depicted in Fig. 9. The x-axis is
in the flow direction coordinate, while the y-axis is in the direction of
wall heat flux. This work aims to quantify the influence of blowing
mass flow rate on the transition trend by examining the variation of
the heat flux along the wall. Since the heat flux in the numerical solu-
tion changes continuously, there is no distinct heat flux takeoff point.
Therefore, this work draws upon the CFDR method proposed by Miro
et al.”’ to define the transition position as the intersection point of two
curves. One curve is derived from the laminar self-similar solution of
heat flux. The other curve is a linear regression line based on the
numerical solution of wall heat flux. Building upon the original CFDR
method, the linear regression range is explicitly specified as the section
of the heat transfer curve that rises from 50% to 100% of its peak value
in the turbulent regime. Comparing different mass flow rates, the tran-
sition position moves upstream as the mass flow rate increases and
there are three types of changes in the flow state. First, as the mass flow
rate increases from zero to 0.802 x 10 kg/s, the boundary layer
maintains a natural transition, and the transition position continues to
move forward. The value of x,, decreases from 1.80 m without blowing
to 1.49 m with a blowing mass flow rate of n1; and further to 1.13m
with a blowing mass flow rate of #1,. As the mass flow rate increases
twofold from iy to mi,, the distance Ax,, that the transition position
moves forward increases from 0.31 to 0.36 m. This indicates that the
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TABLE V. Ratio of gas film to boundary-layer thickness.

#i1 (107 kg/s) 0.401 0.802 4.011 34511
Thickness ratio (%) 7.1 11.4 32.5 57.9

transition spatial position does not vary linearly with the blowing mass
flow rate. Moreover, the forward trend of the transition position accel-
erates as the blowing mass flow rate increases proportionally. Second,
when the flow rate increases further to m3; =4.011 x 1073 kg/s, a
bypass transition occurs immediately behind the blowing zone, and
the heat flux rapidly rises to turbulent heat flux. Third, when the mass
flow rate continues to increase to #iy, = 34.511 x 10~ kg/s, although
there is still a bypass transition downstream of the blowing area, its
heat flux decreases as a whole compared with #i;.

The shift of wall heat flux from the second type to the third type
is due to the cooling effect of blowing air. After being ejected from the
blowing area, the gas is deflected into the streamwise direction, form-
ing a cooling gas film that covers the wall within the boundary layer.
The thickness of this air-film will affect the downstream turbulent wall
heat flux. In this work, the thickness of the air film is measured by the
distance between the streamline originating at the front edge of the
blowing zone and the wall. Table V shows the ratio of air film thick-
ness to boundary-layer thickness for different mass flow rates at
x=0.464 m (the end of the blowing region). At low flow rates, the
cooling air film becomes thinner. The heat flux of the turbulent bound-
ary layer at flow rate mi; =0.401 x 10 >kg/s or i, =0.802 x 10>
kg/s shows a little change compared to the boundary layer without
blowing, combining with Fig. 9. As the blowing mass flow rate
increases, the gas film’s thickness also rises and occupies a larger pro-
portion of thickness in the boundary layer. Relative to other cases, the
case with the maximum mass flow, the 714 condition, has a thicker gas
film downstream of the blowing area, forming a “buffer zone” that
slows down the temperature rise near the wall, resulting in a lower wall
heat flux.

»(m)

je———{ Blowing region
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The intermittency factor, which represents the chaotic nature of
turbulence within the boundary layer, is defined as the fractional dura-
tion of turbulent flow at a specific location. So, according to the
Humble definition,”’ within fully turbulent domains, the intermittency
factor y equals 1, whereas within non-turbulent domains, 7 is zero. In
the absence of air blowing, the intermittency factor distribution for a
typical flat-plate boundary layer is shown in Fig. 10(e). Within the
laminar-flow region, this factor changes gradually along the direction
normal to the wall and its thickness is equal to that of the boundary
layer. After transitioning to turbulent flow, the intermittency factor
rapidly increases to 1 near the wall. A wake line with low intermittency
factor forms on the outer edge of the boundary layer and gradually dis-
sipates along the flow direction. The transition position moves
upstream and the transition advances for the low mass flow rates
i, =0.401 x 10> kg/s and 1, = 0.802 x 10~ >kg/s. This leads to an
increase in the intermittency factor along the normal gradient at a
position closer to upstream, resulting in an earlier formation of the
wake line. As the mass flow rate continues to increase, the low inter-
mittency factor near the blowing region immediately breaks down,
and the low intermittency factor zone near the wall downstream of the
blowing region disappears. The sudden change in the intermittency
factor distribution also reflects the shift in boundary-layer transition
type to bypass transition. Especially noticeable when the mass flow
rate reaches 34.511 x 10 kg/s, the adverse pressure gradient and obli-
que shock wave interaction exert a significant influence on the bypass
transition. The inception point of disintegration advances to the recir-
culation zone. Concurrently, the intermittency factor wake line rup-
tures at the location where the inviscid-viscous interaction of the
blowing oblique shock wave takes place above the blowing region.

Turbulent kinetic energy reflects the magnitude of velocity fluctu-
ations within the boundary layer. Figure 11 illustrates the distribution
of turbulent kinetic energy in the boundary layer at varying mass flow
rates. In the case a natural transition under low blowing control, turbu-
lent kinetic energy quickly peaks along the normal direction after leav-
ing the wall in the turbulent boundary layer, and then gradually

x(m)

FIG. 10. Intermittency factor for different blowing mass flow rates: (a) my = 34.511 x 10~2kg/s, (b) ms =4.011 x 10~>kg/s, (c) my =0.802 x 10~>kg/s, (d) m; = 0.401

x 10~%kg/s, and (e) my = 0.
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FIG. 11. Turbulent kinetic energy for different blowing mass flow rates: (a) ms =34.511 x 10 3kgls, (b) ms =4.011 x 10~>kgls, (c) m, =0.802 x 10 3kg/s, (d)

my =0.401 x 10~°kg/s, and (e) my = 0.

decreases as it continues to approach the outer edge of the bound-
ary layer. A low flow rates, the region of high turbulent kinetic
energy is concentrated in the downstream turbulent boundary-
layer region and migrates upstream as the mass flow rate increases,
with its peak value being smaller than that for high mass flow rate
conditions. The movement of the peak value of turbulent kinetic
energy during the increase in the blowing mass flow rate from low
to high shows, on the one hand, that there is a difference in the
dominant mechanism between the blowing control natural transi-
tion and the bypass transition; and, on the other hand, it further
emphasizes the significance of oblique shock wave disturbances to
the boundary layer. At the maximum flow rate studied, #i4, the
region of high turbulent kinetic energy has advanced to the
upstream air-blowing region. The peak value of turbulent kinetic
energy is transferred to the intersection between the oblique shock

@

1)
S

wave of the blowing and the outer edge of the boundary layer; it
then gradually diminishes as it progresses downstream.

3. Boundary-layer profile shapes

With the objective of addressing the 1, and #1, conditions that
lead to natural transitions in low mass flow rates, the variation in the
self-similarity of dimensionless temperature and velocity profiles near
the blowing area is analyzed here. Figures 12 and 13 illustrate the pro-
files of the dimensionless temperature boundary layer at various posi-
tions in the flow direction, in proximity to the blowing region. These
positions are located at x=0.36-0.56 m, with mass flow rates corre-
sponding to conditions #1; and mi,. The x-axis marks the dimension-
less temperature, while the y-axis provides the normal coordinate of
the self-similar transformation.
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FIG. 12. Dimensionless boundary-layer temperature profiles for the blowing mass flow rate m; = 0.401 x 10~2kg/s: (a) overall view and (b) and (c) magnified views of specific

areas.
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FIG. 13. Dimensionless boundary-layer temperature profiles for the blowing mass flow rate i, = 0.802 x 10~>kg/s: (a) overall view and (b) and (c) magnified views of specific

areas.

Comparing Figs. 12(a) and 13(a), one can see that the boundary-
layer section retains some kind of laminar self-similarity for mass flow
rates 11, =0.401 x 107> kg/s and ni, =0.802 x 10~ kg/s. However, as
the flow rate increases, it gradually deviates from self-similarity and
the thickness of the boundary layer gradually increases. In Figs. 12(b)
and 12(c), as well as Figs. 13(b) and 13(c), where locally magnified
images at identical coordinates are depicted, the black and magenta
boxes in the legend represent the blowing area and its downstream
region, respectively. On the one hand, the locally magnified image dis-
tinctly illustrates that the dimensionless temperature boundary-layer
profiles at various positions become increasingly discrete as the mass
flow rate increases. On the other hand, the arrows indicate the change
in temperature profile along the flow direction. The black arrows show
an upward trend in the blowing region’s temperature profile as it
moves downstream. In contrast, magenta indicates that the tempera-
ture boundary layer changes in the opposite direction downstream of
the blowing area. The boundary-layer profile moves downward along
the flow direction, indicating a tendency to restore laminar flow’s self-
similarity. Additionally, it is noteworthy that the dimensionless tem-
perature boundary-layer profiles still exhibit strong self-similarity at
x=0.36-0.40 m upstream of the blowing region.

At the bypass transition, caused by the two large mass flow rates
ms3 and miy, the flow field near the blowing zone undergoes significant
changes. For the bypass transition caused by conditions #ni3 and #i4, a
recirculation zone and oblique shock wave are generated near the
blowing area. These cause the boundary layer to lose its laminar self-
similarity, as clearly depicted in Fig. 14 Consequently, an analysis in
conjunction with the flow field characteristics is necessary.

A thicker strong-blowing layer forms at the wall of the blowing
region as shown in Fig. 4(d). This is evident in Fig. 14 which displays
the dimensionless streamwise velocity and temperature boundary-
layer profile. The double-dotted lines in the figure map zero velocity
and zero temperature. The strong-blowing layer exhibits very little
changes in temperature and streamwise velocity along the normal
direction near the wall of the blowing region. The formation of the
strong-blowing layer is similar to creating a forward step on the wall,
which further affects the morphology of the boundary layer. The

negative streamwise velocity in Fig. 14(b) confirms the presence of a
recirculation zone.

By analyzing the changes in sonic lines for various blowing condi-
tions, the evolution of the disturbance area can be examined. Figure 15
shows the heights of sonic lines for different blowing conditions.
Upstream of the blowing region, the height of the sonic line is essentially
identical to that of the non-blowing condition (11, ). However, under the
condition #iy = 34.511 x 107> kg/s, the sonic line exhibits an earlier rise
due to reversed flow. Unlike the monotonic change in boundary-layer
height along the flow direction, near the blowing region, the cooling effect
of blowing air causes the temperature profile curve to rise. This results in
an upward shift of the sonic line and an expansion of the subsonic region.
The boundary layer tends to restore self-similarity at low flow rates and
the bypass transition at high flow rates both lead to a faster increase in
temperature along the normal direction than in the blowing region. So
the height of the sonic line decreases behind the blowing region. For a
change from #i; =0.401 x 10 >kg/s to ni, =0.802 x 10 kg/s, the
temperature gradient increases due to the advance of the transition posi-
tion caused by the increase in the mass flow rate. As a result, the height
of the sonic line decreases gradually with an increase in the mass flow
rate during the downstream progression. In the far downstream, all blow-
ing conditions develop into a fully turbulent boundary layer and the
height of the sonic line tends to be the same. In the hypersonic boundary
layer, the dominant second mode and its high-order harmonic waves are
constantly reflected between the sonic line and the wall, and propagate
forward." The rise of the sonic line will lead to changes in the frequency
of unstable waves, which can greatly affect the evolution of the distur-
bance mechanism and the boundary-layer transition process.

B. Effect of different Mach nhumbers

When a vehicle changes its altitude within its flight corridor, its
Mach number also changes. Previous research has shown that the
compressible effect of increasing Mach number can alter the
boundary-layer profile and stabilize it.” This section reports the effects
of blowing control under different conditions during a wide range of
flight conditions. Two sets of incoming flow conditions with different
Mach numbers but the same unit Reynolds numbers and static
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temperatures were chosen to study the impact of changing Mach num-
ber on blowing in a flat-plate boundary layer.

1. Transition characteristics

The impact of varying conditions on boundary-layer transition is first
examined in light of the evolution and development of wall heat flux. Since
the incoming flow conditions of the two cases are not entirely the same, a
dimensionless wall heat flux is expressed using the Stanton number,

St = o ., O
PoleCp {Too <1 + /T \/F?Maic> - Tw]

where p, represents the boundary-layer outer edge density, u, repre-
sents the boundary-layer outer edge velocity, ¢, represents the isobaric
specific heat capacity, and Pr represents the Prandtl number.

Figure 16 shows the dimensionless wall heat flux for varying
Mach numbers and blowing flow rates from ni, to i, downstream
from the blowing region. For the same blowing mass flow rate, an
increase in the Mach number leads to a longer boundary-layer transi-
tion location x;, and to delay the transition. For Ma 8, the transition
positions of the three conditions #iy-ni, all shift downstream, and the
transition process on the plate is not fully developed. Since the incom-
ing velocity of Ma 8 is slightly higher, the Stanton number in the tur-
bulent boundary layer decreases with an increase in the Mach number.
Figure 17 depicts the dimensionless wall heat flux for Ma 7 and 8 under
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FIG. 17. Dimensionless wall heat flux for Ma 7 and Ma 8 for two high mass flow rates.

the control of blowing mass flow rates #1; and n4. As the Mach num-
ber of the incoming flow increases, the rate of increase in the heat flux
downstream of the blowing region decreases. This means that the tur-
bulent boundary layer develops more slowly, and the turbulent heat
flux is less. Combining this conclusion with data in Table VI, which
compares the ratio of film thickness between Ma 7 and 8, an increase
in the Mach number of the incoming flow is seen to lead to an increase
in the thickness ratio of the gas film. Due to the thicker boundary layer
at higher Mach numbers, the absolute thickness of the gas film will
also expand accordingly. The gas film forms a “buffer zone,” delaying a
change of the temperature boundary layer near the wall and reducing
the wall heat flux.

The effect of Mach number on the stability of the hypersonic
boundary layer can be noticed in the turbulent kinetic energy within
the boundary layer. Figure 18 compares the distribution of dimension-
less turbulent kinetic energy within the boundary layer at the two

TABLE VL. Gas film thickness as a percentage of boundary-layer thickness between
Ma 7 and Ma 8.

Mach number my (%) my (%) ms (%) my (%)
7 7.1 11.4 32.5 57.9
8 7.1 12.9 33.3 59.2

incoming flow Mach numbers 7 and 8 for natural transition condi-
tions. The brown dot-dash line in the figure indicates the profile of the
outer edge of the boundary layer. An increase in Mach number stabil-
izes the boundary layer. This, in turn, causes the peak value of the
dimensionless turbulent kinetic energy to move downstream in the
boundary layer of a flat plate without blowing control, and the region
of elevated turbulent kinetic energy is seen to distances itself gradually
from the wall in Fig. 18(a). The same evolutionary trend of turbulent
kinetic energy is seen also in Figs. 18(b) and 18(c) with blowing con-
trol. At the same time, due to the increase in Mach number, the gradi-
ent of turbulent kinetic energy along the flow direction decreases in
the region of large turbulent kinetic energy, and the peak value of tur-
bulent kinetic energy is then reached more slowly. Increasing the
Mach number elevates the boundary-layer thickness, leading to an
expansion of the high turbulent kinetic energy region in the bypass
transition, as illustrated in Figs. 18(c) and 18(d). However, the mecha-
nism behind the influence of Mach number on bypass transition is
more intricate.

2. Boundary-layer profile shapes

The shapes of the boundary-layer profile and subsonic region sig-
nificantly impact the evolution of disturbances within the boundary
layer. Figure 19 illustrates the dimensionless thickness of the boundary
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layer’s outer edge for each mass flow rate at incoming flow Mach num-
bers 7 and 8. The horizontal axis displays the position coordinate of
the flat plate, while the vertical axis displays the normal coordinate fol-
lowing a self-similar transformation. For conditions #1; and n1, with
low blowing mass flow rates, the laminar boundary-layer thickness
near the blowing region increases as the incoming flow Mach number
increases. Downstream of the blowing region, the Ma 7 condition tran-
sitions to a turbulent boundary layer earlier due to its lower Mach
number. This also causes its boundary-layer thickness to gradually
exceed that for Ma 8.

Figure 20 shows the influence of the two inflow Mach num-
bers and various mass flow rates on the height of the sonic line.
The abscissa shows the position coordinate of the flat plate, while
the ordinate shows the height of the corresponding dimensionless
sonic line. An increase in Mach number results in a slower temper-
ature change in the boundary layer and a corresponding rise in the
sonic line height near the blowing region. For conditions with
greater mass flow rates ni; and niy, a bypass transition is estab-
lished immediately subsequent to the blowing zone and swiftly
evolves into a turbulent boundary layer, resulting in an overall
thickening of the boundary layer as the Mach number increases.
Despite the differences in flow Mach numbers between 7 and 8, the
trend of change in the height of the sonic line with the blowing
mass flow rates remains nearly the same. The influence of different
Mach numbers on the sonic line is concentrated mainly near the
blowing area. As the Mach number increases, the sonic line of
the same blowing mass flow rate experiences an increase near the
blowing area. Furthermore, at a higher blowing mass flow rate, an
increase in Mach number results in a corresponding rise in the
increase in the sonic line. Downstream of the blowing region, due
to the thickening of the boundary layer induced by an increase in
Mach number, both the velocity and temperature boundary-layer
profiles become more pronounced, and the height of the sonic line
at high Mach numbers is generally higher than that at lower Mach
numbers. However, as fully turbulent flow gradually develops, the
heights of the sonic lines for different Mach numbers gradually
converge, approaching that of a flat plate boundary layer devoid of
outgassing.

Van Driest’” conducted a comparative analysis of the tempera-
ture and velocity profiles of compressible laminar boundary layers at
varying Mach numbers, and discovered a significant increase in
boundary-layer thickness as Mach number increased. As shown in
Fig. 21, the temperature and velocity patterns of the blowing boundary
layer underwent changes at different Mach numbers near the blowing
region with a mass flow rate of #i,. In general, higher Mach number
resulted in an increase in both temperature and velocity profiles.
However, the elevation of the velocity profile leads to a reduction in
the velocity gradient, diminishing the boundary layer’s capacity to
resist separation. Consequently, the Ma 8 condition experienced earlier
boundary-layer separation and a more substantial recirculation zone
upstream of the separation zone. For higher Mach number, the veloc-
ity strong-blowing layer is thicker, resulting in a lower dimensionless
velocity at the same height near the wall of the blowing region.
However, the higher Mach number case leads to a faster temperature
rise and a larger temperature gradient above the temperature strong-
blowing layer. This, in turn, results in a gradual reduction in the height
of the downstream strong-blowing layer relative to that for Ma 7.
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IV. CONCLUSIONS

This study employed numerical simulations to examine the
impact of different incoming Mach numbers and various blowing
mass flow rates on the blowing control of the hypersonic flat-plate
boundary layer. The investigation focused on the evolution of the basic
flow profile shape, gas film thickness, and blowing oblique shock wave
intensity within the boundary layer, and compared the control effects
of different flow-field parameters. The following conclusions were
reached:

(1) The blowing modifies the boundary-layer profile and induces
blowing oblique shock waves. Both strong-blowing layer near
the blowing region and the air film downstream reduce the wall
heat flux. The alterations in the blowing boundary-layer profile
intensify with an increase in mass flow rate.

(2) As the mass flow rate increases, the evolution of wall heat flux
characteristics indicates the promotion of transition until a
bypass transition occurs. Meanwhile, the breaking position of
the low intermittency factor and the peak area of turbulent
kinetic energy shift to the blowing region and the recirculation
zone. Which suggests that, as blowing controls the boundary-
layer transition from natural to bypass, the dominant mecha-
nism controlling instability changes.

(3) At higher Mach number, the compressibility effect becomes
more pronounced, resulting in an increased thickness of the
boundary layer and air film. The sonic line above the blowing
area rises, expanding the subsonic region. As the Mach number
increases, the boundary layer becomes more stable, the transi-
tion location and the peak region of turbulent kinetic energy are
delayed under natural transition conditions.
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