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TUral Federal Universit, A numerical analysis of high-speed rarefied gas flow over a cavity has been performed
Ekaterinburg 620000, Russia using the direct simulation Monte Carlo (DSMC) method. The simulation was carried
out over a wide range of gas rarefaction, from free-molecular flow to nearly con-
tinuum flow, for various values of the angle of attack, the free-stream Mach number,
and the geometric size of the cavity. Flow fields, streamlines, vertical 1D distributions
of macroscopic quantities, and the dimensionless particle flux density to the cav-

ity floor were calculated with high accuracy. It was found that the flow pattern

in the simulated system strongly depends on all flow parameters. At a certain distance
from the cavity, the gas flow passes through a detached shock, where the flow regime
changes from supersonic to subsonic. In close proximity to the cavity inlet, a complex
flow structure can form, such as a flow separation zone, including a recirculation zone
and a reverse flow zone. Inside the cavity, a circulating motion of the gas is formed,
the pattern of which is significantly influenced by the geometric size of the cavity.
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1 Introduction

The problem of high-speed rarefied gas flow around an object is of significant impor-
tance in modern science and engineering. This issue has garnered substantial attention
due to its direct impact on various technological advancements. Over recent decades,
the study of high-speed rarefied gas dynamics has become increasingly relevant in the
context of space exploration, as well as supersonic and hypersonic aircraft design. Addi-
tionally, this area of research plays a critical role in the development of vacuum tech-
nologies and micro- and nanofluidic devices [1-5].

Under high-speed and rarefied atmospheric conditions, aerodynamic phenomena
become particularly complex. High-speed flights in such environments pose significant
challenges for engineers and researchers, as understanding and managing aerodynamic
effects is critical for ensuring stability and safety. Consequently, this area represents one
of the primary challenges in modern aerodynamics, aerospace engineering, and related
fields. This multifaceted problem demands a deep comprehension of the physical phe-
nomena involved in high-speed gas dynamics within low-pressure environments.
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A key aspect of this field is understanding the interactions between objects and rarefied
gas at high speeds. These interactions are directly relevant to the design and functional-
ity of spacecraft, reusable missiles, hypersonic aircraft, and similar systems. Among the
most practically significant research directions, the following can be highlighted:

Firstly, the development of high-speed transportation systems capable of operating
in rarefied atmospheres at high angles of attack represents a promising direction for
aviation and transportation infrastructure. Precise control of an object’s aerodynamic
properties in rarefied gas flows is essential for maintaining stability and preventing
adverse effects during high-speed maneuvers.

Secondly, satellites, spacecraft, and space shuttles encounter rarefied gas when enter-
ing planetary atmospheres or returning to Earth’s atmosphere, where they experi-
ence complex aerodynamic and thermal effects. Understanding and controlling these
effects are critical not only for ensuring safe descent but also for optimizing the effi-
ciency and success of such missions.

Thirdly, the military sector is deeply involved in studying high-speed gas flows, par-
ticularly in the context of hypersonic weapons and aircraft, as effective maneuvering
and operation under such conditions are of strategic importance.

Thus, the study of high-speed rarefied gas flows around an object has broad applica-
tions, significantly impacting engineering, transportation, and space exploration, driving
modern scientific research and technological advancements.

Among the various streamlined objects, surface cavities hold a special place, as they
are of both practical and theoretical interest. The latter, in particular, arises from the
fact that the flow field in a cavity can exhibit both external and internal flow charac-
teristics, while the flow regime itself can vary from free-molecular to viscous and even
hydrodynamic. The practical significance of cavity studies is further emphasized by their
substantial impact on temperature distribution and heat exchange. This aspect is par-
ticularly critical for designing thermal protection screens and cooling systems in high-
speed vehicles. Due to its considerable importance, this topic is being extensively studied
through experimental and numerical methods.

The available literature contains numerous experimental investigations on high-speed
rarefied gas flow over cavities. For the sake of brevity, only the most frequently cited
articles will be reviewed. Foundational works by Charwat et al. [6, 7] extensively exam-
ined separated regions such as blunt-base wakes and cavities under supersonic (Mach
numbers 2 to 4) and subsonic flows. Their studies described conditions for existence,
geometry, and pressure fields [6], as well as the internal flow and heat transfer across
these regions [7].

Nestler et al. [8] studied heat flux distributions in rectangular cavities with the length-
to-depth ratio from 0.2 to 30 at local Mach numbers of 6.3 and 8.5, and local Reynolds
number of about 10”. Semi-empirical correlations were suggested for relative heat flux
ratios in terms of local dimensionless flow parameters.

In the Langley 0.3-m transonic cryogenic tunnel, the flow field observed at subsonic and
transonic speeds in rectangular cavities with length-to-depth ratios of 4.4, 6.7, 12.67, and
20.0 for angles of attack (AOA) of 0° and 15° was studied using the complementary static
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and fluctuating pressure data measured [9]. Flow field types were determined using static
pressure measurements and acoustic tones identified from peaks in fluctuating pressure
spectra and characteristic mode shapes in the cavity.

Compressible flows over cavities with a series of length-to-depth ratios have been
investigated experimentally, with the objective to elucidate the physics of the transition
of cavity-flow types as the length-to-depth ratio changes [10]. It was found that the free-
dom of backflow inside the cavity is crucial in smoothing out the adverse pressure gra-
dient, and the effect of the upstream separation wake on the downstream compression
wake is non-negligible.

A combined experimental/computational study of the cavity flow with length-to-
depth ratios from 1 to 8 at low Reynolds and Mach numbers of 9 has been carried out
[11]. According to this experimental study, for the shorter cavities, the good agreement
between experiment and laminar CFD on the front and back faces of the cavity, as well
as on the fore-body and after-body, is strong evidence for laminar flow. For the longer
cavities, the early stages of the laminar-turbulent transition are observed.

In the Langley 31-inch Mach 10 tunnel, the effect of a pressure gradient on the local
heating disturbance of rectangular cavities under hypersonic free-stream conditions has
been assessed using the two-color phosphor thermography method [12]. It was discov-
ered that for the short cavity geometries, the pressure gradient had minimal effect, if
any, on the average heating augmentation of the cavity floor. For the long cavity geom-
etries, the pressure gradient increased the average heating augmentation factor by 50%
relative to the zero gradient conditions.

The effect of an isolated rectangular cavity on hypersonic boundary layer transition
onset on the windward surface of the Shuttle Orbiter has been experimentally character-
ized [13]. It was found that an increase in the cavity length-to-depth ratio and Reynolds
number produced an augmentation in cavity floor heating, indicative of the shear layer
entering the cavity and impinging on the cavity floor.

Using the particle image velocimetry (PIV) technique, experiments have been carried
out in order to investigate the flow structure past rectangular, triangular and semicircu-
lar cavities with a length-to-depth ratio of 2:1 in Reynolds numbers of 1230, 1460 and
1700 [14]. According to experiments, the maximum turbulence intensities occur at the
cavity lid in the centerline section, and rectangular and triangular cavities have larger
turbulence intensities compared to a semicircular cavity. In addition to cavity shapes,
Reynolds number changes have some degree of influence on the structure of flow and
turbulence quantities.

A novel technique of convective heat flux reduction on the nose surface of a spheri-
cally blunted cone by employing a forward-facing cavity combined with heat energy
deposition inside the cavity has been presented [15]. The heat deposition is achieved by
the exothermic reaction of a chromium film coated on the cavity surface. It was found
that the overall surface mean heat flux reduction increased from 13% to 49% compared
to the blunt body geometry and enhanced from 15% to 35% with reference to the cavity
without heat deposition.

Using the cavity pressure measurements and the schlieren imaging, supersonic
flow around an axisymmetric annular cavity on the cylindrical body with a nose
cone has been examined at different angles of attack [16]. According to the study, the
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characteristics of flow around the cavity (such as the configuration of a system of shock
waves, pressure distribution, etc.) can depend not only on the particular values of the
parameters (angle of attack, cavity length, Mach number, etc.), but also on the history
of reaching these values. The range of boundary-value parameters, at which such a non-
unique behavior of flows is possible, is called as the parametric hysteresis region by the
authors.

Many approaches and methods exist for the numerical simulation of rarefied gas flows,
and a comprehensive overview is provided in [5, 17]. At this point, we examine only the
most recent works that use the direct simulation Monte Carlo (DSMC) method [18] and
do not consider numerical studies based on the traditional approach, which treats gas
flow as a continuum with macroscopic quantities that change continuously in space and
time, and is based on the Navier—Stokes equations (NSEs). The correct application of
NSEs is restricted to a specific range of rarefied gas flow: for Knudsen numbers (Kn) less
than 1073, NSEs are applicable under the non-slip boundary conditions; for Knudsen
numbers between 1072 and 107}, the equations remain valid but with slip boundary con-
ditions [19]. To address the problem of gas flow across a wide range of Knudsen numbers
(rarefaction), methods from kinetic gas theory should be applied. The central equation
in this theory is the Boltzmann equation (BE), an integro-differential equation for the
distribution function. The DSMC method is a stochastic approach to solving the full BE
and is an effective method for solving gas dynamics problems across all flow regimes,
from hydrodynamic to free molecular flow.

Palharini et al. have studied rarefied hypersonic flows over two- and three-dimensional
cavities at an altitude of 70 and 80 km in the Earth’s atmosphere and at a free-stream
Mach number of 25 [20-22]. Effects of the length-to-depth ratio on the number flux,
pressure, skin friction, and heat transfer coefficients in the transition flow regime have
been investigated. It was found that the application of a 2D cavity solution would sig-
nificantly overestimate aerothermodynamic loads, which were several times larger than
those observed in a 3D study [20]. The flow field structure characterization around and
inside the cavities in the presence of chemical reactions has been performed [21]. The
results showed that the peak values of the pressure coefficient and heat transfer coeffi-
cient were approximately 4.9 and 2.1 times higher than those for a smooth surface (i.e., a
flat plate without a cavity) [22].

Guo et al. [23-26] studied the flow over various cavities by hypersonic rarefied flows
at different altitudes. In particular, the flow characteristics of hypersonic rarefied flow
over a cavity with different geometric parameters such as the length-to-depth ratio, the
rearwall-to-frontwall height ratio, and frontwall/rearwall inclination have been exam-
ined [23]. Simulation has been made for the free stream at a Mach number of 8 and an
altitude of 60 km. The effect of cavity geometric parameters on the shear layer and recir-
culation region has been presented. Particularly, it was found that the frontwall/rearwall
inclination is probably a simple but effective way to control the recirculation region(s) to
disappear or reappear.

By considering the cases such as the altitude of 20-60 km, the Mach number of 620,
and the sweepback angle of 30°-90°, flow characteristics of a cavity with sweepback angle
in near space were specified [24]. As a result, it was established that with the increase of
altitude, both the primary and secondary recirculation regions contract so greatly that
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they eventually separate. When increasing the Mach number, the velocity, pressure, and
temperature within the cavity increase uniformly. As the sweepback angle increases, the
maximum pressure nearby the trailing edge of the cavity decreases rapidly, whereas the
influence of sweepback angle on velocity distribution and maximum temperature within
the cavity is slight.

Simulation was made to reveal flow structures inside the cavity and aerodynamic sur-
face quantities, including the pressure on and heat flux to the surfaces of three-dimen-
sional cylindrical cavities [25]. The simulation cases are obtained by varying the cavity
diameter-to-depth ratio from 10 to 2, the altitude from 50 to 90 km, and the free-stream
Mach number from 13.4 to 33.5. Particularly, it was found that with the increase of cav-
ity depth, the weaker pressure on and heat flux to the cavity floor appear, whereas the
maximum pressure on and peak heat flux to the downstream curved sidewall seem to
be unchanged. The flow and aerodynamic characteristics for the altitudes of 50, 60, and
70 km are similar but those for the altitude of 90 km exhibit a distinctly different behav-
ior due to the severe rarefaction effect there. As the free-stream Mach number increases
from 13.4 to 33.5, the maximum heat flux coefficient on the downstream curved sidewall
only increases with a rate of about 7.7%, while the maximum wall pressure coefficient
decreases with a rate of about 18.3%.

Study of the influence of flow control block on aerodynamic properties of an open cav-
ity in rarefied hypersonic flows has been performed [26]. The free-stream parameters of
a typical atmospheric environment at the altitude of 50 km were applied, and the effect
of placement position and shape of the control block on the cavity flow field was evalu-
ated. It was found that the square control block demonstrates the strongest flow control
when compared to the circular, triangular, and wedged control blocks.

Xiang and Fang [27] studied the heat flux and flow characteristics of a cavity with
a length-to-depth ratio of 6 in the free stream at a Mach number of 8, with the angle of
attack a ranging from 0° to 60°. The authors claim that when a <50°, there is an oblique
shock wave that prevents the stream from entering the cavity, while when a >50°, there is
a detached shock wave and the flow can enter the cavity.

Lekzian [28] performed the simulation of rarefied flow past a cavity with injection
from the rear wall of the cavity for different length-to-depth ratios (ranging from 1.5 to
5.5) and Mach numbers (5 to 25). Results show that injection does not affect the cav-
ity vortex location and has no significant effect on the wall pressure coefficient and the
friction coefficient. However, due to injection, the dimensionless temperature decreases
significantly, and the average number flux increases. Enhancing the injection velocity
would decrease the heat transfer coefficient and promote cooling effects.

Jiang et al. [29] studied the rarefied hypersonic flow over a cavity at the free-stream
flow conditions similar to those employed by Palharini and Santos [22]. The effects of
cavity shape and size on the flow-field structures and aerodynamic surface quantities,
including pressure coefficient, skin friction coefficient, and heat transfer coefficient, have
been explored. The results reveal that the aerodynamic heat flux is dramatically influ-
enced by the cavity shape and size, while the aerodynamic force is mildly affected. The
pressure, skin friction, and heat transfer coefficients over the surface display complex
trends as the cavity shape and size change.
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Jin et al. [30-34] made significant progress in studying hypersonic rarefied cavity
flows. In particular, study of the hypersonic rarefied flows over a flat plate with two-
and three-dimensional (2D and 3D) cavities, focusing on the effect of the free-stream
angle of attack and the 3D property on flow structure inside the cavity and aerodynamic
surface quantities, has been carried out [30]. The authors claim that the assumption of
two-dimensionality would overestimate heat transfer and pressure on the cavity sur-
faces. In the 3D cavity configuration, the two additional side surfaces play a role of a
frictional wall and an energy sink, serving to not only block the entry of gas molecules
coming from the main stream into the cavity, causing a reduction in the density inside
the cavity, but also lighten the burden of heat loads of all the three cavity surfaces,
resulting in a decrease in heat flux and pressure over them when compared with the 2D
case. The length and width of the cavity used in the calculations were 3 mm and 12 mm,
respectively. These dimensions are comparable to those reported in Ref. [20], and thus,
similar effects of the side surfaces in the 3D case are expected to be observed.

Numerical calculation has been conducted to investigate a rarefied hypersonic flow
past a 3D cavity with a length-to-depth ratio of 4 in the representative atmospheric envi-
ronment at altitudes of 70, 75, 80 and 90 km [31]. The effects of Maxwellian accommo-
dation coefficient and free-stream Knudsen number on flow field characteristics inside
the cavity and aerodynamic surface quantities on the cavity surfaces, i.e., the pressure,
shear stress, and heat flux, have been analyzed. The results emphasize the sensitivity
of flow field characteristics and aerodynamic surface quantities to the accommodation
coefficient and free-stream Knudsen number. It was also found that as the free-stream
Knudsen number is augmented, the ability of the external stream to enter the cavity is
lowered, causing the flow pattern inside the cavity to develop from a closed flow with
two vortices generated into an open flow with only one vortex produced. From the other
side, the two vortices inside the cavity move closer to each other and may merge into one
when the gas-surface scattering changes from diffuse into specular reflection.

It is worth mentioning that specular reflection is almost never observed in practice. In
our experiment [35, 36], we obtained a minimal value of the Maxwellian accommodation
coefficient (0.71) on the atomically clean surfaces of silver and titanium for extremely
pure helium gas (He). According to available published works (see review [37]), this
is one of the lowest values obtained from experiments on internal rarefied gas flows,
smaller than those reported in Refs. [38—40]. In particular, Cooper et al. [38] got a value
of 0.52 when studying flow of argon, nitrogen, and oxygen through carbon nanotubes
with a diameter of 200 nm. Keerthi et al. [39] got reflection close to specular reflection
in the experiment of gas transport through angstrom-scale channels with atomically flat
walls. However, due to the nanoscale, quantum effects already manifest in these experi-
ments [38, 39], and their nature in gas-surface scattering is not fully understood. In real
situations for conventional gases (for example, air) on technical surfaces, gas-surface
scattering is close to diffuse reflection; and for engineering calculations, a Maxwellian
accommodation coefficient of 0.9 can be used [37].

The rarefied hypersonic flow past a group of 2D rectangular cavity configurations with
rounded corners has been investigated [32]. Free-stream parameters were representative
of the typical atmospheric environment at an altitude of 80 km (Knudsen number: 0.37;
Mach number: 26.77), and the effects of rounding the separation/reattachment corner
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on flow characteristics and aerodynamic surface quantities, i.e., the pressure and heat
flux, were analyzed. The authors established that rounding the separation corner does
not alter the streamline patterns too much, while rounding the reattachment corner
brings about a remarkable effect on the streamline patterns. Eventually, they concluded
that the approach of rounding the reattachment corner can achieve the most dramatic
drop in the peak pressure and heat flux at the reattachment point.

Simulation for rarefied hypersonic flows past a flat plate with a 2D/3D rectangular cav-
ity in the transition regime has been performed to obtain an illustrative understanding
of the effects of the boundary layer thickness at the cavity entrance on flow field char-
acteristics and quantitatively assess the sensitivity of aerodynamic quantities to the
entrance boundary layer thickness [33]. It was found that the boundary layer thickness
at the cavity entrance has strong effects on the flow past the 2D cavity, and the 3D effect
plays an important role only for the cases of extremely thick boundary layers at the cav-
ity entrance.

Rarefied hypersonic flows past various non-rectangular cavity configurations have
been investigated to obtain insight into the flow characteristics, and surface pressure on
and heat flux to these non-rectangular cavities [34]. Specifically, it was discovered that
for the shallow-rear cavity, the surface pressure and heat flux at the right end of the cav-
ity floor are 2 and 20 times higher than the values for the rectangular cavity, respectively.
Reducing the free-stream Mach number from 25 to 10 does not bring about an obvious
difference in flow patterns inside the cavity.

By analyzing the available literature, we can conclude that the problem of high-speed
rarefied gas flow over a cavity is not only a fundamental issue but also holds greater prac-
tical significance. However, no published works have studied this problem across a wide
range of Knudsen numbers (gas rarefaction). The goal of the current work is to provide
a detailed study of high-speed rarefied gas flow over a cavity at different angles of attack
in a wide range of gas rarefaction, covering flow regimes from free molecular to
near-hydrodynamic.

Due to the strong non-equilibrium of the problem (high-speed flow), to achieve the
set goal, it is appropriate to use the direct simulation Monte Carlo (DSMC) method [18],
which, as mentioned above, is an effective tool for solving gas dynamics problems in all
flow regimes—from free molecular to hydrodynamic. This method allows accounting for
many factors, such as strong non-equilibrium, the complex geometrical configuration of
the modeled system, and the use of various gas-surface scattering laws, surface structure
models, and intermolecular potential models.

A reliable foundation for the successful completion of this study is our previous work,
particularly our recent studies [41-45], where the DSMC method was used to obtain
with high-accuracy dependencies of gas mass flow rate and flow field in channels of
various shapes on a wide range of governing parameters, such as gas rarefaction and
free-stream velocity, the reduced channel length (length-to-height ratio), pressure ratio
(output pressure to input pressure of the channel), and parameters characterizing gas
molecule scattering by the surface and intermolecular interactions in gas.
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Fig. 1 Gas flow configuration over the cavity and coordinate system

2 Problem statement

Let us consider the steady state of rarefied gas attack on a flat surface at an angle a
(AOA) with a free-stream velocity U. The free-stream velocity and rarefaction of the gas
can be described by the Mach number Ma and Knudsen number Ku, respectively. The
temperature and number density of the undisturbed gas (when U/=0) are denoted as
T, and n,, respectively. The surface temperature in the entire simulated system is also
equal to T,. On the surface, there is a rectangular cavity with length /, depth d, and width
w. Figure 1 shows the gas flow configuration over the cavity and the coordinate system.
We will be interested in the gas flow field both inside the cavity and near it. We assume
that the width of the cavity w is much greater than the other geometric dimensions / and
d. In this case, the gas flow field can be assumed to be homogeneous along the X-axis,
which makes it possible to reduce the problem to a two-dimensional physical domain
while retaining a three-dimensional velocity space (2D3V).

In this work, we have developed our program code, which was previously used for
high-precision simulation of high-speed rarefied gas flow through channels with a for-
ward- or backward-facing step [45]. As before, we will use the DSMC method, based on
the majorant frequency scheme [46], a three-level spatial grid, and special DSMC proce-
dures, namely, cell subdivision into sub-cells and weighting planes. For modeling inter-
molecular interactions, we will apply the hard-sphere model, and the law of fully diffuse
scattering will be used as the scattering law for gas molecules on the surface of a solid
body.

Figure 2 shows the computational domain and spatial grid for modeling gas flow over
a cavity. As can be seen from the figure, the computational domain has closed (solid
line) and open (dashed line) boundaries. On the closed boundaries, the scattering law
for gas molecules on the surface is applied. On the open boundaries, the so-called inlet
and outlet boundary conditions are specified. In this work, we used explicit (typical)
boundary conditions, according to which the inflow and outflow of particles into and
from the simulated system occur far from the cavity. Specifically, new particles enter the
computational domain at the left and upper boundaries, while particles can exit and be
removed from the simulation at any open boundary.

The velocity distribution of particles entering the computational domain (gas mole-
cules in the free stream) follows the Maxwellian distribution function.
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Fig. 2 Computational domain and spatial grid for modeling gas flow over a cavity
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where v = (Vx, Vy, VZ) is the molecular velocity, vo = \/2kTy/m is the most probable
speed of gas molecules in an equilibrium gas, k is the Boltzmann constant and m is the
mass of a gas molecule. The free-stream velocity can be found as follows:

U=+/y/2Ma vy, (2)

where Ma = U/a is the free-stream Mach number, a = \/W is the speed
of sound, and y is the ratio of specific heat (5/3 for a monatomic gas). In the case of
Ma = 0, Eq. (1) represents the distribution function of gas molecules crossing a certain
plane in an equilibrium gas at temperature Ty and pressure Py = nokTy. When Ma > 0,
the equilibrium distribution for Ma = 0 is first simulated, and then the velocity compo-
nents vy and v, are adjusted by adding values corresponding to the Mach number, U/ sin «
and U cos «, respectively.

The number of new particles N entering the computational domain through a unit
area boundary during the time step At is determined by the following expression:

Ny = (Zﬁ)_lnovo{exp(—szcosze + /7 s cosO[1 + erf (s cos 8)]) }At, (3)

where s = U /vy is the molecular velocity ratio, and 6 is the angle between the veloc-
ity vector of the free stream and the normal vector to the inlet boundary [18]. In our
case, 0 = « for the left boundary, and & = n/2 — « for the upper boundary. In the steady
state, the number of particles entering and leaving the computational domain is approxi-
mately equal, so the number of particles in the computational domain remains practi-
cally constant.

To achieve a steady state (flow), the simulated system was left to evolve on its own for
some time, and only after this period from the start of the simulation did the sampling
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Table 1 The main simulation parameters: the total number of model particles N, the characteristic
size of the computational domain Ly = Hy, the cell size Ay, and the time step length At

Rarefaction parameter 6 N (x 10°) Ly Ay __At
T T T/ (vo+0)

0.01 100 40 1/8 1/10

0.1 100 40 1/8 1710

1 100 40 1/8 1710

10 50 10 1/80 1/100

100 50 10 1/80 1/100

(statistics collection) begin. In this study, we used a sufficiently long time interval for
this purpose, namely 10 Ly// in units of //vy. This means that if a particle has a veloc-
ity vy directed along the Y-axis, it can cross the entire simulated system five times dur-
ing this period. Naturally, this time interval was sufficient to achieve a steady state, as
confirmed in all simulations by a zero flow rate through the cavity’s inlet section (at the
initial moment £=0, all particles were located in the region in front of the cavity). The
sampling (statistics collection) continued for approximately the same duration.

Significant changes in flow parameters usually occur near the solid boundary (sur-
face), so far from the surface (the value of H™ was set to be at least 2/, see Fig. 2), we
"coarsened" the grid by increasing the cell size by a factor of 4, while inside the cavity, we
reduced the cell size by a factor of 2. The use of the "weighting planes” procedure allows
achieving a sufficient number of particles in the cells for correct modeling of intermo-
lecular interactions, and the subdivision of cells into sub-cells ensures that the particles
involved in collisions are indeed the closest to each other.

The simulation parameters used in this work include: the number of samples (time
steps); the cell size, the time step length and dimensions of the computation domain;
the number of model particles in a cell; the time to reach steady flow; and special DSMC
procedures—all ensuring a computational error of no more than 1%. Table 1 presents
the main simulation parameters, namely the total number of model particles N, the
characteristic size of the computational domain Ly = Hy, the time step length At, and
the cell size Ay (at the middle level of the grid).

Let us remind that the set of simulation parameters was chosen in such a way that fur-
ther improvements (finer spatial grid, shorter time step, etc.) would not lead to changes
in the simulation results exceeding the level of computational error. A description of the
DSMC procedures and details of the choice of simulation parameters ensuring the spec-
ified level of computational error can be found in our previous work [47].

As is commonly accepted in rarefied gas dynamics [17], the rarefaction of the gas will
be characterized by the parameter §=(/Pp)/(itovo), where g is the gas viscosity under
temperature 7|, In this case, the Knudsen number is inversely proportional to the rar-
efaction parameter: Kn = /7/(28), which for the cavity becomes Kn=J\,/l, where 1, is
the mean free path length of gas molecules in an equilibrium gas at pressure P, and tem-
perature T;,. With other necessary similarity criteria, the rarefaction parameter is related
to the expression:

Re = /2y Ma é, (4)
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Fig. 3 Dimensionless gas density n/n,, temperature T/T,, and longitudinal mass velocity u/v, in the YZ-plane
both inside the cavity and in the near-region outside the cavity with the length-to-depth ratio I//d=1 at the
free-stream Mach numbers Ma=1 (left) and 10 (right) for the rarefaction parameter = 1 and the angle of
attack a = 30° (the mass velocity images also display gas streamlines)

where Re = polUl/ o is the Reynolds number, and po = m ng is the mass density of the
gas.

One of the calculated characteristics when modeling gas flow in the considered sys-
tem will be the particle flux density I to the cavity floor. The calculated data will be pre-
sented in a dimensionless form I* = I/Iy, where Iy = inovt is the particle flux density
under free molecular flow conditions § =0 at the free-stream Mach number Ma =0, and
Ve = \/W is the mean thermal velocity of gas molecules.

3 Results and discussion

The calculations were carried out over a wide range of gas rarefaction for different values
of the cavity length-to-depth ratio //d, the free-stream Mach number Ma, and the angle
of attack a. Figures 3, 4, and other figures in Appendix A show the dimensionless gas
density n/n,, temperature 7/T,, and longitudinal mass velocity u,/v, in the YZ-plane,
both inside the cavity and in the near-region outside the cavity with the length-to-depth
ratio //d=1 at the free-stream Mach numbers Ma =1 and 10 for the rarefaction parame-
ters §=1 and 100, and the angles of attack a =30°, 60° and 90°. The mass velocity images
also display gas streamlines.

As can be seen from the figures, the distribution of gas macroscopic quantities (flow
pattern) depends significantly on all flow parameters Ma, § and a. Their influence is non-
trivial, as it manifests differently depending on the other flow parameters. The change of
each flow parameter can lead to both quantitative and qualitative changes in the flow
pattern. For example, an increase in the free-stream Mach number Ma not only results
in larger values of gas macroscopic quantities but also qualitatively changes the flow pat-
tern. On the other hand, at a fixed angle of attack a and Ma =1, the spatial distributions
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Fig. 4 Dimensionless gas density n/n,, temperature T/T,, and longitudinal mass velocity u/v, in the YZ-plane

both inside the cavity and in the near-region outside the cavity with the length-to-depth ratio //d=1 at

the free-stream Mach numbers Ma= 1 (left) and 10 (right) for the rarefaction parameter 6 = 100 and the

angle-of-attack a=60° (the mass velocity image also displays gas streamlines)

of density for §=1 and §=100 are noticeably different; however, the gas density values
are approximately in the same numerical range for both §=1 and §=100.

The value of the angle of attack a significantly determines the flow pattern. As seen
in Fig. 3, despite the angle of attack being 30°, the streamlines near the cavity are par-
allel to the surface (Z-axis). Only at large values of a, such as in Fig. 4 at a=60°, does
this parallelism break. Furthermore, Fig. 4 reveals an unexpected fact: at Ma =10, a flow
separation zone develops upstream of the cavity, which includes the recirculation zone
and the reverse flow zone. It is interesting to note that in this case, the cavity itself also
partially participates in the reverse flow. However, the question remains: what exactly is
the observed effect? If the computational domain significantly increases, particularly the
longitudinal size Ly, will the cavity still participate in the reverse flow? But this is beyond
the scope of the present article and requires additional calculations. Directly inside the
cavity itself, as seen in the figures for « =30° and 60°, a single vortex forms, and at § = 1
its shape depends only weakly on the flow parameters.

At a=90°, as expected, outside the cavity the streamlines are symmetrical with respect
to the central line of the cavity Z=0 (Figs. 10 and 12 in Appendix A), while inside the
cavity, as seen from these figures, the gas is almost motionless. Therefore, it is difficult
to determine streamlines inside the cavity using the DSMC method, as it is not effi-
cient for low-speed gas flow calculations. For these calculations, it is more appropriate
to use other methods, such as the discrete velocity method (DVM). Indeed, Naris and
Valougeorgis, using DVM to solve the linearized Bhatnagar-Gross-Krook (BGK) model
of the Boltzmann equation, were able to accurately calculate even secondary eddies in
low-speed cavity flow [48]. However, as the authors themselves note, their study has a
number of limitations.

Figure 5 and other figures in Appendix B. show the vertical distributions of density
n/ngy, temperature 7/7T,, and mass velocity component u,/v, in the modeled system with
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modeled system with the cavity length-to-depth ratio I/d = 1 along lines z// = 0 (black), z// = 0.5 (red) and
z/l=—0.5 (blue) at the free-stream Mach numbers Ma = 1 (left) and 10 (right) for the rarefaction parameter
6= 1 and the angle of attack a = 30°

the cavity length-to-depth ratio //d=1 along lines z/[=0, z//=0.5, and z//=—0.5 at the
angles of attack a=30°, 60° and 90° for the free-stream Mach numbers Ma =1 and 10,
and the rarefaction parameters =1 and 100. In the case of y >0 (see Figs. 1 and 2), these
figures represent distributions inside the cavity, namely along the centerline (z//=0), the
right wall (z//=0.5), and the left wall (z/l=—0.5) of the cavity. In each figure, such distri-
butions are presented in an inset with an enlarged scale.

As shown in these figures, particularly in Fig. 5, the difference in vertical distributions
of gas macroscopic quantities along z//=0, z/[=0.5 and z/[=—0.5 is primarily observed
near and inside the cavity, especially in the distribution of the mass velocity component
uylv,. Specifically, as seen in Fig. 5, inside the cavity, the value of u,/v, takes positive
values along the right wall (z//=0.5) and negative values along the left wall (z//=—0.5),

which indicates a clockwise circulation of the gas, as also confirmed by the image in
Fig. 3.

Page 13 of 30
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It can also be observed from Fig. 5 and other figures in Appendix B. that for a free-
stream Mach number Ma =10, near the floor of the cavity, the density ratio n/n, can
reach double- and even triple-digit values, in contrast to the temperature ratio 7/T;, and
the mass velocity component u,/v,, whose values approach those for undisturbed gas,
i.e,, 1 and O, respectively. This indicates that, at Ma =10, there is highly compressed but
not heated, and relatively slow-moving gas near the cavity floor.

Figure 5 and other figures in Appendix B. show that at a certain distance from the cav-
ity’s inlet section, an abrupt change in the gas macroscopic quantities is observed. This
is particularly pronounced at the free-stream Mach number Ma=10 and the rarefac-
tion parameter §=100. Such an abrupt change in macroscopic quantities indicates that
the gas flow passes through a so-called detached shock. The more intense the shock,
the greater the reduction in flow velocity and the increase in gas density and tempera-
ture behind it. The figures demonstrate that the intensity and localization of the shock
depend on both the free-stream Mach number Ma and the rarefaction parameter J.
The higher the flow velocity and the denser the gas, the more abrupt and significant the
changes in gas macroscopic quantities, and the closer the shock is located to the cavity’s
inlet section.

It should be recalled that such detached shocks occur due to the interaction of a super-
sonic gas flow with the surface of a solid body, when the flow regime transitions from
supersonic to subsonic. Upstream of the shock, the supersonic flow remains undis-
turbed, approaching the shock "blindly". Within the shock region, abrupt changes occur
in the gas macroscopic quantities, such as density, temperature, and mass velocity. Spe-
cifically, in the shock, the supersonic velocity abruptly transitions to subsonic. As the gas
flow passes through the shock, a qualitative change in its energy takes place: part of the
kinetic energy is converted into thermal (internal) energy. The total energy of the flow
before and after the shock remains constant. However, behind the shock, the flow pos-
sesses less kinetic energy and more thermal energy. As a result, a region of compressed
and heated gas with subsonic velocities forms in front of the body. Thus, the shock acts
as a boundary between two regions of gas with different macroscopic quantities: one
supersonic and the other subsonic.

Figure 5 and other figures in Appendix B. also indicate that detached shocks at « =30°
and 60° exhibit a more complex structure than the shock at a =90°. A complete 2D rep-
resentation of the latter can be found in our previous work [45]. Here, we present only
the dimensionless gas density #/#, and the gas streamlines in the YZ-plane for the mod-
eled system with a cavity length-to-depth ratio of //d =1, at the free-stream Mach num-
ber Ma =10, the rarefaction parameter § = 10, and the angle of attack @ =90° (see Fig. 6).
As shown in the figure, a detached shock forms at a distance of approximately 4/ from
the cavity’s inlet section, where the gas streamlines abruptly change direction. A detailed
investigation of the detached shock structure requires a separate study, which is beyond
the scope of this article. However, it is worth noting that it would be reasonable to exam-
ine the structure of the detached shock by modeling the attack of a high-speed rarefied
gas flow on a free surface, particularly one without cavities or channels, so that these ele-
ments do not distort the flow field.

In Table 2, the results of the calculation of the dimensionless particle flux density I” to
the cavity floor are presented as a function of the rarefaction parameter &, the angle of
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Fig. 6 Dimensionless gas density n/n, and gas streamlines in the YZ-plane for the modeled system with the
cavity length-to-depth ratio I/d=1, at the free-stream Mach number Ma= 10, the rarefaction parameter =
10, and angle of attack a = 90°

Table 2 The dimensionless particle flux density /" to the cavity floor as a function of the rarefaction
parameter 6, the angle of attack a and the free-stream Mach number Ma for the length-to-depth

ratio I/d =1
Ma al() Particle flux density /"
§=0.01 0.1 1 10 100
1 30 2.07 1.87 1.82 1.94 1.99
60 3.27 2.64 238 245 251
90 4.08 323 2.79 2.80 278
10 30 233 504 58.1 56.7 54.3
60 63.9 116 148 150 137
90 734 141 159 160 n/d

attack a, and the free-stream Mach number Ma for the length-to-depth ratio //d = 1.
For the case with flow parameters Ma =10,  =90° and § =100, the results could not be
obtained due to the unacceptably large computation time. As can be seen from the table,
for a fixed angle of attack «, in the case of a highly rarefied gas (§=0.01) at Ma=1, the
maximum value of I is observed, while at Ma =10, on the contrary, this case (§=0.01)
corresponds to the minimum value of I'.

At the free-stream Mach number Ma=1, in the transitional flow regime at §=1, a
minimum in the value of I is observed, at least for a=30° and 60°. It is interesting to
note that in the transitional regime at the same value of §, the minimum in the flow rate
(Knudsen paradox) is observed when a rarefied gas flows through sufficiently long chan-
nel. For =90, the value of I reaches its minimum at 6= 1, and then, with an increase
in 6, it no longer changes. At the free-stream Mach number Ma =10, the dependence of
the particle flux density I on the rarefaction parameter ¢ is non-trivial, and it is difficult

to identify any clear trend.
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Fig. 7 Dimensionless gas density n/n,, temperature T/T,, and longitudinal mass velocity u,/v, in the

YZ-plane both inside the cavity and in the near-region outside the cavity with the length-to-depth ratio

I/d = 0.5 at the free-stream Mach numbers Ma = 1 (left) and 10 (right) for the angle of attack a = 30° and the

rarefaction parameter 6 = 1 (the mass velocity image also displays gas streamlines)

Completing the discussion, let’s consider the dependence of gas macroscopic quan-
tities on the geometric dimensions of the cavity. According to the horizontal pressure
distribution along the cavity floor, high-speed gas flow over a cavity can be divided into
three types: open, closed, and transitional [49]. In the case of closed flow, the free-stream
is divided in such a way that recirculation zones appear in the corners of the cavity, and
in the central region, the free-stream reaches the cavity floor, so the pressure distribu-
tion along the cavity floor is significantly non-uniform. In the case of open flow, a single
vortex forms inside the cavity, which covers the entire cavity, leading to a nearly uniform
pressure distribution along the cavity floor, with only a slight increase at the downstream
corner of the cavity. The boundaries between the different types of flow were established
as follows [50]: open cavity flow occurs for cavities with a length-to-depth ratio //d <
10; closed cavity flow occurs for shallow cavities with //d > 13; transitional flow occurs
between the boundaries of open and closed flow. It was later found that the boundaries
are not only dependent on the //d ratio but also on the free-stream Mach number Ma
and the cavity width-to-depth ratio w/d [51]. In our opinion, the angle of attack & and
gas rarefaction ¢ should also be considered as governing parameters, although a strict
justification for this requires additional research.

Figures 7, 8 and other figures in Appendix C. show the dimensionless gas density n/n,
temperature T/T;, and longitudinal mass velocity u,/v, in the YZ-plane both inside the
cavity and in the near-region outside the cavity with the length-to-depth ratio //d=0.5
and 2 at the angle of attack a=30°, 60°, and 90° for the free-stream Mach numbers Ma
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Fig. 8 Dimensionless gas density n/n,, temperature T/T,, and longitudinal mass velocity u,/v, in the

YZ-plane both inside the cavity and in the near-region outside the cavity with the length-to-depth ratio

I/d = 2 at the free-stream Mach numbers Ma = 1 (left) and 10 (right) for the angle of attack a = 30° and the
rarefaction parameter 6 = 1 (the mass velocity image also displays gas streamlines)

= 1 (left) and 10 (right) in the case of the rarefaction parameter §=1 (the mass velocity
images also display gas streamlines). According to the classification [50], the presented
2D cavity flow patterns correspond to the open flow. Indeed, for a cavity with //d=0.5,
the density and temperature distributions along the floor appear uniform. However, as
seen in Fig. 8, in a cavity with //d=2 at Ma =1, the transition from open flow to closed
flow is already noticeable. Specifically, the density distribution along the floor becomes
significantly non-uniform, and the gas streamlines begin to form the pattern of closed
cavity flow. Thus, the circulation pattern of the flow inside the cavity is largely deter-
mined by its geometric size //d. The circulation patterns obtained in this study are con-
sistent with and do not contradict previous research, particularly [22, 23, 32].

Table 3 shows the calculation results of the dimensionless particle flux density I* to
the cavity floor as a function of the length-to-depth ratio //d and the angle of attack « for
the free-stream Mach numbers Ma = 1 and 10, and for the rarefaction parameters § =
1 and 100. As shown in the table, at Ma = 1, for fixed values of a and J, the particle flux

Table 3 The dimensionless particle flux density /" to the cavity floor as a function of the length-to-
depth ratio //d and the angle of attack a for the free-stream Mach numbers Ma=1 and 10, and for
the rarefaction parameters 6 =1 and 100

Ma al(®) Particle flux density I"
5=1 5=100
I/d=0.5 1 2 I/d=0.5 1 2
1 30 1.83 1.82 1.82 1.99 1.99 1.99
60 2.39 2.38 2.37 2.51 2.51 251
90 2.81 2.79 2.77 2.78 2.78 2.78
10 30 593 58.11 55.1 52.2 543 545
60 150 148 141 138 137 136

90 162 159 152 n/d n/d n/d
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density I* is independent of the length-to-depth ratio //d, as the results coincide within
the computational error. At Ma = 10, the results are close to each other, but the discrep-
ancy exceeds the computational error. Only for the flow parameters Ma = 10, a = 60°,
and & = 100, it can be asserted that /* is independent of //d.

4 Concluding remarks
The direct simulation Monte Carlo (DSMC) method was used to investigate the high-
speed gas flow over a cavity at different angles of attack over a wide range of gas rarefac-
tion. Calculations were performed for cavity length-to-depth ratios //d = 0.5, 1 and 2;
for angles of attack a=30°, 60°, and 90°; and for the free-stream Mach numbers Ma=1
and 10, with the rarefaction parameter § ranging from 0.01 to 100.

The main results of the study are as follows:

« 2D flow field patterns, including the dimensionless density, temperature, and longi-
tudinal mass velocity of the gas, as well as gas streamlines both inside and outside the
cavity;

+ Vertical 1D distributions of the gas macroscopic quantities within the modeled sys-
tem;

+ The values of the dimensionless particle flux density to the cavity floor.

It was established that the flow field strongly depends on all flow parameters Ma, 6,
and a. Their influence is nontrivial, as it manifests differently depending on the other
flow parameters. Changes in each flow parameter can result in both quantitative and
qualitative changes in the distribution of gas macroscopic quantities.

The influence of the geometric dimensions //d showed that the flow field in all the
studied cavities corresponds to an open flow regime. However, in the shallow cavity with
l/d = 2 at Ma=1 and §=1, the transition from open flow to closed flow has already
begun.

The dimensionless particle flux density I to the cavity floor depends primarily on the
parameters Ma and a, rather than d, and it is practically independent of //d. Similar to
the Knudsen paradox observed in the transitional flow regime, for Ma=1, a minimum
value of I’ was found at §=1.

At a certain distance from the cavity, the gas flow passes through a detached shock,
where the flow regime transitions from supersonic to subsonic. The intensity and loca-
tion of the shock depend on both the free-stream Mach number Ma and the rarefaction
parameter §. The higher the flow velocity and the denser the gas, the more abrupt and
significant the changes in the gas macroscopic quantities, and the closer the shock is
located to the cavity’s inlet section. Detached shocks at angles of attack a« =30° and 60°
exhibit more complex structures than at @ =90°.

In the immediate vicinity of the cavity inlet, a complex flow structure may develop. In
particular, for the flow parameters Ma = 10, a = 60°, and § = 100, a flow separation zone
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forms upstream of the cavity with //d = 1, including both gas recirculation and a reverse
flow.

Inside the cavity, at angles of attack « = 30° and 60°, a single vortex forms, the shape
of which depends weakly on the flow parameters, at least at § = 1 for a cavity with [/d =
1. At a=90°, outside the cavity, the streamlines are symmetrical relative to the cavity’s
centerline, while inside the cavity, the gas remains almost motionless.

The results obtained provide valuable insights into the relationship between flow
parameters such as Mach number, rarefaction, and angle of attack, and their impact
on the flow structure over a cavity. The results can be applied to optimize the aerody-
namic performance of systems operating in rarefied gas conditions, such as hypersonic
vehicles and spacecraft. Of particular importance is the understanding of the transition
from supersonic to subsonic flow in the form of detached shocks, which is critical for
improving the aerodynamic efficiency of cavities. Future research could expand on this
by considering additional characteristics, such as cavity shape, gas molecule—molecule

interaction, and gas-surface scattering, for more accurate predictions.

Appendix A

Dimensionless gas density 7/n,, temperature 7/7T,, and longitudinal mass velocity u,/v,
in the YZ-plane both inside the cavity and in the near-region outside the cavity with
the length-to-depth ratio //d= 1 at the free-stream Mach numbers Ma = 1 (left) and 10

(right). The mass velocity images also display gas streamlines.
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Fig.9 Images for the rarefaction parameter 6 = 1 and the angle of attack a = 60°
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Fig. 10 Images for the rarefaction parameter § = 1 and the angle of attack a = 90°
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Fig. 11 Images for the rarefaction parameter 6 = 100 and the angle of attack a = 30°
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Fig. 12 Images for the rarefaction parameter 6 = 100 (left) and 6 = 10 (right), and the angle of attack a = 90°

Appendix B

Vertical distributions of density #/n,, temperature 7/T,, and mass velocity component
uylv, in the modeled system with the cavity length-to-depth ratio //d = 1 along lines z//
= 0 (black), z/l = 0.5 (red) and z// = —0.5 (blue) at the free-stream Mach numbers Ma =
1 (left) and 10 (right).
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Appendix C
Dimensionless gas density n/n,, temperature 7/7,, and longitudinal mass velocity u,/v,
in the YZ-plane both inside the cavity and in the near-region outside the cavity at the

free-stream Mach numbers Ma = 1 (left) and 10 (right) in the case of the rarefaction
parameter § = 1. The mass velocity images also display gas streamlines.



Sazhin Advances in Aerodynamics (2026) 8:6 Page 27 of 30

S

cooo——N
> oo

-4 -3 2 -1 0 1 2 -4 -3 -2 -1 0 1 2
z/l z/l

Fig. 18 Images for the length-to-depth ratio I/d = 0.5 and the angle of attack a = 60°
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Fig. 19 Images for the length-to-depth ratio I//d = 0.5 and the angle of attack a = 90°
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Fig. 21 Images for the length-to-depth ratio //d = 2 and the angle of attack a = 90°
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