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Abstract. The present study numerically investigates the flow and
temperature behavior of a rarefied gas confined in a two-dimensional square
lid-driven micro-cavity, with particular emphasis on the influence of a
centrally located diamond-shaped obstacle. The upper wall moves at a
constant velocity, while the bottom wall and the obstacle are heated, and the
remaining walls are maintained at a lower temperature. Simulations are
carried out using the lattice Boltzmann method, employing diffuse scattering
boundary conditions at the moving lid and combined bounce-back-specular
reflection scheme at the stationary walls and obstacle surfaces. Two
configurations are examined: a cavity without an obstacle and a cavity
containing a heated diamond-shaped obstacle. Rarefaction effects are
analyzed over a range of Knudsen numbers, with a tangential momentum
accommodation coefficient of 6= 0.7 .The results show that increasing
rarefaction enhances velocity slip, reduces velocity amplitudes, and weakens
vortical structures. While the obstacle strongly perturbs the flow at low
Knudsen numbers, its influence progressively diminishes as rarefaction
increases, leading to smoother velocity fields and reduced flow disturbances.

1 Introduction

Rarefied gas flows in microsocale and nanoscale geometries have received increasing
attention due to their relevance in a broad range of applications, including micro
electromechanical systems MEMS and nanoelectromechanical systems NEMS, vacuum
technologies, and aerospace engineering [1]. At these scales, the continuum hypothesis
gradually loses validity, and non-equilibrium effects become significant. The Knudsen
number Kn, defined as the ratio of the molecular mean free path to a characteristic length
scale, is the key parameter governing the degree of rarefaction. As Kn increases, classical
Navier-Stokes-based models fail to accurately capture flow behavior, making alternative
numerical approaches essential.
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Lid-driven cavity flow has long been regarded as a canonical benchmark problem for
investigating fluid dynamics in confined geometries. In the context of rarefied gas flows, this
configuration has been extensively studied using particle-based and extended continuum
methods. To et al. [2] employed molecular dynamics simulations to investigate pressure-
driven flows between parallel plates using modified periodic boundary conditions. Hssikou
et al. [3] applied the Direct Simulation Monte Carlo (DSMC) method to analyze two-
dimensional dilute gas flow in a square cavity under gravity and thermal gradients, focusing
on thermodynamic and transport properties. Mohammadzadeh et al. [4] compared
monatomic and diatomic gas behavior in micro-and nanoscale lid-driven cavities using
DSMC, highlighting differences in compressibility, vortex structures, and heat transfer.
Mukherjee et al. [5] examined the influence of Knudsen number and lid velocity on flow
rigidity and vortex dynamics in single and double lid —driven cavities. John et al. [6] studied
no equilibrium flow and temperature transfer mechanisms in a lid driven cavity, revealing
complex phenomena such as counter-gradient heat transfer at higher Kn. More recently,
Baliti et al. [7] used the regularized 13-moment equations to assess the limits of the Navier-
Stokes-Fourier framework and to capture rarefaction-induced non-classical effects. Despite
these extensive investigations, most existing studies focus on simple cavity geometries
without internal obstacles. However, the presence of solid obstacles is common in practical
microscale devices and can significantly alter flow structure, vortex formation, and
momentum transport, especially under rarefied conditions. The combined effects of
rarefaction and complex internal geometries therefore remain insufficiently explored.

Among mesoscopic numerical approaches, the Lattice Boltzmann Method has emerged as a
computationally efficient alternative for simulating gas flows. Its kinetic nature makes it
particularly suitable for capturing non-equilibrium effects beyond the continuum regime.
Nevertheless, accurate modelling of gas-surface interactions in LBM critically depends on
the choice of boundary conditions. Commonly used schemes include bounce-back boundary
conditions, specular reflection, hybrid bounce-back/specular models, and diffuse scattering
boundary conditions [8]. The appropriate combination of these boundary conditions is
essential to correctly represent momentum accommodation at solid surfaces, especially in
slip and transition flow regimes. In this work, the Lattice Boltzmann method with a single-
relaxation-time (SRT) collision model is employed to investigate rarefied gas flow in a lid-
driven micro-cavity containing a diamond-shaped obstacle. Diffuse reflection boundary
conditions are imposed on the moving lid, while specular reflection is applied to the fixed
cavity walls and the obstacle surface. Simulations are performed over a range of Knudsen
numbers spanning the slip and transition regimes. The study focuses on the influence of
rarefaction on flow structure, vortex formation, and velocity distribution, as well as on the
progressive attenuation of obstacle-induced flow disturbances with increasing Kn. By
incorporating a non-trivial internal geometry, this work extends classical lid-driven cavity
studies and provides new insights into rarefied gas dynamics in confined microscale systems.

2 Description of the geometry

The present study examines rarefied gas flow in a two-dimensional square micro-cavity of
side length L=H, driven by the motion of the top wall, which moves horizontally at a constant
velocity Uy, while the remaining walls are stationary. The bottom wall is uniformly heated
and maintained at a constant dimensionless temperature 8, whereas the moving lid the
vertical side walls are treated as cold isothermal boundaries. Two configurations are
considered: a reference cavity without an internal obstacle (case 1) and a cavity containing a
centrally located diamond-shaped obstacle maintained at the same temperature as the heated
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bottom wall (case 2).This formulation enables a systematic assessment of the influence of
internal solid structures on the flow and thermal characteristics under rarefied conditions.
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Fig. 1. Domain configuration.

3 Numerical Method

The Bhatnagar-Gross-Krook (BGK) [9] model as describes the governing equation for the
distribution function:

—At .
fi(X + V- AL Y + vgy AL E + AL) — fo(x,y,8) = 7[fk(x,y, t) —fqu(x,y, t)]. )

Where t¢ represents the relaxation time for density and can be defined as the ratio of the mean
free path A to the mean thermal velocity:

A i
Tf=(7)=A/SITT (2)

In the Lattice Boltzmann Method (LBM), ¢ = V3RT = 1.
For the D, Q¢ model, the Knudsen number, which quantifies the gas rarefaction, plays a key
role in characterizing flows in microfluidic devices [10]:

=21 \/% = K, H. 3)

The distribution function fkeq is written at the equilibrium state as:
The equilibrium distribution function fkeq is given by:

eq .- v 9(cp.v)?> 3v?
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For the model D, Q,, the velocitiescy,:
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The corresponding weighting values wj, are:
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The macroscopic flow quantities are defined as:
8
P(X,y.t)=2fk(x;y.t); (7)
k=0
9
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4 Boundary Conditions

In this work, diffuse scattering boundary conditions are applied to the top wall, while a
combination of bounce-back and specular reflection conditions (BSBC) are used at the walls
of the obstacle and the fixed walls.

4.1 Diffuse scattering boundary conditions

At the top wall, moving with a horizontal velocity u(U0,0) (figure 1), the unknown
distribution functions f,, f;and fg are computed as follows [11]:

An eq

f4=p— s (ot fs+fe) 9
ATl e

fr = ol Yoo+ fs + fo), (10)
Ay .

f8=p_f8q(f2 + fs + fo)- (11)

In the D, Q49 model, the value of A4,, is set to 6 [12].

4.2 Bounce-back and specular reflection conditions

The combination of bounce-back and specular reflection conditions is favored by the
tangential momentum accommodation coefficient o (TMAC) expressed by the following
relation [13]:

M, — M,
M- M,
Where M;, M, andM,, represent the tangential moments of the incident, reflected, and wall
associated molecules, respectively. This coefficient equals O for specular reflection and 1 for
bounce-back.
At the bottom wall, the unknown distribution functions (f5, fs, fs) are determined from the
known distribution functions (f3, f-, fg) by the following equations:

g

(12)

fo=fu (13)
fs=0f;+ (1 —0)fs (14)
fe=0fg+ (1 —0)f;. (15)

At the west wall, the unknown distribution functions (fi, fs, fg) are determined from the
known distribution functions (f3, f7, f¢) by the following equations:
fi=fa (16)
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fs=of;+ {1 —0)fe 17)
fe=ofe+ (1 —0)f; (18)

At the east wall, the unknown distribution functions (f3, fs, f7) are determined from the
known distribution functions (f3, fg, f5) by the following equations:

fz=fu (19)
fe =0fg+ (1 —o0)fs, (20)
fr=0fs+ (1 —0)fs. (21)

5 Results and discussion

This study examines the flow of a rarefied gas square micro-cavity driven by a moving lid
with a constant velocity U,=0.01.Simulations are then conducted for a lid-driven cavity flow
with a diamond-shaped obstacle at its center. The tangential momentum accommodation
coefficient (TMAC) is set to 6=0.7, consistent with existing literature [14].

5.1 Mesh independence study

The mesh selection is based on an initial simulation without an obstacle, using the SRT-LBM
approach at a Knudsen number of Kn = 0.01.Figure2 shows the impact of mesh size on the
horizontal and the vertical velocity component profiles. Based on these findings, a mesh size
of 200 x 200 was chosen for the subsequent simulations.
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Fig. 2.Profiles of u/Uy and v/U, for Kn = 0.01 obtained by the SRT-LBM method for different
mesh grids.

5.2 Numerical Validation Test of the SRT-LBM

To validate the SRT-LBM model used in this study, Figure 4 compares the numerical solution
profiles obtained using the SRT-LBM approach with those published by El Geunnouni [§],
Perumal [14],and Rahmati [15] for Knudsen numbers Kn = 0.01 and Kn = 0.1. The
comparison demonstrates that our results are in good agreement with the existing numerical
solutions.
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Fig. 3. Profiles of u/U, along x/L=0.5 line at Kn = 0.01 and 0.1.

5.3 Numerical Results and Analysis

The horizontal velocity component u /U, is first examined along the vertical direction y/H in
the absence of an obstacle (Fig. 4a). The profiles indicate that the flow is strongly influenced
by the motion of the upper wall, which induces negative velocities over a large portion of
the cavity (y/H < 0.75) increases, a progressive rise in u/U, is observed , with the
maximum value reached in the vicinity of the moving lid. The minimum velocity occurs for
Kn = 0.01 at y/H = 0.53, close to the cavity center, reflecting a stronger momentum
confinement under near-continuum conditions.

When a central obstacle is introduced (Fig. 4b), the velocity distribution is significantly
altered. A large region of negative horizontal velocities develops below the obstacle,
followed by a rapid increase in u/U, near the moving wall. The minimum value of the
horizontal velocity is again observed for Kn = 0.01 at y/H = 0.53. The presence of the
obstacle leads to a marked discontinuity in the velocity profiles, associated with the
interruption and redistribution of the flow around the solid body. As the Knudsen number
increases, slip effects at the walls become more pronounced, resulting in a systematic
reduction of the velocity amplitudes. While slip remains weak at low Knudsen numbers,
rarefaction effects become inceasingly significant at higher Kn values, strongly affecting the
flow structure, particularly in the vicinity of the obstacle.

The variation of the vertical velocity component v /U, along the horizontal direction x/L in
the absence of an obstacle is presented in Fig. 4c. The profiles exhibit a clear antisymmetric
behavior, with positive values near x /L = 0.2 and negative values near x/L =~ 0.8, indicating
a globally clockwise rotating flow induced by the moving lid. As the Knudsen number
increases, rarefaction effects become more pronounced, leading to enhanced velocity slip at
the walls and a progressive decrease in the amplitude of v/U,. For Kn = 0.01, slip effects
remain negligible,and the velocity at the moving wall satisfies u(y = H) = U,, whereas
non-equilibrium effects increasingly modify the flow behavior at higher Kn values.

In the presence of the central obstacle (Fig. 4d), the vertical profiles retain an overall
antisymmetric structure, with positive values on the left side and negative values on the right
side of the cavity. However, the obstacle introduces local disturbances in the flow field,
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manifested by discontinuities and abrupt variations in v/U,, which reflect the local
perturbation and flow redistribution induces by the solid obstruction.
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Fig. 4. Profiles of u-velocity components along the line x/H=1/2 (a) case (1) (b) case (2) and v-
velocity components along the line y/H=1/2 (c) case (1) (d) case (2) for different Knudsen numbers.

Figures (5a-5d) illustrate the effect of the Knudsen number Kn on contours of the
horizontal component u/U, of the veocity and the streamlines around an obstacle.When
Kn is low (Kn = 0.01), the streamlines wrap strongly around the obstacle, forming
symmetric vortices and a complex flow structure.

As Kn increases (Kn = 0.05, Kn = 0.08), the intensity of the vortices decreases, the
streamlines are less deflected, and the perturbed zone reduces.

For higher values of Kn (Kn = 0.1), the vortices almost completely disappear, the
streamlines follow the shape of the obstacle, and the flow perturbation becomes very weak.
In summary, as Kn increases, the influence of the obstacle on the streamlines decreases,
the vortical structures weaken, and the perturbed zone reduces, showing a progressive
adaptation of the streamlines to the cavity geometry.

Figures (6a-6d) show the evolution of vertical velocity contours around the obstacle as a
function of the Knudsen number Kn. As Kn increases, a continuous decrease in the
amplitude of vertical velocities, a progressive reduction of the zone influenced by the
obstacle, a smoothing of velocity gradients and a homogenization of the velocity
distribution are observed.

For low Kn values (Kn = 0.01), the contours show a strong vertical asymmetry with
high vertical velocity values near the obstacle corners. In contrast, for higher Kn values
(Kn = 0.1), the vertical velocities reach their lowest amplitude and the distribution
becomes quasi-uniform in most of the domain.

These observations demonstrate that rarefaction effects progressively mitigate the
influence of the obstacle on the vertical component of the flow, leading to an increasingly
uniform velocity distribution.
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(a) Kn=10.01 (b) Kn =0.05 (c) Kn=0.08 (d)Kn=0.1

Fig. 5. Streamlines and u-velocity component obtained for different values of Kn in case 2.

(@) Kn=0.01 (b) Kn = 0.05 (c) Kn=0.08 (d) Kn=0.1

Fig. 6. Contours of v-velocity component obtained for different values of Kn in case 2.

The normalized temperature profiles along specific vertical lines within the micro-cavity are
presented in Fig.7 and 8. In Fig. 7(a), the temperature 6 along x/L = 1/4 is shown for
different Knudsen numbers in case 2. As the Knudsen number increases from 0.01 to 0.1, the
temperature gradient near the heated bottom wall decreases, and a pronounced temperature
jump at the wall is observed, highlighting the significance of rarefaction effects and non-
equilibrium transport. Fig. 7(b) illustrates the temperature along several vertical lines (x/L =
1/4,1/3,1/2) at Kn = 0.01, showing that the temperature decreases slightly faster toward
the top wall at more central positions, reflecting lateral thermal diffusion within the cavity.
In Fig. 8, a comparison between case 1 (no obstacle) and case 2 (with a centrally located
diamond-shaped obstacle) along x/L = 1/4 reveals that the obstacle increases the local
temperature in its vicinity,indicating that internal solid structures significantly affect the
thermal distribution and impede vertical heat transport. These profiles demonstrate the
interplay between rarefaction, thermal forcing, and internal obstacles on the cavity’s
temperature field.

The temperature contours presented in Fig.9 and 10 provide a two-dimensional visualization
of these effects. In case2, Fig. 9 shows that at low Kn(0.01), the contours are smooth and
concentrated near the heated bottom wall, whereas increasing Kn leads to broader
temperature distributions and enhanced wall temperature jumps.

The central diamond-shaped obstacle locally distorts the contours, creating steeper gradients
and redistributing heat within the cavity. Fig. 10 compares case 1 and case 2 at Kn = 0.01,
where the absence of an obstacle yields symmetric, vertically dominated heat transfer, while
the presence of the obstacle modifies the flow, producing locally higher temperatures and
altered thermal gradients.
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Fig. 7. (a) Normalized temperature along the x/L = 1/4 line for different Kn and (b) Normalized
temperature in different x lines at Kn = 0.01 in case 2.
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Fig. 8. Normalized temperature along the X/L = 1/4 line at Kn = 0.01 in both cases.

(a) Kn =0.01 (b) Kn = 0.05 (c)Kn=0.08 (d) Kn=0.1

Fig. 9. Temperature contours for varying Kn in case 2.
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(a) Case 1 (b) Case 2
Fig. 10. Temperature contours at Kn = 0.01 in both cases.

6 Conclusion

A numerical investigation of rarefied gas flow in a two-dimensional lid-driven square micro-
cavity, with and without a centrally located diamond-shaped obstacle, has been performed
using the lattice Boltzmann method. Diffuse scattering boundary conditions were applied at
the moving lid, while combined bounce-back-specular reflection conditions were imposed
on the stationary walls and obstacle surfaces. The influence of rarefaction was examined over
a range of Knudsen numbers with a tangential momentum accommodation coefficient of ¢ =
0.7.

The results indicate that increasing rarefaction leads to enhanced velocity slip and a
systematic reduction in velocity magnitudes. Vortical structures induced by the moving lid
and the presence of the obstacle weaken progressively as the Knudsen number increases. At
low Knudsen numbers, the obstacle significantly alters the flow fiels, generating strong local
disturbances. At higher Knudsen numbers, these disturbances are attenuated, and the velocity
field becomes smoother and uniform.

These results confirm that rarefaction effects reduce the influence of internal obstacles on the
flow structure. The study emphasizes the necessity of incorporating appropriate gas-surface
interaction models for accurate prediction of microscale flows with internal solid structures.

Nomenclature
A, Coefficient of normalization
c Lattice speed
Ci Lattice velocity vector
fio Gk Density and temperature distribution function
feq»9eq Equilibrium density and temperature distribution function
H Cavity height
K, Knudsen number
L Cavity length
M Tangential moments
R Gas constant
r Hexagonal obstacle radius

10
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T Gas temperature
t Time
u Velocity vector
Uy Velocity of the moving wall
Wy Weight factors in the equilibrium distribution
Greek Symbols
At Time step
Ax, Ay Lattice spacing in x and y directions
T, Tg Relaxation times of density and internal energy functions
A Mean free path
p Density
0 Normalized temperature
o Tangential momentum accommodation coefficient
Acronyms
BGK Bhatnagar-Gross-Krook
D,Q, Lattice Boltzmann model
DSBCs Diffuse scattering boundary conditions
DSMC Direct Simulation Monte Carlo
LBM Lattice Boltzmann method
MEMS Micro-Electro-Mechanical systems
MRT Multiple relaxation time
NEMS Nano-Electro-Mechanical systems
R13 The regularized 13-moment
SBCs Specular boundary conditions
SRT Single relaxation time
TMAC Tangential momentum accommodation
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