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Abstract: This article is dedicated to the derivation of a two-dimensional system of moment equations
depending on the velocity of movement and the surface temperature of a body submerged in fluid,
and macroscopic boundary conditions for the system of moment equations approximating the
Maxwell microscopic boundary condition for the particle distribution function. The initial-boundary
value problem for the Boltzmann equation with the Maxwell microscopic boundary condition is
approximated by a corresponding problem for the system of moment equations with macroscopic
boundary conditions. The number of moment equations and the number of macroscopic boundary
conditions are interconnected and depend on the parity of the approximation of the system of
moment equations. The setting of the initial-boundary value problem for a non-stationary, nonlinear
two-dimensional system of moment equations in the first approximation with macroscopic boundary
conditions is presented, and the solvability of the above-mentioned problem in the space of functions
continuous in time and square-integrable in spatial variables is proven.

Keywords: Boltzmann equation; two-dimensional system of moment equations; Maxwell microscopic
boundary condition; macroscopic boundary conditions
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1. Introduction

One of the most important tasks in hydrodynamics is studying the movement of solid
bodies in fluids, particularly the forces that the medium exerts on the moving body. This
problem has become increasingly significant due to the increasing speed of sea vessels
and submarines. Determining the speed, surface temperature, density, flow velocity, and
pressure of a body moving in a fluid flow is a crucial hydrodynamic task. Hydrody-
namic characteristics serve as the foundation for predicting the navigability, seaworthiness,
and maneuverability of marine objects. Unfortunately, there are no currently universally
accepted calculation methods for assessing hydrodynamic characteristics. The primary
method for determining them is still model experimentation, which can be costly. An
increasingly popular alternative is numerical modeling methods. Utilizing computer mod-
eling in the early stages of design enables the exploration of various design solutions and
the assessment of control effectiveness and maneuvering capabilities. Therefore, the de-
velopment and enhancement of reliable numerical methods for predicting hydrodynamic
characteristics is a pressing and important issue in fluid mechanics.

The primary tool for describing the movement of gases and fluids is the single-particle
distribution function, which satisfies the Boltzmann equation [1]. Applying the Boltzmann
equation to calculate rarefied gas flows around aircraft or fluid flows around a solid
body moving in a fluid flow involves solving this equation under appropriate boundary
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conditions. Defining boundary conditions on surfaces swept by rarefied gas is one of the
most crucial issues in kinetic gas theory. In high-altitude aerodynamics, the interaction of
gas with the surface of the swept body plays a significant role [2]. The aerothermodynamic
characteristics of bodies in a gas flow are determined by the transfer of momentum and
energy to the surface of the body, which involves the connection between the velocities
and energies of molecules falling on the surface and molecules reflected from it. This
connection is the essence of kinetic boundary conditions on the surface. In the case of
gas or fluid flow around a moving solid body, boundary conditions are established in the
form of a relationship between particles falling on the boundary and particles reflected
from the boundary. The Maxwell boundary condition more accurately describes the
interaction of gas molecules with the surface when solving specific tasks. It is worth
nothing that in Ref. [3], two new models of boundary conditions were proposed: diffusive-
moment and specular-moment, which generalize the well-known boundary conditions of
Cercignani. Additionally, aerodynamic characteristics of spacecraft were studied using
the direct statistical simulation method (Monte Carlo method), and various models of gas
interaction with the surface and their impact on aerodynamic characteristics were analyzed
in Ref. [4].

The conservation laws of mass, momentum, and energy are satisfied by the Boltzmann
equation, resulting in five equations related to thirteen hydrodynamic parameters. To close
the system of equations, the stress tensor and heat flux are expressed in terms of velocity
components, density, temperature, and their derivatives. The heat flux is proportional to the
temperature gradient, while the stress tensor is defined by the deformation velocity tensor.
This approach leads to the derivation of Euler, Navier-Stokes, and Fourier equations.
However, the linear relationship between the stress tensor, heat flux, and gradients of
hydrodynamic quantities is only valid for flows with small Knudsen numbers. In more
general cases, the flow cannot be fully described using only hydrodynamic quantities, and
the system of five equations cannot be closed. Therefore, additional functions must be
introduced to describe the flow and derive equations that meet the required conditions.
One method that allows for obtaining a closed system of macroscopic equations at any
Knudsen number is the moment method. The objective of this work is to derive a new two-
dimensional nonstationary nonlinear system of moment equations that depend on the speed
and temperature of a moving body’s surface, along with macroscopic boundary conditions
on the moving boundary, considering the temperature of the surface of the moving body.
The new two-dimensional system of moment equations under appropriate macroscopic
boundary conditions, will be used to determine the velocity, surface temperature of a body
moving in a fluid flow, and fluid parameters. This process of determining fluid parameters
such as density, fluid flow velocity, pressure, speed of movement, and surface temperature
of a body moving in a fluid flow represents an inverse problem. To solve this inverse
problem, a numerical experiment will be conducted.

Moment methods differ from each other based on the choice of different systems of
basis functions. For example, Grad [5,6], in obtaining a moment system for the Boltzmann
equation, decomposed the particle distribution function in terms of Hermite polynomials
around the local Maxwell distribution. Grad used Cartesian velocity coordinates, and his
moment system included unknown hydrodynamic characteristics of the gas such as density,
temperature, and average velocity. These boundary conditions are dependent on the type
and nature of the boundary conditions for the Boltzmann equation, making them a global
problem in rarefied gas dynamics. For instance, the boundary conditions for Grad’s 13
and 20 moment equations have not yet been definitively resolved. The properties of these
systems depend on unknown parameters like gas density and average gas velocity, making
formulating boundary conditions a complex task. In a different approach, in [7,8], we
derived a moment system distinct from Grad’s system of equations. We utilized spherical
velocity coordinates and decomposed the distribution function into a series using the
eigenfunctions of the linearized collision operator [1-9], a product of Sonine polynomials
and spherical functions. The coefficients of decomposition, which are the moments of
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the distribution function, were defined differently than Grad’s method. The resulting
equation system, known as the Boltzmann moment equation system, corresponding to a
partial sum of the series, is a nonlinear hyperbolic system concerning the moments of the
particle distribution function. The differential part of this system is linear, with nonlinearity
introduced as quadratic forms of the distribution function moments. The quadratic forms
representing moments of the nonlinear collision integral were computed in Ref. [10] and
are expressed through Talmi coefficients [11] and Clebsch-Gordan coefficients [12]. It is
assumed in [5-7] that gas movement takes place within a bounded region with a stationary
boundary.

In [13,14], moment systems for the spatially homogeneous Boltzmann equation and
conditions for the representability of the solution of the spatially homogeneous Boltzmann
equation in the form of a Poincaré series were obtained. It is worth noting that the method
proposed in [13] (applying the Fourier transform to the velocity variable in the isotropic
case) greatly simplified the collision integral and therefore the calculation of moments
from the collision integral. Ref. [14] generalized the result of Ref. [13] for the case of
anisotropic scattering. In the case of a spatially homogeneous Boltzmann equation, the
moment equations are represented by a system of ordinary differential equations and the
problem of boundary conditions does not arise.

In [15], the derivation of a systematic unperturbed hierarchy of a closed system of
moment equations corresponding to classical theory is presented. The first member of the
hierarchy is the Euler system of equations, which is based on Maxwellian distributions
of velocities, while the second closure is based on non-isotropic Gaussian distributions
of velocities. The closure procedure consists of two stages. The first stage ensures that
each member of the hierarchy is hyperbolic, has entropy, and possesses realizability of its
predicted moments. The second step involves modifying the collisional members, which
is a nonlinear generalization of Grad’s “diagonal approximation” and guarantees that
members of the hierarchy beyond Gaussian closure recover the correct behavior of the
Navier-Stokes equations. This article is a fundamental work describing a closed system of
moment equations in the transitional regime.

Ref. [16] is dedicated to approximations of the Boltzmann equation using the moment
method. The problem setting of moment closure with relative entropy is generalized to
@ @-divergence and the corresponding closure is based on minimizing ¢ ¢@-divergences.
The proposed description includes, as particular cases, the classical Grad closure based on
Hermite polynomial decomposition and Levermore’s closure based on entropy. It has been
established that generalizing closures based on divergence allows for the construction of
extended thermodynamic theories that avoid significant limitations of standard moment
closure formulations, such as the inadmissibility of the approximated distribution in phase
space, potential loss of hyperbolicity, and singularity of flow functions in local equilibrium.
Closure based on divergence leads to a hierarchy of treatable symmetric hyperbolic systems
that preserve the fundamental structural properties of the Boltzmann equation.

In Ref. [17], a new and improved computational algorithm is developed, playing a
crucial role in the moment method for solving the Boltzmann equation. This algorithm is
founded on the principle of the collision integral’s invariance concerning the selected base
system of functions utilized for decomposing the distribution function. The relationships
among matrix elements of the interaction matrix are methodically explored and analyzed.
Additionally, recurrent relationships for matrix elements in the axially symmetric scenario
are derived.

Ref. [18] aims to enhance the convergence of the moment method by introducing fil-
tered moments of hyperbolic equations. These filtered moments do not result in additional
computational costs while effectively reducing errors. The filter approach is developed
through a thorough examination of averaged solutions from two neighboring moment
systems. This averaging is reformulated using the artificial collision method, leading to the
creation of a filter. The authors analyze the properties of the filter and provide numerical



Mathematics 2024, 12, 1491

4 of 28

examples of one-dimensional tasks to demonstrate the improved quality of the new filtered
moment method.

In Ref. [19], the development of continuum models for describing processes in gases
where particle collisions cannot maintain thermal equilibrium is discussed. Such a situation
typically occurs in rarefied or diluted gases for flows in microscopic conditions or whenever
the Knudsen number becomes significant. Continuum models are based on a stochastic
description of gas by the Boltzmann equation in kinetic gas theory. With moment approxi-
mations, extended hydrodynamics equations such as the regularized 13-moment equations
can be obtained. The moment equations are detailed, and typical results for channel flow,
cavity flow, and sphere flow under low Mach conditions, for which evolutionary equa-
tions and boundary conditions are well established, are considered. Conversely, nonlinear
high-speed processes require special closures that are still under development. Modern
approaches are considered, as well as the problem of calculating shock wave profiles based
on continuum equations.

In Ref. [20], a globally hyperbolic regularization of the general Grad moment system
in multidimensional spaces is proposed. Systems with moments up to an arbitrary order
are studied. Characteristic velocities of the regularized moment system can be analyti-
cally determined and depend only on macroscopic velocity and temperature. The fully
detailed structure of eigenvalues and eigenvectors of the coefficient matrix is elucidated.
Furthermore, it is demonstrated that all characteristic waves are either nonlinear or linearly
degenerate. The study also includes an analysis of the properties of rarefaction waves,
contact discontinuities, and shock waves.

Grad proposed the Hermite series decomposition for approximating solutions to ki-
netic equations that have an unbounded velocity space [5]. However, for initial-boundary
value problems, ill-posed boundary conditions lead to instability in the Hermite decom-
position, resulting in non-convergent solutions. For linear kinetic equations, a method
for establishing stable boundary conditions for (formally) Hermite approximations of any
order was recently introduced. In [21], the L2-convergence of these stable Hermite approxi-
mations is examined, and explicit convergence rates are demonstrated under appropriate
assumptions regarding the regularity of the exact solution. The convergence rates pre-
sented are validated through numerical experiments using the linearized BGK equation for
rarefied gas dynamics.

Fluid dynamic modeling is often carried out using inexpensive macroscopic models
such as the Euler equations. However, for rarefied gases in conditions close to equilibrium,
macroscopic models are not accurate enough, and modeling using more precise microscopic
models can be costly. In [22], a hierarchical micro-macro acceleration based on moment
models is introduced, combining the speed of macroscopic models with the precision of
microscopic models. The hierarchical micro-macro acceleration follows a flexible four-
step procedure including a micro step, a restriction step, a macro step, and a matching
stage. Several new micro-macro methods are developed from this and compared with
existing methods. In test cases for 1D and 2D scenarios, the new methods demonstrate
high accuracy and significant acceleration.

In [23], a foundation is presented for building interpretable and truly reliable reduced
models for multiscale tasks in situations without scale separation. The hydrodynamic
approximation of the kinetic equation is used as an example to illustrate the main stages and
arising challenges. For this purpose, a set of generalized moments that optimally represent
the main velocity distribution is first constructed. Then, the well-known closure problem is
solved with the goal of best reflecting the dynamics associated with the kinetic equation.
The problem of physical constraints, such as Galilean invariance, is addressed, and an
active learning procedure is introduced to help ensure that the dataset used is sufficiently
representative. The resulting system takes the form of a usual system of moments and
operates independently of the numerical discretization used. Numerical results for the BGK
(Bhatnagar—Gross—Krook) model and binary collision of Maxwell molecules are presented.
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It is shown that the reduced model provides consistent accuracy across a wide range of
Knudsen numbers from the hydrodynamic limit to free molecular flow.

Ref. [24] is dedicated to boundary conditions for the linearized hyperbolic system
of moment equations of the one-dimensional Boltzmann equation. It is shown that even
when the usual conditions of relaxation stability and the Kreiss condition are met, there
exists an exponentially growing solution to the initial-boundary value problem for the
moment system of equations. To clarify this issue, the generalized Kreiss condition for
hyperbolic relaxation systems was checked. Using energy estimates, the stability of the
moment system is proven when the generalized Kreiss condition is met. Furthermore,
within the framework of the generalized Kreiss condition, reduced boundary conditions
for the corresponding equilibrium system are derived. Numerical results confirm the
convergence of the moment system solution to the solution of the equilibrium system with
the obtained boundary conditions in the relaxation limit. Special attention should be paid
to imposing boundary conditions for moment systems to observe the generalized Kreiss
condition to ensure the relaxation limit of the initial-boundary value problem.

This paper presents the formulation of the initial-boundary value problem for the
two-dimensional Boltzmann equation under microscopic Maxwell conditions. The appli-
cation of the two-dimensional Boltzmann equation to calculate fluid flows around a solid
body moving in a fluid flow under microscopic Maxwell conditions is studied for the first
time. We will approximate the initial-boundary value problem for the two-dimensional
nonstationary Boltzmann equation, considering the speed of the bodies moving in a fluid
under Maxwell conditions on a moving boundary by the corresponding problem for a
system of moment equations. We present the derivation of a new two-dimensional nonsta-
tionary nonlinear system of moment equations, dependent on the speed of movement, the
temperature of the surface of a moving body, and the approximation of the microscopic
Maxwell condition on the moving boundary. We show that the number of moment equa-
tions and macroscopic boundary conditions depend on the oddness and evenness of the
approximation of the number of moment equations. We provide a method for closing the
finite system of moment equations, resolving the closure of the moment system of equa-
tions individually for each specific approximation of the moment system of equations. In
Section 2, we state the initial-boundary value problem for the system of moment equations
in the first and second approximations under the macroscopic boundary conditions. We
demonstrate the correctness of the initial-boundary value problem for a system of moment
equations in the first approximation under the derived macroscopic boundary conditions.

The derived system depends on the speed of movement and the surface temperature
of the moving body. Macroscopic boundary conditions for the moment system depend on
the body’s surface temperature. Thus, the system of moment equations under macroscopic
boundary conditions allows us to determine the speed and surface temperature of a body
moving in a fluid flow, as well as fluid parameters.

2. Materials and Methods

In the first section of this work, the formulation of the initial-boundary value problem
for the two-dimensional Boltzmann equation under Maxwell’s microscopic conditions is
presented. The Boltzmann equation includes a term dependent on the velocity of a body
moving in a fluid, and the Maxwell condition incorporates a parameter dependent on
the body’s surface temperature. The moment method is used to obtain an approximate
solution of the initial-boundary value problem for the two-dimensional Boltzmann equation
under Maxwell’s microscopic conditions. A new two-dimensional non-stationary nonlinear
system of moment equations, dependent on the velocity and surface temperature of the
moving body, and an approximation of Maxwell’s microscopic boundary condition on the
moving boundary, are derived. This approximation considers some molecules reflecting off
the boundary specularly and others diffusely with a Maxwellian distribution. Macroscopic
boundary conditions for the system of moment equations establish a connection between
the moments of the particle distribution function falling on the boundary and those reflected
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from it. The number of moment equations and the quantity of macroscopic boundary
conditions depend on the oddness and evenness of the approximation of the moment
equations system. In the second section, the setting of the initial-boundary value problem
for the system of moment equations in the first and second approximations under new
macroscopic boundary conditions is provided. The difference in the boundary condition
settings for the system of equations in the first and second approximations is demonstrated.
The correctness of the initial-boundary value problem for the system of moment equations
in the first approximation with the derived macroscopic boundary conditions is proven
more precisely, demonstrating the existence of a unique solution to the aforementioned
problem in the space of functions C([0, T]; L>(G)), where G is a rectangle. The method of a
priori estimation is used to prove the existence and uniqueness of the solution of the initial-
boundary value problem for the system of moment equations in the first approximation.

3. Results
3.1. Derivation of the Non-Stationary Two-Dimensional System of Moment Equations and
Approximation of Maxwell’s Microscopic Boundary Condition

Accurate modeling and simulation of nonequilibrium processes in rarefied fluids or
microflows represents one of the main challenges in modern fluid mechanics. Traditional
models, developed centuries ago, lose their applicability in extreme physical situations.
In these classical models, nonequilibrium variables such as the stress tensor and heat flux
are combined with gradients of velocity and temperature as defined in the Navier-Stokes
and Fourier (NSF) relations. These relations are valid and close to equilibrium; however, in
rarefied fluids or microflows, particle collisions are insufficient to maintain equilibrium.
Far from equilibrium, inertia and multiscale relaxation of higher orders in fluids becomes
dominant and significant.

The main scaling parameter in kinetic theory is the Knudsen number, Kn, calculated
as the ratio of the mean free path between collisions, A, and a macroscopic length, L, such
that Kn = A/L. At Kn = 0, full equilibrium described by the non-dissipative Euler equa-
tions is assumed. In many processes, the Navier-Stokes and Fourier gas dynamics fail at
Kn =~ 0.01 and sometimes at even smaller values [25].

At weak nonequilibrium, i.e., in the regime of gas flow as a continuum, it is possible
to describe the flow using macroscopic equations that properly reflect the dynamic regime
of the fluid when the mean free path is much smaller than the macroscopic length scales.
These macroscopic equations are consequences of solving the Boltzmann equation outside
thin Knudsen boundary layers and initial layers, i.e., as a result of solving the Boltzmann
equation in the form of a normal Hilbert series (Chapman-Enskog method).

The Boltzmann equation describes gas flow at any value of the Knudsen number,
particularly at values of the Knudsen number 1073 < Kn < 107!, where the gas flow
can be considered a continuum, i.e., a flow of a continuous medium. When calculating
the hydrodynamic characteristics of a body submerged in fluid, a term dependent on the
velocity of the moving body must be introduced into the Boltzmann equation. Addition-
ally, the condition on the moving boundary must contain a parameter dependent on the
temperature of the moving body’s surface. To calculate the flow of a continuous medium
around a submerged body one must solve the Boltzmann equation under appropriate
boundary conditions.

Hydrodynamic characteristics form the basis for predicting the navigability, seawor-
thiness, and maneuverability of marine vessels. Unfortunately, there are currently no
universally accepted calculation methods for assessing these characteristics. The primary
method for determining them is through model experimentation, which can be costly.
An increasingly popular alternative is the use of numerical modeling methods. Utilizing
computer modeling in the early stages of design enables the exploration of variable design
solutions and the assessment of actors such as the effectiveness of control mechanisms
and maneuvering capabilities. Therefore, the development and enhancement of reliable
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numerical methods for predicting hydrodynamic characteristics is a crucial and current
challenge in fluid mechanics.

When calculating the hydrodynamic characteristics of a body moving in fluid or the
aerodynamic characteristics of an aircraft in a high-speed flow of rarefied gas, a term
dependent on the velocity of the body or aircraft movement must be introduced into the
Boltzmann equation. Additionally, the condition on the moving boundary must include
a parameter dependent on the surface temperature of the body or aircraft. To analyze
the hydrodynamic characteristics of the fluid and the velocity of movement of the body
submerged in it, one can use the complete integro-differential Boltzmann equation:

Lo(eD)+(wd) =10 )

where f = f(t,x,c) is the particle distribution function in space over time and velocities,
¢ = v — U is the relative speed, U = (U, Uy, U3) is the velocity of the body moving in the
fluid, and J(f, f) is the collision integral. Assuming the particle distribution function is even
incy,ie., f(t, x,¢1,—ca,¢3) = f(t,x,¢1,c2,¢3), Equation (1) becomes the following equation:

f f+ af+uaf+U3f

o5 +cla o 352 o o1 J(f, f),c = (c1,¢2,c3) € RS

Problem 1. Find a solution to the following initial-boundary value problem for the Boltzmann
equation [1,9]:

P tagl o+l + WL =1(f,Hte 0T,

7 @
x = (x1,x3) € G,c € R§,
flizo = f*(x,0), (x,¢) € G x RS, (3)
f(t,xac,¢) = Bf(t, xa, ¢ — 2(¢c,mac)nac) + (1 — lexp(—c*/(2R)),
(4)
(TlaG,C) > 0,x36 € 9G,
where f = f(t,x,c) is the particle distribution function in space by velocity and time,

O = fO(x, c) is the particle distribution at the initial moment in time (a given function), J (f, f) =
J1f()f(c)) — f(e)f(cr)]|o(cosx)deidn is a nonlinear collision operator written for Maxwellian
molecules, G isa bounded area in two-dimensional space, nyg is the external unit normal vector of
the boundary oG of area G, and ¢ = v — U.

Condition (4) is the microscopic boundary condition of Maxwell for the Boltzmann
equation. According to Condition (4), a certain part of the incoming particles is specularly
reflected, while the other particles are absorbed by the wall and then emitted with a
Maxwellian distribution corresponding to the wall temperature ©. a? = 7 is also a
function of time and coordinates, and R is the Boltzmann constant. The parameter j
belongs to the interval (0, 1), where B = 1 corresponds to purely specular reflection from
the boundary.

Formula (4) is written under the assumption that the boundary (wall or surface)
moves at a speed U = (U, Us). The Equations (2)—(4) are written in the coordinate
system associated with the moving wall, where the speed of movement is a function of
time and coordinates, i.e., U = U(t, x). The Boltzmann equation is a complex nonlinear
integro-differential equation for which it is impossible to construct an exact analytical
solution. Various methods are therefore applied to construct an approximate solution to
the Boltzmann equation. By expanding the particle distribution function in a Fourier series
around the Maxwellian distribution over a complete orthogonal system of functions in the
space R§ and substituting it into the Boltzmann equation and then integrating over the
velocity space, the Boltzmann equation can be transformed into an infinite system of partial
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differential equations with respect to the expansion coefficients. In practice, the study is
limited to a finite system of differential equations, leading to the following interrelated
questions: (1) How should the infinite system of differential equations be truncated?
(2) How can the microscopic boundary condition for the particle distribution function be
approximated? (3) Is the obtained problem for the finite system of equations correct, i.e.,
does a solution exist for the new problem, and if so, to what space does it belong? This
work aims to provide answers these questions by proposing one method of truncating the
infinite system of differential equations, approximating Maxwell’s microscopic boundary
condition, and proving the correctness of the initial-boundary value problem for the finite
system of partial differential equations.

The approximate solution to Equations (2)—(4) can be found using the moment method.

feltx,0) = fo@leD Y10 Lo fir” (L 1)@8, (1) ), 5)

ch |:afk =+ u afk + U3afk —f—Clgﬁ +C33fk _ (fkrfk):| nlm(ﬂCC)dC . 0

o (6)
2n+l o1,....kkm = 0,1,..., 1,
Jrs (fe0,%,0) = () @l (arc)de = 0, )

2n +1 =0,1,...,kkm = 0,1,..., 1,
Jinse ey (16, € fon 7o @1, (ac)de—
lenacc (na, —c )fZNtxaGC fd%lm(ac)dc

(®)
(1= B) 10 (tac, ~cJexp (385 ) @4 (0c)de =0,
2(n+1)=0,2,...,2N,m=0,1,...,2],

when k = 2N + 1,

S0 (Mac O i @) | (ae)de—
le(”lac,C)<0 nyG, _C)fz;\}t,xé)clc)q)s?zl_‘rl,m (OCC)dC—

—[c Y p©) ©)

(1- lB)f(naG,c)<0 (nac, —c)exp| »xe ¢nr2l+1’m(ac)dc =0,

2(n+1)+1=1,3,...,2N—-1,m=0,1,...,21 +1,
when k = 2N, where
f;g;n)(t, xX) = / fr(t, x,c)q)ifl)m(occ)dc, (10)
R3
k l

£00) = folwle) e 1o (Lo fu ™ (1 1) 010, (20)), a1
" / R x,0)@f), (xe)de, (12)

dDSI‘Zn (ac) = 7531) (Dy) shris2 ( el )Pl(m) (cosB)cosmip are the eigenfunctions of the

2
linearized collision operator [1,8], shr/z (“2|25> are the Sonine polynomials, Pl(m) (cosf)

(m) _ Vrn!(2141) (1—m)!

are the associated Legendre functions, vy ul (1 +372) (Tem)!

coefficient, I is the gamma function, |c|, 6, ¢ are the polar coordinates in velocity space, and
fo(alc]) = (a?/27) 2oy p(—a?c?/2) is the local Maxwellian distribution.

Representing f as in Equation (5) can be viewed as an attempt to approximate the
solution of the Boltzmann equation, comprising a partial sum of the particle distribution
function’s Fourier series expansion in eigenfunctions of the linearized collision operator.
The system of Equation (6), corresponding to the partial sum of Equation (5), will be

—1is the normalization
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referred to as the system of moment equations in the k-th approximation. The finite system
of moment equations for a specific problem replaces the Boltzmann equation with a certain
degree of accuracy [1,9]. It also presents the task of setting boundary conditions for the finite
system of equations approximating the microscopic boundary conditions for the Boltzmann
equation, meaning it is necessary to approximately replace the boundary conditions for
the particle distribution function with a certain number of macroscopic conditions for the
moments. Choosing boundary conditions that the solutions of the moment equations must
satisfy is a significant issue for the system of moment equations.

Equations (8) and (9) serve as approximations of the microscopic Maxwell condition
depending on the oddness and evenness of the approximation of the system of moment
equations, providing macroscopic boundary conditions for the system of moment equations
atk =2N +1and k = 2N, respectively. Atk = 2N + 1 (k = 2N), even (odd) moments of
the second index of the Maxwell condition’s discrepancy are set to zero, i.e., for k = 2N +1

(k = ZN ), both sides of the Maxwell condition’s discrepancy are multiplied by o) (ac)

n,2l,m
(P n 21 Y n(@c)) and integrated over the velocity half-space. The number of macroscopic
boundary conditions also depends on the oddness and evenness of the approximation
of the system of moment equations. The number of equations in Equation (6) depends
on the chosen approximation and moments. Through calculation, it is found that the
number of moment equations at k = 2N + 1 equals to u L (k+1)(k+3)(2k +7), and the
number of macroscopic boundary conditions equals to ¢ (N +1)(N +2)(2N + 3), while
the number of moment equations at k = 2N equals to »; (k +2)(k +4)(2k + 3), and the
number of macroscopic boundary conditions equals to %N (N +1)(N +2). This shows
that the number of moment equations and macroscopic boundary conditions depends on
the oddness and evenness of the approximation of the number of moment equations. At
k = 1(k = 2), the number of moment equations equals 3 in Equation (7), and the number of
macroscopic boundary conditions equals 1 in Equation (2). For the one-dimensional system
of Boltzmann moment equations, the approximation of the microscopic Maxwell boundary
condition at a constant « is given in [26]. In [27], a new one-dimensional system of moment
equations depending on the flight speed and surface temperature of the aircraft was derived,
and the microscopic Maxwell boundary condition was approximated at # = a(t, x). This
work presents for the first time the derivation of a two-dimensional system of moment
equations and the approximation of the microscopic Maxwell Condition (4) for the particle
distribution function in the case of a two-dimensional Boltzmann equation.
Let us introduce the notation % = % + U % + 3%3 and rewrite Equality (6) as

RE [afk + Uy ofi + Ugafk +Clafk +C33fk _](fk/fk)} nlm<[xc)dc -

Bxl X3

ng{% (fk®£f]3ﬂ) +3371 (lequnlm) + E( 3fkq>nlm> i [dt( nlm) + ox1 (C Cpr(dlzn) + 2)873 (C3q)§5211)] (13)

T (i fi)@") yde = 0.

By definition of the coefficients f () \ve have

(m) (m) (m)
(c) d ¢) dfy” _ 9Ofu ofy" Of i
/Rc dt(fkq’n1m> =t Jxe A R o, "Wy, (4

Let us calculate the following integral:

9 ]
/ L)xl ( 1fx® nlm) + a(C3fk<I>nlm)]dc = E/ clfkd>nlmdc+ —/R c3frd nlzﬂdc (15)

On the right-hand side of the last equation, we will express c¢; and c3 in spherical

)

coordinates and replace CI>ffl o With its value
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I
Jrg 1 fe Pl de + 35 Jre s fi @i de = 14 5 axy Jrs lelsin(© kos(lp)fkwsm#’(%)
1 2
XSLJFZ “2|2C) Pl( cos®|c |2d|c|szn®d®d1,b

l 1
+'Y,(;zn)a%3ch |c|cos(® )fkcosmzp(w) Sifrz <“2cl2)P(m)cos®|c|2d|c|sin®d®dlp =
I 2 () §*”Z( ) lePdlel [y J5 /T 2R () cospeosmpddy (16)
m ajc I+
2 A2 (1) S1“/2()||d|c|ff mwmw—

m ulc I+
A e o2 (M) sl (2 )H%Hff ¢vwa
x[cos(m + 1)¢pcos(m — 1)p|dudyp
£ 2 o fiol2 (M) k12 (952 Pl 1, S uB™ (w)eosmypudy

Hence, using the relations [28]

(P}fjl)(y)—P,(ml“)( ))/(@1+1)
(@+m)@+m =PV () = (1= m+ 1)1 = m+2)B () /21 +1) (17)
(2 +1)puP" () = (1 - m+n%ﬂw+a+mew>
rewrite Equality (16) as

1= w2P" () =

o fRC clfkfbnlmdc+ P fR,_. Cgfkq)nlmdc = ;lril = & f2 (alc\) Sl+1/2("‘2C2)|C|2d\c\
I {(ﬁﬁ%ﬂ B () cos(m+ g+ (14 m) (1 m — )P D)
~(l=m+1)(I—m+ z)p}_’f;”(y))cos( — 1) fdudy+ (18)
mehﬂﬂw)ﬁm()um
xfil fo { (I—m+ 1)Pl(fl)(y) +(I+ m)Pl(inl)(y)}cosmtpdydtp

Furthermore, the following relationships for Sonine polynomials [28] are known:

yﬁ“@w=g+ﬁ+n£ww+n+nﬁﬂ,
S5 ) = shy) - P ()

Using the Equation (19), we transform Equality (18) into the following:

(19)

9 () 9 () 7!
El\zfc lekq)nlmdc + %Rfc C3fkq>nlmdc - Zln-&l-l oxq fRC fk «

*{ (ﬂfc‘)l“ (8532 = S| (PP (ycos(m + 1)

—(1=m+1)(1 = m+2)P " ()cos(m — 1)y

() o1+ 2 s ] [ Vo 1
—(1+ m)(l +m— 1)PI(T1_1)cos(m — 1)1/]} }dc
2() [ - 5a

(m)
+ "rnl ai ‘X|C‘

+1) <+fcosm¢+(g) [(n+z+1/2)s£;1/2—( nsiy?]a
+m)Pl(_1)cosm1,b}dc.

From here, considering the notation in Equation (10), we write Equation (16) as
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] (c) 0 (c) _ a9 V2
Jrg [E (le"q)nlm) Ty (C3fkq’nlm)}dc = 2ffTox &

(m+1) (m+1) (m—1) (m—1)
.{fn,lﬂ fn 1,1+1 (l —m4+ 1)(1 —m4+ 2) fnl+1 fn—1,1+1 n+l+1/2fnm+1 n+1 f(m+1)

(m+1) (m+1) (m—1) (m—1) m+1 (m+1) Jn+1,1-1
nl+1 Tn-1,141 nl+1 Tn-1%1 nl-1 nt+1,1-1
_ n+l+1/2 m—1) n+1  p(m—1)
+(I+m)(l+m—1) | =5 fnz 1 o Sat1021 (20)
Tn,1-1 7n+1/1—1

") (m)
nl+1 Tn-1,1+1

m (m) (m)
+27§,z)3\/§l(l m+1)<fnl+l _ fyn

+(l+m)<n+l+l/2f _ 7nJrl fn+1l 1>]

n,l—-1 n+1,1-1

On the right-hand side of Equality (20), instead of '77(171)' 77(1";111 ),... we substitute the
values of the normalization coefficients:

Jie |35 (1 fio ffz%)ﬂL%(cafkq’fzinﬂdC—ai%X
[ EnTaa) (e fﬁif R nt
- %#(V”+l+3/ fnl+1 \an 1l+1>
%(WHH/ fn'”+1 NCESY i 1) 1)
,/%(WHH/ 21 = A ) |+
2:2[) %%(WHHT £ = VAR )
s (VA TFI210 =V 1A )]

+

$\+

We write the result of calculating the integral from the fourth term in Equation (13) as
(due to the complexity, we omitted the calculations of the integrals)

~Jis fe (@ nzm) + o ()i, ) + 5% (0 4%313")}11
= dhun gy (£ )>+1x Lhar (i) +alfp 3(f(,))+fal”“b (F") + %t (£57) (22)

n a2 0xq 8x1 n
+ by (i) + 2% (£57) + Fea (£7) + S2es (£4),

where the coefficient values are a4 (fr(l;”)) , a2 (fé;”) ) ,a3 (fr(l;ﬂ)) (f ) by (f(m)) (f}g}ﬂ) ) ,
€1 ( f ) ( fol (m )) and c3 ( fol (m )> (references are provided at the end of the article (see

Appendix A)).
By substituting the values of the integrals from Equations (15), (21), and (22) into
Equation (13), we obtain the following two-dimensional system of moment equations:

+azl
\/%(V”+l+3/ fnl+1 ffn 1l+1)
- o (Ve T 12 fn’"“ Vi)
Gt (VTR0 L) b
w2 %%(Ww IEAPENCT @)
+ ((2117121%(V”+l+1/ fnl 1 an-&—ll 1)]}+
oy (fi) +alitar (£) +alipas (£7) + 2 %mbn (£) + %&’;bzgf,iz’”) Habs (£5)
2o (£7) + S (£)) + F2a(£1) = 151,
2n+1=0,1,...,kkm=0,1,...,,t € (0,T],x = (x1,x3) € G,
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i _ 2 P 2
where 3; = 5 + Uiz + Us gy,
(m) _ N3LsM3 | nlm '\ ([ N3L3sMs | nilimy \ | (15) g(m1) (ms)
" =L ( nslyms 1 000 nalams 1 nalomy VP S oty @)

N3L3M3 | nylymy

B) — & _
v 75 UO'( nzlamz 1 nalomy

> — Talmic oefficients.

Equation (23) represents a nonlinear system of partial differential equations concerning
the moments of the particle distribution function. The differential part of this system
includes coefficients such as the velocity of movement and the surface temperature of a
body moving in a fluid. Additionally, the lower terms of the Equation (23) also include
derivatives of the velocity of movement and surface temperature as coefficients. For
the Equation (23), it is necessary to formulate an initial-boundary value problem and
demonstrate the correctness of the new problem concerning the moments of the distribution
function. Establishing boundary conditions for the finite system of moment equations
remains a complex and unresolved issue, comparable in difficulty to the boundary condition
problem for Grad’s equation system, which is a global issue in the dynamics of rarefied
gas. From the microscopic boundary conditions for the Boltzmann equation, an infinite
number of boundary conditions can be derived for any type of decomposition. However,
the number of boundary conditions is not determined by the number of moment equations,
and the number of moment equations does influence the amount of boundary conditions.
Moreover, the boundary conditions must be consistent with the moment equations. The
differential part of the Equation (23) contains three unknown parameters, Uj, Uz and «,
which depend on time and spatial variables (x1, x2). Therefore, the characteristics of the
finite equation system derived from Equation (23) depend on the velocity of movement and
the surface temperature of a body moving in a fluid, which are functions of time and spatial
variables. The microscopic Maxwell condition is approximated using Equations (8) and
(9). The next section will present the derivation of macroscopic boundary conditions for
the system of moment equations in the first and second approximations and demonstrate
the correctness of the initial-boundary value problem for the two-dimensional system of
moment equations in the first approximation. The Equation (23) system differs from Grad’s
equation system, as the moments of the distribution function are defined differently than
by Grad and the Boltzmann moment equation systems introduced in Refs. [7,8] by one of
the authors of this work.

Grad expanded the particle distribution function in Hermite polynomials around the
local Maxwell function, with the expansion coefficients determined by the formula:

N = [ FEM @)z,

v:\/gc:\/g({,‘—u)

is the relative velocity (relative to the average velocity). The coefficients of the particle dis-
tribution function’s expansion in Hermite polynomials depend on an unknown parameter
n = [ fdi—the zeroth-order moment. In case of the Equation (23) system, the moments

where

f}g;’l) are determined using Equation (10) with ¢ = v — U, where U = (Uj, U3) is the veloc-
ity of the body moving in the fluid. Therefore, the coefficients of the particle distribution
function’s expansion in Hermite polynomials and the moments fr(le) (coefficients of the
particle distribution function’s expansion around the local Maxwellian distribution using
the eigenfunctions of the linearized collision operator) differ. Additionally, the structures
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of the Grad equation system and Equation (23) are different. Indeed, let us write down the
differential equation for a(?) from the Grad equation system [5]:

aﬂ(” daf) (@) @ | drT
g a5+ (e + 8 Rr G+ 25)
/ey JRT (3) % (3) 9RT aul nj
RT Bx], T o, T 2RTuz]r S TRt = ]1] :

In Equation (25), u;, uj, u, are the components representing the average velocity of

the gas, and T is the gas temperature, i.e., the coefficients at al(jz) , al(;)

tives depend on the macroscopic characteristics of the gas. Now, let us write down the

and their deriva-

differential equation for fég ) from the system of Equation (23), corresponding to the values
2n+1=2,n=0,andl =2 (themomentsf( ) at2n + [ > 3 are set to zero)

afl af afd g dl
2w+ (L)) + o (HEAT) + -2 )
+§@ﬁ@ﬁ%> 26)
au (0) al U ) — (0
+8711(_; 02 ) + L2 a!?;‘( \f ) Froy (_%foz ) =Jo2
In Equation (26), (U;,Us) represents the velocity of the body’s movement, and

n =4/ %, where O is the surface temperature of the body. The derivatives of fég) with

respect to x1 and x3 include coefficients U; A U3, and the derivatives % contain % asa

coefficient. Additionally, derivatives with respect to time and the spatial variable from the
movement velocity) and « also enter Equation (26) as coefficients for the lower order terms.
Thus, the Grad equation system and the moment system of Equation (23) differ. Using
the corresponding problem for the Grad equation system, one can determine the macro-
scopic characteristics of the gas, provided boundary conditions can be set, and with the
initial-boundary value problem for the moment system of Equation (23), one can determine
the macroscopic characteristics of the fluid, as well as the movement velocity and surface
temperature of the body. Determining the movement velocity and surface temperature
of the body using Equations (23)—(26) is an inverse problem for the nonlinear hyperbolic
equation system.

In deriving the Boltzmann moment equation system, the particle distribution function
was decomposed using the eigenfunctions of the linearized collision operator around

the global Maxwellian distribution, meaning it relied on a constant value a = \/% and
the Boltzmann moment equation system depended only on one parameter. However,
in the case of the Equation (23) system, both quantities (Uj, U3) and « are functions of
time and coordinates, leading to different structures for the Equation (23) system and the
Boltzmann moment equation system. If, in Equation (23), the parameter « is constant and
U; = 0 A Uz = 0, then the Boltzmann moment equation system is obtained [7,8].

0 20 ([ [C T (T2 — i), ) -
/) (T a2 - gl ) -
W(mfﬂ“ SNZES! fni’iﬁ)l)
N e ) Y B VT BV a Vi | o
w2l %%%%?{ﬁﬁTﬁThm Vs )

T
+ ((Zln; 214:”1 (V”+l+1/ fnl 1 an-&-ll 1)]}:]nl ,
2n+1=0,1,...,k;, m=0,1,...,1.
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dfy)
dt

dfé?

The Boltzmann moment equation system is a special case of the Equation (23) system.
The moment Equation (23) system represents a finite system of equations. This raises the
issue of closing the finite system of equations, as for valuesof 2n +1 =0,1,...,kAm =
0,1,...,1(n = 0) (with n = 0) moments of the distribution function with negative indices
appear. Furthermore, the left side of the moment system of Equation (23) contains moments
not included in the sum in Equation (5), i.e., the number of unknowns exceeds the number
of equations. The partial sum in Equation (5) can be considered a method for closing the
finite system of moment equations. The closure of the Equation (23) system is resolved
individually for each specific approximation of the moment equation system.

3.2. Correctness of the Initial-Boundary Value Problem for a Two-Dimensional Moment System of
Equations in the First Approximation

Let us present the formulation of the initial-boundary value problem for a two-
dimensional moment system of equations in the first approximation (k = 1) under macro-
scopic boundary conditions. If in the system of Equation (23), the index 2n + [ takes values
0 and 1, and m also takes values 0 and 1, so we obtain the following equations:

+ 2 (2A) + Z(AAD) + 3 (-39 + 32 (-3) =0
() + -0 ) 4 38 (1) + B (D) = o

df na 1 na 0 ) ] 1
U B (R + ) ) + B (1) + B (3D + B (3AY) -0
(O, T], (xl, X3) € G.

The two-dimensional moment system of equations in the first approximation in
Equation (27) includes three equations. Now, let us derive the macroscopic boundary
conditions for k = 1.

In Equation (8), we set N =0, 2(n + 1) = 0, and m = 0, which gives us the following
boundary conditions for the first approximation of the two-dimensional moment system
of equations:

f("ac c)>0 o (Mac, C)f+(t,xaG,C)(D(()E))o(“C)dc_
BJ e c10 (mac, —¢) fy )l (ac)de— (28)
(1- ﬁ)f(nac,c)@ (n3G, —c)exp <2RC(|9> d)éo)o(ac)dc =0,

where CI>66>0(1J¢C) =1,

1
filt,x,c) = folalcl) 2 (Z,fﬂ11 (“C)> (29)
2n+1=0 \m=0

Let the domain G = {—aj <xj<ajj= 1,3} be a rectangle. In Equation (28), we
substitute the value of fj (¢, x, ¢) with Formula (29) and perform integration over half-spaces.
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Thus, for the system of Equation (27), we obtain the boundary conditions (the calculation
of integrals is omitted due to its complexity):

(el a2

3 (1)
- B(F () £ () ) ) e e = 228,
(S (8 22 (52 (8) ) Yo 2o o
(= () £ 2z () ) ) o) = 22
Fy 531%,5:41%,156(0,7’]

(D) £)) h f particles impacting th
( 01 ) PR ( 01 ) ,... | corresponds to the moments of particles impacting the

boundary (reflected from the boundary) of the distribution function, indicating that the
positive sign (+) (negative sign (—)) is associated with the moments of particles impacting
the boundary (reflecting from the boundary) of the distribution function. The macroscopic
boundary conditions for the moment system of equations create a link between the moments

of particles impacting and reflecting off the boundary of the distribution function.
The expressions TEFl and \/EF3 are moments of the second term on the right-hand

side of Condition (4). From Equation (30), it is evident that one boundary condition is
applied at the ends of the interval (—aj, aj), j =1, 3. We introduce the following vectors
and matrices:

u= 8 w= (1 50) A = (0v2), &5 = (1L,0), Bi= = (54) B = = (L),
-1 0 -1/5 0 5/6 0
o= ( 0 —1>'C1 - ( 0 —2/5>’C3 B ( 0 —2/5)'

Then, the initial-boundary value problem for the system of Equation (27) under the
boundary in Condition (30) is formulated as follows:

d 0 (17 Jd (17 —
7? + E(fAlw) + W (&AglU) = O,

_ 31
%“F%(%Al/u)"‘a ( A3 u>+dlnaD1w+aU1Cw+au3C w + \D{ZE%ITH]“<£)1)M:0J€(O,T],x:(xl,X3)€G, ( )
u(0,x) = up(x), w(0,x) = wp(x),x = (x1,x3) € G, (32)

L At +But) (t,+a;) = B( - Ajw~ FBju~ ) (t,+a;) £ LF,
NeTSde) j P ;) = f j P B4j) TR (33)

€(0,T],j= 13

—/ . . . . . .
where A; are the transposed matrices, 1 is a given function, and wo(x)—is a given vec-
tor function

7 0 0 V2 T 010
0 A 0 A
A1=<A/ 01>= 0 0 0 ,A3=<A, 03>: 10 0].
1 V2 0 0 3 000
The goal is to find a solution to the system of Equation (31) that satisfies the initial

Condition (32) and boundary Condition (33). When U; = U3z = 0 and « — const, the
system of Equation (31) is strictly hyperbolic [29]. Indeed, the matrices A; and A3 are

symmetric, and the roots of the equation det (TI - %Alg‘l - %Azgg) = 0 are real and

distinct (’q =0,n=128+81n==1/282+ gg). The matrix A = A& + Az3 can

be diagonalized for any & = (&, &3)eR?. The eigenvalues of matrix A; are denoted by
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AM=0,Ay3 = +1/2, while the eigenvalues of matrix Az are such that A; = 0,A,,3 = £1.

The matrices Aj, j = 1, 3 have one positive, one negative, and one zero eigenvalue; therefore,

it is sufficient to set one boundary condition at the ends of the interval (—a joa ]-) ,j=1,3.
For Equations (31)—(33), the following theorem holds true:

Theorem 1. If Wy(x) = (ug(x), wo(x))" belongs to the space L,(G) and & = a(t,x) >
0,U; = Uj(t, x),j = 1, 3 are continuously differentiable functions in the domain [0, T] x G, then
Equations (31)—(33) have a unique solution, W(t,x) = (u(t,x),w(t,x))", in the space [0, T] x G,
and the following a priori estimate applies:

IWlleqo,miLa(c)) < CillWollyc) (34)
where Cy is a constant independent of W(t,x),0 < t < T, and T is any positive, finite number.
Proof. Let Wy(x) € Lp(G). We prove the validity of Estimate (34) by multiplying the first

equation of the system in Equation (31) by u and the second equation scalarly by w, then
integrating over the domain G:

Hc[z at (12 + (w,w)) + (i(lzlw) T %(lzﬂ]))u

- 0 (35)
+<<ai](iA1/u) + aX3( A u) + A w + aﬁflc w+au3C w + \ﬂéaal;‘]‘" <_1)u>,w>}dx =0
Please provide the expressions you would like to transform.
a (1— 0 (1— 0 (1— a (1— 1—— odu 1— du
— [ -A — | =A = —|-Aw — | -A —fA — —Asw—
<ax1 <0¢ 1w> e (IX 3w>)u ox 1( ! u) i <t’€ 3wu) Wox a2 ax
— 0
(&(;Al’u) (1) D S o - 2 (5))n)w)
= o ( Alu w) + a5 ( A3u,w> — ( Alu, ax1> ( A3u, ax3)+ (36)
0
dfinlx(Dlw w) + (Clw w) —|— (C3w, )+ *gag;“l"‘ ((_1) u,w).
Considering Relation (36), we rewrite Equation (35) as:
H 34 (7 + (w,w)) dx
o (17 0 a ) o (1%
+ ‘g[T <7A1wu) + W(ngwu> — 14w - 14 W + E(;Alu, w) o

+a?(3 ( A31/l ZU) ( Alu, oy ) ( A3u, 7) + dlnzx (Dlw, )
0
+ax1 (Crw, w) + 94 Ery ¢ (Caw, w) + ;gzggl”((l)u,w)}dx—o

Using the boundary conditions in Equation (33), we transform the following expression:

Jle [% (%Aﬂuu) + 95 (1zgwu) + %(lzllu w) + %(12/314,10)_ dx =
2v2f; |
2\ff“1 [ Agwu}

i( 1 Alw”)+ax3<\} Zg,wu)} _fo { 1 Alw”riil dxat
a3u dx, = z\ffﬂs { [ (ﬁZﬂv_ — Bm‘)u‘*‘ + %Fm"' — B1(u+)2} o+

(38)
(—Alw + Biu~ )u* S T B1(M+)2L . }dxg,
11—

3
L e
+2ﬁf’z}ll{ [ﬁ(ﬁﬁyv‘ — Bgu_)tﬁ + ﬁ%l{w* — B3(u+)2} - + [ﬁ(ﬁzguf + Bgu_)u+ ~ Pty

B3(u+)2} X3 = —az jdxy.
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We substitute the value of the integral from Relation (38) into Equation (37):

Mo 5 (4 + (w,w )dx"‘ﬂc[ 1A1wm - *A3wax3 (12/1”' gf) - ( Azu ,—) + 452 (Dyw, w)+
au au 0 _ 1—
an (Cw,w) + 532 (Cw,w) + gaalgf‘ ((_1> )}dx +2v2 " {[ ( Alw — Byu )u+ + W%Fltﬁ—

_ 7 _ (39)
Bl(u+)2} X1 =a,+ [‘B(ﬁAﬂU_ + Bm‘)u* — i\/%l:1u+ + Bl(u+) }x B }dX3 +2\ffu1 { [ (\[“A3w_*
Bsu )ut + %Ff’w — B3(u+)2} X3 = as + [ﬁ(ﬁZ;:,w’ + Bg,if)u+ \/Engﬁ + B3(u+)2}x3_a3}dx1 =
Consider the derivative:
1o (2 + (ww) = 3 (§+ u% + Usyl ) (42 + (w,w) = § & (12 + (w,w))
3 9 (U1 (47 + (w,w))] (40)
ot [Us (& + (w,0))] = (4 + (w,0)) Gt = § (1 + (w, ) 52
The value of the derivative from Equation (40) is substituted into Relation (39):
I, {zar (u? + (w,w)) +2 2o, [Ul(u + (w w))]
+%6673[U3(u + (w,w))] - —(u + (w, W))% - —(u + (W,W))g%:}dx +
I, [—%(u2+(w,w))g—2 ( + (w, W))%—l_wj—:l
—rAsw it~ (l/f;u, =) - (—A'3 w,22) + S5 (Dyw,w)
aUl (C1W w) + — (C3w w) + ;gaaz:a ((_01) u, w)] dx
a - - 1-B
+2v2 f_;3 {[B (EAlw — Bju )u+ + WﬁFlqu - Bl(u+)2]x1=a1 [,8( Aw™ + Bju~ ) t—
1-B
ﬁFlu-F + Bl(u+)2]x1=_a1}dX3
+2v2 f_a(; {[[3 (ﬁA}W— — Bsu~ )u + T_F3u B3(u+)2] [,B( Asw™ + Byu~ ) -
xX3=az
1-8 _
EF3u+ + B3(u+)2:|x3=_a3}dx1 —_ 0.
Hence,
2atﬂ (u? + (w,w))dx +J1, [——/lea—u—iff aa:
—(1/1’1u ;TW)—(l A5u ,;‘:V)+dlﬂ(01 ,W)+ (6'1W w)+ (C3W w) +
V2 dlna 0
;;7;;;-((__1)1avv> dx
a —-B
+2\/_f 3 {[ﬁ( Aiw™ — Bju~ )u + \/_Flu — B, (u™)? ]x1 .
——— - - 2
I:ﬂ (\/__A]_W + Blu - TEF1u+ + Bl(u+) ]x1=_a1}dX3 (41)

) +
+2\/_fa1 {[ﬁ( Azw™ — B3u_) ut + %Fﬂﬁ — B3 (u*)? ]
[,B (Ez@w‘ + B3u‘) ut — %Fyf + B, (u+)2]x3=_a3} dx,

1% Bl + )] +iuG+ ww)]_ fax

x3—a3

1% R+ )], + 2 + @ow)]_ Jdn =0
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To obtain an a priori estimate, we use the spherical representation of u and w [30]:
u=y(t)wy(t,x)andw = y(t)w,(t x), where | w|| 21, =1, w(t, x) = (wr(t,x), wa(t, x))
is a unit vector. We substitute the values u = y(f)w;(t,x) and w = y(f)wy(t, x) into
Equation (41). Then we will have an ordinary differential equation:

Y b yp(t) = (), @)

where

_ 60)1 15 dwy (1 4 0wz (1 4 dwoy
p(t) = ff [ ~Ajw 255, Ang s (aAlwl’_ax ) (aA3w1’_ax3) +
dl V2 al 0
- — (Dway, wz) + (Cla)z, w3) + (ngz, wz) +— 6:“ ((_1) w1, w2>] dx +

2\/_f“3 {[ﬂ (F A0, = Bioy™) oyt + £ R, — Bl(a)1+)2]x1_a1 + |8 (A +
Blwl‘) w 't - a;ﬁFlw1+ + Bl(w1+)2]x1:_a1}dx3 +2v2 [9 {[ﬁ ( Asw,~
Bswy”) ot + B Ryt — By(0r ] +[B(FoAswr + Bswy ) wr —
%Fgwﬁ + B3(w1+)2]x3=-a3}dx1 +

f_a; {l [U1(01* + (‘Uz"*’z))] —a +%[U1(w12 + (wz’wZ))]x1=-a1}dx3
+ [0 { [Us(w,* + (‘Uz"*’z))]

Fo=v2 [, ([ ]

X3=as

X3=asz

+ % [U3 (@12 + (w,, wz))]x3=—a3} e

-8 +
+ [aﬁFlwl ]x1=—a1}dx3 +

x1=aq
a1 1-8 +
w2 ([t +[Re]
Equation (42) is studied under the initial condition:
y(0) = [IWoll = [[Woll 2 4q- (43)

The solution to Equations (42) and (43) takes the form:

vy =exp(= [ piosie) (1wl + [ sesp( [Tp@ae) | as

From Equation (44) it follows that y(t) is bounded by V¢ : 0 < t < T, where T is any
arbitrary positive finite number. Hence, for all V¢ € [0, T], the a priori estimate in Equation
(34) holds. The existence of a solution to Equations (31)-(33) can be demonstrated using the
Galerkin method. The uniqueness of the solution to Equations (31)—(33) follows from the a
priori estimate of Equation (34). [

For comparison, let us consider the formulation of the initial-boundary value problem
for the two-dimensional moment equation system in the second approximation under
macroscopic boundary conditions. If in the system of Equation (24), the index 2n + I takes
values 0, 1, and 2, and m also takes values from 0 to /, then we obtain the following equations:
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+ i (1v2 f02)+ai3(1[}f53>+f58)Wffﬂ) o (g8 ) e )
+%%( 3 é?)) \afaal;:[\/»foz + \[(foo 10 )} ?le;( & ) =

; +aa{ {zfoz ffoz +V2fid) - \/’flo}}+£q<3¢f0;>+fﬁa(_ (l)>+
B (V2R + A - 1)+ D)+ B (D) + 23 () +

”%(tiﬂil(i 2 ) + o () + 3 (-340)) + 52 (-30)
U 3 ((-V3A0)) + 5 (H(BA)) + e 2f02) 4% (349

v (=510 + 2 (210 ) + 3 (- 9A) = 19, 45)
U o (W) + o (UAS)) + e -2 )+ e 2D+

%%( (1)) \a[alm(\[fm) ?9533 <_7f02):]02)r

w2 (1e fm)) - 2f02> RN

aa%<‘% 5+ 5 (-

%ftg)"‘%(%(_% (gi)>)+8x3<( \/7 >) dns (—2 £ +\[foo)+
i () + ot () + 2 %(Sﬁfm)ﬂiﬁ(ﬁo LB+
W (Vary)) + 2 ’xa( S0+ (L)) + 2 - (358 + flo)]:

The system of Equation (45) contains seven equations regarding the moments of
the particle distribution function, of which four equations correspond to the laws of

conservation of mass, momentum, and energy. ]ég), ](g;), and ]ég)
collision integral.

To derive a boundary condition for the system of Equation (45), we use Relation (10):

are moments of the

t,xy6,C c
f(nac,c)>o (naG,c)f;( aG )qD,(l,%lH/m(ucc)dc—

ﬁf(nac,c)<0 (naG/ _C)f;(t,xac'c)q)’gcgl+l m(ac)dc_
(1- 'B)f(ﬂacrc)<0 (nac, —c)exp ( 21‘{(13 )q>£21+1 nlac)de =0,
2n+1)+1=1m=0,1,...,2 +1,

(46)

where

fa(t,x,¢) = folalc|) Z <Zf (ac)) (47)

2n-+1=0 \m
From the equation 2(n+1) +1 = 1, it follows that 2(n +1) =0 - n =1=0, and

thus m = 0, 1. Note that <I>(()C1)O(occ) = ac|p, P gi)l(zxc) = (%) V1 — pPcosy.

Let the area G = {— aj <xj<ajj=1, 3} be a rectangle. In Equation (46), instead of
f2(t,x,c), we substitute its value accordmg to Formula (47) and perform integration over
half-spaces. Then, for the system of Equation (45), we have a boundary condition (the
calculation of integrals is omitted due to their complexity):
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(\/_a (fo 1)) ( (f, 0))+)> (t,+a,) = <\/_a (1! 1))
=(HEDY)) @ xa) £ 2R,

( (0) \[fo(ZO)+2 (2) \/_f(o)) ( (f01)) ) (t,+a,) =
(0) (0) (2) (0) (1) 1-B
( ( \/7f02 +2f, \/—f ) ( (fo ) )) L, +a1)iaﬁF1
( V20— [ ff‘”) am (V2)) | @ 2a) =ﬁ<§( w0 t5he -

f f“”) (V2 )) (t,+a;) £+ =L F,
(3(1%”) o= (V2 )) (6 ka) =B (2 () £
(V£ ))(t,ia3)ia_—ﬁF3,

The upper sign +(—) corresponds to the moments of particle distribution function
falling on the boundary (reflected from the boundary). From Equation (48), it is evident that
at the ends of the interval (—a joa j), j = 1,3, two boundary conditions are set. Introducing
the following vectors and matrices:

F, = t € (0,T]. (48)

0) (1)) 0) (0 0 A
w= (fél)ff(gl)> P U= (f(go)ff(gz)f 02 rfoz ’ ) W= (wu), A= (A/l 01>,

(0 As
w4 0)
A (0 0 V20 0 A (1 2/v/3 00 —v/2/3
T=\v2 —v273 02 —2/v3)773% " \o o0 10 0o )

1= b (). 5= st (25). 0w = (00021 120).

Aj and Az—are symmetric square matrices of the seventh order.

0 0 0 0 V2 0 0
0 0 V2 =273 0 2 —/2/3

0 A 0 V2 0 0 0 0 0
A1:<A, ol) 0 —v2/3 0 0 0 0 0 ,

1 V2 0 0 0 0 0 0

0 2 0 0 0 0 0

0 —v2/3 0 0 0 0 0

0 01 2/v/3 00 2/3"

0 00 0 10 0

1 00 0 00 0

Ag—(j, “33)— 2/vV/3 00 0 00 0

3 0 10 0 00 0

0 00 0 00 0

—2/3 00 0 0 0 0

_ din ,dU; dUs 1 dlnax 1 9lnx 9U; dU; dUz 09Uz
Let us denote by /' = ]:(W/“r Tdt X dt X Tq o axg P X Oxg L axi 7 Iy’ Oxg ! Xy

vector consisting of the lower order terms of the system of equations (2.1). The initial-
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(

boundary value problem for the system of Equation (45) under boundary conditions in
Equation (48) is written in vector-matrix form:

aw 9 (1 0 (1
W + TM ((XAlW> + E <¢XA3W> +.F — ](W,W), t S (0, T], X = (x1,x3) S G, (49)
W(0,x) = Wy(x),x € G, (50)
ut +B: ) = L Ay~ = Bw™ N 1Bp i
A £ Bt ) (1, +aj) = (A~ F B ) (1, +a)) + 1LF, j =13, -
te (0,T],
The eigenvalues of matrix Ap:
Ay = —2.8284,A; = —1.4142, A3 = —0.0000, A4 = 0.0000, A5 = 0.0000,
Mg = 1.4142, A7 = 2.8284.
The eigenvalues of matrix Asz: Ay = —1.7321, A, = —1.0000, A3 = —0.0000,

Aq = —0.0000, A5 = 0.0000, Ag = 1.0000, A7 = 1.7321.

Each matrix has two positive, two negative, and three zero eigenvalues. The moment
equation system in the second approximation contains seven equations regarding the
moments of the particle distribution function, and the number of macroscopic boundary
conditions at the ends of the interval (—a i ]-), j =1, 3 equals two.

4. Discussion

The initial-boundary value problem for the two-dimensional Boltzmann equation
under microscopic Maxwellian conditions is approximated by the corresponding problem
for a two-dimensional nonstationary system of moment equations under macroscopic
boundary conditions. In this case, the Boltzmann equation contains a term depending on
the speed of a body moving in a liquid, and the Maxwell condition contains a parameter
that depends on the temperature of the body’s surface. Macroscopic boundary conditions
for the moment system of equations depend on the body’s surface temperature. The
theorem in the second section proves the existence of a global solution in time to the
initial-boundary value problem for a two-dimensional system of moment equations in the
first approximation in the function space C([0, T]; L2(G)). The questions of existence for a
two-dimensional system of moment equations in the second approximation and higher
approximations, as well as determining the speed of a body moving in a liquid and the
temperature of the body’s surface, will be investigated in subsequent works.

5. Conclusions

The study of the motion of solid bodies in fluids, particularly the investigation of the
forces that the medium exerts on a moving body, is an important and relevant problem in
hydrodynamics. The increase in the speed of movement of ships and submarines requires
numerical experiments to determine the hydrodynamic characteristics of bodies moving
in a fluid. The velocity of movement and surface temperature of the body, as well as the
hydrodynamic characteristics of the fluid, can be determined using the initial-boundary
value problem for the moment system of Equation (23) under the boundary conditions in
Equations (8) and (9).

In the case of body motion in fluids, the moment system of Equation (23) depends
on the velocity of the moving body and the surface temperature of the body, while the
boundary conditions in Equations (8) and (9) depend on the surface temperature of the
moving body. The system of Equation (23) represents a complex nonlinear hyperbolic
system of equations regarding the moments of the particle distribution function. The left
side of system in Equation (23) depends on unknown parameters « and (U, Usz), while
the right side is a quadratic form—moments of the collision integral. Additionally, the
boundary conditions in Equations (8) and (9) also depend on an unknown parameter. The
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characteristics of the moment equation system depend on three unknown parameters:
the movement velocity and surface temperatures of the body moving in the fluid stream.
Generally, formulating boundary conditions for such systems of equations is very difficult.
However, we have managed to formulate boundary conditions for the moment equation
system in the form of Equations (8) and (9).

It is crucial to provide proof of the correctness of initial-boundary problems for
the system of Equation (23) in different approximations under the boundary conditions
in Equations (8) or (9) from a mathematical standpoint. Understanding the hydrody-
namic characteristics of a body in motion through fluids is a significant problem in
continuum mechanics.

Determining the velocity of movement and the surface temperature of a body moving
in a fluid stream, as well as fluid parameters, is an important current task in hydrodynamics.
To determine the unknown coefficients of the system of moment equations, additional
information about solving the direct problem is provided. The next step is solving the
inverse problem. The plan is to develop an iterative numerical method for solving both
direct and inverse problems for a nonstationary nonlinear system of moment equations,
implement software algorithms, and apply them to solve the described inverse problems.
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Appendix A
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) L+2n n(l+m+1D)U+m+2) (n4q
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QL+ 12l +3) fati41 = 142
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- = - d
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. l+m+1)(U+m+2) (m+1) (m+1)
bi(fi) = ~(U+20) J A D@ s TS LIY V)

tmmtDU=md2 m-1 m—1
- \/( (Z + 13&21 +n;) ) (\/mﬁf.m ) - \/ﬁf,f_l,lﬁl)

Lom -1~ m+ m+
- J ( (217i 1)(35 T 17;1) (Vn+ 1+ 1721080 =+ 152
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+J QI-D@EI+ 1) (Vo T+ 1727050 -V 14000
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—vn- 1fn(1n2+li')1)

I-m+1D(I-m+2 moD iy
[ L )

L+m+ 1)1 +m+2 -
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I-m-1DU-m) ot -
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bz(f(m) _{ -1 (l+m+2)(l+m+1)+(l—m—1)(l—m)_I_(l+m)(l+m—1)+(l—m+1)(l—m+2) ((l+2n+

4(21+1) 2043 21-1 21-1 21+3

DA +2 n(n+1+3) f,fi”gl> - (((l +2n+1))D1 + 2 |n (n+1+3) D1§l"_”1,,>},
/ 1
bs(f0) =+ 2n+ D)V (FT) + 2 |n (n +1+ 5) D)
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RI-DERI+1D
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