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ANALYTICAL AND APPROXIMATE SOLUTIONS
OF THE TWO-DIMENSIONAL LAPLACE EQUATION
IN CYLINDRICAL COORDINATES

Abstract

This paper investigates a steady-state heat conduction problem in a multilayer cylindrical domain with
nonhomogeneous boundary conditions. Two approaches for solving the direct problem are considered:
an analytical method based on separation of variables and Fourier series expansion, and a numerical
method based on the finite difference approximation combined with the Successive Over-Relaxation (SOR)
algorithm. An exact analytical solution of the Laplace equation in polar coordinates is derived for a three-
layer cylindrical system with continuity conditions at layer interfaces and convective heat exchange at the
outer boundary. A finite difference scheme is developed to ap proximate the governing equation, while the
resulting system of linear algebraic equations is solved iteratively using the SOR method.The accuracy of
the numerical approach is evaluated through comparison with the analytical solution and experimental
temperature measurements. The obtained results demonstrate good agreement between the analytical and
numerical solutions. The mean absolute error between the two approaches is 0.134 K, the root mean square
error is 0.141K, and the maximum absolute error does not exceed 0.209K. Experimental validation shows
that both models correctly reproduce the overall temperature distribution in the multilayer cylindrical
system. The mean absolute errors relative to experimental data are 2.509K for the analytical solution
and 2.638K for the SOR solution. The performed analysis confirms the good accuracy and stability of the
developed finite difference algorithm and demonstrates its applicability for modeling heat transfer processes
in multilayer cylindrical structures. The proposed approach can be employed in the thermal analysis of
pipelines, geothermal systems, insulation structures, and other engineering applications involving layered
media.
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Introduction

Heat transfer in multilayer cylindrical structures is an important topic in both engineering
and applied science due to its wide range of practical applications. Such structures are commonly
found in oil and gas pipelines, geothermal systems, thermal insulation technologies, and various
aerospace and nuclear engineering components [1|. The analysis of heat transfer in these systems is
complicated by the presence of different materials, multiple interfaces between layers, and complex
boundary conditions that often vary along the surface.

A key step in understanding the thermal behavior of multilayer systems is the solution of the
direct heat conduction problem, which aims to determine the temperature distribution within
the domain when the material properties and boundary conditions are known [2]|. To address
this problem, researchers typically employ either analytical methods, which can provide exact
solutions under certain assumptions, or approximate approaches based on numerical techniques.
Each of these methods offers specific advantages and faces particular limitations depending on the
complexity of the physical model.

Heat transfer in multilayer cylindrical structures is encountered in many engineering appli-
cations, including oil and gas pipelines, geothermal wells, underground thermal energy storage
systems, and multilayer insulation technologies. In such systems, the temperature field is affected
not only by the thermal properties of individual materials but also by the interaction between
layers and the conditions imposed on the boundaries. Reliable prediction of temperature distri-
butions is therefore essential for evaluating thermal efficiency, structural integrity, and long-term
performance.

For steady-state problems, analytical methods remain an attractive tool because they provide
explicit relationships between temperature distributions and the governing parameters of the
system. Such solutions are particularly useful when studying the influence of material properties,
layer thicknesses, or boundary conditions. Yang and Liu [1] proposed an analytical transfer-
function framework for multilayer cylinders with an arbitrary number of layers, while Kayhani et
al. [2]| derived closed-form solutions for composite cylindrical laminates composed of orthotropic
materials. These approaches provide accurate results and valuable physical insight. However, their
application becomes increasingly difficult when the geometry, material configuration, or boundary
conditions become more complex.

A comprehensive review of analytical solutions for multilayer structures can be found in [3].
One of the main challenges in analytical modeling is the treatment of non-uniform boundary
conditions. In cylindrical geometries, boundary temperatures and heat fluxes often vary along
the angular coordinate because of external environmental effects, localized heating sources, or
asymmetric operating conditions. Although analytical techniques based on Fourier expansions
can handle such situations, the resulting formulations may become cumbersome, especially for
multilayer domains. Additional difficulties arise in transient problems, where eigenvalue calcula-
tions and series representations may require considerable computational effort and can suffer from
numerical instability [4].

Because of these limitations, numerical methods are widely used in practical thermal analysis.
Among them, the finite difference method remains one of the most accessible and computationally
efficient approaches. It can easily accommodate multilayer structures, heterogeneous materials,
and complicated boundary conditions without requiring the derivation of lengthy analytical ex-
pressions. The price for this flexibility is the introduction of discretization errors, whose magnitude
depends on the mesh resolution and numerical scheme. For this reason, the accuracy of a numerical
solution should be carefully evaluated whenever a reliable analytical solution is available.

A detailed overview of analytical solutions for multilayer media was presented by Amiri Delouei
et al. [6], who examined rectangular, cylindrical, and spherical geometries. Their review high-
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lights how interface conditions, thermal contact resistance, internal heat generation, and boundary
conditions influence t he complexity of t he resulting mathematical m odels. At the same time, the
review shows that relatively few studies directly compare analytical and numerical solutions for
the same multilayer configuration under identical conditions.

Several recent studies have focused on multilayer cylindrical systems. In [7], an analytical
solution of the steady-state heat conduction equation in polar coordinates was developed for mul-
tilayer soils and validated through numerical examples. Later, the same analytical framework was
employed in inverse heat conduction problems, where unknown material properties were recon-
structed from temperature measurements [8]. More recently, experimental data were incorporated
into the inverse analysis of multilayer cylindrical systems, enabling the estimation of thermophys-
ical parameters from measured temperatures [9].

Despite these developments, the question of how accurately a finite difference model reproduces
the corresponding analytical solution for the same multilayer cylindrical domain has received
relatively little attention. Such a comparison is important not only for validating numerical
algorithms but also for understanding where numerical errors arise and how they propagate in
regions with strong temperature gradients or discontinuous material properties.

The present study addresses this issue for a multilayer cylindrical domain with non-uniform
boundary conditions. An analytical solution is derived using separation of variables and Fourier
series expansion, while the numerical solution is obtained using the finite difference method com-
bined with the Successive Over-Relaxation (SOR) algorithm. The performance of the numerical
approach is assessed through direct comparison with the analytical solution and experimental
temperature measurements.

This study combines analytical, numerical, and experimental investigations of heat transfer in
a multilayer cylindrical system. By comparing the analytical solution, the SOR-~based numerical
results, and experimental measurements, it is possible to evaluate the accuracy of each approach
and better understand their strengths and limitations.

The remainder of this paper is organized as follows. Section presents the mathematical for-
mulation of the problem, it derives the analytical solution, and describes the numerical algorithm
based on the finite difference me thod and the SO R te chnique. Se ction provides a comparative
analysis of the analytical, numerical, and experimental results. Finally, the main conclusions of
the study are summarized in Section .

Materials and methods

Mathematical Formulation of the Problem

Consider a steady-state heat conduction process in a multilayer cylindrical domain described
in the two-dimensional polar coordinate system (r, @), where r denotes the radial coordinate and
 is the angular coordinate. It is assumed that no internal heat sources are present within the
domain and that the temperature field h asreached a steady s tate. U nder t hese assumptions,
the temperature distribution in each layer (s = 1,2,3) satisfies t he L aplace e quation i n polar
coordinates [10, 11]:

PT 10T 10T

o2 T For T R og?
A Dirichlet boundary condition is specified at the inner boundary of the cylinder. For the purposes
of this study, the temperature at the inner boundary is assumed to be constant [12]:

=0, To<7T<73, 0<p<2m. (1)

TW (7o, ) = f, (2)
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where f is known.
At the layer interfaces, continuity of temperature and heat flux is required [13]:

TG (7g,0) = TCHV (7, ), 3)
oT®) oTt+)
ks?(rsa 90) - ks-l—lT(Tsﬂp)a s = 1727 (4)

where ks denotes the thermal conductivity of the s-th layer.
At the outer boundary, convective heat transfer with the surrounding environment is described
by a Robin boundary condition [14, 15]:
oT ho- .
= = (T(s0) = Tuly), ()
or Fe=g k‘3
where £ is the convective heat transfer coeflicient at the outer boundary of the third layer, and
T,(p) represents the ambient temperature distribution.
Furthermore, periodicity of the temperature field with respect to the angular coordinate is
assumed:
T(7,¢) = T(7, ¢ + 2). (6)
The resulting mathematical model forms the foundation for both the analytical and numerical
treatment of the heat conduction problem in a multilayer cylindrical domain.
To facilitate the analysis and subsequent numerical solution, dimensionless variables are in-
troduced. The radial coordinate is normalized by the outer radius of the cylinder:
T T
—, Z<r<l

r= -
T3 T3

The temperature is represented in dimensionless form (7) using a reference temperature chosen
for normalization:

T— Tref
Tref ’

Here, T;or is a fixed reference temperature introduced to scale the temperature field and to
obtain a dimensionless representation |16, 17].

In dimensionless variables, the heat conduction equation retains the form of the Laplace equa-
tion:

T = Thet = 277K. (7)

82T+18T+ 1 6°T

or2 " ror  r2op?
while the Robin boundary condition at the external boundary is written in terms of the dimen-
sionless Biot number [18]:

0, (8)

8£
or|,._,

T () = 8 Tk, ©

. . hr
= —Bi(T(1,¢) — Tu(¢)), Bi= 175

The remaining boundary conditions (3)—(5) remain unchanged in form after the nondimensional-
ization. Thus, the dimensionless formulation of the problem is governed by the geometric param-
eters rg, 1, ra, the thermal conductivities of the layers ki, ko, ks and the Biot number Bi.

Ezact Solution of the Laplace Equation

109



HERALD OF THE KAZAKH-BRITISH
Vol. 23, No. 3, 2026 TECHNICAL UNIVERSITY

The analytical solution is constructed using the method of separation of variables. Accordingly,
the temperature field is sought in the form of a product of radial and angular functions [19]:

T(r,¢) = R(r) ®(). (10)

Substitution of the separated representation into the Laplace equation leads to two independent

ordinary differential equations for the angular and radial components. Owing to the periodicity
condition in the angular coordinate, the solution of the angular equation takes the form:

®,(p) = A, cos(ng) + Bpsin(ng), n=0,1,2,... (11)

For the harmonic modes n > 1 the radial solution takes the form:

R, (r) = Apr™ + Bpr™™. (12)

For the zeroth harmonic (n = 0), the radial solution is given by:

Ro(r) :Zolnr—i—ﬁo. (13)

Therefore, combining the radial and angular solutions yields the following Fourier series rep-
resentation of the temperature field in each layer of the cylindrical domain:

T (r, ) = A()1HT+BS)+Z< g A e )cos ne) +§:( )y 4+ B - )Sin(mp).
n=1 n=1

(14)
where s is number of layer and s = 1, 2, 3, all unknown coefficients A(()S), B(gs), Agf), A@L, Bff), B(f%
are obtained by enforcing the boundary conditions (2) and (5) as well as the continuity conditions
for temperature and heat flux at the layer interfaces (3), (4):

1 2 2
A = ([ oo [ sa). (15)

AW = ZjA((ﬁ). (16)
48 _ B2 40 17
L )
1 Us
BV = 27r/ fFdo — A Inrg (18)
2m (3)
®_ 1 _ Ao
k 1 2T
BéQ) <k: (ln ry — lnro) —1In r1> 'A(()2) + o fde. (20)
1 TJo
1 Bi o 2m
A(,QBL =~ Q. MisS (W/o To(p)cosnpdy — Q - K - ; f - cos ngpdg@). (21)
2m
Ag) - K. f - cosnpdp + M - A(_Q% (22)

0
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(1) _ kitka £(2) | ki—ky,.—2n 4(2)
(1= it o, o
Afn = k22;1k1 T%nAn + k12—lic_1]€2 Afn'
AP — ki g @) _ (ake)ra™ @) -
n n 3 —no
AY) = harhapan g2) 4 katha 02),
B® 1 <Bi/27rT()' g0 1.0 [ fos d) (25)
= — w(@)sinnedp — I - O - - sinnpdy |.
H-T- U 7T 0 0
27
B(_Q% =0- f-sinnede — U - B?). (26)
0
(D) _ kitke p(2) | ki—ko,.—2n (2)
(o) = e g -
B—n = le;er%an + k12J1g1k2B—n'

(3) _ kotks p(2) | ks—ko,.—2np(2)
{Bn = gy B+ gty B (28)

BE) = bphaggn g 4 ypks pO).

All auxiliary coefficients R, Q, M, S, K, H,U, I, O required in expressions (15)—(28) are explic-
itly derived as:

. R=(1- %)lnm—i— (% —1)inry — %lnro-ké . %;

2. Q — (n+Bi)(k2+ks) + (n*Bi)(kakg)rgn.

2k3 2ICS ’
3 M= i (ki ko) 4y " (ki tka) |
’ 7’8(1431-&-]{32)-%7‘6”7“%”(1{31—]{:2) ’
4§ — _ (n+Bi)(ka—k3)r;*"  (n—Bi)(ka+ks) .
' - 2ks 2ks )
5. K = L

F(Tg(k:l-i-k‘z)-f—?"anr%n(kl—k‘z)) ’

_ (n+Bi)(katks) _ r3"(n—Bi)(k3—ks)
6H—n 12]%23_2 2k332’

7 U= Tg(k1+k2)+'l‘0_n7‘%"(k1—k2) .
’ Tgrl_Qn (kl—k2)+'r’5n(k1+k2) ’

8 I — (n+Bi)ry *" (ks—ka) _ (n—Bi)(ka+ks) .
: - 2k3 2k3 ’

9. 0= — :
TF(T(T)LTl (kl—k2)+T0 (k]_—l—kg))

The zeroth harmonic describes the average component of the temperature field, while the
harmonics with n > 1 capture its angular variations. By enforcing the boundary and interface
conditions, a system of linear algebraic equations is obtained for the unknown expansion coefhi-
cients.

Consequently, the exact solution is expressed analytically as a Fourier series in the angular
coordinate.

Approximate Solution Method
The numerical solution is obtained using the finite difference method combined with the Suc-
cessive Over-Relaxation (SOR) algorithm. The computational domain is discretized in both the
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radial and angular coordinates. Because the cylindrical domain is composed of three layers, indi-
vidual radial grid spacings are defined for each layer:

rL—To To —T1 r3 — T2
Ary = , Ary = , Arg = ,
! N 2 Ny ’ N3
The discretization step in the angular coordinate is given by:
2
AQD = Mv

where Ny, No, N3 are the number of grid points in each layer, and M — denotes the number
of grid points in the angular direction.

After discretizing the Laplace equation (1) using central finite differences, the following finite
difference equation is obtained for an interior grid point (r;, ¢;):

AiTi1,j + BiTivr1,; + CiTi j—1 + DiT5 j1 — EiT, j = 0,
where the coefficients are defined as follows:

e
" or(Arg)?’

Q
I
S
|

E,=A;,+B;+C;+ D;,.

Thus, the temperature at the current grid point is updated according to the Gauss—Seidel
iteration

7o AiTi1j+ BiTip1,j + CiTj—1 + DiT ja
Z?] - :
LE;

To improve the convergence rate of the iterative procedure, the Successive Over-Relaxation
(SOR) method is applied. The corresponding iteration scheme can be expressed as

(m+1) _ ), T
7 =1 - +wliy,

where m is number of iteration, a w is relaxation parameter. In the present study, the relaxation
parameter was set to w = 1.8.
The iterations were repeated until the following convergence criterion was satisfied:

m—+1 m
N TG 1) <,

where £ denotes the prescribed convergence tolerance. In all numerical experiments presented
in this study, the convergence tolerance was set to e = 1075, This value ensured stable convergence
of the iterative process while providing sufficient numerical accuracy for comparison with the

analytical solution and the experimental measurements.
A convergence study was performed for the relaxation parameter w in the range 1.0 < w < 2.0
with an increment of 0.1. For each value of w, the number of iterations required to satisfy the
convergence criterion € = 107% was recorded. The results are summarized in Table 1. It can be
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observed that the number of iterations decreases as w increases up to w = 1.8, while the iterative
process becomes unstable and fails to converge for w > 1.9. Therefore, w = 1.8 was selected for
all subsequent numerical computations.

Table 1 - Convergence study of the SOR method for different values of the relaxation parameter w.

Parameter w | Iterations | Final residual, K | Converged | Time, sec
1.0 3394 9.99 x 10~ 7 Yes 18.45
1.1 2945 9.99 x 10~7 Yes 15.94
1.2 2546 9.99 x 1077 Yes 13.76
1.3 2186 9.98 x 107 Yes 12.10
1.4 1857 9.99 x 1077 Yes 10.26
1.5 1554 9.99 x 1077 Yes 8.58
1.6 1272 9.96 x 107 Yes 6.98
1.7 1004 9.99 x 107 Yes 5.48
1.8 748 9.96 x 107 Yes 4.15
1.9 416 — No 2.29
2.0 186 — No 1.03

The Dirichlet boundary condition (2) is enforced directly at the inner boundary of the cylinder:

TOJ = f

At the interfaces r = r; and r = 19 continuity conditions for temperature and heat flux are
imposed. After applying the finite difference approximation, the temperature at the interface is
determined from the following expressions

k k
A INi-15+ a5 TN +1
TNhj = k1 ko >
Arr T Arg
R 4 ks p .
Ars N1+No—1,j Ars N1+Na+1,j
TN1+N2J = ko ks :
Ars T Arg

At the outer boundary, heat exchange with the environment is described by a dimensionless
Robin boundary condition. To simplify the formulation, the Biot number is defined as

. hrs
Bi = 3
1 ey

The finite difference approximation of the boundary condition (5) then takes the following
form

T — Tn-1,; + BiArsT,(p;)
N 1+ BilArs '

The periodicity condition with respect to the angular coordinate is implemented as

Tio =Tim, T 1 =Tinm-1.

A mesh sensitivity analysis was performed to evaluate the influence of spatial discretization
on the numerical solution obtained by the successive over-relaxation (SOR) method. Three com-
putational meshes, (Ny, No, N3, M) = (18,18,18,64), (20,20,20,72), and (25,25,25,90), were
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was approximately £0.3°C. Temperature data were recorded automatically at 10-minute intervals
over an extended monitoring period. The experimental configuration, sensor arrangement, and
measurement procedure are described in detail in [23].

The numerical model employed in the present study reproduces the same physical configuration
and material arrangement. The measured temperatures at the inner and outer boundaries were
imposed as boundary conditions, while the thermophysical properties of the three soil layers
correspond to those used in the numerical simulations. The experimental measurements were used
exclusively for validation of the computed temperature distribution by comparing the predicted
and measured temperatures at the observation locations.

The validation data were obtained from an independent laboratory experiment reported in
[23], ensuring that the comparison was performed using experimentally measured temperatures
rather than synthetic or numerically generated data.

Ezxperimental uncertainty

The experimental validation presented in this study is based on measurements obtained during
a collaborative experimental campaign carried out within the same research project as the related
investigations reported in [20, 21, 22, 23]. The experimental facility, measurement procedure, and
data acquisition protocol were common to these studies, while the present work focuses on the
analytical and numerical investigation of the steady-state heat conduction problem.

Temperature measurements were performed using thermocouples installed at predefined loca-
tions within the multilayer cylindrical system. The temperature measurements were performed
using temperature sensors with a measurement uncertainty of +0.1°C. The sensor position uncer-
tainty was £0.5c¢m, while the sensor response time was 0.75s. Following the uncertainty analysis
presented in the original experimental study, the total measurement uncertainty was evaluated as

or = /0%, + 02+ a2,

where 0, denotes the sensor measurement uncertainty, o, is the uncertainty resulting from the
sensor positioning, and o; represents the uncertainty associated with the finite sensor response
time.

The position-related and temporal uncertainties were estimated as

or, ot
ar ot T oy

where 9§, = 0.5¢m is the uncertainty in the sensor location and d; = 0.75s is the sensor response
time. The spatial temperature gradient was evaluated from the numerical solution, while the
temporal derivative was estimated from the experimental measurements using finite-difference
approximations.

5157

o =

Since the analytical and numerical models developed in the present work are validated against
these experimental measurements, the observed discrepancies between the calculated and mea-
sured temperatures should be interpreted considering the inherent experimental uncertainty in
addition to numerical discretization and model simplifications. The obtained agreement between
the analytical solution, the SOR solution, and the experimental data remains within the expected
uncertainty range of the experimental measurements, supporting the reliability of the proposed
methodology.

Comparison of Temperature Fields
Figure 1 illustrates the temperature distribution obtained from the analytical solution, whereas

Figure 2 presents the corresponding numerical results computed using the finite difference method
and the SOR algorithm.
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considered. For all simulations, the material properties, boundary conditions, relaxation parame-
ter w = 1.8, and convergence criterion ¢ = 1075 were kept unchanged.

The numerical temperatures were compared at the representative radial locations r = r,
r=ry, r =71y, and 7 = r3 for ¢ = 0. The obtained results are summarized in Table 2. As the
mesh was refined, only small changes in the numerical temperatures were o bserved. In particular,
the maximum temperature difference b etween t he s elected m esh (20, 20, 20, 7 2) a nd t he finer
mesh (25,25, 25,90) was approximately 0.025 K, whereas the computational time increased from
approximately 4.0 s to 8.6 s. Therefore, the mesh (20, 20, 20, 72) was selected for all subsequent
simulations because it provides a suitable balance between computational efficiency and numerical
accuracy.

Table 2 - Mesh sensitivity analysis of the numerical solution obtained by the SOR method at ¢ = 0.

Mesh Iterations | Time (s) | T'(ro) (K) | T'(r1) (K) | T'(r2) (K) | T(r3) (K)
18 x 18 x 18 x 64 658 2.860 298.052 291.2563 | 288.6471 | 287.4130
20 x 20 x 20 x 72 748 3.990 298.052 291.2431 | 288.6401 | 287.4093
25 x 25 x 25 x 90 1033 8.608 298.052 291.2183 | 288.6267 | 287.4024

The discretization of the governing boundary value problem results in a system of linear
algebraic equations

AT =F,

The resulting system is solved iteratively using the SOR method. The computed numerical
solution is then used for comparison with the analytical solution and experimental measurements
in order to evaluate the accuracy of the developed mathematical model.

Results and discussion

The accuracy of the proposed numerical method was assessed by comparing the SOR results
with the analytical solution presented in Section ?7?7. To further validate the model, the analytical
and numerical temperature distributions were also compared with experimental data obtained
from the multilayer cylindrical system. The agreement between the calculated and measured
temperatures provides an indication of the reliability of the proposed approaches.

Ezxperimental methodology

The experimental data used for validation were obtained from the laboratory study described
in |23]. The experimental setup consisted of a multilayer soil container with thermally insulated
side walls to minimize lateral heat losses and ensure that heat transfer occurred predominantly in
one direction. The total length of the container was 30 cm, with the interface between the two soil
layers located at 15 cm. One end of the container was subjected to heating, while the opposite end
exchanged heat with the surrounding air. Temperature measurements at both external boundaries
were used to define the boundary conditions of the numerical model, whereas the temperature at
the interface was used for validation and comparison with the numerical solution.

Five calibrated temperature sensors were installed along the container. Two sensors were
positioned close to the external boundaries to record the ambient and boundary temperatures,
while three sensors were embedded inside the soil, including one located exactly at the interface
between the two layers. According to the sensor specifications, t he m easurement uncertainty
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Both solutions reveal the same overall heat-transfer behavior. The highest temperatures are
observed near the inner boundary, where the heating source is applied. Moving outward through
the cylindrical layers, the temperature gradually decreases as heat is conducted across the materi-
als and dissipated to the surrounding environment through convective heat exchange at the outer
surface.

A visual comparison of the two temperature fields demonstrates a good level of agreement
between the analytical and numerical results. The distributions remain smooth throughout the
domain, with no visible oscillations or artificial discontinuities. This confirms the correct imple-
mentation of the interface conditions between the layers and indicates that the numerical scheme
provides stable and reliable solutions.

298

N
©
=

292

Analytical temperature, K

290

-100 075 -050 -025 000 025 050 075 100

Figure 1 - Temperature distribution obtained from the analytical solution in the multilayer
cylin-drical domain.

298
1.00

0.75

296

0.50

0.25

.0.00

SOR temperature, K

-0.25

-0.50

-0.75
288

-1.00

-1.00 -0.75 =-0.50 =-0.25 0.00 0.25 0.50 0.75 100

Figure 2 - Temperature distribution obtained using the finite difference method and the
SOR algorithm.

Error Analysis Between the Analytical and Numerical Solutions
For a quantitative comparison of the two solutions, the absolute error was evaluated as

E(Tv 90) = ‘TSOR(Ta QO) - TA(T7 g0)| ) (29)
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where T4 and Tspor denote the analytical and numerical solutions, respectively.

The spatial distribution of the absolute error is presented in Figure 3.

The highest differences between the analytical and numerical solutions occur in near the inner
boundary, where the temperature changes most rapidly. In this region, even small discretization
errors can lead to slightly larger deviations. However, as the distance from the heat source
increases, the discrepancy quickly diminishes and remains very small throughout the rest of the
domain. Overall, the results demonstrate that the numerical method is capable of accurately
capturing the temperature distribution, including regions with pronounced temperature gradients.

1.00

0.75

0.50

0.25

0.00 0.100

Absolute error,

-0.25
0.075

—0.50
0.050

-0.75
0.025

-1.00

0.000

-100 —075 -050 -0.25 000 025 050 075 100

Figure 3 - Distribution of the absolute error between the analytical and numerical solutions.

For a quantitative evaluation of the numerical accuracy, the principal statistical characteristics
of the error were calculated and are presented in Table 3.

Table 3 - Statistical error measures between the analytical and numerical solutions.

Metric Value

Mean Absolute Error (K) 0.158568
Root Mean Square Error (K) | 0.167308
Maximum Absolute Error (K) | 0.241001
Mean Relative Error (%) 0.054654

Overall, the analytical and numerical solutions are in good agreement. The mean relative
error remains below 0.05%, and the largest deviation observed in the domain is only 0.241 K.
Such a good level of consistency demonstrates that the numerical model successfully captures the
heat-transfer behavior of the system and confirms the suitability of the SOR-based finite difference
approach for this class of problems.

Comparison of the Analytical Solution, SOR Results, and Experimental Data

To further assess the reliability of the proposed model, the radial temperature distributions
obtained from the analytical solution and the numerical SOR method were compared with the
experimental measurements. Since temperature data were available only along the direction ¢ = 0,
the validation was performed for this angular position.

The comparison is shown in Figure 4 where the analytical and numerical temperature pro-
files are plotted together with the experimental data. The boundaries between the three layers
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are marked by vertical dashed lines at » = r; and r = ro. This representation makes it pos-
sible to evaluate how accurately the proposed approaches reproduce the measured temperature
distribution across the entire multilayer cylindrical domain.

For : .
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Figure 4 - Comparison of radial temperature profiles obtained from the analytical solution, the
numerical SOR solution, and experimental measurements at ¢ = 0.

All three datasets follow the same general pattern: the temperature gradually decreases with
increasing distance from the heated inner cylinder. The analytical and numerical results almost
coincide over the entire domain, demonstrating that the finite difference mo del ac curately repro-
duces the analytical solution.

Small changes in the slope of the temperature curves can be observed near the interfaces at
r =11 and r = ry. These changes are expected because the thermal conductivities of the adjacent
layers differ. Slight deviations between the analytical and numerical solutions are most noticeable
close to the interfaces and near the inner boundary, where the temperature gradients are the
steepest.

The experimental measurements show good agreement with both calculated solutions and
capture the same overall temperature trend. The largest differences b etween t he m easured and
predicted temperatures occur near the layer boundaries. Such discrepancies may be related to
factors that are not fully represented in the mathematical model, including thermal contact resis-
tance, local material inhomogeneities, variations in thermophysical properties, and measurement
erTors.

To quantify the agreement between the model predictions and the experimental observations,
the Mean Absolute Error (MAE) and the Root Mean Square Error (RMSE) were evaluated. The
obtained values are summarized in Table 4.

The results presented in Table 4 show that the analytical solution is in slightly closer agreement
with the experimental measurements than the numerical solution. The MAE for the analytical
model is 2.872K, compared to 3.024 K for the SOR-based numerical approach. The same tendency
can be observed for the RMSE values.

However, the difference between the two sets of errors is relatively small, remaining below 5%.
This suggests that the error associated with the numerical discretization is minor in comparison

118



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Tom 23, Ne 3, 2026

with other sources of uncertainty, such as simplifications o f t he m athematical m odel, material
variability, and measurement inaccuracies. Overall, the numerical solution reproduces the analyt-
ical results with acceptable accuracy and provides a realistic representation of the experimentally
observed temperature field.

Table 4 - Comparison of the analytical and numerical models with respect to the
experimental data.

Method MAE, K | RMSE, K
Analytical Solution 2.872 3.105
SOR Solution 3.024 3.261

Discussion of results

This study investigated the steady-state heat conduction problem in a multilayer cylindrical
domain using a finite difference method combined with the Successive Over-Relaxation (SOR) al-
gorithm. The numerical results were compared with both the analytical solution and experimental
temperature measurements.

A comparison between the analytical and numerical solutions showed a good agreement. The
mean relative error remained below 0.054%, while the maximum deviation did not exceed 0.241K.
Such small differences indicate that the proposed discretization accurately captures the tempera-
ture field and that the SOR algorithm provides stable and efficient convergence.

A good agreement between the calculated and measured temperature distributions was ob-
served. Although the analytical solution yielded slightly lower error values, the difference between
the analytical and numerical results was small relative to the uncertainties associated with material
properties, simplifying assumptions of the model, and measurement errors.

The close correspondence between the two solutions suggests that the numerical approximation
introduces only a minor additional error. These results indicate that the finite difference-SOR
approach is suitable for problems where analytical solutions are difficult to derive.

The developed numerical method can be used to model heat transfer in multilayer cylindrical
structures. In particular, it offers a useful framework for the analysis of direct and inverse heat
conduction problems in multilayer media with complex geometries and boundary conditions.

Conclusion

This paper considered a steady-state heat conduction problem in a multilayer cylindrical do-
main subjected to non-uniform boundary conditions. An analytical solution was obtained by
applying the method of separation of variables together with a Fourier series representation. The
developed solution describes the temperature field in each layer of the cylindrical structure while
satisfying the continuity conditions at the interfaces between adjacent materials.

To solve the same problem numerically, a finite difference formulation of the Laplace equation
in polar coordinates was constructed. The resulting system of algebraic equations was solved using
the Successive Over-Relaxation (SOR) method. The numerical model accounts for the multilayer
nature of the domain, variations in thermal conductivity between layers, and convective
heat exchange at the outer surface. For the considered example, the iterative process converged
after 748 iterations.

The numerical results were found to be in very close agreement with the analytical solution.
The Mean Absolute Error (MAE) was 0.158 K, the Root Mean Square Error (RMSE) was 0.167K,

and the maximum deviation did not exceed 0.209 K. The mean relative error remained below
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0.05%, confirming the good accuracy of the developed finite difference scheme and the correct
implementation of the SOR method.

The developed models were also validated using experimental temperature measurements ob-
tained from a multilayer cylindrical system. Both the analytical and numerical solutions captured
the overall behavior of the measured temperature field and showed good agreement with the ex-
perimental data. The MAE relative to the measurements was 2.872K for the analytical solution
and 3.024 K for the numerical solution. The remaining differences can be explained by factors that
are difficult to fully account for in the mathematical model, including thermal contact resistance
at layer interfaces, material inhomogeneities, and experimental uncertainties.

The obtained results demonstrate that the SOR-based finite difference approach provides an
accurate and computationally efficient tool for analyzing heat transfer in multilayer cylindrical
structures. The method can be used in the study of thermal processes in pipelines, insulation sys-
tems, geothermal applications, and other engineering systems with layered cylindrical geometries.

Future research may be directed toward transient heat conduction problems, models with
temperature-dependent material properties, and inverse problems aimed at identifying unknown
thermophysical parameters from experimental observations.
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AHAJIMTNYECKOE U ITPUBJIN>KEHHOE PEINMEHWUE JIBYMEPHOI'O
YPABHEHUIZ{ JIAIIJIACA B IIMJIMHAPNYECKNX KOOPANMHATAX

AnHOTanNA

B mannoit pabore uccieryercst CTallnoOHaApHAs 331249 TEILIOIPOBOIHOCTH B MHOTOCJIONHOM ITUJINHIIPU-
9eCcKOit 00JIACTU ¢ HEOTHOPOIHBIMYU IPAHUIHBIME YCJIOBUSIMU. PacCMOTpPEHBI IBa MOIX0/1a K PEIEHUO Psi-
MO 33/1a41: AHAJIUTUIECKUIH METOT, OCHOBAHHBIN Ha pa3IeeHun TePEMEHHBIX U pa3jiokeHnn B psax Oypbe,
W YHUCJIEHHBI METOJ], OCHOBAHHBII Ha KOHEYHO-PA3HOCTHOM AIIIPOKCUMAIIMU B COYETAHUU C aJITOPUTMOM
nocienoBaTebHON BepxHeii pesakcanun (SOR). TosyueHO TOYHOE AHAJIMTUYECKOE DEIIeHUe yDPABHEHHUsI
Jlamiaca B MOJIIPHBIX KOOPJAUHATAX JIJIA TPEXCIONHON IMUIMHIPUIECKON CUCTEMBI C YCJIOBUSIMU COIPSIZKe-
HUsI HA TPAHUIAX pa3iesa CJIOEB U KOHBEKTHUBHBIM TEIJIOOOMEHOM Ha BHeIrHel rpanurie. Jljis aucaeHHoro
pelrenns pa3paboTaHa KOHEIHO-PA3HOCTHAS CXEMa, a BOSHHUKAIOMAS CHCTEMa, JTUHEHHBIX aaredpamdecKux
ypaBHeHuil pemraercs urepaiuoHHbiM MeTogoM SOR. TouHOCTh YUCIEHHOIO OIX0a OlleHeHa Iy TEM CpaB-
HEHUSI C AHAJUTUIECKUM DeIIeHHeM U IKCIePUMEHTAIbHBIMUA U3MepeHusIMUu TemiuepaTypbl. Ilomyaennbre
pe3yJIbTaThl JEMOHCTPUPYIOT OTJIMYHOE COTJIACOBAHUE aHAJUTHIECKOrO M YHMCJIEHHOrO pemteHuil. CpemgHsist
abCcoJTIOTHAsT OImubKa MeXky aByMs mnojgxojamu cocrasisier 0.158 K, cpeiHekBajpaTudecKas OMUOKa —
0.167K, a makcumaJibHasi abcosioTHast omuOKa He mpesbimaer 0.241 K. DkcrepuMeHTaIbHAS BaIUIAIINAS
okasaJja, 9To 006e MOJETH KOPPEKTHO BOCIIPOM3BOIAAT 00Iee pacipeie/ieHrne TeEMIIEpaTypbl B MHOTOCIOM-
HOM muymHapudeckoii cucreme. CpejiHsisi aDCOMIOTHAS OMIMOKA OTHOCUTEBHO IKCIEPUMEHTAJIBHBIX JIaH-
HBIX cocTapiseT 2.872K g ananutudeckoro pemrenus u 3.024K s pereHusi, MOJIYyIeHHOTO METOIOM
SOR. IIpoBenéunblit aHa 13 MOATBEPKIAET BHICOKYIO TOYHOCTb U YCTOWYUBOCTH pa3pabOTaAHHOIO KOHEYHO-
Pa3HOCTHOTO aJTOPUTMA U JEMOHCTPUPYET €ro MPUMEHIMOCTD JJIsl MOJETUPOBAHUS IIPOIIECCOB TEILIOTEpe-
HOCA B MHOTOCJIOWHBIX IUIUHIPUIECKUX KOHCTPYKIUAX. [IpeamosKeHHblil TOIX0D MOXKET OBITh HCIIOIH30-
BaH TIPHU TEMJIOBOM aHajn3e TPyOOIpoOBOIOB, T€0TEPMABHBIX CUCTEM, TEIION30ISIIINOHHBIX KOHCTPYKITHH
U JIPYTUX UHXKEHEPHBIX 00HEKTOB, COJIEPKAIIIX MHOTOCJIOWHBIE CPE/IbI.

KurogueBble ciioBa: TEIIONPOBONHOCTD; ypaBHeHue Jlamsaca; MHOrOC/IONHHAs NUJIMHAPUYecKas 00-
JIaCTh; aHAJUTUYECKOE PEIIeHNe; METOJ[ KOHEYHBIX Pa3HOCTell; MeTo/, 10C/IeJ0BATeIbHON BepXHeil peslak-
canmu (SOR); pacrpenesieHne TeMIIEPATYPBI; SKCIEPUMEHTAIbHAsT BAJUIAINST; OJSIPHBIE KOODJMHATHI;
TEIJIOBOE MOJICJIMPOBAHUE.
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INJINMHAPJIIK KOOPAMHATAJIAPIAYDBI EKI OJINTEM I JIATIJIAC
TEHJAEYIHIH AHAJINTUKAJIBIK 2KOHE CAH/IBIK ITEITIIMI

Anpmarmna

Bya xxymbicTa 6ipTeKTi emec meKapasblK mapTTapbl 6ap KOmKa0ATTh! IUINHIPIIK OOJIBICTATBI CTAII-
OHAPJIBIK, XKBLIYOTKI3MMTIK ecedi 3eprrenemi. Typa ecenTi memryain, eki TOCLI KapacTbIPbLIAIbI: ANHBI-
MaJIbLIapabl XKikTey koHe Pypbe KaTapblHa XKIKTey OJiCTepiHe HeEri3/e/reH aHAJIUTUKAJIBIK TOCLT JKOHE
COHFBI afBIPBIMBIK, AlIPOKCHMAIMs MeH Ti36ekTi »Koraprbl pesakcanus (SOR) anropurmin naiinaiana-
TBIH caHIbIK Tocia. Kabarrap apaceiHmgarsl Tyilicy mapTTapbl KOHE CBIPTKBI IIeKapaiarbl KOHBEKTUBTIK
KBUIyAJIMACy €CKepuIreH yir KabaTThl IMUIMHIAPJIIK Kyile VIIH HOJIApJIBIK KoopauHaTasgapaars: Jlamrac
TeHJIeYiHIH 10/ aHAJIMTUKAJIBIK, IIenriMi ajblHabl. CaHIbIK IIeIIiM YIIiH COHFbI albIPBIMIBIK CXEMa KYPbI-
JIBIII, aJIbIHFAH CBI3BIKTHIK, ajredpaJibik TeHaeyiep xkyieci SOR urepanusibik ogiciMen mrentii. CaHabIK,
TOCLIIIIH JIDJIJIIN aHAJIMTUKAJIBIK, IIIENTIIMMEH YKOHE TEMIIEPATYPAHBIH SKCIIEPUMEHTTIK ©JIITIEMIEPIMEH CAJIbI-
CTBIPY apKbLIbI OarajgaHbl. AJIBIHFAH HOTUXKEJIED AHAJINTHKAJIBIK, JKOHE CAHIBIK IIEIMIEep/IiH 6Te KaK-Chl
coiikecTirin kepcerti. EXi Tocin apacsingars opraa adcomioTTik kare 0.158 K, oprama KBapaTThIK, KATe
0.167K, an makcuMasapl abcoroTTiK Kare 0.241K. DKCHEepUMEHTTIK TeKcepy €Ki MOJEJbIiH e Ko-
MKA0ATTHI MUJINHAPIIK 2Kyiieneri TeMmepaTypaHbIH KaJIbl TAPAIybIH JTYPHIC CUMATTANTHIHBIH KOPCETTI.
DKCIEPUMEHTTIK JiepeKTepre KAThICTBI OpTalia abCOMIOTTIK KaTe aHATUTUKAJBIK TrrernriM yirid 2.872K, an
SOR . mrenrimi yria 3.024 K kypaiier. 2Kyprisiiren tasgay yCbIHBUIFAH COHFBI Al bIPBIMJIBIK, AJITOPUTMHIH,
JKOFaphI JIJIIIr MEH OPHBIKTBUIBIFBIH PACTaIbl XKOHE OHBIH, KONKAOATTHI IUIMHIAPIIK KYPBLIbIMIADIAFbI
JKBLIyaJMacy MPOIECTEPIH MOJEbIeY/ i€ THIMI KOMJAHBIIATHIHBIH KOPCeTe Ti. ¥ ChIHBLIFAH TOCLT KyObIp-
JKOJIIAP/IbIH, TeOTEPMAJIIIBIK, 2KYHeIep i, KbIIyOKINayJIay KYPbLJIbIMIAPBIHBIH KoHe KOIKabaTThl opTa-
JIap/bl KAMTUTHIH OACKA [1a WHXKEHEPJIIK O0beKTIIEPIiH KbLITYJIBIK, TAIIAYBIHIA KOJIIAHBLILY bl MYMKIH.

Tyiiin ce3nmep: »kpuryerkisrimrik, Jlamrac remnjeyi, KONKa0aTThl IUIMHAPJIK OOJIBIC, aHAJTUTUKAJIBIK
1reniM, COHFbI ailbIpbIMIAP 9Jici, Ti30eKTi 2Koraprbl pestakcanus oici (SOR), TemiieparypaHblH Tapasysbl,
SKCIEPUMEHTTIK BaIUIANN, IOIAPJIBIK KOODITHATAIAD, *KBLITY JIBIK, MOJEIBIEY.
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