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A study of the temperature field in metal structures of transport facilities with corrosion-
resistant coating under the conditions of changes in ambient temperature has been con-
ducted. The results of experimentally determined temperature distribution in the surface
vicinity of a galvanized metal sheet are presented. The data were obtained over the day at
positive and negative surface temperatures. Given a generalized boundary condition for
the heat conduction problem, with a solid heated by a localized heat flow through a thin
coating, there has been obtained and analyzed a temperature field. The temperature dis-
tribution across the surface outside the heating region during heat propagation along the
coating was analyzed. Experimental data and model calculations, as well as temperature
calculations allowing for the coating and not, have been compared. It has been established
that the effect of coating on the temperature distribution in the metal structure, when the
solid is heated by a localized heat flow through a thin coating, is insignificant.
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1. Introduction

To protect elements of road or construction structures from the harmful effects of the ambient environ-
ment, thin coatings are applied to the surface. For example, to ensure their durability, metal sheets are
covered with a thin layer of 80-micron zinc. However, under the conditions of operation and external
physico-mechanical influences, this surface coating tends to flake and shell (Fig. 1), which reduces the
protective effect of the coating and the load-carrying capacity of the structures.

The reasons behind flaking lie partly in the difference in heat expansion of the solid material and
the coating when the ambient temperature changes. When the mechanical connection between the
solid and the surface coating is weakened, a change in temperature may lead to the slippage of the
coating on some parts of the solid. This gradually weakens the surface coating, causing its damage [1].
In addition to the levels of temperature differences, the heterogeneity of the temperature distribution
is also an important factor, with the magnitude of the temperature surface gradient being of particular
interest.

2. Literature review

Temperature fields in metal structures with a thin protective coating on the surface under real weather
conditions are of immense interest to researchers, which is reflected by a large number of publications
on experimental measurements and analysis of temperature distributions in structural elements, as
well as tackling and solving topical heat conduction problems [2–5].

Mathematical modeling and formulation of heat conduction problems for the solids with coatings
consists in determining generalized boundary conditions for the solid that take into account the coating
on its surface with different thermophysical characteristics from the material of the main solid [6–8].

950 c© 2022 Lviv Polytechnic National University



Temperature field of metal structures of transport facilities with a thin protective coating 951

The research into heat conduction in solids with thin coatings or internal inhomogeneity can be found
in publications [9–15]. In [16,17], it have been obtained a number of analytical solutions for boundary
value problems with a single-layer coating with boundary conditions of the first and third kind, mixed
conditions, and undergoing the effects of internal heat sources [18,19]. These papers mainly deal with
the heating of the solid through the coating, with the issues of head conduction over the coating and
exchange of heat with the solid and the ambient environment not being elaborated on.

Fig. 1. Damage of zinc coating of metal sheets
on the surface of structures of transport facilities.

Papers [20–22] present temperature distributions
in piecewise inhomogeneous solids and estimate their
impact on the strength of structural elements. The
study of the temperature field in a three-layer model
(defective ferroconcrete pipe reinforced with a metal
corrugated structure) [20] has established the non-
uniformity of temperature distribution across the lay-
ers, which leads to a contact effect defined by non-ideal
conditions of heat exchange at the junction between
the layers. Similar calculation outcomes of tempera-
ture fields have been achieved in the studies on mul-
tilayered bridge structures [21, 22].

Paper [1] introduces an analysis of the effect of non-uniform temperature distribution in the area
of a galvanized sheet on the mechanical behavior of composite metal corrugated structures of trans-
port facilities. The dependence of structure deformation on the temperature function gradient was
established.

Since allowing for the layered coating on the surface of a heat-conducting solid complicates solving
the problem of heat conduction, there have been improved and developed the methods for obtaining
their solutions, which are presented in papers [4, 23, 24]. As regards the stationary heat conduction
problems, analytical solutions from [4] can be obtained and used. In the case of transient heat conduc-
tion, it is necessary to employ numerical approaches of finite element analysis, integral transformations,
etc. [23].

Doing structural analysis under the temperature effects, engineers often encounter the need to
consider the inhomogeneity of the temperature distribution in the structure, which is attributed to the
hardening processes of parts (heating-cooling cycles), or uneven heating during operation. As a result,
this leads to the difficulties in constructing accurate analytical solutions to heat conduction problems
in solids with thin coatings. In addition, there arise difficulties with initial conditions, which require a
spatial temperature distribution at a certain point in time.

According to the conducted review of research into the estimation of temperature fields in struc-
tures with multilayered coatings, it has been established that there are no studies on the temperature
surface distribution in metal structures of transport structures with thin coatings under the climatic
temperature changes in the environment. Therefore, it is still topical to determine and examine the
temperature field in layered structural elements as a result of climatic temperature changes, which in
particular will enable the estimation of temperature deformations and stresses when a thin coating is
in contact with metal sheets of transport facilities.

3. The purpose and tasks of the research

The purpose of the study is to determine the effect of climatic temperature changes on the heating-
cooling of metal structures of transport facilities through a thin coating on their surface.

To achieve the goal, the following tasks were set:
— to conduct experimental measurements of temperature distribution on the surfaces of metal struc-

tures of transport facilities;
— to improve the heating-cooling model of metal structures through a thin coating of its surface;
— to estimate the temperature field of metal structures of transport facilities with a thin protective

coating, when the solid is heated by a localized heat flux.
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4. Experimental measurements of the temperature distribution on the surfaces of the
construction sheets

To determine the heat fluxes acting on the metal structures of transport facilities, the temperature
distribution on their surfaces was measured at positive and negative ambient temperatures (in summer
and winter, respectively). The temperature was measured with a digital non-contact temperature
meter NT-822. The measuring results are given in Table 1.

To determine the heat fluxes affecting the metal structures of transport facilities, the temperature
distribution on their surfaces was measured at positive and negative ambient temperatures (in summer
and winter, respectively). The temperature was measured by a digital non-contact temperature meter
NT-822. The measurement results are presented in Table 1.

Table 1. Distribution of temperature and heat flows on the surface of metal structures.

No Time Air temperature, Surface temperature of metal Heat flux value,
of day Ts,

◦C corrugated sheet, Tp,
◦C q, W/m2

1 7.00 am 16 28.6 2996.90
2 9.45 am 22 30.4 2972.62
3 12.50 pm 27 36.8 2974.16
4 3.30 pm 28 38.7 3013.94
5 5.30 pm 27 37.8 3059.09
6 9.55 pm 26 32.9 2941.07

The maximum positive value of the surface temperature of the corrugated metal sheet was +38.7◦пїЅ
in summer and the minimum negative value was −27.5◦пїЅ in winter. Significant temperature differ-
ences are also noted during the day. Since the structure is exposed to significant changes in temperature,
with the coefficient of linear expansion differing when the temperature of the zinc coating and the base
material change, the temperature deformations and stresses are affected. Constant changes in external
conditions cause gradual aging of the structure surface coating.

On the basis of the experimental measurements of temperature distribution on the surfaces of metal
corrugated structures conducted by the method published in [8], the values of heat fluxes affecting the
structure were calculated. The calculation results of heat fluxes on the surface of the metal corrugated
sheets of the structure are presented in Table 1. Using both heat radiation from the surface and from
the atmosphere, and convective heat exchange, conductive heat flux formed under the influence of solar
radiation, is regularly directed both from the metal sheet into the air and from the air into the sheet,
cooling or heating it.

5. Heating-cooling of the solid through the thin coating of its surface

q

y

x

z

Tc

r

2d

Fig. 2. Heating of the half-space through a
thin coating with a thickness of 2δ.

Let us develop a mathematical model for a specific case of
solid heating from the surface through the coating. Con-
sider a half-space (δ < z < ∞) with a thin coating of its
thickness 2δ, which has different thermophysical charac-
teristics compared with the main part of the solid. The
temperature of the environment (air) near the surface Tc

is assumed constant. Heating results from creating a uni-
form heat flux q in a circular area ρ 6 R on the surface
(Fig. 2).

Outside the heating region, the heat flow q = 0, with
the heat flow having the following form on the surface

q0(ρ) =

{

q when ρ 6 R,

0 when ρ > R.
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The effect of the coating on the temperature distribution in the half-space during its heating will
be considered by using the generalized boundary condition (A.10), presented in Appendix A, which
allows limiting this effect to the condition on the surface z = 0. Thus, the inhomogeneous solid with
multiscale parameters is not taken into account and the heat conduction problem for a half-space with
a generalized boundary condition of the type (A.10) is under consideration.

For the stationary case, given the axial symmetry of the temperature function t(ρ, z), which depends
on two coordinates ρ, z, the heat conduction equation for the half-space is expressed in the form

∂2T (ρ, z)

∂ρ2
+

1

ρ

∂T (ρ, z)

∂ρ
+

∂2T (ρ, z)

∂z2
= 0, (0 < ρ < ∞, 0 < z < ∞). (1)

Provided there is a coating, heat exchange condition (A.14) on the surface z = 0 takes the following
form

4δ2

r0

(

∂2T (ρ, z)

∂ρ2
+

1

ρ

∂T (ρ, z)

∂ρ

)

+ (1 + roµ)λ
∂T (ρ, z)

∂z
+ µ (Tc − T (ρ, z)) + q0(ρ) = 0. (2)

Given (1), it can also be expressed as

−
4δ2

r0

∂2T (ρ, z)

∂z2
+ (1 + roµ)λ

∂T (ρ, z)

∂z
+ µ (Tc − T (ρ, z)) + q0(ρ) = 0.

The other conditions are symmetries when ρ = 0 and no influence at infinity, that the temperature
function is to meet are as follows:

∂T (ρ, z)

∂ρ
= 0, ρ = 0;

∂T (ρ, z)

∂ρ
= 0, ρ → ∞;

∂T (ρ, z)

∂z
= 0, z → ∞. (3)

Let the solution (1)–(3) be expressed in the form

T (ρ, z) = Tc + t(ρ, z). (4)

By applying the Hankel integral transformation

θ(η, z) =

∫ ∞

0

t(ρ, z) ρ J0(ρη) dρ

to Eq. (1) and conditions (2), (3) after substituting Eq. (4) there, the problem of function θ(η, z)is to
be considered by means of the equation

∂2θ(η, z)

∂z2
− η2θ(η, z) = 0, 0 < η, z < ∞, (5)

and the conditions

−
4δ2

r0

∂2θ(η, z)

∂z2
+ (1 + roαT)λ

∂θ(η, z)

∂z
− µθ(η, z) +Q0(η) = 0, z = 0; (6)

∂θ(η, z)

∂z
= 0, z → ∞. (7)

Here,

Q0(η) =

∫ ∞

0

q0(ρ) ρ J0(ρη) dρ = q

∫ R

0

ρ J0(ρη) dρ = q
R

η
J1(ηR),

where J0(x), J1(x) are Bessel functions of zero and first order, respectively.
The solution of auxiliary problem (5)–(7) is

θ(η, z) =
qRJ1(ηR)

(

4δ2

r0
η2 + η (1 + roµ)λ+ µ

)

η
e−ηz . (8)

Then, the inverse transformation is applied, with the temperature function of the form:

t(ρ, z) =

∫ ∞

0

θ(η, z) η J0(ρη) dη.
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Using equality (8), the calculation formula for temperature distribution is derived:

T (ρ, z) = Tc +

∫ ∞

0

qR
4δ2

r0
η2 + η (1 + roµ)λ+ µ

e−ηz J1(ηR)J0(ρη) dη. (9)
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Fig. 4. Curves 1–3 cor-
respond to the temper-
ature distributions for

z = 0; 0.1; 0.2 m.

To calculate the temper-
ature distribution near the
half-space surface by Eq. (9),
it is assumed that the coating
thickness is δ = 0.0001m, the
heat conduction coefficients
of the solid and coating are
λ = 0.6 W

mK
, λ0 = 46.5 W

mK
re-

spectively, the heat exchange
coefficient on the open surface
is µ = 163 W

m2 K
, and the tem-

perature of the ambient envi-
ronment is Tc = 27.8◦C. There is a heat flux q = 3059 W

m2 directional to the solid in the area of the
circle of radius R = 0.05m on the surface. The temperature distribution function T (ρ, z) on the surface
z = 0, if ρ =

√

x2 + y2, is shown in Fig. 3.
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Fig. 5. Temperature profile with
change of distance from the surface
at different distances from the heat-
ing center. Curves 1–3 correspond
to ρ = 0; 0.05; 0.075 m, respectively.

Fig. 6. Temperature distribution on
the surface for different diameters of
the heating region. Curves 1–3 cor-
respond to temperature distributions
for D = 0.1; 0.5; 1 m, respectively.

Fig. 7. Comparison of tempera-
ture distribution in steel sheet with
thin coating (curve 1) and without
it (curve 2). Curve 3 corresponds

to ceramic coating.

Taking into account the axial symmetry T (ρ, z), the temperature is calculated in terms of ρ. Figure 4
shows a comparison of temperature functions at different distances from the surface.

There is a change in temperature directly near the surface, which is explained by the heat prop-
agation in the coating and its transfer partially to the half-space, as well as from the surface to the
environment. Heat flow is not observed at greater distances from the surface, which is also evident
in Fig. 5, the temperature profiles being shown according to the distance from the surface. This is
especially manifested when moving away from the center of heating.

The surface temperature calculated by Eq. (9) outside the area of its heating for given thermophysi-
cal characteristics decreases rather quickly to a temperature equal to the ambient one, i.e., Tc. It should
be noted that the calculated temperature value is less than the value obtained in the measurements in
Table 1. The reason for this is the heating localization by the heat flow. For example, if the diameter
of the heat flow area is increased, the value is close to that presented in the table. Thus, Fig. 6 provides
temperature distributions on the half-space surface for different sizes of the heating region.

If a steel sheet has a zinc coating with relatively high heat conduction, this coating has little effect
on the temperature of the sheet itself. However, it is different if the coating has a low value of heat
conduction coefficient and a greater thickness. Then, its effect on the temperature becomes noticeable.
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Figure 7 compares the temperature distributions obtained by Eq. (9) with a thin zinc coating of a steel
sheet of the previously accepted parameters and characteristics and without it when their characteristics
are the same, as well as the temperature distribution with a ceramic coating λ0 = 2.445 W

mK
with and

without a greater thickness (0.001m).
A thin coating with the characteristics used for temperature calculations has little effect on the

temperature distribution in the metal structure. However, there is a temperature gradient near the
surface that causes longitudinal heat flow.

6. Conclusions

Numerical calculations of temperature distributions and their comparison with measured values demon-
strate the effectiveness of the proposed methodology for calculating the temperature field of metal
structures, with a thin protective coating on the surface considered. This indicates the possibility of
its use for determining the heat impact on the metal structures of transport facilities that are under
natural heating-cooling conditions. The research is to be continued toward establishing the effects of
thermoelastic deformations and stresses on the protective coating of structural elements.

Appendix A. Heat exchange conditions on the solid surface with a thin coating

Consider a homogeneous heat-conducting solid occupying the area Ω, part of whose surface is x ∈ ∂Ω1

covered by a thin heat-conducting layer of constant thickness 2δ. The heat (temperature) characteris-
tics of the solid and coating are different. In the region of the solid, there is a temperature distribution
T (x, y, z, τ) that satisfies the heat conduction equation in the solid region

∆T (x, y, z, τ) −
1

a

∂T (x, y, z, τ)

∂τ
= 0, (x, y, z) ∈ Ω, τ > 0, (A.1)

where ∆ = ∂2

∂x2 +
∂2

∂y2
+ ∂2

∂y2
is the Laplace operator, a ≡ const is the temperature conduction coefficient.

For the coating, an approximate description of heat conduction and heat exchange with the ambient
environment is applied, which is accepted in the theory of thin heat-conducting shells [25, 26]. The
temperature distribution t(α, β, γ, τ) in the mixed coordinate system (α, β, γ) introduced on the middle
surface of the shell satisfies the heat conduction equation

p2t(α, β, γ, τ) +
∂2t(α, β, γ, τ)

∂γ2
= 0, (α, β, γ) ∈ Ωo, τ > 0. (A.2)

Here −δ < γ < δ, the axis γis directed to the solid under the shell (coating), p2 = ∆o − 1

a0
∂
∂τ

is the operator with the derivatives of coordinates on the middle surface α, β, and time τ , ∆o =
1

AB

[

∂
∂α

(

B
A

∂
∂α

)

+ ∂
∂β

(

A
B

∂
∂β

)]

, A, B are the coefficients of the first quadratic form of the middle surface

of the shell, ao =
λo

co
is the heat conduction coefficient, co is the heat capacity, λo is the heat conduction

of the coating. We use the index “o” to indicate the heat characteristics of a homogeneous, uniform
solid coating. It should be noted that γ = δ corresponds to the contact solid surface and its coating.
Therefore, ∂t

∂γ
(when γ = δ) corresponds to ∂T

∂n
on the solid surface ∂Ω1.

On the open surface of the shell γ = −δ, the boundary condition is of the form:

−λo
∂t(α, β, γ, τ)

∂γ

∣

∣

∣

∣

γ=−δ

= µ
(

Tc(α, β, τ) − t(α, β,−δ, τ)
)

+ qo(α, β, τ). (A.3)

For γ = δ, there are the conditions of ideal heat contact with the solid for the shell, i.e. the equality
of temperature and heat flow on both sides of the inner surface of the interface between them:

t(α, β, δ, τ) = T (x, y, z, τ)|∂Ω1
, λo

∂t(α, β, γ, τ)

∂γ

∣

∣

∣

∣

γ=δ

= λ
∂T (x, y, z, τ)

∂n

∣

∣

∣

∣

∂Ω1

. (A.4)
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In Eqs. (A.3), (A.4), λ, λo are the coefficients of solid and coating heat conduction, respectively,
with µ being the coefficient of heat exchange. The solid and shell are presented in their own coordinate
systems. The shell surfaces of the shell γ = δ and solid ∂Ω1 coincide.

Depending on the relevant conditions, a temperature function, heat flux or heat transfer condition
are defined for the remaining solid surface. In addition, the temperature distribution at the initial time
is assumed to be known τ = 0.

The solution of Eq. (A.2) is formally presented in the form

t = pδ
cos(pγ)

sin(pδ)
T1 +

1

3

p2δ2 sin(pγ)

sin pδ − pδ cos(pδ)
T2. (A.5)

Here, for the sake of simplified form, the arguments α, β, γ, τ of the temperature function are omitted,
and the temperature values are averaged with regard to the shell thickness,

T1 =
1

2δ

∫ δ

−δ

t dγ, T2 =
3

2δ2

∫ δ

−δ

γ t dγ.

Further, Tc(α, β, τ), qo(α, β, τ) are substituted with Tc, the ambient temperature near the coating
surface γ = −δ, and qo, heat flow through this surface excluding convective heat transfer.

Let (A.5) be substituted into conditions (A.4) and T1, T2 be expressed in terms of temperature and
heat flow on the contact surface ∂Ω1,

T1 = −
1

p2δ2

(

1 + cot2(pδ)
)−1 δ

λo
λ
∂T

∂n

∣

∣

∣

∣

∂Ω1

+
cot(pδ)

pδ

(

1 + cot2(pδ)
)−1

T |∂Ω1
; (A.6)

T2 = 3
1

p2δ2
(1− pδ cot(pδ))

(

1 + cot2(pδ)
)−1

cot(pδ)
δ

λ0

∂T

∂n

∣

∣

∣

∣

∂Ω1

+ 3
1

p2δ2
(1− pδ cot(pδ))

(

1 + cot2(pδ)
)−1

T |∂Ω1
. (A.7)

The condition (A.3) is also transformed. By substituting the temperature function (A.5) in (A.3),
excluding T1, T2, according to formulas (A.6), (A.7), the condition of heat exchange when γ = −δ is
derived. It includes the temperature and the heat flow on the other surface of the coating, i.e. on the
surface of the solid. Let this condition be presented as follows:

(

cot2(pδ) + 1
)−1

[

(

1− cot2(pδ)
)

− 2
δ

λo
µp−1δ−1 cot(pδ)

]

λ
∂T

∂n

∣

∣

∣

∣

∂Ω1

+
(

cot2(pδ) + 1
)−1

[

−µ(1− cot2(pδ)) − 2
λo

δ
pδ cot(pδ)

]

T |∂Ω1
= (µTc + q0) . (A.8)

Since the coating on the surface of the ∂Ω1 solid is considered thin, its thickness 2δ is small compared
to the dimensions of the solid and surface ∂Ω1. Therefore, the functions from the relations (A.5)–(A.7)
are expanded into series in powers of δ in the neighborhood of zero. For the temperature (A.5), the
following is obtained

t = T1 +

(

1

6
−

1

2

(γ

δ

)2
)

p2δ2T1 +
γ

δ
T2 +

(

1

10
−

1

6

(γ

δ

)2
)

(γ

δ

)

p2δ2T2 +O(δ3).

Moreover, the ratio −1 6
γ
δ
6 1 is considered small. The magnitude of the order δ, i.e., to linear

approximations in δ, is an assumed limitation. Thus, approximations for T1 and T2 are of the form:

T1 = T |∂Ω1
−

δ

λo
λ
∂T

∂n

∣

∣

∣

∣

∂Ω1

, T2 =
δ

λo
λ
∂T

∂n

∣

∣

∣

∣

∂Ω1

,

as well as a linear approximation of the temperature

t = T1 +
γ

δ
T2,

or

t = T |x∈∂Ω −
(

1−
γ

δ

) δ

λo
λ
∂T

∂n

∣

∣

∣

∣

x∈∂Ω

.

Mathematical Modeling and Computing, Vol. 9, No. 4, pp. 950–958 (2022)



Temperature field of metal structures of transport facilities with a thin protective coating 957

The generalized boundary condition (A.8) in the same approximation has the form 4

ro
δ2p2 T |∂Ω1

+
(1 + roµ)λ

∂T
∂z

∣

∣

∂Ω1

+ µ
(

Tc − T |∂Ω1

)

+ q0 = 0.

4

ro
δ2p2 T |∂Ω1

+ (1 + roµ)λ
∂T

∂z

∣

∣

∣

∣

∂Ω1

+ µ
(

Tc − T |∂Ω1

)

+ q0 = 0. (A.9)

Here, ro =
2δ
λ0

is the heat resistance of the shell.

By substituting the operator p2 = ∆o − 1

a0
∂
∂τ

in (A.9), the generalized condition of solid heat
exchange in the linear approximation with the environment through a thin coating is derived:

4δ2

ro

(

∆o T |∂Ω1
−

1

a>

∂T

∂τ

∣

∣

∣

∣

∂Ω1

)

+ (1 + roµ)λ
∂T

∂n

∣

∣

∣

∣

∂Ω1

+ µ
(

Tc − T |x∈∂Ω1

)

+ q0 = 0. (A.10)

The heat conduction equation (A.1) will be solved with the generalized condition of heat ex-
change (A.10) on the solid surface.
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Температурне поле металевих конструкцiй транспортних споруд з
тонким захисним покриттям

Гера Б., Ковальчук В., Дмитрук В.

Нацiональний унiверситет “Львiвська полiтехнiка”,

вул. С. Бандери, 12, Львiв, Україна

Проведено дослiдження температурного поля в металевих конструкцiях транспорт-
них споруд з антикорозiйним покриттям при змiнах температури навколишнього сере-
довища. Наведено результати експериментально визначеного розподiлу температури
в околi поверхнi металевого оцинкованого листа. Данi отримано у рiзний час доби
при додатних та вiд’ємних температурах на поверхнi. З використанням узагальненої
граничної умови для задачi теплопровiдностi отримано i проаналiзовано темпера-
турне поле при нагрiвi тiла локалiзованим тепловим потоком через тонке покриття.
Проаналiзовано розподiл температури на поверхнi за межами областi нагрiву при по-
ширеннi тепла вздовж покриття. Проведено спiвставлення експериментальних даних
i модельних розрахункiв, а також розрахункiв температури при наявностi i вiдсутно-
стi покриття. Встановлено, що вплив покриття на розподiл температури у металевiй
конструкцiї, при нагрiвi тiла локалiзованим тепловим потоком через тонке покриття,
є незначним.

Ключовi слова: нагрiв через тонке покриття, узагальненi граничнi умови, мета-

лева конструкцiя, температурне поле.
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