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Abstract. The mathematical model of heat transfer in a metal- expanded 
polystyrene- metal system is considered in the paper, taking into account 
the stratification and specificity of heat sources that appear in the process 
of thermal destruction of expanded polystyrene. Specificity of heat sources 
is based on the transition of expanded polystyrene from solid to gaseous 
state during the heating of the prototype in the furnace behind the 
temperature regime of a standard fire. Considered the problem of the 
process of nonstationary heat conduction, the simulation was performed 
taking into account the transition time of expanded polystyrene into the 
gaseous phase, and also taking into account the time of action of additional 
heat sources using a numerical scheme based on the finite difference 
method modelling. The time of the loss of the heat-insulating capacity of 
the three-layered wall system was determined. A comparative analysis of 
the results of theoretical and experimental studies to assess their fire 
resistance was carried out. 

1 Introduction 
The urgency of saving energy resources today is an important task of the construction 
industry. In this regard, new methods of energy saving are developed, aimed at the rational 
use of economic resources. This concerns the initial stages of designing buildings and 
structures for various purposes, as well as the final stage of their construction. 

For one of these technologies include the production of multilayer walling, in which 
they aim to combine the appropriate level of heat and sound insulation, fire resistance, 
hygiene requirements and the mechanical strength at the lowest cost, while ensuring 
optimal installation and construction conditions. Such multi-layered enclosing structures 
consist of a frame and fillers. The frame is made of profiled metal, OSB (Oriented Strand 
Board) and QSB (Qualitative Strange Board - high-quality and high-strength wood 
chipboard) plates, also known for the use of magnesite boards. As filler polystyrene 
(hereinafter - PS), mineral wool, polyurethane foam is used. 
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2 Analysis of recent research and publications 
Since experimental studies of fire resistance of such enclosing structures are quite lengthy 
and require significant financial costs, the actual task is to construct mathematical models 
of such processes in order to reduce the costs of these studies and extend the results to other 
materials and multi-layer structures. 

The process of heating of the system under consideration is accompanied by complex 
interconnected processes of heat transfer between the PS and the surrounding medium, 
chemical and physical transformations in the investigated temperature range, including 
chemical destruction of polymers, their melting, and possibly combustion with loss of 
mass, changes in the density and physical structure of materials [1, 2, 3]. 

Attention should also be paid to a wide range of numerical values of thermophysical 
characteristics of materials in a multilayer structure, according to which materials are 
divided into heat conducting and heat-insulating materials [4, 5]. All these materials are 
present in the investigated design simultaneously, which significantly complicates the 
construction of the model and the obtaining of numerical results. 

For a theoretical study of heat transfer in a system, it is necessary to use a mathematical 
model, taking into account the layering of the system and the specifics of heat sources. 

The resulting mathematical model should provide a simple means of assessing the fire 
resistance of the system and be as simple as possible for practical use. 

Consideration of the specific geometrical dimensions of the system, large areas of the 
walls at their relatively small thickness, the assumption is, of their relatively uniform 
heating.  In a fire on one side along the areas length and width, as well as their complexity 
of physical and chemical processes that occur inside the insulation, the transience processes 
are modelled with the use of the mathematical model of non-stationary thermal 
conductivity. Consideration of the processes depend on one-dimensional coordinate system 
layering and a possible dependence of temperature, heat flux, etc. materials characteristics 
of corresponding layers. 

It is necessary to solve the system of equations describing such a model by numerical 
method, since it is inexpedient to change the solution method when improving the model. 

The aim of the study is to determine the time of loss of the thermal insulation capacity 
of a three-layer wall system consisting of two layers of profiled steel 0.5 mm thick and a 
layer of PS 100 mm thick. 

3 Formulation of the study method 

3.1 Statement of the problem of thermal conductivity for the metal-PS-metal 
system 

We consider the one-dimensional heat conduction problem for a three-layer plate, which we 
simulate an actually existing multilayer panel consisting of metal-PS metal (Fig. 1). 
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Fig. 1. Schematic representation of the metal-PS -metal system. Metal 1, PS 2, Metal 1 – materials of 
the medium, C1, C2 – external media, x0, x1, x2, x3 – coordinates of the layers system. 

We consider that in the PS when a certain critical temperature is reached, chemical 
reactions and destruction begin to occur with the release of heat, that is, the process takes 
place in two stages. 

The first stage lasts until the time moment cr  , when the temperature 2T  in the PS  
reaches a critical value crT . 

The heat conduction equations and the initial conditions have the form [4, 6]: 
2
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On the limiting surfaces of the body-medium heat exchange takes place according to 
Newton's law: 
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Conditions for an ideal thermal contact were created on the interface surfaces of the 
system: 
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 where x = xi  ,  (5) 

Here iT  - temperature of the i - th layer of the system, 1СT , 2СT  - the temperature of 
the media in which the fire occurs and from the opposite side, respectively; 

i i i ia     , and  i , i coefficients of thermal diffusivity , thermal conductivity and 
specific heat; i  - density; l  - heat transfer coefficient from the metal surface 
( 1l   at 0x x , 2l   at  3x x ). 

At the second stage for time cr   we assume instantaneous conversion of PS into 
a smoke- gas-air mixture for which the right side of the heat equation includes a heat 
source. Such an assumption reduces the estimated fire resistance time and is therefore 
acceptable. 

That is, for cr   in region 2 of the heat equation will be written: 
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Accordingly, the conditions of contact (5) have the form: 
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Here q  - power of thermal sources , 2 2 2 2
g g g ga     , where g  the index refers to 

values related to the smoke / gas / air mixture. We assume that thermal sources operate 
throughout the q  time. 

To determine the source q in the heat conduction equation, which characterizes the 
intensity of energy sources that are nonlinear with respect to temperature and is directly 
related to the rate of chemical reactions, it is necessary to model the kinetics of chemical 
reactions that occur in the polymer quite accurately. The rate of these reactions is 
significantly influenced by heat fluxes and temperature. The quantitative calculation of the 
effect of heat fluxes and temperature on the rate of chemical reactions in polymers is not 
completely solved by the scientific problem [1, 2, 7, 8, 9]. Therefore, in this paper we use a 
simplified empirical model that takes into account only the power and time of action of 
thermal sources when a certain critical temperature is reached. 

3.2 Numerical scheme for solving the heat conduction problem for a metal-
PS -metal system 

The construction of a numerical scheme based on the finite difference method [10, 11] is 
carried out as follows. We believe that the solution of the problem exists, unique and 
sufficiently smooth for approximation. The region of continuous variation of the coordinate 
along the thickness of the plate x and time  replace by a discrete set of nodes, and instead of 
functions  continuous arguments x and  consider the functions  discrete arguments that are 
defined in the grid nodes by coordinate and time. The grid breakdown over the spatial 
variable has the form: 
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and breakdown by time:  ,   0,1,2,...m m m     . 
Here iN  - the number of nodes in the i-th layer, ih  - the grid step in the i-

th layer,   - step by time. 
We are looking for a grid function ,

m
i jT  , defined by the formula: 
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which at cr   satisfies the systems of finite-difference relations: 
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When cr   instead of equations (9), the following equations will be satisfied: 
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Equations (11)-(13) will also be satisfied  
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Equation (9), (15) is the difference analogue of the differential equations (1), (6) 
respectively, equations (12), (13) are finite-difference approximation of boundary 
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conditions (3), (4), equation (10), (16) is the approximation of the contact conditions on the 
heat fluxes (5), (7), and (11) is the approximation of the conjugation condition to the 
temperature (5). 

Equations (14) are the nodal values of the temperature at the initial instant of time. 
In these approximations, we used a formal replacement by finite-difference second-

order relations of the derivatives with respect to the spatial variable and the first-order 
finite-difference first-order time derivative in the heat equation, asymmetric finite-
difference relations for approximating one-sided derivatives in boundary and contact 
conditions, so that the difference scheme has approximation order 2 2 2

1 2 3( )O h h h     . 
Based on this system of finite-difference equations, the calculation algorithm is written, 

which is an explicit scheme of the method of finite differences. 
It should be noted that the correct choice of steps   and ih  when solving a system of 

finite-difference equations is of great importance. In order to improve the accuracy of 
calculations, the steps for the coordinate and time should be chosen sufficiently small, 
however, in order to avoid the instability of the calculations, it is sufficient to satisfy the 
condition [10, 11]: 

2

2
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i

h
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   , 1, 2,3i  , 
2

22
i
g

h

a
  .                            (17) 

4 The study results 

The developed algorithm is implemented as a program in the Maple package . It may be 
noted that the change in temperature at the surface was set experimentally and 
heated to approximate linear spline time during programming. 

We consider the heat transfer in a system whose characteristics are presented in Table 1. 

Table 1. Study of the heat transfer process for the metal-PS -metal system. 

Parameter The sheet steel I Styrene styrene Smoke - gas-air 
mixture 

Thickness, mm 0.5 100 100 
Coefficient of thermal 

conductivity, / ( )W m K  58 0.037 0.040 

Specific heat, /( )J kg K  470 1340 1100 

Density, 3/kg m  7800 35 0.7 

 
We assume that the heat transfer coefficient on the heated surface by a fire (hereinafter 

– medium 1) 2
1 60 / ( )W m K    , and the coefficient of heat transfer on the surface in 

contact with the medium without a fire (hereinafter - medium 2) – 2
2 3 / ( )W m K   . 

We assume that the temperature of the medium on the unheated surface is constant 
in time: 2 ( ) 18 CСT   o  . Temperature 1( )ÑT   in the furnace was approximated by 

a linear spline: 1
1 1 1 1

( ) ( )
( ) ( ) ( )

20 20
n n

Ñ Ñ n Ñ nT T T
   

  


 
   , 1n n      , where 

the temperature values at time instants 20 ,n n   0,1,...,15n   , are determined 
experimentally, are presented in the second column of Table 2. 
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We accept empirical coefficients cr 60 CT  o  ,  5
31, 4 10 Wq

m
   , 30q C  o  and we 

assume that the temperature at the internal points of the mixture does not exceed the value 
at the metal-PS  boundary. 

The results of calculating the change in the temperature field in the system with time are 
presented in Table 2.  

The upper lines of the table show the values taking into account the heat release during 
chemical reactions, and in the lower rows, when not accounted for the heat release. 

Table 2. Results of calculating the temperature field in the metal-PS -metal system. 

Time, s 1( )ÑT   1 0( , )T x   2 1( , )T x   3 3( , )T x   

0 96 18.0 
18.0 

18.0 
18.0 

18.0 
18.0 

20 158 69.8 
68.9 

69. 8 
69.3 

18.0 
18.0 

40 212 126.5 
121.2 

126.5 
121.2 

23.7 
18.0 

60 255 179.0 
169.2 

178.9 
169.2 

35.4 
18.0 

80 292 225.3 
212.7 

225.3 
212.7 

50.7 
18.0 

100 326 266.3 
251.8 

266.3 
251.8 

66.9 
18.0 

120 347 300.5 
284.8 

300.5 
284.8 

83.5 
18.0 

140 371 329.2 
312.8 

329.2 
312.8 

100.2 
18.0 

160 381 351.9 
335.4 

351.9 
335.4 

116.8 
18.0 

180 394 369.3 
353.0 

369.3 
353.0 

133.0 
18.0 

200 401 383.0 
367.2 

383.0 
367.2 

148.6 
18.0 

220 407 393.2 
378.0 

393.2 
378.0 

163.6 
18.0 

 
As can be seen from Table 2, accounting for chemical reactions greatly affects the temperature 

change in the system. 
Using the obtained model was obtained by solution of the heat problem for the test sample (PS 

combustion) at Tcr = T0 + 140°C = 18°C + 140°C = 158°C, where T0 = 18°C – initial 
temperature. The calculated time for the loss of heat-insulating capacity of the prototype is 
established, which is 3 minutes 42 seconds. 

You can pay attention to the strong acceleration of temperature changes on the surface 
bordering the surrounding environment. This indicates a strong effect of heat on chemical reactions 
that occur in PS. 

It is also possible to note the practical coincidence of the temperature values at the boundary of 
the PS -metal and metal-medium, which can be explained by the very small thermal resistance of 
a thin metal layer with a significant thermal conductivity. 

4.1 Comparative analysis of the results of theoretical and experimental studies of 
the metal-PS -metal system 
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In this division, the calculated and experimental results of studies of the metal-PS - metal 
multilayered enclosing structures system were compared with those obtained in [12]. For 
comparative analysis were taken averaged temperature distribution values for the two samples of 
mark PSW (polystyrene wall). In Fig. 2 shows the time dependence of the temperature change on 
the external unheated surface of the prototype, based on the results of experimental and theoretical 
studies. 

 
Fig. 2. Comparison of the results of theoretical and experimental studies of prototypes. 

As we can see (Fig. 2), the calculated temperature variation curve repeats the 
experimental curve with small deviations. At the time of the onset of the limit state of fire 
resistance on the basis of loss of thermal insulating ability, the discrepancy between the 
temperatures obtained from the results of experimental and theoretical studies is 10°C, 
which is an error of 5%, which is acceptable in understanding of practical usage. 

5 Conclusions  
The problem of non-stationary heat transfer process in the test sample and the PSW 
formed by the quantitative calculation circuit unsteady temperature field in the thickness 
design scheme based on the explicit finite difference method. 

Based on the results of computational and experimental studies, it has been established 
that the time for the loss of thermal insulation capacity for a prototype of the PSW mark is 
about 3 minutes 40 seconds. This is a low indicator for fire resistance and does not allow 
the use of such building structures in accordance with the requirements of regulatory 
documents of both Ukraine and other states. Obviously, the presence of such structures in 
buildings can create unfavorable conditions for life and health of people and lead to great 
material damage in the occurrence and development of a fire. Despite this, it is important to 
increase the fire resistance of such structures. 
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