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Abstract. We study the heat transfer of polymer particles with a roller that 
presses the material of the particles into the fabric. Provided that the speed 
of movement of the tissue with the particles relative to the roller is small, the 
heat exchange of the pressed particles with the environment is not taken into 
account, a mathematical model of conductive heat transfer in the contacting 
roller, polymer particle and reinforcing fabric is proposed. This model 
includes heat conservation equations written with respect to average 
temperatures of the roller, particles, fabric, as well as boundary and initial 
conditions. Assuming that there is perfect thermal contact between the 
polymer particles and the fabric, in the direction of heat propagation the 
average thickness of the pressed tissue particle is small, the layer of material 
of particles and fabric is considered thermally thin, the temperature in it 
varies slightly in thickness. As a result, the initial system of three equations 
is reduced to one equation with respect to the temperature of the roller, which 
is supplemented by the corresponding boundary and initial conditions. In the 
case when the temperature along the radius of the roller varies along its 
radius linearly, the specific heat flux on the surface of the roller is estimated. 
After that, this expression is substituted into the heat balance equation of a 
thermally thin layer consisting of particle material and tissue, which is 
integrated after certain transformations.  

1 Introduction 
In mechanical engineering, light industry, other areas of the economy, as well as in nature, 
processes of pressing particles from soft materials into porous layers, in particular, into fabric, 
are often found. It is known that the process of indentation of particles significantly depends 
on their mechanical properties, which, in turn, are significantly affected by the temperature 
of the particle material. Therefore, the assessment of the temperature of particles in contact 
with the tool (roller) is of practical interest [1-3]. 

Thus, the aim of this work is to simulate the heat transfer of an instrument (roller) with 
particles when they are pressed into the fabric. The following tasks are carried out: 
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1. analysis of the main stages of indentation of the polymer particle material into the tissue 
(Fig. 1); 

2. analysis of the thermal interaction of the polymer particle with the roller and fabric; 
3. assessment of the dynamics of the average temperature of the material of the particles 

during the preload time, taking into account their deformation; 
4. the solution in the engineering approximation of the mathematical problem of contact 

heat transfer between a roller and fabric with deformable particles located between them. 

 
Fig. 1. The main stages of indentation of a polymer particle material into a tissue: 1) indentation start 
(time 0τ ≥ ), 2) indentation at a time point ( k0,5τ τ ), 3) indentation end ( kτ ≤ τ ); k рk тd uτ = ,

тu  – the speed of tissue, particles relative to the roller 

2 Main part 
Suppose that the surface temperature of the roller Tk exceeds the temperature of the particle 
material Tp, as a result of which it is heated. For Tk < Tr, on the contrary, the particle material 
cools. The thermal interaction scheme of a deformable particle and fabric with a roller is 
presented as follows (Figure 2). Let the compressed particle have a cylindrical shape, there 
is no heat transfer on the side surfaces. In the array of roller and fabric, we also select 
cylindrical regions of radius kl . It is believed that through the side surfaces their heat transfer 
is small. The lower surface of the fabric with a thickness of hm is assumed to be thermally 
insulated; the cylinder isolated from the material of the roller extends indefinitely, in the areas 
of contact of the roller and fabric with the material of the particle there is an ideal thermal 
contact [4-9]. 

 
Fig. 2. Scheme of thermal interaction of a particle with a roller and fabric 

Given the homogeneity of the material of the extracted parts, in the absence of internal 
sources, heat sinks, the heat-conjugate problem relative to the average longitudinal 
temperatures of the fabric material, particle, roller Tm, Tp, Tk in one-dimensional 
approximation is written as follows: 
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at the boundaries of the computational domain for 

m m0 : 0z T z= −λ ∂ ∂ = ; 

m m m р р m p: ,z h T z T z T T= −λ ∂ ∂ = −λ ∂ ∂ = ; 

m p p p k k p k: ,z h h T z T z T T= + −λ ∂ ∂ = −λ ∂ ∂ = ; 

k k 0:z T T→∞ → ; 

at the initial moment of time τ = 0 (the beginning of particle compression) 

m m 0 р р 0 k k 0, ,T T T T T T= = = . 

Here  ( )k k k ka c= λ ρ ; kλ , kρ , kс  – thermal conductivity coefficient, density, specific heat 
of the material of the roller; m 0 р 0 k 0, ,T T T  – the initial temperature of the fabric, particles and 
roller; the height of the compressible particle hр changes over time. 

Considering that particles with tissue arrive in preload after radiation-convective heating, 
ideal thermal contact takes place between them, we replace the layer of fabric and particles 
with one layer with averaged thermal diffusivity 

( )m m p p mpa a h a h h= +  and 

average initial temperature 

( )0 m 0 m p 0 p mpT T h T h h= +  ( )mp m ph h h= + . 

Due to the small height hmp compared to the characteristic size of the roller, this layer is 
considered thermally thin, the temperature T  in it varies little in thickness. Entering by 
analogy with a  the averaged parameters 

( )m m р р mph h hρ = ρ +ρ , ( )m m р р mph h hλ = λ + λ , 

we write the heat balance equation of the layer in question as follows: 

mp kch dT q dρ = τ  ,                                              (1) 

where qk  is the specific heat flux entering the selected layer; the parameters ρ , c , mph  
change slowly over time (quasi-stationary approximation). 

Hence, the thermal task of determining the temperature Tk will be: 
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 ( 0 1≤ η ≤ ),                                         (2) 

k k k k0 : ,T q T Tη = −λ ∂ ∂η = =   ,                                   (3) 

k k 01: T Tη = ≈ ,                                               (4) 

k k 00 : T Tτ = = .                                              (5) 

Here 0η = η η is the dimensionless vertical coordinate, the origin of which is located in the 
section z = hmp; 0η  removal from the surface of the roller inward, where the temperature 

k k 0T T≈ ; ( 2
k 0aτ = τ η , k k 0λ = λ η ). 

To obtain engineering solutions, we make further simplifications: we approximate the 
temperature Tk on the segment ( )0 1η = ÷ by a linear dependence 

( )k k 0T T T T≈ + − η   ,                                           (6) 

where the average temperature in the layers of tissue and particles depends on time, ( )T T= τ  . 
Having determined the specific heat flux from (6) (see (3)), substituting qk in (1), we 

obtain the equation 

dT d
T

∗
∗

∗ = − τ .                                                 (7) 

Here k 0T T T∗ = −  , m∗ ∗τ = τ , ( )k mpm ch∗ = λ ρ   . 
The solution of equation (7) has the form 

 ( )*
0 expT T∗ ∗= −τ ,                                                  (8) 

 
where, ( )0 k 0 k 0 00T T T T T∗ = − τ = = −  , 0T  is the average initial temperature of the tissue layer 
with particles. 

Formula (8) allows us to estimate the dynamics of the average temperature of the material 
of polymer particles during the preload time τ  ( )k0τ = ÷ τ  in the quasi-stationary 
approximation, taking into account the decrease in the height of the pressed particle 

( ) ( )p p p k k2 1 0,5h h d v= τ = + τ − τ τ , where ( ( )k т k p pkv u h d d= − , k pk тd uτ = ) [10-12].  

3 Conclusions 
Thus, in the engineering approximation, the mathematical problem of contact (conductive) 
heat transfer between a roller and a fabric with strongly deformable particles between them 
is formulated. A formula has been obtained for assessing the dynamics of heating (cooling) 
of particles during their pressing into the fabric, from which, in particular, it is seen that when 
the particles are flattened, the argument of the exponential function decreases, as a result of 
which the thermal effect of the roller on the temperature of the particles increases. 
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