
International Journal for Computational Civil and Structural Engineering, 14(3) 153-160 (2018)

153 

STUDY AND SIMULATION OF HEAT TRANSFER PROCESSES 
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Abstract: The paper presents basic aspects of simulation of pores formation and growth in the foam glass struc-
ture process during raw material mixture high temperature processing. The key mathematical approaches to heat 
transfer processes simulation and the dynamics of the pores radius growth in the raw material mixture structure 
are presented. The key assumptions and restrictions allowing representing the most adequate research outcomes 
at this stage of the subject development are outlined.  
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Аннотация: в работе представлены основные аспекты моделирования процесса формирования и роста 
пор в структуре пеностекла при высокотемпературной обработке сырьевой смеси. Показаны ключевые 
математические подходы к моделированию процессов теплопереноса и динамики роста радиуса поры в 
структуре сырьевой смеси. Обозначены основные допущения и ограничения, позволяющие на данном 
этапе разработки темы представить наиболее адекватные результаты исследования.
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1. INTRODUCTION 

Improvement of the buildings thermal insulation 
and housing and utilities infrastructure energy 
efficiency constitutes one of the energy saving 
directions. Modern requirements related to 
building envelopes energy saving determine the 
use of high-tech materials and systems enabling 
to solve the issue of the buildings effective 
thermal protection.  
Despite the fact that in recent years the issues of 
thermal insulating materials range expanding 
and quality improving has attracted considerable 

attention the construction market continue to 
experience shortage in this product. 
Insufficient attention is given to assessing the 
reliability of newly developed materials in 
buildings envelopes which are often not inter-
linked with climatic, inventory and logistics and 
economic conditions of separate regions of our 
country.  
Pursuant thereto, elaboration of physic-and-
engineering and structural-and-technological 
basis for energy-efficient materials creation 
constitutes relevant objective for the construc-
tion industry. High-performance thermal insu-
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lating material characterized with cellular struc-
ture - foam glass [1] - is gaining increasing ur-
gent imperative. 
Foam glass is a highly porous material (80-
95%), consisting of closed or intercommuni-
cating pores separated by vitrifaction separating 
partitions [2, 3]. Conventionally, foam glass is 
produced on the basis of secondary glass cullet 
or specially welded glass (finely crushed glass), 
with its full or partial introduction into the raw 
material mixture composition [4]. 
Several research directions within which scien-
tists actively conduct their survey are visible in 
the foam glass technology. One of the directions 
is to optimize the raw material mixture heat 
treatment for foamed glass production. The key 
research method of this direction is the mathe-
matical simulation of thermal processing opera-
tions during the foam glass production. 

2. RESEARCH METHODS. PROBLEM 
STATEMENT 

Thermal processing operations simulation is ex-
ecuted on the basis of heat transfer theory which 
allows considering intercorrelation of macro-
physical characteristics of foamed glass produc-
tion engineering operation. 
Consideration of the process physical founda-
tions is not insignificant because the end materi-
al thermal insulating properties are depend di-
rectly on other physic-and-engineering charac-
teristics, which change over time and under 
temperature modification [6].  
During the simulation we take the primary envi-
ronment as the raw material mixture backfilling 
for foamed glass production in the foaming 
mold, where the microdomains not filled with 
crushed glass and gas-forming agents act as 
pores. The primary system is a chaotic structure, 
which causes certain difficulties in the process 
mathematical description, so the necessity in 
elaboration of the arranged mathematical model 
reflecting all the primary structure major peculi-
arities appears. 

It is obligatory to formalize both the heat trans-
fer processes and the physical processes taking 
place when changing the heat treatment modes. 
With temperature increasing, existing moisture 
in the raw material mixture starts to evaporate 
and exits to the furnace chamber for foaming. 
When the temperature values in the furnace 
chamber are close to the values when the glass 
grains melting starts, the backfilling near-
surface layers that are in the immediate contact 
with the foaming mold metal bezels start to melt 
first, and somewhat later (in terms of time) the 
layer, which is heated through convection. The 
process of backfilling near-surface melting (raw 
material mixture) takes place – the backfilling 
central areas are still not heated (due to the sur-
rounding material low thermal conductivity). As 
a result thereof, the gas-emission sources in 
these pores do not operate, while the glass parti-
cles surrounding this center are already being 
foamed, and pore radius growth continues in it. 
Thus, the pore formation material of the charge 
is formed unevenly, which affects the end prod-
uct thermal and physical properties quality. 
In cases where the temporal parameters for the 
raw material mixture conditioning during foam-
ing are not sufficient to enable the glass grains 
melting over the backfill entire volume, the raw 
material mixture centers need more time for 
melting, and thus remain not porous. In cases 
where the foaming period is considerably ex-
ceeding the glass grains melting period, fusing 
of the backfilling near-surface layers takes place 
since gas production sources completely burn 
up through warming up, and the glass viscosity 
decreases, and the molten glass surface tension 
does not allow delaying a dedicated gas phase in 
the formed pores spheres, which exits to the 
furnace chamber for foaming. In such cases, the 
raw material mixture central part becomes more 
porous compared to the raw material mixture 
surface layers. 
Thus, we assume that the distribution of tem-
perature patterns over the backfilling of the raw 
material mixture passes from near-surface areas 
to the center. The first objective of the research 
was to determine and describe the temperature 
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patterns distribution in the raw material mixture 
backfilling volume and to identify the patterns 
of the pore radius growth as a result of its high 
temperature processing.  
The second objective was to determine the con-
ditions for the pores uniform formation over the 
material volume. Such conditions can be creat-
ed, for example, through various technical 
means and technologies, allowing  to influence 
the raw material mixture in real-time, for exam-
ple, the vibration platforms or ultrasonic treat-
ment application as well as application of pow-
ders with different gas-yielding properties (ac-
tivity), combination of these and other techno-
logical influences is possible. 
Difficulties which solution requires the heat 
transfer simplified (or approximate) mathemati-
cal models application appear when developing 
the unified mathematical model able to take into 
consideration all the above mentioned factors.  
As a rule, mathematical physics methods are 
used for the differential equations solution. In 
some specific cases, these equations can be 
solved through numerical methods using com-
puter. However, difficulties related to computa-
tional nature arise herewith. 
In general case, the heat and substance mass 
transfer boundary problem can be represented 
with parabolic type non-linear non-
homogeneous differential equations in particular 
derivatives: 
- heat conductivity boundary problem: 
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where � � � � � �tutuctu ,,,,, BX - is the thermal 
properties of the foam glass charge material 
(density, heat capacity, thermal conductivity), in 
general case depending on the moisture content 
and temperature; 
- initial condition: 
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The initial condition (5) demonstrates that foam 
glass charge material is characterized with an 
arbitrary temperature distribution on a 
coordinate at the moment taken for the reference 
point. 
The boundary condition (6) demonstrates that 
we have assumed the equality of the mold 
temperature and material values from which the 
coordinate  is calculated in the walls contact 
zone of the metal mold for foaming. Condition 
(7) indicates that the objective can be 
considered as a symmetrical one. 
It is obligatory to set the boundary conditions 
and solve the plane problem for one of the coor-
dinates in the modeling early stages. Figure 1 
shows the boundary problem of heat transfer in 
foam glass charge material for the metal mold 
on the x coordinate. 

Figure 1. The raw material mixture model (2)  
– metal mold (1). 

Under these conditions the boundary problem of 
heat transfer in the raw material mixture in met-
al mold shall be recorded as follows: 
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Here: ρ, с, λ – respectively: the raw material 
mixture density, heat capacity and thermal con-
ductivity. 
Let us introduce dimensionless variables: 
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And then the problem (5)-(8) assumes the view: 
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3. RESEARCH OUTCOMES 

Omitting ordinary but cumbersome conversions, 
we provide the final solution of the boundary 
problem in the originals area: 
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Calculation results according to the equation 
(14) are shown in Figure 2 as curves illustrating 
the dimensionless temperature change on the 
dimensionless coordinate depending on the di-
mensionless process time. 
Thus, the equations system (5–8) with initial (2) 
and boundary (3–4) conditions is called the heat 
transfer boundary problem and in general 
demonstrates the temperature patterns distribu-
tion in the raw material mixture. 
Researchers [7] proposed the model based on 
the processes time scales during the required 
porous structure formation in order to describe 
the pores formation physical process in the raw 
material mixture melt: 

Figure 2. Illustration of calculations to the 
equation. Fо: 1) 0.01; 2) 0.1; 3) 0.2; 4) 0.3; 

5) 0.4; 6) 0.5; 7) 0.6; 8) 0.7; 9) 0.8; 
10) 0.9 11) 1.

a
h2
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where τ1 – the crushed glass heating period to 
chalk decomposition temperatures range; a, m2/s
- the mixture thermal diffusivity factor; h, m –
the typical length scale in the mold volume.
Pores formation due to the gas pressure increase 
by gas-emission sources takes place in the pro-
cess second stage: 
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where α' – gas-emission source power factor, 
J/s; P0 – atmospheric pressure, Pa; R – pore ra-
dius, m. 
In describing the second simulation stage the 
authors used the motion equation of a viscous 
incompressible fluid (Navier–Stokes) and conti-
nuity equation in spherical coordinates, simulta-
neously noting that the υ liquid rate around a 

bubble has only a radial component, and due to 
spherical symmetry depends only on R – dis-
tance from the pore center (pore radius) and t –
process time: υ=υ(R,t). The process second 
stage model represents a nonlinear differential 
equation for pores radius R(t) growth over time: 
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where ρ – melt density of cellular glass charge 
stock, [kg/m3]; R(t) – the function of cell radius 
increase over time; α' – power factor of gas gen-
erating source, [J/s]; β' – initial conditions fac-
tor, [J]; R – cells radius [m]; P0 – atmospheric 
pressure, [PA]; σ – melt surface tension factor 
of the cellular glass charge stock, [N/m].  
Analysis of the work outcomes related to foam 
glass porous structure formation suggests using 
equation (18), which describes the single pore 
growth: 
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where R1 – is the pores inner radius [m]; –
molten glass volume within the pores shell; σ –
surface tension factor, [N/m]; 

p
– fluid dynam-

ic viscosity factor [PA·s]; рint. – gas pressure 
inside pore, [PA]; рext. – pressure on the glass 
melt external (outer) boundary, [Pa].
The Runge–Kutta fourth-order method [8] in the 
MathCAD program was used for calculations 
and equation graphical interpretation (18).  
Four function values for two intermediate points 
were used on the following step: two values in 
the center of the step and the two values at the 
ends of the step:  
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Values  and  at calculations are taken as 
variables. 
Changing the values of dynamic viscosity was 
calculated by the formula [9, 10]: 

,       (24) 

where – factor of dynamic viscosity at the 
initial moment of time [Pa·s], To – temperature 
at initial moment of time [K], T – temperature 
[K], A and B – empirical factors. 
Changing the values of surface tension factor 
calculated by the formula [11]: 

,          (25) 

where – factor of surface tension at the initial 
moment of time [N/m].  
Temperature change over time was prescribed 
as follows: 

,             (26) 
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where k – factor taking into account the heating 
rate, – time [sec]. 
Calculations results are presented in Figure 3. 

Figure 3. Diagram of pores radius growth de-
pending on the temperature. 

4. OUTCOMES DISCUSSION 

Application of the equation (18) is admissible 
when making a number of assumptions and al-
lows creating a shared understanding of the 
foam glass foaming process, since glass melt 
viscosity indices exert the greatest influence on 
the bubble growth rate and radius of all the used 
variables, as the start and end values are charac-
terized by changes from 1012 to 10. Glass vis-
cosity value depends on the primary raw materi-
al and pursuant to [12] considerably changes in 
the foaming process (Figure 4). 

5. CONCLUSIONS 

Adequate methods enabling to analytically de-
termine the dependence of the glass melt viscos-
ity on temperature is currently not available, so 
it is necessary to conduct experimental studies 
ultimately limiting the mathematical model ap-
plication only for the particular primary raw ma-
terials used in the experiment. 

Figure 4. Dependence of the glass melt viscosity 
on the glass temperature and class: 1 – "Long" 

glass; 2 – "Short" glass. 

The above mentioned suggests that there exists 
the necessity in mathematical models elabora-
tion capable, with a sufficiently high accuracy, 
to describe the phenomena occurring at the 
foam glass porous structure formation during its 
production, based not only on the thermophysi-
cal, but engineering, economic and other fac-
tors.
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