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Abstract. We considered the heat accumulator with a phase-transfer heat-accumulating material, which 
serves for pre-heating of the car's internal combustion engine. Simulation of the heat accumulator operation 
allows to build calculated graphs of temperature change of the heat-accumulating material in time, and 
afterwards to determine the charging time of the heat accumulator depending on its design features, thus, by 
modelling the most optimal design solution. We performed numerical computations of the system engine – 
circulating fluid – heat storage material – environment in two stages. In the first stage, we calculated the 
parameters of thermal resistance in the engine system and pipe manifold for different coolant temperatures 
according to the method of finite volume in the CFD system. In the second stage the problem was solved 
numerically by the method of equivalent thermal circuit. We carried out phase transition simulation using 
the Stefan condition, based on the thermal balance for the phase separation surface. We constructed 
numerical algorithmic models for calculations of temperature change of heat-accumulating material in time. 
Such calculations allowed determining the optimal number of U-shaped tubes based on which we proposed 
the heat accumulator design. We manufactured the heat accumulator, tested, and proved its efficiency and 
positive effect on the engine warm-up time and the passenger compartment.  

1 Introduction 
When the ambient temperatures are low during 
prolonged parking, for example, at night, there are 
difficulties with starting the engine at the beginning of 
operation (the so-called "cold start"). It takes a long time 
to warm up the engine, when the engine is idling, 
consuming a significant amount of fuel, discharging 
exhaust gases into the atmosphere [1], the car remains 
cold for a long time, creating discomfort for the driver 
and passengers.  
Cold start is characterized by decreasing engine life, 
increasing specific fuel consumption (according to 
various sources by 7-20%), the difficulty of ensuring the 
starting speed of the crankshaft, deteriorating of the 
conditions of mixture formation and flame formation of 
the air-fuel mixture. It is caused by decreasing 
temperature of motor oil, fuel, the storage battery, 
details of the engine and features of its starting 
properties.  
In this regard, attention is paid to creating favorable 
conditions for starting the car engine in the cold season. 

2 Literature review 
One of the solutions that minimizes the negative 

effects of cold start is the pre-starting thermal 
preparation of the engine [1]. The specified preparation 
is realized by means of pre-starting heaters which 
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depending on the principle of work are divided into 
electric (220V and 12V), independent, executed in the 
form of the separate gasoline or diesel module, and 
thermal accumulators which are devices for 
accumulation of the released parasitic heat, emitted 
during engine operation in the form of a heated fluid in 
the cooling circuit or thermal energy of the exhaust 
gases. 

The problem of thermal energy accumulation 
through phase transformations is relevant today. This is 
evidenced by numerous publications in the world 
scientific literature. Recent works on this topic include 
using of accumulated energy in heat accumulators in 
such industries as construction [2-5], solar energy [6, 7], 
energy conservation [8-13] and others [14]. Research is 
being conducted on the types of heat-transfer 
accumulating materials and methods of their placement 
in the heat accumulator. As heat-transfer accumulating 
materials, either crystal hydrates of salts and bases or 
organic substances such as paraffins, waxes, etc. are 
used [13, 15, 16]. As for the placement of these materials 
in the heat accumulator, as one of the options proposed 
capsule heat transfer phase transition [17]. 

A number of works investigate increasing the heat 
transfer of phase-changing materials in order to increase 
the efficiency of heat accumulators [12, 13]. 

The studies of heat accumulators using in transport 
technology cover a wide range of issues. Recent 
developments include using of these devices for drying 
car bodies [18], for heating and cooling the working 
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fluid [19], specially designed heat accumulators for 
refrigeration [20], resolving the issues of the location of 
the heat accumulator in the engine system [21]. For all 
these cases the design of the heat accumulator and its 
location in motor transport is offered. 

The most favorable solution for pre-warming up the 
car engine is using of a heat accumulator based on a 
solid-liquid phase transition (fusible heat-accumulating 
materials) [19]. In addition to the phase transition heat, 
the heat from the heating of the solid and liquid phase is 
used. The advantage of such designs is the high specific 
heat capacity, which determines their compactness. In 
addition, the constant temperature of discharging due to 
the phase transition provides greater efficiency 
compared to storage systems without a phase transition. 
Structurally, such heat accumulators can be made in the 
form of shell-and-tube heat exchangers, in the pipe 
space of which moves, for example, the liquid of the car 
cooling system (in our case – antifreeze), and in the 
intertube space there is a phase-transfer heat storage 
material (in our case – ozokerite). When designing such 
devices, it is necessary to model their operation in order 
to determine the optimal heat transfer surface, and from 
it – the number of structural elements, such as the tubes 
of the device.  

3 Research methodology 
We performed simulation of the heat accumulator 

working process for the pre-heating of the car engine by 
compiling the heat balance of a closed circulation 
system [22, 23]. 

We performed numerical calculations of the system 
engine – circulating fluid – heat storage material – 
environment in two stages. The task was divided into 
stages to reduce the need for computing resources – a 
complete finite-volume model of the system requires 
significant computing power. In the first stage, we 
calculated the parameters of thermal and hydraulic 
resistances in the engine system and piping system for 
different temperatures of the coolant by the finite 
volume method in the CFD system (Fig. 1).  

Fig. 1. Estimated CFD-picture of heating the surfaces of the 
engine (a) and the flow line in the channels (b). 
 

In the second stage, the problem was solved 
numerically by the method of equivalent thermal 
circuits. The system of thermal equations for each 
section has the form: 
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or in matrix form: 
 

PTT  ][][ С ,    (2) 
 
where [C] – the matrix of heat capacities (diagonal), 

T – the column of nodal temperatures, Te – the 
temperature of the environment, [Λ] – the matrix of 
thermal conductivities, P – the power vector of the 
thermal source. 

A separate issue is the modeling of the phase 
transition. As is known, on the basis of heat balance for 
the phase interface is usually used Stefan condition [24]: 
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where sn – the displacement of the phase boundary 

in the direction of the normal n, τ – time, T – the 
temperature, qf – the heat of fusion, λl  та λs – the thermal 
conductivity coefficients of the liquid and solid phases, 
respectively. In addition to this condition, most 
Stefanow-type problems use the condition of constant 
temperature at the interphase boundary. 

In our case, it is desirable to model the melting 
process of the working fluid using the method of 
effective heat capacity without the available allocation 
of the position of the phase boundaries, taking into 
account the convective heat transfer in the melt:  
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where сeff, λeff – effective values of heat capacity and 

thermal conductivity, which take into account the heat 
of fusion in the Stefan problem and the presence of 
convective heat transfer, v – velocity field (convective 
currents), q – power of internal heat sources, if they 
belong. To take into account the phase transition, the 
effective heat capacity includes a delta function and it is 
represented as: 
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where T* – the phase transition temperature. 
In the numerical implementation in the finite 

temperature range ΔT for the phase transition point, the 
second term can be replaced by the expression qп/ΔT. 

Some heat-accumulating substances are materials 
with strongly blurred boundaries of phase changes solid 
– liquid. In these cases, the temperature interval of phase 
changes can stretch by several degrees, so the 
temperature dependence of the specific thermal capacity 
с=с(T), which in the phase transition zone has one or 
more peaks, and the phase transition region will not be 
a surface but a spherical solid. It is also possible the 
presence of supercooling during crystallization, which, 
for example, is characteristic of crystal hydrates without 
forming solid particles of additives, but in practice the 
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From this perspective, the set of equations of thermal 
state for each section has the form: 
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where T1, T2, T3 – respectively the temperature 

(average of the volume in the system) of the heat-storing 
material, antifreeze and engine; 

m1 – the mass of heat storage material, m2 – the mass 
of antifreeze involved in heat transfer (for different 
cycles may be different), m3 – useful weight of the 
engine (involved in heat exchange); 

с1, с2, с3, – corresponding to the heat capacity, while 
с1 is given by the method of effective heat capacity as a 
piecewise function in the form: 

122112 )( FTTk  – the heat flux from the material to 
the antifreeze (and the corresponding coefficient of heat 
transfer and area); 

10110 )( FTTk e – the heat flux from the material 

into the environment through the walls of the heat 
exchanger (and the corresponding heat transfer 
coefficient and area); 

20220 )( FTTk e – the heat flow from the material 

to the environment through the connecting pipes (and 
the corresponding heat transfer coefficient and area); 

233223 )( FTTk  – the heat flow from the 

antifreeze to the engine (and the corresponding heat 
transfer coefficient and area); 

30330 )( FTTk e – the heat flow from the engine to 

the environment through its surface. 
Initial conditions T1 – the temperature of the heat-

accumulating material after down time, T2 – the initial 
temperature of antifreeze (calculated as the average 
between the engine and the material, but arbitrary choice 
is proportional to the ratio of volumes in the engine and 
heat exchanger), T3 – the initial engine temperature (take 
as ambient temperature). 

4 Results 
We used numerical calculations of system engine – 

circulating fluid – heat storage material – environment 
in the development of the design of the heat accumulator 
with the heat-accumulating material of the phase 
transition. Ozokerite was used as the heat storage 
material (HSM) and liquid of the engine cooling system 
– antifreeze as a heat carrier. The heat accumulator is a 
heat exchanger in which the antifreeze moves through 
U-shaped tubes, and in the intertube space is ozokerite. 
We proposed this design based on the analysis of 
different types of heat accumulators, heat storage 
substances and heat carriers.  

When designing a heat accumulator it is necessary to 
solve the question of the size of the heat transfer surface 
between HSM and antifreeze, which is provided by the 
tubes of the U-shaped liquid heat exchanger. In this 
regard, we conducted a numerical solution of the system 
(4) for the engine model with heat accumulator (HA) on 
one, three and six tubes. The calculations were 
performed under the conditions specified in table 1. 

Table 1. Model’s parameters. 

Parameter 
groups Name of elements Numerical 

value 

Tube 
parameters 

Number of U-shaped 
tubes 1, 3, 6 

Diameter of tubes, m 0,015 
Estimated total length 
of the U-shaped tube, 
m 

1,1 

Heat 
accumulator 
parameters 

Length of HA, m 0,6 
Diameter of HA, m 0,1 
The area of the casing 
of the heat 
accumulator, m 2 

0,2041 

Volumes and 
masses of HAM 
and coolant 

Base volume of HAM 
(adjustable depending 
on the number of 
tubes), m3 

0,004127 

Base weight HAM 
(adjusted depending 
on the number of 
tubes), kg 

4,1227 

Base volume of 
antifreeze in HA 
tubes (adjusted 
depending on the 
number of tubes), m3 

0,0005829 

Volume of circulating 
liquid, m3 11∙10-3  

Mass of circulating 
liquid, kg 11 

Physical 
properties of 
materials 

Density of HAM, 
kg/m3  2000 

Density of circulating 
liquid, kg/m3  1000 

Thermophysical 
characteristics 
of  
HAM and 
engine coolant 

Heat capacity of 
HAM beyond phase 
transition, J/(kg∙K) 

3600 
(solid 
phase) 
3340 

(liquid) 
Heat transfer from the 
material during 
natural convection 
(standstill), W/(m2∙K) 

1000 

Heat capacity of 
circulating fluid, J/ 
(kg∙K) 

3000 

Heat of phase 
transition, J/kg 140∙103 

Heat transfer 
coefficient through 0,74 
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insulation, 
W/(m2∙K) 
Heat transfer 
coefficient to the 
environment, 
W/(m2∙K) 

10 

Phase transition 
temperature of heat 
storage material, ºС 

70 

Engine 
parameters 

The volume of 
circulating fluid in the 
engine, l 

28 

Engine surface area 
(external), m2 2,7 

Engine surface area 
(internal), m2 2,2 

Engine weight 
(involved in heat 
transfer), kg 

250 

The average heat 
capacity of the 
engine, J/(kg∙K) 

550 

Additional 
parameters 

The thickness of the 
insulation layer 
(foam), mm 

50 

Ambient temperature, 
° C -10 

 
We performed the calculation in the Maple 

environment according to the following finite-
difference scheme: 
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where i – the iteration index when splitting by time. 

In fig. 2 presents the results of solving the system of 
equations (4) for the model engine – heat accumulator 
– circulation system using different design solutions of 
HA.  

Fig. 2. The process of discharging HA with engine cooling 
depending on the number of U-shaped tubes in the liquid heat 

exchanger: a) – one tube; b) – three tubes; c) – six tubes; d) – 
schedule of HA cooling compared to the internal combustion 
engine at idle. 1 – discharge of heat accumulating substance, 2 
– warming up of cooling liquid, 3 – warming up of the engine. 

Calculations give us a picture of HAM cooling. 
From the point of view of efficiency of the heat 
accumulator work its discharge time (engine heating) 
should be the smallest. When using one U-shaped tube, 
the mass of HAM in the intertube space of HAM is the 
largest, cooling is slower. Increasing the number of U-
shaped tubes leads to a decrease in the mass of HAM 
(and, as a consequence, the possibility of heat 
accumulation), and (for a small number of tubes) a 
reduction in the discharge time. 

According to the results of calculations, we see that 
in terms of heating efficiency and efficiency in terms of 
metal consumption the most advantageous solution is 
the design of a heat storage with three tubes. 

The scheme of the heat accumulator for pre-starting 
warming up of the car engine is presented on fig. 3. 

The heat accumulator represents two coaxial 
cylindrical vessels. The inner tank is a shell-and-tube 
heat exchanger with three U-shaped tubes through 
which the antifreeze moves, and the intertube space is 
filled with heat-accumulating material. The gap between 
the two cylinders contains a heat-insulating liquid (for 
example, water or antifreeze), to the same place is built-
in the tubular heating element (THE). 

 
Fig. 3. The experimental sample of the phase transition heat 
accumulator: 

1 – cylindrical tank filled with ozokerite; 2 – U-shaped tube 
for antifreeze, which circulates in the circuit of HA-cooling 
system of the engine (the number of tubes may be different); 3 
– container filled with insulating liquid; 4 – THE; 5 – 
installation grate; 6 – cover; 7 – pipes for input and output of 
antifreeze; 8 – solenoid valves; 9 – engine; 10 – engine cooling 
shell; 11 – the pump of system of HA, 12 – the pump of system 
of cooling of the engine. Dots mark places of temperature 
measurement of HAM.  

 
The heat accumulator works like this. When the car 

moves, the heat accumulator is charged with a thermal 
charge carrier – hot engine cooling liquid (antifreeze), 
which circulates by means of a pump of the engine 
cooling system in a closed circuit through antifreeze 
inlet and outlet pipes, collector chamber, U-shaped 
liquid tube. Passing through the U-shaped liquid heat 
exchanger, the antifreeze heats the phase-transfer heat-
accumulating material and maintains it in a molten and 
heated to a temperature of 95-102°C state. When the car 
stops, the heat accumulator is disconnected from the 
engine cooling system by means of a solenoid valve. 
During the down time car period, the heat-accumulating 
material and the engine cooling liquid (antifreeze) are 
cooled, the heat-accumulating material crystallizes, due 

 
a)     b) 

 
c)     d) 
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system of the engine (the number of tubes may be different); 3 
– container filled with insulating liquid; 4 – THE; 5 – 
installation grate; 6 – cover; 7 – pipes for input and output of 
antifreeze; 8 – solenoid valves; 9 – engine; 10 – engine cooling 
shell; 11 – the pump of system of HA, 12 – the pump of system 
of cooling of the engine. Dots mark places of temperature 
measurement of HAM.  

 
The heat accumulator works like this. When the car 

moves, the heat accumulator is charged with a thermal 
charge carrier – hot engine cooling liquid (antifreeze), 
which circulates by means of a pump of the engine 
cooling system in a closed circuit through antifreeze 
inlet and outlet pipes, collector chamber, U-shaped 
liquid tube. Passing through the U-shaped liquid heat 
exchanger, the antifreeze heats the phase-transfer heat-
accumulating material and maintains it in a molten and 
heated to a temperature of 95-102°C state. When the car 
stops, the heat accumulator is disconnected from the 
engine cooling system by means of a solenoid valve. 
During the down time car period, the heat-accumulating 
material and the engine cooling liquid (antifreeze) are 
cooled, the heat-accumulating material crystallizes, due 

 
a)     b) 

 
c)     d) 

to which heat is released, which maintains the antifreeze 
temperature at 40-45°С for 12 hours to one day 
depending on thermal insulation of the heat 
accumulator. To operate the heat accumulator in order 
to preheat the engine turn on the pump, organizing the 
circulation of the heat carrier – cold engine coolant 
(antifreeze), in the above closed circuit with a U-shaped 
liquid heat exchanger, which heats the coolant to the 
engine. When the car stands for a long time, the THE is 
switched on, which heats the thermal liquid insulation in 
the gap of the double sealed housing up to 80°С. This is 
sufficient to melt the phase-transfer heat-accumulating 
material and to preheat the internal combustion engine 
using the above-mentioned closed circuit with a U-
shaped liquid heat exchanger. When starting the internal 
combustion engine with the help of the engine cooling 
system pump, the engine coolant is circulated along the 
above-mentioned circuit with a U-shaped liquid heat 
exchanger – the heat accumulator is charged. 

5 Conclusions 

 
Modeling with the division of the problem into 

stages can be used in the design and manufacture of the 
heat accumulator of the car engine pre-heating system. 
The CFD-modeling stage allows determining the 
thermal and hydraulic resistances of the system, the 
stage of equivalent thermal circuits allows to predict the 
behavior of the system engine – heat accumulator – 
circulation system as a whole. The manufacture of such 
a heat accumulator and its subsequent testing proved its 
efficiency and a positive effect on the warm-up time of 
the car. Thus, the use of modern modeling methods 
allows determining the dimensions of the heat 
accumulator and predicting the operation of the system 
in different conditions. 
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