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INTRODUCTION

At present, the issue of using alternative 
sources of heat supply, one of which includes 
geothermal heat pumps, is particularly relevant. 
The main element of the heat supply system of a 
geothermal heat pump is the heat-exchange ap-
paratus that transmits the low-potential heat from 
the soil to heat consumers. An important element 
of such a system is a circuit including a soil heat 
exchanger and a thermal pump evaporator. The 
heat withdrawn from the soil is transferred to a 
heat transfer agent of the soil heat exchanger and 
then to a refrigerant in the evaporator. In the said 
circuit, freon of a certain grade is usually used 
as a refrigerant. The objective of the study was 
to develop an integrated mathematical model 
that takes into account the joint operation of the 
ground heat exchanger and the internal circuit of 
the thermal pump.

The processes of heat energy transfer from 
soil to the heat transfer agent of the soil heat 
exchanger, and the processes of heat transfer in 

the thermal pump have been studied by many 
authors. In particular, in the article [Tarasova et 
al. 2011] the calculation of a non-stationary tem-
perature field of a soil body and its influence on 
the thermodynamic modes of operation of a ther-
mal pump during the year was presented, and in 
the article [Bomba et al. 2014] a model that al-
lows calculating the temperature distribution in 
a heat exchanger tube with consideration of the 
convective diffusion transfer of heat was created. 
In the article [Vasilev 2006], the convective heat 
transfer in a soil heat exchanger was taken into 
account, and in the article [Eskilson and Claes-
son 1988] the temperature distribution of a wall 
by the depth of a soil heat exchanger was deter-
mined. The articles [Rej and Makmajkl 1982, 
Yantovskij and Pustovalov 1982] present the re-
sults of basic studies in the field of thermal pump 
calculation, and discuss various thermodynamic 
cycles of their operation. Additionally, several 
studies have been carried out over the last de-
cades to recognize how the use insulation mate-
rial can reduce the heat losses [Lewkowicz et al. 
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2018]. Modeling of individual segments of ther-
mal pumps was performed in the articles [Chen 
et al. 2002, Cao and Faghri 1994, Nishikawara 
et al. 2014]. In the article [Chen et al. 2002], a 
modeling of compressors was carried out and in 
the articles [Cao and Faghri 1994, Nishikawara 
et al. 2014] a research on evaporators of thermal 
pumps was conducted.

FORMULATION OF THE PROBLEM

A common mathematical model can be con-
sidered that takes into account the joint operation 
of a ground heat exchanger and a thermal pump 
circuit. For this model, the subjects of research 
are an evaporator of the thermal pump and a soil 
heat exchanger (Fig. 1).

Along the evaporator (Fig. 1), a refriger-
ant (freon) flows which has a reduced tem-
perature, and is heated by heat of an ethylene 
glycol solution from a ground reservoir, begins 
to evaporate into a gaseous state. In this case, 
the temperature of the ethylene glycol solution 
decreases. In our research, the evaporator as a 
tube-in-tube heat exchanger is taken as a ba-
sis in the assumption; then, the freon enters the 
evaporator in a liquid state and no heat loss to 
the environment occurs.

The material balance equation for the freon in 
the evaporator is written down as

dm𝑓𝑓
dt

= 𝑄𝑄𝑓𝑓 − 𝑄𝑄fг (1)

where: mf is the mass of freon in the evaporator,
 Ǫf, Ǫfr is the consumption of freon in the 

liquid and gaseous states, respectively.

The energy balance equation for the freon in 
the liquid state is written down as

𝑐𝑐pf
𝑑𝑑(𝑚𝑚𝑓𝑓𝑇𝑇𝑓𝑓)

dt
= kF(𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑓𝑓) + 𝑄𝑄𝑓𝑓𝑐𝑐pf𝑇𝑇𝑓𝑓0 − 𝑄𝑄fг𝑖𝑖𝑓𝑓 (2)

where: 𝑘𝑘 = 𝑉𝑉
𝑑𝑑𝑑𝑑𝑓𝑓(𝑇𝑇𝑓𝑓)
dT𝑓𝑓

  is the coefficient of heat 
transfer through the heating surface,

 V is the amount of freon in the evaporator,
 L is the length of evaporator,
 Cpf is specific heat of freon,
 Tf, Tf0 is the temperature of freon in the 

evaporator and its inlet, respectively,
	 χ2i is the temperature of the ethylene gly-

col solution in the evaporator,
 y01 is the coefficient of heat transfer 

through the heating surface,

 y1i is the heat transfer surface between the 
ground reservoir ethylene glycol solution 
and freon,

 Ǫfr is the amount of heat expended in the 
evaporation of freon,

 if is specific enthalpy of freon formed in 
the gaseous state,

 if	=	λ	+	CpfTf, λ is the specific heat of fre-
on evaporation.

By differentiating the left-hand side of equa-
tion (1) as a function of two arguments, and by 
equating to (2), the following equation is obtained

𝑐𝑐pf𝑚𝑚𝑓𝑓
dT𝑓𝑓
dt

= kF(𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑓𝑓) − 𝑄𝑄𝑓𝑓𝑐𝑐pf(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑓𝑓0) − 𝑄𝑄fг(𝑖𝑖𝑓𝑓 − 𝑐𝑐pf𝑇𝑇𝑓𝑓) 
𝑐𝑐pf𝑚𝑚𝑓𝑓

dT𝑓𝑓
dt

= kF(𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑓𝑓) − 𝑄𝑄𝑓𝑓𝑐𝑐pf(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑓𝑓0) − 𝑄𝑄fг(𝑖𝑖𝑓𝑓 − 𝑐𝑐pf𝑇𝑇𝑓𝑓) 
(3)

A similar equation is obtained for the ground 
reservoir ethylene glycol solution passing through 
the evaporator:

𝑐𝑐pk𝑚𝑚𝑘𝑘
dT𝑘𝑘
dt

= kF(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑘𝑘) − 𝑄𝑄𝑘𝑘𝑐𝑐pk(𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑘𝑘0) 
𝑐𝑐pk𝑚𝑚𝑘𝑘

dT𝑘𝑘
dt

= kF(𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑘𝑘) − 𝑄𝑄𝑘𝑘𝑐𝑐pk(𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑘𝑘0) 
(4)

where: Cpk, mk is specific heat and mass of the 
ethylene glycol solution,

Fig. 1. Thermal pump evaporator and soil heat 
exchanger
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 Tk0 is the temperature of the ethylene gly-
col solution at the evaporator inlet,

 Ǫk is consumption of the ethylene glycol 
solution.

Thus, the following system of equations is 
proposed to solve the above-mentioned problem:

{
𝑐𝑐𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝

𝑑𝑑𝑇𝑇𝑝𝑝
𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑘𝑘(𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑝𝑝) − 𝑄𝑄𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝(𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑝𝑝0) − 𝑄𝑄𝑝𝑝𝑓𝑓(𝑖𝑖𝑝𝑝 − 𝑐𝑐𝑝𝑝𝑝𝑝𝑇𝑇𝑝𝑝),

𝑐𝑐𝑝𝑝𝑘𝑘𝑚𝑚𝑘𝑘
𝑑𝑑𝑇𝑇𝑘𝑘
𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑘𝑘(𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑘𝑘) − 𝑄𝑄𝑘𝑘𝑐𝑐𝑝𝑝𝑘𝑘(𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑘𝑘0)

 (5)

Value Tk0 can be determined according to 
[Bomba et al. 2014] by the model of two-dimen-
sional non-stationary process of convective diffu-
sion transfer of heat in a tube of the soil heat ex-
changer. In this case, in the tube having the length 
l and radius r0, the convective diffusion process of 
heat transfer is considered, which is described by 
the following model problem:

𝑎𝑎 (
𝜕𝜕2𝑇𝑇𝑔𝑔
𝜕𝜕𝑥𝑥2 + 1

𝑟𝑟
𝜕𝜕
𝜕𝜕𝑟𝑟 (𝑟𝑟

𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝑟𝑟 )) − 𝜈𝜈(𝑥𝑥)

𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝑥𝑥 =

𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕  (6)

𝑇𝑇𝑔𝑔(𝑥𝑥. 𝑟𝑟. 𝑡𝑡)|𝑡𝑡=0 = 𝑇𝑇𝑔𝑔00 𝑇𝑇𝑔𝑔 ∙ (𝑥𝑥, 𝑟𝑟) , 𝑇𝑇𝑔𝑔(0. 𝑟𝑟. 𝑡𝑡) = 𝑇𝑇𝑔𝑔 ∙ (𝑟𝑟, 𝑡𝑡) 

𝑇𝑇𝑔𝑔(𝑥𝑥. 𝑟𝑟. 𝑡𝑡)|𝑡𝑡=0 = 𝑇𝑇𝑔𝑔00 𝑇𝑇𝑔𝑔 ∙ (𝑥𝑥, 𝑟𝑟) , 𝑇𝑇𝑔𝑔(0. 𝑟𝑟. 𝑡𝑡) = 𝑇𝑇𝑔𝑔 ∙ (𝑟𝑟, 𝑡𝑡) 
(7)
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(8)

where: Tg(x, r, t) is the temperature of the ethyl-
ene glycol solution in the tube of the soil 
heat exchanger at the point with coordi-
nate (x, r) at the time point t,

 v(x) is the convective transfer rate,
 α is the coefficient of thermal conductiv-

ity (α	=	λ/(ρc),
 λ is the heat transfer coefficient,
 ρ,c are the density and heat capacity of the 

ethylene glycol solution, respectively),
 l, r0 are the length and radius of the soil 

heat exchanger,
 Tr(χ,t) is the soil temperature in the loca-

tion zone of the soil heat exchanger,
 α is the heat emission coefficient.

We believe that all the functions appearing 
in assumptions (7), (8) are sufficiently consistent 
along the edges and angular points of the area.

𝐷𝐷 = {(𝑥𝑥, 𝑟𝑟, 𝑡𝑡): 0 ≤ 𝑥𝑥 ≤ 𝑙𝑙, 0 ≤ 𝑟𝑟 ≤ 𝑟𝑟0, 0 ≤ 𝑡𝑡 ≤ 𝑇𝑇𝑔𝑔 < ∞} 

RESEARCH METHODS AND MATERIALS

The solution of equation (6) is obtained as an 
asymptotic series used to determine the tempera-
ture of the ethylene glycol solution Tg(l,r,t) = Tk0 at 
the inlet of the thermal pump evaporator [Bomba 
et al. 2014].

In order to model using the MatLab program, 
the system of equations (5) may be transformed 
as follows:

 

{ 
 
  
𝑑𝑑𝑇𝑇𝑓𝑓
𝑑𝑑𝑑𝑑 =

1
𝑐𝑐𝑝𝑝𝑓𝑓𝑚𝑚𝑓𝑓

(𝑘𝑘𝑘𝑘𝑇𝑇𝑘𝑘 + 𝑄𝑄𝑓𝑓𝑐𝑐𝑝𝑝𝑓𝑓𝑇𝑇𝑓𝑓0 − 𝑄𝑄𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓 − 𝑇𝑇𝑓𝑓(𝑘𝑘𝑘𝑘 + 𝑄𝑄𝑓𝑓𝑐𝑐𝑝𝑝𝑓𝑓 − 𝑄𝑄𝑓𝑓г𝑐𝑐𝑝𝑝𝑓𝑓)) ,

𝑑𝑑𝑇𝑇𝑘𝑘
𝑑𝑑𝑑𝑑 =

1
𝑐𝑐𝑝𝑝𝑘𝑘𝑚𝑚𝑘𝑘

(𝑘𝑘𝑘𝑘𝑇𝑇𝑓𝑓 + 𝑄𝑄𝑘𝑘𝑐𝑐𝑝𝑝𝑘𝑘𝑇𝑇𝑘𝑘0 − 𝑇𝑇𝑘𝑘(𝑘𝑘𝑘𝑘 − 𝑄𝑄𝑘𝑘𝑐𝑐𝑝𝑝𝑘𝑘))
 (9)

A numerical experiment was performed for 
the subject under study based on the model-
ing results. The soil heat exchanger tube with 
radius of r = 0.02m is filled with the ethylene 
glycol solution having the following properties: 
heat transfer coefficient λ	=	0.43W/ms , density 
ρ	 =	 1060kg/m3, heat capacity c=	 3.31kJ/kg. 
The transfer rate of a heat transfer agent in the 
heat exchanger tube is v	=	1	m/s. It is assumed 
that the initial temperature distribution in the 
tube is 𝑇𝑇go0 (𝑥𝑥, 𝑟𝑟) = 5оС , and the heat trans-
fer agent enters the inlet with the temperature 
𝑇𝑇𝑔𝑔 ∙ (𝑟𝑟, 𝑡𝑡) = 2℃ . The length of the heat exchang-
er tube is l = 100ml. For the evaporator, the pa-
rameters of the heat transfer agent at points on the 
saturation line and condensation of the freon of 
R22 grade were determined by the results of the 
obtained value Tk0. Mass flow rate of the refrig-
erant is 0.06 kg/s. As a result, the model of joint 
operation of the ground reservoir and the thermal 
pump evaporator is obtained (Fig. 2).

This model was developed in the Simulink 
environment of the Matlab program using the 
method of reducing the order of derivative and al-
lows studying the static and dynamic characteris-
tics of the subject under investigation taking into 
consideration the heat transfer process in the soil 
heat exchanger tube.

As it passes through the evaporator, freon, be-
ing warmed up with a low-potential heat, starts 
evaporating, while cooling the ethylene glycol 
solution to a temperature of 4°C. This process is 
reflected in the graph (Fig. 3).

The evaporator transient characteristics were 
constructed, where the change rate of the heat 
transfer agent temperature was used as a control 
effect (Fig. 4).

As can be seen, when modeling the mode of 
start-up of the heat transfer agent, under the given 
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conditions, a higher gain ratio and less time con-
stant are observed for v3(χ).

Figure 5 presents the changes in the tem-
peratures of the ethylene glycol solution and 
refrigerant at the evaporator outlet, depending 

on the temperature obtained from the soil heat 
exchanger.

As can be seen, as the temperature Tk0 ob-
tained from a soil heat exchanger decreases 
from 8 to 4.5ºC, no significant decrease in the 

Fig. 2. Study model of joint operation of the ground reservoir and the thermal pump evaporator

Fig. 3. Temperature change graph: 1 – Tk of ethylene glycol solution, 
2 – Tf of freon in the evaporator, at Tk0 = 6°C. T, °C t,c, °C 
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refrigerant temperature is observed. When chang-
ing Tk0 from 4.5 to 0ºC, a significant decrease in 
refrigerant temperature is observed, which is as-
sociated with a decrease in refrigerant void frac-
tion at the evaporator outlet.

CONCLUSIONS

An approach to modeling the joint opera-
tion of the soil heat exchanger and the thermal 
pump evaporator was proposed. When operating 
geothermal heat pumps on a long-term basis, the 
situations may occur where the soil temperature 
near the soil heat exchanger decreases during 
the heating season and in the summer period the 
soil does not have time to warm up to the initial 
temperature, i.e. there is a general decrease in the 
soil temperature potential. In this case, the en-
ergy consumption during the next heating period 
causes a further decrease in soil temperature, and 
its temperature potential decreases even more. 
According to the numerical calculation results, 

the following was established: in case of a de-
crease in the temperature obtained from the soil 
heat exchanger from 4.5 to 0ºC, a significant de-
crease in the refrigerant temperature is observed, 
which is associated with a decrease in the refrig-
erant void fraction at the evaporator outlet. Thus, 
studies have shown that in order to further use the 
thermal pump effectively, it is necessary to imple-
ment changes to the evaporator design for the re-
sidual evaporation of freon.
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