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ABSTRACT

The aim of the paper is to examine the possibility of application of the spreadsheet
calculator and Reference Fluid Thermodynamic and Transport Properties database to a
thermodynamic process. The heating process of a real soil-to-water heat pump, including
heat transfer in the borehole heat exchanger has been analysed. How the changes of
condensing temperature, at constant evaporating temperature, influence the following:
heating capacity, compressor effective power, heat supplied to evaporator, compression
discharge temperature and coefficient of performance, are investigated. Also, the energy
characteristics of a heat pump using different refrigerants for the same heating capacity
and the same temperature regime are compared. The following refrigerants are
considered: two zeotropic mixtures, R407C and R409A, a mixture with some zeotropic
characteristics, R410A, and an azeotropic mixture, RS07A.

KEYWORDS
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INTRODUCTION

The use of zeotropic and azeotropic mixtures and their influence on the energy
performance of a Geothermal soil-to-water Heat Pump (GHP) is examined in a previous
paper [1]. There the influence of changes in evaporating temperature, at constant
condensing temperature, on the energy performance such as: specific heat supplied to
evaporator, specific heating capacity, specific compressor effective work, compression
discharge temperature, and the Coefficient Of Performance (COP) was presented.
Specific heating capacity and specific compressor effective work decrease as the
evaporating temperature increases. At the same time specific heat supplied to evaporator
increases. Finally, the COP values increase as the evaporating temperature increases.
In this work, how the changes in condensing temperature, at constant evaporating
temperature, influence the energy performance of the same GHP working with the same
refrigerants, will be examined. R407C and R410A are selected as most commonly used
refrigerants in different heat pump types [2]. Two other refrigerants that are not
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prohibited, even though they are not used commonly, are selected for comparison.
Synthetic refrigerants are widely used in Heating, Ventilation, and Air Conditioning
(HVAC) systems, but according to Hydrofluorocarbon (HFC) Phase-Down Regulation,
until 2030 almost 80% of HFCs should be replaced by some more environment-friendly
refrigerants [3]. As possible replacement, hydrocarbons, ammonia and carbon dioxide
are imposed [4]. In paper [5] the application of hydrocarbons as natural refrigerants for
heat pump water heating is studied. R290 and R600a are considered as possible

substitutes for R134a.

Use of soil as a heat source for a GHP that works in both heating and cooling mode is
presented in [6]. Therein, experimental data are given for measured temperatures through
the depth of the Borehole Heat Exchanger (BHE), at the beginning of operation and after
a certain time of GHP operation. Thermo-physical properties of the ground for use in
Geothermal Heat Pump (GHP) are investigated in [7]. Research covers both laboratory
and field tests (thermal response test). Liu et al. [8] studied the use of two sources of heat,
air and water, for heat pump in the heating mode. The impact of the heat source
combination and outdoor temperature on the heating capacity and COP of the system is
presented. Al-Hinti er al. [9] present measurements of climatic conditions and
distribution of temperature at various depths of ground in order to investigate possible
installation of GHP with horizontal heat exchangers. They also present a model of the soil
temperature distribution as a function of time and depth. Bandos et al. [10] applied the
line-source model for borehole heat exchangers and studied the effect of vertical
temperature variations. Application of line source model for simulating near surface
effects on borehole heat exchangers is studied in [11]. Authors presented the variation of
temperature per depth of borehole using semi-analytical model and numerical model.
Marcotte and Pasquier studied the application of numerical and line source model to
describe the impact of operation time on temperature of fluid in borehole heat exchanger
[12]. They also investigated the effect of following thermal parameters: ground thermal
conductivity, ground thermal capacity and borehole thermal resistance on temperature of
fluid in borehole heat exchanger in time. Chargui ef al. [13] examined the mathematical
simulation using TRNSYS software in a study of GHP in heating mode. They studied
application of carbon dioxide as a refrigerant in a trans-critical cycle. Furthermore, [14]
presents theoretical study of heat pump system for a high-temperature application
composed of carbon dioxide trans-critical cycle and R152a subcritical cycle.
The application of azeotropic mixtures as refrigerants for high temperature water source
heat pump is analysed in [15]. Zeotropic (non-azeotropic) mixtures are also analysed as a
possible replacement for allowed refrigerants in a heat pump [16]. Lv et al. [17] studied
the application of zeotropic mixture composed of R32 and R290 in solar-assisted
auto-cascade heat pump cycle. They examined the impact of temperature change in
condenser and evaporator on COP values. In [18], the impact of variation of mass
concentration in binary zeotropic mixture [R32/R1234ze(E)] on the energy performance
of air-source heat pump is presented. The influence of pressure on the temperature glide
of zeotropic and azeotropic mixtures is shown in [19] where the results are obtained by
using a thermodynamic database for real fluids Reference Fluid Thermodynamic and
Transport Properties (REFPROP) Version 8.0.

For the analysis in this paper, a newer Version 9.0 of the same thermodynamic
database REFPROP is used. Also MS Office Excel spreadsheet is used for calculations in
the first part of the paper where the influence of changes in condensing temperature, at
constant evaporating temperature, on the energy performance of a GHP, and the energy
characteristics of a GHP for the listed mixtures and same temperature conditions are
analysed.

The second analysis here includes heat transfer from the ground to the refrigerant in a
BHE. Using the analytical equations of one-dimensional approach [20], the ground
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temperature change during the time of GHP operation, and also the influence of this
temperature change on the energy characteristics of a GHP are examined.

MATERIALS AND METHODS

This section provides characteristics of chosen refrigerants using the REFPROP 9.0
database. Mathematical expressions used for calculation of energy performance and heat
transfer in a BHE are also presented.

The characteristics of refrigerants

Refrigerants used in analysis are two zeotropic mixtures, R407C and R409A, a nearly
zeotropic mixture, R410A and azeotropic mixture R507A. In order to examine the
possibility of their application in the GHP, Table 1 contains their chemical composition
(mass fraction) and Table 2 shows their critical parameters.

Table 1. The chemical composition and molar masses of refrigerants

Analyzed composition in mass [%]

-1

refrigerant _ R22 _R32 _ RI24  RI25 RI34a Ridzp M IkglmolT]
R407C 23 ; ; 25 52 § 3620
R409A 60 : 25 } : 15 97.433
R410A : 50 } 50 : ; 72.585
R507A : : : 50 50 : 98.859

The mixtures shown in Table 1 do not contain any of the prohibited
Chlorofluorocarbons (CFC).

Table 2. The parameters of refrigerants

Critical parameters

Analyzed refrigerant

p [bar] T K] V [m*/kg]
R407C 46.293 359.18 0.0020653
R409A 46.986 382.41 0.0019649
R410A 49.019 344.50 0.0021761
R507A 37.050 343.77 0.0020376

Parameters from Table 2 show that analyzed zeotropic mixtures have higher critical
temperature in comparison to the other two refrigerants. Additionally, Figure 1 shows the
position and shape of the saturation curves on a 7-s diagram for the analysed refrigerants.
The REFPROP 9.0 database is used for the construction of the diagram.
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Figure 1. Saturation curves of the analysed refrigerants in the 7-s diagram
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The maximum condensing temperature is limited by the critical temperature of the
refrigerant in the subcritical heat pump cycle. Therefore, the analyzed zeotropic mixtures

can be used for higher temperature application compared to azeotropic mixture
(cca 15 °Cor40 °C).

Thermodynamic analysis of a heat pump cycle

Specific states of refrigerant in a heat pump cycle and proper description are given in
Table 3.

Table 3. The specific states of refrigerant in a heat pump cycle

Thermodynamic state Description
1" Saturated vapour at evaporating pressure
1 Superheated vapour at compressor inlet

2s Superheated vapour at the end of isentropic compression (hypothetical)

> Superheated vapour at the end of compression with
isentropic efficiency, 7 < 1

3 Saturated vapour at condensing pressure

3’ Boiling liquid at condensing pressure

4 Subcooled hot liquid at condensing pressure

5 Liquid and vapour mixture at the exit of throttle valve

To describe the thermodynamic performance of the analysed cycle some assumptions
were used:

e The whole system is assumed to be in thermodynamic equilibrium;
® Pressure loss and heat loss in heat exchangers are neglected;
¢ Isentropic efficiency, # < 1, is introduced for the compression process:

_Ws _h’l_h2s
S h—h, 6]

n

where /i represents the enthalpy value of the refrigerant at compressor inlet, A2 is the
enthalpy of the refrigerant at the end of hypothetical isentropic compression and /> is the
enthalpy of the refrigerant at the end of compression with isentropic efficiency,
n<l.

Compression discharge temperature, $ at condensation pressure and enthalpy A2 can
be determined after the enthalpy 4 is calculated as:

h,—h,,
hzzhl_# 2)

Specific heating capacity can be calculated as:
q.=h,—h, 3)

where h4 represents the enthalpy of subcooled refrigerant at condensation pressure.
Specific heat supplied to evaporator can be calculated as:

q. =M —hs “)

where /s represents the enthalpy of refrigerant at the entrance to evaporator (the same as
enthalpy h4).
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As the mass flow rate of refrigerant is constant in the cycle, heat flow rates in heat
exchangers and compressor effective power can be calculated as:

=g, 3)
D =q.-m (6)
P=w-it (7
COP is defined as:
cop=4_% 8)
w P

The number of the compressor cycles per unit time (#) is a function of mass flow rate
(m1), specific volume of the refrigerant at the entrance to compressor (vi) and compressor
cylinder volume (V) and can be defined as:

Vv, -1
\%

©)

n=

Thermodynamic analysis of heat transfer in a Borehole Heat Exchanger

In order to describe heat transfer in the BHE, 1-D approach is used according to [20].
Due to high ratio of length to radius of borehole, heat transfer in the axial direction is
neglected. The partial differential equation used for the description of conductive heat
transfer in the radial direction is:

o _ o°T L Lor a0
ot or* ror
The thermal diffusivity of the ground, q, is defined by the equation:
A
a== 11
C (11)
where A isthermal conductivity and C is the volumetric heat capacity of the ground.
The heat transfer rate, g, is defined by the eq. (12):
oT
] ==27Ar,| — 12

along with initial condition 7(r,0) = To. Eq. (10) and (12) can be solved in several ways,
and one solution is adopted:

. 2
q r
T(r,t)=T, +——E.| —
(D =Ty+ l(wj (13)

Figure 2 shows the cross-section of BHE, and the position of grout and ground [21].

244



Journal of Sustainable Development of Energy, Water Year 2018
and Environment Systems Volume 6, Issue 2, pp 240-253
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Figure 2. Cross-section of BHE [21]

Carslaw-Jaeger [20] suggested the solution to exponential integral function (Ej),
according to approximation defined by eq. [20]:

r _ 4at
E (ij:m (7j—7 (14)

where p is Euler’s constant with an approximate value of 0.5772. When the
approximation is inserted in eq. (13), the new equation (infinite line source) is

introduced:
q 4at
Tr,t)-T, =——/|In| — |-
(n0)=Ty 4/lﬂ'|:n( rzj }/} (15

Use of eq. (15) is possible only with constant heat transfer rate. Deficiency of that
approach to heat transfer is in the impossibility of the model to predict the temperature
for:

1<— (16)

It is convenient to introduce the dimensionless radius R which is defined by the
eq. (17):

R=— (17)
Ty

Position R is always greater than 1. For the defined constant R, the temperature of
ground is observed only as a function of time:

o q dat 3
T() %_4ﬁﬂ{ln[R2r02j 7} (18)
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During the time of GHP operation (¢ > 0) in the heating mode, heat is taken from the
ground and transferred to BHE. Therefore, g is considered negative and the temperatures
follow relation 7(¢) < To or 9(¢) < 9o when expressed in Celsius scale:

' 4
()~ = 437[ {m[ Rffz J— 7} (19)

Heat transferred from the ground to BHE is defined as:

¢=1

g

L-A® (20)

BHE

where L presents the length of vertical borehole. Rgxe is the borehole thermal resistance,
the measured data from thermal response test. The assumption is that Rgue remains
constant through the borehole depth and it is taken from literature. The driving force A%
is defined by:

_ [ﬂ(tl) - ﬂe]+ [ﬂ([i—l) - ﬂe]

AY = 1)
2

where () presents the temperature of ground in time #, $(ti-1) presents the temperature
of ground before time increment (Af) in a previous time f#-1 and 9. presents the
evaporating temperature of refrigerant in evaporator. Constant pressure in evaporator is
assumed, so the temperature of evaporation does not change. The assumption is that the
heat taken from ground is directly transferred to refrigerant in evaporator. BHE is
assumed to be the evaporator of refrigerant and therefore the eq. (21) is used. In a real
system, circulating fluid inside BHE takes heat from ground and transfers it to refrigerant
in evaporator.

RESULTS & DISCUSSION

In this section results obtained using the observed methods are given. They are shown
in diagrams with appropriate axis notation, units and legends.

Thermodynamic process in the Geothermal Heat Pump

In order to investigate the behaviour of refrigerants at different temperature, the
evaporating temperature/dew point (91) is held constant (0 °C), and the condensing
temperature/bubble point (93) is changed from 40 °C to 60 °C.

All results are given for the superheating of saturated vapour in evaporator for 5 °C,
and for liquid subcooling in condenser for 5 °C. Isentropic efficiency of the compressor is
set at 60%. Volume of the compressor cylinder is set to 2 dm’. For all analysed
temperature regimes, the heating capacity is set to @. = 20 kW.

The thermodynamic process in the examined GHP with application of R410A is
displayed in the 7, h diagram in Figure 3 for illustration. The diagram is displayed for the
condensation temperature of 50 °C.

On Figure 3, it can be seen that the compression discharge temperature (72) in a
process with isentropic efficiency, # < 1 is higher than in the process with isentropic
compression (T2s). It results in higher specific heating capacity, but also increases
specific compressor effective work. In saturation area it can be seen that mixture R410A
shows no temperature glide that is a characteristic of azeotropic mixtures. In this case,
calculation of states near critical point is avoided because REFPROP gives somewhat
doubtful results.
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Figure 3. T, h diagram of the analysed thermodynamic process with R410A

Figure 4 shows the impact of condensing temperature on the specific heat supplied to
evaporator (ge, dark blue lines) and specific heating capacity (g, red lines) for analysed
refrigerants. Figure 5 shows the impact of condensing temperature on the COP values for
analysed refrigerants.

230

220 Pomermae ——R407C

40 42 44 46 48 SO 52 54 56 58 60
93 [°C]

Figure 4. Impact of condensing temperature change (3,) on specific heat supplied to evaporator
(g¢) and specific heating capacity (g.) for analysed refrigerants

43

cop

40 42 @& @ 48 S0 52 54 S6 58 60
93 [°C]

Figure 5. Impact of condensing temperature change (4,) on the COP values for
analysed refrigerants
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It can be seen from Figure 4 that with the increase of $3 the specific heat supplied to
evaporator (ge) and specific heating capacity (gc) decrease while the specific compressor
effective work (w) increases. As a result, the values of COP significantly decrease as
shown on Figure 5. R410A and R507A show higher values of COP at lower condensing
temperature compared to other two refrigerants. COP curve for RS07A has the steepest
fall and eventually it reaches the lowest COP value at the temperature of 60 °C.
Comparing the results obtained for the same temperature regime, but for different
refrigerants, it can be seen that the specific heat supplied to evaporator (ge) and specific
heating capacity (gc) of azeotropic mixture (R507A) is significantly lower than for other
refrigerants.

Figure 6 presents the impact of condensing temperature on heat supplied to
evaporator (®Pe, dark blue lines) and compressor effective power (P, black lines).

—
1S -Q.-.“.’
~—ala 1Y

40 42 44 46 48 SO 52 54 56 58 60
93 [°C]

Figure 6. Impact of condensing temperature change (9,) on the heat supplied to evaporator (D)
and compressor effective power (P) for analysed refrigerants

The calculated heat supplied to evaporator (®.) decreases and compressor effective
power (P) increases with the increase of 93 to provide the constant heating capacity
(D =20 kW). The significant increasing of compressor effective power with condensing
temperature appears to be for R507A, from 4.79 kW for 9, = 40 °C to 7.67 kW for
&, = 60 °C. R410A is shown to have the highest values of heat supplied to evaporator
(15.28 kW for 4,, = 40 °C and 12.74 kW for 4, = 60 °C).

Table 4 presents specific volume of refrigerants at the entrance to compressor for
calculation of number of cycles per unit time.

Table 4. The specific volume at the entrance to the compressor (v1) for the examined refrigerants

Analysed refrigerant vi [m’kg™']
R407C 0.0522
R409A 0.0767
R410A 0.0339
R507A 0.0320

Figure 7 presents the impact of condensing temperature to mass flow rate (71, light
blue curves) and number of cycles per unit time (7, green curves).

The calculated mass flow rate of the refrigerant (72) and the number of compressor
cycles per unit time (1), are slightly increasing with the increase of 33 as to obtain the

248



Journal of Sustainable Development of Energy, Water Year 2018
and Environment Systems Volume 6, Issue 2, pp 240-253
constant heating capacity (@ = 20 kW). From Table 4 it can be seen that the specific
volumes (v1) of zeotropic mixtures (R407C and R409A) are significantly higher in
comparison with other refrigerants (R410A andR507A). R409A has the highest vi and so
the compressor should have the highest number of cycles (about 220 c. per min.) for
obtaining the same constant heating capacity (@c). R507A has the lowest v but its
compressor cycles are not the lowest because of the highest mass flow rate of this
refrigerant (7 is about 135 c. per min.). The lowest mass flow rate (about 0.095 kg per
sec.) and low specific volume (0.034 m? per kg) result with the lowest compressor cycles

(about 94 c. per min.) for R410A.

250 016  ——R407C
20 ] e e 014 ... R400A
“e e S — R410A
—— 190 01 —
RUNINN it T % — - =R507A
= 170 008 %P
E = R407C
= 150 —_— 006 &
. o i R400A
130 1+ o — — 0,04
T R410A
90 bmmmmmmom=som==amemmmecoqesmgecormooroTT 0 — . -R507A
40 42 44 46 48 50 52 54 56 58 60
3y [°C]

Figure 7. Impact of condensing temperature change (93.) on the mass flow rate (#7) and number of
cycles per unit time (7) for analysed refrigerants

Figure 8 presents the impact of condensing temperature to compression discharge
temperature (9,, violet lines) and bubble point temperature (93,,’ red lines).
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40 42 44 46 48 SO 52 54 56 S8 60
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Figure 8. Impact of condensing temperature change (3,) on the compression discharge
temperature (3,) and bubble point temperature (4,,) for analysed refrigerants

Compression discharge temperature (%) is also increasing with the increase of
temperature 93. All these show that efficiency of GHP decreases when they are used for
high-temperature applications. Comparing the compression discharge temperatures ($2)
for different refrigerants it can be seen that the lowest values (between 61 °C and 86 °C)
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are obtained for the azeotropic mixture (R507A). Much higher values are calculated for
zeotropic mixtures (R407C and R409A) and R410A, with the highest values for R409A
(between 90 °C and 119 °C). It is partially caused by the temperature glide at the constant
evaporating and condensing pressures which for zeotropic mixture can be up to 7 °C.
High COP and low compression discharge temperatures could make the azeotropic
mixtures as a good choice for the GHP refrigerants.

Heat transfer in the Borehole Heat Exchanger

In order to study the heat transfer between BHE and refrigerant the following data are
used: the evaporating temperature of refrigerant is constant and equal to 9, = 0 °C,

starting temperature of ground is 9, =15 °C, radius is ro = 0.030 m, position is defined by

R =1 and the length of borehole L is 100 m. The assumption is that starting temperature
of ground is the same through the length of borehole. Temperatures during BHE
operation are calculated with time increment Atz = 0.02 h. To describe impact of the time
of GHP operation on the heat transferred, the following average values along borehole
length are used [22]: RpuE is assumed to be 0.091 K mW~!, 1 = 1.80 W m~'K~! and
C =2,180 kJ m™K~!. In [23] it is stated that values for heat flow rate in a BHE appeared
to be between 20 and 50 W m™". In this calculation negative values of heat flow rates are
used due to heat transfer from ground to refrigerant.

Figure 9 shows the heat removed from the ground (@) vs. time of operation (¢) for
some studied heat flow rates (g).

18
16
14
— 12 g=-20 Wim
2 10
5 ° g=-30 Wim
6 —— §=—40 W/m
4
2 g=~50 W/m
0

t[b]

Figure 9. Impact of BHE time of operation (f) and heat flow rate (g) on the ground heat (®,)

Heat removed from the ground and at the same time supplied to evaporator decreases
as the time of BHE operation increases. The higher the heat flow rate, the more heat is
transferred from the ground to refrigerant. Calculation starts at 0.08 h according to
limitation of model given by the eq. (16).

Furthermore, how the change in evaporating pressure (temperature) of the refrigerant
affects the heat transfer between BHE and refrigerant was studied. The temperature vs.
time dependence is given by the eq. (19). All parameters were used as in previous
calculation. Initial temperature of the ground is 4, =15 °C and heat flow rate is assumed

to be constant, ¢ = -50 W m™'. Figure 10 shows impact of the evaporating temperature
(J¢) on the heat removed from the ground (@) for some different time of operation (7).
According to calculation and results presented in Figure 10, as the evaporating
temperature of refrigerant increases, the heat taken from the ground and at the same time
supplied to evaporator decreases. In study [1] it is presented that heat supplied to
evaporator increases as the evaporating temperature increases. That relation is valid only
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if there is an unlimited source of heat for refrigerant in evaporator. This study has also
shown that ground is a very limited source of heat so it should be taken into account
during the analysis of a GHP operation.

i8
16

14

12 —i=1h
= 10 ——¢=5h
c,
o 8 {=10h
5 ——¢=15h
4
—=20h
2
0
6 5 &4 3 2 1 0 1 2 3 4 5 6
3. [°C]

Figure 10. Impact of the change in refrigerant evaporating temperature ($.) on the heat removed
from the ground (@,) for different times of operation (¢)

CONCLUSIONS

In the same temperature regime, azeotropic mixtures show lower values of specific
heat supplied to evaporator and specific heating capacity and lower compression
discharge temperature compared to zeotropic mixtures. From presented energy
performance, R410A and R507C are assumed to be more appropriate refrigerants for use.
R410A shows the greatest COP values and the lowest required compressor effective
power for the same heating capacity. R507C shows also high COP and low compression
discharge temperatures. Zeotropic mixtures show temperature glide in two-phase area
that could result in lower required area for heat transfer.

Ground, as a heat source for GHP is very complex for analysis. In the present study
the calculations were made using a simple 1D model of heat transfer in the BHE.
The variation of temperature along the depth could not be taken into account, although
this is a case in a real system as determined by experiments. Using the simplified 1D
model the changes in temperature of ground during the GHP operation are calculated.
The results show that ground is a limited source of heat due to its cooling with the time of
GHP operation. Also, it is shown that rise in the evaporating temperature of the
refrigerant decreases the driving force to the heat transfer and heat removed from the
ground. Accuracy of this calculation should be tested by experimental data in order to
make improvements and further development.

NOMENCLATURE

a thermal diffusivity of the ground [m%s7]
C volumetric heat capacity of the ground [kJ m—K]
h enthalpy of refrigerant [kJ kg™!]
L length of borehole [m]

m mass flow rate kg s

n number of cycles per unit time [min~!]
P compressor effective power (kW]

qc specific heating capacity [kJ kg™!]
qe specific heat supplied to evaporator [kJ kg™
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g heat transfer rate [Wm™]
r radius [m]
R dimensionless radius [mm™]
RBue borehole thermal resistance [K mW™]
t time (h]
T thermodynamic temperature [K]
w specific compressor effective work [kJ kg™!]
Greek letters
n compressor isentropic efficiency [%]
g Celsius temperature [°C]
y) thermal conductivity of ground [Wm'K™
L)) heat flow rate [kW]

Subscripts and superscripts

Tw»m O 06

condensation

evaporation

ground

initial temperature of BHE, radius of borehole
isentropic

boiling liquid

saturated vapour
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