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Effects of secondary fluid flow rate on cooling performance of vapor
compression systems
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Abstract

The vapor compression cooling devices operate on the same principle as heat pumps. In these types of machines thermal
energy is transferred from the cold environment to the warmer side using provided power by the compressor. In this study,
the effect of air flow rate on the cooling performance of vapor compression cooling devices has been investigated by
simulating a designed system in AVL CRUISE™ M program. The simulated model is air-to-air cooling machine and
refrigerant R134a was used as circulated gas inside the system. COP value of the system has been calculated in different
working conditions and obtained results have been fully discussed. Accordingly, enthalpy variation in every element of
the heat pump has been calculated in different working conditions and discussed on P-h diagram. This study presents a
simulation method that is a practical solution method in the field of heat pumps, cooling machines and refrigerators which
can be considered before installing device in order to have a proper prediction of the system performance.
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Buhar sikistirmali sogutma cihazlart 1s1 pompalariyla benzer prensipte ¢alisir. Bu tiir makinelerde kompresor tarafindan
tiiketilen giiciin kullaniimasiyla soguk ortamdan sicak olana isil enerji transferi ger¢eklestirilir. Bu ¢alismada, AVL
CRUISE™ M programinda tasarlanan bir sistemin simiilasyonu yapilarak hava akis hizimin buhar sikistirmali sogutma
cihazimin sogutma performansina etkisi incelenmistir. Simiilasyonu yapilan model havadan havaya sogutma makinesidir
ve sistem i¢inde sirkiile edilen gaz olarak sogutucu akigkan R134a kullanilmistir. Sistemin COP degeri farkli ¢alisma
kosullarinda hesaplanmus ve elde edilen sonuglar tiimiiyle tartisiimistir. Bu dogrultuda, 1s1 pompasinin her elemanindaki
entalpi degisimi farkll ¢alisma kosullarinda hesaplanmis ve P-h diyagrami iizerinde ele almmistir. Bu ¢alisma, sistem
performansinin dogru bir sekilde tahmin edilebilmesi i¢in cihaz kurulumundan once dikkate alinabilecek 1s1 pompalari,
sogutma makineleri ve buzdolaplar: alaninda pratik ¢oziim yontemi olan bir simiilasyon yontemi sunmaktadir.
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1. Introduction
1. Giris

The design, environmental pollution and its
impacts on ozone layer depletion, global warming,
climate change, and etc. as well as shortage of
energy sources are primary significant issues that
need to be investigated by researchers (Zheng et al.,
2016). Heating, ventilation and air conditioning
systems (HVAC) are a basic necessity in providing
human thermal comfort. Energy consumed by
HVAC systems accounts for almost half of total
building energy consumption in developed
countries and is expected to exceed 30% of global
electricity demand by 2050 (Yang et al., 2019).
Thus, HVAC systems have attracted great attention
recently for their high efficiency, energy-saving,
and environmental friendliness. Due to the
continuous increase in energy demand, costs and
related environmental problems, the energy-saving
of these systems is a very important issue. The
performance of a HVAC system depends on the
adaptation of many energy equipment such as the
tubing, compressor, and isolation components and
the factors such as icing problem that cause the
thermal resistance on the heat transfer surfaces. On
the other hand, the fin spacing of the heat
exchanger, air and refrigerant temperature, air
relative humidity (RH) and air velocity are
parameters that affect the efficiency of the system.
Many studies have been carried out to optimize
HVAC system performance and thus increase the
COP. Examples of these studies include electric
heater defrosting (Bansal et al., 2010; Knabben et
al., 2011) energy storage defrosting (Joppolo et al.,
2012; Zhongbao Liu et al., 2017; Tan et al., 2015;
D. Wang et al., 2012), and bypass cycle defrosting
(Zhongbao Liu et al., 2018), hydrophobic fin
coatings (Zhongliang Liu et al., 2006; F. Wang et
al., 2015; S. W. Wang & Liu, 2005), solid desiccant
(Tang et al., 2016; Z. Wang et al., 2014) and so on.
Schneider, (1978) proposed a new non-freezing air
source heat pump water heater system coupled to
an extra heat exchanger covered by a solid
desiccant with an energy storage device. In their
experiments, they found a 7.25% to 46.3% increase
in the mean COP of the system compared to hot gas
bypass defrost and electrical resistance heating,
respectively. On the other hand, the effect of air
velocity on possible icing on the evaporator is
unclear. Schneider, (1978) reported that the frost
growth was independent of the Reynolds number
(Re) and thus the air velocity. ONeal and Tree,
(1984) reported that at Reynolds numbers below
the critical Reynolds number (about 15,900 for
flow on a parallel-plate heat exchanger), the effect
of air velocity on icing growth is significant, and
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otherwise, it is not significant. Lee et al., (2013)
used a circular tube heat exchanger and found an
increase in frost growth rate relative to air velocity,
but not for air velocities greater than 0.97 m/s. In
contrast to these researchers, Yan et al., (2003)
reported higher frost growth at lower air velocities.
Although a substantial amount of fundamental
research has been done on frost under various
operating conditions and geometries, the effect of
air velocity on frost growth rate remains uncertain.

In this context, heat pumps and cooling devices
have a notable role due to their importance in the
effective heating and cooling in residential and
industrial applications (Gaigalis et al., 2016).
Moreover, heat pumps and cooling devices are
employed in different industrial fields including
food industry and drying (Ozyurt et al., 2004), air
conditioning systems (Afshari et al., 2020;
Yumrutas & Unsal, 2012), drying of textiles
(Ameen & Bari, 2004) and etc. In general, vapor
compression cycles can be compared in the terms
of efficiency and performance using coefficient of
performance or COP, which is a ratio of the useful
cooling in refrigerators or heating in heat pumps to
the work consumed by a compressor (Afshari et al.,
2016).

In the literature heat pump systems have been
evaluated in the terms of performance, energy and
exergy efficiency considering overall system and
its elements separately. The influence of the charge
amount in vapor compression systems on the COP,
power consumption and efficiency was
investigated under different working conditions in
order to achieve an optimal charge amount of the
cooling refrigerant (Shen et al., 2009). Refrigerants
replacing in a heat pump system can affect the
performance deeply in terms of coefficient of
performance. Karagoz et al., (2004) investigated
refrigerant change and used the low ODP and low
GWP gases in the same system. In addition,
refrigerant mixtures were produced and various
mass fractions and refrigerant types were
examined. Piscaglia et al., (2016) conducted an
experimental study to analyze seasonal
performance of vertical borehole ground source
heat pump device. The established experimental
system was operated and its impact on the
sedimentary heat reservoir was surveyed during
four years.

Carrilho et al., (2017) studied the effects of icing
on the external surface of the evaporators in
refrigeration cycles. They discussed the ice layer
formation over evaporator surface as heat
exchanger for several values of air flow rate,
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temperature and relative humidity. Their
evaluation on the icing thermal resistance
demonstrated the importance of air conditions and
heat exchanger configurations.

Nada et al., (2015) designed a test rig to study the
fresh  water production rate and cooling
performance under different air flow rates, air inlet
temperature, specific humidity and evaporator
saturation temperature. According to their
experimental results, an improvement on the fresh
water production rate and the refrigeration capacity
can be obtained with increasing air specific
humidity and air mass flow rate.

Ramadan et al., (2015) concluded a study on the
heat recovery concept in HVAC applications
working on refrigeration cycles. They focused on
the waste energy of the condenser hot air to preheat
the domestic water. They have changed the water
and air flow rates, and the results showed that the
water can be heated depending on the mass flow
rates and cooling loads of the HVAC system.
According to their modeling results as the air flow
rate decreases, the system efficiency increases.

This theoretical simulation study, devoted to a
detailed attempt to evaluate the effects of flow rate
of secondary fluid on the performance of vapor
compression system. Energy based calculations
have been performed to find out COP value of the
heat pump under different working conditions. The
literature research gap is the missing of P-h cycle
motion of heat pump systems under different flow
rates of secondary fluid, which is presented and
discussed in this work. In addition, obtained results
have been compared with the literature in terms of
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performance and COP value. There is a good
agreement between research available in the
literature with this present study.

2. Simulation method
2. Simiilasyon yontemi

The simulation method has been carried out using
AVL CRUISE™ M program as a model-based
system, which is a vehicle simulation platform.
With the help of this program, high-quality, real-
time capable subsystem models of the engine,
powertrain, 1-dimensional fluid flow, after-
treatment, electrical and control system domains
can be seamlessly integrated.

In the CRUISE™ M program, it is also possible to
perform modeling studies that support the
simulation of refrigerant circuits such as air
conditioning systems. In this study, the system
model was created by using the basic cooling
system elements in CRUISE™ M. It should be
stated that, CRUISE™ is a flexible simulation
solution that supports a wide range of applications
and has a very high accuracy. By using a numeric
solver and the ability to run real time applications,
this simulation tool is very fast and accurate. In
addition, this method can accurately and reliably
predict the energy management of a designed
energy system to evaluate operation efficiency and
performance. In Figure 1, the schematic diagram of
the simulation is presented including the
components of the relevant system. This model
shows a basic single-stage air conditioning circuit
designed to include a sub-cooler. The circulating
refrigerant is R134a.

i
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Figure 1. Schematic diagram of the basic single-stage air conditioning circuit
Sekil 1. Temel tek kademeli iklimlendirme devresi sematik diyagrami
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In the model, there are four main components
including evaporator, compressor, condenser and
expansion valve. Evaporator is a multi-port
extruded tubes heat exchanger used to simulate the
heat transfer between moist air and refrigerant as
well as the pressure-drop phenomena through the
heat exchanger of a user-defined geometry. The
heat exchanger is 60%x305.5%199 mm in size and
has 7 cells per path produced from aluminum-
based material. Similarly, the heat exchanger
model for the condenser is 17.5%x340%530 mm in
size and 5 cells per path. The compressor is a
component used to simulate gas compression in the
vapor compression cycle. Geometric volume and
relative stroke are 1.5e-4 m® and 0.616547,
respectively. The isentropic and volumetric
efficiency of the compressor is 0.7.

One of the factors that determines how much heat
the cooler can absorb in the cooling circuits is sub-
cooling. Sub-cooling is a process that takes place
inside the condenser shortly before refrigerant
passes through the evaporator. The main purpose
of subcooling is to lower the temperature of the
refrigerant to any temperature below its saturation
temperature. In this regard, an extra heat exchanger
which is 17.5-50-530 mm in size has been added
between condenser and expansion valve in order to
add the sub-cooling process. In the valve
component of the program, mass flow rate is
calculated in dependency of pressure drop using
Bernoulli equation. The effective flow area of the
valve is 4.08545e-7 m?. In the model, there is a
separator component used to separate the coolant at
the inlet port into a liquid and a gas phase.
Additionally, there are two resistor components in
the model simulating a pressure drop by the usage
of a quadratic correlation. The pressure drops in the
RST1 component between the condenser and the
separator components and RST2 component
between the separator and sub-cooler components
have been defined as 0.025 bar. In this study, the
system has been operated under different air flow
rates including 0.1, 0.15 and 0.2 kg/s to evaluate
performance of the unite in different working
conditions.

2.1. Calculations
2.1. Hesaplamalar

In this section, equations and formula used in the
calculations are presented. In the air to air cooling
systems, the heat transfer rate in the evaporator and
condenser can be obtained from the air temperature
change in the inlet and outlet sections as:

15

Qevap = [macp,a (Ta,in - Ta,out) ]evap (1)

Qcond = [macp,a (Ta,in - Ta,out) ]cond (2)

On the other hand, enthalpy changes in the
evaporator and condenser can be used to evaluate
heat transfer rate as:

Qcond = m,h, —m,hs (3)

Qevap = m;h; —m;hy 4
Having the power consumption of the compressor
and the heat transfer rate in the evaporator
coefficient of performance (COPL) of the cooling
device can be expressed as:

COP, = ~evap. (5)

Wcomp

3. The simulation results and discussions
3. Simiilasyon sonuglar ve tartisma

The defined cooling unite has been operated under
different working conditions and obtained results
have been presented on diagrams in order to
evaluate efficiency of the system. As a first step,
and with the aim of survey uncertainty of the
simulation, heat transfer rate in condenser was
calculated by wusing enthalpy variation of
refrigerant and temperature change of the air as
second fluid in different air flow rate in the
condenser. In fact, heat transfer amount from the
refrigerant should be equal to that of received by
flowing air. In Fig. 2, obtained results show that a
good agreement can be achieved by comparing
results between two fluids.

The compressor can be defined as the main element
of the system which is employed to provide the
required energy to circulate refrigerant in the
circuit. Pressure and temperature of the refrigerant
are increased during compression process. In Fig.
3, compressor inlet and outlet pressures have been
presented with respect to the applied air flow rate.
In the experiment’s outlet pressure is
approximately 6 times the inlet pressure. From the
figure it can be seen that, with an increase in air
flow rate pressure values increase in both inlet and
outlet side due to receiving higher energy values in
the evaporator.
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Figure 2. Heat transfer rate in condenser versus air flow rate
Sekil 2. Havann kiitlesel debisine gore birim zamandaki 151 transferi
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Figure 3. Compressor inlet and outlet pressures with respect to the air flow rate
Sekil 3. Havanmn kiitlesel debisine gore kompresor giris ve ¢ikis basinglar

In Fig. 4, compressor inlet and outlet temperatures
have been presented with respect to the different air
flow rate in the evaporator. Temperature rises
significantly as a symbol of energy at the
compressor outlet. At low air flow rates (0.1 kg/s)
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the temperature drops even below zero. In general,
with an increase in the air flow rate, the
temperature of the compressor increases gradually
as shown in the figure.
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Figure 4. Compressor inlet and outlet temperatures with respect to the air flow rate
Sekil 4. Havann kiitlesel debisine gore kompresor giris ve ¢ikis sicakliklart

As one of the main factors in evaluating system
performance, COP variations are presented in fig.
5. It can be stated that, COP value varies as a
function of secondary fluid flow, which is air in this
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study. In the figure, it can be seen that the amount
of COP increases significantly as the air flow
increases. With increasing air flow from 0.1 kg/s to
0.2 kg/s the amount of COP increased by about 6%.
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Figure 5. COP variations with respect to the air flow rate
Sekil 5. Havanmn kiitlesel debisine gore COP degisimleri

In the vapor compression cycles, any change in the
operating conditions can cause a change in the P-h
diagram. A change in the energy provided in the
evaporator or compressor can move the cycle up or
down in the related P-h diagram. In Fig. 6, vapor
compression cycles have been presented on p-h
diagram to show how any change in air flow rate
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changes the cycle. In the figure, cases one, two and
three represented 0.1 kg/s, 0.15 kg/s and 0.2 kg/s
air flow rates respectively. From the figure it is
clear that, as the amount of energy supplied to the
evaporator increases by applying higher amount of
air flow, the cycle is transferred to higher levels,
where the amount of energy is also high.
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Figure 6. Vapor compression cycles for all experiments in the P-h diagram (case one 0.1 kg/s, case
two 0,15 kg/s and case three 0.2 kg/s air flow rates)

Sekil 6. P-h diyagraminda tiim deneyler icin buhar sikistirma ¢evrimleri (hava debileri birinci
durumda 0.1 kg/s, ikinci durumda 0.15 kg/s ve ticiincii durumda 0.2 kg/s)

In Fig. 7, air temperature difference in evaporator
versus air flow rate is presented. It can be stated
that, as air velocity increases, the passing air has
less time to cool down inside the evaporator and as
a result the temperature change is not happening
efficiently. Maximum change in the air

25 T

20 4

Temerateure (°C)

temperature was recorded as 20.5 °C, when air flow
rate is 0.1 kg/s. In Table 1. a literature review has
been carried out and the obtained results in the
present study have been compared with the
literature.

0,1

0,15 0,2

Air Flow rate (kg/s)

Figure 7. Air temperature difference in evaporator versus air flow rate
Sekil 7. Havanmn kiitlesel debisine gore evaporatérdeki hava sicaklig fark
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Table 1. A comparison of the results obtained in the present study with the literature
Tablo 1. Calismada elde edilen sonuglar ile literatiir sonuclarinin karsilastirilmasi

Reference Refrigerant  Type of study

Type of analysis

COP Location Results

Simulation-

Biaou et al., (2008) - Theoretical

Experimental +
Simulation
(Theoretical)

Bilgen et al., (2002) R410A

R22,
R407C,
R404A and
R-134A

Al-Nadawi, (2021) Experimental

Afshari et al.,

(2019) R407C

Experimental

Liuetal., (2013) - Experimental

Simulation-

R134a Theoretical

This study

Energy

Energy— Exergy

Energy— Exergy

Energy— Exergy

Energy

Energy

Various methods for supplying
domestic hot water were examined in
different climates and alternatives
such as a regular electric hot water
tank; ground source heat pump with
electric  backup; thermal solar
collectors; a heat pump water heater
coupled to a space conditioning Heat
pump were compared in terms of
efficiency and performance.

3-6 Canada

Simulation of a domestic heat pump
was performed by using experimental
data. It was observed that COP value
varies from 3.8 to 7.40. The exergy
analysis was also performed and
exergy efficiency results were
between 0.25 to 0.37.

3.8-74 Japan

A vapor compression chiller device
was operated by using different
refrigerants as working  fluids.
Experiments were conducted at
various water and  ambient

1.6 Irag temperatures to specify the factors

(Max) which cause the energy deterioration.
It was observed that the total
irreversibility increases with
increasing water mass flow rate and
ambient temperature.

A heat pump device was converted to
a cooling system and very low COP
was obtained. It was shown that,
evaporator working condition has a
notable impact on COP value and
refrigerator operate with a low
performance.

0.2

(COPL) Turkey

It was reported that, COP of the heat
pump is appropriate to use in the
space heating and hot water supply,
which can be proposed to provide
significant energy savings in hot
water supply and space heating.

2.5-4.5 USA

Simulation method was carried out to
analyze performance of a heat pump
in different working conditions.
Effect of flow rate of the secondary
fluid on COP value was studied.

24-26 Turkey

4. Conclusions
4. Sonuglar

In this study, a simulation method was performed
to evaluate the performance of an air-to air heat
pump. In this regard, the simulated system was
operated in different working conditions by
changing the air flow rate in evaporator side. The
finding of this study can be summarized as follows,
Heat transfer in condenser was calculated, and then
heat transfer rate variation with air flow was
evaluated.

The difference between temperature and pressure
at the inlet and outlet of the compressor was
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analyzed and the trend of changes in the mentioned
parameters showed that pressure and temperature
increase with increasing air flow.

Performance results revealed that, COP value of
the heat pump increases about 6% when evaporator
air flow rate increases from 0.1 kg/s to 0.2 kg/s.
The working cycle in P-h diagram moves to upper
side when air flow rate increases, accordingly it can
be stated that, working pressure of the overall
system increases with an increase in air flow rate.
The relationship between air temperature and air
flow velocity was analyzed and a downward trend
in air temperature with the air velocity was
observed.
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Nomenclature
Terminoloji

Cpa  Specific heat capacity (J kg-1 K-1)
COP  Coefficient of performance

h Enthalpy (kJ kg-1)

m Flow rate (kg s-1)

P Pressure (kPa)

Refrigerant

T Temperature (C)

Q Heat transfer rate (W)

W Compressor power (W)

Subscripts
Altsimgeler

a Air

act Actual
comp Compressor
cond Condenser
evap Evaporator
r Refrigerant
Sys System
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