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Abstract— The present experimental study investigates thermal energy storage of a coil-in-shell heat exchanger connected 
to a heat pump using different refrigerants. This highly efficient heat exchanger helps minimize a temperature difference 
between the shell-side fluid and the coil-side fluid, thereby enhancing the transference of the thermal energy between two or 
more fluids at different temperatures and in thermal contact. The performances of the coil-in-shell heat exchanger connected 
to the heat pump using different refrigerants were investigated in the present work. The effects of R134a and R22 
refrigerants were analyzed in terms of heating times and power consumption. The results showed that the rate of heat transfer 
Q was 6.43 kW, based on the log mean temperature different (LMTD) of 36.2oC and a heat exchanger Rayleigh number of 
3.1E9. In addition, the effectiveness of heat exchange of the system connected to the heat pump was about 0.75 at the 
temperature difference of 33.6oC and at the provided flow coefficient of 1.7. Finally, the room temperature after the cooling 
process and the relative humidity were found to have significant values with the use of the two different refrigerants R22 and 
R143a. 
 
Keywords— Thermal Energy Storage, Coil-in-Shell Heat Exchanger, Heat Exchanger Effectiveness, Rayleigh number, Heat 
Pump. 
 
I. INTRODUCTION 
 
Heat exchangers have been widely utilized, for 
example, in heat recovery systems, power plants, 
nuclear reactors, food industries, chemical 
processing, and refrigeration and air conditioning 
systems. They are an essential unit in heat extraction 
and recovery system. The scarcity of natural 
resources and increase in energy consumption has 
highlighted the important role of heat exchangers in 
utilizing waste heat and saving energy. They have 
also become important in implementing the concept 
of pollution prevention, helping to make this new 
process economically feasible. In general, industrial 
heat exchangers are classified in many different ways 
according to construction, transfer process, degrees of 
surface compactness, pass arrangements, phase of the 
process fluids and heat transfer mechanisms.  
A coil-in-shell type heat exchanger is the most widely 
used in the industry because of its relatively simple 
construction and multi-purpose application 
possibilities for gaseous and fluid media in a very 
large temperature and pressure range. Especially, it is 
virtually designed for any capacity and operating 
conditions such as high pressure, high temperature 
and highly corrosive atmosphere and fluid. Moreover, 
a coil-in-shell heat exchanger has a considerable 
flexibility in the design because the core geometry 
can be varied easily by changing parameters and 
arrangement. When the performance of a coil-in-shell 
heat exchanger is enhanced, its improvement enables 

the size of the heat exchanger to be decreased, 
Salimpour [1]. 
In a coil-in-shell heat exchanger, flow and heat 
transfer processes on the shell side are highly 
complicated since they are influenced by geometrical 
characteristics such as shell-tube size, pitch ratio, 
tube arrangement, and coil-tube clearances. Among 
them, the effect of coils type on heat transfer and 
pressure drop is very significant. Since a coil is 
primarily used in a coiled heat exchanger to support 
tubes, and induce the counter-flow over the shell, 
which helps improve heat transfer performance by 
increasing turbulence and laminar or intensity in the 
flow and local unmixed on the shell side of the heat 
exchanger.  
A great deal of research has been undertaken to study 
a natural convection shell-and-coil heat exchanger 
which consists of a cylindrical shell with helical coils 
placed inside it. On the tube side, the flow is forced 
by a pump through the coils while buoyancy forces 
are the cause of flow on the shell side, Taherian et al. 
[2]. Some studies have indicated that coiled tubes are 
superior to straight tubes when employed in heat 
transfer applications, Shokouhmand et al. [3]. 
Moreover, these systems have lower initial cost and 
less maintenance than the alternatives. Srinivasan et 
al. [4]performed experiments on a shell and coil heat 
exchanger in the case where the buoyancy driven 
flow occurs in the shell. Other studies include those 
of Tagliafico and Tanda [5] and Parent et al. [6], 
which involve shell and tube natural convection heat 
exchangers where buoyancy driven flow occurred 
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inside the tubes. Dravid et al. [7] numerically 
investigated the effect of secondary flow on laminar 
flow heat exchanger in coiled tubes both in fully 
developed and in thermal entrance regions. In 
addition, Parakar et al. [8] discussed the effect of 
Dean Number on friction factor and heat transfer in 
developing and fully developed regions of coiled 
pipes. Xin and Ebadian [9] studied the effect of 
Prandtl number and geometric parameter on Nusselt 
number and helical and straight tubes were compared 
by Prabhanjan et al. [10]. Their results showed that a 
helical coil heat exchanger increased the heat transfer 
coefficient and temperature rise of fluid depended on 
the coil geometry and flow rate.  
Based on the perspective of energy consumption and 
global environment issues, the innovation of heat 
pump water heater in heat resource and refrigerant is 
crucial. Heating a pump water heater for domestic 
water heating involves not only choosing ordinary 
air source, but also applying potential heat source. 
Some researchers [11] and [12] have applied heat 
coming from different approaches to heat water, 
including air-conditioner room and hybrid solar air. 
Besides, the selection of an appropriate refrigerant is 
also vital considering the environment issues. Since 
the last century, R22 is the most common refrigerant 
in a heat pump water heater because of its good 
thermal properties. Venkataramana and Padmaabhan 
et al. proved that R22 was superior to R134a in 
terms of coefficient of performance and energy 
efficiency in a system with separate refrigerant of 
R22 and R134a [13]. Zhang et al. also pointed out 
that the refrigerant of R22 was a good choice [14]. 
On the other hand, R134a as a substitute of CFC had 
been widely used in HVAC&R systems. According 
to simulation research, Chen et al. proposed that 
R134a was superior to R22 with respect to the 
system performance [15]. It should however be 
noted that the result still needs to be verified through 
experiments. The reduction in greenhouse gas 
emission and the protection of the ozone layer are 
becoming the main force influencing the selection of 
refrigerant. The selection of refrigerant should be 
totally environmentally friendly in the practical 
application. 
According to the literature review, no experimental 
work has been done to predict the effect of different 
design parameters on the heat transfer rate in a coil-
in-shell heat exchanger connected to a heat pump. 
The present experimental research investigates the 
effectiveness of a heat exchanger and the water 
temperature difference of a heat pump using different 
refrigerants. The present study examined a coil-in-
shell heat exchanger in which heat energy is 
transferred from one fluid stream to another through 
contact with the carbon steel walls separating the 
fluid streams. The present experiment also described 
the performance characteristics of such a heat 
exchanger where the hot fluid flow rate ratios are 
maintained at several values of Rm. 

 
II. THERMODYNAMIC ANALYSIS 
 
If heat loss to the surroundings in a heat exchanger is 
assumed to be negligibly small, the heat transfer rate 
between the hot fluid and cold fluid can be expressed 
as: 

)T(Tcm)T(TcmQ SiSoSSCoCiCC    (1) 
 
where m  is the mass flow rate (kg/s) through the heat 
exchanger and c is the specific heat of the air 
(kJ/kg°C), where the indices C and S refer to the coil-
side and shell-side flows. TCi, TCo, TSo, and TSi are the 
temperatures of the fluid inside coil inlet, the fluid 
inside coil outlet, the fluid inside shell outlet, and the 
fluid inside shell inlet (°C), respectively.  
According to the research by Schmidt [16], the 
critical Reynolds number for the helical coil flow, 
which determines the laminar flow, is related to the 
curvature ratio as follows: 
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In Figure 2, dI.C is the inner diameter of the coiled 
tube, Dc is the curvature diameter of coil, and pc is the 
coil pitch. The other important dimensionless 
parameters of coiled tube namely, Reynolds number 
(ReC), Dean number (De), and Helical number are 
defined as Eq. (3-5).  
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According to the research of Gnielinski [17], the 
Nusselt number (NuC) for the helical coiled tube flow 
is as follows: 
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The overall heat transfer coefficient U between the 
two flows was calculated from following Eq. 7 as 
[18]: 
  

mΔTFUAQ 
  

(7) 
where, U is the overall heat transfer coefficient, A is 
the surface area through which heat transfer would 
occur. F is the correction factor which depends on 
temperature effectiveness, heat capacity rate ratio and 
flow arrangement.  
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The overall heat transfer coefficient can be related to 
the inner and outer heat transfer coefficient by 
following equation [21]. 

1
1

2
)/ln(1UA
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whererI, rO are inner and outer diameters of the tube 
respectively; k is the thermal conductivity of the wall; 
and L is the length of the coiled tube. 
Since all heat exchangers operate with counter flow, 
mean logarithmic temperature difference is:  
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The basic idea of dimensionless parameters of shell-
side is to use the hydraulic diameter (Deq) as a 
characteristic length for shell-side heat transfer 
coefficient. The other important parameters namely; 
Reynolds number (ReS), Rayleigh number (Ra), and 
Nusselt number (NuS) are defined as Eq. (10-13) 
[2,19]. 
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The heat-exchanger effectiveness was determined by 
following the definition in [18].  
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An uncertainty analysis for the coiled heat exchange 
effectiveness on the basis of 20:1 odds (i.e., 95% 
confidence level of errors) was conducted using the 
method of Pimenta et al. [19]. The uncertainty for the 
effectiveness was estimated to be 2.06%. On the other 
hand, the uncertainty of experimental data obtained 
from measuring errors of parameters such as volume 
flow rate and temperature was calculated following 
Moffat [20]. The precision of the thermocouple was 
±0.1℃, and the precision of the volumetric flow 
meter was ±0.5 l/min. As a result, the uncertainty of 
Reynolds number and heat transfer experiment was 
less than 5.2%.  
 
III. TESTING PROCEDURE 

 

A schematic diagram for the testing of the coil-in-
shell heat exchanger connected to the heat pump is 
shown in Fig. 1. 

 

 
Fig.1. The schematic view of the experimental installation of 
the coil-in-shell heat exchanger connected to the heat pump 

 
The experimental apparatus consisted of a coiled 
heat exchanger, refrigerating bath circulators, 
cooling system, water and fluid pumps, 
thermocouples and data acquisition device, flow-
meters, pressure gauges, in-line valves and computer 
system. The water inside the coil and shell-side was 
shown with different colors lines. All the 
thermocouple wires were connected to the data 
acquisition device, and from this point to the 
computer system for monitoring data. Further, a 
cooling system (not shown) was mounted outside of 
each of the streams inlet and outlet to allow a fluid 
of shell to be smoothly cooling. On the other hand, 
the thermocouple wires and the electrical connection 
between the power station and all of the components 
were not shown in this figure. The temperatures of 
the bulk flow of R134a and R22 at the inlets and 
outlets of the preheating and test sections were 
measured with K-type sheathed thermocouples. The 
precision pressure sensors were set at the same 
positions as thermocouples in order to measure 
pressures accurately. The temperatures of outside 
wall were measured by K-type thermocouples made 
of copper-constantan set along the test coils. The 
coil-in-shell heat exchanger connected to the heat 
pump was installed in the laboratory at the Danang 
College of Technology in Vietnam. 
For the preparation of the experiment, constant 
temperature baths and pumps were turned on. When 
hot water and cold water temperatures reached the 
desired experimental temperature, using gate valves, 
the flow rates of hot water and cold water were 
adjusted to desired values. After a period of about 15 
minutes, the test apparatus reached a steady state. 
And, the stop-wrist watch was operated while a 
digital data acquisition system started recording inlet 
and outlet water temperatures for a period of one 
minute. The data acquisition system continuously 
recorded fluid temperature for 60 minutes. The 
experiments were conducted with varying different 
parameters such as different flow rate ratios between 
in the coil-side and shell-side to study the effect of 
the parameters on heat transfer rates and 
effectiveness in the coil-in-shell heat exchanger. 

 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092, Volume- 4, Issue-7, Jul.-2016 

An Experimental Investigation into Thermal Energy Storage of a Coil-in-Shell Heat Exchanger Connected to a Heat Pump Using Different 
Refrigerants 

 
58 

Table 1.Dimension of the coil-in-shell heat 
exchanger 

 
 

This heat exchanger is made of a carbon steel coil 
having an inner diameter of 13.9-mm and an outer 
diameter of 21.3-mm. Coils were arranged in the 
shell and had 9 turns. The shell-side of the heat 
exchanger had 55-mm inner and 165-mm outer 
diameters and 442-mm length. To minimize heat loss 
to the surroundings, the outside of the shell was 
tightly insulated with several layers of fiber glass. In 
other words, a hot fluid stream flowing inside the 
coiled tube was cooled by a cold stream flowing in 
the shell-side of the heat exchanger system. In order 
to maintain hot fluid temperature from inlet at a 
nearly constant value, two refrigerating bath 
circulators were used. One bath was used for 
preheating fluid, and the other bath was used for 
maintaining the hot fluid temperature. While the 
cooling fluid temperature was maintained at a 
constant value by the cooling system, two fluid 
pumps were used to circulate the fluid stream in the 
system. The flow rate of fluid was measured and 
controlled by two flow meters and two gate valves. 
The fluid temperatures at two inlets and outlets in 
the heat exchanger were measured with K-type 
thermocouples. These thermocouples were 
calibrated against PRT (Platinum Resistance 
Thermometer) in the constant temperature bath to 
within ±0.1C accuracy. 
During the calculations, the two fluid flows were 
considered, and the values of the specification of the 
coil-in-shell heat exchanger were analysed in Table 1. 
 
IV. RESULTS AND DISCUSSION 
 
4.1. Analysis of the rate heat transfer and 
effectiveness of coil-in-shell heat exchanger 
Figure 2 shows the rate of heat transfer based onthe 
overall heat transfer coefficient of the heat exchanger 
versus various Rayleigh numbers.The experiment was 
conducted for the laminar flow inside the coil-side 
and shell-side of the heat exchanger. It is shown from 
Fig. 2 that the rate of heat transferandthe overall heat 
transfer coefficient of the heat exchangerincreased 
with the Rayleigh numbers, up to 7.86 kW and 995 
W/m2oC for a Rayleigh numbers of 3.6E9. Due to 
practical limits, we decided to use a heat exchanger 
Rayleigh number of 3.1E9, at which the rate of heat 

transfer Qwas calculated to be 6.43 kW with an 
overall heat transfer coefficient of 964 W/m2°C. 
 

 
Fig.2. Heat transfer rate based on overall heat transfer 

coefficient versus Rayleigh numbers 
 
It could be deduced that theoverall heat transfer 
coefficient of the heat exchanger increased with the 
increasing rate of heat transfer, because the shell-side 
and coil-side heat transfer coefficient increased as a 
result of heat transfer rate increase based on 
increasingly Rayleigh numbers. 
The mass flow rate ratio Rm of the coil-in-shell heat 
exchanger was the factor eventually influencing the 
heat transfer of the exchanger. It can be seen in Fig. 3 
that an effectiveness of 0.75 was obtained when the 
mass flow rate ratio Rm of heat exchangerwas 
approximately 1.17 at the LMTD of 33.6oC.The 
results indicate that with increasing mass flow rate 
ratio, the logarithmic mean temperature difference 
decreased and the values of the effectiveness of the 
heat exchanger also decreased. 

 
Fig.3. The effectiveness of the heat exchanger based on LMTD 

versus the mass flow rate ratio 
 
Due to practical limits, this paper decided to use a 
mass flow rate ratio of 2, at which point the 
effectiveness of the heat exchanger was calculated to 
be 0.65 at an overall heat transfer coefficient of 964 
W/m2OC and thelogarithmic mean temperature 
difference of 36.2oC .  
4.2. Analysis of the temperatures of hot water and 
pressures of two refrigerants: R22 and R134a. 

2.80E+009 3.00E+009 3.20E+009 3.40E+009 3.60E+009
4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

 Heat Transfer Rate (kW)
 Overall heat transfer coefficient(W/m2oC)

RaS

Q
 (k

W
)

900

920

940

960

980

1000

1020

1040

1060

U o(W
/m

2o
C)

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 Effectiveness
 LMTD (oC)

Rm

Ef
fe

ct
iv

en
es

s

32

33

34

35

36

37

38

39

LM
TD

 (o C)



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092, Volume- 4, Issue-7, Jul.-2016 

An Experimental Investigation into Thermal Energy Storage of a Coil-in-Shell Heat Exchanger Connected to a Heat Pump Using Different 
Refrigerants 

 
59 

Table 2 shows the properties of two refrigerants: R22 
and R134a. Some assumptions were given, including 
that there are no heat loss in heat transfer process and 
the mass flow rate of refrigerant is maintained 
unchanged everywhere. In the section of signal 
region, there were two different status of refrigerant, 
including superheated and sub-cooling. 

 
Table 2. Properties of two refrigerants 

 
 
Fig. 4 shows the temperatures of hot water in the tank 
of the heat pump using two different refrigerants. It 
can be revealed from Fig. 4 that the heating times of 
R134a were longer than those of  R22 when the water 
temperature of the tank increased from 25°C to 43°C. 
As can be seen from the figure, the water was heated 
faster when the refrigerant R134a was used than 
when R22 used during the period of 60 minutes. The 
temperatue of hot water in the tank with R134a was 
42°C and with R22 was 40°C. 
 

 
Fig.4. Water temperatures in the tank of heat pump using two 

different refrigerants: R22 and R134a 
 
This suggests that using the heat pump connected to 
the heat exchanger using the refrigerant R134 can 
save more time than using the refirgerant R22. 

 
Fig.5. The pressures of the heat pump using two different 

refrigerants 
 

As shown in Fig. 5, the pressure for R134a was 
almost equal to that for R22. Therefore, the pressure 
losses in a condenser of heat pump would not 
increase with R134a as the substitute for R22.  Figure 
5 reveals the vairation in the pressures of the two 
refrigerants used in the heat pump to heat water in 
different points of time. In the first five minutes, at 
the heated water temperature of 25oC, the pressure 
when R134a was used was greater than that when 
R22 was used. After that, at the 7th minute, the 
pressure in the case of R22 was between 0.3 bar and 
0.5 bar greater. At the 45th minute, the pressures in 
the cases of R134a and R22 were equal.This indicates 
that the two refrigerants might be suitable for heat 
pump using heating hot water supply to heat 
exchanger. 
 
4.3. Comparison analysis of the room 
temperatures/relative humidity of two refrigerants: 
R22 and R134a 
Figure 6 reveals the temperature of the room after the 
heat pump was used with the two different 
refrigerants. Both decreased the room temperature 
from 30oC to 19oC the fastest in 60 minutes. 
Although there were some differences in the 
characteristics of the two refrigerants, the room 
temperature had a tendency to decrease when the heat 
pump was used with either refrigerant. The 
refrigerant R22 made the room temperature slightly 
lower in the beginning and ending stage than the 
refrigerant R134a did. This suggests that both the 
refrigerants can be used for the cooling process of the 
heat pump in a short period of time. 

Fig.6. The temperature of the room with the presence of the 
heat pump with two different refrigerants 
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It is clear from Figure 7 that the relative humidity in 
the room using the heat pump with the two different 
refrigerants.  

 

 
Fig.7. The relative humidity in the room using the heat pump 

with two different refrigerants 
 
There was a decrease of between 82% and 55% in the 
humidity in the room in 60 minutes using the two 
refrigerants. In the first 35 minutes, the patterns of 
change in the humidity were similar for the case of 
R134a and R22. However, after that, the humidity in 
the case of R22 was lower, and particularly, between  
3% and 7% lower than in the case of R134a. 
 
CONCLUSIONS 
 
In this study, the coil-in-shell heat exchanger for 
various Rayleigh numbers, various mass flow rate 
ratio and temperature difference were experimentally 
investigated. The present study examined the thermal 
energy inside the coil-side or shell-side of the heat 
exchanger, and evaluated the effectiveness of the heat 
exchanger connected to the heat pump using different 
refrigerants. Several conclusions can be summarized 
as follows. 
(1) The rate of heat transfer Qwas calculated to be 

6.43 kW with an overall heat transfer 
coefficient of 964 W/m2°Cbased on the 
Rayleigh numbers of 3.1E9. 

(2) The Nusselt number in theshell-side of the 
present heat exchanger with its Rayleigh 
numbers of 3.1E9 at the LMTD of36.2°C was 
539. 

(3) The effectiveness of the coil-in-shell heat 
exchanger with its mass flow rate ratio Rm of 
1.17and 2 atthe LMTD of 33.6oC and 36.2oC 
were 0.75 and 0.65 respectively.  

(4) Based on the experimental data, the heating 
time of R22 shorter than R134a when equal 
amount of water was heated from 25oC to 
43oC. When the water temperature was 42oC 
the pressures of R22 was 9bar fewer than that 
of R134a. 

(5) The temperature and relative humidityof the 
room after the cooling of the heat pump using 
the two different refrigerants all shows an 
increasing liner relationship and the order was 
R134a > R22. When the room temperature was 
20oC, the relative humidityof R134a was 7% 

higher than that of R22.  
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