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ARTICLE INFO ABSTRACT
Keyword: This study investigates cold thermal energy storage (CTES) using a helical coil heat exchanger modified with
Energy storages bubble injection. One of the effective methods for increasing the heat transfer rate in heat exchangers is using

Helical coils

Air bubble injection
Nusselt number
COP improvement

bubble injection. A helical coil heat exchanger is immersed inside a cylindrical water storage tank, where the
helical coil is the evaporator of a vapor compression refrigeration cycle (VCRC) and provides the designed
cooling. Experimental studies were carried out to examine the impact of bubble injection on Nusselt number, the
temperature differences in the storage tank, exergy degradation in the evaporator, and cycle coefficient of
performance (COP). The bubbles were injected from the bottom of the storage tank in four different geometries at
airflow rates ranging from 3 to 11 L/min. The experimental results of this study revealed that bubble injection
could significantly increase the COP and heat transfer rate from the storage tank, as well as the exergy
destruction and Nusselt number (Nu). This increase was highly dependent on the geometry and flow rate of the
bubble injection. The results also indicated that the bubble injection has an optimal flow rate value, which was
9 L/min in this study. More specifically, the COP of the refrigeration cycle and the Nu number increased by 124%
and 452%, respectively, compared to the non-bubble injection mode. Finally, for calculating the outside Nusselt
number of the helical coil, an empirical correlation as a function of bubble flow rate and bubble injection angle
was proposed.

Enhancing the insulation of the desired space to reduce heat loss
through the use of special insulation panels [4]

Using a high-efficiency compressor: One of the useful energy man-
agement methods is the use of variable speed compressors, which
regulate their power consumption based on the cooling load [5].

e Using phase change materials to store cooling energy in the system
(6,71

Increasing the efficiency of heat exchangers, particularly the evap-
orator heat exchanger in the refrigeration cycle, which is critical in
creating cooling for the CTES technique.

1. Introduction

Energy storage is an important component of modern energy systems
and is being pursued in a variety of applications such as food storage and
air conditioning systems [1]. Cold thermal energy storage (CTES) in
energy systems is one method for reducing peak energy consumption
[2]. CTES technology can be implemented using an electric refrigerator.
Generally, cold thermal energy storage (CTES) is far less expensive than
saving electricity for cold production [3]. The following benefits are
associated with the use of cold storage technology: a) essential role in
“peak load shifting”, b) lowering the cooling system’s energy con-
sumption, c) lowering the system’s operating costs during peak hours,
and d) reducing the environmental pollution [1,2].

Increasing the efficiency and lowering the electricity consumption of
cooling systems in CTES can be accomplished through four general
approaches:

The fourth method, which improves heat exchanger efficiency, ap-
pears to be the simplest method for increasing the efficiency of CTES
systems and is thus investigated in this study. Heat exchangers are
critical components of energy technology, and many studies are focus on
improving heat transfer performance in energy technology, such as in
References [8-10]. Because of their compact structure and relatively
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Nomenclature Greek symbols
AT temperature difference (°C)
A area (m?) u viscosity (Pa. s)
Bo boiling number (-) P density (kg/ms)
cp specific heat capacity (kJ/kg. K) @ angle of bubble injection (rad)
D diameter (m) x Lockhart-Martinelli parameter
d tube diameter (m) bscri
Exq destructive exergy (W) Sbu scripts bubbl
G mass flux (kg/mz. s) ubble
H height (m) Zomp zon;prets.sor
h convection heat transfer coefficient (w/m?2. K) estruc ive
i specific enthalpy (J/kg) evap evaporator
I ampere (A) g .gas
k thermal conductivity (W/m. K) 1 ¥n
if inner flow
L length (m) .
1 liquid
m mass (kg)
m mass flow rate (kg/s) m mean
. o out
n number of coil turns (-) ¢ f
N number of bubble hole (-) 0 outer 1 ow (water)
Nu Nusselt number (-) ov ove{‘a
R R T refrigerant
) pitch of coil (m) ¢ A ‘
Pr Prandtl number (-) s cvaporator surface
. st storage tank
Q heat transfer rate (W) w water
Re Reynolds number (-)
s specific entropy (J/kg. K) Acronyms
T temperature (°C) COP coefficient of performance
U overall heat transfer coefficient (W/m? K) CTES cold thermal energy storage
\ voltage (V) GWP Global warming potential
\Y% volumetric flow rate (LPM) LPM litter per minute
w power consumption (W) NTU number of thermal units
Wg" uncertainty (-) VCRC Vapor compression refrigeration cycle
X vapor quality (-)

high heat transfer rate, helical coil heat exchangers are widely used in
various industries, including food industries, air conditioning, and heat
recovery systems [11-13]. Several researchers have worked over the last
few decades to improve the performance of Vapor Compression
Refrigeration Cycles (VCRC) using a capillary tube [14], nanofluid in the
refrigerant and compressor oil [15], and ejector [16]. The VCRC is
important in determining cooling demand for residential, industrial, and
commercial applications, as well as CTES. Cooling accounts for
approximately 10% of global electricity consumption, contributing to
20% of greenhouse gas emissions [17]. Using a helical coil in evapora-
tors is one of the most straightforward methods for improving VCRC
performance [18].

Compared to straight coils, the helical coil can increase the heat
transfer rate by 60% to 120% [19]. Secondary flow and eddy generation
caused by the corrugated walls of the tubes have a significant impact on
heat transfer enhancement in the heat exchanger, leading to an increase
in overall heat transfer performance of up to 56% [20]. Other factors
influencing overall heat transfer performance in helical coil heat ex-
changers are phase change [21] and local heat transfer distributions
inside the coil [22-25]. Although the heat transfer and fluid flow
characteristics of the flow inside helically coiled tubes are well covered
in the literature, there have been few studies on the thermodynamic and
hydrodynamic characteristics of the helical coils’ outer surface. Prab-
hanjan et al. provided an example of such analyses [26]. They investi-
gated heat transfer from a helical coil experimentally and proposed a
correlation for the coil’s outside Nusselt number based on different
characteristic lengths. They reported that the total height of the coil is
the best characteristic length that leads to the most accurate correlation.
Andrzejczyk et al. [27] used a modular coil heat exchanger in the form of

an electric heater to conduct an experimental study on increasing heat
transfer in a shell coil heat exchanger with variable baffle geometry.
Their experimental results showed that, due to mixed convection, nat-
ural convection has a significant effect on small values of Reynolds
numbers and large values of Richardson numbers. The location of the
buffers was discovered to play an important role in the heat exchanger’s
performance, and finally, presented new experimental Nusselt number
correlations on the shell side of the heat exchanger. Their findings
showed that using a baffle geometry increased the efficiency of the shell
and helically coiled tube heat exchangers due to secondary flow motion.
Tuncer et al. [28] numerically and experimentally investigated a newly
modified structure to increase heat transfer from a shell and helically
coiled tube heat exchanger. The primary goal of their research [28] was
to control the fluid flow on the helical coil and thus increase thermal
energy. The results showed that the modified heat exchanger’s effi-
ciency was higher than that of the conventional shell and helically coiled
tube heat exchangers, with a total heat transfer coefficient in the range
of 1600-3150 W/(m? K).

Bubble injection has recently been introduced as a viable solution for
improving heat transfer in heat exchangers [29-31]. Bubble injection
facilitates the flow transition from laminar to turbulent flow and in-
creases the heat transfer rate [32]. The use of bubble injection can
improve the heat transfer rate inside the heat exchanger [29]. The in-
jection mechanism, number of bubbles, geometry, and injection flow
rate can all have an impact on the system’s heat transfer rate. For the
first time, Dizaji et al. [32] used the bubble injection technique to
improve heat transfer in a shell and helically coiled tube heat exchanger
using water as the working fluid. Spiral geometries with varying
numbers of holes were used for bubble injection at a constant flow rate
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of 1 LPM. They investigated the effect of bubble injection on the number
of thermal units (NTU) and the efficiency of the heat exchanger. For
bubble injection, four different geometries were used. The results
showed that using bubble injection significantly increased the NTU and
heat exchanger efficiency, which increased up to 1.5-4.2 times in NTU
and 1.36-2.44 times in effectiveness compared to pure water (without
bubble injection), respectively.

In the study conducted by Dizaji et al. [32], bubble injection was
carried out with a constant flow rate of 1 LPM. Therefore, in a similar
experiment, Moosavi et al. [33] suggested increasing the injection flow
rate to 5 LPM. Their findings indicated that increasing the flow rate of
bubble injection had a significant effect on increasing heat transfer.
They concluded that increasing the bubble injection flow rate on the
shell side could improve the overall heat transfer coefficient by 6%—
187% depending on air flow rate. Khorasani and Dadvand [30] devised a
novel method for injecting bubbles into a horizontal shell and helically
coiled tube heat exchanger. They conducted experiments to determine
the effect of bubble injection in the shell side on heat transfer, heat
exchanger efficiency, and exergy destruction. In comparison to the case
without bubble injection, the results showed that bubbles could increase
the NTU by up to 4.3 times and the exergy destruction by up to 14.2
times. Injecting bubbles also improved the heat exchanger’s efficiency.

Panahi [34] investigated the effect of bubble injection on the Nusselt
number and concluded that it could increase heat transfer rate from 50%
to 328% compared to the non-bubble injection mode. Pourhedayat et al.
[35] investigated the effect of bubble injection on the Nusselt number,
exergy destruction, and the efficiency of the heat exchanger with ver-
tical helical coils. Their findings showed that bubble injection increases
the Nusselt number, exergy destruction, and heat exchanger efficiency
by 57%, 30%, and 45%, respectively. El-said and Alsood [36] investi-
gated the thermal performance and pressure drop of a shell and tube
heat exchanger using two cross-flow and co-current air injection tech-
niques. They found that using the cross-flow injection technique
increased the overall heat transfer coefficient by 131-171%. It is more
efficient than the co-current air injection technique with higher pressure
drops. Okten and Biyikoglu [37] investigated the effect of bubble in-
jection in a water tank on the heat transfer coefficient of the heat
exchanger. They discovered that using bubbles doubled the overall heat
transfer coefficient between the tank fluid and the coil. In their study,
bubbles were injected on both sides of the tube as well as the heat
exchanger shell in their experiment. The bubble injection flow rate on
the shell side varied from 1 to 5 LPM, while the flow rate on the coil side
remained constant at 1 LPM. Heyhat et al. [38] investigated the effect of
bubble injection on the performance and exergy analysis of a double
pipe heat exchanger. Air bubbles were injected into the annulus side via
various injectors. Their findings revealed that using the bubble injection
technique significantly improved the efficiency of the heat exchanger,
with the overall heat transfer coefficient increasing by up to 149.5%.
Ghashim and Flayh [39] experimentally investigated the effect of using
bubble injection into the helical coil heat exchanger to examine the heat
transfer enhancement and pressure drop. The experiment was carried
out in turbulent flow, in a Reynolds number range of 9000-500,000 for
hot water and a constant flow rate (0.0331 kg/s) for cold water. Addi-
tionally, the bubble volume flow rate ranged between 1.5, 2.5, and 3.5
LPM. They concluded that bubble injection in hot water increased the
Nusselt number from 64% to 126% and the pressure dropped from 66%
to 85%.

To the best of the authors’ knowledge, the thermal performance of
the helical coil heat exchanger and the investigation of its heat transfer
coefficient under bubble injection in a compression refrigeration cycle
or a CTES, as well as the effect of bubble injection on the entire system,
have not been investigated. Thus, this study’s purpose was to 1) increase
the performance of CETS systems by using bubble injection in a helical
coil heat exchanger of a VCRC, 2) investigate the effect of using different
geometries and flow rates of bubbles on Nusselt number, the amount of
heat transferred from the tank, COP of VCRC, and exergy destruction.
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The VCRC, which is equipped with a helical coil evaporator and is
immersed in the water storage tank, serves as the cooling technique in
the storage system. A spiral coil with varying flow rates and geometries
injects bubbles from the tank’s bottom. To reduce the global warming
impacts of this system, R1234yf refrigerant was used in the experiments,
which had a significantly lower global warming potential (GWP) than
R134a.

2. Experimental setup and procedure

In this study, a helical coil heat exchanger was used to cool the cold
storage water tank. To generate cooling, a compression refrigeration
cycle was used. The helical coil heat exchanger is an evaporator that is
immersed in a water storage tank and is used to produce cooling. This
study’s refrigeration cycle experimental setup included a compressor,
condenser, expansion valve, and evaporator (storage tank). Fig. 1 de-
picts a schematic representation of the experimental setup. In this
experiment, a direct-current compressor (Secop-BD50F) was used.
R1234yf, which is environmentally friendly [40], was used as the
refrigerant.

Since the system was small in size, a capillary tube was used instead
of an expansion valve. The condenser is a fin tube that is cooled by a fan.
This study’s test section was the storage tank (evaporator), which was
helically coiled and submerged in water. The height and diameter of the
water storage tank were both 30 cm (Hgt = Dgt = 30 cm). The storage
tank was also insulated with 15 mm thick polyethylene foam. The outer
diameter and the thickness of the copper tubes of the condenser were
6 mm and 0.63 mm, respectively. Table 1 lists the helical coil’s char-
acteristics. The bubbles are injected into the storage tank from the
bottom of the tank using a spiral coil at various flow rates and geome-
tries (depicted in Figs. 2 and 3). A small air pump (aquarium air pump)
with a maximum flow rate and power of 11 LPM and 6.5 W was used to
generate the bubbles.

In this test, 5 DS18B20 type sensors with an accuracy of 0.1 °C were
used to measure the average temperature of the water in the tank. A
polyethylene foam layer insulated the cylindrical storage tank and
prevented heat losses to the environment. The storage tank measured
0.28 m in height and diameter. The initial temperature of the water in
the storage tank ranged between 22 and 24 °C. The calculated weight of
the water was 10.480 kg. Each experiment lasted 2400 s. Furthermore,
two similar sensors at the inlet and outlet of the coil were used to
measure the evaporator’s inlet and outlet temperatures. Since the fluid
inside the coil was in a changing phase and the tube was minimal, the
inside and outside temperatures of the tube could be considered equal
[19]. According to the reports presented in recent works, the pressure
drop inside the tubes can be overlooked [41]. Two voltage and ampere
sensors with an accuracy of 0.05 A and V were used to measure the
compressor’s power. A similar sensor was used to activate the fan and
regulate the condenser’s outlet temperature. Table 2 shows the accuracy
and range values of the measurement devices used.

The controlled outlet temperature from the condenser and the con-
denser’s designed temperature were 36 °C and 50 °C, respectively.
Figs. 2 and 3 show the schematic diagram of the evaporator helical coil,
bubble spiral coil, the geometry and dimensions of the different spiral
coils, and evaporator helical coils in experiments. Bubbles were pro-
duced by the tiny holes on the helical coils numbered 3, 4, 6, and 8. As
shown in Fig. 3, the geometry of the injection can be defined by defining
the injection angle (¢) between two rows. For instance, in the case of
using eight rows of holes, ¢ = n/4. The parameter G is defined as the
geometry of the bubble injection. The diameter (D,;;) and the thickness
of the air tube were 6 mm and 1 mm, respectively. The spiral coil (Dspiral)
and holes diameters (Dpole) Were 250 mm and 1 mm, respectively, and
the distance between the rows of the tubes in the spiral coil was 5 mm. A
wide range of airflow rates was investigated, ranging from 3 to 11 LPM.
A total of 20 different experiments were conducted, and the character-
istics of each test are listed in Table 3. An experiment without bubble
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Bubble
maker

Expansion valve

P s

Evaporator

Fig. 1. Schematic representation of the experimental setup.

Table 1
Characteristics of the helical coil heat exchanger.
Parameter Value (mm)
Pitch of coil (p) 15
Diameter of coil (D) 142
Tube outer diameter (d,) 6
Tube inner diameter (d;) 4.74
Height (H) 168.7
Number of turns (n) 7.75
Refrigerant
~ =z

Bubble hole
D, ,=1mm)

Fig. 2. Schematic diagram of the evaporator helical coil and bubble spiral coil
in experiments.

injection was carried out to compare the obtained results with those
obtained without bubble injection (Test No. 21). It should be noted that
the heat transfer rate between the bubbles and the fluid was ignored
because the air in bubbles had an insignificant conductivity. In each
experiment case, the bubble diameter was determined by the bubble
hole diameter and the airflow rate through it, e.g., quantified through

dy, = 358.8 D%:2% Q%151suggested in Ref. [42]. In this study, the bubble
hole diameter was 1 mm, and the airflow rate varied depending on the
case. According to the range of air injection flow, the diameter of the
bubble was calculated to be between 5.78 and 8.17 mm.

In order to provide further details, different bubble injection geom-
etries (G-3,4,6, and 8) are shown in Fig. 4.

3. System analysis and mathematical model

This section describes the method used in this study to process
experimental data and calculate various parameters. During the test
period, the heat transfer rate from the water in the storage tank to the
evaporator coil can be calculated as Qevap = Qmme = My Cpw ATos/At,
where my, cpw, and AT are the mass, specific heat capacity, and the
temperature difference of the water during the experiment, respectively.
The heat transferred to the coil cooled the water in the storage tank. On
the other hand, the absorbed heat by the coil can be obtained using
Qevap = My (iif oue — lif.in), where m, and i are the refrigerant mass flow
rate and the specific enthalpy, respectively.

Therefore, the refrigerant mass flow rate can be calculated by
determining the thermodynamic state of the fluid at the coil’s inlet and
outlet. The injection of bubbles was expected to increase the heat
transfer coefficient due to the transition from laminar to turbulent flow
[32]. It should be noted that the heat transfer calculations of air bubbles
to water in the storage tank were overlooked due to the low heat ca-
pacity of air against water [31,43]. To calculate the outside heat transfer
coefficient of the coil, the overall heat transfer coefficient (U,y) should
be introduced, i.e.,

Up = Oup/ (A,AT,,) @

where AT,, and A, are the mean temperature difference and the outside
area of the coil, respectively, and can be calculated as follows [44]:

A, = nnd,\/p* + n*D? 2)
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Refrigerant
I

D air

— =

Fig. 3. Geometry and dimensions of the different spiral coils and evaporator helical coils in experiments.

Table 2

Accuracy and range values of utilized measurement devices.
Measurement device Range value Accuracy
Temperature [-55 to 125] °C 0.1°C
Voltage [2-30] V 0.05V
Current [0-30] A 0.05 A
Length [0-0.5] m 0.0001 m
Mass (of water) [0-2] kg 0.02 kg

Table 3
Characteristics of each test experiment (geometry of coil and air bubble injection
conditions).

Test No. Geometry @ (rad) Airflow rate (LPM) Nhole
1 G-6 /3 3 36
2 G-6 /3 5 36
3 G-6 /3 7 36
4 G-6 /3 9 36
5 G-6 /3 11 36
6 G-3 2m/3 3 18
7 G-3 2n/3 5 18
8 G-3 2n/3 7 18
9 G-3 27/3 9 18
10 G-3 2r/3 11 18
11 G-8 /4 3 48
12 G-8 /4 5 48
13 G-8 /4 7 48
14 G-8 /4 9 48
15 G-8 /4 11 48
16 G-4 /2 3 24
17 G-4 /2 5 24
18 G-4 /2 7 24
19 G-4 /2 9 24
20 G-4 /2 11 24
21 - - 0 (non-bubble) -
AT, = Tyr — 0.5 X (Tigjn + Ti.our) 3)

where Ty, Tifin and Tty are the water temperature in storage tank,
evaporator inlet and outlet temperature, respectively. Therefore, by
calculating the overall heat transfer coefficient and the thermal resis-
tance from the refrigerant to the water, the heat transfer coefficient
outside the coil can be obtained [45]:

1 d, dln(d,/d)]_,

o = O T D @

In this equation, hy, hef, and kepe are the heat transfer coefficients of
the refrigerant, water, and conductivity of the copper tube, respectively.
Furthermore, because the thermal resistance and thickness of the tube
were too small, the outside and inside temperatures of the tube can be
considered equal. [19]. The Nusselt number of fluid during the phase
transition can be calculated as follows [46]:

hy/hy = 2.84y,°% + (4616Bo — 0.88) (5)
where Bo, h; and y, are the boiling number, heat transfer coefficient

inside the coil (in single-phase state), and Lockhart-Martinelli param-
eter, respectively, and can be defined as follows:

hy = 0.023Re** Pr**(d, /D)*"! (6)
T = L =%Yoo (P \os [ Hi o %)
! x fl H
Bo = 7Q7"“P : ®)
A,G(ig — i)

where Re, Pr, x, p and p are the Reynolds number, Prandtl number, vapor
quality, density and viscosity of refrigerant. In these equations, G is the
mass flux and is defined as:G = m,/Aywhere Aj¢is the inner tube area of
the evaporator helical coil. Therefore, the heat transfer rate from the
outside of the coil can be calculated using the heat transfer coefficient
inside the coil (using Eq. (4)).

The absorbed heat by the evaporator had a direct relationship with
the heat transfer rate from the outside of the coil. Therefore, the Nusselt
number of the outside of the coil (Nuy¢) was used to compare the various
cases of the experiment. The Nusselt number was defined according to
the following equation:

Nuof = (9)

Since the helical coil is the evaporator of the refrigeration cycle, the
COP can be a suitable parameter for comparing the performance of the
refrigeration cycle in various experiments, which can be defined as
follows:

Qevap

COP ==
Wz‘ump + Wbubble

(10)

where Weomp and Wyyppie are the power consumed by the fanned
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Fig. 4. Different bubble injection geometries.

compressor and the bubble generator pump, respectively. The fans are
powered by the auxiliary ports on the controller board of the
compressor. Therefore, the power consumption of the compressor and
the fans are measured together. In this experiment, the amount of heat
absorbed by the evaporator was changed by varying the flow rate of the
bubble generator. The exergy destruction rate(Ex,)can also be calcu-
lated as follows [47]:

Ex; = 111 [ (iip.oue — Gigin) — To(Sifou — Sir.n)] + Q.Mp(l —To/Ty) 1)

where s and T are the specific entropy and the evaporator temperature,
respectively. Errors can occur in any experimental measurement due to
measurement equipment uncertainties and operator error. Thus, calcu-
lating the uncertainty of the variables is critical. The degree of uncer-
tainty indicates how far the obtained results differ from their actual
values. In the present study, the uncertainty of the parameters was
evaluated according to Eq. (12) [48], and the results are listed in
Table 4.

Wy = [Z (giwi)z} o a2)

i=1

where W and Ware the uncertainty of variable R and x;, respectively.

Table 4
Uncertainty in variables.
Parameters Uncertainly
Measured variable Ampere (I) 0.05 A
Voltage (V) 0.05V
Temperature (T) 0.1°C
Mass (my,) 0.02 kg
Length (L) 0.0001 m
Calculated variable cop 3.70%
Oevap 3.68%
Exq 3.80%
Nuos 4.64%

4. Result and discussion
4.1. The effect of bubble injection

Fig. 5 shows the effect of air bubble flow rate on the outside Nusselt
number of the coil (Nuyf) for various bubble injection geometries. Based
on the figure, it can be concluded that:

e The generated small-sized bubbles had three effects on the heat
transfer from the coil: 1) the generated bubbles moved upward due to
the buoyancy force, resulting in a homogeneous temperature distri-
bution inside the tank, and had a positive effect [33,34]. 2) the
bubbles acted as turbulators and, consequently, enhanced the heat
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550
—o—G-6
500
—a-G-3
450 G8
400 G4
350
3
< 300
250
200 T
150 = 3 3 3
100 1 1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 11 12

Bubble flow rate (Vb)(LPM)

Fig. 5. The effect of Vyon the Nuy for different bubble injection geometries.

transfer rate from the coils [49]. 3) The amount of bubble was so
great at high injection flow rates that it isolated the coil and sepa-
rated it from the surrounding water, impeding heat transfer. There-
fore, for maximum heat transfer, an optimum bubble injection rate
was to be used.

The optimal bubble injection flow rate for maximum heat transfer
was 9 LPM. The Nu,s was improved by increasing the bubble injec-
tion rate from 3 to 9 LPM.

It can be seen that the slope of the variations of Nusselt number in
lower injection flow rates is relatively higher in lower injection flow
rates than in higher flow rates due to the dynamic of the bubble
movement and the effect of the turbulence on the thermal boundary
layer around the coil. If the bubble is not injected into the water tank,
natural convection dominates the heat transfer mechanism, with a
lower Nusselt number than the mixed and forced convection mech-
anisms [24,49]. When bubbles are injected at low flow rates, the flow
mechanism is mixed convection, and there is still a natural convec-
tion effect. The flow regime shifts from mixed and natural convection
to forced convection as the airflow rate increases. As previously
stated, the Nusselt number rises dramatically as a result of the
transition to a turbulent regime. The Nusselt number decreases as the
flow rate of bubble injection increases, isolating the coil from water
by bubbles. Therefore, changes in the Nusselt number during the
initial phase of the injection are more noticeable. Ref. [50] provides
further information on the dynamics of bubbles.

Fig. 6 compares the Nusselt number in various bubble injection ge-
ometries and the non-bubble injection mode at a flow rate of 9 LPM. It
can be concluded that increasing the number of holes does not always
increase the heat transfer rate and system performance. Reducing the
number of holes can help to increase the speed of the bubbles and the
rate of heat transfer. Reducing the number of holes and increasing the
speed of the bubbles, on the other hand, results in the isolation of the
helical coil from the water and, as a result, a decrease in system per-
formance. Therefore, in order to achieve the best possible condition, a
trade-off between these two effects must be made. The optimum ge-
ometry and injection flow rate in this study was G-6, with a flow rate of 9
LPM. Obviously, by increasing the Nuys compared to the non-injection
mode, it reached 4.5 times in G-6 geometry.

Fig. 7 shows the relationship between Nuy¢ and COP of the cycles. As
the heat transfer coefficient increases, so does the amount of heat taken;
thus, increasing the Nuys has a direct relationship with increasing the
COP. Increasing the Nu, improves the COP by increasing the heat
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Fig. 7. Variation of COP as a function of Nuy at V, =9 LPM.

transfer rate in the evaporator. Using bubble injection improves the COP
of the cycle, which improves the cooling capacity of the system and
lowers the costs. This increase in COP and Nu,y is determined by the
geometry and the rate of bubble injection. In comparison to the non-
bubble injection mode, the COP of the cycle increased from 65% to
123% at 9 LPM injection flow rate and different injection geometries.
Table 5 shows the COP results of the cycle as a result of bubble in-
jection in various flows and geometries. Since the increase in Nuys and
COP are co-directional, the highest COP occurred in the highest Nuy.
The percentage increase in COP is shown in the table when compared to
the non-bubble injection mode (as an average in each geometry). The
heat transfer rate from the water to the evaporator increases as the
Nusselt number increases. Thus, increasing the Nusselt number results in

Table 5

Result of COP at different bubble flow rate and geometry.
Bubble flow rate (V) (LPM) copP

G-6 G-3 G-8 G-4

3 1.3 1.13 1.07 1.05
5 1.38 1.31 1.23 1.15
7 1.61 1.38 1.26 1.2
9 1.68 1.49 1.35 1.24
11 1.59 1.41 1.25 1.15
Without bubble 0.75
% Increase (average) 101.5 78.7 64.14 54.5
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an increase in the COP.

Fig. 8 indicates the variation of the water storage tank compared to
the initial water temperature (4T,¢) during the experiment. According to
the previous explanations, the system with the geometry of G-6 has the
highest Nusselt number and COP. Therefore, the temperature difference
of this case (5.05 °C) is relatively higher than in other cases. As can be
seen, the geometry of the bubbles plays an important role in increasing
the heat transfer rate.

Fig. 9 depicts the effect of different flow rates and bubble injection
geometry on storage water temperature differences. As expected,
increasing the Nusselt number increases the amount of heat extracted
from the water. The G-6 geometry had the greatest temperature differ-
ence at all injection flow rates, as shown in the figure. Furthermore, the
maximum temperature increase at the end of the experiment time
(t = 2400 s) compared to the non-bubble injection mode was 2.3°, and
the minimum was 0.98°, increasing by 83.6% and 35.6%, respectively.

Fig. 10 shows the evaporator destructive exergy ratio (compared to
the non-bubble injection mode) as a function of bubble flow rate at
various bubble injection geometries. According to the definition of en-
tropy, increasing the flow rate results in an increase in destructive
exergy. On the other hand, the heat transfer rate and evaporator ca-
pacity both increased. Therefore, the overall impact of bubble injection
is positive. The destructive exergy is affected by several parameters,
including the geometry and the flow rate of the bubble injection. Ac-
cording to Fig. 10, G-6 has the highest amount of exergy destruction,
owing to the dynamic of the bubbles and their movement speed, because
moving bubbles around the coil at different velocities and bubble vol-
umes can cause degraded exergy destruction changes. As shown, the
destructive exergy ratio increased up to 2.25 times when compared to
the no bubble injection mode. Furthermore, if the airflow rate remains
constant, increasing the number of holes reduces the speed of the bub-
bles and, as a result, the heat transfer.

Fig. 11 depicts the heat rate obtained from CTES in various geome-
tries and at the optimum injection flow rate (9 LPM). This figure illus-
trates the effect of bubble injection on increasing the rate of stored cold.
The cold storage rate was 50.3 W without bubble injection and 92.4 W
with bubble injection, a 96.9% increase depicts the effect of bubble in-
jection flow on the percentage increase in the rate of cold stored in the
storage tank for various geometries in comparison to the non-bubble
injection mode. As it turns out, the rate of increase is determined by
the bubble injection mechanism. G-6 geometry increased the most

5 3
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Fig. 8. The variation of the water storage tank compared to the initial water
temperature (AT,;) during the experiment at Vi = 9 LPM. Numbers in the
annular pie chart indicate the respective value after 2400 seconds.
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significantly, while G-4 geometry increased the least. Therefore, bubbles
can increase the temperature stored in CTES by at least 23.1% and up to
96.9%, resulting in lower operating costs (see Fig. 12).

The variation of evaporator temperature (Tg), condenser outlet
temperature (Tsyp), and compressor power consumption (Weomp) during
the test time for experiment No. 4 are depicted in Fig. 13, Fig. 14, and
Fig. 15, respectively. After a while, the evaporator temperature stabi-
lized and remained constant until the test ended. Therefore, the evap-
orator analysis in steady-state mode is correct. In addition, the outlet
temperature from the condenser had an average value with oscillations
due to the cooling with the fan, which turned on and then off as the
temperature rose above the design limit. Temperature oscillations were
small, as shown in the figure, and did not affect the refrigeration cycle or
compressor operation.

In all of the studied compression refrigeration cycles, the compressor
operated until the evaporator ambient temperature reached a certain
value (specified by the thermostat), at which point it turned off and then
on. As a result of this research’s application, the temperature of the
evaporator storage tank could always be kept at the desired temperature
by using a thermostat. Consequently, the system was able to operate for
a long time.

4.2. Nusselt number correlation

This section presents a new correlation for the coil’s outside Nusselt
number based on experimental data. The following correlation was
proposed in this study for Nusselt number (Nuyf) as a function of flow
rate and geometry of the injected bubbles:

_ (Reb - b) 2
c
Rey, = 4(Vyy/Niote) / (Hiy "Dorte)
3KV, (LPM)K1

Nuy =a X exp

13

where a, b, and c are fixed coefficients that depend on the bubble in-
jection angle (¢), and the values of these parameters are given in
Table 6. Additionally, in Eq. (13), Nhole, Mair» Dhole are the number of
bubble holes, air viscosity, and the diameter of the bubble injection hole,
respectively.

According to Table 6, changes in bubble injection angle (¢) play a
vital role in Nusselt number (Nuy¢) changes. Fig. 16 shows the compar-
ison of the experimental Nusselt number with the predictions of the
proposed correlation. According to this figure, the proposed equation’s
highest error is 5.8%, which is an acceptable amount for experimental
correlation. Furthermore, as previously stated, the changes in COP with
Nuyyare in the same direction. The results show a power-law correlation
between COP and Nuy¢f number (Eq. (14)). Therefore, by calculating the
Nu,g, the COP can be calculated. Given that the Nu, is a function of ¢
and bubble flow rate, the calculated COP is also a function of those
parameters.

COP = 0.2076 Nup?* +0.09141

as
R*=0.92

Table 7 compares the present study’s findings to those of other
studies published in the literature. The maximum increase in Nusselt
number as a result of bubble injection in the heat exchanger was taken
into account. As shown in the table, using the present method, the
Nusselt number can be increased by up to 452% (compared to the non-
bubble injection mode).

5. Conclusion
This work experimentally studied the heat transfer augmentation

using bubble injection in cold thermal energy storage system application
using a helical coil heat exchanger. An immersed helical coil heat
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different bubble injection geometries.

exchanger in a water storage tank was used for cooling, which was the
evaporator of the compression refrigeration cycle. The bubbles were
injected into the storage tank using an air pump through a spiral coil.
Four different geometries and a wide range of mass flow rates ranging
between 3 and 11 LPM for bubble injection were investigated. The
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Fig. 11. The effect of bubble injection geometry on the Qstorage at V, = 9 LPM
and V;, = 0 LPM (without bubble injection).

compression refrigeration cycle’s evaporator was cooled using an
immersed helical coil heat exchanger in a water storage tank. Using an
air pump and a spiral coil, the bubbles were injected into the storage
tank. For bubble injection, four different geometries and a wide range of
flow rates ranging from 3 to 11 LPM were investigated. The experiments
were carried out to determine the effect of bubble injection on the rate of
heat taken, the outside Nusselt number of the coil (Nu,), the COP of the
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Fig. 13. Variation of evaporator temperature (Ty) during the test time. Fig. 14. Variation of condenser outlet temperature (Tyy) during the test time.
cycle, and the destructive exergy in the storage tank. This study’s find- by up to 4.52 times. The findings also revealed that the changes in
ings can be summarized as follows: COP with Nuys were pointing in the same direction. The COP rate

increased from 40 to 101.5% when the bubble injection flow rate was
o The use of bubble injection had a significant impact on the coil’s increased from 3 to 11 (LPM).

outside Nusselt number (Nu,y). This increase was heavily influenced o The Nusselt number increased when the airflow rate was increased

by the geometry and flow rate of the injected bubbles. Compared to from 3 LPM to 9 LPM. However, further increase in the bubble air

the non-bubble injection mode, using the bubble increased the Nuof flowrate from 9 to 11 LMP resulted in decreased heat transfer

10



A. Zarei et al.

Applied Thermal Engineering 200 (2022) 117559

160 Table 7
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