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ABSTRACT: Double pipe heat exchangers (DPHEs) are normally utilized in various manufacturing uses owing to
their simple design and low maintenance requirements. For that, performance enhancement by improved heat transfer
is ongoing. Air injections are a good strategy for enhancing the thermal performance of the DPHE. In the present
work, the influence of air bubble injection in a DPHE was experimentally investigated, and the system’s hydrothermal
performance improvement parameters were evaluated. Two modes were designed, manufactured, and used to conduct
the experiments. The first mode was conducted with no air injection, named a single phase mode, while in the second
mode, air was injected into the annulus of DPHE throughout different perforated rings on the side of the annular.
Three different ring types were used and coded as R-1, R-2, and R-3, with an added case of insertion of the three rings
inside the annulus. The airflow rate was fixed at 1.5 LPM with a 25°C inlet temperature. Also, the hot water rate in the
inner pipe was maintained continuously at 3 LPM with a controlled 70°C temperature at the inlet. Five different cold
water flow rates, 3, 3.5, 4, 4.5, and 5 LPM, in the annulus, were considered with a controlled inlet temperature at 17°C.
Additionally, the effectiveness of the heat exchanger, the number of transfer units (NTU), and the overall heat transfer
were predicted and considered for performance evaluation and comparison. The outcomes proved that the injection
of air and the bubbly flow creation in the heat exchanger’s hot side is an effective method to strengthen the DPHE
performance. Moreover, the total heat transfer coefficient was enhanced by 41% in R-1, 58.8% in R-2, and 40.1% in R-3
at 4 LPM of cold water. The optimal ring, which yielded the most improvement, was R-2, achieving a 65% improvement
in NTU, with a maximum enhancement in effectiveness of 56%.
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1 Introduction

DPHEs are employed in numerous industries due to their low costs of design and upkeep, low costs of
installation, and flexibility; therefore, there is a need to develop the heat exchanger by creating an additional
amount of heat transfer. Many methods are utilized for improving the heat transfer into HE, like fins, metal
foam [1,2], twisted tape [3], springs, gas injection, and so on. Owing to the increasing demand for further
energy, certain investigators concentrated on making active HEs with less cost as well as simpler producers,
like [4]. They focused on many passive plans because they were the minimum cost in comparison with the
effective plans for improving the friction factor, f, and heat transfer rate (HTR). One of the most prominent
approaches utilized for improving the heat transfer in two-phase flow can be implemented by utilizing several
techniques, like injecting air from the air compressor and creating small bubbles moving vertically inside
the tube. Also, the number, distribution, form, and air bubble size play a significant part in improving heat
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transfer. Within such context, reference [5] experimentally studied the impact of air injection on the NTUs,
their effectiveness, and the HTR in horizontal HE double tubes. The rate of the mass flow of cold water and
the temperature were at least 0.083 kg/s and 25°C, correspondingly. In addition, the rate of the mass flow of
hot water is in the range of 0.083-0.2495 kg/s at 40°C. The outcomes evinced that the injection of air bubbles
augmented the efficiency by about 10% to 40% and the Nusselt Number (Nu) by about 6% to 35%. It has been
investigated as one of the promising methods that do not require many complicated systems: injecting air
bubbles into moving fluids to increase their turbulence.

A study has been done by [6] on four cases, both with and without injection of air on the tube or
shell side. Results indicate a (25%-40%) increase in heat transfer rate, which is enhanced when injecting air
bubbles throughout the tube. Adding air bubbles to a vertical pipe has been examined experimentally and
numerically by [7], with water flowing through it while being affected by a constant heat flux. The water flow
rate was conducted at 10 to 18 LPM. The airflow rate was assessed at four levels of 1.0 to 4 LPM and three
heat fluxes equal to 27,264, 36,316, and 45,398 W/m?, which was numerically solved by using ANSYS Fluent
(ANSYS.15). Continuity equations, energy, the turbulence model k-¢, and momentum were used to describe
the motion of the flow. It was observed that the Nu enhancement for 4 LPM air bubbles and 27,264 W/m?
heat flux equal 33.3% and 23% in the numerical as well as investigational terms, correspondingly. Recently,
numerous studies have adopted nanofluids to enhance the DPHE, such as [8,9]. Some others recommended
compound enhancement techniques. Al-Kayiem et al. [10] explored the influence of compound 0.1 vol.%
TiO,-in-water nanofluid (NF) with several twisted tape inserts (TTIs) upon the hydrodynamic performance
of DPHE. Results showed a 110.8% maximum increase in Nu in a tube with quintuple TTTIs, with a 25.2% rise
in the drop of pressure, and others have used them to improve thermal performance.

From the other side, reference [11] experimentally illustrated the air bubbles injection into a vertical
DPHE using a diffuser placed at the bottom of the DPHE. The experimentations were carried out at a constant
rate of the hot water flow of 1.5 LPM, with the cold fluid flow rate controlled at 0.25-1.5 LPM and the air flow
rate controlled at 2-10 LPM. They noticed that the air bubble injection resulted in a variation in the kind of
flow from laminar to turbulent and an increase in temperature differences. The bubble injection can enhance
the HTR by about 30%. In other research, reference [12] experimented with the air influence that was injected
into a vertical DPHE through a ring tube inserted in the heat exchanger’s annular gap, using perforation
diameters, d = 0.3 and 0.8 mm, with perforation numbers of 12, 24, and 36. Also, the fluid in the inner tube
was hot water at 40°C with Re = 5500, and the fluid in the outer tube was cold water at 25°C with 5000 < Re
<16,000. As well, the flow of air inside the ring tube was equal to 0.098 kg/s, and the temperature was 26°C,
the ring tube dia. was (3 mm), as well as the maximum Nu enhancement was around 57%. An experimental
investigation of a DPHE and its thermal behaviour was conducted by [13]. Different injection techniques
were looked at, and the DPHE angle was used as a research parameter. Injected air bubbles reduced NTU
and dimensionless energy losses from 5.9% to 177.3% and from 2% to 226%, respectively. Furthermore, the
overall heat transfer coefficient, U, increased from 10.3% to 149.5%, with the maximum effectiveness value
reaching 55.8%.

Sinaga et al. [14] investigated the impact of the air bubbles on the heat transfer properties. Air was
injected into the internal tube of a DPHE using a mixed T-junction with the continual use of cold water at 2
LPM. The rate of airflow was in the 1.0-5 LPM, while the hot water had various rates of 3, 4, 5, and 6 LPM
of flow. Also, the outcomes evinced a rise in the heat transfer coefficient as well as the NTU of 33% and 38%,
respectively. A series of studies have experimented with injecting air inside a helical or shell-and-tube type of
HE, such as [15]. They did experiments to find out what happened when sub-millimetre bubbles of air were
injected into a vertical shell with a coiled tube, HE inside a spiral tube. Hot water temperature and rate of
flow were set at 0.06249 kg/s and 40°C. The cold water temperature was maintained at 12°C. The rate of flow
was in the range of 0.00831 to 0.2495 kg/s. Air injection occurred in four distinct instances: case (d) can be
improved in NTU more compared with pure water without air injection, with a rise of 1.23-2.59 times in the
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energy losses, 1.5-4.2 times in the NTU, and at last 1.36-2.44 times in the effectiveness. Experiments were
performed by [16] to explore how active techniques, such as air injection in the side of the shell of different
positions of U-shaped DPHEs as well as the inverse U, affected effectiveness by 26%, NTU by 39%, and U by
39%. Experimental investigations were performed by [17] to evaluate the augmentation of HE by air injection
into a coiled tube of HE. The flow of cold and hot water and the flow of air were variants at 1-2 LPM, 2-10
LPM, and 0-10 LPM, respectively. The outcomes manifested that injection of air bubbles could improve the
effectiveness and the NTU by 0.83 and 1.93, respectively.

Another arrangement of helical coil HEs was studied via [18] into the range 9000 < Re < 50,000 of hot
water Reynolds Number (Re) inside the coils, and the rate of cold water flow was kept at 0.0331 kg/s; the
air was injected into the hot water within the range of 1.5-3.5 LPM. It was found that air injection caused
an enhancement in the Nu of 64% to 126%, and the NTU increased from 66% to 75%. Talib et al. [19]
experimentally clarified the influence of air bubble injection through the shell, tube, as well as horizontal
HE shell. The flow rate of the cold water was reserved and fixed at 4 LPM, and the flow rate of the hot water
changed along the experiments at 50°C. The airflow rate was equal to 0.06 kg/s flow rates, and enhancement
with and without air injection was 2.41% and 25.5%, respectively. Also, the HTR enhanced in the shell was
4.45%, that is, 8.42%, and in the shell and tube, it is 13.63%.

The present work investigated experimentally optimized heat transfer performance by injecting sub-
millimetre bubbles of air in a DPHE. Previous studies did not focus on the importance of studying the
location of bubbles relative to the HE surface. The current study relied on using three rings to inject air
bubbles into the annulus. Each ring was used separately, and then the three rings were run together. Each ring
has a different number of holes and different dimensions regarding its distance from the heat transfer surface.
In addition, the present work explores the way the thermal performance of DPHE is influenced by varying the
rates of the flow of air, the rates of annulus side flow, and the location of bubbles. The effect of air injection was
studied by measuring the cold-water outlet temperature after air injection and then theoretically measuring
thermal characteristics.

2 Experimental Methodology

The experimental schematic diagram is displayed in Fig. 1.
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Figure 1: (Continued)
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Figure 1: The experimental setup. (A) Schematic diagram and (B) general view

As previously mentioned, the quantities of cold water change throughout the exchange process as 3, 3.5,
4, 4.5, and 5 LPM with a constant quantity of hot water of 3 LPM at a fixed temperature of 70°C, as well as
a rate of 1.5 LPM of airflow. The experimental method flow chart is shown in Fig. 2. This shows the stage
of cold-water transfer since it is pumped and then enters the flow meter to determine the amount of water
required to enter the test section, the occurrence of heat exchange, and then return to the cold water unit.
The same applies to hot water. Air is pumped through the air compressor to the air flowmeter and pushed to
the rings to make bubbles through the cold water pipe.

cold Hot
water water
unit unit
& 2 &
outer inner
tube tube pump
e |4 ®
water water
flow flow
meter meter

Figure 2: Flowchart of the experimental method
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Two double-tube heat exchangers have three main parts: An outside tube is produced from Perspex, an
internal tube is produced from copper material with a high thermal conductivity of 387.6 W/m - K, and a
third part is an air injection ring. Table 1 lists the specifications for the test section.

Table 1: The Geometrical Properties of the DPHE

Parameter Shell  Tube
Inside diameter (mm) 66 28
Outside diameter (mm) 68 29
The material Perspex Cu
The length (mm) 500 800

The cold water was pushed inside the outer tube, as well as the hot water flowing through the inner tube.
The internal tube functioned as a conductivity barrier. Hot and cold water were introduced into the tube was
configured in the system flow as counterflow, and the hot water entered the copper tube from the top, and
cold water entered the outside tube from the bottom, as shown in Fig. 3. Heat transfer occurs on the copper
tube surface. Cold water and air bubbles were moving in a parallel flow from the bottom to the HE top. Also,
a thermocouple set was installed along the inner tube surface, as well as fixed using heat-conductive adhesive
waterproof tape to get more accurate readings.

Cold inlet |8

“ —CTT

Figure 3: Schematic showing ring position and flow direction

2.1 Air Injection Technique

A mechanism for creating bubbles consists of a compressor employed to inject air into cold water by
utilizing three rings positioned at the base of the annular space to produce bubbles. Each ring contains several
holes having a 0.3 mm diameter. The number and location of such holes are detailed in Table 2. Air was
injected through three different configurations of rings, as depicted in Fig. 4. In the first case, air was injected
into the first ring, R-1, which was adjacent to the wall of the outer tube, which has 36 holes. In the second
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case, the air was injected through R-2, which contains 24 holes, and in the third case, R-3, the air was injected
through the ring adjacent to the internal tube’s heat transfer surface, which contains 12 holes. The last case,
R-4, is represented by injecting air into the three rings together at the same time.

Table 2: Specifications of rings and the tested cases

Code of the Ring Hole’s Diameter (mm) No. of Holes Ring Diameter (mm)
R-1 0.3 36 57
R-2 0.3 24 47
R-3 0.3 12 37
R-4 All rings R-1, R-2 and R-3 are installed in the experimental heat exchanger
D=57mm D=47mm D=37mm
N=36holes n=24 holes n=12 holes

Figure 4: Outlines of the ring, from the left to the right: (R-1), (R-2), and (R-3)

2.2 Heating and Cooling Systems

These systems are used to provide hot water to the heat exchanger internal tube, comprising a tank for
hot water of 60 L capacity, an electric heater immersed in the water for more temperature control, and a
range of hot water at 70°C using the thermostat used for this purpose. The cooling system is a closed circuit
consisting of the following parts: a tank for cold water with a storage capacity of 250 L, and some parts such as
the condenser, expansion valve, and compressor. The external unit of the air conditioner has all three parts,
so it was used as one part and has the same purpose. The evaporator, which is made of 19 mm, is a spiral
copper tube immersed in the cold-water tank. Two electrical pumps were used, one for pushing hot water to
the inner tube and the other for pushing the cold water through the annulus of the DPHE. The specifications
were the same for the two pumps: voltage of 220 V, a maximum head of 30 m, rated power of 370 W, and a
maximum discharge of 30 LPM.

2.3 Measurement and Instruments Tools

The cold and hot water temperature was measured utilizing 20 thermocouples (Type K). Four ther-
mocouples were for each cold and hot water inlet and outlet; the other 16 thermocouples were distributed
as loops A, B, C, and D along the copper tube of the heat exchanger. Every loop has four thermocouples,
and the distance between one loop and the other is 100 mm. All these thermocouples are connected to two
data loggers of the Lutron BTM-4208SD model, as outlined in Fig. 5. Also, two flow meters were utilized
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for controlling the cold and hot water rate in the experimental process (ZYIA-LZM), ranging between 2 and
18 LPM with accuracy 4, and one was employed for controlling the air volumetric flow rate (MATHESON
SLPM-U310), ranging from 0.5 to 6 LPM. Pressure drop through the heat exchanger was measured by using
two pressure gauges: the first gauge was set at the cold water in the inlet pipe, and the second gauge was an
oily gauge to avoid the effect of bubbles on the water leaving the exchanger, set at the outlet of the cold-water
tube. The measuring range of the gauge was 0-1 bar with an accuracy of +2%.
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Figure 5: Top and front view of DPHE (all dimensions are in mm)

2.4 Data Reduction

For DPHE with counterflow, the determination of the heat transfer could be predicted by Eqs. (1)
and (2) [20].

Qi = 1pCon(Th,in = Thoout) Q)]
Q.= mccpc(Tc,out - Tc,in) (2)

where Q. and Qj represent the HTR of cold and hot water (J), respectively.

The average of the heat transfer rate, Q,,. is computed as in Eq. (3) for better accuracy to predict the
overall heat transfer coefficient in Eq. (4):

1
Qave :E(Qh‘{'Qc)’ (3)

where i1, Cp and T represent the mass flow rate (kg/s), specific heat capacity (kJ/kg-K), and temperature (°C),
respectively; while & and ¢ subscripts are used to denote hot and cold stream, respectively, i and o subscripts
refer to “inlet” and “outlet”, respectively.

By using the mean difference of temperature between the inlet as well as the outlet for the two liquids,
the U can be computed by using the logarithmic mean temperature difference [21].

Qave

U= — ¢ — (4)
A x AT mtp

where LMTD is logarithmic mean temperature difference, terms that could be determined by Eq. (5) [20,21].

T, out — T, - (T in T,
ATLMTD - ( h’ : 6’0;:3’4,7,1(} otflt’ C’ln) (5)
In(op =)
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The tube surface area is computed via Eq. (6).
A, = d;L (6)

The NTU for a DPHE could be calculated using Eqs. (7) and (8):

A
NTU = 22U )
Cmin
where C,,;, is defined as the following:
Comin = min (1 Cpe, 11, Cpp) (8)
Eq. (9) is the general definition of the heat exchanger’s effectiveness.
Actual heat transfer )
E =
Maximum possible heat transfer
that could be reduced to Eq. (10).
T. - T
Eei—— (10)
T. - Ty
Re in the cold water passage is predicted based on the hydraulic diameter, dj, by Eq. (11) [21]:
Re. = pettcdy (11)
HUe
The hot water tubes’ average Nu is computed by Eq. (12):
hd;
Nu=—> 12
u=— (12)
Eq. (13) was used to obtain friction factor values [4]:
AP
Je=——mt (13)

(L)(2d)

The enhancement in the performance parameter could be calculated as the improved values in U, Nu,
and NTU to the baseline of the parameter without air bubble injection, as in Eq. (14):

_ Ulyith air = Uwithout air . _ Nuyith air — NUyithout air . _ NTUyith air — NTUyithout air
Ugnh = s Nugnn = 5 NTUgnp =
Usithout air Nuyithout air NTUyithout air

(14)

2.5 Experimental Uncertainty

The instrument’s uncertainty and the expected NTU, overall heat transfer, and effectiveness were
computed using a technique that was proposed by [22]:

R\ [or* \ R\
WE = |:(a_)(lW1) + (a—)(2W2) +...+ (a—)(nwn) :| (15)



Energy Eng. 2025;122(7) 2809

where X;, X5, ..., X, ... are independent variables of defined results and w}, is the uncertainty of the param-
eter. The general formula, Eq. (15), was used to compute the uncertainty of the performance parameters that
were estimated based on the experimentally measured variables.

The maximum margin of error in measured temperature measurements is +0.05°C, due to uncertainty
in the measuring sensor, as shown in Table 3. In addition, the water flow meter accuracy was +0.04 LPM, and
the accuracy of the airflow meter was +0.02 LPM. The uncertainty value for overall heat transfer is 5.37%,
the uncertainty of NTU is similar to 2.24%, and the greatest degree of uncertainty for effectiveness is 1.43%.

Table 3: Uncertainty of devices and instruments

Parameter Uncertainty

Fluid flow rate measurement

Water flow rate +0.04
Air flow rate +0.02

Temperature measurement

Cold water inlet temperature +0.01
Cold water outlet temperature +0.01
Hot water inlet temperature +0.01
Hot water outlet temperature +0.01

Pressure measurement

Pressure gauge +0.02

3 Results and Discussion

The impact of introduced air bubbles on thermal characteristics, including pressure drop, NTU,
effectiveness, and overall heat transfer coefficient of an exchange of heat with two concentrated vertical tubes,
U, was explained within this work. The hot flow rate in the inner tube was maintained constant at 3 LPM,
even though the outer tube flow rates of cold water changed to 3, 3.5, 4, 4.5, and 5 LPM.

3.1 Overall Heat Transfer Coefficient

In most heat exchangers, one of the finest indicators of heat transmission is the overall heat transfer, U.
An increase in this parameter means an increase in the amount of heat transferred and, hence, better HE
performance. The results of the overall heat transfer coefficients estimated under various rings, air, and water
flow rates are presented in Figs. 6-8 for cases of R-1, R-2, and R-3, respectively.

The results in Fig. 6 show that any air bubbles introduced in the system considerably increase the
values of the overall heat transfer coefficient compared with the bare, i.e., no bubble injection. The average
enhancement in the overall heat transfer coefficient is around 46.6% over the tested range of cold water
flow rate.
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35 4 45 5
Cold water flow rate (LPM)

Figure 6: Overall heat transfer coefficient for R-1

Then, a different air flow rate was assessed on the second ring, R-2. The results presented in Fig. 7

show that the highest enhancement

in the overall heat transfer was achieved with 1.5 LPM, with a mean

enhancement of around 46%. Also, one could realize that the highest values of the overall heat transfer are

within the range of 4 + 0.2 LPM cold

350 4

Overall heat transfer coefficient
(W/m2K)

water flow rate.

200 F
—8— Qa=0.5
150 4 — =10
------- Qa=1.5
= = Qa=2.0
100 - - T 3
3 35 4 45 5

Cold water flow rate (LPMi

Figure 7: Overall heat transfer coefficient for R-2

Fig. 8 also shows that all air quantities were assessed on the third ring, and it was found that the best
results for the overall heat transfer rate were at 2 LPM with around 38%.

Overall heat transfer coefficient

3 35 4 45 5

Cold water flow rate (LPM)

Figure 8: Overall heat transfer coefficient for R-3 to clarify the optimal air flow rate
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After experimenting with several quantities of air for the three rings, the results are shown in Figs. 6-8
prove that 1.5 LPM represents the optimal airflow. Accordingly, it was fixed in all other experiments, and a
comparison between the rings was made at this value of air flow rate.

The results revealed that the overall heat transfer coefficient, U, is higher for two phases than for a single
phase. It improved the U by 41% in the case of R-1. Case R-2 experienced the greatest enhancement in overall
heat transfer by 58.8% at a cold flow rate equal to 4 LPM. In Case R-3, it was enhanced by 40.1%, and it was
enhanced by 43% in Case R-4. Due to the location of R-2 in the middle, where the velocity is at its peak in
the middle of the tube, and also the location of the bubbles on the surface of the heat exchange, it was very
suitable for breaking the boundary layer.

The least improvement occurs in the case of R-3, because with this ring placed near the inner side of
the inner tube, air bubbles collide and create an air pocket, which can lower the improved heat transfer. For
the same reason, the improvement in heat transfer at R-4 was decreased, as shown in Fig. 9. The injection
of air contributes greatly to causing a large disturbance inside the heat exchanger. This affects the boundary
layer that forms along the heat transfer surface. Also, the injection of bubbles directly increases the fluid
velocity, which leads to an increase in the Re. All these reasons lead to an increase in the amount of heat
transferred [11]. The variation of U with the cold-flow rate for four cases was demonstrated in Fig. 9.

/_ —e—No ring
200 g sensnes Re
— -2

—f— -3
~—#— R-4 all rings

Overall heat transfer coefficient
(W/m2-K)

S 35 4 45 5
Cold water flow rate (LPM)

Figure 9: Overall heat transfer coefficient with cold-water flow rate

The ratio of overall heat transfer in two-phase flow to overall heat transfer in single-phase flow is
evaluated at various air-in-water volume fractions for all cases of rings and presented in Fig. 10. It was
observed that U,/Uy, increased with an increase in the volume fraction for all cases. However, there is a
nonlinear correlation between the ratio and the void fraction. The best enhancement is higher in the range
of 0.255 < void fraction < 0.3 for all ring cases.

1.70 4
1.60 1
1.50 1
1.40 1

1304 T e R-1

—R-2

——R-3

1.10 4 —8— R-4 all rings

1.00 v v .

0.20 0.25 0.30 0.35
Void fraction

Utp/Usp

1.20 1

Figure 10: Overall heat transfer coefficient ratio vs. the void fraction at different rings
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3.2 Number of Heat Transfer Units

The association between NTU and the mass flow rate of cold water. The number of heat transfer
units increased in all cases when air injection was used. The enhancement obtained from R-1 was 49%; the
maximum value occurred in R-2 at 65% on a 4 LPM amount of cold-water flow rate; R-3 enhanced NTU by
47%; and last, 58% by R-4, as shown in Fig. 11. Two mechanisms can be used to explain the enhancement
caused by air bubble injection. First, the buoyancy force that causes the air bubbles to naturally move
vertically on the heat exchanger side can stir the boundary layers that form on the hot tube’s surface and
generate more turbulence in the water flow on cold tubes. Second, injected air helps to improve the heat
transfer rate in a heat exchanger by increasing the Re. The increment of the Re causes more turbulence
intensity in cold water, and because of this mixed phenomenon, the heat transfer coefficient increases.

0.080 1
0.070 oo —— -
0.060 §
£ 0.050 - - 5 —
0.040 —8—Noring  ceetet R-1
0.030 4 e ——83
= R-4 all rings
0.020 .
3 4 5

3.5 45
Cold water flow rate (LPM)

Figure 11: Number of heat transfer units with cold-water flow rate at different rings

The correlation between two-phase NTU and single-phase NTU in terms of the void fraction is shown
in Fig. 12. The NTU,/NTUg;, ratio increases with an increase in the void fraction. The maximum value for
this ratio was achieved at case R-2, which varies from 1.62 to 1.75 at a volume fraction of 0.33. The least
enhancement occurs at case R-3 at 0.23 volume fraction.

1.800 1
1.700 1
1.600 -

=

j—

£

= 1.300 44 @ s R-1

Z 1.200 ; -

—y— R-
—8— R-4 all rings

0.200 0.250 0.300 0.350
Void fraction

Figure 12: NTU,,/NTUj, with void fraction at different rings

3.3 Pressure Drop and Friction Factor Analysis

An important parameter in the heat exchanger that should be studied is the pressure drop through
the heat exchanger. The results of pressure drop for cases with rings at various cold-water flow rates are
shown in Fig. 13. The Results show that pressure drop increased with increased air injection due to increased
turbulence that led to increased pressure drop. Maximum pressure drops of 4.28 kPa occur in the case of R-4,
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at a cold water flow rate of 5 LPM, where three rings were used together, and more bubbles were introduced
to the annular space than when using one ring alone.

4300.0 1
ATEDI0 s L S AT
-
= 4200.0 M—
[= 9
2
© 4150.0
g
2
a4 41000 ¢~ e R_4 all rings
a —R-2
4050.0 - e R-3
—8—R 1
4000.0 r v r .
3 35 4 45 5

Cold water flow rate (LPM)

Figure 13: The change in the drop in pressure with various rates of cold-water flow with different cases of rings

The relation between the friction factor and Reynold’s number with three rings is illustrated in Fig. 14.
When the cold flow rate increases, the friction factor decreases in the cold water conduit, which is justified
by referring to the Moody chart of f-Re. The friction factor for the two phases is more than that for the single
phase, depending on the turbulence caused by air bubbles. A lower pressure drop occurs at the second ring
due to less viscosity, which leads to fewer friction losses in pipes, so the minimum value of friction factor
occurs at R-3 as 0.11, which makes heat transfer at R-3 more effective than other pipes. The maximum friction

factor of 0.5 was seen in the case of R-4 due to an increase in air bubbles, which means increased turbulence
and, therefore, increased friction factor.

0.600 1 :
—&—No ring
o504 ®m_ | e R-1
—R-2
5 0.400 —+—R-3
k| —=—R-4allrings
5 0.300
(L 0.200
0.100 1
0.000 : r . : .
1500 1750 2000 2250 2500 2750
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Figure 14: Friction factor with Reynolds number for different rings

3.4 Nusselt Number

The Nu number results, shown in Fig. 15, show that the Nu number rises with an increment in the Re
number. Because of the higher intensity of the turbulent flow when the air was injected, a thinner thermal
boundary layer contributes to an increase in the rate of heat transfer with an increase in mass flow rate.
The Nu number with air injection is larger than the single flow case. The greatest Nu was reached when air
bubbles were present, reaching 54.8% of the Re value of 2100. Air injection makes an enhancement in the Nu
number equal to 48.9%, 54.8%, 41.31%, and 51.27% in R-1, R-2, R-3, and R-4, respectively.
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Figure 15: Relationship between Nu and Reynolds at different rings

The improvement of Nu is presented as Nuyp/Nugy, ratios for each case of installation, as shown in Fig. 16.
Depending on the value of water, flow rates were reduced by an increase in cold water. In addition, the ratio
of Nu increases more when there is an air bubble injection. The maximum enhancement in the Nu occurred
in case R-2.
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Figure 16: Variation of Nu,,/Nu, ratio with Reynolds number

3.5 Results and Analyses of the Performance Indicator

The performance indicator (P.I.) is the ratio of enhancement with air injection to without air injection.
This parameter considers the gain in the heat transfer and the penalty of a higher pressure drop due to the
bubble injection. It is commonly predicted in the form of Eq. (16) [1].

P.I. = (NUg/NUs) / (fs/fs)* (16)

The thermal enhancement factor is present in Fig. 17. It shows that the thermal performance factor is
affected by air injection, and the difference between rings with an increase in Re. The thermal performance
factor was computed using the annulus friction factor. The major goal of the current study was to examine
a double tube heat exchanger with and without air injection, which raises the thermal performance factor
from one ring to another and shows that R-2 performs better than the other rings. This suggests that the air
injection into the outer tube and rings significantly affects the performance of the heat exchanger. To verify
the result of experimental research, the experiment’s value for overall heat transfer is compared with the
theoretical values for a vertical double tube heat exchanger without air bubble injection, as shown in Fig. 18.
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It was discovered that the high difference between the theoretical and experimental values is less than 11.3%.

The present study results were compared with other studies, as presented in Table 4.
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Figure 17: Performance indicator for cold-water flow rate at different rings

Overall heat transfer coefficient
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Figure 18: Verification and comparison between theoretical and experimental results of overall heat transfer coefhi-
cients at various cold-water flow rates

Table 4: Comparing the findings of the current study to other relevant studies

Ref. Number Flow rate Orientation Length (mm) Findings
of holes (LPM)
6 Shell = 4.6-14.8 Nu = 69
[10] 36 Tube = 5.5 Vertical 587 Nug,/Nug, = 1.6
Air=5 £ =0.166
9 mic =2,3,3.5 Uyp/Usp = 2.55
[11] b mh=4,5,6  Vertical and horizontal 1000 e=0.55
Air=15,25,33 NTU,,/NTU, = 2.8
Nu =22
ftrj;;nt 12 Cold=3354, Nuyp/Nug, = 161
45,5
24 Hot flow = 3 Vertical 500 £=0.076
36 Air=15 NTU,,/NTU, = 1.75

Utp/Usp = 15
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4 Conclusions

Thermal performance enhancement of vertical DPHE by air bubble injection has been experimented
with and evaluated. Three distinct rings were used to inject the bubbles of air into the annular space of the
HE. The results revealed that the injection of air can be employed as an effective technique for enhancing the
HT into the DPHE. The following conclusions could be summarized as follows:

1. Overall, heat transfer coeflicients improved by injecting air bubbles by 41% in R-1, 58.8% in R-2, 40.1%
in R-3, and 43% in R-4. The maximum improvement occurred in the case of R-2 at a 4 LPM cold water
flow rate.

2. Maximum effectiveness could be reached when air bubbles are injected at R-2, which is equal to 56%.
Air injection inside the annular space by R-1 can enhance effectiveness by 44%, 48.7% in R-3, and 49%
in R-4.

3. The NTU of the heat exchanger increases in all cases of rings. Enhancement value was obtained at R-1
equal to 49%, R-2 equal to 65%, R-3 equal to 49.7%, and R-4 equal to 58%.

4. The Nu enhancement reached its maximum value at around 54.79% in R-2. Other rings enhanced the
Nu number but were less than that obtained from R-2. 48% enhancement has been obtained by R-1,
41.31 by R-3, and 51.27% by R-4.

It is recommended that further investigations be conducted by numerical simulation to extend the cases
of the parameters and cover wider ranges of fluid flow rates.
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Nomenclature

A Area, m?

Cp Specific Heat, J/kg-K

d; Inner diameter, m

d Hydraulic diameter, m

f Friction Factor

h Coeflicient of heat transfer, W/m?-K
k Thermal Conductivity, W/m-K
L Length of Tube, m

m Rate of Mass flow, kg/sec

AP Pressure drop, Pa

Q Rate of heat transfer, W

Re Reynolds number



Energy Eng. 2025;122(7) 2817

T Temperature, °C

AT yvrD Logarithmic mean temperature difference, °C

U Overall heat transfer coefficient, W/m?-K

\% Velocity, m/sec

E Effectiveness

P Density, kg/m’

U Dynamic viscosity, kg/m-sec

n Thermal enhancement factor

Abbreviations

DPHE Double pipe heat exchanger

HE Heat exchanger

HTR Heat transfer rate

LMTD Logarithmic mean temperature difference

NTU Number of transfer units

Nu Nusselt number

Subscripts

C Cold

E Enhanced

H Hot

I Inner

S Surface

Mi Minimum
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