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KEYWORDS Abstract At present study, thermal performance of a double tube heat exchanger due to stream of
Double-tube heat exchanger; air/water two phase flow through inner tube is experimentally studied. Air and hot water were
Two-phase flow; mixed in a T-junction outside heat exchanger and then were followed into inner tube of heat
Effectiveness-NTU; exchanger. Told water flow rate was kept constant and was equal to 2 lit/min. For hot water flow
Overall heat transfer rate, four different flow rates of 3, 4, 5 and 6 lit/min was considered. Also inlet temperature of cold
coeffOverall heat transfer and hot water streams were almost constant and were within range of 17-19 °C and 48-50 °C. Also,
coefficient; for air flow rate five different flow rates of 1, 2, 3, 4 and 5 lit/min were considered. Volume fraction
Dimensionless exergy loss; was within the range of 0.14 and 0.62. Obtained results were analyzed based on several energetic

Witte-Shamssundar effi-

) ) and exergitic parameters including pressure drop, effectiveness, Number of Transfer Units, heat
cency (1,

transfer coefficient, dimensionless exergy loss and Witte-Shamsundar efficiency factor. Results pre-
sented an increment of 33% and 38% in heat transfer coefficient and Number of Transfer Units,
respectively. Maximum value of Witte-Shamsundar efficiency factor was found to be 0.973 and

was related to Volume fraction of 0.57 and has occurred at counter flow.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Nomenclature
Quir Air flow rate (lit/min) AP Pressure drop (Pa)
Q. Water flow rate (lit/min) NTU  Number of transfer units
U Overall heat transfer coefficient (W/m?K) € Effectiveness
m Mass flow rate (Kg/s) (O Specific heat (J/kg-K)
dp Hydraulic diameter (m) L Length of tube (m)
T Temperature (K) VF Volume fraction
AT Temperature difference (K)
Q Heat transfer (J/s) Subscripts
AT mtp Logarithmic mean temperature difference (K) e Environment
E Exergy destruction (W) i inlet
S Entropy (J/K) 0 outlet
Seen Entropy generation (J/K) i inner
T. Environmental temperature (K) tp Two-phase
e Dimensionless exergy loss sp Single-phase
Wk Uncertainty of dependent variables c cold
W; Uncertainty of independent variables h hot
Xi Independent variables min Minimum

thermal systems has gained significant attractions, because this
system either use the energy, transfer it or exchange the form
of energy. Anyway, improvement of the efficiency of thermal
systems has environmental, economic and operational advan-
tages and has great importance for the thermal engineers [5].
Amongst various thermal equipment, the heat exchangers are
very attractive for engineers [6]. This equipment plays critical
role in industries including thermal applications. Conse-
quently, any method that could help to improve the energy
efficiency of this instruments would lead to efficiency improve-
ment of the whole system and will bring economic and envi-
ronmental advantages. During recent decades, engineers and
experts have proposed a wide range of methods to improve
the thermal performance of heat exchangers. These methods
are mainly divided into two main categories namely as active
and passive methods. The passive methods are those type of
mechanisms at which no external forces are used and generally
include the use of different type of inserts [7.8], corrugated
walls [9], fins [10] and addition of nano-particles to the work-
ing fluid [11]. On the other side, the active methods are those in
which the external force is the agent of the heat transfer
enhancement factor [12]. Amongst various active heat transfer
methods, the air injection or more generally, the use of gas-lig-
uid two-phase flow has gained significant attention [13]. Due to
the turbulent nature of the mentioned flow, the heat transfer
coefficient in such flows has more values when compared
single-phase flows [14,15]. Besides, the turbulent nature of
the two-phase flow prevents the sedimentation of the solid par-
ticles of the flow and reduces the negative effects of the fouling
phenomena . All these together have made the use of two-
phase flow as an effective method in the heat exchangers. At
the following a brief summary of both active and passive meth-
ods applied for the performance improvement of heat exchang-
ers is provided.

Khwayyir et al. [16] performed experiments to investigate
the effect of air injection on the performance of double tube
heat exchanger which was integrated with solar panel. Baqir
et al. [17] conducted experiments to investigate the influence
of air injection on the thermal performance of helical coil tube

heat exchanger. Their results presented up to 1.93 times incre-
ment in the Number thermal units (NTU). Qi et al. [18] carried
out experimental research to find the effect of nano-fluids on
heat transfer and pressure drop of double-tube heat exchanger.
Through their study the influence of various affecting param-
eters including water flow rates, nano-fluid concentration,
nano-fluids locations, Re number of nano-fluids and inner tube
structure were examined. Also, in another study, Qi et al. [19]
investigated the thermal and flow characteristics of nano-fluids
for different corrugation pitches. Moreover, in another study,
they used nano-fluids and twisted-tape turbulator inside a tri-
angle tube to analyze their effect based on energy and exergy
concepts [19]. Nakhchi and Esfahani [20] performed a numer-
ical simulation to check the effect of inserting double V-cut
twisted tapes on the thermal performance of double tube heat
exchanger. Through their study, different geometrical charac-
teristics of twisted-tape was considered. Karimi et al. [21] using
a two-phase mixture model, simulated the simultaneous effect
of using twisted tape and nano-fluids in a double-tube heat
exchanger. Also, they considered the effect of surface rough-
ness (material type) to evaluate the effect of roughness on
the pressure drop and thermal performance at the presence
of nano-fluid and turbulator. Yadav and Sahu [22] evaluated
the performance enhancement of double-tube heat exchanger
through experimental tests. The outer wall of the inner tube
was equipped with helical surface disc turbulators. Hot water
flowed through the inner tube while cold air passed from annu-
lar space. Different operating parameters including diameter
ratios, helix angle and Reynolds number were considered in
their study to find out the optimum operating conditions. Hey-
hat et al. [23] conducted an experimental study and investi-
gated the thermal behavior of a DTHE due to injecting air
into the outer tube of DTHE. Through their study, the effect
of different injection mechanisms was considered. Also, the
angle of double tube heat exchanger was considered as an
investigating factor. Deng et al. [24] investigated the perfor-
mance of a finned double tube heat exchanger utilized in a
latent heat thermal storage system. Bashtani et al. [25] numer-
ically investigated the effect of wall corrugation on the
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performance of double tube heat exchanger. Gnanavel et al.
[26] reported up to %70 augmentation at the performance of
double tube heat exchanger due to the simultaneous usage of
nano particles and circular fin inserts. Dizaji and Jafarmadar
[27] studied the effect of air injection into the double tube heat
exchanger. In this study, they placed a plastic tube inside the
inner tube of the heat exchanger. The plastic tube had some
tiny holes by which the air was injected into the heat exchan-
ger. Khorasani and Dadvand [28] experimentally investigated
the influence of air bubble injection into the shell side of a shell
and coiled tube heat exchanger on the thermal performance.
For this purpose, a plastic tube circulated along the inner side
of bottom wall of the shell and covered the lower half section
of the shell. The duty of this tube, in which there were small
holes, was to disperse the bubble evenly to increase the turbu-
lence intensity and increase the heat transfer between shell and
coiled tube. In this regard, Moosavi et al, [29] injected air bub-
bles from the bottom of the vertical shell and coiled tube heat
exchanger. They announced that this mechanism helps the
improvement of heat transfer since bubbles upward departure
increases turbulence intensity of the flow. Subsequently, this
phenomenon causes an increment in the overall heat transfer
coefficient of the shell and coiled tube heat exchanger.

The present study, has the following worthy points. First-
The injection method: almost all the studies existed in the liter-
ature have used the injection methods that are fabricated
within the double tube heat exchangers [25,29]. However, this
method could not be used for the heat exchangers that are cur-
rently in use, because they need to be either redesigned or rein-
stalled. Both of redesigning and reinstallation need financial
investments. However, the method presented in this paper,
could be added to the present systems thus it is a separated sys-
tem and could be easily fabricated in all heat exchangers. Sec-
ond: Efficiency analysis from the perspectives of bot first law and
second law of thermodynamics: As is known, double tube heat
exchangers are one of those very important part of thermal
systems as like to power plants, refinery systems and etc. Since
analysis based on first law and second law of thermodynamics
play a key role on the efficiency evaluations, it is very impor-
tant to have a clear view of each part of the whole system. Fur-
thermore in this study the White Shamsunder efficiency (1,,_,)
which covers concepts based on both on first law and second
law of thermodynamic and was presented for this type of heat
exchangers (it should be noted that parameters like effective
ness and dimensionless exergy destruction are based on one
of laws of thermodynamics). Consequently, due to the fact that
heat exchangers are one of the most important parts of thermal
systems, evaluation of this instruments from different perspec-
tives (with any new thermal performance enhancement
method) would be very valuable for engineers and experts.

2. Experimental study

2.1. Experimental setup

The schematic and general illustration of the experimental
apparatus are shown in Fig. 1(A) and (B). According to this
layout, the setup is a compound of four main parts as follows:

(i) The cooling unit: This part consists of a cold water reser-
voir, control valves, water pump, and water Rota-meter.

(i) The heating unit: including hot water reservoir, water
pumps, control valves, water Rota-meter, and secondary
hot water reservoir.

(iii) Air supply unit: composed of air compressor, control
valves, air Rota-meter, and mixing section.

(iv) The testing unit: compound of a double-tube heat
exchanger, data logger, and manometer.

To supply the required air flow, a conventional air com-
pressor (refrigerator compressor) was used. The volumetric
flow rate of the air stream was measured by means of an air
Rota-meter (model KHL-08A01M-V) right before the inlet
of mixing chamber. A 12-Channel Lutron (BTM4208SD)
data-logger with K-type thermocouples were exerted to mea-
sure and record the temperatures of intended sections (Points
1, 2, 3 and 4 on the Fig. 1(A), which are associated to inlet
and outlet temperatures of hot and cold water streams). In
order to check the accuracy and reliability of data-logger, an
ice-water bath was used for calibrating. For measuring the
pressure drop through the inner outer tube a Lutron manome-
ter (PM-9100) was used. The probes of digital manometer were
fabricated on the presented points on Fig. 1(A) (Points 1, 2, 3
and 4). The geometrical specifications of the double-tube heat
exchanger are provided in Table 1. The inner tube and outer
tube was made of copper and steel, respectively. The outer sur-
face of the outer tube was properly insulated with glass wool to
minimize the heat exchange with ambient which was surveyed
by energy balance. A gauged cylinder was employed to calibra-
tion of flow-meters. With this aim, the filling time of a certain
volume of a cylinder was recorded by a chronometer and then
was compared with the measured value of flow-meter. The
geometrical specifications of the double-tube heat exchanger
are provided in Table 1.

2.2. Experimental procedure

Table 2 presents the procedure of considered tests. The hot
water was warmed up to 49 £ 1 °C and then was pumped
to the mixing section. As presented in Fig. 1, two control
valves (using bypass method) were used for controlling the vol-
umetric flow rate of the hot water. The hot water was mea-
sured with a Rota-meter which was calibrated at the
temperature of hot stream. The hot water flow rate varied
between 3 lit/min to 6 lit/min (3, 4, 5, 6 lit/min). At the air sup-
ply unit, the air (with temperature of 20 °C) was injected into
the mixing chamber where it was mixed with hot water stream.
The mixing chamber was exactly like which Khorasani et al. [9]
had used. Also, there was a distance of 70 cm between the mix-
ing section and the entrance of the heat exchanger for better
mixing and accuracy of results. The airflow rate was adjusted
by two control valves as shown in Fig. 1 (A). For each hot
water flow rate, the volumetric flow rate of air was changed
from 0 lit/min to 5 lit/min. Hot water and airflow met each
other at the mixing chamber and then the resultant two-
phase flow entered the inner tube of the double-tube heat
exchanger. Furthermore, at the cooling unit, tap water flow
(with temperature of 17 + 0.5 °C) filled the cold water tank
and then was pumped to the outer tube of the heat exchanger.
The cold water flow was kept constant at 2 lit/min. The cold
water flow rate was adjusted via control valves which were fab-
ricated on the main path line and by pass line. Also, for
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Table 1 Geometrical specifications of tubes.

Tube Inner Diameter Length Thickness
(mm) (mm) (mm)

Inner tube 26 1000 2.1

Outer 44.1 1000 3

tube

measuring the value of volumetric flow rate of cold water
stream a Rota-meter was used. On every inlet and outlet of
the heat exchanger, the thermocouples of data-logger and
probes of manometer (pressure drop measurement probes)
were fabricated to sense the temperature and pressure drop
values, respectively. The hot water stream after exiting the heat

~

water Pump

Data logger

Hot water reservoir

Digital
manometer

Schematic view (A) and General view and (B) of the present setup.

exchanger was directed to the secondary reservoir to re-obtain
its lost heat and reach again to the temperature of 49 °C. Then
the hot water with the required temperature was pumped to
the main tank. It is worth mentioning that at the present study,
the heat transfer between hot water and air was neglected. This
was due to a very less mass flow rate and latent heat capacity
of air in comparison with hot water [9-11] and [28]. Also, as
mentioned before, there was a distance of 70 cm between the
mixing section and the entrance of the two phase flow into
the inner tube, where the inlet temperature of the hot water
flow was measured. Through this distance the two streams
found thermally equilibrium condition which minimized the
effect of temperature difference between two phases on the
thermal results. Indeed, a very important advantage of the
aforementioned method for providing two-phase flow was
the more accurate thermal results. However, the direct
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Table 2 General information on tested conditions (variable parameters are bold in each row).

Flow specifications Thermodynamic Geometrical specifications
specifications
QW,i;zne:-(lit/ QA,inne»r(lit/ VF QW,zyuter(lit/ Flow TC,in/et(DC) Th,inter(°¢)  Dimper(Inner Dy (Outer
min) min) min) direction tube), mm  tube), mm
Effect of inner tube 3,4,5,6 0 0 2 Counter 17-19 48-50 26 44.1
water-phase flow rate &
Parallel
3,4,5,6 1 0.25, 0.2, 2 Counter  17-19 48-50 26 44.1
0.16, 0.14 &
Parallel
3,4,5,6 2 0.4, 0.3, 2 Counter  17-19 48-50 26 44.1
0.28, 0.25 &
Parallel
3,4,5,6 3 0.5, 0.42, 2 Counter  17-19 48-50 26 44.1
0.37, 0.33 &
Parallel
3,4,5,6 4 0.57, 0.5, 2 Counter  17-19 48-50 26 44.1
0.44, 0.4 &
Parallel
34,5,6 5 0.62, 0.55, 2 Counter  17-19 48-50 26 44.1
0.5, 0.45 &
Parallel
Effect of inner tube 3 0,1,2,3, 0,025 04, 2 Counter  17-19 48-50 26 44.1
air-phase flow rate 4,5 0.5, 0.57, &
0.62 Parallel
4 0,1,2,3, 0,0.2,0.3, 2 Counter  17-19 48-50 26 44.1
4,5 0.42, 0.5, &
0.55 Parallel
5 0,1,2,3, 0,0.16, 2 Counter  17-19 48-50 26 44.1
4,5 0.28, 0.37, &
0.44, 0.5 Parallel
6 0,1,2,3, 0,0.14, 2 Counter  17-19 48-50 26 44.1
4,5 0.25, 0.33, &
0.4, 0.45 Parallel

injection methods which were presented in the literature [25,30]
and [29], didn’t allowed the two phases to get thermally equi-
librium, so that there was the possibility of sensing the temper-
ature of air slugs, and as a result, there was more potential of
inaccuracy.

2.3. Experimental uncertainty

Regardless of skill of operator and accuracy of measurement
devices, all experimental measurements involve uncertainty.
This is because of both imperfection of measuring instruments,
precision of recording data and operator skill. In fact, uncer-
tainty can be defined as the difference in the gauged value and
actual value of a certain parameter. Through present study,
the proposed method of Moffat [30] is used for calculating the
uncertainty values. This method has been extensively used by
numerous authors [30,31,34] and [33] and is defined following:

R \® [OR* > ort N\
(aTIWI) *(872%) *"‘*(T)(,,W")
(1)

where X; (1 = 0, 1, 2, ..., n) presents the independent variables,
also W; (i = 0, 1, 2, ..., n) is the uncertainty of independent

Wi =

variables. The obtained results for the uncertainty of both
dependent and independent parameters are provided in the
table 3. It is worth mentioning that the obtained results for
the uncertainty values are in the range uncertainty values of
papers which was previously published in this filed [30,31].

3. Parameter definition and calculations

3.1. Calculation of dimensionless exergy destruction

Exergy is defined as the potential of available energy when
converting it to useful work. Indeed, it is the amount of work
that can be extracted from certain energy. Exergy is a type of
energy and its unit is exactly like the unit of energy (kJ, kJ/kg,
and kW are exergy units). Actually, Exergy is part of the
energy which can be converted into work. In the exergy calcu-
lation, we assume that all processes are ideal and reversible,
and continue until the energy reaches the dead state. Pressure
drop and heat transfer holding a degree of irreversibility in
every heat exchanger. Since the flowing of fluids in the heat
exchangers are in touch with solid surfaces it causes friction
and subsequently leads to irreversibility. This means the exergy
loss or wasting the available energy instead of using it in a use-
ful manner. The same story is true for the heat transfer but
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Table 3 Uncertainty of results.

Parameter Uncertainty
Temperature

Hot water inlet temperature (°C) +0.5
Hot water outlet temperature (°C) +0.5
Cold water Inlet temperature (°C) +0.5
Cold water outlet temperature (°C) +0.5
Inlet air temperature (°C) +0.5
Volumetric Flow Rate

Hot water flow rate (lit/min) +0.2
Cold water flow rate (lit/min) +0.2

Air flow rate (lit/min) +0.15
Design Parameters

Heat transfer coefficient +8.86%
Pressure drop +2%
NTU +10.16%
Exergy loss +11.2%

Uncertainty of the physical properties read from the thermodynamic
tables

K. p. Cp ... +(0.1-0.15)%

here the finite temperature difference is the factor of exergy
loss. By this definition, exergy can be calculated [31] as follows:

Z Ei = Z Ea - Z Eproduvl (2)

At the above equation Y E; and > F, presents the alge-
braic sum of the inlet and outlet exergy, respectively. Also,
> Eproaue indicates the sum of produced exergy in the control
volume or difference of inlet and outlet exergy.

Since we cannot have a completely adiabatic system, always
there is a level of heat exchange between the boundaries of the
system and surroundings. Hence, the total amount of heat that
was expected to be transferred to the cold water cannot occur
and delivers a proportion of the heat to the ambient. As a mat-
ter of fact Q, is not equal with Q. due to the emerged thermal
irreversibility; therefore:

Qh#Qc (3)
where

Qh = I’il(,‘phATh (4)
Q. = 1ic, AT, (5)

Since two working fluids (hot and cold flow) exchanging
heat with each other there are two corresponding exergy
destruction. So, in a steady state condition the overall exergy
destruction is as follows:

E=E.+E, (6)

That E. refers to cold stream exergy destruction rate and E,
denotes hot stream exergy destruction rate. Each of these
parameters can be obtained by:

Eh - Temh(slw - Shi) (7)
Ez‘ = Temc(s(o - S(‘i) (8)

where T, is the ambient temperature, also, #1. and m, are the
mass flow rate of cold and hot streams, respectively. Also,

the 5., and s.; are the specific entropy of cold flow at the outlet
and inlet, respectively. Corresponding parameters of hot flow
specific entropy at inlet and outlet are s;; and sy,.

It should be mentioned that in this study only the thermal
irreversibilities are considered and the frictional irreversibilities
are not included. Therefore, the entropy changes could be cal-
culated as following:

So—8i=¢pln <%) 9)

In order to obtain the total exergy loss, Eqs. (7) and (8)
should be replaced in Eq. (6) which would lead in Eq. (10):

. Tho . Tun
E=T, (m;,cp,,ln (T—hl) + nitecpeln < Td)) (10)

Also, the non-dimensional exergy can be obtained as
follows:

E
= 11
¢ T‘e Cmin ( )
At which the C,,;, is defined as following.
Cmin = min(’hu(—‘pu mhc]}h) (12)

3.2. Calculation of number of thermal units and effectiveness

The Number of Thermal Units could be calculated as follows:

Qal"(J
U =——— 13
AinATLMTD ( )
Q.v. can be calculated by:
. +
Qave = % (14)
where
0y, = meyAT), (15)
0, = nicy AT, (16)
Also, AT mtp can be calculated as follows
ATLMTD = (AT(, — ATL)/IH(ATO/AT,) (17)

For co-current and counter flow there are different values
of AT mtp Which can be calculated as follows:
For co-current flow:

AT, = Ty — Ty (18)

AT, = Tpo — Teo (19)
For counter flow:

AT, = Ty — Teo (20)

AT, = Tpo — Ty (21)

For a double-tube heat exchanger NTU can be obtained as
follows [17,18]:

AU

min

NTU =

(22)

Also, effectiveness can be calculated as follows [17,18]:

Actual heat transfer

s = - 23
¢ Maximum possible heat trensfer (23)
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At the above equation, the Actual heat transfer could be 4.5 - - - Qh= 3 lit/min A
assumed as Q,,,, and the maximum heat transfer could be cal- Qh= 4 lit/min ,
culated as following: 4 - % - Qh= 5 lit/min 2
4
Qma,\‘ = (rhcp)min(Thi - Tt'i) (24) 35 -o Qh: 6 lit/min Dl.
= e
a” 3 ,.’
3.3. Calculation of Witte-Shamsundar efficiency < 25 =
e 2. PEag X
. . . . = TR |
The Witte-Shamsundar efficiency (,,_,) [32,33] is an effective 2 L
parameter which is a good criterion for the simultaneous con- ek
A ; . 15 * "o
sideration of energy and exergy concepts for the evaluation e
systems. Actually this parameter considers both the quality B S T N N S S
and quantity of the heat transfer process and is very useful 0 0.1 0.2 0.3 0.4 05 0.6 0.7
for the thermal engineers and experts. The Witte- VF

Shamsundar efficiency was calculated as following.

Tosgcn
Ny.g=1——"— 25
W S QEIVC ( )
In which the Ty and Q,,. denote the surrounding tempera-
ture and the heat transferred in the system, respectively.

4. Results and discussion

To find the effect of made modifications on the thermal perfor-
mance of the system, the results were evaluated in terms of
thermal indicative concepts including Pressure drop, NTU,
Effectiveness, Overall heat transfer coefficient and dimension-
less thermal exergy destruction. In the present study, the cold
water (annular section) flow rate was kept constant at 2 lit/min
while through the inner tube the hot water flow rates varied
from 3 to 6 lit/min and airflow rates varied from 1 to 5 lit/
min. The VF (volume fraction) through the inner tube was
between 0.14 and 0.625 which was calculated as following:

Volumetric flow rate of air
VF

~ Volumetric flow rate of water + Volumetric flow rate of air

(26)

4.1. Pressure drop

Fig. 2 presents the variation of the two-phase pressure drop in
terms of VF (volume fraction). As presented, the increment of
VF and hot water flow rate increase the two-phase pressure
drop. Fig. 3 depicts the ratio of two-phase pressure drop to sin-

45
40 [ L@
L0
35 F 0
Lo X
'g 30 F . _-@ _x
2 25 @ _.-X
£ X
~ 20 F ¥ LA
% o
15 F B~ - Qh=3lit/min
10 F-- Qh=4 lit/min
s f - % - Qh=5 lit/min
= G- - Qh= 6 lit/min
0 . . . . . . )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

VF

Fig. 2 Variation of APy, in terms of VF.

Fig. 3  Variation of AP,,/APy, in terms of VF.

gle phase pressure drop in terms of VF. According to results,
the curves associated with this ratio finds a strict ascending
form by increment of VF. Moreover, as the hot water flow rate
decreases the ratio of two-phase pressure drop to single-phase
pressure drop raises. This is mostly because of the fact that at
lower water flow rates, adding air phase imposes more impact
on pressure drop than in higher water flow rate. Indeed, at
high flow rates single water-phase produces large amount of
pressure drop so that induced pressure drop by air flow is
low compared to that of occurred in low water flow rates.
By this definition, the maximum ratio of two-phase pressure
drop to single-phase pressure drop was 4.43 and was occurred
at VF = 0.625.

4.2. Overall heat transfer coefficient analysis

Fig. 4 shows the changes in the ratio of two-phase overall heat
transfer coefficient to that of single-phase in terms of VF for
different hot water flow rates for both counter and parallel
flows. Results demonstrate that in counter flow (Fig. 4(A))
by the increment of VF and decrement of hot water flow rate
the overall heat transfer coefficient of two-phase flow be
greater than that of single-phase flow. Therefore, when the
VF is 0.142 and the hot water flow rate is 6 lit/min this aug-
mentation is the least with around 8% enhancement. Con-
versely, the maximum improvement in the overall heat
transfer coefficient is 33% and was occurred at VF and hot
water flow rates are 0.625 and 3 lit/min, respectively.

As shown in Fig. 4(B), the general trend of curves indicates
a slight enhancement in the overall heat transfer coefficient of
two-phase flow over single phase flow. Similar to counter flow
minimum enhancement in heat transfer occurs at the lowest
VF and the highest hot water flow rate. This is exactly inverse
when maximum heat transfer is intended. The minimum and
maximum enhancements in the parallel flow were 5% and
19%., respectively.

From the literature [9,30,31,34], it is believed that two main
mechanisms are engaged in the improvement of the heat trans-
fer coefficient by air/water two-phase flow. First: the increment
of local Reynolds number. Indeed, when two incompressible
liquids flow simultaneously in a tube, the amount of cross-
section for each stream decreases. As a result, and based on
the continuity equation, the velocity of each stream increases.
The increment of the Reynolds number causes to increment of
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the turbulence intensity of the working fluid and as a result
more mixing phenomena happens in the boundary layer. Con-
sequently, the heat transfer coefficient increases. Second: the
contact between the air slugs and water elements. The contact
between the water elements and the air slugs cause the water
elements to change their moving direction. This results in
appearance of fluctuations at the velocity vector of the liquid
flow and as a result the turbulence intensity of the two-phase
flow augments. The augmentation of the turbulence intensity
is an agent of increment of mixing phenomenon in the bound-
ary layer which prevents the boundary layer from being devel-
oped and resultantly enhances the overall heat transfer
coefficient.

4.3. Number of thermal units-effectiveness analysis

Fig. 5(A) and (B) presents the the relationship between effec-
tiveness and the ratio of two-phase NTU to single-phase
NTU for both counter and parallel flow, respectively. As pre-
sented in Fig. 5(A) and (B), the overall trend of effectiveness in
terms of NTU,,/NTUj, for each flow rate of hot water is
strictly ascending. By comparing two flow arrangements, it
could be found that counter flow has higher effectiveness val-
ues at all cases. In Fig. 5(A) the lowest and the highest effec-
tiveness are related to cases in which the hot water flow rates
are 3 lit/min and 6 lit/min, respectively. Similarly, these results
are true for parallel flow (Fig. 5(B)) which presents the varia-

NTUtp /NTU sp
Fig. 5 Variation of effectiveness in terms of NTU,,/NTUy, for:
(A) Counter flow and (B) Parallel flow.

tion of aforementioned parameters for the parallel flow. In
counter flow maximum effectiveness was 0.35 in
whichNTUtp/NTUSp = 1.157 while in parallel flow maximum
effectiveness was about 0.29 at which the value of
NTU,,/NTU, was equal to 1.22.

Fig. 6(A) and (B) shows the variation of effectiveness and
NTU,,/NTUin terms of VF for both counter and parallel
flow. By the increment of VF increases both effectiveness
and NTU,,/NTUj, increase at counter flow configuration
(Fig. 6(A)). Whereas, in the parallel flow (Fig. 6(B)) both effec-
tiveness and NTU,, /NTUj, goes up by increment of VF for all
hot water flow rates except when hot water flow rates are 6 lit/
min and 5 lit/min. Indeed, as the water flow rate increases, the
slugs get smaller. Consequently, a less powerful smash occurs
between the air bubbles and water elements. Consequently,
minor increment in the turbulence intensity of flow happens.
Consequently, less heat transfer increment occurs.

4.4. Exergy analysis

The exergy is defined as the maximum reachable work of a sys-
tem when it achieves to the thermally equilibrium condition
with its surrounding. There are two main reasons for the
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exergy destruction in the thermal systems. Firstly: heat transfer
due to finite temperature difference and secondly: frictional
pressure drop. In the present study as was presented in the cal-
culation section (Section 3.1), only the exergy destruction due
to heat transfer was considered. Fig. 7 (A) and (B) presents the
variation of dimensionless exergy destruction of the considered
heat exchanger for both counter and parallel configuration of
the flow. Generally, the value of e,/e,, is higher in counter
flow compared to parallel flow which indicates a more efficient
use of available energy. Decrement of hot water flow rate (in
Fig. 7(A) and (B)) increases the e, /e,. That is because of big-
ger slugs of air which results in more turbulence intensity in the
flow which leads to more heat transfer, which leads in more
exergy loss occurs. In Fig. 7(A) as the VF goes up, the
eyp/esp increases too. For counter flow maximum the amount
of ey /ey, Was about 2.071 with VF = 0.4, while in the parallel
flow the highest value of e, /ey, was 1.85 with VF = 0.55. It
should be noted that higher exergy loss of counter flow is
due to the more potential of heat transfer in the counter flow.
Actually, the temperature difference of the two streams in the

counter flow configuration of flow, is more than that through
the parallel flow configuration. Also, this is the reason for
more heat transfer coefficient and the NTU of counter flow
due to the two-phase flow.

4.5. Performance evaluation

The effectiveness and the fraction of dimensionless form of
exergy destruction, only considers the exergy and energy con-
cepts individually. The effectiveness is related to the quantity
of thermal system and the exergy concept is presents the qual-
ity of thermal systems. However, for evaluating the perfor-
mance of a thermal system both of the aforementioned
concepts are necessary. The Witte-Shamsundar efficiency
[32,33] is a criterion that considers both the heat transfer and
entropy generation in a thermal system.

Fig. 8 depicts the variation of 7y,_g in terms of variation of
VF for both counter and parallel configuration of flow in the
considered heat exchanger. As is shown, the increment of VF
increases the amount ofny_g. The amount of mentioned
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parameter (1y_g) 1S more, in the counter flow, denoting this
point that the effect of two-phase flow in the counter flow is
more than that in the parallel configuration of flow. It is shown
that both in counter and parallel flow, as the hot water flow
rate decreases, the amount of Witte-Shamsundar efficiency fac-
tor (ny_g) increases. Generally, with the increment of VF, the
values of Witte-Shamsundar efficiency factor increases too. It
is because, as the water flow rate decreases the size of air slugs
increases [32], so more heat transfer improvement occurs.
Also, in the constant water flow rate, the increment of VF is
equal with to the increment of air flow. When the amount of
air compared to the water flow rate increases, the size of air
slugs becomes larger. As the size of air slugs increases, the tur-
bulence intensity of flow increases too, these phenomenon
causes more mixing in the boundary layer of the of tube and
as a result more heat transfer happens. Consequently, the
value of the Witte-Shamsundar efficiency factor increases.
The maximum amount of (y_g) was related to counter flow
and to the Q, = 3 lit/min and VF = 0.625, and it was equal
to 0.973.

5. Conclusions

Through this paper, the influence of air/water two phase flow
on thermo-exergitic performance of horizontal double tube

Fig. 8 Variation of 55y_g in terms of VF. (A) Counter follow and
(B) Parallel flow.

heat exchanger was studied. The air and water streams were
mixed in a T juntion outside the double tube heat exchanger
and then were flowed into the inner tube of the heat exchanger.
The cold water flow rate was kept constant and was equal to 2
lit/min. For the hot water flow rate, four different flow rates of
3,4, 5 and 6 lit/min was considered. Also, for the air flow rate
five different flow rates of 1, 2, 3, 4 and 5 lit/min were consid-
ered. The Volume fraction was between 0.14 and 0.62. The key
results of the present study could be briefly stated as
followings.

e For all hot water flow rates, with the increment of VF (vol-
ume fraction) the overall heat transfer coefficient raises. In
parallel flow and counter flow, the maximum ratio of two-
phase heat transfer coefficient to that of single-phase was
19% and 33%, respectively.

e In counter flow and parallel flow, the maximum effective-
ness was 0.35 and 0.29, respectively.

e The increment of VF increases the ratio of two-phase NTU
to single-phase NTU.

e The maximum improvement of the NTU for the counter
and parallel flow was 38% and 27%, respectively.

e The increment of VF increases the exergy destruction. The
maximum increment of exergy destruction through the par-
allel flow and counter flow, was about 85% and 106%,
respectively.



Second law efficiency analysis of air injection into inner tube

1475

e The best values of the Witte-Shamsundar efficiency (1y_g)
for the counter and parallel flow were 0.973 and 0.96,
respectively.
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