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Abstract

In the present work, heat transfer and fluid flow in simple tube geometry, star-shaped tube geometry, and turbulator inserted
geometry have been investigated and compared. Also, it is located in a double tube heat exchanger to use in a residential gas
fire water heater. The most critical parameters are considered including temperature distribution, Nusselt number, convective
heat transfer coefficient, coefficient of friction, and pressure drop. The simulation is 3D, and the SIMPLE algorithm is used
for numerical solution based on the finite volume method. Then, by considering two methods of changing the geometry of
the tube and using a turbulator in the flow path to increase the efficiency of a double tube heat exchanger and comparing them
with each other, the most optimal case is presented. The validation is shown acceptable agreement by the absolute average
deviation (AAD) error of 7.13% compared to the experimental data and numerical results. In the 200 <Re < 1800 for cold
flow and the constant Reynolds number equal to 1800 for hot flow, the results show that when using heat exchanger geom-
etries with turbulator and star-shaped tube instead of the simple heat exchanger geometry, the Nusselt number on either the
hot or cold side of the heat exchanger has improved up to 146% and 50%, respectively. For cold flow in turbulator inserted
geometry, in the best result, the Nusselt number increased 2.4 times to 6.107, and for star-shaped tube geometry up 1.5 times
to 3.939. For hot flow in turbulator inserted geometry, the Nusselt number has increased up to 48.05, and for star-shaped,
tube geometry decreased to 16.3 in comparison to simple geometry. In addition, the pressure drop for the cold side of the
flow in the mode of the simple double tube and the coiled wire double tube is approximately identical (maximum 1818.06
for Re=1800), while the pressure drop in the double star-shaped tubes is reduced by up to 50% compared to the other two
modes and its best value at Re=1800 is 1419.94pa. Finally, by using the Topsis method, as a multi-objective optimization
technique, and according to the two criteria with different mass, including pressure drop, as an undesirable criterion, and
Nusselt number, as a desirable criterion, the optimal Reynolds number for cold flow was determined.

Keywords Double tube heat exchanger, Computational fluid dynamics (CFD) - Coiled wire insert - Friction factor -
Geometry - Multi-objective optimization
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A Area (m?) f Friction coefficient
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d_c  Diameter of outside tube (Cold flow) (mm) J Diffusion flux (kg m2s7h
d_h  Diameter of inside tube (Hot flow) (mm) k Thermal conductivity (W m 'K
d_i Diameter of coil wire (mm) K Turbulent kinetic energy (J)
d_m  Small diameter of Ellipsoid (mm) L Tube length (mm)
Dy Hydraulic diameter (mm) m Mass flow rate (kg s7h
D_L Large diameter of Ellipsoid (mm) Nu Nusselt number
p Pressure (Pa)
P Pitch length of coil wire (mm)
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T, Reference temperature (K)
T, Calculated temperature (K)
v Flow Velocity (m s~

Greek symbols

U Dynamic viscosity (kg m™'s™!)
M, Turbulent dynamic viscosity (kg m~'s™})
v Kinematic viscosity (m?s~")
Mass density (kg m™)
T Deviatoric stress tensor (N mm™2)
£ Turbulent kinetic energy dissipation rate (m?s™)
o* Dimensionless temperature
Subscripts
A.A  Areaaverage
C,c Cold flow

H,h Hotflow

r—c Cold flow ratio
r—h Hot flow ratio

Im Logarithmic mean
i Inlet

o Outlet
Introduction

Today, with the extension of petroleum derivative utiliza-
tion and the subsequent issues, including a worldwide tem-
perature alteration and air contamination, it is important to
concentrate on techniques to lessen the utilization of these
energy sources generally. In Iran, ambient heating and con-
sumption of domestic hot water devices account for 70.53%
and 24.21% of the total residential consumption of natural
gas, respectively [1]. Under these conditions, the utilization
of private gas fire water radiators has filled fundamentally as
of late, and private houses are all the while liable for encom-
passing warming and homegrown boiling water, something
that accounts for a large portion of domestic natural gas con-
sumption. The residential gas fire water heater uses natural
gas to provide the necessary heat for ambient heating and
hot water for sanitary purposes. The heat exchange is the
main component of combustion products to the water. Dou-
ble tube heat exchangers are one of the most common heat
the residential gas fire water heater, which is responsible for
transferring heat from the combustion of gas from air and
combustion products to water. Double tube heat exchang-
ers are one of the most common heat exchangers used in a
residential gas fire water heater, which are widely used in
small industries due to their low cost of design, maintenance.
Also, due to the low efficiency of this type of heat exchanger,
it is important to provide methods to improve heat trans-
fer. Investigating and optimizing this important matter can
increase the thermal efficiency of residential gas fire water
heaters and various industries. In addition, it considerably
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reduces fuel consumption and greenhouse gas emissions. At
present, two-third share of carbon dioxide production has
been consumed based on the COP21 goal, and the remain-
ing amount will be exhausted by 2050 [2]. Various methods
have been studied to increase the efficiency of this type of
heat exchanger. One of these methods is turbulent the ther-
mal boundary layer by using a turbulator in the fluid flow.
Turbulators can be used in the form of simple longitudinal
strips [3], twisted tapes [4—6], coil wire [7] or any other
creative geometry [8]. Other methods that can be mentioned
are increasing the heat transfer area by using baffles [9],
changing the geometry of heat exchangers [10] and the use
of nanofluids as operating fluid [11].

A wide range of nanofluids is used for this purpose. In
some of studies, water is used as a base fluid, and metals
such as AL,O; [12-14] and carbon [15] are used as nano-
particles but in other studies, other fluids such as hybrid
fluids [16], graphene [17-19] and gallium [20] are used
as a base fluid. For example, Li et al. [21] experimentally
investigated the effect of using carbon-acetone nanofluid on
the performance of heat exchangers, and the result showed
73% improvement in hydraulic and thermal performance.
Alazwari and Safaei [22] numerically showed the use of
nanofluids and changing the angle of the baffles in a shell
and tube heat exchanger will improve heat transfer.

Mainly star-shaped tubes have been used to increase effi-
ciency in double tube heat exchangers used in residential
gas-fire water heater [23]. In the current article, this design
has been studied as one of the geometries problems. In the
following part, we will review the articles that have been
done to improve the efficiency of this category of heat
exchangers.

Numerical studies

In recent decades, numerical simulation and modeling of
heat exchangers from the perspective of heat transfer and
fluid flow has received special attention. In this regard, Abu-
Hamed et al. [24] numerically studied the heat transfer and
flow parameters in a double tube micro-heat exchanger with
smooth and helix paths and different pitch and turn rota-
tions. By increasing the Reynolds number of heat transfers,
the heat transfer is improved in the helix path and at any
angle, and pressure drop and pump operation are increased.
The highest overall coefficient of heat transfer and effec-
tiveness in Reynolds number 200 and pitch 2 are 45% and
11.5%, respectively. In the same conditions, the pressure
drop, pump operation and coefficient of friction 42% are
increased. Monfared et al. [25] has numerically investigated
the effect of helical ribs as turbulators and different nano-
fluid concentrations on heat transfer in a tube. The use of
turbulator compared to the simple state at Re=250, the Nus-
selt number and the coefficient of friction showed up to 40%
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and 80% increase in flow, respectively. Deymi-Dashtebayaz
et al. [26] analytically investigated and optimized the new
heat exchangers that were drilled on it. Comprehensive sen-
sitivity analysis of thermo-hydraulic parameters and opti-
mization of Cuo/water nanofluid flow flowing inside the
heat exchanger was performed. The results showed that the
average flow temperature and the pitch ratio of the cavities
had the least and the greatest effect on the reduction in pro-
duction entropy, respectively. Yang et al. [27] used a math-
ematical model to simulate several models of heat transfer
improvers and then optimized the size of the tube and shell
and tube heat exchanger. The results show that by increasing
the heat transfer rate, the final cost of the heat exchanger is
reduced by up to 20.4% when using a coiled wire turbulator.

Nakhchi and Esfahani [28] the effect of double V - cut
twisted tapes as a turbulator was investigated and CuO-
water nanofluid was used as the operating fluid. Heat trans-
fer improved up to 14.5% for 1.5% nanofluid concentration.
Cutting in turbulator improved Nusselt number by 138%
compared to simple turbulator. Shahsavar Goldanlou et al.
[29] the effect of blade-shape turbulator on forced convec-
tion heat transfer in shell and tube heat exchanger has inves-
tigated. The results showed that by increasing blade-rod
diameter, the performance evaluation criterion first increases
and then decreases. Most PEC occurred at Re =9000 and
blade-rod diameter of 15 mm.

Sharifi et al. [30] have numerically investigated the use of
coiled wire in the double tube heat exchanger, its effect on
Nusselt number, coefficient of friction, and final efficiency of
this type of heat exchangers. The results show that the Nus-
selt number improves up to 1.77 times, and the coefficient
of friction increases. The best efficiency is obtained when a
balance is established between the Nusselt number and the
coefficient of friction. Paneliya et al. [31] have numerically
studied the temperature parameters in a double tube heat
exchanger in which two different types of turbulators, includ-
ing twist metal tape and X-tape, have been used. The X-tape
shows a better thermal performance than the twist-tape and
increases the heat transfer rate by 1.27 times compared to
the twist-tape. Nakhchi and Esfahani [32] have numerically
studied the flow of copper and water nanofluids and the heat
transfer of these nanofluids in a heat exchanger. Inside the
heat exchanger, a special geometry of the twist-tape is used
as a turbulator. The effect of the geometric parameters of
this turbulator was also investigated, which showed that the
heat transfer coefficient increased to 23.20% and is directly
related to the volumetric quality of nanoparticles. Rashidi
et al. [33] numerically, have studied the effect of the turbu-
lent model of the twist-tape model and its deviation from
the center of the tube, inflow, heat, and production entropy.
During the highest heat transfer, the entropy of heat produc-
tion and friction increased to 237% and 42%, respectively.

Experimental studies

Due to the widespread use of heat exchangers and the impor-
tance of improving their efficiency in industry, many stud-
ies and experiments have been performed experimentally
in this field. In this regard, Emani et al. [34] used various
geometries and techniques experimentally to reduce the size
of the heat exchanger and increase the heat transfer rate.
The results showed that the changes in coefficient of fric-
tion and Nusselt number are directly related to Reynolds
number changes and are affected by channel shape, helix
angle, and wire diameter. Yu et al. [35] have numerically
studied the kinematic heat transfer heat in a tube, which
in addition to rotating clockwise and counterclockwise, in
their design, coiled wires with different geometric sections
have been used. The results show that the simultaneous use
of both techniques improves heat transfer rate and pump
consumption. Sinaga et al.[36] experimentally investigated
the injection of air into the inner tube flow of a double tube
heat exchanger. Energy and exergy parameters were studied
and the heat transfer coefficient was increased up to 33%
and the number of heat transfer units up to 38%. Panahi
and Zamzamian [37] experimentally investigated the effect
of a turbulator on a twisted shell and tube heat exchanger.
The use of a turbulator improved heat transfer and increased
pressure drop.

Moghaddam et al. [38, 39] experimentally investigated
the heat transfer characteristics, flow pattern and pressure
drop during condensation r600a in the tube with a coiled
wire turbulator. At best, they were able to increase the heat
transfer coefficient by up to 107%, and lower steam quality
was observed than normal. The pressure drop is increased up
to 11.97 times compared to the normal case, and by decreas-
ing the wire diameter and increasing the pitch of coiled wire,
the pressure drop decreases, which has improved the system
performance at high mass flow rates. Raei et al. [40] used
the design of a new method to calculate the transfer coef-
ficient of heat transfer in the double tube heat exchanger and
experimentally tested its accuracy. This study showed that
there is a significant difference between the results of these
methods and indicates the dependence of the Nusselt num-
ber on Reynolds number. Gonzalez et al. [41] experimen-
tally investigated the effect of using a coiled wire turbulator
on the external layer of the inner tube on the double tube
heat exchanger and pressure reduction in double tube heat
exchangers. According to the obtained results, the use of tur-
bulator improves heat transfer and at the same time increases
the pressure drop compared to the simplified state, but with
increasing Reynolds number (more than 5500) the effect of
coiled wire in increasing heat transfer decreases. He et al.
[42] have experimentally investigated the effect of using a
particular type of turbulator on heat transfer and coefficient
of friction. The results showed that the Nusselt number and
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the coefficient of friction first decrease and then increase.
This method increases the Nusselt number up to 120% and
the coefficient of friction up to 10 times and increases the
overall performance of the system from 0.87 to 0.98 times.
Kumar et al. [43] have experimentally investigated a type of
energy storage device that by placing coiled wires in the path
of hot air flow, they were able to increase the efficiency of the
source from 76.9% in the simple case to 85.9% when using
the coiled wire. Singh and Sarkar [44] have experimentally
investigated the use of retractable and opening coiled wire
in a double tube heat exchanger used for hybrid nanofluid
cooling. According to the results, the opening geometry has
better thermal performance than other geometries and the
pressure drop has improved when using any of the geom-
etries used in this research. Keklikcioglu and Ozceyhan [45]
experimentally investigated the hydrothermal performance
of using a coiled wire turbulator with a square cross section
in a tube so that the coiled wire was 1 mm away from the
inner wall of the tube along the entire flow path. The results
showed that in the best conditions, compared to the simple
state without a turbulator, the thermal efficiency increased
up to 1.67 times. Moya-Rico et al. [46] experimentally inves-
tigated the effect of using a short-length twist-tape turbula-
tor and applying a number of them with different arrange-
ments for different Reynolds numbers in the flow path of
a double tube heat exchanger that increased heat transfer.
The result was that if the distance between the turbulators
increases, the Nusselt number decreases, but the pitch of a
turbulator has less effect on the thermal efficiency compared
to the operating conditions of the exchanger. Keklikcioglu
and Ozceyhan [47] experimentally investigated the entropy
generated and the heat transfer in a tube containing a coiled
wire and identical triangle geometries that were responsi-
ble for creating a distance between the tube and the coiled
wire during different Reynolds number flows. As Reynolds
number increases, the production entropy increases, and as
the diameter of the coiled wire decreases, the production
entropy decreases. Li et al. [48] have experimentally inves-
tigated the flow of water and gas fluid into a horizontal tube
and the use of a coiled wire turbulator inside it. When using
a turbulator, the efficiency of the heat exchanger is increased,
but compared to the simple state without a coiled wire, the
temperature changes are more uniform. In this case, increas-
ing the mass flow rate increases the thermal efficiency, and
the heat transfer coefficient increases by 2.5 to 3.5 times on
average. Vaisi et al. [49] experimentally investigated heat
transfer and pressure drop in the double tube heat exchanger
in which a twist-tape was used inside the inner tube. In this
experiment, different types of turbulator geometry with sim-
ple separators and separators with holes with different geom-
etries were examined for different Reynolds numbers. In the
case of using a twist-tape with a separator, compared to the
simple case, the heat transfer improved and the pressure drop
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decreased, and when using a twist-tape with a separator on
which holes were made. In particular, in a circular geom-
etry, more heat transfer and less pressure drop were shown.
Ribeiro et al. [50] experimentally investigated the effect of a
turbulator on the hot part of a radiator and found that the use
of a turbulator significantly improved system performance.
Goh et al. [51] experimentally investigated the exposure of a
particular type of turbulator and the effect of its rotation on
the improvement of heat transfer and the generated entropy
of forced heat transfer. The Nusselt number improved for
both modes, but showed better performance for the rotating
mode, and by observing lower entropy production in the
rotating mode, this method performed better overall from the
two perspectives of improving heat transfer and the second
law of thermodynamics.

Novelty and motivation

According to studies, although research to improve heat
transfer in a double tube heat exchanger by changing the
geometry of the tube or using a turbulator in the flow path
has been done numerically and experimentally. However,
the effects of these two methods on the different parameters
of flow and heat transfer, are not properly compared. The
widespread use of these two methods in heat exchangers of
gas-fire water heater, increases the importance of investi-
gating heat transfer between cold fluid (or heating system
flow) and hot fluid (or sanitary water flow). In addition,
according to the circulation of the fluid by using the pump
in the path of the heating system, the optimal velocity of
the fluid is just as important as heat transfer. Therefore, the
parametric study from a thermal and fluid point of view is
very important in this field. In this work, to increase the effi-
ciency of double tube heat exchanger used in the residential
gas fire water heater, a comprehensive parametric compari-
son of heat transfer and fluid flow between three different
models of double tube heat exchanger has been done, and
finally, the most optimal model has been introduced. The
independence of the network is examined after validation
of the results obtained from numerical simulation. Then the
fluid flow and heat transfer characteristics including pressure
drop, friction coefficient, temperature changes, and Nusselt
number in each geometry are presented and examined and
compared with each other. The effect of each geometry on
pressure drop, temperature changes, and thermal perfor-
mance in different Reynolds numbers is investigated and
the optimal method is introduced by setting the parameters
of heat transfer and pressure drop. Then, by using the Topsis
method, and considering various masses for the two criteria
of pressure drop and Nusselt number, the optimal Reynolds
number for the proper operation of the heat exchanger has
been calculated.
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Problem description

In this research, the fluidity and heat of double tube heat
exchangers with different geometries along with turbulators
have been investigated. The parameters of pressure drop
and velocity distribution as flow parameters and Convection
Heat Transfer Coefficient with Nusselt number as the most
important parameters on the different geometry of double
tube heat exchangers have been studied. Figure 1 shows the
illustrations of the geometry of a double tube heat exchanger
with three different geometries. These geometries include,
respectively, a. double tube heat exchanger with simple tube
geometry, b. double tube heat exchanger with turbulator, and
c. star-shaped double tube heat exchanger. For all specified
geometries, the length of the heat exchanger is equal to L
and has the same cross-sectional area for the cold side with
Ac and the hot side with Ay. Also, this study aims to use
modeled heat exchangers in the residential gas fire water
heater. As shown in Figure 2, the dimensions considered in
this regard have been selected.

In this modeling, the flow is considered as counter flow.
The hydraulic diameter is equal to d_h for internal flow and
d_c for external flow. In the internal flow path of geometry
B, a coiled wire with a coiled pitch P and a cross-sectional
area of diameter d_i has been used as a turbulator to dis-
turb the flow and improve heat transfer. Geometry C has an
elliptical cross section with a large diameter d_L and a small
diameter d_m. It is worth noting that to compare in the same
and boundary conditions, the cross-sectional area of all three
geometries is equal for internal and external flow. The thick-
ness of the tube is considered t equally in all geometries.

According to Fig. 3 in geometry A, the cold fluid flow
enters the outer tube, and hot fluid enters the inner tube.
The inlet temperatures of hot and cold fluids are equal to

Fig. 1 The geometries reviewed (a) N
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Fig.2 Example of a heat exchanger used in a residential gas-fired
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T¢; and Ty;, and their outlet temperatures are equal to Tc
and Ty . The Cold and hot fluid temperatures are 7 and
Ty, respectively. Therefore, the computational range is con-
sidered to investigate heat transfer only from hot to the cold
fluid. Conductive heat transfer in the inner tube wall is also
effective. The temperature of the tube wall is Ty. Ay, and
A are the cross section of hot and cold flow, respectively.

Dy is the hydraulic diameter of the channel through which
water flows. It is defined by Dy . and Dy, for cold and hot
flow, respectively.

The governing equations

In this section, the equations and boundary conditions that
govern numerical solution and optimization equations based
on the TOPSIS method are introduced.
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Heat transfer wall
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Fig.3 The path and cross section of the hot and cold flow inside the double tube heat exchanger

Equations of numerical solution

The governing equations in the numerical solution include
the equation of Navier—Stokes for fluid flow and the equa-
tion of energy for investigating heat transfer. This simulation
is performed in 3-D, steady-state, and incompressible flow
conditions. The fluid is also incompressible, and volumetric
forces are ignored. The equation of continuity and momen-
tum is given by Eq. (1) and (2), respectively.

V- (p¥) =0 (1)
V- (pwW)=-Vp+r 2)
T= u<V17+ (W)T> 3)

Therefore, p, v, p, and t are density, flow velocity, fluid
pressure, and shear stress tensor, respectively.

To model, the flow regime and thermal boundary layer in
geometry B and the turbulence flow are created by the turbu-
lator, the standard k-¢ turbulence model with 5% turbulence
intensity is used [52]. The governing equations of this type
of flow are expressed as follows:

V-(pVK)=V-<</4+&>VK>+GK—/)£ 4)
'

V. (pie)=V- Ve )+ EG - oL E (s
pVE) = Bt el 3 Ok szK()

o= pC,,? (6)

l.%pKV 7)] - %pKV-T}' 7

G = w[V3 : (V9+ (V7)

K is the term of turbulent kinetic energy, 4, is the dynamic
viscosity coefficient of turbulence, € is the rate of dissipa-
tion, Gy is the kinetic energies produced by turbulent flows
are moderate and C,, C,,, C, is constant due to changes
in velocity. ox and o, are the values of the turbulent flow
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Prandtl number for K and €. v is the kinematic viscosity of
the fluid. The energy equation is as follows:

pCp¥ - VT =V - (kVT) ®)

Therefore, T is temperature, k is thermal conductivity,
and C, represents heat capacity. For geometry A in low
Reynolds numbers (200 <Re < 1800), the turbulence term is
omitted because of the flow is considered smooth. In Eq. (9),
the coefficient of friction is obtained from the pressure dif-
ference between the inlet and outlet sides of the flow in hot
and cold flow. AP indicates the pressure difference between
the input and output currents on each of the currents. L is
indicated by the length of the heat exchanger.

__ AP
(5)(%) v
Dy 2

Dy, indicates the hydraulic diameter, which is also used
to calculate the Reynolds number. The hydraulic diameter
calculation equation and other additional equations are
described in Appendix A.

According to Eq. (10), AT}, shows the logarithmic mean
of the temperature difference between the double tube heat
exchangers. T} ; is the inlet temperature of the hot stream,
T¢; is the inlet temperature of the cold stream, Ty , is the

outlet temperature of the hot stream, and 7, is the outlet
temperature of the cold stream.

(TH,i - TC,O) - (TH,O - TC,i)
(e (10)

Tyo—Tci

f:

AT, =

h is the heat transfer coefficient at which 7 is the rate of flow,
¢, is Special heat, A is the surface area through which heat
is transferred. The heat transfer coefficient is defined for cold
flow with h, and hot flow with h;,.

_ mcp(Tin - Tout)

h= 11
ApATy, (an

The Nusselt number is also shown for cold flow with Nu,
and hot flow with Nu,,.
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_ hDy

N
YT

(12)
The Nusselt number ratio of cold to hot flow is also
shown as Nu,.

C

Nu
Nu, =
Nu,,

13)

Dimensionless temperatures for hot and cold flows were
obtained according to Egs. (14) and (15), respectively. In
these equations, 7 is the temperature obtained from the
simulation and T is the ambient temperature.

Ts_Too

o=t =

¢ TC,i - Too (14)
THi - Too

gF = =

"TToT, (49

For numerical solution, the finite volume method based
on the SIMPLE algorithm is used. Modeling is done in
absolute convergence conditions, and the condition of con-
vergence with residual value is considered for all nonlinear
equations as 1 x 1076,

Boundary conditions

For the hot flow through the inner tube of the studied geom-
etries, the Reynolds number and the temperature are consid-
ered as Re=1800 and Ty;;=353 K, respectively. The cold
flow through the outer tube is investigated for temperature
Tc;=298 K and 200 <Re < 1800. The outer tube is consid-
ered as insulation, the inner and outer surfaces of the tube
are considered as the contact surface for heat transfer.

Optimization procedure

The Topsis method, as a multi-objective optimization tech-
nique, is applied to optimize the performance of the pro-
posed systems from a numerical result viewpoint [53]. In
this technique, appropriate solutions are presented based on
the behavior of different parameters. Accordingly, in this
study, the optimal value of the input parameter (Reynolds
number) is achieved based on the desired amount of Nus-
selt number and Pressure drop as objective functions. The
equations for the Topsis optimization method are given in
Appendix B.

The Topsis method is used as multi-objective optimiza-
tion. In multi-objective Topsis optimization, the optimal
point has the longest distance from the non-ideal point
and the shortest distance from the ideal point. The ideal
point is defined as the maximum Nusselt number while the
maximum pressure drop is considered as a non-ideal point.

Therefore, the objective functions of the multi-objective
optimization problem are defined as follows:

F, = Nusselt number (16)

1

Fz -
Pressure drop

a7

Figure 4 shows the flowchart of modeling and optimiza-
tion procedure in this study. As shown, at first, the modeling
parameters including the input Reynolds number and T;,
are given to the Numerical simulation. Then, validation and
mesh independence of the numerical result has been investi-
gated. According to the results, the most effective geometry
in improving heat transfer is selected. After it, the Reynolds
number of inlet flow is optimized based on Nusselt num-
ber and Pressure drop analysis using Topsis-based multi-
objective optimization, and finally, the optimal condition is
achieved for the best Geometry.

Results

Generally, in the results section, first of all, validation and
independence from the numerical simulation grid are dis-
cussed. Then, the fluid flow results, including speed dis-
tribution and pressure drop, are studied. In the following,
the thermal results, including temperature distribution and
the variation of the Nusselt number, are performed as the
most major heat transfer parameters. Finally, a comparison
is made between the three heat exchanger geometries, and
the optimization is done to select the optimal possible state
for the fluid inlet flow rate with the least amount of pressure
drop and the maximum ratio of heat transfer.

Validation and Grid independency

In order to validate the results obtained from numerical
simulations. The value of the Nusselt number for the flow
inside the inner tube of geometry B with the oil fluid is
compared with the numerical results obtained in [30] and
the experimental results in [54]. Figure 5 shows the varia-
tions of the Nusselt number in different Reynolds numbers
to validate the Nusselt number. The absolute average devia-
tion (ADD) was used to calculate the difference between the
results of the present work and the reference article. Accord-
ing to Fig. 5, the AAD error is 7.13%, which had an accept-
able correlation between the results of the present study and
the reference [30] in similar conditions. In addition, Fig. 5
shows that the results of the present study are more consist-
ent with the experimental results than the numerical results
[30].
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Design geometry of blocks in SketchUp software
*Double-tube heat exchanger

*Design simple, coil wire inserted and

star shaped tube (Fig 1)

*Hot flow as inner flow and

cold flow as outer flow (Fig 3)

Start ————————

Fluid flow B.C
Reynolds number
For hot flow — Re = 1800

For cold flow — Re = 200-1800 Numerical
modeling —
L
Thermal B.C
Tin

For hot flow — Tin, h = 353 k
For cold flow — Tin, ¢ =298 k

Comparison and selection the best geometry from A, B, C geometries
In terms of heat transfer and pressure drop (Fig 19)

Output values

-~
£l optimal condition (Table 1)

e

Fig.4 Flowchart of modeling and optimization procedure

To further validate the present work, the velocity distribu-
tion contour according to Fig. 6 is shown in Re =90 from
the numerical work [30] in A and the numerical results from
the simulation in the present study in B. According to Part B
in Fig. 6, the effect of the turbulator on the velocity contour
is visible. Similar to Part A, the tubular causes curvature in
the flow lines. Ag can be seen, the trend of the variation of
the velocity and flow is like to the reference [30] under the
same conditions.

Figure 7 shows the meshes used in the present work for
different geometries. The boundary layer mesh in these
areas is used due to the drastic changes in flow and heat
parameters in the contact area between the two hot and cold
fluids and the importance of proper meshing in this area. In
geometry B, unstructured meshes are used due to the use of
a turbulator in the hot water flow and the complexity of the
computational domain geometry.

According to Fig. 8, to investigate the independence of
the simulated grid, the effect of variations in the number
of elements used in geometry A on the heat transfer coef-
ficient in the cold flow direction of the heat exchanger and
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Topsis based
multi-objective
optimization

1

Validation
Comparison with the results [30], [54]
A.A.D error 7.1% with reference results
(Fig 5)

Numerical solution
Optimization process

R

Definition of the initial
population

R —
—_

Mesh indepndence study
Number of selected element :547708
(Fig 7, Fig8)

l Evaluation of the population
based on adaptability with
respect to the objectives

<
Numerical solution
Solve equaions — Eq.1,2,3,8
k-e Equations used for modeling turbulent
flow —» 4,5,6,7
The SIMPLE algorithm is used for solution
residual value for all equations: 1 x 108

Reproduction of a new generation
by applying the operators

‘_J

Selection

Result N
Tout, Nu, AP, f ©
Maximum number of
; generations?

‘Yes

Optimization
outputs

v v

Maximum nusselt Minimum
number pressure drop

logarithmic changes in temperature at the beginning and end
of the heat exchanger is studied. Numerical simulations were
performed for the number of elements 22,532 to 1,106,011.
By increasing the number of elements, both h_ and AT, dia-
grams show an uptrend, according to Fig. 8. With the num-
ber of elements 22,532 to 547,708, the difference between h,
and AT, values is increased at first, but with increasing the
number of elements decreases. In the number of elements
greater than 547,708, the results are obtained with changes
of less than 0.001 and 0.01% for the logarithmic tempera-
ture difference and the heat transfer coefficient, respectively;
therefore, the computational grid with 547,708 elements is
also studied.

Fluid flow results

The variation of the coefficient of friction in terms of the
Reynolds number on the cold side of the heat exchanger
flow for three different geometries is shown in Fig. 9a. Due
to the similarity of the cold flow path geometry for geom-
etries A and B, the friction coefficient diagram for these two
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Fig.5 Validation of the Nusselt number under the same operating
conditions with [30] and [54] at different Reynolds numbers for fluid
flow from tube with coiled wire turbulator with a pitch of 65 mm and
2 mm diameter

diagrams is consistent with each other. In geometry C, due to
the different cold flow path geometry, the coefficient of fric-
tion is shown more diminutive than the other two geometries
According to Fig. 9a, by increasing the Reynolds number,
the coefficient of friction for all geometries decreases. The
maximum value of the coefficient of friction in cold flow
was obtained for geometries A and B equal to 0.039, and
geometry C equal to 0.013 at Re =200. The minimum value
of F_ for geometries A and B is 0.005 and for geometry C is
0.02 at Re =1800. The ratio of the variations of the friction
coefficient on the cold side of the flow in geometries B and
C to the geometry of A is shown in Fig. 9b by increasing
the Reynolds number, the diagram is shown slight varia-
tions in f, . It is considered to be approximately constant
for both B and C geometries. According to Fig. 9b, due to

the same flow path geometry in geometries A and B, f,_ for

Velocity

Fig. 6 a Comparison of velocity
Contour 1

corllztour in [3}?]. b prese}rllt Woik 1.5796-001
at. e=90 when using t. e cmfed F 1.4216—001 pe-
wire turbulator with a pitch o 1.2636—001

. [
65 mm and 2 mm diameter 1.105e—001

~ 9.472e-002
7.894e-002
6.315e—002
4.736e-002
3.157e-002
1.579e-002

0.0006+000
[ms™]

(a)

(b)

()

Fig. 7 Created meshes for geometries A, B, C

geometry B is shown a fixed-line with a value of 1. Accord-
ing to geometry diagram C, the pressure drop is up to 68%
which has decreased Compared to the other two geometries.

The variation of the coefficient of friction in terms of the
variation of the Reynolds number in the cold flow for the hot
side of the flow in different geometries is shown in Fig. 10a.
Because the Reynolds number is constant on the hot side of
the heat exchanger, f, represents constant values for different
geometries. The coefficient of friction in geometry A and C
are approximately the same value and equal to 0.007, but
in geometry B, due to the use of a coiled wire turbulator in
the flow path, the coefficient of friction is increased up to 6
times compared to other geometries and is equal to 0.046.
The ratio of the coefficient of friction of the hot side of the
flow in geometries B and C to the coefficient of the friction
in geometry A in different Reynolds numbers of cold flow is
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shown in Fig. 10b. By increasing the Reynolds number, the
f., in geometry B increases slightly to 6.7 units at best and
Re=1800. The diagram of C geometry is almost constant
and shows that increasing the Reynolds number of the cold
flow is almost ineffective at amount f_,. The coefficient of
friction in this geometry, at most, up to 20%, shows a value
less than the coefficient of friction in geometry A.

The variation of pressure in the longitudinal direction
in the heat exchanger of geometries A, B, and C is shown
in Fig. 11, where cold-flow with Re =200 and hot-flow
with Re=1800 flow inside the tube. The pressure drop for
geometry B is greater than other geometries in both cold
and hot flow. The higher-pressure drop is obtained in the hot
flow path of geometry B compared to the other two geom-
etries. The pressure drop in the cold flow path is the same
for geometries A and B but shows more pressure drop than
geometry C. The maximum pressure drop is equal to 360 Pa
for cold flow in geometry B and the lowest value is equal
to 200 Pa for geometry A. In geometry B, the pressure drop
changes linearly due to the same pitch of the turbulator and
its diameter, and the flow in the turbulent path is developed.
Also, at a shorter longitudinal distance than the other two
geometries, the pressure drop is seen as linear. At the same
time, the values of pressure drop in the inlet area are non-
linear and become linear with the expansion of the flow.
It is worth noting, in the hot flow path due to the constant
Reynolds number of the hot flow the pressure drop values
are equal to the values observed in Fig. 11.

In order to better compare the pressure drop in the cold
flow of the heat exchanger, the longitudinal pressure vari-
ations in terms of the Reynolds number of the cold flow in
geometries B, A, and C are shown in Fig. 12, respectively.
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Fig.8 The independence of the simulation grid for a simple double
tube model heat exchanger in hot flow with Re=1800 and cold flow
with Re=200

By increasing the Reynolds number of the flow in the range
of 200 <Re <1800 can be seen an increase in the pres-
sure drop in the path of the tube for all geometries. As the
flow moves along the double tube heat exchanger, the flow
pressure in geometries A and B decreases as linearly, and
because of the same geometry of the flow cross section in
these two geometries, Fig. 12a and b is shown the same
pressure changes, but Fig. 12-C is shown that it decreases
in geometry C as a curve due to the different geometry of
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Fig.9 a The Variation of the coefficient of friction in geometries (A, B, C) b the ratio of the coefficient of friction in geometries (B and C) to the
coefficient of friction of geometry a on the cold flow side of the heat exchanger for different Reynolds numbers
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Fig. 10 a The variation of the coefficient of friction in geometries A, B, C. b The ratio of the coefficient of friction in geometries B and C to the
coefficient of friction of geometry A on the hot flow side of the heat exchanger for different Reynolds numbers

the flow cross section. By increasing the Reynolds number,
the length of the inlet area increases due to the nonlinearity
of the pressure gradient and the cold flow expands at longer
distances from the flow inlet it arrives. As shown in Fig. 12,
Geometry C causes a lower pressure drop in the fluid flow
path than the other two geometries and similar Reynolds
number.

200 3 =
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Fig. 11 The variation of pressure in the path of the tube for hot flow
with Re=1800 and Cold flow with Re=200 in geometries A, B, C

Thermal results

In order to check the thermal parameters in a double tube
heat exchanger, the variation of the Nusselt number in terms
of Reynolds number in cold flow for different geometries and
in conditions where Reynolds number in hot flow is equal to
1800 is shown in Fig. 13a. By increasing the Reynolds num-
ber, the Nusselt number increases, it is shown an increase in
heat transfer in Fig. 13a; in addition, the use of turbulator in
hot flow and deformation of the tubes is increased the Nus-
selt number to 6.1 and 4.2, respectively. Due to the increase
in displacement coefficient with increasing Reynolds num-
ber, the Nusselt number in these flows is also increased. The
ratio of the Nusselt number of cold flows in both geometry
B and C to the Nusselt number of the cold flow of simple
geometry A is shown in Fig. 13b. The Nusselt number is
increased by an average of two times for geometry B and 1.5
times for geometry C compared to simple geometry A, both
geometries are performed better with increasing Reynolds
number.

The variation of the Nusselt number in terms of the Reyn-
olds number variations in cold flow is shown in Fig. 14a. By
increasing the Reynolds number in the cold flow and that the
Reynolds number is constant in hot flow, but increases the
Nusselt number in geometry A and C and decreases the Nus-
selt number in geometry B, but these variations are minimal.
Another conclusion that can be drawn is that the use of a coil
wire increases the Nusselt number for hot flow up to 48, and
also the Nusselt number in hot flow in geometry C is reduced
by an average of 0.51 times compared to geometry A. Fig-
ure 14b shows that the Nusselt number on the hot side of
Geometry B is increased by an average of 2 times compared
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Fig. 12 The variation of the pressure along the length of the tube for cold flow in, a geometry A, b geometry B, ¢ geometry C

to Geometry A, and this value decreased with increasing the
Reynolds number. On the other hand, the Nusselt number
in geometry B is decreased by an average of 40% compared
to geometry A, and by changing the Reynolds number, this
ratio remains almost constant.

The ratio of cold flow to hot flow Nusselt numbers in dif-
ferent Reynolds number of the cold flow is shown in Fig. 15.
By increasing the Reynolds number, this ratio is almost
constant in geometry A and equal to 0.1, but is increased
in geometries B and C up to 0.24 and 0.13, respectively.
By comparing geometry diagrams B and C, it is clear that
geometry C is produced more Nu than geometry B. It is
worth that increasing the Nusselt number leads to increasing
the heat transfer from hot to cold fluid; according to Fig. 15,
this increase in heat transfer at different Reynolds numbers
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for geometry B and C is approximately constant and equal
to 0.12.

The variation of temperature in the path of the tube
for hot and cold flows is shown in Fig. 16a. The results of
Re =200 for cold flow and the results of Re =1800 for hot
flow are used in Fig. 14a. According to Fig. 16a, in cold
flow, geometry B was able to create up to 80% more tem-
perature difference between the inlet and outlet ports of the
tube. For hot flow, regardless of temperature variations in the
tube path, geometry B was able to show better performance
than geometries C and A again. As it can be concluded that
in geometry B, compared to the other two geometries A and
C, in addition to lower temperature decrease in hot flow,
more temperature increase is created for cold flow. The
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Fig. 13 a The variation of the Nusselt number in geometry A, B, and C. b The ratio of the Nusselt number in geometry B and C to the Nusselt
number in geometry A, on the cold side of the heat exchanger for different Reynolds numbers

variation of temperature in the cold flow side of the flow of
geometry B along the length of the tube for 200 <Re < 1800
is shown in Fig. 16b. By increasing the Reynolds num-
ber, the temperature variations between the inlet and outlet
ports of the cold flow are reduced. The results also show
that geometry B has better performance for heat transfer and
temperature increase than the other two geometries A and
C, with increasing the Reynolds number of cold flow in this
geometry, the variation of temperature between the input and
output ports, dropped to 60% for the Reynolds number 1800.
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The value of the parameter 65, _ . in the fluid output section

is 10.4 for Re =200 and 3.6 for Re =1800.
Comparison and optimization

The temperature contour in different geometries for inter-
nal flow (hot) with Reynolds 1800 and external flow (cold)
with Reynolds 200 is shown in Fig. 17. The result of using
a Turbulator or variation of the shape geometry of the tube
in increasing the temperature and heat transfer can be seen
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Fig. 14 The variation of the Nusselt number in geometries A, B, and C. b The ratio of Nusselt number in geometries B and C to Nusselt number
in geometry A, on the hot flow side of the heat exchanger for different Reynolds numbers
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deformation of the tube geometry can be seen in the turbu-
lence of the thermal boundary layer. According to Fig. 17,
the performance of geometry B and the use of Turbulator
are better than geometry C, and the deformation of the tube
geometry can be concluded. In Fig. 18, the area average
temperature of hot flow is shown for geometries A, B, and C.
The Reynolds numbers of cold and hot flow are considered
200 and 1800, respectively.

The variation of the Nusselt number in terms of the pres-
sure difference between inlet and outlet of the cold flow for
geometries A, B, and C is shown in the diagram of Fig. 19.
To investigate diagram, due to the greater importance of
increasing the Nusselt number than decreasing the pressure
drop, geometry B can be selected as the most suitable geom-
etry. To obtain the optimal Reynolds number in geometry
B, the multi-criteria decision-making method (TOPSIS) was
used. In this analysis, the two criteria of pressure drop and
Nusselt number with different mass percentage effects are
investigated in Table (1), and the optimal Reynolds number
on the cold flow side was calculated for all three hypotheses
proposed, which are in Table (1). The optimal points 1, 2,
and 3 for all three assumptions are shown in Fig. 19; the best
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Fig. 16 The variation of dimensionless temperature in the direction of the tube for a cold and hot side of the heat exchanger in geometries A, B,
and C in Reynolds number 200 and 1800 for cold and hot flow, respectively, b geometry B in Reynolds number 1800 for cold flow and hot flow

according to parts A, B, C of Fig. 17. In geometry B, the
effect of using a tubular and in geometry C, the effect of
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Reynolds values for cold flow are represented in geometry B.
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Fig. 17 Temperature contour in
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Fig. 18 Area average temperature in hot flows of geometries A, B,
and C for cold flow with Reynolds number 200 and hot flow with
Reynolds number 1800

Fig. 19 The variation of the Nusselt number in terms of the pressure
difference between the cold inlet and outlet ports for geometries A, B,
and C

Table 1 Optimal Reynolds number based on pressure drop and Nusselt number for different mass percentages in geometry B

Assumptions Hypothesis 1 Hypothesis 2 Hypothesis 3

Criteria Nusselt number Pressure drop Nusselt number Pressure drop Nusselt number Pressure drop
Type of Criterion + - + - + -

mass percentage of Criterion 70% 30% 50% 50% 30% 70%

The best data 4.8333 468.82 4.4245 258.06 4.3 193.934
Reynolds number obtained 486.09 267.1 200
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Conclusions

In the present study, the effect of different geometries of dou-
ble tube exchangers, including double tube heat exchanger
with circular cross sections in two modes simple and with
turbulator and double tube with star-shaped cross section on
the variation in forced heat transfer coefficient and the Nus-
selt number are investigated as parameters of heat transfer
and the variation of the pressure drop and friction coefficient
are analyzed as parameters of the flow. The Reynolds num-
ber is considered for the internal flow of the tube (hot) with
an inlet temperature Ty ;=353 k constant of Re=1800 and
the external flow of the tube (cold) with the inlet temperature
T;=298 k in the 200 <Re <1800 range. To better model
the flow regime and thermal boundary layer in turbulator
geometry (Geometry B), standard turbulence equations k —
are used to solve Navier—Stokes and energy equations by
simple algorithms. To solve the governing equations, the
finite volume method based on the SIMPLE algorithm in
the fluent solver is used. The average difference of 7.6%
between the results of numerical simulation and the results
of the reference article has been achieved in the validation
section. The length (L) and the thickness of the tube (t) in
all geometries are 380 mm and 0.5 mm, respectively. The
size of the inlet cross section of the flow inside the tube in
the hot and cold sides of the heat exchanger is designed to
be the same for all geometries. The main results of this study
are summarized as follows.

e Increase in the Nusselt number for all three heat
exchanger geometries by increasing Reynolds number
and improving the Nusselt number in geometries B and
C up to 146% and 50% compared to geometry A, respec-
tively

e Slight effect of increasing the Reynolds number in cold
flow on the amount of Nusselt number in hot flow and
increasing the Nusselt number of hot flows in Reynolds
number 1800 for cold flow up to 8% in geometry A and
the best state

e Better thermal performance and more increase in Nusselt
number in geometry B than geometry C

e Lower pressure drop also 1.9-folds reduction in coeffi-
cient of friction on the cold side of the flow for geometry
C compared to geometries A and B with an increase in
the Reynolds number of the cold flow

e The coefficient of friction is almost the same for geom-
etries A and C and increases up to 4.8 times in geometry
B for internal the tube flow

e Selection of geometry B as the best geometry to increase
heat transfer efficiency due to the variation of the pres-
sure drop and Nusselt number and the better effect of
using turbulator in increasing Nusselt number by con-
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sidering pressure drop, compared to tube deformation
method and increase the contact surface

e Selection of Reynolds number 486.09 as the optimal
working condition for cold flow in geometry B, by using
the Topsis method, as a multi-objective optimization
technique and according to two criteria of pressure drop
with mass percentage -30% and Nusselt number with
mass percentage +70%

Appendix A

Hydraulic diameter (Dy;) calculated in Eq. (A-1) which A is
the area of the tube surface which the desired flow passes.
S is the perimeter of the cross-sectional around which the
flow wet it.

_ 44

D
H™ g

(A.1)

The Reynolds number (Re) is also calculated in Eq. (A-2).
In this formula, y is the dynamic viscosity of the fluid flow,
which is water.

pVDy
Re =
e - (A2)
Appendix B

For the Topsis method, multi-objective optimization can be
conducted as follows equations:

Max F, n=1,23,....,N (B.1)
Subject to g;(x) >0 j=1,2,3,....j (B.2)
Hx)=0 k=1,23,..,K (B.3)
x<x<x, i=1,23,..,n (B.4)

where x, n, xiL and x].U are optimal variables, decision variable
vector, lower and upper boundary layer limits, respectively.
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