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Abstract

The purpose of this study is to investigate the cost and efficiency of-a double pipe heat exchanger. Furthermore,
by utilizing NSGA2, the operational expenses were minimized, and the efficiency was maximized. The cold fluid
mass flow rate, outer tube diameter, inner tube diameter, and cold fluid outlet temperature are selected as design
variables. Additionally, in this research, the Witte-Shamsundar efficiency and performance index were studied for
the double pipe heat exchanger, and the impact of various parameters was examined. Optimizing results showed
that the efficiency and heat transfer rate increased 21% and 43%, respectively. In addition, the operational cost
experienced a reduction of approximately:58%. The findings indicate that, as the average velocity of the hot fluid
increases, the number of transfer units increases, resulting in an increase in the efficiency. Also, for a given inner
tube diameter, the highest Witte-Shamsundar efficiency is achieved when the hot side mass flow rate is equal to
the cold side*mass flow rate. The Witte-Shamsundar efficiency decreases with increasing the hot fluid inlet
temperature. As the cold side mass flow rate increases, the performance index of a double pipe heat exchanger
decreases.. It is.found that if a double pipe heat exchanger is required to increase the mass flow rate of hot fluid,
provided that the mass flow rate of hot fluid is greater than that of cold fluid, the cost increase will be minimal.

Moreover, ithas been observed that the present investigation has yielded significantly more optimal outcomes.
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1. Introduction

Heat transfer between cold and hot fluids is necessary for some industrial processes. However, heat exchangers
are one of the most commonly devices utilized in refrigeration and heating systems in the industry. In cases where
a lower heat transfer area is possible, double pipe heat exchangers are preferred. The majority of studies conducted
so far in the field of enhancing the effectiveness of heat exchangers have focused on two basic strategies. The first
strategy focuses on improving the factors that have a positive influence on the effectiveness of the heat exchanger.
In terms of these factors, it is possible to mention the use of wide surfaces, nanofluid, and similar kinds of
techniques. The second strategy aims to reduce the factors that have a negative influence on the effectiveness of
the heat exchanger. The exergy loss, entropy generation, pressure drop are some of the factors that can be
mentioned [1-6]. In their research, Sinaga et al [7] analyzed the second law of thermodynamics in a double pipe
heat exchanger. In this experimental work, air and hot water were first mixed outside the exchanger and then
entered the inner tube of a double pipe heat exchanger. Hot water and air with five different mass flow rates were
investigated. The increase of the heat transfer coefficient and the number of transfer units by 33% and 38%,
respectively, was one of the important results of this research. Sheikholeslami et al. [8] experimentally improved
the heat transfer in a double pipe heat exchanger by installing perforated agitators in the annular space.In their
research, different values of Reynolds number, open area ratio and pitch ratio were studied and the relationship
between thermal efficiency, friction factor, and Nusselt number for a double pipe heat exchanger was extracted.
Bahmani et al. [9] investigated heat transfer in turbulent flow in a double pipe heat exchanger. In this research,
they also studied the nanofluid flow in these converters. The research results showed that increasing the volume
fraction of nanofluid will increase the displacement heat transfer coefficient and Nusselt number. Among the other
results of the research, the suggestion of using a double pipe heat exchanger with opposite flow in high Reynolds
numbers could be mentioned. In a numerical and three-dimensional study, Huu-Quan et al. [10] investigated the
turbulent forced convection heat transfer in a double pipe heat exchanger with a smooth inner tube. They observed
that the effect of the geometry of the inner tube on the flow and heat transfer depends to a large extent on the
Reynolds number of the inner tube. Also, it was observed that the use of a smooth inner tube will increase the
efficiency of the double pipe heat exchanger by 16.8%Sivalakshmi et al. [11] in their research analyzed the effect
of spiral fins on the efficiency of double pipe heat exchangers. They found that the heat transfer rate and efficiency
of the double pipe heat exchanger with spiral fins are 38.46% and 35%, respectively, higher than the double pipe
heat exchanger with a smooth inner tube. Maakoul et al. [12] numerically investigated the increase of heat transfer
and the efficiency of the double pipe heat exchanger with spiral walls in the annular space. Also, in this research,
the effect of the distance between the walls and the mass flow was also studied. It was observed that the highest
thermo-hydraulic efficiency is achieved when spiral walls are used in slow flow. Sharifi et al [13] studied the
effect of adding spiral wire with various arrangements on the heat transfer rate and pressure drop in a double pipe
heat exchanger. They extracted friction factor, efficiency and Nusselt number of double pipe heat exchanger using
CFD technique. The results showed that the addition of spiral wire will make the Nusselt number equal to 1.77
compared to the smooth double pipe heat exchanger. Mehrabian et al. [14] using experimental data investigated
the overall heat transfer coefficient for a double pipe heat exchanger. Their results showed that the heat transfer
coefficient of the flow in the inner tube and annular space is higher compared to the results obtained from the
standard relations. It was also found that the heat transfer coefficient of the inner pipe flow in the double pipe heat

exchanger is 3.4 times the heat transfer coefficient of the external pipe flow. Alkam et al. [15] improved the



efficiency of a double pipe heat exchanger using porous substrates. Also, the effect of adding porous beds on the
pumping power of the heat exchanger was studied in this research. The results showed that the use of porous beds
increases the displacement heat transfer coefficient for both types of double pipe heat exchangers with the same
and opposite flow. It was observed that the use of porous beds will increase the pressure drop in the heat exchanger
in the heat exchanger. Sadighi Dizaji et al. [16] investigated heat transfer and pressure drop in a double pipe heat
exchanger in an experimental study. In this study, both internal and external tubes were ribbed using a special
machine. The shape of the treads was applied to the tubes in two convex and concave states. The results showed
that the highest efficiency of the double pipe heat exchanger achieved when the inner and outer tubes have convex
and concave treads, respectively. Taghilou et al. [17] optimized a fin-needle double pipe heat exchanger using
entropy generation minimization. Their results were extracted in the state of constant heat flux and it was observed
that by minimizing the entropy generation, the pumping power decreases. Also, it is found that at a constant
Reynolds number and in short lengths of the double pipe heat exchanger, the irreversibility distribution ratio
decreases with the increase in the length of the heat exchanger. Arjamandi et al. [18] focused.on the geometrical
optimization of the double pipe heat exchanger in which a combination of vortex generator and twisted tape
turbulator is used. In this research, nanofluid Al,0; — H,0 was used as the base fluid in the inner tube. Also, the
response surface methodology was used to obtain the optimal geometry of the desired heat exchanger. The aim of
the research was to achieve the maximum Nusselt number and the ‘minimum friction factor, and 20 experiments
were conducted at different Reynolds numbers, angles and pitch ratios. The results showed that the pitch ratio has
the greatest effect on the friction factor and Nusselt number, which has increased the efficiency of the heat
exchanger about 5 times. It was observed that Nusselt number:and friction factor decrease with the increase of
vortex generator angle. Kim [19] investigated the effect of different fin shapes on the thermal performance of
finned double pipe heat exchangers. Kim observed that the linear increase of the fin thickness shows almost the
same performance of the finned tube heat exchanger with variable fin thickness. Also, obtained results showed
that the dimensionless optimal‘thermal resistance is a function of the radius ratio and the dimensionless pumping

power. Omidi et al. [20] reviewed the researches that have been done on double pipe heat exchangers. They stated

that the main goal in.many previous studies is to increase the efficiency of double pipe heat exchangers. In some

studies, the heat.transfer.coefficient is increased by disrupting the flow or fining the inner tube. They observed

that fining the inner tube was.used more compared to disrupting the flow. It is important to consider that the fining

of the inner tube in a double pipe heat exchanger can greatly improve heat transfer and efficiency. Igbal et al. [21]

investigated the effect of fin shape on Nusselt number in finned double pipe heat exchangers. They estimated the
blade shape using interpolation polynomials. With the assumption of isothermal blade, they showed that the
Nusselt number in the case where the blade with variable thickness is optimized is 138% more than the trapezoidal
blade. Tian et al. [22] investigated the turbulent flow in spiral double pipe heat exchangers in their research. In
this research, using a numerical method, the effect of temperature and inlet fluid velocity, volume fraction of
nanofluid and type of nanofluid on heat transfer coefficient, friction factor and pressure drop were studied. The
results showed that the effect of the type of nanofluid in Reynolds numbers less than 16000 can be neglected.
Also, the results of optimal conditions were extracted using the genetic algorithm. Saeedan et al. [23] studied the
effect of various types of nanofluids on the Nusselt number and pressure drop of double pipe heat exchangers with
spiral fins using CFD method and neural network. It is found that the Nusselt number increases with the increase

in volume fraction of nanofluid. Also, in this modeling, Nusselt number and pressure drop in the heat exchanger
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were estimated. Kalteh et al. [24] numerically investigated the laminar fluid flow in a double pipe heat exchanger.
The research results showed that reducing the diameter of nanofluid and increasing its concentration is a very
important factor in increasing the heat transfer rate. It was also observed that the friction factor increases with the
increase in the diameter of the nanofluid. Jalili et al [25] studied the curved rectangular fin in double pipe heat
exchangers. In their study, nanofluids with different concentrations were used as cold fluid in the inner tube. They
compared the results of this type of heat exchanger geometry with the results of a double pipe heat exchanger with
a simple rectangular fin and found that the double pipe heat exchanger with a curved rectangular fin has a higher
efficiency and a lower pressure drop. Colaco et al. [26] optimized the thermal efficiency index and friction factor
in a double pipe heat exchanger with internal perforated walls. Their goal in this research was to minimize the
pressure drop and achieve more heat transfer. Genetic algorithm was used to extract optimization results. The
results showed that the Nusselt number of this type of exchangers is about 7.93 to 8.25 times that of double pipe
heat exchangers without walls. It was also found that the friction factor of the double pipe heat exchanger with
internal perforated walls is about 6.5 to 9.75 times that of the double pipe heat exchanger without walls. Other
related studies can be reviewed in references [27-34].

Based on previous research, it appears that the optimization of the double pipe heat.exchanger using NSGA2 with
objective functions of efficiency and operational cost has not been done. Additionally, the effect of process and
geometric parameters on thermodynamic parameters and the operational cost of the double pipe heat exchanger
have not been investigated. Furthermore, the mass flow rate ratio of two fluids has not been included in previous
analyses of the double pipe heat exchanger. Hence, this parameter is also taken into account in this research. The
study examines a parameter known as Witte-Shamsundar efficiency, which is utilized to examine the quality and
quantity of energy. The performance index is a parameter that considers the heat transfer rate and pumping power.

Therefore, this parameter is also studied in this investigation.

2. Thermodynamic modeling

The heat exchangers used in this research are for double pipe heat exchangers in series, as shown in Figure 1.

i
o | [ ¥
d
Fig. 1.Double pipe heat exchangers in series.

The assumptions used in the research are [35]:

- The hypothesis is that the condition is in a steady state.



- Every direction has a uniform flow of cold and hot fluids.
- There is no noticeable heat loss.
- The cold and hot fluids' temperatures are supposed to be uniform.

- The velocity is assumed to be uniform in the region of the entry and exit.

-The fouling resistance is taken as a fixed amount.

The hydraulic diameter and the equivalent diameter in the double pipe heat exchanger are calculated from the

following correlations, respectively [36].

D, =D;,—d, D
D} — d? e
D, =
d,

Where d and D are the inner tube diameter and the outer tube diameter. D, and:D,, represent the hydraulic diameter

and the equivalent diameter.

The fluid pressure drop on the pipe side is obtained from the following equation [36].

2L u
Ap, = 4f —Nip— 3

L
Where L and N, are the length of the heat exchanger and the number of hairpins, respectively. f is the coefficient

of friction in a circular duct with smooth surfaces, which is obtained from the following relationship [36].

f. = (1.58LnRe, — 3.28) "~ (4)

Also, unm is the average velocity of the fluid, which is obtained from the following relationship [36].

m )
Uy, =——

PA,
Where A. and p are the net flow cross-sectional area and the fluid density, respectively. The fluid pressure drop

on the side of the annular space is obtained from the following equation. [36].

2L ufn
Ap, = 4fD—hthp7 (6)

Friction factor of turbulent flow in annular space with smooth surfaces is obtained from the equation (7) [36].

-2
f, = (3.64Log, Re, — 3.28) )

The Nusselt number for turbulent flow in a circular duct is obtained from the equation (8) [35].

(%) (Rey)Pry,
Nu, = 05 ®
1+87 (%) (Pr, — 1)




The heat transfer coefficient in a circular duct is obtained from the following equation [35].

N Nuy, k

= 9
h ) 9)
The Nusselt number for turbulent flow in annular space is obtained from the following equation [35].

(%) (ReC)PrC
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1+87 (76) (Pr,—1)

The heat transfer coefficient in the annular space is as follows [37]:
L Nu, k 1

(A Dh ( )
The efficiency of a double pipe heat exchanger is determined using the following correlation [35]:
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In relation (1), the number of transfer units and the heat capacity ratio are [39]:
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The overall heat transfer coefficient based on the outer surface of the inner tube is obtained from the following
equation [35]:
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The heat transfer level for each two-branch heat exchanger is obtained from the following equation [35]:

A, = 2md,L (16)

The pumping power is obtained from the following relationship [38]:

AP.m

P = 17
NpP (7
Where np is the pump efficiency.
Entropy generation due to fluid friction is [40]:
, mAP\ In(Ty,/Ty;)  (mAPY In(T.,/T;)
SgT = + (18)
p Th,o — Ty, p Tc,o - Tc,i

1
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The entropy generation due to the limited temperature difference is as follows [40]:



Sep = 1y Cyp In(Th0/Thy) + 11eCp In(Teo/Te;) (19)

Total entropy generation is the sum of entropy generation caused by limited temperature difference and fluid
friction:

S, = Sy + S0 (20)

The Witte-Shamsundar efficiency is defined as [40]:

8T, (21)
WSE =1 -
q

The performance index can be obtained from the following equation [41]:
Performance Index = % (22)
Operation cost of double pipe heat exchanger is [40]:

! P,
mu=q%+@§+@m4 (23)

Where C,, C,, C5 are the constant coefficients that are selected basedion industrial considerations. P’,Q" and M,
represent the lowest value of pumping power, standard heat transfer rate and ratio of hot mass flow rate to cold
mass flow rate .

3. Results

The processing properties of each of the hot and cold fluids are summarized in Table 1. In order to confirm
the findings for the double pipe heat exchanger, the thermal and hydraulic results were compared with the
reference findings shown in Table 2. It is evident that the conclusive outcomes of this study are in excellent

conformity with the mentioned reference.

Table 1. Characteristics of hot and cold fluids [36].

Process information Hot fluid Cold fluid
fluid density(kg/m3) 870 880
specific heat (j/kg. K) 1817 1778
fluid viscosity(pa. s) 0.00041 0.0005
fluid thermal conductivity(W/m. K) 0.1471 0.1574
Prandtl number 5.064 5.648

Fouling Factor(m?. W/K) 0 0




Table 2. Validation of results.

parameter Current Work Ref [42]
AP, (Pa) 460.1 464.5402
AP.(Pa) 2876.4 2981.1

hy (W /m2K) 4911 4912.3
h.(W /m2K) 1345 1344.6
P,(W) 0.84 0.8469
P.(W) 5 5.1946
Nuy, 375.393 375.3
Nu, 89.06 89

This section presents the optimization of the double pipe heat exchanger with objective functions of operating
cost and efficiency. The range of design variables are shown in Table 3. The Pareto front diagram of the
result of optimization using the NSGA2 method is shown in Figure 2. Since efficiency.and cost are opposite goals,
point A on the pareto front is introduced as the optimal point. The optimization results are presented in Table 4.
By optimizing the double pipe heat exchanger, the efficiency of theheat.exchanger and its heat transfer rate have
gone up by 21% and 43%, respectively, and the operating cost has.gone down by 58%. Furthermore, the findings
indicate that the pressure drop of both hot and cold fluids has decreased by 70% and 97%, respectively. Also, the
optimization results demonstrate that the pumping-power of hot and cold fluid has been significantly
reduced. Table 5 compares the optimization outcomes of the present work with those of previous work conducted

by other methods. It is evident that the present research has yielded significantly more optimal outcomes.

Table 3:Range of optimization variables.

variable Lower limit Upper limit

d;(mm) 20 60

D;(mm) 70 110
mc(kg/s) 1 6

Teo(K) 320 340
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Table 4. Comparison of the results before and after optimization:.
Parameter Di(m) d;(m) T.,(K) m.kg/s) P.W) P,(W) qW) (%) Cost ($)
Initial value 0.06 0.042 323 1.512 331.45 55.33 61832  52.27 13.06
Optimal value 0.11 0.06 339.98 1.0039 11.32 8.36 107490 73.66 5.48

Table 5.The optimization results compared to other references.

Parameter q(W)  AP,(Pa) AP.(Pa) Cost($)

Optimal value (Current Work) 107490 5795.2 5271.5 5.48
Optimal value (Ref [36]) 62868 27051 62314  10.0755
Optimal value (Ref [43]) 105650 9273 51819  10.1457

In Figure 3, the effect of cold fluid mass flow rate on the efficiency and pumping power of the double pipe heat
exchanger has been investigated. It can be seen that, increasing the cold side mass flow rate, decreases the
efficiency of the double pipe heat exchanger. The reason is that according to the range of changes in mass flow
rate of cold fluid, the heat capacity of cold fluid will always be lower than the heat capacity of hot fluid. In other
words, the heat capacity of the cold fluid in such conditions will always be the minimum heat capacity. Therefore,
increasing the cold side mass flow rate decreases the number of transfer units. Since the number of transfer units
is directly related to the efficiency, the efficiency of the double pipe heat exchanger will also decrease. It can also
be found from this graph that increasing the cold side mass flow rate, increases the pumping power. According to
equation (17), pumping power has a direct relationship with fluid mass flow rate. Therefore, increasing the mass

flow rate of the cold fluid, the pumping power also increases.
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Figure

3.Performance and pumping power in terms of cold fluid mass flow rate.

In Figure 4, the effect of the diameter of the inner tube on the overall coefficient of conduction heat transfer and
the number of transfer units is investigated. It can be seen that with the increase in the diameter of the inner tube,
the overall coefficient of conduction heat transfer increases. Based on equation (15), the general coefficient of
conduction heat transfer has a direct relationship with the inner tube diameter. Therefore, by increasing the
diameter of the inner tube, the overall coefficient of conduction heat transfer also increases. It can also be seen
that with the increase in the diameter of the inner tube, the number of transfer units also increases. The number of
transfer units has a direct relationship with the overall conduction heat transfer coefficient. Therefore, any

parameter that increases the overall heat transfer coefficient will also increase the number of transfer units.
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Fig. 4. The overall heat transfer coefficient and the number of transfer units in terms of the diameter of the inner tube.



Figure 5 shows the effect of increasing the diameter of the inner tube on the Nusselt number of hot and cold fluids.
It can be seen that with the increase in the diameter of the inner tube, the Nusselt number of the hot fluid increases
and the Nusselt number of the cold fluid decreases. Because, increasing the diameter of the inner tube, the
Reynolds number of the hot fluid increases. Since the Reynolds number has a direct relationship with the Nusselt
number, the Nusselt number of the hot fluid increases with the increase of the inner tube diameter. Increasing the
diameter of the inner tube, the hydraulic diameter in the double pipe heat exchanger decreases and therefore the
Reynolds number of the cold fluid also decreases. As the Reynolds number of the cold fluid decreases, the Nusselt

number of the cold fluid also decreases.
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Fig.5. Nusselt number of hot and cold fluids in terms of the diameter of the inner tube.

Figure 6 shows the effect of the inner diameter of the outer tube on the Reynolds number and the friction factor
of the cold fluid. As can be seen, with the increase in the diameter of the outer tube, the Reynolds number increases
and the fluid friction factor decreases. Increasing the diameter of the outer tube increases the hydraulic diameter.
With the increase of the hydraulic diameter, the Reynolds number of the fluid increases. Also, equation (7) shows
that the Reynolds number and the fluid friction factor have an inverse relationship, so it can be concluded that the

cold fluid friction factor has an inverse relationship with the outer tube diameter.
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In Figure 7, the effect of increasing the average velocity of the cold fluid on the friction factor and the Nusselt
number of the cold fluid is investigated. It can be seen that with the increase in the average velocity of the cold
fluid, the friction factor decreases and the Nusselt number of the cold fluid increases. In fact, increasing the
average velocity of the cold fluid increases the Reynolds number, and increasing the Reynolds number decreases
the friction factor of the cold fluid. Also, according to equation (10), an increase in the Reynolds number causes
an increase in the Nusselt number. Therefore, it can be concluded that the average velocity of the cold fluid has

an inverse relationship with the friction factor and a direct relationship with the Nusselt number.

0.0095 | 1 285
0.007 - 190
f Nu,
0.0045 | - 95
0.002 S S S R |
0.2 0.75 13 1.85
Un o(M/s)

Fig.7.Friction factor and Nusselt number in terms of cold fluid velocity.

In Figure 8, the effect of increasing the average velocity of the cold fluid on the number of transfer units and the
efficiency of the double pipe heat exchanger has been investigated. It can be found that increasing the average

velocity of the cold side decrease the number of transfer units and the efficiency of the heat exchanger. Equation



(13) shows that the number of transfer units is related to the general heat transfer coefficient of conduction, heat
transfer cross-section and minimum heat capacity of two hot and cold fluids. As the average velocity of the cold
fluid increases, the heat transfer coefficient of the cold fluid increases. Therefore, based on the equation (15), the
overall conduction heat transfer coefficient also increases. On the other hand, in a constant heat flux, with the
increase of the overall heat transfer coefficient, the heat transfer cross-sectional area decreases. The interaction
between these two parameters ultimately has no effect on the number of transfer units. Increasing the average
velocity of the cold fluid up to a velocity of 1.2 m/s, the heat capacity of the cold fluid is always the minimum
heat capacity. Therefore, with an increase in the average velocity of the cold fluid, the minimum heat capacity
also increases, and since the minimum heat capacity has an inverse relationship with the number of transfer units,
hence, with an increase in the average velocity of the cold fluid, the number of transfer units decreases. Also,
since the number of transfer units has a direct relationship with the efficiency of the heat exchanger, so, with the
increase in the average velocity of the cold fluid, the efficiency of the double pipe heat exchanger also decreases.
Increasing the average velocity of the cold fluid to more than 1.2 m/s, the heat capacity of the hot fluid will have
a minimum value, and therefore, as can be seen from the diagram, in such conditions, the increase in the average
velocity of the cold fluid will not affect the number of transfer units and the efficiency of the double pipe heat

exchanger.
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Fig.8.The number of transfer units and efficiency in terms of the velocity of the cold fluid.



In Figure 9, the effect of increasing the average velocity of the hot fluid on the number of transfer units and the
efficiency of the double pipe heat exchanger has been investigated. Increasing the hot fluid average velocity
increase the number of transfer units and the efficiency of the double pipe heat exchanger. By increasing the
average velocity of the hot fluid, the Reynolds number of the hot fluid increases and therefore increases the heat
transfer coefficient of the hot fluid. As the heat transfer increases, the term UA also increases. Hence, the number
of transfer units and the efficiency of the double pipe heat exchanger also increase. In other words, the average
velocity of the hot fluid has a direct relationship with the number of transfer units and the efficiency of the heat

exchanger.
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Fig.9. The number of transfer units and efficiency in terms of the velocity of the hot fluid.

In Figure 10, an examination of the impact of the cold fluid inlet temperature on the Witte-Shamsundar efficiency
in a constant heat flux is conducted for varying values of the mass flow rate ratio. It is observed that, the Witte-
Shamsundar efficiency increases with the.increase in the cold fluid inlet temperature for all values of M,. As the
inlet temperature of the.cold fluid increases in a constant heat flux, the entropy generation decreases, resulting in
an increase in Witte-Shamsundar efficiency. Also, the results show that at a given cold fluid inlet temperature, the

highest Witte-Shamsundar efficiency is achieved when the mass flow rate of both hot and cold fluids is equal.
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Fig.10. The Witte-Shamsundar efficiency in terms of the cold fluid inlet temperature.



The impact of the hot fluid inlet temperature on the Witte-Shamsundar efficiency is investigated in Figure 11 for
a constant heat flux and for varying values of the mass flow rate ratio. It is found that, for all values of M,, the
Witte-Shamsundar efficiency decreases with the increase in the hot fluid inlet temperature. By increasing the hot
fluid inlet temperature in a constant heat flux, the ratio of the hot fluid outlet temperature to its inlet temperature
also increases. The ratio of the hot fluid outlet temperature to its inlet temperature has an inverse correlation with
the Witte-Shamsundar efficiency. As a result, the Witte-Shamsundar efficiency decreases as the hot fluid inlet
temperature increases. Also, the findings show that for a given hot fluid inlet temperature, the Witte-Shamsundar

efficiency is at its lowest point when the hot side mass flow rate is lower than the cold side mass flow rate.
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Fig.11. The Witte-Shamsundar efficiency in terms of the hot fluid inlet temperature.

For different values of mass flow rate ratio, Figure 12 illustrates the effect of hot fluid mass flow rate on Witte-
Shamsundar efficiency ina constant heat flux. It has been discovered that, as the hot side mass flow rate increases,
the Witte-Shamsundar efficiency decreases for all values of M,. By increasing the hot side mass flow rate in a
constant heat flux, the hotfluid outlet temperature also increases. Since the Witte-Shamsundar efficiency exhibits
an inverse correlation with the outlet temperature and mass flow rate of hot fluid, it decreases with the increase of
these parameters. Results also reveal that for a given hot side mass flow rate, the highest Witte-Shamsundar

efficiency appears when the hot side mass flow rate is greater than the cold side mass flow rate.
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Fig.12. The Witte-Shamsundar efficiency in terms of the hot side mass flow rate.

In Figure 13, the effect of inner tube diameter on Witte-Shamsundar efficiency in a constant heat flux is
investigated for various values of mass flow rate ratio. The findings indicate that, in the event that the hydraulic
diameter remains constant with the increment of the inner diameter of the tube, the Witte-Shamsundar efficiency
increases for all values of M,. By increasing the inner tube diameter, the pressure drop of the hot fluid decreases.
Since pressure drop has an inverse correlation with Witte-Shamsundar efficiency, the Witte-Shamsundar
efficiency increases with the increase in inner tube:diameter. Furthermore, the results show that for a given inner

tube diameter, the highest Witte-Shamsundar-efficiency;is observed in the case where the hot side mass flow rate

is equal to the cold side mass flow rate.
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Fig.13. The Witte-Shamsundar efficiency in terms of the inner tube diameter.



Figure 14 depicts the impact of hot fluid inlet temperature on performance index for various values of mass flow
rate ratio. It can be seen that the performance index of the double pipe heat exchanger increases with the increase
in the hot fluid inlet temperature for all values of M,. As the hot fluid inlet temperature increases, the heat transfer
rate increases. As a result, the performance index also increases. Moreover, the outcomes show that for a given
hot fluid inlet temperature, the highest performance index is observed when the hot side mass flow rate is greater
than the cold side mass flow rate.
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Fig.14. The performance index in terms of the hot fluid inlet temperature.

For various values of mass flow rate ratio;-Figure 15 iillustrates the impact of cold fluid inlet temperature on
performance index. It is apparent that-for all values of M,, as the cold fluid inlet temperature increases, the
performance index of the double:pipe heat exchanger decreases. The cold fluid inlet temperature has an inverse
correlation with the performance index. Therefore, the performance index decreases with its increase. The results
indicate that at a given cold fluidvinlet temperature, the highest performance index is achieved when the cold fluid

mass flow rate is‘greater than the hot fluid mass flow rate.
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Fig.15. The performance index in terms of the cold fluid inlet temperature.



Figure 16 demonstrates the effect of the cold side mass flow rate on the performance index for various values of
the mass flow rate ratio. It is evident that for all values of M,, the increase in the cold side mass flow rate
decreases the performance index of a double pipe heat exchanger. The heat transfer rate and pressure drop on the
cold side increase by increasing the cold side mass flow rate. Therefore, with an increase in the cold side mass
flow rate, the pumping power will increase significantly, resulting in a decrease in the performance index. The
results depict that for a given cold side mass flow rate, the lowest performance index occurs when the hot side

mass flow rate is greater than the cold side mass flow rate.
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Fig.16. The performance index in terms of the cold side mass flow rate.

The effect of the inner diameter of the outer/tube on the performance index is shown in Figure 17 for various
values of the mass flow rate ratio. At has been observed that the performance index of the double pipe heat
exchanger increases with the increment in the inner diameter of the outer tube for all values of M,.. By increasing
the inner diameter of the auter tube, the heat transfer rate remains unchanged; however, a decrease in the cold side
pressure drop is observed. Hence, by enhancing the inner diameter of the outer tube, the pumping power decreases,
resulting inan increasein'the performance index. Furthermore, the findings indicate that for a given inner diameter
of the outer tube, the highest performance index is achieved when the hot side mass flow rate is greater than the

cold side mass flow rate.
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Fig.17. The performance index in terms of the inner diameter of outer tube.

In Figure 18, an investigation has been conducted to examine the impact of the hot fluid inlet temperature on the
total cost of the heat exchanger for a constant heat flux and for varying:values of M,. It can be seen that the total
cost decreases with the increase in hot fluid inlet temperature. The heat transfer cross-sectional area and the length
of the heat exchanger decrease with the increase of the hot.fluid.inlet temperature, since the heat flux is constant.
Therefore, the pressure drop of the hot fluid and'the pumping power are both reduced. The total cost decreases
when the pumping power is reduced. The results also show that the lowest heat exchanger cost occurs for values

of M, > 1 for a given hot fluid inlet temperature.
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Fig.18.The
operation cost in terms of the hot fluid inlet temperature.

In Figure 19, a study was conducted to examine the impact of the cold fluid inlet temperature on the total cost of

the heat exchanger for a constant heat flux and for varying values of the mass flow rate ratio. It is evident that the



total cost decreases with the increase in the hot fluid inlet temperature. The heat transfer cross-sectional area and
heat exchanger length decrease with the rise in the hot fluid inlet temperature, as the heat flux remains constant.
So, the pressure drop of the cold fluid and the pumping power are both increased. The total cost increases when

the pumping power is increased. The results also indicate that the highest heat exchanger cost occurs for values

of M, < 1 for a given cold fluid inlet temperature.
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Fig.19.The operation cost in terms of the cold fluid inlet temperature.

In Figure 20, the effect of the hot fluid mass flow rate on the total cost of the heat exchanger for a constant heat
flux and for varying values of the mass flow rate ratio. It can be seen that the total cost increases with the increase
in the mass flow rate of hot fluid. As a-result of the increase in mass flow rate, the power required to pump the
fluid increases. One significant conclusion that can be discerned from this diagram is that in the event that it

becomes necessary to augment the mass:flow rate of the hot fluid in a double pipe heat exchanger for any reason,

the increase in cost will be minimal, provided that M, > 1.
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Fig.20.The operation cost in terms of the hot fluid mass flow rate.



4. Conclusion

In this study, the optimization of the double pipe heat exchanger was conducted utilizing the NSGA2 method,

focusing on both efficiency and operational cost. Four parameters were selected as design variables in the

optimization. Through the optimization of the double pipe heat exchanger, its efficiency was increased by 21%

and its operational cost was reduced by 58%. Additionally, the heat transfer rate improved by 43%. Furthermore,

the pressure drop of both hot and cold fluids has decreased by 70% and 97%, respectively. Moreover, the impact

of process and geometric parameters on thermodynamic behavior and the operational cost of the double pipe heat

exchanger thoroughly examined. Other main research results are as follows:

Increasing the cold side mass flow rate, decreases the efficiency of the double pipe heat exchanger.

As the inner tube's diameter increases, the Nusselt number of the hot fluid increases, while-that of the
cold fluid decreases.

Increasing the diameter of the outer tube, the cold fluid friction factor decreases.

Increase in the average velocity of the cold fluid, the cold fluid friction factor decreases and the Nusselt
number increases.

Increasing the average velocity of the cold fluid to more than 1.2 m/s will not affect the number of transfer
units and the efficiency of the double pipe heat exchanger.

Increasing the hot fluid average velocity increase the number of transfer units and the efficiency of the
double pipe heat exchanger.

The highest Witte-Shamsundar efficiency appears when.the hot side mass flow rate is greater than the
cold side mass flow rate for a given hot side mass flow rate.

The lowest heat exchanger cost occurs for values.of M, > 1 at a given hot fluid inlet temperature.

Increasing the hot side mass flow rate, decreases the:Witte-Shamsundar efficiency for all values of M,.
The highest performance index is observed when the hot side mass flow rate is greater than the cold side
mass flow rate for a given.hot fluid inlet temperature.

Increasing the inner diameter of the outer tube, the performance index of the double pipe heat exchanger
increases for all values of M.

It was also observed from the findings that in a constant heat flux, the operational cost increases with the
rise in the cold fluid inlet temperature.

If, for any reason, it becomes necessary to increase the mass flow rate of the hot fluid in a double pipe

heat exchanger, the cost increase will be minimal, provided that M, > 1.



Nomenclature
Atot

WSE

Overall heat transfer area (m?) Greek abbreviation
Cross-sectional area (m?) AP Pressure drop (kPa)
Hairpins area(m?) v Viscosity (Pa. s)
Specific heat capacity (J/kg. K) p Density (kg/m?3)
Heat capacity rate ratio (-) € Effectiveness (-)
Inner tube diameter (m) Subscrtipts
Outer tube diameter (m) h Hot
Equivalent diameter c Cold
Hydraulic diameter i input

output

o

Friction factor (-)

Heat transfer coefficient (W/m?.K)
Conductivity (W/m.K)
Length (m)

Mass flow rate (kg/s)

Mass flow rate ratio of hot fluid to
cold fluid (-)

Number of transfer units (-)
Nusselt number (-)
Pumping power (W)
Lowest value of pumping power (W)
Prandtl number (-)

Heat transfer rate’(w)
standard heat transfer rate (w)
Reynolds.number (-)
Fouling resistance(m2kw—1)
Temperature (K)

Overall heat transfer
coefficient(W/m2.K)
Average velocity of the fluid (m/s)
Witte-Shamsundar efficiency (-)



References

[1] SAYED EHSAN ALAVI; MEISAM MOORI SHIRBANI; MOHAMMAD KOOCHAK TONDRO, EXERGY-ECONOMIC OPTIMIZATION OF GASKET-

PLATE HEAT EXCHANGERS, JOURNAL OF COMPUTATIONAL APPLIED MECHANICS, VoL 54, 254-267 (2023).

[2] ALAvI, S.E., SHIRBANI, M.M. & TONDRO, M.K. OPTIMIZATION OF GASKET-PLATE HEAT EXCHANGER BASED ON ENTRANSY PRINCIPLES

USING NEW METHOD OF HARRIS HAWKS. MULTISCALE AND MULTIDISCIP. MODEL. EXP. AND DES. HTTPS://DOI.ORG/10.1007/541939-023-
00189-2 (2023).

[3] MEISAM MOORY SHIRBANI, SAYED EHSAN ALAVI ,MOHAMMAD KOOCHAK TONDRO, MINIMIZING THE ENTROPIC POTENTIAL

LOSSES NUMBER IN A GASKET-PLATE HEAT EXCHANGER, 1JCCE, ARTICLE IN PRESS (2023).

[4] NIMA AHMADI, HOJJAT ASHRAFI, SADRA ROSTAMI, REZA VATANKHAH, INVESTIGATION OF THE EFFECT OF GRADUAL CHANGE

OF THE INNER TUBE GEOMETRICAL CONFIGURATION ON THE THERMAL PERFORMANCE OF THE DOUBLE-PIPE HEAT EXCHANGER,

13CcCE ,ARTICLE IN PRESS (2022).

[5] HOSSEIN SAMANIPOUR, NIMA AHMADI, ALI JABBARY, EFFECTS OF APPLYING BRAND-NEW DESIGNS ON . THE PERFORMANCE OF

PEM FUEL CELL AND WATER FLOODING PHENOMENA, 1JCCE, 41, 618-634 (2022).

[6] CHOUDHURY, RITA, UTPAL JYOTI DAS, A. CERUTI, L. PIANCASTELLI, L. FRI1ZZIERO, G. ZANUCCOLI, N. E. DAIDZIC, |. ROCCHI, G.

CASANO, AND S. PIVA, "VISCO-ELASTIC EFFECTS ON THE THREE DIMENSIONAL HYDRODYNAMIC FLOW PAST A VERTICAL POROUS

PLATE." INT. INF. ENG. TECHNOL. Assoc 31, 1-8 (2013).

[7] NazaruddinSinaga, Salehkhorasani, KottakkaranSooppyNisar, AmrKaood, Second law efficiency analysis of air injection into inner tube
of double tube heat exchanger, Alexandria Engineering Journal, 60, 1465-1476(2021).

[8] M. Sheikholeslami, D.D. Ganji, Heat transfer improvement in a double pipe heat exchanger by means of perforated turbulators, Energy
Conversion and Management, 127, 112-123 (2016).

[91 Mohammad Hussein Bahmani, GhanbaraliSheikhzadeh, . MajidZarringhalam, Omid Ali Akbari, Abdullah A.A.A. Alrashed ,

GholamrezaAhmadi Sheikh Shabani, MarjanGoodarzi. Investigation of turbulent heat transfer and nanofluid flow in a double pipe heat

exchanger,Advanced Powder Technology; 29, 273-282 (2018).

[10] Do Huu-Quan, Ali Mohammad Rostami, MozafarShokri Rad, Mohsen Izadi , Ahmad Hajjar, QingangXiong, 3D numerical investigation

of turbulent forced convection in a double pipe heat exchanger with flat inner pipe, Applied Thermal Engineering, 182, 116106 (2021).

[11] Sivalakshmi. S.; Raja M., Gowtham G, Effect of helical fins on the performance of a double pipe heat exchanger, Materials Today:
Proceedings, 43, 1128-1131(2021).

[12] Anas El Maakoul,-AzzeddineLaknizi, Said Saadeddine, Abdellatif Ben Abdellah, Mohamed Meziane, Mustapha El Metoui, Numerical

design and investigation of heat transfer enhancement and performance for an annulus with continuous helical baffles in a double pipe heat

exchanger, Energy Conversion and Management 133, 76-86 (2017).

[13] KhashayarSharifi, MortezaSabeti, Mehdi Rafiei, Amir H Mohammadi, LalehShirazi, Computational Fluid Dynamics (CFD) Technique
to Study the Effects of Helical Wire Inserts on Heat Transfer and Pressure Drop in a Double Pipe Heat Exchanger, Applied Thermal
Engineering , 128, 898-910 (2018).

[14] M A Mehrabian, S H Mansouri and G A Sheikhzadeh, THE OVERALL HEAT TRANSFER CHARACTERISTICS OF ADOUBLE PIPE
HEAT EXCHANGER: COMPARISON OF EXPERIMENTAL DATA WITH PREDICTIONS OF STANDARD CORRELATIONS, NE
Transactions B: Applications, Vol. 15, No. 4, 395-406 (2002).



https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sayed+Ehsan+Alavi%3B+Meisam+Moori+Shirbani%3B+Mohammad+Koochak+Tondro%2C+Exergy-Economic+Optimization+of+Gasket-Plate+Heat+Exchangers%2C+Journal+of+Computational+Applied+Mechanics%2C+Vol+54%2C+254-267
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sayed+Ehsan+Alavi%3B+Meisam+Moori+Shirbani%3B+Mohammad+Koochak+Tondro%2C+Exergy-Economic+Optimization+of+Gasket-Plate+Heat+Exchangers%2C+Journal+of+Computational+Applied+Mechanics%2C+Vol+54%2C+254-267
file:///C:/Users/a-aliasghar/Documents/سایر/Optimization%20of%20gasket-plate%20heat%20exchanger%20based%20on%20entransy%20principles%20using%20new%20method%20of%20Harris%20Hawks
file:///C:/Users/a-aliasghar/Documents/سایر/Optimization%20of%20gasket-plate%20heat%20exchanger%20based%20on%20entransy%20principles%20using%20new%20method%20of%20Harris%20Hawks
https://doi.org/10.1007/s41939-023-00189-2
https://doi.org/10.1007/s41939-023-00189-2
https://www.ijcce.ac.ir/?_action=article&au=2845131&_au=meisam++moory+shirbani
https://www.ijcce.ac.ir/?_action=article&au=2845126&_au=sayed+ehsan++alavi
https://www.ijcce.ac.ir/?_action=article&au=2845134&_au=mohammad++koochak+tondro
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Minimizing+the+entropic+potential+losses+number+in+a+gasket-plate+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Minimizing+the+entropic+potential+losses+number+in+a+gasket-plate+heat+exchanger&btnG=
https://www.ijcce.ac.ir/?_action=article&au=46407&_au=Nima++Ahmadi
https://www.ijcce.ac.ir/?_action=article&au=1739270&_au=Hojjat++Ashrafi
https://www.ijcce.ac.ir/?_action=article&au=1778433&_au=Sadra++rostami
https://www.ijcce.ac.ir/?_action=article&au=1778434&_au=reza++vatankhah
https://www.ijcce.ac.ir/article_697969.html
https://www.ijcce.ac.ir/article_697969.html
https://www.ijcce.ac.ir/?_action=article&au=359725&_au=Hossein++Samanipour
https://www.ijcce.ac.ir/?_action=article&au=46407&_au=Nima++Ahmadi
https://www.ijcce.ac.ir/?_action=article&au=359726&_au=Ali++Jabbary
https://www.ijcce.ac.ir/article_239400.html
https://www.ijcce.ac.ir/article_239400.html
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Visco-elastic+effects+on+the+three+dimensional+hydrodynamic+flow+past+a+vertical+porous+plate&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Visco-elastic+effects+on+the+three+dimensional+hydrodynamic+flow+past+a+vertical+porous+plate&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Second+law+efficiency+analysis+of+air+injection+into+inner+tube+of+double+tube+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Second+law+efficiency+analysis+of+air+injection+into+inner+tube+of+double+tube+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Heat+transfer+improvement+in+a+double+pipe+heat+exchanger+by+means+of+perforated+turbulators&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+turbulent+heat+transfer+and+nanofluid+flow+in+a+double+pipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+turbulent+heat+transfer+and+nanofluid+flow+in+a+double+pipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3D+numerical+investigation+of+turbulent+forced+convection+in+a+double+pipe+heat+exchanger+with+flat+inner+pipe&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3D+numerical+investigation+of+turbulent+forced+convection+in+a+double+pipe+heat+exchanger+with+flat+inner+pipe&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+helical+fins+on+the+performance+of+a+double+pipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Numerical+design+and+investigation+of+heat+transfer+enhancement+and+performance+for+an+annulus+with+continuous+helical+baffles+in+a+double+pipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Numerical+design+and+investigation+of+heat+transfer+enhancement+and+performance+for+an+annulus+with+continuous+helical+baffles+in+a+double+pipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Numerical+design+and+investigation+of+heat+transfer+enhancement+and+performance+for+an+annulus+with+continuous+helical+baffles+in+a+double+pipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Computational+Fluid+Dynamics+%28CFD%29+Technique+to+Study+the+Effects+of+Helical+Wire+Inserts+on+Heat+Transfer+and+Pressure+Drop+in+a+Double+Pipe+Heat+Exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Computational+Fluid+Dynamics+%28CFD%29+Technique+to+Study+the+Effects+of+Helical+Wire+Inserts+on+Heat+Transfer+and+Pressure+Drop+in+a+Double+Pipe+Heat+Exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=THE+OVERALL+HEAT+TRANSFER+CHARACTERISTICS+OF+A+DOUBLE+PIPE+HEAT+EXCHANGER%3A+COMPARISON+OF+EXPERIMENTAL+DATA+WITH+PREDICTIONS+OF+STANDARD+CORRELATIONS&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=THE+OVERALL+HEAT+TRANSFER+CHARACTERISTICS+OF+A+DOUBLE+PIPE+HEAT+EXCHANGER%3A+COMPARISON+OF+EXPERIMENTAL+DATA+WITH+PREDICTIONS+OF+STANDARD+CORRELATIONS&btnG=

[15] M.K. Alkam, M.A. Al-Nimr, Improving the performance of double pipe heat exchangers by using porous substrates, International Journal
of Heat and Mass Transfer 42, 3609-3618 (1999).

[16] HamedSadighiDizaji, SamadJafarmadar, FarokhMobadersani, Experimental studies on heat transfer and pressure dropcharacteristics for

new arrangements of corrugated tubes in a doublepipe heat exchanger, International Journal of Thermal Sciences 96, 211220 (2015).

[17] M. Taghilou, B. Ghadimi, M. H. Seyyedvalilua, Optimization of Double Pipe Fin-pin Heat Exchanger using Entropy Generation
Minimization, IJE TRANSACTIONS C: Aspects Vol. 27, No. 9, 1431-1438 (2014).

[18] H. Arjmandi, P. Amiri, M. Saffari Pour, Geometric Optimization of a Double Pipe Heat Exchanger with Combined Vortex Generator and
Twisted Tape: A CFD and Response Surface Methodology (RSM) Study, Thermal Science and Engineering Progress, 18, 100514 (2020).

[19] Dong-Kwon Kim, Comparison of optimal thermal performances of finned tube annuli with various fin shapes, International Journal of
Heat and Mass Transfer 175, 121402 (2021).

[20] M. Omidi, M. Farhadi , M. Jafari. A comprehensive review on double pipe heat exchangers, Appl. Therm. Eng. 110, 1075-1090 (2017).

[21] Z. Ighal , K.S. Syed , M. Ishaq , Optimal fin shape in finned double pipe with fully developed laminar flow, Appl. Therm. Eng. 51 1202—
1223 (2013).

[22] ZheTian, Ali Abdollahi, Mahmoud Shariati, AtefehAmindoust, HosseinArasteh, ArashKarimipour, MarjanGoodarzi, Quang-Vu Bach.
Turbulent flows in a spiraldouble pipe heat exchanger Optimal performance . conditions using an enhanced genetic algorithm, International
Journal of NumericalMethods for Heat & Fluid Flow, Vol. 30 No. 1, pp. 39-53 (2020).

[23] Saeedan, M., SolaimanyNazar, A.R., Abbasi, Y. and Karimi, R., “CED investigation and neutral network modeling of heat transfer and

pressure drop of nanofluids in double pipe helically baffled-heat exchanger with a 3-D fined tube”, Chemical Engineering Research and
Design,Vol. 100, pp. 721-729 (2016).

[24] Kalteh, M., Abbassi, A., Saffar-Avval, M. and Harting, J., “Eulerian—Eulerian two-phase numerical simulation of nanofluid laminar forced

convection in a micro channel”, International Journal of Heat and Fluid Flow, Vol. 32 No. 1, pp. 107-116 (2011).

[25] BahramJalili, NargesAghaee, PayamJalili, DavoodDomiriGanji, Novel usage of the curved rectangular fin on the heat transfer of a double

pipe heat exchanger with a nanofluid, Case Studies in Thermal Engineering 35, 102086 (2022).

[26] Andrey Barbosa Colaco, VivianaCoccoMariani, Mohamed Reda Salem, Leandro dos Santos Coelho, Maximizing the thermal

performance_index applying evolutionary multi-objective optimization approaches for double pipe heat exchanger, Applied Thermal
Engineering, Volume 211, 118504 (2022).

[27] Bozorgian, Alireza, "Investigation and comparison of experimental data of ethylene dichloride adsorption by Bagasse with adsorption
isotherm models" Chemical Review and Letters 3.2: 79-85, (2020).

[28] Raei, B., A. Ghadi, and A. R. Bozorgian, "Heat Integration of heat exchangers network using pinch technology" 19th International

Congress of Chemical and Process Engineering CHISA. (2010).

[29] Norouzi N., Ebadi A., Bozorgian A., Hoseyni S.J., Vessally E., Cogeneration System of Power, Cooling, and Hydrogen from Geothermal
Energy: An Exergy Approach, Iran. J. Chem. Chem. Eng., 41: 706-721 (2022).

[30] Norouzi N., Ebadi A., Bozorgian A., Hoseyni S.J., Vessally E., Energy and Exergy Analysis of Internal Combustion Engine Performance
of Spark Ignition for Gasoline, Methane, and Hydrogen Fuels, Iran. J. Chem. Chem. Eng., 40: 1909-1930 (2021).

[31] Norouzi N., Bozorgian A., Dehghani M., Best Option of Investment in Renewable Energy: A Multicriteria Decision-Making Analysis for

Iranian Energy Industry, Journal of Environmental Assessment Policy and Management, 22: No. 01n02, 2250001 (2020).



https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Improving+the+performance+of+double+pipe+heat+exchangers+by+using+porous+substrates&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+studies+on+heat+transfer+and+pressure+dropcharacteristics+for+new+arrangements+of+corrugated+tubes+in+a+doublepipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+studies+on+heat+transfer+and+pressure+dropcharacteristics+for+new+arrangements+of+corrugated+tubes+in+a+doublepipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+Double+Pipe+Fin-pin+Heat+Exchanger+using+Entropy+Generation+Minimization&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+Double+Pipe+Fin-pin+Heat+Exchanger+using+Entropy+Generation+Minimization&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Geometric+Optimization+of+a+Double+Pipe+Heat+Exchanger+with+Combined+Vortex+Generator+and+Twisted+Tape%3A+A+CFD+and+Response+Surface+Methodology+%28RSM%29+Study&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Geometric+Optimization+of+a+Double+Pipe+Heat+Exchanger+with+Combined+Vortex+Generator+and+Twisted+Tape%3A+A+CFD+and+Response+Surface+Methodology+%28RSM%29+Study&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comparison+of+optimal+thermal+performances+of+finned+tube+annuli+with+various+fin+shapes&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+comprehensive+review+on+double+pipe+heat+exchangers&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+fin+shape+in+finned+double+pipe+with+fully+developed+laminar+flow&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Turbulent+flows+in+a+spiraldouble+pipe+heat+exchanger+Optimal+performance+conditions+using+an+enhanced+genetic+algorithm&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=CFD+investigation+and+neutral+network+modeling+of+heat+transfer+and+pressure+drop+of+nanofluids+in+double+pipe+helically+baffled+heat+exchanger+with+a+3-D+fined+tube&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=CFD+investigation+and+neutral+network+modeling+of+heat+transfer+and+pressure+drop+of+nanofluids+in+double+pipe+helically+baffled+heat+exchanger+with+a+3-D+fined+tube&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Eulerian%E2%80%93Eulerian+two-phase+numerical+simulation+of+nanofluid+laminar+forced+convection+in+a+micro+channel&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Eulerian%E2%80%93Eulerian+two-phase+numerical+simulation+of+nanofluid+laminar+forced+convection+in+a+micro+channel&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Novel+usage+of+the+curved+rectangular+fin+on+the+heat+transfer+of+a+double+pipe+heat+exchanger+with+a+nanofluid&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Novel+usage+of+the+curved+rectangular+fin+on+the+heat+transfer+of+a+double+pipe+heat+exchanger+with+a+nanofluid&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Maximizing+the+thermal+performance+index+applying+evolutionary+multi-objective+optimization+approaches+for+double+pipe+heat+exchanger&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Maximizing+the+thermal+performance+index+applying+evolutionary+multi-objective+optimization+approaches+for+double+pipe+heat+exchanger&btnG=
https://www.sciencedirect.com/journal/applied-thermal-engineering
https://www.sciencedirect.com/journal/applied-thermal-engineering
https://www.sciencedirect.com/journal/applied-thermal-engineering/vol/211/suppl/C
https://www.chemrevlett.com/article_106205.html
https://www.chemrevlett.com/article_106205.html
file:///C:/Users/a-aliasghar/Documents/سایر/(https:/www.scopus.com/record/display.uri
https://www.researchgate.net/profile/Alireza-Bozorgian-2/publication/359257640_Cogeneration_system_of_power_cooling_and_hydrogen_from_geothermal_Energy_An_Exergy_approach/links/62db1114aa5823729ed7c46d/Cogeneration-system-of-power-cooling-and-hydrogen-from
https://www.researchgate.net/profile/Alireza-Bozorgian-2/publication/359257640_Cogeneration_system_of_power_cooling_and_hydrogen_from_geothermal_Energy_An_Exergy_approach/links/62db1114aa5823729ed7c46d/Cogeneration-system-of-power-cooling-and-hydrogen-from
https://www.ijcce.ac.ir/article_249402.html
https://www.ijcce.ac.ir/article_249402.html
https://www.worldscientific.com/doi/abs/10.1142/S1464333222500016
https://www.worldscientific.com/doi/abs/10.1142/S1464333222500016

[32] Shirbani, M. M., & Alavi, S. E, MULTI-OBJECTIVE OPTIMIZATION AND PERFORMANCE ANALYSIS OF BIMORPH
MAGNETO-ELECTRO-ELASTIC ENERGY HARVESTERS. Facta Universitatis, Series: Mechanical Engineering, (2024).

[33] Marinkovic, D., Kurhan, D., Sysyn, M. and Fischer, S., Special Issue on Up-to-Date Problems in Modern Railways. Acta
PolytechnicaHungarica, 19(3), (2022).

[34] Farid, H.M.A., Riaz, M., Almohsin, B. and Marinkovic, D., Optimizing filtration technology for contamination control in gas processing

plants using hesitant g-rung orthopair fuzzy information aggregation. Soft Computing, pp. 1-26 (2023).

[35] S. Kakac, H. Liu,. Heat Exchangers Selection Rating and Thermal Design, CRC Press, New York, (2000).

[36] Prabhata K. Swamee, Nitin Aggarwal,Vijay Aggarwal, Optimum design of double pipe heat exchanger, International Journal.of Heat and
Mass Transfer 51, 22602266 (2008).

[37] M__Chahartaghi, S.E. Alavi, A sarreshtehdari, Investigation of energy consumption. reduction. in__multistage

compression process and its solutions, Journal of Computational Applied Mechanics, Vol. 50,-No.", pp 219-227 (
2019).

[38] M _Mehergan, S.E. Alavi, Thermal and economic optimization of an intercooler of three-stage compressor, Energy Equipment and
Systems, Vol. 9/No.3 (2021).

[39] M _Chahartaghi, S.E. Alavi, Minimization of Entransy Dissipations of a Finned Shell and Tube Heat Exchanger, Journal of
Computational Applied Mechanics, Vol. 50, No. 2 (2019).

[40] N. Sinaga, S. khorasani, K. S. Nisar, A. Kaood, Second_law efficiency analysis of air injection into inner tube of double tube heat

exchanger, Alexandria Engineering Journal, 60, 1465-1476, (2021).

[41] Alavi, S.E., Shirbani, M.M, Thermo-hydraulic analysis and optimization of finned tube heat exchangers, Multiscale and Multidiscip.
Model. Exp. and Des, 1-13, (2023).

[42] Incropera FP, DeWitt DP, Bergman TL, Lavine AS. Fundamentals of heat and mass transfer,. New York: Wiley; (1996).

[43] Moloodpoor, M., Mortazavi; A.; Ozbalta, N., Thermo-Economic optimization of double pipe heat exchanger using a compound swarm

intelligence, Heat Transfer Research, 52(6):1-20(2021).


http://casopisi.junis.ni.ac.rs/index.php/FUMechEng/article/view/12108
http://casopisi.junis.ni.ac.rs/index.php/FUMechEng/article/view/12108
http://epa.niif.hu/02400/02461/00119/pdf/EPA02461_acta_polytechnica_2022_03_007.pdf
https://link.springer.com/article/10.1007/s00500-023-08588-w
https://link.springer.com/article/10.1007/s00500-023-08588-w
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Heat+Exchangers+Selection+Rating+and+Thermal+Design&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0017931007006886
https://jcamech.ut.ac.ir/?_action=article&au=601904&_au=Mahmood++Chahartaghi
https://jcamech.ut.ac.ir/?_action=article&au=603395&_au=Sayed+Ehsan++Alavi
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+energy+consumption+reduction+in+multistage+compression+process+and+its+solutions&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+energy+consumption+reduction+in+multistage+compression+process+and+its+solutions&btnG=
https://jcamech.ut.ac.ir/?_action=article&au=601904&_au=Mahmood++Chahartaghi
https://jcamech.ut.ac.ir/?_action=article&au=603395&_au=Sayed+Ehsan++Alavi
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thermal+and+economic+optimization+of+an+intercooler+of+three-stage+compressor&btnG=
https://jcamech.ut.ac.ir/?_action=article&au=601904&_au=Mahmood++Chahartaghi
https://jcamech.ut.ac.ir/?_action=article&au=603395&_au=Sayed+Ehsan++Alavi
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Minimization+of+Entransy+Dissipations+of+a+Finned+Shell+and+Tube+Heat+Exchanger&btnG=
https://www.sciencedirect.com/science/article/pii/S1110016820305834
https://www.sciencedirect.com/science/article/pii/S1110016820305834
https://www.sciencedirect.com/journal/alexandria-engineering-journal
https://link.springer.com/article/10.1007/s41939-023-00320-3#citeas
http://www.mid-contracting.com/sites/default/files/webform/careers_webform/_sid_/pdf-fundamentals-of-heat-and-mass-transfer-frank-p-incropera-david-p-dewitt-pdf-download-free-book-7841c05.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thermo-Economic+optimization+of+double+pipe+heat+exchanger+using+a+compound+swarm+intelligence&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thermo-Economic+optimization+of+double+pipe+heat+exchanger+using+a+compound+swarm+intelligence&btnG=

