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improving the efficiency of devices used in heating and air conditioning systems such as heat
exchangers. In this study, it was tried to enhance the performance of the heat exchanger by
simultaneous use of a flat tube as a central tube of the heat exchanger and dual conic turbulator.
In addition to plain conical turbulator, the influence of the conical turbulator with aerodynamic
geometry was investigated on the heat transfer and pressure drop. Finally, economic evaluation of
the studied cases was done based on the thermal performance enhancement factor (TEF) and the
net profit of unit transferred heat load (,). Tests were conducted in the hot water flow rate
ranging 0.033-0.0678 L/s while cold water flow rate was kept constant at 0.166 L/s. The results
indicated that the heat transfers and exergy loss of the flat tube heat exchanger with a dual
modified conical turbulator was up to 33% and 30% higher than the plain tube heat exchanger,
respectively. Also, a heat exchanger with a modified dual turbulator with convergent embel-
lishment (case B) selected as the economic case and has the highest TEF and i, - It was revealed
that the application of enhanced conical turbulator would lead in the increment of nj up to 1.26
times.
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1. Introduction

The lack of energy sources and the high cost of those that are accessible have increased the necessity of research into improving the
performance of thermal systems. Amongst various thermal systems, the heat exchanger is variously used in the thermal process [1]. In
recent years, heat transfer improvement approaches have gotten a lot of attention in the heat exchanger to reduce energy loss, size, and
cost of heating systems. Active techniques and passive methods are two types of heat transfer augmentation methods that are widely

Nomenclature

Cow specific heat at constant pressure, ﬁ
Nu Nusslet number, dimensionless
h Heat transfer coefficient,
m mass flow rate, k—sg

Re Reynolds number

T water temperature, K

p Pressure, Pa

k turbulent kinetic energy, ';1—22
Greek symbols

€ turbulent dissipation rate

1 is dynamic viscosity

A difference operator

Subscripts

c Cold

h Hot

i Inlet

o Outlet

e environment condition

used [2]. Using turbulators of various designs in the middle tube of double tube heat exchangers, using enhanced tube and using
nanofluids [3,4] as working fluid are the passive approaches for improving thermal performance. In recent years, plain and modified
helical and twisted tape turbulators have attracted the attention of researchers. The first studies in the field of twisted tape turbulators
were carried by Fahed et al. [5] and Moria et al. [6], who assessed the influence of the turbulator’s twisting ratio, width, and pitch on
heat transfer and pressure drop. Their research showed that the presence of twisted tape causes swirling flows and enhances the heat
transfer coefficient significantly. Eiamsa-ard et al. [7,8] studied the effect of the configuration of plain and modified twisted tape
turbulators on the heat transfer and pressure drop of twin-tube heat exchangers in additional investigations. They discovered that the
orientation and shape of the twisted tape had a significant effect on the heat exchanger’s effeciency. They discovered that the proper
orientation of the twisted tape may increase the Nu number by up to 90%. Mashoufi et al. [9] investigated heat transfer and pressure
drop in a twin tube heat exchanger using a plain and punched twisted tape turbulator. The optimal turbulator was chosen using the TEF
factor. They also provided additional correlations for predicting the Nu and the friction factor. Eiamsa-ard et al. [10] used a louvered
strip turbulator in the twin tube heat exchanger’s center tube. Furthermore, the impact of this sort of turbulator on pressure drop was
discussed. They claimed that using the stated sort of turbulatore may enhance the Nu number by up to 70%. To improve heat transfer,
Thejaraju et al. [11] used a para winglet tape air-to-air twin tube heat exchanger. Pourahmad and Pesteei [12,13] studied the effects of
a wavy strip turbulator insert on a double tube heat exchanger’s efficiency, pressure drop, and exergy loss. Inside the central tube, four
distinct angles and three different widths of turbulators were manufactured and implanted. The TEF factor was used to find the best
turbulator. Khorasani et al. [14] examined the impact of employing a spring wire turbulator and found that it is quite efficient at
increasing the Nu number. They also created empirical correlations to estimate the exergy loss, friction factor, and Nu number of a
helical heat exchanger with a spring wire turbulator. From the perspective of the second law of thermodynamics, Fan et al. [15] did a
second law assessment on the impact of perforated twisted tape and reported that utilizing the aforementioned turbulators may greatly
improve the heat exchanger’s performance. Nakhchi et al. [16] studied the effect of perforated elliptic turbulators on the performance
of a twin-tube heat exchanger. regarding their findings, utilizing the aforementioned sort of turbulatores enhanced the heat transfer
rate by 217%. Sheikholeslami et al. [17] investigated the impact of nanofluid and twisted tape turbulators in flat and straight tube heat
exchangers on heat transfer rate. They implemented the two-phase approach to simulate the behavior of the nanofluids. Kongkait-
paiboon et al. [18] have studied experimentally the effect of using typical conical-ring and perforated conical-ring turbulators on heat
transfer and pressure drop in a tube at a constant heat flux. In addition, they chose the most cost-effective option using the thermal
performance enhancement factor (TEF). The results indicate the significant effect of using typical conical-ring and perforated
conical-ring turbulators on heat transfer and pressure drop. Also, it was found that in the case of perforated conical-ring turbulator, the
rate of heat transfers and pressure drop is less than in the case of a typical conical-ring turbulator. The study ranges for the TEF was
from 0.55 to 0.91, and the maximum TEF was reported for the perforated conical-ring turbulator. Karakaya and Durmus [19] have
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examined the effect of using the conical spring turbulators inside a tube with a constant heat flux on heat transfer, pressure drop, and
exergy losses. Turbulators were made in three different angles including 30°, 45°, and 60°. Different arrangements of converging
conical-ring (C.R.) and diverging conical-ring (D.R.) turbulators and a combination of both were also examined. The results revealed
that heat transfer, pressure drop, and exergy losses increase simultaneously using turbulator. The maximum rate of heat transfer,
pressure drop, and exergy losses was observed for a 30° turbulator with a D.R. arrangement. In addition, in other studies, the effect of
using different arrangements of conical-ring turbulators, including conical-nozzle [20], conical cut-out turbulators [21,22], and a
combination of conical-ring and twisted-ring turbulators [23] has been also examined.

Based on the findings of past research, it can be stated that numerous turbulator designs have been used to enhance the heat transfer
in the double tube heat exchangers, including wavy strip, twisted tapes, and conical-ring turbulators. They increase pressure drop
besides increasing heat transfer. This study tries to present a conical turbulator with new geometry and examine its effect on heat
transfer and pressure drop. The innovation of this study lies in how to make aerodynamic the geometry of the conical turbulator. The
aerodynamic geometry of the conical turbulator is expected, on the one hand, to reduce the flow turbulence and consequently reduce
the turbulator effect on the heat transfer, and on the other hand, reduce the pressure drop. Thus, the thermal performance
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Fig. 1. A view of the plain and flat tube heat exchanger equipped with simple and enhanced dual conical turbulator.
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enhancement factor (TEF) and the net profit of unit transferred heat load (17, is used to examine the study geometry economically.
2. Numerical modeling
2.1. Physical model

The studied heat exchanger had a length of 1 m. The internal tube was from copper and designed in two modes: plain and flat. The
external tube had a diameter of 54 mm and was insulated. The flat tube was designed in such a way that its circumference (i.e. the
surface by which the heat transfer occurs) was equal to the circumference of the circular tube. After determining the effect of using a
flat tube on heat transfer and pressure drop, dual conical turbulators with a height of 7 mm were installed inside the heat exchanger’s
central tube, and their impact on heat transfer rate and pressure drop was determined. some modifications were made to the geometry
of the dual conical turbulator to optimize it and decline the pressure drop as a result of the presence of this turbulator. Fig. 1 depicts a
schematic picture of the investigated modes as well as an example of heat exchanger meshing.

2.2. Governing equations

The working fluid in this article was considered to be water. Water was thought to be an incompressible newtonian fluid. In
addition, the working fluid’s thermophysical characteristics were believed to be constant. It’s worth noting that gravity’s effect was
ignored in this research. The governing equations of the current research might be expressed as follows, taking into account the
aforementioned assumptions [9,24,25].

The continuity equation is as below:

9
o (pus) =0 (€Y)

The following is a summary of the Momentum equation:

d(pu,vuj) dp 0 ou;  Ou; 2 Ouy
S TR TY i AT ) T Rt B 3 2
0x; ox; + 0x; H (()xj + 0)@) 3M oy, % 2
Moreover, the following is the energy conservation equation:
0 T op Ou;  Ou; 2 Ouy
— (pu,C, T — k== ) =u~— e I TR 3
0xi <puj P 0xj> u’@xj + u(()xj + ()xi) 3 H Bxk / ( )

In equations (1)—(3), the term p stands for the dynamic viscosity. Also, the term k denotes the turbulent kinetic energy of the flow.
Besides, the term C, refers to the working fluid’s specific heat capacity at a fixed pressure.

In this study, to simulate the turbulence behavior of the flow, the k — e model with the enhanced wall function as the wall treatment
model was utilized. The mentioned models could be formulated as follows [9,25,26]:

0 0 ok

o (pku;) _ach (O‘k Peff) (37xj + G — pe (©))]
0 0 O e &

o (peu;) :O—Xj ((Xsllq[f) (3—xj+ CIEEGI«' - ngp? %)

In equations (4) and (5), the terms ¢. j, and p, denote the turbulence dissipation rate, effective viscosity, and turbulence viscosity,
respectively. Also, the constants of C;.and C,.were considered to be 1.42 and1.68. Besides, the o, was considered to be equal to a,
which had a value of 1.393. it should be noted that the term Gy stands for the production of turbulent kinetic energy (TKE) which is
derived from the average velocity gradients. Furthermore, the effective viscosity could be calculated as follows.

2

K
My =M+ s 1 = pCu )

The preceding equations were solved using the finite volume method. For connecting pressure terms to velocity equations, the
SIMPLE algorithm was used. Furthermore, for discretizing the diffusion terms the second-order upwind procedure was used. It should
be noted that to be certain of the accuracy of the numerical method, the values of the residuals were set to be 107 for the energy and
continuum equations.

2.3. Boundary conditions

The boundary conditions correspond to the constraints and conditions of the subject. The correct selection of the boundary con-
ditions is very crucial to achieve reasonable outcomes from any numerical simulations. The outer wall has been isolated from the
surrounding environment in the present study, whereas its inner wall was the heat transfer agent between the heat and cold fluids. The
outer wall was isolated by selecting its heat flux as Zero. The inner wall was considered to have coupled heat transfer boundary
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conditions. It is noteworthy that for the hydrodynamic boundary condition of the inner and outer wall the No-slip boundary condition
was selected. The inlet of both the tube and annulus were considered to have constant velocity inlet boundary conditions with constant
flow temperatures of 313K and 288K for the hot and cold water flows, respectively. Both hot and cold water flows have their pressure
outlet boundary conditions taken into account. It should be noted that both streams’ output pressures were set to zero. It’s worth
noting that the tests were conducted in the hot water flow rate ranging 0.033-0.0678 L/s while cold water flow rate was kept constant
at 0.166 L/s.

2.4. Validation of the model and grid independence evaluations

Of those very important parts that should be considered in any numerical solutions, are the validation of the results and mesh
independence analysis. Through the present paper, the results of the Nu number were validated by the empirical results of the Dittus-
Boelter and Gnielinski equation [27]. Furthermore, the findings of the Petukhov [28] equation were used to confirm the friction factor
of a simple tube heat exchanger. Figs. 2 and 3 show a comparison of the current study’s findings with those in the previous studies. It’s
worth mentioning that the most significant discrepancy between the Nu number and friction factor results was about 14% and 11%,
respectively. Also, the mesh independence of the results of the study geometries was examined using six different mesh sizes. The
optimal mesh numbers can be determined by calculating the Nusselt number in these meshes. Fig. 4 shows the changes of Nusselt
number with the mesh numbers. The criterion for optimal mesh selection was considered to be as reaching the deviation of less than
2% between two consequent Nusselt numbers, giving an acceptable number of meshes. Results indicated that the Nusselt numbers for
the last three meshes differ very little. In order to minimize test time, one before the last mesh is selected as the optimal number of
meshes.

3. Data processing
3.1. Nusselt number, friction factor

The numerical results are in form of temperature and pressure, to calculate the intended parameters including Nusselt number,
friction factor, and thermal efficiency, further calculations are required which will be mentioned in this section. Generally, the Nusselt
number may be calculated in two ways. In one of the methods mentioned in the Kongkaitpaiboon et al. [18] and Promvonge et al. study
[20,23], the surface temperature of the tube is needed to calculate the Nusselt number. This method is frequently used in studies in
which constant heat flux is applied to a tube surface. In the second method used in Promvonge et al. [29] and Wongcharee et al. [30]
studies, having input and output temperatures is sufficient to calculate the Nusselt number. This method is frequently used in studies
on double tube heat exchangers. In the present study, the second method was used according to the evaluation of a double tube heat
exchanger. First, the heat transfer rate between cold and hot water were calculated as follows:

qn = ’hlsz.w(Th.i - Th.()) )

qc = mrcp.w(Tz.n - Tr.i) (8)

The difference in the rate of heat transfer between cold and hot water in empirical results was between 3% and 6%. As a conse-
quence, the average cold and hot water heat transfer rates were used in the other calculations to lessen the impact on the results of the
final results of the heat transfer rate difference.

4+ qn

Gave = O UA; AT yrp (C))

where the term ATpygp is calculated as following:
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Fig. 2. Validation of Nusselt number.
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Fig. 4. Variation of Nusselt number with the mesh numbers.
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ATivrp = ,Ai=nD,L, (10)

Ln
The overall heat transfer coefficients could be measured based on the following equation.
1/U= 1/hi+A; In(Dop—D;)/ 27kL + Ry an

Through equation (11), the last three-term of the right side was assumed to be a constant term of C1. Consequently, equation (11)
could be summarized as follows.

1/U= 1/h+C 12)

The heat transfer coefficient was discovered to be influenced by the Re number. As a general association between the heat transfer
factor and the Re number, the following equation could be assumed [29,30].

hi = CRe" 13)

Through equation (13) the term C is a constant value and the term m stands as the power index.
By Substituting Eq. (13) within Eq. (11), equation (14) could be easily achieved.

11
segke "+ G )

Equation (14) denotes that the curve of 1/U in terms of Re™™ is a straight line that has a slope of 1/B. reorganizing equation (14)
results in equation (15).

1
h,:l/(v—c]) as)

As a result, equation (16) is used to compute the Nusselt number.

Nu="mDy/ k
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Where:
Dy = 4*(tube area)/(tubr perimeter) (16)

The quantity k is the heat transfer coefficient of the working fluid in Equation (16), which was computed at the working fluid’s
mean bulk temperature. Furthermore, at the test section inlet, the Re is calculated by the flow rate of the test section.

Re=pVDy / M a7

Where p is the working fluid’s dynamic viscosity.
Also, the friction factor (f) is determined using the following formula:

f=2D,AP / (Lp\_/z) 18)

3.2. Therman performance enhancement factor (TEF)

The employment of passive techniques such as turbulators may typically improve the heat transfer rate of the heat exchanger, based
on the findings. The pressure drop and the friction factor will increase, too. To simultaneously check the presence of conical turbulators
during heat transfer and pressure drop, and to select the most economic case from the point of view of the first law of thermodynamics,
the thermal performance enhancement factor (TEF), which can be calculated as follows was used [12,31]:

TEF = (Nu/Nuﬂat mb) / (f/fﬂal mbe) (19

3.3. Exergy analysis and exergo-economic performance

The heat exchangers are one of the main parts of many industrial processes as like power generation systems or energy storage
systems. On the other hand, when it comes to the optimization of a thermal system, the optimization method according to the second
law of thermodynamics has gained lots of attention. Most of these concepts or theories are developed based on the exergy concept.
Since any part of the thermal system has its impact on the total exergy analysis of the whole system, the investigation of the exergetic
behavior of each part of system has very significant importance through the total investigation of the whole system. The maximum
theoretical obtainable work at the end of a reversible process is defined as exergy. Exergy losses in a heat exchanger are due to finite
temperature differences between hot and cold water (Esr) and fluid friction (Esp). After gathering the numerical data such as tem-
peratures and flow rates, exergy loss in a double tube heat exchanger can be written as a sum of hot and cold water exergy losses as
follow. [32-34];

E=Exr+Exp=Tp (Séln + Sﬁfn ) . (9a)
which §$ is entropy generation rate. The entropy generation for incompressible liquids may be described in terms of particular tem-
peratures under constant pressure as follows:

AT . Th 0 . Tc 0
sin = (sir) (sir) = (simcpan ) + ( iecpeln 10a
gen 81 ) cold water + e hot water HCpattt Thi + cCpetlt T.; ( )
. . . AP, Inle AP InTbe
Sgtn = (Sﬁm> + (Sﬁfn) = | =" | |y T (11a)
cold water hot water Pn T/,_[, — Th.i Pn Th.o — Th.i

Egs. (10) and (11) are inserted into Eq. (9) to give:

Tho Tho
. Tho . T., AP, Iz AP, Ing®
E=T 1, mecpln—= hy—— 2 — my— ——— 12a

¢ (I nephit Thj> * < <Coett T.. L Pr Tho— Thi o P Tho— Thi (123)

In addition to evaluating the heat transfer, pressure drop, exergy loss and thermal performance enhancement factor (TEF), the
economic study of these methods from the point of view of the second law of thermodynamics is of great importance. However, there
are very few studies that have considered this concept. For this purpose, the concepts of net profit per unit transferred heat load (r,) is
used in this study to evaluate the exergo-economic behavior of a double tube heat exchanger equipped with simple and enhanced
conical turbulator. The concept of aforementioned parameters of this method was comprehensive explained in the work of Wu et al.
[32] study. In this method, the net profit of unit transferred heat load (i7,) can be calculated using following equation:

NPV NPV
B Yave - Tmhcp.wAT

(13a)

P
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n equation (13), net profit value (NPV) can be calculated as following:
NPV =1 (e,Ear — €,Esp) — [Io — SV(P / F.i.n)|(A / P.i.n) (14a)

In equation (14), I, is the initial investment of the double tube heat exchanger which is proportional to length of tubes and tur-
bulator cost (Iy = 4 x L). 4, is the cost of unit length of heat exchanger and turbulator. The “n" is the life of heat exchanger and
turbulator which considered to be equal for all cases. “SV” is the salvage value and was considered to be Zero in this study. The
(P /F.in) and(A /P.i.n)denote the worth factor and capital recovery factor [43,44], respectively. The 7 is the annual operating time.

4. Result and discussion

Flat tube has gained the attention of many researchers. Safikhani et al. [17] compared heat transfer and TEF factor numerically
between typical tube and flat tube. The results revealed that the rate of heat transfer in the flat tube is higher than the typical tube in
the same conditions. In addition, the TEF factor of the flat tube was greater than that of typical one. Thus, in the present study, the flat
tube was used as the central tube of the double tube heat exchanger, then, a dual conical turbulator with a height of 7.2 mm was placed
inside the central tube. For a plain tube, flat tube, and flat tube exchanger fitted with a dual conical turbulator, the changes of the
Nusselt number vs. the hot water flow rate are illustrated in Fig. 5 A. In the flow inside the tube, the maximum velocity occurs in the
center of the tube. In flat tubes, the tube wall is close to the center of the tube and as a result the fluid velocity near the wall is more than
a plain tube. This causes the heat transfer coefficient in the flat tube to be higher than the plain tube heat exchanger and as a result the
heat transfer rate is higher. Also, the use of conical turbulators increased the flow turbulence. This turbulator guides the fluid toward
the wall of the central tube, where heat transfer occurs, and enhances the heat transfer coefficient by creating radial currents. On the
other hand, the presence of conical turbulators inside the central tube occupies a certain amount of space inside the tube, hence,
decreasing the useful hydraulic diameter inside the central tube. As a consequence, at a given flow rate, the fluid velocity in the
presence of the conical turbulator will be higher than in the absence of the turbulator. As a result, the convective heat transfer co-
efficient and, as a result, the heat transfer rate will rise. As can be seen, a heat exchanger with a flat tube has 1.17 times the heat
transfers of a simple heat exchanger. A heat exchanger with a dual conical turbulator also had a Nusselt number that was 1.18-1.33
times that of a simple heat exchanger. When a dual conical turbulator is present, the pressure drop in the heat exchanger rises. The
pressure drop of the flat tube heat exchanger with dual conical turbulator inserts was 231-251% greater than that of the simple flat
heat exchanger, according to the results (Fig. 6A).

The shape of the turbulator was then changed to a more aerodynamic one to decrease the pressure drop. For this reason, a
hemisphere was added to the ends of the cones. Modified dual conical turbulators with two divergent (case A) and convergent (case B)
embellishment were inserted into the central tube and the Nusselt number and pressure drop were assessed. Fig. 5 B shows the
variation of Nu number with hot water flow rate for a plain tube heat exchanger, flat tube heat exchanger, and flat tube heat exchanger
equipped with dual enhanced conical turbulator (case A and case B). based on the findings, the heat transfer rate in a heat exchanger
with a modified dual turbulator was somewhat lower than the heat transfer rate in a heat exchanger with a simple dual turbulator.
However, the aerodynamics of the turbulator geometry significantly reduced pressure drop. In Fig. 6 B, the friction factor is shown
against the hot water flow rate for various modes. The friction factor in the presence of a dual conical turbulator is 20-27% higher in
instance case A and 27-48% higher in case B, according to the results. Also, for a more complete view of the results, temperature
contours and strain lines for different cases are shown in Figs. 7 and 8. As can be seen from these two images, improving the geometry
of the turbulators has reduced the separation of current from the surface of the turbulator. Also, the flow turbulence in the presence of
the improved turbulator is less than that of the simple turbulator. As a result, using an improved turbulator instead of a simple tur-
ulator, in addition to reducing the pressure drop, also reduces the outlet temperature of the heat exchanger.

(A) (B)

40 ——————— ; ; 40— . ;
~-e--Plain tube [ -—e--Plain tube
-~ m-- Flat tube i | --=-Flat tube
——a-- Flat tube with dual turbulator insert e 4 | --»-Flat tube with dual enhanced turbulator insert (a) 4
35 P T 7 35(- v-- Flat tube with dual enhanced turbulator insert (b) b
a7 PR T [ 1
. e
2 - T =
301 s 4 Z 30| §
o - e ] L
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25(- N b 251 " ]
E e - i |
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.3 . B
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Fig. 5. Variation of Nu number with hot water flow rate: (A) For a heat exchanger with flat tube with/without dual conical turbulator; (B) For a heat
exchanger with flat tube equipped with modified dual conical turbulator with two divergent (case A) and convergent (case B) embellishment.
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Fig. 6. Variation of friction coefficient with hot water flow rate: (A) for a heat exchanger with flat tube with/without dual conical turbulator; (B) for
a heat exchanger with flat tube equipped with modified dual conical turbulator with two divergent (case A) and convergent (case B) embellishment.
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Fig. 7. Temperature contours for different cases.

Fig. 9 shows the exergy loss for a flat tube heat exchanger with and without a dual conical turbulator as a function of hot water flow
rates. The heat transfer created by the temperature difference like what happens in a double tube heat exchanger is an irreversible
process. The higher heat transfer means higher irreversibility, and subsequentely, higher exergy losses. As previously stated, the
purpose of using a conical turbulator inside the central tube is to increase the rate of heat transfer and, as a result, increases exergy loss.
In the flat tube heat exchanger with dual conical turbulator, modified dual (case A and B), exergy loss increased 17-30%, 15.8-27.3%,
and 14.8-25.7% compared to the plain tube heat exchanger, respectively.

The thermal performance enhancement factor (TEF) and the net profit of unit transferred heat load (n,) were used to the economic
study of these methods from the point of view of the first and second law of thermodynamics, respectively. Variation of TEF and 7, with
hot water flow rate for the simple and modified conical turbulator is presented in Fig. 10 and Fig. 11, respectively. By considering the
results, it is observed that the heat exchanger with a simple dual conical turbulator has the highest heat transfer and maximum pressure
drop. Also, a heat exchanger with a modified dual enhanced conical turbulator (case B) has the highest TEF and 77,. In fact, both the first
law and the second law of thermodynamics indicate that a heat exchanger with a modified dual enhanced conical turbulator is a more
economical case.

5. Conclusions

For increasing the heat transfer of a twin-tube heat exchanger, plain and modified dual conical turbulators were used in this study.
Their impacts on the pressure drop and exergy loss were also evaluated in addition to the heat transfer. To select the most economically
justified mode, the thermal performance enhancement factor (TEF) and the net profit of unit transferred heat load (n,) were
considered. The results indicated that the use of conical turbulators simultaneous with enhancing the heat transfer can increase the
pressure drop as well. The highest heat transfers and exergy loss was observed in the presence of the plain dual turbulator while the
system encompassing the modified turbulator (case B) offered the lowest pressure drop. Nu number and exergy loss of the flat tube heat
exchanger with a dual modified conical turbulator (case B) was up to 33% and 30% higher than the plain tube heat exchanger,
respectively. The most economic mode in terms of the TEF and 7,factor was the flat tube heat exchanger with dual modified conical
turbulator (case B). It was revealed that the application of enhanced conical turbulator would lead in the increment of n, up to 1.26
times. In sum, it can be expressed that in the cases where the goal is the maximal heat transfer regardless of the economic aspects, the



H. Chen et al. Case Studies in Thermal Engineering 28 (2021) 101587

f— g A — ——— e e |
k erme———" = =2 s, e
— — . —

C s T S kﬁ.—(* 5 e
e —_— T o — e ——

Fig. 8. Streamlines for different cases.
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Fig. 9. Variation of exergy loss with hot water flow rate for a heat exchanger with flat tube equipped with modified dual conical turbulator with two
divergent (case A) and convergent (case B) embellishment.

flat exchanger with a plain conical turbulator is recommended. When cost is a factor, a flat tube heat exchanger with a modified dual
turbulator (case B) is recommended.
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