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Abstract

In this study, the effect of using twisted tapes with various geometries in both tubes of a double-pipe heat exchanger is
numerically investigated. The twisted tapes are inserted in both sides of double-pipe heat exchanger to improve the heat
transfer where the fluid is water in both sides. The influence of geometrical parameters including the number of twisted
tape and creating hollow on twisted tape with different aspect ratios is investigated numerically. The obtained results are
analyzed by calculating the outlet temperature of both sides, pressure drop, Nusselt number, and coefficient of perfor-
mance. Numerical simulations are performed by a commercial CFD code, ANSYS FLUENT 18.2. The results indicate that
increasing the number of twisted tape from one-fin to four-fin leads to an increase in the Nusselt number 3.1%, pressure
drop 64%, and coefficient of performance 63.9%. Eventually, based on outcomes, four-fin twisted tapes provided better
coefficient of performance. In the second part of the study, the effect of creating hollow on the four-fin twisted tape with
different aspect ratios (AR = W/H) is studied. Three different aspect ratios including 2.25, 1, and 0.44 are considered. The
results show that creating the hollows with AR = 1 on the twisted tape leads to better coefficient of performance.

Keywords Heat exchanger - Twisted tape - Turbulator - Numerical model

Introduction pharmacy, petrochemical industry, chemical industry,

electronics, environmental engineering, space applications,

The transfer of thermal energy from a fluid to another fluid
in the industry is carried out by a double-pipe heat
exchanger. There are two fluids with different temperatures
in the heat exchanger which provides the condition for
exchanging the heat between two fluids. Typically, heat
exchangers have been used for cooling the hot fluid or
heating the cold fluid, or both. The application of heat
exchangers is very wide, and they have used in various
industries such as power plants, refineries, food industry,
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cool stores, heating, and cooling systems for buildings, and
in general, wherever the issue of exchanging energy is
concerned.

Improvement in heat transfer of heat exchangers has
always been one of the most important challenges in
industrial and engineering equipment. Researchers have
been looking for a way to achieve higher efficiency in heat
exchangers. Berger et al. [1] divided heat transfer
enhancement methods into two types of active and passive.
Passive methods do not need external forces and can be
implemented by creating turbulence in flow, changing the
heat exchanger geometry, etc. The secondary flow loops
were first observed by Eustice [2] which plays an important
role in passive methods to improve the coefficient of per-
formance of the considered system.

The double-pipe heat exchangers are made of two
concentric tubes in which the start and end of the tubes
individually connected to the inlet and outlet of the fluid
with different characteristics. According to the company
manufacturing heat exchangers, the double-pipe heat
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exchangers are suitable for viscosity fluids with low flow
rates that need heating and cooling. This type of heat
exchangers is composed of two tubes, one in the other. A
fluid passes through the smaller tube, and the other fluid
moves around it, so heat transfer takes place between two
fluids.

One of the most effective passive methods for improv-
ing heat transfer is the use of a twisted tape inside the tube
that does not require external energy and improves heat
transfer by generating rotational fluid flow.

Twisted tapes are widely used in heat exchangers in
industrial applications including chemical engineering
processes of heat recovery, air conditioning and refrigera-
tion, chemical reactors, power plants, and nuclear reactors
due to creating rotational fluid flow and increasing heat
transfer as a way for decreasing mass, size, and cost. The
secondary flow created by these tapes affects the fluid
flowing through the tube and increases the turbulence and
heat transfer coefficient. This rotational flow causes tur-
bulence near the tube wall and increases the time of
retaining the fluid inside the tube. Numerous studies have
been carried out on the use of the twisted tapes to improve
heat transfer in heat exchangers. Some of them are as
follows.

Kumar and Prasad [3] experimentally investigated uti-
lization of simple twisted tapes. The results showed that the
twisted tapes generated turbulence in the fluid inside the
tube which resulted in enhancing heat transfer. Reducing
the torsion ratio leads to an increase in the heat transfer rate
and pressure drop. Jaisankar et al. [4] examined a normal
twisted tape. The ratio of Nusselt number of this case to the
Nusselt number of a plain tube is 2-2.5, the ratio of the
friction coefficient to the friction coefficient of a plain tube
is 1.5-2, and the Reynolds number is from 3000 to 23,000.
Eiamsa-Ard et al. [5] studied the increase in heat transfer
attributed to twisted tapes. The results indicated that the
heat transfer rate and friction coefficient increased with
decreasing the torsion ratio and spiral pitch. Eiamsa-Ard
et al. [6] investigated the twisted tapes with central wings
and different axes. The combination of these two led to
better mixing of fluid flow and enhancing heat transfer
compared to using each one individually. Also, the Nusselt
number increases with increase in angle of attack. Eiamsa-
Ard and Promvonge [7] examined the twisted tapes in a
clockwise and counterclockwise direction. The ratio of
Nusselt number of this case to Nusselt number of a normal
tape is 12.8—41.9%, and the ratio of the friction coefficient
of this case to the friction coefficient of a normal tape is
12.5-41.5%. The Reynolds number is in the range of
3000-27,000. Eiamsa-Ard et al. [8] studied the heat
transfer in a pipe with double twisted tapes. The ratio of
Nusselt number of this case to the Nusselt number of a
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normal tape is 50%, and the Reynolds number is from 3700
to 21,000.

Thianpong et al. [9] studied the hollow twisted tapes.
The ratio of the Nusselt number of this case to that of a
plain tube is 1.5-2.5. Also, the ratio of the friction coeffi-
cient of this case to that of a plain tube is 8—12. Eiamsa-Ard
and Promvonge [10] examined the serrated tapes. The ratio
of the Nusselt number of this case to that of a plain tube
and a tube with a normal tape is 72.2% and 27%, respec-
tively. The ratio of the friction coefficient of this case to
that of a plain tube is 2.2, and the Reynolds number is from
4000 to 20,000. Murugesan et al. [11] investigated the
square-cut twisted tapes. The ratio of the Nusselt number of
this case to that of a tube with a normal tape is 1.14. Also,
the ratio of the friction coefficient of this case to that of a
tube with a normal tape is 1.25. The Reynolds number is
from 2000 to 12,000. The twisted tapes with springy wire
were studied by Promvonge [12]. The ratio of the Nusselt
number of this case to that of a plain tube is 3-6, and the
ratio of the friction coefficient of this case to that of a plain
tube is 28-64. The Reynolds number is from 3,000 to
18,000.

Darzi et al. [13] examined numerically the heat transfer
in a spiral, wavy tube for pure water and water-containing
aluminum oxide nanofluid. The results showed that the
utilizing of spiral, wavy tube and water-containing alu-
minum oxide nanofluid leads to an increase in heat transfer
compared with using pure water in a plain tube of about
330%. An investigation of the performance of a modified
double-glazed heat exchanger with twisted tapes and
rotational flow on both sides was carried out by Shaji [14].
Numerical analysis was conducted for turbulent flow con-
ditions with the twisted tapes. (Torsion ratio was 5 and 3.)
Wongcharee and Eiamsa-Ard [15] studied the increase in
heat transfer using a copper oxide/water nanofluid in a
wrinkled tube with the twisted tapes. The investigations
were for three different volumetric concentrations, three
different torsion ratios, and for two different arrangements
of the rotational direction of the twisted tapes as well as the
wrinkled tube in counter and parallel flow for Reynolds
numbers from 2400 to 6200. The results indicated that the
simultaneous usage of the nanofluid and twisted tapes leads
to performing more heat transfer and friction compared
with usage of them individually. By increasing the volu-
metric concentration of the nanofluid and reducing the
torsion ratio, the heat transfer rate increases. The utilization
of twisted tapes with in wrinkled tube in counterflow cre-
ated more heat transfer than in a parallel flow.

The proposed geometry in this paper is considered to
enhance the heat transfer process in the double-pipe heat
exchanger. The proposed geometry creates secondary and
swirl flow in the channel which leads to more heat transfer
rate between fluids of both sides. Heat transfer
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enhancement is the process of increasing the effectiveness
of heat exchangers. This can be achieved when the heat
transfer power of a given device is increased or when the
pressure losses generated by the device are reduced. A
variety of techniques can be applied to this effect, includ-
ing generating strong secondary flows or increasing
boundary layer turbulence. On the other hand, the base
application of heat transfer enhancement methods is in
improving the thermal performance of the heat exchanger
which has vast applications in industrials.

Although utilizing twisted tape in order to improve the
heat transfer rate in heat exchanger has been investigated in
significant number of studies, however, in the present
paper, the considered twisted tape is used in both sides of
double-pipe heat exchanger with the same twist angle
which is the novelty of using this type of passive method.
The working fluid for hot and cold sides is water. The
present study has two sections. At the first section, the three
different geometries of twisted tape including two-fin,
three-fin, and four-fin types are investigated numerically.
At the second section, the hollow is created on the selected
twisted tape from the first section. The effect of aspect ratio
of hollow which is the ratio of width of the hollow to the
height of the hollow is analyzed, and three different aspect
ratios of hollow including 2.25, 1, and 0.44 are considered.

The novelty of the present study

According to the comprehensive literature review per-
formed, few significant studies about the discharge process
(melting) in ice-on-coil ice storage system with horizontal
coil tube have been published so far. The benefit from
using horizontal coil tube instead of straight tube to
increase the melting rate was not also considered com-
pletely in the previous researches. On the other hand, the
melting process in a horizontal shell and coil tube ice
storage system has not been studied numerically in the last
published studies. Also, in this paper, a comprehensive
study is presented by considering the influence of both
operational and geometrical parameters numerically.

Methodology and numerical simulation
Model domain

The studied geometry is a double-pipe heat exchanger
equipped with three types of twisted tapes in both internal
and external tubes. This type of heat exchanger consists of
two tubes that one of them is placed inside the other one.
The hot fluid flows through the internal tube, and cold fluid
flows around it (in the external tube), so heat transfer
occurs between two fluids. The 3D schematic of the

considered geometry is shown in Fig. 1a. The geometrical
parameters of the investigated domain are shown in
Fig. 1b. As shown in Fig. la, the considered heat exchan-
ger is counterflow type. The values of constant geometrical
parameters are listed in Table 1.

Section one: various geometries of twisted tape

At the first section of study, three different geometries of
twisted tape are considered which are illustrated in Fig. 2.
The investigated geometries are one-fin, three-fin, and
four-fin twisted tape. The twisted tape of inner and outer
tube has the same twist angle. The diameter of the twisted
tape is equal to diameter of the outer tube.

Section two: various geometries of hollow

According to the obtained results from section one of the
article, the four-fin twisted tapes with the highest number
of the tape have better coefficient of performance. In the
second part of this research, the effect of creating hollows
with different geometries on the four-fin twisted tapes has
been investigated. The hollows are rectangular and have
equal area. Numerical simulations have been performed for
different aspect ratios (AR = W/H) of the hollows such as
2.25, 1, and 0.44. In Fig. 3, the four-fin twisted tapes with
different geometries are illustrated. The values of the
geometric parameters of the hollows are given in Table 2.

Considered grid for numerical simulations

Figure 4 shows the considered grid for performing the
numerical simulations. As can be seen, it indicates the
meshing of the studied double-pipe heat exchanger. In
order to improve the quality of the mesh, the boundary
layers for both the inlet and outlet sections have been
created. The tetrahedron type cell is used for the grid.

Governing equations

There are various methods for modeling turbulent flows.
One of the common methods in fluid mechanics is the
direct numerical simulation. Due to the long solution pro-
cess of the turbulent flows and time-consuming nature of
the direct method, today’s computers are not useful from
the point of view of cost and time for this method. In this
method, the components of the solution network are too
small in which no turbulent model is used. This method is
also limited by the need for high computational volume,
even for flows with low Reynolds number. On the other
hand, due to the desire of different industries to use simpler
and cost-effective methods, the utilization of the mentioned
method for engineering issues is not currently common.
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Cold Fluid Inlet

Twisted Tape in the Outer Tube)
[Twisted Tape in the Inner Tube|
A

Fig. 1 a 3D view of the considered double-pipe heat exchanger, b the explanation of the place of the twisted tapes in the heat exchanger, and
¢ the geometrical parameters of the considered double-pipe heat exchanger

Table 1 Values of constant geometrical parameters

Parameters Value (mm)
Length of heat exchanger L 1200
Length of twisted tape Liwist 800
Diameter of inner tube d 24
Diameter of outer tube D 58
Diameter of twisted tape D 58
Thickness of twisted tape t 1
Pitch of twisted tape P 580

Turbulence modeling is the construction and use of a
mathematical model to predict the effects of turbulence. In
spite of decades of research, there is no analytical theory to
predict the evolution of these turbulent flows. The equa-
tions governing turbulent flows can only be solved directly
for simple cases of flow. For most real-life turbulent flows,
CFD simulations use turbulent models to predict the evo-
lution of turbulence. These turbulence models are simpli-
fied constitutive equations that predict the statistical
evolution of turbulent flows. The Navier-Stokes equations
govern the velocity and pressure of a fluid flow. In a tur-
bulent flow, each of these quantities may be decomposed
into a mean part and a fluctuating part. Averaging the
equations gives the Reynolds-averaged Navier—Stokes
(RANS) equations, which govern the mean flow. However,
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the nonlinearity of the Navier—Stokes equations means that
the velocity fluctuations still appear in the RANS equa-
tions, in the nonlinear. This term is known as the Reynolds
stress. Its effect on the mean flow is like that of a stress
term, such as from pressure or viscosity.

In 1877, Boussinesq proposed relating the turbulence
stresses to the mean flow to close the system of equations.
Here, the Boussinesq hypothesis is applied to model the
Reynolds stress term. Note that a new proportionality
constant v ¢ > O the turbulence eddy viscosity has been
introduced. Models of this type are known as eddy vis-
cosity models or EVM’s. In this model, the additional
turbulence stresses are given by augmenting the molecular
viscosity with an eddy viscosity. This can be a simple
constant eddy viscosity (which works well for some free
shear flows such as axisymmetric jets, 2-D jets, and mixing
layers). In general, the eddy viscosity models are divided
into three categories of zero-, one-, and two-equation
models [16, 17].

The most important difference between the two-equa-
tion model and the other models is that they can be used
without any prior knowledge of the structure and flow
geometry to predict the properties of a turbulent flow. In
both the zero-equation model and one-equation model,
there is a length of scales in the equations, in which in
order to determine its size, there is a need to know the
regime and shape of the flow. This makes the simulation of
turbulent flows a little complicated before solving it. The
two-equation models include standard k-g, RNG k-¢,
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Fig. 2 3D and 2D schematics of the considered twisted tapes for the
numerical simulations

Fig. 3 Schematic of the considered hollow of twisted tapes with
different aspect ratios

realizable k—¢, standard k-, baseline (BSL) k-w, and
shear stress transport (SST) k—o models. The turbulence
model used in this study is the realizable k—®» model.

The standard K—¢ model has used widely in computa-
tional fluid dynamics. This model works well for boundary
layer flows and provides acceptable results. But, this model
works poorly in the flows with high shear rates or flows
with high separation and predicts eddy’s viscosity more
than its real value. In addition, in these flows, the standard
deviation rate equation does not provide a

suitable turbulence length scale. In order to improve the
performance of the eddy viscosity K—e model for predict-
ing complex turbulent flows and eliminating weaknesses
and deficiencies, another model is introduced which is
called realizable k—¢ model. The fundamental differences
between the realizable K—¢ model and the standard K¢
model are as follows:

e It uses a new formula to calculate the viscosity of
turbulence.

e It uses the complete transition equation of mean derived
velocity fluctuations to calculate the loss rate of e.

The realizable K—¢ model is valid for a wide range of
flows such as rotational homogeneous shear flows, free-
boundary shear flows, boundary layer flows on a flat plate
and inside a channel with and without the pressure gradi-
ent, and flows passing through a staircase. In all the flows
that are mentioned, the realizable K—¢ model is more
effective than the standard model. If the flow consists of
curved flow lines, virtualization, and extreme rotation, both
RNG and realizable K—¢ models perform better than the
standard model. It should be noted that early studies have
shown the realizable K—¢ model in complex secondary
flows has a high capability compared with the other K—¢
models. The governing equations of this problem are pre-
sented as follows [16, 17]:

Continuity equation:

()

0 (1)

Momentum equation:
au_i_'__'éﬁi B 613Jr 0 6ﬁi+ —— 2)
p axj i an o axi a)Cj K axj puiuj

The transport equations for realizable k—¢ model are
[16, 17]:

0(pK) O(pKv; 0 0K
MJr (e VJ)—[(#+ﬁ>E}+Gk+Gb+Pe

(3)

d(pe) n 3(pevy) _9 [(M + ”‘) 2J +pCi

+pC———7r—+ Cle CSeGb + S,

k+ V/ve
(4)

) 5)
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Table 2 Values of hollow’s

geometrical parameters for Aspect ratio (AR)

Width of hollow (W)/mm

Height of hollow (H)/mm  Area of hollow (A)/mm2

9 36
6 36
36

different AR 0.44 4
1
2.25 9
K
p=S— (6)
€
S = /25;S; (7)

The first transported Eq. (3) determines the turbulent
kinetic energy (k). The second transported Eq. (4) deter-
mines the turbulent dissipation (¢) which is the rate of
dissipation of the turbulent kinetic energy. Gy, is generation
of turbulence kinetic energy due to buoyancy, Gy is gen-
eration of turbulence kinetic energy due to the mean
velocity gradients, y, is turbulent viscosity of fluid, and Sy
and S, are user defined source terms. Energy equation:

3(pT) d(pwT) @ (ka(T)>

cp Ox

6xi axi axi (8)

In order to evaluate the results, some parameters
including the non-dimensional numbers are necessary that
will be as follows:

Reynolds number:

_ pudy
M

Re 9)
where dj, is hydraulic diameter of pillow-plate channel that
presented by Piper et al. [6] as:
_ 4

dh
' Awt.i

(10)

where V; is the volume of a periodic element of the heat
exchanger channel, and A, is the wetted area of the peri-
odic element.

Friction factor (f):

2dy AP
f= il (11)

The coefficient of performance (COP):

Usually, the coefficient of performance (COP) is used to
evaluate the performance of the heat exchanger, which
shows the effect of improving the heat transfer under
known pumping power. This parameter is defined by
[18-20]:

COP = <]]\7L:> (J;f)% (12)

where the Nuy and f; refer to heat transfer coefficient and
friction factor of base model, respectively.
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Fig. 4 Generated grid for performing the numerical simulations

Boundary conditions

In the studied heat exchanger, the hot fluid enters into the
internal tube at 80 °C with four velocities of 0.14, 0.17,
0.20, and 0.23 m/s, and the cold fluid enters into the
external tube at 27 °C and 0.14 m/s. The flow is com-
pletely turbulent, and the material of twisted tapes and
tubes is aluminum. To clarify the boundary condition of the
numerical simulations, the details are listed in Table 3.

Results and discussion

In the present study, the effect of using twisted tape with
the same twist angle in both side of double-pipe heat
exchanger is studied numerically. The outer diameter of the
twisted tape is equal with the diameter of the outer diam-
eter of the heat exchanger. The numerical study is per-
formed in two sections. At the first section of study, three
different geometries of the twisted tape including two-fin,
three-fin, and four-fin twisted tapes are considered which
are shown in Fig. 1 and the values of geometrical
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Table 3 Considered boundary
conditions for the numerical

study

Parameter Value
Inlet temperature of hot flow (internal tube)/°C Tintet, Hot 80

Inlet temperature of cold flow (external tube)/°C Tintet, Cold 27

Inlet velocity of hot flow (internal tube)/m/s Vinlet, Hot 0.14-0.23
Inlet velocity of cold flow (external tube)/m/s Vintet, cold 0.14
Reynolds number of hot flow (internal tube) Rerner, Hot 3343-5492
Reynolds number of cold flow (external tube) Rernet, cold 3343

parameters are listed in Table 1. At the second section, one
of the considered geometries from section one is selected to
create hallow on the twisted tape of outer tube to decrease
the presser drop in the heat exchanger. Also, three different
aspect ratios of created hallow are investigated
numerically.

Validation of the present numerical study

To validate the numerical simulation of the present study,
the present numerical results are compared with the results
of Shaji [14] that are shown in Fig. 5. As can be seen, the
percentage error between the present study and the refer-
ence results is less than 5%.

The effect of the geometry of utilized twisted
tape

In this section, three different twisted tapes as models 1-3
are utilized for performing simulations. The geometries and
the values of geometrical parameters are illustrated in

84
82
80
78
76
74

——&—— Shaji [14]

——@—— Numerical_present

72
70
68
66
64
62

Nusselt number (Nug)

SRR AR AN BN A ERN NN REEN RREE RERE LEANE LERN &

60\lrl\lllvvvllvvllr\
4000 5000 6000 7000 8000 9000

Reg

Fig. 5 Nusselt number versus Reynolds number of the cold flow
between the present study and the results of Shaji [14]

Fig. 1 and Table 1, respectively. It should be noted that the
operational parameters of hot and cold fluid flows are kept
constant. In Fig. 6, the outlet temperature of hot and cold
fluid flows versus Reynolds numbers for different models is
illustrated. The results are obtained for four different
Reynolds number between 3343 and 5496.

As shown in Fig. 6a, by increasing the Reynolds number
of hot fluid, the outlet temperature of the hot fluid increases
as well, since by increase in the Reynolds number, the fluid
velocity increases which resulting in decrease in the
duration (time period) that the fluid is in contact with the
surface of the cold fluid tube. As a result, the much increase
in temperature can happen at lower velocities. The outlet
temperature of the hot fluid (inside the internal tube) of
model 1 for Re = 4059, 4776, and 5496 is 0.7%, 1.4%, and
1.9% higher than that for Re = 3343, respectively. The
increase in Reynolds number increases the total heat
transfer coefficient which is completely justifiable. As
shown in Fig. 6a, with increase in the number of twisted
tapes from two to four (model 1 to model 3), the outlet
temperature of the hot fluid is reduced. The reason for this
reduction is the higher number of tapes in model 3 than in
models 1 and 2, as by increase in the number of twisted
tapes, rotation, and turbulence of the fluid increase signif-
icantly. Moreover, naturally due to higher heat transfer in
model 3, the heat transfer in this model increases compared
to other models which results in a lower outlet temperature
of hot fluid and improves heat transfer.

According to Fig. 6b, the variation in the outlet tem-
perature of cold fluid with different Reynolds numbers of
hot fluid is illustrated. According to this figure, at higher
flow rate or Reynolds number of hot fluid, higher outlet
temperature achieved because of having different flow
rates in the two fluids. When the hot fluid velocity
increases, the heat transfer rate increases as well. This heat
transfer in the tube depends on the difference in tempera-
ture and flow rate, but the flow rate of the cold flow is
constant, and this is the temperature difference that is the
main cause of the heat transfer. Therefore, by increasing
the velocity of the hot fluid, the cold fluid outlet temper-
ature (inside the external tube) is higher than at the lower
velocities. The cold fluid outlet temperature in model 1 for
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Fig. 6 a Outlet temperature of hot flow versus Reynolds numbers of hot flow for different models. b Outlet temperature of cold flow versus

Reynolds numbers of hot flow for different models

Re = 4059, 4776, and 5496 is 0.1%, 0.3%, and 0.5% higher
than Re = 3343, respectively. As shown in Fig. 6b, by
increasing the number of twisted tapes from two to four
(model 1-3), the cold fluid outlet temperature increases,
which is because of the less number of twisted tapes of
model 1 than models 2 and 3, as by decreasing the number
of twisted tapes the heat transfer area is reduced which
leads to increase in the cold fluid outlet temperature of
model 3 compared to the other models.

To understand better the heat transfer in different
models, in Fig. 7, 2D contours of temperature, and in
Fig. 8, 3D contours of the temperature for the hot and cold
fluids with different twisted tape geometries are demon-
strated. As shown in Figs. 7 and 8, by increasing the fin
number of twisted tapes (from model 1 to 3), the fluid
rotation between the tube and twisted tape increases, which
causes more contact of the fluid flow with the tube wall and
twisted tapes and results in providing more heat transfer

Fig. 7 2D contours of
temperature at ¥ = 0 for
different models

rate in the model 3 compared to models 1 and 2. This issue
also results in the highest hot fluid outlet temperature in
model 1 and the highest cold fluid outlet temperature in
model 3. The variation in hot fluid pressure drop with
different Reynolds numbers of hot fluid is shown in Fig. 9.

As can be seen in Fig. 9, by increasing the number of
twisted tapes from two to four, pressure drop increases.
The reason is that by increasing barriers which are the
twisted tapes more friction surface and greater involvement
between the fluid and the tapes are provided in model 3
compared to models 1 and 2 which leads to increase in
pressure drop. According to this figure, at the Reynolds
number of 5500, the pressure drop of model 3 is increased
by 39% compared to model 1. The variation in the Nusselt
number with different Reynolds numbers of hot fluid is
illustrated in Fig. 10.

As shown in Fig. 10, the Nusselt number is increased by
increasing the Reynolds number. With increase in the

Temperature/K: 300.15 307.72 315.29 322.86 330.44 338.01 345.58 353.15
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e

Model 1

/

3 »

Model 3

Temperature/K: 300.15 307.72 315.29 322.86 330.44 338.01 345.58 353.15

Fig. 8 3D contours of temperature at different slices in the channel
for all models

Reynolds number, velocity increases and with this
increase, the Nusselt number of model 3 is higher than that
of models 1 and 2. The reason is the increase in the number
of twisted tapes and turbulence of the fluid in model 3. The
Nusselt number in model 1 for the second to fourth
velocities is 10.5%, 21%, and 29.8% higher than that for

260
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100

80
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I N

Lo b b v b

60
3000 3500 4000 4500 5000 5500 6000

Fig. 9 Pressure drop of hot flow versus Reynolds numbers of hot flow
for different models

the first velocity, respectively. Therefore, due to the higher
heat transfer area of model 3, heat transfer rate is increased
compared to other models, and this causes the higher
Nusselt number of model 3 compared to models 1 and 2.
Figure 11 shows the variation in the friction coefficient
with different Reynolds numbers of hot fluid.

As shown in Fig. 11, by increasing the Reynolds number
of the hot fluid, the friction factor decreases too, as by
increasing the Reynolds number, the velocity of the fluid
increases and based on Eq. (11), the velocity and the
friction factor have an inverse relation. Therefore, by
increasing the velocity, the friction factor is greater at
lower velocities. In Fig. 11, it can be seen that the increase
in the friction factor in heat exchangers with more twisted
tapes is higher than that in cases with few twisted tapes.
The reason is the higher contact area, in other words, the
higher friction of model 3 in comparison with models 1 and
2. Thus, the higher the friction and interaction between the
fluid and the twisted tapes, the higher the pressure drop,
which results in a higher friction factor in model 3 com-
pared to the other models. Figure 12 shows the variation in
the coefficient of performance (COP) with different Rey-
nolds numbers of hot fluid.

As shown in Fig. 12, the variation in the coefficient of
performance with the changes in hot fluid Reynolds num-
ber is illustrated. According to Eq. (12), the coefficient of
performance is the ratio of the dimensional Nusselt number
and the pressure drop. As shown, for model 3 and the last
Reynolds number, the highest coefficient of performance is
obtained, which indicates the highest heat transfer rate and
the lowest pressure drop.
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Fig. 10 Nusselt number of hot flow versus Reynolds numbers of hot
flow for different models
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Fig. 12 Coefficient of performance (COP) of hot flow versus
Reynolds numbers of hot flow for different models

The effect of the geometry of hole
on the selected twisted tape

Because of the best obtained Nusselt number and high
pressure drop, model 3 is chosen as the selected model
among the others to create holes on its surfaces. Figure 13
demonstrates the variation in the hot fluid outlet tempera-
ture of model 3 for various geometries of hollow at dif-
ferent Reynolds numbers of hot fluid.

As illustrated in Fig. 13, according to the comparison
between the three models 1-3, with the increase in the
Reynolds number of the hot fluid, the outlet temperature of
the hot fluid is increased too. Since as the Reynolds number
increases, the velocity increases which leads to decreasing
the duration in which fluid is in contact with the cold tube
surface. This causes an increase in temperature at lower
velocities and, in general, an increase in the total heat
transfer rate. Based on Fig. 13, in comparing model 3 with
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Fig. 14 Outlet temperature of cold flow versus Reynolds number for
different AR

hollows at different AR, at first, the proximity in the outlet
temperatures and the fewer changes in the outlet temper-
ature of the hot fluid should be considered. However, the
non-hollow model has the highest outlet temperature, and
model 2 with AR = 1 has the lowest outlet temperature of
the hot fluid. Figure 13 indicates the variation in the cold
fluid outlet temperature of model 3 with various geometries
of hollows at different Reynolds numbers of hot fluid.
Figure 14 shows the variation in the cold fluid outlet
temperature of model 3 with various geometries of hollows
at different Reynolds numbers of hot fluid. According to
this figure, the higher the flow rate or the Reynolds number
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Fig. 15 Pressure drop versus Reynolds number for different AR

of hot fluid, the higher the cold fluid outlet temperature.
The reason is different flow rates of the two fluids. When
the velocity of the hot fluid increases, it results in an
increase in heat transfer rate, which depends on the dif-
ference in temperature and flow rate of the hot and cold
fluids. It is worth mentioning that flow rate in cold fluid is
constant. In fact, the difference in temperature is the main
cause of heat transfer. Therefore, with increasing the
velocity of the hot fluid, the cold fluid outlet temperature
increases at lower velocities. Based on Fig. 14, the tem-
perature difference in outlet temperatures of the cold fluid
of model 3 with hollows at different AR is very minor as
well as the temperature difference in outlet temperatures of
the hot fluid. However, the non-hollow model has the
lowest cold fluid outlet temperature and model 2 with
AR =1 has the highest cold fluid outlet temperature. Fig-
ure 15 illustrates the variation in the pressure drop of
model 3 with various geometries of hollows at different
Reynolds numbers of hot fluid.

As shown in Fig. 15, the pressure drop increases with
increase in the Reynolds number of the hot fluid. Accord-
ing to this figure, comparing model 3 with hollows at dif-
ferent AR, we can see the proximity of the pressure drop
values. However, the model with AR = 0.44 has the lowest
pressure drop and the model with AR = 1 has the highest
pressure drop. Figure 16 demonstrates the variation in the
Nusselt number of model 3 with various geometries of
hollows at different Reynolds numbers of hot fluid.

As shown in Fig. 16, increasing the Reynolds number of
hot fluid increases the Nusselt number as well. According
to this figure, comparing model 3 with hollows at various
AR, like the previous figures, indicates that Nusselt
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Fig. 16 Average Nusselt number versus Reynolds number for differ-
ent AR
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Fig. 17 Coefficient of performance (COP) versus Reynolds number
for different AR

numbers in various geometries of hollows are very close to
that in the non-hollow model. However, the non-hollow
model has the lowest Nusselt number and the model with
AR =1 has the highest one.

The results indicate that hollows with AR =1 in the
twisted tapes improve the Nusselt number and also increase
the pressure drop. However, generally, the difference
between the twisted tape with and without hollow is not
significant. On the other hand, the enhancement of coeffi-
cient of performance in creating hallow on the twisted tape
in comparison with the twisted tape without hallow is less
than 0.1%. The coefficient of performance of the models
studied in this section is illustrated in Fig. 17. Accordingly,
it can be seen that the differences between the models are
very low. However, model with hollow (AR = 1) has more
COP (with so small difference) than the other investigated
models.
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Fig. 18 Streamline with contour of velocity magnitude for different
models

According to Fig. 17, it can be realized that at low Re
number (Re = 3343), model with holes with AR = 1 has
1.45% more COP than the base case (without holes) and
model with holes with AR = 0.44 has 1.3% more COP than
base case. On the other hand, creating holes on twisted tape
leads to higher COP with various AR. However, holes with
AR = 1 have the most improvement (with low difference).
At high Re number (Re = 5492), case with holes with
AR = 0.44 has 1.3% higher COP and case with holes with
AR =1 has 1.85% COP more than base case.

To show the effect of utilizing different types of twisted
tape on heat transfer and fluid flow, the streamline with
contour of velocity magnitude is illustrated in Fig. 18. It is
shown clearly that creating swirl and secondary flows in
model 3 of twisted tape because of the number of blade
(four) is more than the other investigated models which
leads to higher heat transfer rate and model 2 (with three
blades) is placed at the second level. As a result, it can be
said that utilizing turbulators especially twisted ones has
significant effect on creating swirl flow (which leads to
higher heat transfer rate) and utilizing twisted tape in both
sides of a double-pipe heat exchanger shows better thermal
performance and proofed the effect of twisted tape as tur-
bulator on thermal improvement of a double-pipe heat
exchanger.

Conclusions

In this study, the effect of using twisted tapes in both tubes
of a double-pipe heat exchanger was numerically investi-
gated. The study consists of two sections. At the first
section, three different shapes of twisted tape were con-
sidered and numerical simulations were performed. At the
second step, one of the tested models from section one was
selected to create hallow. Three different aspect ratios of
hallow were studied. The obtained results consist of outlet
temperature, pressure drop, Nusselt number, and
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coefficient of performance. The most important outputs are
described below.

e In three-fin and four-fin twisted tapes in comparison
with two-fin model, the outlet temperature of hot fluid is
reduced 1.2% and 1.4%, respectively.

e In three-fin and four-fin twisted tapes in comparison
with two-fin model, the outlet temperature of cold fluid
in both models is increased less than 1%.

e In three-fin and four-fin twisted tapes in comparison
with two-fin model, the pressure drop of hot flow is
increased 32% and 64%, respectively.

e In three-fin and four-fin twisted tapes in comparison
with two-fin model, the Nusselt number of the hot flow
is increased 1.9% and 3.1%, respectively.

e In three-fin and four-fin twisted tapes in comparison
with two-fin model, the coefficient of performance of
hot flow is increased 31.8% and 63.9%, respectively.

e The results show that creating the hollows with AR = 1
on the twisted tape leads to higher coefficient of
performance.
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