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ARTICLE INFO ABSTRACT

Keywords:

CFD analysis

Vortex generators

Concentric tube heat exchanger
Heat transfer

The present article is discussing the performance of heat transfer enhancement (HTE) using a trapezoidal vortex
generator in a Concentric Tube Heat Exchanger (CTHE) through Computational Fluid Dynamics (CFD) code
ANSYS Fluent. Heat transfer and fluid flow analysis are conducted for various Reynolds numbers inside the tube
and annular. The effects of Vortex Generators (VGs) are studied as well, and the turbulence flow is simulated
using the k-w model. The analysis was made on four designs, where the VGs are placed in three different locations

Hot fluid
Cold fluid as follows: (case 0) no VGs, (case 1) VGs inside the tube, (case 2) VGs on the interface between annular and tube,
Counterflow and (case 3) VGs on the outer wall of the annular part. Accordingly, the overall heat transfer, heat transfer ratio,

and heat transfer/power of each of the three cases with VGs are normalized to case 0 to study the effect of VGs on
the flow and heat transfer enhancement. Results show that VGs are effective in all locations and cases, however,
the highest improvement was spotted in case 1 at Reynolds number of 8000 for the cold fluid and Reynolds
number of 2000 for the hot water, where the enhancement of heat transfer ratio was 97% for case 1, 92% for case
2 and 56% for case 3, whereas the thermal enhancement factor was 210% for case 1, 180% for case 2 and 142%

for case 3.

1. Introduction

Heat exchangers (HEs) are widely used in almost every process and
manufacturing sector around the world [1,2], where two fluids are
usually separated by a wall and heat is transferred from a hot fluid to a
cold fluid at the same time using heat exchanger equipment. Generally,
most HEs involve two-fluid, but three-fluid heat exchangers are
becoming more common such as being employed in solar flat plate
collector systems [3]. HEs are fabricated in a variety of flow configu-
rations and designs, several types of HEs are categorized according to
different applications such as finned, shell and tube, fixed HEs and many
others [4,5]. However, the Concentric Tube Heat Exchanger (CTHE) or
double pipe HE is the simplest in terms of design and cost [6], in which a
pipe is inserted into another pipe and the two fluids each have their inlet
and exit ducts. Then the heat is transferred from the hot fluid to the cold
fluid through the inner tube wall, which is the interface between the
annular and the tube. Both laminar and turbulent flow regimes can be
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used in heat exchangers. Different applications, such as small multi-
functional HX and tabular exchanger reactors, operate in the laminar
flow regime [7,8]. However, some other applications require turbulent
flow [9]. According to the flow arrangement, there are two types of flow
arrangements: parallel flow and counterflow. In this study counterflow
is employed since studies show that counterflow is more effective in
terms of heat transfer [10,11]. So, warm fluid enters from one side and
the cold fluid flows from the other opposite side as shown in Fig. 1.
CTHE is used in various applications in thermal and fluid domains
such as heat recovery from oil cooling, desuperheating in refrigeration
and air conditioning, engine cooling circuits, pharmaceutical industry,
dairy, and chemical industry, refinery, etc. [6]. Thus, improving the
overall performance of the HEs is fundamental for many industries.
Enhancing heat transfer is a technique used for increasing the overall
performance of HEs, where an increase or decrease in heat transfer holds
a major role in energy manufacturers [12,13]. For instance, in several
applications increasing the coefficient of convection heat transfer is
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essential due to cost limitations and space such as plasma reactors,
cooling of electronic devices, gas turbine combustors, and turbine blades
[6]. The convective heat transfer can be improved by enhancing the
fluid flow velocity, enlarging the heat transfer area, and stimulating
disturbance inflow using vortex generators, roughness, spiral springs,
baffles, or tangential fluid injection [14,15].

There are three types of heat transfer enhancement methods: passive,
active, and dynamic [16]. Active heat transfer enhancement techniques
include vibration, electromagnetic field, and jet impingent, and are
categorized as active since they involve an external source of power. The
passive techniques are the most practical and efficient, they can be
performed with treated surfaces, rough surfaces or grooves, and Vortex
Generators (VGs) [17,18], which will be the focus of this research. The
last type is the dynamic technique, it is efficient as well because flexible
VGs are used [19,20].

Thus, inducing turbulence inflow is considered an effective method
for heat transfer development, which is classified into active and passive
systems. Active systems are the techniques that use the external power to
enhance heat transfer, whereas passive systems are the techniques that
do not require external power [21,22], however, they make benefit from
the geometry to enhance heat transfer [23,24]. VG is one of the widely
employed passive methods that increase the rate of heat transfer and
thermal performance of HEs [25,26], without adding the cost of external
power for inducing turbulence [27].

In this framework, the numerical simulations offer a prevailing
design and optimization tool giving vision to the optimal parameters and
design proposed as a settlement between best heat transfer improvement
and energy spending [28]. In this study, a numerical analysis is held by
comparing the enhancement of heat transfer in a Concentric Tube Heat
Exchanger (CTHE) by employing Vortex Generators (VGs) in three
different ways, then analyzing the results and building up a conclusion
accordingly. Ansys Fluent is employed to visualize the behavior of fluid
flow at different locations of VGs and different mass flows of both the hot
and cold fluid. The aim of this study is to enhance the performance of
CTHE, where enhancing its performance is the same as enhancing the
overall performance of the applications that use CTHE. Moreover, this
will create a more reliable heat transfer technique that saves more en-
ergy with simple geometrical modifications.

The novelty of this study is:

1- Studying the investigating the performance of CTHE through two
aspects:

a- Analyzing the effect of the geometry which means changing the
location of VGs in three different locations.

b- Varying the Reynolds number by changing the velocity in each
region, where each case underwent 18 simulations. The simulation
was by fixing the hot region in one value and changing that of the
other region and so on until covering all the possibilities of the 6
values of Re number in the two regions.

2- Comparing the results obtained from two aspects:
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a- Maximum improvement to lowest improvement for each case,
which means fixing geometry and comparing the effect of the
velocity.

b- Maximum improvement and lowest improvement for all the cases,
which means varying the geometry and fixing the velocity.

w
d

Investigating the physical mechanisms behind the results obtained of
maximum and minimum improvement values by:

a- Studying the location of vortices along the tube and
b- Obtaining the local value of the heat convection coefficient after
and before each row of VGs.

2. Problem description
2.1. Mathematical formulation

In the following study, the flow goes through three-dimensional (3D)
steady-state Reynolds averaged Navier-Stokes (RANS) equations. The
continuity and momentum equations for an incompressible Newtonian
fluid are as follows [29]:

Ou;

a—)gfo (€9

Ou; _dp u; Ouju;
“ox, " ox 0x;0%; 0x;

@

where the term u; u} is the Reynolds stress due to the change of velocity.

Besides, the turbulent flow is considered wherever the shear-stress
transport (SST) k — omodel established by Menter [30] is employed,
which are stated below [29]:
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where Gy denotes the generation of turbulent kinetic energy owed to
gradients of mean velocity. G, signifies the generation of . Yy and Y,
signify the dissipation of k and ® owed to turbulence and D,, denotes the
cross-diffusion term. For the k — w model, the effective diffusivities I'x
and I', models are known as follows [29]:

H

Iy = =
3 ﬂ+6k 5)
r, = u+;‘—; 6)

where oy and o, represent the Prandtl numbers for k and o respectively,
and i represents the turbulent viscosity. Heat transfer is represented in
the equation below [29]:
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Fig. 1. Counter-flow heat exchanger with its temperature diagram.



R. Aridi et al.

0 0 or
ettt = 5 (35 ) %

where E is the total energy and A the effective thermal conductivity.

In this study, the numerical simulations are held through the CFD
code ANSYS Fluent [31]. The combination of pressure-velocity is
created using the coupled algorithm, which determines the momentum
and pressure-based continuity equations together. The flow equations
are determined with twice accuracy and a second-order upwind design
for spatial discretization of the convective forms [32]. The diffusion
terms are central differenced and accurate to the second order. A
convergence standard is established to 10~ for the results of the flow
equations in Eqs. (1-4). However, a 108 is placed for the result of the
energy equation Eq. (7).

2.2. Computational domain

The computational domain for the simulations involves a Concentric
Tube Heat Exchanger (CTHE) with three different arrangements of
vortex generators (VG) to the inner and outer walls. The tube has a
length L = 300 mm, an inner diameter D; = 20 mm and an outer
diameter D, = 40 mm. The dimensions taken in this study are not very
important, since they can be changed according to the application,
however, our concern is to understand the behavior of the flow under
different conditions.

To enhance heat transfer, VGs of trapezoidal shape (big base = 6 mm,
small base = 3 mm, height = 8 mm, and thickness = 1 mm) are
employed with an inclined angle of 30° with the surface and directed
opposite to flow direction. Six rows of four diametrically opposed VGs
are inserted on the inner and outer walls which yield a total of 24 VGs in
each case as shown in Fig. 2. The spacing between two consecutive rows
of VGs is 30 mm. Four cases are considered, where in each case the
Reynolds number of the flow in annular and tube varies as a result of
changes in the mass flow rate m of the fluid, which also affects the ve-
locity as presented in the following equations [29]:

4m

Re= .5 Dox ®)

m

p.

V= )

where 1, p, V, and A are the dynamic viscosity, density of water, velocity,
and area normal to flow direction, respectively. Hot water passes
through the tube at a temperature of 30°C (303 K), and cold-water flows
through the annular at a temperature of 20°C (293 K), in a counter flow
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Fig. 2. Deviation of the result obtained in CFD to various correlations.
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arrangement. The outer wall of the tube is adjusted to adiabatic with
zero heat flux boundary condition.

2.3. System description and methodology

Numerical analysis is held by comparing the enhancement of heat
transfer in a CTHE through employing Vortex Generators (VGs) in three
different ways. Therefore, the simulation is done on four different cases,
case 0: no VGs are employed and is considered the empty CTHE case,
case 1: VGs are inserted into the inner wall of the tube, case 2: VGs are on
the inner wall of the annular region, and case 3: VGs on the outer wall of
the annular region as shown in Fig. 2. Case 0 is studied to compare each
case of VG to that of the empty case.

In each case, the design is drawn on Ansys with a fixed temperature
for both the hot and cold water with the temperature of hot and cold
water for all the four cases are 30 °C and 20 °C respectively. Reynolds
number of the hot and cold flow is varied through six values in laminar
(500, 1000, and 2000) and turbulent (4000, 6000, and 8000) regimes,
which affects the other input variables, such as mass flow rate, heat
capacity, and heat transfer. The working fluid is water which determines
the values of the fluid properties input such as thermal conductivity,
specific heat, density. Consequently, this variation will result in different
output performance parameters (Nusselt number, overall heat transfer
ratio, required power...) for each value of the Re number. These pa-
rameters are normalized to case O to study the improvement of each case
to no VG case and to perform a comparison among the three cases.

2.4. Numerical validation

To validate the results obtained from the CFD, validation test is done
to study the accuracy and identify the deviation of the numerical sim-
ulations with respect to the correlations. Thus, the heat transfer (q) was
calculated through different correlation methods [33,34] and then
compared to the result of q obtained in CFD. The results are shown in
Fig. 3. Here it is noticed that the deviation of the CFD results differ from
correlation to another in a range between +15% and —6%, with two
deviations lower than 3%. These results are acceptable, and confirm the
validation of the carried out numerical simulations.

2.5. Mesh sensitivity study

A mesh with polyhedral cells is applied for all the simulations. An
independent study for the mesh is studied at Re = 8000 for both hot and
cold flow since 8000 is the highest Reynolds number. For the cases
where VGs are presented, the mesh is refined at the VGs, at the inner
wall separating the two fluids and at the outer wall of the annular re-
gion. Table 1 shows mesh sensitivity analysis, where three configura-
tions of mesh were employed. The mesh is refined by decreasing the size
of the element cells until the variation of heat transfer reaches 1%. The
heat transfer rate between hot and cold-water streams q is calculated
under three different mesh sizes, which are presented in the fourth
column, then the deviation in heat transfer is done through the following
equation;, where “i” is the mesh number. Near wall regions, fifteen mesh
layers are chosen, and the height of the first grid point is minutely picked
so that the resulting y+ value does not exceed 1 in all the used meshes.
The chosen mesh for all the simulations is the mesh in case 2 with a total
of 3651,456 elements, a maximum element size of 0.7 mm and a first
inflation layer height of 0.01 mm.

3. Results and discussions
3.1. Performance parameters
The performance of different configurations is evaluated based on

several parameters. In this section, the important parameters for global
analysis are presented.
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Fig. 3. Computational domain for all the four cases investigated displaying the boundary conditions, the VGs position and the dimensions of the trapezoidal shape

VG (in mm).

Table 1
Mesh sensitivity details.

Mesh  Maximum element Number of Heat transfer q deviation
size (mm) elements q (W) (%)

1 1.5 2089,201 239.811 6.58

2 0.7 3651,456 255.586 1.00

3 0.5 7020,216 258.143 -

The global friction factors for the tube and the annular regions are
given by [29]:

D; APy,
fupe = — ———— 10
2
L05.p. (Vi)
D, — D; AP,
f annular = i 05 (V )2 an
Dp cw,i

where [ is the length of the tube = 0.3 m, p is the density of the water, AP
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is the pressure drop between the inlet and outlet flow where: APy, =
Pintethw — Poutlethw is the pressure drop across the tube region with
circulating hot water hence the subscript hw. Similarly, the pressure
drop in the annular region is APy, = Pinjetcw — Poutletew, With circulating
cold water hence the subscript cw. Ve, ; and Vp,, ; are the velocities at inlet
cold water (cw) and hot water (hw) respectively.

To calculate the heat transfer rates between the hot and cold water,
the following parameters are presented [29]:

Gow = Tw - Cp - (Tep = Tei) a2)
e = Ny - Cp . (Th,i - Th,o) 13)

where q,, is the heat transfer of the cold water, gp,, is the heat transfer of
the hot water, m is the mass flow rate,Cp is the specific heat capacity of
the water, T; is the temperature of cold water at the inlet, T, is the
temperature of cold water at the outlet, Tj; is the temperature of hot
water at the inlet and Ty, is the temperature of hot water at the outlet.
Here the heat transferred from the hot water is totally gained by the cold
water and as a result qcy = Ghy-

The heat transfer convection coefficients for the common wall
interface between the hot water and the cold water are given by [29]:

Ghw (14)

Ty = LA
! . Di~l'(Thw_ Tw)

9ew
x.D;.1.(T,— T.)

hew = (15)

where T, is the average temperature of the wall interface between the
hot tube and cold annular, Ty, is the arithmetic mean temperature of the
hot water between the inlet and the outlet of the tube and is given by

(M), Ty is also the arithmetic mean temperature between the

inlet and outlet of the annular side and is (W) and finallyD; is the
inner diameter of the tube.

To assess the enhancement in heat transfer, the global Nusselt
numbers are calculated based on the tube side Nuype and the annular
side Nuapnular and are given by [29]:

hcw . (Do - Dz)

3 (16)

Nugnmutar =

h W Di
Nuyye = hT a7)
By neglecting the wall thermal resistance due to conduction, the

overall heat transfer coefficient is calculated by [29]:

1
1 1

hannutar Tube

U= 18)

In all four cases, Reynolds numbers of the hot and cold flow are
changed through six values: in laminar regime (500, 1000, 2000) and
turbulent regime (4000, 6000, 8000) which will yield a total of 36
simulations performed to study all different possibilities.

To assess the thermal performance of vortex generators compared to
the empty case, case 0 refereed hereafter with index 0, additional pa-
rameters are defined and are explained as follows [29]:

- Overall heat transfer ratio: defines the ratio of U value for the VG
cases to the U value of the empty case Uy and is equal to U / Up.

- Heat transfer ratio: quantifies the enhancement in heat transfer rate q
when adding VGs compared to the empty case qo, equal to q / qo.

- Pumping power ratio: is the ratio of the pumping power for the VG

case relative to the empty case, and is equal to ;40 =
(APpy . My +APey - Tlew)
(APpyo - Mpyo+APeyo - Mewo)
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where P is the pumping power input to get a specific Reynolds
number in each of the cases 1, 2, or 3, and Py is the pumping power
input in case 0 that means the empty case with no VGs in both re-

gions The power input is calculated through the following equation
P = delta pressurep,, . My, + delta pressureq, . Mgy
; .

Thermal enhancement factor (TEF): quantifies the relative
enhancement in heat transfer to the increase in pumping power,
which is the input power that is employed to run the flow when
adding VGs. TEF is the ratio of heat transfer ratio and pumping

P _ %
power ratio: TEF = -

3.2. Global analysis

After obtaining the main parameters, a comparison between the
three cases was held to study the effect of the trapezoidal VGs on the
performance of the heat transfer, input power, and thermal enhance-
ment factor. Fig. 4 shows the variation of each of the above main pa-
rameters versus the Reynolds number of the hot and cold flow for the
three cases studied.

As observed, the normalized overall heat transfer is greater than one
through all the range of Reynolds numbers for hot and cold water, this
indicates that the heat is always enhanced as compared to the empty VGs
case. Besides, it is noticed from Fig. 4 that case 1 has the highest
improvement value in all the three parameters, where the ratio in each
parameter was highest at case 1. For instance, U/Uy displays a maximum
improvement at low Re of hot water (Rep,) and high Re of cold water
(Re.y), however for cases 2 and 3, U/Uy displays a maximum improve-
ment at high Rep, and low Re.,, where the maximum improvements
compared to the empty case is 167% for case 1, 97% for case 2 and 58%
for case 3.

Whereas the enhancement of U/Uj for case 1 is lowest at high Repy,
and Re,=4000, however for cases 2 and 3, U/Uj is lowest at water low
Repy and high Re.,. The minimum improvements compared to the
empty case is 19.7% for case 1, 14.3% for case 2 and 9.4% for case 3. The
difference in the optimum and minimum positions between the cases 1,
2 and 3 are attributed to two criteria: (1) the geometry corresponding to
the tube, annular, and VGs, (2) the Reynolds number of the flow in each
of the tube and the annular.

Similarly, the normalized heat transfer is greater than one for all the
range of Reynolds numbers, which indicates the heat is enhanced as
compared to the empty VGs case. For case 1, q/qp displays a maximum
improvement at low Rey,, and high Re.,,, however for cases 2 and 3, q/qo
displays a maximum improvement at high Rep, and low Re,. The
maximum improvements compared to the empty case are 97% for case
1, 92% for case 2 and 56% for case 3.

Whereas the enhancement of heat transfer ratio for case 1 is lowest at
high Rep,, (=8000) and low Re,,, (=2000), however for cases 2 and 3, q/
go is lowest at low Rep, and high Re,, where the improvements
compared to the empty case are 7.4% for case 1, 13% for case 2 and 5.4%
for case 3.

However, a third main parameter should be also studied which is the
thermal enhancement factor. Fig. 4 shows the variation of thermal
enhancement factor versus Reynolds number. It is noticed that there are
some places where this parameter is less than one which means that it is
not efficient for all values of Re.

For case 1, thermal enhancement factor displays a maximum
improvement at low Rep,, (=2000) and high Re, (=8000), however for
cases 2 and 3, thermal enhancement factor displays a maximum
improvement at high Rep, (=8000) and low Re., (=2000). The
maximum thermal enhancement factor reaches around 210% for case 1,
180% for case 2 and 142% for case 3.

Whereas the values of thermal enhancement factor for case 1 is
lowest at high Rep,,, (=8000) and low Re,, (=2000), however for cases 2
and 3, thermal enhancement factor is lowest at low Rep,, and high Re,.
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Fig. 4. Comparison between the main parameters

The minimum thermal enhancement factor decreases compared to the
empty case to 23% for case 1, 52.3% for case 2 and 45.9% for case 3.

As a conclusion from the above graphs the following points were
noticed:

- Case 1 has the highest improvement of heat transfer among all cases
to heat enhancement, and overall heat transfer.

The highest improvement in case 1 was at low Rep, (=2000) and
high Re,,, (=8000). However, the lowest improvement was at high
Rep,, (=6000 and 8000) and low Re,, (=500, 2000, and 1000).

On contrary, case 2 and case 3 exhibit the highest improvement at
high Rep,, (=8000) and low Re,,, (=2000), which is opposite to case 1
that is because in cases 2 and 3, VGs are placed in the annular,
however, in case 1 VGs are placed in the tube, then this could be
attributed to the reason that creating turbulence in both regions in-
crease the heat transfer more than having turbulence in one region,
where in cases 2 and 3 both regions were turbulent, the hot region
due to the high Reynolds number and the cold region due to the
presence of VGs, which makes heat transfer optimum. Similarly, for

for the three cases: case 1, case 2, and case 3.

case 1, optimum heat transfer was in the presence of turbulence in
both regions.

- Case 2 shows higher improvement than case 3 although in both cases
VGs are presented in the annular, this is due to the location of VGs on
the outer side of the annular: in fact, the outer wall is under adiabatic
conditions so heat cannot be transferred, however at the interface
between hot region and cold region the heat may be transferred
much more efficiently.

3.3. Flow structure and temperature contours

In this section, a comparison is held at the locations where the
highest improvement and lowest improvement occurred to find the
reason behind the enhancements of each case. The comparison is done
by analyzing the temperature, and vortices profile contour of each case
on seven different planes located at 35, 65, 95, 125, 155, 185, and 250
mm (basically after each row of VGs) as shown in Fig. 5.

In this section, a closer analysis on the highest and lowest
improvement of cases 1 and 2 is held to find the reason behind this
difference within the same case. Case 3 does not show interesting results
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Fig. 5. The location of the seven planes in the CTHE.

as in cases 1 and 2 so the observation and analysis are done just on the
highest improvement Reynolds number condition.

3.3.1. Temperature profiles for case 1

Fig. 6 and Fig. 7 show the temperature distribution along the CTHE
of case 1 after each row of VGs at Reynolds numbers (Rep,=2000 -
Re,,2=8000) and (Rep,,=8000 - Re,=2000) respectively.

As noticed in Fig. 6, the temperature of the flow seems to be affected
by the cooling process, where the outlet hot temperature decreases
around 3 this was noticed in the change of contour, where after each row
of VGs the temperature was changing not just at the wall and around the
VGs, however at the center of the tube as well.

On contrary, in Fig. 7 the temperature decreases slightly, even with
the presence of the VGs in the tube. Thus, the reason for this contra-
diction is due to the high Reynolds number in the tube and the low
Reynolds number in the annular. The high Reynolds number in the
annular creates a flow structure that reduces the thermal boundary layer
as shown in Fig. 6. However, throughout all the contours in Fig. 7, a
considerable thermal boundary layer is noticed around the wall in the
annular, which is presented due to the low turbulence of the flow in the
annular, this layer negatively affects the heat transfer. In other words,
the heat is transferred to just the layer close to the boundary.

This explains that the Reynolds numbers condition (Rep,=2000 -
Re,,2=8000) has higher heat transfer, which could be attributed to the
flow structure. In the next section, vortical structures are presented to
explain the association between flow and heat transfer performances.

3.3.2. Vortices profiles for case 1

Lambda2 method is a vortex core line identification algorithm [35]
that can effectively detect vortices from a 3D fluid velocity field as
shown in Fig. 8 and Fig. 9, where the vortices profiles of case 1 was
detected after each row of VGs at the operating conditions (Rep,,=2000 -
Re,,=8000) and (Rep,,=8000 - Re,—=2000) respectively.

Temperature

Contour 1

Contour 5

Contour 4

Fig. 8 shows that vortices are located around the VGs where each VG
generated two vortices, the vorticity decreases gradually towards the
center. Besides, it is noticed that the intensity of vorticity slightly
increased after contour 1, as a result of the increase in the velocity
vectors. After contour 2, the behavior of the flow was approximately the
same, however, at row 7, the behavior was obviously different, where
the intensity of the vortices was less than the previous contours and
velocity vectors of the flow were low.

Similarly for Fig. 9, the vortices are detected around the VGs and the
behavior of the flow is almost the same from contour 2 till 6, however
the intensity of the VGs was extremely high then it sharply decreased.
This could be attributed to the high velocity and the presence of VGs at
the same time, where high turbulence due to high Reynolds number with
the presence of VGs may cause the vortices to swirl extremely around the
VGs. At contour 7, the velocity vectors decreased with lower turbulence
of the flow.

This difference between contour 7 and the previous ones in Figs. 8
and 9 confirms the effect of the VGs row along the tube.

3.3.3. Temperature profiles for case 2

Fig. 10 and Fig. 11 show the temperature profiles of case 2 after each
row of VGs at the operating conditions (Rex,=8000 - Re.,=2000) and
(Repn,=2000 - Re,—8000) respectively.

As noticed in Fig. 10, the increase in temperature in the annular is
noticeable, where the temperature of the cold fluid is increased by
around 2.5, due to the turbulence in the tube from the high Reynolds
number and the vorticity in the annular created by the VGs. The pres-
ence of turbulence in the heat water and the occurrence of vortices in the
cold water increases the temperature difference at the thermal boundary
layer, consequently enhancing the heat transfer. On the other side, heat
transfer in Fig. 11 is low, this is represented by the thermal boundary
layer in the tube which is a result of the laminar flow in the heat water.
So to enhance the heat transfer, the flow must be turbulent which helps

Contour 2 Contour 3

Contour 6 Contour 7

Fig. 6. Temperature profiles of case 1 for Rehw=2000 - Recw=8000.
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Fig. 7. Temperature profiles of case 1 for Rehw=8000 - Recw=2000.
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Fig. 8. Vortices profiles for case 1 for Rehw=2000 - Recw=8000.

in mixing the fluid and getting a homogeneous temperature. This ex-
plains that the condition (Rep,=8000 - Re,=2000) has higher heat
transfer.

3.3.4. Vortices profiles for case 2

Fig. 12 and Fig. 13 show the vortices profiles of case 2 after each row
of VGs at Reynolds numbers (Rep,,=8000 - Re.,—2000) and (Rep,,—2000
- Re,,=8000) respectively.

Fig. 12 and Fig. 13 show that by provoking the cold flow with VGs,
vortices are generated in the annular with each VG generating two
vortices. Besides, it is noticed that the intensity of vortices was
increasing after each row of VG along the tube until the last row (row 7),
where the vortices were decreased significantly, which approves the
effect that VGs have on the flow. Furthermore, in Fig. 12 the vortices in
the annular are relatively low, however, in Fig. 13 the intensity of

vorticity was extremely high as a result of high velocity and high Rey-
nolds number. In row 7, the vortices were decreased gradually so that
the flow leaves the tube with lower turbulence.

3.3.5. Temperature and vortices profiles for case 3

Fig. 14 and Fig. 15 show the temperature profiles and vorticity
profiles of case 3 after each row of VGs at the operating condition
(Repn,=8000 - Re,=2000). As mentioned previously, case 3 did not
show interesting results as in case 1 and 2, so the observation was done
just on the more favorable conditions of Reynolds numbers.

For case 3, although the turbulence occur in both regions, in the
annular due to the presence of VGs and in the tube due to the high
Reynolds number, however the temperature did not change as much as
in case 1 or case 2, since the temperature change did not exceed 0.5 as
shown in Fig. 14. So, employing VGs on the outer side of the annular
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Fig. 9. Vortices profiles for case 1 for Rehw=8000 - Recw=2000.
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Fig. 10. Temperature profiles of case 2 for Rehw=8000 - Recw=2000.

appears not efficient. Fig. 15 shows that vortices are around the VGs,
which are closer to the outer wall (adiabatic part) and not to the inter-
face wall between the annular and the tube where the heat is transferred,
this makes the presence of VGs in case 3 not very effective as compared
to case 1 and case 2.

4. Evolution of vortices

In this section, the evolution of the vorticity is studied in each of the
three cases (case 1, case 2, and case 3) at the highest and lowest
improvement conditions. Thirteen planes were created along the
Concentric Tube Heat Exchanger as shown in Fig. 16, where the z-axis
shows the location of each plane along the tube and annular, and the y-

axis shows the height which is the diameter of the tube and the annular.

As noticed in Fig. 16, the planes are created before and after the VGs
to investigate the effect of each row of VG on the evolution of the
vortices. The study of vorticity is done on the three configurations of
VGs: case 1, case 2, and case 3. Fig. 17 shows the evolution of the
vortices along the tube, where the location of the center of vorticity was
spotted at each plane and drawn to the y-axis. As observed from the
graph in Fig. 17, the evolution of vorticity at case 1 was close to the
interface_annular_tube wall at each row of VG, however, the vortices are
directed to the center of the tube when it goes away from the VG row.
For instance, at first row of VG (35 mm), the vortices were directed
towards the wall of the tube 8 mm and 7.7 mm away from the center for
Rep,=2000 - Re.,=8000 and Rep,—=8000 - Re.,=2000 respectively.
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Fig. 11. Temperature profiles of case 2 for Rehw=2000 - Recw=8000.
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Fig. 12. Vortices profiles of case 2 for Rehw=8000 - Recw=2000.

Whereas, after the first row of VGs the vorticities were directed to the
center with lower values 5.9 mm and 5.51 mm away from the center for
Ren,=2000 - Re.,,=8000 and Rep,,=8000 - Re,=2000 respectively. At
250 mm in the z-direction, which is 80 mm away from the last row of
VG, the vorticity reaches 5.4 mm away from the central axis of the tube
for the Rep,,=8000 - Re.,,—2000, and 6.1 mm away from the central axis
of the tube for the Rep,,=2000 - Re.,=8000.

Now for case 2, the evolution of vorticity was close to the inter-
face_annular_tube wall at each row of VG, however, the vortices are
directed towards the outer wall when it goes away from the VG row. For
instance, at first row of VG (35 mm), the vortices were close to the
interface_annular_tube wall 0.011 mm away from the center for both
Rep,=2000 - Re,=8000 and Rep,=8000 - Re.,=2000. Whereas, after
the first row of VGs the vorticities go up towards the oute wall with
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values 0.012 mm and 0.013 mm away from the center for Rep,—=2000 -
Re,,—=8000 and Rep,,=8000 - Re,,=2000 respectively. At 250 mm in the
z-direction, the vorticity reaches 0.014 mm away from the central axis of
the tube for both Rep,,=2000 - Re.,,—8000 and Rep,,—8000 - Re.,,—2000.

As for case 3, the evolution of vorticity was close to the outer wall at
each row of VG, however, the vortices are directed downwards when it
goes away from the VG row. For instance, at first row of VG (35 mm), the
vortices were directed towards the outer wall of the tube 0.0178 mm and
0.0182 mm away from the center for Rep,=2000 - Re.,=8000 and
Repy=8000 - Re,,—=2000 respectively. Whereas, after the first row of VGs
the vorticities were directed downwards with lower values 0.0157 mm
away from the center for both Rep,,—2000 - Re.,,—=8000 and Rep,,—8000 -
Re,,=2000. At 250 mm in the z-direction, the vorticity reaches 0.0131
mm away from the central axis of the tube for the Rep,=2000 -
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Fig. 13. Vortices profiles of case 2 for Rehw=2000 - Recw=8000.
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Fig. 14. Temperature profiles of case 3 for Rehw=8000 - Recw=2000.

Re.,—8000, and 0.0129 mm away from the central axis of the tube for
the Rep,—8000 - Re.,=2000.

As noticed, in the cases 1 and 2 the vorticity goes up at each row of
VG and down away from VG rows. On contrary, case 2 witnessed low
value at each row of VG and higher value away from VG rows. This could
be due to the presence of VGs in case 2 that generate vortices upwards,
while the cases 1 and 3 the VGs generate vortices that go downwards.

Fig. 18 shows the local overall heat transfer normalized to the case
with no VG along the tube. In all cases, it is noticed that the values after
each row of VG are higher than one, i.e. there exists an enhancement of
the heat transfer compared to case with no VG. For case 1, the
improvement is the highest among all the cases, and for the case 3, the
improvement is the lowest.

Besides, it is noticed that for each case at the entrance of the tube (10
mm) the enhancement of heat transfer is null because there is no VG, so
it is the same as the CTHE without VG. As soon as the fluid reaches the
first row of VG, the improvement is noticed in all cases. After 185 mm of
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the tube for each case, the enhancement is noticeably decreased, due to
the absence of VGs.

Besides, it is noticed that the values of the local U/UO graph in Fig. 18
match the values of overall U/Uy in Fig. 4, where case 1 exhibits the
highest value at the operating conditions (Rex,=2000 - Re.,—=8000) of
around 1.99. Whereas case 2 and case 3 have their highest values at the
same conditions (Rep,=2000 - Re,=8000) of around 1.96 and 1.57
respectively. So, all the three cases have remarkable improvement
however, case 1 witnessed the best improvement, where the maximum
value of case 1 is the highest among the maximum values of case 2 and
case 3, and the minimum value of case 1 is the highest over the minimum
values of case 2 and case 3. This proves that case 1 design is the best
design in order to obtain a good heat transfer enhancement. On the other
side, case 2 shows acceptable results, where the ratio U/Uy reaches an
average value of 1.55 for Rep,=8000 - Re.,—=2000 and 1.08 for
Ren,=2000 - Re,—=8000, however the improvement is still less than case
1, which exhibits an average value of 1.73 for Rep,—=2000 - Re,,,—8000
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Fig. 15. Vortices profiles of case 3 for Rehw=8000 - Recw=2000.
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Fig. 17. Evolution of the vortices along the tube.

and 1.09 for Rep,=8000 - Re.,=2000. For case 3, there was modest
improvement compared to the two previous cases, where the average
ratio of U/Uy displays 1.24 for Rep,,=8000 - Re,=2000 and 1.04 for
Reny=2000 - Re.,=8000, thus even with this slight improvement VGs
enhances the heat transfer.

From Fig. 18, it can be observed that the installation of VGs on the
inner tube is advantageous to enhance heat transfer than others with a
lower flow rate of hot fluid than cold fluid. this could be attributed to the
geometrical shape of the tube that help the vortices to reenergize, where
the concave surface of the tube allows the vortices to grow thus having
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. Schematic of the design with the created planes.
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Fig. 18. Normalized overall heat transfer.

larger heat transfer effect as shown in the Fig. 19, where the red points
indicate the location of the center of vortices along the tube as it flows
for high improvement of case 1 Rep,=2000 - Re.,=8000. On the other
side, the convex shape of the annular made the vortices dissipate leaving
small effect on heat transfer as noticed in Fig. 19, where the blue points
indicate the location of the center of vortices along the annular as it
flows for high improvement of case 2 Rep,=8000 - Re.,=2000. That
explains why the vortices inside the tube will yield higher q than vortices
located in the annular region.
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Fig. 19. Center of the vortices along the tube and the annular for the optimum
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5. Conclusions

In this study, the impact of using vortex generators on the heat
transfer in a Concentric Tube Heat Exchanger is numerically investi-
gated. The simulation analysis is held on three different cases of VGs in
different locations to study the spatial impact of the VGs on the
enhancement of heat transfer. Thus, the heat transfer in each case is
affected by two criteria: (1) geometry, which is the location of the VGs,
and (2) Reynolds number in the annular and the tube. In general, results
show that VGs enhance heat transfer in all the cases as shown by the
evolution of vorticity and the local U/Uj ratio.

In case 1, VGs have the highest improvement, where the U/Uy, q/qo,
and TEF reaches 195%, 202%, and 97% respectively. Besides, results
show that the turbulence flow occurred in both parts tube and annular
with higher turbulence in the hot region, which is effective to enhance
heat transfer more than being in the cold region. This is approved by
achieving the highest improvement at the operating conditions
(Repy=2000 - Re.,=8000) when VGs are inside the tube and at
(Renyw=8000 - Re.,—2000) when VGs are in the annular; in both cases
turbulence occurs in both parts to achieve desirable results. Case 1 and
case 2 are found to be efficient as they achieved higher improvements
compared to case 3. In more detail, the following points were concluded.

e The input pumping power that provides high Reynolds number
should be invested in the region where there are no VGs. Thus, the
flow at the part with VGs will be turbulent due to the presence of the
turbulators represented by VGs, whereas, the flow in the region that
has no VGs will be fluctuated due to the high Reynolds number that
causes the flow to oscillate.

VGs should be on the interface wall between tube and annular
(where heat transfer occurs) to achieve higher results. At the outer
wall, the advantage that VGs provide is much lower since the wall
condition is adiabatic.

The presence of multi rows of VGs regenerates vorticity, conse-
quently, enhances heat transfer, where the behavior of the changes
after each row of VG.

In case 1:

Heat transfer was efficient at the condition (Rep,=2000 -
Re,,=8000) because a high Reynolds number causes higher velocity,
consequently increasing the turbulent kinetic energy in the annular,
with the presence of VGs in the tube, turbulence occurs as well even
at a low Reynolds number. However, heat transfer is not very effi-
cient at the operating condition (Rex,=8000 - Re,,,—2000) because
the turbulence created from high Reynolds number in the tube is
useless as vortices are already created due to the presence of VGs.
Besides, the flow in the annular part is kept laminar.

In case 2:
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e Similarly, heat transfer was efficient when the turbulence occurred
in both regions, which means at condition (Rep,=8000 -
Re.,=2000). However, heat transfer is not very efficient at
(Reny,=2000 - Re.,,—8000), because the turbulence created from high
Reynolds number in the annular is useless as vortices are already
created due to the presence of VGs. Besides the flow in the tube part
was kept laminar.

In case 3:

Concerning case 3, it is studied just at the highest point for which
turbulence occurred in both parts tube and annular (Rep,,=8000 -
Re.,,=2000). However, the turbulence is on the outer side (adiabatic
part) which makes the presence of VGs not very efficient as
compared to case 1 and case 2.

Consequently, high vorticity in the annular or the tube alone is not
enough to deliver better performance as shown in case 1 (Rep,=8000 -
Re,—2000) or case 2 (Rep,=2000 - Re,—8000). Besides, extremely
high vorticity in one region with turbulence created from the Reynolds
number in the other one is not enough as well as illustrated in case 1
(Reny,=8000 - Re.,—8000) or case 2 (Rep,—8000 - Re,,,—8000). Hence,
the best performance occurred at the relative presence of vorticity and
turbulence in both regions in case 1 (Rep,=2000 - Re,,,—=8000) or case 2
(Repn,=2000 - Re,,—8000), where turbulence evenly moves the flow,
consequently, maintaining a homogeneous mixture which is favorable
for the heat transfer enhancement.

Now, among case 1 (Rep,=2000 - Re.,—8000) and case 2
(Reny=2000 - Re,—8000), case 1 is slightly more efficient due to the
structure of the turbulence in the hot flow that completely mixes the hot
flow, where the presence of VGs generate specific nature of vortices that
mingle the flow.

So, as a conclusion having turbulence in the annular due to the high
Re number which is 8000 and turbulence in the tube due to the presence
of VGs with a specific Re number in the laminar phase which 2000 shows
the best performance for our case study.
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