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In this study, the thermal-hydraulic performance of the zigzag channels
with a circular cross-section was analyzed by Computational Fluid
Dynamics (CFD). The standard K-¢ turbulent scalable wall functions
were used for modeling. The wall temperature was assumed constant
as 353 K and water was used as the working fluid. The zigzag
serpentine channels with bend angles of 5-45° were studied for
turbulent flow from 4000 to 40,000 Reynolds number (Re). The thermal
performance of the zigzag 45° channel was better than that of the other
channels, and also it had the highest friction factor (f). The bends
caused secondary flow and, as the bend angle increased, the secondary
flow increased. This Phenomenon had a positive effect on thermal
performance and a negative effect on hydraulic performance by
increasing the friction factor. The obtained CFD data were used to
develop correlations for predicting the Nu and f as the functions of Re
and bend angles. The correlation constants were optimized by the
genetic algorithm method, which led to the mean relative errors of 3.32
% and 6.94 % for Nu and f estimation, respectively.

1. Introduction

tools in process operations [1]. Serpentine

In recent years, extensive studies have been
done to increase the efficiency of heat
exchangers, which indicates the importance of
preventing excessive energy dissipation and
increasing the efficiency of heat exchangers.
However, very few studies have been
performed on the  thermal-hydraulic
performance (THP) of zigzag serpentine
channels (especially in turbulent flows). For
this reason, researching these types of
channels will be useful and practical.

Heat exchangers are the most important

channels are applied and wused in
microchannel reactors and heat exchangers.
These types of channels exhibit better mixing,
higher mass, and heat transfer coefficients
than those of straight and simple channels [2].
Potential heat transfer enhancement in heat
exchanger devices has recently increased
great popularity because of the importance of
these devices in numerous engineering
applications. There are various methods for
improving heat transfer in heat exchangers.
One way to increase heat transfer
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performance and efficiency of the heat
exchanger is to use optimum characteristics of
channel geometry that produce minimum
pressure drop [3]. The pipe bends are the
most important parts of any pipe line system
as they provide flexibility in routing.
Investigations and studies of the flow through
bends are of great matter in understanding
and amending their performance and
minimizing the losses [4-6]. Water flow
through channel bends is found in many
engineering applications. Some researchers
have studied turbulent flows in channel bends
by means of theoretical, experimental, and
numerical methods [7-10]. Curved channels
are characterized by compact structures and
good hydro-thermal performance; therefore,
the transport phenomena (i.e. momentum,
heat, and mass) happening in these
geometries are more wrapped than those in
straight channels. As the fluid passes through
the helical, serpentine, or spiral channels, the
attendance of curvatures in the fluid path
leads to centrifugal forces, thereby rotational
flows are induced that have a meaningful
ability to increase the rate of transport
phenomena. Actually, the performance of
curved channels depends on the manner of
generated rotational flows [11]. Ngo et al.
[12] extended the experimental correlations of
Nu and pressure drop factors of S-shaped and
zigzag channel microchannel heat exchangers
(MCHEs). A computational fluid dynamics
based method was developed to study the
flow and heat transfer in periodic zigzag
channels with square cross-sections for
steady-state laminar flow, and that method
covers Reynolds numbers ranging from 50 to
400 [13].

The computational fluid dynamics (CFD)
technique is widely employed to model the
heat transfer systems. Keshavarz Moraveji

and Beheshti [14] investigated the CFD
modeling for the heat transfer system
including adding nanoparticles such as Al,Os,
TiO,, and CuO to pure fluids to improve
thermal performance. Beigzadeh [15] applied
the CFD to provide data for an adaptive
neuro-fuzzy inference system (ANFIS) for
modeling the thermal characteristics in flat
and discontinuous fins.

The secondary flow in the serpentine
channel has a significant effect on the THP,
which enhances the mixing of fluid and
prevents the expansion of the boundary layer.
The secondary flow amends the scope
synergy between temperature and velocity
gradient, which finally enhances the heat
transfer function. The Prandtl number affects
thermal performance seriously, especially
near the pseudo-critical point [16].

In this study, the effects of bend angle on
secondary flow formation and THP of the
channels were studied. The THP of zigzag
serpentine channels at a 0-45° bend angle for
Re 4000 to 40,000 was investigated, and the
effect of bend angle and Reynolds number
parameters on thermal and hydraulic factors
was studied. The boundary conditions in this
modeling were different from those in
previous studies. The obtained CFD data were
employed for developing correlations by
genetic algorithm. The developed equations
are very reliable due to a wide range of
considered factors.

2. Numerical approach
2.1. Physical model
conditions

In this study, the THP of serpentine zigzag
and straight channels was investigated. The
length of all channels was 2.2 m and their
hydraulic diameter was 1 cm. The zigzags
consist of channels with a bending angle of 5-

and boundary
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45°. Each piece in the zigzag channels was 10
cm in length, and there were pitch 10 pitches
of the bends in all of channels. The structure
of Hex-Wedge mesh type was selected for
meshing geometries. The velocity inlet was
selected at the inlet of straight and zigzag
channels, while the pressure outlet boundary
condition was selected at the outlet of models.
The wall thickness was considered to be
negligible, and its temperature was constant
in 353 K throughout the channel. The inlet
temperature for all channels was 298 K. In

Table 1

geometries, the boundary layer meshing was
used to model the turbulent flow behavior and
thermal-hydraulic gradients near the walls
more precisely.

The bend angle of each channel is reported
in Table 1. Fig. 1 illustrates the geometrical
properties used in the modeling such as the
number of pitches, length of channel, bend
angle, hydraulic diameter, section length, and
boundary conditions in a general and
symbolic manner.

The bend angle for each case.
Casenumber 1 2 3 4 5 6 7 8 9 10
O (°) 0 5 10 15 20 25 30 35 40 45

Dy=0.01m |

(b)

Pressure outlet

Velocity inlet
Figure 1. Schematic of (a) number of pitches in zigzag serpentine channels; (b) geometric parameters of
zigzag serpentine channels; (c) boundary condition of the model.

2.2.  Numerical method and gird solution was performed on the 3D model.

independence

The hardware used to perform the modeling
processes was characterized by Core i7 7500
HQ, Ram 8G, and Graphic 4G. The numerical

Double-precision and pressure-based solvers
were selected for this study. The standard K-¢
model was chosen, and the scalable wall
function was employed to increase the
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accuracy of the simulation. Choosing the type
of near wall treatment has a direct relation
with the value of Y™ (Dimensionless thickness
or distance of the first boundary layer mesh
from the wall). For 30 < Y* < 300, the
scalable wall function showed the best
performance, and the size of the boundary
layer mesh was the most important factor in
choosing the right model. The SIMPLE
scheme was selected to establish pressure-
velocity coupling. The momentum and energy
using second-order upwind and turbulent
kinetic energy and turbulent dissipation rate
scheme using first-order upwind were
discretized. The residuals were less than 10°®
considering the convergence of calculations.

The thermo-physical properties of the water
were considered based on the average
temperature of the fluid bulk at the inlet and
outlet of channels. The mesh was performed
independently to ensure simulation. The
percentage error less than 0.01 for pressure
drop was the selected criterion to select the
best number of meshes. The obtained pressure
drops for different meshes are shown in Fig.
2. According to the figure, about 500,000
cells were chosen for the meshing procedure.
In Fig. 3, the meshing type and the
computational domain are shown. The
boundary layer mesh has been used to
improve the accuracy of the computations.

203
292.5 »
292 |
20151 o
291 |
290.5 - o
290 | o
289.5

AP (Pa)

150000 250000

350000

450000 550000 650000

Number of cells
Figure 2. Effect of the cell number on pressure drop results.

and meshing type.

The governing equations used to study heat
transfer include continuity, momentum, and
energy equations as follows:

To calculate the continuity equation, we get:
2 (pu) =0 1
aXi pul - ( )

in which p is the density, and u; is the velocity

vector.
Momentum

follows:

equation is calculated as

9 P | 0 ou;
F (puiyy) = — o T ox, [(u+ pe) a_xj] )

where P is the pressure,and p, and p are
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turbulent and molecular viscosities.
Energy equation is calculated by:

9 9 aT
F™ (ui(pE +p)) = F™ (keffa_xi + u;T;) 3)

where kg iIs the effective conductivity;
ke = k + k¢, and k; is the turbulent thermal
conductivity.

The logarithmic  mean  temperature
difference between the balcony and the wall
is calculated through the following formula:

(tw—ti)—(tw—to)

4
s (4)

ATy mtp =

To calculate the heat transfer rate, we use:

Q = mCp(t, — t;) %)

The convection heat transfer coefficient is
obtained based on the logarithmic mean
temperature difference and the convection
heat transfer rate:

Q
h= 6
AATLMTD ©)

To calculate the friction factor, Reynolds
number, and Nusselt number, we have:

_ ZAPDh
f= il @)
Re = 240 8
e " (8)
_ hDy
Nu=— %)

The transfer equations for the Standard
k — £ Model are defined as follows:

For turbulent kinetic energy (k):
d ]
- (PK) + a_xi(pkui) —[ 0X]]
Py + pe (20)

For dissipation energy (g):

d d
E(PE)‘F a—Xi(PSUi) —[ p 6XJ]

2
Crep (B) = Cacp (11)

To measure the  thermal-hydraulic
performance (THP) of the channels [17], the
following is used:

Nu/Nug

THP = 12

(12)

The model validation was limited due to the
scarcity of studies related to turbulent flow in
zigzag channels. The following empirical
formula was used to compare the modeled
and empirical Nu’s for the straight channel.
The Taler and Taler Formula [18] is used as
follows:

Nu = 0.00881Re?8991py0:3911 (13)
3x 103 <Re<10° ; 3<Pr<1000

They presented an empirical formula for
turbulent flows in circular cross-section
straight channels. By using empirical data,
three power-type correlations for Nu were
obtained according to the Re and Pr ranges.
The simulations were initially performed for
the straight channels in the Re range of 4000
to 40000. The obtained Nu from Eq. (13) and
simulations were compared for the validation
of the CFD results. Since the simulation error
was low and acceptable, then simulation was
performed for zigzag channels. A comparison
between experimental and simulated results is
reported in Table 2. The difference of Nu
between the modeling and experimental
formulas was within an acceptable range.

Based on the past experiences found in the
literature [19, 20], the K-Omega model was
more reliable for the low Re (near transient
flow) and the K-€ model was well suited for
the higher Re. In Table 2, as known, as Re
increased, the error rate between the
experimental and simulated results decreased.
The modeling with other models needed
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much time due to the hardware limitations.
On the other hand, the investigated models
did not have a complex geometry, and there
was no significant difference in the final
answers. The best model with acceptable

accuracy and processing time was K-€ model,
and it supported the boundary layer mesh and
did not require the resizing of the boundary
layer mesh in the larger range of Re.

Table 2
Relative error of simulation and experiment results for Nu number.
Re Nu (simulated) Nu (experimental) Error (%)
4000 29.01 26.28 9.42
8000 54.03 49.21 8.94
12000 77.52 71.13 8.24
16000 99.87 92.44 7.44
20000 121.20 113.27 6.54
24000 141.78 133.79 5.64
28000 161.76 154.08 4.75
32000 181.22 174.18 3.88
36000 200.13 194.00 3.06
40000 218.94 213.69 2.40

3. Results and discussion
The THP for the straight and zigzag
serpentine channels with the bending angles
of 5-45° in the Reynolds number range of
4000 to 40,000 was investigated. Totally, 100
different layouts of bending angle and
Reynolds number variables were investigated.

In the investigated heat exchangers,
increasing the heat transfer efficiency leads to
the increasing the pressure drop, which is an
undesirable factor. For this reason, it has
always been important to choose an optimal
geometry based on the goals set. All results
showed a very slight difference in the outlets
of the straight and zigzag 5° channels, and
their thermal-hydraulic performance was
almost the same; moreover, practically, the
straight channel was more economical and
easier to use than the zigzag 5° channel. At
higher bend angles, the performance
difference of the pipes increased.

The velocity contours for Steps 4 to 6 at

angles 0-45° for Reynolds number 20000 are
shown in Fig. 4. At the corner of the bends
and the tangential area (after each bending),
the area of dead state and inactivity was
formed and expanded. The fluid velocity
increased at the moment it hit the front
surface and passed the bend. The increasing
bend angle led to developing the secondary
flow after the fluid passed through the bends.
The highest value of secondary flow was
observed in the zigzag channel of 45° angle.
The secondary flow intensification leads to an
increase in the pressure drop and convection
heat transfer in secondary flow areas than
those in other regions.

The temperature changes along the channels
are shown in Fig. 5. As the bending angle
increased at a constant Re, an increase in
temperature gradient was observed due to the
disruption of the thermal boundary layer.
After crossing the bends, the opportunity for
heat exchange increased due to the disruption
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of the thermal boundary layer. At high
bending angles, the rotational motion of the
fluid and the pressure drop increased and the
temperature gradient increased to a greater
degree. These effects result from the creation
and reinforcement of secondary flow in bends

— — —— ——

Contours of Velocity Maitude (m/s)

and corners. The highest displacement heat
transfer rate was observed at the sites where
this phenomenon occurred. According to the
comparison of Figs. 4 and 5, the coordinates
of secondary flow and their temperature are
visible.

0 =0°
8 =5°

6 =10°
6 =15°
| 8 =20°
| 0 =25

g = 30°

6 = 35°
0 = 40°

6 = 45°

Figure 4. Velocity contours of pitches = 4-6 at bend angles of 0-45° at Re = 20000.

303
300
298

Contours of Static Temperature (k)

Figure 5. Temperature contours of pitches = 4-6 at bend angles of 0-45° in Re = 20000.
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Fig. 6 shows the turbulence intensity contours
at bending angles of 0-45°. With increasing
bending angles, the intensity of flow
turbulence (especially after each bend)
increased in the channel. An increase in
turbulence intensity after each bend was due
to two factors: increasing secondary flow
after each bend and increasing fluid velocity
in the adjacent areas. This phenomenon has
led to a drastic change in the pattern of fluid
flow.

As can be seen in Fig. 7, the highest outlet
fluid temperature belongs to the channel with
a bend angle of 45°. The increasing bend
angle leads to a decrease in the thickness of
the thermal boundary layer and an increase in
the flow mixing. The increasing trend of the
difference  between the outlet fluid
temperature for the straight and zigzag 45°
channels was observed, which increased from
5.25 K from Re=4000 to 4.3 K at Re=40000.
This clearly demonstrates the effect of bend
angle at high Re on increasing the outlet fluid

temperature and thermal performance in the
channels.

As shown in Fig. 7, the outlet temperature
decreased by increasing Reynolds number in
all channels. Increasing the Reynolds number
shortened the fluid retention time in the tube,
which again shortened the contact time
between the wall and fluid. Fig. 8 shows the
variation of the heat transfer coefficient with
Re for all investigated cases. The convection
heat transfer increased by increasing Re and
bend angle due to the decreasing thermal
boundary layer. The difference of the heat
transfer coefficient between straight and
zigzag 45° channels widened by increasing
Re. The difference increased from 594.46

- at Re=4000 to 4965.5 —— at Re=40000.

m2.K m2,

By increasing the bend angle, the thermal
boundary layer was disrupted, and the rate of
heat transfer from the channel surface to the
fluid increased.

| e
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Figure 6. Turbulent intensity contours of pitches = 4-6 at bend angles of 0-45° at Re = 20000.
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Figure 7. Outlet temperature of the zigzag channels at different Re.
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Figure 8. Heat transfer coefficient of the zigzag channels at different Re.

By increasing the Reynolds number shown in
Fig. 9, the pressure drop increased, thereby
the power and costs of fluid pumping in the
channels increased. At high Re, the slope of
the fluid pumping cost for the high bend angle
channels increased greatly, which is a
weakness for the hydraulic performance for
the high bend angle zigzag channels. By
increasing the bend angle and Re, the pressure

78

drop increased extremely. Increasing the bend
angle strengthened the secondary flows in the
bend regions and increased the pressure drop.
The wall shear stress, shown in Fig. 10,
intensified with an increase in the bending
angle due to an increase in flow turbulence in
the bending area wall and an increase in the
velocity gradient. The rate of the increase of
the velocity gradient was higher than that of
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the decrease of dynamic viscosity. As
Reynolds increased, the velocity gradient on
the channel wall surface increased, too. As a
result, the shear force imposed on the surface
increased. In the bend regions, because of
sudden changes in the velocity gradient in
terms of magnitude and vector and the
phenomenon of secondary currents, higher
wall shear stress occurred.

The variation of the thermal-hydraulic

performance (THP) of the investigated zigzag
channels is illustrated in Fig. 11. As the
bending angle increased, the thermal-
hydraulic performance of the channels
decreased. According to Eq. 12, the rate of
the increasing Nu was lower than that of the
increasing friction factor. At bend angles
above 30 °, an increase in Re had a more
negative effect on efficiency.
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70000 4 _ OCase 2
< Case 3
60000 - X Case 4
= 50000 - M Case 5
= - - +
S 40000 - o Case 6
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Figure 9. Pressure drop of the zigzag channels at different Re.
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Figure 10. Wall shear stress of the zigzag channels at different Re.
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Figure 11. The thermal-hydraulic performance (THP) of the zigzag channels at different Re.

3.1. Developing correlations by genetic
algorithm

The genetic algorithm (GA) searching method
was used to propose prediction correlations
for the investigated zigzag channels. The
output CFD data were used to develop novel
correlations for predicting the Nusselt number
(Nu) and friction factor (f). Different forms of
the equations were investigated, and the
equations with higher accuracy were selected.

N
1 .
ASDNy(C4,C3,C3,Cy) = NZ(NufargEt _ Nufstlmated)

i=1

N
1 .
ASD¢(C1,C5,C3) = Nz(fitargﬂ _ fiestlmated)

i=1

where N is the number of data points. The
fitness functions were minimized by GA. The
primary population size of 200, the crossover
fraction of 0.8, and elite offspring of 2 were
considered. Details related to the genetic
algorithm approach used for the optimization
process were described by Rahimi et al. [21].
The GA was used to develop the correlations
due to the superiority of the method to
traditional methods such as the least square
technique. The correlation constants are

Finally, the following equations were
considered:

C
Nu = C; Re%PrGs (14 (9/n) ™) (14)

' C;
f=Cj ReC2(1+9/)" (15)
where C; and C;’ are the constants. The fitness
functions from the target and estimated data
are defined through average squared deviation
(ASD) as follows:

(16)

(17)
determined as follows:
Nu = 0.016 Re%897pp-0.005 (1 (18)

0.816
+ (6/ ‘IT) )
8.966

f = 0.047 Re %% (1 + 9/) (19)

The comparison between the target and
estimated data led to the mean relative errors
of 332 % and 6.94 % for Nu and f,
respectively.
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4. Conclusions
In this study, the flow and heat transfer
parameters of water liquid in zigzag channels
were investigated by using CFD in different
operating conditions. The CFD model was
used to quantify the effect of different
hydraulic and geometrical parameters of
zigzag channels (bend angle and Reynolds
number) on heat transfer and pressure drop.
The results showed that increasing the bend
angle created and improved the secondary
flow at the corners and after each bend. The
secondary flow was strengthened by
increasing Re and contributed to the increased
convection heat transfer rate. In all channels,
most of the effects and results of the Re and
bend angle variations were observed in the
areas after each bend. The pressure drop,
turbulent intensity, and the heat transfer after
each bend increased with a higher slope. By
increasing the bend angle at constant Re, the
outlet fluid temperature and convection heat
transfer coefficient increased (positive effects
on thermal performance). Moreover, the
pressure drop and wall shear stress increased
(negative effects on hydraulic performance).
At Re 4000, the pressure drop and heat
transfer coefficient in the zigzag channel of
45° angle compared to the straight channel
were associated with the increase rates of 294
% and 34 %, respectively. However, the
thermal-hydraulic performance (THP) of the
zigzag channel decreased by 18%. On the
other hand, compared to the straight channel,
at Re 40000, pressure drop and heat transfer
coefficient in the 45° zigzag channel were
associated with the increase of 444 % and 38
%, respectively. However, THP of the zigzag
channel decreased by 25% compared to the
straight channel.

In addition, two predictive correlations were
developed for the investigated zigzag

channels. The suitable correlation constants
were obtained by the GA searching approach.
The comparison results between the target
and predicted values indicate the high
accuracy of the modeling.

Nomenclature

T temperature [K].

S straight channel.

P pressure [Pa].

Lp length of path flow [m].

Lg length of sections [m].

u velocity [m/s].

Re Reynolds number.

Nu Nusselt number.

h convection heat transfer coefficient
[W/m?.K].

Q convection  heat transfer rate
[W/m?.s].

f friction factor.

T wall shear stress [Pa].

AP pressure drop [Pa].

Pr Prandtl number.

Cp specific heat [J/Kg.K].

k thermal conductivity [W/m.K].

Dy, hydraulic diameter [m].

THP thermal-hydraulic performance [%].

Py production of  kinetic  energy
[kg/m.s?].

Greek symbols

u viscosity [Pa.g].

p density [kg/m®].

€ turbulent dissipation rate [m?/s?].
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