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INTRODUCTION

ABSTRACT

Determination of the geometrical parameters of the heat exchanger has important effects on
the thermohydraulic performance of the heat exchanger. In this study, the effects of geometric
parameters of a plate heat exchanger on thermohydraulic performance have been extensively
investigated using computational fluid dynamics (CFD). Parametric studies were performed
on 8 different corrugated channel geometries with various chevron angles () and aspect ratios
(2b/M) for Reynolds numbers ranging from 500 to 3000. An entire fluid channel was numeri-
cally studied using the same mass flow rate and the Reynolds number. As results of the study,
temperature distribution, pressure gradient, velocity, turbulent kinetic energy distribution,
Nusselt number, friction factor, and flow properties were evaluated comparatively for each
case. It was determined that the sinusoidal corrugations promote the turbulence intensity and
the swirling flow which leads to thermal boundary layer mitigation and enhanced convection
heat transfer in response to the increasing of aspect ratio. The results of the study show that the
(CFD) model is a reasonable and effective technique for displaying 3D contour plots, stream-
lines, and determining performance parameters.

Cite this article as: Kaplan S, Bayramoglu K, Sarikanat M, Altay L. Numerical study on heat
transfer and fluid dynamics in plate heat exchangers: Effects of chevron angle and aspect ratio.
J Ther Eng 2024;10(3):638—656.

Plate heat exchangers are generally used in heating, cool-
ing, waste heat recovery systems, condensers, and evapo-

The main parameters affecting the development of heat
exchangers are economy, thermal efficiency, compactness,
and lightweight [1]. Plate heat exchangers are among the
most important and comprehensive equipment in the
industry as they provide the required efficient heat transfer
for industrial processes. Heat exchangers allow both easy
service and maintenance and flexible design parameters [2].
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rators. Compared to shell and tube heat exchangers, plate
heat exchangers allow high turbulence and are commonly
used for liquid-to-liquid heat transfer [3]. However, plate
heat exchangers have a more complex geometry compared
to other heat exchangers due to the increase in the heat
transfer area and turbulence rate in order to increase the
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thermal performance [4]. When designing heat exchangers,
some basic parameters such as Nusselt number and friction
factor should be obtained. Therefore, various methods and
techniques are applied to obtain the basic parameters that
are effective in the performance of the heat exchanger [5].
In optimum heat exchanger design, there must be a bal-
ance between friction losses and heat transfer. Therefore,
the designer should ensure the appropriate selection of
parameters that balance these two factors for optimum
performance [1]. Various studies have been carried out
in the literature on the parameters affecting the plate heat
exchanger performance.

Gullapalli and Sundén, [6] investigated the thermal and
hydraulic characteristics of the small fluid sections in a plate
heat exchanger using experimental and numerical work.
In parametric studies performed at 300-3000 Reynolds
numbers, heat transfer and pressure drop were underes-
timated by 20-30% and 10-35%, respectively. Kanaris et
al. [7] numerically performed the heat transfer and fluid
flow calculations in a corrugated plate heat exchanger
with CFD code. In this study, friction factor and Nusselt
number were determined for various Reynolds numbers.
Septet et al. [8] examined the heat transfer coefficient of
the plate heat exchanger fabricated by additive manufac-
turing with an experimental study. In an experimental
study, flow boiling, and condensation were conducted and
n-heptane and water were used as heat transfer fluids. The
thermohydraulic characteristics were determined using
infrared thermography. Gherasim et al. [9] compared the
thermal and hydraulic characteristics of the two-chan-
nel plate heat exchanger by experimental and numerical
analysis. The analyses were carried out with the hot and
cold fluid Reynolds numbers less than 400, and the fric-
tion factor and Nusselt number were determined. Yang et
al. [10] experimentally investigated the effect of different
geometric parameters on heat transfer for nine brazed plate
heat exchangers. A mixture of ethylene glycol and water
was used as the working fluid in this study. The results of
the study showed that the herringbone angle is the most
effective parameter on the thermal performance of the heat
exchanger. In addition, individual correlation and general
correlation studies obtained from experimental data were
carried out in their studies. Khan et al. [11] investigated the
effect of different chevron angles and corrugation depths on
thermal performance in two symmetrical and mixed plate
configurations. An experimental study was carried out at
500-2500 Reynolds numbers and 3.5-6.5 Prandtl numbers.
The results of the study showed that the Reynolds number
and chevron angle could significantly affect the heat trans-
fer coefficient. Gherasim et al. [12] determined the friction
factor, Nusselt number, and isotherm characteristics exper-
imentally at the inlet and outlet of the chevron-type plate
heat exchanger for laminar and turbulent flow conditions.
Arsenyeva et al. [13] determined the minimum heat trans-
fer area for the pressure drop, temperature distribution,
stream physical properties, and heat load on the plate heat

exchanger with a mathematical model. They demonstrated
the importance of choosing geometric parameters to design
heat exchangers of different sizes and geometric forms for
different heat transfer process conditions with the math-
ematical model. In addition, various studies were carried
out on the optimization of the plate heat exchanger design
and operation parameters. Wang et al. [14] presented a
method for optimizing the heat exchanger network (HEN)
for plate heat exchangers, and Longo et al. [15] presented
the artificial neural network (ANN) method for deter-
mining the total heat transfer. Fernandez-Seara et al. [16]
investigated numerous parametric studies on the use of the
Wilson method and the modified Wilson method to deter-
mine the thermal performance of the plate heat exchanger.
Lotfi and Sundén [17] numerically evaluated the design of
a finned and elliptical tube heat exchanger as a novel type
of geometry such as tube-banks, namely slotted elliptical
tube-banks (SETBs) and slotted annular elliptical tube-
banks (SAETBs). Han et al. [18] numerically investigated
the Nusselt number, friction factor and design optimization
on a double sinusoidal plate heat exchanger. Tsai et al. [19]
examined the hydrodynamic parameters of the plate heat
exchanger experimentally and numerically. The pressure
drop obtained from the numerical study has been verified
with the experimental data. Aradag et al. [20] investigated
the Nusselt number and friction factor of gasketed plate
heat exchanger, which is small in volume, easy to clean and
has high thermal performance, with ANN. Khan et al. [11]
evaluated the heat transfer coefficient change of the plate
heat exchanger in the range of 500-2500 Reynolds num-
ber and 3.5-6.5 Prandtl number in the range of different
chevron angles. Gherasim et al. [12] experimentally investi-
gated the hydraulic and thermal characteristics of a channel
chevron type heat exchanger for laminar and turbulent flow
conditions.

Most of those given in literature have studied the effect
of limited geometric parameters of the plate heat exchanger
on convection heat transfer [5, 21, 22]. In this study, the
extensive geometrical characteristics and flow properties
of the plate heat exchanger were investigated numerically
under the same flow conditions and the Reynolds num-
ber. The numerical model was performed in 3D with the
computational fluid dynamics model and the boundary
conditions of the numerical model were verified with the
literature data. In the validated model, geometric param-
eters such as chevron angle, corrugation length, and oper-
ation parameters such as mass flow rate and Reynolds
number were compared for different conditions.

In this study, a detailed numerical analysis was carried
out to establish a meaningful relationship between the geo-
metric parameters of plate heat exchangers and their ther-
mo-hydraulic performance and flow structure. In addition,
flow characteristics such as fluid temperature, pressure,
velocity, and streamline are presented comparatively for
different conditions on the 3D model. Thus, unlike other
studies, this study will make significant contributions to the
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literature in terms of providing a comprehensive parametric
study on turbulent kinetic energy distribution, streamlines,
planar and axial temperature distribution, and thermal
boundary layer for the corrugated plate heat exchangers.

METHODOLOGY

Model Description

In this study, the 3D model of the plate heat exchanger
was numerically modeled. Figure 1 represents the solid
model of the heat exchanger. In the given model, chev-
ron angle, wavelength, and flow regions are represented in
Figures 1a, 1b, and Ic, respectively.

Flow boundaries were modeled with Ansys Spaceclaim
as 125 * 70 mm for Ly, and L, respectively. Parametric
studies were carried out at two different chevron angles and
four variable aspect ratios, giving the relationship between
wavelengths and heights. The chevron angle (B) was cho-
sen as 30 ° and 60 ° and the aspect ratio (Y) was chosen as

-
1
1
1
1
1
L
-~
1
1
1
1
.
t b
wh
«—Y >
: N
1
1 b.
1

—————

Figure 1. 3D model of the heat exchanger.

Table 1. Geometric parameters of heat exchanger

0.4, 0.6, 0.8 and 1.33. In addition, the flow conditions were
turbulent at Reynolds numbers between 500 and 3000. The
geometric parameters chosen are based on the commercial
size in the market for plate heat exchangers. Geometric
parameters are shown in Table 1.

Numerical Setup

The numerical model consists of structural elements
with Fluent meshing of approximately 2M elements. The
numerical model network structure is presented in Figure
2.

According to the mesh independency test, at 2M struc-
tural element with 10 layers of poly-prism mesh, the numer-
ical model was independent of the number of elements, in
which case the calculated Y+ value by Ansys Fluent was 1.3.

The mesh is modeled with a boundary layer consist-
ing of 10 layers of poly-prism mesh in all flow regions and
poly-hexcore volume mesh. Ansys Fluent automatic mosaic
mesh technology, conformally combines high-quality poly-
hedral boundary layer mesh with hexahedron volume mesh

Cold Stream Direction

Geometry Name B[] Y(2b/2) Plate Surface area [mm?] )
2_6_30 30 0.66 4133.52 1.65
2_6_60 60 0.66 3235.16 1.29
2.10_30 30 0.40 3214.83 1.29
2_10_60 60 0.40 2795.64 1.12
4 6_30 30 1.33 6792.80 2.72
4 6_60 60 1.33 4684.64 1.87
4.10_30 30 0.80 4652.55 1.86
4_10_60 60 0.80 3501.72 1.40
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Figure 2. Fluid and solid poly-hexcore meshes with poly-prism boundary layer mesh a) surface mesh b) cross-sectional
poly-hexcore volume mesh c) close view of boundary layer mesh.

elements. In this technology the bulk region is meshed with
octree hexahedral elements. The boundary layer is filled
with isotropic poly-prisms and the transition region is
meshed with mosaic polyhedral elements [23].

In the model, enhanced wall treatment wall functions
have been used. The enhanced wall treatment is a blended
wall pattern or wall function. It blends the separate mod-
els in the two-layer approach, using a damping function to
make the transition between the two smoother [24]. The
mesh independence analysis is given in Figure 3. Mesh
independency analysis was performed at 3000 Reynolds
numbers with chevron angle and aspect ratio being 30 and
0.8, respectively. Also, the Nusselt number was compared
for each element number.

In this study, the flow is modeled as turbulent. The flow
characteristics in plate heat exchangers, is determined by
the Reynolds number. For laminar flow, the Reynolds num-
ber is less than 200. Hence the Reynolds number for the
k-e turbulence model is more than 200 [25]. The RANS-
based 2-equation k-¢ turbulence model was chosen. The
2-equation turbulence model gives more accurate results
than other models in defining of both boundary layer and
wall functions in heat exchangers [7, 15]. In addition, the
RNG k-¢ model used in this study is a relatively inexpensive
two-equation model that describes the eddy viscosity as a
function of turbulent kinetic energy and turbulent prop-
agation velocity and is often used in similar applications
[6]. To combine the two-layer model with enhanced wall
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Figure 3. Mesh independency test.
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Figure 4. Boundary conditions.

Table 2. Boundary conditions

Wall-adiabatic

Wall-adiabatic

Hot-pressure outlet

Cold-mass flow inlet

Boundary Conditions Units Value or specification
Mass flow inlet kg/s Variable based on Reynolds
Hot Temperature K 333.15
Tnlet Turbulence intensity % 5
Mass flow inlet kg/s Variable based on Reynolds
Cold Temperature K 303.15
Turbulence intensity % 5
Outlet Pressure outlet atm Atmospheric pressure
Outer walls - Adiabatic wall-no slip
Walls
Intermediate walls - Coupled wall-no slip

functions, enhanced wall treatment near wall modeling
method has been used which results in better agreement
with the experimental data [24]. The heat transfer calcu-
lation between the cold and hot fluid is provided by the
conservation of energy. The numerical model boundary
conditions are presented in Figure 4.

The model consists of the boundary conditions of hot
and cold inlet mass flow rates, where hot and cold streams
enter the system. The outlets are defined as pressure outlets.
In addition, the input boundary condition is defined as the
temperature input as well as the mass flow rate. The upper
and lower metal walls of the heat exchanger are defined as
the adiabatic wall. The intermediate metal plate between
the hot and cold streams was defined as a coupled wall.
Table 2 shows the model boundary conditions.

Governing Equations
The numerically realized model with CFD is governed
by the equations of continuity, momentum, and energy.

The continuity equation, also known as the conservation of
mass, is expressed as Eq. (1).

9 o =0 ]
E-l_ (pv) = (1)

where p is density and v is velocity. The momentum
equation, also known as the Navier-Stokes equations, is

given in Eq. (2).

a - - > =
E(pv)+|7~(pvv)=—|7P+|7~T+pg (2)

Where, P is the static pressure, 7 is the stress tensor and
pd is the gravitational body force. Conservation of energy
is described by Eq. (3) [26].

%(pE) + V- [VQE+P)]=V-kVT+1-9) (3)
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Where k, is the thermal conductivity and E is defines as
total energy per mass units for incompressible flows [27].

The two equations governing the RNG K-E turbulence
model, and the wall laws are described by Eq. (4) and Eq.
(5), respectively [14].

2 P P 9,
EX (pk) to (pkv;) = 7\ @Vers 5~ | + G+ Gy — p& =Yy + 5 (4)
Xi Xi Xi

d £
] AeVesr a + Gle E (Gk + C3£Gb)
i j

2 )

&
_GZSP T_Rs"'ss

a( )+a(k)—a
9, PE T PRI =g

Xi

In these equations, G, represents the generation of tur-
bulence kinetic energy due to the mean velocity gradients,
calculated as described in Modeling Turbulent Production
in the k-¢ Models. Gy is the generation of turbulence kinetic
energy due to buoyancy, calculated as described in Effects of
Buoyancy on Turbulence in the k-¢ Models. Y, represents
the contribution of the fluctuating dilatation in compress-
ible turbulence to the overall dissipation rate, calculated
as described in Effects of Compressibility on Turbulence
in the k-¢ Models. The quantities «; and «, are the inverse
effective Prandtl numbers for k and ¢, respectively. S; and S,
are user-defined source terms.

The Reynolds number can be obtained from Eq. (6) for
the plate heat exchanger.

G‘Dh
u

Re =

(6)

In the Eq. (6), Re is Reynolds number, G is the mass flux
or mass velocity, u is the viscosity, and Dj, is the hydraulic
diameter. Mass flux or mass velocity can be expressed by

Eq. (7),

visualization

zone \.
L
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Figure 5. Validated model.
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where L, is the plate width and m1 mass flow. In the plate
heat exchanger, the friction coefficient is determined with
Darcy-Weisbach Eq. (8).
D
f=ap a0’ (3)2-(35) )
Overall heat transfer coefficient (U) can be calculated
by Eq. (9)-Eq. (11) [25].
Qm

= A-LMTD (9)
(Th,i - Tc,o) - (Th,o - Tc,i)
Th,i _ Tc,o

1
n (Th,o - Tc,i)

11,1 ¢t
— _+_+_
U hy, he k

LMTD =

(10)

- (11)
As mentioned above, the Reynolds number was kept the
same on both sides of the plate during the experiment, such
that the heat transfer coefficient on both sides was assumed
to be the same, ie h_ = hy = h; therefore, Eq. (10) can be

written as [29]:
1 1 (1 t)
h 2\U &

Where Ay, is hot stream convection coefficient, A, is cold
stream convection coefficientand i is the conduction resistance.

(12)

Validation

Validation of numerical models with experimental
or literature data and selection of appropriate boundary
conditions are important for the accuracy of the study. A

3

2 = 110° Pc = 6mm

476 mm

Lgpye= 521 mm
L
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Table 3. Boundary condition for validation

Boundary Conditions Units Value or specification
Hot Mass flow inlet kg/s Variable based on Reynolds
o
Inlet Temperature K 333.15
nle
Cold Mass flow inlet kg/s Variable based on Reynolds
o
Temperature K 303.15
Outlet Pressure outlet atm Atmospheric pressure
Outer walls - Adiabatic wall-no slip
Walls
Intermediate walls - Coupled wall-no slip
9 T
g & —a— Numerical Results
7 ' — ® —Experimental (Sarraf et. al.)
6 1
Esf oo
5+ ¢ ¥-eo-0-0 0
e°F ¢ h
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Figure 6. Validation of numerical model.

numerical model validation study was conducted with
the data obtained from the literature [25]. The numerical
model used in the validation study is given in Figure 5.

The boundary conditions used in the validation study
are given in Table 3. The given boundary conditions are the
experimental operating boundary conditions and are the
same as the numerical boundary conditions and geometric
parameters used in the validation.

The variation of the friction factor with the Reynolds
number obtained by numerical and experimental stud-
ies is given in Figure 6. As it is seen from Figure 6, the
obtained results are compatible with each other. The
maximum disagreement between the experimental and
numerical simulation is 35% at Re=200, but the mini-
mum disagreement between the numerical and exper-
imental is 8.5 % at Re=2500. This indicates that the
presented numerical simulation is in better agreement
with experimental study for the flow regimes with higher
Reynolds numbers.

RESULTS AND DISCUSSION

In this study, the geometric and flow properties of the
heat exchanger were numerically investigated under the
same flow conditions and Reynolds number. The flow char-
acteristics of the plate heat exchanger were obtained by 3D
numerical analysis. Evaluation of thermal and hydraulic
performance is presented with varying geometric configu-
rations and Reynolds numbers.

Evaluation of Thermal Performance

Variation of Nusselt number against Reynolds number
for a viscous liquid (Pr= 6.3) with different aspect ratios
and chevron angles have been presented in Figure 7. It is
seen from Figure 7 that induced three-dimensional swirl-
ing flow by plate corrugation and chevron angle increases
forced convection and the Nusselt number. Besides, corru-
gated plate geometry with chevron angle resulted in several
times higher heat transfer coefficient and Nusselt number
than flat-parallel geometry. Additionally, as can be seen
from Figure 6, the effects of the corrugation aspect ratio (\)
and chevron angle (88) on Nusselt number enhancement are
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Figure 7. Variation of Nusselt number against Reynolds number for a viscous liquid (Pr=6.3) with different aspect ratios

and chevron angles.

independent. For the aspect ratio of Y=1.33 and Re=2500,
the Nusselt number at 60° chevron angle is twice as high as
at 30°. Also, it should be noted that after a certain Reynolds
number, the effect of the Reynolds number decreases due
to the 3D swirling flow increase in the corrugated troughs,
which is in agreement with Muley et al. [28]. For the aspect
ratio of Y=1.33 and chevron angle of 60°, highest Nusselt
numbers were obtained for all Reynolds numbers.

The variations of temperature gradients are shown in
Figure 8 on the hot stream side of the intermediate plate
for various corrugation aspect ratio and chevron angles.
It can be clearly seen from Figure 8 that, the temperature
decreases across the width of the plate as it approaches the
symmetric axis of the plate. A similar trend can be seen in
numerical work presented by [25]. This temperature gra-
dient emerged as a consequence of two reasons. At first,
the symmetric axis of the plate is where the tips of chev-
ron angles come together and it has a more complex 3D
swirling flow regime and more complex flow field geom-
etry resulting in transverse vortices, a can be seen from
3D vector fields. This type of flow regime results in higher
turbulent kinetic energy and low axial velocity, resulting
in a higher Nusselt number and local heat flux. Also, lower
axial velocity of fluid flow causes higher heat transfer rate.
Another reason for the observed temperature gradient
may be due to the uneven mass flow distribution in the
flow field [14].

Variations of temperature gradients in the middle plane
of the hot stream channel for various corrugation aspect
ratios and chevron angles are shown in Figure 9. It can be

seen from the Figure 9 that consistent results are obtained
from the hot plate temperature distribution. The tempera-
ture at the centerline of the hot channel is generally lower
than in the edge region, because of the higher turbulence
rate, 3D swirling flow, and higher convection heat transfer
rate.

The temperature distributions are demonstrated in
Figure 10 for various corrugation aspect ratios and chevron
angles in the direction of the main fluid flow. The results
indicate that the slope of the temperature curve increases
with the geometries with a higher aspect ratio and chev-
ron angle for the same inlet Reynolds number which is in
consistent with the result reported by [21]. The higher log-
arithmic mean temperature difference for geometries with
higher aspect ratio and chevron angle can be explained by
the higher turbulence and mixing swirling flow rate. The
sinusoidal fluctuation of the curve emerges for two reasons.
The first reason is the change in the distance of the probe
line to the intermediate heat transfer corrugated plate, and
the second reason is the highly mixing nature of the fluid
flow.

The temperature distribution along the perpendicular
direction to the heat exchanger plate (y-direction or flow
direction) is demonstrated in Figure 11 for various corru-
gation aspect ratios and chevron angles. Kanaris et al. [1]
demonstrated similar temperature profile in their numer-
ical work. As can be seen from Figure 11, geometries with
higher aspect ratio and chevron angle for the same inlet
Reynolds number have a thermal boundary layer tempera-
ture profile with a steeper slope resulting in a narrower
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Y=0.66 p=30 Y=0.66 p=60

Y=0.4 B=30

Y=0.8 B=30 Y=0.8 p=60

Temperature K]

Figure 8. Temperature gradient on the hot stream side of the intermediate plate for various corrugation aspect ratios and
chevron angles.

boundary layer. Also, intermediate wall temperatures (cold/ Turbulent kinetic energy distributions are presented on
hot) are lower for geometries with higher aspect ratio and  the middle plane of the hot stream channel in Figure 12.
corrugation angle which are caused by flows with higher Higher turbulence kinetic energy rates are observed with
mixing and turbulence rates. increasing chevron angle (3) for the same Reynolds number



J Ther Eng, Vol. 10, No. 3, pp. 638-656, May, 2024

647

Y=0.66 B=30

Y=0.4 B=30

Y=1.33 B=30

Y=0.8 B=30

© ¥ 2o 5V

-

Temperature

b- %‘ Q- .
O g g

Y=0.66 =60

Y=0.4 B=60

Y=1.33 B=60

Y=0.8 B=60

G S SO S S
b o @ B AN o
P PP S

K]

Figure 9. Temperature gradient on the middle plane of hot stream channel for various corrugation aspect ratios and chev-

ron angles.

and aspect ratio indicating increased intensity of 3D swirl
flow and transverse vortices generated by larger {3 chevron
plates. Besides, for the same Reynolds number and corruga-
tion angle (£3), channels with higher aspect ratio values gen-
erate fluid flow with higher turbulence kinetic energy rate,
which is due to greater 3D swirling flow. This is induced
by deeper furrows, which also generate higher convection

heat transfer rate and Nusselt number. However, higher
friction losses and pressure drop also occurs. In addition,
channels with a higher corrugation angle generate the faster
(sooner) fully developed turbulent flow versus the lower
chevron angle, behaviorally similar to the results by Lotfi
and Sundén [17].
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Figure 11. The temperature distributions for various corrugation aspect ratios and chevron angles perpendicular to the

main flow direction.

Evaluation of Hydraulic Performance

Variation of isothermal friction factor against Reynolds
number for various corrugation aspect ratios and chevron
angles are demonstrated in Figure 13. The general trends
of friction factor with Reynolds number are in agreement

with the result of Muley et al. [28]. It can be deduced from
the Figure 13 that increasing the plate aspect ratio Y causes
an increase in fanning friction factor. However, for geom-
etries with the same aspect ratio, it is known that the one
with a higher chevron angle has a greater friction factor,
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Figure 13. Variation of isothermal friction factor against Reynolds number for various corrugation aspect ratios and

chevron angles.

indicating the chevron angle has a much more dominant
effect on the friction factor than the aspect ratio. This is
due to the fact that the plate with a higher chevron angle
generates more intense transverse vortices in comparison
to other lower chevron angles.

Also, with the increase of the Reynolds number, the
establishment and development (growth) of 3D vortices in
channel corrugates after a certain value of Reynold num-
ber leads to a change in the log-linear behavior of f-re,
and increased amount of friction factor which is because
of increased turbulent kinetic energy and therefore higher
wall shear stress. However, at a lower Reynolds number,
the increased friction factor for higher y is primarily due
to larger vortices and increased surface area. It should be
noted that in comparison between two corrugated geom-
etries with the same aspect ratio (y), the geometry with a
higher chevron angle has resulted in higher Nusselt number
and friction factor, despite that the geometry with a lower
chevron angle has a higher surface enlargement factor (¢).
Therefore, the aspect ratio and chevron angle have a more
significant effect on the thermo-hydraulic performance of
plate heat exchangers. In other words, it can be said that
the quality of turbulent flow and swirl flow generation is
more effective than the surface area enlargement factor (¢).
This result can be seen by comparing geometries of 1.33-
30 and 1.33-60. 1.33-30 has the same aspect ratio (A) as
1.33-60, and an even greater surface enlargement factor (¢)
compared to the geometry of 1.33-60. However, the 1.33-
60 geometry resulted in a higher Nusselt number value. In

conclusion aspect ratio and chevron angle have a higher
influence on turbulence and swirl flow generation than the
surface enlargement factor.

Variations of pressure gradient, presented on the (Z=1/4
*Lw) plane for various corrugation aspect ratios and chev-
ron angles in the direction of the main flow can be seen in
Figure 14. One can see from the Figure 14 that geometry
with a higher aspect ratio has a relatively steeper pressure
gradient for the same Reynolds number and chevron angle.
Besides, when the effect of aspect ratio on pressure gradient
is evaluated, it is found that for the same Reynolds number
and chevron angle, the channel with higher aspect ratio has
greater flow friction due to the higher rate of momentum
transfer and greater swirling fluid motion. Furthermore,
there are some low-pressure regions on pressure gradient
contour caused by the 3D swirling flow and vortices.

Evaluation of Flow Characteristics

Based on the numerical simulation applied in 8 differ-
ent corrugated plate heat exchangers with Re=1500, 3D
flow streamlines structure and velocities were obtained for
various corrugation aspect ratios and chevron angles. There
are two main flow patterns observed. The first flow regime
concerns the fluid in the mid-plane of two plates following
a helical flow structure in the main flow direction. The sec-
ond flow structure relates to the fluid near the corrugated
walls. This flow structure follows the corrugated paths to
the ends and then passes to the other corrugated path on
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the opposite plate. Furthermore, this type of flow structure
also has a spiral movement around itself.

The effect of geometric parameters on flow structure
is shown in Figure 15. The increase of the chevron angle
results in more spiral flows that promote the mixing and
turbulence rate. Therefore, convection heat transfer rate
and Nusselt number increased. Furthermore, compari-
son of 3D streamline structures reveals that increasing the
aspect ratio favors crossflow structure in higher aspect ratio
geometries, and cross flow behavior is more prominent
than the helical one. Sarraf et al. [25] have reported similar
streamline structure in their numerical work.

The effects of corrugation aspect ratio and chevron
angle on the dynamic behavior of the flow field are pre-
sented with a streamline structure in Figure 16. The signifi-
cant effect of the increased aspect ratio y (higher amplitude
and shorter wavelength) on the size and severity of lateral
vortex (swirl flow) is clearly evident from the Figure 16.
The intensity and size of these counter-rotating lateral vor-
tices grows with increasing the aspect ratio which results in
higher momentum transfer (convection heat transfer). The
higher chevron angle makes the two-dimensional swirling
flow to three-dimensional swirling flow [6].

CONCLUSION

This study focuses in detail on the effects of geomet-
ric parameters of a liquid-to-liquid plate heat exchanger on
thermal boundary layer mitigation and frictional losses. A
broad conjugate heat transfer numerical analyses were per-
formed on corrugated plate heat exchangers with different
aspect ratios and corrugation angles using Ansys Fluent
commercial software. The numerical study was conducted
at different Reynolds numbers from 500 to 3000. The main
thermo-hydraulic parameters investigated are Nusselt
number, isothermal friction factor, temperature distribu-
tions, thermal boundary layer, turbulence generation rate
and mixing flow, 2D and 3D streamlines. The validation
study of numerical simulation with previous experimental
studies was carried out with data obtained from the litera-
ture which revealed a good agreement between numerical
and experimental results. In the further part of the study,
the variation of Nusselt number and friction factor has
been analyzed with respect to Reynolds number. It has been
found that the aspect ratio and chevron angle affect both the
thermal and hydraulic performance of the heat exchanger.
However, aspect ratio has a signification effect on turbu-
lence and mixing flow generation. It has been observed
that higher aspect ratio results in larger 3D vorticities and
momentum transfer, leading to higher pumping power. The
major results of this study are as follows:

o The maximum Nusselt number and friction factor were
obtained for the geometry with aspect ratio of 1.33 and
chevron angle of 60°. The chevron angle had a signifi-
cant effect on the thermohydraulic performance of cor-
rugated heat exchanger compared to the aspect ratio.

The geometries with higher chevron angles have 1.3 -

2.06 times higher Nusselt numbers at the same aspect

ratio and Reynolds numbers. In addition, the differenti-

ation effect increases as the Reynolds number increases.

o  When the axial temperature distributions were com-
pared for various studied geometries, the lowest outlet
temperatures were obtained to be 325.8 °C and 326.1
°C for geometries of 0.4-60° and 1.33-60° respectively.
Also, the geometries with higher chevron angle had
lower outlet temperatures.

o Geometries with higher chevron angle led to higher
and even turbulence kinetic energy rate. The maximum
kinetic energy rate of 3.53-10° m*/s*was obtained for the
geometry of 1.33-60°. It was determined that for geom-
etries with same aspect ratio and Reynolds number,
the corrugate plate with chevron angle of 60° resulted
in 35% more kinetic energy compared to the chevron
angle of 30°.

o Fiction losses were significantly dependent on the
chevron angle. However, increasing of chevron angle
promoted the turbulence generation and mixing flow,
but it intensified the frictional losses tremendously.
Regarding the effect of aspect ratio on frictional losses,
also a significant escalation in friction factor was seen
with increasing of the aspect ratio. When aspect ratio
increased from 0.4 to 1.33 for Reynolds Number of 1500
and chevron angle of 60, friction factor doubled.

In the literature, most of the research studies focus on
the surface enlargement factor as an effective parameter,
but the results of this study revealed that the main and
crucial parameter that has a key effect on the convection
heat transfer rate is the quality of turbulence generation
and mixing flow. Another fact revealed by this study is the
demand to trade of between the increasing of the turbu-
lence flow and frictional losses in order to find the opti-
mum thermo-hydraulic performance. A detailed insight
into relationship between the flow structure and heat
transfer rate will cause the development of more effective
heat exchanger designs. Therefore, in-dept knowledge of
turbulence generator geometries and their optimization
is essential for thermal management applications. This
question formed the main motivation of this research and
future studies.

NOMENCLATURE

B chevron or corrugation angle

b corrugation depth or mean channel spacing (m)
A Corrugation Wavelength

Ly Channel Width (mm)

Loy Channel Length (mm)

Y =2b/ A Corrugation profile aspect ratio
P Fluid density (kg/m?)

P Pressure (N/m?)

T stress tensor

k, thermal conductivity (W/mK)
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E total energy per mass units (kJ/kg)

T Temperature (k)

Re Reynolds Number

D, Hydraulic Diameter

U dynamic viscosity, kg/ms

G mass flux or mass velocity

m Mass flow rate (kg/s)

APy Pressure drop in corrugated core section

=

o

Channel flow cross section area (m?)

effective or actual heat transfer surface area, (m?)
Heat loads (W)

logarithmic mean temperature difference, C
Convection heat transfer coefficient (W/m?K)
Overall heat transfer coefficient (W/m?K)
Thermal conductivity (W/mK)

plate thickness (mm)

friction coefficient

Nu Nusselt Number
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