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Abstract

Compact heat exchangers have become an essential necessity for power production and multi
other purposes on daily basis. The corrugated plate heat exchangers (PHEs) are well-known
for their high thermal performance. This study proposes a unique PHE with a simple
modification that can boost its thermal performance significantly. The overall tests have been
conducted on four PHEs for two symmetric chevron angles () of 30°/30° and 60°/60°. Two
PHESs belong to the newly PHEs, and the other two belong to the well-known basic PHE. Data
are obtained for single-phase (water-water), counter-current arrangements, and for Reynolds
number (Re) ranges from 500 to 2500. Sophisticated mesh techniques have been adopted to
develop the mesh for the plates and the fluids between the plates. An appropriate grid
refinement test has been carried out for the accuracy of the numerical results. The results have
been validated with benchmark experimental and numerical data. A realizable k — ¢
turbulence model with scalable wall treatment found to provide the most consistent and
accurate prediction of the thermal performance of PHE. The numerical results showed that, the
Nu and the effectiveness (¢) of the newly developed PHEs are much higher than that of the
basic one, which can be very useful when a heavy heat duty is required. The enhancement for
Nu is up to 75% and for € is up to 42%, and generally both exhibit a direct proportional
relationship with Re. Based on the numerical result, a new correlation to predict Nu has been
developed.

Keywords: Corrugated plate heat exchanger; Thermal performance; Numerical modelling;
Turbulent

1. Introduction

The use of PHES has become an essential necessity on daily basis. PHE is the most efficient
among other conventional type of heat exchangers (HEs). Many researchers have been
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investigating new ways to enhance the heat transfer process in HEs [1-8], and other research
conducted to optimize the performance for different types of the HEs [9-12]. PHES are compact
in nature, have high thermal effectiveness, and hence close approach temperatures (2 °C
temperature difference) can be reached [13]. Therefore, PHEs are important particularly for
heat recovery and regeneration applications. In addition, PHEs have modular nature that eases
the cleaning process as well as making the system flexible, by adding or removing plates to
meet the energy requirements quickly. PHEs have been employed in food, paper/pulp, power,
pharmaceutical industries, HVAC and many other applications [14, 15]. In PHEs, the
turbulence flow can be achieved at low Re, Re> 400 [16, 17]. In addition, PHESs are lighter
and require less space. Troup et al [18] performed one of the earliest studies on PHE
performance, who considered washboard plate type HE. However, later the chevron plate has
become the most popular due to its high thermal performance among other plate types (e.g.
wavy, and zig-zag plate). The impact of different f on PHE’s thermal performance was
investigated by Okada et al [19], where the S was considered with respect to the horizontal
centreline. However, it is more common that £ to be considered with respect to the longitudinal
centreline as shown in Fig.1. Later Manglik et al [20] studied heat transfer characteristics
(HTC) in PHE for g = 30°/30°, 60°/60° and 30°/60°. The correlations for the whole study were
incorporated in one formula. Nevertheless, each correlation should be separately reported, in
order to be able to test the agreement between each £ correlation and the general formula. One-
one pass, water-water fluids for the same £ have been tested by Ayub [21]. An equal heat
transfer coefficient (h) and Nu were considered for the both sides as the Reynolds number was
the same at the cold and at the hot side. The same Re on the both sides of the PHE does not
imply h will be the same, as h depends on many other factors i.e. fluid viscosity, fluid density,
fluid velocity and many other parameters. For the cold side, h is likely greater than that of hot
side, because thermal boundary layer resistance is lower in case of cold fluids [22]. In addition,
heat capacity rate (C) of cold water is higher than that of hot water as the viscosity of cold
water is higher than that of hot water. Hence the velocity of the cold water would be higher in
order to meet the same Re, and consequently the mass flow rate of cold water will be higher
than that of hot water. Therefore, considering Nu as the same on both sides is not an accurate
assumption. Similar studies performed on PHE to investigate the impact of different chevron
angles [4, 6, 23-33]. The experimental and numerical studies have concluded that the flow
inside the PHE is non-uniform and tends to flow toward the lateral edges of the plate [34].
However, the study did not consider the thermal performance of PHEs. Kanaris [35] carried
out both experimental and numerical studies about thermo-hydraulic characteristics in PHE
with one corrugated plate (8 = 60°). The study used one corrugated plate, while the other
plate was flat. The port effect and the pressure drop were ignored. In fact, to be able to study
heat transfer inside the PHE, at least three plates should be considered (two channels) to allow
heat transfer process to take place. One year later, Kanaris [36] executed another numerical
investigation using CFD, a three plates were generated with f§ = 60°. The shape of the
corrugation they considered was trapezoidal. The real corrugation however is sinusoidal shape.
Also, the port effect was neglected again.

A numerical study for PHE with two channels was performed by Tsai et al [37]. The flow
maldistribution was investigated by applying Bassiouny and Martin formula [38, 39]. The heat



transfer was ignored, and the range of Reynolds number was small (Re < 1700). A two
symmetric § = 30°/30° and 60°/60° PHEs were numerically studied using CFD by Asif [40].
The thermo-hydraulic characteristics was investigated in the form of Nusselt number. An
essential detail was not provided for supporting the appropriateness of adopting the turbulence
model, and no information of the number of channels or plates. The Wilson plot technique was
applied in their numerical study. However, a comprehensive understanding of CFD would help
to avoid going through this long iterative process. The good thing of considering CFD study is
that it enables the user to find the temperature at any spot on the model, and the average
temperature for any side of the plate. Consequently h can directly be calculated from numerical
data. This would be very hard to get from an experimental model. In all previous numerical
studies reviewed in this study, the mesh dependency tests were not provided. In addition, the
mesh statistics was also insufficient. Alzahrani et al [22] numerically investigated the effect of
Prandtl number (Pr) on heat transfer and friction factor (f), by conducting two sets of tests at
hot fluid side, while the cold water kept at the cold side for all cases. First set was for hot air,
and the second set was for hot water. The result concluded that, both Nu and f increase as Pr
increases.

Most research either studied the impact of different 8 on heat transfer characteristics or
studied the fluid flow pattern inside PHE’s channels. However, in order to be able to reduce its
size and make the system more compact, there is a large number of ongoing efforts to find new
techniques to enhance the performance of the heat exchanger. In general, heat transfer
enhancement methods are active, passive, and compound. Active technique requires an
external power for the enhancement such as induced pulsation, and surface vibration. Passive
technique involves a geometrical modification to the fluid flow passage, or using inserts in the
flow passage, or both. An example for passive technique is inserting twisted tape to promote
turbulence flow regime, adding fins, and extending surface. In compound method, both active
and passive techniques are used. In general, passive technique is the preferred one [41], because
the potential of active technique is limited due to the design complexity [42]. Therefore, the
present study introduces a new modification in PHE flow mechanism as described in the
following section, which could enhance convective heat transfer significantly between the cold
and hot fluids, and consequently the fuel consumption can be reduced [43]. The numerical
thermo-hydraulic performance tests carried out on counter-current flow arrangement, and for
two symmetric 8 = 30°/30° and 60°/60°. Nu is employed as an indicator for heat transfer
improvement, and PHE effectiveness (¢) is employed to compare the thermal performance
between the basic and the new PHE design. The PHE comprised of four channels (five plates),
two of them are pertaining to the cold side, which represent the utility fluid, and the other two
pertaining to the hot side, which represent the product fluid. Therefore, the present study is
performed on the hot side of PHE. The port effect, and the corrugations shape have been
considered for all cases in order to get as closer as possible to simulate thermal-hydraulic
performance in real PHE.
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Fig.1. Geometrical parameter illustration for chevron plate type.
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2. The new PHE design approach

The material technology of PHE has been constantly improved, which allows the usage of
PHE for further applications such as chemical processes. In addition, the brazed PHE has been
introduced in order to resist higher pressures and temperatures. However, the basic design of
PHE has not been changed a lot since it was invented in the 1920s. All studies of the PHEs
were to test the performance, flow patterns inside the PHE, or to study the effect of a specific
parameter. In the basic design, PHE’s thermal performance is high. However, the current study
introduces a new modification in the basic design that improves the PHE’s thermal
performance significantly. The modification implies more degree of control of the fluid flow
on the plate’s surface. However, the fluid is distributed on the plate’s surface randomly in the
basic design.

In the basic and new PHEs, the gasket is used to regulate the fluid directions through the
PHE. The design of the new gasket shown in Fig. 2, where the separator has been installed at
the middle of the plate for two reasons. Firstly, it guides the fluid to the desired direction.
Secondly, it replaces the contact points at the middle between every two consecutive plates,
where the heat transfer magnitude is negligible at this area [44]. In addition, it also assures
equal fluid distribution on each plate side.
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Fig. 2: The current gasket design

The flow mechanism in the new PHE is as following; the hot fluid is flowing from bottom
to top and then from top to bottom. At the same time on the adjacent plate, the cold fluid is
flowing in the opposite direction with respect to the hot fluid as shown in Fig. 3 (b). In all well-
known PHEs configurations, the fluid enters from one side and exits from the opposite side
either vertically (as shown in Fig. 3(a)) or diagonally. However, in the new design, the fluid
enters and leaves from the port on the same side, in order to maximize the amount of heat
recovery (reducing temperature gradient) between the cold and the hot fluids, and consequently
enhancing PHE’s thermal performance.
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Fig. 3: Illustrative schematics of, (a) flow arrangement for 1-1 pass in the basic PHE, and (b) The
current flow mechanism

3. Numerical method

3.1 Governing equations



Fluids inside PHE are subjected to turbulent flow due to the change in velocity in the
corrugations for the Reynolds number considered here. In addition, heat transfer takes place
between cold and hot sides, and consequently a transition of physical properties occurs such as
temperature, pressure, viscosity, density, and velocity. Therefore, Navier-Stockes Eq. (NS) (1)
is used to estimate changes on these properties during the thermal and dynamic interaction as
shown below:

0 dp d Jdu;
a_xj(puiuj) = —a—xi+a—x]_+ I(H + He) 6_3ch 1)
NS can be considered as Newton’s second law applied to the fluid motion. Inertia, pressure,
and viscous forces are estimated. ANSYS FLUENT 19.0 solves these equations along with
continuity Eq. (2). Whereas NS refers to conservation of momentum, and continuity equation
refers to conservation of mass.

d
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In addition, the energy equation is included to resolve heat transfer among the cold fluid, the
hot fluid, and the plates as shown in Eg. (3):
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3.2 Turbulence model

Up today, there is no single or favorite turbulence model that can be applied for any
turbulence flow modelling. ANSYS FLUENT provides a large selection of turbulence models,
however, care must be taken during choosing an appropriate model. One of the most common
turbulence model that is considered as an industry standard model is k — € model [45]. The
turbulence kinetic energy, k represents the diversity of fluid fluctuations. The turbulence eddy
dissipation, € represents the dissipation rate of the velocity fluctuations. On the other hand, the
shear stress transport (SST) k — w turbulence model is also used to simulate some heat transfer
processes [46, 47]. Whereas w represents the dissipation rate between ¢ to k. The two
equations turbulence models, k — € and k — w differs from each other. The SST k — w model
is the combination of k — w and standard k — €. Also, the SST k — w model can resolve the
boundary layers near the wall, whereas, the standard k — & model can resolve the boundary
layer away from the wall. Therefore, the standard k — & model is not suitable for most
applications due to the incompetency of standard approach. The realizable k — ¢ model is
relatively new approach that differs from standard one. A new formulation approach for the
calculation of eddy viscosity u; (4) (also called turbulent viscosity) has been developed, where
C, is no longer constant.
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The transport Egs. (5) and (6) are used to obtain the turbulence Kinetic energy k, and the
dissipation rate € values, respectively.
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where G, and G, characterize the generation of k due to the mean velocity gradient and
buoyancy, respectively. Y), depicts the addition of fluctuating enlargement in compressible
turbulence to the total dissipation. C,, C,¢, and Cs, are constants. dk, and de characterize the
turbulence Prandtl numbers for turbulence kinetic energy k, and its dissipation &, respectively.
User-define source terms S, and S, can be implemented when needed.

A realizable k — £ model satisfies a specific mathematical constraint as well as complied
with turbulent flow physics. The spreading rate of planar and round jet can accurately be
predicted. In addition, a realizable k — & model can provide a superior performance for
simulating complex flows, that includes boundary layer reattachment, circulation, rotation, and
strong adverse pressure gradient. Both k — e and k — w are y* independent. However,
adopting the most appropriate near wall function depends on the degree of mesh refinement
near the wall. Near wall treatment methods are very useful when the prism boundary layers are
not sufficient to resolve those layers. Standard wall treatment denotes that, the whole boundary
layer mesh is located within the log-law region. However, for engineering applications, this is
difficult to be fulfilled. That is because of existing of different geometrical scales as well as
arbitrary refinement, especially for geometries that contain narrow curves and passages.
Enhanced and non-equilibrium wall functions can be adopted for ¢ based. However, the mesh
resolution should be high, which is computationally expensive. Altogether, both enhanced and
non-equilibrium approaches are not recommended if viscous sub-layer region is the area of
interest. Instead SST k — w can perform better in this region [45].

On the other hand, scalable wall function introduces an elegant solution for the issue of
arbitrary refinement. Particularly in complicated geometries. The mesh is virtually shifted to
the log-law region (y* =~ 11.225). Hence the invalid modelling of the laminar sub-layer and
buffer region is avoided.

Generally, all turbulence models have been tested for this problem. The realizable k — ¢
model with scalable wall function has been adopted. Because it showed the most accurate result
that is close to the experimental one as well as its consistency with different Re.



3.3 Data formulation

In the current study, Re set as the same for both cold and hot fluids inside PHE’s channels.
However, Nu was not considered to be the same.

md,
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Re, u,A- N, and d, are known, m is calculated to meet the required Re. d, is twice the plate’s
corrugation depth.

Re

(6)

The essential measurements are the outlet temperatures of cold and hot fluids, and the hot
walls temperature. The fluids’ inlet temperatures and velocities have been set in the initial
conditions. Two main non-dimensional parameters have been employed to express heat
transfer data. Nu is used to a scale heat transfer improvement, and € is calculated to compare
the enhancement in thermal performance between the new and the basic PHEs for two
symmetric g = 30°/30°, and 60°/60°. The hot side of PHE is considered as the product fluid,
while the cold side is considered as the utility fluid. Therefore, Nu, and € are considered for
the hot side. Nu is given by:

hhde
Nu = 7
u=— (7)
The heat transfer coefficient, h,, is calculated as follows:
Qn = mhcp,h(Th,i - Th,o) (8)

cp,n has been extracted from the tables of thermodynamics at hot fluid bulk mean temperature
as follows:

T, : + T,
Tus :(hz—h) ©)

Note, Q. is calculated from Eq. (11) below. ¢, . is also extracted at the bulk mean cold fluid
temperature as shown in Eq. (12) below. The difference between @Q;, and Q. should always be
zero to fulfil the energy balance. However, the difference of about 95% of the simulations is
less than 4+ 2%, and +4-6% for the rest of the simulations. Therefore, Qavg is taken as the

average value of the hot and cold heat load and considered for the current calculations.

Q.= mccp,c(Tc,o - Tc,i) (10)
. (T”-IZ_—TCO) (11)

Now Qg4 is known, and hy, is given by:
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Qmax 1S the maximum possible amount of heat that could be exchanged between hot and cold
fluids and is given by:

hy, (13)

Qmax = min(Th,i - Tc,i) (14)
Cpnin 1S the minimum heat capacity. For all cases in the current study €, < C.:

Ch = m'hcp’h

(15)
C. = mCyc
Then, € is determined as follows:
¢ = Qavg (12)

Qmax

4. Model setup
4.1 CAD geometry creation

Four PHEs are drawn by using Solidworks CAD 2016. Two symmetric PHEs with g =
30°/30°, and 60°/60° are developed according to PHE’s basic design. The other two
symmetric PHEs with g = 30°/30°, and 60°/60° are drawn according to the new design
criteria. Each PHE consists of five plates, which generate four channels. Two channels belong
to the cold side and the other two belong to the hot side. All PHE’s geometric parameters have
been developed carefully. The corrugations have a sinusoidal shape similar to that one in real
PHE. The port effect is considered. The hot port is created and merged with the hot side, and
same is developed for the cold port side for both basic and new design PHEs.

4.2 Mesh optimization

A corrugated PHE contains a large number of curved and tilted narrow passages. Therefore,
in order to ensure a sufficient mesh element in these narrow passages, an unstructured
tetrahedron mesh elements are adopted. An advance technique has been employed to get a good
quality mesh. Patch conforming and patch independent algorithms have been adopted
simultaneously for the same geometry. The patch conforming is a Delaunay [48] mesher, where
mesh refinement is carried out by using an advancing front point insertion technique. The
meshing process uses the bottom up approach, meshing edges, faces, and volume in sequence.
In patch conforming algorithm, excluding the de-featuring tolerance, all faces, and their
boundaries are conformed. On the other hand, patch independent algorithm is based on spatial
subdivision. The mesh refinement is carried out where necessary, particularly in holes, curves,
and narrow passages. Large mesh elements are developed where possible such as on flat
surfaces. Hence, one should look into covering the important complicated areas on the



geometry and allowing for faster computation at the same time. The meshing process uses top
down approach. The volume mesh is carried out first, and then the surface mesh is created by
projecting the volume mesh on to faces and edges. Samples of the mesh is shown in Fig. 4(a)
and (b). To ensure solution stability, the mesh dependency tests have been carried out for each
PHE as shown in Table 1. Mesh elements of 53.1 and 73 million for § = 30°/30°, for basic
and new design PHESs have been adopted, respectively. Mesh elements of 14.8 and 16.1 million
for B = 60°/60°, for basic and new design PHEs have been adopted, respectively.

Fig. 4. (a) A side view for one corrugation mesh (The whole mesh is not visible due to the
high-density elements), and (b) Close front view for mesh at the cold inlet port.

4.3 Boundary conditions and material properties specification

Both hot and cold fluids inlet boundary conditions are set as velocity inlet. The mass flow
rate (m) is calculated from Eq. (7) to meet the required Re value. Thus, velocity at the inlet
can be calculated from m. The working fluid is (water-water). The hot and the cold inlet water
temperatures are set to 40 °C and 18°C respectively. The fluid’s thermodynamics properties
(0, cp, ks, and ) have been set for each fluid according to its temperature. Zero gauge pressure
has been set at both cold and hot ports outlets. According to Ansys FLUENT user manual [45],
the optimum value for turbulence intensity for the current flow pattern is 5%. The conjugate
heat transfer is enabled, where the plate thickness is set to 0.5 mm. Stationary and no slip
boundary conditions are set for all walls. Since almost all studies performed on PHEs have
used stainless steel, and to be able to validate the numerical study, stainless steel is defined as
the plate’s material. The plate’s p, c,, and k are 8030 kg/m?, 502.48 J/kg.k, and 16.27
W /m. k, respectively. All simulations are carried out on a high performance computing cluster
using nodes with 3.3 GHz (28 cores) processor, and with 128 GB of RAM. For the mesh that
contains 14.8 and 16.1 million element, the simulation time is approximately10-13 hours. For
the mesh that contains 53.1 and 73 million elements, the time for each simulation is
approximately 48-55 hours.



Table 1. Mesh independent test for basic (PHE?) and new (PHE?) PHEs.
Mesh Outlet cold  Outlet hot

elements average average
(million)  temperature temperature
(K) (K)
44 295.44 305.32
5 PHE e 531 20575 305.82
62 295.79 305.84
pHE? 56.6 296.57 303.98
5 =30°/30° 73 296.78 304.02
80 296.79 304.01
8 293.62 308.45
8 :P6|E)|°E/160° 14.8 293.95 308.85
32 293.89 308.87
9.5 296.59 303.92
5 PHE . 16 29675 30382
47 296.73 303.82

4.4 Model validation

The present study has been comprehensively validated with available experimental and
CFD studies. The same working fluids and PHE’s material from the available literatures are
used in this study. The CFD study compared the Nu empirical correlation data with the
published Nu empirical results for different g. Fig. 5(a) shows the empirical Nu deviation for
p = 60°/60°. The maximum and the minimum deviations are found + 9% and +6%
respectively with the findings of Okada et al [19]. The findings of the CFD study also
compared with the measurement obtained by Gherasim et al [49] and Thonon et al [50], and
the numerical results show good agreement with the published literatures. The findings of the
present study have also been compared with the results of Muely et al. [20] and Lee et al [51],
and found a negligible deviation with the published data. In case of § = 30°/30°, as shown
in Fig. 5(b), the maximum and the minimum deviation with the study of Muely et al. [20] are
+6% and +2% respectively. The maximum and the minimum deviation are found -9% and -4%
respectively with the findings of Okada et al [19]. The maximum and the minimum deviation
compared with Lee et al [51] are -4.7% and +1.3%, respectively. The numerical correlations
of the present study for both § = 30°/30° and 60°/60° are in the range of all other published
correlations and shows an increasing trend. Many reasons could contribute in the deviation
between the results. Some studies calculated average Nu between the cold and the hot sides of
the PHE's [19] . Muely et al. [20] calculated Nu for the hot side, hence the current results are
very close to this one.
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Fig. 5: Comparison of present Nu data with other experimental and numerical studies, (a) for
B = 60°/60°, and (b) for B = 30°/30°.

Janusz et al [52] have tested a number of published correlations for better accuracy of the
calculated Nu and reported that Muely et al. [20] correlation can predict Nu values reasonably
well. Furthermore, the differences in the geometrical dimensions such as corrugation depth,
aspect ratio (4,-), and even a small difference in the corrugation roundness may result in change
in Nu values up to 18% [53]. However, the maximum deviation is always < +10% except one
case the maximum deviation is 11%. The calculated Nu of the present study shows good
agreement with the published literature, which sufficiently indicate that present CFD model is
accurate to predict the thermal performance of the corrugated PHE's.

5. Results and discussion

In the present study, four symmetric PHES have been employed. Two of them are belonging
to the well-known basic design with g = 30°/30°, and 60°/60°. The other two are based on
the new design criteria with the same chevron angle of g = 30°/30°, and 60°/60°. The
numerical simulations have been carried out for the single phase (water-water). All four PHEs
have an identical geometrical dimension ( b, d,, 5, and A,.) and physical conditions ( T ;T ;,
and Re). Reynolds number ranges from 500 to 2500. Nusselt number has been calculated for
all PHEs as shown in Fig. 6. The results show that, Nu is directly proportional to the plate’s
chevron angle as well as to the Re. In addition, the new design exhibits significant heat transfer
enhancement for all cases. At the same Reynolds number, Nusselt number for the new PHE
increases up to 75% compare to the basic PHE as shown in Table 2.
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Fig. 6. Nu values versus Re for novel and basic PHEs.

The non-uniformity of the PHE’s surfaces causes velocity fluctuation. The fluid has the
maximum velocity at the corrugation’s ridge and the minimum velocity at the corrugation’s
furrows as shown in Fig. 7. This fluctuation of velocity causes disruption, boundary layer re-
attachment, and secondary flow development. Consequently, provide heat transfer
enhancement.

Velocity
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Fig. 7. ZY plane (side view) illustrates fluids velocity contour inside new PHE’s channels
with 8 30°/30° at Re = 500

The longitudinal vortices in the corrugation’s furrows are observed by [54]. In addition,
Won et al [55] has carried out an instantaneous visualization of fluid flow inside the channel.
The result showed a strong spanwise secondary flow, that moved in an opposite direction in
the bottom and the top halves. The boundary layer re-attachment, and its rule in heat transfer
augmentation was also confirmed by [56].

In the case of new PHE, Fig. 9. shows that, the Re varies significantly over the plate as the
fluid is forced to flow along the specified half of the plate. The fluid velocity is about 3 times



higher than that of the basic PHE. Thus, more turbulent flow is developed, which would
contribute in heat transfer augmentation. Fig. 8. shows the velocity contour inside the basic
PHE. For the same mass flow rate, the fluid velocity is lower than that of the new one. Because
in basic PHE the fluid flows and distributes randomly over the plate.

Table 2: Comparison between Nu of the basic (PHE?) and the new (PHE?) PHEs.

Re Nu Nu 1 % Nu Nu 1 %
PHE! PHE? PHE! PHE?
60°/60° 60°/60° 30°/30° 30°/30°

500 | 20.6 26.7 298| 171 20.9 22
1000 | 31.6 457 446 26 354 359
1500 | 40.6 65.1 60.2| 33.7 50.8 50.9
2000 | 494 815 65.1| 403 62.6  55.3
2500 | 58.3 102.2 753 | 46.2 72 56
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Fig. 8. ZX plane (Top view) for velocity vectors for basic PHE with g 60°/60° at Re = 500
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Fig. 9. ZX plane (Top view) for velocity vectors for new PHE with 8 60°/60° at Re = 500

Thermal performance of basic and new PHESs has been calculated in the form of PHE’s €. Fig.
10 shows the PHE’s € versus Reynold number for all cases. In addition, the enhancement
percentage for the new PHE’s e comparing with the e of the basic one is given in Table 3.
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Fig. 10. Comparison between the € of new and basic PHEs versus Re.

Table 3: Comparison between e of the basic (PHE!) and the new (PHE?) PHEs.

Re

e PHE! €ePHE? 1%
60°/60° 60°/60°

e PHE' e PHE?
30°/30° 30°/30°

| %

500
1000
1500
2000
2500

34.1 42 23

26.4 34.3 30

22.5 314 396
20 28.6 425
18 26.1  42.2

35.6 41.5
27.7 34.2
235 30.7
20.8 28.5

18.7 25.8

16.6
235
30.6
36.8
38




Fig. 11(a,b) and Fig. 12 (a,b) show temperature contour and profile on the hot channel that
locates at the middle (as also shown in Fig.13.) of the new and the basic PHE, respectively. In
the case of new PHE, the hot fluid’s temperature decreasing rate is higher than that of the basic
one. In addition, the hot fluid’s temperature is more homogeneous. While in the case of basic
PHE, the hot fluid’s temperature shows less homogeneity. The temperature of the hot fluid on
the left side is lower than that on the right side. That is because the cold fluid is entering from
the left side in the fore and next adjacent cold channel as shown in Fig. 13.
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Temperature
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Fig. 11: For g = 60°/60°,and Re = 500 (a) temperature contour
for new PHE, and (b) temperature profile for new PHE.
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Fig. 12: For B = 60°/60° and Re = 500 (a) temperature contour for basic PHE, and (b)
temperature profile for basic PHE.

r
"~
o

-
j2uueys pjodH

T T T T T T TTTTTTITTTIFT

ST

-~V 4
| n
e

1 v
@)
~
0
- 4
o
-
3
X

[puueyd pjod

)

ST A A A A A A A A ——

NN T TITTT T T T ITTTTTTIFFs

ST

Fig. 13. lllustrative schematic for fluid flow arrangement in basic PHE

The temperature trend throughout the port of hot channel outlet as shown in Fig. 14 is
presented in Fig. 15 (a) and (b). For all cases, the temperature of the last hot channel is higher
than that of the first hot channel. Whereas, the last hot channel transfers heat with cold fluid
from one side only (the side that locates just before the last channel).

Fig. 14. lllustrative sketch for hot channel outlet port.

The first hot channel transfers heat with cold channels from the front and the back sides.
Therefore, its temperature is always less than the hot channel that locates at the end. All 4
trends at the beginning show descending in temperature as hot fluid moves through z axis.
Because, the hot fluid of the last channel mixes with the hot fluid of the first channel, which
has lower temperature, the temperature increases up to a specific limit, allowing for the
temperature balance to take place.
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Fig. 15. Temperature profile through the hot channel’s outlet axis at Re = 500 for basic and new
PHEs, (a) § = 60°/60°, and (b) for § = 30°/30°.

5.1 Heat transfer correlations

For the present study, classical Sieder [57] empirical correlation (17) was adopted to
predicts the Nu correlations. All thermodynamics properties are estimated at the bulk
temperature as shown earlier in Eq. (10).

0.14
Nu = CRePPr™ (i) (13)
P

In order to find the constant values C and p for each PHE, linear regression technique has
been applied to the numerical data in Fig. 5 (a,b). The Pr exponent (n) value ranges from 0.333
up to 0.5 as reported in the literature [19, 20, 58-60]. However, different values for n has
already been tested in Alzahrani [22], and 0.333 is found to provide the best approximation.
Hence, Nu for the basic and the new PHEs for § = 60°/60° is as follows, respectively.

U 0.14
Nu = 0.2354 Re0-6415py1/3 (H—) (18)
’u' 0.14
Nu = 0.096 Re?8273 py1/3 <u_) (19)
w

And Nu for the basic and the new PHEs for § = 30°/30° is as follows, respectively.

0.14
Nu = 0.2332 Re%0175py1/3 (i> (20)

Hw



U )0.14- (21)

Nu = 0.1134 Re®7721py1/3 (—
Uy

6. Conclusions

Thermal performance of new PHE for symmetric = 30°/30° and 60°/60° has been carried
out. A comprehensive validation has been performed with a wide range of published
experimental and numerical investigations. A realizable k — ¢ turbulence model with scalable
wall treatment found to provide the most consistent and accurate prediction of the thermal
performance of PHE. The numerical simulations have been conducted for steady state single
phase (water-water), and counter-current flow arrangement. The CFD results showed that, the
thermal performance of the new PHE is significantly higher than that of the well-known PHE.
For the newly developed PHE, the calculated Nu is 75% higher than that available for PHE.
The € for the new PHE is significantly higher than that of the well-known PHE, and generally
exhibits a direct proportional relationship with Re. An empirical correlation for each PHE is
developed to estimate Nu values. The newly developed PHE would increase the understanding
of the thermal behaviour of the PHE. The findings of the present study could be very useful for
many applications, especially for heat recovery applications, where high heat transfer
coefficients are required, and for applications where area and weight are limited and require
large amount of heat to be removed such as in ships and airplanes. Since the performance of
the newly PHE is much higher than the well-known PHE, its size can be further reduced for
the same thermal performance allowing for more compact heat exchanger. Further extension
of numerical simulations could be performed on the present work to study the difference in the
size between the new and the well-known PHE for the same thermal performance.
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