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Abstract

Purpose — The purpose of this study is to compare the thermal performance of two flow configurations in
corrugated plate heat exchanger (CPHE): vertical flow configuration (CPHE,:) and diagonal flow
configuration (CPHEg;,s). The study aims to determine the differences between these configurations and
evaluate their respective thermal performance based on metrics such as heat transfer rates, pressure drop
values and flow distribution.

Design/methodology/approach — The study compares the thermal performance of two flow arrangements
of CPHE using identical geometrical dimensions and test conditions. Computational fluid dynamics (CFD) is
employed, and a validated numerical model is used for the investigation. The comparison is based on
analyzing the rate of heat transfer and pressure drop data between the two flow arrangements.

Findings — The findings indicate that the diagonal flow configuration in CPHEs offers improved flow
distribution, enhanced heat transfer performance and lower pressure drop compared to the vertical flow
configuration. However, the differences in general in the thermal performance of CPHE, and CPHE g, are
found to be minimal.

Originality/value — To the best of the author’s knowledge, this study represents the first attempt to
investigate the impact of vertical and diagonal flow configurations on the thermal performance of
the CPHE.

Keywords Plate heat exchanger, Vertical flow, Diagonal flow, Heat transfer, Pressure drop,
Thermal performance
Paper type Research paper

Nomenclature
A Effective heat transfer JF JF factor
area, m> h Convective heat transfer
A Cross-sectional channel coefficient, W /m?K
flow heat transfer area, m? L Horizontal length from port
G Specific heat, J /kg .k to port, m
d. Equivalent diameter L, Plate’s channel effective
f Fanning friction factor length, m
j Colburn factor
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L, Vertical length from port to Subscripts

port, m avg Average
L, Flow channel width, m b Bulk fluid temperature
N Number of channels c Cold stream
Nu Nusselt number CPHE Corrugated plate heat
Q Heat transfer rate, W exchanger
Re Reynolds number FPHE Flat plate heat exchanger
t Plate thickness, m HE Heat exchanger

h Hot stream

Greek i Inlet condition
B Chevron angle, © PP Pumping power
u Dynamic viscosity, Pa.s 0 Outlet condition
u, Turbulent viscosity , Pa.s w Wall
p Fluid density, kg/m?

1. Introduction

The escalating global energy demand serves as a catalyst for the development of a new
generation of compact heat exchangers (HEs). Over the next two decades, energy demand is
projected to rise by 37% (World Energy Outlook, n.d.). The corrugated plate heat exchanger
(CPHE) is the most prevalent type of compact HEs. CPHE was initially introduced in the
1920s for milk pasteurization, and it was constructed as cast metal plates stacked within a
frame. However, their application in more aggressive environments, such as acid coolers,
was limited due to temperature and pressure constraints. Nonetheless, advancements in
materials technology have enabled CPHEs to be utilized in high-pressure and high-
temperature applications (Syed, 1992).

Despite its remarkable thermal performance, the immediate adoption of CPHE technology
by air conditioning and refrigeration companies was hindered by the use of gaskets for
sealing (Ayub, 2003). However, the introduction of welded plate HEs eliminated the need for
gaskets. Presently, welded CPHEs find applications in heating, ventilation and air
conditioning (HVAC) systems and ammonia cooling units (Ayub, 2003; Ham et al., 2023;
Mikhaeil et al., 2023). In addition to their high thermal efficiency, CPHEs offer a reduced
weight and volume, approximately 20 and 30%, respectively, compared to shell and tube
HEs of equivalent heat transfer area (Sundén and Manglik, 2007). Furthermore, for
equivalent thermal performance, the volume of CPHES is, respectively, 50 and 60 % less than
that of finned tube and serpentine HEs (Li et al., 2011). Consequently, CPHEs have gained
widespread adoption in various industries including chemical processing, pharmaceuticals,
polymers and industrial sectors. Overall, the importance of CPHEs lies in their ability to
deliver enhanced heat transfer efficiency, compactness, scalability, adaptability, improved
thermal performance, reliability and durability. These qualities make CPHEs a preferred
choice for a wide range of industrial and commercial applications, contributing to improved
energy efficiency and sustainable thermal systems.

The angle between the vertical and horizontal axes on the surface of the thermal plate of
CPHE is known as the chevron angle (f). The effect of #i.e. 30°/30°, 60°/60° and 30°/60° on
the thermal performance of CPHE has been undertaken by Khan et al. (2010). It has been
found that the highest g yields both the highest Nusselt number (Nu) and friction factor (f)
followed by the mixed plates, i.e. 30°/60°. Similar studies that are conducted to reveal the
impact of # have reported consistent findings that Nu and f increase as g increases (Elias
etal.,2014; Kan et al., 2015; Kwon et al., 2009; Saha and Khan, 2020; Kumar et al., 2018; Kilig

and Ipek, 2017). Moreover, Zhang et al. (2019) have carried out a comprehensive review for



the studies of CPHE and highlighted that g has the most significant influence on the
performance of CPHE. The impact of air bubble injection on the fluid flow inside the
channels of CPHE has been carried out by Marouf ef al. (2022). Their findings revealed an
increase of up to 12.4 and 14.6% in the number of transfer units (NTU) and effectiveness,
respectively.

The industrial sector has witnessed continuous development, leading to numerous
research efforts aimed at improving the performance of CPHE. Goltas et al. (2022) have
introduced plate heat exchanger (PHE) with lung-pattern surface and better thermal
performance with respect to the conventional CPHE is reported. Moreover, a new shape
channel named as airfoil corrugation has been proposed by Nguyen et al. (2022). The findings
show 17% reduction in pressure drop while maintaining the same heat transfer rate as
conventional CPHE. Also, a newly wavy surface of PHE is proposed by Vitillo ef al. (2015).
A new surface modification in CPHE is proposed by Al-Zahrani ef al. (2020a) — up to 3 times
enhancement in the convective heat transfer and 1.7 times increase in f data with respect to
the conventional CPHE are reported. The performance of PHE with three shapes of plate
surface, namely flat, asterisk pattern and corrugated pattern, have been experimentally
examined by Durmus et al. (2009). The corrugated pattern is found to provide both the
highest Nu and pressure drop data. Likewise, the impact of the channel height of CPHE has
been investigated by Islamoglu and Parmaksizoglu (2003). It has been found that Nu and
pressure drop increase as the channel’s height increases. A new flow arrangement for flat and
corrugated PHE has been proposed by Al-Zahrani et al. (2021a, b), and enhanced convective
heat transfer is reported. The influence of incorporating wire inserts with different diameters
in CPHE channels was examined by Panday and Singh (2022). The study revealed that the
increase in pressure drop outweighs the improvement in heat transfer.

Recently, researchers have increasingly adopted a multi-objective approach to optimize
the design of CPHEs. By employing mathematical optimization algorithms, these methods
explore the trade-offs between conflicting objectives, promoting innovation and flexibility in
HE design. This approach provides engineers with a deeper understanding of the design
space and the inherent trade-offs that need to be considered. Yicong et al. (2023) carried out a
numerical study to optimize the structural parameters of the CPHE. The maximum JF has
been reported to take place at # = 45.49°, corrugation pitch (P.) of 15.13 mm and corrugation
height (b) of 3.005 mm. Additionally, Shokouhmand and Hasanpour (2020) conducted a
numerical study to find the trade-off between the pressure drop and the effectiveness of the
CPHE's hot side. The values of the design parameters have been reported. Lee and Lee (2013)
have numerically carried out shape optimization for PHE with dimples and protrusions by
adopting a multi-objective optimization method/algorithm. It has been found that the ratio of
dimple depth to dimple diameter has a significant influence on f data. An experimental study
has been carried out by Chen et al. (2022) to optimize the performance of the CPHE. The
effectiveness and the pressure drop are considered objective functions. The flow rate ratio
has been reported to have the most significant influence on the effectiveness of the CPHE.
Numerous research groups have conducted similar studies, employing a multi-objective
approaches to optimize the design and performance of the CPHE (Meng et al., 2023; Nguyen
et al., 2024; Tavallaei et al., 2023; Wang et al., 2023; Yu et al., 2024; Alfwzan et al., 2023). The
performance of gas-gas CPHE employed in cabinet cooling systems, with cross- and counter-
flow arrangements has been studied by Borjigin ef al. (2020). They reported that cross-flow
CPHE yields greater cooling rates compared to counter-flow CPHE. However, it is worth
mentioning that the dimensions of the cross-flow CPHE are greater than those of the counter
one. The performance of three types of PHEs employed in waste heat recovery from stenter
machines, namely flat-PHE, wavy-PHE and zigzag-PHE, has been investigated by Jin et al.
(2024). The findings revealed that the wavy-PHE exhibited enhanced heat transfer efficiency,
primarily attributed to the significant generation of secondary flow. The crystallization of
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calcium carbonate in CPHE has been experimentally investigated by Berce et al. (2023).
Infrared thermography observations along with flow and temperature measurements are
utilized to monitor the fouling inside the CPHE'’s channels. They reported that the presence of
fouling significantly distorts the isotherms, resulting in a complete skewness when
compared to the clean state. This skewing effect serves as a distinct signal of channel
blockage and flow obstructions, subsequently leading to substantial flow redistribution
across the entire channel.

The current investigation introduces a thermal performance comparison between the
vertical and diagonal flow configurations inside CPHE. The numerical tests are conducted
for single-phase (cold water-hot water) and for counter-current flow arrangements at Re
ranging from 500 to 3,000. Furthermore, numerous numerical studies omit the port effect, 1.e.
(Zhu and Haglind, 2020; Lee and Lee, 2014, 2015); however, it is considered in the present
study. Additionally, the hot side is considered the process fluid in the current investigation,
and thus, all calculations are performed with respect to the hot side.

2. Illustration of the present flow configuration
In CPHEs, the flow configuration can be categorized as vertical and diagonal flow
configurations. In the vertical flow configuration, the fluid enters the HE from one port, i.e.
the top side and flows vertically downwards between the plates to exit from the port that is
located on the same side as exhibited in Figure 1a. On the other hand, in diagonal flow, the
fluid enters the HE from one corner and flows diagonally across the plates before exiting
through the opposite corner, as illustrated in Figure 1hb.

The Chevron-type CPHE comprises several distinct geometric characteristics, as depicted
in Figure 2. The dimensions associated with these characteristics of the present CPHEs are
presented in Table 1.

3. Numerical models setup

3.1 Models and grids creation

The two models of CPHEs are created using Solidworks software. Each model consists of five
thermal plates, with four channels distributed equally between the hot and cold channels.
Careful attention is given to avoid any geometry flaws that may affect the simulation
accuracy, i.e. slivers, and misalignments between plates. By meticulously constructing the
models, these geometry flaws are eliminated, ensuring reliable and accurate simulation
results. The models are identical except for the flow configuration, with one representing
vertical flow and the other representing diagonal flow.

To capture the flow behavior and heat transfer phenomena, the grids are generated using
Ansys software 19.2. When generating the mesh, several important aspects should be
considered. Primarily, the mesh should have sufficient resolution to accurately represent the
flow features and temperature gradients. Furthermore, the mesh should be properly
structured to minimize numerical errors and provide reliable results. In the scope of this
investigation, the CPHES are made of intricate geometries characterized by irregular shapes
and intricate surface features. To accurately capture these complexities, an unstructured
mesh consisting of tetrahedral elements was employed, as exhibited in Figure 3.

This meshing approach grants precise control over the placement of mesh elements,
facilitating their strategic arrangement to conform to the curved surfaces, irregular
boundaries and intricate details of the CPHE. Consequently, a more precise and realistic
representation of the flow and heat transfer behavior within the CPHE is achieved. Moreover,
the adoption of an unstructured mesh offers notable advantages in terms of resolution within
regions of particular interest. Certain areas within the CPHE, such as plate surfaces, corners
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Figure 1.

Thermal plate of CPHE
illustrates (a) vertical
flow configuration and
(b) (b) diagonal flow
configuration
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Table 1.
Dimensions of the
geometric
characteristics of the
present study

and regions characterized by high velocity gradients, play a pivotal role in capturing crucial
flow and heat transfer phenomena. By utilizing an unstructured mesh of tetrahedral
elements, this study ensures the flexibility necessary to accurately represent the intricate
geometries associated with CPHEs and facilitates local mesh refinement within these regions
of interest. This refined mesh allocation enables improved accuracy and computational
efficiency by carefully concentrating computational resources where they are most needed
(ANSYS, n.d.). Consequently, the overall computational cost of the simulation is reduced
while maintaining a high level of precision and reliability. Moreover, the mesh metrics must
satisfy the minimum requirements of acceptable mesh standards (ANSYS, 2009), which is
fulfilled in this study. In this investigation, the grid generation process involves adjusting the
sizes of the elements, starting from 0.001 m and gradually refining them to 0.0002 m, until
stable grids are achieved. The goal was to create grids with sufficient resolution while
maintaining computational efficiency. After several iterations, stable grids were obtained for
each CPHE model, with each grid containing approximately 20 million elements. The careful
selection of grid size and refinement ensured that the simulations captured the intricate flow
patterns and heat transfer characteristics within the CPHEs. To assess the sensitivity of the
grid, a grid sensitivity test is conducted. The results of this test are depicted in Figure 4,
which showcases the variations in the local velocity as the grid is refined.

Vertical distance comprising the ports, L, () 560
Horizontal distance comprising the ports, Ly, (271) 166
Port diameter, dp () 60
Horizontal spacing between the centers of the ports, Ly, (mmn) 106
Plate thickness, ¢ (mm) 0.5
Corrugation depth, b (mm) 21
Corrugation pitch, P, (mm) 10
Chevron anglepg 60°/60°

Source(s): Table by author

Figure 3.

Zoomed views
highlighting the mesh
configuration
employed in multiple
areas of the CPHE

Source(s): Figure by author
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3.2 Assumptions and governing equations
In the present study, the numerical investigation is performed on single-phase water-water
as the working fluids. The analysis incorporates the following assumptions:

(1) The physical properties of both the working fluids and the material of the plates are
assumed to be constant.

(2) Theflow is considered to be steady, implying that there are no temporal variations in
the flow characteristics.

(3) The working fluids are treated as incompressible, neglecting any changes in fluid
density due to pressure or temperature fluctuations.

(4) Turbulent flow conditions are assumed, as it is widely recognized that CPHES exhibit
turbulent flow even at low Reynolds numbers i.e. Re > 400 (Gherasim et al., 2011).

To effectively model flow and heat transfer phenomena in HEs, it is essential to solve the
Navier—Stokes, conservation of mass and energy equations. By solving Navier-Stokes
Eq.(1), momentum conservation is captured, facilitating the determination of velocity and
pressure fields.

a ou;
tar T {(ﬂ w)—”} M

_9
0x; ox;

0
O_xj (puiu;) =

The conservation of mass Eq. (2) guarantees mass conservation by equating mass rates
within the system.

a% (o) = 0 @

Furthermore, the energy Eq. (3) accounts for energy conservation, enabling the prediction of
temperature distribution and heat transfer rates.
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Mesh sensitivity tests
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Figure 5.

A schematic
representation of the
computational domain
and associated
boundary conditions
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3.3 Boundary conditions and model validation
The utilization of full CAD models entails a large grid element count, demanding substantial
computational resources. Nonetheless, to ensure precision and closer representation of real-
world scenarios, the complete CPHEs have been incorporated. Figure 5 illustrates the
computational domain and boundary conditions employed in the current models, wherein
mass flow rate is specified at the inlets and zero-gauge pressure is maintained at the outlets.
Computational fluid dynamics (CFD) offers a wide range of numerical models that
provide designers with the flexibility to choose the most appropriate model for achieving
accurate results. In the context of industrial applications, the k£ — ¢ and SST % — w models
have emerged as the most widely utilized numerical models (ANSYS, n.d.). When dealing
with HEs, such as CPHESs, it is crucial to carefully assess the performance of different
numerical models. The accuracy of all numerical models has been scrutinized in previous
studies (Al-Zahrani ef al., 2019, 2020b, 2021c). Among the evaluated models, the realizable
k — e model has demonstrated the highest level of accuracy when compared to benchmark
experimental data from the literature. The deviations between the numerical and
experimental measurements for heat transfer and pressure drop are found to range from
+13% to +1.3% (Al-Zahrani et al., 2019, 2020b, 2021c).

4. Data reduction
The calculations presented in this study pertain to steady-state flow within a single-phase
system. The hydraulic diameter (d.) is determined as follows:

Hot fluid outlet,
7610 gAUEE pressure

Source(s): Figure by author
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The parameter b represents the corrugation depth, and Re is carried out using the following
approach:

md,

Re = JAN

©)

The crucial measurements in this analysis are the outlet temperatures of the cold and hot
fluids as well as the temperature of the hot wall. The initial conditions have been set for the
inlet temperatures and inlet mass flow rate. To assess the enhancement in heat transfer, the
Nusselt number (Nu) is utilized. In this context, the product fluid is regarded as the hot side of
the CPHE, while the utility fluid represents the cold side. Consequently, the Nu data are
specifically considered for the hot side of this study. The Nusselt number (Nu) is determined
by the following equation:

_ hh de

Nu : ©)

The determination of the heat transfer coefficient (hy,) is performed as follows:
Qn = 1y i(Thi — Tho) (@)

The data of the specific heat capacity (c, ) are obtained from the thermodynamics tables at
the hot fluid’s bulk mean temperature.

Typ = 2T “hol @®)

It should be noted that the calculation of Q. is derived from the equation presented as Eq. (9).
Similarly, ¢, . is determined by extracting data at the bulk mean temperature of the cold fluid,
as demonstrated in Eq. (10). Energy balance dictates that the difference between Q, and Q.
should always be zero. However, in approximately 94% of the present simulations, the
difference is within the range of +3%, while for the remaining simulations, it varies between
+5-7%. Consequently, Q,.,, Which represents the average value of the hot and cold heat
loads, is adopted for the current calculations.

Qc = mccﬁ,c(Tc‘o - Tc,z’) (9)
1, =T Teo) 10

With the determination of Q,,, the heat transfer coefficient h, can now be calculated as
follows:

Qavg

hy=——
" A(Th,b - Tza,h)

1)

Now, fanning friction factor ( f) is estimated as follows:
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_ pd AP
e

Where Lp denotes the effective vertical length of the plate and G represents the mass flux.
Furthermore, the estimation of G is obtained through the following equation:

f

(12)

m

G= L,bN

(13)

5. Results and discussion

The present study involves two CPHEs with distinct flow arrangements: CPHE with a
vertical flow configuration (CPHE,.) and CPHE with a diagonal flow configuration
(CPHE;,.). Both HEs feature identical geometrical dimensions and physical test conditions.
A comprehensive comparison of thermal performance is carried out between these two HEs.
Each CPHE consists of four channels, distributed alternately and equally between the cold
and hot sides. Numerical tests are carried out on a single-phase (water-water), with data
computed for the hot side of each CPHE over Re range spanning from 500 to 3,000. To the
best of the author’s knowledge, this study represents the first attempt to investigate the
impact of vertical and diagonal flow configurations on the thermal performance of the CPHE.
It is worth noting that Cooper and Usher (1983) have previously suggested superior thermal
performance in diagonal port configurations, although their claim has not been substantiated
by any previous study.

5.1 Fluid flow topology

Fluid flow inside a CPHE is a complex phenomenon that plays a crucial role in the efficient
transfer of heat between two fluids. The presence of corrugated plates creates a turbulent
flow pattern, facilitating enhanced heat exchange. As the fluids pass through the narrow
channels formed by the plates, they experience increased turbulence and velocity due to the
corrugation. This turbulent flow helps to minimize boundary layer formation and promotes
efficient heat transfer between the fluids. Additionally, the compact nature of the CPHE
allows for a significant reduction in size and weight compared to traditional HEs, making
them ideal for various industrial applications where space is limited. The fluid flow inside the
same channel of the present vertical and diagonal CPHEs has been scrutinized. The velocity
contours inside this channel of CPHE,,; and CPHE;s. are illustrated in Figure 6a and b,
respectively. It shows that the flow velocity within the vertical arrangement exhibits a slight
superiority compared to its diagonal counterpart. Nevertheless, both contours’ plots
illustrate a similar flow behavior.

To provide a better understanding and visualization of the fluid flow patterns within the
present CPHES, velocity vectors inside the same channel are exhibited in Figure 7. It can be
seen that both channels yield a similar flow pattern of high and low velocity vectors. For a
more comprehensive graphical representation of fluid flow velocities within these channels,
Figure 8 showcases the magnified area displayed in Figure 7, enabling a detailed
examination.

Both representations of the velocity vectors in Figure 8a and b show a tendency to flow
sideways away from the middle of the channel. This can be attributed to the fact that CPHEs
are composed of angled-corrugated thermal plates, which introduce centrifugal forces
exerting an outward radial force on the fluid, leading to its movement toward the sides of the
channel. Furthermore, these findings align with the experimental visualization conducted by
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Figure 8.

Magnified velocity
vectors inside hot
channel of (a) vertical
flow configuration and
(b) diagonal flow
configuration

Table 2. .
Comparison of @
variation of CPHE .
and CPHE;, with Re
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Lozano et al. (2008), which examined the fluid flow behavior within CPHE. Moreover, the flow
analysis reveals that the diagonal configuration in CPHESs exhibits both a higher magnitude
and quantity of fluid flow, as evidenced in Figure 8b, in comparison to the vertical
configuration illustrated in Figure 8a. Although this observation suggests that CPHEs with a
diagonal configuration may exhibit enhanced flow distribution, additional investigations are
required to comprehensively compare the uniformity of flow within each configuration.

5.2 Effect of flow arrangement on heat transfer

The primary purpose of any HE is to maximize heat transfer between fluids at different
temperatures while maintaining physical separation between them. This objective is
essential for conserving energy, improving system performance and minimizing resource
consumption. Since the differences in heat transfer amounts (&) between CPHE,. and
CPHE gia. are found minimal, they are exhibited in Table 2 for sake of clarity.

Re Heat transfer rate (Watt) CPHE ¢, Heat transfer rate (Watt) CPHEgiaq.
500 1844 185.38
1,000 285.3 287.28
1,500 364.335 369.78
2,000 433423 437.06
2,500 495.44 509.50
3,000 551.43 567.20

Source(s): Table by author




Table 2 reveals that € values for CPHE;,,. are generally higher than those for CPHE .+, Frontiers in
showing an increase ranging from 0.5 to 2.9%. This difference can be explained by the Engineering ar}d
unique flow pattern in CPHE 4. Here, the fluid is directed towards the opposite side of the . Built
inlet before leaving the HE. As a result, the fluid travels a longer path between the plates Environment
compared to the vertical flow configuration. The increased flow path allows for more

extended contact time between the fluid and the heat transfer surfaces, facilitating greater

heat transfer. The longer path also provides more surface area for heat exchange, 245
contributing to enhanced heat transfer performance.

Figure 9a and b represents the temperature profile along the outlet axis at Re = 500 and
Re = 3,000 for vertical and diagonal flow arrangements. In both flow arrangements, the
temperature at the beginning is high and gradually decreases as the fluid moves along the x
axis as exhibited in Figure 5 (outlet axis). This initial high temperature is due to the fact that
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Table 3.
Comparison of
pressure drop
variation of CPHE .

the last channel is only in contact to a single cold channel (end channel). As the fluid
progresses and mixes with the hot fluid from the first channel, which is surrounded by two
cold channels, the temperature decreases further. Eventually, the temperature stabilizes and
becomes relatively constant as the fluid reaches the end of the outlet axis. Moreover,
Figure 9b shows the temperature profile at Re = 3,000 for vertical and diagonal flow
arrangements. Similar to Figure 9a, the temperature decreases along the outlet axis.
However, at Re = 3,000 the initial temperature and the bulk temperature at the end of the
channel are higher with respect to that at Re = 500. This observation can be attributed to the
reduced influence of viscous forces in dissipating heat at higher Re, while inertial forces
become more dominant. In addition, the bulk temperature in case of diagonal flow is found
lower than that in case of vertical flow at both Reynolds numbers.

Overall, both figures highlight the effect of the flow arrangement on the outlet
temperature of the hot channel. The diagonal flow arrangement is found to promote more
flow mixing, leading to a greater temperature drop compared to the vertical flow
arrangement. The diagonal arrangement is advantageous in terms of maximizing heat
transfer between the fluids, as it enhances temperature decreasing rate.

5.3 Effect of flow arrangement on pressure drop

The importance of pressure drop in the context of HEs lies in its direct impact on system
efficiency and performance. The reduction in fluid pressure as it traverses a HE, is a critical
parameter that warrants careful consideration in the design and operation of these thermal
devices. Striking a balance between maximizing heat transfer rates and minimizing pressure
drop is essential for optimizing overall system efficiency. Excessive pressure drop can lead to
increased energy consumption, higher pumping requirements, and elevated operational costs.
Therefore, engineers focus on designing HEs with configurations that enhance heat transfer
efficiency while keeping pressure drop within acceptable limits. This delicate equilibrium is
crucial across various applications, irrespective of industry, as it ensures that HEs operate
efficiently without compromising on the energy conservation goals of a given system. In
essence, recognizing and managing the importance of pressure drop is fundamental to
achieving the desired effectiveness and sustainability of heat exchange processes.

Owing to the marginal variations in pressure drop data between CPHE ¢+ and CPHE g .,
they are also presented in Table 3 for sake of clarity. A comprehensive scrutiny of Table 3
unveils a consistent pattern wherein the pressure drop values for CPHE, . consistently
exceed those for CPHE ;4. across the entire Re range. Specifically, the observed differences
range from 3% to 9.23%, with the most notable divergence occurring at Re = 1,500.

The reason of higher AP in case of vertical flow configuration could be owing to the higher
flow velocity compared to the diagonal flow configuration as shown earlier in Figure 6. The
increased velocity leads to greater frictional losses and pressure drop. Also, the vertical flow
configuration tends to have a higher head loss due to the pressure drop associated with changes
in fluid elevation. As the fluid moves vertically, it encounters changes in height, resulting in

Re Pressure drop (kW) CPHE ;. Pressure drop (kW) CPHE;ag.
500 6.17 581

1,000 21.58 20.63

1,500 4591 41.678

2,000 79.52 7715

2,500 122.58 115.58

3,000 175.10 168.34

and CPHEy;,, with Re  Source(s): Table by author




additional pressure losses. In the diagonal flow configuration, the fluid moves diagonally
across the plates, minimizing the elevation changes and reducing the pressure drop.

6. Dimensionless performance metrics

Although the dimensions of the present CPHEs are identical, dimensionless metrics are
presented to express quantities in a standardized form, allowing for meaningful comparisons
and generalizations. A comparison between data of Nusselt number (Nu) of CPHE,,; and
CPHE 4. 1s displayed in Table 4. Notably, the Nu data pertaining to CPHE 4, consistently
exhibit higher values compared to CPHE, . across the entire range of Re. Nevertheless, these

differences are marginal and similar to the trends observed in the earlier analysis of Q data.

Fanning friction factor (f) is a parameter used to quantify the resistance encountered by the
fluid during its flow within the present CPHES. Figure 10 displays the results of the f data for
both the vertical and diagonal flow arrangements. It is evident from Figure 10 that the f values
associated with CPHE,. are consistently higher than those of CPHEg;, across the entire
range of Re. This difference in f values can be attributed to the characteristics of the fluid flow
within the CPHE arrangements. As mentioned previously, the fluid inside CPHE 4,4 exhibits a
more favorable flow distribution and flows at a lower velocity compared to CPHE, . These
factors contribute to reduced resistance and subsequently lower f values for CPHE i, .

The JF factor is a dimensionless parameter widely employed as a comprehensive metric
for assessing the overall thermal performance, and it is utilized to compare the performance
of the present CPHEs. The Colburn factor (j) is another dimensionless parameter that
provides a comprehensive assessment of convective heat transfer efficiency, accounting for
both fluid flow and thermal properties.

) Nu
J= ]W (14)
(/1)
JF = (15)
(/)"

Where Pr stands for Prandtl number, j, and f, represent jand f of the flat plate heat exchanger
(FPHE), respectively. Table 5 presents the JF factor results for CPHE .+ and CPHE;,, at
various Re. The data in Table 5 indicate that the JF values for CPHE ;. consistently surpass
those of CPHE,.: across the entire range of Re. Moreover, from the aforementioned
discussion Nu data of CPHE 4, are found to be larger and the concurrent f data are lower
with respect to those of the CPHE, . Therefore, the data on the JF factor are found to be
greater in the case of CPHE 45 as expected.

Re Nu CPHEvert_ Nu CPHEdiag.
500 20.6 20.71
1,000 316 31.82
1,500 40.65 41.26
2,000 49.5 49.92
2,500 5831 59.96
3,000 66.15 68.04

Source(s): Table by author
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Table 4.

Comparison of Nu data
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Figure 10.
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results of the diagonal
and vertical flow
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Re JF (CPHE ert) JF (CPHEiqg)
500 1.10 1.13
1,000 0.94 0.95
1,500 0.95 0.98
2,000 0.93 0.95
2,500 0.93 0.97
3,000 0.84 0.88

CPHEiag. Source(s): Table by author
The ratio of heat transfer to the required pumping power () is a dimensionless parameter,
and it is employed in the present study to compare the power consumption associated with
the present CPHEs.
PP = mAP, /p (16)
n=Q/PP (17)
The variations in # for the vertical and diagonal flow arrangements with Re are presented in
Table 6. It indicates that 5 of CPHE g, are 4-11.8% greater than those of the CPHE ;.. This
shows that CPHE ;s exhibits higher energy efficiency, achieving a greater amount of heat
transfer per unit of pumping power compared to CPHE, ;. Similarly, as discussed earlier,
the heat transfer rate (Q) for CPHE 4;ag is found to be larger, while the corresponding pressure
Re n (CPHEvert.) n (CPHEdiag.)
500 5,043.31 5,386.42
1,000 1,116.08 1,175.51
1,500 446.61 499.35
Table 6. 2,000 230.05 239.13
Comparison of 2,500 13648 14886
variation of CPHE e, 3000 88.62 94.81

and CPHE;,, with Re

Source(s): Table by author




drops are lower compared to CPHE, .. These findings reinforce the superior performance of
CPHE i, in terms of heat transfer efficiency and reduced energy consumption.

Overall, the present study thoroughly investigated the impact of vertical and diagonal
flow arrangements on the thermal performance of the CPHE. The diagonal flow arrangement
is found to promote greater flow mixing and resulted in a higher temperature drop along the
outlet axis compared to the vertical flow arrangement. Also, the diagonal flow arrangement
is found to yield greater JF and n values compared to the vertical flow arrangement. Thereby,
the diagonal flow arrangement demonstrates advantages in terms of heat transfer and
pumping power, indicating its potential in comparison with the vertical one.

7. Conclusions

The present study examined the thermal performance of two CPHEs featuring different flow
arrangements: one with a vertical flow configuration and the other with a diagonal flow
configuration. Both HEs have identical geometrical dimensions and operating conditions.
The key conclusions of this investigation are as follows:

(1) Both CPHE,. and CPHEg;,,. exhibited similar flow behavior, with high and low
velocity vectors distributed sideways away from the middle of the channel. However,
the diagonal flow configuration showed a higher magnitude and quantity of fluid flow.

(2) The difference in data of heat transfer amount (€)) between CPHE ¢+ and CPHE gi,.
showed minimal differences. However, CPHE 4;,,. consistently exhibited higher heat
transfer rates ranging from 0.5 to 2.9%, attributed to the longer flow path and
increased contact time between the fluid and heat transfer surfaces. Similarly, Nu
data pertaining to CPHEg4;,, consistently exhibit higher values compared to
CPHE, . across the entire range of Re.

(3) CPHEL,. consistently revealed higher pressure drop values compared to CPHE gi,g.
across the entire Re range. Likewise, f values associated with CPHE,... were
consistently found to be higher than those of CPHE ;. across the entire range of Re.

(4) The overall thermal performance of CPHE 4o and CPHE.. has been estimated by
calculating JF and the ratio of heat transfer to the pumping power (). Both JF and # of
CPHE i, are found to be greater than those of CPHE .

Overall, these results indicate that the diagonal flow configuration in CPHEs offers improved
flow distribution, enhanced heat transfer performance and a lower pressure drop compared
to the vertical flow configuration. However, the differences in general in the thermal
performance of CPHE,.and CPHEg,,. are found to be minimal. Future studies are
encouraged to investigate the impact of fouling on the thermal performance of CPHEs with
vertical and diagonal flow arrangements. Additionally, conducting an economic feasibility
comparison will help determine the most efficient and cost-effective option for industrial
applications.
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