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The current research analyses the influence of corrugation pitch on channel frictional factor
(CFF), channel pressure drops, and total pressure drop in a single pass chevron plate heat
exchanger, across Reynolds numbers ranging from 2004 to 5421. Single corrugated
chevrons with a chevron angle of 60 are utilized. Corrugation pitch significantly
influences fluid flow distribution in the channels, consequently affecting flow
maldistribution, and pressure drop in PHEs. Additionally, the enhancement in CFF for
decreasing the aspect ratio at the same flow rate is examined. The study reveals a decrease
in channel pressure drops in the range of 79.79% to 82.25%, when increasing the
corrugation pitch from 12 mm to 30 mm and decreasing the aspect ratio from 56.4 to 31.33.
The current analytical results have been confirmed by comparing them with the
experimental findings reported in previous studies. Although higher pressure drops can
enhance heat transfer by increasing turbulence and improving flow distribution, however
they demand more energy for pumping, that can ultimately impact overall system’s
efficiency. Hence, finding an optimal balance is crucial for achieving efficient heat

exchanger operation.

1. INTRODUCTION

Plate heat exchangers (PHES) play a pivotal role in energy
conservation and efficient energy utilization. They are
recognized for their notably high area density. The high area
density can be described as the ratio of surface area’s of heat
transfer to the heat exchanger’s volume. This characteristic
results in a smaller hydraulic diameter for fluid flow that leads
to higher efficiency than conventional tubular heat
exchangers, all within a much smaller volume. In recent years,
PHEs have gained widespread adoption across various
industries including heating, cooling, and heat-regeneration.
These heat exchangers are chosen for their beneficial features,
such as high overall heat transfer rates, enhanced heat transfer
coefficients and areas, excellent efficiency, suitability for
sanitary applications in industries like brewing, and food
production, as well as ease of maintenance.

Mueller and Chiou [1] conducted a thorough review
focusing on the challenges associated with maldistribution.
Meanwhile, Bassiouny and Martin [2, 3] conducted an in-
depth analysis of PHEs, encompassing the derivation of
parameters such as axial velocity, total pressure drops, and
pressure distributions in the entry and exit ports. They also
explored flow distribution within the channels. Their
investigation resulted in the establishment of a generalized
parameter, designated as m? which represents flow
maldistribution.  This parameter was formulated by
considering mass and momentum equations for both entry and
exit port flows across different PHES. In his research, Bajura
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[4] conducted a thorough analysis of flow distribution systems
in inlet and exit ports. He created a mathematical framework
to elucidate the flow dynamics at specific junctions within the
manifold, emphasizing the importance of momentum balance.
Acrivos et al. [5] conducted research on the partitioning of
fluid streams within manifolds, focusing on pressure
alterations caused by wall friction and fluctuations in fluid
momentum. Meanwhile, Martin [6] studied the effects of the
largest flow path and the interaction between crossings and
longitudinal flow. Through his analysis, he derived a simple
equation for the friction factor that considers parameters such
as the chevron angle and Reynolds number. This equation
provides a plausible depiction of the system's behavior. Kumar
and Singh [7] studied the hydraulic performance analysis of
PHE with a chevron angle of 60< Yong et al. [8] investigated
the PHE's flow characteristics and developed a PHE resistance
calculation model.

Mulley and Manglik [9] undertook experimental research
focusing on turbulent flow heat transfer and pressure drop
within the PHE. Their study investigated various corrugation
angles to understand their impact on heat transfer and pressure
drop features. They considered equal flow rates in channels for
their studies. Tereda et al. [10] studied conduit-to-channel
uneven division of fluid flow in PHEs with a fixed number of
plates and corrugated angles, while varying port diameters.
Gulenoglu et al. [11] conducted experimental research
focusing on the thermo-hydraulic performance of three distinct
plate. Further, with experimentation they introduced a
corelation for novel correlation to describe the relationship
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between the Nusselt number and friction factor. This
correlation provides a mathematical representation that
connects these essential parameters, aiding in the
understanding and prediction of heat transfer and fluid flow
characteristics within the studied system. Faizal and Ahmed
[12] focused on the pressure drop and heat transfer in PHES
with varying spacings between corrugated plates. Han et al.
[13] performed numerical simulations and experimental
analyses to investigate the temperature, pressure, and velocity
fields in corrugated PHEs. Their observations included
temperature distributions and pressure reductions along the
flow direction. Focke et al. [14] carried out experimental
investigations to assess how corrugation inclination angles
affect the thermohydraulic performance of PHEs. They
assumed uniform flow within each channel. Their study
provides insights into the correlation between corrugation
angles, heat transfer efficiency, and fluid flow characteristics
within these exchangers. Khan et al. [15] studied the effects of
heat transfer characteristics in single-phase flow across a range
of Reynolds numbers, chevron angles, and corrugation depths.
Nilpueng and Wongwises [16] examined heat transfer
coefficients and water flow’s pressure drops within PHEs
featuring rough surfaces, comparing them with smooth
surfaces. Bobbili et al. [17] and Rao and Das [18] conducted
experimental investigations on flow maldistribution in PHEs,
considering various plate’s package sizes and corrugation
angles. They observed that flow maldistribution increased
with overall pressure drop. Fernandes et al. [19] examined
flow characteristics in corrugated-type PHEs, different
chevron angles, aspect ratios, and fluid viscosities at lower
Reynolds numbers. They observed correlations between
friction factors, aspect ratios, and chevron angles. Agarwal
[20] examined the temperature distribution, effectiveness, and
total heat transfer coefficient for various Reynolds numbers in
PHEs.

The literature review identifies a significant research gap
concerning the impact of corrugation pitch as a crucial
parameter in a PHE. Specifically, there is a shortage of
comprehensive studies exploring how corrugation pitch
influences the channel frictional factor (CFF), flow
maldistribution, channel pressure drop, and overall
nondimensional pressure drop. The present study aims to fill
these gaps.

2. PLATE GEOMETRY
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Figure 1. The geometric features of the plate
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The thermo-hydraulic performance of PHEs is significantly
influenced by several geometric features of chevron plates, as
highlighted in the previous studies [9, 10]. The parameters
mentioned include the corrugation angle (B), which describes
the angle of the corrugations on the plates, and the area
enlargement factor (¢). The ¢ is the ratio of the plate’s
effective area and the plate’s projected area. These parameters
are illustrated in Figure 1, which also depicts the plate
specifications and a sectional view (X-Xx).

3. MATHEMATICAL FORMULATION

The plate configuration utilized for analytical computations
is presented in Figure 1. These plates, densely packed and
featuring sine-wave corrugations, constrain open flow
passages intersecting at an angle of B, resulting in a complex
flow pattern and temperature distribution. This setup holds
promises for achieving high heat transfer rates while
maintaining relatively low pressure drops. Analytical studies
of sine waves suggest that the length of the curve between two
fixed points varies depending on both the amplitude and the
period of the wave.

Figure 2. Sinusoidal corrugated plate

For demonstrating the changes in curve length between two
fixed points having variations in amplitude and period, the sine
waves geometry is shown in Figure 2. The plate's geometry
resembles a sinusoidal curve, enabling the expression of the
corresponding sine wave equation as shown in Figure 3.

y = gsini—:x Q

The length of the curve described by the equation {y=f(x),

z=0} between x=a and x=b is given by:

b
L,1=J J1+y2?dx 2

The chevron pattern's wavelength aligns with the corrugated
pitch, as depicted in Figure 1. In this representation, the
sinusoidal corrugation's amplitude is labeled as p, while the
plate thickness is denoted as t. Considering the sinusoidal
curve of the wavy surfaces, the length of a sine curve can be
expressed as:
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Figure 3. Sine curve for plate geometry

Eqg. (3) represents an elliptical integral, and therefore, its
solution can be obtained as follows:
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The incomplete elliptical integral solution of the second
kind is provided by Brown [21].
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The enlargement factor (p) can be expressed as:
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The surface enlargement factor for sinusoidal corrugation
can be approximately determined using the following method:

(6)
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Pc
It is crucial to emphasize that the Reynolds number for a
PHE is expressed in terms of Dy (hydraulic diameter) which
can be expressed as follows:

Ucn

Re = (Dn)
= 2bLw/(b+Lw ¢) Since b<LW Dy =2b/g.

(8)

The fluid mean velocity in the channel can be expressed as:
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Martin [6] provided one of the correlations for the friction
factors of PHEs with chevron patterns. The Fanning friction
factor can be expressed as:

cosf

f=1I 1

2
(0.045 tanf + 0.09sin 3 + cg;,[?) (10)

+ 1 —cos B]_O s
J38R
where, f, === for Re <2000 and f, = (156InRe —
3.0)"2 for Re > 2000 fi =225 4 0.9625 for Re <
2000 and f; = 2 for Re > 2000

To validate the analytical results, the friction factor
correlation for the existing PHE was compared with
experimental data [18].

f = 21.41Re0301 (17)

The total pressure drop, comprising the channel’s pressure
drop, port’s pressure drop, (with an inner diameter of 25.4
mm), and the pressure drop in the passages, can be calculated
using the following equation:

APy, = APy + APpore + AP, (12)
The calculation of the port’s pressure drop relies on the total

flow rate and is determined by empirically established
equation [17].

2

14
AP,y = 1.5pr (13)

The pressure drops attributed to bends, sudden contractions,
and sudden expansions at the entry and exits are determined
using the following formula:

2

AP, = ecpr (14)
where, K,. represents the total pressure loss coefficient
associated with bends, sudden contractions, and sudden
expansions at the entry and exit of the conduits.

The pressure drops resulting from friction in the corrugated
passage are evaluated from flow rate, employing an empirical
formula.

ch Vch

APchm fch d p

(15)

The value of m? is determined using the equation provided
by Bassiouny and Martin [2] for similar entry and exit port
dimensions (Details are given in the Appendix).

(16)

Here, & represents the total frictional resistance of the
channel and is equal to & = fL.,/d;, plus other minor losses.



The total nondimensional pressure drop of the PHE is
calculated as:

mZ
Pin —Po = tanhz

) oy L an

The variation in pressure drop from the first to the last
channel is determined using an equation from Bassiouny and
Martin [2], which is based on the flow maldistribution
parameter (m?).

AP fc , (coshm(1 — 2))?
pW,? (sinh m)?

(18)

4. RESULTS AND DISCUSSION

Tables 1 and 2 present the geometric features of a chevron
plate and the scope of operational parameters examined in the
current investigation, respectively.

Table 1 demonstrates the range of parameters under
consideration in this research. Building upon these
observations, the current research endeavors to analytically
explore the m? alongside the pressure drop in PHEs across a
diverse spectrum of Reynolds numbers, corrugation pitches,
and channel aspect ratios.

Table 1. Description of the geometrical characteristics of a
chevron plate considered in the present study

Sl. No Terminology Parameters

1 Length of plate, L 726 mm

2 Width of plate, W 141 mm
3. Corrugation pitch 12 mm

4. Amplitude of plate 2,38 mm
5 Plate thickness, t 0.5mm

6 Chevron angle B =60
7 Number of channels per fluid 8-7

Table 2. The operational parameters considered in the
present study span the following ranges

Sl. No Terminology Parameters Range
1. Corrugation pitch (mm) Pc=12-30
2. Reynolds number Re = 2004 - 5421
3. Channel aspect ratio A=56.4-31.33
4, Maldistribution parameter, m? m?=0.99 - 6.33
5. Flow rate (L/sec) 0.139-5.55

4.1 Validation

4.1.1 Confirmation with experimental results conducted by
Rao and Das [18]

In Figure 4, a comparison is made between the analytical
results of the CFF obtained in this study and the experimental
data from Rao and Das [18]. The sets of results show strong
agreement, with discrepancies within 5%. From Figure 4, it is
clear that the CFF decreases as the channel Reynolds number
increases. It happens due to the concurrent rise in channel
velocity for a fixed number of channels.

4.2 Typical results

4.2.1 Exploring CFF in relation to corrugation pitch
Figure 5 explored the CFF with corrugation pitch is

illustrated for a fixed channel aspect ratio and flow rate in the
PHE. It is clear from Figure 5 that the CFF decreases as the
corrugation pitch increases. Additionally, it is observed that
the loss friction factor for higher channel aspect ratio values is
smaller compared to that of smaller channel aspect ratio values,
for the same rate of water flow in the PHE. This phenomenon
is attributed to the increased channel flow velocity in channels
with higher aspect ratios.
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Figure 4. Exploring CFF in relation to Reynolds number
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Figure 5. Exploring CFF in relation to corrugation pitch

At lower corrugation pitches, momentum dominates over
viscous forces, leading to a slower increase in the velocity
gradient. Moreover, reduced corrugation pitches encourage
swirling fluid movement within the inter-plate channels,
leading to increased friction within the channels. It is
important to highlight that the friction factor decreases at a
declining rate as the corrugation pitch increases, primarily due
to the heightened pressure drop penalty associated with lower
aspect ratios.

4.2.2 Exploring CFF in relation to Reynolds number

Figure 6 depicts the exploring CFF with Reynolds number
for various corrugation pitches and a fixed channel aspect ratio.
The trend depicted in Figure 6 indicates that the CFF decreases
with increasing Reynolds number. Additionally, it's observed
that the loss friction factor for smaller channel aspect ratio
values is greater compared to that of larger channel aspect ratio
values for the equal rate of water flow in the PHE. Another
contributing factor to this behavior may be the change in the
flow regime within the PHE as the hydraulic diameter
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increases and the enlargement factor decreases.
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Figure 6. Exploring CFF in relation to Reynolds number and

corrugation pitches

4.2.3 Exploring channel in relation to
corrugation pitch

Figure 7 illustrates the exploring pressure drop in the
channel with corrugation pitch for three different aspect ratios
and a fixed flow rate in the PHE. It is noted that with the
increase in the corrugation pitch of the plate, the pressure
drops decrease across all aspect ratios. This suggests that a
larger corrugation pitch facilitates a smoother flow, reducing
resistance and thus the pressure drop. The pressure drop is
highest at the maximum aspect ratio. This is likely due to the
increased flow disturbances caused by the more complex flow
path in channels with higher aspect ratios. The disturbances
can increase friction and turbulence, leading to a greater

pressure drop.

pressure drop
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Figure 7. Exploring pressure drop in channel in relation to
corrugation pitch

4.2.4 Exploring channel pressure drop in relation to Reynolds
number

Figure 8 depicts the exploring pressure drop in the channel
in relation to Reynolds number for three different corrugation
pitches and a fixed channel aspect ratio. The analysis shows
that the pressure drop rises as the Reynolds number increases
for all corrugation pitch values. Additionally, the channel
pressure drop reaches its peak at the lowest corrugation pitch
value due to the higher value of the enlargement factor,
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resulting in a reduced hydraulic diameter of the PHE. Higher
pressure drops can lead to better flow distribution throughout
the PHE, promoting more uniform movement of fluid through
the channels. This improved flow uniformity enhances heat
transfer efficiency by ensuring more effective contact between
the fluid and the surface area of the PHE.
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Figure 8. Exploring pressure drop in channel in relation to
Reynolds number

4.2.5 Exploring flow maldistribution parameter in relation to
corrugation pitch

Figure 9 illustrates the exploration of the, m? with
corrugation pitch for varying channel aspect ratios and a fixed
flow rate in a U-type PHE. At higher channel aspect ratio
values, minimal variation is observed in the m? value with
corrugation pitch. As depicted in Figure 9, the, m?, increases
with a decrease in channel aspect ratio for the same
corrugation pitch and water flow rate in the U-type PHE. This
trend arises from the fact that m? is influenced by channel
velocity, where a larger m? value indicates non-uniform flow
within the channel.
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Figure 9. Exploring flow maldistribution parameter in
relation to corrugation pitch

4.2.6 Exploring flow maldistribution parameter in relation to
Reynolds number

Figure 10 displays the relationship between the m?, and the
Reynolds number across three distinct corrugation pitches
while maintaining a constant channel aspect ratio within a U-
type PHE. The observation gleaned from Figure 10 indicates
that the flow maldistribution, denoted by m?, exhibits an
upward trend with increasing corrugation pitch and Reynolds



number, under the condition of a fixed channel aspect ratio and
consistent water flow rate in the U-type PHE. This observed
trend can be attributed to the fact that maldistribution is greatly
influenced by the hydraulic diameter, which experiences
variations with changes in corrugation pitch and Reynolds
number.
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Figure 10. Exploring flow maldistribution parameter in
relation to Reynolds number

4.2.7 Exploring total non-dimensional pressure drop in
relation to corrugation pitch

Figure 11 depicts a comparison of the total non-dimensional
pressure drop across various corrugation pitches for different
channel aspect ratios, while maintaining a fixed flow rate in a
PHE. From Figure 11, it is clear that the non-dimensional
pressure drop decreases as the corrugation pitch increases,
irrespective of the channel aspect ratio. This reduction in
pressure drop with increasing corrugation pitch can be
attributed to the higher channel velocity associated with larger
corrugation pitches. Furthermore, the observations from
Figure 11 indicate that the pressure drop tends to increase with
higher aspect ratios. This increase in pressure drop as the
aspect ratio rises is attributed to the reduction in hydraulic
diameter, which leads to heightened flow resistance within the
channels.
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Figure 11. Exploring total non-dimensional pressure drop in
relation to corrugation pitch

In summary, the trends observed in Figure 11 underscore
the significant impact of corrugation pitch and channel aspect
ratio on the non-dimensional pressure drop in U-type PHEs.
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Increases in corrugation pitch enhance channel velocity,
thereby reducing pressure drop, whereas increases in aspect
ratio decrease hydraulic diameter, resulting in heightened
pressure drop.

4.2.8 Exploring total pressure drop in relation to Reynolds
number

Figure 12 illustrates the exploring in the channel’s pressure
drop with Reynolds number across various channel aspect
ratios and corrugation pitches. From the data presented in
Figure 12, it is apparent that the pressure drop increases with
rising Reynolds number, regardless of the channel aspect
ratios and corrugation pitches. This observed increase in
pressure drop with Reynolds number can be attributed to the
influence of maldistribution, which is intricately linked to the
overall friction coefficient of the corrugated channel and the
channel aspect ratios. Moreover, it is noteworthy that the
pressure drop tends to decrease as the channel aspect ratio
decreases, given a fixed corrugation pitch and consistent flow
rate in the PHE. This phenomenon occurs because a reduction
in the channel aspect ratio leads to a decrease in the hydraulic
diameter, which in turn lowers the overall flow resistance
within the channels, resulting in a decreased pressure drop.
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Figure 12. Exploring total pressure drop in relation to
Reynolds number

In summary, the trends observed in Figure 12 underscore
the complex interplay between Reynolds number, channel
aspect ratios, and corrugation pitches in influencing pressure
drop in PHEs. Increases in Reynolds number generally lead to
heightened pressure drop, while decreases in channel aspect
ratio tend to reduce pressure drop due to associated changes in
hydraulic diameter and flow resistance.

5. CONCLUSIONS

The analytical presentation of flow maldistribution, and
pressure drop considers a broad range of corrugation pitch,
Reynolds number, and aspect ratio. The study investigates the
effects of corrugation pitch and Reynolds number on CFF,
flow maldistribution and channel pressure drop in PHEs. It is



observed that corrugation pitch has an increasing effect on the
hydraulic performance of a PHE, with higher aspect ratios
leading to larger pressure drops. However, a larger corrugation
pitch tends to decrease the channel pressure drop. The analysis
reveals that pressure drop increases with the rise in Reynolds
number for all corrugation pitch values. Additionally, the flow
maldistribution parameter increases with a decrease in channel
aspect ratio for the same corrugation pitch and the flow rate in
a PHE. Furthermore, it is found that flow maldistribution
parameter increases with increasing corrugation pitch and
Reynolds number, while maintaining a fixed channel aspect
ratio and water flow rate in the PHE. The nondimensional
pressure drop decreases with increasing corrugation pitch for
three different channel aspect ratios.

It is noted that for a given channel aspect ratio, increasing
water flow rate leads to decreased pressure drops in the
channels but increases the uneven fluid flow in the channel.
Overall, the study highlights the need to balance Reynolds
number, corrugation pitch, and aspect ratio to optimize heat
exchanger performance.
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NOMENCLATURE

A
Ain
Ao
Ap

Ac
b
Dn

dpipe
E

f

fch
Kec
L
m2
n

Pc

p

Pin
Po
Apchm
APec

Apsirst
Apport
Ap
Re

t

uC
W

Greek letters

B
.Bin

Bo

APPENDIX

The flow arrangement of the U-type PHE, including its
geometrical and flow path details, is illustrated in Figure 1A.
The analytical solution of differential equations related to

aspect ratio, (L/b)

cross-sectional area of inlet port, m?
cross-sectional area of outlet port, m?
cross- sectional area of the identical both
port, m?

cross-sectional area of the channel, m?
plate spacing, m
hydraulic diameter
channel, m
connection pipe diameter, m

complete elliptical integral of second kind
Fanning friction factor

CFF

coefficient of total pressure loss

vertical distance between the two ports, m
flow maldistribution parameter

number of channels per fluid

corrugation pitch, m

sinusoidal corrugation

inlet port pressure, pa

outlet port pressure, pa

mean channel pressure drop, pa

pressure drop (sudden expansion and
contraction), pa

pressure drop at the first channel, pa
pressure drop (between the inlet and outlet
ports in PHE

dimensionless pressure drop across a PHE
Reynolds number, Re=(pu.Dy)/u
thickness of plate, m

dimensionless channel velocity

width of the plate, m

of the corrugated

corrugation angle of the plate (°)

average velocity ratio in the inlet port
(=average inlet channel velocity/ inlet port

velocity)

average velocity ratio in the outlet port
(=average outlet channel velocity/ outlet
port velocity)

area enlargement factor

density of the fluid, kg/m?

overall friction coefficient of the corrugated
channel

flow in ports, can be expressed as follows.

1d(Pin_PO
p dz

el G ]
-1 (5

aw
- @ pw|w =0

(AD)
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Figure 1A. Flow arrangement for U type plate heat
exchanger

The friction loss in the conduits of a plate heat exchanger is
considered to be minimal compared to the friction losses
within the channels between the plates and the momentum
changes caused by flow branching. As a result, Eq. (A1)
simplifies to:

1d(Pm_ )

g le- mw—f

dw (A2)
- (2 _ﬁin)] WE =0

The relation between the pressure drop in the channels and
the channel velocity can be written in the following form:

U2
P =Py = $cp = (43
. _ AL aw
where, {, = 1+C+fc ~tCand Up = —- "

Egs. (A2) and (A3) can be reduced to dimensionless form
after introducing the following dlmensmnless groups;
P

Uc
p:

w
=—, u‘C =—, 7 =
The resulting equations will be given as follows:

W2‘W 7% 7% L
P 0 0 P

d(Pin — Po) A dw
4z (2 - ﬁo)(E)z — (2= Bi)] Wd_Z (A4)
=0
dw . AS
Pin — {C dZ) ( )

After substituting Eq. (A5) into (A4), one obtains two
ordinary differential equations for the velocity in the intake
conduit:

d*w

a7 (A6)

-m*w=0
dw
— = A7
;=0 (AT)
2 _ f2=Bo) (4in 2 4727 Bin MNAcy2
Where’ m-= [(Z_Bin> (Ao) 1] e (Am)
The value of m? is determined using the equation provided

by Bassiouny and Martin [2] for similar entry and exit port
dimensions.

(A8)

Eq. (A7) represents a case of no fluid flow between the PHE
The boundary conditions applied to Eq. (A6) are w=1, at z=0



and w=0, at z=1, the solution of this equation depends on the
sign of m?, therefore three cases can be taken into
consideration but the value of m? is positive taken in present
analysis.

2-Bo

2
s )(A‘") > 1, the general solution
m

m? is positive, then (
will take the form.

w = Clemz + Cze_mz (A9)
Applying the foregoing boundary conditions to determine
the constants C; and C; the following are obtained.
The distribution of pressure drop from the initial to the final

1405

channel is determined using the Eq. (A5), which relies on the
flow maldistribution parameter, m?,

AP
pw,?

, (coshm(1 - 2))?
(sinh m)?

fc

(A10)

nA

The total nondimensional pressure drop of the PHE. At z=0,
Eq. (A10) becomes:

m? ¢
Pin — Do = (mnhz )(—)2

(All)





