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Abstract

Channel flows of Plate Heat Exchangers (PHEs) were assessed by experiments
with three different chevron angle arrangements in turbulent regime. Two
chevron angles were selected to assess low and high pressure drop channels,
besides a third mixed configuration as to achieve in-between results regarding
hydraulic performance. Friction factor correlations were provided with the
channel Reynolds number ranging from 1175 to 8325. Two-dimensional (2D)
mean velocity field was obtained by Particle Tracking Velocimetry (PTV)
with Reynolds number equal to 3450. To the best of our knowledge, this is the
first experimental study that quantified the complete 2D velocity field of a
typical PHE channel. This value allowed comparison with literature results of
Plate and Shell Heat Exchanger (PSHE) channels with the same Reynolds
number. PSHE mean velocity field is highly heterogeneous as compared to
the one obtained for PHE channels. Peak velocity magnitude in the PSHE
center is 50% higher than its bulk velocity, whereas this value is only 15%
higher in the PHE center. Pressure drop in PHE mixed channels cannot be
approximated by averaging chevron angles: furrow flow prevailed in the spec-
ified conditions. The axial velocity is asymmetric regarding the vertical plane.
Smooth streamlines prevail in the channel inlet. Recirculation zones at the
channel exit affect pipe flow in the manifold outlet with swirling flow struc-
tures. The necessary length to obtain fully developed pipe flow at the channel
outlet was estimated. Significant velocity components occur in the distribu-
tion areas and can limit the heat exchanger performance. The results reported
herein are essential to understand how the PHE channel geometry affects the
velocity field and, therefore, local heat transfer and dissipation processes.
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1. Introduction

Plate Heat Exchangers (PHE) are widely used in many industries such as refrig-
eration, oil production, power generation, chemical and food processing. These
exchangers provide high heat transfer coefficients, reduced fouling, and are rela-
tively compact. A typical gasketed plate heat exchanger consists of a stack of
rectangular thin plates with wavy surfaces held together in a frame by compres-
sion bolts, Kakag et al [1]. Flow channels are sealed by gaskets, which prevent
leaking and intermixing of the fluid streams. Plate heat exchangers allow opera-
tions with a maximum pressure of about 30 bars and temperature levels up to
260°C, Shah and Sekulic [2].

Several works were carried out to investigate the performance of PHEs with
chevron plates. Single-phase flow correlations for heat transfer and friction fac-
tor coefficients were provided by numerous authors; see references [3]-[10], for
example. Detailed literature reviews on corrugated plate heat exchanger and heat
transfer enhancement techniques in PHEs were presented by Elmaaty et a/ [11]
and Zhang et al [12], and more recently by Arsenyeva et al [13]. It is consensual
that the chevron angle is the most influential geometrical parameter in PHE de-
sign.

Experimental studies with visualization techniques were conducted by Focke
et al. [14] and Dovi¢ and Svaic [15]. Differently from previous studies [3]-[10],
which are essentially based on averaged quantities, the latter visualization inves-
tigations [14] [15] allow appraisal of local flow features. Fluid particle trajectory
patterns were addressed for different chevron plate configurations, for example.
For chevron angles less than 45° (angle between the corrugated channels and the
vertical edge of the plate) fluid flows mainly along the furrows, whereas, for
higher angles, wavy longitudinal flow is predominant. Martin [16] considered
the combined effects of each flow pattern in PHE channels to derive an equation
for the friction factor as a function of the corrugation angle and the Reynolds
number. Heat transfer coefficients were also obtained for turbulent channel
flows. Attempts to provide precise and generalized PHE correlations, which in-
clude the correlation dependence on Reynolds numbers, chevron angles and
corrugation aspect ratios, have been proposed by Arsenyeva et al [17]-[19].

Despite the extensive research on PHE design parameters, few studies had in-
vestigated the velocity field within PHE channels. To the best of our knowledge,
this is the first experimental study that quantified the complete 2D velocity field
of a typical PHE channel. Previous investigations are restricted to an averaged
cross-section velocity at the PHE heat transfer area [3]-[10] [16]-[19], or to
qualitative fluid particle trajectory descriptions [14] [15]. The present results are
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essential to understand how the PHE channel geometry affects the velocity field
and, therefore, local heat transfer and dissipation processes. The results reported
herein are crucial to understand why correlations of friction factors and Nusselt
numbers obtained in the literature yield significant differences in GPHE design;
see Santos et al. [20].

In this study, the effect of the PHE plate geometry on the 2D mean velocity
field of typical channels will be investigated with the aid of Particle Tracking
Velocimetry (PTV). Assessment occurs with narrow acrylic sheets, machined to
match the PHE channel geometry and ensure visual accessibility. Three different
chevron angle arrangements (30°/30°, 60°/60° and 30°/60°) were applied in tur-
bulent flow regime. The first and second arrangements are representative of low
and high pressure drop channels, respectively, while the third configuration is an
attempt to achieve in-between results regarding hydraulic performance. Friction
factor correlations will be provided for water flows with the Reynolds number,
based on the PHE hydraulic diameter, ranging from 1175 to 8325.

PTV measurements occurred with Reynolds number equal to 3450. This value
was selected as to allow comparison with the velocity field of Plate and Shell
Heat Exchanger (PSHE) channels measured with PTV by Beckedorft et al [21]
[22] with the same Reynolds number and with chevron angle arrangement of
45°/45°. As a consequence, the effect of rectangular or circular corrugated plate
geometries on the mean velocity field can be compared. Additionally, the effect
of the flow behavior at the channel outlet on the exit pipe flow has been exam-
ined. The decay of swirling flow structures and the necessary length to obtain

fully developed pipe flow were estimated with the aid of literature results.

2. Methodology
2.1. Test Rig

Figure 1 presents the experimental setup used to investigate PHE channel flows.
Siemens Sinamics V20 controlled centrifugal pumps (Multisteel, type RF 32/160)
as to fine-tuning of the Reynolds number in the measurement section. Mass flow
rate is measured employing a Rosemount 8700M magnetic flowmeter (inaccu-
racy is less than 0.5% of the registered flow rate). A mesh flow conditioner is
placed 40 pipe diameters upstream of the test section. Following Laws et al [23],
a nearly developed flow at the PHE channel entrance is expected. The flow is
then conducted back to the water reservoir.

Omega transducers, type PX409 (0.08%FS uncertainty), allowed absolute and
differential pressure measurements (not shown in Figure 1). The absolute pres-
sure is monitored at the test section entrance by Omega transducers with the aid
of pressure taps. Omega 100Q2 platinum RTD monitors water temperature in the
flow loop. National Instruments acquisition systems were applied to collect
measuring data, monitored through LabVIEW software. Downward and upward
flows have been tested to confirm that gravity would not affect adiabatic flows

within PHE channels. Table 1 summarizes sensors’ uncertainty specification.
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Electromagnetic
flow meter

Process valves

Water tank

Test section

Figure 1. Multiphase flow experimental setup schematics. Only the water circuit (colorful
graphic) was applied for experiments.

Table 1. Uncertainty specification of applied sensors.

Parameter Specification Uncertainty
Rosemount 8700M
Water flow meter . 0.5 (%RD)
magnetic flowmeter
Absolute pressure transducer Omega PX409 (absolute) 0.08 (%FS)
Differential pressure transducer =~ Omega PX409 (differential) 0.08 (%FS)
Temperature sensor RTD PT100-PMA-1/8-6-1/8-R-3  (0.15 + 0.002T)°C

Water flows were measured within PHE channels by Particle Tracking Ve-
locimetry (PTV) with a fast camera (SpeedSense type). It has 12-bit grayscale
CMOS sensor and a resolution of 1280 x 1280 pixels. Nikon 18 - 200 mm f/3.5 -
5.6 lens was used to capture almost instantaneous particle positions in a 211 x
695 mm?* rectangular area of the test section. The camera operated at 1000 Hz.
The experimental settings can be summarized as: pixel sensor resolution equal to
10 pm? focal length of 100 mm; exposure time of 1 ms; distance from the lens to
the object of 0.95 m. In order to reduce reflections to the fast camera, a lighting

system consisting of LEDs was positioned around the channel.

2.2. Test Sections

Two pairs of acrylic sheets with the thickness equal to one inch were machined
to generate PHE channels. Each pair of sheets was machined with different cor-
rugation angles. Several bolts press a pair of sheets against each other and a gas-
ket which circumvents them as to assure ideal sealing. The primary dimensions
of the frontal view of a single plate which composes the PHE channel are pre-
sented in Figure 2(a). The origin of the Cartesian coordinate system is at the
frontal view center. Gravity is antiparallel to the y-axis. The variable £ stands for

chevron angle: the angle formed by the corrugation and the y-axis. The chevron
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angle is well-known to affect thermal and hydraulic behaviors of GPHEs as

showed in the study of Yang, Jacobi and Liu [9], who presented increasing heat

transfer and friction factor coefficients with increasing S-values.

Main flow
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Figure 2. Test section features of PHE channels: (a) frontal view main dimensions for one

plate, (b) cross-section complex form and (c) cross-section variation along the axial di-

rection (y-axis).

With the motivation of investigating PHE hydraulic features affected by dif-

ferent p-values, three chevron arrangements were tested: 30°/30°, 30°/60° and

60°/60°. The acrylic sheets were built in a way that allowed the use of different

corrugation angles to form a channel. 30°/30° configuration typifies channels

with a minimal pressure decrease (i.e. L-channels), whereas 60°/60° arrangement

characterizes channels with substantial pressure drop (Ze. H-channels). Follow-

ing the flow pattern chart of Sarraf et al [24] and for channel Reynolds numbers
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surpassing 500, furrow or spiral flow patterns manifest in L-channels, whereas
longitudinal wavy or cross-flow patterns arise in H-channels. Flows in PHE
channels encompass both configurations with 30°/60° arrangement, with a prev-
alence of the furrow pattern under the specified boundary conditions.
Cross-section complex form is shown with the aid of Figure 2(b): note the
presence of several irregular areas along the y-axis. Cross-section values along
y-axis, denoted as Asec, are presented in Figure 2(c) in a line segment which
comprises the channel inlet and outlet centers; see the variable Z, in Figure 2(a).
Dissipation processes are very intense in the inlet and outlet distribution zones: y
< =200 mm and y > 200 mm in Figure 2(c). Flow experiences deceleration and
acceleration with high velocity components. Within the heat transfer zone, the
periodic cross-section variation encompasses components of low fluid velocity.

Channel primary geometric characteristics are summarized in Table 2.

Table 2. Channel primary geometric characteristics.

Parameter Symbol Value
Chevron angle (°) s 30/30, 30/60, 60/60
Length between the inlet and outlet centers (mm) Ly 639
Plate width (mm) Ly 211
Port diameter (mm) Dyort 56
Corrugation depth (mm) b 3
Corrugation pitch (mm) P 10.75
Enlargement factor (-) ¢ 1.17
Hydraulic diameter (mm) Dy 5.14

2.3. PTV Method—Applied Particles and PTV Algorithm

Gravel seeding particles were added to the water as flow tracers. To assure these
particles could represent main flow structures, time and length scales of particles
and fluid were compared as well as the effect of gravity on particles, and the ef-
fect of fluid acceleration on particle motion. The incorporation of these particles
into the water has been a consistent practice in our prior studies, as documented
by Beckedorff et al [21] [22].

Following Albrecht et al [25], relaxation time for particles, 7,, in stationary

flow is given by:
Tp :(dpzpp/18/‘)(1+0'5pf/pp) ey

where d, is the particle diameter, p is the mass density and u is the dynamic vis-
cosity. The subscripts p and f stand for particle and fluid, in that order. The re-
laxation time of the gravel particle with a diameter of 0.15 mm is 2.6 ms. Prior
values are then compared to dissipative fluid time and length scales. By applying
viscous wall units and adopting Kolmorogov scales as the fluid ones, one finds

T, = V/ u’and = v/u, respectively, where v is the kinematic viscosity and u,

DOI: 10.4236/0jfd.2024.143008

168 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2024.143008

F.J. dos Santos et al.

the wall shear velocity. The latter is defined as u, = (7./p)"* where 7, is the wall
shear stress. An approximation of the magnitude order can be achieved by uti-
lizing 7, = yvsl tave, Where t. is the average channel height and equals to 3 mm,
and vz is the bulk velocity at the PHE center (plane y = 0). For vz = 605 mm-s/,
the estimated values for 7,, i, /4 and 7z are as follows: 0.20 Pa, 14.23 mm-s™,
0.0705 mm, and 4.9 ms, respectively. Time- and length-scale ratios for particles
and fluid are now presented with the Stokes number, St = 7,/ iz = 0.5, and with
the ratio dp/I, = 2. It is concluded that the main flow scales can be captured by
applied gravel particles.

In addition, the effect of gravity on particles can be measured by comparing
the final velocity of the gravel particles with the bulk flow velocity, while the ef-
fect of fluid acceleration on particle motion can be demonstrated by comparing
the ratio of pressure gradient forces (including additional mass forces) to buoy-
ancy forces. For actual boundary conditions, both effects are negligible, see ref-
erences [21] [22].

The methodology for identifying separate particle trajectories through PTV
resembles the approaches employed by Oliveira et al [26]-[28] in pipe flow and
Beckedorff et al [21] [22] in a PSHE channel. Tracer trajectories were acquired
with the aid of Davis PTV code from La Vision. References [29] [30] provided
detailed information on the algorithm used for tracking. Processing calibration
images establish a correlation between pixel data and the physical dimensions of
the calibration plate. The latter is made of plastic, 0.5 mm thick, and it contains
circular voids regularly spaced in 20 mm in both horizontal and vertical dimen-
sions. The plate surface area has been cut to match the xy-plane flow area of
Figure 2(a), ie. the projection of the frontal view area where PHE channel flow
occurs. A third-order polynomial establishes a correlation between pixel data
and physical dimensions of the calibration plate, achieving an RMS error of less
than 0.5 pixels, or approximately 5 um. Once the calibration procedure is com-
pleted, flow measurement images generate files containing the time and space

positions of separate particle trajectories.

Identification of
circular voids

(b) (0)
Figure 3. Photographs of the PTV method: (a) calibration plate image at the channel center, (b) identified voids

(in green), (c) channel flow image, and (d) integration of separate tracer trajectories within a limited time span.

Figure 3 shows photographs of the PTV method. Figure 3(a) displays calibra-

tion plate image at the channel center, while Figure 3(b) illustrates the identified
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voids (in green). Note that the calibration recording is registered at a single posi-
tion, limiting the trajectory analysis to the channel frontal view plane. Figure
3(c) shows channel flow image: note that light noise is significant. Imaging fil-
ters enhance the contrast between the object and the background as to facilitate
identification of particle tracks. Particles centers’ are identified with the aid of a
Gaussian fit. Space and time references of each particle identified are exported to
the analysis method; see the integration of individual tracer trajectories within a
limited time window in Figure 3(d).

2.4. Trajectory Analysis Method

Figure 4 shows the applied PTV mesh. Figure 4(a) shows separate bins project-
ed on the channel frontal view (left), and geometry of a measurement bin (right).
Figure 4(b) shows discrete bins projected in the frontal view of the channel inlet
or outlet (left), and geometry of a measurement bin at the same positions (right).
False trajectories generated during the PTV procedure are discarded by a length
filter and a displacement outlier-check at the channel periphery [21] [22]. False
trajectories were mostly created by light reflections at the channel edges. Af-
terwards, velocity vectors in the plane of view are attained by the differentia-
tion of the validated trajectories with regard to time. Over 100,000 velocity
vectors were obtained with twenty individual measurement sets of 2 s. Finally,
ensemble-averaging of velocity vectors at grid points around of Figure 4 is
performed.

The grid volume at the center of the channel is 3217 mm’, and at the in-
let/outlet, 533 mm®. PTV measurements were obtained with the Reynolds num-
ber, based on the PHE hydraulic diameter, equal to 3,450. A camera frequency of
1000 Hz was applied. Flow measurement analysis at the channel inlet and outlet
undergo conversion from Cartesian to cylindrical coordinates, with the origin at
the center of the inlet and outlet manifolds. Radial velocities, denoted as vrad,
are collected in bins of Figure 4(b).

0.4
0.3 @2@
N
0.2
0.1
E 0 Acrylic
EN Plates
0.1 Fluid
-0.2
,/
-0.3 Q:@

04
02 -0.1 0 01 02
x [m]

(a)
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|

IjQ&m
Plates

L

(b)

Figure 4. Discrete bins projected on the channel frontal view (“a”—left) and geometry of

«_»

a measurement bin (“a”—right). Discrete bins projected in the frontal view of the channel
inlet or outlet (“b”—left) and geometry of a measurement bin at the same positions
(“b”—right).

Method validation occurred with mass flow rate integration in different
channel cross-sections. Integration was obtained with the product of the mean
axial velocity and the cross-sectional area of each grid. With the mass density of
water at nearly atmospheric condition, one can find the PTV mass flow rate in
different y-planes. Finally, PTV accuracy was guaranteed by comparisons with
the electromagnetic flowmeter reading at 15 cross-sections. These results match

within experimental error.

2.5. Determination of Friction Factors

To calculate the frictional pressure drop (AP.), it was adopted a procedure sim-
ilar to that employed by references [20] [31]. Needles were positioned at the
channel entry and exit by creating small holes through the gasket sealing. Fric-

tion factor can be calculated according to:

£ 2APch.Dh p2 @)
m
4 ch
- [ A. j
D, :27:’ 3)

where m,, denotes the channel mass flow rate, and D; is the hydraulic diame-
ter. The variable ¢ represents the enlargement factor, defined as the ratio of the
effective to the projected plate area [1]. Following the approach of reference [16],
¢ can be computed as:

¢=1/6(1+\/1+X2 +4\/1+x2/2) (4)

where x represents the corrugation number, 7b/P, . Following Beckedorff et al.
[32], the maximum uncertainty for friction factors was +5.5%, calculated in ac-

cordance with:

=

2DL,m3 AP M,
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3. Results
3.1. PHE Channel Flow

Figure 5(a) shows the effect of chevron angle arrangements (30°/30°, 30°/60°
and 60°/60°) on the channel pressure drop (AP.) and Figure 5(b), on the Fan-
ning friction factor. Circles, diamonds and triangles represent L/L, L/H and H/H
arrangements, in that order. The Reynolds numbers, Re, based on the cross-section
area, Asec, ranged approximately from 1175 to 8325:

A u

Kakag et al [1] defined flow regime as turbulent for channel Reynolds num-

Re= (6)

bers over 400. The same flow regime is considered according to Bond [33] and
Gusew and Stuke [34].

300 3/4
Op=L/L A OB=L/L
| _ =[1.7257Re 016
250 1 oB=H/L A . op=HL
— 200 - AB=H/H . 1 \A\ﬂﬁA~ AB=HH
= 150 o ase
Q:S A ~
< - ANe} ]
100 Ao 14 & f=53.82Re 06%
50 - . 0y Pew
@Aoo S oo . =0
P o [60.507ReTH 0
0 2500 5000 7500 10000 0 5000 10000
Re Re
(a) (b)

Figure 5. Effect of chevron angle arrangement on PHE pressure drop (a) and on the fric-
tion factor (b). Circles, diamonds and triangles represent L/L, L/H and H/H arrange-
ments, in that order.

For the same Reynolds number, channel pressure drop increases with in-
creasing chevron angles owing to the increased flow disturbance in longitudinal
wavy flows as compared to furrow patterns; see Sarraf et al [24], for example.
Note that the pressure drop in mixed channels cannot be approximated by aver-
aging the chevron angle arrangement: it is slightly higher than the one presented
for L-channels. Despite the occurrence in mixed channels of both patterns (fur-
row and longitudinal wavy), furrow pattern prevails in the present conditions.

Table 3 summarizes friction factor correlations for the actual experiments.
R*-values over 0.98 assure the quality of each fit.

Figure 6 shows the mean axial (a) and lateral (b) velocity components for
chevron angle arrangements of 30°/30°, and with channel Reynolds number
equal to 3450. Despite the differences in fluid particle trajectories with respect to

the channel chevron angle, the projection of the mean velocity components onto
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the channel frontal view is comparable. Therefore, for the sake of brevity, results
were only presented for one chevron angle configuration. With the aim of com-
paring the effect of rectangular and circular corrugated plate geometries on the
mean velocity field, Figure 6 also presents the mean axial (c) and lateral (d) ve-
locity components for a Plate and Shell Heat Exchanger (PSHE) channel with
the same Reynolds number and with chevron angle arrangements of 45°/45°, as
investigated by Beckedorff et al [22]. The PSHE plate external diameter is 295

mm, and its heat transfer area is nearly half of the PHE area.

Table 3. PHE friction factor correlations obtained with water flows. Prandtl number is
4.3, and the Reynolds number is in the range 1175 - 8325.

Chevron angles Correlations
30°/30° £=60.507 Re’ 0803
30°/60° f=53.82Re"8
60°/60° =1.7257Re®1¢
Fouling preferably occurs [m/s] [m/s]
in low velocity areas 0 . . . 0.8
03 03 O@
‘,~ -0.3 0.5
0.2 0.2
0.1 06 0.1 0.2
E o 09 E o 0
EN EN
0.1 1, 01 0.2
-0.2 -0.2
.15 -0.5
-0.3 -0.3 @
-1.8 -0.8
-0.1 0 0.1
x [m]
(b)
0.14 0 014 12
0.07 04 007 0.6
E 09 8 0
~ ~
-0.07 -1.4 -0.07 -0.6
-0.14 19 -0.14 i
-0.14 -0.07 0 0.07 0.14 0.14 -0.07 0 0.07 0.14
x [m] x [m]
(©) (d)

Figure 6. Effect of the corrugated channel geometry on the mean velocity field: (a) axial
(PHE), (b) lateral (PHE), (c) axial (PSHE) and (d) lateral (PSHE) components. Down-
ward flows were measured. PHE and PSHE chevron angle arrangements are 30°/30° and
45°/45°, respectively.
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The asymmetry in the mean axial velocity concerning the plane x = 0 is evi-
dent in Figure 6(a). In the left region of the channel (-0.2 m < y< 0.2 m; x < 0),
the flow resistance is reduced due to the shorter exit length: note that yellow
color indicates velocities with higher magnitude in regard to orange/red colors.
Fouling preferably occurs in low-velocity areas (=0.2 m < y< 0.2 m; x> 0.05; see
dashed line in Figure 6(a). The distribution regions exhibit the highest axial ve-
locities (< —0.2 m; y> 0.2 m) due to mass conservation, as seen in the blue re-
gions of Figure 6(a). The lateral bulk approaches zero in the central region (-0.2
m < y < 0.2 m), as illustrated in Figure 6(b). Lateral velocity is nearly an-
ti-symmetric concerning the plane y = 0; compare yellow/red colors for y> 0.2
m to light and dark blue areas for y< —0.2 m.

Comparison of Figures 6a and 6c reveals that the PHE mean velocity field is
more homogenous in the heat transfer area in regard to the PSHE velocity field.
Average axial velocity components are meaningful in the PSHE central area
(-0.08 m < y < 0.08 m; —0.05 m < x < 0.05 m), see light and dark blue colors in
Figure 6(c). The short distance between ports promotes high velocities. Fouling
preferably occurs near the external circumference in the PSHE channel, where
axial bulk velocities approach zero. The peak velocity magnitude in the PSHE
center point (y= 0; x= 0) is 1.5 vz, whereas this value is 1.15 vz in the PHE cen-
ter point. Figure 6(d) reveals that the lateral velocity is nearly anti-symmetric
concerning planes y = 0 and x = 0. Maximum lateral velocity is nearly 0.45 vz for
the PHE channel, and roughly 0.63 vz for the PSHE channel.

Figure 7(a) and Figure 7(b) present profiles of the mean axial and lateral ve-
locity components, in that order, in five PHE y-positions: three in the heat
transfer area (—0.13, 0 and 0.13) and two in the distribution regions (-0.26 and
0.26); see Figure 7(c). The velocity is made non-dimensional with the bulk ve-
locity, vs, at the PHE center (y= 0).
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Figure 7. Effect of the PHE channel geometry on the mean velocity: (a) axial and (b) lat-
eral components in five y-positions (c). Downward flows were measured.

The asymmetry of the mean axial velocity field is demonstrated with the aid of
Figure 7(a). At the channel mid-plane, the peak axial velocity is 1.15 vz and oc-
curs at x/Lw = —0.11, whereas the relative horizontal velocity is nearly zero. At
the distribution regions, plane y = +0.26, the maximum velocity reaches 2.4 vz at
the entrance, and 2 vz at the exit. Error-bars (standard errors with confidence
intervals of 95%) give an indication of the variation of velocity over the channel
height. Note that the magnitude of the lateral velocity is higher at the outlet dis-
tribution, Figure 7(b). Significant velocity components in the distribution areas
(as shown in planes y = £0.26) will play important role in the PHE dissipation
process. In accordance to reference [13], the pressure drops at the channel inlet
and outlet with the distribution zones can account for up to 50% of the total
pressure drop in the PHE.

Figure 8(a) shows the dimensionless mean radial velocities at the inlet and
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exit ports. Cylindrical coordinate systems with their origins at the ports’ centers
are used, as indicated in the top/left of Figure 8(a) and in Figure 4(b). Outlet
and inlet results are plotted in clockwise and in counter clockwise directions, in
that order. Figure 8(b) shows linear streamlines in radial direction at the chan-
nel inlet with the join of separate tracer trajectories in a limited time span, while
Figure 8(c) highlights the recirculation zones formed at the channel outlet with

the aid of air bubbles added to the main stream.
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05F X JZI/ % 4
s
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Figure 8. Dimensionless mean radial velocities at the inlet and exit ports (a); linear

streamlines in radial direction at the channel inlet (b); recirculation zones at the channel
outlet (c).

The radial velocity can reach up to 1.4 vzat the PHE exit, and it can exceed 1.7
vz at the entrance. The PHE channel outlet exhibits flow recirculation (Figure
8(c)), influencing the radial velocity distribution. The annular cross-section
surrounding the PHE channel outlet is smaller than the exit pipe cross-section,
resulting in flow deceleration and increased static pressure. This pressure rise
induces boundary layer separation near the channel outlet, leading to the for-

mation of recirculation zones. Similar behavior was found at the exit of PSHE
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channel by reference [21]. On the fictional closed curves, the average measured
fluid velocity is 0.7 m-s™'. Conversely, at the channel inlet, the flow accelerates
while static pressure decreases, allowing flow trajectories to enter the PHE

channel along roughly linear streamlines in radial direction (Figure 8(b)).

3.2. Manifold Outlet (Pipe Flow)

Flow recirculation characterizes the channel outlet as observed in Figure 8(c).
The recirculation zones affect therefore the turbulent pipe flow in the manifold
outlet. To quantify the recirculation intensity, I', around a fictional recirculation
boundary, one can apply:

I'=27uR (7)

where R is the recirculation length-scale (half of the hydraulic diameter of the
circulation area), roughly 9 mm, and u is the average measured fluid velocity on
the fictional closed curves, just about 0.7 m-s™. In the given conditions, the
magnitude of T is equal to 0.04 m*s™".

With the aim of visualizing swirling flow structures at the channel outlet,
bubbles have been added to the main PHE flow. Figure 9 shows a photograph of
the turbulent pipe flow with air bubbles added to the main stream at the exit

manifold.

Figure 9. Visualization of swirling flow structures at the PHE channel outlet.

The necessary length to obtain a fully developed turbulent pipe flow at the
channel outlet is estimated following the experimental work of Rocklage-Marliani
et al. [35] who investigated swirling turbulent pipe flows with Laser-Doppler
measurements and a swirl generator. The latters investigated pipe flow statistics in
several cross-sections downstream the generator. Following Rocklage-Marliani et
al. [35], statistics were compared with different rotation numbers (Ro) defined
as:

Ro =QD/2v, (8)

where Q) is the angular velocity. A rough estimation of Q length-scale for the
present experiment is 12.7 s™. By taking vz as 0.15 m-s™, one estimates the rota-
tion number as 2.4.

Escue and Cui [36] studied numerical swirling turbulent pipe flows by nu-
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merical simulations and validated with the data of Rocklage-Marliani et al [35].
The formers observed that swirling pipe flows with Ro = 2 did not achieve a ful-
ly-developed state for a distance of about 14D. In present boundary conditions,

statistics of fully turbulent pipe flows are only expected for distances over 20D.

4. Conclusions

Plate Heat Exchanger channels have been assessed by experiments with three
different chevron angle arrangements (30°/30°, 60°/60° and 30°/60°) in turbu-
lent flow regime. The first and second arrangements are representative of low
and high pressure drop channels, respectively, while the third configuration is an
attempt to achieve in-between results regarding thermal-flow performance.

For the same Reynolds number, channel pressure drop increased with in-
creasing chevron angles owing to the increased flow disturbance in longitudinal
wavy flows as compared to furrow patterns. The pressure drop in mixed chan-
nels cannot be approximated by averaging the chevron angle arrangement: it is
slightly higher than the one presented for L-channels. Despite the occurrence in
mixed channels of both patterns, furrow flow prevailed in the given boundary
conditions. Friction factor correlations were provided for water flows with the
Reynolds number ranging from 1175 to 8325.

The two-dimensional mean velocity field was obtained with the aid of Particle
Tracking Velocimetry at bulk Reynolds number equal to 3450. This value was
selected as to allow comparison with the velocity field of a Plate and Shell Heat
Exchanger channel measured with PTV by Beckedorff ef al [21] with the same
Reynolds number and with chevron angle arrangements of 45°/45°. The rectan-
gular or circular corrugated plate geometries affect the mean velocity field. The
PSHE mean velocity field is highly heterogeneous at the heat transfer area as
compared to the PHE velocity field. The peak velocity magnitude in the PSHE
center point is 50% higher than the PSHE bulk velocity, whereas this value is
only 15% higher in the PHE center point.

The axial velocity is great in the distribution regions owing to mass conserva-
tion. The maximum average velocity reaches 2.4 times the bulk velocity at the
entrance, and 2 times at the exit. The significant velocity components in these
areas will play important role in the PHE dissipation process where flow decel-
eration and acceleration occur with high velocity components, and therefore can
limit the heat exchanger thermal performance. Besides, the distribution regions
are found to be potential failure locations for PHE plates and gaskets.

Fluid particle trajectories enter the PHE channel on roughly linear stream-
lines, while intense flow recirculation characterizes the channel outlet. The re-
circulation zones affect therefore the turbulent pipe flow in the manifold outlet,
presenting swirling flow structures. Statistics of fully turbulent pipe flows are

only expected for distances over twenty pipe diameters.
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Symbols
Asec Port area, m?
b Corrugation depth, m
d Particle diameter, m
D Pipe diameter, m
Dy Hydraulic diameter, m
D, Porthole diameter, m
f Fanning friction factor
k Fluid thermal conductivity, W-m™"-K™
/ Length-scale, m
Ly Width between portholes, mm
L, Heat exchange length, mm
L, Length between the inlet and outlet port centers, m
L, Plate width, mm
m'_ch mass flow rate, kg-s™
p Pressure, bar
P. corrugation pitch, m
Pr Prandtl number
R recirculation boundary radius, mm
Ro Rotation number
Re Reynolds number
St Stokes number
t average channel height, m
u average velocity on the recirculation closed curve
u, wall shear velocity
4 velocity, m-s™
X Cartesian coordinate, m
y Cartesian coordinate, m
Greek Symbols
g Chevron angle, °
APy, Channel frictional pressure drop, bar
r circulation intensity, m*/s
Q angular velocity, s™
U Dynamic viscosity, kg:m s
v kinematic viscosity
P Density, kg-m™
T Time-scale
Ty wall shear stress
¢ Enlargement factor
X Corrugation number
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Subscripts
b bulk
ch Channel
Fluid
k Kolmogorov
p Particle
rad radial
w Wall
Abbreviations
GPHE Gasket Plate heat exchanger
PSHE Plate and shell heat exchanger
PTV Particle Tracking Velocimetry
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