Strojniski vestnik - Journal of Mechanical Engineering

Numerical analysis with experimental validation of single-
phase fluid flow in a dimple pattern heat exchanger channel

Urban Mo¢nik'2, Bogdan Blagojevi¢?, Simon Muhi¢'4*

tUniversity of Novo mesto Faculty of Mechanical Engineering, Slovenia
2Danfoss Trata d.0.0., Slovenia
3Plinovodi d.0.0., Slovenia
*SIMUTEH, Slovenia

A plate heat exchanger with a dimple pattern heat plate heat exchanger has a large number of dimples. The
shape of dimples defines the characteristics of the plate heat exchanger. Although such heat exchangers have become
increasingly popular due to their beneficial characteristics, knowledge of the flow characteristics in such kind of
channel is poor. A good knowledge of the flow conditions inside of such channel is crucial for the successful and
efficient development of new products. In this paper single-phase water flow in dimple pattern plate heat exchanger
was investigated with application of computational fluid dynamics and laboratory experiments. Numerical analysis
was performed with two turbulence models, Realizable k-& with enhanced wall treatment function and k-w SST. The
first predicts a slightly smaller pressure drop and the second slightly larger compared to the results of laboratory
measurements. Our research found that despite the relatively low velocity of the fluid, turbulent flow occurs in the
channel due to its shape. We also found that there are two different flow regimes in the micro plate heat exchanger
channel. The first regime, is the regime that dominates the heat transfer, and the second is the regime, where a
recirculation zone appears behind the brazing point, which reduces the surface for heat transfer. The size of the second
regime does not change significantly with the velocity of the fluid in the volume considered.
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Highlights
e We carried out measurements of the pressure drop in channel formed by two dimple pattern heat plate of heat exchanger
by a novel measuring method which allows direct comparison.
e  We presented a comprehensive analysis of the flow state in a plate heat exchanger with a dimple pattern heat plate
structure.
e  We addressed the differences in CFD results between two major turbulence models.
e We proposed the computational mesh structure to achieve a fair ratio between accuracy and computational resources.
0 INTRODUCTION The design of the heat plates determines the
characteristics of the heat exchanger. Worldwide, the
most popular type of the plate is so called fishbone or

A heat exchanger is a device that allows the transfer of
heat between two or more liquids of different
temperatures. Heat exchangers are useful in many
systems in the industry and they are also widely
represented in district heating systems. A plate heat
exchanger is a type of heat exchanger in which hot and
cold fluids are separated by a thin wall. These walls have
a characteristic corrugated shape and are called heat
plates. There can be several hundred thin walls in one
plate heat exchanger where each of the other heat plate
faces the opposite direction, forming a channel in which
there is water flow. This creates a number of channels,
half of which are connected to the primary and half to
the secondary plate. The heating plates are made of
stainless steel. Bonding material, most often copper,
leaks into the edges of the product due to the capillary
effect and forms a seal in a vacuum furnace. At the same
time, copper also flows into the junctions of the plates,
where it forms the joints referred as brazing points.
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chevron shape. These plates are shaped as shown in Fig.
1 on the left. The angle and depth of the corrugations
determine the characteristics of the heat exchanger.
Products with such a plate are simply referred to as
brazed plate heat exchangers (BPHE). This kind of heat
exchangers, with some improvements, has been in use
since the 1970s [1].

Fig. 1 The fish bone pattern heat plate (left) and dimple
pattern heat plate (right)

Recently, however, a new heat plate design has emerged
that significantly improves the characteristics of heat
exchangers. The new structure of the plate no longer has
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straight corrugations, but a large number of dimples,
which is why it is called a dimple pattern. The shape of
dimples defines the characteristics of this type of heat
exchanger. The dimple pattern heat plate is shown in
Fig. 1 on the right.

While there is widely available literature about the fluid
flow through a duct in the field of BPHE, there is no
available literature of dimple pattern type of heat
exchangers. The flow of liquid at a micro-level is very
difficult to observe in the heat exchanger due to small
channels and the diverse structure [2]. Some have
succeeded to some extent for example Focke et al. [3].
But with the spread of computational fluid dynamics
(CFD) researchers finally got a useful tool to investigate
fluid flow conditions inside plate heat exchangers. In the
beginning, they first studied flows in two dimensions,
just like Metwally et al. [4]. He investigated the
distribution of flow and temperature, the friction factor
and the Nusselt number in the sinusoidal fraction of the
heat exchanger channel. Kanaris et al. [5] has used more
geometry and observed similar phenomena. With the
increasing capacity of computers, scientists have been
able to start studying the entire BPHE channel. Tsai et
al. [9] thus tried to calculate the pressure drop and
distribution of the flow in two BPHE channels and found
that he had insufficient computation power for a more
accurate analysis. His numerical results were 20 % off
from the laboratory results. Han et al. [6] analysed even
more consecutive channels and observed the heat
transfer and flow distribution. His numerical results
deviated from the laboratory at some points up to 35 %,
but some uncertainty was attributed also to the
laboratory experiment. Gherasim et al. [7] used a
computer-modelled model of two BPHE plates in his
calculations, but excluded the geometry of the
distribution channel and instead predicted a uniform
distribution of fluid flow velocity at the inlet and outlet
in the channel between the plates. He calculated the case
with different turbulence models at different flow
velocities. The closest to the experimental results came
with Realizable k-e turbulence model with Non-
equilibrium  wall  functions and an average
dimensionless wall distance y* between 2.8 (for Re =
400) and 11.25 (for Re =3000). In general, his numerical
results differ from the experimental results by 10 — 16
%. Gullapalli et al. [8] performed simulations of fluid
flow throughout the channel of a plate heat exchanger
with several different corrugation angles, and added an
inlet and outlet connection to create similar inlet or
outlet conditions as in the laboratory experiment. He
used the LRR-IP (Reynolds Stress) turbulence model.
He performed several calculations with different
boundary conditions on the wall of the plate when
calculating heat transfer (e.g. constant heat flux,
constant wall temperature, etc.). The results of the heat
transfer calculations were 20 — 30 % and the pressure
differences were 10 — 35 % below the values from the
laboratory experiment. Nonetheless, he found CFD to be

a useful tool in the relative comparison of the various
shapes of the heat plates, for detection of possible poorly
constructed geometric details of corrugation, and the
determination of velocity profiles inside of the channels.
Tiwari et al. [9] analysed a case, using CFD tools, with
two channels in which a fluid with a nanoparticle
(nanofluid) flowed counter-current. He also used a k-¢
turbulence model in the study. He also carried out a
laboratory experiment with the same configuration of
the plate heat exchanger elements as he used in the
numerical calculation, with the latter results differing
from the experimental results by a maximum of 3.75 %.
Lee et al. [10] performed non-stationary CFD analyses
using the Large Eddy Simulation (LES) approach on a
small part of a fish bone heat plate heat exchanger. He
found oscillations in the flow at a turbulent flow regime,
which increase the heat transfer and also increase the
pressure drop. Sarraf et al. [11] carried out laboratory
and CFD analyses of two-channel sample. He compared
numerical results with the results obtained with a
thermal camera, where he recorded the exterior of the
plate pack during laboratory experiments. The
temperature distribution difference between CFD results
and experimental results was within 10 %. He obtained
the results with a k-& turbulence model. He also tried to
analyse the channel flow with a k-w turbulence model,
but was not successful due to convergence problems. He
distinguished two types of fluid flow, "helical" and
"cross” flow, that coexists in the channels formed by the
fish bone patterned heat plates. Helical flow appears in
direction from the inlet to outlet passing grooves while
cross flow appears along the groove. Which flow
prevails depends on the mass flow and the angle between
the grooves on the heat plate. Piper et al. [12] presented
a numerical study of a pillow plate heat exchanger using
a plate with a periodic pillow-like pattern. He found that
fluid flow in such a channel is characterized by two
distinct areas - the meander core, which is crucial for
heat transfer, and the recirculation zone that occurs
behind the welded joint and reduces the efficiency of the
heat exchanger. He suggested several possible solutions
to improve the efficiency of such a heat exchanger,
which could increase efficiency by up to 37 %. In
numerical analysis, he used a domain derived from a
transformation simulation. The domain was a small part
of the entire channel which, however, repeats
periodically throughout the volume. He simplified the
calculation with all possible symmetries. He used the k-
& turbulence model and constant heat flux as a boundary
condition on the domain wall. In a study presented by
Yogesh et al. [13] investigating the influence of pipe
geometry in a tubular heat exchanger with cooling fins,
the author used the more complex k-w turbulence model
instead of the commonly used k-¢ turbulence model to
obtain results that were more consistent with his
reference. For the k-w turbulence model, the results
were 5.2 and 6.6 % lower than the reference ones, unlike
the k-¢ turbulence model results the difference was 26.9
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and 44.8 %. Al Zahrani et al. [14] performed a numerical
analysis of a plate heat exchanger with five plates, two
channels on the warm side and two on the cold side. He
also used a k-¢ turbulence model. He compared the
numerical results with the experimental ones obtained
by Muley et.al [15]. The deviations were < 10%.

As mentioned above, despite the fact that numerous
investigations were conducted on chevron plates heat
exchanger, no literature on dimple pattern heat
exchanger can be found. In our study, we have analysed
the fluid flow in a channel formed by dimple pattern heat
plate numerically. The obtained results were validated
with laboratory results. These were obtained by newly
developed measuring method, which allow direct
comparison.

1 NUMERICAL ANALYSIS OF FLUID FLOW

Channel geometry modeling

The 3D model of the heat plate was obtained by 3D
scanning of the real plate. One-sixteenth of the cell was
cut from the scanned 3D model. With the microscope
measuring system, we also determined the appropriate
shape of the brazing point and transferred it to the 3D
model. The whole-cell model was created by mirroring
over the corresponding edges. Symmetric cell was then
multiplied by mirroring to obtain the desired numerical
domain.

Fig. 2 Cell model (red)-band part of the channel - Green arrow
indlicates flow direction, domain inlet is darker, cell inlet/outlet
is dark green

The geometry presented in Fig. 3 was made from the
base cell, which served as a basis for modelling narrower
or wider domains. The number of cells in basic geometry
is 28. When referred on e.g. 14x2 cells means 14
successive cells in y direction and 2 parallel cells in x
direction. During the study, it was shown that due to the
uniform velocity distribution at the inlet surfaces (darker
in Fig. 2), the fluid flow in the first few cells was not yet
developed to such an extent that it could be considered
as representative. Similar things happen in the last few
cells. For the aforementioned reasons, rather than for
longitudinal periodic boundary conditions, we decided
to extend the domain to the maximum number of
consecutive cells in which we still obtained useful
results using various turbulence model, that is 14
consecutive cells. For longer domains, this was not
possible. There is an extension at the end of the
geometric model to prevent backflow at the outlet
surface.
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The analysis of the width of the numerical domain on the
simulation result was performed on domains that also
have a length of 14 cells, the widths of which are
presented in Fig. 3. Domains with multiple parallel cells
(2, 3 and 6) have the same amount of inlet and outlet
surfaces, each outlet has an extension. When we refer to
water velocity in this article, we refer to the average
velocity of water through the largest cross-section of the
cell, which is equal to area of one inlet or outlet surface
of the domain.
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Fig. 3 The basic geometry of the domain with the numbering
of the successive cell (below), and a narrower or wider
domain (above)

CFD Simulation

The CFD simulation was performed using the
commercial Ansys Fluent 19.2 CFD software, which
operates on the finite volume method. The turbulent
flow was modelled using Reynolds-Averaged Navier-
Stokes equations (RANS). Reynolds stresses were
calculated using Realizable k-¢ turbulence model with
Enhanced wall treatment wall function (hereinafter k-¢)
and k-w SST turbulence models (hereinafter k-w) [16].
The coupling between velocity and pressure was
performed using a Coupled scheme. During
calculations, we monitored the change in significant
quantities such as: residuals, area average velocity
through the area between the 121 and 13™ cell (Fig. 3),
area average pressure between the 2™ and 3™ cell (Fig.
3), the maximal y* on the wall and velocities in left and
right points, (Fig. 3, green points between 10" and 11t
cell).

The basic relations for the motion of incompressible
fluid are the continuity and momentum equations [16]:

dp o
E"’V'(pu) =5n (1)

2ot + V- i) = ~Tp + V- (D + pg +F ()

The dimensionless distance between the mesh node
closest to the wall and the wall is presented by the
equation [16]:

Ayu
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where
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The numerical model was divided into seven elements,
the boundary between the elements being the plane on
which the results were monitored. This is shown in Fig.
3. The lines in the figure represent the planes on which
the area average pressure was monitored. The difference
in pressures on one element, on two cells, was then
calculated by subtracting the pressure at the beginning
of the element from the pressure at the end of the
element. Thus, we obtained a pressure difference
(pressure drop) on all individual domain elements.
These results of the pressure difference were compared
with those obtained through laboratory experiments.

Mesh generation

The mesh was created in the Ansys Fluent (with Fluent
meshing) software environment. During the research,
the flow conditions inside the described geometry were
proved to be challenging. Knowing this, we
implemented a polyhedron mesh. Tests have shown that
calculations with polyhedral meshes need up to four
times fewer elements, half the computational memory,
and one-tenth to one-fifth of the computational time
compared to tetrahedral meshes, to achieve the same
accuracy [17]. In addition to the aforementioned
properties, during the research, it was also found that a
convergent solution cannot be easily achieved by a
tetrahedron mesh. Taking this into account we
conducted a mesh density independence study. We
produced ten different mesh densities, which are
presented in Table 1 (number of finite volumes is valid
for basic domain presented on Fig. 3). In the Table 1
there are also data for maximal y* for each mesh density
at different velocities.

Table 1 Mesh properties for basic domain
Maximal y* at

Vesh ’:iz}tc;f different velocities
02 | 045 | 07
volumes

[m/s] | [m/s] | [m/s]
M1 | 107126 | 1.3 2.3 3.4
M2 | 143829 | 1.4 2.5 3.4
M3 | 183973 | 1.3 2.4 3.3
M4 | 270753 | 1.0 1.9 2.6
M5 | 533612 | 0.5 1.0 1.3
M6 | 743587 | 0.6 0.9 1.2
M7 | 1158886 | 0.5 0.8 1.1
M8 | 1464905 | 0.6 0.9 1.2
M9 | 2408576 | 0.5 0.8 1.1
M10 | 5372272 | 0.5 0.7 1.0

Average y* for the mesh M4 using the k-¢ based
turbulence model is 1.01 at velocity of 0.7 m/s. Using
and k-w based turbulence model, y* is on the same
level. The ratio of maximal to average y* is
approximately 2.6 and is maintained in all cases.

Boundary conditions

In practice, the water velocity in the channel is between
0.2 and 0.7 m/s [18]. For the calculations, where we
checked the adequacy of the mesh and the computational
model, and thus the consistency of the calculated results
with measurements, we used velocities between 0.2 and
0.7 m/s for the inlet boundary condition. The flow
considered  was  single-phase,  incompressible,
stationary, three-dimensional, and turbulent. Working
fluid is water with constant physical properties (water at
temperature 15.2 °C). Natural convection and radiation
are neglected. The symmetry boundary conditions were
determined for the 14x1/4, 14x1/2H, 14x1/2V and 14x1
domains. The 14x2, 14x3, and 14x6 domains do not
have symmetry boundary conditions applied (if 14x1
cells means domain with 14 successive cells with
extension as presented in Fig. 3, 14x3 cells would mean
that there are three main domains bonded in parallel).
The surfaces on which the symmetry boundary
conditions were determined are indicated in green in Fig.
3 above under marks for 1/4, 1/2H, 1/2V and 1 where
results were obtained with, as well as without symmetry.

2 EXPERIMENTAL ANALYSIS OF FLUID FLOW

The test bench shown in Fig. 4 consists of a frequency-
controlled pump that drives the water in a closed circuit,
an expansion vessel that maintains a uniform water
pressure, a flowmeter, a water tank, a cooling heat
exchanger to maintain the temperature of the water
during the measurement and a large vessels assembly
(LV) with sample and gauge pressure and pressure drop
sensor. The LV assembly consists of two large stainless-
steel vessels. These are built in the same way, except the
one that has an opening for installing the temperature
sensor. In use, however, they are facing each other so
that the test sample can be clamped to them, as shown in
Fig. 4 and Fig. 5. At the inlet and/or outlet, respectively,
the flow rectifier is installed that directs the flow of
water towards the walls of the vessels, thereby mixing
the water inside and preventing a portion of the flow
from having direct access to the inlet surfaces of the test
sample, which could cause uneven flow to the inlet
surfaces of the test sample. At the same time, water with
a homogeneous temperature is obtained throughout the
whole volume. The temperature sensor is positioned in
the centre of the vessel and measures the temperature at
which water enters the sample. The pressure is measured
on the wall of the vessel as shown in Fig. 4. The pressure
drop sensor is mounted on the edge of the vessels where
no vortices are expected, in order to provide a stable
pressure measurement. Because the fluid flow is
extremely slow in the vessels, the pressure field is also
homogeneous. This way, the same inlet conditions are
ensured on all inlet surfaces on the sample.

The measurements were performed at discrete points at
0.2, 0.3, 0.4, 0.45, 0.5, 0.6, and 0.7 m/s average water
velocity through the inlet surfaces. At each point, a
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steady state was established and the data of all measured
values was simultaneously recorded for 30 s at a
frequency of 5 Hz. The result is the average of all
measured quantities. We also carried out measurements
of the pressure drop at a different water temperatures,
which were 15.2, 16, 18, 20 and 25 °C with the
maximum standard deviation of temperature 0.19 °C.
Measurements of pressure drop at 152 °C were
performed on three samples of 19 cells (inlet surfaces)
of width and 31, 24 and 16 consecutive cells long,
respectively.

1- Test sample, 2 - Big chamber, 3 - Deflector, 4 - Pressure drop sensor,
5 - Gauge pressure sensor, 6 - Flowmeter, 7 - Temperature sensor,
8 - Pump, 9 - Cooling heat exchanger, 10 - Water tank, 11 - Expansion vessel \|/

Fig. 4 Test bench scheme

The measurement uncertainty of the results for flow is
1%, the pressure drop is 1% and the temperature is 0.3

Fig. 5 Photo of the large veéel assembly with the test
sample during the measurement

3 RESULTS AND DISCUSSION

As we described we conducted a mesh density
independence study for 10 different meshes with 3
boundary conditions for two turbulence models (k-& and
k-w). Fig. 6 shows the dependence of the simulation
results on the mesh density for the area average pressure
drop between 9th and 10th cell marked on Fig. 3. The
mesh number 4 with 270753 finite volumes is used as a
reference in this graph.

The entire XB12L heat plate has about 1500 dimple
cells, which means that it is necessary to economically
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choose the density of the mesh with which to calculate
solutions that will cover conditions in the whole channel
in the future, or even in several channels of the
considered heat exchanger. In our case, we decided to
perform the calculations with the density of the mesh
number 4 shown in Fig. 6, which means about 10000
finite volumes per dimple cell. This is a manageable
number of mesh elements, and the difference from the
grid-independent solution is a reasonable 3 — 4 % for
both turbulence models and for all velocities in the
channel. The only difference is the k-w solution at 0.7
m/s, which no longer follows other solutions at mesh
densities >6.

mke 0.7 m/s

2
; lilll]llllll
) Il el . I

Bke 0.45mfs
ke 02mfs

A
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8 Wkw 0.7m/fs
0
2

Difference from M4 [%]

mkw 0.45m/s
kw 0.2m/s

M1 M2 M3 M4 M7 M8 M9 M10

M5 M6
Mesh
Fig. 6 Dependence of numerical results on mesh density, (k-
e = k-¢, k-w = k-w turbulence model)

Fig. 7 shows the dependence of the domain width on the
results of pressure drop (Fig. 3). As a reference, in this
graph the k-¢ turbulence model uses a 14x3 domain and
the k-w turbulence model a 14x1 domain. In Fig. 3, the
green line indicates the surfaces where symmetric
boundary conditions were used.
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Fig. 7 Dependence of numerical result on domain width (k-e
= k-¢, k-w = k-w turbulence model)

Numerical results analysis showed that use of the k-¢
turbulence model requires the use of a domain with three
parallel cells in our case 14x3 domain (Fig. 3, above, no.
3), and for k-w turbulence model, one cell type is
sufficient (Fig. 3, above, no. 1). From the graph in Fig.
7, it can be seen immediately that the predicted results
for the domains 1/4 and 1/2H (that is for those two cells
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in which the cells are cut horizontally) are showing drop
in pressure which is significantly too high. Slightly
better results are obtained for vertically sectioned cells,
the 1/2V domain, where the results are still high for k-
and closer to the measurement results for k-w turbulence
model. It is interesting to note that the results for the
“14x1 symm” domain, where symmetry was used as the
wall boundary condition, are worse than for the same
domain where we did not use symmetry boundary
condition. The domain geometry in this part was defined
as a wall on which, like everywhere else on the wall, a
boundary layer mesh was built. With the k-¢, the result
is slightly different with the expansion of the domain,
but then stabilizes. The 14x3 domain was chosen as the
most appropriate. However, with the k-w turbulence
model, the result does not change with the expansion of
the domain. Therefore, the 14x1 domain chosen as the
most suitable one. Fig. 8 shows the dependence of the
pressure drop result on the distance (number of cells)
from the inlet surface (Fig. 3). As a reference, the result
on cells 9 and 10 is used in this graph.

6.0
&
o 30
—
S
1%)
% 0.0 — ‘ L -
@ & 586 788 9810 [1&12
=
230 Bk-w 14x1 0.7 m/s
§ W k-w 14x1 0.45m/s
o k-w 14x1 0.2 m/s
g -6.0 Wk-e 14x3 0.7 m/s
= mk-e 14x3 0.45m/s

k-e 14x3 0.2 m/s

-9.0 . .
Cells in the domain

Fig. 8 Dependence of the result of the pressure drop on the
domain length (k-e = k-g, k-w = k-w turbulence model)

As mentioned above, the pressure difference along the
domain varies slightly due to the inlet and outlet
boundary conditions. It stabilizes satisfactorily on cells
between 7 and 10 as shown in Fig. 8. Therefore, the
pressure difference on cells 9 and 10 was chosen for
validation.

Water temperature [*C]
18 21

dp difference [%

——0.7m/s
——0.45 mfs

0.2m/s

Fig. 9 Dependences of measurement result on water
temperature in laboratory measurement

Pressure drop is also a function of water temperature, so
a laboratory analysis was performed to evaluate the
dependence of pressure drop on temperature.
Measurements required for this analysis were conducted

with the measuring method as described in chapter 4.
Fig. 9 shows the dependence of the result of pressure
drop on the water temperature of the laboratory
measurement. The water temperature at 15.2 ° C is used
as a reference in this graph. It can be seen that the
dependence in this domain is expected to be linear and
also that the deviation increases nonlinearly as water
flow decreases. The uncertainty of the measured
pressure drop due to temperature deviation during the
measurement is significantly lower than 0.5%.

Black colored curve in Fig. 10 on the left chart shows
the results of laboratory measurements on a sample of
31x19 cells. As CFD results, also laboratory
measurements are presented for two consecutive cells
calculated by dividing the measured pressure drop result
with 31 and multiplied by 2. There are also results from
CFD calculations obtained by using k-¢ (blue) and k-w
(orange) turbulence model as presented above. All
curves have associated power-law functions. On the
right chart, Fig. 10 shows the relative difference between
numerical calculations and laboratory results, where
results on abscissa contain the results of said laboratory
measurements.

Fig. 11 shows the relative difference between the
calculated values (from the regression equations) and the
laboratory measurements or CFD calculations.

R =0.000872

¥ -3,679.050927x#77
1500 = 0.999818

¢ - 3,338 07567455
R -0.959793

Velocity [m/s] T velecity[n

Fig. 10 Measurement and CFD results with associated
power-law function (left), relative difference between
laboratory measurements and different numerical solutions of
k-¢ and k-w turbulence models (right) (k-e = k-, k-w = k-w
turbulence model)

Differance [%

Fig. 11 Relative difference between calculated values (from
regression equations) and laboratory measurements or CFD
calculations (k-e = k-g, k-w = k-w turbulence model)

The results of laboratory measurements on samples with
lengths of 24 and 16 cells are not presented in this paper.
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However, the results of pressure drop for a sample with
24 cells are on average about 1% higher and for a sample
with 16 cells about 2% higher than for the longest
sample. The difference increases as the flow decreases.
We selected the results for the longest sample as the
most appropriate one. Due to the deliberate design of
mounting the sample into the test bench, it can be
assumed that the pressure conditions at each individual
inlet (or outlet) surface are the same. Therefore, the
water velocities are the same in all parts of the sample.
The influence of the wall on the pressure drop is
negligible in relation to the relatively large width of the
test sample. Also, the influence of possible temperature
inhomogeneity of water in the sample is neglected.
However, the influence of the sample length is not
negligible. We could assume that the fluid flow in a large
vessel is completely laminar. It is laminar also just
before it enters the sample. Even when it enters cells, the
flow does not immediately turn completely to fully
developed turbulent flow, but it does require some cells.
Although the exact length of this inlet region remains
unknown, we can say that it is the same for all samples.
It can also be said that the pressure drop in this region is
larger than with the fully developed turbulent flow
inside the sample. Thus, the influence of the inlet region
on the pressure drop per cell in the short sample is
greater than in the longer one. In this way, we can
explain why the pressure drop per cell increases with the
shortening of the samples.

The graphs in Fig. 10 on the left show relatively nice
curves, which also match the corresponding power-law
functions, indicating that the laboratory measurements
and numerical calculations were performed correctly.
How well the power-law functions fit with the measured
data or CFD calculations is shown in the graph in Fig.
11. We can conclude that all values are within the
interval + 1.6 %.

From the left graph of Fig. 10, we can see that the k-¢,
on average, predicts an 8,4 % lower pressure drop
compared to the measured values. This difference is
approximately the same in the entire area considered,
which can be clearly seen from the graphs in Fig. 10
(right) and in Fig. 11. The results of numerical
calculations with the k-w turbulence model predict an
average difference of 9.7 % in pressure drop compared
to the results of laboratory measurements. This
difference is not constant, but varies with speed, as can
be seen on the right graph in Fig. 10. The agreement with
the power curve is in a similar ratio to the measurements
but with the opposite shape, which can be seen in the
graph in Fig. 11.

Fig. 12 on the left shows the volume of domain in which
the velocity of water is positive in the y-direction (that
is in the direction from inlet to outlet). The first volume
is the result of the calculation with k- and the second is
prediction of the calculation with the use of k-w
turbulence model. Zone where the velocity in the y-
direction is positive was named “live zone”, zone where
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the velocity in the y-direction is negative was named
“dead zone”. The shape of “live zone” can be seen on
Fig. 12.

From the right graph of Fig. 10, we see that the use of
the k-w turbulence model predicts on average 19.8 %
greater pressure drop than the prediction from model
where k-& was used. This may also be because use of the
k-w turbulence model predicts a significantly different
“dead zone” behind the brazing point as could be seen in
Fig. 12. The “dead zone” prediction using k-
turbulence model is not only different in shape than at
the model with k-w turbulence model, but is also
significantly smaller. The “dead zone” is 22.3 % of
whole volume for the model when k-¢ turbulence model
was used and 31.6 % of the whole volume when the k-
w turbulence model was used. The size of the “dead
zone” practically does not change with velocity in the
analysed velocity range.

Fig. 12 The volume of the domain in which the velocity of
water in the y-direction is positive: k-¢ (left volume) and k-w
(right volume)

In our case, use of the k-& turbulence model (in the case
of steady-state simulation), therefore proved to be a
robust and reliable tool for predicting the pressure drop
in the analysed geometry under consideration. We had
no major convergence problems, no matter what mesh
density we used for calculations. This is also evidenced
by the study in which we determined the dependence of
the result from the computational mesh denisty, where
the results are smoothly limited to the true value (Fig. 6).
Even along with the domain, the result does not change
significantly (Fig. 8), and as a result, the domain could
be significantly shorter, which in turn means a shorter
computation time or a higher mesh density and thus a
better result. The results at different velocities behave
similarly to the measurement results (Fig. 10 and Fig.
11). It yielded useful results comparable to those of
laboratory measurements.

With the use of the k-w turbulence model we did not
obtain solutions for long samples, because they behave
unexpectedly with increasing mesh density, the results
along the domain are unusual, and the results behave
differently at different speeds than the measurement
results (Fig. 10 and Fig. 11). It seems that with use of the
k-w turbulence model we have obtained fairly unreliable
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results. However, it must be understood that the flow (at
given velocities in the channel) is turbulent. This can be
assured with certainty, since the relation between the
pressure drop and the flow rate is not linear, which
would mean laminar flow.

With the increase of mesh density, the solution
approaches the true value due to the higher resolution in
solving the equations, but there are more and more
problems with convergence, which indicates a strongly
turbulent flow, which in the densest mesh becomes too
intense and the time independent solution finally fails.
It can be concluded that steady-state simulations with k-
w turbulence model are not suitable tool for predicting
the pressure drop in analysed heat exchanger. However,
this means that in this case the k-¢ turbulence model is
safe choice to predict pressure drop in channels formed
by dimple pattern heat plate.

4 CONCLUSIONS

In this article, we have presented a comprehensive
analysis of the flow state in a plate heat exchanger with
a dimple pattern heate plate structure. The research was
conducted in two interrelated fields: laboratory and
numerical. We carried out several laboratory
measurements of the channel that makes up the XB12L.
The methodology of work was developed and the result
was a completely new methodology for conducting
laboratory measurements with the so-called large
vessels. This measurement method has yielded results
we can trust. A similar method of performing
measurements on a heat exchanger channel cannot be
found in the literature. We have found that the fluid flow
in the channel under consideration is turbulent at all
velocities considered. In the numerical part of the
research, we determined the optimal mesh density,
which has a very favourable relationship between the
accuracy of the results and the consumption of computer
resources. We determined the optimal numerical domain
size for use of different turbulence models.

We have found that in steady-state simulations use of k-
¢ Realizable turbulence model with EWT is more
appropriate than use of the k-w SST turbulence model.
Future research will cover the implementation of time-
dependent simulations and introducing energy equations
for heat transfer in numerical work, and by completing
laboratory test bench in a way that allows the
measurement of heat transfer.

5 NOMENCLATURES

External body forces [N]

Gravitational acceleration [ms?]
Pressure, [Pa]

Velocity, [ms™]

Mass added to the continuous phase [kg]
Velocity at a distance Ay, [ms™]

g rmam

(1]

2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

Ay Distance from the wall, [m]
+ Dimensionless distance from the wall, [-]

Dynamic viscosity, [kgms]
Density, [kgm™]

Wall shear stress, [Pa]

Stress tensor [-]
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