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1. INTRODUCTION

In recent years, the developments in clean, renewable, and
efficient energy policies have enabled to design of new and
innovative heat exchangers [1]. Heat exchange devices are
essential components in complex engineering systems related to
energy generation and energy transformation in industrial
scenarios. There is more than one method developed for heat
exchanger design analysis. For example, Fernandez-Seara et al.
provided an overview of the Wilson plot approach, as well as
several changes offered by researchers over the years to increase
its accuracy and broaden its application to a wide range of
convective heat transfer problems. This information will
undoubtedly be valuable to thermal design engineers [2]. The
design and operation principles of plate heat exchangers (PHES)
are well described in the works of Wang et al. [3], Shah and
Sekulic [4], and Tovazhnyansky et al. [5].

Akdari et al. showed that crystal plasticity and finite element
analysis in metal forming may accurately predict thickness
distribution. The multiscale modeling technique provides a
foundation for developing innovative PHEs with improved
thermomechanical characteristics and lower production costs [6].
Gilirler conducted a study on plate heat exchangers with different
chevron angles at inner channels, using tensile testing and finite
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element analysis (FEA) as the primary methodologies [7]. Hayta
investigated plate heat exchanger metal fatigue in different
materials. Fatigue testing was carried out on copper-brazed 316L
and 304L stainless steel PHEs. The mechanical properties of
brazed and non-brazed steel specimens were investigated by
tensile testing and microstructural analysis [8]. A numerical
simulation was performed on a local element-by-element basis
using the Effectiveness-Number of transferred units (e-NTU)
method to simulate the heat exchanger by Manigandan et al. The
heat exchanger's chevron angle determines the friction factor,
which is used to calculate the Nusselt number. The experiment
uses different plates, fluid flow rates, and intake and output
temperatures [9].

The use of low-silver-content filler metals is considered
economically advantageous. Fukikoshi et al. presented a study
aimed to investigate the brazing capability of a brazing filler metal
with a low silver content when applied to copper and SUS304. A
satisfactory joint was achieved, and a significant dissolution
reaction took place at the copper interface [10]. Gatea et al.
studied incremental sheet formation and process factors. Flexible
forming using incremental sheet forming (ISF) is new. The
method is cost-effective and easily automated for various
applications since it adapts to ordinary milling machines and
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requires little equipment, dies, and forming presses. This study
provides a thorough review of the current state of ISF techniques,
including their technological capabilities and restrictions, as well
as their process parameters and their effects [11].

Way et al. provided valuable information regarding brazing
and its long-standing use as a joining procedure. Brazing has
attracted attention recently because it can help create future
technologies including fusion energy, solid oxide fuel cells, and
nanoelectronics. Brazing has also helped advance automobile
light weighting by solving aluminum-to-steel connecting issues.
The introduction of filler metals has enabled various applications.
This overview covers brazing theory and practice with a focus on
filler metals. It also discusses advanced filler metal research and
prospects [12].

Erdemir et al. investigated the possibility of using AISI 304L
instead of AISI 316L for plate heat exchangers while preserving
operating efficiency and performance. The present research
examined the corrosion of AISI 316L and AISI 304L stainless
steel under simulated service circumstances. AISI 304L, which is
more cost-effective, was tested to replace AISI 316L. Plate heat
exchangers were tested for temperature, pH, and solution chloride
ion concentration. Electrochemical corrosion tests evaluated the
pitting properties of the two stainless steel materials under
simulated operation settings and pitting corrosion-specific test
parameters [13].

A failure analysis of stress corrosion fracture in heat
exchanger tubes during start-up operation has been performed by
Xu et al. on shell tube heat exchangers, which are not directly
related to compact plate heat exchangers. This situation is
comparable to that of C-PHEs, and similar crack detection
methods have been investigated [14]. Hussaini et al. conducted a
study and the formability of AISI 316 at high temperatures is
being investigated experimentally and numerically. The objective
of this study is to examine the formability of austenitic stainless
steel 316 under elevated temperatures. The formability of deep
drawing can be evaluated based on the limiting drawing ratio and
the thickness of the drawn cup [15].

Jayahari et al. used LS-DYNA to investigate austenitic
stainless steel 304 formability and aluminum (Al) friction factor
in deep drawing setups at increased temperatures. The current
investigation deep draws austenitic stainless steel (ASS)-304 with
different blank diameters under heated circumstances. The drawn
cups showed a significant increase in the limitation of drawing
ratio (LDR) from 2.16 at ambient temperature to 2.5 at 150 °C
[16]. The numerical analysis of the BPHE channel plate section
by Bjorn Persson provides a method and steps. This study
investigates the reduction in material thickness and formability of
sheet metal geometry. Examining finite element analysis and
physical testing. By comparing finite element analysis and
physical experiments, the results were confirmed [17].

To enhance the performance and miniaturization of the
absorption system, it is necessary to accurately predict the
performance of a plate heat exchanger used as a solution heat
exchanger. Ham et al. investigated the thermal performance of
solution heat exchangers under operating conditions of the
solution heat exchanger in the double-effect absorption system,
and new correlations of the Nusselt (Nu) number and Fanning
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friction factor were devised and compared [18]. Li et al. designed
a thermal performance model of the brazed PHEs developed with
flow maldistribution among channels taken into account. Using
the experimental results, the proposed model is validated [19].
Will et al. explained a method regarding the estimation of the
local heat transfer coefficient of the primary fluid (refrigerant)
and its distribution to the channels [20].

To reduce the cost of plate heat exchangers in combi boilers,
the availability of AISI 304L and AISI 316L materials,
specifically in a thickness of 0.5 mm rather than 1 mm was
confirmed by the material suppliers. During negotiations, it was
disclosed that sheets with thicknesses of 0.3 mm, 0.5 mm, and 1
mm were viable options for use in the relevant materials. It was
determined that the interior plate's thickness of 0.3 mm would not
be optimal for the outer plate. This argument is based on the idea
that the upper plate is the primary barrier against external impacts.
It is claimed that a thickness of 0.3 mm is insufficient to
effectively fulfil this protective function. In addition, it is noted
that plates with a thickness of 0.3 mm can experience post-
processing contraction, also known as "undulation.” which can
lead to visually deformed products. As an alternative to the
currently used 1 mm thickness of 316L, 0.5 mm thick plates of
304L and 316L were selected as the material for the upper plate.
In addition, a series of tests has been devised to evaluate the
parameters associated with this modification. This study
investigates the application of mechanical strength tests and
thermal function tests to analyze the effects of material variations
in the top plate of 0.5 mm-thick 304L and 316L. Following the
completion of the experiments, the acquired data was subjected to
analysis.

2. EXPERIMENTAL
2.1. Functional (Thermal Performance) Test

Compact plate heat exchangers (C-PHES) with a plate count
of 26 were used in the experiments. Three different samples were
tested. Plate heat exchangers are produced with 0.5 mm top plates
in 304L and 316L. The heat exchangers were then subjected to
the first functional test. The minimum and maximum ranges of
heat output and domestic hot water (DHW) temperature
requirements for each plate number were the acceptance criteria
for this test. The findings were positive, and the associated output
values were evaluated.

The test description is as follows: Establish a connection
between the plate heat exchanger (PHE) system and the
designated test platform. Initiate the process by opening the valve,
activating the combi system, and thereafter concluding the
Thermal Performance Monitoring (TPM) procedure. In addition,
it is advisable to open the bypass and central heating lines. An
increase in pressure is required. The pressure is within the range
of 2.5 to 2.8 bar. The circulation of water via the central heating
(CH) line should continue until the temperature reaches 71.5°C.
To finalize the CH circuit, it is necessary to close the valves and
activate the pump. Minimize the temperature of the housing of the
plate heat exchanger. To remove hot water, it is necessary to
release drain valves. During the heating process, it is necessary to
remove PHEs. Upon completion of data collection, the
experiment was concluded.
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2.1.1. Operational Parameters and Experimental Configuration

There are six Equipment Under Test (EUTS) in total, each
comprising top and bottom plates made of 304L and 316L
stainless steel. The thickness of these plates is 0.5 mm.

The medium being addressed is water.

The initial temperature of the CH is 72°C.

The recorded outlet temperature of the CH is 51°C.

The initial temperature of the Direct Cold Water (DCW) is
10°C.

The recorded DHW temperature is 60°C.

e The pressure of the CH system is 1.5 bar.

e The domestic hot water (DHW) system operates at a pressure
of 10 bar.

The measurement point involves evaluating the system's heat
output by calculating the ratio of inlet and outlet temperatures and
then comparing it to the optimal range.

The steps for calculating C-PHE performance were briefly
presented by Gullapalli [21]. The following equation is used to
calculate heat output, effectiveness, and heat capacity.

Qpuw = Mpyw CpAT )

Eppw = %Dﬂ (2)
max

Een = Q(if:x @)

Qmax = Cmin(Tenin — Toew) 4)

Cmin = Copw = MppwCp, Mppw < Mcy Q)

Equation (1) calculates domestic hot water (DHW) heat
transfer, where Qpyy is heat transfer, mpy,, is water mass, and
C, is specific heat capacity in kilojoules per kilogram per degree
Celsius. Equation (3) calculates the efficiency of the PHE in the

DHW Line Outlet

Gas Line h

CH line (€cy). The maximum potential heat transfer rate (Q.qx)
in kilowatts (kW) can be calculated by multiplying the minimum
heat capacity rate (C,,;,,) by the temperature difference between
the hot fluid inlet temperature at the CH line and domestic cold-
water temperature. C,,;,, the heat capacity of domestic hot water
(DHW), equals Cppy . Heat capacity, C, is the amount of heat
energy needed to raise a substance's temperature by one degree
Celsius. Since the domestic water flow rate is lower than the
central heating water flow rate, multiplying the domestic water
mass flow rate by specific heat capacity yields this result.

C. Biiyiikagik made extensive calculations in his study and
suggested that the newly developed plate heat exchangers involve
the use of curved channels as opposed to straight channels exhibit
superior efficiency compared to some geometries documented in
the current literature [22].

2.1.2. Functional Test Equipment

Test equipment includes a combi-heated tank as shown
schematically in Figure 1. The actual picture of the test setup is
also shown in Figure 2. Water flowing through this tank heats the
primary plate heat exchanger in a closed-loop system. The heated
heat exchanger controls the CH line water temperature and
determines the plate heat exchanger under test CH inlet
temperature. Both sides of the test sample have temperature
sensors. These devices record exit point temperatures once fluid
temperatures entering the product reach the appropriate value.
These recorded values are used to calculate performance
characteristics.

Chevron angle modification and nano liquid between plates
can improve heat exchanger heat transfer. G. Peker examined how
geometries, flow rates, and concentration ratios affect used
values. The total heat transfer rate and plate heat exchanger
effectiveness increase with turbulent density [23]. Mehrarad et al.
investigated the use of nanoparticles in common fluids in plate
heat exchangers to increase thermal performance [24].
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Fig. 1. The functional test equipment that was used in this study is shown schematically.
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A similar experimental comparison of energy consumption
and heat transfer performance of corrugated H-type and L-type
brazed plate heat exchangers was conducted by Gungor [25].
Also, heat exchanger performance is significantly reduced in the
presence of impurities in one or both fluid streams, frequently by
deposits of inversely soluble salt [26].

Fig. 2. Functional test kit. Test equipment includes a combi-
heated tank. Water flowing through this tank heats the primary
plate heat exchanger in a closed-loop system.

2.2. Mechanical Strength Performance (Burst) Test

Burst performance tests have been applied at 36 bar to
observe the top plate material deformation and internal leakage
status by exceeding the recommended test pressure value of 15bar
which is the maximum working pressure (10 bar) times factor of
safety value (1.5) defined in section 6.2.1.1. of BS EN 625:1996
Gas-fired central heating boilers — Specific requirements for the
domestic hot combination boilers of nominal heat input not
exceeding 70 kW.

Burst tests are being utilized to assess the static loads
generated by domestic pressure and the designated application
time for various purposes such as:

Identification of the maximum burst pressure,

Design margin confirmation of the production part,
The factor of safety evaluation,

Failure mode determination (how a part fails),

Finding the ‘weakest link” in a production or assembly.

2.2.1. Method and Experimental Configuration

The quantity of EUTs (Equipment Under Test) is 5, consisting
of top and bottom plates made of 304L and 316L stainless steel
with a thickness of 0.5 mm. The test specimen is attached to the
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experimental apparatus. The samples to be tested are placed on
the appropriate block, which is selected based on the number of
plates, and then connected to the apparatus.

,I
Fixing Handles

Additional
Block

Fig. 3. PHE holding stand.

The specimens to be investigated are mounted to the indicated
sites, as shown in Figure 3, with the apertures orientated
downwards, using the testing platform's supporting mechanism.
Burst test apparatus inlet details are given in Figure 4. The load
profile of the applied burst test is shown in Table 1.

In the PHE, valves 1 and 4 pressurize CH lines, which is not
needed for home line pressure testing. To raise the pressure in
valve 2's domestic line pipe. The valve must be opened during test
initiation. The first opening of valve 3 prevents air from trapping
in the sample. The valve is closed while the water is moving after
confirming the absence of air in the previous sample. The valve
4, which detects test sample leakage, should always be open. The
CH line and Domestic line are independent PHE system fluids
that must not be mixed. At high pressures, the brazing points that
link the CH and DCW lines may be damaged. This impairs
component functionality owing to pressure loss. Following that,
the test instrument is securely sealed with an impermeable mica
glass cover intended to withstand water pressure. The technique
that follows entails setting the device to the desired pressure level.



K. Cebeci, S. Giigliier, Turk. J. Electromec. Energy, 8(2) 43-55 (2023)

Fig. 4. Burst test apparatus inlet details.

In the PHE, valves 1 and 4 pressurize CH lines, which is not
needed for home line pressure testing. To raise the pressure in
valve 2's domestic line pipe. The valve must be opened during test
initiation. The first opening of valve 3 prevents air from trapping
in the sample. The valve is closed while the water is moving after
confirming the absence of air in the previous sample. The valve
4, which detects test sample leakage, should always be open. The
CH line and Domestic line are independent PHE system fluids
that must not be mixed. At high pressures, the brazing points that
link the CH and DCW lines may be damaged. This impairs
component functionality owing to pressure loss. Following that,
the test instrument is securely sealed with an impermeable mica
glass cover intended to withstand water pressure. The technique
that follows entails setting the device to the desired pressure level.

At the specified pressures, water is discharged from the
Maximator and reaches the EUT. Burst test apparatus pressurizer
(Maximator) is shown in Figure 5. Maximator is a pressurizer
with an air filter regulator coupled to a high-pressure pump that
may also be used manually. The digital manometer can be used to
directly measure pressure within the system

The pressurization valves are progressively loosened in the
absence of any water leaks. Afterwards, the initially closed valves
1 and 3 are partially opened to discharge the water from the heat
exchanger that has been subjected to pressure. The C-PHE
component is removed from the experimental apparatus and
visually examined for any indications of swelling or deformation
in the upper and lower regions of the heat exchanger. The top
plates of the deformed samples were measured with the probe
using the specified locations shown in Figure 6 as references.

The centre measuring point is independent of the domestic
pressure field. Thus, the point was used as the reference point in
the final samples, and deviations were calculated by comparing it
to the other points. Figure 7 shows the upper plate projection of
the surface via which the main pressure is directly delivered into
the system.
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The fourth surface is the upper plate projection from which
heated mains water exits the plate heat exchanger. For evaluation
reasons, the results of measurements gathered at these points are
the most essential. These surfaces are in vertical contact with the
water flow and interact directly with the high mains pressure. The
result of the force effect of the relevant pressure on the unit
surface area multiplied by the pressure value at the vertical
contact point is interpreted.

The probe measuring device shown in Figure 8 is a tool that
allows measuring distances by taking point measurements at
different reference points after a specified reference. The probe head
and the planar elements it contains are very useful for the metric
measurement of uneven surfaces, which are also found on the top
plate of the plate heat exchanger. The amount of deformation that
occurred in the plate heat exchanger sample produced with
316L/304L 0.5 mm top plate by this method was measured.

Fig. 8. Probe measurement device.

During the testing procedure, a probe measuring device was
used to quantify the degree of deformation, an electronic
pressurization element was used to apply pressure, and fixing
element materials were used to maintain the heat exchanger in a
constant state. The prescribed technique outlined in Table 1 was used
to pressurize the test components, and the deformation quantities at
the designated locations depicted in Figure 7 were recorded at six-bar
intervals. Thus, a significant correlation was established between the
applied load and the upper plate's deformation. To improve the
dependability of the test results, an alternative measurement
method was used. After applying sufficient pressure (particularly,
36 bar) to the material and obtaining the necessary level of
deformation. The various EUTs were examined by cross-sections
applied to the deformation surfaces, as shown in Figure 9.
Deformed channel dimensions have been measured by the scaling
method with the usage of Image-J.
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Fig. 9. 36 bar Used (DCW line) PHE sample cut-out image.

Table 1. Load profile of applied burst test.

Applied pressure  Time under pressure

(bar) (min) Checkpoint
16 3 The pressure loss of the
manometer clock
12 3 pointer and the water
discharge of the heat
18 3 exchanger are visually
examined. This valve 4,
24 3 which  detects  test
sample leakage, must
30 3 remain open at all
times. Water is caused
36 3

by leaks.

2.3. FEA for Burst Test Result Validation (0.5 mm 316L Top Plate)

Experimental data was validated using FEA analysis based on
controlled conditions and specified conclusions. A correlation
was found when the analysis showed values similar to the
experimental  approach. Normal stress-induced  surface
deformation was evaluated using the ANSYS Transient Structural
Module. The dynamic response of a structure under non-uniform
and time-dependent loads can be assessed using this method.
Flexible dynamic analysis is flexible for determining a structure’s
transient load-induced displacements, strains, stresses, and forces.
Permanent connections are brazed regions in the numerical
model. Because of this, numerical models were used to describe
brazed zones in plate heat exchanger (PHE) samples using bonded
contact. The frictional contact definition with a friction
coefficient of 0.195 applies to all contact areas excluding brazed
ones.

Depending on the topic, choosing the right form of contact can
be difficult. New ANSY'S users sometimes struggle to distinguish
between frictionless, rough, frictional, and no-separation contact
types. Bonded contact is the most common arrangement for
surfaces, solids, lines, faces, and edges. Sliding or separation
between bonded contact faces or edges is prohibited. The region
is tightly bound as shown in Figure 10. This mode of
communication allows linear resolution since the contact size or
surface area remains constant during force application.
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If mathematical contact is made, gaps will be eliminated and
initial intrusion will be ignored. The symmetric quarter model
method reduces finite element analysis (FEA) runtime due to
symmetry in loads and component effects. This method applies
just to structure surfaces and requires no user input. The
displacement of a face with a symmetry plane requirement is
constrained in the normal direction but not in the tangential
direction.

%;
Fig. 10. C-PHE permanent contact surfaces.

2.3.1. Meshing

Meshing was accomplished using elements with an average
size of 0.33 mm. A combination of 2D quadrilateral and triangular
elements was used. The total number of nodes in use is 177,110.
There are 171,081 elements in all. The illustration below shows
the use of increasing element density in the building of blend
corners.

2.3.2. Material Database

The Multilinear Isotropic Hardening material model was used
to model the 316L steel. 316L Material properties are given in
Table 2. The relevant material parameters were taken from the
Ansys Granta Material database. The characterisation of material
properties is an important first step in representing any material
model using Finite Element Analysis (FEA). Incorrect inclusion
of material details can have a significant impact on the outcome.
Inaccuracies in the output of the Finite Element Analysis system
are unavoidable due to the insertion of incorrect data. When
introducing material parameters into Finite Element Analysis, it
is critical to be cautious and attentive.

Table 2. 316L Material properties.

Property Value Unit
Density 7969.4 kgm™3
Young’s modulus 1.9736 x 10° MPa
Poisson’s ratio 0.26995
Bulk modulus 1.4298 x 1011 Pa
Shear modulus 7.7703 x 1010 Pa
Yield strength 229.57 MPa
Tangent modulus 1240 MPa
Isotropic thermal conductivity 14.886 Wm~tc™?!
Specific heat constant pressure 509.61 Jkgic?
Isotropic resistivity 7.476 x 107 Ohm.m
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3. RESULTS
3.1. Functional (Thermal Performance) Test Results

Due to its varying component ratios, reducing the thickness of
304L, a distinct material family, requires numerous
considerations. From these principles, formability, causality, and
corrosion resistance matter most. To assess and understand new
material effects, plate heat exchangers with 304L 0.5 mm top
plates were functionally tested as shown in Table 3. As described
in the methodology section, three unique samples of material with
plate number of 26 were tested using a functionally specified
testing apparatus. The elements' thermal conductivity function
has been proven, and all samples have met the standards' output
values.

Table 3. 304L Top plate used PHE functional test results.

Acceptance Criteria Test Results

Description Unit  Nom Min Max Samlple Sa?ple Sang]ple
CHflowrate  l/min 251 25 252 251 250 251
Temp.CHIN °C 716 706 716 714 714 715
Temp. CHOUT  °C 51 495 52 508 508 50.8
DHW flow  I/min 101 10 102 101 102 10.1
Temp. DCW °C 10 9 10 9.7 9.8 9.5
Temp. DHW °C 60 595 61 59.5 59.7 59.6

Figure 11(a) Displays flow rate values and ranges between
maximum and minimum allowed limits. For the 304L top plate
used PHE CH flow rate is in the ideal status as expected since
there is no change affecting internal flow dynamics such as a
change in chevron angles of the internal plates. The flowmeter is
being calibrated with an error rate of 1% of the displayed value.
The flow rate of the system can be arranged with the pump
modulation. Flow rate values can deviate until air is fully purged
from the system. When the desired range is reached, the
modulation stops, and the flow rate value remains constant.
Figure 11(b) displays the temperature value of the plate heat
exchanger central heating inlet for 304L top plate used PHE. To
perform the necessary test system inlet temperatures must be
arranged accordingly throughout the system. The error rate for
CH inlet temperature reading is defined as +1°C. The calibration
process of the temperature sensor is being completed according to
the mentioned range. Water temperature in the CH line is being
increased by heat exchange between the water coming from the
coil tank and CH line water.

Figure 11(c) displays the temperature value of the plate heat
exchanger central heating outlet for the 304L top plate used PHE.
This value is related to the efficiency of the component. Since the
inlet point measurements are available, heat transfer with
measured AT and Equation (4) can be calculated. The temperature
value is being read by the temperature sensor. Figure 11(d) shows
the flow rate values and the range between the maximum and
minimum allowed limits. For the 304L top plate used PHE
domestic cold water flow rate is in the ideal status as expected
since there is no change affecting internal flow dynamics such as
a change in chevron angles of the internal plates. Modulation of
the domestic line is being arranged by valves placed within the
system.
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Figure 11(e) displays the temperature value of the plate heat
exchanger domestic inlet line for 304L top plate used PHE also
shown in Table 4. To perform the necessary test system inlet
temperatures must be arranged accordingly throughout the
system. The temperature value of the DCW inlet is arranged by
the usage of the chiller. Figure 11(f) displays the temperature
value of the plate heat exchanger domestic outlet line for the 304L
top plate used PHE. This value is related to the efficiency of the
component. Since the inlet point measurements are available, we
can calculate the heat transfer with measured AT and Equation
(4). After using the provided equations in section 2.1.1, the thermal
performance parameters were calculated using the respective values
for each sample. The performance parameters of the 0.5 mm 316L
top plate utilized in the Plate Heat Exchanger (PHE) have been
defined using a similar methodology and given in Table 5.

CH Flowrate (I/min) DHW Flowrate (I/min)

1 2 3 1 2 3
sample Sample

(@) (d)

CH Inlet Temp. (°C) DHW Temp. (*C)

615

61.0
60.5
60.0 l l
59.5
59.0 J ‘

585

58.0
70.5 1 2 3
1 2

- Sample
Sample
(b) (e)
CH Outlet Temp. (°C) DCW Temp. (°C)
52.5 120
2 [ ]
515 g0 | - |
51.0 [
6.0
505
50.0 l
495 20
9.0 0.0
1 2 3 2 3
Sample sample
(© ()

Fig. 11. 304L Top plate used PHE functional test results, (a) CH
flow rate, (b) CH inlet temperature, (c) CH outlet temperature,
(d) DHW flow rate, () DCW temperature, (f) DHW
temperature.
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Table 4. Performance calculation results for 304L top plate used
PHE (26 plates).

Description Unit Average Min Max Samplel Sample2 Sample 3
DHW heat output kW 352 351 353 352 353 35.1
DHW effectiveness -  0.308 0.306 0.311 0.308 0.311 0.306

CH heat output kW  >35 - - 36.0 36.0 36.1
CH effectiveness - 0.327 0.326 0.329 0.328 0.326  0.329

Table 5. 316L Top plate used PHE functional test results.

Description Unit Nom Min Max Samplel Sample2 Sample 3
CHflowrate I/min 251 25 252 251 251 25.1
Temp. CH IN °C 716 706 716 714 71.2 71.6

Temp. CHOUT  °C 51 495 52 51.0 50.4 51.0

DHW flow I/min 101 10 102 101 10.2 10.1
Temp. DCW °C 10 9 10 9.5 9.6 9.5
Temp. DHW °C 60 595 61 59.5 59.6 59.6

CH Flowrate (I/min) DHW Flowrate (I/min)
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Fig. 12. 316L Top plate used PHE functional test results. (a) CH
flow rate, (b) CH inlet temperature, (c) CH outlet temperature,
(d) DHW flow rate, (¢) DCW temperature, (f) DHW
temperature.
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Figure 12(a) displays the maximum and minimum flow rate
values. PHE CH flow rate is optimal for the 316L top plate because
there is no change in internal flow dynamics, such as internal plate
chevron angles. The flowmeter's reported value is calibrated with a
1% margin of error. The modulation of a pump controls system flow.
Until all air is expelled, the discharge rate can vary. When the target
range is attained, the flow rate remains constant and modulation
ceases. Figure 12(b) illustrates the temperature of the central heating
inlet of a 316L top plate PHE plate heat exchanger. To conduct
crucial testing, the system's inlet temperatures must be modified. The
specified error rate for temperature readings at the CH inlet is 1°C.
According to the range, temperature sensor calibration is performed.
Heat transfer between the coil tank and the CH line water elevates the
temperature of the CH line water.

Plate heat exchanger central heating outlet temperature for 316L
top plate using PHE, as shown in Figure 12(c). This value indicates
the efficacy of a component. Since inlet point data are known, heat
transfer can be calculated using measured AT and Equation (4).
Temperature value is received by the temperature sensor. Figure
12(d) depicts the flow rate values and the range between the
maximum and minimum limitations. As anticipated, the PHE
domestic cold water flow rate for the 316L top plate is ideal, as there
is no change in internal flow dynamics, such as internal plate chevron
angles. Modulating domestic lines are internal valves. Figure 12(e)
depicts the domestic inlet line temperature of a plate heat exchanger
with a 316L top plate using PHE. To conduct crucial testing, the
system's inlet temperatures must be modified. The temperature of the
DCW inlet is set by chiller equipment. Figure 12(f) displays the
domestic outlet line temperature for 316L top plate PHE plate heat
exchangers. This value indicates the efficacy of a component. Since
inlet point data is available, heat transfer can be computed using
measured AT and Equation (4). The thermal performance parameters
were determined by applying the equations provided in section 2.1.2
to the corresponding values of each sample.

Table 6. Performance calculation results for 316L top plate used
PHE (26 plates).

Description Unit Average Min Max Samplel Sample2 Sample 3
CH Heat Output kW 36.0 35.7 363 357 36.3 36.0
DHW Heat Output kW 353 353 354 353 354 35.3
CH Effectiveness % 0.333 0.3300.337 0.330 0337 0.332
DHW Effectiveness % 0.326 0.3260.327 0.326  0.327 0.326

Connecting the relevant material to the test configuration,
specifying the prescribed temperature levels at designated locations
in the reference values, and then determining the temperature flow
and pressure values of the fluid at the inlet and outlet points of the
plate heat exchanger product were all part of the functional tests.
Following the determination of these variables, the productivity of
the sample was determined using relevant calculations and then
compared to the acceptance requirements. Given the correlation
between the material change in the upper plate and the water in the
CH line, the significance of the CH line analysis results is of the
uttermost importance to this investigation. The functional evaluations
for plate heat exchangers with a 316L 0.5 mm top plate were
performed on a set of 26 plates, and the findings were documented in
Table 6.
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The adjustment mentioned in this study is to the upper plate
material, and it is expected that it will have little influence on thermal
performance. However, because the reduction in material thickness
(316L 0.5 mm Top Plate Usage) does not require a change in material
composition, it does not affect the thermal performance
characteristics.

This situation is unique to the 304L. The weld strength is
expected to vary due to the material difference between the lower and
higher plates, and it has been concluded that the thermal performance
may be influenced accordingly. Using this information, a functional
test was performed on plate heat exchangers with a 0.5 mm 304L top
plate. The goal of the functional test is to read values from the device's
screen such as adaptable pressure, temperature, and flow rate and use
these numbers to compute the efficiency of the used heat exchanger
product. The tests used three different amounts of samples from the
26 plate group. The results were positive, and it was demonstrated
that the top plate material has no major effect on the functional
performance of PHE because the main heat transmission occurs in
the internal plates.

3.2. Burst (Mechanical Strength Performance) Test Results

A probe-measuring device is an instrument that is used to
measure distances. This is accomplished by taking point
measurements at various reference places following a predetermined
reference. The probe head and its implemented planar parts are
extremely useful in the context of metric measurement of non-
uniform surfaces, such as those found on the upper plate of a plate
heat exchanger. Table 7 contains the measurement and listing of the
deformation that occurred in the plate heat exchanger sample, which
was generated using a 316L/304L 0.5 mm top plate using the method
stated in section 2.2.1.

Table 7. Top plate deformation corresponds to the applied
pressure value.

Material Mea;t;irﬁ;nent At 6bar At 12bar At 18bar 5 Aﬁ)tar 3£Jtar 3£Jtar
1 0 0 0 0 o 0
2 067 -055 044 -037 -025 -012
304L0.5 3 009 011 012 015 037 045
plr‘;;‘; B‘;‘; ; 4 046 057 059 102 179 254
OHE 5 010 012 013 013 015 028
6 011 013 013 015 021 028
7 012 025 053 097 147 231
1 0 0 0 0 o 0
2 028 028 029 029 035 042
3%%;’5 3 005 007 01 012 018 024
olate used 4 028 029 029 031 072 127
PHE 5 037 037 038 039 045 041
6 025 027 029 032 039 043
7 041 042 044 048 076 1.07

Throughout the experimental procedure, the specimen was
subjected to pressure increases of 6 bars. At regular intervals, the
ongoing process was suspended momentarily and a sample was
extracted. The water within the sample was drained and the sample
was transferred to the measuring device. The specimen was then
transferred to the fixation platform and subjected to compression.
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After reaching a pressure of 12 bar, the component was subjected to
an isobaric procedure lasting 180 seconds. After the system was
evacuated, successive deformation measurements were conducted
and recorded on the heat exchanger. The procedure was carried out
with exactness until a pressure of 36 bar was reached. The
corresponding measurements were carefully recorded and then
organized in a table. Five distinct samples were used and the mean
values were calculated. Figure 9 depicts the deformed and
subsequently cut plate heat exchanger sample, along with the
corresponding surface designations.

In Table 8, overall channel dimension results are displayed.
Deformation on the 12th channel is large since 304L material is more
formable than the alternative. In Figure 13 304L Surface A values
from Table 8 are displayed. With this graphic, channel height
differences are easier to compare. This figure set covers 4 surfaces.

Table 8. 304L 0.5 mm Top plate used PHE cross-sectional
deformation measurement results.
304L 304L 304L 304L
Surface A Surface B Surface C Surface D
Channel Height (mm)

Channel number

1 3.312 3.282 3411 3.284
2 3.362 3.388 3.305 3.284
3 3.319 3.261 3.263 3.305
4 3.323 3.261 3.312 3.263
5 3.305 3.282 3.305 3.298
6 3.337 3.303 3.305 3.326
7 3.284 3.24 3.305 3.284
8 3.326 3.303 3.39 3.284
9 3.337 3.324 3.347 3.326
10 3.358 3.303 3.305 3.326
11 3.358 3.346 3.39 3.326
The standard deviation of 11 0.023 0.40 0.44 0.021
channel
Average of 11 channel 3.329 3.299 3.330 3.30
12 deformed channel height  6.372 6.422 6.063 5.994
Measured max deformation 3.042 3122 2732 2693

(mm)

Channel Measurement Results
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Fig. 13. Channel port dimension deviation for 0.5 mm AISI
304L top plate used PHE sample 1 surface A (36 bar Max).
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In Figure 14 channel heights are quite similar and the standard
deviation is calculated as 0.40. This value is different from surface A.
The reason for that might be the spring back effect occurred after the
cutting process. Smaller portion can lead to small differences and big
portion is the opposite. For surface C similar comments are also
validly made for surface D. There is no significant change between
measured channel height values, but the 12™ channel deformation is
different. This is possible since force distribution on the top plate is
not expected to be linear as calculated, displayed in Figure 15 and 16.

Channel Measurement Results
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3.329 3,329 3.329 3.329 3.329 3.329 3.329 3.329 3.329 3.329 3.329 3.329

Fig. 14 Channel port dimension deviation for 0.5 mm AISI
304L top plate used PHE sample 1 surface B (36 bar Max).
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Fig. 15. Channel port dimension deviation for 0.5 mm AISI
304L top plate used PHE sample 1 surface C (36 bar Max).
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Fig. 16. Channel port dimension deviation for 0.5 mm AlSI
304L top plate used PHE sample 1 surface D (36 bar Max).
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The findings show that the heat exchanger constructed with a
316L top plate demonstrated reduced deformation compared to the
plate heat exchanger utilizing 304L, despite both being exposed to
identical loads and profiles as shown in Table 9. In the 9th channel,
there is a significant reduction in channel height as shown in Figure
17(a). The reason for that might be the orientation error of the weight
placed on the top of plates before the brazing process or simply an
error that occurred from the vertical cutting process. Even with that
decrease in channel height, no significant pressure loss occurred in
the component. Surface B is near to mean body and values are similar
as expected as shown in Figure 17(b). The last channel dimension is
different due to the deformation on the endplate which is being
transferred and became visible. Figure 17(c). displays the internal
channel measurement results read from surface C which is shown in
Figure 17(d).

Table 9. 316L 0.5 mm Top plate used PHE cross-sectional
deformation measurement results.
316L 316L 316L 316L
Surface A Surface B Surface C Surface D
Channel Height (mm)

Channel number

1 3.164 3.241 3.47 3.291

2 3.347 3.404 3.512 3.462

3 3.305 3.39 3.45 3.419

4 3.319 3.347 3.47 3.397

5 3.369 3.39 3.514 3.433

6 3.347 3.319 3.492 3.462

7 3.305 3.411 3.512 3.397

8 3.347 3.368 3.493 3.44

9 2.637 3.347 3.512 3.492

10 3.369 3.39 3.469 3.433

11 3.39 3.368 3.534 3.504

The standard deviation 020 0.04 0.02 0.05
of 11 channel

Average of 11 channel 3.26 3.36 3.49 3.43

12 deform_ed channel 426 411 458 448

height
Measured max 0.99 0.74 1.08 1.05

deformation (mm)

Despite the initial specification in the CAD data for the inner
plates of a 3.5 mm channel size, the data shown in Table 7. suggests
a divergence from this value. It is related that during the fabrication
step, a specified level of force is applied to the constituent and then
maintained at that magnitude. The procedure is critical in promoting
the formation of points of contact between the plates. Inadequate
weight positioning to maintain duct size might result in compromised
connection points, also known as brazing points, between the ducts.

The magnitude of 304L deformation was evaluated by
performing cross-sectional cuts on the deformed samples and
measuring the dimensions of the channels on four unique surfaces.
The use of ImageJ has aided in the determination of values. In
addition to these data, it was expected that spring-back phenomena
could appear on the relevant surfaces, allowing them a degree of
freedom following sectioning. The same procedure was utilized on a
316L 0.5 mm top plate with distorted PHE.
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Channel Measurement Results
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Fig. 17. Channel port dimension deviation measurement of the
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The internal channel measurements outlined in the previous
section demonstrate a significant level of proximity to the
measurement results observed in the sample of 304L used. Given that
the internal plate materials and applied pressures are identical, it can
be concluded that there is no substantial distinction among the
internal channel heights.

3.3. FEA Results (Burst Test Result Confirmation of 0.5 mm 316L
Top Plate Used PHE)

The data obtained from experimental methods was validated
through the utilization of FEA. This analysis was conducted by
considering controlled parameters and implementing established
findings. The analysis demonstrated that there were values obtained
in the experimental method that closely aligned with the results, and
a correlation was established between them. Figure 18 presented
below illustrates the stepwise representation of the time-dependent
deformation value in finite element analysis.

L o d g
Cdl

03787
t=12s t=15s t=18s

Fig. 18. Top plate deformation with timescale.
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Based on the data presented in Figure 18, it can be observed that
deformation initiates within the time interval ranging from 9k
seconds to 12k seconds. The values under consideration are
associated with a range of 20 to 25 bar.

The empirical evidence demonstrates that visible deformation
takes place once the pressure reaches 24 bar, thus confirming the
correlation between the experimental system and the finite element
solution. A maximum deformation of 0.43 millimeters was observed
following a gradual increase in 24 bar. The value obtained using the
probe device is sufficiently like the relevant correlation to establish a
relationship.

Fig. 19. Equivalent (Vdn-Misses) stresél

54

The material designated as 316L demonstrates a yield stress value
of 229.57 MPa. The upper plate has been visually differentiated by
the application of color coding, which serves to denote specific areas
where stress values exceed the predetermined threshold limit. The
regions are denoted by the color red. Figure 19 depicts the potential
yield point that may occur on the component after the application of
36 bars of domestic pressure.

4. CONCLUSION

Plate heat exchangers with 304L and 316L 0.5 mm top plates
were functionally tested. Tests showed favorable results. The
products were then pressurized and tested for mechanical strength
evaluation. When subjected to a pressure of 24 bar, the plate heat
exchanger, which was built with a 316L top plate with a thickness of
0.5 mm, deformed. In contrast, the plate heat exchanger constructed
with the same thickness of 0.5 mm 304L top plate displayed
deformation at a lower pressure of 18 bar.

The study only looked at thermal performance and burst
resistance; however, future research could broaden the scope to
include lifespan performance, water hammer performance, and
fouling resistance of the finished product.

In this study, a FEA platform was built to confirm pressurization
experiment results. This technology simplifies pressurization test
evaluation by verifying data in the field without cost. The study's
FEA simulation platform is being utilized to examine alternative
materials. Research is underway to find economically feasible
materials that can improve high-quality product manufacture.
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