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Abstract: The printed circuit heat exchanger (PCHE) is a promising waste heat recovery technology
to improve energy efficiency. The current investigation presents the experimental results on the
thermal performance of a novel PCHE for low-temperature waste heat recovery. The novel PCHE
was manufactured using precision machining and diffusion bonding. The thermal performances,
such as effectiveness and NTU values at different temperatures, are evaluated, and water is used
as a working fluid. The experimental results indicate that the PCHE’s effectiveness is around 0.979
for an inlet flow temperature of 95 °C. The predominant factors affecting the thermal performance
of the PCHE are the inlet flow temperature and the flow rate of the working fluid. In addition, a
comparison of the experimental results and the literature shows that the effectiveness of the PCHE is
better than the others, which have fewer layers of PCHE fins.

Keywords: print circuit heat exchanger; PCHE; efficiency; nusselt number; heat transfer coefficient;
NTU value; thermal performance

1. Introduction

Waste heat generation is inevitable during energy utilization in an industrial process
and grows evidently alongside global industrialization. Industrial waste heat is categorized
into three temperature ranges, namely: low-temperature (<230 °C, e.g., paper, textile, food
processing industry, etc.), medium-temperature (230-650 °C, e.g., ceramic and cement
industry, etc.), and high-temperature (>650 °C, e.g., steel and metal processing industry,
etc.) [1]. Half of input energy is lost in different forms of waste heat into its surroundings [2],
wherein the low-temperature range accounted for about 66% of the total waste heat gener-
ated [3,4]. Globally, low-temperature waste heat from industrial activities was extensively
observed; for example, roughly 34% was generated in Europe, 50% in China, and 60%
in the United States [4]. The main application of the print circuit heat exchanger (PCHE)
is in a supercritical CO, (S-CO,) power cycle, which is promising electricity generation
using waste heat recovery. This is due to the high efficiency and compact configuration
of the PCHE, which reduces the system footprint area [5]. In addition, the heat exchanger
can be designed using various fin geometries and working fluids to fulfill the system
requirements [6]. Taiwan’s rich geothermal resources have been well-developed as hot
springs and are an integral part of the tourism industry. Sodium bicarbonate hot spring
(pH value: 6.2~8.6; temp. 60-99 °C) accounts for 70% of hot springs throughout Taiwan.
The heat generated from these hot springs could be recovered and shows great potential
for low-temperature waste heat recovery from geothermal heat. Taking advantage of this
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waste heat from low-temperature sources, not only improves energy conversion efficiency,
but also reduces harmful emissions. There are many technical applications for waste heat
recovery, such as passive waste heat recovery systems for heat pipes [7] and static power
generation technology by automotive exhaust with a thermoelectric generation (TEG)
system [8]; however, these options are not suitable for the hot springs scenario.

Heat exchangers, such as a linchpin unit, are widely used in waste heat recovery sys-
tems, working independently or combined with other systems. Heat exchangers commonly
used in the industry still have many issues that need to be addressed. For example, a shell
and tube heat exchanger (STHE) and a finned-tube heat exchanger (FTE) require a large
space for installation and operation and have a lower distribution of channels within a small
space. In addition, for plate heat exchangers (PHE), the plates connected by welding [9]
are weaker than the body. In addition, high channel distribution density has contributed
to high-pressure drop and high power of the pump is needed. Increasing the area of heat
transfer of the heat exchanger flow channel is a good method to improve heat recovery,
but it will incur a high-pressure drop, thus, energy consumption during operation is also
increased [10,11]. For low-temperature waste heat recovery, the temperature difference
between the heat source and the heat collector is too small to recover, thus, low-temperature
waste heat recovery is always harder than middle and high temperatures. Hence, there
is less low-temperature waste heat recovery technology in industrial applications using
a heat exchanger and the technology is immature compared to other types of waste heat
recovery technologies.

A diffusion bonding application is viewed to be a suitable technology for the fabri-
cation of a PCHE. It is a bonding method wherein the gap between the two materials is
within an atomic level. This makes the device approximately one body without adding
materials. Printed circuit heat exchangers (PCHEs) are high-integrity and density-compact
heat exchangers [12]. Due to diffusion bonding technology, the strength and properties
of the entire PCHE are unified, and the endurance to stress is excellent. The heat ex-
changer is well compacted and the channels are densely distributed. Particularly, the
design using microchannels offers a better heat transfer performance [13]; however, it is
accompanied by a large pressure drop. On the other hand, diffusion bonding technology
can offer various advantages [14], such as the reduction of unpredictable risks, such as
leakage and malfunctions in service. In addition, the lifetime of heat exchangers fabricated
through diffusion bonding is longer than others. Most recent studies focused on carbon
dioxide and helium as the working supercritical fluid as well as geometry designs of the
channel [15-18], or applying PCHE technology as the heat exchanger for a Brayton cycle
and using a nanofluid as a working fluid [19,20]. Most of the temperature conditions are
medium or high temperatures and only a few examples are in low-temperature regions, as
shown in Table 1 [5,21-28].

Table 1. Literature review of printed circuit heat exchangers through diffusion bonding with low Reynolds number.

Working

Shape of

Fluid Channel Correlations/Outcome Reference
. Nu = (0.01352 & 0.0094) Re(0-80058 + 0.0921) 1200 < Re < 1850
Straight
Water Taig Nu = (3.6361 & 0.0094) Re(1-2804 +0.0273) 1850 < Re < 2900 [
He-water Zigzag fp-Re = 15.78 + 0.0557 Re%82 0 < Re < 3000 2]
He-He & _ 0.95 1.0.55 0 < Re < 3000
He-water Nu = 4.089 + 0.00497 Re%° .Pr 0.66 < Pr < 13.41
He Zigzag Nu = 4.089 + 0.00365-Re-Pr-%8; zp-Re =15.78 + 0.004868 Re08416 0 < Re < 2500 2]
CO» & Water Zioza Nu = 0.8405-Re%57%; f = 0.0758-Re 019 15,000 < Re < 85,000 3]
2 8248 Nu = 0.2829-Re®66%6. f — 6.9982 .Re 0766 50 < Re < 200
Water Straight Nuy, = 0.7203 Re®1775Pr1/3(11 / 1)014; f = 1.3383Re — 0.5003 100 < Re < 850 [4]
Hot fluid (470K < T}, < 6301L<): Nu = 87.56(%)‘0-178(ﬁ)‘0'9306 ;
— LpN—0.9639( _a \—2.409
s-CO, Straight f=0.0375(1) (115) 5000 < Re < 32,000 [5]

Cold fluid (400K < T}, < 520K): Nu = 85,95(%)—0.171(1,{76),0_8912;
f= 0.0395(%)—0.9479(1%6)72.239
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Table 1. Cont.
Working Shape of .
Fluid Channel Correlations/Outcome Reference
el Zioza Nu = (0.05516 = 0.00160)-Re(0-69195 = 0.00559) 1400 < Re < 2200 .
elum 8248 Nu = (0.09221 4 0.01397)-Re(0:62507  0.01949) 2200 < Re < 3558
Nu = 5.05 + (0.02-« + 0.003)-Re-Pr®
Nu = (0.710:+0.289)
Helium Zigzag ()00 Rel-011 (055700 /Dy 4059y 56 O eio 7)
Nu = (0.18x+0.457) -
~0.038
( ]1311 ) .Re(—0:23(=0.74)2~0.004(I / D) a-+0.56) p 0.58
S-COZ & 6
ALOs-water Straight Nu = (Re=100)Pr e ooy (8]
nanofluid 14127 \/g(p,ys,l) .
. f 2300 < Re < 5x10°
s-CO, Straight Nu= 8 (Re;, —1000)-Pry, [9]
1+12»7'\/;'(Prh2/3—1) 0.5 < Pr <2000
Water S-type Nu = 0.03428-Re0613 50 < Re < 310 This paper

The above literature shows that few studies focused on heat transfer performance
and efficiency of PCHEs with water as a working fluid for waste heat recovery at low-
temperatures. In view of this, this work aims to design a novel PCHE for low-temperature
application fields, especially for hot springs. In this study, bezels are designed on the flow
plates to increase heat exchange efficiency. Each bezel is arranged at an interval and with a
mirror design for the cold and hot fluid flow plates. The current arrangement of the flow
channel in the flow plates will keep the fluid flow in the special flow direction through
a bezel. On the other hand, the mirror-symmetric design of the channel in the fluid flow
plates is to improve heat exchange performance. Furthermore, the microchannel design
is applied to the runner plates to increase the area of heat transfer and thus improve the
overall efficiency of the PCHE. Although increasing the fin density will lead to an increase in
pressure drop, this effect can be ignored as the current PCHE is targeted at hot-spring waste
heat recovery, which does not require any pump for operation. This study investigated the
relationship between the heat transfer and flow rate for the PCHE, with a particular focus on
different inlet temperatures, flow rate ratio, and heat exchanger effectiveness. In addition,
the performance of using precision machining manufacturing runner microchannels under
various flow rates and temperature profiles is also investigated. Lastly, a comparison of
the current PCHE with other heat exchangers is made, where an etching manufacturing
method is used to fabricate the flow channel. This will enhance our understanding of
the PCHE performance fabricated using a low-cost manufacturing method and, in return,
contribute to the future development of PCHEs for special applications.

2. Materials and Methods
2.1. Design and Manufacture of PCHE

The printed circuit heat exchanger (PCHE) used in this research consisted of four flat
stainless steel plates: two hot plates and two cold plates with lengths, widths, and heights
of 0.11 m, 0.145 m, and 0.012 m, respectively, as shown in Figure 1a,b. The rectangular
channels had a hydraulic diameter of 0.0021 m and were manufactured using precision
machining. The flow area of the plate was divided into three zones. The first sone was
the three-channel areas in the plate composed of 13 channels. The second zone was the
four pool areas at the side of the channel areas. The channel was designed to guide the
fluid flow path turn at 180 degrees to the next channel. The last zone had two baffles with
a 0.003-m width on the plate, which guided the flow and separated the channel areas and
the aforementioned configuration of the channel. Therefore, the working fluid flowed on
the plate in an S-shape. This design was to ensure that each channel was fully filled with
working fluid and extended the staying time for the fluid in the flow plate. Moreover, hot
and cold fluid plates showed symmetric geometry to increase the area of heat transfer [29].
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According to the literature, a high compactness and channel distribution density in the
PCHE will improve the overall efficiency [12]. The flow directions of cold and hot fluids and
the configuration of the PCHE are shown in Figure 2. During the manufacturing process,
the stacked plates, including four runner mirror-symmetrically plates and a top plate with
a thickness of 0.004 m, were put in a vacuum (10—3 tor) with a working temperature of
1045 °C. The function of the top plate was to protect the PCHE channels from damage
during the pressurization process. Next, the plates were subjected to a pressure of 200 bar
in the vertical direction to ensure that the distance between the two plates achieved the
atomic distance, while cooling down to the surrounding temperature. The fluid flow
direction is illustrated in Figure 2c, in which the blue and red arrows represent the cold
and hot fluid flows, respectively. After the fluids enter the PCHE, they go into each channel
of the plate and then go out. In order to ease the testing of the PCHE, the screw holes at the
edge of the plate were designed with a diameter of 0.012 m to facilitate the installation of a
0.375 inch copper joint. Then, heat-resistant silicone hoses were installed on the inlet and
outlet of the PCHE.

(@)

Microchannel layout

Figure 1. (a) The design of the PCHE; (b) hot fluid flow plate and cold fluid flow plate in the PCHE.
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(b)

I c.;?;g Hot fluid direction
B Dot =) Cold fluid direction

Figure 2. Flow plate geometric of PCHE and flow direction: (a) cold and hot fluid flow plate; (b) side
view and three-dimensional explosion map; and (c) schematic diagram of the PCHE.

2.2. Experiment Setup

The experimental apparatus and setup to measure and calculate the thermal perfor-
mance of the PCHE is described in Figure 3, which consists of water as the hot and cold
working fluids, two flow meters (Shuang Huan, Taiwan, DK800-6) with adjustable valves
installed on the hot fluid and cold fluid circulating loop, refrigerated circulating bath (Yih
Der, Tainan, Taiwan, BL710-D), pump (HITON, Tainan, Taiwan, HF-8006) and a 40-L water
heating system powered by liquified petroleum gas (Ta-Han, Tainan, Taiwan, BDF-23C).
The temperatures were measured using eight K-type thermocouples (Chuan Yu, Kaohsiung,
Taiwan, K type) connected to an industrial computer, equipped with a thermocouple slot
module. Filters were installed at the outlet of the sink and the water heating system to
remove impurities in the working fluid and prevent damage to the flow meter. Since the
flow layout was set to be in a counterflow, the counterflow pattern was adopted in the flow
configuration [30], which resulted in a high effectiveness, where the cold inlet was on the
opposite side of the hot inlet. It is also shown in Figure 3 that the flow rate passing through
the flowmeters was controlled by a valve; the maximum mass flow rate was 100 L/h. The
hot working fluid was driven by a pump and the temperature of the fluid was controlled
by a heater. A constant-temperature cold working fluid was supplied by a refrigerated
circulating bath to the test rig. The thermocouples were installed at the inlet and outlet of
both fluids and inside the tube of the copper joint. They were about 0.001 m away from the
entrance of the PCHE. Before performing experiments, the thermocouples were calibrated
to an accuracy of £0.01 °C. In addition, the water heating system had thermocouples to
accurately monitor and control the temperature. Finally, all piping system and PCHE were
insulated with thermal insulation wool to minimize heat loss.
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Figure 3. Schematic diagram of the experiment setup.

2.3. Operations and Data Analysis of Experimentations

Three different hot fluid inlet temperatures, 75 °C, 85 °C, and 95 °C, were used in this
study. The inlet temperature of the cold fluid (water) was 20 °C. The range of the cold and
hot fluids’ flow rates were 0.1667-1.667 L/min (i.e., 10-100 L/h), they were adjusted by
the valve on the flowmeter. This corresponds to the Reynolds numbers of 50-514. The
Reynolds number (Re) was calculated in Equation (1) in light of the method suggested by
Cowell [31]. The average convective heat transfer coefficient (1) and Nusselt number (Nu)
were obtained using Equations (2) and (3) as [9]:

Re — PV Dn (1)
1
_ (mCPAT)hot
= T =T @)
Nu = h% 3)

In Equation (1), Dy, (0.0021 m) is the hydraulic diameter, V is the velocity of the fluid,
y is the dynamic viscosity of the fluid, and p is the density of the fluid. In Equation (2),
the product in the numerator is the heat flux of hot fluid, including ¢, (specific heat), m
(flow rate), and AT (the temperature difference between the inlet and outlet), respectively.
In addition, T; and Tw are the temperature of channel surface and fluid temperature,
respectively. In Equation (3), k represents the thermal conductivity.

The effectiveness (¢) of the PCHE [9] is assessed as the ratio of the actual heat transfer
rate (Qgcrua1) to the theoretical maximum rate of the heat transfer (Qy,4y) and is expressed
using the equation below:

e — Qactual _ Chot (Th,in - Th,out) _ (1’}1 Cp)hot (Th/i” _ Th,out) (4)
Qmax Conin (Thyin — Te,in) (m CP)min (Th,in — Tein)

In Equation (4), T, in, Tp in, and Tj, ,,,; represent the temperature of the cold inlet, hot
inlet, and hot outlet, respectively. Cj,; denotes the product of the mass flow and specific
heat of the hot and fluid, and C,,;,, is the smaller one between the cold and hot fluid.

The value of the overall heat transfer coefficient (U) can be calculated from the heat
transfer area and the logarithmic mean temperature difference (LMTD) between the hot
and cold fluid flows and average heat transfer rate (Qﬂvmge) by Thulukkanam [9]. They
are expressed as follows:

: Quot +Q
Qavemge: hot 2 cold ®)
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U = Qaverage ®)

Aol LMTD

AT — AT
LMTD = =1 ——-2 ?)

AT
LnN( 37 )
where AT} and AT, are the temperature difference of the inlet and outlet between the hot
and cold working fluid, respectively, as shown below:

ATl = Thot,inlet - Tcold, outlet (8)

AT2 = Thot,outlet - Tcold, inlet (9)

The number of transfer units (NTU) value can be calculated by the overall heat transfer
coefficient [32], as shown in Equation (10). In the equation, Ay, is the total area of heat
transfer of the PCHE, C,;;,, is the smaller one between heat capacity of cold and hot fluid,
Cp,c is the heat capacity of cold fluid. Similar to other literature analysis, the usual heat
exchanger effectiveness ¢ is defined as the relation function between C, and NTU, as shown
in Equation (11) and can be simplified to Equation (12) [33]:

UAtotal UAtotal

NTU = - = (10)
Cmin (mcp,C)C
_ J[-NTU(1-C))]
R (1)
1— C,e[-NTU(1-C)]
NTU
fT1FNTU (12)
C’ .
C, = —min 13
' Cmax ( )

2.4. Uncertainties Analysis

The results of the experiment and its measurements were affected by many factors.
Uncertainty analysis was used to make sure that the precision of the measurement device
was set before the experiments, and to calibrate and ascertain their accuracies. This included
electronic load, flowmeters, and thermocouples. The ranges of measuring or operating,
resolution, and uncertainty in measurement is tabulated in Table 2, where uncertainty in
the measurement of devices is defined as in Equation (14) [34]:

0.5 x resolution

Relative uncertainty = - - (14)
value of measuring or operating
Table 2. Uncertainty analysis of the equipment used in this study.
Equipment Uncertainty
. Operating or . . .

Equipment Measuring Range Resolution Relative Uncertainly
Heating system 70-100 °C 0.01°C 1.8%
Cooling system 20°C 0.01°C 1.7%

Flowmeter 10-100 Lh~! 1Lh! 2.4%

Table 2 lists the data for supplying and the deviation analysis of experiments, including
temperature, which was controlled between 75 °C and 95 °C and the flow rate was between
10 L/h and 100 L/h. The analysis results of the uncertainty of the measurement due to the
equipment was less than 2.5%.
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3. Results and Discussion
3.1. Effectiveness

Figure 4 illustrates the effectiveness of the PCHE for three different inlet temperatures
of the hot fluid flow versus the cold-to-hot fluid flow rate ratio. The effectiveness (¢) can be
observed to easily decrease with an increase in flow rate ratio. The effectiveness of the heat
exchanger drops by at least 50% when the ratio of flow rate increases from 0.1 to 1, showing
the pronounced influence of the ratio of the flow rate on the effectiveness of the PCHE. On
the other hand, the differences between the three curves are not significant, revealing that
the effect of increasing the inlet temperatures is not as obvious as the flow rate ratio.

1
—e— 75°C
—————_—.— 85°C
——e—- 95°C

7

0.9

0.8

0.7

0.6

Effectiveness

0.5

0.4

LA NLANLALELI ISLENLNLANL [SLULALANLN INLELULAL LA A

—
0.2 0.4 0.6 0.8 1 1.2

0.3 0
Flow rate ratio

Figure 4. The effectiveness of the PCHE on different hot inlet temperatures.

In Figure 4, the highest effectiveness of 0.979 was achieved at a flow rate ratio of 0.1
(i.e., the minimum ratio of flow rate), whereas the lowest effectiveness of 0.428 is exhibited
at a flow rate ratio of 1, rendering a 53% difference in the effectiveness between the two
ratios under the same hot inlet temperature. On account of the higher effective value at a
ratio of 0.1, this ratio is suitable for the operation of PCHEs. On the contrary, a flow rate
ratio of 1 will lead to poor performance of the PCHE. Overall, the effectiveness of the PCHE
under the hot inlet temperature of 95 °C is better than the other two temperatures at a low
flow rate ratio. In summary, operating the heat exchanger with high inlet temperature
and low flow rate ratio is conducive to intensifying the effectiveness and thereby the heat
exchange. Attala et al.’s [35] experimental results on the plate heat exchanger had a similar
behavior at a low Reynolds number.

3.2. Temperature Distribution

The temperature distribution of the hot and cold fluid inlet and outlet at three different
hot inlet fluid temperatures (75, 85, and 95 °C), along with a fixed cold inlet temperature
(20 °C) for different flow rate ratios, are shown in Figure 5. Altering the flow rate ratio
causes variations in the temperature of the distribution. At low flow ratios, such as 0.1,
0.125, and 0.167, the temperature slopes of the hot fluid flow are relatively insignificant,
whereas the temperature slopes of the cold fluid flow are steeper. This is ascribed to more
heat being contained in the hot fluid and relatively less heat being transferred to the cold
fluid, stemming from a lower cold fluid flow rate. As a consequence, the temperature
variation of the hot fluid flow is small, whereas it is pronounced in the cold fluid flow.
On the contrary, at higher flow rate ratios, such as 0.333, 0.667, and 1, the variation in the
temperature of the hot fluid flow tends to become obvious, whereas the rising tendency in
the temperature of the cold fluid flow becomes less obvious [36]. For the cases of a flow
rate ratio of <0.667, it is noteworthy that, after heat exchange, the outlet temperature of
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the cold fluid flow is always higher than that of the hot fluid flow, whereas an opposite
result is observed at flow rate ratio =0.667 and 1. For the two factors of the hot fluid inlet
temperature and the flow rate ratio investigated in this study, Figure 5 indicates that the
flow rate ratio is more influential on the temperature profile when compared with the hot
fluid inlet temperature. Figley et al. [32] explored the correlation between flow rate ratio
and hot fluid inlet temperature, which had a similar temperature changing trend, and
established the thermal-hydraulic performance in their PCHE numerical model.

3.3. Temperature Difference and Effectiveness

Figure 6a examines the temperature difference of the cold and hot fluids’ between the
inlet and outlet. The temperature difference of the hot fluid between the outlet and inlet
decreases with the rising flow rate ratio, but it shows an opposite trend for the cold fluid.
Physically, the higher the temperature difference, the better the heat transfer. At low flow
rate ratios, the temperature difference of the cold fluid flow is higher which is contributed
by a high flow rate of the cold fluid. Thus, the temperature of the cold fluid flow can be
easily raised. Meanwhile, the temperature difference in the hot fluid flow is small, which is
ascribed to the high flow rate of the hot fluid. It is not surprising that an increase in the hot
fluid’s inlet temperature increases the temperature differences of the hot and cold fluids. A
past study [37] provided several cross-flow configurations and explained the correlation
between the effectiveness and the temperature difference which is in line with the obtained
results in the present study.

To further investigate the heat transfer performance, the temperature difference be-
tween the cold and hot fluid temperature versus flow rate ratio is shown in Figure 6b.
Meanwhile, the profiles of the effectiveness from Equation (12) are also shown in Figure 6b.
As a whole, both the D value and effectiveness (¢) decrease monotonically with the increase
of the flow rate ratio. Physically, the effectiveness is a ratio between the actual heat transfer
rate and the maximum (ideal) heat transfer rate. Accordingly, when the effectiveness is
larger, the performance of heat transfer is also better. The maximum value of the effec-
tiveness in Figure 6b is 0.979, occurring at a hot fluid flow inlet of 95 °C and the flow rate
ratio of 0.1. In contrast, the minimum value of the effectiveness is 0.428 occurring at a hot
fluid flow inlet of 75 °C and a flow rate ratio of 1. This indicates that the low flow rate
ratio with low cold fluid flow rate and high hot fluid flow rate is a better combination for
optimum thermal performance for the PCHE. Overall, the distributions of D and & showed
high correlation.
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Figure 5. Temperature distributions of hot and cold fluid flow after heat exchange at flow rate ratios of (a) 0.1, (b) 0.125,
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3.4. Characteristics of Heat Transfer Performance

Figure 7 shows the convective heat transfer coefficient of the PCHE under various
Reynolds numbers of the cold fluid flows. A higher Reynolds number is conducive to
convective heat transfer. A similar behavior was also observed in a previously reported
study [38]. This is why there is an increment of convective heat transfer coefficient with a
rising Reynolds number. For the hot fluid flow inlet temperature of 95 °C, the heat transfer
coefficient value is increased from Re = 50 to Re = 300, rendering an increment of 67.8%,
and other conditions of hot inlet temperatures are increasing by at least 64%. At low Re
values, such as 50 and 100, the sensitivity of the heat transfer coefficient to the hot fluid flow
inlet temperature Re is low and the variation is small. However, at Re = 300, the convective
heat transfer coefficient at the hot fluid flow inlet temperature at 95 °C is about 5% higher
than that of the convective heat transfer coefficient at the hot fluid flow inlet temperature
at 75 °C. The relationship between the effectiveness and the Reynolds number is shown in
Figure 7. Unlike the convective heat transfer coefficient, as the Reynolds number increases,
the effectiveness shows a downward trend. The convective heat transfer coefficient shows
a positive correlation with the Reynolds number of the cold fluid flow where the amount
of heat transfer increases. However, the fluid velocity is relatively high and the residence
time of the cold fluid in the channel is shorter and reduces the effectiveness of the heat
exchanger. The flow plates of PCHE are designed as an S-shape (Figures 1 and 2), which
can prolong the residence time of the working fluid. It is obvious that the influence of
the residence time prevails over the flow rate. Thus, the effectiveness declines with an
increasing Reynolds number. Yan et al. [39] studied the effectiveness values of the different
flow rate configurations in which they also observed a similar decreasing trend of the heat
exchanger effectiveness with the increasing of the flow rate.

Figure 8 further explores the relationship between the Nusselt number (Nu) and the
Reynolds number in the channel. The Nusselt number is proportional to the convective
heat transfer coefficient which is a function of the flow rate or Reynolds number. As a
consequence, the Nusselt number goes up when the Reynolds number increases, and the
entire trend of the Nusselt number curves resembles that of the convective heat transfer
coefficient. Yang et al. [38] studied the flow and performance of heat transfer in mini
channels configured with hexagonal fins at laminar flow, and obtained a similar heat
transfer performance. For the hot fluid flow inlet temperature of 95 °C, the Nusselt number
increases by 68% when the Reynolds number increases from 50 to 300. Similar to the
convective heat transfer coefficient, the Nusselt number is fairly insensitive to the variation
of the hot fluid flow inlet temperature at Re = 50 and 100, while its variation at Re = 300



Energies 2021, 14, 4252

12 of 17

is also insignificant. This reflects that both the Nusselt number and the convective heat
transfer coefficient are mainly governed by the Reynolds number, whereas the hot fluid
flow inlet temperature is not affecting the Nusselt number and the convective heat transfer
coefficient. To develop the correlation for Nusselt number and Reynold number, the basic
logarithm form was used, as follows:

Nu = 0.03428Re’01% (15)
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Figure 7. Convective heat transfer coefficient and effectiveness versus Reynolds number for different
hot inlet temperatures.
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3.5. The Number of Transferred Unit Value (NTU)

The value of the number of transferred unit (NTU) signifies the rate of net heat
exchange between two fluids in the PCHE. The profiles of NTU and effectiveness are
plotted in Figure 9 to show the relationship between NTU, effectiveness, and flow rate ratio.
Both the NTU and effectiveness values decrease with rising flow rate ratios, revealing that
the trend of NTU follows the trend of effectiveness. A past simulation study [40] explored
the relationship between NTU and effectiveness, and observed that the heat exchanger
effectiveness ¢ and NTU have the same trend in counterflow. When the ratio of flow rate
decreases from 1 to 0.1, the NTU value is increased by 70.3% at a low flow rate. These
explain that a longer residence time in the PCHE is beneficial to heat transfer. When the C;
value is 1, the values of the effectiveness and NTU with the hot inlet temperature of 95 °C
are 0.428 and 0.83, respectively. The calculated effectiveness using Equation (12), in terms
of NTU, is 0.453, which is close to the calculated effectiveness using Equation (3), which
is 0.428. Sheldon et al. [41] compared the most common estimated efficiency methods for
heat exchangers—effectiveness and NTU methods—and mentioned that the two methods
were equivalent.

5 1 1

NTU
Effectiveness

0 0.2 0.4 0.6 0.8 1 1.20
Flow rate ratio

Figure 9. The profiles of NTU value versus the flow rate ratio.

3.6. Comparison to Other Research

This study provides the effectiveness of PCHEs using water as a working fluid at low
Reynolds numbers. The experimental results showed that the obtained effectiveness values
in this study were between the values of past reported studies, as shown in Figure 10. In
past studies, heat exchangers with compact microchannel were constructed and water
was used as a working fluid in counterflow at low Reynolds numbers. Hasan et al. [42]
studied the influence of channel geometry on the performance of microchannel heat using
simulations, where the effectiveness values of the circular and square channels were higher
and lower, respectively. The hydraulic diameter was about 24 times smaller than our PCHE.
In general, the attained effectiveness in this study is better than that of the Hasan et al.
design [42]. On the other hand, the effectiveness of this study is lower than the results
of Seyf et al. [43] and Mohammadian et al. [44]. Seyf et al. [43] studied microchannel
heat exchangers using simulations. The hydraulic diameter in the study of Seyf et al. [43]
was smaller than our PCHE by a factor of around 23 times. This is the reason why their
results are better. In the study of Mohammadian et al. [44], they numerically studied
nanofluid (Al,O3-water) in a counterflow heat exchanger, which had a better heat transfer
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performance. The nanofluid could easily increase the cold outlet temperature and make the
temperature difference increase, so their results are better than those of the present study.
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Figure 10. Comparison with the studies from the literature.

4. Conclusions

In the present study, a printed circuit heat exchanger (PCHE) is successfully fabricated
using precision manufacturing and diffusion bonding. The printed circuit heat exchanger
with an S-shaped meandering design for a flow path was tested at laminar flow (50 < Re <
300). The experimental results showed that the printed circuit heat exchanger provides high
effectiveness and thermal performance at low flow rate ratios. The highest effectiveness of
the PCHE is about 0.979 for an inlet flow temperature of 95 °C. The highest heat transfer
coefficient obtained from the experiment is about 347.8 for Re = 300. The waste heat at
a hot spring can be effectively harvested through the S-type meandering design of the
flow path on the heat exchanger plate. This design will provide a larger heat transfer area
and maximize the heat exchange between the fluids. A combination of the multiple flow
rate ratios shows the best operating conditions. Regardless of the inlet temperature, the
effectiveness of the PCHE is always higher. When the flow rate ratio is 1, the NTU value
and effectiveness are about 0.83 and 0.428, respectively. In future work, the printed circuit
heat exchanger will be tested under turbulent flow conditions to further characterize its
thermal performance.
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Nomenclature
A Area of heat transfer (m?2)
Cpe Cold work fluid’s heat capacity (J/kg °C)
Cph Hot work fluid’s heat capacity (J/kg °C)
Cuin Smaller of the two heat capacity rates (J/kg °C)
Chot Hot fluid’s heat capacity rates (J/kg °C)
Dy, Hydraulic diameter (m)
h Convective heat transfer coefficient (W/m?2-°C)
k Thermal conductivity (W/m °C)
Nu Nusselt number
Q Heat transfer rate (W)
q Heat flux (W/m?)
Gmax Large of heat flux (W/ m?)
Re Reynold number (W /m?)
T Temperature (°C)
T Average temperature of hot fluid inlet (°C)
T in Hot fluid inlet temperature (°C)
Thout Hot fluid outlet temperature (°C)
T.in Cold fluid inlet temperature (°C)
T out Cold fluid outlet temperature (°C)
Ts channel surface temperature (°C)
Teo fluid temperature in channel (°C)
ATy, Temperature difference (°C)
v Velocity (m/s)
m Mass flow (kg/s)
Greek letters
€ Effectiveness
U Viscosity (Pa-s)
0 Density (kg/m?)
Subscripts
C Cold fluid
H Hot fluid
in Inlet
out Outlet
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