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ARTICLE INFO ABSTRACT

Keywords: The printed circuit heat exchanger (PCHE) stands out as a promising candidate for thermal systems. However,
Printed circuit heat exchanger experimental studies on the thermodynamic performance of airfoil-fin PCHE using supercritical pressure hy-
Airfoil fin

drocarbon fuel are scarce, and reliable methods for calculating the Nusselt number (Nu) remain underdeveloped.
Therefore, this work presents an experimental investigation of the thermal-hydraulic performance of an airfoil-
fin PCHE, using supercritical pressure hydrocarbon fuel and water as working fluids. The correlations for Nu and
friction coefficient (f) were developed, with deviations of +8 % for f and + 20 % for Nu. Under laminar flow
conditions, the airfoil-fin PCHE demonstrated a high f, being 2.93 times greater than that of the straight PCHE.
The heat transfer superiority of the airfoil-fin PCHE compared to other channel types depends on Re. When Re >
334, the airfoil-fin PCHE shows the best heat transfer performance, exhibiting an average Nu that is 7.74 times
higher than the straight PCHE, 3.15 times higher than the zigzag PCHE, and 1.65 times higher than the S-shaped
PCHE. The overall thermodynamic performance of the airfoil-fin PCHE also improves with increasing Re.
Additionally, a comparative assessment of six different Nu calculation and fitting methods has been conducted
based on experimental results.

Thermal-hydraulic performance
Supercritical pressure hydrocarbon fuel

natural gas devices [8], etc. Moreover, PCHE also has broad application
prospects in various fields such as next-generation nuclear power con-
version systems [9], aero-engine thermal management systems [10-12],
hydrogen energy [13], and so on.

The fabrication of PCHE involves photochemical etching and diffu-
sion bonding techniques, forming microchannels with various struc-
tures. The channel shapes in PCHE are currently designed in four
primary configurations: straight, zigzag, S-shape, and airfoil. Extensive
research has been conducted to investigate the thermal-hydraulic per-
formance of PCHEs under various channel configurations. Chen et al.
[14] used a dynamic model to predict and analyze the transient and
steady performance of a straight-channel PCHE, comparing the result
with experimental data. Liu et al. [15] experimentally analyzed the heat
transfer characteristics between water and sCO, in counter flow direc-
tion in a straight-channel PCHE, indicating heat transfer enhancement
occurred when CO; changed from the gas-like region to the pseudo-
critical region. Seo et al. [16] carried out performance tests for a
straight microchannel PCHE with water and developed heat transfer and

1. Introduction

As advanced energy and power systems continue to progress rapidly,
there is an increasing need for heat transfer technologies that are more
efficient, compact, and stable. The efficiency and reliability of energy,
power, and propulsion systems are of utmost importance, and heat ex-
changers are pivotal in this regard. Serving as key components, they play
critical roles in transferring thermal energy and can function as heaters,
precoolers, condensers, and recuperators. The Printed circuit heat
exchanger (PCHE) stands out as a promising candidate compared to
traditional heat exchangers like tube-shell, plate-fin, tube-fin types, and
others. Its notable features include high compactness, efficiency, and
remarkable reliability, especially under harsh conditions such as high
temperature and pressure [1]. Currently, PCHE has been successfully
employed in many fields, including high-temperature gas-cooled re-
actors [2], concentrated solar power plants [3], supercritical CO2 (sCO2)
Braton cycle [4,5], waste heat recovery systems [6,7], floating liquefied
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Nomenclature Greek symbols
A difference
A heat transfer area of HEX [m?] S wall thickness [mm]
A, cross-sectional area [m?] o minor loss coefficient
a coefficient u dynamic viscosity [pPa-s]
b coefficient A thermal conductivity [W/(m-K)]
C coefficient e fit deviation [%]
[ isobaric specific heat capacity [J/(kg-K)] .
d hydraulic diameter [mm] Subscripts
f friction coefficient ave average
h heat transfer coefficient [W/(m?K)] core PCHE c?re
K overall heat transfer coefficient [W/(m?K)] ¢ cold ﬂ1.11d
Leore distance between the core inlet and core outlet [mm] h h_Ot ﬂulfl
Léin chord length of the airfoil fin [mm] fm fnrfoﬂ fin
L, vertical pitch [mm] n inlet
Ly horizontal pitch [mm] out outlet
L, staggered pitch [mm] cal calcullated data
mass flow rate [kg/s] exp experimental data
Nu Nusselt number ref reference
pPr Prandtl number w wall
P pressure [MPa] water  water
AP pressure drop [kPa] fuel Chinese aviation kerosene RP-3
Pgin end face perimeter of the fin [mm] Abbreviations
Q heat transfer rate [W] CFD Computational Fluid Dynamics
R The overall thermal resistance of PCHE [K/W] HTC Heat transfer coefficient
Re Reynolds number PCHE Printed circuit heat exchanger
S The side surface area of the element [m”] PEC Performance evaluation criteria
Stop The top surface area of the fin [mm?] $CO, Supercritical CO,
T temperature [*C] GA Genetic Algorithm
ATm logarithmic mean temperature difference [*C] NACA National Advisory Committee for Aeronautics
u velocity [m/s]
1% The volume of the element [m?]

pressure drop empirical correlations. PCHE with S-shaped fins and
zigzag fins was explored by Ngo et al. [17]. The results demonstrated
that the Nusselt number (Nu) of the S-shaped PCHE is 24 %-34 % lower
than that of the zigzag PCHE, while the friction coefficient (f) is reduced
by 4-5 times. In the research of Kim et al. [18,19] they performed
experimental and numerical investigation on the zigzag PCHE and
proposed the local pitch-averaged and single correlations of Nu and
Fanning factor. Yoon et al. [20] established the Nu and f correlations
incorporating geometric parameters using Computational Fluid Dy-
namics (CFD) for laminar flow in zigzag PCHE. Katz et al. [21] employed
the constrained nonlinear multi-variable method to develop the heat
transfer correlation for SCO, within zigzag PCHE in the Reynolds
number (Re) range of 500-18,000. On the basis of the measurement of
temperature at various points along the zigzag channel, Jin et al. [22]
explored the impact of inlet temperature, system pressure, and mass flux
on the heat transfer performance of sCO, in PCHE. The thermodynamic
performance of water flowing within PCHE with different sinusoidal
wavy channels was investigated numerically by Qu et al. [23], sug-
gesting a structure with increased cycle groups and smaller amplitudes
in the inlet to achieve better overall performance. Samarmad and Jaffal
[24] proposed PCHE with backward/forward-facing wavy channels,
which is a combination of a U-shape path in the vertical planed and a
wave path in the horizontal plane. Using water as the working fluid, the
results demonstrated that the proposed structure has an improvement in
Nu, with a slight increase in pressure drop. Samarmad and Jaffal [25]
also designed a novel two-way corrugated channel PCHE. The proposed
PCHE design was numerically and experimentally investigated with
water as the working medium for both sides, indicating that the use of
two-way corrugated channels is an effective technique for improving the
performance evaluation factor, effectiveness, and Nu. Since the airfoil-

fin PCHE exhibits the best overall thermodynamic behavior [26,27],
studies on it represent a growing field. Chou et al. [28] conducted a
numerical analysis of PCHE incorporating multistage Tesla valves with
geometric flow baffles using water as the working fluid. Results sug-
gested that the Tesla valve configuration has a notable enhancement in
thermal effectiveness. The effects of structure parameters of the airfoil
fins on the thermal-hydraulic performance of sCO, within airfoil-fin
PCHE have been conducted by Li et al. [29], suggesting the maximum
thickness of the airfoil in the front for better performance. Tong et al.
[30] carried out a numerical investigation on the thermodynamic per-
formance of supercritical LNG in an airfoil-fin PCHE under rolling
conditions, indicating better comprehensive performance as the rolling
amplitude increased. Park and Kim [31] compared the performance
between airfoil-fin PCHE and wavy PCHE through experiments using
sCOq, it has been found that the pressure drop in the wavy PCHE is 15
times that of the airfoil-fin PCHE. Chang et al. [32] designed an asym-
metric airfoil and quantitatively evaluated the impact of flow direction
on the comprehensive characteristics of the PCHE. In the research of
Yang et al. [33], an analysis was conducted on a rhombic-fin PCHE
performance, taking into account the combined influences of physical
properties and turbulent intensity of sCO,. Besides, the genetic algo-
rithm (GA) was used to develop the Nu correlation.

In conclusion, these studies support the notion that high-precision
correlations for heat transfer and pressure drop are crucial for
designing PCHEs, especially the fitting of Nu correlations. However,
there are indeed many challenges and nuanced issues in the calculation
and fitting of Nu correlations. The following will elaborate on this
matter.

Table 1 illustrates the representative experimental studies on the
calculation and fitting methods of Nu in PCHEs. As is well known, Nu
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Table 1
Representative experimental studies on the calculation and fitting methods of Nu
in PCHEs.

Reference  Channel Working ~ Measure wall Nu calculation method
shape fluid temperature or  and heat transfer
not correlation fitting method
Chen et al.  Straight Helium No Assuming Nu correlations

[14] are the same for the cold
and hot sides, nonlinear
regression is used to solve
the two unknown

constants.

Liu et al. Straight sCO, Yes Direct calculation of Nu

[15] Water based on wall
temperature.

Seo et al. Straight Water No Modified Wilson plot

[16] method to obtain HTC,
multiple linear regression
is used to solve constants.

Park et al.  Straight sCO, No Seo correlation [16] is

[37] Water employed for the water
side, then Nu on the sCO,
side is computable.

Shin et al.  Straight Nitrogen  No Gnielinski correlation is

[38] employed for the hot side,
and then Nu on the cold
side is computable.

Hanetal.  Straight sCO, No Combined with CFD and

[39] Water experiments, Nu can be
directly obtained.

Ngoetal.  S-shaped CO, No Assuming Nu correlations

[17] Zigzag are the same for the cold
and hot sides, the least-
squares method is used to
solve the three unknown
constants.

Kimetal. Zigzag Helium No Combined with CFD and

[18,19] Water experiments, Nu can be

Mixture directly obtained.
gas

Baik et al.  Zigzag sCO, No Combined with CFD and

[40] Water experiments, Nu can be
directly obtained.

Katz et al.  Zigzag sCO, Yes A constrained nonlinear

[21] Helium multi-variable function
solver is employed to
solve the four unknown
constants using an
interior-point search
algorithm.

Jin et al. Zigzag sCO, Yes Direct calculation of Nu

[22] Water based on wall
temperature.

Pidaparti Airfoil sCO, Yes Direct calculation of Nu

etal. [34] Rectangular Water based on wall

temperature.

Wang et al. Airfoil Molten No Gnielinski correlation is

[41] Straight salt used for the straight-fin
Synthetic side, then Nu on the
oil airfoil-fin side is

computable.

Shi et al. Airfoil Molten No Combined with CFD and
[42] Straight salt experiments, Nu can be

sCO, directly obtained.
Han etal. Airfoil Flue gas No Hausen equation [44] is
[43] Water used for the water side,
and then Nu on the other
side is obtained through
experimental and
numerical data.
First obtaining water-side
HTC by water-water
experiment, then Nu on
the CO, side is
computable.
Gnielinski correlation is
used for the straight-

Chang Airfoil CO, No
et al. [32] Water

Chung Airfoil
etal. [27]  Straight

Nitrogen  No
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Table 1 (continued)

Nu calculation method
and heat transfer

Measure wall
temperature or
not correlation fitting method

Reference  Channel Working

shape fluid

channel side, then Nu on
the airfoil-fin side is
computable.

Seo correlation [16] is
employed for the water
side, then Nu on the sCO,
side is computable.

Yang et al. Rhombic sCO, No GA is used to solve the
[33] seven unknown constants.

Park et al.  Airfoil CO, No
[31] Straight Water

needs to be calculated through the heat transfer coefficient (HTC),
which is directly related to heat flux, fluid bulk temperature, and inner
wall temperature. For experimental studies on the thermal-hydraulic
performance of PCHEs, heat flux and fluid bulk temperature can be
indirectly calculated by measuring fluid mass flow rate, inlet, and outlet
temperature. Nevertheless, due to the integral and complex nature of
PCHE structures, precise measurement of wall temperatures in PCHEs
can be challenging. Although some studies [15,21,22,34] in the existing
literature have achieved wall temperature measurements, they typically
measure temperatures not directly on the inner wall surface. And there is
still a small distance between the temperature measurement point and
the channel wall. The complex structure of PCHE channels makes
thermal analysis challenging, and currently, there is a lack of research
on theoretically deriving and calculating inner wall temperatures.
Therefore, substituting the measured wall temperatures for the tem-
peratures directly on the inner wall surface of the channels may lead to
significant deviations in the calculation of the HTC, which is not
conducive to the accurate calculation of the Nu. Moreover, some studies
[16] employed the Wilson plot method [35] to determine the fluid HTC
for the PCHE. The Wilson plot method has been well-established in the
application of shell-and-tube heat exchangers and plate-fin heat ex-
changers, with numerous studies demonstrating its reliability. For
straight PCHE, due to its similarity to shell-and-tube heat exchanger, the
applicability of the Wilson plot method is expected. However, for heat
exchangers with complex channel structures, such as airfoil-fin PCHEs,
there is a lack of research demonstrating the applicability and reliability
of using the Wilson plot method to determine HTC. Besides, the com-
bination of numerical simulation and experiment to determine the Nu of
the fluid inside a PCHE is a viable approach. Comparing experimental
data with simulation results, the numerical simulation results are valid if
the deviations are tiny. However, for structurally complex and large-
sized PCHEs, the number of grids required can be immense. Due to
the limited computational capacity of CFD, if it's not feasible to achieve a
1:1 simulation for a single channel and only partial channel simulations
are conducted, the accuracy of the Nu obtained from numerical simu-
lations cannot be guaranteed. Finally, since the overall heat transfer
coefficient (K) of PCHE can be easily calculated from experimental data,
some studies [17-19,21,33] directly use nonlinear multi-variable
regression methods, GA, or other optimization algorithms to fit Nu
correlations. However, if the number of constants to be determined is
above 3, using these optimization algorithms to obtain fitting results
may have problems [36]. On the one hand, the results of certain algo-
rithms may depend on the initial values provided during the calculation.
Different initial values can yield different results, potentially leading to
an infinite set of solutions. While each solution may result in a small
deviation in the K calculation for this PCHE, the Nu results for the cold
and hot side fluids will be entirely different. In other words, this method
only considers minimizing the fitting residual of the K, without taking
into account the actual HTC for the cold and hot side fluids. On the other
hand, even if some algorithms do not require initial values and have a
unique set of solutions (such as GA), they may still face the aforemen-
tioned problems. The HTC obtained from the optimization algorithms
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for the cold and hot side fluids may not represent their actual HTC,
potentially leading to significant deviations when applying the Nu cor-
relation of a single fluid to the design of other PCHEs.

The review of existing studies reveals a significant research gap in
the evaluation of Nu calculation and fitting methods for experimental
studies of PCHEs. Moreover, to the best of the author's knowledge, there
is no existing research in the literature on the experimental study of
thermal-hydraulic characteristics of supercritical pressure hydrocarbon
fuel in airfoil-fin PCHEs. This absence of research limits the application
of PCHEs in aero engine thermal management systems. Therefore, this
study aims to evaluate Nu calculation and fitting methods in experi-
mental research on airfoil-fin PCHEs and to explore the thermodynamic
performance of supercritical pressure hydrocarbon fuel within airfoil-fin
PCHE, aiming to provide guidance for the high-precision design of
PCHEs. A PCHE equipped with NACA0025 airfoil fins has been designed
and manufactured. Extensive experimental investigations were con-
ducted to assess the thermal-hydraulic performance using water and
supercritical pressure hydrocarbon fuel as working fluids. Finally, a
comparative assessment of six different Nu calculation and fitting
methods is conducted, based on the experimental data gathered.

2. Experimental facility
2.1. Airfoil-fin PCHE

An airfoil-fin PCHE, composed of 26 layers of cold-side heat ex-
change plates and 25 layers of hot-side heat exchange plates, was
manufactured utilizing 316L stainless steel, and the thickness of each
plate was 1.2 mm. Using photochemical etching techniques, all plates
were arranged with identically sized NACA0025 airfoil fins in a stag-
gered layout. These staggered airfoil fins constituted the channels, with
each plate featuring 102 channels. To ensure the proper arrangement of
the PCHE's headers, there are some differences between the cold and hot
side plates. The inlet and outlet areas of the hot-side plates feature
sections of L-shaped straight channels. Additionally, the inlet and outlet
areas of the cold-side plates also have a small portion of straight chan-
nels to achieve a more uniform flow distribution, as presented in Fig. 1.
The PCHE core dimension is 601.2 mm x 153 mm x 86 mm. Using a
counterflow configuration, the heat transfer capacity can exceed 175
kW, making this airfoil-fin PCHE a viable solution for thermal systems.

Fig. 2 demonstrates the structure arrangement of the PCHE. As
evident, the core of the NACA0025 airfoil-fin PCHE is formed by alter-
nately stacking cold and hot-side plates. Each plate incorporates chan-
nels composed of airfoil fins (depicted in blue) and straight passages
(depicted in green). Table 2 outlines the critical parameters of the
airfoil-fin PCHE. The dimensions of the airfoil fin include a height (Hgy)
of 0.8 mm, a width (Wgp) of 0.6 mm, a chord length (Lgy) of 2.4 mm, a
top surface area (Stop) of 0.98 mm?, and an end face perimeter (Pgp) of
5.1 mm. With a horizontal pitch (L) of 4.8 mm, a vertical pitch (Ly) of
1.2 mm, and a staggered pitch (L) of 2.4 mm, the airfoil fins are orga-
nized in a staggered pattern on the plate surface.

2.2. Experimental system

The current study set up a test rig to evaluate the thermal-hydraulic
performance of the PCHE, as illustrated in Fig. 3. The experimental
system mainly consisted of 4 parts: high-temperature water loop, su-
percritical pressure hydrocarbon fuel path system, cooling system, and
data acquisition system. For the high-temperature water loop, water is
driven by a circulating pump and regulated to a specific mass flow rate
through a throttle valve. Subsequently, the water is heated by an electric
heater before entering the PCHE for heat transfer. To prevent water from
boiling, which could affect the stability of the system, nitrogen gas is
first used to pressurize the water in the water storage tank before the
experiment begins, thereby increasing the boiling point of water. Along
the supercritical pressure hydrocarbon fuel path, room-temperature
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Fig. 1. Photos of the airfoil-fin PCHE.

Chinese hydrocarbon fuel RP-3 is driven by a fuel pump to flow into
the PCHE and participate in heat exchange. Subsequently, the heated
fuel undergoes cooling in a water cooler before passing through a back
pressure valve to maintain optimal pressure levels within the fuel-path
system. Finally, the fuel is returned to the RP-3 recycling tank. When
the water-water heat transfer experiment of PCHE was conducted, the
supercritical pressure hydrocarbon fuel path system was replaced with a
water loop, similar to the high-temperature water loop except that there
was no electric heater. As for the cooling system, using water as the
cooling medium comprises components such as a water cooler, water
pump, cooling water tower, and so on. In the experimental setup, the
data acquisition system employs Coriolis mass flowmeters, ROSE-
MOUNT pressure transmitters, and K-type sheathed thermocouples to
collect data on fluid mass flow rates, inlet pressure and pressure drop,
and inlet and outlet temperatures of the PCHE, respectively. The data
acquisition process involves the utilization of several modules (ADAM
4118) to collect all measured data. These data are then integrated into
the ADAM 4520, which serves as the central hub for signal aggregation
before being connected to a data processing program within the com-
puter. All test sections and pipelines within the experimental system are
insulated with thermal insulation materials.

3. Data reduction and uncertainty analysis
3.1. Heat transfer data reduction

To assess the thermal-hydraulic performance of the airfoil-fin PCHE,
the experimental data processing involves the utilization of the
following formulas.

Defining an appropriate hydraulic diameter (d) for the airfoil-fin
channel poses challenges. The definition provided in Ref. [16] has
gained widespread acceptance for its applicability to airfoil-fin channels
with various geometry parameters. The hydraulic diameter (d) can be
determined using Egs. (1)-(3) by defining an element.

V= (LhLv - Stop)Hﬁn (@)

S = PpinHein + 2(L — Liin)Hein + 2(LbLy — Scop) 2)
4V

=¥ 3
S 3)

The heat transfer rates of the fuel side and water side are calculated
using the measured temperatures, mass flow rates (mgel, Mwater), and the
isobaric specific heat capacity (c,) of different working mediums at the
average temperature (Taye = (Tin + Tou)/2), as below. The thermal
properties of supercritical pressure hydrocarbon fuel RP-3 are obtained
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Hot Side

Fig. 2. Schematic diagram of the PCHE.

Table 2

Critical parameters of the airfoil-fin PCHE.
Parameters Value Parameters Value
Plate length 601.2 mm Plate width 153 mm
Plate thickness 1.2 mm Height of fin, Hpy, 0.8 mm
Width of fin, Wg, 0.6 mm Chord length of fin, Lg, 2.4 mm
Top surface area, Sop 0.98 mm? End face perimeter, Pg, 5.1 mm
Horizontal pitch, Ly 4.8 mm Vertical pitch, L, 1.2 mm
Staggered pitch, L 2.4 mm

from the experimental measurements in the literature [45-48]. And the
thermal properties of water at different pressures and temperatures are
sourced from the open-source CoolProp database [49].

Qfuel = Meyel Cp fuel (Tc,out - Tc.in) (C)]
Qwater = mwatercp,water (Th,in - Th,out) (5)

where subscriptions ‘fuel’, ‘water’, ‘c’, ‘h’, ‘in’, and ‘out’ represent the
supercritical pressure hydrocarbon fuel RP-3, water, cold-side fluid, hot-
side fluid, inlet, and outlet, respectively.

The heat transfer rate of the PCHE is defined as:

ue. + water
ve:Qf 1 2Q t ®)

The overall heat transfer coefficient of the PCHE can be written as:

_ Qave

K AT, A

)

where A is the heat transfer area, and ATy, is the logarithmic mean
temperature difference, which is computed by the following equation.

(Th,in - Tc‘out) - (Th.out - Tc,in)

In Th.in—Tcout
Thout—Ten

Based on the analysis of thermal resistance, K can also be expressed
as:

ATy = (3

1

"R AR ®
where Ay, Ap, Ac is the heat transfer area of the wall, hot-side fluid, and
cold-side fluid, respectively; hy, h. represent the HTC of the hot-side
fluid, and cold-side fluid, respectively; 4, is the thermal conductivity
of the wall, which is 16.3 W/(m-K), and 6 is the thickness of the bottom
layer of the plate, with a value of 0.4 mm.

The thermal resistance of hot-side fluid, cold-side fluid, and wall is
defined by the Egs. (10)-(12).

1

Ry = A, 10)
R. = hj‘lc an
Ry = Iﬁ (12)
The overall thermal resistance of the PCHE is given as:
R:KLA:gﬁ:Rh+RW+RC:ﬁ+Iﬁ+hCZC 13)

The Reynolds number, Prandtl number (Pr), and Nusselt number are
defined as follows:
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Fig. 3. Schematic diagram of the test rig for PCHE.
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where m, p, 1 represents mass flow rate, dynamic viscosity, and thermal
conductivity of the fluid, respectively. Assuming that the Nu correlations
for the cold and hot fluids are both in the form of the Dittus-Boelter
equation [50], expressed as follows:

Nu = CRe*Pr 17)

where C, a, and b are coefficients. Combined Eq. (10), (11), and (16), the
thermal resistance of fluids can be rewritten as:
d
ChRe[" Pri" n A
B d
" C.Re¥Prrj A,

Ry =
(18)

By combining Eq. (13) and (18), the calculation equation for overall
thermal resistance can be derived as shown in Eq. (19). It is evident that
Eq. (19) involves six undetermined constants: Cy, an, by, C, ac, and be.

AT, d R d
Que CyRe™PrhinAy CRe“PrilA.

19)

3.2. Pressure drop data reduction

In the experiment, the measured pressure drop consists of the pres-
sure drop across the PCHE core, the pressure drop caused by flow ac-
celeration, and the pressure drop resulting from expansions and
contractions at the PCHE headers, as shown in Eq. (20). However, only
the pressure drop across the PCHE core is the focus of this study because
it directly reflects the hydraulic characteristics of the airfoil-fin PCHE.
The pressure drops in other parts can be considered as the minor losses.
Therefore, following the reference [27, 371, this study calculates the
minor loss pressure drop terms using minor loss coefficients, as follows.

AP total = AP, core 1+ AP, acceleration T AP; in,expansion +AP in,contraction + AP out,expansion

+AP out,contraction
(20)
APjcceleration = (Puz)ou‘ - (Puz)in 21
pu’
APminor = 610557 (22)

where u is the fluid velocity and oy is the minor loss coefficient. The
fluid velocity (u) can be calculated by Eq. (23), where A, is the cross-
sectional area. The value of ojoss is determined by the geometric pa-
rameters of the PCHE. Based on Reference [51], the coefficients of other
pressure drop terms are summarized in Table 3.

m
PA.

u= (23)
The friction coefficient of the PCHE core is defined by the following
equation.

PR

coreyr /4 o\ 112 (24)
Leore (1/2)pu2

where Lo represents the distance between the core inlet and core
outlet.

3.3. Uncertainty analysis
Table 4 summarizes the uncertainty and working range of the direct

measurements for the experimental facility. Based on the error propa-
gation formula, for variables xj, X2, ..., X;, which are used in the

Table 3

Minor loss coefficient of the airfoil-fin PCHE.
Parameters Value
Inlet header expansion 0.95
Inlet header contraction 0.45
Outlet header expansion 0.48
Outlet header contraction 0.17
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computation of the variable (y) based on Eq. (25), given measurements
with uncertainties 8x1, 8xa, ..., 8xy. If uncertainties in x1, xo, ..., X, are
independent and random, the uncertainty in y is:

¥ =f(x1,%2,...,%n) (25)

oy N L (N ay
6y\/<a—x15x1) +(E5x2) +---+<a—x"6xn) (26)

Combining the uncertainty of direct measurements, the calculated
relative uncertainties of Re, K, and Qaye are 2.29 %, 5.20 %, and 5.12 %,
respectively. The detailed calculation process of uncertainty analysis can
be referred to our past works [52,53], which have a similar experimental
setup to this study.

4. Results and discussion
4.1. Experimental conditions and heat balance

To explore the thermal-hydraulic characteristics of airfoil-fin PCHE
with supercritical pressure hydrocarbon fuel (RP-3) [54] or water as
working mediums, the present study conducted experiments on both
fuel-water and water-water heat exchange within the PCHE. In Fig. 4,
the average temperature, Re, and inlet pressure of all experimental data
points are presented for both the cold-side and hot-side fluids in the two
sets of experiments using different working mediums. The detailed
experimental conditions for fuel-water heat exchange are listed in
Table 5. Besides, all experimental data is provided in the Appendix. To
ensure the accuracy of the experimental data points, each data point was
calculated as the average of at least four different time points measured
within 20 s under stable operating conditions. The utilization of thermal
insulation materials encompassing all tubes and the PCHE, coupled with
the employment of water as the working medium possessing a high
specific heat capacity, has substantially mitigated heat losses
throughout the experimental procedure. Consequently, the influence of
heat loss has been ignored in the data analysis. Furthermore, the
maximum heat load among all test conditions is 41.57 kW. Since there is
no existing research in the literature on the experimental study of
thermodynamic performance of airfoil-fin PCHE using supercritical
pressure hydrocarbon fuel as the working medium, in the subsequent
discussion and analysis in this paper, the focus will primarily be on the
results of the fuel-water heat exchange experiments.

Fig. 5 depicts the thermal properties variation of supercritical pres-
sure hydrocarbon fuel (RP-3) and water with temperature and the or-
ange shaded area represents the range of temperature variations of the
working fluids observed during the experiments. The critical point of
Chinese hydrocarbon fuel RP-3 is T¢ritical = 645.04 K, Peritical = 2.33 MPa
[55]. It can be observed that only dynamic viscosity undergoes signifi-
cant variations, while other thermal properties exhibit minor variations
with temperature and mostly follow a linear trend.

The comparison of heat transfer rates between the hot and cold sides,
as illustrated in Fig. 6, shows a relative deviation within 12 % between
the two sides, indicating that the data obtained from the experiments are
reliable. The process of heat transfer from the hot-side fluid to the cold-
side fluid results in thermal losses. Therefore, during the experiment, the
heat transfer rate of the hot-side fluid typically outweighs that of the
cold-side fluid across all data points. Fig. 7 presents the overall HTC,

Table 4

Working range and uncertainty of direct measurements.
Direct measurement Range Uncertainty
Hot-side fluid mass flow rate 0-0.5 kg/s +0.2 %
Cold-side fluid mass flow rate 0-2 kg/s +0.2 %
Temperature 223.15-1423.15 K +1.5K
Absolute pressure 0-10 MPa +0.04 %
Pressure drop 0-100 kPa +0.04 %
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calculated by Eq. (7), based on the cold-side heat transfer area (K.) of
experimental data as a function of Reyater and Regyel. The highest K.
value recorded is 719.2 W/(m?K), observed at Refe; = 198 and Rewater
= 317. For such extremely low Re of both hot and cold side fluids, the
airfoil-fin PCHE still exhibits a high overall HTC, indicating its excellent
heat transfer performance.

4.2. Flow characteristics and development of friction coefficient
correlation

Fig. 8 illustrates the variation of the ratio of pressure drop across the
PCHE core to the total measured pressure drop as a function of Re. In all
experimental conditions, the ratio is greater than 0.92, indicating that
the pressure drop in the PCHE is mainly due to the pressure drop across
the PCHE core, while the pressure drop caused by the sudden expansion
and contraction at the PCHE headers is relatively small. However, as Re
increases, the pressure drop attributed to flow acceleration and the
sudden expansion and contraction at the PCHE headers also increase.

To accurately predict the hydraulic performance of different working
mediums inside the airfoil-fin PCHE, the present study utilized the
Levenberg-Marquardt algorithm [56] based on experimental data to
develop the friction coefficient correlation through least squares fitting.
The form of friction coefficient correlation is the Blasius correlation form
shown by Eq. (27). Fig. 9 presents the comparison of the proposed
friction coefficient correlation of supercritical pressure fuel, as shown in
Eq. (28), with the experimental data. The 95.2 % of the data fall within
an +8 % error band, indicating that the correlation predicts with good
accuracy.

f = CRe* @27

fruet = 10.6983Re; 2% 80 < Repe < 246 (28)

fuel

On the basis of the experiments on water-water heat exchange within
the airfoil-fin PCHE, the current research also proposed the friction
coefficient correlation of water, as presented in Eq. (29), in which the
prediction errors between the proposed correlation and experimental
data are within +£10 %.

fuwater = 7.8933Re %3377

‘water

50 < Reyater < 450 (29)

The hydraulic performance of the airfoil-fin PCHE was compared
with the straight PCHE and zigzag PCHE. As the friction coefficient only
varies with Re, this study compares the correlation proposed by the
experimental studies in Ref [19,57], which cover the Re range of the
current study. It can be observed from Fig. 10 that, under laminar flow
conditions, the airfoil-fin PCHE has the highest friction coefficient, while
the one with straight fins has the lowest friction coefficient, and it is
close to the one with zigzag fins. Within the Re range of 86 to 246, the
average friction coefficient for the airfoil-fin PCHE is 2.93 times higher
than that of the straight-channel PCHE, and 2.25 times higher than that
of the zigzag PCHE.

The proposed friction coefficient correlation of fuel within airfoil-fin
PCHE was also compared with other experimental research on airfoil-fin
PCHESs, as shown in Fig. 11. Table 6 presents the f correlations derived
from experimental investigation for comparative analysis. Although
these studies focus on airfoil-fin PCHEs and feature similar channel
shapes to current work, the structural parameters of the channels also
have a significant impact on hydraulic characteristics. Due to the lack of
hydraulic diameters for the channels in the references, the vertical pitch
Ly (defined in Fig. 2) is used to represent the channel size. Observations
indicate that the airfoil shape is beneficial for enhancing the hydraulic
performance of PCHEs. Optimizing the airfoil-fin shape can significantly
reduce the f. Additionally, the vertical pitch of the airfoil fins also has a
significant impact on hydraulic performance, with a larger vertical pitch
resulting in a smaller f.

The airfoil-fin PCHE designed in this study, in order to achieve an
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Table 5

Experimental conditions for water-fuel heat exchange.

Parameters Hot side (water) Cold side (fuel)

53.1-375.1 g/s
111.9-755.8
1.65-3.51 MPa
74.18-173.01 °C

82.0-275.0 g/s
86.8-245.8

2.70-3.17 MPa
26.90-50.17 °C

Mass flow rate
Reynolds number
Inlet Pressure
Inlet temperature

extremely high heat transfer area-to-volume ratio, features tightly
packed airfoil fins within the heat transfer plates. The vertical pitch of
the airfoil fins is 1.2 mm, and the hydraulic diameter of the channels is
only 0.87 mm, resulting in a high friction coefficient. This also explains
why the friction coefficient of the airfoil-shaped PCHE in the current
study, as shown in Fig. 10, is higher than that of the zigzag PCHE and the
straight PCHE. Specifically, the airfoil-fin configuration influences the
fluid dynamics in several key ways: i). Boundary layer interference.
Proximity of airfoil fins induces boundary layer interference, disrupting
layer development and stabilization, thus elevating flow resistance and
f; ii). Vortex generation. Close airfoil fins may foster vortices at trailing
edges under specific conditions, increasing f due to interactions between
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Fig. 4. Experimental data points with temperature, Re, and inlet pressure; (a) water-water heat transfer, (b) fuel-water heat transfer.

these vortices and inter-fin flows; iii). Flow separation potential. Despite
their aerodynamic design, airfoil shapes can cause flow separation at
certain angles or conditions, particularly in compact spaces, with shape
curvature and thickness exacerbating the issue; iv). Increased surface
contact. Tightly packed airfoil fins expand the contact surface area per
fluid volume, raising frictional resistance, especially when fin surfaces
enhance viscous drag.

4.3. Heat transfer characteristics and development of Nu correlation

The heat transfer characteristics of airfoil-fin PCHE were investi-
gated under different working fluids Re and heating power conditions.
Fig. 12 displays the variation of fluids inlet and outlet temperatures
under different cases, with water as the hot-side fluid and supercritical
pressure hydrocarbon fuel as the cold-side fluid. In the case of the water
mass flow rate remaining constant as shown in Fig. 12(a), the outlet
temperatures of both the cold and hot fluids continuously decrease with
the increase of Rege). It is attributed to the fact that K rises with the
increasing fluid Re. Besides, when the Reg is less than 110, it can be
observed that the cold-side fluid outlet temperature closely approaches
the hot-side fluid inlet temperature. This phenomenon arises due to the
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(b)

Fig. 5. Thermal properties variation of different working fluids with temperature; (a) supercritical pressure hydrocarbon fuel, (b) water.
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Fig. 6. Comparison of heat transfer rate between hot-side fluid and cold-
side fluid.

relatively low mass flow rate of the cold-side fluid, coupled with the
extensive heat exchange surface area of the PCHE, thereby approaching
the heat transfer limit. The variation in the inlet temperature of the hot-
side fluid is due to the closed-loop circulation of the hot-side fluid in the
experimental system. Although the heating power remains constant, the
outlet temperature of water from the PCHE changes under different
operating conditions. Fig. 12(b) depicts the temperature variation in the
situation where the fuel mass flow rate is kept constant and only the
Reyater changes. A rise in Reyater leads to a progressive increase in the
outlet temperature of the hot-side fluid, while the outlet temperature of
the cold-side fluid remains relatively constant. This behavior is a
consequence of the PCHE attaining its heat transfer limit at a relatively
low Reyater- In other words, the outlet temperature of the cold-side fluid
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approaches the inlet temperature of the hot-side fluid. Therefore, even
as the Reyater increases, leading to an increase in the K, the outlet tem-
perature of the cold-side fluid remains essentially unchanged. Regarding
the effect of heating power on the inlet and outlet temperatures of the
PCHE fluids, as the heating power increases, both the inlet and outlet
temperatures of the PCHE rise as shown in Fig. 12(c), which aligns with
conventional understanding.

The development of a Nu correlation specific to the airfoil-fin PCHE
using experimental data is imperative to enhance the predictive accu-
racy of PCHE heat transfer performance within thermal systems. For
fully-developed laminar flow in a straight pipe with uniform boundary
conditions, the Nu remains unchanged, regardless of variations in the Re.
Nevertheless, according to literature findings, the Nu for airfoil-fin
channels or zigzag channels do not exhibit a constant value, even
under laminar fully-developed flow conditions. In order to develop
generalizable and accurate Nu correlations for fuel within the airfoil-fin
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@ Fuel side
Water side
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Fig. 8. The variation of the ratio of pressure drop across the PCHE core to the
total measured pressure drop as a function of Re.
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Fig. 7. Overall heat transfer coefficient based on the cold-side heat transfer area as a function of Rey,er and Regel.
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Table 6
The f correlations derived from experimental investigation for airfoil-fin PCHEs.
Reference Airfoil Vertical Parameters Correlation
shape pitch range
(L)
Shi et al. NACA0025 3 mm 509 < Re < f = 3.07Re 0462
[42] 6773
7.5<Pr<95
Han et al. Novel 4 mm 400 < Re < f=
[43] airfoil 2000 12.3097Re0-8755
0.6 <Pr<0.8

PCHE, and to avoid the problem of infinite solution sets when solving
the coefficients through nonlinear regression, this study adopted a
method of conducting experiments with multiple sets of different
working fluids. In other words, due to the similarity in structure between
the cold and hot side plates, and the identical dimensions of the airfoil
fins, it can be assumed that the heat transfer of the same working fluid
flowing inside the cold and hot side plates follows the same Nu corre-
lation. Although there are slight differences in the exponent of Pr in the
Nu correlation when the working fluid is heated or cooled [58], its
impact on the calculated Nusselt number is minor and within an
acceptable margin of error. Besides, according to the literature findings,
the exponent of Pr in the Nu correlation can be assumed to be 1/3.
Therefore, for the same working fluid flowing inside the cold and hot
side plates in the PCHE, there are only 2 undetermined coefficients (C
and a) in Eq. (19) as shown by the following equation, so a unique real
solution can be obtained through nonlinear regression fitting.

AT, d d

R= = +Ry +
Quwe CRePriPiA,  CRePri*iA.

(30)

On the basis of the aforementioned analysis, the current study first
carried out the water-water heat transfer experiments. Employing the
Levenberg-Marquardt algorithm to perform nonlinear regression to
determine the two unknown coefficients, the Nu correlation for water
within the airfoil-fin PCHE was proposed by the following equation.

Nityaer = 0.000135Re:378Pri/2 | 112 < Reyaier < 756,1.35 < Pryarer
<5.10
31

Subsequently, heat transfer experiments between supercritical
pressure hydrocarbon fuel and water were conducted. By substituting
Eq. (31) into Eq. (19), Eq. (32) is derived, which also consists of only two
undetermined coefficients. Consequently, repeating the same nonlinear
fitting process as before yielded the Nu correlation for supercritical
pressure fuel within the airfoil-fin PCHE, as shown in Eq. (33). Fig. 13
illustrates the comparison of the proposed Nu correlation of fuel, as
shown in Eq. (33), with the experimental data. The 86.7 % of the data
fall within an +20 % error band, indicating that the correlation predicts
with good accuracy. Fig. 14 plots the comparison of the experimental
overall thermal resistance of the PCHE with the calculated results using
Eq. (31) and Eq. (33). The Nusselt number correlations proposed for
water and supercritical pressure hydrocarbon fuel demonstrated the
capability to predict the experimental overall thermal resistance of the
airfoil-fin PCHE with a standard deviation of +20 %. Notably, 93.3 % of
the data fell within the +£20 % prediction margin, indicating a high level
of prediction accuracy.

AT, d d
R= = 18978, 1/3 +Rw+ a pl/3
Que  0.000135ReL¥7°Pri/3 A e CReS  Pr3 A
(32)

Ny = 0.07294Re08452prl/3

fuel

80 < Regel < 2467 8.3 < Pre < 10.7
33)

The heat transfer characteristics of the airfoil-fin PCHE in the
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Fig. 12. Fluids inlet and outlet temperature variation under different cases; (a) under varying Rege), (b) under varying Reyaeer, (¢) under varying heating power.

laminar regime were compared with the straight-fin PCHE, zigzag-fin
PCHE, and S-shape PCHE. Due to the limited use of supercritical pres-
sure hydrocarbon fuels in previous experimental studies on PCHE heat
transfer, and considering that heat transfer correlations are closely
related to the thermal properties of the working fluid, this study
compared the Nu correlations proposed in this work for water (Eq. (31))
within the airfoil-fin PCHE with those obtained for different PCHE
channel structures using water as th working fluid. Table 7 presents the
Nu correlations derived from experimental investigation for compara-
tive analysis, encompassing the Re and Pr ranges of this study. Fig. 15
depicts the comparison results between the experimental data for airfoil-
fin PCHE and the existing correlations for other PCHE channel struc-
tures. It indicates that the superiority of the heat transfer performance of
the airfoil-fin PCHE compared to other flow channel structures varies
with the change in the working fluid flow Reynolds number. In laminar
flow conditions, when Re > 334, the airfoil-fin PCHE exhibits the best
heat transfer performance. Specifically, within the Re range of 334 to
756, the average Nu for the airfoil-fin PCHE is 7.74 times higher than
that of the straight-channel PCHE, 3.15 times higher than that of the
zigzag PCHE, and 1.65 times higher than that of the S-shaped PCHE.
However, as Re decreases, the heat transfer performance of the airfoil-fin
PCHE weakens. When Re < 147, its heat transfer performance may even
be inferior to that of the straight-channel PCHE. In contrast, the heat
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Fig. 13. The variation of fuel Nusselt number with Re.
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transfer performance of the S-shape, zigzag, and straight-channel PCHEs
remains relatively stable. Notably, the S-shaped PCHE consistently
outperforms the zigzag PCHE, which in turn is always superior to the
straight-channel PCHE.

The proposed Nu correlation of fuel within airfoil-fin PCHE was also
compared with other experimental research on airfoil-fin PCHEs, as
shown in Fig. 16. Table 8 presents the Nu correlations derived from
experimental investigation for comparative analysis. It can be observed

Table 7
The Nu correlations derived from experimental investigation for different fins.
Reference Channel Parameters Correlation
shape range
Seoetal. [16]  Straight 100 < Re < Nu =
850 0.7203Re®775Pr/3 (/)1
3.5<Pr<52
Kim et al. Zigzag 0 <Re< 2500 Nu =4.089+
[19] 0.66 < Pr < 0.00365Re! 0pr0-58
13.41
Tsuzuki et al.  S-shape 100 < Re < Nu = 0.253Re05%7 pr0349
[59] 1500
2<Pr<1l
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that since both the PCHE in this study and those in the comparative
literature use the NACA0025 airfoil shape and operate under similarly
low Re conditions for the working fluid, the experimental data from this
work are closely aligned with those, which further affirmed the reli-
ability of the proposed correlation in this work. However, due to sig-
nificant differences in the physical properties of the working fluids
studied and variations in the channel structural dimensions, the calcu-
lated results of the Nu correlations derived from different airfoil-fin
PCHE experimental studies also show noticeable differences.

4.4. Comparison of comprehensive thermal-hydraulic performance

On the basis of the aforementioned results, the airfoil-fin PCHE under
laminar flow conditions exhibits a higher friction coefficient but supe-
rior heat transfer performance at high Reynolds numbers compared to
other PCHE structures. Therefore, analyzing the comprehensive
thermal-hydraulic performance of the airfoil-fin PCHE, which involves
simultaneous consideration of heat transfer and pressure drop charac-
teristics, is essential. The present study employs the performance eval-
uation criteria (PEC) to evaluate the comprehensive performance of
different PCHE channels, which has been extensively used in lots of
studies [24,25,27]. PEC is defined as follows:

Nu

e (at) /()

where f and Nu are obtained from friction coefficient correlations and Nu
correlations specific to different channel structures, with the subscript
“ref” representing the thermodynamic performance of straight PCHE in
this study. A PEC value greater than one indicates superior overall
thermal-hydraulic performance in the PCHE channel type compared to
the straight PCHE.

Following a detailed literature review, it was found that thermal-
hydraulic correlations for supercritical pressure hydrocarbon fuel in
different structured PCHEs are lacking. Consequently, this study utilizes
correlations derived from experiments using water as the working fluid
to conduct a comparative analysis of the comprehensive performance of
PCHEs. However, under laminar conditions, the friction correlation for
water flowing in S-shaped PCHE:s is lacking, rendering the calculation of
the PEC for S-shaped PCHEs under laminar conditions unfeasible. Given
these limitations, the work evaluates the comprehensive thermody-
namic performance of straight-channel, zigzag, and airfoil-fin PCHEs, all
using water as the working fluid under laminar conditions. Table 9
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presents the Nu correlations and f correlations derived from experi-
mental investigation for comparative analysis, encompassing the Re and
Pr ranges of this study.

Fig. 17 depicts the comparison results of PEC as a function of Re for
various PCHE channel structures. The results indicate that the compre-
hensive thermodynamic performance of the airfoil-fin PCHE improves
with increasing Re. Although the airfoil-fin PCHE designed in this study
has a higher friction coefficient, when Re exceeds 265, the PEC of the
airfoil-fin PCHE surpasses that of other channel-structured PCHEs.
Within the Re range of 265 to 756, the average PEC of the airfoil-fin
PCHE is 5.43 times higher than that of the straight-channel PCHE and
2.14 times higher than that of the zigzag PCHE. It is important to note
that when the Re falls below 167, the comprehensive performance of the
airfoil-fin PCHE is inferior to that of the straight-channel PCHE. This
suggests that using an airfoil channel structure may not be a reasonable
option under extremely low Re conditions. Additionally, under laminar
flow conditions, the PEC for the zigzag PCHE remains relatively stable
and consistently larger than that of the straight-channel PCHE. This
indicates that the overall performance of the zigzag PCHE is superior to
that of the straight-channel PCHE in the laminar regime.

4.5. Comparison of Nu calculation and fitting methods

Based on the analysis in the Introduction section, the Nusselt number
obtained from different fitting algorithms for the cold and hot side fluids
within the airfoil-fin PCHE may not represent their actual Nusselt
number, potentially leading to significant deviations when applying the
Nu correlation of a single fluid to the design of other PCHEs. Therefore,
assessing the feasibility and applicability of Nu calculation and fitting
methods in PCHE experimental studies is of more importance. Review-
ing the existing experimental research listed in Table 1, the present work
summarizes six commonly used methods for calculating and fitting Nu
for the PCHE with different working fluids on the hot and cold sides, as
indicated by Table 10. The present method has been described in Section
4.3. Method A uses the GA to compute all unknown coefficients in the Nu
correlations for both hot-side fluid and cold-side fluid. Method B em-
ploys a constrained nonlinear multi-variable function solver based on
the interior-point search algorithm to compute all unknown coefficients
in the Nu correlations for both hot-side fluid and cold-side fluid. As for
Method C and Method D, both of them obtain the Nu correlation of the
cold-side or hot-side fluid through existing literature results and then
perform nonlinear regression to solve for the Nu correlation of the other
side fluid. Method E utilizes the modified Wilson plot method and the
exponent for velocity is set to 0.8 to solve the Nu correlation of the
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Table 8

The Nu correlations derived from experimental investigation for airfoil-fin PCHEs.
Reference Airfoil shape Working fluid
Shi et al. [42] NACA0025 Molten salt
Wang et al. [41] NACA0025 Molten salt

509 < Re < 6773
7.5<Pr<9.5

500 < Re < 1548
19.4 < Pr< 238

Nu = 0.063Re®755Pr1/3 3/, )

Nu = 0.0090Re!0731 p04

Table 9
Summary of Nu correlations and f correlations of different PCHE channel types
for performance comparison.

Reference Channel Parameters Correlation
shape range
Seo et al. Straight 100 < Re < Nu = 0.7203Re° 1775pr1/3(#/”w)0-14
[16] 850 f =4 % 1.3383Re 05003
35<Pr<
5.2
Kim et al. Zigzag 0 <Re< Nu = 4.089 + 0.00365Re! °pr*58
[191 2500 f =4 x (15.78/Re + 0.0557Re " "1%)
0.66 < Pr <
13.41
The present  Airfoil 112 < Re < Eq. (29) and Eq. (31)
study 756
1.35<Pr<
5.10
1 4 . . . .
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Fig. 17. The comparison of the comprehensive thermal-hydraulic performance
of various PCHE channels.

target-side fluid.

To evaluate the Nu calculation and fitting performance of the various
methods illustrated in Table 10, the current study utilized experimental
data on heat exchange between supercritical pressure hydrocarbon fuel
and water in the airfoil-fin PCHE. Different methods were employed to
calculate the Nu and fit the Nu correlation. Subsequently, their results
were compared accordingly. In the calculation process, for Method C,
the heat transfer correlation proposed by Shi et al. [42] is employed for
the fuel side. The Shi correlation was developed for molten salt, with
characteristics similar to the fuel utilized in this study. As for Method D,
the Nusselt number of water side was computed by the Hausen equation
[44], which was utilized for predicting the Nusselt number of fluids
within the tube under the laminar regime. Fig. 18 illustrates the com-
parison of the calculated overall heat transfer coefficient of airfoil-fin
PCHE with the experimental results using different Nu calculation
methods. Except for Method D, the data from other methods generally
fall within a deviation band of +20 %. This suggests that the Nu
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Table 10
Commonly used Nu calculation and fitting methods.

No. Description

The present
method

First, conducting experiments using the same working fluid on
both sides. Subsequently, conducting experiments again using
different working fluids on both sides. The Nu correlation is
obtained through nonlinear regression fitting based on
experimental data.

Using the GA to compute all unknown coefficients in the Nu
correlations for both hot-side fluid and cold-side fluid.

Using a constrained nonlinear multi-variable function solver
based on the interior-point search algorithm to compute all
unknown coefficients in the Nu correlations for both hot-side
fluid and cold-side fluid.

The Nu correlation for the cold-side fluid is determined using
existing literature results, while a nonlinear regression fitting is
employed to solve for the Nu correlation for the hot-side fluid.
The Nu correlation for the hot-side fluid is determined using
existing literature results, while a nonlinear regression fitting is
employed to solve for the Nu correlation for the cold-side fluid.
Using the modified Wilson plot method and the exponent for
velocity is set to 0.8 to solve the Nu correlation of the target-side
fluid.

Method A

Method B

Method C

Method D

Method E

correlations utilized for both the cold and hot side fluids obtained by
these methods demonstrate a satisfactory level of accuracy in predicting
the K of the airfoil-fin PCHE. Moreover, considering the significant
predictive error associated with Method D, the Hausen equation is not
suitable for calculating the Nusselt number of water flowing in the airfoil
channels in the laminar regime.

However, the components of K calculation, namely the Nusselt
numbers of the cold and hot side fluids calculated by different methods,
exhibit significant deviations from each other. Table 11 summarizes the
heat transfer correlations of the fuel side and water side within the
airfoil-fin PCHE obtained from different methods. The variation of fuel
Nu with Re for different methods was illustrated in Fig. 19. The present
method and Method E demonstrated satisfactory predictive performance
for the Nu of the fuel, closely matching experimental data. However,
Methods A, B, and C exhibited overestimations in their predictions.
Method B, in particular, showed a significant overestimation of the Nu
for the fuel within the airfoil-fin PCHE, with Nu increasing exponentially
with Re. As for Method D, the decrease in the fuel Nu with increasing Re
contradicted the expected trend, which explained the significant devi-
ation observed in the predicted K from Method D in Fig. 18. Fig. 20
showed the variation of water Nu with Re for different methods. The
presented method still exhibited excellent predictive accuracy, and
Method E demonstrated acceptable prediction performance within the
range of 400 < Re < 550, falling within the acceptable error range.
However, Method E's predictive accuracy was poor in other Re ranges.
Contrary to the predictive performance depicted in Fig. 19, Methods A,
B, and C currently showed significant underestimation of the Nu for the
water within the airfoil-fin PCHE. This outcome aligns with the expec-
tation based on Eq. (9). When there is an overestimation of the HTC of
the cold-side fluid (fuel), minimal prediction error in the K of the PCHE
occurs only if there is a corresponding underestimation of the HTC of the
hot-side fluid (water).

The Nu fitting deviation is defined as the absolute difference between
the experimental Nu and the fitted Nu, divided by the experimental Nu,
as shown in Eq. (35). And the average fitting deviation is the mean value
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Fig. 18. The comparison of the overall heat transfer coefficient of airfoil-fin
PCHE (Calculated results vs Experimental data).

Table 11
The heat transfer correlations obtained from different methods.
No. Fuel side Water side
The present Nu = 0.07294Re06452pr!/3 Nu = 0.000135Re! 8978 prl/3
method
Method A Nu = 0.008Re!1753prl/3 Nu = 0.4571Re%1615pr1/3
Method B Nu = 0.0153Re'117prl/3 Nu = 0.4582Re%1712pr!/3
Method C Nu = Nu = 0.4091Re®1%8prl/3
0.063Re®755Pr1/3 (u/p, )0
Method D Nu = 28Re0-84302pp1/3 Nu = 3.66 +
0.0668(d/L)RePr
1+ 0.04[(d/L)RePr]*®
Method E Nu = 0.0784Re%00166prl/3 h =59171.6u%8
6 L Experimental data
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Fig. 19. The variation of fuel Nu with Re for different Nu calculation methods.

of all experimental data's fitting deviations, which is calculated by the
Eq. (36). Fig. 21 plotted the average Nu fitting deviation for different
methods. It can be observed that Methods A-E all exhibited significant
fitting deviations. Such a degree of error is unacceptable for the high-
precision design of airfoil-fin PCHE in thermal systems, as it can lead
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Fig. 20. The variation of water Nu with Re for different Nu calcula-
tion methods.

to substantial deviations in the design of heat transfer areas and cost
issues, among other concerns. In other words, applying the Nu correla-
tions obtained by these methods to the design of other PCHEs may result
in significant design deviations. Currently, the relatively feasible
approach appears to be utilizing the present method, of which the
average fitting deviation is below 10 %. That is, first, conducting ex-
periments using the same working fluid on both sides. Subsequently,
conducting experiments again using different working fluids on both
sides. The Nu correlation is obtained by employing the Levenberg-
Marquardt algorithm to perform nonlinear regression based on experi-
mental data.

— Nuexp — Nucal %« 100% (35)
Nuey,
Eave = <Z Si> /I'l (36)
i1

5. Conclusion

This study established an experimental platform to systematically
investigate the thermal-hydraulic performance of the PCHE with
NACAO0025 airfoil fins. The heat transfer and pressure drop correlations
for supercritical pressure hydrocarbon fuel and water flowing in the
airfoil-fin PCHE were developed, with a standard deviation of +8 % for f
and + 20 % for Nu. The thermodynamic performance of the airfoil-fin
PCHE was compared with that of straight, zigzag, and S-shaped
PCHEs. Additionally, a comparative assessment of six different Nu
calculation and fitting methods from existing literature was conducted
to address challenges associated with improper analysis of heat transfer
characteristics and its impact on the high-precision design of PCHEs.
These methods include GA, global optimization algorithms based on the
interior point method, known Nu correlations for the cold-side fluid,
known Nu correlations for the hot-side fluid, and the modified Wilson
plot method. The current findings contribute to a deeper understanding
of the thermal-hydraulic performance of airfoil-fin PCHE under laminar
regime and provide quantitative analysis and appropriate methods for
the Nu calculation in PCHE experimental studies. The remarkable
findings of this investigation can be summed up as follows.

i. The hydraulic performance of the airfoil-fin PCHE was compared
with the straight-channel PCHE and zigzag PCHE. Under laminar
flow conditions, the airfoil-fin PCHE has the highest f, while the
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one with straight fins has the lowest f coefficient, and it is close to
the one with zigzag fins. Within the Re range of 86 to 246, the
average f for the airfoil-fin PCHE is 2.93 times higher than that of
the straight-channel PCHE, and 2.25 times higher than that of the
zigzag PCHE.

i. The heat transfer performance of the airfoil-fin PCHE in laminar

flow was compared with straight, zigzag, and S-shape PCHEs. The
superiority of the airfoil-fin PCHE compared to other channel
types depends on Re. For Re > 334, the airfoil-fin PCHE shows the
best heat transfer performance. In the Re range of 334 to 756, the
airfoil-fin PCHE exhibits an average Nu that is 7.74 times higher
than the straight-channel PCHE, 3.15 times higher than the
zigzag PCHE, and 1.65 times higher than the S-shaped PCHE.
However, as Re decreases, its performance weakens. When Re <
147, it performs worse than the straight PCHE.

The comprehensive performance of PCHEs with straight, zigzag,
and airfoil fins was evaluated using the PEC. Results indicate that
the comprehensive thermodynamic performance of the airfoil-fin
PCHE improves with increasing Re. Notably, when Re exceeds
265, the PEC of the airfoil-fin PCHE surpasses that of other
channel-structured PCHEs. Specifically, within the Re range of
265 to 756, the average PEC of the airfoil-fin PCHE is 5.43 times
higher than that of the straight-channel PCHE and 2.14 times

Appendix A. Experimental data

This appendix gives the experimental data for the various cases.

A.1. Experimental data fuel-water heat transfer

International Communications in Heat and Mass Transfer 159 (2024) 108279

higher than that of the zigzag PCHE. This indicates that, under
conditions of laminar flow and higher Re, the airfoil channel
configuration is likely the most effective.

iv. Six methods commonly used for calculating and fitting Nu for
PCHEs with different working fluids on both the hot and cold
sides were assessed. Results reveal significant fitting deviations
for Methods A-E, making them unsuitable for the high-precision
design of airfoil-fin PCHEs. The relatively feasible approach ap-
pears to be utilizing the present method, i.e., conducting exper-
iments with multiple sets of different working fluids, which has
an average fitting deviation of less than 10 %.
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Case Meyel Myater Tein Te out Th,in Th,out Ptuel,in APcore fuel Pyater,in APcore,water Qfuel Qwater Qave
No. (kg/s) (kg/s) Q) [§9) [§9) Q) (MPa) (kPa) (MPa) (kPa) kW) (kW) (kw)
1 0.1937 0.0913 43.66 88.83 102.19 50.30 2.92 7.08 2.74 1.26 17.57 19.84 18.70
2 0.1931 0.1109 50.17 94.99 102.55 60.52 2.70 6.64 3.15 1.55 17.74 19.53 18.64
3 0.1960 0.1345 26.90 83.17 88.21 46.10 3.08 7.54 2.09 2.27 21.25 23.71 22.48
4 0.1957 0.1510 27.10 81.90 85.85 48.78 3.08 7.47 212 2.67 20.62 23.42 22.02
5 0.1960 0.1690 27.38 81.34 84.45 51.92 3.08 7.40 2.18 3.15 20.33 23.01 21.67
6 0.1958 0.1890 27.45 81.70 83.86 54.54 3.08 7.32 2.24 3.69 20.44 23.19 21.81
7 0.1959 0.2092 27.57 81.40 83.17 57.71 3.08 7.26 2.30 4.31 20.28 22.29 21.29
8 0.1960 0.2308 27.67 81.70 83.20 60.43 3.08 7.21 2.35 4.99 20.38 22.00 21.19
9 0.1958 0.2517 27.77 82.63 84.48 63.10 3.07 7.13 2.44 5.70 20.72 22.54 21.63
10 0.1960 0.2691 27.85 83.70 84.86 65.58 3.08 7.08 2.52 6.31 21.16 21.73 21.44
11 0.1958 0.2899 27.97 84.10 85.15 66.37 3.07 7.04 2.57 7.07 21.27 22.80 22.04
12 0.1955 0.3103 28.03 84.62 85.96 68.22 3.07 6.99 2.65 7.86 21.43 23.06 22.24

(continued on next page)
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(continued)
Case Mfyel Myater Te,in Te,out Thjin Thout Pruyel,in APcore fuel Pyater,in APcore,water Qfuel Qwater Qave
No. (kg/s) (kg/s) (9] (o] (9] (9] (MPa) (kPa) (MPa) (kPa) (kW) (kW) (kW)
13 0.1957 0.3299 28.25 85.46 86.74 69.17 3.07 6.95 2.74 8.61 21.73 24.28 23.01
14 0.1955 0.3503 28.50 86.11 87.26 70.63 3.07 6.90 2.81 9.49 21.90 24.42 23.16
15 0.1957 0.3743 28.83 86.50 87.28 71.47 3.07 6.87 2.87 10.58 21.98 24.79 23.39
16 0.2750 0.1181 30.30 77.59 92.12 38.34 3.03 12.93 213 1.95 24.95 26.56 25.76
17 0.2513 0.1180 30.46 78.33 90.66 38.51 3.03 11.32 2.08 1.94 23.13 25.74 24.44
18 0.2361 0.1181 30.30 80.13 90.84 40.36 3.05 10.27 2.00 1.90 22.69 24.94 23.82
19 0.2204 0.1181 30.26 82.31 91.24 41.42 3.09 9.06 1.98 1.87 22.22 24.62 23.42
20 0.2038 0.1183 30.26 84.54 92.34 43.51 3.04 7.96 2.00 1.83 21.52 24.18 22.85
21 0.1884 0.1184 30.17 86.98 93.29 45.54 3.11 6.94 2.02 1.79 20.91 23.67 22.29
22 0.1720 0.1186 29.85 90.71 95.74 49.35 2.93 6.02 2.09 1.74 20.59 23.04 21.81
23 0.1556 0.1187 29.47 94.13 98.34 52.86 3.02 5.12 2.20 1.69 19.90 22.62 21.26
24 0.1403 0.1188 29.36 98.09 101.36 57.76 2.96 4.31 2.33 1.63 19.20 21.72 20.46
25 0.1243 0.1189 28.94 103.80 106.32 63.55 2.99 3.51 2.59 1.56 18.69 21.34 20.01
26 0.1084 0.1189 28.48 109.30 111.20 70.96 2.97 2.81 2.92 1.50 17.75 20.10 18.92
27 0.0924 0.1187 27.90 116.67 118.61 79.27 3.02 2.19 3.51 1.43 16.79 19.64 18.22
28 0.2214 0.1167 28.75 67.49 74.17 38.00 2.94 9.61 1.92 2.01 16.05 17.65 16.85
29 0.2211 0.1171 28.35 74.35 82.19 38.48 2.95 9.42 1.82 1.94 19.31 21.39 20.35
30 0.2218 0.1173 28.20 78.10 87.11 39.39 2.95 9.31 1.83 1.90 21.17 23.42 22.29
31 0.2215 0.1178 28.48 84.48 94.70 40.26 2.96 9.15 1.86 1.85 24.04 26.83 25.43
32 0.2204 0.1180 28.90 90.67 101.66 42.19 2.96 8.97 1.91 1.80 26.73 29.37 28.05
33 0.2205 0.1182 29.50 94.99 107.29 43.35 2.96 8.85 1.97 1.77 28.60 31.68 30.14
34 0.2208 0.1184 30.20 100.81 114.09 45.58 2.96 8.72 2.04 1.72 31.22 34.01 32.62
35 0.2202 0.1186 31.37 105.14 118.89 47.62 2.95 8.57 2.11 1.69 32.84 35.45 34.15
36 0.2201 0.1181 32.80 103.55 117.25 47.95 2.94 8.53 2.09 1.68 31.48 34.33 32.90
37 0.2198 0.0826 33.16 107.32 141.05 39.49 2.94 8.92 2.08 1.06 33.17 35.25 34.21
38 0.2197 0.0531 33.80 99.67 173.01 34.80 2.93 9.57 1.99 0.62 29.11 30.95 30.03
39 0.2356 0.1110 31.57 88.96 102.27 40.07 2.95 10.17 1.67 1.41 26.59 28.90 27.74
40 0.2356 0.1292 32.24 89.93 97.81 44.37 2.94 9.89 1.69 1.69 26.80 28.92 27.86
41 0.2357 0.1489 32.59 88.50 93.36 48.05 2.93 9.73 1.71 2.05 25.94 28.24 27.09
42 0.2355 0.1698 33.00 90.09 93.43 52.51 2.93 9.50 1.74 2.43 26.55 29.10 27.83
43 0.2354 0.1899 33.34 89.96 92.56 55.94 2.93 9.39 1.76 2.86 26.34 29.14 27.74
44 0.2353 0.2094 33.30 89.47 91.04 59.05 2.93 9.34 1.77 3.31 26.09 28.07 27.08
45 0.2358 0.2305 33.72 88.97 90.74 62.76 2.92 9.22 1.79 3.82 25.72 27.03 26.37
46 0.2356 0.2496 33.92 89.03 90.68 65.43 2.92 9.16 1.81 4.33 25.64 26.41 26.03
47 0.2356 0.2690 33.99 89.37 91.03 67.12 2.93 9.12 1.82 4.85 25.78 26.97 26.37
48 0.2355 0.2895 34.07 88.46 89.75 67.77 2.92 9.08 1.84 5.48 25.27 26.67 25.97
49 0.2352 0.3097 34.07 89.04 90.15 69.06 2.92 9.04 1.85 6.09 25.55 27.38 26.46
50 0.2353 0.3299 34.27 89.42 90.46 70.90 2.93 9.01 1.87 6.77 25.66 27.06 26.36
51 0.2354 0.3507 34.24 88.98 89.99 71.41 2.92 8.99 1.88 7.49 25.46 27.32 26.39
52 0.2352 0.3751 34.33 89.00 90.03 73.22 2.92 8.95 1.89 8.38 25.41 26.44 25.93
53 0.1294 0.0713 33.70 121.60 133.69 48.97 3.04 3.74 1.65 0.62 23.66 25.39 24.53
54 0.1139 0.0714 33.47 128.27 136.05 55.04 3.17 2.99 1.68 0.58 22.68 24.32 23.50
55 0.0981 0.0714 33.11 135.17 139.08 64.80 3.12 2.29 1.72 0.53 21.21 22.33 21.77
56 0.0820 0.0712 32.62 141.61 144.42 79.92 3.07 1.76 1.78 0.49 19.07 19.41 19.24
57 0.2343 0.1043 35.65 110.77 133.76 45.33 2.96 9.28 1.79 1.15 36.15 38.76 37.45
58 0.2343 0.1043 34.68 108.32 130.89 44.18 2.97 9.37 1.79 1.17 35.24 37.97 36.61
59 0.2345 0.1043 33.82 102.87 124.04 42.84 2.97 9.52 1.78 1.20 32.74 35.52 34.13
60 0.2348 0.1041 32.63 98.29 118.43 41.07 2.98 9.69 1.76 1.23 30.87 33.75 32.31
61 0.2350 0.1039 30.30 87.12 103.07 37.73 2.98 10.13 1.74 1.32 26.10 28.44 27.27
62 0.1954 0.1024 36.86 112.05 127.35 50.66 2.97 6.87 2.42 1.21 30.28 32.97 31.62
63 0.1951 0.1026 38.72 118.12 133.37 53.20 2.96 6.70 2.48 1.18 32.30 34.59 33.44
64 0.1950 0.1042 39.93 120.70 135.67 55.17 2.95 6.62 2.52 1.19 33.02 35.28 34.15
65 0.1949 0.1042 40.63 122.68 138.62 56.05 2.94 6.59 2.54 1.18 33.65 36.21 34.93
66 0.1948 0.1043 40.75 125.80 141.95 56.96 2.94 6.55 2.56 1.16 35.01 37.32 36.16
67 0.1949 0.1044 41.54 131.79 148.94 58.51 2.94 6.47 2.62 1.14 37.49 39.79 38.64
68 0.2503 0.1043 42.00 102.98 125.62 48.68 2.96 10.28 2.34 1.32 31.27 33.68 32.48
69 0.2270 0.1044 41.62 106.73 125.70 51.06 3.05 8.72 2.36 1.29 30.44 32.73 31.58
70 0.2026 0.1044 41.07 112.95 128.10 53.75 2.96 7.13 2.41 1.24 30.24 32.60 31.42
71 0.1796 0.1044 40.64 117.17 128.40 57.89 3.00 5.78 2.46 1.20 28.70 30.93 29.82
72 0.1541 0.1043 40.10 125.54 133.17 65.09 3.02 4.52 2.61 1.13 27.79 29.90 28.84
73 0.1313 0.1044 39.70 130.18 134.93 71.51 2.96 3.42 2.72 1.09 25.21 27.89 26.55
74 0.1075 0.1039 38.98 136.43 138.92 82.20 2.96 2.47 2.99 1.04 22.39 24.89 23.64
75 0.0834 0.1035 37.70 152.25 153.31 102.74 3.09 1.61 3.26 0.94 20.79 22.24 21.52
76 0.2358 0.1017 33.10 73.06 85.38 38.87 3.02 10.61 2.22 1.69 18.01 19.78 18.90
77 0.2353 0.1020 36.23 82.71 97.83 42.84 3.01 10.06 2.27 1.60 21.44 23.47 22.45
78 0.2346 0.1022 40.80 96.16 114.77 48.60 2.99 9.49 2.39 1.48 26.27 28.35 27.31
79 0.2338 0.1020 45.80 109.61 131.19 54.73 2.97 9.01 2.54 1.38 31.05 32.77 31.91
80 0.2333 0.1016 49.82 117.59 140.75 58.76 2.95 8.71 2.23 1.33 33.44 35.09 34.27
81 0.1944 0.1004 40.20 120.09 135.84 54.81 3.06 6.65 1.99 1.19 32.54 34.24 33.39
82 0.1944 0.1002 40.56 125.54 143.50 55.69 3.06 6.58 2.07 1.17 34.88 37.04 35.96
83 0.1944 0.1001 40.84 132.26 151.91 57.23 3.07 6.52 2.15 1.13 37.88 39.98 38.93
84 0.1943 0.0999 41.24 134.63 155.40 57.85 3.06 6.48 2.21 1.12 38.81 41.13 39.97
85 0.1941 0.0998 41.56 135.36 155.78 58.40 3.06 6.46 2.28 1.13 39.00 41.02 40.01
86 0.1943 0.1001 41.96 138.59 160.06 58.93 3.06 6.43 2.32 1.11 40.39 42.75 41.57
87 0.2353 0.1003 37.23 91.29 109.55 44.86 3.04 9.86 2.47 1.47 25.37 27.19 26.28

(continued on next page)
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(continued)
Case Meyel Myater Tein Teout Th,in Th,out Ptuelin APcore fuel Pyater,in APcore,water Qfuel Quwater Qave
No. (kg/s) (kg/s) [§9) [§9) [§9) Q) (MPa) (kPa) (MPa) (kPa) kW) (kW) (kW)
88 0.2349 0.1005 39.97 100.38 121.91 47.92 3.02 9.51 2.58 1.39 28.87 31.19 30.03
89 0.2345 0.1002 43.12 106.74 129.40 51.38 3.01 9.21 2.76 1.32 30.79 32.82 31.80
90 0.2344 0.0997 45.30 112.19 136.56 53.67 3.00 9.03 3.04 1.27 32.72 34.73 33.73
91 0.2340 0.0994 48.12 118.81 145.05 56.80 2.99 8.82 3.25 1.23 34.97 36.93 35.95
92 0.1953 0.2004 40.20 110.16 112.58 74.98 291 6.32 2.31 3.36 28.22 31.68 29.95
93 0.1952 0.1997 39.95 111.82 114.51 74.86 291 6.30 2.33 3.32 29.04 33.30 31.17
94 0.1953 0.1991 39.89 111.96 114.63 75.17 291 6.31 2.35 3.31 29.14 33.04 31.09
95 0.1951 0.2007 39.67 111.69 114.29 74.81 291 6.31 2.37 3.36 29.07 33.32 31.19
96 0.1952 0.1992 39.64 112.77 114.56 75.78 291 6.30 2.40 3.32 29.58 32.48 31.03
97 0.1952 0.2006 39.64 107.30 109.60 72.77 291 6.39 2.46 3.44 27.15 31.05 29.10
98 0.1946 0.3651 39.24 109.93 110.72 93.68 3.07 6.14 2.59 9.23 28.37 26.22 27.29
29 0.1946 0.3272 39.33 109.81 111.06 89.43 3.07 6.16 2.54 7.60 28.28 29.80 29.04
100 0.1947 0.2882 39.15 109.76 110.93 83.85 3.07 6.21 2.45 6.13 28.33 32.82 30.58
101 0.1946 0.2478 39.18 110.94 112.51 80.31 3.07 6.23 2.39 4.74 28.84 33.56 31.20
102 0.1947 0.2070 39.10 111.84 114.07 75.91 3.07 6.29 2.29 3.52 29.27 33.21 31.24
103 0.1946 0.1684 39.10 114.32 117.84 71.34 3.07 6.36 2.21 2.51 30.37 32.92 31.65
104 0.1944 0.1268 39.33 115.94 123.83 61.77 3.07 6.51 2.07 1.65 30.99 33.08 32.03
105 0.1946 0.0751 39.75 111.01 139.69 44.90 3.06 7.10 2.05 0.86 28.67 29.94 29.30
A.2. Experimental data water-water heat transfer
Case My me Th,in (°C) Th,out Tein Teout Phin AP, Pejin AP, Qn Qe Qave
No. (kg/s) (kg/s) Q) Q) “Q) (MPa) (kPa) (MPa) (kPa) kw) (kw) kw)
1 0.0528 0.2011 120.25 20.70 20.50 44.26 1.96 1.06 2.09 9.12 21.99 19.95 20.97
2 0.0732 0.2014 99.58 21.59 21.43 48.24 1.89 1.53 2.13 8.90 23.88 22.54 23.21
3 0.0937 0.2019 86.43 22.10 21.82 50.21 1.84 2.04 2.15 8.77 25.19 23.92 24.56
4 0.1127 0.2021 76.74 22.53 22.10 50.76 1.81 2.55 2.15 8.64 25.53 24.17 24.85
5 0.1323 0.2025 70.58 23.23 22.30 52.41 1.79 3.09 217 8.50 26.16 25.45 25.80
6 0.1531 0.2027 65.31 24.08 22.40 52.97 1.78 3.70 217 8.40 26.36 25.86 26.11
7 0.1752 0.2029 61.72 25.51 22.60 54.21 1.78 4.38 2.18 8.27 26.50 26.78 26.64
8 0.1945 0.2030 59.86 26.66 22.66 54.63 1.78 4.98 2.18 8.16 26.96 27.10 27.03
9 0.2164 0.2030 57.53 28.11 22.76 53.90 1.79 5.76 217 8.11 26.58 26.39 26.49
10 0.2333 0.2032 56.74 29.22 22.64 53.71 1.80 6.39 217 8.06 26.80 26.35 26.58
11 0.2533 0.2033 55.96 30.66 22.80 53.68 1.81 7.20 217 8.00 26.76 26.21 26.48
12 0.2729 0.2033 55.98 31.88 22.80 53.80 1.83 8.00 217 7.96 27.47 26.31 26.89
13 0.2935 0.2035 55.42 33.19 22.90 53.70 1.85 8.90 217 7.90 27.25 26.16 26.70
14 0.1214 0.0535 107.21 69.01 19.70 105.51 2.75 1.66 2.73 0.67 19.46 19.19 19.32
15 0.1197 0.2064 74.84 23.20 22.62 51.35 1.73 2.71 2.04 8.77 25.82 24.76 25.29
16 0.1195 0.2329 74.97 23.50 23.06 47.94 1.72 2.75 2.02 10.72 25.70 24.20 24.95
17 0.1195 0.2591 75.12 23.80 23.40 45.85 1.71 2.76 2.02 12.80 25.62 24.29 24.95
18 0.1195 0.2860 75.22 23.95 23.70 44.70 1.71 2.77 2.02 14.96 25.59 25.07 25.33
19 0.1194 0.3128 75.31 24.20 23.90 44.22 1.70 2.78 2.02 17.30 25.50 26.54 26.02
20 0.1194 0.3398 75.78 24.50 24.25 43.31 1.70 2.78 2.02 19.77 25.59 27.04 26.31
21 0.1195 0.3667 75.93 24.80 24.55 42.37 1.70 2.78 2.02 22.25 25.52 27.27 26.40
22 0.1195 0.3940 76.13 25.02 24.80 41.90 1.70 2.79 2.02 24.87 25.51 28.12 26.82
23 0.1194 0.4394 76.33 25.40 25.15 40.67 1.69 2.79 2.03 29.55 25.41 28.48 26.95
24 0.1195 0.4663 76.78 25.50 25.30 39.98 1.69 2.78 2.04 32.41 25.60 28.56 27.08
25 0.1098 0.2079 75.76 22.20 21.80 48.30 1.63 2.48 1.81 8.28 24.56 23.00 23.78
26 0.1089 0.2084 82.68 23.00 22.60 51.99 1.65 2.40 1.86 8.18 27.16 25.57 26.36
27 0.1093 0.2088 88.41 23.81 23.43 55.91 1.66 2.36 1.91 8.12 29.51 28.31 28.91
28 0.1096 0.2092 94.84 24.58 24.15 59.60 1.68 2.32 1.97 8.01 32.20 30.96 31.58
29 0.1098 0.2095 100.33 25.53 25.10 62.91 1.70 2.28 2.03 7.96 34.34 33.08 33.71
30 0.1103 0.2098 106.88 26.42 25.95 66.89 1.72 2.24 211 7.89 37.14 35.86 36.50
31 0.1105 0.2099 109.60 26.95 26.50 68.46 1.72 2.22 2.15 7.85 38.23 36.78 37.50

Data availability
Data will be made available on request.
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