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A Printed Circuit Heat Exchanger (PCHE) is considered as a promising candidate for the use of an inter-
mediate heat exchanger (IHX) in High Temperature Gas-cooled Reactors (HTGRs), since PCHEs offer high
effectiveness and a compact size. It has been reported that the use of binary mixture gas can increase the
thermal efficiency and reduce the turbo-machinery size in HTGRs. We performed experiments and
numerical analysis on the PCHE using a mixture gas with Helium (He) and CO2. We suggested the proce-
dure to develop the correlations of Fanning factor and Nusselt number for PCHE channel geometry
through introducing the concept of the local pitch-averaged correlations. A Computational Fluid Dynam-
ics (CFDs) code, FLUENT, was validated against the current Mixture–Water test data and used to get the
local pitch-averaged correlations to develop the local pitch-averaged correlations of Fanning factor and
the Nusselt number. Using the local pitch-averaged correlations based on the He–He, the He–Water,
and the Mixture–Water test data, we proposed the single Fanning factor correlation and the single Nus-
selt number correlation.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

As one of the Gen-IV nuclear reactors, a High Temperature Gas-
cooled Reactor (HTGR) has various energy applications such as
electricity generation, hydrogen production, and even desalination
water production. This integrated system which can produce
Water, Hydrogen, and Electricity using Nuclear reactors is named
WHEN system [1]. For the multiple heat applications in HTGRs,
heat exchangers should be necessary. However, it might not be
possible to use shell and tube-type heat exchangers for the Inter-
mediate Heat Exchanger (IHX) in HTGRs, because low heat transfer
coefficient of gas working fluid causes the large size of the IHX.
Therefore, currently, a Printed Circuit Heat Exchanger (PCHE)™,
which is manufactured by Heatric, is considered as one of promis-
ing candidates. According to a Heatric website [2], if the PCHE type
is selected, the size can be highly reduced to the 1/5 or 1/6 size of
the shell and tube-type heat exchanger.

The previous researches related to the PCHEs have been per-
formed. In order to adopt the PCHEs to either the IHX or the recu-
perator in HTGRs, Kim et al. [3] investigated the thermal–hydraulic
performance of PCHE experimentally and numerically using a He–
He test facility and Computational Fluid Dynamics (CFDs) code,
FLUENT. The correlations of Fanning factor and Nusselt number
for the specific design of PCHE were proposed in laminar region.
Kim and NO [4] developed some physical models of Fanning factor
and Nusselt number according to the geometry, considering vari-
ous angle, pitch, and diameter. Using them, the optimal IHX design
through cost analysis was finally proposed. Kim and NO [5] inves-
tigated thermal–hydraulic performance of a PCHE in a He–Water
test loop for the application of the PCHE to the pre-cooler in the
HTGR. It was found out that the vertical operation of the PCHE is
more stable than its horizontal operation. For the working fluids
of helium and water, the correlations of Fanning factor and Nusselt
number were proposed.

In addition, several researches regarding the use of binary mix-
ture gases were carried out for the Brayton cycle of the HTGR. The
number of stages in turbo-machines such as compressor and tur-
bine decreases to 1/3 of the stages in the pure helium Brayton cy-
cle, when He–Xe mixture with 15 g/mole was used [6]. Jeong et al.
[7] showed that the use of a mixture gas can increase the overall
thermal efficiency of gas cooled reactors due to the changes of
properties and critical points. Until now, thermal–hydraulic perfor-
mance evaluations on the PCHE in the mixture gas condition were
not investigated. Therefore, we need to investigate the mixture gas
behavior in the PCHE, for example, whether the mixture gas fol-
lows the correlations developed previously in the single working
fluid or not.
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Nomenclature

Q heat load (W)
_m mass flow rate (kg/s)
v velocity (m/s)
T temperature (K)
cp specific heat capacity (kJ/kg K)
cp H specific heat capacity on hot side (kJ/kg K)
cp C specific heat capacity on cold side (kJ/kg K)
Dh hydraulic diameter (m)
q density (kg/m3)
l viscosity (Pa s)
k thermal conductivity (W/m K)
DP pressure drop (Pa)
Af cross-sectional flow area (m2)
L actual flow channel length (m)
f fanning factor
K form loss coefficient
q00 heat flux (W/m2)
h heat transfer coefficient (W/m2 K)
g sum of squares
T temperature (K)
T 0 corrected temperature (K)
DT temperature difference (K)
RQ loss heat loss ratio
f fanning friction factor

Re Reynolds number
Nu Nusselt number
Pr Prandtl number

Subscript
h hot side
c cold side
m metal side
loss loss
i inlet
o outlet
b bulk mean
s surface
p pitch
_p pitch
_A volume A
_B volume B
_C volume C
_D volume D
_0 cross-section 0
_1 cross-section 1
_2 cross-section 2
_3 cross-section 3
_4 cross-section 4
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In this study, a He–CO2 binary mixture was selected as a work-
ing fluid, because this binary mixture was one of candidates to in-
crease overall thermal efficiency of HTGRs, which was mentioned
by Jeong et al. [7]. Through a Mixture–Water test loop, we investi-
gated the thermal–hydraulic performance of the PCHE. Using CFD
code, FLUENT [8], the numerical investigations of thermal–hydrau-
lic performance of the PCHE were performed under the mixture gas
condition. Then, we compared the behaviors of Fanning factor and
Nusselt number under mixture gas condition to those under single
working fluids. The correlations of Fanning factor and Nusselt
number were developed to predict pressure drop and heat transfer
at the single working fluids as well as at the mixture gas.
2. Experimental approach

We constructed the Mixture–Water test loop in order to inves-
tigate thermal–hydraulic performance on a PCHE under the mix-
ture gas condition. Pressures and temperatures were measured at
the inlet and the outlet of the PCHE.

2.1. Mixture (He–CO2) properties

For experiments, we selected the He–CO2 binary mixture gas.
Once calculating the mixture gas properties, several simple
assumptions such as mole average, mass average, ideal gas law,
and kinetic theory are sometimes used. However, we need to check
if these assumptions provide accurate physical properties. The real
properties of mixture gas with He of 0.8 mol and CO2 of 0.2 mol at
1.5 MPa were provided according to temperatures from the REF-
PROP program of the NIST [9]. They were compared with the mix-
ture gas properties calculated from the several simple
assumptions. Depending on the assumptions, the mixture gas
properties have large variation from the real mixture gas proper-
ties, as shown in Fig. 1. Since the use of accurate properties surely
influences the reliability of data analysis and code calculations, we
determined to use the real mixture gas properties provided from
the REFPROP program.
However, the REFPROP program provides the properties of mix-
ture gas with He and CO2, only in the limited ranges of specific
pressure, temperature, and concentrations. Fig. 2 shows the mix-
ture properties at 1.3 MPa and 280 K in terms of He mole fraction.
The real properties of mixture gas of are not linear according to the
concentration. Even, the viscosity of the mixture gas with He of
0.8 mol and CO2 of 0.2 mol does not lie between the viscosities of
the pure He and CO2. It is higher than those of pure He and CO2.
2.2. Test range

The properties of mixture gas with He and CO2 can be obtained
from the REFPROP program, only in the limited ranges of specific
pressure, temperature, and concentrations. We checked these
ranges, which are shown in Table 1. Since the use of accurate prop-
erty definitely relates with the reliability of data analysis and code
calculations, we decided to perform the Mixture–Water tests in the
specific ranges where the real properties of the mixture gas with
He and CO2 can be obtained from the REFPROP program of NIST.
2.3. Mixture–Water test loop

The Mixture–Water test loop constructed at KAIST is composed
of a closed mixture gas loop and an open water loop (Fig. 3). After
creating a vacuum state, the closed loop was charged with He and
CO2. The mixture gas was moved by a gas-bearing type circulator
with no oil leakage. The hot mixture gas produced at a 150 kW
heater was cooled in the PCHE as the heat on the hot side was re-
leased to the cold side. All residual heat was removed in the cooler.
Purified water kept in a water tank was driven by a water pump.
The water temperature increased in the PCHE as heat was trans-
ferred from the hot side to the cold side. The heated water was
then vented out. The CO2 gas concentration was measured by using
a gas-analyzer as shown in Fig. 4.

The pressure was measured using a pressure transmitter with
an accuracy of ±0.1%. The differential pressure gauge had an accu-
racy of ±0.2% over a full range of 100 kPa. The temperature was
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Fig. 1. Properties of mixture gas with He 0.8 mol and CO2 0.2 mol at 1.5 MPa according to temperatures provided from the REFPROP and the simple assumptions.
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measured using K-type thermocouples with an accuracy of ±1.6 �C.
The inlet and outlet temperatures of the PCHE were measured by
1/16 in. thermocouples to increase the sensitivity. 1/8 in. thermo-
couples were used in the other sides. A vortex flow meter, whose
accuracy was ±1% over a full scale of 13–130 m3/h, was placed in
the mixture gas side. A mass flow meter with ±0.5% accuracy was
installed on the water side. The tested PCHE, made of Alloy
800HT by Heatric, is a countercurrent flow heat exchanger. It has
1280 micro-wavy channels with semi-circle shape on the hot and
the cold sides, respectively. The geometry on both sides is identi-
cal. Its dry mass is 146 kg. The core dimension is
150 mm � 144 mm � 896 mm. Insulations were done to reduce
heat loss. The geometry of a micro-wavy channel in the PCHE is
shown in Fig. 5. The cross-section of the PCHE is in Fig. 6. Informa-
tion on the PCHE structure is shown in Table 2 in detail. We per-
formed the experiments for the vertical arrangement of PCHE.

In experiments, the mass flow rates of the mixture gas and
the water were in the ranges of 0.0429–0.0914 kg/s and
0.108–0.546 kg/s. The hot/cold side inlet conditions for pressure
and temperature were 1.17–1.72 MPa/0.104–0.306 MPa and
104.5–217.6 �C/23.6–25.2 �C, respectively. We measured the pres-
sure and temperature at the inlet and outlet of the PCHE. The mea-
sured pressure drop includes five losses: inlet friction loss (from
measurement location to inlet), inlet header loss, outlet header
loss, outlet friction loss (from measurement to outlet), and pres-
sure drop in the wavy channel. We focused on the pressure drop
in the wavy channel only. It is calculated by difference between
the measured total pressure drop and the estimated pressure drop
due to four losses of inlet friction loss, inlet header loss, outlet
header loss, and outlet friction loss. The estimated pressure drop
due to inlet friction loss, inlet header loss, outlet header lose, and
outlet friction loss were 9.59–22.49% for the mixture gas and
0.74–7.18% for the water side, compared to the total measured
pressure drop. The sum of surface area in both inlet header and
outlet header is approximately 4% of total surface area.

2.4. Heat loss analysis

In reality, the heat transfer in the hot side is not equal to that in
the cold side due to the heat loss. Considering the heat balance, we
need to understand the heat transfer behavior in the PCHE in ad-
vance. As shown in Fig. 7, the heat is transferred from the hot side
to the metal solid. Then, it is transferred to either the cold side or
the outside. Accordingly, we can set up some equations below:

Qh ¼ Q m ð1Þ

where

Qh ¼ _mhcp HðTh;i � Th;oÞ

Qm ¼ Q c þ Q loss ð2Þ

where
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Fig. 2. Real mixture gas properties with He and CO2 at 1.3 MPa and 280 K in terms of He mole fraction.

Table 1
Specific ranges where the mixture gas properties can be provided from REFPROP.

Helium mole fraction (x) CO2 mole fraction (1 � x) Pressure (MPa) Temperature (K) Mixture property

0.80 0.20 1–1.7 280–427 Obtainable
0.84 0.16 0.4–1.7 280–348 Obtainable
0.87 0.13 0.3–1.7 280–289 Obtainable
0.92 0.08 0.1–1.2 – –
0.96 0.04 0.1–0.7 – –
0.99 0.01 0.1–0.3 – –
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Q c ¼ _mccp CðTc;o � Tc;iÞ

RQ loss ¼
Q loss

Q h
ð3Þ

In our experiments, the range of the heat loss ratio was between
13.96% and 19.02%, although insulation was done. We think that
most of heat loss came from the conduction heat losses at the
end parts of hot locations through the hot inlet/cold outlet side
tubes and the instrumentation tubes for pressure and temperature
measurements. Considering the heat balance, the outlet tempera-
ture in the cold side is corrected using the following equation:

T 0c;o ¼ Tc;o þ DTc;o ð4Þ
where

Q loss ¼ _mccp CDTc;o
3. Numerical approach

Since the channel in the PCHE is very small with the diameter of
1.51 mm, the measurements of internal pressure and temperature
in the PCHE are not possible during experiments. Therefore, we
used a numerical approach to compensate for the deficiencies in
the experiments. We can obtain not only the inlet and outlet infor-
mation but also the internal information from the results of
numerical simulations. However, in advance, our numerical model
should be validated against experimental data.



Fig. 3. Mixture–Water test loop.

Fig. 4. Gas analyzer.

Fig. 5. Geometry of micro-wav
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3.1. Three-dimensional (3-D) numerical model

The construction of the entire structure of the PCHE requires
many computer resources and much time for the simulations. In
order to simplify the 3-D numerical model, since the arrangement
of the channels was periodically repeated, we used periodic bound-
ary conditions as shown in Fig. 8 under the assumption of the same
mass flow rate, pressure, and temperature at each channel.

The cross-section of the 3-D model was reduced to a single-pair
stack of 2.62 mm � 2.92 mm using a periodic boundary condition
at top/down and left/right positions. Each single channel in the
hot and the cold was constructed as the transparent full-channel
length (742 mm) was maintained. GAMBIT was used to generate
the structure and meshes. Checking several cases according to
the mesh number, we determined the appropriate mesh number
y channel in the PCHE [5].

2.92mm

ss-section.



Table 2
PCHE geometrical information.

Side Number of
channels

Diameter
(mm)

Hydraulic diameter
(mm)

Heat transfer area
(m2)

Cross-sectional flow area
(m2)

Wavy channel length
(mm)

Angle
(�)

Pitch
(mm)

Mixture 40 � 32 = 1280 1.51 0.922 3.8 0.001155 765 15 24.6
Water 40 � 32 = 1280 1.51 0.922 3.8 0.001155 765 15 24.6

Qloss

1.51mm

1.51mm

Qh

Qc

Qm

Fig. 7. The heat transfer behavior in the PCHE.
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for our situation. The boundary layer option was used at the inter-
face between the solid and the fluid. The first layer was 0.01 mm.
Five rows were constructed with a growth factor of 1.2. The total
depth was 0.0744 mm. The total number of generated meshes
was approximately 1,330,000.
3.2. Numerical solution

The numerical solutions to the Mixture–Water tests with the
vertical arrangement of the PCHE were obtained by using FLUENT.
The governing equations of continuity, momentum, and energy
were solved simultaneously using the first order upwind scheme.
The semi-implicit method pressure-linked equation (SIMPLE) was
used to couple the velocity and the pressure. The mass flow inlet
Mixture channel

Water channel

Fig. 8. A simplified numerical model in the PCHE using pe
and pressure outlet boundary conditions were selected for the
mixture and the water sides, respectively. Thermo-physical prop-
erties (viscosity, density, specific heat, and thermal conductivity)
of the binary mixture (He–CO2) gas and water were obtained from
the REFPROP and the NIST chemistry web-book [10]. The thermo-
physical properties have considerable variation and significantly
depend on the temperature. They were presented with a polyno-
mial function of the temperature. The thermal conductivity of Al-
loy 800HT according to its temperature was obtained from the
website [11].
4. Experimental data vs. numerical solutions

The differences between the experimental data and the numer-
ical solutions were observed. The differences in the pressure and
the temperature of the hot/cold sides between the experimental
data and the numerical solutions were evaluated using the follow-
ing equation:

Errorð%Þ ¼ CFD� Experiment
Experiment

� 100 ð5Þ

For the Mixture–Water tests with the vertical arrangement of
PCHE, the difference of the pressure drop and the temperature dif-
ference between experimental data and numerical solutions were
in Figs. 9a and 9b.

Their RMS errors were calculated, as shown in Table 3. In Ta-
ble 3, Hot and Cold, and DP and DT represent hot side and cold side,
and pressure drop and temperature difference, respectively. On the
water side, a little bit large RMS errors were obtained. The temper-
ature difference on the cold side had a RMS error of 6.289%, which
was less than ±1.6 �C of the thermocouple uncertainty. The pres-
sure drop on the cold side had a RMS error of 12.68%. This phenom-
enon is similar to that in the previous He–Water tests by Kim and
2.92mm

Water

Mixture

2.92mm

Down

Periodic
Left

Periodic

Periodic

Periodic

1.51mm

1.51mm

2.62mm

Top

Right

riodic boundary conditions for Mixture–Water tests.
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Table 3
RMS errors and maximum errors for the Mixture–Water tests.

Hot DP (%) Cold DP (%) Hot DT (%) Cold DT (%)

RMS error 2.884 13.68 1.039 6.289
Max error 3.864 20.07 1.206 8.592
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NO [5] where the water side showed the larger variations than the
helium side. The non-uniform flow in water side was the suggested
reason. On the mixture side, pressures and temperatures provided
from numerical solutions are in good agreement with experimen-
tal data. After this validation, we can use local information which is
provided from numerical solutions.
Fig. 10. Pitch configuration in a micro-wavy channel of the PCHE [5].
5. Methodology for the correlation development

Two methods are available to develop correlations. One is using
global parameters at the inlet and the outlet of PCHE. The other is
using local parameters at the micro-wavy channel of PCHE. How-
ever, it was found that the local pitch-averaged correlation is more
accurate than the global correlations, analyzing the heat exchanger
system (Kim et al. [3]). This method is used in the He–He tests and
the He–Water tests [3,5]. In spite of the identical Reynolds number
and Prandtl number, the different Fanning factor and Nusselt num-
ber can be obtained according to the locations such as the curved
and the straight. However, adopting the local-pitch averaged
method, the location effect can be evenly distributed. Therefore,
we can propose the correlations of Fanning factor and Nusselt
number regardless of location effect. In addition, the property
uncertainty can be lower, because temperature difference in a
pitch gets lower than that in the total wavy channel with full
length. The details in local pitch-averaged method [3,5] are shown
below.

5.1. How to get local pitch-averaged values

This section explains how to get local pitch-averaged values. A
pitch in a micro-wavy channel is shown in Fig. 10. A, B, C, D indi-
cate volumes while 0, 1, 2, 3, 4 do cross-sections.

The bulk mean temperature in the cross-section 0, 1, 2, 3, 4 are
mass weighted. The bulk mean temperature of volume A between
0 and 1 is defined by Eq. (6). Then, the local pitch-averaged bulk
mean temperature is calculated by Eq. (7):

Tb A ¼
Tb 0 þ Tb 1

2
ð6Þ

Tb p ¼
Tb A þ Tb B þ Tb C þ Tb D

4
ð7Þ

Fluid properties such as density, viscosity, and thermal conduc-
tivity were already presented with a polynomial function of tem-
perature. As substituting local pitch-average bulk mean
temperature, fluid properties are obtained.

Heat fluxes and surface temperatures are area-weighted. The
heat flux and surface temperate in a pitch are calculated by the fol-
lowing equations:

q00s p ¼
q00s A þ q00s B þ q00s C þ q00s D

4
ð8Þ

Ts p ¼
Ts A þ Ts B þ Ts C þ Ts D

4
ð9Þ
5.2. How to develop the local pitch-averaged correlations

The local pitch-averaged Fanning factor and Nusselt number
were calculated by the following equations:

fp ¼
DPpqpDhA2

f

2Lp _m2 ð10Þ

Nup ¼
hs pDh

kp
¼

q00s pDh

kpðTb p � Ts pÞ
ð11Þ

The local-pitch averaged Reynolds number and Prandtl number
are defined by Eqs. (12) and (13), respectively, using the local
pitch-averaged fluid properties:
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Rep ¼
qvDh

lp
¼

_mDh

Aflp
ð12Þ

where _m ¼ qvAf

Prp ¼
cplp

kp
ð13Þ

The pressure drop in the micro-channel of the PCHE consists of
form loss and friction loss. The Fanning factor of the PCHE contains
the form loss coefficient and the Fanning friction factor.

DPp ¼ DPform þ DPfriction ð14Þ

DPp ¼ 4f p
Lp

Dh

1
2
qv2 ¼ 4f p

Lp

Dh

1
2q

_m
Af

� �2

ð15Þ

where _m ¼ qvAf

DPform ¼ K
1
2
qv2 ð16Þ

DPfriction ¼ 4f
Lp

Dh
� 1
2
qv2 ð17Þ

where f ¼ 15:78=Rep

A function of the Reynolds number in Eq. (18) is obtained for the
Fanning factor multiplied Reynolds number through implementing
Eqs. (15)–(17) into Eq. (14). In this paper, from now on, Re is con-
sidered as Rep. The Fanning factor correlation in the PCHE can be
developed by observing fp � Re vs. Re behavior.

fp � Re ¼ 15:78þ aReb ð18Þ

We think it is reasonable that the fluid behavior is getting like a
fully developed straight duct with a semi-circle cross-section as
the Reynolds number is approaching 0. The Fanning factor multi-
plied Reynolds number and the Nusselt number reach approxi-
mately 15.78 and 4.089, respectively, shown in Table 4 [12]. The
H1 thermal boundary condition is the axially constant wall flux
with a circumferentially constant wall temperature.Therefore, the
correlation form of Nusselt number is expressed in terms of the
Reynolds number and the Prandtl number as shown in Eq. (19).
Nu, Re; and Pr are considered as Nup, Rep; and Prp.

Nu ¼ 4:089þ kReaPrb ð19Þ

The Nusselt number correlation can be developed by finding the
optimal constants of k, a, and b in the following equation:

DNu ¼ Nu� 4:089 ¼ kReaPrb ð20Þ

The three unknown values are calculated through multiple lin-
ear regressions [13]. A logarithmic equation described in Eq. (21) is
obtained if the logarithm of the both sides of Eq. (20) is taken:

D lnðDNuÞ ¼ ln kþ a ln Reþ b ln Pr ð21Þ

where ln k ¼ k0

The sum of squares is defined by using the following equation:

g ¼
XN

i¼1

lnðDNuÞ � lnðDNuiÞ½ �2 ¼
XN

i¼1

ln
DNu
DNui

� �� �2

ð22Þ
Table 4
Fanning factor and Nusselt number in a fully developed straight duct with a semi-
circle cross section [12].

Cross-section f � Re Nu (H1 boundary condition)

Circle 16 4.364
Semi-circle 15.78 4.089
The optimal constants of k0, a, and b can be calculated when sat-
isfying Eq. (23), which means the sum of squares is minimized.

@g
@k0
¼ @g
@a
¼ @g
@b
¼ 0 ð23Þ

The equations are simplified to the matrix form below in Eq.
(24). Nusselt number correlation was developed by obtaining the
optimal constants of k0, a, and b.
P

1
P

ln Rei
P

ln PriP
ln Rei

P
ðln ReiÞ2

P
ðln Rei � ln PriÞP

ln Pri
P
ðln Rei � ln PriÞ

P
ðln PriÞ2

0
BBBB@

1
CCCCA

k0

a

b

0
BBB@

1
CCCA

¼

P
ln DNuiP
ðln DNui � ln ReiÞP
ðln DNui � ln PriÞ

0
BBB@

1
CCCA

ð24Þ
6. Physical correlations

For the mixture gas, we obtained dimensionless parameters
such as Reynolds number, Fanning factor and Nusselt number
through the local pitch-averaged approach. These values from the
mixture gas were compared with those previously provided from
the He–He tests and the He–water tests [3,5].

6.1. Fanning factor correlation

Under the same PCHE geometry, we collected the thermal–
hydraulic performance data according to the working fluids such
as the helium, the water, and the mixture gas. In order to compare
the Fanning factor of mixture gas with that previously suggested in
He–He tests and He–Water tests [3,5], we draw Fig. 11. The behav-
ior of the Fanning factor in the mixture gas is similar to that in the
single working fluids such as the helium and the water.

The correlation developed previously by using the data of the
helium and the water [3,5] only is Eq. (25).

fp � Re ¼ 15:78þ 0:0487Re0:84;

0 < Re < 2500 ð25Þ

However, to suggest more accurate correlation covering the he-
lium, the water, and the mixture gas, we propose the following
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 The local Fanning factor on the mixture side in mixture-water tests (1.18 MPa)

Re

Fig. 11. Fanning factor vs. Re from He–He tests [3], He–Water tests [5], and
Mixture–Water tests.
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Fanning factor correlation for the tested PCHE with 1.37% of the
calculated RMS error:

fp � Re ¼ 15:78þ 0:0557Re0:82;

0 < Re < 3000 ð26Þ
6.2. Nusselt number correlation

We got the following Nusselt number correlation, which was
developed previously considering the data of the He–He tests [3]
and the He–Water tests [5]:

Nu ¼ 4:089þ 0:00365 � Re1:00 � Pr0:58

0 < Re < 2500;0:66 < Pr < 13:41 ð27Þ

Adopting this correlation for mixture gas, we can predict the
Nusselt number in the mixture gas within the 6.11%. However, in
order to develop a more accurate Nusselt number correlation, we
performed multiple regressions using the data of the He–He tests
[3], the He–Water tests [5], and the Mixture–Water tests. Finally,
we suggested the Nusselt number correlation for the tested PCHE
as shown in Eq. (28). The calculated RMS error of this correlation
was 3.98%.

Nu ¼ 4:089þ 0:00497 � Re0:95 � Pr0:55;

0 < Re < 3000;0:66 < Pr < 13:41 ð28Þ
7. Conclusions

We investigated thermal–hydraulic performance of the PCHE
using the Mixture–Water test loop. The numerical solutions were
provided by using CFD code FLUENT. The Fanning factor and the
Nusselt number were obtained through the local approach. We col-
lected the data of Fanning factor and the Nusselt number using the
He–He tests, the He–Water tests, and the Mixture–Water tests.
Then, covering the data of the helium, the water, and the mixture
gas, we proposed the correlations of Fanning factor and Nusselt
number for the tested PCHE. Finally, we can conclude that regard-
less of pressure, temperature, gas types, and mixing concentra-
tions, we can obtain the single Fanning factor correlation and the
single Nusselt number correlation for the same PCHE channel
geometry using the suggested procedure.
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