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Abstract

Two new types of PCHE channels are proposed based on the typical airfoil fin PCHE channel
proposed in literatures (standard channel) to further improve the thermal-hydraulic performances of
airfoil fin PCHE channel. The small shuttle fins and oval fins are employed between the adjacent
two airfoil fins of two novel channels, respectively. Using supercritical COz2 as the working fluid,
the thermal-hydraulic performances and enhancement mechanisms of the novel channels are
numerically investigated. The results show that the channel with shuttle fins has the best
comprehensive performance. The Nusselt number of the channel with shuttle fins is 6.7-26% larger,
and the f factor is 8.3—18.6% larger than that of the standard channel under the selected conditions,

which leads to a 3—-19.1% increase in the PEC (comprehensive performance evaluation criteria).
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The Nusselt number of the channel with oval fins is 9-27.3% larger, and the f factor is 26.6-43.4%
larger than that of the standard channel, which leads to a 1-15.3% increase in the PEC. The
applications of small fins between the adjacent two fins can effectively reduce the low-velocity
region area and enhance the local disturbance, thereby effectively improving the thermal-hydraulic
performance. The enhancement mechanism of the novel fin PCHE channel structure can be well
explained by the principle of field synergy. It can be found that the synergies of the temperature
gradient field and the velocity field in two novel channels are significantly improved.

Keywords: printed circuit heat exchanger, shuttle and oval fins, thermal-hydraulic performance

enhancement, supercritical COz, field synergy principle



Nomenclature

cp  specific heat capacity, J kg"'K!
Dn  hydraulic diameter, m

f Fanning friction factor

Fc  field synergy number

h heat transfer coefficient, W m? K*!
H  height of model, m

L length of model, m

Lr  length of airfoil fin, m

Ln  horizontal pitch, m

Ls  staggered pitch, m

Lsr  length of small fin, m

L:  thickness of airfoil fin, m

Ly vertical pitch, m

Nu  Nusselt number

Pr Prandtl number

p pressure, MPa

P perimeter of model, m

PEC  comprehensive performance evaluation criteria
g  heat flux, W m?

Re  Reynold number

S surface area, m’



T temperature, K

VT  nondimensional temperature gradient
u velocity, m s™!

U nondimensional velocity vector

w width of model, m

v volume of model, m?

X active flow length, m

Greek symbols

b field synergy angle between fluid velocity and temperature gradient, °

p density, kg m™

o energy dissipation due to viscosity, W m™
Y7, dynamic viscosity, Pa s

M turbulence viscosity, Pa s

A thermal conductivity, W m™ K!

Subscripts

bulk fluid bulk

cold cold-side

e element channel
f airfoil fin

hot hot-side



in inlet

L local plane

out outlet

S standard channel structure
sf small fin

wall wall

X,¥,Z X,Y, z-directions



1. Introduction

In the concentrated solar power (CSP) plants, the development of supercritical carbon dioxide (s-
CO2) Brayton power cycle is one of the effective ways to improve system efficiency and reduce
power generation costs [1,2]. The s-CO2 Brayton cycle is also the promising power system for the
advanced biomass power conversion systems [3,4] and the fourth-generation nuclear reactors [5,6].
As one of the vital components in s-COz Brayton cycle, heat exchangers have a significant
influence on the efficiency and compactness of the whole system. Due to its compact structure, as
well as its high heat effectiveness and reliability under high temperature and pressure, the printed
circuit heat exchanger (PCHE), as one of the most promising candidates for s-CO2 Brayton cycle
heat exchangers, has been gradually applied to various industrial fields, including that of solar
energy [7], floating liquefied natural gas (FLNG) [8] and sodium-cooled fast reactors (SFRs) [9].

There are four types of PCHE channel structures involved in previous researches, i.e., straight
channel, zigzag channel, S-shaped channel and airfoil fin channel. For the straight channel
structure, Jeon et al. [10] investigated numerically the effect of the geometrical factors on its
thermal performance. The results showed that the thermal performance of PCHE decreases
monotonically with the increase of channel size. Liu et al. [11] performed theoretical and numerical
studies on the fin effectiveness and the fin efficiency of PCHE. Ishizuka et al. [12] conducted the
experimental study to analyze the effects of mass flow, inlet temperature and pressure on the
thermal-hydraulic performance of zigzag channel PCHE. Meshram et al. [13] evaluated the
performances of PCHE with straight and zigzag channels. It was found that the heat transfer
coefficient of zigzag channel was higher than that of straight channel, while the pressure drop was

also significantly increased. To solve this problem, Ngo et al. [14] proposed a discontinuous S-



shaped PCHE. Compared with the zigzag channel PCHE, the Nusselt number of S-shape PCHE is
slightly reduced, while the pressure drop factor is greatly reduced to 20%-25% of that in zigzag
PCHE.

The NACA airfoil fin channel PCHE was proposed by Kim et al. [15]. Remaining comparable
total heat transfer rate per unit volume with the zigzag channel, the pressure drop of airfoil fin
PCHE is only about 5% of that in the zigzag channel. The influence of the airfoil fin arrangement
on heat transfer and flow resistance in PCHE channels was studied by Xu et al. [16]. The results
showed that the channel with a sparser staggered arrangement of fins had an improved thermal-
hydraulic performance. Kim et al. [17] also investigated numerically that the comprehensive
performance of the airfoil fin PCHE was optimal when the fin completely staggered. The heat
transfer performances of NACA airfoil fin channel, straight channel and zigzag channel were
compared experimentally by Wang et al. [18]. The results revealed that the thermal performance of
NACA airfoil fin PCHE was the best. The heat transfer correlation of molten salt in the airfoil
channel was also derived.

Shi et al. [19] analyzed numerically the influences of mass flow and inlet temperature on the
thermal-hydraulic performances of molten salt and s-COz in the airfoil fin PCHE. Zhao et al. [20]
studied the thermal-hydraulic performance of supercritical nitrogen in the airfoil fin PCHE through
experiments and numerical simulations. The correlations of Nusselt number and friction factor of
supercritical nitrogen for Reynolds number from 10000 to 14500 were obtained. The thermal-
hydraulic performances of NACA 00XX series airfoil fin channel PCHEs were compared by Chen et
al. [21]. It was found that the performance decrease with the airfoil thickness.

Cui et al. [22] proposed an innovative type of airfoil fin structure with better comprehensive



performance than that of NACA 0020 airfoil fin. The j factor of new fin channel can be 2.97~6.15%
larger, while the pressure drop is 0~4.07% smaller. With this novel airfoil fin, Han et al. [23] carried
out a study on waste heat recovery of flue gas. The experimental results showed that the
effectiveness of the novel airfoil fin PCHE can reach more than 96%. Zhang et al. [24] conducted a
study experimentally and numerically on a novel airfoil fin PCHE with 100 kW class heat transfer
capacity. The results showed that the pressure drop in the novel airfoil fin PCHE is only about 1/6
of that in the zigzag channel PCHE at the comparative heat transfer rate.

In terms of heat transfer enhancement, Guo et al. [25] proposed the field synergy theory, which
defined the field synergy angle to evaluate the synergy between the velocity field and the temperature
gradient field, to explain the enhanced mechanism of convective heat transfer. The field synergy
theory has been widely used in single-phase heat transfer enhancement mechanism studies [26-30].

For the s-COz Brayton cycle, it is generally accepted that the effectiveness improvement of the heat
exchanger leads to the increase of the cycle efficiency [31]. Under the given pumping power and the
same boundary conditions, the proposed PCHE channel structure with higher thermal hydraulic
performance would improve the effectiveness of the heat exchanger, so as to improve the heat engine
efficiency of the sCO2 Brayton cycle. Based on the airfoil fin PCHE of Cui et al. [22], two innovative
airfoil fin PCHE channels are proposed in this study. The local and overall thermal-hydraulic
performances of two novel channels are analyzed with numerical simulation. With the similar PCHE
physical model and boundary conditions in Kim et al. [15] and Cui et al. [22], it is proved that the
thermal hydraulic performances of the two novel PCHE channel structures proposed in this study are
enhanced compared with that in Cui et al. [22]. In the present study, the heat transfer performances

are also investigated and discussed with the principle of field synergy. This study may be of reference



value for the optimization design of airfoil PCHE channel structure.

2. Concept design and physical model
2.1 Basic physical model

In the previous studies, the symmetrical NACA 0020 airfoil fin channel is one of the most widely
used channel in PCHE. Then, Cui et al. [22] proposed a novel airfoil fin with better thermal—
hydraulic performance than that of the traditional NACA 0020 airfoil fins. In this study, the airfoil
fins investigated by Cui et al. [22] are adopted as the representative type of fins used in PCHE,
which is defined as Channel 1, as shown in Fig. 1(a). The physical model of the airfoil fin PCHE is
shown in Fig. 1(b), which contains two hot fluid channels and one cold fluid channel. In this
counter-flow heat exchanger, the arrangement direction of fins in cold fluid channel are opposite

with that in hot fluid channels. The fluids flow from the airfoil head to the airfoil tail.
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(a) Geometric parameters of airfoil fin arrangement (Channel 1).
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Fig. 1. The physical model of the airfoil fin PCHE.

For each channel, 20 airfoil fins in total are arranged completely staggered (2Ls/Ln=1) in two
columns. The specific geometric parameters of the airfoil fins are obtained from Cui et al. [22]. As
indicated in Fig. 1 (a) and (c), the overall size of the airfoil fin PCHE physical model is 110mm (Lx)
x 7.5mm (Ly) x 6mm (Lz). The height of each fluid channel is 1.5mm and the height of the basic

plate between the two fluid channels is Imm. Geometric dimensions of the airfoil fins are Lf =5mm



and Lt =1mm. The arrangement parameters of the airfoil fins are Lv=3mm, Ls=5mm and Lr=10mm.

2.2 Concept design of two novel channel structures

Based on the channel configuration in Fig. 1(b), s-COz of the cold-side channel is heated by the
s-COz of the hot-side channels. Fig. 2 shows the velocity and temperature fields of the cold-side s-
COz2 in Channel 1. It can be seen from Fig. 2(a) that continuous low-velocity zones are formed
between every two adjacent airfoil fins by the combined effects of velocity boundary layer at the
tail of fins and the coming flow strike at the head of the next fins. As the result, Fig. 2(b) shows that
the thickness of the temperature boundary layer gradually increases. The cold fluid cannot directly

impact the high temperature fin wall, which leads to the heat transfer performance reduction.
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Fig. 2. Velocity field and temperature field of s-COz in Channel 1 (the s-CO2 mass flow rate is

1.4184g/s).



Therefore, the additional fins are employed in the low-velocity region between every two
adjacent airfoil fins in order to overcome the shortage in flow and heat transfer of Channel 1. The
shape reference of the additional fins is taken from paper [32]. It provides the comparison of
various PCHE channel structures, which are the continuous straight channel, discontinuous circular
fin channel, oval fin channel and improved airfoil fin channel [16]. The Nu of the circular fin
channel, oval fin channel and improved airfoil fin channel are 70.1%, 45.5% and 20.2% larger than
that of straight channel, respectively. The pressure loss of the circular fin channel, oval fin channel
and improved airfoil fin channel are 340%, 114% and 5.6% larger than straight channel,
respectively. Among the three discontinuous channels, the improved airfoil fin that similar to
rhombus-shape and shuttle-shape has the smallest resistance and the circular fin has the largest heat
transfer performance. It can be seen that the employment of circular fin would improve heat transfer
performance but would also bring significant increase in pressure loss. Besides, the sizes of the
additional fins are restricted to be much smaller than that of airfoil fins, which can avoid an
excessive increase in pressure loss. Thus, the shapes of the small fins are firstly determined to be
oval, rhombus and shuttle. However, the numerical results showed that the employment of small
rhombus fin would not enhance the thermal-hydraulic performance of the standard channel.
Therefore, only the oval-shape and shuttle-shape small fin structures remain.

As shown in Fig. 3, two new types of PCHE channels are proposed and designed in this study.
The small shuttle fins and the small oval fins are introduced between the adjacent airfoil fins, which
are defined as Channel 2 and Channel 3, respectively. Channel 1 shown in Fig. 1(a) is used as the

standard channel structure with only airfoil fins.
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Fig. 3. The proposed novel PCHE channel structures.

Geometric parameters and arrangement parameters of the shuttle fins in Channel 2 are as follows.
The length of shuttle fin is 1mm, the width is 0.3mm and the height is 1.5mm. Two edges of the
shuttle are set to be arcs of 0.02mm in radius for the convenience of grid generation. The center of
the shuttle fin is 2.5mm away from the tail of the previous airfoil and 2.5mm away from the head of
the next airfoil. For Channel 3, the long axis of oval fin is 0.5mm, the short axis is 0.25mm and the
height is 1.5mm. The center of the oval fin is 2.5mm away from the tail of the previous airfoil and
2.5mm away from the head of the next airfoil.

For the convenience of comparison, Channel 1 is used in all of the hot fluid channels, while three
channel structures, Channel 1, Channel 2 and Channel 3, are employed in the cold channels,
respectively. Owing to the shape of channel structure, the cross-sectional area varies continuously
along the flow direction. The definition of airfoil fin channel hydraulic diameter proposed by Kim
[17] has been widely used. Fig. 4 shows the periodic element channel adopted to calculate the

hydraulic diameter, Dn, which can be hence obtained as follows.



Fig. 4. Element channel for calculating the hydraulic diameter.

4v,

D, = S (1)
V, = (LW, — Sf — Ssp)H, (2)
Se = 2[(Pf + P)He /2] + 2(Le — Ly — L) H, + 2(LeW, — S; — Sip) 3)

where Ve is the volume of the element channel and Se is the lateral area of the element channel, Le,
We and He are the length, width and height of the element channel, respectively. St and Pr represent
the top surface area and the perimeter of the novel airfoil fin, respectively. Ssr and Pst represent the

top surface area and the perimeter of the small fin, respectively.

3. Mathematical model and numerical simulation methodology
3.1 Governing equation
The governing equations adopted in this study are as follows.

Continuity equation,

axi

Momentum Equation,

Apua) _ om0 ou | 2w\ 2 oug

j 6xk



Energy equation,

Mzi[cp(”+”t)a—T] (6)

axi 6xi ; P_Tt axi
where p is density, u is velocity, T is temperature, cp is the specific heat capacity, x is the dynamic
_ MKl _

viscosity, s« is the turbulence viscosity, Prt is the turbulent Prandtl number, Pr, = = i—M, kiis
t H

turbulent thermal conductivity, em is momentum eddy diffusivity, en is heat transfer eddy diffusivity.
It has been validated that the shear stress transport (SST) k-w turbulence model, which combines
the advantages of k-¢ and k-w models, predicts the airfoil flow characteristics well in many

researches [17, 20, 22, 33, 34]. Thus, the shear stress transport (SST) k- turbulence model is

adopted in the present computational model. The transport equations are expressed as follows.

k equation,
k) | dlpku) _ 9 (1 9k _

o0t om ax; <Fk ax,-) + G = Vi + Si )
 equation,
Apw) | dpow) _ 3 (1w _

o T ox o) (Fw axj) +G,—-Y,+D,+S, (8)

031k
He = pmax(O.Slw,SFz) ©)
F, = tanh(arg?) (10)
Wk 5005

arg, = max <m,y2—£> (11)

where [k and I'» represent the effective diffusivities of k£ and w, G is the production of &k, G is the
generation of @, Yr and Yo represent the dissipations of k£ and @ caused by turbulence, Sk and S, are
user-defined source terms, Do, is cross-diffusion term. F2 is the blending functions of the SST
model. S is the magnitude of the strain rate tensor, y is the distance to the next surface.

The meshes in the near wall regions are refined to ensure that the dimensionless wall distance y*

.



Boundary conditions,

The physical model as well as calculation domain is also indicated in Fig. 1(b). Periodic
boundary conditions are employed for the top, bottom, left and right surfaces of the physical model.
Coupled boundary and no-slip boundary conditions are set for the interfaces between solid and fluid
domains. Besides, mass-inlet boundary conditions are imposed for the inlet of fluid regions and
pressure outlet boundary conditions are set for the outlet of fluid regions. Adiabatic boundary
conditions are set for the other surfaces.

The s-CO:z is employed as the fluid medium for the hot and cold fluid regions. Its thermo-
physical properties are derived from the NIST database [35].

The convective heat transfer coefficients of fluids in the cold and hot sides are shown as follows,

h=—1 (12)

Twall—Thulk

where ¢ represents the heat flux, 7wan and Tbuk is the wall temperature and the fluid temperature,
respectively.
In addition, the Reynolds number, Re, the Nusselt number, Nu, the Prandtl number, Pr, and the

Fanning friction factor, f, are shown as follows,

Re = %Dh (13)
Nu = ’% (14)
pr ==t (15)

f =Pt 2 (16)

where u is the dynamic viscosity, pin and pout means the inlet pressure and the outlet pressure,
respectively. u is the average flow velocity of s-COz in the PCHE channel, p is the density, and X

represents the channel length.



The comprehensive thermal-hydraulic performance evaluation criteria [19], PEC, is defined as,

(%)1/3
S

where the subscript "s" represents the standard channel structure Channel 1. When the PEC is greater

PEC = (17)

than 1, it is proved that the thermal-hydraulic performance of new PCHE channel is better than that

of Channel 1.

3.2 Numerical simulation

The entire governing equations are solved in double precision by the FLUENT 2019R2
commercial software. In the computational model, the second-order upwind scheme are used for
solving the momentum and energy equations, and the Coupled algorithm is employed to solve the
coupling velocity and pressure. The convergence criteria for each governing equation is that all
residual targets are set to be 107,

For the channel structure of the airfoil fin PCHE is relatively complex, Fluent meshing is used to
generate unstructured meshes. In order to eliminate the influence of mesh number on the numerical
simulation results, five sets of meshes are established to analyze the thermal-hydraulic performance
of the cold channel. Channel 1 is employed in the cold channel, where the convection heat transfer
coefficient, 4, and the fanning friction factor coefficient, £, are adopted in the mesh independence
test.

Results of the mesh independence test are shown in Fig. 5. It can be seen that when the mesh
number reaches more than 14,474,425, the relative errors of the convection heat transfer coefficient
and the fanning friction factor coefficient in cold channel are within 0.3%. Thus, its mesh setting is

employed in this paper. The mesh number of each fluid channel is about 3.2 million, and the mesh



number in the solid domain is about 4.8 million. In addition, the initial height of the boundary layer

in fluid domain is 0.01 mm, and the growth ratio is 1.2.
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Fig. 5. Mesh independence test.

3.3 Model validation

The present numerical model is validated by the zigzag channel PCHE experimental data of
Ishizuka et al. [12]. A simplified computational model with one cold fluid channel and two hot fluid
channels is established, which structure of both cold and hot fluid channels is exactly the same with
that in Ishizuka et al.

Periodic boundary conditions are employed for the top, bottom, left and right surfaces of the
computational model as well. The hot side inlet temperature, mass flow rate and outlet pressure are
553.05K, 0.1445g/s and 2.52MPa, respectively. And the cold side inlet temperature, mass flow rate
and outlet pressure are 381.05K, 0.3152g/s, and 8.28MPa, respectively.

The comparison between the numerical results and the experimental data are shown in Table 1. It
can be seen that the relative errors of the both sides pressure difference are within 5.28%, and the

relative errors of the both sides temperature difference are within 2.92%. The results prove that the



numerical model used in this paper is accurate and appropriate.

Table 1. Numerical model validation with experimental data [12].

Temperature difference (K) Pressure difference (Pa)
Hot Cold Hot Cold
Experimental results 169.6 140.38 24180 73220
Numerical results 171.09 136.28 24963 77085
Relative error (%) 0.88 2.92 3.24 5.28

4. Results with analysis

As the different structures, volumes and heat transfer areas of the three cold channels are
obviously different. The heat transfer areas and hydraulic diameters of three cold fluid channels are
shown in Table 2. It can be seen that the heat transfer areas of Channel 2 and Channel 3 are larger
than Channel 1.

Table 2. Size data of the cold fluid channels.

Channel size parameters ~ Channel 1 Channel 2 Channel 3
Heat transfer area (mm?)  1540.58 1595.83 1596.94
Dh (mm) 1.93 1.92 1.90

Mass-inlet boundary conditions are adopted in the cold-side and hot-side fluid channels. The
PCHE models with three types of cold-side channels have been investigated with various cold-side
inlet mass flow rates of s-CO2, which are listed in Table 3, while the s-CO2 mass flow rates of the

hot-side channels remain constant at 0.4335g/s.



Table 3. Case data of the cold fluid channel mass flow rate and Re.

Case 1 2 3 4 5

Mass flow rate (g/s) 1.4184 1.6548 1.8912 2.1276 2.3640
Re number of Channel 1 15419.1 18025.8 20686.3 23320.4 25952.5
Re number of Channel 2 15450.2 18078.7 20707.2 23341.9 25974.9
Re number of Channel 3 15468.6 18111.3 20745.7 23372.2 25997.9

The inlet temperatures of both sides’ channels are fixed at 553.05K and 381.05K, respectively. In
addition, pressure-outlet boundary conditions are employed for both sides’ channels with the
constant outlet pressures of 8.28MPa at cold-side and 2.52MPa at hot-side [12, 22].

The selections of these input values are mainly to contrast the results of this paper more
significantly with those of Cui et al. [22]. It would further prove that the thermal-hydraulic
performances of PCHE channel structures proposed in this paper have been significantly improved

compared to that of Cui et al.

4.1 Performance comparison between the three cold channels

Fig. 6 shows the thermal-hydraulic performance comparison between the three cold channels. As
shown in Fig. 6(a), the Nusselt number, Nu, of the three channels increase with Re. The Nu of
Channel 2 and Channel 3 are significantly improved compared with that of Channel 1, and Channel
3 has the largest Nu. As shown in Fig. 6(b), the fanning friction factor, f, decreases with the increase
of Re and the f factor of Channel 2, Channel 3 are significantly larger than Channel 1. The Nu, the f

factor of Channel 2 is 6.7-26%, 8.3—18.6% larger than that of Channel 1, respectively. The Nu, the /'



factor of Channel 3 is 9-27.3%, 26.6—43.4% larger than that of Channel 1, respectively. It is
obvious that the f factor of Channel 3 is the maximum as well. The above results show that Channel
1 has the best hydraulic performance but the worst heat transfer performance. Channel 3 has the
best heat transfer performance but poor hydraulic performance. Compared with Channel 3, Channel

2 has approximate heat transfer performance but better hydraulic performance.

110

—®— Channel 1
—®— Channel 2
100 |—4&— Channel 3

90
80
70 -
60 [
L I L L 1 1

50
14000 16000 18000 20000 22000 24000 26000 28000
Re

Nu

(a) Overall Nusselt number.

—&— Channel 1

—®— Channel 2
—A— Channel 3

001 O 1 1 1 1 1 1
14000 16000 18000 20000 22000 24000 26000 28000
Re

0.015

0.014

0.013 -
o
0.012 -

0.011

(b) Overall Fanning friction factor.



1.20

[] ®  Channel 1
Channel 2
A Channel 3

1.15 - A
Q110}
e

1.05 -

A A A
1.00 ] ] ] ] [ ]

1 1 1 1 1 1
14000 16000 18000 20000 22000 24000 26000 28000
Re

(c) Performance evaluation criterion.

Fig. 6. Overall performances of three cold fluid channels with Reynold number.

PEC is adopted to compare the comprehensive thermal-hydraulic performances of the three cold
channels. As shown in Fig. 6(c), the PEC of Channel 2 and Channel 3 are greater than 1, which
means that the thermal-hydraulic performances of Channel 2 and Channel 3 are better than Channel
1. Compared with Channel 1, the friction factor fand Nu of Channel 2 and Channel 3 both increase.
Although the hydraulic performance of Channel 2 and Channel 3 decrease, the comprehensive
performance of them are still better than Channel 1 thanks to the significant enhancements in heat
transfer performances. PEC of Channel 2 and Channel 3 are 3—19.1% and 1-15.3% larger than
Channel 1, respectively.

In summary, Channel 2 has the maximum PEC among the three cold channels. That is, Channel 2
has the best comprehensive thermal-hydraulic performance and is the best choice among the three

channel structures.

4.2 Analysis of PEC in three channels



As shown in Fig. 6(c), the enhancements of PEC are more than 10% in casel and case2, while
the PEC improvements of Channel 2 and Channel 3 in case3, case4 and case5 are only more than
3% and 1%, respectively.

Fig. 2(a), Fig. 7(a) and (b) shows the velocity distributions of the three channels under the low
flow velocity of case 1 and case 2. As indicated in previous, the low-velocity regions lead to the
worse heat transfer performance of Channel 1. Then, the small shuttle fins and oval fins are inserted
between the front and rear airfoil fins in Channel 2 and Channel 3, respectively. Applications of the
small fins lead to the fluid strikes the leading edge of the shuttle and oval fins, which enhance local
disturbance and further improve heat transfer performance. Besides, since the flow area of the
channels decrease, and the fluid is splitted into two parts along the small fin wall, the velocity along
the both sides of the small fin increases, which leads to the total low-velocity zone area between the
adjacent fins decreases significantly and the heat transfer performances of the novel channels are
enhanced. In addition, due to the decrease of the low-velocity zone area, the growth in the thickness
direction of boundary layer near the airfoil fin weakens, thereby further enhancing the heat transfer
performance.

As shown in Fig. 7(a) and (b), the total areas of the low-velocity zones in Channel 2 and Channel
3 significantly decrease in casel and case2 compared with that in Channel 1, and the heat transfer
performances of two novel channels are significantly improved as well. Although the employments
of small fins lead to the increase in the pressure drop, the great enhancements of heat transfer
performance in Channel 2 and Channel 3 makes the PEC of these two channels increase by more

than 10%.
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Fig. 7. The distributions of velocity in the three types of channels.

With the increase of mass flow rates in case 3, case 4 and case 5, the higher flow velocity makes
the velocity boundary layer reduction along the airfoil fins in Channel 1. As shown in Fig. 7(c), the
low-velocity zones between the two adjacent airfoil fins in Channel 1 breaks off, which means that
the continuous low-velocity zone basically disappears. In these cases, the area of low-velocity zone
is not significantly reduced by the applications of small fins between the every two adjacent airfoil
fins. The heat transfer enhancements are mainly caused by the following two aspects, (1) the strikes
of fluid with the small fins improve local disturbance to enhance heat transfer, and (2) the increase
of the flow velocity along the small fins strengthens the heat transfer performance. Therefore, the
enhancements of heat transfer performances in Channel 2 and Channel 3 are not as significant as

that in previous cases.
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Fig. 8. The distributions of temperature in the three types of channels.

The analysis results of temperature contours are consistent with those of the above velocity
contours. Fig. 2(b), Fig. 8(a) and (b) shows the temperature distributions of the three channels under
the low flow velocity of case 1 and case 2. It can be seen that the employments of small shuttle fins
and oval fins lead to the significant reduction of temperature boundary layer thickness along the
airfoil fin wall, and the convection heat transfer performance of the two novel channels is
significantly improved.

With the increase of mass flow rates in case 3, case 4 and case 5, the temperature boundary layer
decreases along the airfoil fins in Channel 1. As shown in Fig. 8(c), the thickness of temperature
boundary layer along the airfoil fin wall in two novel channels decreases slightly but not as
significantly as that in case 1 and case 2, so the enhancement of convective heat transfer

performance is not as significant as that in the previous cases.

4.3 Analysis of local thermal-hydraulic performances

To further study the reasons of comprehensive thermal-hydraulic performance improvements in
the new PCHE channels, Channel 2 and Channel 3, the local thermal-hydraulic performances of the
three cold channels Channel 1, Channel 2 and Channel 3 are analyzed in details.

In order to avoid the effects of the channel inlet and outlet on the flow stability, the local zone from
the leading edge of the 9th fin to that of the next one in the same column is employed to investigate

the local thermal-hydraulic performance with the cold-side inlet mass flow rate is 1.8912g/s. There



are 10 equidistant cross-sectional planes established in this zone and numbered in sequence, so as to
analyze the local Re, Nu and f along the flow direction. The local Reynolds number, ReL, the local

Nusselt number, Nur and the local Fanning friction factor, fi, are shown as follows,

Re, = PLULDR (18)
UL
h,o=— L 19
L Twatl,L—Tbulk,L (19)
Ny, = 22 (20)
AL
_ (®in—pL) Dy
fL - Zupr Xy (21)

where the ¢; represents the local heat flux, 7wai,L and Thuik,L represent the local wall temperature
and local bulk temperature, (pin — pL) means the pressure drop at the local plane, XL means the flow
length from inlet to the local plane, uL is the average flow velocity of s-CO2 in the local cross-
sectional plane and the other parameters are obtained from the local cross-sectional plane..

As shown in Fig. 9, the local zones of the cold channels are mainly divided into three parts: the
broadening part, the thinning part and the no-fin part.

Broadening part Thinning part No-fin part Broadening part  Thinning part
, . ' i .

I i i
Planeil  Plane ZE Plane 3 Plane 4 Plane 5 Pla:ue 6 Plane7 Plane8 Plane9 Plane 10
|

1] .

Fig. 9. The local zones of Channel 1.

Plane 1 and Plane 2 of three cold channels are located in the broadening part. Plane 3, Plane 4,

Plane 5, and Plane 6 are located in the thinning part. However, the no-fin part of the local zone in



three cold channels are quite different: Plane 7, Plane 8, Plane 9, and Plane 10 in Channel 1 are all
located in the no-fin part, while in Channel 2 and Channel 3 only Plane7 and Plane 10 are located in
the no-fin part. The shuttle fin and oval fin are located between Plane 8 and Plane 9 in Channel 2
and Channel 3, respectively. Fig. 10 shows the distributions of local parameters at the cross-

sectional planes of three cold fluid channels.
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Fig. 10. The distributions of local parameters at the cross-sectional planes of three cold fluid

channels.

The local Reynolds number, Rer, distributions for three cold channels at the cross-sectional
planes are shown in Fig. 10(a). The flow velocity and Rer of the Plane 1 are relatively low due to
the strike of the fluid with the fin head. With the broadening of airfoil fin, the decrease of the flow
area leads to the increase of fluid velocity and Rer. In the thinning part, the increase of flow area
leads to the drop of fluid velocity and Rer. Afterwards, in the no-fin region of Channel 1, the ReL
gradually rises since the velocity boundary layer effects gradually decrease. Then, the low velocity
area caused by the next fin makes Revr fall down again.

The overall variation trends of Rer in Channel 2 and Channel 3 are similar to that in Channel 1.
While affected by the strike of the fluid with small fin head and the velocity boundary layer at the
small fin tail, ReL of Channel 2 and 3 from Plane 7 to Plane 10 are lower than that of Channel 1.

The local Nusselt number, NuL, distributions for the three channels at the cross-sectional planes

are shown in Fig. 10(b). The maximum Nuv appears in Plane 1 since the coming flow impacts the



leading edge of fin, which enhances the local disturbance and disrupts the velocity boundary layer,
that is, the heat transfer performance is strengthened. The flow velocity decreases along the flow
direction of the airfoil fin, and the thickness of velocity boundary layer near the airfoil fin wall
increases. However, the growth of velocity boundary layer in the thickness direction is not
conducive to the enhancement of heat transfer performance, so that the NuL gradually decreases.

In the no-fin part of Channel 1, the decreasing velocity boundary layer effect results in the
increase of velocity and Nur. In the same part of Channel 2 and Channel 3, the NuL are significantly
larger than Channel 1. This is because the fluids in two novel channels impact the leading edges of
shuttle fin and oval fin, where the further enhanced local disturbance leads to the heat transfer
performance improvement. Besides, separated into two parts along the small fin wall, the flow
velocity along the small fin wall increases and the low-velocity region between the two airfoils
decreases. Between Plane 8 and Plane 9, the Nur of Channel 2 and Channel 3 decrease slightly
because the boundary layers formed at the trailing edges of the small fins (Plane 9) are unfavorable
to heat transfer performance.

In summary, the heat transfer performances of Channel 2 and Channel 3 are obviously enhanced.
In addition, in the two novel cold channels, the local disturbance caused by the impact of fluid with
oval fin is stronger than that of the shuttle fin, so that the heat transfer performance of Channel 3 is
the best.

The local f factor, fi, distributions for the three channels at the cross-sectional planes are shown
in Fig. 10(c). It can be seen that the fi of Channel 1 is the smallest, and the fi. of Channel 3 is even
larger than Channel 2. This is because the two novel channels employ the shuttle fins and oval fins.

The flow resistance increases in the two new channels, which leads to larger fanning friction factor



/i than Channel 1. Compared with the oval fins of Channel 3, the head and tail of shuttle fins in
Channel 2 tend to be flatter and more streamlined. The smoother transition streamline is obtained
after the fluid impacts the leading edge of the shuttle fin, which brings smaller flow resistance and
/L for the shuttle fin structure.

Variations in the fin width also have a certain effect on the flow resistance. In the broadening
part, as the fluid velocity increases, the velocity boundary layer near the airfoil fin decreases and the
/i gradually decreases. Then, in the thinning part of the airfoil fin, the decrease of fluid velocity
results in the increase of velocity boundary layer thickness near the airfoil fin wall and the fL
gradually. In the no-fin part of Channel 1, the decreasing fL is mainly caused by the decreasing
velocity boundary layer effect. In the low-velocity zone formed by impact of the flow to the head of
next airfoil fin, the fi increases accordingly. In Channel 2 and Channel 3, the velocity boundary
layer formed along the walls of shuttle fins and oval fins makes the fi. between Planes 8 and 9
increase significantly.

According to the field synergy principle [25], the expressions of the field synergy number Fc and

the Nusselt number Nu are shown as follows.

N 1, = -
Fc = Re;fr = [, (U -VT)dy (22)
Nu, = Re, Pr, [, (0 - VT)dy (23)
U-VT =|U|-|VT|cospB (24)

It can be seen that the Nu is not only related to the velocity field and the temperature gradient
field, but also to the synergy angle, 5, between the two fields. The better synergy between the
velocity field and the temperature gradient field, which means the larger cosine value of the

included angle between the two fields, corresponds to the higher convective heat transfer rate under



the same other conditions. Therefore, the smaller included angle between the velocity field and the
temperature gradient field can achieve the larger convective heat transfer coefficient.

Fig. 11 shows the local field synergy angles of three cold channels from Plane 1 to Plane 10. It
can be seen that from Plane 7 to Plane 10, the local field synergy angle of Channel 2 is 3.4-4.6%
smaller than that of Channel 1 and the local field synergy angle of Channel 3 is 4.8-12.8% smaller

than that of Channel 1. The above results provide the explanation for the variations of the Nuv in

Fig. 10(b).
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Fig. 11. Local field synergy angle of different channels.

In addition, Table 4 below shows the field synergy numbers, Fc, of the three channels in that
case, where the Fc of Channel 3 is the largest and the Fc of Channel 1 is the smallest. Therefore, the
shuttle fins and oval fins employed in Channel 2 and Channel 3 change the velocity field
distributions between the two adjacent airfoil fins and improve the synergy between the velocity
field and the temperature gradient field. Thus, the heat transfer performances of the two novel

channels are strengthened.



Corresponding to the previous analysis results, Channel 3 has the best convective heat transfer
performance and Channel 1 has the worst convective heat transfer performance. The field synergy
principle is employed to provide the mechanism explanation for the improvements of convective
heat transfer performances of the two new channels (Channel 2 and Channel 3).

Table 4. Field synergy numbers of three channels (cold-side inlet mass flow rate is 1.8912g/s).

Field synergy number Channel 1 Channel 2 Channel 3

Fe 0.00438 0.00475 0.00483

5. Conclusions

In this present work, two novel PCHE channel structures are designed to improve the thermal-
hydraulic performance of PCHE. In the research process, using s-COz as the working fluid, the
thermal-hydraulic performances of the two new channels are numerically studied and the enhanced
heat transfer mechanisms of the new channels are analyzed and discussed. The specific conclusions
are as follows.

(1) The Nu and f factor of Channel 2 are 6.7-26%, 8.3—18.6% larger than that of Channel 1,
respectively. The Nu, the f factor of Channel 3 are 9-27.3%, 26.6—43.4% larger than that of Channel
1, respectively. The comprehensive performance evaluation criteria (PEC) is employed to compare
the thermal-hydraulic performances of the three channels. The PEC of Channel 2 and Channel 3 are
3-19.1% and 1-15.3% larger than that of Channel 1, respectively. It can be seen that Channel 2 has
the best thermal-hydraulic performance among the three channels.

(2) In case 1 and case 2, the PEC enhancements of two novel channels are more than 10%, while

the PEC improvements of Channel 2 and Channel 3 in case 3, case 4 and case 5 are just more than 3%



and 1%, respectively. The reason is that under the low flow velocity conditions, the combined effects
of velocity boundary layer and the coming-flow strike form a continuous low-velocity zone between
the adjacent two airfoil fins, which is not conducive to the convective heat transfer. In the two novel
channels, the impacts of the coming-flow formed by the employments of small fins strengthen the
local disturbance and improve the heat transfer performance. In addition, the flow area between two
adjacent airfoils decreases and the flow velocity along the small fins increases, so that the continuous
low-velocity zone decreases significantly and heat transfer is enhanced. However, with the increase
of mass flow rate, the raise of flow velocity makes the decrease of velocity boundary layer near fin
wall in Channel 1, which leads to the continuous low-velocity zone breaks off gradually as well. The
heat transfer enhancement effects of the two novel channels are not as significant as before.

(3) The variation trends of local Nu, Re and f in the three channels are analyzed to discuss the
enhanced heat transfer mechanisms of the two new channels. Although the small fins introduced in
the no-fin region (from Plane 7 to Plane 10) make the local f~factor increase, it also significantly
improves the local heat transfer. According to the principle of field synergy, it can be found that the
synergies of the temperature gradient field and the velocity field from Plane 7 to Plane 10 in Channel
2 and Channel 3 are significantly improved, thereby enhancing the convective heat transfer of the two

new channels.
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Table captions

Table 1. Numerical model validation with experimental data [12].
Table 2. Size data of the cold fluid channels.

Table 3. Case data of the cold fluid channel mass flow rate and Re.

Table 4. Field synergy numbers of three channels (cold-side inlet mass flow rate is 1.8912g/s).

Figure captions

Fig. 1. The physical model of the airfoil fin PCHE. (a) Geometric parameters of airfoil fin
arrangement (Channel 1). (b) Channel arrangement and configuration. (¢) Geometry and
dimensions of hot and cold channels.

Fig. 2. Velocity field and temperature field of s-CO2 in Channel 1 (s-CO2 mass flow rate is
1.4184¢/s). (a) Velocity. (b) Temperature.

Fig. 3. The proposed novel PCHE channel structures. (a) Channel 2. (b) Channel 3.

Fig. 4. Element channel for calculating the hydraulic diameter.

Fig. 5. Mesh independence test.

Fig. 6. Overall performances of three cold fluid channels with Reynold number. (a) Overall Nusselt
number. (b) Overall Fanning friction factor. (¢) Performance evaluation criterion.

Fig. 7. The distributions of velocity in the three types of channels. (a) Case 1. (b) Case 2. (¢) Case 3.
Fig. 8. The distributions of temperature in the three types of channels. (a) Case 1. (b) Case 2. (c)
Case 3.

Fig. 9. The local zones of Channel 1.

Fig. 10. The distributions of local parameters at the cross-sectional planes of three cold fluid



channels. (a) Local Reynold numbers. (b) Local Nusselt numbers. (c) Local f factors.

Fig. 11. Local field synergy angle of different channels.



