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Abstract: The rapid development of SOFC-MGT system, as an important component of decarbonization
in the aviation industry, has led to the annular cross-wavy primary surface recuperator (CWPSR) becoming a
key area of research for many scientists due to its high efficiency, lightweight, and high compactness. However,
accurately calculating pressure drop loss is difficult due to the complex curved channels, wall interfaces, and
airflow direction. In this work, a mathematical model was developed for the heat exchange cell of the annular
cross-wavy primary surface recuperator based on segmented air and gas channels. In order to facilitate
engineering applications, this study has been summarized the distribution of pressure loss coefficient with
Reynolds number for each part through three-dimensional numerical simulation technology. The results were
validated using a fluid-solid heat coupling numerical model and test data, showing good consistency between
the computational method and the numerical simulation. The maximum deviations between calculation results
and numerical simulation data for the air channel were 10.425%, 10.354%, and 10.954% for inclination angles
of a=30°, 45°, and 60°, respectively. For the gas channel, the maximum deviation was 7.151%.
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NOMENCLATURE:

Symbols

Long side of trapezoid of inlet and outlet

] 3

a structure (mm) Density (kg/m?)
Ai  Cross-sectional area (mm?) U Dynamic viscosity of the fluid (Pa-s)
A,  Heat transfer area (mm?) Ar Thermal conductivity of fluid (W/m?/K)
b CW channel length (mm) & Pressure drop loss coefficient

Channel radial height for heat exchange Average velocity in the wvertical section
C Uy . .

core (mm) direction (m/s)
q Long side of trapezoid of air inlet AP Pressure difference (Pa)

structure (mm)

Equivalent diameter of CW channel A Logarithmic man temperature difference for the

P (mm) d gas and air (K)
1 Fanning friction factor Subscripts

h Heat transfer coefficient (mm) a Air

/ Channel length of air inlet structure a-in Inlet of air
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L Channel length of CW channel (mm) a-out Outlet of air
Nu  Nusselt number g Gas
gm  Mass flow rate of each CW channel i Each CW channel
Q Heat transfer rate (W) w Wall
O fl()\sx?)rbed heat of endothermic process 2- wein Wall at CW channel inlet
O lf?{:]z;sed heat of endothermic process 5- | Wall at CW channel outlet
Re  Reynolds number Acronyms
Greek letters SOFC-MGT fuorg?ngxide fuel cell combined with micro gas
ls?r(ﬂ::?j:ieo? d:g)g le of the inlet and outlet CWPSR Cross-wavy primary surface recuperator
B 90°-a (deg) CwW Cross-wavy
HEC Heat exchange cell

1 INTRODUCTION

Currently, carbon dioxide emissions from the aviation industry contribute to more than 2% of the global
total [11. Tt is concerning that these emissions are growing at an annual rate of 3.6% 21, If this trend persists,
carbon dioxide emissions from the aviation industry could increase by 2.4 to 3.6 times by 2050 compared to the
current levels 1. During that period, carbon dioxide emissions from the aviation industry could become a
primary driver of global climate and environmental change. Therefore, aviation decarbonization has become an
urgent task for sustainable development in the aviation industry. Given this context, there is growing interest in
low-carbon, efficient, high-energy-density solid oxide fuel cell combined with micro gas turbine (SOFC-MGT)
technology for power generation -1, This technology holds the potential to be a key solution for decarbonizing
aviation. Solid oxide fuel cells can directly convert the chemical energy of fuel into electrical energy, and micro
gas turbines can further convert the high-temperature and high-pressure exhaust gas of solid oxide fuel cells into
electrical energy ). Its overall efficiency can exceed 70%, surpassing the efficiency of traditional aviation
engines. In addition, compared to other traditional batteries, solid-state oxide fuel cells have a higher energy
density ['% 1], This means that solid oxide fuel cell can not only solve the problem of aviation decarbonization,
but also meet the demand for long-term endurance.

As shown in Fig. 1, SOFC-MGT is divided into series and parallel systems based on whether secondary
fuel is added to the combustion chamber [1>14), In a series system, as shown in Fig. 1(a), the gas from the
combustion chamber outlet first heats the cathode air and then enters the turbine for work. Moreover, the
combustion chamber is filled with a mixture of partially reacted gases from the SOFC exhaust. In a parallel
system (Fig. 1(b)), additional fuel in the combustion chamber raises the gas temperature at the outlet compared
to the series system. Therefore, high-temperature gas first enters the turbine of the micro gas turbine to expand

and work, and then the residual temperature at the turbine outlet is used to heat the cathode air.
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Fig. 1 Configuration diagram of aviation SOFC-MGT hybrid system [12-14]

In the SOFC-MGT system, the heat exchanger is one of the crucial components. There are significant
differences between heat exchangers used in aviation power systems and those used in ground equipment. In
addition to considering heat transfer and flow resistance characteristics, lightweight and high compactness
should also be considered !'>-17]. This is because lighter and smaller heat exchangers typically result in higher
load capacity and extended endurance in aviation power systems. The cross-wavy primary surface recuperator
(CWPSR) has emerged as an ideal choice for SOFC-MGT systems intended for aviation power applications,
owing to its high efficiency, lightweight, and compact design ['8]. However, the high compactness characteristic
requires the channel size to be only in millimeters, resulting in the boundary layer penetrating the entire channel
cross-section. To mitigate the impact of the boundary layer, enhance secondary flow, and improve the heat
transfer performance of the heat exchanger, the channel is designed with a CW-shaped corrugated structure 191,
However, this design results in a deterioration of the flow resistance characteristics of the heat exchanger, leading
to increased compressor power consumption and turbine back pressure, consequently reducing the overall
efficiency of the SOFC-MGT system. In addition, one of the key technical challenges for SOFC-MGT applied
in the field of aviation power is how to effectively reduce its flow resistance characteristics while maintaining
the lightweight, highly compact, and efficient characteristics of the heat exchanger 1223 This requires
comprehensive consideration of the structural design, fluid dynamics, and heat transfer of the heat exchanger to
ensure optimal performance of the system in aviation applications. The CWPSR is a highly desirable option for
SOFC-MGT due to its compact structure, high heat exchange efficiency, low pressure loss, light weight, and
high reliability % 231, This type of recuperator has been successfully applied to various MGT models, such as
the C30, C65, and C200 from Capstone Corporation (as shown in Fig. 2) [24],

Fig. 2 CWPSR applied on Capstone C30 [24

Currently, research is underway to investigate the heat transfer and flow resistance characteristics of the

CW-type original surface heat exchanger. Utriainen and Sundén [*¢! discussed the trend towards compact
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regenerators in MGT and proposed a numerical simulation model of the simplified cross-wavy channel (SCC).
They later constructed a numerical model of the CW channel based on the N-S equation and periodic boundary
conditions, which allowed for detailed analysis of flow and heat transfer characteristics, as well as pressure drop
loss, using three-dimensional numerical simulation technology 1. To explore the potential of different types of
regenerators, Utriainen and Sundén 28] compared four different heat exchange surfaces used in a 50 kW micro
gas turbine, using the volume goodness factor and flow area goodness factor. Their results indicated that the
CW2-Z3 surface had smaller volume and the CC-75 surface had smaller weight, with the primary reason being
the higher compactness of the CW primary surface regenerator. Consequently, the CWPSR has more potential
for use in portable mobile power supply compared to the other three heat exchange surfaces. Various studies
have since been conducted to investigate the heat transfer characteristics and pressure loss of CWPSR under
different working conditions. Wang et al. [?°! developed the CWPSR for a 100 kW micro gas turbine and
measured the relationship between the total heat transfer coefficient and pressure loss using a whole machine
test with Reynolds numbers ranging from 250 to 400. Liang et al. 3% developed a CWPSR suitable for a 100
kW micro gas turbine and analyzed the effects of mass flow rate, gas inlet temperature, and air inlet pressure on
its heat transfer characteristics and pressure loss, proposing empirical formulas under different working
conditions.

Further studies investigated the thermodynamic characteristics of CW type channels, including the effects
of the amplitude to channel pitch (A/P) on heat transfer and pressure drop. Empirical relationships for the Nusselt
number and friction factor were obtained for CWPSR under variable flow conditions using whole machine test
data 13- 321, Nanofluid flow and heat transfer characteristics were analyzed in wavy channels with numerical
simulation, and the distribution of heat transfer characteristics along the CW channel was established by
experiment 3% 34 Design and optimization methods were also proposed for annular CWPSR based on
component of pressure loss and entropy generation performance, respectively. Cai et al. 3] used genetic
algorithm to solve the optimization problem of annular CWPSR and verified the method with test data from
regenerators applied with the C30 and C65. Shi et al. ] researched the influence of main structural parameters
on the irreversible loss of the CW channel using fluid-solid coupled heat transfer of SCC at Reynolds number of
Re=100-1300. Finally, Li et al. B7l proposed a design method for an annular CWPSR used in portable
microturbine generators and verified it through whole machine test.

In summary, the research pertaining to CWPSR has predominantly concentrated on the heat transfer and
flow resistance characteristics, leading to the formulation of empirical equations based on these attributes.
However, these empirical equations face challenges in their universal applicability to heat exchangers with
diverse structural configurations, and their guidance for the early-stage investigation of CWPSR remains
ambiguous. This paper introduces an estimation methodology for pressure drop losses, tailored to different
structural variations. This approach enables the initial estimation of pressure drop losses in CWPSR, accounting
for varying structural types.

This study divided the air and gas channels of the heat exchange core for the CWPSR into seven parts based
on pressure drop loss types. The pressure drop loss equation for each part was constructed using the empirical
formula for pressure drop loss in pipelines. The distribution of pressure drop loss coefficients of each part with
Reynolds number has been summarized with three-dimensional numerical simulation technology. In future

engineering applications, the pressure drop loss coefficient can be directly calculated based on this distribution
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characteristic, without further numerical simulation. Finally, the total pressure loss of the heat exchange core
was determined by summing the pressure losses of each part. As a result, this study obtained the pressure drop
loss equation and corresponding coefficient value range for the heat exchange core, providing a computational
method for calculating pressure drop loss in engineering applications. This method reduces the need for direct

numerical simulation and testing of the heat exchange core, thus decreasing the design cycle and cost.
2 Mathematical model

2.1 Physical model

Fig. 3 depicts the structure of the heat exchange core (HEC) and the pressure drop loss components for the
annular CWPSR installed on the micro gas turbine. The HEC consists of six main parts: the air inlet structure,
air CW channel structure, air outlet structure, gas inlet structure, gas CW channel structure, and gas outlet
structure. The pressure drop loss components for the air and gas channels are described as follows.

Component of pressure drop loss for air channel:

a) Local pressure drop loss at the air inlet (APa(1-2)). This pressure drop loss is mainly caused by the sudden
shrink of channel cross-section and the change of airflow direction.

b) Pressure drop loss along the channel of air inlet structure (AP,-3)). This pressure drop loss is mainly
caused by the viscous friction between fluid and solid wall.

¢) Local pressure drop loss at the interface between air inlet structure and CW channel structure (AP,z-4)).
This pressure drop loss is mainly composed of two parts. One is that the shape of the channel section of the air
inlet structure is different from that of the CW channel structure, resulting in the existence of wall at the interface.
The other is that the inlet structure forces the airflow into the CW channel at included angle of £, resulting in
the diversion of the airflow direction.

d) Pressure drop loss along air CW channel (AP,@4-5)). Since the CW channel is composed of complex curved
surfaces, in addition to the pressure drop loss caused by viscous friction, there is also the reduction of mechanical
energy caused by vortex in the channel.

e) Local pressure drop loss at the interface between air CW channel structure and outlet structure (APas-6)).
This physical model is the same as that of AP,3.4), but the airflow direction is opposite.

f) Pressure drop loss along the channel of air outlet structure (AP,.7)). This physical model is the same as
that of AP,(-3), but the airflow direction is opposite.

g) Local pressure drop loss at the air outlet (APa7-8)). This pressure drop loss is mainly caused by the sudden
expansion of channel cross-section and the change of airflow direction.

Component of pressure drop loss for gas channel:

a) Local pressure drop loss at the gas inlet (APg(i-2)). This pressure drop loss is mainly caused by the sudden
shrink of channel cross-section.

b) Pressure drop loss along the channel of gas inlet structure (APg(2-3)). This pressure drop loss is mainly
caused by the viscous friction between fluid and solid wall.

¢) Local pressure drop loss at the interface between air inlet structure and CW channel structure (APy3-4)).
This pressure drop loss is caused by the different section shapes between the gas inlet structure channel and the
gas CW channel.

d) Pressure drop loss along gas CW channel (APgu-s)). The cause of pressure drop loss here is similar to that

of APgu.s) on the air side.
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e) Local pressure drop loss at the interface between gas CW channel structure and outlet structure (APgs-6)).
This physical model is the same as that of APg3.4), but the airflow direction is opposite.

f) Pressure drop loss along the channel of gas outlet structure (APg-7)). This physical model is the same as
that of APg(2-3), but the airflow direction is opposite.

g) Local pressure drop loss at the gas outlet (APg(7-s)). This pressure drop loss is mainly caused by the sudden

expansion of channel cross-section.
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Fig. 3 Geometric sketch and component of pressure losses of HEC for annular CWPSR

Fig. 3 illustrates the connection of the air channel inlet for the annular CWPSR with the outlet of the
centrifugal compressor, and the outlet of the air channel with the inlet of the combustion chamber. The annular
CWPSR is employed to absorb heat from the high-temperature exhaust discharged from the radial flow turbine
into high-pressure air with a certain temperature, thereby converting low-temperature and high-pressure air at
the compressor outlet into high-temperature and high-pressure air, and saving the fuel consumption of the micro

gas turbine.

2.2 Computational model of heat transfer and pressure drop
The annular CWPSR primarily undergoes heat exchange in the CW channel. As a result, the study of the
regenerator's heat transfer and flow resistance characteristics is based on the Reynolds number in the CW channel.

The Reynolds number (Re) can be written as:
_ P Uav i De
)7

where Uy, u, p and D, are the average velocity in the CW channel section, the dynamic viscosity, density

Re 21

and hydraulic diameter, respectively. Based on Reynolds number, the mass flow rate of each CW channel is

defined as:

_Re-u-A
D

e

U (2-2)

where 4; is the area of each CW channel. The Nusselt number (Nu) representing the heat exchange capacity
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of the HEC is calculated by:

Nu = —» ¢ (2-3)

where Ay and A ris the heat transfer coefficient and thermal conductivity.

Fig. 4 illustrates the heat transfer process between high-temperature gas and low-temperature air, which
occurs through the wall as the medium. This process can be broken down into three steps. First, convective heat
transfer occurs between the high-temperature gas and the wall, resulting in the transfer of heat from the high-
temperature gas to the low-temperature wall. Next, the heat flows from the high-temperature side of the wall to
the low-temperature side. Finally, the low-temperature air absorbs heat from the high-temperature wall through

convective heat transfer.

Fig. 4 Heat transfer model between gas and air channel

The heat transfer coefficient 4, between air and wall is calculated as follows:
h, = —AT(W?“_“ A (2-4)
where Qw, hw, and A, are the heat transfer rate, heat transfer coefficient, and heat exchange area,
respectively. T\, is the logarithmic mean temperature difference for the air and wall, which can be obtained by
Eq. (2-6) 1331
AT = (Ta-in _Tw—in) — (Ta—out _Tw-out)
Y I = Twin)/ (Teowe = T

As shown in Fig. 5, Tain and T aou are the mass flow average temperature in the inlet and outlet sections.

(2-5)

Tw-in and Tw-ou refer to the wall temperature of the inlet and outlet, respectively.

Air inlet Air outlet

w-in Wall inlet Wall outlet

Fig. 5 Schematic diagram of temperature distribution along CW channel

The Fanning friction coefficient £, is usually used to express the characteristics of fluid pressure loss [3% 37 381:
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AP-D

e

f, = 05, LU (2-6)

where L is the channel length of CW channel.
3 Computational method of pressure drop losses for heat exchange core

To determine the pressure drop loss in the air and gas channels, empirical formulas for pressure drop loss
in pipelines can be used to derive four local pressure drop loss equations and three pressure drop loss equations
along the channel. However, each equation contains unknown coefficients. In this study, ANSYS CFX2021 R1,
a commercial software, is utilized to calculate the actual pressure drop and fluid physical properties of each
component, enabling the determination of the coefficients in each equation. The following chapters will provide
a detailed explanation of the methodology used to calculate the pressure drop loss coefficients for different

sections of the heat exchange core.
3.1 Computational method of pressure drop losses for air channel

3.1.1 Pressure drop losses for 1-2

Fig. 6 illustrates the physical model and local pressure drop loss coefficient of the air channel inlet at
inclination angles of 0=30°, 45°, and 60°. In Fig. 7(a), the green, blue, and black lines represent the numerical
model of the air channel inlet with the angles a1=60°, ao=45°, and a3=30°, respectively. The inlet and outlet
boundary conditions for 1-2 are set as total pressure and mass flow, respectively. The total pressure at the heat
exchange core's inlet is the same as the outlet pressure of the compressor (239735 Pa), while the mass flow at
the outlet is calculated based on the Reynolds number and hydraulic diameter of channel 2-3. The local pressure
loss at the air channel inlet is due to the sudden reduction of the channel section and the inclination angle a. By
applying the empirical formula (3-1) for local pressure drop loss, the pressure drop loss coefficient distribution
(shown in Fig. 7(b)) is obtained through three-dimensional numerical simulation. The pressure drop loss
coefficient &q4(1-2) decreases gradually with increasing Reynolds number for all three inclination angles. At low
Reynolds numbers, the pressure drop loss at a3=30° is lower than that at 0,=45° and az=60°, whereas at high
Reynolds numbers, the pressure drop loss at 03=60° is lower.

=2
Paa-2Yaz
2
where AP,u 2, P ai-2), and Uazz are the pressure drop on both sides of the interface 1, density at air channel

APy = Saan (3-1)

inlet, and average velocity at the section 2, respectively.
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=058}
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2057}
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Interface
! (General Connrection) 0.51 L 4 L .
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(a) Physical model (b) Pressure drop loss coefficient &a(1-2)

Fig. 6. Local pressure drop loss coefficient at air channel inlet with inclination angle of ¢=30< 45< and 60
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3.1.2  Pressure drop losses for 2-3 and 6-8

Fig. 7 describes the pressure drop loss coefficient across the channels of the air inlet and outlet structure at
inclination angles of 0=30°, 45°, and 60°. The pressure drop loss is computed for positions 2-3 and 6-8 using the
numerical model and boundary conditions presented in Fig. 6 (a). As shown in Fig. 7 (a), the length of each
channel in the air inlet structure varies, leading to differing pressure drop losses in each channel. However, the
pressure drop loss model remains the same, allowing the pressure drop loss coefficient for different channels to
be set to a constant value. Thus, any channel can be selected as the research subject when investigating the
pressure drop loss coefficient. The distribution of the pressure drop loss coefficient A , ;-3 for the air inlet and
outlet structure's channel is shown in Fig. 7 (b), in accordance with the empirical formula (3-3) of pressure drop
loss across the channels. For the inclination angles of ¢=30°, 45°, and 60°, the pressure drop loss coefficient
across the channels decreases with increasing Reynolds number. Moreover, as the inclination angle o increases,

the pressure drop loss coefficient along the channels also decreases.

Ca,i
Iai _ (3-2)
' SIna
=2
C,: Pai-3Yai-3
o Pl 33
Paics) = aice-9) Deeis Sina 2 -

where o, Cai, Apai-3), Daci-3), Pai-3» and Uy, 5 are the channel length, the channel radial height,

the pressure drop between inlet and outlet for channel 2-3, the hydraulic diameter of channel 2-3, the average

value of density in the channel 2-3, and the average value of velocity in the channel 2-3, respectively.

d 0.25
Zoaol =gl
2 —o— a,-45°
g0.15+ —a— ;-60°
< 0.10
2
£0.05+

Ci A
0.()0 i 1 i} I
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Reynolds number
(a) Numerical model (b) Pressure drop loss coefficient A ai2-3)

Fig. 7 Pressure drop loss coefficient along channels for air inlet and outlet structure with inclination angle of
a=30< 45< and 60°

3.1.3 Pressure drop losses for 3-4

Fig. 8 shows the local pressure drop loss coefficient at the air CW channel inlet with angles of inclination
a=30°, 45°, and 60°. The physical model of the inlet is shown in Fig. 8(a) using green, blue, and black structures
with included angles of £1=60° ( £1=90°- 1), 2=45° ( f2=90°- «2), and F3=30° ( #3=90°- «3), respectively.
The inlet and outlet boundary conditions for 3-4 are set as total pressure and mass flow, respectively. The total
pressure at the heat exchange core's inlet is from section 3. The wall boundary conditions for the extension
section are no slip wall, and thus, the pressure drop loss along the extension section is neglected. The outlet's
mass flow is computed based on the Reynolds number and hydraulic diameter at section 4. As the cross-sectional
shape of the air inlet structure channel differs from that of the CW channel, a wall exists at the interface 2
between them, and the orifice model defines this pressure drop loss. The local pressure drop loss coefficient

&Eai3-4) at the air CW channel inlet decreases gradually with the Reynolds number increase. Moreover, with the
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o inclination angle increase, the local pressure loss coefficient decreases significantly. At the air CW channel
inlet decreases gradually with the Reynolds number increase. Moreover, with the o inclination angle increase,
the local pressure loss coefficient decreases significantly. At the included angle of £3;=30°, the local pressure
loss coefficient initially increases and then decreases, but this trend vanishes with the increase of inclination
angle a.

-2
Paz-a)Uas

2
where AP, 4y, Pazs, and Ua24 are defined as the pressure drop on both sides of the interface 2, the

Apa(3—4) = é:a(3—4) (3-4)

density at the CW channel inlet, and the average velocity of CW channel section, respectively.
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Fig. 8 Local pressure drop loss coefficient at inlet of air CW channel with inclination angle of a=30< 45< and 60°

3.1.4 Pressure drop losses for 4-5

Fig. 9 presents the pressure drop loss coefficient along the air CW channel with the inclination angles of
0=30°, 45°, and 60°. The boundary conditions for 4-5 specify the total pressure and mass flow at the inlet and
outlet, respectively. The inlet total pressure corresponds to the pressure at section 4. The extension section has
no-slip wall boundary conditions, leading to the exclusion of pressure drop loss along this section. The outlet
mass flow is calculated based on the CW channel. As shown in Fig. 9(a), the CW channel exhibits corrugations
in the main flow direction, resulting in a periodic variation of its cross-section due to the half-cycle difference
between the starting angles of the fluctuation curves for the upper and lower parts. Besides the pressure drop
loss resulting from viscous friction, there is also a reduction in mechanical energy due to the vortex in the channel.
Fig. 9(b) shows the pressure drop loss coefficient A ,j4-5) the air CW channel, based on empirical formula (3-5)
for various included angles, such as f1=60°, $,=45°, and £3=30°, and Reynolds numbers of 150, 350, 516,
and 750. The results indicate a higher pressure drop loss coefficient at Re=150 compared to that of Re=350, 516,
and 750, for § angles of 30°, 45°, and 60°. Moreover, the pressure drop loss coefficient tends to be constant when
Re>350. The maximum pressure drop loss coefficient occurs at £3=30°, and the minimum at 3 =60°.

-1 Ly i ﬁa(4—5)Ua2(4—5)

Apa,i(4—5) 2i(4-5) 2

ae,i(4-5)

(3-5)

where Apaia-5), lacwi, Daci@-5), Paias),and Uaz,i(4,5) are the pressure drop between inlet and outlet for CW

channel (4-5), the CW channel length, the hydraulic diameter of channel (4-5), the average value of density in
the CW channel (4-5), and the average value of velocity in the CW channel (4-5).

10
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Fig. 9 Pressure drop loss coefficient along air CW channel with inclination angle of a=30< 45< and 60

3.1.5 Pressure drop losses for 5-6

As shown in Fig. 10, the local pressure drop loss coefficient at the outlet of air CW channel is investigated
for the included angles of £1=60°, £,=45° and f£3=30°. The boundary conditions for sections 5-6 are set as
total pressure and mass flow at the inlet and outlet, respectively. The total pressure at the inlet of the heat
exchange core is the total pressure at section 5. The boundary conditions for the extension section are set as a
no-slip wall, resulting in the pressure drop loss along the extension section being ignored. The mass flow at the
outlet is calculated based on the CW channel. As shown in Fig. 10(b), the physical model of the air CW channel
outlet is identical to the inlet model, except for the opposite airflow direction. Therefore, the local pressure drop
loss model employed at this location is the orifice loss model, and the empirical formula (3-6) for the local
pressure drop loss model is provided. The results indicate that, for the included angles of £1=60°, £,=45°, and
F3=30°, the local pressure loss coefficient &as.6) at the outlet of air CW channel decreases slowly with
increasing Reynolds number and tends to become constant Additionally, the included angle a significantly affects
the local pressure drop loss coefficient at the outlet of the air CW channel, with this effect decreasing as the
inclination angle a increases.
ﬁa(sfs)uaze

2

where APys 6, Pass), and Uaze are defined as the pressure drop on both sides of the interface 3, the

Apa(sfe) = §a(5-6) (3-6)

density at the CW channel outlet, and the average velocity of channel at the air outlet structure, respectively.
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Fig. 10 Local pressure drop loss coefficient at outlet of air CW channel with inclination angle of a=30< 45<
and 60°

3.1.6 Pressure drop losses for 7-8
Fig 11 depicts the physical model of the local pressure drop loss at the outlet of the air channel, which is

the same as that at its inlet. The flow direction is opposite, resulting in a sudden expansion of the cross-sectional

11
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area of the channel. The boundary condition is similar to that of position 1-2, and the mass flow is calculated

using the Reynolds number and hydraulic diameter at position 6-7. The empirical formula for the local pressure
drop loss of sudden expansion for the cross-sectional area is expressed as (3-7). Furthermore, Fig. 11(b) presents
the local pressure drop loss coefficient distribution at the outlet of the air channel obtained through three-
dimensional numerical simulation. For the inclination angles of a=30°, 45°, the local pressure loss coefficient
&a7-8) increases gradually with the increase of Reynolds number. However, for the inclination angle of a=60°,
the local pressure drop loss coefficient first decreases and then increases. It is noteworthy that the local pressure
drop loss exhibits an opposite trend with the inclination angle a.

T2
pa(7—8)ua8 (3_7)
2
where AP,7g), Par-s), and U, are the pressure drop on both sides of the interface 4, density at air

Apa(?-s) = ‘fa(7-8>

channel outlet, and velocity at the section 8, respectively.
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(a) Numerical model (b) Pressure drop loss coefficient &a7-s)

Fig. 11 Local pressure drop loss coefficient at air channel outlet with inclination angle of ¢=30< 45< and 60

3.2 Computational method of pressure drop losses for gas channel
The type of pressure drop loss at each position of the gas channel is similar to that of the air channel, except
that the physical properties of the fluid are different. Furthermore, the boundary condition setting method in the

gas channel is the same as that in the air channel.

3.2.1 Pressure drop losses for 1-2

Fig. 12 demonstrates that the channel of gas inlet structure, unlike the air inlet structure channel, lacks an
inclination angle, resulting in a standard sudden shrink structure and lower local pressure drop loss. The
empirical formula (3-8) can be used to express the local pressure drop loss at the inlet of the gas channel. In Fig.
12(b), the local pressure drop loss coefficient &4(1-2) at the inlet of the gas channel gradually decreases and

reaches a constant value with the increase of Reynolds number.
2

Pya-2)Ugz (3-8)
2

where APy, Pg-2), and ngz are the pressure drop on both sides of the interface 5, density at air

Apg(1-2> = "fg(l-Z)

channel inlet, and velocity at the section 2, respectively.
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Fig. 12 Local pressure drop loss coefficient at gas channel inlet

3.2.2  Pressure drop losses for 2-3 and 6-8

As depicted in Fig. 13, the trapezoidal shape of the air inlet and outlet structures, due to the inclination
angle, results in varying channel lengths for the gas inlet structure. Despite this difference, the pressure drop loss
model remains the same for each channel. Therefore, a single channel, with a length of /,; will be selected for
further study. Similar to the loss along channel for the air inlet structure, the loss along channel for the gas inlet
structure can be expressed using the empirical formula (3-10). In Fig. 13(b), with the increase of Reynolds
number, the pressure drop loss coefficient A gi2-3) along channel for the gas inlet and outlet structure decreases
gradually.

l,; =d +(c—c,;)cota (3-9)

d+(c—c,;)cota py i 50z i0s

D 2

ge,i(2-3)

APyi2-3 = Agice-s) (3-10)

where cgi, Apgi-3), Deei2-3) /5; i(-3 » and U; i2-3 are the channel radial height, the pressure drop

between inlet and outlet for channel (2-3), the hydraulic diameter of channel (2-3), the average value of density

in the channel (2-3), and the average value of velocity in the channel (2-3), respectively.

d 0.7
=
A = 0.610.588
205
(]
S04 0.399
<03 0.256
x |° g 0.184

| 202 350 - 0.146
L

| £0.1 516

i 0.0 . :
| 200 400 600 800 1000
] \ A 4 Reynolds number
(a) Numerical model (b) Pressure drop loss coefficient A gi2-3)

Fig. 13 Pressure drop loss coefficient along channels for gas inlet and outlet structure

3.2.3 Pressure drop losses for 3-4
The gas CW channel has a cross-sectional shape that differs from that of the gas inlet structure channel. A

wall exists at the interface 6 between the two channels, as shown in Fig. 14(a). Similar to interface 2 of the air

13
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channel, the local pressure drop loss of the gas channel at interface 6 is modeled as an orifice pressure drop loss.
This local pressure drop loss can be expressed by the empirical relationship (3-11). Fig. 15(b) demonstrates that
the local pressure loss coefficient & 4.4y at the inlet of gas CW channel increases with the increase of Reynolds

number.
=2
Pya-aUga
APy(s 4y = Syaa) % G-11)
where APy 4y, Pyiay,and ng4 are defined as the pressure drop on both sides of the interface 6, density

at gas CW channel inlet, and the average velocity of gas CW channel section, respectively.

0.14

0.126
_50.12 o108 0.121
4 5 20.10 :
2 0.083
5) 0.08 H0.073
— o—» o—> o—> o—p o—p —z 0.06 516
R 2 0.04 350
Inlet (Total Pressure) Outlet (Mass Flow Rate) £0.02
4/—3\ 0.00 - '
200 400 600 800 1000
Channel Wall Reynolds number
(a) Numerical model (b) Pressure drop loss coefficient &g-4)

Fig. 14 Local pressure drop loss coefficient at inlet of gas CW channel

3.2.4 Pressure drop losses for 4-5

In Fig. 15(a), the structure of gas CW channel is similar to that of air CW channel. Different from the air
CW channel, the airflow direction of the inlet and outlet for the gas CW channel is consistent with the mainstream
direction. The pressure drop loss along the gas CW channel is calculated by empirical formula (3-12). In Fig.
15(b), the pressure drop loss coefficient A g4.5) along the gas CW channel first decreases rapidly and then
increases slowly with the increase of Reynolds number. The pressure drop loss coefficient reaches its minimum

value at a Reynolds number of Re = 516.

- 2
-2 Ig,cw,i Pya-5)Ug(a-5

APy ias) = Agiqas) D 5 (3-12)

ge,i(4-5)

where Apg ia-s), L cw,is Dee,i(4-5), ﬁgzyi(,l,s) ,and Ug%i(4,5) are the pressure drop between inlet and outlet for gas
CW channel 4-5, the gas CW channel length, the hydraulic diameter of channel 4-5, the average value of density
in the gas CW channel 4-5, and the average value of velocity in the gas CW channel 4-5, respectively.

0.4
=
2
20.310.277
3 4 2
o
N 7 502
o~ = 0.147
Cas inlet s
2 350
S (s o :
0'0 1 1
CW channel 200 400 600 800 1000
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(a) Numerical model (b) Pressure drop loss coefficient A g,i4-5)

Fig. 15 Pressure drop loss coefficient along gas CW channel
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3.2.5 Pressure drop losses for 5-6

Fig. 16(a), demonstrates that the airflow at the outlet of the gas CW channel flows from the CW channel
side to the side of the gas inlet structure, with the shape of interface 7 taking the same as interface 6. Therefore,
the empirical formula (3-13) of local pressure drop loss at the outlet of gas CW channel is consistent with that
at the inlet of gas CW channel. Fig. 16(b) depicts that the local pressure drop loss coefficient & 4(s-6) at the outlet
of gas CW channel fluctuates slightly with Reynolds number, but tends to be constant on the whole.

—2
Pys-6)Ugs

2

where APys_6), Pys-6), and nge are defined as the pressure drop on both sides of the interface 7, the

APys ) = Sy (3-13)

density at the gas CW channel outlet, and the average velocity of channel at the gas outlet structure, respectively.

014 5127 -
Z0.12 — 0.119
8 ;
Inlet 4 5 Outlet £0.10
(Total Pressure) (Mass Flow Rate) 8
\ o o 0.08
—P » ’3
—» o> o—> o— o— o —g 0.06 B |16
—» 20.04
3
£ 0.02
LA F4
}/‘“ SN 0.00 s s
200 400 600 800 1000
Channel Wall

Reynolds number

(a) Numerical model (b) Pressure drop loss coefficient &gs-6)

Fig. 16 Local pressure drop loss coefficient at outlet of gas CW channel

3.2.6 Pressure drop losses for 7-8

As shown in Fig. 17(a), the pressure drop loss model at the outlet of the gas channel is a sudden expansion
structure. The local pressure drop loss of the sudden expansion structure can be estimated by empirical formula
(3-14). As depicted in Fig. 17(b), with the increase of Reynolds number, the pressure drop loss coefficient & (7.
g) at the outlet of the gas channel decreases rapidly, and then gradually tends to be constant. Moreover, the local
pressure drop loss coefficient at the gas channel outlet is significantly lower than that at the air channel outlet.

—2
Py-8)Ugs
2

where APy7.g), P 7-5), and ngg are the pressure drop on both sides of the interface 8, density at the gas

Apg(7-8) = 59(7-3) (3-14)

channel outlet, and velocity at the section 8, respectively.
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Fig. 17 Local pressure drop loss coefficient at gas channel outlet
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3.3 Total pressure drop losses for air and gas side
According to the empirical formula of pressure drop loss of each part, the total pressure drop loss for the

air and gas sides can be defined as:

Apa, Total — Apa(l—z) + ZApax,i(Z—fs) + Apa(3—4) + Apa,i(4—5) + Apa(5—6) + Apa(7—8) (3‘15)
AP touw = APgq1-2) + 28Pgi(2-9) + APyiagy + APyias) T APy(s-6) + APyirg (3-16)
Therefore, the total relative pressure drop loss for the air and gas sides can be calculated as,
Apa otal
5p, = —== (3-17)
pa,inlet
Ap otal
Sp, =—2% (3-18)
pg,inlet

where AP, 1o and Apg, Tora are the inlet pressure of the air and gas sides.

4 An application case study

4.1 Geometry and operating parameters

To verify the effectiveness of this pressure drop loss calculation method, we conducted three-dimensional
numerical simulations on an annular CWPSR. For the purpose of cost-effective simulation, we selected the heat
exchange cell (HEC) of the annular CWPSR as our research object. The geometric parameters of the recuperator
are listed in Table 1 and applied to the micro gas turbine with an output power of 7 kW. The temperature and
pressure of the air channel inlet are 7;ix=510.12 K and P, 0u=239735 Pa of the compressor outlet respectively.
The inlet temperature and pressure of the gas channel are the outlet temperature 7,;,»=819.17k and the outlet

pressure Pg o, =10479 Pa of the turbine respectively.

Table I Geometric parameters of annular CWPSR (mm)

Parameters a b c d

Value (mm) 12.8 54.5 34.8 0.72

The boundary conditions for the numerical simulation of HEC in the annular CWPSR are presented in Fig.
18 and Table 2. The fluid-solid thermal coupling boundary condition is utilized for the interfaces between the
fluid and solid. The mass flow inlet is employed as the boundary condition for the channel inlet of the air and
gas. The outlet of the air and gas channels adopt the pressure outlet boundary condition. According to the research
of Utriainen 7], the k-e turbulence model with low Reynolds number is more suitable for the numerical

simulation of CW channel.
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Fig. 18 Numerical model of HEC for annular CWPSR

Table 2 Boundary conditions for numerical simulation of annular CWPSR

Number a, d b, e c f,g

Boundary condition Mass flow inlet Pressure outlet Symmetry Interface

To ensure the reliability of the numerical simulation results, it is crucial to verify the independence of HEC
grid while maintaining a reasonable grid number. In this study, the fanning friction factor of the air channel is
analyzed based on five numerical models with different grid numbers under the same operation conditions. Fig.
19 depicts a gradual increase in the fanning friction factor and Nusselt number Nu of the air channel with the
increase in the number of grids. The fanning friction factor of the air channel tends to remain constant when the

number of grids reaches 68391711, thus confirming the grid system's suitability for this work.
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Fig. 19 Grid independence verification for HEC

4.2 Validation of the numerical method

Table 3 summarizes the research results on the flow resistance characteristics of the CW original surface
regenerator. Fig. 20 shows a comparison between the fanning friction coefficient obtained from three-
dimensional numerical simulation and the empirical data in Table 3. The results indicate good consistency
between the numerical results and the data from Utriainen *7 and Ma 4], with maximum relative errors of
approximately 9.6% and 10.1%, respectively. However, there is a significant difference with the test results of
Liang B which can be attributed to the significantly different inlet and outlet structures used in Liang's
experiment compared to the HEC used in this study. Additionally, the influence of inlet and outlet structures on

flow resistance characteristics is greater than that on heat transfer characteristics. Therefore, the numerical
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method employed in this study is credible and acceptable.

Table 3 Correlations of friction factor for annular CWPSR

Researchers Correlations Application ranges of Reynolds number
Ma et al. B4 f=3.182Re-0.398 (f=4f) 250<Re<3000
Liang et al. (30 Ji=66.63Re-0.64 (f=4/) 230<Re<400
Utriainen et al. [?7] /=0.03131+26.172/Re (Type: CW3-z8) 100<Re<950
05 B
—=— Present result
—+— Ting Ma (250<Re<3000)
041 —a— Utriainen (100<Re<950) | |
Liang (230<Re<400)
03 B
S
0.2 B
01 B
00 1 1 1 1 1
200 400 600 800 1000 1200
Re

Fig. 20 Comparison of simulation results and experimental data

4.3 Verification of computational method for pressure drop losses

We used three-dimensional numerical simulation technology of HEC to investigate the feasibility of the
pressure drop loss calculation method established in this paper with inclination angles of a=30°, 45°, and 60° at
Reynolds numbers Re=150, 350, 516, and 750. The results, as shown in Tables 4, 5, 6, and 7, indicate a good
consistency between the total relative pressure drop losses obtained by the computational method established in
this work and those calculated by the three-dimensional numerical method for both air and gas channels. For the
air channel, the calculation results and numerical simulation data increase gradually with the increase of
Reynolds number for a=30°, 45°, and 60°. The maximum deviations for a=30°, 45°, and 60° are 10.425%,
10.354%, and 10.954%, respectively. Furthermore, the total relative pressure drop loss decreases with the
increase of inclination angle a. In the case of the gas channel, the calculation results and numerical simulation
data increase gradually with the increase of Reynolds number, and their maximum deviation is 7.151%. In
addition, the total relative pressure drop loss on the air side is lower than that on the gas side at Reynolds numbers

Re=150, 350, 516, and 750.

Table 4 Comparison of total relative pressure drop losses obtained by computational method with numerical

simulation results for air channel (a=30°)

Reynolds number 150 350 516 750 950
Computational method 0.215% 0.784% 1.674% 3.808% 5.646%
Numerical simulation 0.207% 0.768% 1.600% 3.593% 5.305%
Deviation 6.735% 5.125% 6.598% 8.986% 10.425%
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Table 5 Comparison of total relative pressure drop losses obtained by computational method with numerical

simulation results for air channel (¢=45°)

Reynolds number 150 350 516 750 950
Computational method 0.124% 0.701% 1.279% 3.133% 4.576%
Numerical simulation 0.120% 0.680% 1.227% 2.981% 4.303%
Deviation 6.241% 6.124% 7.265% 8.114% 10.354%

Table 6 Comparison of total relative pressure drop losses obtained by computational method with numerical

simulation results for air channel (¢=60°)

Reynolds number 150 350 516 750 950
Computational method 0.183% 0.805% 1.251% 2.860% 4.214%
Numerical simulation 0.178% 0.787% 1.210% 2.727% 3.977%
Deviation 5.635% 5.341% 6.356% 8.866% 10.954%

Table 7 Comparison of total relative pressure drop losses obtained by computational method with numerical

simulation results for gas channel

Reynolds number 150 350 516 750 950
Computational method 0.497% 1.898% 3.146% 6.852% 12.159%
Numerical simulation 0.476% 1.814% 2.993% 6.450% 11.348%
Deviation 4.351% 4.652% 5.124% 6.235% 7.151%

5 Conclusions:

Achieving a low pressure drop loss is crucial for the annular CWPSR in the micro gas turbine. One of the
key factors that affects the pressure drop loss of the annular CWPSR is the inclination angle a of the inlet
structure. Therefore, it is necessary to study the calculation method of pressure drop loss for this system. In this
study, we divided the air channel and gas channel of HEC for the annular CWPSR into six parts based on the
type of pressure drop loss. We then established a mathematical model based on the pressure drop loss type for
each part, and calculated each pressure drop loss coefficient using three-dimensional numerical simulation one
by one. To investigate the impact of the inclination angle o of the inlet structure on the pressure drop loss of the
annular CWPSR, we selected physical models with 0=30°, 45°, and 60° as the research objects. Finally, we used
the fluid-solid heat coupling numerical model of HEC validated by test data to verify the reliability of the
pressure drop loss model of the annular CWPSR. Our computational method showed good consistency with the
three-dimensional numerical method for both the air channel and gas channel. For the air channel, the maximum
deviations between calculation results and numerical simulation data corresponding to a=30°, 45°, and 60° were
10.425%, 10.354%, and 10.954%, respectively. For the gas channel, the maximum deviation was 7.151%.
Additionally, the total relative pressure drop loss on the air side was lower than that on the gas side at Reynolds

numbers Re=150, 350, 516, and 750.
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