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The design of heat transfer performance of regenerator is the key technology of Stirling
machine and is of great significance to ensure the operation efficiency of equipment. In
this study the temperature difference between the two ends of regenerator at room
temperature is less than 50K. This paper attempts to study the heat transfer performance of
the straight channel grid regenerator at room temperature and verify its accuracy. At first,
a straight-channel grid regenerator was designed in this study by analyzing the influence
of structural parameters on the regenerator in order to reduce the flow resistance loss. The
Pore Scale method and Representative Elementary Volume methods were combined to
analyze the heat transfer characteristics of the grid regenerator. Compared with the wire
mesh regenerator under the same condition, the straight-channel grid regenerator’s flow
resistance could reduce by 96.2%. When the length-diameter ratio is 2:1 and the porosity
is between 0.4 and 0.5, the heat transfer performance of the grid regenerator is satisfactory
when it is applied in Stirling heat pump at room temperature. Then, A segmented variable
porosity grid regenerator was designed based on the grid regenerator, and its performance
was proved to be better than that of the grid regenerator. Finally, the two regenerators were
developed based on additive manufacturing technology, and a single blow experiment
platform was built. The experimental results fit well with the simulation results, with the
maximum error being less than 1.5%. The experimental results prove the correctness of the
model, which lays a foundation for the subsequent analysis of the periodic heat transfer

characteristics of the straight-channel grid regenerator.

1. INTRODUCTION

Free piston Stirling heat pump is a kind of equipment
designed on the basis of reverse Stirling cycle. It not only has
the advantages of high efficiency of traditional Stirling heat
engine, but also cancels the crank connecting rod, which
solves the sealing problem, improves the reliability and service
life, and has been the focus of domestic and international
research. Stirling heat pump can absorb low energy
(atmosphere, groundwater and surface water), and the
Coefficient of Performance (COP) value is greater than 1. The
promotion of energy saving and emission reduction policies
has made Stirling heat pump received extensive attention
again [1-3].

The temperature difference between hot chamber and cold
chamber of Stirling engine is mostly more than 500K [4, 5],
for instance, the temperature ratio of the two chambers of 40
HP engine (691K/71K), 4-235 engine (683K/43K), 4-400
engine (633K/41K) and EE-80 engine is 3.0. The temperature
difference between the two chambers of Stirling refrigerator in
cryogenic temperature range is between 60-300K [6, 7]. The
temperature difference between the two ends of Stirling
refrigerator in refrigeration temperature range is no less than
100K [8]. The temperature range of Stirling heat pump hot
chamber is 290-350K, while the cold chamber temperature is
-250-280K at room temperature, and the temperature
difference between the two chambers is less than 100K [9]. In
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terms of temperature range and temperature difference, the
Stirling heat pump at room temperature is significantly
different from the above types of equipment.

The primary goal of Stirling heat pump is to achieve energy
conversion, and the regenerator is the key unit of Stirling heat
pump energy conversion. Its efficiency has the most
significant impact on the overall efficiency of Stirling heat
pump [10-12]. Kato et al. [13] believe that the efficiency of
regenerator depends on the fluctuation of pressure. Yu et al.
[14] point out that the efficiency of the regenerator is related
to porosity, thermal permeability depth, number of mesh and
materials. Chen’s study [15] shows that the efficiency of
regenerator depends on its material, matrix arrangement,
matrix diameter and regenerator filling coefficient. York et al.
[16] studied the effect of wire mesh on neutral pressure drop
by numerical method, and found that the pressure loss of a
fully aligned regenerator can reduce by 38%-45%. Qiu et al.
[17] conclude that the pressure drops of regenerator accounts
for more than 95% of the total pressure drop, and its maximum
pressure drop increases almost linearly with the increase of
rotational speed. Zhang et al. [18] estimated three kinds of heat
losses in the regenerator at room temperature: conduction loss,
incomplete heat loss and viscosity loss caused by pressure
drop, and found that the regenerator loss is mainly determined
by flow resistance pressure drop loss and axial heat conduction
loss, during which flow resistance pressure drop loss accounts
for the highest proportion of the total loss.
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It can be seen from the above research that the efficiency of
regenerator mainly depends on two key performances, namely
flow resistance and heat transfer ability. Therefore, aiming to
reduce the flow resistance and pressure drop loss of the
regenerator in room temperature, two kinds of straight-channel
grid regenerator were designed in this study, one of which is
called grid regenerator and the other is the segmented variable
porosity grid regenerator. The method of combing local Pore
Scale and Representative Elementary Volume (REV) was
adopted to reveal the main reason influencing the performance
of the two regenerators, and the segmented variable porosity
grid regenerator can optimize the pressure distribution in the
regenerator, which provides a theoretical reference for the
design of the regenerator at room temperature.

2. PHYSICAL MODEL OF STRAIGHT-CHANNEL
GRID REGENERATOR

2.1 Grid regenerator

The main factors affecting the structure design of
regenerator are length-diameter ratio L/D, wall thickness o,
channel diameter I, specific surface area s, etc. The internal
flow resistance loss increases with the regenerator length L
when the regenerator diameter D is determined. However, the
length L can not be too small, for the reason that the matrix
filler is too small to meet the requirements of heat storage.
When the length-diameter ratio L/D is determined, the
excessively large wall thickness § or the excessively small
channel diameter | will result in a small porosity ¢ and a large
flow resistance. When the wall thickness J is excessively small
or the channel diameter | is excessively large, the heat storage
will be greatly reduced and the regenerative efficiency will be
reduced. The heat transfer area of the regenerator has a
positive impact on the heat transfer. The heat transfer area s is
affected by wall thickness d, channel diameter | and porosity
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Aluminum alloy can be applied as the matrix of regenerator
to meet the requirements of heat transfer and storage. In order
to reduce the flow resistance loss, a straight-channel grid
regenerator with rectangular section is proposed in this article.
Compared with the traditional wire mesh regenerator, the
regular straight-channel can reduce the flow resistance to the
maximum extent. The thickness of the regenerator grid is o,
and the channel length is I. The structure is shown in Figure
1(a)-(b). The uniform wall thickness of 6 makes the thermal
penetration depth of the matrix material consistent, thus the
matrix material can be fully utilized.

(a) Model (b)Grid thickness

Figure 1. 3D Model of the grid regenerator

Thickness ¢ of the grid regenerator should be less than or
equal to the minimum thermal penetration depth s, which
means that 6<ds, the minimum thermal penetration depth Js is
written as Eq. (1):

s = | (Aw! pcp) (1)

The calculated minimum thermal penetration depth Js is
0.8mm, which means the thickness of the grid can’t exceed
0.4mm.

The minimum thermal penetration depth of working
medium dyis expressed as Eq. (2):

Sy = Oy 7p) )

where, dy is 1.47 mm obtained through calculation, thus the
channel diameter | is taken as 1.5mm.

Considering the uniformity of heat transfer, the flow
channel was designed as square of 1.5mm> 1.5mm length.
Requirements of regenerator resistance and heat storage were
considered comprehensively, the length-diameter was set as
2:1, and the specific design parameters are shown in Table 1.

Table 1. Parameters of the grid regenerator

Parameter value
Diameter D(mm) 40
Length L(mm) 80
Minimum heat transfer depth ds(mm) 0.4
Side length of a regular quadrilateral I(mm) 15
Diameter-Length ratio L/D 2:1

Porosity ¢ 0.446
Grid thickness §(mm) 0.4

Material Aluminum alloy

2.2 Segmented variable porosity grid regenerator

According to the heat transfer characteristics of the hot end
and the cold end, the heat transfer efficiency varies with the
porosity. Based on the grid regenerator, a segmented variable
porosity grid regenerator is further proposed, as shown in
Figure 2. Figure 3(a)~(d) illustrates the sectional diagram of
the regenerator, which contains three grids, two grids, one grid
and zero grid, respectively.

zero grid one grid two grids three grids

Figure 2. 3D Model of segmented variable porosity grid

regenerator
three girds two grids one grid zero grid
(a) (c) (d)

Figure 3. Sectional diagram of the regenerator



Based on the structural parameters of the grid regenerator
(Table 1), a segmented variable porosity grid regenerator with
the same length-diameter ratio and porosity is proposed, with
its structural parameters shown in Table 2. From Figure 4, it
can be found that the porosity is axially distributed.

Table 2. Structure parameter

Parameter value

Diameter D(mm) 40

Total length L (mm) 80
Porosity of three grids 0.261
Porosity of one grid 0.51
Average porosity 0.446

Length of each part(mm) 20

Grid thickness 6 (mm) 0.4

Side length of a regular hexagon | (mm) 1.65
Porosity of two grids 0.376
Porosity of zero grid 0.647

Minimum heat transfer depth &s (mm) 0.4

Material Aluminum alloy
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Figure 4. Axially distributed of Porosity

3. GOVERNING EQUATIONS AND FLOW OF
REGENERATOR HEAT TRANSFER PERFORMANCE
ANALYSIS

3.1 Governing equations for local Pore Scale analysis

Regenerator is porous medium. Generally, porous medium
numerical approach is adopted for simulation analysis [19]. In
this study, two methods were adopted for the simulation of
flow and heat transfer, namely Pore Scale method and REV.
In the analysis and calculation of the Pore Scale method, the
local porous medium was selected as the research object first,
and then a three-dimensional model of the solid skeleton was
established to study the flow and heat transfer law between the
skeleton and the surrounding fluid. The REV method is a
continuum medium method, which overcomes the deficiency
of Pore Scale method in engineering application. Due to the
introduction of the concepts of porosity and REV method, the
porous medium was assumed as continuum to study the
macroscopic flow and heat transfer phenomenon. Semi-
empirical correlations such as pressure drop correlations and
heat transfer correlations were involved in the REV method,
and these empirical correlations must be obtained by means of
Pore Scale method.

Based on the established local model, the standard k-¢
turbulence model and the second order upwind scheme
discrete control equation were adopted to calculate. The
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discrete equation of the second order upwind scheme has an
intercept of second order accuracy, which can not only
guarantee the accuracy of calculation, but also reduce the
diffusion error obviously. In the standard k-¢ model, k and ¢
are two basic unknowns, and the corresponding transport
equations are shown as Eqns. (3)-(4):

a(pk) . o(pku;)

ot 6xi
3
0 4 ok @
=—[(/4+—)—]+Gk +Gb —pe—=Y\ +5
OX i o, OX;j
J k ]
O(pg) O(peu) O u . Os
+ = —[(u+ )]
ot X, X, o, OX,
“4)

2

1G, f(Gk +G,G,)- GZCp% +8,

The working medium is incompressible, whose physical
property parameters (density, viscosity, specific heat capacity
and thermal conductivity) remain unchanged at any
temperature. The energy equation on one-dimensional flow is
defined as Eq. (5):

0 0
—(PE)+—(U(pE+P)+q)-Q=0 6)
ot OX

According to the energy Eq. (5), it can be deduced that
under the condition of convection heat transfer between the
matrix and the working medium, the heat transfer Q can be
calculated with Eqg. (6):

Q=hA(T, ~T ) =mc AT, (©)

The convective heat transfer coefficient h can be obtained
from Eq. (6), as shown in the following Eq. (7):

—n 7
h=mc AT, /AAT, ()
where: ATy can be calculated with the arithmetic average

method, and the flow resistance coefficient f can be calculated
with Eq. (8):

Ap

d
f=c
L 0.50Um

®)

The relationship between unidirectional flow resistance
coefficient f and Reynolds number Re is defined as Eq. (9):

f =a/Re+b/Re® )
where, parameters a, b, ¢ can be determined by fitting curves.

According to the research report of Liu et al. [20], the
relationship between regenerator speed and pressure drop can
be calculated by the Darcy Forchheimer’s Eq. (10):

d—pzﬁv+ prv2

dx K (10)



3.2 Governing equations of REV analysis

The fluid-solid phase in porous medium was assumed to be
continuous phase, the heat transfer process was numerically.
simulated based on the porous medium model, and the inertia
resistance coefficient and viscous resistance coefficient were
obtained. The velocity field and temperature field of gas in
porous medium were analyzed through the introduction of
porosity and resistance coefficient. The momentum equation
is written as Eq. (11):

%
d pu
—>—> = - (11)
T+V- puu :-VP+V~(TJ+pg+Si:O
The expression of Sjis Eq. (12):
C.
u ] 2
Si=—u+—
i Y ZPU (12)

The source term acting on the flow body produces a certain
pressure gradient, and the pressure drop inside the regenerator
can be obtained with Eq. (13):

Vp =S§;An (13)

where, An is the length of porous medium.

3.3 Analysis flow of heat transfer performance of
regenerator

The logic flowchart is shown in Figure 5. Firstly, the
influence factors of Stirling regenerator at room temperature
were analyzed, and the main factors affecting the performance
of Stirling regenerator were summarized as length-diameter
ratio and porosity, and the structure of Stirling regenerator was
designed. Secondly, a 3D model of local regenerator based on
Pore Scale was established. By analyzing the relationship
between pressure and velocity and substituting it into the
representational volume element scale, the porous medium
model was established, and the pressure distribution law of the
regenerator was obtained. The flow resistance and pressure
drop of the regenerator was lower than that of the regenerator
with the same porosity. Finally, the regenerator of length to
diameter ratio and porosity structure parameter optimization,
a new type of regenerator with different grid and porosity was
proposed Based on the 3 D model of local regenerator and
characterization of the Pore Scale element of porous media
model to analyze the segmented grid regenerator and its flow
resistance pressure drop is much better. The rationality and
effectiveness of grid and segmented grid regenerator are
verified.

Analysis of influencing factors
of regenerator performance

decreases
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Figure 5. The logic flowchart of this work



4. NUMERICAL ANALYSIS OF HEAT TRANSFER
PERFORMANCE OF THE REGENERATORS

4.1 Numerical analysis of the Pore Scale of grid
regenerator

4.1.1 Local 3D geometric model

Four holes of the regenerator were retrieved for calculation
to reduce the back flow effect of the inlet and the outlet, which
were set 5mm away from the regenerator (verified by CFD
simulation), making a certain distance from the matrix. Local
3D model is shown in Figure 6, which presents that the red
interface is the inlet of the working fluid, while the blue
interface is the outlet boundary, and the gray is the area
surrounded by the gas domain of the regenerator matrix.

outlet

Figure 6. Local three-dimensional model

The mesh was divided by tetrahedral non-structure, with its
surrounding mesh being encrypted. The total number of mesh
is more than 3 million with good quality. ICEM software is

used to conduct tetrahedral mesh division on the model (Figure.

6). The model is a regular cuboid channel, structure of which
is very simple. Therefore, the uniformity of grid division is
very good, and the preliminary prediction result of simulation
has fine quality, and it is not sensitive to the changes of grid
numbers and grid scale. The boundary conditions are shown in
the following Table 3:

Table 3. Boundary conditions

Constant velocity inlet, temperature

Inlet boundary stabilization 285K
Outlet boundary Open borders 325K
Boundary wall Symmetrical wall

Intem\zzﬁl atrix Fluid-solid coupling wall, no slip

4.1.2 Numerical calculating results

With air being the working medium, aluminum alloy being
the matrix material, and the inflation pressure being 1.5MPa,
the gas flow and heat transfer of the regenerator in the process
of hot single blowing were simulated. In the process of hot
blowing, the speed inlet was set at 5m/s and the temperature
remained constant at 325K. The outlet is an open boundary
with the ambient temperature remaining constant at 285K. The
three-dimensional temperature distribution of hot blowing can
be referred in Figure 7.

Figure 7. Three-dimensional temperature distribution during
hot blowing

785

N W N
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Figure 8. Single-channel temperature distribution cloud
diagram for 5s hot blowing

Heat transfer of one channel under 5s hot blowing is
illustrated in Figure 8.

Afterwards, cold blowing simulation was carried out with
the initial temperature of the matrix being 321K at the end of
hot single blowing, and the working medium temperature is
285K during cold blowing. Figure 9 shows the 3D temperature
distribution during cold blowing.

3226402
319e-02 |
315e+02
3116402
307e+02
3046402
300e+02

296e+02
292e+02
289e+02

285e+02

[kl [N,

Figure 9. 3D temperature distribution during cold blowing

Heat transfer of a channel under 5s cold blowing is shown
in Figure 10.

W W

317 310 303 296 289

Figure 10. Single-channel temperature distribution cloud
diagram for 5s cold blowing

Figure 7 and 8 show that when the high-temperature
working fluid flows through the regenerator, the internal
temperature drops in a stepped manner. The temperature of the
regenerator matrix increases with time and finally reaches the
critical value, without heat exchange between the working
fluid and the matrix anymore. From Figure 9 and 10, it can be
noted that after the ambient temperature working fluid passing
through the regenerator, the working fluid absorbs the heat
stored in the matrix. With the rise of temperature, the
temperature of the matrix gradually decreases, and the heat
stored in the matrix is gradually absorbed. The regenerator
gradually cools to the ambient temperature with the increase
of time.

As shown in Figure 11, the model is used to solve the
pressure gradient of working materials at different inlet speeds.
The fitting equation of velocity and pressure drop is obtained
from Figure 11, as presented in Eq. (14):

AP=229.7v+4.9061v2 (14)

Heat transfer inside the regenerator changes with

temperature, speed and pressure. Ergun [21] obtained the

correlation formula of friction factors: f:l_if(lsioﬂjs)
g e

(Re<3000), while Macdonald [22] revised this formula into



1-¢ ,150
f= = (Re +b)
smoothness. Tanaka [23] calculated the change rule of
regenerator flow resistance coefficient f with Re number
through  experiments  under  atmospheric  pressure:

f =175/Re+1.6 (0.1-1Mpa). Comparative analysis was
conducted on the simulated grid regenerator under

atmospheric pressure with Tanaka's experiment, and the
results are shown in Figure 12.
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Figure 12. f-Re relation unidirectional flow

Figure 12 illustrates the fitting relation (Eg. (15)) of
unidirectional flow resistance coefficient f and Reynolds
number Re. The comparison result shows that the two has a
high degree of coincidence. In Figure 12, compared with other
points, point 2 deviates the largest distance from Tanaka curve.
Therefore, f value of point 2 is compared with Tanaka value of
the same Re for calculation, and the maximum error difference
is less than 5.23%.

f =2013 /Re-1.469 (15)
4.2 Numerical analysis and optimization of REV of grid
regenerator

4.2.1 Numerical analysis

According to the formula of velocity and pressure drop (Eq.
(11)), the formula of source term (Eq. (12)) and the formula of
internal pressure drop of the regenerator (Eg. (13)), combined
with the numerical simulation results of the local three-
dimensional model (Egns. (14-15)), the inertia resistance
coefficient of the regenerator ¢; and the viscous resistance
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coefficient ¢t can be calculated, with ¢; being 100.12 and c;
being 1.6108, respectively. A 2D regenerator porous medium
model was established, and the calculated resistance
coefficient c;, ¢ and porosity ¢ were brought into the porous
medium model. In unidirectional flow, the inlet boundary was
defined as the velocity boundary, the outlet as the open
boundary, and the wall surface as the non-slip boundary. The
pressure distribution rule of the grid regenerator is shown in
Figure 13(a). Figure 13(b) presents the pressure of wire mesh
regenerator with the same porosity, and the inertial resistance
coefficient and viscous resistance are 253 and 5.79%10°%
respectively [24].

125e+03
112e+03
9.89e+02
857e+02
T26e+02
594e+02
463e+02
3.31e+02
200e+02
6.79e+01

-6.37e+01

(a) Pressure distribution

2 50e+04

of gird regenerator

225e+04
200e+04
175e+04
150e+04
1.25e+04
9.99e+03
7.48e+03
5.00e+03
250e+03

0.00e+00

(b)Pressure distribution of wire mesh regenerator

Figure 13. Pressure

The result of comparison between the grid regenerator and
the wire mesh regenerator with the same porosity shows that
flow resistance of the grid regenerator is 96.2% lower than that
of the mesh regenerator, as shown in Figure 14, indicating that
the straight-channel of the grid regenerator can effectively
reduce the flow resistance loss at room temperature.

—=— (Grid regenerator

25000 + —o— VWire mesh regenerator

20000
g

E; 15000 4
>

dﬁ 100001
o

5000 1

0 .

0.00 0.02 0.04 0.06 0.08
Length(m)

Figure 14. Flow resistance loss comparison

4.2.2 Optimization of main parameters

The main parameters affecting the regenerator structure
include length-diameter ratio, wall thickness, etc., which can
be optimized by length-diameter ratio and porosity. Figures 15
and 16 present the rule of length-diameter ratio and porosity
on flow resistance pressure drop loss of grid regenerator
through simulation analysis. The pressure drop of regenerator
changes linearly, as shown in Figure 15(a). When the length-



diameter ratio is 3:2, the pressure drop is the smallest,
followed by the ratio of 2:1, and when the pressure drop of the
regenerator is 3:1, the pressure drop is the largest, as shown in
Figure 15(b). Therefore, with the consideration of the change
of pressure drop and heat storage performance, the length-
diameter ratio of 2:1 is optimum.

The porosity of the wire mesh regenerator is generally
between 0.6-0.8. For the grid regenerator, the porosity is of
research value between 0.4-0.7 because of its straight-channel
structure. When the porosity is less than 0.4, the regenerator
flow resistance is too large, and when the porosity is greater
than 0.7, the regenerator flow resistance is small but the heat
storage capacity is poor. What’s more, the pressure drop inside
the gird regenerator decreases linearly. The maximum
pressure occurs when the porosity is 0.4, then 0.5, 0.6 and 0.7
successively. The pressure of a porosity between 0.4 t0 0.5 can
minimize the flow resistance of the grid regenerator compared
to other porosities.

1600 -
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1200 -
1000 -
800 -
600 -
400
200 -
04
-200
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0.00 0.02 0.04 0.06 008 0.10 0.12
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(@) Internal pressure drop

2000 - o

1500

o/o

1000

Pressure (Pa)

500 4

(') 3;2 2;1 3;1

Diameter-length ratio

(b) Change of length-diameter ratio

Figure 15. Influence of length-diameter ratio on pressure
drop
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400 A
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0.00 0.02

Figure 16. Pressure drop of different porosity
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4.3 Numerical analysis of segmented grid regenerator

The segmented variable porosity grid regenerator was
proposed on the basis of the grid regenerator, aiming to
improve the distribution of pressure drop in the grid
regenerator. The internal heat transfer characteristic of the
variable porosity regenerator can be solved by Pore Scale
method, and the inertial resistance coefficient cjand viscous
resistance coefficient ¢t of the segmented variable porosity
regenerator can be obtained by the REV method. The results
are shown in Table 4.

Table 4. Porosity and heat transfer coefficient

Inertia Viscous
Seament Length|  Porosity  resistance resistance
9 (mm) @ coefficient  coefficient
Cj Ct
Zero grid 20 0.647 79.024 4.02x10°
One grid 20 0.510 202.9388 2.63x10°
Two grids 20 0.376 403.5918 1.29%107
Three 20 0261  987.7551  1.8x10
grids

The internal pressure drop varies with the connection mode
of the segmented variable porosity grid regenerator. Figure 17
illustrates the pressure drop change of the regenerator when
the hot end is connected with three grids and zero grid
respectively. Regenerator porosity of the regenerator has a
great influence on the pressure drop. For example, when the
hot end is connected to the zero grid which has the large
porosity, the flow resistance of the regenerator becomes small,
thus the pressure drop is small. As the porosity decreases, the
flow resistance loss increases and the pressure drop of the
regenerator also increases. The pressure drop of the connection
between the hot end and the three grids is always less than that
between the hot end and the zero grid.

—=— Start with three grids

6001 —e— Start with zero grid

500 4

400

300 A

2004

Pressure drop(Pa)

1001

0.04 0.06 0.08

Length(m)

0.00 0.02

Figure 17. Pressure drop curve of the segmented variable
porosity grid regenerator with different connection

5. EXPERIMENTAL ANALYSIS
5.1 Experimental principle and scheme

The principle of the experiment is shown in Figure 18(a).
The compressed air was fed into the copper tube, which was
heated by the copper tube and then sent into the regenerator.
Two thermocouples were arranged at the inlet and outlet of the
regenerator to collect temperature changes at both ends, the



collected signal was sent to the computer by data acquisition
card. Since it was difficult to complete data measurement in
the closed system, the open experiment system was adopted in
this study. The schematic diagram of the experimental device
is shown in Figure 18(b): the two regenerators designed for the
device are shown in Figure 19(a)-(b), the experimental device
is connected with high pressure air source, regenerator, flow
meter, heating copper pipe, intermediate pipe and Labview
temperature acquisition system, its main measuring
instruments are shown in Table 5. Limited by experimental
conditions, it is difficult to heat the air and make its
temperature change stably. By spiraling the copper tube, the
air is heated by water bath heating method. In order to
demonstrate the integrity of the experimental equipment,
copper tubes are placed on the table from the heated tank as
shown in Figure 18(b). The experiment was carried out at
room temperature, and the flow rate could be adjusted by the
throttle valve and the gas mass flow meter. The mass flow rate
could not exceed 150sIm. Because the temperature detected by
the thermocouple is not the direct temperature change, but the
potential change of the thermocouple, 1K corresponds to
41uV, so the accuracy of the collected data can reach 105,

Table 5. Main measuring instruments

Experimental

apparatus Type Range  precision
Digital gas mass GMFC-CXB-4- 30- 1%
flow meter R4-D-A1-F2  150sim 0
K-type . 73-
Thermocouple customize 1743K A level
DAQ Card PCI-8192
Precision
thermocouple AD8495 10°
amplifier
Copper pipe

Filter pressure reducing valve

g Adjustable throttling  Flowmeter

Three-way

change valve\/,

Entry test point

Therv_'nocouple Regenerator
amplifier

Exit test point

High pressure
air source

Labuiew data acquisition processor

(a) Experiment scheme

Outlet thermocouple  Inlet thermocouple

mass
flow
meter

DAQ Card

i
Throttle valve
Reducing valve

(b) Pipe connection layout

Figure 18. Experimental facility
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Figure 19. Regenerator physical object

Those small pores made it difficult to adopt traditional
processing methods. The actual processing objects were
produced on the basis of additive manufacturing technology,
which are shown in Figure 19(a) and Figure 19(b).

5.2 Impact of systematic error and random error

The influence of systematic error on the experiment is to
make the experimental value detected high or low, there may
be two reasons, the first one is thermocouple, which can be
reduced by calibrating the thermocouples before experiment.
The second is the regenerator, its cylindrical surface is in direct
contact with room temperature without surface insulation,
which leads to systematic errors in the experimental process.
In all, the systematic errors would influence the final
experimental value.

Due to the influence of environmental temperature
fluctuation (the copper pipe is electrically heated by the tank)
and other factors, the random error is caused. The frequency
of signal collection is 20KHz, and the average value of each
collected signal is calculated. After several measurements, it
is found that they can cancel each other, so the influence
caused by random error can be effectively reduced.

5.3 Experimental results

In order to verify the accuracy of the above simulations, the
inlet parameters measured through the experiment were taken
as the inlet boundary conditions of the numerical model, and
the corresponding outlet temperature was obtained after the
numerical simulation and compared with the experimental test
value. With the same flow rate, the unidirectional flow
experiment of the two regenerators were conducted to obtain
the experimental value of outlet temperature. The analysis
results of the comparison between the experimental value and
the simulation value are shown in Figures 20-21.
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Figure 20. Simulation and experimental curves of outlet
temperature of the gird regenerator
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Figure 21. Simulation and experimental curves of outlet
temperature of the segmented variable porosity grid
regenerator

5.4 Analysis of experimental results

With the same material and porosity, the pressure drop of
the segmented grid regenerator is 470Pa smaller than that of
the grid regenerator (Figure 14 and Figure 17). With the same
flow rate, the heat transfer time of the segmented grid
regenerator is 820s, while the grid regenerator is 600s, which
means that the grid regenerator can reach the heat balance
faster, but the heat transfer is small, whereas the segmented
variable grid regenerator warms up slowly, but the heat
transfer is large (Figure 20 and Figure 21). The result indicates
that the heat transfer performance of the segmented variable
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porosity gird regenerator with the same material and porosity
is better than that of the grid regenerator.

As can be seen from Figure 20(a)-(b) to Figure 21(a)-(b),
the experimental results of the two regenerators are in good
agreement with the simulation results, although there is a
slight difference because the regenerator is not insulated and
there is heat exchange with the outside world. The so-called
system deviation makes the experimental curve and the
simulation curve do not coincide exactly, the two curves have
the following rules: at the early stage of hot blowing, the
simulated value of outlet temperature of regenerator is higher
than the experimental value, and then the experimental value
is higher than the simulated value with the increase of hot
blowing time, finally, the experimental value is consistent with
the simulation value. At the early stage of cold blowing, the
simulation value of the outlet temperature is higher than the
experimental value, and as the further cold blowing continues,
the experimental value of the regenerator is higher than the
simulation value, the experimental value is consistent with the
simulation value at last.

At the early stage of hot blowing, the temperature of the
regenerator is low and there is no heat exchange, so the
experiment value is higher than the simulation value. With the
increasing temperature of the regenerator, there is heat
exchange between the regenerator and the outside world, and
part of the absorbed heat is released to the outside world, so
the experiment value is lower than the simulation value. As the
heating continues, the heat absorbed by the regenerator
gradually slows down, and there is no heat exchange between
the regenerator and the outside world. Finally, the
experimental and simulated values of outlet temperature tend
to be stable and consistent, and the cold blowing curves change
similarly after endothermic process. The cold blowing curve
after endothermic process is also related to the heat exchange
with the outside world.

The experimental results are in good agreement with the
simulation results under hot and cold blowing, with the error
controlled within 1.5%, which verifies the correctness of the
theoretical simulation analysis and provides a research basis
for the optimization of the regenerator at room temperature.

6. CONCLUSION

In this study, a straight-channel grid regenerator for Stirling
heat pump at room temperature was designed, and the real
object was produced based on additive manufacturing
technology. The heat transfer performance of the straight-
channel grid regenerator was revealed through the research.

On the basis of the research results and the relevant analysis,
the following conclusions were arrived at:

(1) In order to reduce the flow resistance loss, the
influence of parameters including length-diameter ratio, wall
thickness, diameter, etc. on the regenerator structure was
analyzed. With full consideration of the requirements of
thermal penetration depth of matrix and gas, a regenerator with
straight-channel structure was designed. Through the
simulation analysis, it was found that the flow resistance loss
reduces by 96.2% compared with the mesh regenerator with
the same porosity.

(2) The correlation formula of friction coefficient of grid
regenerator under unidirectional flow was established, and the
error between the experimental values under the same
condition is not more than 5.23%, which has verified the
universality of grid regenerator in Stirling heat pump.



(3) When the length-diameter ratio of the regenerator is 2:1
and the porosity is between 0.4-0.5, the grid regenerator has
the best performance, and the pressure drop inside the grid
regenerator is linear. The segmented variable porosity grid
regenerator was proposed on the basis of grid regenerator. The
pressure distribution of the segmented variable porosity grid
regenerator has been effectively improved by the segmented
variable structure, and the pressure drop of each segment is
linear. This structure can greatly increase the heat transfer
performance compared with the grid regenerator.

(4) The maximum error between the simulation and
experimental values of the regenerator under unidirectional
flow is less than 1.5%, which has verified the correctness of
the theoretical analysis method, and has laid a foundation for
the subsequent performance research on the regenerator
oscillating flow.
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NOMENCLATURE

|
Aw
Cp
f
Gk
Gp
Ywm

Ok

O¢

the channel length, mm

fluid thermal conductivity, W/m K

specific heat capacity at constant pressure,
kJ/(kg K)

frequency, Hz

the generation term of turbulent Kinetic
energy k caused by the average velocity
gradient

the generation term of turbulent kinetic
energy k caused by buoyancy
pulsating expansion in
turbulence

Pr numbers corresponding to turbulent
kinetic energy k

Pr numbers corresponding to dissipation
rate ¢

compressible

791

Skand Sq user-defined source entries

E total energy, J

u the velocity component in the x direction,
m/s

q heat flow, W/m?

Q heat transfer, W

P pressure, Pa

ATy temperature difference between inlet and
outlet of gas, K

ATm the temperature difference between gas and
solid, K

h convective heat transfer coefficient, W/(m?
K)

Re Reynolds number

k permeability

R¢ inertia coefficient.

? stress tensor

P gravity

Si source term

An length of porous medium, mm

C viscous resistance coefficient of porous
media

Cj coefficient of inertia resistance of porous
media

Greek symbols

0 thickness of the grid regenerator, mm

s the minimum thermal penetration depth,
mm

Ov The minimum thermal penetration depth of
working medium

P fluid density, kg/m®
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