friried applied
o sciences

Article

Modeling of Heat Transfer and Oscillating Flow in
the Regenerator of a Pulse Tube Cryocooler
Operating at 50 Hz

Xiufang Liu !, Chen Chen 1, Qian Huang !, Shubei Wang 2, Yu Hou ! and Liang Chen 1-*

1 State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University,

Xi’an 710049, China; liuxiufang@mail.xjtu.edu.cn (X.L.); chenchenc@stu.xjtu.edu.cn (C.C.);
huanggian1993@stu.xjtu.edu.cn (Q.H.); yuhou@mail.xjtu.edu.cn (Y.H.)

Xi’an Jiaotong University Su Zhou Academy, Suzhou 215123, China; wangwsb@xjtu.edu.cn
*  Correspondence: liangchen@mail xjtu.edu.cn; Tel.: +86-29-8266-4921

2

Academic Editor: Artur J. Jaworski
Received: 4 April 2017; Accepted: 22 May 2017; Published: 5 June 2017

Abstract: The regenerator of the pulse tube refrigerator (PTR) operates with oscillating pressure and
mass flow, so a proper description of the heat transfer characteristics of the oscillating flow in the
regenerator is crucial. In this paper, a one-dimensional model based on Lagrangian representation is
developed to simulate the oscillating flow in the regenerator of the PTR. The continuity equation,
momentum equation and energy equation are solved iteratively using the SIMPLER algorithm.
The Darcy-Brinkman-Forchheimer model is used in the momentum equation, and a thermal
non-equilibrium model is implemented in the energy equation. Lagrangian representation is
employed to describe the thermodynamics of fluid parcels while the Eulerian representation (control
volume method) is adopted for the energy equation of the solid matrix. The boundary conditions are
set as the periodic flow of the sine function. The thermodynamic parameters of the gas parcels are
obtained, which reveal the critical processes of the heat transfer in the regenerator under oscillating
flow. The performance of the regenerator with different geometries is evaluated based on the
numerical results. The present study provides insight for better understanding the physical process
in the regenerator of the PTR, and the proposed model serves as a useful tool for the design and
optimization of the cryogenic regenerator.
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1. Introduction

The use of very low temperatures in advanced technology for applications in medical science,
electronic technics, computer technology, aerospace exploration and other fields requires high
performance cryogenic systems of low cost, simple design, small vibrations, low noise production,
long life and high efficiency [1]. The pulse tube refrigerator (PTR) has been widely used because of the
absence of moving parts at cryogenic temperature [2]. As the most important component in a PTR
system, the regenerator has the advantages of a large heat transfer area and enhanced fluid mixing [3].
Its oscillating flow characteristics play a critical role in the performance of a PTR, which has attracted
extensive attention in both theoretical and experimental studies. Radebaugh et al. reported a series of
numerical studies on the performance and optimization of regenerators of a 4 K cryogenic system [4-7].
They used the commercial software Regen 3.2 in the simulation and design. They obtained the
temperature curves along the regenerator which were later demonstrated to be consistent with the
experimental results [7]. The comparative study of He-3 and He-4 systems showed that He-3 was
more like an ideal gas at low temperature, which indicated that the substitution of He-3 for He-4
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helped to improve the performance of regenerator [5]. Using Regen 3.3, the influence of porosity
on the losses of the regenerator was analyzed, showing that the regenerator loss decreased with the
decrease of porosity [4]. They also investigated the influence of the operating parameters, e.g., average
pressure, pressure ratio and warm-end temperature; the regenerator parameters, e.g., material, shape
and hydraulic diameter of the solid matrix; and the geometric parameters. Based on the optimization,
the ineffectiveness was reduced to 0.36 and the second-law efficiency was enhanced to 25% [6].
Nield et al. [8] investigated the effects of a local thermal non-equilibrium on thermally-developing
forced convection in a porous medium in parallel plate channels with the classic Graetz method, and
the momentum equation of porous medium was established using the Brinkman model. Their study
revealed that the local Nusselt number was closely related to the Peclet number and the thermal
conductivity of both solids and gas. Pathak et al. [9] used the commercial computational fluid
dynamics code (CFD) Fluent to simulate convective heat transfer and thermal dispersion during
laminar pulsating flow in porous media, wherein the gas pulsation was realized through the inlet
boundary condition of sine waves. Their simulations covered the porosities range from 0.64 to 0.84,
the frequency range from 0 to 100 Hz, and the Reynolds number range from 70 to 980, which showed
that the heat transfer in the porous medium had a strong dependence on the porosity, Reynolds
number and operating frequency. Based on the simulation results, empirical correlations of both the
thermal diffusion term and the Nusselt number were proposed, respectively. Teamah et al. [10] carried
out numerical simulations of laminar forced convection in horizontal pipes partially or completely
filled with porous material, and obtained the effects of the geometry (cylindrical and annular) of the
porous media and the placement in the pipe on the flow distribution. The influence of the external
diameter of porous media and the Darcy number was also investigated. The results showed, that the
average Nusselt number of the flow in the pipes with the placement of porous media increased, while
the entrance length decreased; there existed a critical value for the external diameter of porous media,
and the thermal performance degraded when the external diameter exceeded this value. Li et al. [11]
performed both theoretical and experimental studies to reveal the influence of regenerator void volume
on the performance of a precooled 4 K high frequency Stirling type PTR. They found the following
results: that the refrigeration temperature could be lowered as porosity increased, but that the power
input of the precooling stage increased significantly; that lower average pressure yielded a lower
refrigeration temperature, as well as a lower power input of the second precooling stage; that the
performance of the final stage regenerator had a strong dependence on the operating frequency,
especially at a low average pressure; and that the regenerator void volume in a multi-stage Stirling
type PTR had a significant impact on the distribution of cooling capacity over different stages of
regenerator. Saat and Jaworski [12] proposed a friction factor correlation applicable to a larger mesh
range for a regenerator in a travelling-wave thermoacoustic system, based on experimental and CFD
studies. They also studied the effects of temperature field, gravity and device orientation on the
oscillatory flow [13]. Hsu and Biwa [14] carried out an experimental study on the heat flow in different
mesh screen regenerators and compared the experimental result with four empirical equations, and
concluded that all four empirical equations reproduce the measured heat flow rates to a similar degree.

In the previous studies, Eulerian representation has been widely employed to describe the oscillating
flow and heat transfer in the regenerators. Recently, Dai and Yang [15,16] applied the lattice Boltzmann
method (LBM) to the study of porous media flow and heat transfer. They verified the LBM model by
simulating the flow across a cylinder, and then used the model to investigate the oscillating flow and heat
transfer in porous media. The results showed that LBM was an effective method for the optimization
of the PTR. In previous studies, the Lagrange description-based model has been adopted. In 1994,
Organ [17] employed the Lagrangian representation for the governing equations of energy conservation.
They solved the regenerator problem using the e-NTU (number of transfer units) method, and analyzed
the effect of NTU and solid-gas heat capacity ratio on the performance of the regenerator. However, the
momentum equations were ignored in their study, and details of the oscillating flow in regenerators
are still not well understood. Liang et al. [18] used the Lagrange description to explain the working
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mechanism of PTR and proposed the thermodynamic asymmetry effect. However, they focused on the
pulse tube, and the regenerator was assumed to be perfect. Ataer [19] concluded that the Lagrangian
method was more suitable for analyzing the heat transfer in the regenerative duct of free-piston type
Stirling engines than other theories. In 2014, Tang et al. [20] developed a one-dimensional model of a
regenerator based on the Lagrange description, and investigated the enthalpy flow, entropy flow on
the Euler description and the gas parcels motion and loss on the Lagrange description, respectively.
This work is helpful in understanding the regenerative process, but the flow resistance and real gas
properties are neglected, and the heat transfer coefficient is also set constant.

In this study, Lagrangian representation is used to describe the thermodynamic cycle process
of gas parcels inside the regenerator, and track the flow and heat transfer of a single parcel,
leading to a better understanding of the operation principles and characteristics of the regenerator.
A one-dimensional transient model of the regenerator in the PTR operating at 50 Hz is developed
based on Lagrangian representation. The SIMPLER algorithm is used to solve the governing equations.
The porous Darcy-Brinkman-Forchheimer model is applied in the momentum equation, and the
thermal non-equilibrium model is implemented in the energy equation. The simulation results of
mass flow at the cold end agree well with the experimental data, which verifies the reliability of this
model. The variations of thermal parameters and the distribution of gas parcels under oscillating
flow are obtained and analyzed in detail, and the effects of structural parameters on the regenerator
ineffectiveness are discussed. This study is useful in aiding the understanding of the flow and
heat transfer of internal fluid inside the regenerator, and can also provide the guidelines for the
regenerator design.

2. Numerical Model and Simulations

2.1. Mesh Generation

A one-dimensional transient model of the regenerator under oscillating flow is developed.
Considering the use of Lagrangian representation, it is necessary to describe the mesh generation before
discussing the governing equations. Using Lagrangian representation, the fluid in the regenerator is
divided into parcels, and the governing equations of gas are set up to track the motion, deformation and
heat transfer processes of gas parcels in the regenerator. A “staggered grid” scheme is implemented
for the pressure and velocity, as shown in Figure 1 for gas parcel i. It should be noted that the
staggered grid of the parcels is different from that of control volumes. In the Lagrangian representation,
the velocity and the deformation are defined at the parcel boundary, while the pressure, temperature
and other properties are defined at the center of the parcels. The parcel boundaries move forward
and backward in the simulation. However, the staggered grid is fixed in the control volume scheme.
The flow direction from the warm end to the cold end in the regenerator is defined as positive, and the
orders of parcels along the positive direction at the boundary are defined as their indices. The Eulerian
representation is used for the mesh generation of the solid matrix in the regenerator, and the energy
equations for control volumes are solved using the finite volume method.
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Figure 1. Velocity and thermodynamic parameters of gas parcels in the regenerator model:
Tg—emperature of gas parcel; Ps—pressure of gas parcel; pg—density of gas parcel; ug—velocity
of gas parcel; t—instant time; i—number of gas parcel.
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2.2. Governing Equations

2.2.1. Assumptions

1. Heat transfer and fluid flow is simplified to one dimension along the axial direction of
the regenerator;

The wall of the regenerator is adiabatic;

Axial conduction in the solid matrix is neglected;

Heat conduction between the wall and solid matrix in the regenerator is negligible;

ARSI

Density of the solid matrix is assumed to be constant and thermal expansion of the solid
is neglected.

2.2.2. Mass, Momentum and Energy Conservation

The governing equations of the conservations of mass, momentum and energy are presented in
Lagrangian form as follows:
The continuity equation of gas parcels is:

Dp ou
Dr TP, =0 (1)

The momentum equation is based on the Darcy-Brinkman-Forchheimer model:

Du ap
—~_—_F4g 2
P Dt ox + @
where S is the source term representing the force between fluid and wire meshes. It includes the
osmotic force term and inertial force term by:

1
S=—(Ciu+ §iju)u (3)

where Cy is the osmotic resistance coefficient and C;j is the inertia coefficient. The two coefficients can
be estimated according to the friction factor relations of the regenerator, which will be discussed in the
following section.

Energy equations of the gas parcels and solid matrix are respectively written based on the thermal
non-equilibrium model. For the control volume, the heat transferred to gas by heat convection is equal
to the sum of the enthalpy increment of flow and the internal energy increment. For the gas parcels in
Lagrangian representation, the heat transferred to gas by heat convection equates to the increment of
internal energy of the gas parcel itself. So the expression of energy conservation is given by:

)

h{Tyw(x,t) — Tg(x,t) } Pdx = pcyAxdx{ ~ (4)
For the solid matrix, the heat from the gas equates to the internal energy increment of the solid

matrix, and the expression of energy conservation equation is as follows:

1— K9Tw(x,t)

h{Tg(x,t) — Tw(x,t)} Pdx = prWAdeTT )

2.3. Boundary Conditions

In order to simulate the oscillating flow in the regenerator, a sinusoidal pressure wave is provided
at the cold end with an average pressure of 3 MPa, and the mass flow of sinusoidal variations is
provided at the warm end with the magnitude of 2.5 g/s. The thermal boundary conditions are as
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follows: the inlet temperature at the cold end is 80 K; the inlet temperature at the warm end is 285 K.
Thus, the boundary conditions are specified as:

m=myp, T =T, atx =0

6
P=P,T=T,atx=1L ©)

where subscript h indicates the warm end and c is the cold end.

2.4. Correlations of Heat Transfer Coefficient and Friction Factor

In 2014, Coasta et al. [21] reported the correlation of heat transfer coefficient for the stacked woven
wire matrix regenerator, which had a diameter of 100 um and a porosity of 63%. The validity and
reliability of this correlation has been demonstrated for the application of porous media simulations,
and the expression is given by:

Nu = 1.91 4 0.17Re%% 7)

The friction factor correlation has been widely studied for porous media. Miyabe et al. [22]
investigated the pressure drop under steady flow in a screen-based regenerator and obtained the Darcy
friction factor correlation, which is now widely used under steady flow in the regenerator:

33.6
= —— +0.337 8
f=Re ®)
where | denotes the pore gap.
Nam et al. [23] investigated the oscillatory flow in the regenerator at ambient temperature and set
up a one-dimensional model. Based on the experimental results, they proposed correlations for the
Fanning friction factor, which depended on the mesh numbers:

fosem = 36.55/Rem 4+ 0.16  for mesh 200
fosem = 44.10/ Rem +0.33  for mesh 250 )
foscm = 48.83/Rem 4+ 0.16  for mesh 400

In this study, the steady friction factor correlation by Miyabe et al and the oscillating flow friction
factor correlation by Nam et al. are applied in the simulations, respectively. The results indicate
that under the boundary condition of sinusoidal pressure, the steady friction factor correlation by
Miyabe is no longer valid, showing significant differences between steady flow and oscillatory flow.
So, the friction factor correlation introduced by Nam et al. is selected.

2.5. Numerical Algorithm

The numerical algorithm to solve the governing equations is shown in Figure 2. The geometry
parameters are given at the beginning. The boundary conditions and initial data are set to start the
calculation. An iteration at a given time step involves calculating the velocity, pressure and temperature
of all gas parcels as well as the temperature of all solid elements. After each iteration, the gas velocity
of each parcel is compared with the value in the previous iteration, thus obtaining the maximum
absolute difference in all gas parcels. This value is then compared with the convergence criteria. If the
convergence condition is not satisfied, iterations in the same time step are continued with the updated
velocity, pressure and temperature. When the convergence criteria are achieved, the iteration in this
time step is completed and the boundary conditions are updated. The calculation in the next time step
starts with the updated values of gas velocities, pressures, temperatures, and the new temperature
field of solid matrix.
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Figure 2. Schematic of the numerical algorithm.

3. Results and Discussion

3.1. Mesh Independence Verification

The mesh independence is verified for the selection of time step and grid size, and the regenerator
parameters used in the simulations are listed in Table 1. Firstly, the selection of the time step is verified.
Simulations with different time steps are performed under the condition of the fixed parcel grids, and
the effects of the time step on the results are compared. The proper time step is the one beyond which
further refinement has little effect on the results. Then the selection of the size of gas parcels is verified
through simulations with a fixed time step, but different initial sizes of gas parcels. The proper grid is
obtained when further mesh refinement does not improve the simulation results.

Table 1. Typical geometry parameters of the regenerator in the mesh independent verification.

Geometry Parameters
length 65 mm
inner diameter 17.5 mm
porosity 0.7
mesh number 400
hydraulic diameter of mesh wire 43 um

3.1.1. Verification of Time Step Independence

Four different time steps under the fixed initial size of gas parcels are chosen as follows: 50, 100,
200 and 300 time steps per cycle. The variations of inlet velocities at the cold end are obtained and
shown in Figure 3, serving as the selection criteria of time steps.
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Figure 3. Velocity variations at the cold end of the regenerator predicted using different time steps
per cycle: (a) 50; (b) 100; (c) 200; (d) 300. The velocity at the warm end is also shown in each figure
as reference.

As shown in Figure 3, the red solid lines represent the specified velocity at the warm end, and the
blue lines are the predictions of velocities at the cold end. From these 4 figures, it can be seen that the
calculated value of cold end velocity is unstable, with large fluctuations when a cycle is divided into
50 time steps; the fluctuation of the calculated cold end velocity becomes smaller under the condition
of 100 time steps per cycle; a division of 200 time steps per cycle shows even better stability and lower
fluctuations; the choice of 300 time steps per cycle enhances the stability of the calculated velocity at the
cold end and minimizes the fluctuation to a great extent. As shown in Figure 4, the cold end velocity
after several cycles converges with little fluctuations under the condition of 200 time steps per cycle,
which is almost the same as under 300 time steps per cycle. At the early stage, the initial velocity, which
is inconsistent with actual condition, produces a large fluctuation. Therefore, a division of 200 time
steps per cycle is adopted in the consideration of both the calculation accuracy and computational cost.

=== gas hot end
——gas cold end

Velocity (m/s)

-1%1 011 012 013 0.14 0.15 0.16
Time (s)

Figure 4. Predictions of cold end velocity after several cycles when time steps = 200 per cycle.
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3.1.2. Size of Parcels Independent Verification

Under the condition of fixed time steps, the initial gas in the regenerator is divided into 65, 130,
195 parcels, and the corresponding parcel sizes are 1, 0.5 and 0.333 mm, respectively. Then, simulations
for a few cycles are performed, and the predictions of cold end velocities are compared, which enables
us to make a proper choice of parcel meshing.

Figure 5 illustrates that, when the initial gas parcels inside the regenerator increase from 65 to
130, the predictions of the cold end velocity are converged when the initial parcel number is 130;
the predictions show little change with further increase of the initial parcel number beyond 130.
Therefore, the parcel meshing of 130 is chosen in the following simulations.

10 10 10,
(a) ®) ©
5| 5 5|
0 0 0|
@ @ Q
E 5 E 5 £E 5
2 = z
8 -10] 8 -10) 8 -10)
] ] S
> > >
-15) -15| -15]
20 =il 20 —gas hot end 20 [—gas hot end |
—gas cold end ——gas cold end —gas cold end
g 25
0 001 002 003 004 005 006 20 001 002 005 004 005 006 255 557 000 065 054 o095 006
Time (s) Time (s)

Time (s)

Figure 5. Predictions of cold end velocity for different initial parcel sizes: (a) 1 mm; (b) 0.5 mm;
(c) 0.333 mm. A cycle is divided into 200 time steps for all the simulations.

3.2. Model Validation

Nam et al. [24] conducted an experimental study on regenerators within a given size and operating
parameters. The comparison between the results calculated by our model and that of the experiment
is carried out with the structural and operating parameters of the regenerator in the experiment.
The proposed model is also compared with Regen, a program specialized in regenerator simulation [25].
The pressure variations of the warm end and the cold end in one cycle are compared as shown in
Figure 6. In general, the simulation results are compatible with the experimental results, more so than
Regen. The deviation of Regen may be caused by the limitations in the setting of boundary conditions,
namely that both pressure and mass flow rate must be specified at the cold end, but that the input
value of the phase angle between the two may be deviated from the actual value. Another reason
might be because of the friction term determined from the experimental data of steady flow, which
may not be accurate for oscillating flow in the regenerator. It can also be seen from the figure that the
deviations in amplitudes and phase angles between the pressure curves predicted by our model, and
the experimental results of both the warm end and the cold end, are relatively small. This deviation
may be caused by the assumptions in the model, as well as the difference in boundary conditions at
the cold end as denoted by the blue curves in Figure 6.

— Specified-P_
— Qur Prediction-P
—=—Exp-P,
—a—Exp-P_

— —REGEN-P,

Dynamic Pressure (bar)

T T T T T 1
0 60 120 180 240 300 360
Angle (degree)

Figure 6. Comparison of the predicted pressure variations with the experimental results [24] and the
calculated results by Regen [25].
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3.3. Simulation Results

A high frequency regenerator at low temperature, operating at 50 Hz with a cold end temperature
of 80 K, and a warm end temperature of 285 K, is simulated. The flow field and heat transfer in the
oscillating processes are discussed in detail. With the aid of Lagrangian representation applied in the
model, the trajectories of selected gas parcels inside the regenerator can easily be obtained, as well as
such time-dependent changes of gas parcel parameters as temperature, pressure, density and velocity.

The trajectories of gas parcels inside the regenerator are illustrated in Figure 7. The gas parcels are
numbered on the basis of their positions at the initial time, with indices increasing sequentially along
the direction from warm- to cold-ends. The five parcels numbered 25, 50, 75, 100 and 125 are selected
for tracking purposes. It can be seen from the trajectories of gas parcels that the parcels’ backward
and forward motion over time shows an oscillatory pattern of movement, and that the parcels close to
the warm end would be expelled from the regenerator at the second half cycle. From the figure, it can
be observed that the highest and lowest points during the time period of the gas parcels’ trajectories
decrease gradually, which indicates the gas parcels approaching the warm end in the first few cycles of
the simulation.

0.07 T T T T T T

0.06

Position (m)

0.01

——No.25 gas particle
——No.50 gas particle
0| —No.75 gas particle

No.100 gas particle
—No.125 gas paricle A A . .
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure 7. The trajectories of selected gas parcels in the regenerator.

The variations of temperature, pressure, density and velocity with the positions of the five gas
parcels tracked in the regenerator are shown in Figure 8. It can be established from the figures that
each gas parcel’s trajectory consists of three parts of curves, which is consistent with the three cycles of
the simulation, indicating that gas parcels move in a reciprocating pattern. The temperature variations
shown in Figure 8a indicate that the temperature decreases when gas parcels move from the warm
end to the cold end and the temperature rises when moving from the cold end to the warm end.
The average temperature of the first half of the cycle is higher than that of the second half, which
clearly illustrates the regenerator’s cooling mechanism; the parcel’s average temperature decreases
with the increase of its index that is ordered from the warm end to the cold end. These gas parcels
form a series of heat exchange units at different temperatures from 285 to 80 K. These results help to
improve our understanding of how regenerators work from the perspective of gas parcels.
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Figure 8. Parameter variations of selected gas parcels as a function of position: (a) Temperature;
(b) Pressure; (c) Density; (d) Velocity.

Figure 8b shows the pressure variations of selected gas parcels as a function of position.
The parcels’ pressure firstly increases and then decreases at a rather slow speed when moving from
the warm end to the cold end, while the opposite is true when the process is in reverse, moving
from the cold end to the warm end. The average pressure in the first half cycle is higher than that
in the second half. Under the influence of temperature and pressure, the parcels” density shown
in Figure 8c rises constantly during the motion from the warm end to the cold end and decreases
when moving in the opposite direction. The average density of the cooling process is higher than the
heating process. The variations of parcel velocity, as shown in Figure 8d, follow a trend similar to the
pressure. When combining the results from the four figures, it is obvious that the variations of the
parcels’ temperature, pressure, density and velocity in different cycles decrease with the increase of
parcel index: in other words, gas parcels near the warm end change most dramatically in the first three
cycles. This may result from the fact that the parcel’s velocity is larger when mass flow is constant
with a rather smaller gas density under the higher temperature at the warm end. The larger velocity
can result in a larger range of motion within the same time cycle, thus causing larger resistance and
pressure differences, and which therefore leads to dramatic velocity variations. Meanwhile, gas volume
is considerably large when the gas density is small, since the mass of each gas parcel at the initial time
is the same, thus increasing the heat exchange area between parcels and solid matrix and enlarging
the temperature differences. The large variations of parcels’ temperature and pressure yield a large
variation of parcel density.

According to the Reynolds transport theorem, Lagrangian representation can be converted to
Eulerian representation. Figure 9 shows the distribution of parameters inside the regenerator from
the perspective of a Eulerian representation. It can be seen from the distribution of gas temperature
that the temperature declines from the warm end to the cold end. With the initial value of 285 K,
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the heat exchange increases, and the gas temperature decreases gradually in the process of calculation.
It is noticeable from Figure 9a that the temperature drops dramatically near the cold end during the
simulation of the cooling-down processes. This is because the temperature of the gas entering the
regenerator at the cold end is set to 80 K during the second half cycle of the oscillating flow. In the
early stages, the large temperature difference between gas parcels and solid matrix results in dramatic
temperature change. As the oscillating flow continues, the distribution of temperature develops
into a linear pattern. As shown in Figure 9b, the distribution of pressure in the regenerator changes
periodically over the cycle. During the first half cycle of the oscillating gas flow, pressure declines
from the warm end to the cold end, while during the second half cycle, the pressure distribution is
reversed. The distribution of density shown in Figure 9c is similar to the temperature distribution on the
existence of dramatic changes, which can result from the temperature variations. As shown in Figure 9d,
the velocity seems nearly linear, with apparent fluctuations near the cold end. This phenomenon can
be explained by the reversals of gas parcels. There are gas parcels with different speeds and directions
flowing into both ends of the regenerator during the entire cycle of the oscillating flow, which generates
an unstable pressure in the process of parcel velocity reversal, and therefore leads to the presentence of
velocity fluctuations. Since the parcels from the warm end have higher average velocity, the velocity
reversal occurs near the cold end, which can be observed in Figure 9d.

0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06

Position (m) Position (m)
(a) (b)

0.01 0.01 — o |
. I——
00 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
Position (m) Position (m)
(c) (d)

Figure 9. Distribution of gas parameters in the regenerator: (a) Temperature; (b) Pressure; (c) Density;
(d) Velocity.
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The thermal performance of the regenerator is usually measured by the ineffectiveness, which is
as follows [26]:
(fo mhdt) H

(Ji mhdt)yg + (7 mhdt) ~ Hw - Hc

Tw

A

(10)

where 0 — T, is the time period when fluid flows into the warm end, and 7y, — 7 is the time period
when fluid flows into the cold end. H represents the enthalpy loss at the cold end during an entire
cycle, and Hy, — H, represents the maximum heat transfer that can be achieved in the regenerator.

The purpose of the regenerator is to deliver as much of this acoustic power to the cold end as
possible with minimum loss. Therefore, a net refrigeration power is given by:

Qnet = <PV>C - <H>p - Qreg - Qcond - th - Qrad (11)

where <PV> is the acoustic power at the cold end; <H > is the enthalpy flow associated with the
¢ p

enthalpy pressure dependence (real gas effect); Qreg is the thermal loss associated with enthalpy
flow caused by imperfect heat transfer and limited heat capacity in the regenerator (regenerator

ineffectiveness); Qcond is the conduction heat leak; th is the loss associated with an imperfect pulse

tube or any irreversible expansion process at the cold end; and Qrad is the radiation heat leak to the
cold end, which is ignored in this work.

Considering the lack of accurate theoretical calculation for pulse tube losses, an estimated value
of pulse tube losses is adopted, as the pulse tube expansion efficiency is assumed to be 80%. The loss
characteristics under our operating conditions are calculated and the proportions of various losses
in <PV>C are compared. Figure 10 gives the distribution of losses in a PTR, which indicates that

regenerator ineffectiveness is one of the main reasons contributing towards refrigeration losses.

.

l:l QPT

.

2069% [ 1Q,,
A
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10.67%

32.75%

Figure 10. Contribution to the system losses from real gas effect, regenerator ineffectiveness, conduction
heat leak and irreversible expansion.

By using the above correlation, the ineffectiveness of regenerators with different diameters and
lengths are estimated to analyze their effects on the regenerator performance. With respect to the
effect of diameter on the regenerator performance, five regenerators are studied, with diameters of
12, 14, 16, 17.5 and 20 mm, respectively, and the results are shown in Figure 11. With the increase
of diameter, the ineffectiveness of the regenerator shows a tendency towards increase at a smaller
diameter, reaching the maximum near the diameter of 14 mm, and then decreases quickly before being
stabilized at the diameter of 20 mm. The occurrence of the ineffectiveness peak can be explained as
follows: the heat exchange between fluid and solid matrix is associated with heat transfer coefficient
and heat transfer area. On the basis of this principle, under the condition of constant mass flow, a large
fluid velocity accompanied by a small diameter, leads to a large heat transfer coefficient and thus
minimal ineffectiveness; a large heat transfer area accompanied by a large diameter can also reduce the
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ineffectiveness; when the diameter of regenerator is intermediate, the combination of fluid velocity and

heat transfer area would lead to the worst heat exchange, and as a result, the ineffectiveness reaches
the maximum value.
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Figure 11. Ineffectiveness variations as a function of regenerator diameter.

In order to obtain the effect of the length on the regenerator performance, simulations are
performed on five regenerators with different lengths: 20, 40, 65, 80 and 100 mm, and the results
are shown in Figure 12. It can be observed that the ineffectiveness decreases monotonically with
increasing length of the regenerator. The variations become smaller with further increase of length
beyond 65 mm, and finally tend to stabilize at the length of 100 mm. It can be explained as follows: the
larger heat transfer area of the longer-length regenerator enhances the heat transfer, and thus, reduces
the ineffectiveness. When the regenerator length is large enough, the heat transfer between fluid and
solid matrix has reached the limit, and any further increase of length contributes little to the heat
transfer enhancement, as well as the ineffectiveness reduction.
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Figure 12. Ineffectiveness variations as a function of regenerator length.

4. Conclusions

Simulations of oscillating flow in a pulse tube cryocooler regenerator operating at 50 Hz were
performed, using a numerical model in Lagrangian representation, and solved with SIMPLER
algorithm. The study reveals that the flow resistance under oscillating flow differs significantly
from that which occurs under steady flow, indicating that the friction factor correlation for steady flow
was not valid under the condition of oscillating flow. The trajectory obtained by tracking a single gas
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parcel implies that the oscillating movement in the regenerator can provide insight into understanding
the complex flow. The analysis on the temperature variations of gas parcels reveals the heat exchange
processes in the regenerator. Additionally, similar characteristics exist in the variations of gas parcels’
temperature, pressure, density and velocity, that is, the variation range of parameters near the warm
end is larger, due to the higher temperature and smaller density. According to the Reynolds transport
theorem, the distributions of various parameters along the axial direction of the regenerator are
obtained from the perspective of the Euler representation. Further study of flow and heat transfer
processes shows that the trends of temperature, pressure and density under the initial conditions are
compatible with the general characteristics of the regenerator. However, the distribution of velocity
shows some fluctuations near the cold end, which is caused by the inlet velocity difference at the warm-
and cold-ends. The performance of the regenerator with different diameters and lengths is evaluated,
showing that the ineffectiveness reaches its peak when the diameter is near 14 mm and then decreases
with the increase of diameter; the ineffectiveness decreases monotonically with increasing length of
the regenerator, and tends to stabilize at the length of 100 mm.
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