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ABSTRACT

The dual-opposed free-piston Stirling generator (FPSG) presents potential advantages in terms of heightened
efficiency, diminished vibrations, and flexible operation. However, the challenge encountered on a dual-opposed
configuration posed by components’ inconsistency has hindered its progress, and analyses of this inconsistency
are infrequently performed in the literature. In response, this study delves into the inconsistency of mechanical
parameters, specifically addressing the moving mass of the displacer and the power piston, along with planar
spring stiffness, employing both computational modeling and experimental methodologies. A meticulous com-
parison between experimental outcomes and computational predictions reveals a commendable agreement, with
a maximum deviation within 7.3 % for heat-to-electricity efficiency and electrical power. In instances of me-
chanical inconsistencies, an acoustic power flow within the expansion space transpires, transferring from the
generator with a heavier moving mass on the power piston and the displacer, coupled with a stiffer planar spring,
to the generator with a lighter moving mass on the power piston and the displacer, along with a softer plate
spring. Furthermore, an escalation in the inconsistency of mechanical parameters corresponds to an increased
phase difference between the two pistons and the two displacers. It is noteworthy that planar spring stiffness
exhibits particular sensitivity to the movements of the moving components. These findings provide valuable
perception into the design, manufacture, and control of dual-opposed FPSGs.

Nomenclature (continued)
h hydraulic radius, m
Symbols Re Reynolds number
A cross-sectional area, m? v velocity, m/s
Bl transduction coefficient, Ves/m U volume flow rate, m%/s
Cc compliance, m>/Paes \% volume, m®
1 current, A X displacement, m
i imaginary unit n efficiency, %
K stiffness, N/m 4 phase angle, °
L inertance, kg/m* u dynamic viscosity, kg/(mes)
I length, m p density, kg/m®
M moving mass, kg T ratio of gas temperatures at the regenerator ends
P pressure, Pa @ porosity
Pr Prandtl number ® angular frequency, 1/s
R acoustic resistance, Paes/m°> Subscripts
Ry damping coefficient, Nes/m b bounce space
R, resistance, Q c compression space
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(continued)
disp displacer
e expansion space
HE heat-to-electricity
i internal
load electrical load
reg regenerator
rod displacer rod
serial series connection
out outlet
parallel parallel connection
pist piston
0 mean
1 first order oscillating value

1. Introduction

Considering the expanding scope of space exploration, it has become
imperative to develop space power systems that possess a longer life-
span, higher reliability, and greater power density, capable of meeting
the demands of exploration missions [1,2]. Among different space
power generation technologies, Stirling power generation technology is
a promising candidate for a power level between 0.1 kW-100 kW [3,4].

Stirling power generation technology operates by converting pri-
mary energy into mechanical energy through the reciprocating move-
ment of compressible gas under specific pressure within a closed system
[5,6]. Subsequently, this mechanical energy is transformed into elec-
trical energy via a linear alternator (LA) and then outputs to loads. The
free-piston Stirling generator (FPSG) operates as a resonance system,
effectively synchronizing mechanical, electrical, and acoustic resonance
to ensure efficient performance [7]. Unlike conventional kinematic
Stirling engine-based generators, it dispenses with the crank linkage
mechanism, with the moving components supported by planar springs
or gas springs [8,9]. This design yields advantages such as a simpler
structure, higher operational frequency, and extended lifespan,
rendering it better suited for the requirements of space exploration [10,
11].

As space exploration extends to more distant realms and human
spaceflight progresses, the space power system’s capacity and vibration
characteristics are subject to heightened demands [12]. The conven-
tional single-piston free-piston Stirling generator (FPSG) is not qualified
to meet these demands because of the vibration issues. As a response, the
dual-opposed FPSG has emerged due to its capability for higher power
output and reduced vibration [13]. In this configuration, two displacers
and two pistons are arranged in a straight line, facing each other [14].
Their movements possess the same amplitude but occur in opposite
phases, effectively mitigating vibration transmitted to the casing by the
moving components. Additionally, the use of a shared expansion space
for the two FPSG units enhances the system’s volume power density.

Consequently, significant efforts have been dedicated to the devel-
opment of high-performance dual-opposed FPSGs in recent decades.
NASA’s Space Power Demonstration Engine (SPDE) consists of two
opposed-piston FPSG modules interconnected through a common
expansion space, aimed at generating a total electric power output of 25
kW. Operating at a frequency of 100 Hz, the SPDE achieves a power
piston displacement of 20 mm and a thermal-to-electric efficiency of 22
% [15]. The displacer stroke is controlled by parasitic damping, which is
adjusted by a valve in an external line interconnecting the displacer gas
spring chamber and the bounce space. However, this method of
adjusting the displacer stroke is unsuitable for dual-opposed FPSGs with
planar springs, and the relationship between displacer stroke adjustment
and the inconsistency of dual-opposed FPSGs has not been reported.
Both Orbital Sciences Corporation (OSC) [16] and Lockheed Martin
(LM) [17,18] adopt a dual-opposed configuration to minimize the vi-
bration of FPSG systems. OSC’s integrated system achieves a specific
power of 8 W/kg with a thermal-to-electric efficiency exceeding 20 %,
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while LM’s system delivers a specific power of 4.2 W/kg and an output
electric power of 112 W. NASA Glenn Research Center tested two
EG-1000 FPSGs in a dual-opposed configuration using electric heaters
for heat input. At a design temperature zone of 823 K/313 K, the two
generators produced 2240 W of electricity with an efficiency of 28.6 %
[19]. Subsequent enhancements to the heater head and the switch to a
sodium-potassium (NaK) heating loop increased the output electric
power to 2372 W and the thermal-to-electric efficiency to 32 % [20,21].
Since 2010, Sunpower Corporation has developed a 12-kW
dual-opposed FPSG derived from the EG-1000 [22]. Two single-piston
FPSG units share a common heating unit, with temperatures set at
850 K at the heater head and 375 K at the heat sink. Their respective
output electric powers and thermal-to-electric efficiencies are 6109 W at
26.5 % and 6048 W at 24.4 % [23]. However, further improvements in
the consistency of the two FPSG units are needed.

Lin et al. [24] developed a power system including four single-piston
FPSGs, where every two FPSGs are in a dual-opposed configuration. The
system integrates with potassium heat pipes, with test results demon-
strating an output electric power exceeding 300 W and an overall
thermal-to-electric efficiency of 7.36 %. Qi et al. [25] developed a 1 kW
dual-opposed FPSG, achieving a maximum system efficiency of 25.64 %
when the hot-end and cold-end temperatures are 1050 K and 450 K,
respectively. However, in simulations, the two FPSGs in the
dual-opposed configuration are identical, which is challenging to ach-
ieve in experiments. Sun et al. [26] designed a 3 kW dual-opposed FPSG
in which the two FPSG units share a common heater and expansion
space. Experimental results demonstrated stable operation and attain-
ment of rated power in both series and parallel modes, achieving a
thermal-electric efficiency of approximately 25.2 %. Notably, this
configuration significantly reduced system vibration, although some
phase inconsistencies in the moving parts were observed.

Nevertheless, it is challenging to maintain synchronic operation (of
the two single-piston FPSG units) and proper gas exchange in an FPSG
with a dual-opposed configuration, and a failure in this would lead to an
inconsistent operation and output performance between the two FPSG
units. Keeping an appropriate phase difference among the four moving
components (two power pistons plus two displacers) is pivotal for the
balanced functioning of a dual-opposed FPSG. Any deviation from the
required phase relationship could result in diminished engine efficiency
and heightened vibration. Alterations in the mass, stiffness, and damp-
ing of power pistons and displacers can give rise to uneven forces and
vibrations. Additionally, the two displacers must steadily transport the
working gas between the hot and cold cylinders during different stages
of the cycle. In dual-opposed configurations, ensuring synchronized
displacer movement becomes more complex, and any imbalance could
disrupt heat transfer and airflow, culminating in the diminished overall
performance of the FPSG.

Unfortunately, the issue of mechanical inconsistency in dual-
opposed FPSG systems is barely studied. From a traditional perspec-
tive, accounting for the interactions between acoustic waves, oscillatory
fluid flow, and heat transfer in the analysis of free-piston Stirling engines
is challenging. Furthermore, comprehensive experimental and numeri-
cal investigations on the influence of mechanical inconsistencies on
system performance from a thermoacoustic perspective are lacking. To
fill this gap, in this study, taking a 3-kW class dual-opposed FPSG as a
case, we use impedance diagrams to qualitatively analyze this incon-
sistency for the first time. Furthermore, we have comprehensively
examined the inconsistency of mechanical parameters, including the
moving mass of the displacer and power piston, as well as the stiffness of
the planar spring, through a combination of calculations and experi-
ments. Finally, key conclusions are drawn based on the results.

2. System configuration

Fig. 1 illustrates a schematic representation of the 3-kW dual-
opposed FPSG. As shown, this FPSG is composed of two identical
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Fig. 1. Schematic diagram of the dual-opposed FPSG, which is composed of two identical single-piston FPSG units.

single-piston FPSG units, each designed at 1.5 kW. The two single-piston
units are positioned face to face, sharing a common expansion space.
Each unit includes a displacer supported by four planar springs, a power
piston, outer stators equipped with capsuled coils, permanent magnets, a
compression space, an expansion space, an ambient heat exchanger
(AHX), a regenerator and a high-temperature heat exchanger (HHX).
The entire FPSG system operates with helium at a pressure of 5 MPa and
an operating frequency of approximately 80 Hz. Detailed dimensions for
each component of the single-piston FPSG unit are provided in Table 1.

The working principle of the dual-opposed FPSG is as follows: in each
single-piston FPSG unit, the working gas is heated by the HHX and
cooled via the AHX, which results in a spontaneous thermoacoustic
oscillation in the FPSE. The spontaneous thermoacoustic oscillation
consecutively converts the external heating power into acoustic power,
and when generated acoustic power surpasses the power dissipated by
the damping of the parts, the FPSG unit starts. The acoustic power
delivered to the regenerator from the compression space is amplified in
the regenerator and then transferred to the compression space through
the expansion space and the displacer. A part of the acoustic power from
the compression space drives the LA to generate electric power, and the

Table 1
Detailed dimensions for each component of the single-piston FPSG unit.
Component Variable Value
Type Finned type
HHX Length/m 0.024
Heat transfer area/m?> 1.12 x 1073
Regenerator Length/m 0.045
Sectional area/m> 5.24 x 1073
Porosity/% 88.5
AHX Length/m 0.035
Mean flow area/m?> 3.62 x 1074
Displacer Mass/kg 0.904
Sectional area facing expansion space/m?  5.03 x 107>
Sectional area facing compression space/ 4.536 x
m? 103
Spring constant/kN/m 71
Displacer rod Sectional area/m? 4.91 x 107
Compression space Volume/cm® 93
Expansion space Volume/cm® 190
(total)
LA Motor constant/N/A 120
Internal resistance/Q 1.17
Internal inductance/mH 58.48
Power piston Sectional area/m? 5.03 x 1073
Moving mass/kg 2.08

remaining acoustic power is delivered to the regenerator again (through
the AHX) to be amplified. Two identical single-piston FPSG units can
achieve power exchange and heat transfer to each other to keep energy
balance in the expansion space. Ideally, the pistons and displacers of the
two FPSG units move in the same amplitude and opposed phase to
reduce vibration. Fig. 2 gives a photograph of the dual-opposed FPSG
prototype.

3. Numerical and experimental methods
3.1. Numerical methods

To well simulate and capture the mechanical inconsistency between
the two single-piston FPSG units, steady-state sinusoidal oscillations of
variables such as pressure and velocity are considered, and the gov-
erning equations for the displacer based on Newton’s second law are
expressed as:

. Ky
P eAdisp —P, c (Adisp _Arod) :Mdisplmvdisp +Rm—dispvdisp + fvdisp (1)

Uue U
Adisp Adisp - Arod

(2)

Vdisp =

where P, and U, represent the oscillating pressure and volume flow rate
inside the expansion space, while P, and U, refer to the oscillating
pressure and volume flow rate inside the compression space. The

Fig. 2. 3-kWe dual-opposed FPSG prototype.
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variables Misp, Rin-disp» Kaisp» and vgisp correspond to the mass, damping
coefficient, stiffness, and velocity, respectively, of the displacer. Addi-
tionally, Ag;sp and Aroq are the cross-sectional areas of the displacer and
the displacer rod, respectively.

Dividing both sides of Eq. (1) with velocity v4s, and combining Eq.
(2), we can obtain:

P , P,
Ue disp _Uc

. Ka
(AdisP N Amd)z = Miispl® + Rm—aisp + .dlsp (3)
w

Like electrical impedance, acoustic impedance is defined as oscil-
lating pressure divided by volume flow rate [27]:

Z=" 4
U @
Consequently, the relation between the impedances at both ends of
the displacer and the physical parameters of displacer can be expressed
as:

Kdisp

2 .
ZeA2 Zc (Adisp - Arod) = Mdisplw +Rm7disp + i®

disp

(5)

An LA functions as an energy conversion device that transforms
acoustic power into electrical power. The electrical connection methods
of the two LAs in the external circuit determine the operation state of the
dual-opposed FPSG. Similar to the displacer, the power piston’s force
balance equation can be written as:

PA.. —PA. —]IBl IM Y AV

cApist bpist = + i + RonpistVpist + Mpisei0Vpis (6)
where P, represents the gas pressure amplitude in the bounce space; Aps:
is the cross-sectional area of the power piston; I, B, Kpist, Vpisty Rm-pise and
Myis; represent current, transduction coefficient, total stiffness, velocity,
damping coefficient, and mass of the piston, respectively.

A capacitor is connected to the other part of the external circuit of the
two LAs in series to make the LAs achieving an electric resonant state
during operation. Subsequently, under the assumption that the external
circuit functions as a purely resistive circuit, the electric balance equa-
tion for the two LAs connected in series can be expressed as follows:

2Bly = I(Re—serial + 2Rl) (7)

where R._eriqt and R; are the external resistance, coil resistance (of each
LA), respectively.

Substituting Eq. (6) into Eq. (7), we have:
Blzvpist + Kpi.stvpi.st
%Re—sen'al + Ri iw

(Pc ) )Apist = +Rm—pistvpist + mpistivaist (8)
By dividing both sides of Eq. (8) by the piston velocity vpist, Eq. (8)
can be reformulated as follows:

BP2
[ZcApi.st pist — ZbApist pist} serial < > + Rm—pis[

1
ERe—serial +R;

+ |:mpm(/) - Kpm:| i (©)]
®
The interpretation of Eq. (9) indicates that the output acoustic
impedance of the free-piston Stirling engine (FPSE) is equivalent to that
of the LA.
In a similar vein, the impedance balance equation for the two LAs
connected in parallel is expressed as follows:

BP?
(ZeApiscApist — ZbApist pist}pamuel = themmei)JrRmp,-m
K.
+ {mpmw— ””t}i 10)
w

To enhance the accuracy of calculating the acoustic impedance of the
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core components within the FPSEs, the commercially available software
Sage (developed by Gedeon Associates) was used [28]. SAGE supports
the simulation and optimization of customer-designed models, including
oscillating flow and heat transfer. It should be noted that Eq. (1) to Eq.
(10) were integrated into the SAGE model developed for the prototype.
The governing equations of the FPSE are typically represented in a
standard format, as shown in Eq. (11) to Eq. (13).

OpA  OdpuA
el W s 11
o T =0 an

OpuA dupuA oP _
o o + &A —FA=0 12)

7+Pa+£(upeA+uPA+q)*Qw:0 13)
In these equations, the symbols A, u, x, P, g, F, e, and Q, correspond to
cross-sectional area, velocity, axial position, pressure, axial heat flux,
pressure drop due to viscosity, internal energy, and heat transfer be-
tween the fluid flow and solid surfaces, respectively.

The acoustic impedances of the LAs can be determined using either
Eq. (9) or Eq. (10), depending on the electrical connection configuration
of the two LAs. In addition, the acoustic impedances of the displacers can
be derived from Eq. (5). When the operating parameters are adjusted to
ensure that the impedance balance equations are satisfied, the core
components of the FPSEs, including the LAs and displacers, achieve
optimal matching. Consequently, the parameters of acoustic and flow
fields of the whole dual-opposed FPSG can be calculated.

Unlike conventional thermodynamic analysis, the thermoacoustic
perspective not only provides a comprehensive view of the dynamic
variables throughout the entire engine but also fully accounts for the
interplay between oscillatory fluid flow and heat transfer in the form of
acoustic resonance and phasing. Key concepts such as acoustic imped-
ance and acoustic power are introduced to offer a clear physical un-
derstanding of energy flow matching and energy conversion within the
engine.

3.2. Experimental apparatus description

Fig. 3 shows the layout of the dual-opposed FPSG experimental setup
which includes a heating sub-system, a load sub-system, a cooling sub-
system and a measurement sub-system.

For the measurement subsystem, to measure the output electric
power of each single-piston FPSG unit, a voltage transducer and a cur-
rent probe are deployed in the load circuit of each LA. A power meter is
also used to monitor the output electric power of each LA. The wall
temperature of the HHX is measured using four K-type thermocouples,
and each thermocouple has an accuracy class 1. Average pressure within
the system is recorded using two identical pressure transmitters, which
are installed in the compression space of each single-piston FPSG unit.
Meanwhile, two high-precision dynamic pressure sensors (model:
113B26, from PCB Piezotronics) are installed in each compression space
to gauge the dynamic pressure inside the compression space.

For the cooling subsystem, the heat rejected by the two AHXs are
absorbed by the cooling water, and the heated cooling water is cooled
down by a water chilling unit. Two PT100 thermometers are deployed at
the cooling water circulation inlet and outlet of the two AHXs, respec-
tively, to monitor the AHX inlet and outlet temperatures of the cooling
water, and a turbine flowmeter is installed in the cooling water circu-
lation circuit, to measure the cooling water’s volume flow rate. There-
fore, the heat rejected to the cooling water can be measured accordingly.
Furthermore, in each single-piston FPSG unit, both the displacer’s and
the power piston’s displacement amplitude and phase angle are indi-
vidually recorded using an accelerometer (model: M353B18, from PCB
Piezotronics).

Regarding the method of phase difference calculation, FFT (Fast
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Fig. 3. Layout of the dual-opposed FPSG experimental system.

Fourier Transform) analysis is applied to the synchronous sampling
data. As the motions are highly sinusoidal, so the acceleration follows a
harmonic approximation, expressed as:

a=aq ei(wt+9) (14)

As known that displacement is the quadratic integral of acceleration,
expressed as:

x= — ayw?eP 15)

Clearly, the displacement phase leads the acceleration phase by an
angle of "t" (i.e., 180°). Therefore, the phase difference between the
displacers can be readily obtained. Fig. 4 displays a typical snapshot of
the measured raw acceleration and displacement waves of the moving
components (i.e., displacers and pistons).

Enthalpy flow is obtained by extracting the mass flow rate, internal
energy, and pressure at the nodes and applying the following equation.

Ey=U(e+P) (16)

where e is the total energy per specific volume. In the experiment,
directly or indirectly measuring the distribution of enthalpy flow based
on its physical definition is challenging due to thermal relaxation.
However, as indicated in Eq. (17), this enthalpy calculation can be

Y 2000 y y . ™)
E 1# Displacer
: 1000 | 1 —2# Displacer
.E = = =1# Piston
= 0f T— - #riston
5 -1000} ]
S 2000 )
> - , . . —le. E
g
[ 1" =
%]
L E E
5]
L {14 E
L . : . {8 2
0.000 0.005 0.010 0.015 0.020 _

Time (s)

Fig. 4. Measured raw acceleration and displacement waves of the mov-
ing components.

validated by comparing it with the acoustic power in the expansion
chamber, given the absence of entropy flow in that region.

.1
Eh:Wa+TOS:§p1U1 cos 0 + Toms a7

where Ep, Wa, S are enthalpy flow, acoustic power and entropy flow,
respectively.

3.3. Impedance match in the system

The thermoacoustic theory is a commonly used tool to analysis
thermoacoustic engines/refrigerators [29], and Stirling engines/refrig-
erators [30,31]. From the perspective of thermoacoustics, the key
components of these systems can be represented as resistance, capaci-
tance, inductance, or source elements, either individually or a combi-
nation of these elements [32,33]. Subsequently, these elements are
linked together based on their physical locations, creating an acoustic
network diagram. The impedance diagram of the dual-opposed FPSG is
shown in Fig. 5. Table 2 lists the expression of the impedance analogy for
each element.

The impedance diagram illustrates the fundamental characteristics
of the dual-opposed FPSG system, and it serves as a useful tool to explore
the influence of structural parameters on the system’s performance.
Within this diagram, both the compression space and the expansion
space can be described as a compliance, with the compliance value being
directly proportional to the chamber volume and inversely proportional
to mean pressure. Since the two single-piston FPSG units of the dual-
opposed FPSG share a common expansion space, the common expan-
sion space can be described as a shared compliance. Utilizing the porous
model, the regenerator comprises a viscous resistance, a compliance,
and a volume-flow rate source. Notably, both a nonlinear term and a
linear term are encompassed within the viscous resistance. Both the AHX
and the HHX are modeled as a viscous resistance and a compliance,
respectively. The displacer’s characteristics are depicted through a se-
ries connection of a transformer, a compliance, a resistance, and an
inductance. Similarly, the LA can be described as a series connection of
an inductance, a resistance, and a compliance. The resistance element
encompasses both mechanical resistance and electrical resistance.

4. Results and discussion

The collaborative operation of the four moving components in the
FPSG is influenced by a myriad of factors, encompassing mechanical
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Fig. 5. Impedance diagram for a dual-opposed FPSG.
Table 2
Summary of the acoustic-electric analogy sub-models of each element of the FPSG.
Component Acoustic-to-electric analogy element
Chamber c— v
rPo
Regenerator _ (t+1)F(r,Pr) 6yl 4 (—2.82+10.79 —8.69°)p, (r+ 1)l _tlnt AL B
RREG*fA_r% 3. A2 3 |U1‘CREG*171J/PTAUREG*(7_1)U1
Heat exchanger R= 61,1 c— @Al
Ary? Pm
Displacer (Adgisp — Amd)z Rn—disp Maisp Arod
Ca= k. Rq= zLa= 2?9 T A A
disp (Adisp — Arod) (Adisp — Arod) disp ~ Arod
Power piston BP? Al
Ry = 2 “p = .
(Re-toad + Re—i + Rim—pist) Adig; Kpist
M .
L — pist
P AL

inconsistency, acoustic component disparity, and variances in heat
transfer types. For the sake of experimental convenience and evaluative
rigor, this study directs its focus towards examining mechanical in-
consistencies, specifically investigating the moving mass of the piston,
the moving mass of displacer, and the stiffness of the planer spring.
Additionally, controlling the equivalent damping of moving parts in
experiments presents challenges; therefore, the impact of damping in-
consistencies on system performance is highlighted through computa-
tional simulations. This scrutiny aims to analyze their respective impacts
on the flow field, acoustic field, and dynamic field.

4.1. Effect of moving mass of displacer

The moving mass of the displacer assembly comprises several com-
ponents, including the mass of the dome and the rod, as well as a fraction
of planar spring mass, reflecting their respective contributions to reso-
nance. Achieving identical moving mass of the two displacers is chal-
lenging due to limitations in machining accuracy and measurement
precision, making complete consistency of the two FPSG units difficult
to attain. Consequently, it is important to evaluate the influence of the
discrepancy in moving mass of the two displacers on the consistency of
the two FPSG units. In both simulations and experiments, the moving
mass of the 1# displacer is fixed at 903 g, while the moving mass of the
2+# displacer is intentionally altered to assess the influence of two dis-
placers’ moving mass discrepancy on system performance.

Fig. 6 depicts the enthalpy flow distribution and flow chart inside the
dual-opposed FPSG with 1014 g moving mass of the 2# displacer. The
two LAs are arranged in a series configuration. Notably, the enthalpy
flow inside the 1# generator experiences an increase within the
expansion space, while the enthalpy flow of the 2# generator suffers
from a decrease in the expansion space. Inside the common expansion
space, a portion of acoustic power from the 2# generator is transmitted
to the 1# generator. This phenomenon is primarily attributed to the

greater moving mass of the 2# displacer compared to that of the 1#
displacer. As shown in Eq. (5), the impedance amplitude on the
expansion space side of the 1# displacer is higher due to its greater mass.
On account of the shared expansion space between the two generators,
the pressure fluctuations in the expansion space of the two FPSG units
remain consistent. Consequently, the volume flow rate demanded by the
2# displacer exceeds that of the 1# displacer, leading to acoustic power
transmission from the 2# expansion space (virtual) to the 1# expansion
space (virtual).

Fig. 7 illustrates the two displacers’ displacement versus the moving
mass of 2# displacer. As depicted in Fig. 7, when the two LAs are con-
nected in series, an increase in the moving mass of the 2# displacer
results in a linear growth in the displacement of the 2# displacer, while
the displacement of the 1# displacer experiences a marginal increase.
This implies the sensitivity of the 1# displacer’s displacement to the
moving mass inconsistency is minimal. The reasons are shown in Fig. 8.
Under the rated operation conditions, the equivalent mechanical
compliance of the displacer stands at Kgip/w = 537 Pa s/m?, while the
equivalent mechanical inductance is M0 = 454 Pa s/m?>. The resultant
mechanical impedance of the displacer under the rated condition is
represented as the red vector in Fig. 8, in which the dual-opposed FPSG’s
displacers function as a capacitive load. When the moving mass of the
displacer increases, the impedance of the displacer decreases, shown as
the black vector in Fig. 8.

In the series connection configuration, with equal transduction co-
efficients for both linear alternators, the coil current remains the same,
resulting in identical forces on both power pistons. This leads to nearly
identical pressure fluctuations in the compression chambers of both
pistons. Additionally, the displacement of the displacer increases pro-
portionally with the volume flow rate at the ambient end of the
displacer.

In a parallel connection, the volume flow rate of the two power
pistons becomes equal. As the moving mass of the displacer increases,
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Fig. 6. Distribution of enthalpy flow (a) and flow chart (b) inside the dual-
opposed FPSG with 1014 g moving mass of the 2# displacer.

the phase difference between pressure and volume flow in the
compression space decreases, which reduces the pressure fluctuations in
the compression space. In a constant heat flow scenario, maintaining
consistent power generation requires an increase in the displacer’s
displacement. Since the 2# displacer has a higher volume flow rate
compared to the 1# displacer, the 2# expansion space transfers part of
the acoustic power to the 1# expansion space, resulting in a slight in-
crease in the displacement of the 1# displacer.

The fundamental distinction between series and parallel connections
of linear alternators lies in whether pressure fluctuations or volume flow
rate is constrained, which in turn affects the acoustic field within the
Free-Piston Stirling Engine (FPSE). While this study maintained constant
heat absorption, the significant pressure fluctuations had a substantial
impact on the energy flow.

Fig. 9 illustrates how the electrical power output of each single-
piston FPSG unit varies with the inconsistency in the moving mass of
the displacer. When the two LAs are connected in parallel, within the
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Fig. 7. Displacements of the two displacers versus moving mass of the 2#
displacer when the two LAs are connected in series and in parallel, respectively.
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Fig. 9. Electrical power of the two FPSG units versus moving mass of 2# dis-
placer when the two LAs are connected in series and in parallel, respectively.

1000

simulation range, as the moving mass of the 2# displacer increases, the
electrical power output on the same side initially rises and then falls,
while the electrical power output on the opposite side increases linearly.
When the two LAs are arranged in a series configuration, with the in-
crease of the moving mass of the 2# displacer, the electrical power
outputs of the two FPSG units both experience a slight increase. It can be
concluded that the power generation of the series-connection system
displays lower sensitivity to the displacer’s moving mass inconsistencies
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in comparison with that of the parallel-connection system.

For a parallel-connection system, as the moving mass of the 2#
displacer increases, both the pressure fluctuation and the P-U phase
difference in the compression space of the 2# FPSG unit decrease, while
the volume flow rate on the opposite side increases. Based on the
acoustic power equation of the piston end (i.e., Eq. (17)), the electrical
power output of the 2# FPSG unit first increases and then decreases
sharply. Conversely, the acoustic power recovery of the 1# displacer
increases, leading to a linear growth in electrical power output. While in
a series-connection system, the pressure fluctuations at the power pis-
tons of the two LAs remain consistent. As the moving mass of the 2#
displacer increases, the P-U phase angle decreases, and the electrical
power output gradually increases. Since the heating power at the HHX
remains constant, the electrical power output of the two FPSG units
tends to stabilize.

Fig. 10 depicts the influence of the moving mass of the 2# displacer
on the system’s operating frequency and thermal-to-electric efficiency.
The system’s operating frequency goes down with the increase of the
moving mass of the 2# displacer, and for a same moving mass of the 2#
displacer, the angular frequency of the parallel-connection system ex-
ceeds that of the series-connection system. Within the simulation range,
the thermal-to-electric efficiency of the system increases as the moving
mass of the 2# displacer grows up. For the angular frequency of the
displacer, we have @w? = 1/2LC, where acoustic inductance L and
acoustic compliance C are extracted from Table 2. Hence, when the
displacer’s moving mass increases, acoustic inductance L increases,
leading to a decrease in operating frequency. With a displacer moving
mass of 1 kg, the equivalent mechanical compliance of the displacer
remains at Kgip/@ = 537 Pa s/m° while the equivalent mechanical
inductance is Mgipw = 496 Pa s/m® The system still operates as
capacitive load. The difference between pressure and volume flow rate
Op.y decreases as the displacer’s moving mass increases, resulting in a
monotonic increase in the system’s thermal-to-electric efficiency within
the investigated range of 2# displacer’s moving mass.

Fig. 11 show cases the trend of the phase difference between the two
displacers and the phase difference between the two pistons as a func-
tion of the moving mass of the 2# displacer. In the scenario that the
moving masses of the two displacers are not equal, the phase difference
between the pistons and that between the displacers amplifies. If the 1#
displacer is heavier than the 2# displacer, the phase angle of 1# dis-
placer leads that of the 2# displacer and the phase angle of 1# piston
leads that of the 2# piston, too; conversely, if the 2# displacer is heavier,
the movements of the 1# displacer and 1# piston lag that of the 2#

84 5 26.4
————in parallel | b=
83 - = = - inseries | - 126.1
N
=82t 1258
2 X
S 81f {255 <
= =
g80} {252
S
79t 124.9
78— : 1246
800 850 900 950 1000
Mdisp-Z (g)

Fig. 10. Operating frequency and heat-to-electricity efficiency versus moving
mass of 2# displacer when the two LAs are connected in series and in parallel,
respectively.
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Fig. 11. Phase difference of pistons and displacers versus moving mass of 2#
displacer in a series-connection system and in a parallel-connection system,
respectively.

displacer and 2# piston. To ensure that the phase difference of the two
displacers remains within +1°, the discrepancy in moving mass between
the two displacers in a series-connection system should less than 3.8 %,
while in a parallel-connection system, it should less than 2 %. Moreover,
to ensure that the phase difference of the power pistons remains within
+1°, the moving mass deviation between the two displacers in the series-
connection system should less than 1 %, and in the parallel-connection
system, it should less than 0.77 %. This indicates that the in comparison
with the series-connection system, the parallel-connection system has a
more rigorous requirement on the moving mass discrepancy between
the two displacers.

To validate the aforementioned analysis, several experimental case
studies were conducted. Table 3 outlines these case studies, demon-
strating consistent trends between experimental and calculated results,
with deviations in electrical power and thermal-to-electric efficiency
keeping within 7.3 %. The two FPSG units with identical displacer
weight (0.904 kg) showed a good consistency in performance, featuring
a piston displacement deviation of 1.4 % and a displacer displacement
deviation of 0.73 %. With the moving mass of 2# displacer increases,
electrical power output, thermal-to-electric efficiency, and frequency of
the dual-opposed FPSG prototype decrease. In the case that the two
displacers’ masses are inconsistent, the piston and displacer displace-
ments of the FPSG unit with a heavier displacer are larger than that of
the other unit. Meanwhile, the displacer displacement phase of the FPSG
unit with a lighter displacer leads that of the FPSG unit with a heavier
displacer, which aligns well with the previous analysis (see Table 4).

4.2. Effect of moving mass of power piston

The moving mass of the power piston directly impacts the mechan-
ical impedance of the LA, thereby influencing the system performance.
Comprising a piston, a permanent magnet, and fixing components, the
two power pistons’ moving mass consistency relies on machining and
assembly accuracy. In practical scenarios, generally, there exists a
certain difference in the moving mass of the two power pistons. There-
fore, it is important to analyze the influence of the two power pistons’
moving mass inconsistency on the overall system. During the analysis
process, the moving mass of the 1# power piston was kept at 2083 g. To
explore the system’s sensitivity to inconsistent piston’s moving mass of
the two FPSG units, the moving mass of the 2# power piston was
adjusted. Under rated operational conditions, the equivalent mechanical
compliance of the power piston is Kpisi/@ = 141 Pa s/m’, while the
equivalent mechanical inductance is Mpisw = 1047 Pa s/m?®, thereby
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Table 3
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Case studies to estimate the impact of inconsistency of the moving mass of displacer.

Moving mass of 2# displacer (kg) Method We (W) e (%)

Frequency (Hz)

1# Xpise (mm) 2# Xpist (mm) 1# Xgisp (mm) 2# Xdisp (mm) 04.a (°)

0.904 simulation 2491 2491 79.55
0.904 experiment 2490 24.9 79.37
1.004 simulation 2466 24.7 78.31
1.004 experiment 2288 22.9 78.47

5.89 5.89 5.77 5.77 0

6.48 6.57 6.84 6.79 -2.9
6.08 6.12 5.35 5.68 -19.3
6.19 6.67 6.31 7.43 -19.1

Table 4

Impact of inconsistency in the stiffness of the two sets of planar springs on the system performance.

2# planar spring stiffness (kN/ Heating power We (W)  nue (%)
m) kw) (Hz)

Frequency

1# Xpise 2# Xpise 1# Xaisp 2# Xisp
(mm) (mm) (mm) (mm)

0a.a ()

272 6 1014 16.9 79.3
200 6 792 13.2 76.6

5.17 5.33 5.34 5.39 -5
5.96 - 5.12 7.34 —68.5

rendering the power piston of this machine an inductive load. The
equivalent vector diagram of the power piston is displayed in Fig. 12.

Fig. 13 illustrates the distribution of enthalpy flow inside the dual-
opposed FPSG when the 2# power piston’s moving mass is 2183 g
and the two LAs are connected in series. The enthalpy flow on the side
with a heavier moving mass of the power piston notably decreases. An
acoustic power flow is observed in the expansion space, transferring
from the side with a heavier power piston to the side with a lighter
power piston. As shown in Fig. 12, with an increase in the power piston’s
moving mass, the P-U phase difference at the piston end face rises,
causing a decrease in the acoustic power at the piston end face during
resonance. Consequently, the enthalpy flow inside the generator unit
with a moving piston mass of 2183 g is smaller compared to that of the
generator unit with a moving piston mass of 2083 g. When maintaining
constant regenerator resistance, compliance, inductance, and volu-
metric flow rate, the greater the piston’s moving mass, the smaller the
expansion space’s volume flow rate. This leads to an increase in the
enthalpy flow of 1# generator and a decrease in 2# generator, with a
portion of acoustic power flowing from the low volume flow rate side to
the higher volume flow rate side.

Fig. 14 presents the displacement and electrical power of the dis-
placer as a function of the 2# power piston’s moving mass. As the
moving mass of the 2# power piston increases, both the electrical power
output of the 2# FPSG unit and the displacer displacement of the 2#
generator unit decrease, while the displacer displacement of the 1#
generator unit increases. The increase in moving mass results in a lift in
the impedance phase (P-U phase difference) at the piston’s end face (as
shown in Fig. 12), thus reducing the conversion of acoustic power into
electrical power and generating less electricity. Despite the core unit of
the FPSE remaining unchanged, the expansion space’s volume flow rate
inversely correlates with the power piston’s moving mass. Hence, the
heavier the power piston, the smaller the displacer displacement. At the
side with a lighter power piston, a portion of acoustic power recovery
from the 2# generator causes an increase in the displacer displacement
of the 1# FPSG unit.

Fig. 15 shows the variation of the phase difference between the two
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Fig. 12. The equivalent vector diagram of the power piston.
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Fig. 13. Distribution of enthalpy flow inside the dual-opposed FPSG when the
moving mass of 2# power piston is 2183 g.

displacers and the phase difference between the two pistons under
different 2# power piston’s moving masses. In the case that the two
power pistons’ moving masses are not equal, the phase difference be-
tween the pistons and that between the displacer escalates. When the 1#
power piston is heavier than the 2# power piston, the displacement
phase angle of the 1# power piston leads that of the 2# power piston,
and vice versa. Similar phenomenon can be also observed in terms of
displacer: the displacer’s phase of the FPSG unit with heavier power
piston lags that of the FPSG unit with a lighter power piston. To ensure
that the phase difference of the power pistons remains within +1°, the
moving mass deviation between the two power pistons in the series-
connection system should less than 6.3 %, and in the parallel-
connection system, it should less than 2.45 %. In addition, to ensure
that the phase difference of the two displacers remains within +1°, the
discrepancy in moving mass between the two power pistons in a series-
connection system should less than 1.9 %, while in a parallel-connection
system, it should less than 1.34 %.

Two different experimental case studies (with moving masses of 2#
power piston are 2083 g and 2183 g, respectively) were conducted to
verify the simulation model’s accuracy. Fig. 16 demonstrates the elec-
trical power output difference and phase difference of the two displacers
in relation to heating power at different moving masses of the 2# power
piston. As shown in Fig. 16 (a), the electrical power output of the FPSG
unit with a heavier power piston diminishes, resulting in AW.<0 when
the 2# power piston is 2183 g. The sensitivity of electrical power output
in a series-connection system to power piston’s moving mass inconsis-
tency is lower than that in a parallel-connection system. With the 2#
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Fig. 14. (a) Electrical power output of the two FPSG units and (b) the
displacement of the displacers versus the moving mass of 2# power piston, in a
series-connection system and in a parallel-connection system, respectively.

power piston being heavier than the 1# power piston, the 2# displacer’s
phase angle lags that of the 1# displacer, as shown in Fig. 16 (b). The
sensitivity of the two displacers’ phase difference in a series-connection
system to power piston’s moving mass inconsistency is lower than that
in a parallel-connection system.

4.3. Effect of equivalent stiffness of planer spring

The stiffness of the planar spring plays a pivotal role in determining
the mechanical resonance state of the displacer, thereby exerting an
impact on system performance. The stiffness of each planar spring is
determined by its material, line shape and surface processing technol-
ogy. However, keeping the total stiffness of the planar springs in the two
single-piston FPSG unit (of a typical dual-opposed FPSG) identical is
challenging. Consequently, it becomes crucial to assess the impact of
inconsistent planar spring stiffness (between the two single-piston FPSG
unit) on system performance. In this analysis, the stiffness of the 1#
generator’s planar spring was fixed at 272 kN/m, while the stiffness of
the 2# generator’s planar spring was altered to evaluate its effects on the
dual-opposed FPSG.

10
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Fig. 15. Phase difference of pistons and displacers versus moving mass of 2#
power piston, in a series-connection system and in a parallel-connection system,
respectively.

Fig. 17 depicts the distribution of the volume flow rate and the phase
difference between oscillating pressure and volume flow rate inside the
dual-opposed FPSG with a stiffness of 200 kN/m for the 2# planar
spring. It should be noted that the two LAs are connected in series. The
overall volume flow rate of 1# generator is higher than that of 2#
generator. The phase difference between oscillating pressure and vol-
ume flow rate in the core unit of 1# generator ranges from —57° to
—35°, whereas in the core unit of 2# generator, it ranges from —32° to
38°.

As illustrated by the black vector in Fig. 18, when the stiffness of the
planar spring is 272 kN/m, Mw-Kgisp/0 < O, the displacer acts as a
capacitive load. Conversely, the red vector in Fig. 18 shows that when
the stiffness of the planar spring is 200 kN/m, Mw-Kgisp/@ > 0, the
displacer behaves as an inductive load. The structural parameters and
load of the LA determine the oscillating pressure and the volume flow
rate at the LA’s inlet. Consequently, the impedance phase of the core
unit of 2# generator crosses the zero point. When the temperature ratio
of the regenerator is constant, the volume flow rate decreases as the
acoustic field approaches aa travelling wave phase. Therefore, the vol-
ume flow rate of 2# generator, with a planar spring stiffness of 200 kN/
m, is smaller than that of the 1# generator.

Fig. 19 depicts the distribution of enthalpy flow inside the dual-
opposed FPSG with a stiffness of 200 kN/m for the 2# planar spring.
One can see from Fig. 19 that it becomes evident that the enthalpy flow
of the 2# generator is smaller than that of the 1# generator. In the
expansion space, the enthalpy flow of the 1# generator diminishes,
while the enthalpy flow in the expansion space of the 2# generator in-
creases. An acoustic power flow is transferred from the 1# generator to
the 2# generator. As shown in Fig. 18, when the planar spring stiffness is
200 kN/m, the impedance amplitude of the displacer is smaller than that
of 1# generator, which has a planar spring stiffness of 272 kN/m.
Consequently, there is an acoustic power flow in the expansion space
transported from 1# generator, with its higher impedance amplitude, to
the 2# generator.

Fig. 20 depicts variations in frequency and thermal-to-electric effi-
ciency with different stiffnesses of the 2# planar spring. As the stiffness
of the 2# planar spring increases, the system’s operating frequency also
rises, with the operating frequency of the parallel-connection system
exceeding that of the series-connection system. Within the range of the
investigated stiffness, the system’s heat-to-electricity efficiency first in-
creases and then decreases with the increase of the stiffness of the 2#
planar spring.

According to the relationship between the angular frequency of the
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Fig. 16. Electrical power (a) and phase difference (b) of the two displacers
versus heating power in two different experimental case studies (with two
different moving masses of power piston).

displacer, acoustic inductance L, and acoustic compliance C, i.e., ’=1/
2LC, an increase in planar spring stiffness results in a decrease in
acoustic compliance C and an increase in operating frequency. At a
planar spring stiffness of 250 kN/m, where mechanical compliance and
mechanical inductance balance out, the displacer operates in a resistive
state, yielding the highest efficiency. The efficiency of a series system
surpasses that of a parallel system.

Fig. 21 outlines the trend of phase differences between the two dis-
placers and the two pistons as a function of the stiffness of the 2# planar
spring. Notably, when the stiffnesses of the two sets of planar springs are
unequal, both the phase difference between the two pistons and the
phase difference between the two displacers increase. If the stiffness of
the 1# planar spring exceeds that of the 2# planar spring, the phase
angles of the 1# FPSG unit’s power piston and displacer lag behind that
of the 2# FPSG unit’s power piston and displacer, and vice versa. In a
series connection system, the planar spring stiffness deviation is below
3.3 %, while for the parallel system, it’s less than 1.5 %. These values
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Fig. 17. Distribution of volume flow rate and p-U phase difference inside the
dual-opposed FPSG when the stiffness of the 2# planar spring is 200 kN/m.
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ensure that the phase difference between the two displacers remains
within +1°. Furthermore, in a series system, the planar spring stiffness
deviation is under 1.1 %, and in the parallel system, it’s less than 0.74 %,
both ensuring a phase difference between the two power pistons within
+1°.

To explore the effect of inconsistent stiffness of the two generators’
planar springs, experiments were conducted by maintaining the 1#
planar spring’s stiffness unchanged while altering the 2# planar spring’s
stiffness. In experiments, the 1# planar spring’s stiffness was set at 272
kN/m, while the stiffness of the 2# planar spring was set to 200 kN/m.
Under this condition, the series-connection system cannot onset when
the external resistance was 135 Q. In contrast, the parallel-connection
system starts operation at a temperature of 280 °C in the hot head
heat exchanger, with a working frequency of 76.6 Hz. Notably, for the
FPSG unit with a larger planar spring stiffness, the displacer’s
displacement increased significantly, and it led the displacer of the other
FPSG unit by 68.48°.
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4.4. Effect of equivalent damping coefficients of moving part

As indicated in Eq. (9), inconsistencies in the mechanical damping of
the displacer and piston affect the acoustic impedance of the dual-
opposed FPSG, thereby significantly influencing the motion consis-
tency of the moving components. In practice, however, the inherent
randomness of the assembly process makes precise control of damping
challenging. This section, therefore, examines the impact of mechanical
damping inconsistencies in the piston and displacer on overall system
performance.

First, the equivalent damping coefficient of the 1# piston is fixed at
30 N/m, while the damping of the 2# piston is varied to evaluate its
effect on system performance. The displacement amplitude difference
and phase difference between the 1# and 2# pistons, as well as between
the 1# and 2# displacers, are analyzed as functions of the 2# piston’s
damping. The results are shown in Fig. 22. As the damping difference of
the 2# piston increases, the displacement amplitude and phase dis-
crepancies between the moving parts of the two FPSGs also increase,
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Fig. 22. Amplitude (a) and phase (b) difference of two pistons and two dis-
placers versus the mechanical damping of 2# piston in a series-connection
system and in a parallel-connection system, respectively.
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leading to more pronounced inconsistencies. When the two alternators
are connected in series, system performance is less sensitive to piston
damping than when they are connected in parallel. In the series
configuration, pressure fluctuations in the 1# and 2# compression
chambers are nearly identical. According to Eq. (9), the 2# piston, with
higher damping, exhibits smaller displacement, leading to
(x1—X2)pist>0. Additionally, the increased phase lag results in ph
(x1—X2)pist<0. However, the acoustic-to-electric power conversion effi-
ciency of the 2# alternator decreases, requiring greater feedback power
to sustain pressure fluctuations in the compression chamber. Conse-
quently, the displacement of the 2# displacer increases, while the 1#
displacer leads the 2# displacer in phase.

In the parallel configuration, the trends in displacement in-
consistencies between the piston-piston and displacer-displacer pairs are
similar to those observed in the series connection. However, in the
parallel setup, the external voltage stabilizes the output voltage of both
alternators, while differences in the voltage drop across their internal
resistances and inductances lead to significant displacement discrep-
ancies between the pistons. The damping and impedance characteristics
of the pistons behave similarly to external resistors, and this inconsis-
tency can be mitigated by connecting different electrical resistors in
series with each alternator.

Next, the damping coefficient of the 1# displacer is fixed at 15 N/m,
with other parameters as specified in Table 1, to evaluate the sensitivity
of system performance to displacer damping inconsistencies. The
displacement amplitude and phase differences between the 1# and 2#
pistons, as well as between the 1# and 2# displacers, are plotted against
the damping coefficient of the 2# displacer in Fig. 23. For a fixed heat
absorption rate of 12 kW by the shared hot heat exchanger, the 1#
displacer and piston exhibit larger displacement amplitudes compared
to their 2# counterparts when the mechanical damping of the 2# dis-
placer exceeds that of the 1# displacer. This reduction in displacement
for the 2# displacer is primarily attributed to the increased damping,
which limits the acoustic power recovery through the 2# displacer.
However, acoustic power interactions between the 1# and 2# FPSGs
lead to increased displacement amplitudes in the 1# piston and
displacer.

The results also reveal that as the damping of the 2# displacer in-
creases, the 2# displacer lags behind the 1# displacer in phase, while
the 2# piston leads the 1# piston. Displacer damping inconsistencies
have a more pronounced effect on the displacement amplitudes of the
moving parts than piston damping inconsistencies, though their influ-
ence on displacement phase differences is comparatively weaker.

5. Conclusions

The dual-opposed FPSG configuration comprises two single-piston
FPSG units that share a common expansion space. This arrangement
combines the advantages of the free-piston design with improved me-
chanical balance, offering potential enhancements in vibration reduc-
tion and operational simplicity. Despite these benefits, the issue of
component inconsistency has hindered its development, while the
analysis of components’ inconsistency is scarce. In this context, we
studied the inconsistency of mechanical parameters, such as the moving
mass of the displacer and power piston, along with planar spring stiff-
ness, through calculations and experiments.

Upon conducting a thorough comparison between experiments and
calculations, we have achieved a remarkable agreement, with a
maximum deviation of merely 7.3 % in thermal-to-electric efficiency
and electrical power. The impact of mechanical inconsistency on the
performance parameters of the two single-piston FPSGs is similarly
consistent across both experiments and simulations. In cases of me-
chanical inconsistencies, an acoustic power flow occurs in the expansion
space, transferring from the generator with a heavier dynamic mass in
power piston, and stiffer plate spring to the generator with a lighter
dynamic mass, power piston, and softer plate spring. Furthermore,
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Fig. 23. Amplitude (a) and phase (b) difference of two pistons and two dis-
placers versus the mechanical damping of 2# displacer in a series-connection
system and in a parallel-connection system, respectively.

heightened mechanical parameter inconsistencies lead to an increased
phase difference between the two pistons and two displacers. Notably,
planar spring stiffness exhibits the highest sensitivity to the movement
of the moving parts.

Through the analysis of mechanical inconsistencies in the dual-
opposed FPSG, the impact of parameter variations in the moving com-
ponents on FPSG performance has been thoroughly characterized. As a
result, potential issues stemming from mechanical inconsistencies can
be identified through experimental measurement of electrical parame-
ters or displacement of the moving parts. This allows for improved
performance consistency by appropriately adjusting these components.
Future work will focus on investigating the effect of externally adjust-
able parameters, such as the load impedance of the two FPSGs, on
overall system performance. This will enable the selection of optimal
external adjustment strategies to better control inconsistencies and
support sustainable, stable operation. Additionally, addressing acoustic
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inconsistencies will be crucial, with particular attention to factors such
as porosity, Nusselt number, and the flow friction coefficient of the
regenerator.
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