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ABSTRACT

The Free-Piston Stirling Engine (FPSE) Magnetically Coupled Heat Pump Program at
Sunpower involves the development of a FPSE/magnetic coupling/compressor
(FPSE/MC/C) assembly for a gas residential heat pump application. The objectives of
Phase I were (1) to evaluate the feasibility and characteristics of critical components such
as a linear magnetic coupling and hermetic sealing, (2) to demonstrate through tests the
performance of a magnetic coupling/compressor assembly, and (3) to evaluate the system
concept design by applying an air-charged FPSE.

An axial coupling made of permanent magnets with improved magnetic strength and
lowered cost, such as neodymium iron, has been considered a potential link to transmit
power from a FPSE to a refrigerant compressor with hermetic sealing in this type of heat
pump. During Phase I, analyses regarding the magnetic-coupling characteristics were
performed. A motor/magnetic coupling/double-acting compressor test rig with a stainless
steel pressure shell was designed, fabricated, and tested. With the compressor loaded by
air, the test rig successfully operated at various frequencies. Based on Sunpower's 3 kW
air-charged FPSE concept, a FPSE/MC/C assembly conceptual design has been
established. In addition, a system with an engine specifically redesigned for the heat
pump application is under consideration.

The static force-deflection function of a test magnetic coupling, predicted from an
analytical model and experimental measurements, showed close agreement. An optimal
design of a magnetic coupling for specified permanent magnets can be created based on
the model. The loss from the experimental magnetic coupling with the stainless steel
shell within the gap running at 58 Hz was measured as 220 W to 347 W with the driven
stroke ranging from 22 mm to 27 mm. Analytical calculations predicted the loss of a
coupling crossing a stainless steel pressure vessel wall with the air-charged FPSE
developed at Sunpower as about 6.3 percent of the transmitted power. The loss will be
reduced by using a pressure shell made of material with high electrical resistivity. The
test results indicated that the magnet temperature in operation was within the
recommended range for neodymium iron.

The analytical and experimental results in the completed Phase I program have shown that
the magnetic coupling is feasible and applicable for the FPSE-driven heat pump, which
confirms the potential for further development of the FPSE magnetically coupled heat
pump.
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SUMMARY

Phase I of the FPSE magnetically coupled heat pump program involved the critical
component evaluation, analytically and experimentally. The analytical work focused on
the study of characteristics of a permanent magnet coupling and magnetic coupling/
compressor resonant system.

The experimental work consisted of design, fabrication, and testing of a
motor/crankshaft/magnetic coupling/double-acting compressor test rig. The tests
primarily covered evaluation of the magnetic coupling characteristics, including its force-
deflection relationship, power loss, irreversible loss, and operating temperature; exposing
permanent magnets to R-22; and study of the magnetic coupling/reciprocating compressor
system resonant characteristics. As an application, a FPSE/MC/C assembly applying

Sunpower's 3 kW air-charged engine was considered.

The successfully performed Phase I work has shown a great potential for further
development of the FPSE magnetically coupled heat pump. In summary, the following

conclusions can be made from the tests, analysis, and preliminary assembly design.

1. Good understanding of the characteristics of a linear magnetic coupling with a

coupling/compressor system has been achieved.

2. Magnetic coupling characteristics can be adequately predicted. The optimal
design of a magnetic coupling can be effectively and easily created by applying

classical electromagnetic theory.

3. The experimental magnetic coupling used in the test rig has a load capacity
greater than 3 kW with the air-charged engine operating conditions. The
magnet mass of a magnetic coupling for a certain power transmission can be
reduced by increasing either the frequency or stroke, before this is done
consideration must be given to the dynamic force requirements of starting and

cycling.

4. The magnet mass can also be reduced as the applied load is reduced. The force
acting on the magnetic coupling in a ideally designed system is only the

compressor damping force. This must be considered in system design.



5. The driven stroke is variable along with the compressor loading since the

coupling deflection between the driving and driven components varies along
with the imposed coupling load. This system characteristic requires
consideration of resonant system tuning over a wide range of operating

conditions in system design.

. The power loss from a magnetic coupling to be used in the 3 kW air-charged

FPSE/coupling/compressor assembly with a stainless steel pressure shell is
predicted as about 190 W which is 6.3 percent of 3 kW. A pressure vessel wall
made of material with both high electrical resistivity and strength can greatly
reduce the coupling loss. A search for such a material for this application is

being conducted in this investigation.

. Operating temperature of a magnetic coupling depends on not only the coupling

loss but also heat transfer to the surroundings. The measured temperature of
the test model was within the recommended operating temperature range of
neodymium iron. The irreversible magnetization loss of neodymium iron
magnets at the operating temperature is small. Reversible loss due to

temperature rise should be taken into consideration in design.

8. Side load and rotational force are negligible within usual machining tolerances.

Consequently, the following recommendations are made based on the above conclusions.

1.

A continuing program to evaluate and demonstrate the performance of a

FPSE/MC/C assembly for the heat pump system is recommended.

. In the further development of a FPSE/MC/C assembly, redesign of a free-piston

Stirling engine specifically for the heat pump application is recommended. The

new system should be competitive with existing electrically driven heat pumps.



1.0 INTRODUCTION

A free-piston Stirling engine (FPSE) with its advantage of multi-fuel capability, high
efficiency, quiet operation, hermetic sealing, little side load, and low maintenance has
been considered for application as a prime mover in a gas residential heat pump. In a
FPSE-driven heat pump, the engine working fluid and refrigerant of the compressor need
to be hermetically sealed from each other. The major effort in the critical component
development of the FPSE-driven heat pump has focused on finding an effective and
efficient means to transmit power from the engine to the compressor with hermetic

sealing.

Previous attempts included the inertia compressor, the hydraulic diaphragm, and a direct
shaft drive with sliding seals [1]. Each of these methods has drawbacks in the form of
complex dynamic interactions, mechanical complexity, seal leakage, or cost. Another
method to meet the requirements for the hermetically sealed FPSE-driven heat pump is to
use the already-developed FPSE-linear alternator to drive a conventional electrically
operated heat pump. The electric power produced in this system can be diverted for other
uses, as well as for the heat pump. The cost of this electrical system relative to direct

drives would probably be higher.

A FPSE-driven magnetically coupled heat pump has long been considered a potentially
better system by Sunpower [2] [3]. Due to the improved energy product and lowered
cost of permanent magnets such as neodymium iron, a linear magnetic coupling has
become an attractive selection for power transmission in a FPSE-driven heat pump. The
objectives of the completed Phase I work covered in this report were to evaluate the
critical components, including the magnetic coupling and hermetic sealing, and to
demonstrate by means of bench tests the performance of the magnetic

coupling/compressor system.

A schematic of a magnetically coupled FPSE-driven heat pump is illustrated in

Fig. 1.1 [2]. The power module of the system consists primarily of a free-piston
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Stirling engine, a permanent magnet coupling, and a refrigerant compressor. For
Rankine-cycle heat pump operation, an outdoor unit (the evaporator in heating mode), an
indoor unit (the condenser in heating mode) and thermostatic expansion valve are also
connected to the system to form a complete heat pump system. Thus, heat from outdoor
air is absorbed by the low temperature refrigerant, raised to a higher temperature during
the vapor compression by the engine work input to the compressor, and, finally, released
for heating purposes. In the described system, power from the FPSE is transmitted to
the refrigerant compressor through the magnetic coupling crossing the Stirling engine's
pressure vessel wall. The pressure vessel wall between the magnets separates the
working fluid of the Stirling engine from the refrigerant in the compressor. Compared
with other FPSE-driven heat pump systems, this type of heat pump has the following

advantages:
1. The magnetic coupling as a hermetic coupling eliminates mechanical contact
between the engine power piston and compressor, and hermetically separates the
engine working fluid and refrigerant. The coupling configuration is simple and

the system assembly will be compact.

2. Within the intended range of operating conditions, the coupling will be free of

mechanical degradation.

3. With proper design, the power loss in a magnetic coupling is low.

The completed Phase I work consists of:

1. Evaluation of the permanent magnet coupling characteristics and development of a

magnetic coupling design methodology.

2. Investigation of the FPSE/magnetic coupling/compressor dynamic behavior.



. Design, fabrication, and tests of a magnetic coupling/double-acting compressor
assembly.

. Conceptual assembly design based on the 3 kW air-charged FPSE developed at
Sunpower.



2.0 PERMANENT MAGNET COUPLING CONSIDERATIONS

A linear permanent magnet coupling is a critical component in the development of this
type of heat pump system. The magnetic coupling, with its basic configuration shown in
Fig. 2.1, should be designed to maximize the force and stiffness per unit mass of the

permanent magnets. The design effort evolved after considering the following:

1) Magnet material,
2) Design parameters, and

3) System resonant characteristics.

2.1 Selection of Magnet Material

Neodymium iron was considered an ideal permanent magnet for a magnetic coupling.

Compared with samarium cobalt, neodymium iron has the following advantages:

1) Higher magnetic energy product,

2) Lower density,

3) Lower price, and

4) Higher resistance to chipping during handling.

Information in general about both neodymium iron and samarium cobalt is listed in
Table 2.1.

Table 2.1 Permanent Magnet Properties [4] [5]

Neodymium Iron Samarium Cobalt
Peak Energy Product (kJ/m3) ~280 ~210
Density (g/cm3) ~1.5 ~8.2
Curie Temperature (°C) ~300 ~800
Price* ($ /kg) ~90 ~150

*Estimated from information provided by permanent magnet manufacturers




Because of the concern about magnet demagnetization with elevated temperature, the
recommended operating temperature of neodymium iron is usually not higher than
130°C, based on its 300°C Curie temperature. The magnetic coupling connection to the
power piston is typically located at the cold end of the FPSE. The heat to the magnets

contained in a coupling is primarily from the magnetic coupling eddy-current loss.

To avoid demagnetization by overheating the magnets (in other words, to ensure the
magnet temperature in operation will not exceed manufacturer recommendations), two
issues need to be addressed. First, the magnetic coupling loss must be evaluated.
Second, a system must be designed to keep the magnet operating temperature low. These

issues will be described in Sections 2.2 and 3.2.4, respectively.

2.2 Magnetic Coupling Design

The design parameters of a magnetic coupling include the radial distance between the
inner and outer coupling rings (G), the thickness of the magnet (t;,), the thickness of the
iron base (ty), the width of the magnet (w), the coupling diameter (D), and the number of

magnetic pairs (N), all of which are shown in Fig. 2.1.

The essential goal for the design of a permanent magnet coupling is to achieve the
required coupling load capacity with a minimum volume of permanent magnets, subject
to existing design constraints. Based on this consideration, analytical work in Phase I
concentrated on the development of a model that could predict the magnetic coupling load
capacity represented by the axial coupling force (F) as a function of the coupling
deflection (x) with specified coupling geometries and permanent magnet properties.

From classical electromagnetic theory [6], the force may take a function as:

F=f(x,N,G, w, t;), t, d, D, B) (2.1)

where d is the axial distance between magnet rings of the same row, and B, is the

magnetic residual induction.
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Figure 2.1 Magnetic Coupling Configuration
(a) Configuration (b) Alternating-Polarity Arrangement



The equations derived from the classical electromagnetic theory and corresponding
computer programs to implement the determination of the design parameters are not

included in this report.

The calculated force-deflection diagram of an experimental magnetic coupling used in the
test rig is shown in Fig. 2.2. The comparison between results of the force-deflection
characteristics from the analytical model and tests will be stated in Section 3.2.
Geometries and sizes of a magnetic coupling for a given load capacity can be easily
optimized by a design method based on the successfully developed model. It is noted
that the maximum coupling load considered in a design is a point on the F-x curve with a
positive stiffness, i.e., at x<xlyp/4x=0. Obviously, the required magnet mass for a given
load capacity will be less as the coupling operating point is moved closer to the instability
point (dF/dx=0).

Arranging magnets of alternating polarity in a magnetic coupling (Fig. 2.1) causes
identical surface currents of adjacent magnets at the magnet interface [6], which leads to a
large restoring force and a stiff coupling. The distance, G, depends upon the thickness
of the pressure vessel wall which can bear the engine internal pressure, and is usually a
given parameter minimized to gain high power transmission. In general, a 300 type
stainless steel shell with 100 mm diameter and 1.5 mm thickness is suitable for 2.5 MPa
(25 bar), which is the mean internal working pressure in Sunpower's 3 kW air-charged
engine. Since the pressure stresses are proportional to the diameter of the pressure

vessel, the small diameter pressure vessels can be thinner, thus reducing the distance, G.

Power loss in a linear magnetic coupling is primarily caused by eddy current, i.e., by
heat generated within the shell between the inner and outer magnet rings when the
coupling is oscillating. According to classical electromagnetic theory [6], the loss (Pp) is
a strong function of the permanent magnet strength (B,), the coupling linear speed related

to both the operating frequency (f) and coupling stroke (s), the electrical resistivity of the
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pressure vessel material (R), and the volume of the pressure vessel shell within the width

of the total magnetic rings (V). The function may be expressed as:
PL = (I/R) {[(n/V2) £ s B, t] / (G+2t) )2 V (2.2)

It can be interpreted from the function above that two parameters have significant impact
on reducing the coupling loss. One, as the electrical resistivity (R) of the pressure vessel
material within the coupling gap is increased, the coupling power loss is rapidly
decreased. The comparison of the loss in a fixed coupling/pressure vessel geometry as a
function of R is shown in Fig. 2.3. Two, the loss varies proportionally to the product of
the frequency and stroke (f X s) as a coupling load capacity and G are fixed, as shown in
Fig. 2.4. This can be derived from relationships (2.1) and (2.2) by considering that V is
inversely proportional to (f X s) when the coupling load capacity and G are given. Since
the average speed (2 f x s) implies the term of (f X s), the loss varies proportionally to the

average coupling speed.
2.3 System Resonant Characteristics

The power module in this heat pump system primarily consists of a free-piston Stirling
engine, a permanent magnet linear coupling, and a refrigerant compressor. The engine
power piston, the magnetic coupling, and the compressor piston form a coupled resonant
system. This system may be expressed by a simplified free-body diagram shown in Fig.
2.5 (a), where the mass, m,, includes all the driven components, such as the outer
magnet rings, compressor piston, and rod. The force-vector diagram on m,, is depicted in
Fig. 2.5 (b). Since determination of the load capacity of a magnetic coupling depends
upon the maximum force acting on the coupling, the design of a magnetic coupling and
the power piston/magnetic coupling/reciprocating compressor system are also based on

the characteristics of the system dynamics.

A double-acting reciprocating compressor was initially considered for application of this

type of heat pump and for the Phase I test program. In the test program, a double-acting

10
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reciprocating compressor was fabricated and used as a load to the experimental magnetic
coupling. The maximum damping force of the double-acting compressor, shown in Fig.
2.5 (b), proportional to the compressor power absorption and inversely proportional to

the frequency and piston stroke of the compressor, may be approximately calculated

from:
Fimax =2P/nfs (2.3)
where P = power required to drive the compressor
f = frequency
s = stroke

This relation was simply derived from a relationship of harmonic power and a sinusoidal
motion. Since the damping force resulting in a power dissipation will not cancel, the
force acting on the linear magnetic coupling for a fixed power transmission is minimized
when the driven components are resonated. This means that in an ideally designed
system, the only force which must be transmitted by the magnetic coupling is the
damping force. By ignoring the coupling loss, the force acting on the magnetic coupling,
kX, is minimized and equal to the damping force when the inertia effect is entirely
balanced, thus minimizing the magnet mass. This can be seen in Fig. 2.5 (b). The
analysis indicates the addition of springs on the driven components is required when the

driving frequency is high.

It needs to be noted that, unlike a conventional mechanical link which connects the
driving and driven parts rigidly, a magnetic coupling acts like a spring since the deflection
between the driving and driven components varies along with the imposed load on the
magnetic coupling (Fig. 2.2). The gas force on the compressor piston varies as the
double-acting compressor is subjected to varying pressure and temperatures over the
operating range of the heat pump. The system is balanced in inertia and in spring effects
at one compressor operating pressure, but it will not be so at higher or lower pressures.

This also means that the magnetic coupling with its spring characteristics requires

14



consideration of the resonant system tuning over a wide range of operating conditions in

the system design.

In a resonant system, wherein the engine and compressor are tuned to the same
frequency, the only force which must be transmitted by the magnetic coupling is the
damping force. Hence, the running load capacity of a magnetic coupling can be simply

evaluated from its force-deflection characteristics.

15



3.0 TESTS AND RESULTS

The tests performed on a magnetic coupling/double-acting compressor test rig were
designed to evaluate the characteristics of the magnetic coupling and to demonstrate the

performance of a magnetic coupling in a coupling/compressor system.

3.1 Magnetic Coupling/Double-Acting Compressor Test Rig

To perform the tests, a test rig (schematic shown in Fig. 3.1) was designed, fabricated,
and tested. The test rig with auxiliary apparatus and instrumentation (illustrated in Fig.
3.2) basically consists of (1) a magnetic coupling/double-acting compressor assembly
(shown in Fig. 3.3), (2) a 5 kW motor driving the test rig, and (3) a
belt/pulley/crankshaft transmission converting rotation to linear motion. Varying the ratio
in the transmission or the crank radius allowed for change in the operating frequency or
in the coupling stroke, respectively. However, the crank radius was set as 12 mm (24

mm driven stroke) in the tests.

The magnetic coupling in the test assembly consisted of six pairs of rings made of pieces
of neodymium iron with alternating polarities. Properties of the magnet can be found in
Table 3.1.

Table 3.1 Properties of Magnets in the Experimental Magnetic Coupling [7]
(Neodymium Iron-Hicorex Nd 94 EB from Hitachi)

Residual Induction, B, (Wb/m2) 1.1to 1.2

Coercive Force, H; (A/m) 804x103 to 891.5x103
Energy Product , (BH) 4« (kJ/m3) 224 to 272

Curie Temperature, T, (°C) 300

Reversible Temp. Coeff. of Magnetization (%/°C) -0.109

Density (g/cm?3) 7.5

Recommended Operating Temperature (°C) -40 to +125

16
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The experimental magnetic coupling specifications are listed in Table 3.2. The gap, G, is
usually a predetermined parameter in design. By considering the pressure of 2.5 MPa
(25 bar) in the 3 kW air-charged FPSE, the required thickness of the 304 type stainless
steel shell in the test assembly (Fig. 3.1) was determined to be 1.5 mm. Allowing a
0.9 mm clearance between the shell and the magnet rings on each side gave a G equal to
3.3 mm in the magnetic coupling design. Components of the magnetic coupling are

shown in Fig. 3.4.

Table 3.2 Experimental Magnetic Coupling Specifications

The Number of Rings 6
Gap Between Inner and Outer Magnets (G) [mm] 3.3
Mean Diameter (D) [mm)] 103.5
Magnet Ring Width (w) [mm)] 12
Magnet Thickness (t,,) [mm] 5
Iron Base Thickness (tp,) [mm] 3.5
Axial Spacing Between Magnet Rings (d) [mm] 1
Stainless Steel Shell Thickness (tg) [mm] 1.5

The double-acting test compressor, (see Fig. 3.5), could provide not only loading, but
also spring effect to the magnetic coupling at both back and forth stroke. In test, the

compressor was cooled by water flowing through a housing outside the compressor

cylinder.

Displacements of the inner and outer coupling components were measured during
operation by fast linear displacement transducers (FLDT) with high accuracy and very
low phase shifts [8], thus giving the coupling deflection. The axial force on the magnetic
coupling could be evaluated from the force-deflection relationship. The temperature of

the stainless steel shell and the aluminum bearing support were measured by
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thermocouples; and the temperature of the magnet and iron stator were measured by

temperature indicator labels mounted on the surfaces of the magnet and iron stator.
3.2 Tests and Result Analyses

The test rig was first operated at 15 Hz and 35 Hz without a spring applied to the driven
components and at 58 Hz with springs installed on the driven components. (See Section
3.2.3 for an explanation of the 58 Hz operation.) In all the tests, the double-acting
compressor was loaded by air discharged through a pressure-controlled valve to a
pressure tank. Since the Phase I testing program concentrated on evaluation of the
magnetic coupling, the compressor did not run under a refrigerant load. The completed

tests and test results with analyses are summarized in the following sections.
3.2.1 Magnets Exposed to R-22

Since the permanent magnets in a magnetic coupling used in a hermetically sealed FPSE
magnetically coupled heat pump would be exposed to the refrigerant, this test was

performed to assess the physical behavior of the magnets after exposure to liquid R-22.
The experimental procedure and results are as follows:

Magnets measuring 12 X 12 x 5 mm (Neodymium Iron-Hicorex Nd 94 EB from Hitachi)
were put into a pressure tank containing liquid R-22 for 21 days. During this period the
tank was heated 10 times to about 60°C and kept at this temperature for 40 minutes each
time. There was no detected difference in the physical appearance and magnetic
properties of the magnets after the test. Magnets can also be coated with material such as

epoxy for protection from the working fluid.
3.2.2 Force-Deflection Characteristic of the Experimental Coupling
The load on the magnetic coupling is only the compressor damping force in an ideal

design. As previously described, the load on the magnetic coupling for a refrigerant
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compressor could be simply represented by the load from the equivalent air compressor
in the test program. The force-deflection characteristic (static behavior) of the
experimental magnetic coupling in the test rig was measured and the results are plotted in
Fig. 3.6. For comparison, results calculated from the analytical model, shown in Fig.

2.2, are plotted in Fig. 3.6 (Also, see Table 3.3.). Conclusions from this test are:

1. The analytical model can accurately predict the linear magnetic coupling
characteristics since the results of the analytical model and the tests are consistent

in the region of operating conditions (x<x! yg/q4-0)-

2. The load capacity of a magnetic coupling can be simply evaluated from its force-
deflection characteristics. The only force which must be transmitted by an ideally
designed magnetic coupling is the damping force. The maximum damping force

of a double-acting compressor can be calculated from equation (2.3).

Table 3.3 Axial Force of the Test Magnetic Coupling

as a Function of its Deflection

x(mm) 1.2 24 3.6 4.8 60 7.2 8.4 9.6 10.8
Fn (N) 889 1,689 2,334 2801 3,112 3,246 3,179 2,934 2,500
F,(N) 960 1,807 2,470 2920 3,153 3,169 2,979 2,560 1,945

The maximum damping force of a double-acting compressor, running at 60 Hz
and 30 mm stroke with 3 kW dissipated power, is about 1,100 Newtons. The
deflection of the experimental magnetic coupling under this load is shown in
Fig. 3.6 as a mark on the measured curve. Thus, this magnetic coupling can
transmit a power greater than 3 kW at 60 Hz and 30 mm stroke. In other words,
a magnetic coupling for 3 kW power transmission, by containing fewer

magnets,will be even smaller than that used in the test model.
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Figure 3.6 Force-Deflection Diagram of the Experimental Magnetic Coupling
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3.2.3 System Operation

The test rig was operated at its maximum speed (58 Hz) after a minimum speed (15 Hz)
and a low-speed operation (35 Hz). The maximum speed was measured during

operation. The nominal design maximum frequency of the Sunpower 3 kW air-charged
FPSE is 60 Hz.

The inertia force of the driven components is Xcmc(oz. As the driven amplitude was
treated approximately the same as the driving (12 mm) amplitude, the inertia force of the
driven components of the test rig was about 320 N at 15 Hz and 1,750 N at 35 Hz, while
it was about 4,800 N at 58 Hz. To maintain a tuned resonant system at high frequency
(i.e., 58 Hz), added compensating springs were installed on the driven components.

The system resonant characteristics have been previously described in Section 2.3.
3.2.4 Power Loss in a Magnetic Coupling

Representing heat generated within the shell, the power loss in a magnetic coupling can
be expressed as the sum of two parts. One is heat stored within the shell, the other is

heat transfer from the shell to the surroundings. Thus,

Pp =mg ¢ (dTy/dt) + Qg 3.1
where my is the mass of the shell with an axial length swept by the magnets, cg is the
specific heat of the shell material, Ty is the shell temperature, and Qq is the heat transfer
rate from the shell to its surroundings. Obviously, Qs— 0 as t (time)— O since the

temperature gradient between the shell and its surroundings is negligible when the

coupling first starts running. The loss can be written as a function:

Pp =mgcg (dTy/dt) |0 (3.2)
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Therefore, the loss can be simply evaluated by measuring the instantaneous temperature-
rise rate (dTy/dt) | ,_,q ) of the shell at the moment the magnetic coupling starts running.
For example, Fig. 3.7 depicts the temperature of the 304 type stainless steel shell within
the coupling gap along with time within the starting period of the test rig's operation.
The actual time interval of temperature measurements in this case was 3 seconds. With
cg = 480 J/kg°C for the 304 type stainless steel shell at room temperature, the loss
calculated from equation (3.2) is about 220 W.

The loss of the magnetic coupling in the test rig oscillating at 58 Hz with varying piston
strokes was evaluated in this way and plotted in Fig. 3.8. Results evaluated by the
theoretical model are also shown in the same figure. The results on comparing tests and

theory were:

1. Close agreement of the testing and calculated results (Fig. 3.8) indicates the loss
for any particular design can be evaluated by the analytical model. For example, a
properly designed magnetic coupling with a 100 mm diameter can link a 3 kW
free-piston Stirling engine, with an internal pressure of 2.5 MPa (25 bar) and an
operating frequency of 60 Hz, to a double-acting refrigerant compressor in a heat
pump. The gap between the inner and outer magnetic rings (G) would be 3 mm
and the thickness of the stainless steel engine pressure vessel (tg) within the gap
would be 1.4 mm, which is strong enough to bear the engine internal pressure.
For the neodymium iron used in this example, B; is 1.05 T, and the coupling
loss, as determined from Fig. 3.9 for the 3 kW air-charged engine running at 60
Hz and 30 mm stroke, would be about 190 W (6.3 percent of 3 kW).

2. Toreduce the hysteresis loss, materials with both high electrical resistivities and
high strengths, like titanium alloys, should be used to make the pressure vessel.
As shown in Fig. 2.3, the coupling loss rapidly decreases as the electrical

resistivity increases.
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3.25 Operating Temperature of a Magnetic Coupling

Since magnetization loss in a permanent magnet occurs as the temperature of the magnet
increases, the operating temperature of a magnetic coupling is a concern in the design.
Several thermocouples were installed on the stainless steel wall and temperature labels
were stuck on the magnet surface at various locations. The stainless steel wall

temperature along with the test rig running time is shown in Fig. 3.10.

As previously described, the power loss in a magnetic coupling can be expressed as:

P, =mgcg (dTy/dt) + Qg
=mg ¢ (dTy/dt) + A U AT 3.3)

where A is the shell surface area, U is the overall heat transfer coefficient of the surface to
the surroundings, and ATy is the temperature difference between the shell and the
surroundings. Since the average slope of (dTg/dt) at any time interval may be found from
Fig. 3.10, and the surrounding temperature was 18°C, the power loss is:

Pp =mgcg (55-18) + AU [(55+18)/2 - 18] for 0 <t <1 (min), and

Py =mgcg (105 - 103)/4 + A U [(105+103)/2 - 18] for 33 <t < 37 (min)
By simply treating U as a constant, by substituting AU/m¢cg found from solving the
above simultaneous equations into (3.3), and by setting (dT¢/dt) = 0, equation (3.3)

gives:

ATS IdTS/dt=0 =87 °Cand

TS IdTS/dl=0 =87+18=105°C
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where dT¢/dt = 0 means the shell temperature reaches a stable value.

Compared with T | _37 min = 105°C which is shown in Fig. 3.10, the result above
indicates that after the test rig operates for 37 minutes the temperature nearly stabilizes.
This can also be explained physically as follows: At a certain temperature, the loss will
entirely go to the surroundings as the heat transfer from the shell. Under this stable
condition, the measured magnet surface temperature ranged from 85°C to 90°C, which is

within the recommended operating temperature range for neodymium iron.

It is noted that the last three data points in Fig. 3.10 show a temperature jump. This was
caused by a coupling loss increase when the driven stroke was suddenly changed from
23 mm to 25 mm, proving again that the loss was related to the factors included in the

analytical calculation.

The operating temperature of a magnetic coupling depends on not only the loss, but also
heat transfer from the coupling to the surroundings. Any arrangement that improves the

heat transfer can lower the operating temperature.

3.2.6 Irreversible Loss

The irreversible loss of neodymium iron magnets at the operating temperature was
evaluated by comparing the force given by the coupling before and after the 40 minute
operation. Its measured F-x curves before and after the operation are shown in
Fig. 3.11. No significant change was observed. Usually, the irreversible loss is small

within the operating temperature range of magnets like those used in the experimental

coupling.
The coupling design should include consideration of the permanent magnet reversible

loss due to a temperature elevation during operation. For the magnets used in the

experimental coupling, the reversible temperature coefficient of magnetization is
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-0.109% / °C (see Table 3.1). This indicates that the magnets will be demagnetized by
about 7 percent as the magnet temperature rises from room temperature to 85°C. Any
way, to limit both the reversible and irreversible loss of neodymium iron used in a
magnetic coupling, consideration of making the magnet temperature rise as small as

possible should be taken in design.

3.2.7 Rotational Force and Side Loading

The side load of a magnetic coupling greatly depends upon the eccentricity of the
magnetic pairs. The side load of the coupling used in the test rig as a function of
eccentricity was predicted by the analytical model as shown in Fig. 3.12. However, both
the side load and rotational force are negligible when the coupling components are within

usual machining tolerances.
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4.0 FPSE/MAGNETIC COUPLING/COMPRESSOR ASSEMBLY

The 3 kW air-charged FPSE previously developed by Sunpower was proposed for heat
pump assembly evaluation. Therefore, based on successful completion of the coupling
effort, a preliminary design of a FPSE/magnetic coupling/compressor (FPSE/MC/C)
assembly was prepared as an application of the 3 kW air-charged engine [9]. Some

specifications of the preliminary design are shown in Fig. 4.1 and Table 4.1.

Table 4.1 Assembly Design Specifications

Engine Output Power 3 kW

Engine Working Gas Air

Engine Mean Pressure 2.5 MPa
Frequency 60 Hz

Power Piston Stroke 30 mm
Compressor Type Double-Acting
Refrigerant R-22

The system operating frequency of 60 Hz is identical with the electricity supply. A linear
alternator with battery can be used as a motor to start the engine and as a generator to
supply electrical power to auxiliary equipment, such as a burner blower and water pump.

This could make the heat pump system independent of an outside electrical power supply.

The determination of coupling-design parameters is based on the analytical design model
and previous test results. The required magnet mass for an ideally designed magnetic
coupling with a fixed load capacity and a given G is inversely proportional to the product
of the operating frequency and stroke. As an example, the magnet mass of a magnetic
coupling for a FPSE/double-acting compressor assembly (2.5 MPa internal pressure,

60 Hz operating frequency, and stainless steel pressure vessel) was evaluated and the
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results are shown in Fig. 4.2. Due to the 30 mm stroke and 2.5 MPa pressure of the
3 kW air-charged engine, the magnet mass for a magnetic coupling using a double-acting

compressor will be about 0.8 kg.

The inner coupling rings are contained in a stainless steel cylindrical shell which will be
part of the engine pressure vessel. The driven components will be tuned by applying

mechanical springs.

It is noted that the 3 kW air-charged engine was originally developed at Sunpower for a
Stirling/generator application. This section gives a design concept of a FPSE/MC/C
assembly using the air-charged engine only. In the design shown in Fig. 4.1, the linear
alternator remains in the engine pressure vessel and a refrigerant compressor, a magnetic

coupling, and mechanical springs are added to the engine at its lower end.

An assembly design with a free-piston Stirling engine particularly for the heat pump
application is under consideration. This engine will use helium as the engine working
fluid and its configuration will be much more compact. This design will be described in

the Phase IIA final report.
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