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SUMMARY

An experimental heat pump that uses a rare earth element as the refrigerant is
sodeled using NASTPAN. The refrigerant is a ferromaguetic metal whose temperature
rises whean a magnetic field is applied and falls when tne magnetic field is
removed. The hect p .mp is used as a refrigerator to remove heat from a reservoir
and cdischarge it through a heat exchanger. 1ir the NASTRAN wodel the components
wodeled are represented by one-dimensional ROD elements. The analysis acccunts for
heat flow in the solids, heat L‘rarsport in the fluid, and hect transfer between the
solids and fluid. The probiem is mildlv nonlinear since the heat capacity of the
refrigerant is temperature-dependent. Cne simulation run contists of a series of
transient analyses, each representing one stroxke of the heat pump. Ar auxiliary
program uas written that uses the results of one RASTRAN analysis to generate data
for the next MEASTRAN analysis. Computed results are compared with experimental
data.

INTRODUCTION

An experimental heat pump being developed at the David W. Taylor Naval Ship
R&D Center (DTNSRDC) uses one or xore rare earth elements as the working substance.
These elements are ferromagnetic metals whose temperature increases when a magnetin
field is applied and decreases when the field is removed. This thermodynamic pro-
perty is used in a two-stroke cycle to pump neat from 3 reservoir and discharge it
into the surrounding air. Thus, a refrigeration cycle is implied and the heat pump
will be referred to as a refrigerator. Using rare eartn elements as the refri-
gerant makes possible magnetvic refrigeractors that discharge heat at room tempera-
ture and refrigerate tc very low temperatures. Brown (Reference 1) gives con-
siderations that are required tc make magnetic refrigeration practical for such
applications and (Reference 2) several configurations that have been proposed for
magnetic heat pumps. 1In the apparatus developed at DTNSRDC, a regenerator serves
as the reservoir from which heat is removed and discharged through a heat
exchanger. Figure 1 is a scanematic description of this test apparatus. Heat is
2arried by a fluid, compressed nitrogen, that moves through the refrigerator. The
refrigerant is formed into thin bands that are wrapped around mandrels to form
cciis. These coils are formed with gaps between the layers through which fluid can
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Figure 1. The Magnetic Refrigerator

flow. Several coils are stacked in a stainless steel chamber. The chamber is ccn-
nected on the cool side to the regenerator and on the warm side to the heat
exchanger. The fluid circuit is completed by a cylinder containing a piston that
moves the fluid back and forth through the chamber, regenerator, and heat
exchanger. The large magnetic field reguired through the refrigerant is provided

454



by a superconducting magret.

The cooling cycle consists of two strokes which will be calied the exhaust and
intake strokes. During the exhaust stroke the magnetic field is applied to the
refrigerant, raising its temperature, and fluid drawn through the cooled regenera-
tor passes over and cools the refrigerant. The heat acquired >y the fluid during
the exhaust stroke is discharged by a heat exchanger. During the intake stroke,
the magnetic field is removed; the temperature of the refrigerart falls, and fluid
drawn through the heat exchanger and passing over the refrigerant in the opposite
direction is cooled and in turn cools the regenerator.

To achieve very low temperatures, a refrigerator with several stages operating
at progressively lower temperatures will be needed. Several rare earth elements or
alloys of these elements will be used as refrigerants; each has a lemperature range
at which it works most effectively. One rare earth element, gadolinium, has its
largest temperature change with a change in magnetic field at about 300 K which is
near rooa temperature. Other rare earth metals that may be used are terbium and
dysprosiur which have largest temperature changes near 225 K and 180 K, respec-
tively.

REQUIREMENTS FOR THE MATHEMATICAL ANALYSIS

Different designs for the refrigerator, using various materials must be tested
to determine which configurations and material properties hold the mos: promise for
effective and efficient operation. It is more efficient to model the refrigerator
analytically and simulate its operation with different designs and materials than
to make coils cf various aaterials and then build and test experimental refrigera-
tors.

Since DTNSRDC has considerable experience with the NASTRAN program, it was
decided to use its heat transfer capability for this problem. However, several
aspects of the problem make it a non-routine application. The material properties
of the refrigerant are sufficiently temperature-dependent in the temperature range
used to make the problem nonlinear. Also, each test run of the refrigerator con-—
sists of many strokes. Each stroke corresponds to a time segment in the solution
with initial ccnditions different from, but determined, by the final conditions of
the previous segment. NASTRAN provides for neither nonlinear material prcperties
nor changing temperature values during a transient analysis. To accommodate these
requirements, a sequence of NASTRAN analyses is used, one for each stroke. An aux-
iliary program HEATSTEP was developed that uses results from the NASTRAN analysis
of the previous stroke, computes the initial conditions for the next stroke, and
prepares data for the next NASTRAN analysis.
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ASSUMPTIONS

A number of simplifying assumptions for the mathematical model keep the
analysis manageable. Only the refrigerant, the chamber, and the fluid passing
through the chamber are modeled, and a simple approximation is made of the heat
capacity of the tubing leading from the chamber to ihe regenerator. Since the
layers of refrigerant and fluid and the stainless steel chamber wall are thin, it
is assumed that there is no significant temperature variation through these layers,
It is also assumed that there is no significant temperature variation across the
the chamber. Therefore, the temperature of each type 2f material is assumed to
vary only along the length of the refrigerant chamber, that is, the problem is
one—dimensional. Since several seconds are required to apply and remove the mag-
netic field, it is assumed that at the beginning of each stroke the temperature of
the fluid equals the temperature of the refrigerant at the same position. The tem-
perature distribution in the chamber wall is assumed not to change while the mag-
netic field is changing. The refrigeranL coils are stacked one on top of another,
so there is a relatively small thermal connection between the coils, and it is
approximatec by a conductor with a relatively small thermal conductivity.

During the intake stroke the heat exchanger, and during the exhavst stroke the
regenerator, are assumed to provide sources of fluid with constant temperatures.
Therefore, during the intake stroke, the temperature of the fluid flowing into the
refrigerant chamber equals the ambient temperature. Determining the temperature of
the fluid entering the chamber during the exhaust stroke is not so straightforward.
It is assumed that the temperacures of the fluid and the tubing on the cold side
are equal and constant during the exhaust stroke, and at the beginning cf the
intake stroke the temperature of the cold side is the same as it was during the
last exhaust stroke. Therefore, the temperature of the fluid entering the refri-
gerant chamder during the present exhaust stroke is computed by taking a weighted
average of tne average temperature of fluid entering the regenerator during the
preceding intake stroke and the temperature of fluid leaving the regenerator during
the preceding exhaust stroke. In computing the average, these temperatures are
weighted by the values of the heat capacity of the fluid moved during one stroke
and the heat capacity of the cool side of the apparatus, respectively. The tem-
perature change duriag one stroke is at most a few degrees, so the temperature-
dependent material properties are determined for the initial temperatures for each
stroke and remain constant during the stroke.

THE EQUATIONS THAT DESCRIBE THE REFRIGERATOR MODEL

The partial differential equations that describe the temperature distribution
in the refrigerant and the chamber wall are one-dimensional heat equations. A
loading term on the right hand side represents film convection of heat to the
fluid. These equations arc of the form
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+here m =1, s or f for refrigerant, stainless steel or fluid
Py = density of material
c. = heat capacity of material

k = conductivity of material

A = area of the surface between the material and fluid

m
V‘ = volume of material

T. = temperature of material
h = convection coefficient

The partial differential equation that describes the temperature distribution
in the fluid is

a7 » T, Ah Ak
_£_ = _ Ly X (p _r)+-S(T -7
Pecr3e KV Tg r% Y TV, (T, - Tg) v, (T, - T,

The term containing an/ax represents transfer of heat due to the flow of the

fluid. The two terms on the right hand side represent film convection to the
refrigerant and stainless steel chamber wall. Boundary conditions for the one-
dimensional heat equation consist of the initial temperature distribution in the
chamber and specified temperatures or derivatives of the temperature at the ends of
the chamber. The boundary conditions are provided by tune initial temperatures and
constraints contained in the NASTRAN input data.

THE FINITE ELEMENT MODEL

The problem is sclved using the NASTRAN transient thermal analysis rigid
format. The refrigerant, stainless steel, and fluid are modeled by NASTRAN one-
dimensional ROD elements. The thermal contacts betweer the coils of refrigerant
are represented by NASTRAN ELASt! elements., Transf2r of heat to and from the fluid
from the refrigerant material and the stainless steel chamber is modeled using HBDY
elements of type LINE. Figure 2 is a schematic representation of the finite
element model.
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Figure 2. The Finite Element Model

The term in the fluid differential equation containing the spatial derivative
of the fluid temperature is obtained by a finite difference approximation using a
NASTRAN transfer function. This term is included in the differential equation by
applying a load to the appropriate node using the capability for applying nonlinear
loads. For example, to compute the finite difference approximation for the fluid
node number 32, a value, u732 is assigned to an extra point, number 732, by the
equation

Bu732 + A1uu2 - A2u32 =0

for u732 = (uuz - u32)/ Ax, where Ax is the distance between adjacent nodes, and

u32 is the temperzture at node number 32, so B = AX, A1 = -1, and A2 = 1. The
preceding approximation is for fluid flowing in the direction of increasing nodal
identification numbers; for fluid flowing in the other direction the approximate
value is

= - A
u732 (u32 u22)/ X
The term with 3T/3x is added in the form of a load using a NASTRAN NOLIN card where
u. = 3T/3x is the load and p_c vV is a scale factor.
132 fp

The temperature of the fluid ent2ring the chamdber is maintained by a large
source specified by a TLOAD1 card. The magnitude of this force multiplied by a
large scale factor M is given on a DAREA card and applied to a scalar point. A
large conductor from the scalar point to ground is specified by an ELAS4 element
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that has conductivity equai to the scale factor M. Thus, the value assigned to the
scalar point is constrained to equal the input temperature, and then the appropri-

ate fluid grid point temperature is constrained by a multipoint constraint to equal
this value. The temperature of the fluid entering the refrigerant chamber is main-
tained by attaching to the fluid node located where the fluid enters the chamber, a
large linear conductor represented by a NASTRAN ELASYH element, and applying to this
node a source of heat with a magnitude that will enforce the required temperature.

THE PROGRAM HEATSTEP

The program HEATSTEP, developed at DTNSRDC, is run after each ['ASTRAN analysis to
prepare data for the following NASTRAN run. To determine the temperatures at the
end of the stroke and the average temperature of the fluid leaving the refrigerant
chamber during an intake stroke, HEATSTEP reads the file of nodal temperatures pro-
duced by NASTRAN. Using this in{ormation it computes the tempurature drop or rise
at each refrigerant node depending on whether the preceding stroke was an intake or
exhaust stroke. The program then determines the temperature of each refrigerant
and stainless steel node for the beginning of the following stroke. The program
also computes heat capacities for each refrigerant element.

HEATSTEP determines the temperature of the fluid that will be passing into the
chamber on the following stroke, and selects the fluid grid point to which the
incoming fluid temperature constraint is to be applied. This is accomplished by
selecting the one of two MPC3s which connects the appropriate fluid grid point to
the scalar point whose temperature has been specified. For an intake stroke, the
temperature of the fluid grid point nearest the heat exchanger is constrained to
equal the ambient temperature. The ratiornale for this average is given in the sec-
tion on Assumptions. The input temperature TIN is given by the equation

T, = (C

IN Flout * Crlrast?/ (G *+ Cp)

where CF is the heat capacity of the volume of fluid moved during one stroke and C

is che heat capacity of tne tubing on the cold side; T

T

oUT is the average tempera-

ture of fluid leaving the chamber during the preceding intake stroke, and TLAQT is

the temperature TIN for the last exhaust stroke.

Finally, HEATSTEP prepares: an input file for the next NASTRAN run that incor-
porates the new data it has computed.
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RESULTS AND DISCUSSION

Several analyses were made using this method. Some of these analyses were
made to get relative indications of the performance of proposed configurations.
One analysis modeled the experimental device; results from this analysis are glot-
ted in Figure 3.

MAGNETIC REFRIGERATOR

L ! | LIS B rT { Y 1 L DL i

280
270 — —
260 — —

©® EXPERIMENTAL

240 1 | 1 | 1 ] 1 | 1 1 1 | [ | 3 1 L
0 2 4 6 8 10 12 14 16 18 20
CYCLES

Figure 3. Comparison of Computed and Experimental Temperatures

Several factors may contribute to improving agreement between the computed and
experimental results. To avoid penetrating the pressurized chamber, thermocouples
were mounted on the outside surface of the stainless steel refrigerant chamber.
Steps are being taken to move the thermocouples inside the chamber to more accu-
rately record the temperature of the refrigerant and fluid, The finite element
model uses a simple representation of the regenerator and probably jts heat capa-
city is under represented; a larger heat capacity would likely slow the temperature
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drop, producing better agreement in the results. It is also likely that better

values may be obtained for the film convection coefficients and thermal conduc-
tivity of the contact between refrigerant coils. These imprcvements will be made
during future work.
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