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• ABSTRACT

Transientflow phenomenain the regeneratortubeof reciprocatingmagneticheat pumps have been

studied numerically and experimentally. In the numerical study, two approaches were

taken: (1) solving the energy balance equations for fluid through a porous bed directly and (2)

solving theNavier-Stokes equationswitha buoyancy force term in the momentum equation. A flow

thermal mixing problem was found in both approaches because of the piston-like motion

of the regenerator tube that hinders the development of the temperature. The numerical study

results show that a 45 K temperaturespan can be reached in 10 minutes of charge time through

the use of a 7-Tesla magnetic field. Using the second numerical approach, temperature

stratificationin the regeneratorfluid column was clearly indicated through temperaturerasters. The

study also calculates regenerator efficiency and energy delivery rates when heating load and

cooling load are ap,lied. Piecewise variation of the regenerator tube moving speed has been

used in the preset_ .americalstudy to control the mass flow rate, reduce thermal mixing of the flow

and thus minimizethe regenerativelosses. The gadolinium'sadiabatictemperaturehas been measured

. under 6.5 Tesla of magnet field and different of operating temperatures ranging from 285 K to 320

K. Three regenerative heat pumping tests have also been conducted based on the Reynolds number
at

of the regenerator tube flow, namely Re=300, Re=450, and Re=750 without loads. Maximum

temperaturespan are 12 K, 11 K and 9 K for the case of Re=300, Re=450 and Re=750, respectively.

Experimental data are in good agreement with the numerical calculation results, and have been used

to calibrate the numerical results and to develop a design database for reciprocating-type room-

temperature magrtetic heat pumps.

xi



1. INTRODUCTION
,J

The concept of the Magnetic Heat Pump (MHP) is based on the principle of the

magnetocaloric effect of magnetic materials, in which entropy, and therefore temperature,

changes when a materialis magnetizedor demagnetized. When a soft magneticmaterial is in

its natural(i.e., zero magnetic field) state, the magneticdipolesin the material arein a relatively

d;.sorderedstate; if a magneticfield is imposeduponthe material, the dipoles align with the field

and are transformedinto an orderedstate. A decreasein entropy (correspondingto an increase

in temperature) occurs. Conversely, if a magnetic materialis suddenlydemagnetizedby being

removed from a magnetic field, an increasein entropy and a corresponding decrease in

temperaturewill occur.

The originof the conceptof magneticcooling canbe tracedbackmorethan a half century

to the 1920s, when Giauque_and Debye2 independentlyproposed using the magnetocaloric

effect of magneticmaterials for refrigeration to produceultra-low temperatures. In 1933,

Giauquewas able to achieve a cooling temperature of 0.5 K down from 3.5 K by using the

. magnetocaloriceffect.3 His method was to cool a paramagneticsalt to 3.5 K in a magnetic

field and then to demagnetizeit adiabaticallyto achieve 0.5 K. This adiabaticdemagnetization

" method is a one-shot or single-step refrigerationprocess that does not provide continuous

cooling. It is still being used in low-temperaturephysics experiments to create temperatures

extremely close to absolute zero.

The possibility of buildinga heat pumpusing the magnetocaloriceffect was apparently

first suggested in 1949 by Daunt,4 who combined two isothermal and two adiabatic

magnetizationand demagnetizationprocesses to form a magneticCarnotheat pump cycle that

is capable of providing sustainedcooling. However, laboratory experimentationwas not

conducteduntil 1975, whenBrownbuiltand testeda reciprocatingmagneticheatpumpassembly

- using gadoliniumas the workingmedium.5 Brown's studyof MHPswas aimedprimarilytoward

near-room-temperaturespace-conditioning applications. Since then, many experimental and
,i

analytical studies have been done on the heat pumpconcept, and the end-use applicationsvary

1



from 4 K in the liquid-helium terr_rature range, as in the study of magnetic refrigeratorsby

Barclay,6 to 400 K, as in the production of low-pressure steam for industrial heating by Idaho

National Engineering Laboratory._

Like the magnetic properties of materials, the temperature changes caused by the

magnetoc_oric effect are highly dependentupon a strong magnetic field. Strong fields created

by superconducting magnetsare often preferredand are probably necessary for many practical

applications. The complexity and relatively high cost of traditional superconducting magnets

(which must be cooled by liquid Helium) are among the factors that have affected interest in

magnetic heat pump development. The discovery of high-temperaturesuperconductivityshows

promisenot only for achieving highermagnetic fields than before, but also for offering a simpler

and less costly superconducting magnet (which may be cooled by liquid Nz). Continued

advancement in superconductingmaterialsresearchwill enhance the viabilityof MHP technology

as well. In view of the recent rapid progress in the superconductivityarea, we have investigated

manypossible options for MHP concepts that could utilize the newly discovered materials and

technology. A test rig for a superconductingMHP was assembled using an existing low-

temperature superconducting magnet. This effort was supported internally by the ORNL

Exploratory Studies Program. A noticeable temperatureincreasewas achieved. However, the

existing magnet is not designed for the pulse-DC mode of operation needed in the test setup.

Sustainedexperimentationon regenerativemagneticheatpumpingwas notfulf'flledin theinitial

internal research and development (R&D) study.

Thisreportdocumentsourstudyof the numericalandexperimentalstudiesof thetransient

flow phenomena in the regenerator tube, and the temperature development in the regenerator

fluid column of an MHP. In the numerical study, two approaches were taken: (1) solving the

energy balance equations directlyand (2) solving the Navier-Stokesequations with a buoyancy

force term in the momentumequation. The results, presented in graphic form, not only show

the time-dependent temperature distribution inside the regenerator tube, but also compare the

temperature span, energy delivery rate, and regeneratorefficiency among the cases in terms of
,=

Reynolds number and cycle charge time. We found that two-stage mass flow control can solve

2



the thermal mixing problem of the flow caused by the reciprocating motion of the gadolinium

- coreinsidetheregeneratortube.Intheexperimentalstudy,theadiabatictemperatureofthelift

ofthegadoliniumcorehasbeenmeasured;resultsshowonlya6.5K temperatureincreaseunder
w

6.5Teslaofmagnetfieldand297K ofinitialgadoliniumtemperature.Nevertheless,threetests

arebeingconductedunder6.6TeslaofmagnetfieldwithdifferentReynoldsnumbers:Re=300,

Re-450, andRe=750. Thermalmixingoftheflowandotherheatlossesareexpected;this

providestheopportunitytoimprovethesystemperformancebyenhancingtheheattransferram

inthegadoliniumcoreandcontrollingthemassflowratethroughthegadoliniumcore.

It was noticed that the heat transfer mechanism in the regenerator tube flow is a combined

natural and forced convection (see Appendix A). Buoyancy force term is very important and

should not be exclucled from the governing equations. However, for the sake of convenience,

Reynolds number will be used through this entire report to tell the difference among cases.



2. LITERATURE SURVEY

t

2.1 SCOPE OF THE REVIEW

A literaturesearch was performed. Communicationwith people in this field through

personal contacts also providedvaluable up-to-dateinformation.

Earlierwork, that done before 1976, mostlyinvolvedthe applicationof the magnetocaloric

effect in the cryogenics field with temperaturesclose to absolute zero. It is only recently that

MHPs have been consideredfor applicationswith a temperaturerange from 20 K to near room

temperature,s such as hydrogen liquefaction, cooling of high-temperaturesuperconducting

devices, cooling of industrialchemicalprocesses, industrialanddomestic refrigerator,and air-

conditioning. Our effort concentrates on this temperaturerange.

The currentreview is divided into several categories, including literature dealing with

. theories about the MHP and

. existing experimental data.

2.2 THF_RIES

MHPs are an application of the "magnetocaloriceffect" that some materials have in a

magnetic field. Barclayprovides a good summaryof MHP theories.8 The magnetic

momentand its interactionwith thermal and mechanicalpropertiesare basically addingthe term

"magnetic work" to the internal energy equation. 8'9'1a13 The entropy changeassociated with

temperatureand magnetic field can be considered in three respects: lattice entropy, electronic

entropy, and magnetic entropy.|4"|6



"-_l_rdce entropy, the entropyassociatedwith the vibrationof the molecules, is also
,p

a functionof temperature. It is complicatedto calculatebecause it involves the applicationof

Debye temperature (which is a materialproperty)and Debye function.14"_

• Electronic entropy,the kinetic entropyof theelectrons, is a functionof temperature.

• Magneticentropy,is theentropychangecaused by the spinof the molecules when the

material is magnetizedunderthe magneticfield. It involves the strengthof the magneticfield,

materialproperties, temperature,Curie point, and the applicationof Brillouin function,xT,_s

To calculate the performanceof MHP system, all three entropy componentsmust be

considered. Besides, many heat transferproblemsaxe involved in actualMHP systems.

Reference_°describesin detailtwo heat transfermodels of a regenerative magneticrefrigerator.

With some modification, these models can be used to calculatethe performance of regenerative

MHPs.19 Some of the losses of MHP systems were discussedin reference.2°

qt

2.3 RELEVANT RESEARCH WORKS IN THE PAST

For MHP systems near room temperature, information on heat capacities is limited.

Brown and Papell tested a regenerative MHP with gadoliniumas the core material and with an

ethanol and water mixtureas the regenerative fluid.21 The system, underno load

condition, managed to have an 80-K (from 248 K to 328 K) temperaturedifferentialbetween

cold and warm ends of the fluid column after50 cycles (with a cycle length of approximately

. 60 seconds per cycle). However,steady-stateoperation was not achieved.

,b

Barclayet al. conductedthe same experimentusinga low Reynoldsnumberandobtained

5



the greatest temperaturespanof 19 K in a single cycle.6 In 1984, Kirol et al. studied the

geometricaleffect of gadolinium,therefrigeratormaterial,uponheatpumpperformancefor both

reciprocatingand rotaryheat pumps.2° Until recently, Chertet al. of Oak Ridge National
o

Laboratory (ORNL) proposed a thermodynamics magnetocaloricenergy conversion research

program to investigate the thermodynamic cycle of the MHP further._

In the many feasibility studies, several design conceptswere discussed.'1'2° Brown

provided several gadoliniumcore design concepts. Kirol et al. discussed in detail a baseline

reciprocatingmachineandcounterfiowrotaryMHP designconcept.2° Greenet al. discussedthe

reducingregenerativelosses by using a multi-stage mass flow rate control scheme._



3. NUMERICAL SIMULATIONS

,t

The temperature development and transient flow phenomena in the regenerator tube of

an MHP have been numerically calculated in this study. Two approaches were taken: (1)

solving the energy balance equations directly by using finite difference numerical scheme and

(2) solving the Navier-Stokes equations with a buoyancy force term in the momentum equation

by using the finite control volume concept. A flow thermal mixing problem was found in both

approaches because of the piston-like motion of the regenerator tube that hinders the

development of the temperature. The results, presented in graphic form, not only show the

time-dependent temperature distribution of the regenerator fluid column, but also compare the

temperat_lre span, energy delivery rate, and regenerator efficiency among the cases in terms of

Reynolds number and cycle charge time.

A 50% methanol and 50% water mixture was used as the regenerator fluid in this study

of a computer simulation of the regenerator tube flow of an MHP. The thermal properties of

. this mixture are shown in Table 1. These data associated with the fluid flow rate and cycle

length will be used to calculate the Reynolds number to distinguish among cases.
,J

Table 1. Thermal properties of the 50% methanol and 50% water mixture.

Thermal property 50% Methanol + 50% Water

Density (kg/m 3) 893.0

Dynamic viscosity (N. s/m 2) 1.0466 × 10.3

Thermal conductivity (W/m/K) 0.391

- Thermal diffusivity (m2/s) 0.118 × 10"6

Specific heat (J/kg/K) 3691
i i i i i |

, 1 , i . n i i , . i 1 , 1111 i , II i i



3.1 ENERGY BALANCE EQUATIONS APPROACH

3.1.1 Physical Model

The geometry of the flow problemconsideredis shownin Fig. 3.1. A vertical cylinder

0.05 m indiameterand1.0 m in height,perfectlyinsulatedontheoutsideandatthebase,was

assumed.However,in followingthefirst approach,we simplifiedthephysicalmodelintoa

one-dimensionalverticalflow. Fluid properties,includingdensity,were assumedto be

independentof temperature.

3.1.2 Govern_g Equations

_ The basic theory of thermal wavefrontpropagationthrough a porous bed was first

presented by Schumann in 1929 (ref.24). The temperaturespanacross the bed was considered

small enough that the bed and gas propertiescouldbe takenas constant. Also, momentumand I

mass-continuityeffects were ignored, leavingonly a set of energy-balancedequationsto describe

the problem. The one-dimensional, partialdifferential energyequations are

aT __ aT= p/ + hA(e-z).

O-a)p.c._ : h ,4(T-O)+ (I-,0_..a2--° (2)ax2

Initial condition and boundaryconditions are as follows:

T=0 =To, t=0 ,

and
m



aT Oe
- x-O ,

" Ox 8z'

_v

aT Oe
- X=X ,

Ox Ox"

a is the gadolinium core porosity,

p/, p, are the fluid and gadolinium densities, respecl_vely,

Cf, Cs are the fluid and gadolinium heat capacities, respectively,

VI is the fluid flow rate,

T is the fluid temperature,

. To is the initial fluid temperature,

a

h is the conductance between the fluid and gadolinium,

0 is the gadolinium temperature,

A is the contact area per unit volume of the bed,

ks is the effective axial thermal conductivity of the bed.

The coupled nonlinear, partial differential Eqs.(1) and (2) that describe the one-dimensional

processes in the porous magnetic bed can be solved only by numerical techniques. Calculations
it

based on Eqs. (1) and (2) have been done by Chen _ and Larson.e However, the results are



inadequateto describe the heat transferphenomena in the r_iprocating MH system, because

of the neglect of the body force term in the governing equations. Numericalcalculationbased

on Navier-Stokes equations thus come to the stage. The details of modeling the reciprocating

MHP system and solve the temperaturefiled based on Navier-Stokes equationsis shown in the

next section.

3.2 NAVIER-STOKES EQUATIONS APPROACH

3.2.1 Magnetic Heat Pumping without Cooling Loads

3.2.1.1 Physical model

The physical model considered in this studyis shownin Fig. 3.2. In the magnetization

process, it was assumed thatthe gadoliniumcore remainedat the top of the tube, allowing the

fluid to flow from the top at a constant_. There are threeways to transferthe heat from

the gadolinium core to the fluid: constant heat generation rate, constant heat flux rate, and

constanttemperaturelift. In the presentstudy, the gadoliniumtemperature was set ata constant

value with a specified increase above the initial fluid temperature; the increase is based on the

calculationof meanfield theory. The half-cycle time is set to allow the fluid to travel the entire

length of the regenerator tube. In the demagnetizationprocess, the gadoliniumcore remainsat

the bottom end of the tube, and the flow rises from the bottom at the same speedas before but

in the opposite direction. At this point, the operating temperaturesurrounding the gadolinium

core changes according to the temperature resulting from the previous magnetizationprocess.

Modeling this sequential movement of the magnetization and demagnetization processes

or "piston" movement is complicated in most computational fluid dynamics computer codes.

Calculations were made by using FLUENT code.2_ Several assumptions have been made,

including a constant fluid flow rate, constant fluid inlet temperature, constant gadolinium

10



temperature,andperfectinsulationsurroundingthetube.Anothermajorassumptionisthe

- gadoliniumtemperatureincrease.Thecalculationisgoodenoughtobetwodimensional,and

12×20gridpointsaresufficientforboththelaminarandtheturbulentflowcalculationbecause
w

theflowfieldischangingmainlyintheflowdirection.One importanttechniqueinsimulating

thisup-and-downgadoliniumcoremovementinsidethetubeisadaptingtheprevioussetofdata

andrunningitforthenexthalf-cycleafterresettingalltheboundaryconditions.

3.2.1.2 Governing equations

The governing equationsfor this two-dimensional verticalchannel flow canbe writtenin

the following Cartesian coordinateform:

o_ + _ = 0 . (3)
ax oy

,+

- _%__ + u6U + v__ _1____ + v(_Zu + + g_(T-To) (4)

a_ ay pay _2

6T + ua__.T aT = _(OaT _T)---- +v-- + . 16)
&

p = p (M)T .
(7)

. where,u andv arethefluidvelocitiesalongandnormaltothefluidflowdirection,p isthe

Ii



pressure, v is the dynamicviscosity fo the fluid, g is the gravity, p is the thermal expansion
q,

coefficient of fluid and the symbol Torepresents the reference fluid temperature, a is the fluid

thermal conductivity, R = 4.187 kJ/kg/K is the universal gas constant, and M is the average

fluid molecular weight. The equations governing this fluid flow are based on mass, momentum,

and energy conservation laws. The Boussinesq approximationhas been applied to thebuoyancy

force term in thex-momentum equations, where density p can be computed by using the ideal

g_ law of Eq. (7). Equations (3)-(6) are solved subject to the foUowing boundary conditions.

aT 0, on both walls.
u,v, ay

T=Tj , u=Ul , on channel inlets .

P - 0, on channel outlets .

The set of equations andboundaryconditionspresented earlier comprises the mathematical

statement of the problem. A finite volume numerical method has been used to obtain the

algebraic equations that govern the values of u, v, p and T at numerical grid points. The

conservation laws expressed by Eqs. (3)-(6) are integrated over elemental control volumes

centered around the gridpoints. The details of the numericalprocedure are omitted because the

methodology used here has been documented by Patankar._7 A quadratic upwind differencing

(QUICK) scheme was used to discretize the nonlinear convective term. This is a high-order

scheme that offers reasonable stability characteristics. The coupled algebraic equations for flow

and temperature variables are solved by a semi-implicit method known as "SIMPLE"fl

The gadolinium adiabatic temperature lift as shown in Fig. 3.3 will be added to or

12



subtractedfrom the inlet fluid temperaturein the beginningof each hail-cycle. The resulting

- temperaturethen will be stored to the fluid by carryingthe heated and cooled gadoliniumcore

up and down through the regenerator fluid column to complete the magnetization and

demagnetizationprocesses of the reciprocatingMHP cycles.

The computer code was validatedusing a 50% ethanol and 50% water mixture as the

working fluid, with a tubemoving speed of 0.05 m/s, underexactly the same simulated

conditions as when Brown did the experiment in 1978. Figure 3.4 shows the temperature

distribution after 10 cycles, in a case of Reynolds numberis equal to 1850. The dimensionless

quantity x" -- x/L, is a normalizedtube height in the vertical axis of Fig. 3.4 illustrates the

locations (x) of the data points in the regeneratorfluid column (L). Results showed that the

temperature distributionsare in good agreementwith each other.

3.2.1.3 Discussion of results

• Following validation of the computercode, results were obtained for a vertical channel

with an aspect ratio of 20. A 12×20 numericalgrid was used to solve the governingequations

" numerically.

Two differentflow ratecases were simulated,Re = 1630 andRe = 980, for tubemoving

speeds of 0.0333 m/s case and 0.02 m/s case, respectively. Here, Reynoldsnumberis defined

as Re = uD/v . For all cycles in these two cases, converged solutions were obtainedin about

1000 iterations. About 800 iterations were required to run half-cycle to get a converged

solution, and 200 iterations were allowed during the dwelling period.

. Figure 3.5 (a) and (b) show the temperaturecontoursinside the regeneratortubeafter 20

cycles (about 10 minutesof maintainingat high magnetfield) for the case of Re - 1630.

Figure 3.5 (a) shows the result of the magnetizationprocess after 19.5 cycles. Figure 3.5 (b)

13



shows the result of the demagnetizationprocess a half-cycle later,which is after20 cycles. The

warmest temlx;raturewas about 303 K after 20 cycles; the coldest fluid temperature at the

bottom of the robe was about258 K, making the total temperaturespan about 45 K.

Figure3.6 shows the developmentof the temperaturedistributionin the regeneratorfluid

with no heat exchangers, presentedafter 10 and 20 cycles of the Re = 1630 case. Thermal

mixing was observed from the early stage of thisrun. There was a 9 K temperaturedifference

between the magnetization and demagnetizationprocesses in almost every cycle. The initial

temperature zone was pushed away from the center of the tube after each half-cycle of the

process.

The thermal mixing in the regenerator fluid can be observed easily by noting the

intersections of the curves and the 283 K initial fluid temperature line in Fig. 3.6. After the

demagnetizationprocess, the initial temperatureregion was above the middleof the tube. But

after the magnetizationprocess, the initial temperature zone was pusheddown from the middle

of the tube. This flow mixing problemcould be more severe in the actual experiment. To

reduce this flow mixing problem, a longer tube could be used (or the moving tube speed

slowed) or the heat transferarea per unit volume of gadoliniumcore could be reduced (this

approachusually would notbe desirable). The best alternativefor solving the mixing problem

seems to be s_lowingthe moving speed of the regenerator tube.

Preliminaryresults of this numericalstudyshow that6 seconds of dwelling between half-

cycles did help stratify the temperaturefield, whichin turn reducedflow mixing to some extent.

It was noticed that the dwelling period is necessary not only because it can reduce the flow

mixing, but mainly because it providestime for the magnetfield to rampup and down to reach

the desired magnetic field strength. Figure 3.7 shows a 1 K temperaturedecrease in the upper

portionof the regeneratortube. That decreaseindicatesthat thedwelling at theendof each half-

cycle is necessary in runningthisMHP experiment. The 6 seconds dwelling period is adequate

fine to stratify the density field, according to the observation from this numerical study. A
m

longer dwelling period will cause more heat loss to the ambient.
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Since decreasing the flow rate is a way to avoid fluid flow mixing in the regenerator

- tube, the second case was simulatedby decreasingthe tube moving speed from 0.0333 m/s to

0.02 m/s. Figures3.8(a) and 3.8('o)show the temperaturecolor rastersof the magnetizationand
w

demagnetizationprocesses after 11.5 cycles and 12 cycles (about 10 minutesof maintainingat

high magnetfield), respectively. These two figures show a clear temperaturestratificationin

the regeneratortubeas good as in thepreviouscase. However, the lower flow rate has reduced

mixing to some extent. Consequently,the initial temperatureof the 283 K zone is less pushed

away from the centerof the tube. Althoughthe lowerheattransferrate accompaniedthelower

Reynolds number, the total temperaturespanwas still about43 K.

Figure 3.9 shows the development of the temperaturedistributionin the regeneratortube

in the Re = 980 case after 12 cycles. The temperaturedifference between the magnetization

and demagnetizationprocesses is about 6 K, which is 3 K less than the difference in the previous

Re = 1630 case. The temperature distribution is also more symmetricand uniform on both

sides of the tube.

. A comparisonof the temperaturedistributionin the regeneratorfluid columnbetweenthe

Re= 1630 case and the Re = 980 case after20 minutes of cycling time is shownin Fig. 3.10.

" The temperaturedistribution in the lower portionof the tube in these two cases is quite close,

indicating that in the Re = 1630 case, the temperatureon the cold side of the tube did not

decrease as much as was expected. In other words, there is moderate thermal mixing in the

high-Reynolds-numbercases.

3.2.2 Magnetic Heat Pumping with Cooling Loads

• 3.2.2.1 Physical model and basic assumptions

m

The physical model of the regenerator tube flow with heat exchangers presented in an
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MHP is shown in Fig. 3.11. The model used in the previous cases was modified by adding

heating and cooling coils to the top 10 cm and bottom 10 cm of the regenerator fluid column.

In the magnetization process, both the initial operating temperature of the gadolinium and the

fluid initial temperature are at 283 K. Fluid at a constant temperatureof 303 K and 263 K is

circulating in the heat exchangers installed at the top and bottom ends of the regenerator tube,

respectively. Fluid travels from the top of the tube, passes through the gadolinium core, and

reaches the bottom of the tube to finish the magnetization half-cycle. In the demagnetization

process, the setup remains the same but the fluid flow direction is reversed.

3.2.2.2 Discussion of results

This is the MHP application with both heating load and cooling load attached to the

regenerator tube. Heat exchanger coils were present at the top and 10 cm bottom of the

regenerator fluid column.

To model the MH with heating and cooling loads, the value of the heating and cooling

loads first must be calculated. For instance, in the Re - 980 case with the 50%

methanol and 50% water mixture as the working fluid, if after 10 cycles the average fluid

temperature at the top 10 cm of the tube is about 308 K, the heating rate will be about 20 W.

The same method can be used to calculate the refrigeration rate in the other end of the

regenerator fluid column. As an alternative, these two constant heat generation and dissipation

zones can be assumed to be two constant temperature reservoirs-- a 303 K heat reservoir and

a 263 K cold reservoir-- at the top and bottom of the fluid column, respectively.

According to Brown's discussion of his experiment in a 1978 paper, the experiment he

ran was basically for heating load only. He inserted a heating coil into the top 10 cm of the
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regeneratorfluid column and allowed water at a temperatureof 283 K at the inlet to circulate

- through the coil to simulatea constantheating load. When the experimentbegan, the fluid

temperaturewas 258 K and the top 10cm of the fluid columnwas maintainedat 283 K. After

25 to 30 cycles of 60 seconds each, the fluid temperatureat the top 10 cm of the regenerator

tube was increased to 284 K, and heatwas rejectedinto the heat exchangercoil where the heat

extractionbegan. The coldest temperature decreasedto about 241 K after the same periodof

time, 25 to 30 cycles.

In the computermodelof thepresentstudy, we assumed twoconstanttemperatureregions

at the top and bottom 10 cm of the regeneratorfluid column, insteadof two constantheat flux

zones. The initial fluid temperaturewas 283 K, and the constanthighest and lowest

temperatures were 303 K and 263 K at the top and bottom of the regenerator fluid column,

respectively. The objective of this simulationwas to estimate the amountof time requiredfor

the regenerator fluid to pass its thresholdtemperaturesand reach its steady state, if possible, or

reach to its "pseudo-steady-state" if any interferenceoccurred.

. We had found that the lower the Reynolds numberused to run the case, the less

flow thermal mixing would occur. Therefore, in this study we startedwith Re ffi 980, which

• is a tube moving speed of 0.02 m/s or 50 seconds of half-cycle length without dwelling.

Note that the heatingand cooling capacitiesdo not have to be symmetricas the function

of time; that is, one side of the fluid column can startdelivering energy to the load while the

other end is still developingits temperatureand has not reachedits thresholdtemperature. This

is the characteristicof the gadoliniumtemperature increase, which is not a linear function of

temperature. However, the heating and cooling capacity still can be calculatedbased on the

temperaturedifferencein these two extremetemperature regions. No matterhow differentthese

two values are, once a constant energy delivery rate is reached, no furthercalculationwill ,3e

- needed.

Preliminaryresults of this computermodeling show that the mass imbalance will occur
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when we put thresholdtemperaturezones on both ends of the tubeat once. Thus, we must

assign a constant temperaturevalue to the 10-cm outlet zone aftereach half-cycle and use the

average value of those temperaturesas the initial temperaturefor the next half-cycle.
g

Figure 3.12 (a) and (b) shows the color rasters of the temperature distributionin the

regenerator fluid columnafter 12 cycles for the magnetizationand demagnetizationprocesses,

respectively. Note that the presenceof the heat source and heat sink at the ends of the

regeneratortubedoes acceleratethe process to reach its extreme temperatures, if we compare

with the sameReynolds numbercase of 980 without loads. However, the thermalmixing of the

flow occurs in both loaded and unloadedapplicationsbecause of the piston-like movement

of the gadoliniumcore that carriesunwantedfluid temperatureto the outlet after each half-cycle

of the process.

Figure 3.13 shows the development of the temperature field in the regenerator fluid

column after 12 cycles in the case of Re = 980. The trendof the temperaturedevelopmentcan

be seen clearly. However, calculatingthe average outlet temperaturebecamea problem, mainly

because of the high temperature gradient surrounding the gadolinium core, especially with a

constant temperature reservoir beside it. Overestimation of this average temperature is quite

possible in this computer simulation.

The overestimationproblemwill mitigate over time when the temperaturegradientinboth

ends of the tube becomes gradually smaller. It is worst at the beginning of the simulation when

temperature changes are dramatic in the area between the gadolinium resting places and the

threshold temperature zones. The method that we used in this study was to add 10% of the

temperature at the upstream nodal points and 10% of the temperature at the downstream nodal

points to 80% of the gadolinium core temperature, instead of just averaging with the surrounding

temperature. This calculation scheme is based on observation of the preliminary results of this

study.
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Delivery of energy to the heating load through the heat exchangercoil at the top of the

- fluid column startsafter 12 cycles. The averagetemperatureat that time at the top 10 cm of

the fluid columnwas about304 K. Based on the temperaturedifferenceduringthis 50-second
a

period of the demagnetizationprocess, the energydeliveryrate is about7 W duringthesecond-

half-cycle of cycle 12. On the other end of the fluid column, refrigerationdelivery is still

developing; and the value is still on the negative side of -15 W, which indicates that 15 W of

energy has been suppliedto the low-temperaturereservoirduringthe entirecycle 12.

Figure 3.14 shows these two energy delivery rates as the function of the cycles. The

delivery of energy to the heatingloadbeganshortlyafter 10 cycles, and the energydelivery rate

kept increasinguntil slightlyafter 12 cycles. Then it reachedits maximumand remainedat a

constantrateof 6 W. In the meantime, the lower temperaturezone in the lower portionof the

tube was still developing.

The same procedurewas repeated using a Reynolds numberof 610 for another case,

which had a fluid flow rate of 0.0125 m/s and a cycle length of 80.0×2 seconds. Figure 3.15

. shows a comparisonof energy delivery rates as the function of charge time for two cases,

Re = 980 andRe - 610. The lower the Reynoldsnumber(or moving speedof the tube), the

" more quickly a steadystate(or pseudo-steady-state)canbe reached, and the higherthe energy

delivery rate that canbe achieved. This indicatesand confirms that the lower theflow rate, the

less flow thermal mixing will occur in the regeneratorfluid column duringboth the

magnetization and demagnetizationof an MHP.

3.3 OPTIMIZATION

o

The classical introductionto a deeperregeneratortheory is the work by Hausenand
i,

Nusselt published in 1929 (revived by Jacob 1959). In the mathematicaltreatmentof the
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regeneratorproblem, Hausendeveloped a solutionfor a regeneratorin which the thermal

conductivityof the solid is zero parallelto the fluid flow andinfinitely large normal to the fluid

flow operatingundercyclic steady state conditions.

A perfect gas flows at constantpressurethrougha regeneratormatrix, first for a certain

time in one direction and then for the same time in the other direction. The gas enters the

regeneratorat the temperatureof the warm heatexchangerat constanttemperature Tv. When

the gas flows in the other direction, it enters at the cold heat exchangertemperatureTo,. The

temperatureof the gas enteringthe warmspace, T_, will be slightly lower than the temperature

T_. The temperature of the gas entering the cold space, T/_,,will be slightly higher than the

temperatureT,_.

If a constantCpis assumed, a heat balance for the regenerator gives two characteristic

temperature relations, or temperaturedeficits, for the gas:

7'k,- T.k, _ T._,- T_, _ I -n,q. (8)
T_- Tc, T_- T.

Hausen showed that these relations depend on two dimensionlessvariables,

a . Ac,d
A -- where A is the reduced length of the regenerator, (9)

'

= (Heat transfer coeO_cient) . (Total heat transfer area)
(Total Gd mass pcssin& each period) . ($pec_c heat of the Gd) '

= [1.45 kVcTmz[K]. [0.1091 m2] = 18.64 ; (10)
[0.036 kg/s]. [0.2357 kJ/kg//fJ
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and
¢1

]I = a.__.p, where IXis the reduced period, (11)
• C']

= (Heat transfer coefficient) . (Time betwen flow reversals) ,
(Heat capacity of fluid per area)

= [1.45 kgiTm2/lQ . [25 sex] = 25.19• (12)
[1.439 kJIm2/_

It is notedthat in our reciprocatingMHP system, gadoliniumcore (workingmedium)is

passing throughthe 1009_ethyleneglycol (regeneratorfluid) fluidcolumn. Figure 3.16 (ref.29)

shows one original graph by Hausen(takenfrom Jacob 1959). The generatorefficiency can be

. read once the two parameters--the reduced length of the regenerator and the reduced

period--have been calculated.
,t

A calculationof the optimumregeneratorgeometryneeds to take some practical

considerations into account. The two most importantphenomenaare

• heat conductionthroughthe matrixand

• flow maldistribution.

An optimization neglecting these pheziomenawill, for example, lead to a very short

regenerator with a large front area.

- Table 2 presents the regeneratorefficiency for all the cases consideredin this study.

These values are all on the orderof 0.70, which is quite good from the perspective of heat
a
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exchanger effectiveness. However, regeneratorefficiency still can be improved in two ways,

based on the definition of reduced length of the regeneratorand the reducedperiod. One way

is to increase the total matrix surfacearea, A_. The other is to prolong the time period for

workingmedium, the gadoliniumcore to pass through the whole regeneratorfluid column. For

example, if we double the gadolinium contactarea from 0.1091 m2 to 0.2182 m2 and prolong

the cycle length from 25 seconds to 50 seconds, the regenerator efficiency will be increased

from 0.67 to 0.72.

Table 2. Regenerator efficiency as the function of Reynolds number

in different applications

Applications/Reynolds no. A II Regenerator efficiency
i

Without loads/Re=980 18.6 25.2 0.70

Without loads/Re= 1630 12.3 16.6 0.68

With loads/Re=610 22.4 30.2 0.71

With loads/Re =980 18.6 25.2 0.70

Energy equation/Re= 1850 9.3 12.6 0.67
i ii i i H i llilIH ,
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3.4 CONCLUDING REMARKS
G

o

Using the energy balance equations approach, we observed distorted temperature

distribution in the regenerator fluid column because a constant fluid density was assumed and

because of a flow mixing problem.

Using the approach of solving the Navier-Stokes equations for a regenerator fluid column

without loads, temperature contours showed a clear pattern of temperature stratification inside

the regenerator tube. Results also showed that reducing the moving speed of the tube could

substantially reduce flow mixing without requiring excessive energy use to build up the total

temperature sp_ for the same charge time period. However, some engineering difficulties will

accompany z low tube moving speed, including the inconsistency of regenerator tube traveling

time between upward and downward due to gravity. These engineering difficulties must be

tackled before the flow mixing problem in the regenerator fluid can be solved.

I . Constant temperature zones in the top and bottom 10 cm of the regenerator fluid column
t

l were assumed to be the heat source and heat sink, using in the approach of solving the Navier-

" Stokes equations for regenerator tube flow with loads. The results showed that constant energy.t!

delivery rates to both heating and cooling loads were achieved after a certain period of time, and
J

that those rates then reached a pseudo-steady state because of flow mixing (the steady state is

not real because it was forced by temperature mixing). To reduce the flow mixing to a

minimum or to delay its occurrence in the early stage, the fluid temperature column must be

built up slowly until it reaches the useful temperature range and then introduces the heat

exchanger coils to the fluid column to extract energy from the regenerator tube (this will be

different from Brown's experimental setup in 1978).

- This study also has calculated regenerator efficiency and optimized the regenerator

geometry. Reducing the moving speed of the tube, instead of extending its length, is an
at

alternative for increasing regenerator efficiency. However, the efficiency value will be limited
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to less than0.2 because of the geometry of the regeneratortube of this reciprocatingMHP.

No matterwhich result is treatedas the standard to be used to compare with the

experimentaldata, the existing flow mixing problemhas to be minimized. The engineering

difficulties accompanyingthe low tubemoving speed, the shortdwelling time, and the stability

of the magnet field will be the challenges in the study of temperature development in the

regenerator fluid column of an MHP.
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4. TF_T SETUP AND EXPERIMENTAL RESULTS

4r

4.1 REGENERATOR TUBE

4.1.1 Gadolinium Core

Table 3 shows the dimensions of gadolinium. The gadolinium core we used in this

experiment is a grill of 5.08 cm diameter and 5.08 cm length. It consists of 28 parallel plates

from 1.6 cm to 5.0 cm in width. The plates all have the same height, 5.08 cm, and same

thickness, 0.1 cm. Careful measurement shows the total length of the gadolinium plates to be

107.4 cm. Thus, the total heat transfer area can be calculated as 0.1091 m2, and the total

gadolinium volume can be calculated as 5.46x 10.5 m3. With the 790i kg/m 3 of gadolinium

density, we can calculate the total weight of the gadolinium core at about 431.4 g. However,

the measured weight of these 28 gadolinium plates is 395.8 g. This difference tells us that we

shaped almost 42.7 g from both ends of each gadolinium plate to prevent causing turbulent

. wake. Fig. 4.1 shows the overview of the gadolinium core in a 7.62-cm-high cylindrical

stainless steel housing.
*t

Table 3. The dimensions of gadolinium core

x

Description Dimensions

Gadolinium plate thickness 0.1 cm

Gadolinium plate height 5.08 cm

Gadolinium plate total length 107.4 cm

- Gadolinium housing inner diameter 5.08 cm

Gadolinium housing height 7.62 cm
o i ,| .,.. ., ,,,... i -- i ,.|
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4.1.2 Regenerator Tube and Thermocouple Column

Figure4.2 shows the dimensionsof theregeneratortubeandthelocationsof thermocouple
o,

points. The regenerator tube is a PVC tube of 5.08 cm diameterand 102 cm height with a

rubberseal at the bottomof the tube and two suspension holes at the top. This tube could

contain a fluid column up to 96.52 cm (38 in.) high. The thermocouplecolumn is a 3/16-in.

diametertube with 7 copper-constantanthermocouplewires 6 in. even distanceapartinside the

tube. In order to install the thermocouplecolumn in the regenerator tube and allow it to

penetratethroughthe gadoliniumcore, we took 4 plates out from the center of the core.

Since the total installed gadolinium volume is Vf5.46xlO "s m3, the porosity of the

gadoliniumcore can be calculatedas

V 5.46xlO-S [m3]
,m,.,..

Porosity tz ffi1 - V/ ffi1 - 1 -0.47
x(0.0508)_0.0508 [m3] " (13)

Heat flux and heat generationrates can be calculatedbased on the above dataand with the

32 kJ/Lof the gadoliniumenergydensity. They areas follows (Assuming that the reciprocating

moving rate is 0.02 Hz):

Heat Flux q - Q - 32000xO.O546xO.02[W]= 320 [W/mz] . (14)
A 0.1091[m2]

Heat generation rate Q/ - Q - 32000(0.0546)0.02 [IV] = 0.64x10_ [W/m3]' (15)
V 5.46x10-5 [m3]

4'
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These two values plus the gadoliniumtemperaturelift values become the three different

- inputs in the numericalanalysis of the flow phenomenain the regeneratorfluid column. The

dimensionlesslocationsof the7 temperaturesensorsare 1/38, 7/38, 13/38, 19/38, 25/38, 31/38

and 37/38. This arrangementindicates that the fluid column height is 38 in. (96.52 cm),

including the volume of the immersedgadoliniumcore, with the fluid level 2 in. from the top

of the tube.

4.1.3 Regenerator Fluid

According to our numerical calculationresults and all the relevantexperimentaldata, the

coldest fluid temperaturein the regenerator tubewill be around246 K. Thus, the freezing point

of the regenerator fluid has to be lower than this temperature. Ethylene glycol is the

. best among all the regeneratorfluid candidatesbecauseof its easy availability. Table 4 shows

the thermal properties of pure ethylene glycol, water, and the mixture of 50% ethylene glycol

" and 50% water. The mixturehas a low freezingpoint of-37 °C (236.2 K) andmoderately high

specific heat and thermalconductivity comparedwith water.

4.1.4 Electric Heater as the Cooling Load

The calculation of the cooling load or heat outputof the magnetic heatpump is basedon

the mass flow rate passing through the gadolinium core inside the regenerator tube. In a

moderate Reynolds number case, we presume that the flow velocity is 0.1 m/see, and the

temperature lift or difference between tube and fluid is assumed to be 60 K in an hour.
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Table 4. Summary of thermal properties of the working fluid
b

i ii s

Thermal Property" Ethylene 50% ethylene glycol +

glycol Water 50_ water (by volume)
|ill II I I I I IIH

Molecularweight (g) 62.7 18.01 40.04

Density at 20 °C (kg/m3) 1113 998 1065

Freezing point (°C) -12.7 0.0 -37.0

Kinematicviscosity (kg/m/s) 23.262 x 10.3 0.993 x 10.3 4.260 x 10.3

Dynamic viscosity (m2/s) 20.9x10 _ 1.0xl0 "_ 4.0xl0 _

Specific heat (KJ/kg/K) 2.35 4.18 3.30

Thermalconductivity (W/m/K) 0.29 0.60 0.42

a Data from ASHRAE 1989 Fundamentals Handbook (Sl).

Therefore, withthe thermalpropertiesof the workingfluid presentedin Table4, we will be able

to calculate the cooling load as follows:

Q = re.c/.AT (16)

=[pA .Az

60- (1065 [_/m 3] . (0.05)2 [m_] . 0.I [rels]). (3.30 [M/_/_). (-_ [f])

--0.0115 [Mlsec]

= 11.5[W].
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There is a tremendousheatloss from theregeneratorfluidcolumn to the surroundingarea

, becausethe superconductingmagnethas to be operatedunderextremelycold conditions. Liquid

helium is used to provide the cold workingconditions. Thus, we have to takethisheat loss into

consideration in designinga heaterfor simulatingthe cooling load in an MHP. According to

the above calculationand discussion, we chose a 50-W electric heater. It is an immersiontype

of heating device, and it was attached to the rubber seal at the bottom and inside of the

regeneratortube. With a variableelectric resistancedevice, we were able to adjustthe heater

outputat different levels from 10 W to 50 W along with the different MKP cooling loads.

We have designeda electric heaterin this studyto simulatetheMI-I system cooling load.

However, due to the unexpectedlow temperature lift of the gadoliniumsample that we have

measuredin the laboratory, no experimentwith cooling load has been conductedin the present

study.

4.2 TEST SETUP
"4

" The test setup of this reciprocatingMHP consists of the test stand, driving

mechanism, system control, and dataacquisitionsystem. Fig. 4.3 shows the overview of this

test setup.

4.2.1 Test Stand

Figure 4.4 shows the schematicof this reciprocatingMHP test setup. The test standis

an 8-ft-high, 8-ft-wide and 6-ft deep wood frame, providing enough space to install the

- regenerator tube and conduct maintenance before and after each test. The superconducting

magnet is installed on the basement floor in a 6-ft-taUdewar housing. The dewar protrudes

2.5 ft through the first floor. This setup allows us to operate everything on the first floor.
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4.2.2 Driving Mechanism

b

The driving mechanismconsists of a motor andgear assembly, a pulley, a cable, and a

variablespeed controller. The motorand gearassembly is mountedupside down on the top of

the test frame as shown in Figs. 4.3 and 4.4. The pulley has 4 in. of pitch diameter, which

allows the cable to wrapup and release down in 3.75 turns, and allows the regeneratortube to

travel 33.25 in. up and 33.25 in. down (the total fluid column is 38 in. high).

4.2.3 Regenerator Tube Moving Speed

Regeneratortube moving speed is the most importantparameterin the study of the

reciprocating MHP. This speed will be used to decide the fluid mass flow rate throughthe

gadoliniumcore and thus to calculate the Reynolds numberto distinguishamongcases.

Although the fluid columnis 38 in. high, includingtheimmersionof the gadoliniumcore,

the center of the gadoliniumcore has to be set 2.5 in. from the upper fluid level and 2.5 in.

from the bottom of the tube because of engineeringdesign concerns about malfunctioningof

the motor in reverse motion. The distance between the upper and lower limiting switch is

thereforeset at approximately33.25 in. Using this totaltravelingdistance,the regeneratortube

moving speed can be decided by adjusting the variable speed controller, followed by the

calculationof the Reynolds numberfor each case and the setup of the test matrix.

Figure 4.5 shows the overview of the regeneratortube withgadoliniumcore inside. Note

that the gadolinium core has to be fLxedat the top of the magnetdewar with two metallic rods

welded on to the side of the gadoliniumhousing, allowing the regeneratortube along with the

thermocouples column to move up and down throughthe gadoliniumcore.
A
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4.2.4 Magnet Field and System Control
It

The magnet we used in this experimentis a pulsed dc superconductingmagnet. It has a

bore of 9.0 cm (3.5 in.), anouter diameterof 21 cm (8.3 in.), and a lengthof 30.5 cm (12 in.).

It is designedto producean 8-T DC fieldat a currentdensityof 12 kA/cm 2. A dewar as shown

in Fig. 4.6 with a reentrantwarm bore can provide a 6.3 cm (2.5 in.) bore clear throughthe

working space for the sample. The field uniformityis within 95% in the 10-cm (4-in.) long

workingspace.22

The synchronizationbetween the moving regeneratortubeand the magnetizationand

demagnetizationprocesses of the magnetfield is the most importantcontrol factoramong any

other control schemes in the MHP. When the regenerator tube travels to the upperposition

(gadoliniumcore is at the bottomof the fluidcolumn), the upperlimitingswitch tells the magnet

to startto ramp down from the highfield. It takes 15 seconds to rampdown to the zero field;

it then holds at zero fieldandlets the regeneratortube traveldown untilit hits the lower limiting

switch. At this time, the limiting switchsignals themagnetto startrampingup from zero field

. to the highest field possible in 15 seconds; the magnetfield then holds at high field and lets the

regeneratortube travelup untilit hits theupperlimitingswitch to finisha complete cycle. This

" synchronizedmotion has to be very precise through the entire test. Any other control failure

hinders the temperaturedevelopment in the regeneratorfluid column.

The 15 seconds of dwelling period might be the majordeficit in the temperature

developmentin the fluid column, because the whole system is operating under extreme cold

conditions. Any time delay will cause severe heatloss to the surroundings. The alternativeway

to avoid this heat loss is to shortenthis dwelling periodfrom 15 seconds to 10 seconds, or even

to 6 seconds, disregardingthe strength of the magneticfield.

- Emergency shutdownof the magnetic field and the moving regeneratortubeis

manuallycontrolled near the experimental site in case of any emergency.
w.
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4.2.5 Data Acquisition System

b

The LabView IV computer software is used to monitor this reciprocatingMHP test

system. The voltage, the strength, the current,and the temperatureof the magnetic field are

monitoredon the computerscreen. Temperaturedatathroughthe regeneratorfluid columnalso

are scanned every 5 seconds, stored in the computermemory, and displayed on the computer

monitor. Figure 4.7 shows all the majorparametersmonitoredon the computerscreen.

4.3 DATA ANALYSIS

4.3.1 Adiabatic Temperature Lift

The adiabatic temperaturelift of gadoliniumhas been measuredin the MagnetLaboratory

of the Fusion Energy Division of Oak Ridge National Laboratory under 6.5 Tesla of magnetic

field and different operating temperatures ranging from 285 to 320 K. Two gadolinium plates

were taken out from the core and sandwiched together with a thermocouple wire between the

two plates. To prevent any condensation during the test, the sandwichwas sealed with a Teflon

tape. To avoid any heat loss to the ambient, the sample also was put in a wetl-insulated

container. After the sample was frozen (in a freezer) down to 285 K or heatedup (by a heat

gun) to 320 K, it was placed near the center of the magnet (the magnet wiU center the sample

'automatically when the field is on), and tests were conducted over time to measure the heat

absorbed by or dissipated from the gadolinium sample plates. Fig. 4.8 shows the result of a

typical test of Brown's sampleplates afterpreheating to 320 K with no water used. An adiabatic

temperature lift of 6.5 K was found near 297 K initial gadolinium temperature under 6.5 Tesla

of magnetic field. Fig. 4.9 shows the result of another similar test of the ORNL sample after

precooling to 285 K. A 7.0 K adiabatic temperature lift was found near 293 K initial gadolinium

temperature under the same magnetic field of 6.5 Tesla. Tests were conducted from a low

temperature of 285 K to a high temperature of 320 K. Fig. 4.10 shows the comparison of the
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gadoliniumadiabatictemperatureliftamongsamplesasthe functionof initialtemperature. Note

- that both Brown's sampleand the ORNL samplehavea factor of one-half the theoreticalvalue

because of their impurity and because of their being oxidized. It is estimated that the
.#

temperature span in the fluid column will be small after a long period of time. Nevertheless,

threetests at Re=300, Reffi450, and Reffi750 arebeing conductedin the laboratory(Table 6).

In order to minimize the flow thermal mixing, higherviscosity fluid of 100% ethylene glycol

was used in the experiment. The resultswill be comparedwith the numericalcalculationresults

based on the measuredgadoliniumadiabatictemperaturelift of the gadolinium. Test results in

graphicform will be shownin this section, followed by a discussionof the reductionof thermal

mixing of the flow and the heat transferenhancementof the gadoliniumcore.

4.3.2 Temperature Development in the Fluid Column

Temperaturedevelopment in the fluid column of a regenerative heat pump provides

informationabouthow the reciprocatingMHPworks. Combinednaturaland forcedconvection

o heat transfer (see AppendixB) takesplace inside the regeneratortube. The movinggadolinium

" Table 5. Test matrix for ORNL reciprocating magnetic heat pumps

i i i, i i i i1| iii i i i i ii iii

Test Flowrate Cycleperiod Coolingloads

(0 and 7 Tesla) (m/s) (s)

Re=300 0.0243(0.90/37) (15+ 37) x2 No

Reffi450 0.0360(0.90/25) (25+25) x2 No

Re=750 0.0600(0.90/15) (30+ 15))<2 No

Reffi750 0.0600(0.90/15) (15+ 15)×2 No
i .. i i i ll| i ii ii i | i i i i|ll. ii i u

The calculation of the Reynolds numberis based on the propertyof 100% ethylene glycol.
e
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core (relative to the working fluid) carries the energy along the tube; then the buoyancy force

takes over and stratifies the fluid column into temperaturesectors, with high temperatureson

the topand low temperatureson the bottomof the column. Theoretically, there is no limitation
i,

to the development of temperaturein the regeneratortube: as long as the magnetizationand

demagnetizationprocesses continue, the temperaturewill keep decreasing to absolute zero.

However, flow thermal mixing and heat loss to the ambientwill hinder the developmentof

temperature. Fig. 4.11 shows thetemperaturedevelopmentin the regeneratorfluid columnat

average Re=300 with about23 regenerativeheat pumpingcycles. A 5.3 K temperaturespan

was developed fight afterthe first cycle, then it graduallyincreased with constantheatingand

cooling rate to 12 K after 16 cycles. Flow thermalmixing occurred throughthe entiretest and

hinderedthe developmentof the temperaturefield after20 cycles of the magneticheatpumping

processes. Fig. 4.12 is a close=upof a segment (from 15 rain to 20 rain) of the temperature

development during the processes. The flow thermalmixing phenomenon can be seen very

clearly in this experimentalresultbecause of the osciUationof the minimumand maximumfluid

temperatures. The trendof the temperaturedevelopmentin the regenerator fluid column has

been predictedin a so-caUedadaptivemodel shown in the Chapter3 of this report. Fig. 4.13

shows the comparisonof temperaturedevelopmentat Re= 300; the experimentaldataare in good ,.

agreement with the calculated values. Two tests at Re=450 and Re=750 have been also

conductedin this study (see Figs. B1-B3 in AppendixB) with cycles of 25s=25s=25s-25sand

15s=15s=15s=lSs,respectively. Maximumtemperaturespansof 11 K and 9 K (see Figs. B4-B7

in Appendix B) have been found in the cases of Re-450 and Re=750, respectively. The

difference in the temperaturespanimplies that the fasterthe regeneratortube moving speed, the

moreserious the flow mixing thatoccurs. Anothertest at Re=750 with a longerdwelling time

in cycles of 30s=lSs=30s=15shas been conductedto show thatholding the constant field at both

ends of the regeneratorfluid columnwill allow enoughtimeto release heat to or absorbthe heat

from the fluid. Results show the temperaturespan could have been about 1.0 K higherwith a

longer dwelling time. Fig. 4.14 shows the maximumtemperaturespanversus time of all four

cases. The lower the tubemoving speed, the higher the temperaturespan that can be reached;

and the longer the dwelling time, the higher and more stable the temperaturespan that will
l.

occur.
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4.4 DISCUSSION
t

4.4.1 Reduction of Flow Thermal Mixing

The temperaturespan in the regenerator fluid columns of MHPs can be increased by

continuous multistaging. The heat losses associated with the regenerative cycle are called

regenerative losses or flow mixing heat losses in our previous numericalstudy. These flow

thermal mixing heat losses cannotbe easily controlledbecause of the continuousflow of the

convecting fluid and the continuousmagnetic field.

According to the discussion of the G. F. Green et al. report, "MechanicallyStatic

Magnetic Refrigerator" of September 1991.3° Managementof the losses in the regenerative

cycle requirescoordinationof the mass flow rate and the changeof the magneticfield. Either

of those elements would reduce the losses. However, the changeof the magneticfield during

fluid flow would complicatethe heattransferanalysis becauseit would create too many different

thermodynamic cycles. Therefore, the control of the mass flow rate of the fluid becomes the

. ultimatecandidatefor reducingthe regenerative losses and thus solving the heatlosses problem

caused by the "flow thermal mixing"in our previous computersimulation.

Multistaging control of the mass flow rate of the fluid has been adopted in another

numericalstudy. Figure 4.15 shows the two-stagevelocity profile along the flow direction, y.

The total gadoliniumcore travelingdistanceis 90 cm. Assuming that the velocity can be built

up quickly to 0.04 m/sec in a very short time, when the gadolinium core reaches the 45-cm

mark, the velocity will be slowed to 0.02 m/sec and remainconstantfor the rest of the half-

cycle. The second stage of thishalf-cycle is very important,because reductionof the mass flow

rate through the gadoliniumcore is neededto prevent flow thermal mixing and thus minimize

some of the regenerative losses.

Since the FLUENT code26is using piecewise or profile velocity boundaryconditions, it
4t

cannot be used along the flow direction, but only at the inlet. The preliminarystudy results
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show that the FLUENT code could not be used in any case with time-dependentvelocity

boundaryconditions. Thus, the simulationhas to be modifiedas two-stage (equaltube length

or so-c_ed equaltravelingdistance)with differentvelocity andtemperatureboundaryconditions
i.

at the tube inlet. Change of magneticfield may also be consideredat this time in this model,

since in the beginningof the second stage, both velocity and temperatureboundaryconditions

have to be reset. However, consideringthe transitionzone during the ramping of the magnetic

field might be too long to lose to the ambient. Only a two-stage flow control mechanismwas

used in the present numerical study. Fig. 4.16 illustrate this model. The second-stage

gadolinium temperature is adopted from the first stage outlet fluid temperature, and its inlet

temperature is the second stage fluid temperatureof the previous half-cycle.

Note that the total cycle length has to be recalculatedfor use in the FLUENT code.

Based on the velocity profile, the calculatedtotal cycle length is about 33.75 seconds. From

acceleration to constant speed to a suddenstop, the average regenerator tube moving speed is

0.0267 m/sec, and the average Reynolds numberassociated with this speed is Re-1300.

Figure 4.17 shows the calculatedof temperature distribution in the regenerator fluid r

columnafter 10 cycles of operation. The temperaturedifferencebetween the magnetizationand

demagnetizationprocess at the same location on the fluid column is no longer large compared

with the single-stage model. Flow thermal mixing has been substantiallyreduced, and the

temperature spanreached up to 45 K after 10 minutesof charge time. Although no other heat

loss agent was consideredin this numericalstudy, includingheat loss to the ambient, the result

does show a promise for reducing the flow thermal mixing.

4.4.2 Heat Transfer Enhancement in Gadolinium Core

The conventional shapesof the gadoliniumcore in the reciprocatingMHPs are either fiat

plates or porous particles inside a cylinder without any heat transferenhancement agents or

considerations. In the present numerical study, we emphasized increasing the heat transfer
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capabilityper unitvolume of gadoliniumwith a fixed value of porosity by modelingdifferent

- shapes and arrangementof the gadoliniumcore.

In order to increase heat transferarea per unit volume and to increase the heat transfer

coefficient, thin spiral concentric gadoliniumrings were chosen in this study. The numerical

simulationstartedwith modeling a cylindricalring concentricallyimmersed in a tubefilled with

fluid. The gadolinium ring is 0.004 m in diameter, 0.05 m long, and 0.005 m thick with

polished surfaces on both sides, and is sunk in a 0.0508-m-diameter, 1.0-m-long regenerator

tube filled with a 50% ethylene glycol and 50% water mixture. Fig. 4.18 shows the three

dimensionalgeometryof this flow problemin the magnetizationand demagnetizationprocesse_.

To model ten or more shells of concentric rings requires many nodal points in the radial

direction of the calculation domain if we are going to add ribs to the surface of each shell.

Consequently,it will take more computerCPU time to simulate the piston-like movementof a

reciprocating MHP, compared with the two-dimensionalstudy. However, multiplying the

numberof rings by the one annulusresult, neglecting the three-dimensionaleffect might give

us a whole picture of this flow problem. Alternatively, the model will be focused on the

, enhancement of heat transfer between the fluid and the gadolinium core only, instead of

modeling the gadolinium core running through the entire tube. The result will be the

• comparisonof the overallheat transfercoefficient among the differentshapesand arrangements

of the gadoliniumcore.

The assumptionwe have made in the previoustwo-dimensionalnumericalstudy was that

the gadoliniumcore temperature is a a T above or below the surroundingfluid temperature in

the beginning of each magnetizationand demagnetizationprocess. In the present study for a

concentric type of gadoliniumcore, we adopted the constantheat generation rate assumption,

which is based on the 32 kilL (or 4.050 J/g) of gadoliniumenergy density for a magnetization

. process from 0 to 7 Tesla. Fig. 4.19 shows the color rasterof temperature developmentin a

three-dimensionalregenerator fluid column. Three-dimensionaleffect could not be seen very

• clearly in this figure, especially in the core region. Nevertheless, the investigationof this three-
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dimensional full tube flow problem, in addition to the heat transfer enhancement in the

gadoliniumcore, will be includedin the third-phaseeffort of this project.
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5. CONCLUSIONS AND RECOMMENDA_ONS
1

" The regenerative heat pumping performanceof gadoliniumwas studied numericallyand

experimentally. The main objective of this study was to investigatetemperature development

in the regeneratorfluid columnand its associatedheat transfermechanism. The following are

the conclusionsof this work and the recommendationsfor the next phase.

Conclusions

1. A flow thermalmixing problem in the regenerator tube was found in the numerical

simulation in two differentapproaches:solving the energy balanceequations and solving the

Navier-Stokesequations.

2. Buoyancy force term cannotbe excluded fromthe governingequationsin anynumerical

attempt. Natural convection and forced convection heat transfer have the same order of

magnitudein most cases of the mmperaturedevelopment in the regenerator fluid column of
*t

reciprocatingMHPs.

3. Temperature stratification has been foundclearly in the numericalsimulation.

4. A temperaturespanof 45 K has been calculatedin a typicalcase of Re-1630 with no

heat exchangerspresentafter20 cycles. This is based on the theoreticaladiabatictemperature

lift of gadolinium which has a maximum value of 14 K near 293 K of Curie temperature.

However, the flow thermal mixing hindersthe developmentof the temperature field.

5. Experimental results show that a 12 K temperature span was reached in a case of

Re=300 with a 15s-37s cycle period in about 16 cycles after it reached its pseudo-steady state

condition. Low temperature spans are mainly due to the oxidation of the gadolinium plate. The

" adiabatic temperaturelift of gadolinium has also been tested in the laboratory.
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6. Numericalcalculationresultsbased on the measuredgadoliniumtemperaturelift are in

good agreement with the experimentaldata. Both results show that the longer the dwelling time

and the slower the regeneratormoving speed, the higher the temperaturespan will rise.

Recommendations

1. The controlof massflow rateis a good candidateapproachto reducingthe flow thermal

mixing problem, accordingto a preliminarynumericalstudy.

2. System heat loss tothe ambientshould be investigatedfurtherto ensure the accuracy

of predictionof the temperaturedevelopmentin the regeneratorfluid column.

3. The shape and arrangementof the gadoliniumcore should be studied carefully in the

next phase to enhancethe heat transfercapability from the gadoliniumcore to the fluid.

4. More experimentalcases have to be runto collect enough datato predictthe heating and

cooling capacity as the functionof reciprocatingmass flow rate, or magneticfield.

5. A design data base for the MHP, includingits system design and numericalpredicting

scheme, must be established in the near future.

e
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Fig. 3.1. Geometryof the flow problem.
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Fig. 3.2 Physical model of the regenerator tube in a magnetic heat
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Fig. 3.6. Development of temperature distribution in the regenerator
fluid column with no heat exchangers present (Re= 1630).
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Fig. 3.7. Comparison of temperature distribution in the regenerator
fluid column before and alter dwelling.
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Fig. 3.8. Temperaturecolor rastersin the regeneratorfluid column
with no heat exchangerspresent(Re=980).
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Fig. 3.9. Development of temperature distribution in the regenerator
fluid column with no heat exchangers present (Re=980).
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Fig. 3.13. Developmentof temperaturedistributionin the regenerator fluid column
withheat exchangerspresent(Re=980, after 12 cycles).
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Fig. 3.14. Energy delivery rates from and to the hot and cold reservoirs
after 12 cycles in the case of Re-980.
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Fig. 3.15. Comparison of energy delivery rates as the function of charge
time for flow rate cases of Re--980 and Re--610.
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Fig. 4.11. Temperature development in the regenerator fluid column
for the case of average Re f300.
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c B(Tesla) --e--T5(K) (Top.u_)

Temperature Developmentin Fluid Column
Brown's Gadolinium Core
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Fig. 4.12. Temperature development along with the magnetic heat pumping
process at average Re= 300.
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Fig. 4.13. Comparison of temperature development in the regenerator fluid
column between experimental data and calculated values.
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Fig. 4.14. Comparison of maximum temperaturespans among cases
with different Reynolds number.
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Fig. 4.15. Stepwise variation of velocity in the flow direction.
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Fig. 4.16. Two-speed transient regenerator tube flow of
room temperature magnetic heat pumps.
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Fig. 4.17. Temperature distribution in the regenerator fluid column using
stepwise tube moving speeds of 0.04 and 0.02 n_'sec.
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Fig. 4.18. Three-dimensional geometry of flow problem.
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Fig. 4.19. Temperaturecolor raster in a three.dimensional
regeneratorfluid column.
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Appendix A:

The combined natural and forced convection in the

regenerator tube flow of magnetic heat pumps
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The combined natural and forced convection in the

regeneration tube flow of magnetic heat pumps

The criterionfor judging the heattransfermechanismin the regeneratortubeflow of the

magnetic heat pumpsis as follows (for fluids Pr> 1):

1
m

Ra 4
> O (1) , Natural Convection ; (A1)

1 1

Re i pr _

1

Ra 4
< O (1) , Forced Convection . (A2)1 I

m m

Re 2Pr 3

where, Ra and Pr are the Rayleigh numberand Prandtlnumberof the fluid.

For the 50% ethylene glycol and 50% waterworking fluid, it is assumed that the Prandtl

numberis about 10 in a moderatetemperature;and the highestReynolds numberis expected to

be no more than 2300 in our experiment. Thus, we can calculate the ratio indicatedin Eqs. (1)

and (2) with the following definitions and data:

(9.8).(-_).(4).(0.1) 3
Ra = Gr.Pr = g'fJ'(AT)'HS.pr = .(10) - 8.167x107 . (A3)

v2 (4.0xi0-6) 2

where,Gr istheGrashofnumberofthefluid.
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Therefore,

0

l l

4 _o,_,+.,v_'°.":"-''7" 4Ra = - 1.140- 1.0. (A4)
" 1 1 1 1

Re2Pr 3 (1500)2.(10) 3

Based on this calculationfor a typical case in the regeneratortube flow, with Rayleigh

number, Ra- 8.167 x10 _, the flow is already in the turbulent naturalconvection regime.

However, in a moderately high Reynolds numbercase of Re= 1500, the ratio (it is actually a

ratio between naturalconvection and forcedconvection) in Eqs. (1) and (2) is on the orderof

1. Thus, we can conclude that the heat transfer mechanism in the fluid column of the

regenerator tube flow for a typical operating case is a combination of natural and forced

convection. They co-exist in about the same order of magnitude in most of the cases.

Therefore, although the Reynolds numberis an appropriateparameter for describing the

characteristicsof the regeneratortubeflow of MHPs, we certainlycannotneglect the buoyancy

force term in solving for regeneratortube flow.
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i Appendix B:

Experimental Data
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Temperature Development in Fluid Column
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Fig. B1. Temperature development in the regenerator fluid column

for the case of Re=750 with 15s-15s of cycle period.
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c B(Tesla) , E] TS(K) (Top fluid)

Temperature Development in Fluid Column
Drown's Gadolinium Core

Reynolds number = 750 (Cycle - 301-15s-30a-15s)
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Fig. ]32. Temperature development in the regenerator fluid column

for the case of Re-750 with 30s-lSs of cycle period.
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Temperature Development in Fluid Column
Brown's Gadolinium Core

Reynolds number = 450 (Cycle = 25s-25s-25s-25s)
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Fig. ]33. Temperature development in the regenerator fluid column

for the case of Re=450 with 25s-25s of cycle period.
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Re-300 (Cycle- 15s-37$-15s-37s)
310 .............
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-"-"Mag. high -+-Mag. low

Demag. high --- Demag. low

Fig. B4. Development of extreme temperatures in the regenerator fluid

column for the case of Re=300 wit_ 15s-37s of cycle period.
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Re- 760 (Cyele- 15s-15s-15s-16s)
310 .............
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|

0 600 1200 1800 2400

Time(s)
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Q

Fig. B5. Development of extreme temperatures in the regenerator fluid

" column for the case of Re=750 with 15s-15s of cycle period.
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Re- 750 (Cycle-30s-158..30s--15a)
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Fig. B6. Development of extreme temperatures in the regenerator fluid

colum.-_ for the c_se of Re ffi750 with 30s-lSs of cycle period.
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Re=450 (Cycle=25s-25s-25s-25s)
310
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Fig. B7. Development of extreme temperatures in the regenerator fluid

• column for the case of Re=450 with 25s-25s of cycle period.
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