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Abstract

An experiment has been developed in order to validate a numerical model of an active magnetic
regenerator (AMR) developed by Engelbrecht et al. (2006(a)). The validation experiment
consists of a regenerator composed of a passive (i.e., non-magnetocaloric) material configured
for a single blow test; a single blow test was chosen due to its relative simplicity which allows
the test conditions to be precisely controlled and measured. The conditions experienced in an
AMR bed are unique in that liquid heat transfer fluids are often utilized; the single blow
experiment will validate key aspects of the model including the heat transfer correlation for
liquid flow through a regenerator, dispersive conduction, temperature gradients internal to the
regenerator matrix, and the entrained heat capacity of the fluid. A regenerator consisting of
stainless steel spherical particles was fabricated. The regenerator was designed to provide results
that are sensitive to the Nusselt number while still attaining operating conditions that are
consistent with a well designed AMR. The initial data presented in this thesis indicates that the
correlation developed by Wakao and Kaguei (1982) which is presently used in the numerical

model significantly overestimates the Nusselt number.
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1 Introduction

1.1 Magnetic Refrigeration

The concept of magnetic refrigeration is not new; the magnetocaloric effect (MCE) was
discovered over 120 years ago and was first utilized by Giauque and MacDugall (1933) for
refrigeration at cryogenic temperatures. In 1976, Brown demonstrated the feasibility of room
temperature magnetic refrigeration using a rare-earth metal, Gadolinium (Gd). It was not until
1996 that significant cooling power (500 to 600W) could be derived from this material (Zimm et.
al., 1998).

The MCE is described by Engelbrecht (2004) as a coupling of the thermal and magnetic
properties over limited temperature ranges. This coupling exhibits itself in such a way that the
entropy of a magnetocaloric material depends on both temperature and the applied magnetic
field. Yu et. al. (2003) further develops this concept by modeling the entropy of a magnet as the
sum of three terms: the magnetic entropy, S,(7,H), which depends on both temperature (7) and
magnetic field (H), the electronic entropy, S.(7,H), and the lattice entropy, S(7), where the latter
only depend on temperature. Appling this model to paramagnetic or soft ferromagnetic materials,
the magnetic field dependence of entropy indicates that as a field is applied isothermally it will
result in a decrease in S, as the magnetic poles align causing a rejection of heat, as featured in
Figure 1.1 and Figure 1.2 as the Isothermal Entropy Change (AS7). Likewise, as the field is
removed isothermally, the magnetic entropy will increase as the magnetic poles fall out of
alignment resulting in the absorption of heat. Another measure of the MCE is the adiabatic
Temperature change (AT,,), also shown in Figure 1.1 and Figure 1.3, where the material is
adiabatically subjected to a change of magnetic field magnitude producing a change in
temperature. To correctly evaluate and compare the MCE of different materials, the heat capacity
is also a significant factor; therefore the volumetric isothermal entropy change should be
evaluated to compare different materials as discussed by Percharsky and Gschneider (2001). This
characteristic, the MCE, is experienced most strongly near the Currie temperature; unfortunately,

as temperature deviates from the Curie temperature the MCE is significantly reduced.
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Active magnetic regenerator refrigeration (AMRR) systems utilize these magnetocaloric
materials in a cycle as a matrix in a regenerator bed. In a simplified example, the AMRR system
includes a regenerator consisting of magnetocaloric materials with a cold reservoir at which
cooling is provided and hot reservoir at which heat is rejected. The cycle for the system,
presented in Figure 1.4, after reaching cyclic steady state, is as follows. The bed starts with an
initial quasi steady state temperature distribution from the warm to cold reservoirs, and is then
magnetized (1) with an external magnetic field. The effect of this magnetization is that the
temperature of the bed is increased due to the magnetocaloric effect. A fluid flow from the cold
end of the regenerator (2) then acts to remove this excess heat from the bed and reject it at the
hot end of the regenerator. Following this flow, the magnetic field is then removed (3) and the
matrix material experiences a sudden drop in temperature below that of its initial distribution. A
flow from the hot end of the regenerator (4) brings the bed back to its quasi steady state
temperature, and pushes cooled fluid into the cold reservoir to lift heat from this location. This
simple cycle implies that materials with large MCE’s would provide more cooling as the MCE

would effect larger temperature changes on magnetization/demagnetization. Engelbrecht et. al.



(2006(b)) describes the process in the regenerator as ‘cascading’ refrigeration cycles. Each
segment of the bed undergoes its own refrigeration cycle, interacting with the surrounding cycles
through the heat transfer fluid. This explanation naturally leads to the idea that performance
would be optimized with layered beds, where the Currie temperature is a function of axial

position within the bed as to maximize the magnetocaloric effect at each location.
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Figure 1.4: Active Magnetic Regenerator Refrigeration Cycle



The use of magnetic refrigeration at room temperatures has only recently been explored; in order
to extend magnetic cooling to higher temperatures it is necessary to identify materials that
exhibit a large MCE near room temperature. Of the materials currently available for room
temperature magnetic refrigeration, Gadolinium (Gd) is often used as it can be alloyed in order to
move, or tune, the Currie temperature to a specific operating range while keeping a high MCE.
Other promising materials include perovskite or perovski-like compounds and transition metal
compounds though each material, Gadolinium included, has its own unique set of challenges

when looking at near term commercial application; these challenges are described by Yu (2003).

Historically, the alternating magnetic field required to energize the AMRR cycle has been
applied using either linear or rotational motion to move the regenerator bed into a stationary
magnetic field. Blumenfeld et. al. (2002) at Los Alamos National Labs demonstrated an
alternative method in which the time varying magnetic field was applied via a high temperature

superconducting solenoid.

For residential units, permanent magnets are the most practical and economical method of
applying this magnetic field. A rotational system is described by Zimm et. al. (2002) is
conceptualized in Figure 1.5 where the wheel is divided into 6 chambers. These chambers
contain separate packed beds, each which undergoes an identical AMRR cycle, though shifted
temporally. The chambers rotate through different positions subjecting the bed to the magnetic

field, as well as the flow conditions illustrated in Figure 1.4 (the AMRR cycle).
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Figure 1.5: A conceptualization of a rotational AMRR system, where the bed undergoes (a) magnetization, (b)
cold to hot flow, (¢) demagnetization, and (d) hot to cold flow. Figure reproduced from Engelbrecht et. al.
(2006(b)).

Engelbrecht et. al. (2006(b)) presents an analysis of AMRR systems appropriate for space
cooling and refrigeration applications, and compares this to current vapor compression cycles.
As Engelbrecht discusses, the AMRR systems circumvent some dissipation mechanisms such as
throttling and compression losses though new dissipation mechanisms are encountered including
pumping losses and additional heat transfer losses. Engelbrecht’s numerical analysis shows that
the magnitude of these new losses is small compared to those which are circumvented, and the
performance (Coefficient of Performance, COP) can exceed that of a vapor compression system
for some design points. A layered bed in which the Curie temperature varied linearly from the
hot to cold reservoir and a non-layered bed where the Curie temperature was set to the average of
the hot and cold reservoirs were examined. The most promising results were obtained for the
space cooling applications; even so Engelbrecht concluded that such designs require bed of

sufficiently large volume (such systems are often larger than current vapor compression cycles)



and have small aspect ratios (regenerator length over diameter). Engelbrecht’s analysis focused
on the 94% gadolinium/6% erbium alloy with a 1.5 Tesla applied field. For the space cooling
application presented, an AMRR bed operating at a COP of ~3.7 (baseline vapor compression
COP = 3.1) requires a 3 liter layered bed, or a 10 liter non-layered bed, both with aspect ratios of
0.15 to provide 8.76 kW cooling. Higher COP’s were reported as the bed volume increases
depicted in Figure 1.6
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Figure 1.6: For a space cooling load of 8.76kW, the COP for layered and non-layered beds at optimal aspect
ratio increase with regenerator volume, at some volumes exceeding the COP of baseline vapor compression
systems. Figure reproduced from Engelbrecht et. al. (2006(b)).

Besides the fact that AMRR systems have the potential to outperform current vapor compression
systems, magnetic refrigeration technology also has ecological value. As opposed to refrigerants
used in vapor compression cycles, magnetocaloric materials have no direct Global Warming
Potential (GWP) or Ozone Depleting Potential (ODP) as the working material is a solid metal
with practically no vapor pressure. Though there are different dissipation mechanisms between

vapor compression and magnetic refrigeration systems; Engelbrecht et. al. (2006(b))



demonstrated that a theoretically well designed AMRR system, utilizing current manufacturing

technology, could be competitive with the more mature technology.

Research continues to improve active magnetic regenerator performance via new materials,
experiencing a larger magnetocaloric effect in a wider temperature range, as well as advanced
regenerator geometries. Presently many prototype AMRR systems utilize packed beds of
spheres, and in the near term only spherical particle packed beds are likely to be implemented in

commercialized systems (Engelbrecht, 2004).

1.2 Single Blow Analysis

A greater understanding of the thermal processes within the regenerator bed is necessary to
improve the modeling and design of AMRR systems. Most regenerator beds are designed with
small particle (<1 mm) size in order to achieve a large heat exchanging surface area per unit
volume. This small scale hinders the ability to take local measurements of the heat transfer
characteristics; placement and manufacture of small sensors to a high tolerance is necessary for

such measures and quite difficult. Therefore some averaging technique is useful.

While regenerators have been studied in depth for many years, the application of magnetic
refrigeration near room temperature require liquid heat transfer fluids, such as water or
ethylene/propylene glycol water mixtures, which have not commonly been used in regenerators.
In the case of room temperature magnetic refrigeration, the entrained fluid comprises a large heat
capacity, possibly even equal to the capacity of the bed itself, at which point the fluids heat
capacity can no longer be neglected (Engelbrecht et. al., 2006(b)). Perhaps of the greatest
importance, current models by Engelbrecht et. al. (2006(b)) utilize a correlation for gas flowing
though packed spheres instead of fluids. The impact that liquid fluids will have is the subject of
current research, and numerical modeling. Fortunately some methods of characterizing

regenerator performance can still be used.



One method of analyzing regenerator beds as a whole is with a single blow analysis. In the single
blow test method, the regenerator bed and entrained fluid are brought to a constant temperature.
Then fluid of a different temperature is pushed through the regenerator, until the regenerator bed
is saturated at this alternate temperature, hence the designation ‘single blow’, while the time
history of the entering and exiting fluid temperature are measured. Figure 1.7 is a simplified flow
diagram for the single blow testing facility, while Figure 1.8 depicts the current regenerator and
testing facility used for the single blow test. The current facility has 2 modes of operation, cold
soak and normal operation. While in cold soak operation, the cold loop, cooled by the chiller
unit, forces fluid through the bed to bring the bed to a uniform initial cold temperature. At the
same time the hot loop saturates the plumbing up the valves leading into the regenerator at the
hot bath temperature. Normal operation designates that the single blow test has been initiated,
and the cold soak loop is shut off. The hot loop pushes heated fluid through the regenerator while

mass flow rate and temperatures throughout the bed are recorded.
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Figure 1.7: Simplified regenerator facility flow diagram. Two modes of operation are standard: 1) Cold Soak
— the cold loop (cooled with the chiller unit) pump pushes fluid though the regenerator setting the bed at the
cold temperature. Concurrently the hot loop is saturating the plumbing up to the valves with the hot fluid. 2)
Normal Operation — the hot loop pump pushes fluid from the hot bath through the regenerator, during which
temperature data is collected; exiting fluid is collected in a graduated cylinder for a second flow
measurement).
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Figure 1.8: Passive single blow testing facility and regenerator as of 4/2007.

The single blow process is depicted in Figure 1.9; note that the temperature curve changes shape
(smooth’s out) as it penetrates through the matrix. This is due to some inefficiency in the fluid
and matrix heat transfer process as well as the matrix and fluid heat capacities. Axial conduction
is observed through the bed and the fluid and the fluid experiences some mixing (dispersion).
The time to fully saturate the bed is designated the breakthrough time, and the time varying

curve of the exit temperature is the breakthrough curve (Heggs and Burns, 1988).
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Figure 1.9: Depiction of the single blow process. A) The bed has been cold soaked to a cold temperature (7,)
with a cold fluid flow. B) At some point, the inlet experienced an increase in inlet flow temperature (to
temperature 75), which caused a wave to flow through the regenerator bed. C) the bed is saturated at the hot
temperature, the curve 7,,, depicts the breakthrough curve.

The recorded inlet history is used in conjunction with a computational model which solves the
energy equations for the regenerator bed and entrained fluid and predicts the exiting fluid
temperature. Most often, the model’s heat transfer coefficient (%) is adjusted (in dimensionless
form, the Nusselt number (Nu)) in order to match the predicted curve to the measured data.
Direct curve matching allows for the determination of the actual value of the average heat
transfer coefficient (presuming all other aspects of the modeling are correct). There are several
improvements to direct curve matching that have been presented that reduce the computational

size of the analysis and are discussed here.

Chen and Chang (1996) showed in their experiments using wire-screen regenerators with high
values of NTU (>100) a maximum-slope matching scheme. In this method the slope is defined
from the Temperature—time plot, breakthrough curve, at the outlet of the regenerator (x =1,

Breakthrough Curve) as noted in Equation (1.1).
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Slope = AT (1.1)

The maximum slope is determined from the breakthrough curve, and the error between the
experimentally observed slope and the predicted curve’s slope is minimized by altering the
Nusselt number in the numerical model. A similar approach to the maximum slope method is to
match a shape factor, a function dependent on the time between 20% and 80% of breakthrough,
as proposed by Darabi (1982). This analysis is applied for the period between 20% and 80% of
the breakthrough as noted in Equation(1.2).

At20%—80% = tSO%AT - tZO%AT (1 2)

where the change in temperature (A7) is defined as the difference between the hot inlet

temperature (7%) and the cold soak temperature (7¢).
AT =T, -T, (1.3)

A graphical representation of this measure is depicted in Figure 1.10. It is the error between the
observed time (Al g, opservea ) @Nd predicted time (A, g0, Nnumericat ) DEEWEEN 20% and 80%
breakthrough, as presented in Equation (1.4), that is minimized by modifying the Nusselt

number.

(AtZO%—SO%, Observed At20%—80%, Numerical )
Error = (1.4)

AZ‘20%—80%, Observed

More computationally intense curve-matching is proposed for future work, where the sum of the

residuals between measured and predicted data over all measurement time is minimized.
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Figure 1.10: An example of a measured breakthrough curve depicting the time between 20 and 80%
breakthrough.

1.3 Project Objectives

In the near term, regenerator beds for room temperature magnetic refrigeration will likely use
spherical particles due to manufacturing and material restraints. With this information, it is
necessary to choose and validate the correlations describing heat transfer phenomena for use in a
numerical modeling scheme to aid in present AMRR design. A numerical model was developed
at the University of Wisconsin using an implicit in space and explicit in time algorithm in order

to predict the performance of the active magnetic regenerator (Engelbrecht et. al., 2006(a)).

The aim of current research is to validate elements of this numerical model of an active magnetic
regenerator. The validation experiment will consist of a regenerator composed of passive (i.e.,
non-magnetocaloric) materials in a single blow test. A single blow test was chosen due to its

relative simplicity and also because the parameters of the experiment can be tightly controlled
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and carefully measured. In parallel, the model predictions are being compared to data obtained
from an active magnetic regenerator test facility; however, the complicated nature of this
experiment leads to uncertainties in the operating parameters which can mask modeling

1naccuracies.

The single blow experiment should validate key aspects of the model, including the heat transfer
correlation (in the limit of zero frequency), the axial conduction and dispersion correlations, and
the treatment of internal temperature gradients and entrained fluid heat capacity. There are still
clearly important aspects of the operational characteristics of an AMRR that must be modeled
and cannot be validated using the single blow test facility; however, careful single blow tests will
remove much uncertainty about eventual discrepancies between AMRR measurements and

predictions.

The primary focus of this project was to design and build a regenerator for this single blow test.
The main parameter of interest in this study is the Nusselt number, and thus the bed was
designed such that the results of the single blow test would be most sensitive to this parameter.
As the numerical model neglected several phenomena (such as interactions with the walls of the
regenerator and the environment) and was limited to one dimension in space, the regenerator

design sought to minimize the impact of these effects (such as 2 dimensional flows).

1.4 Thesis Organization

The thesis discusses the development of a simple, scaling model of the passive regenerator bed
which provided design guidance by indicating the effect of the important design features on the
measured quantities; this is described thoroughly in Chapter 2. After an initial design space was
identified based on the simple model, the more complete numerical model developed by
Engelbrecht et. al. (2006(a)) was modified in order to simulate the single blow experiment; this
modified numerical model was then utilized to verify that the regenerator design showed the
desired sensitivity to the Nusselt number. The numerical model also indicated the impact that
other important parameters, such as axial conduction and dispersion, have on the results of the

single blow experiment. The detailed design and construction of the regenerator and testing

15



facility and the associated instrumentation and data acquisition system is described in Chapter 3.
The modification and use of the numerical model, some initial results from this experimental

setup, and conclusions are presented in Chapter 4.
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2 Scaling Model of a Regenerator Bed

A model was developed to provide approximate but rapid guidance relative to the most
appropriate fluid properties, geometry, and operating conditions for use in the regenerator test;
these are the conditions that correspond to large total breakthrough times (i.e., measurements that
can be made with precision, > 50 s) that are also highly sensitive to the physics of the regenerator
bed (i.e., measurements that provide insight into the fundamental characteristics of the bed and
are useful for verifying the numerical model). The scale, or target values, for several of the fluid
properties, geometry, and operating conditions were first determined with this model and is
henceforth called the scaling model. This guidance was not as easily extracted from the
numerical model due to its complex nature and time intensive nature of the computations. This
scaling model was developed by considering only the most fundamental characteristics of the
bed in order to quickly yield such direction, to later be verified with the full numerical model.
One of the most important characteristics of the bed is the heat transfer coefficient, as
represented in dimensionless terms by the Nusselt number (Nu). The ability of the passive

experiment to indicate the underlying value of the Nusselt number is, qualitatively, given by:

ONu zéﬂé'r (2.1)
or

where ONu is the uncertainty in the Nusselt number implied by the measurement of the

breakthrough time (7) and o7 is the uncertainty in the measurement of the breakthrough time.

Equation (2.1) can be rearranged:

ONu =

(2.2)

Equation (2.2) suggests that a useful measurement of the underlying heat transfer mechanism can

only be obtained if o7 is small (i.e., the precision of the time measurement is high) and the partial
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derivative of breakthrough time with respect to Nusselt number (the denominator of Eq. (2.2)) is

large. The experiment has been designed with these two requirements in mind.

2.1 Scaling Model Derivation

For a single blow experiment, assuming an adiabatic boundary about the regenerator, the energy

released by the fluid must be equal to the energy gained by the regenerator:

m,c, AT, =m, c, AT, (2.3)

where ¢y and ¢, are the specific heat capacities of the fluid and regenerator, A7y is the change in
temperature of the fluid, AT, is the change in temperature of the regenerator material, m;, is the
mass of the fluid, and m, is the mass of the regenerator. The breakthrough time is defined as the
time associated with the regenerator becoming thermally saturated such that the regenerator
temperature at the fluid exit has reached the hot inlet temperature. The fluid mass, my, is the

product of the mass flow rate of fluid (#1,) and the breakthrough time. The breakthrough time

calculated with this model is an approximation of the measured breakthrough time (7) and is
therefore separately designated as 7,.:

mf T

e C AT, =m, ¢, AT, (2.4)
The change in temperature of the fluid and regenerator will be approximately the same. The
regenerator will start at one temperature (assume a cold temperature, 7¢) and will eventually
reach the temperature of the fluid entering the regenerator (assume a hot temperature, 7).
Further, the fluid will enter at 7 and for most of the process exit at approximately the initial

temperature of the regenerator, 7. Hence, Equation (2.4) reduces to:

= o (2.5)




Equation (2.5) indicates that in order to achieve large breakthrough times (which is necessary in

order to allow precise measurement), a small capacity rate of the fluid (#1,c,) is desirable as

well as a large regenerator heat capacity (m,c,).

The number of transfer units (N7U), sometimes referred to as the reduced length of the
regenerator, is an important parameter relative to the design of the experiment. It has been
observed with the numerical model, which was developed by Engelbrecht et. al. (2006(a)) and
modified for single blow prediction as discussed in Chapter 3, that when the N7U is low (< 50),
the breakthrough time and the shape of the temperature distribution within the regenerator is
quite sensitive to the underlying fluid-to-solid heat transfer characteristics (i.e., it is sensitive to
the Nusselt number, Nu). However, as the value of NTU becomes large, the breakthrough time
becomes insensitive to the Nusselt number (i.e., the denominator of Eq. (2.2) becomes small) and
therefore the measurements become less valuable for validating the model. This behavior is

discussed more completely in the subsequent section.

The number of transfer units is defined in Equation (2.6):

NTU = A (2.6)

me €,

where £ is the convection coefficient between the fluid and the regenerator. The heat transfer
surface area (4,) per volume of the regenerator (#-) is referred to as the volume specific surface

area ay:

S

i
T

2.7)

The surface area 4; is is the product of the number of spheres (V) and the surface area per

sphere:
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A =N,zd} (2.8)

where d,, is the sphere diameter. The volume of the spheres, V, is:

3

dp
VSENSH? (29)

The porosity () is the ratio of the volume of entrained fluid to the total volume of the
regenerator. Anything that is not entrained fluid must be spheres, therefore the ratio of the

volume of the spheres to the volume of the regenerator may be expressed as:

-y (2.10)

|

Note that a regenerator with = 0 would consist entirely of material (no entrained fluid) and a
regenerator with = 1 would consist entirely of fluid (no material). Substituting Egs. (2.8)
through (2.10) into Eq. (2.7) leads to:

a =——27 2.11)

The Nusselt number is typically defined by Eq. (2.12) in terms of the hydraulic diameter of the

passages formed between the spheres (dy) rather than the sphere diameter:

(2.12)

where kr is the conductivity of the fluid. The hydraulic diameter is presented as defined by
Kaviany (1995):

4(void volume) Ay

(2.13)

surface area A

N
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Substituting Egs. (2.8) through (2.10) into Eq. (2.13) leads to:

2( vy
d. == d 2.14

Substituting Egs. (2.14), (2.7) and (2.12) into Eq. (2.6) leads to:

:Nukf-Vas

NTU (2.15)

H mf Cf

The mass of the regenerator can be expressed as the product of the density of the regenerator

material (p,) and the volume of spheres (Vs = %L(l — l,y) ); therefore, Eq. (2.5) can be written as:

, _prly)e (2.16)
My €y

Note that NTU and 7., Egs. (2.15) and (2.16), both contain the term i

mec,

; therefore, Eq. (2.15)

can be substituted into Eq. (2.16) to relate the breakthrough time (z,,,) to the number of transfer
units (N7U) and the Nusselt number (Nu):

_poc (I-y)NTU d,

T 2.17
“ a, Nuk, @17)
Substituting in Egs. (2.11) and (2.13) into Eq. (2.17) leads to:
¢, NTU d }
T = 164 AN (2.18)
9 k, Nu (1-y)
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The Nusselt number, Nu, in Eq. (2.18) is typically based on the hydraulic diameter (dy) rather
than the particle diameter (d,). In this document, the symbol Nu will represent the Nusselt
number based on the passage hydraulic diameter whereas Nug, represents the Nusselt number

based on particle diameter. Equation (2.18) can be reformulated based on Nug, in Eq. (2.19).

__lpe NTU d
"6 k, Nu,

(2.19)

Equations (2.18) or (2.19) are useful because the relate the breakthrough time (which is a
measured quantity) to the design of the experiment (N7U, d,, and fluid and material properties)

and the underlying characteristic of interest (Nug).

2.2 Relationship between NTU and Nu

From the definition of NTU,

NTU = —5 (2.20)

it can be seen that a low value of NTU indicates a large fluid capacitance rate (m, ¢, in the

denominator), high resistance to convection (small /% A_, in the numerator), or both. In the case

of a large capacitance rate, the fluid contains a large amount of thermal energy that must be
transferred to the matrix; therefore the performance is highly dependent on the heat transfer
coefficient. If the product of the convection coefficient and surface area, & A, is low then the
convection resistance is large and the performance again becomes highly dependent on the value
of this resistance which is directly related to the heat transfer coefficient. In either case, a low
value of NTU leads to a breakthrough time that is strongly dependent on the Nusselt number,

which characterizes the convection heat transfer processes.
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Figure 2.1 shows a measure of 90% breakthrough time as a function of the number of transfer
units; this figure was generated using the single blow numerical model which is a modified form
of Engelbrecht’s AMRR model (see Chapter 3 for details). 90% of the breakthrough time is the
time to reach 90% of the AT between the cold soak temperature and the hot inlet flow. Each
curve in this figure indicates a separate particle size (1, 2, 3, or 3.97 mm). The Nusselt number
was modified by changing cNu, the Nusselt number scaling parameter, which scales the Nusselt
number calculated using the correlation from 25% to 200%. The other parameters necessary to
run the numerical model and select important dimensionless parameters are tabulated in Table
2.1 and Table 2.2. At an NTU value below 100, the breakthrough time predicted by the numerical
model is very sensitive to the number of transfer units. Figure 2.1 indicates that the NTU should

be held between 10 and 50 in order to achieve useful experimental results.
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Figure 2.1: Approximate measurement time for 1, 2, 3, and 3.97 mm particle size. All other conditions were
identical to those specified in Table 2.1.
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Table 2.1: Summary of parameters necessary for running the single blow numerical model
and to produce Figure 2.1.

Regenerator Geometry Numerical Model Parameters
Particle diameter Single Blow Run Time
1-3.97 200
(dp) [mm] (@ [s]
Regenerator Diameter 6.56 Cold Soak Temperature 274
(D) [cm] ' (To) [K]
. Inlet Temperature
Aspect ratio (ar) [m/m 10.67 304
pect ratio (ar) (m/m] (L) [K]
Number of axial
Number of beds 1 divisions (k) 60
Number of time
Bed Geometry Packed Sphere divisions (N?) 2000
. Nu scaling parameter
Porosity () 0.36 (cNu) 0.25-2
Resenerator material Stainless Steel Axial conduction 1
& (AISI304) scaling parameter (cnk)
Flow Characteristics Friction factor scaling 1
arameter (c
Mass flow rate 0.035
(11, ) [kg/s] '
55% Propylene
Fluid Glycol and
Water

Table 2.2: Summary of dimensionless parameters of the calculated (with the scaling model) fluid flow and
heat transfer process for the single blow conditions stated in Table 2.1. Note that c/Nu was held to 1 and d,, to

3.97 mm.
Pr 103
Red,, 4.1
NTU 22.5
Nu 14.3
Peclet Number ( Reg, Pr) 422.6

2.3 Constraints on the 1°' Order Design Exercise

The sensitivity of the breakthrough curve is influenced by NTU; specifically, the curves are
much more sensitive to Nu in the low NTU range. The modeling work indicates that the NTU

should be less than about 50 in order to provide an experiment that is sensitive to the underlying
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physics; this is constraint 1 on our experimental design. To ensure that all of the regenerator
material is involved in the heat transfer process, the Fourier number (Fo) should be large; the
Fourier number is the ratio of the time constant for the process (i.e. the time for breakthrough to
occur) to the time constant for conduction between the center and surface of the sphere. If the
Fourier number is large then all of the sphere material will participate in the process; note that
subsequent tests may relax this constraint in order to evaluate the capability of the model to
capture the impact of significant internal temperature gradients. Therefore, the 2" constraint on

the design is that Fo must be at least 10; the Fourier number is defined in Eq. (2.21).

Fo=—ax%r 2.21)

where ¢, is the ratio of the conductivity of the regenerator (k,) and the volumetric capacity (p,c;).

The numerical model developed by Engelbrecht et. al. (2006(a)) is one dimensional and
therefore cannot capture the effect of radial flow non-uniformities in the regenerator; this effect
would tend to reduce the performance of the regenerator and therefore should be avoided by

design in a real device in any case.

In order to prevent radial flow non-uniformities (in particular, flow channeling near the edge of
the regenerator where the porosity will be lower), the design of the experiment was constrained
so that the diameter ratio, defined as the ratio of the regenerator diameter (D) to the particle
diameter (d,), was at least 15; this is the 3™ constraint on the experimental design. Chu and Ng
(1989) show that above a diameter ratio of 15, the permeability (the ability of a material to
transmit fluids) limits to that of a regenerator with a diameter ratio approaching infinity,

indicating that flow channeling has been avoided.

Large particle diameters are desirable from the standpoint that they provide reduced surface area
for a given regenerator size and therefore a lower NTU which provides a higher sensitivity of our
measurement, as discussed in Section 2.2. However, large particles also contribute to flow

channeling. The largest particle diameter that could be used practically is 4.5 mm (Constraint 4)
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as this provides approximately a 7 cm diameter regenerator bed (conforming to the diameter ratio

of 15 that was imposed earlier).

It is necessary that the breakthrough time be large and therefore measurable with some precision.
Our ability to measure time relative to the onset of the flow period is likely characterized by an
uncertainty of nominally 1 s; this uncertainty is also important for the selection of temperature
and mass flow rate sensors. Therefore, it is necessary that the approximate breakthrough time,

Tupx, DE at least 50 s (Contraint 5).

The constraints discussed above are summarized in Table 2.3. For this simple 1* order design
exercise, the fluid and solid properties were evaluated at 289 K which is the average of the

expected operating temperature range of 274 K and 304 K.

Table 2.3: Summary of the constraints on the design exercise.

Constraint | Statement
1 NTU <50
2 Fo>10
3 D/d,>15
4 d, <4.5 mm
5 Tapx> 50's

2.4 Nusselt Number Correlation

The correlation that is used in the numerical model, and hence here in this simple analysis, is
provided by Wakao and Kaguei (1982) for a packed bed of spheres; the Nusselt number in the
correlation is based on the particle diameter, d,, and is an empirical correlation mainly based on

experiments using gases:

3 1

Nu,, =2+1.1Re,’ Pr’ (2.22)
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The Reynolds number of the fluid based on the particle diameter, Reg,, is present as well as the
Prandtl number of the fluid, Pry. The Reynolds number is the ratio of inertial to viscous forces
and 1s defined with respect to the particle diameter in Equation (2.23) and discussed further the
Section 2.5.

PrY dp
Hy

Re, = (2.23)

The Prandtl number is the ratio of momentum diffusivity (or viscosity) to thermal diffusivity and
is defined in Equation (2.24). The Prandtl number is often included in Nusselt number

correlation to generalize the correlation to a wide variety of fluids.

py = Sty

S
kf

(2.24)

Equation (2.22) is shown in Figure 2.2 and was used in part because the authors claim that it
remains valid down to a Reynolds number of 0. Rohsenow (1998) presents a similar correlation;
however, it is valid only above a Reynolds number of 50 (also shown in Figure 2.2); however,
Reynolds numbers experienced in active magnetic regenerators will fall below this threshold

during large parts of the cycle, as discussed in Section 2.5.
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Figure 2.2: Comparison of Nusselt number correlations for water at 7=289 K

2.5 1°' Order Design Exercise

As discussed in Section 1.1, Engelbrecht et. al. (2006(b)) conducted an optimization and analysis
of an AMRR system used for space cooling applications. The maximum Reynolds number of a
‘well designed’ regenerator was found to be near 4.1; this is consistent with a regenerator
operating with water and sub-millimeter particle size (0.2 mm). Note the velocity (v) in the Rey,
(restated in Equation (2.25)) is the velocity that the fluid would have at the desired volumetric
flow rate if there was no regenerator packing, ie. the cross-sectional flow area is based off of the

overall diameter D. Therefore, the Reynolds number is much lower than initially anticipated.

(2.25)

Engelbrecht’s well-designed regenerator was pancake shaped (i.e., it had a low aspect ratio,

length of 4.4 cm and a diameter of 29 c¢cm) and was therefore impractical to build for this
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experiment. Nevertheless, the optimization provides some insight into the approximate

magnitude of the Reynolds number that should be examined experimentally (ie. near 4.1).

Equation (2.19), restated below, was the result of our scaling model and provides some direction

relative to the design of a good single blow experiment.

_ _lpe NTU d?
" 6  k, Nu,

The volumetric heat capacity of the regenerator material (p, ¢,) appears in the numerator,
indicating that, for a given value of the NTU, larger breakthrough times can be achieved using
materials that have a large volumetric heat capacity. Figure 2.3 indicates the volumetric capacity
for several common materials and shows that stainless steel or bronze would be a good choice of

material based on this observation.
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Figure 2.3: The volumetric capacity of several common materials, evaluated at 289 K

Equation (2.19) also provides direction for choosing a fluid for use in the single blow
experiment. The denominator includes the conductivity of the fluid (&), indicating that lower
conductivity fluids will provide larger breakthrough times. One method for controlling the
properties of the fluid is to mix water with glycerin or propylene glycol. Figure 2.4 illustrates
the conductivity of water and water solutions and shows that the conductivity of water is reduced

as these chemicals are added.
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Figure 2.4: Conductivity as a function of the concentration in mass-percent of Glycerin or Propylene Glycol
in water at 289 K.

A critical parameter that was needed for this path-finding exercise was the typical porosity of a
packed bed of spheres. The porosity of a randomly packed bed of spheres is approximately 0.36
m’/ m’ (Kaviany, 1995). The porosity of the regenerator built is approximately 0.38 m*/ m’, well

within the expected range.

Figure 2.5 illustrates that matrix materials with high volumetric heat capacity and fluids with low
conductivity both increase the breakthrough time of the single blow experiment. For a
regenerator with spheres of 3.97 mm diameter operating at a volume flow rate of .75 L/min, the
breakthrough time exceeds our minimum requirement (50 s) when stainless steel spheres are
used. The Fourier number is shown in Figure 2.6 for the same operating conditions, and indicates
that stainless steel also meets the Fourier number requirement (Section 2.2). The selection of

fluid and materials for single blow testing is subsequently discussed in Chapter 3.
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Figure 2.5: Approximate breakthrough time at a volumetric flow rate of 0.75 L/min, particle diameter of 3.97
mm, and regenerator length of 0.7 m for various regenerator materials and solution concentrations. Mass
concentration is defined as mass propylene glycol over mass water.
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Figure 2.6: Fourier number at a volumetric flow rate of 0.75 L/min, particle diameter of 3.97 mm, and
regenerator length of 0.7 m for various regenerator materials and solution concentrations.
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Figure 2.7 provides results spanning the expected range of flow rates. Note that the Reynolds
number of the flow centers around the 4.1 value determined by Engelbrecht et. al. (2006(b)).
This figure indicates that, for a stainless steel regenerator matrix with a 55% propylene glycol
solution, the breakthrough times and Fourier numbers remain large. The approximate
breakthrough time was allowed to fall below the minimum requirement (50 s) for the regenerator
design as the scaling model was later found to consistently predict shorter times for breakthrough

when compared to the numerical model.

Reynolds Number (Regp) [-]

1 2 3 4 5 6 7
T T T T T T T T T T T T 200 T
— 180 ¢
@ T 40 160 =
c E [e))
= 140 3
o £ 30 2
®» 3 120 S
£2 5
s = 100 @
((}) [
..'g = 20 e

=
5 O -
g 10 60 E
X
> 20 8
Z s
Q.
0 : : - - - - 20 <«
05 1 15 2 25 3 35

Volumetric Flow Rate [L/min]
Figure 2.7: Approximate breakthrough time, Number of transfer units, and Fourier number for a Stainless
Steel regenerator, 55% propylene glycol and water solution, particle diameter of 3.97 mm,
and regenerator length of 0.7 m.
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3 Design and Assembly of the Regenerator and Testing
Facility

3.1 Bed Parameters Derived From 1°' Order Design

The first order design was discussed in Section 2.5 and led to Equation (2.19), which is restated
below as Equation (3.1). This equation presents the approximate breakthrough time (7z,,) as a
function of the regenerator matrix material density (p,) and specific heat capacity (c,), the fluid
conductivity (ky), the particle diameter (d,), the Nusselt number (Nug,), and the number of
transfer units (N7U).

1p, c. NTU d >
fapx=—p’ - . (3.1)
6  k; Nu,
Equation (3.1) allowed some relatively simple conclusions to be drawn with respect to the fluid
and material properties and the general dimensions of the regenerator that are most appropriate

for the experiment.

Equation (3.1) implies that fluids with low thermal conductivity (k) will lead to longer
breakthrough times. One method of reducing the thermal conductivity of water is to mix it with
propylene glycol. For example, a 55% propylene glycol/water solution reduces the conductivity
from 0.58 W/m-K to 0.34 W/m-K at 289 K (Melinder, 1997); therefore, the regenerator test

facility design utilizes a propylene glycol/water solution.

Equation (3.1) shows that matrix materials with a high volumetric heat capacity (o, c¢,) will lead
to longer breakthrough times than those with smaller capacities. Figure 3.1 indicates that a
material such as stainless steel exhibits a high volumetric capacity (for example, AISI 304
stainless steel has a volumetric heat capacity of approximately 3.9x10° J/m’-K at 289 K

(Touloukian, 1972)); stainless steel also has the advantage of being resistant to corrosion and is
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available in a variety of particle diameters and geometries. Stainless steel has relatively low

thermal conductivity (k) which reduces the magnitude of axial conduction in the regenerator.
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Figure 3.1: The volumetric capacity of several common materials, evaluated at 289 K.

3.1.1 Regenerator Dimensions

The scaling model, discussed in Chapter 2, was also used to provide general guidance relative to
the geometry of a regenerator bed that would provide long breakthrough times. Given material
and fluid properties, particle diameter, Reynolds number, and length; the overall diameter of the
regenerator (D) has no impact on the breakthrough time (see Equation (3.1)), but the diameter
does influence the volumetric flow rate required. Figure 3.2 illustrates the volumetric flow rate as
a function of regenerator diameter for a Rey, of 4.1, a 55% propylene glycol and water solution, a

bed length of 70 cm, and stainless steel spherical particles of 3.97 mm diameter. The flow rates
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shown in Figure 3.2 can be obtained using the peristaltic pump on hand for this experiment.
However at lower flow rates (under 0.5 L/min) pulses from the peristaltic pump could be
significant and impact the results. The peristaltic pump uses rollers to compress a section of tube
and push the fluid in front of this pinch point forward through the tube. The rollers are located on
a wheel so during a rotation of the motor, several wheels pinch off the tubing, push fluid through,
and release the tube. Due to the repetition of the process, pulses of fluid flow travel through the
tube; an accumulator is used to damp out most of these pulses but they are especially evident at

low flow rates.

Volumetric Flow Rate [L/min]

0.01 0.02 003 004 005 006 0.07 0.08 0.09 0.1

Regenerator Diameter [m]
Figure 3.2: Volumetric flow rate for a fixed Re,, of 4.1, a 55% propylene glycol solution, a packed sphere
matrix of AISI 304 stainless steel, regenerator length of 70 cm, and a particle diameter of 3.97 mm.

Figure 3.3 illustrates the volumetric flow rate as a function of the particle diameter for a
regenerator for a Rey, of 4.1, a 55% propylene glycol and water solution, a bed length of 70 cm,
and stainless steel spherical particles of 3.97 mm diameter. The required volumetric flow rate is
not a function of bed length when Re,, number and fluid properties are fixed. Figure 3.3 also
indicates that lower flow rates are achieved with larger particle diameters as the Reg, is a

function on the product of flow rate and particle diameter in Equation (3.2).
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Figure 3.3: Volumetric flow rate as a function of particle diameter Re,, of 4.1, a regenerator diameter of
0.0656 m, a 55% propylene glycol solution, and a packed sphere matrix of AISI 304 stainless steel.

Figure 3.4 presents the approximate breakthrough time from the scaling model as a function of
the bed length and particle diameter for a Rey, of 4.1, a regenerator diameter of 0.0656 m, a 55%
propylene glycol solution, and a packed sphere matrix of AISI 304 stainless steel. The
approximate breakthrough time increases as the length of the regenerator bed (L), or the particle
diameter (d,), increases for a bed of packed spheres with constant regenerator matrix and fluid
properties, regenerator diameter, and Reynolds number (Reg,). Indicated in this figure are the
practical limits of a 70 cm bed, and a 4.5 mm particle diameter (procured from a minimum
diameter ratio (D/d,) of 15 for a maximum D of 6.75 cm). Figure 3.5 presents the N7U for the
same range of variables (L and d,) and concludes that though longer regenerator beds provide
longer breakthrough times, they also provide large values of NTU. Further, increasing particle

diameter reduces NTU.
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Figure 3.4: Approximate breakthrough time as a function of bed length and particle diameter for Re,, of 4.1,
a regenerator diameter of 0.0656 m, a 55% propylene glycol solution, and a packed sphere matrix of AISI 304
stainless steel. Practical limits for size constraints and breakthrough times are depicted.
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Figure 3.5: NTU as a function of bed length and particle diameter for Re,, of 4.1, a regenerator diameter of
0.0656 m, a 55% propylene glycol solution, and a packed sphere matrix of AISI 304 stainless steel. Practical
limits for size constraints and breakthrough times are depicted.

The numerical model provides much more accurate predictions of the breakthrough times than

the scaling model. It has been observed that the scaling model consistently under predicts the
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breakthrough times when compared to the numerical model. Figure 3.6 illustrates the scaling
model and numerical model predicted breakthrough times for a range of flow rates between 0.5
and 4 L/min and a test bed conforming to the specifications in Table 3.1. Therefore the original
design constraint on the scaling model which required a breakthrough time of 50 s was relaxed to

25s.

350 . . : .
\ ____55% Propylene Glycol and Water
300! \ Approximate Breakthrough (scaling model)
\ \\ ____55% Propylene Glycol and Water
‘\\ \ 90% Breakthough (numerical model)
2501 ~_ Water
N \\ Approximate Breakthrough (scaling model)
) 200 NN ~ Water
;' \ \\ 90% Breakthough Time (numerical model)
€
= 150
100
50
O L L L L L L L
0.5 1 1.5 2 2.5 3 3.5 4

Volumetric Flow Rate [L/min]

Figure 3.6: predicted breakthrough times for the scaling and numerical models. The discrepancy between the
two models led to the constraint on the scaling model to be lowered.

The scaling model predictions presented in Figure 3.2 through Figure 3.5 indicate longer
regenerators with large sphere diameters provide longer and more sensitive (lower NTU beds)
breakthrough times and are therefore desirable for the single blow test. 5/32 inch (or 3.97 mm)
diameter spheres are a standard size in AISI304 stainless steel and were not difficult to procure
in bulk. Figure 3.4 indicates that this diameter sphere would provide a long breakthrough time
(in excess of 35 s) if appropriate dimensions (55¢cm<L<70cm , 3.5mm<dp<4.5mm) were chosen
for a 55% propylene glycol / water solution and AISI 304 stainless spheres. Figure 3.7 indicates
that over the desired flow rates, the Fourier number remains above ~7. Large values of the
Fourier number indicate all of the regenerator material is participating in the heat transfer

process. This is under the constrained Fo > 10 in Section 2.3, however, this number is

39



significantly large and the model will compensate for internal gradients as discussed in Section

4.1.1.2. The design point that was selected is summarized in Table 3.1.
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Figure 3.7: Approximate breakthrough time, Number of transfer units, and Fourier number for a Stainless
Steel regenerator, 55% propylene glycol and water solution, particle diameter of 3.97 mm,
and regenerator length of 0.7 m.

Table 3.1: Summary of design point for the regenerator bed.

Regenerator Diameter 0.0656 m
Particle Diameter 3.97 mm
Regenerator Bed Length 70 cm
Matrix Material AISI 304 stainless steel
Fluid 55% Propylene Glycol / Water
Reg, (volumetric flow rate) 4.1 (~2 L/min)
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3.2 Overall Shell and Puck Design

The nominal design point for the regenerator was selected in the previous section, which allows
the detailed design of the regenerator test apparatus. Among the desired characteristics is the
ability to easily remove the packing in order to quickly modify material and matrix geometry.
With this modular assembly in mind, the bed was split into seven, 10 cm bed sections (or pucks)

which are slid into an outer shell as shown in Figure 3.8.

Outer 3
Shell g \
a
8
Flow
Direction
2}
PVC End
Cap
‘ Pucks B
£e / through G
y
Puck
P A

b4 —t

Figure 3.8: Solid model of the regenerator assembly. The 7 pucks are housed inside of the outer shell.
Thermocouples are feed in between each puck through the feed-through holes along the length of the outer
shell.

3.2.1 Flow Distribution

Flow from the hot loop pump is carried in 12.7 mm OD (0.5” OD, 0.375” ID) plastic tube and
appropriate Swagelok connections and valves transfer this flow through the regenerator. The
sudden change in area from a small inner tube diameter of 9.53 mm to the full regenerator

diameter (~6.58 cm) can cause an uneven flow distribution which generates effects that cannot
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be captured by the 1-D model. The corresponding transition in flow area at the exit of the

regenerator to the tube may also cause such flow misdistribution.

To create a more uniform flow distribution, a section of pipe was constructed with stainless steel
mesh screen packing to provide a resistance and redistribute the flow. The mesh chosen was a
stainless steel, 0.02” wire diameter, 20 X 20 wire mesh. Computational Fluid Dynamics (CFD)
modeling, with SolidWorks’ FloWorks package, is illustrated in Figure 3.9. Several
simplifications in geometry were necessary to reduce computational time. The first of which was
to model the inlet transition as a step change in diameter from the tapped hole diameter to the
inner wall diameter of the outer shell. Instead of modeling the mesh screens explicitly, they were
assumed to be isotropic porous disc’s. FloWorks requires permeability, which was 0.64 for this
mesh size, and a pore diameter, which was set to 0.8 mm. Further modeling indicated that flow
distribution was enhanced when the screens were separated by a void volume, thus the total of 6
layers of mesh screen were divided into 2 sections. This resulted in a flow distribution, for a 55%
propylene glycol / water mixture depicted in Figure 3.10 where the bulk of the fluid travels at
~11 mm/s indicating an evened out flow. Note that the regenerator was designed so the flow
travels in the vertical direction and gravity would not have an adverse impact on the flow

uniformity.
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Figure 3.9: Flow velocity distribution from FloWorks Simulation of the generalized flow evener geometry.
This is a depiction of the general magnitude of the flow velocity, for a 55% propylene glycol mixture at ~2
L/min.
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Figure 3.10: Flow velocity distribution at the 1* puck inlet from the FloWorks prediction for ~2 L/min of a
55% propylene glycol / water mixture.
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After this simulation directed the general design of the flow evener, two were built (one for each
end). Figure 3.11 provides the specifications for the flow evener in a drawing and Figure 3.12
provides a depiction of one flow evener. The flow evener design is such that 2 sets of 3 screens
are spaced approximately 10 cm apart. The center ring has an o-ring groove on the outer
diameter to seal to the PVC outer shell, and grooves in the inner diameter to hold the screens.
Schedule 5 stainless steel pipe ends were welded to the center ring, sandwiching the mesh
screens in place. The screens are rigid enough to retain their shape, and stay in their grooves,

even with significant axial force.
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Figure 3.11: Drawing of the flow evener indicating the dimensions of the center ring, mesh screen sets, and
pipe ends.
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O-Ring Groove

Figure 3.12: Photograph and solid model of a flow evener. The pipe ends were welded to the center ring after
the screens were in place, ie. in the grooves machined into the inner diameter of the center ring.

3.2.2 Puck Design

The pucks were designed and built so that they fit inside of a 3” schedule 40 PVC pipe, which is
shown in Figure 3.13. This PVC outer shell provides hermetic containment of the heat transfer

fluid as the pucks do not seal end-to-end. The PVC outer shell also holds the pucks in axial

alignment with one another.
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Pucks A through G

PVC Shell

Flow Eveners

Figure 3.13: Cut away view of the regenerator assembly showing the seven pucks, 2 flow eveners, outer shell,
and end caps. Note that the regenerator packing is absent from this figure.

A cutaway view of a single puck is shown in Figure 3.14. The pucks walls are made from 2.5”
schedule 5 stainless steel pipe. Stainless wire mesh ends contain the regenerator packing and are
butted up against a welded retaining ring on the end of the puck. The regenerator packing
consists of 5/32” diameter stainless steel (AISI304) spheres. The specifics of assembling a
regenerator puck are discussed in Section 3.2.3. Note that O-rings create a seal between the inner
wall of the PVC shell and the puck so that flow is forced through the pucks. The O-rings require
liberal application of grease in order to prevent them from rolling out of the grooves while

assembling the regenerator.
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Figure 3.14: Solid model of a puck without the regenerator packing (spheres) indicating the main
components.

The inner walls of the puck are coated with a layer of silicone rubber foam to reduce the porosity
variation in the packing along the radial direction. The rubber foam is pliable and the spheres are
packed so that they are pressed into the walls, reducing the void space created by the sphere-
cylinder wall interface. One puck was disassembled, providing the opportunity to examine the
effectiveness of the packing procedure in forcing the spheres into the wall. Figure 3.15, depicting
the foam before and after packing and demonstrates that the spheres are well packed into the

foam.
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Figure 3.15: Picture to the left show indentations from the spheres compressed into the outer wall. Picture to
right indicates the puck wall surface prior to sphere packing.

The measured porosity () ranged from ~.364 to ~.385 as shown in Figure 3.16. The porosity of
all pucks fabricated fell in the range of 0.36 and 0.43 m*/ m® expected for a bed of randomly
packed spheres (Kaviany, 1995). Table 3.2 provides the mass measurements used to calculate the
puck porosity. Porosity is defined as the ratio of the void volume over that of the total volume for
the bed. For these pucks, and the numerical model, the porosity should not include the volume
associated with the walls, retaining ring or volume between pucks. Therefore, the mass of each
puck (including the two retaining rings, mesh screens, packing, foam coating, and stainless pipe
walls) was measured. The mass of a retaining ring, as well as a nearly compete puck (unpacked),
was measured as well. The end of each puck was sealed and the volume enclosed by the bottom
retaining ring filled with a plug. The mass of water added to fill only the packed bed portion of

3 and the density of

the puck was measured. Assuming the density of water to be 998 kg/m
stainless steel (AISI 304) to be 7902 kg/m” the porosity was calculated using the general formula

stated in Equation (3.3).

(Water Volume)
y = (3.3)
(Water Volume) + (Packing Volume)
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Figure 3.16: Porosity for the 7 canisters assembled for the regenerator, error bars were generated from
uncertainty in the measurements tabulated in Table 3.2

Table 3.2: Measurements for porosity calculation. The scale read to 0.005 Ibm, the unpacked puck
uncertainty used for error bar calculations were higher to account for any slight variations between pucks.

Puck Puck Mass [Ibm] Added Water Mass [Ibm]
A 4.635 +0.005 0.275 £0.005
B 4.635 +0.005 0.280 £0.005
C 4.620 £0.005 0.285 £0.005
D 4.650 £0.005 0.285 £0.005
E 4.615 £0.005 0.280 £0.005
F 4.625 +0.005 0.285 £0.005
G 4.635 £0.005 0.290 £0.005
Retaining
‘ 0.140 £0.005 -
Ring
Unpacked
0.970 £0.02 -—--
Puck
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The puck’s dimensions are shown in Figure 3.17. The only puck not conforming to this
specification is the 1* puck (inscribed ‘A’ on the puck), which was initially built to verify the
construction procedure. Puck A differs only in that that the retaining ring at the inlet is not
present; instead, the screen was welded to the pipe. Welding the screen proved too difficult and

the retaining ring concept was adopted for all subsequent pucks.
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Figure 3.17: Drawing of a puck. All pucks but the 1* (puck A) conform to this general specification. The first
puck (A) was built as an initial test of the construction procedure and one mesh screen was welded to the
puck inlet instead of contained by the retaining ring.
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3.2.3 Puck Assembly and Packing Procedure

The stainless steel pipe that makes up the outer wall of the canisters was cut and turned to 100
mm length. One retaining ring was then tack welded onto the end of the pipe as shown in Figure
3.18. The wire mesh will sit on the inner lip of this retaining ring. After the welding operation,
the end ring was machined to its final dimension and the O-ring grooves were turned into the

outer diameter of the stainless steel pipe.

Figure 3.18: Retaining ring tack-welded to the stainless pipe. This will later be machined to its final length.

The wire mesh is then cut with shears and ground to match the inner diameter of the stainless
steel pipe, and slid into place against the retaining ring’s lip. The rubber foam (1/16” thick) has
an adhesive side which is secured to the inner wall of the stainless steel pipe, as shown in Figure

3.19.

Figure 3.19: Regenerator before packing with stainless spheres. Note the lower screen is in place (there is one
stainless steel sphere at the bottom) and the rubber foam is adhered to the walls of the stainless pipe.
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Stainless steel spheres were placed inside the canister a few layers at a time. Every 2 to 3 layers,
a hand press with two different plugs were used to compact the spheres. One plug matched the
inner diameter of the puck and one was of a smaller diameter with enough clearance to allow the
spheres to seep around the plug. These plugs are shown in Figure 3.20, the smaller diameter plug
was used to force the spheres to the edge of the regenerator, and the packing exhibits a few extra
layers near the outside edge in Figure 3.21. The larger diameter plug then compacts the spheres
near the edge down into the puck, forcing them into the wall, and evens out the bed before more

layers are added.

Figure 3.20: Left — the regenerator is being compacted with the smaller diameter plug. Note the spheres have
room to travel up and around the plug increasing the number of spheres near the wall. Right — The
regenerator is being compacted with a plug that matches the inner diameter of the regenerator. This
compacts spheres near the wall of the regenerator down and into the wall of the regenerator.
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Figure 3.21: View of the regenerator packing after the bed has been pressed with the smaller diameter plug.
Note the concave nature of the packing.

A second mesh screen is then cut and set inside the inner diameter of the stainless pipe, and a
second retaining ring is positioned to hold the mesh screen and regenerator packing in place.
Figure 3.22 shows the final assembly of the puck before the mesh and retaining ring are in place.
The hand press is used to compact the spheres and hold the mesh in place while the retaining ring

is positioned. This assembly is then clamped for tack welding as shown in Figure 3.23.
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Figure 3.22: Once the spheres are all placed in the canister, the mesh is lined up and pressed into place so the
retaining ring can be clamped for welding.

Figure 3.23: Puck clamped for welding.
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3.2.4 Outer Shell

A drawing of the outer PVC shell is shown in Figure 3.24.
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Figure 3.24: Outer shell drawing depicting the locations of the thermocouple feed-through.

Figure 3.25 depicts several tapped holes (1/8” NPT) in the outer shell to provide feed-through

locations for the thermocouples.
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Figure 3.25: Left - Partially assembled regenerator illustrating the feed through locations for thermocouples.
Right — Cutaway view of the regenerator assembly depicting the feed through locations with respect to puck
location.

Thermocouples are mounted on 1/8” acetyl copolymer rods which are inserted between each
puck. The lengths of the rods matches the inner diameter of the shell so that the pucks are
separated and the thermocouple wires can not be accidentally sheared off. The thermocouple

mounting is discussed further in Section 3.3.1.
There are two other 1/8” NPT tapped holes, depicted in Figure 3.26, between the flow eveners

and first and last puck that are used as pressure taps for the differential pressure transducer that

measures the pressure drop across the bed.
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Figure 3.26 illustrates the fully assembled regenerator. The end caps were machined so that they
slide freely over the PVC outer shell. An O-ring groove is turned in the inside of the end cap and
provides a seal between the outer wall of the shell and the end cap. The end caps have a 2” NPT
threaded thru hole to allow access for the heat transfer fluid. Two flanges are arranged to hold

the end caps in place and are connected with 4, %4-20 threaded rods.

End Flange

Threaded
Rods

Support
Structure

Measurement
Taps

Figure 3.26: Regenerator assembly showing the flanges, end caps and support structure.

The pressure drop across the bed (max of ~32000 Pa at 4 L/min of 55% propylene glycol / water
solution) during normal operation is approximately the pressure in the regenerator as it is
exhausted to environmental pressure. This is fairly negligible from strength considerations as the
max pressure rating on stock PVC pipe prior to machining is 250 psi (1.72 MPa), while this is

reduced by the holes tapped into the walls, the impact of this machining is insignificant for the

58



pressure seen in this experiment. The threaded rods experience a tensile stress of ~18 MPa at a

pressure of 250 psi which is significantly lower than the tensile strength of common steel.

The regenerator design prohibits large quantities of heat transfer to the surroundings as its outer
shell is made of PVC. The worst case is where the bath at a cold soak temperature of ~274 K and
ambient temperature of ~295 K with the flow stopped. Ignoring all heat transfer concerns except
for conduction through the shell (ks = 0.17 W/m-K) and convection off of the air side of the
regenerator (4 = 0.20 W/m”2-K), a heat transfer rate of 8.65 W is expected over the longest run
time which is not to exceed 800 s. The heat transfer rate in the single blow process, from the
fluid to the matrix is approximately 139 W in comparison. The transfer of 8.65 W to the fluid
would only have a marginal impact of the results of the experiment, resulting in approximately
0.7 K increase in overall (matrix and fluid) regenerator temperature. As the regenerator has other
insulation between the bed and the ambient air, notably a layer of air trapped between the o-rings
on the Pucks as well as the rubber foam on the inner wall of the pucks, this effect can safely be

ignored.

Axial conduction through the regenerator beds tend to have significant adverse effects on normal
regenerator performance. The puck design of this bed helps to inhibit axial conduction as the
pucks are separated by a small void volume. In the case that a puck experiences the full
temperature drop from cold soak to hot bath across the bed, the largest axial conduction will be
experienced. For T¢c = 274 K, Ty = 304 K, a 55% propylene glycol / water mixture, and a low
mass flow rate of 0.0084 kg/s (~2 L/min) the energy is deposited in the matrix at approximately
870 W. The rate at which heat conducts through the outer walls of the bed is approximately 2 W,
and through the fluid/matrix at 3.2 W. The relative size of both axial conduction terms indicates

that axial conduction will not be a significant factor in the experiment.

A regenerator assembly/disassembly procedure is included in Appendix A.
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3.3 Testing Facility

A schematic of the testing facility was introduced in Chapter 1, and more detailed representation
of the system is reproduced here as Figure 3.27. In general, the facility is operated in two modes;
a cold soak where the cold loop is used to cool the regenerator bed to a uniform cold
temperature, and normal operation where the hot loop pushes heated fluid through the
regenerator and the temperature profiles are recorded. Mode of operation is selected with three 3-

way valves, which direct the flow through the regenerator.

For cold soak operation, depicted in Figure 3.27, flow is directed from Pump 2 (STA-RITE
centrifugal pump (model 6HB-61HL)) through the heat exchanger, a needle valve (NV 3), a filter
(2), Valve 4, through the test section, Valve 3, and back to the pump. The cold reservoir provides
makeup water for any fluid lost during operation. A Poly Science Refrigerated Recirculator
(model 575) provides cooling and an internal pump circulates water through a heat exchanger.
The bleeder valve (BV 2) aids in purging the cold soak line of bubbles and initially filling the
line. The filter (filter 2) was necessary to remove particulate from the flow line emanating from
the pump. The capacity of the pump is fairly large so a needle valve (NV 3) was introduced to

the system, before the filter, to control the flow.

While the system is cold soaking the test section, the hot loop can hot soak the hot line up to
Valve 1 to reduce the impact of this thermal mass on the inlet curve. Flow from the temperature
bath is pumped (Pump 1 - Cole-Palmer peristaltic pump (model 7553-70)) through an
accumulator, Filter 1, the flow meter, needle valve (NV 2), Valve 1, and back to the hot bath.
Additionally, the flow may be diverted to the bath just before the flow meter as one method of
flow reduction for test runs. The two heads of this peristaltic pump are fed with the
recommended Masterflex tubing (part no. 96410-35 and 96410-18) providing up to ~4 L/min.
The bleeder valve (BV 1) aids in removing bubbles trapped in the line. Safety valves in both
flow loops protect the pumps from overpressure operation, especially for the period of time when

the pumps are deadheaded while switching form cold soaking to normal operation.
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Figure 3.27: Regenerator facility flow diagram set to cold soak.

To switch from cold soak operation to normal operation, several 3-way valves are switched to
divert the flow; the test is then initiated with the solenoid valve. The new valve and flow
orientations are indicated in Figure 3.28. Figure 3.29 demonstrates the direction the 3-way valves
1 and 3 need to be turned to reach normal operation orientation. The physical locations of Valves
1, 2, 3, and 4 are illustrated in Figure 3.30. Valve 1 dead heads flow from Pump 1, the hot loop,
into the solenoid valve (Valve 2), the safety valve may crack as the pressure increases to protect
the pump. The cold loop pump is cut off from the test section with Valves 3 and 4. At this point,

the test is ready to be initiated as soon as the solenoid valve is switched.

The flow rate through the test section during normal operation can be adjusted through several
devices. A motor controller on Pump 1 provides a direct means to change the flow rate, though
the parasitic pump may produce flow ripples at low speeds that are not damped out by the
accumulator. Low flow rates are achieved by running the pump at at a fairly high speed (a setting
near 6 is adequate, this typically produces ~3 L/min of water flow through the bed), where the
ripples are not notable, and reducing the flow rate by introducing a back pressure by closing off
needle valve 2. Alternately, needle valve 1 can act as a flow bypass valve and also reduces the

flow rate through the test section.
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It is best to have the system in normal operation to run fluid through the test section and target a
desired flow rate prior to cold soaking. After the desired flow rate is set with a combination of

motor control and needle valve settings, the facility can be switched to cold soak operation.

Chiller Unit

Safety valve

Cold
Reservoir, Heat
S\ __— exchanger
1] BV2
Accumulator D
= A=A AF 2’ [\
BV1 " Valve 1. / Filter2 1 v/ave 4
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Safety valve——2%__[ | Filter 1 D - \ | T-l
] NV1—a4 0 NV 2 ]
A X Valve 2 | N
Pump 1 () Valve 3 | L Graduated
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Hot temperature Test
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Figure 3.28: Regenerator facility flow diagram set to normal operation.
Flow From
Test Section
Cold flow
Back to

Pump 2

Figure 3.29: Valves 1 and 3 set for cold soak operation. Rotate handles in the direction shown to change to
normal operation, trigger Valve 2 (solenoid) to initiate testing.
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Figure 3.30: Picture of the regenerator testing facility, the physical locations of Valves 1 through 4 indicated

3.3.1 Instrumentation

There are 3 critical measurements that need to be collected for the evaluation of the performance
of the regenerator model; these include the flow rate through the regenerator, pressure drop
across the regenerator, and temperature distribution throughout the regenerator. A fast response
to the dynamic changes in the bed is necessary to accurately represent the processes in the
regenerator bed. Noting that the breakthrough time, from the numerical model, noted for the 1%
puck (A) is approximately 11 s at the largest flow rate, a response time of 0.1 s will provide a
reading to approximately 0.91% of this breakthrough time which is deemed adequate for this

experiment.
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The flow rate is measured in the hot loop upstream of the regenerator; therefore, the temperature
of the fluid in the flow meter is relatively constant. The flow meter measures volumetric flow
rate (L/min) with an OMEGA FMG200 magnetic flow meter, calibrated to read between 0.38
L/min to 3.8 L/min and is accurate to £1% of the reading plus 0.02 L/min. The purpose of this
flow meter is mainly to characterize the shape of the flow curve as the exiting fluid is collected
and provides an accurate absolute flow rate. Therefore the flow meter should have a fast dynamic
response to flow rate deviations. For step changes introduced to the system, the dynamic
response of the flow meter is approximately 0.1 s. The 4-20 mA signal, linear over the entire
flow range, is converted to a 1-5V signal with a shunt resistor (250 ohms) and read with the data
acquisition system. Magnetic flow meters are typically only calibrated with water, but the
manufacturer claims the calibration remains valid for any other conductive, Newtonian (such that
viscosity is independent of velocity), non-magnetic-slurry fluid. To verify the flow reading and
adjust it for different fluids if necessary, the total flow and average flow rate is measured a
second time with a graduated cylinder and stop watch at the exit of the regenerator as this

provides an accurate check of the average flow rate through the regenerator.

Due to the nature of this system a notable spike in flow rate is initially observed. Pressure builds
up while the pump is dead headed into the solenoid valve, and when the solenoid valve is
engaged, the flow is pushed out at an initially higher flow rate and then settles to the desired flow
rate. The settling time can impinge on the onset of higher temperature fluid into the regenerator.
This effect has been reduced with an additional bypass flow and the adjustment of valve 2 to
provide a larger pressure drop before the regenerator so a more or less constant flow rate is

observed during the run.

The pressure drop is measured with a differential pressure sensor made by OMEGA, a PX23000-
10DI, which measures differential pressures between 0 and 10 psid. A pressure drop of only 5 psi
is expected across the bed for the flow rates of 55% propylene glycol / water solution examined.
The sensor has a response time of 50 ms to changes in differential pressure and is accurate to
0.25% of full scale (0.025 psid). This is well below the required response time for the sensor.

Once again the 4-20mA output is converted to a 1-5V signal using a shunt resistor, and the signal
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is measured with the data acquisition system. This sensor is attached with tubing to the
regenerator between the inlet of Puck A and the outlet of Puck G. Therefore, the pressure drop
across only the regenerator bed is measured; the pressure drop associated with the flow eveners
or the transitions at the end caps is not included. Care must be taken to clear the lines to the
pressure sensor of air through the bleed screws located on the pressure sensor, as air will provide
a compressible volume and dampen the sensor response to the pressure drop. The differential
pressure drop is fairly low (<5 psid) so the compliance of the tubing has a minimal impact of the
measured pressure drop. The temperature in the regenerator is measured with several type E
thermocouples, which are mounted on 1/8” acetyl copolymer (similar to DuPont’s Delrin) rods
as shown in Figure 3.31. Small holes, slightly larger than the thermocouple wire, were drilled
into the rods at the center and near one of the ends. These holes, which the thermocouples are fed
through, hold the thermocouples in place while the epoxy dries and provides accurate positioning

of the thermocouples.

Figure 3.31: Thermocouples attached to acetyl copolymer rods with epoxy, there are a set of three
thermocouples between each puck.

Enamel coated thermocouple wires were found to be necessary because Teflon insulation did not
prevent water from flowing in the gap between the wire and insulation along the wires and
eventually reaching the data acquisition system. The thermocouple feed-throughs are made from
a hose barb and rubber hose (which the wires pass through); Flow control tube clamps (5031K13
from McMaster-Carr) compress the rubber hose to provide a seal around the enameled wires so
that water does not leak from the PVC outer shell. All 8 thermocouples are pictured in Figure

3.32.
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Figure 3.32: Picture of the thermocouple feed-through along the regenerator’s outer shell.

The thermocouple posts were placed in a bath of ice water, and then quickly transferred to a pot
of heated water. The time for the thermocouples to equilibrate with the high temperature fluid
was measured. These time constants and locations of each thermocouple are shown in Figure
3.33. Except for an outlier on the last post, which was accidentally covered with epoxy, the time
constants range between 0.077 s to 0.123 s. Though some thermocouples did not meet the 0.1 s

requirement, in general there is one thermocouple that does on each post.
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Time Constants(s): 0.115 0.109 0.108 0.102 0.094 0.253
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Figure 3.33: Schematic of the regenerator with the thermocouple time constants throughout the regenerator
referenced. The time constants were measured after the thermocouples were mounted on their posts.

3.3.2 Data Acquisition System

The data acquisition system, shown in Figure 3.34, includes a desktop computer and a National
Instruments SCXI system. The computer has a PCI card (NI PCI 6034E) which communicates
with the SCXI-1000 chassis. The SCXI chassis contains two modules, a SCXI 1100 for general
+10 V inputs and a SCXI 1102 for thermocouple inputs. Each module uses an accessory
providing wiring terminals: a SCXI 1300 (attached to the SCXI 1100) is for general voltage
inputs and the SCXI 1303 (attached to the SCXI 1102) is designed for thermocouple inputs and
includes cold-junction compensation. LabView 8.0 was used to collect data through this system.
Within a while loop that terminates with a user entered stop command. a specified number of

measurements are taken at a desired frequency. Typically, 40 measurements are taken at a rate of
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40Hz. This results in 1 loop presenting 1 s of data and measurements every 0.025 s. The limit on
the frequency of data acquisition was found by incrementally increasing the number of
measurements and the frequency of data acquisition in the LabView code. Data could be
collected at frequencies exceeding 1000 Hz while maintaining a 1 s loop (1000 measurements at
1000Hz) indicating that the dynamic response of the measurement devices are the limiting factor

of data acquisition.

Figure 3.34: Left — close up of SCXI chassis. Right —computer and SXCI chassis collecting data.
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4 Numerical Model and Initial Regenerator Data

Engelbrecht et. al. (2006(b)) developed a detailed numerical model of the AMRR system which
is briefly discussed here; this model is modified in order to simulate the single blow experiment.

Engelbrecht’s code is offered online at http://sel.me.wisc.edu/publications/publ.html. The bed is

the only part of the system that is explicitly modeled. The additional equipment that is necessary
for an AMRR system include the pumps, heat exchangers, and permanent magnets; the effect of
these components are included in the model as imposed time variation of the mass flow rate, the
variation of the magnetic field in time and space, and the imposed reservoir (hot and cold end)
temperatures. For this single blow experiment, several simplifications to the AMRR model can
be made due to the nature of the experiment and the absence of a magnetic field or
magnetocaloric materials. Initial experimental and numerical model results from the single blow

facility conclude this chapter.

4.1 Numerical Model Description

The original numerical model is described by Engelbrecht et al. (2006(b)). The model outputs
that are most useful include the temperature distributions in the fluid and matrix (7(x,f) and
T(x,t)) over time (¢) and space (x). The temperature of the fluid at various points within the bed
can be measured by the single blow experiment. Therefore, it is possible to modify the Nusselt
number correlation used by the model in order to match the predicted fluid temperature with the
measured fluid temperature; the results of this exercise over a range of operating conditions

should provide a correlation for use with future regenerator design work.

Engelbrecht et al. (2006(b)) provides a simplified statement of the energy balance on the fluid,
presented here as Equation (4.1)

oT, Nuk oT, o’T, |oP m
; f S f S
me,——+—=>a AT, -T. )+p,Ayc,——+k, A =|—— 4.1
f ax dh K c( f r) pf c!r// f 8t disp*~c 6x2 ax pf ( )
) > 3) @
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In Equation (4.1), term (1) is enthalpy change of the flow, term (2) represents heat transfer from
the fluid to the regenerator matrix, term (3) represents energy stored by the entrained fluid within
the matrix, term (4) indicates dispersion (the mixing of the fluid as it flows about the matrix
packing, an effect that can be expressed as an additional conduction heat transfer rate), and term
(5) represents viscous dissipation. Note that axial conduction through the fluid is ignored in
Equation (4.1); this term is instead captured in the matrix energy balance using an effective static
conductivity (k.s) which captures conduction in the absence of dispersion through the composite
structure represented by the matrix and the fluid. Equation (4.2) is Engelbrecht’s expression for

the energy balance on the regenerator matrix material.

Nu k oM o°’T. ou,
) Lad (T, =T )+ A1y wH —+ kg A== p.A (1-p) (4.2)
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Here, term (1) represents the heat transfer from the fluid to the regenerator matrix, term (2)
represents the magnetic work transferred to the matrix, term (3) represents the static axial

conduction through the matrix and fluid, and term (4) represents the stored energy in the matrix.

For the single blow experiments, there is no magnetic work transfer and so Equations (4.1) and
(4.2) can be restated without this magnetic work term and with the pressure gradient expressed in

terms of the friction factor:

oT, Nuk o°T. fii |
mcf a_x/ + dh / as c (Tf - ]: )+ pfALWCf + kdzsp c axzf = %Zp/%Adeh ‘ (43)
Nu k o°T 0
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These two equations are solved numerically with the knowledge of the fluid inlet temperature

(Ty) and fluid flow rate. The ends of the regenerator are assumed to be insulated from conductive
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heat transfer (adiabatic end boundary conditions) and the bed is initially at the cold soak
temperature (7¢). Unlike the original model of an AMRR system, the single blow model does not
march through time until a cyclic steady state is achieved. Rather, the single blow model

marches through time until the thermal wave has broken through the outlet of the bed.

In Engelbrecht’s model, the flow rate is treated as a function of time (reversing during the
oscillatory operation of the AMRR system) and the hot and cold reservoir temperatures are taken
to be constant. For the single blow experiments, both the flow rate and inlet temperature are
carefully measured functions of time. The experimental data are used to provide these boundary

conditions to the single blow model.

4.1.1 Modeled and Neglected Phenomena

Some general assumptions were convenient in generating this model but lead to certain
phenomena that are ignored or corrected for. In the equations derived above, the interaction with
the walls of the regenerator and the ambient conditions are ignored; the heat capacity of the walls
and heat loss through the walls are neglected and they are instead modeled as adiabatic
boundaries. Treatment of the regenerator bed as one-dimensional in space simplifies the
numerical computations but also requires that a bed be designed to minimize channeling or other
non-uniform flows that might result from radial non-uniformities in the packing or inadequate
flow distribution upstream and downstream of the beds. The heat transfer fluid is assumed to be
incompressible (pr = constant) and specific heat capacity (c), viscosity (44), and thermal
conductivity (k) are assumed to be only depend on temperature. Figure 4.1 presents the specific
heat capacity of a water glycol solution as a function of reduced temperature (7//T,.s), where T.r
is the reference temperature of 273.2 K; Figure 4.1 is presented as an example of the curve fit
properties used for single blow numerical modeling. The curve fits are polynomials fit to
reference properties that are calculated from correlations built into EES (Engineering Equation
Solver) from Melinder (1997). The correlations are evaluated at atmospheric pressure and at
temperatures spanning the operating temperature range of the experiment. Table 4.1 presents the
polynomial curve fit coefficients for a 55% propylene glycol / water solution, which is the

maximum concentration for current experimental work and the most reasonable experimental
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starting point as this solution is easily diluted further to procure lower solution concentrations.
The order of the polynomial is determined by using the lowest order necessary to achieve an R
value (goodness of fit parameter) of 100% through the ten reference points evenly divided
among the fit temperature range. The fit for water is also presented in Table 4.1 generated by
Engelbrecht (2004) for a maximum residual between fit data and data obtained in EES of 0.5%.
Properties for other concentrations, as well as other fluids, are easily entered into the code by
fitting the EES reference valves with polynomials. The polynomials follow the general formula

shown in Equation (4.5).

N T i
Property(Tf) = ZA’(%QJ (4.5)
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Figure 4.1: Actual and curve fit specific heat capacity of a 55% propylene glycol / water solution as a function
of reduced temperature, where 7, is 273.2 K.
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Table 4.1: Property polynomial curve fit constants (4;.;) for water and a 55% propylene glycol / water

Water — Tpr=273.2 K- goodsgleutt\::/);e.:n 55% Propylene Glycol — Ter=273.2 K
273.3 and 372.6 K — good between 273.2 and 313 K

k[WmK] | ¢ [Ikg-K] | py[Pa-s] | k[W/mK] | c/[VkgK] | p[Pa-s]
A 0774277 | 752683 | 1.803302 | 0.2642883 | 2169636 | 9570714
4 2055221 1 550049 | 27216117 | 002217194 | -258.4784 | -259.8108
A; 0733619 | 549112 | 11.58833 | O0H9B028 1 500 soe8 | 3486933
A;s -1288.18 | -9.32406 -208.2620
A, 3756011 46.69646
As -0.0605683

The model allows the matrix to be composed of either one material or several layers of different
materials. For the single blow test, the matrix material is composed solely of stainless steel, a
non-magnetocaloric material at room temperature and no magnetic field is applied. Therefore,
the matrix material properties, specific heat capacity (c¢,) and thermal conductivity (k;), can be
assumed to depend on only temperature. The density of AISI304 stainless steel is assumed to be
constant at 7904 kg/m’. Polynomial curves were fit to reference data from EES presented by
Touloukian (1972) for stainless steel (AISI 304), the coefficients for best polynomial curve fit to

the regenerator matrix properties are listed in Table 4.2; the polynomial functions have the form:

Property (7) = ZA, (1) (4.6)
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where 7, is the matrix temperature. The order of the polynomial is determined by using the
lowest order necessary to achieve an R* value (goodness of fit parameter) of 100% through the
twenty reference points evenly divided among the fit temperature range. This criteria was not
met for ¢,, as the polynomial order in EES was limited to 7, however the R” value remains
significantly large. Figure 4.2 presents the reference and fit values of the thermal conductivity

and specific heat capacity.

Table 4.2: Property polynomial curve fit constants and goodness of fit (R*) for AISI 304 stainless steel
between 270 and 330 K

Stainless Steel AISI 304
A; k. [W/m-K™'7 | ¢ [J/kg-K™]
Ay 3.7054E+02 | 2.2633E+04
A, -2.6298 -1.6333E+02
A; -9.8251E-03 | -6.0179E-01
A; 1.5538E-04 | 9.5640E-03
Ay -5.8889E-07 | -3.6270E-05
As 9.4475E-10 | 5.8200E-08
As -5.5358E-13 | -3.4105E-11
R’ 100% 99.98%

74




15.6

2 | Curve Fit, k,=370.546 - 2.62986 T - 0.00982516 T*
é 154l * 0.000155385T" - 5.88893E-07T" + 9.44756E-10T°
§ A4 _5.53589E-13T°
= o Reference Thermal Conductivity
S, 15.2¢ -
=
>
] 15+ i
=)
I 14.8
° - I~ -
(&
® 14.6} |
£
[
2 144f ]
|—

142 N 1 L 1 L 1 L 1 L 1 L

270 280 290 300 310 320 330

Temperature [K]

Figure 4.2: Actual and curve fit data for thermal conductivity of AISI 304 stainless steel.

4.1.1.1 Axial Conduction, Friction Factor, and Nusselt Number Correlations

The effective conductivity of the bed includes the static conductivity which is due to traditional
conduction through the composite structure of the regenerator material and the fluid (kyasc), as
well as the dispersive conductivity, due to fluid mixing as it passes through and around the
matrix. The dispersive conductivity scales with the fluid conductivity (ky) according to the

dimensionless dispersion coefficient (D,):

keff = kstatic + kad (47)

For the bed of spheres used in the single blow test facility as currently configured, the static

conductivity of regenerator matrix and entrained fluid is obtained using the solution provided by

Hadley (1986) which is given in Equations (4.8) through (4.10).
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wf,+k 1k, (1-wf,) 2(k 1k, ) (1=y)+(1+2y)k, Ik,

Koo =k | (1—aty) +a (4.8)
e -y (1= f)+k k(1= f) " (1+2p)k, [k, +1-y
f,=0.8+0.1y (4.9)
loga, = —4.898y 0<w <£0.0827
loger, =—0.405—3.154 (y — 0.0827) 0.0827 <y <0.298 (4.10)
logar, =—1.084—6.778(y —0.298) 0.298 <y <0.580

The dispersion term in Equation (4.7) is calculated using a correlation given by Kaviany (1995)
and presented here in Equation (4.11); this solution is valid for Peclet numbers (Pes = Rer Pry)
that are much greater than 1. Average Peclet numbers anticipated range between 71 and 837, all

far greater than one.
3
D, = wZPef (4.11)

The friction factor correlation used for the numerical model is also presented by Kaviany (1995):

l—wz -y
ff=360(3 )+3.6 : (4.12)

¥ Re, v

Where y is the porosity of the bed, and Re; is the Reynolds number based on the hydraulic
diameter and is defined in Equation (4.13). Here v indicates the velocity of the fluid based on the
full cross-sectional area and as is the surface area of the matrix. Rey is related to the Regy, as

follows:

Ref:4v'0f _ 2
as u, 3(1—1,#)

Re, (4.13)
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The Nusselt number correlation used with this model was provided by Wakao and Kaguei (1982)
and was previously discussed in 2.4. The correlation is presented in Equation (4.14) for the

Nusselt number based on the hydraulic diameter and the particle diameter.

YL (2.0+1.1Re} Pr)”)
k. 3(1-vw) v
(4.14)
h dp 0.6 1/3
Nu,, = . =2.0+1.1Re,, Pr;
S
The hydraulic diameter is related to the particle diameter as realized in Equation (4.15)
2( vy
d,=—|——|d 4.15
"3 (l—t//j ! &1

4.1.1.2 Internal Temperature Gradients

For the conditions expected in an AMRR regenerator, the internal gradients within the matrix
may be significant. Evidence of this is that the Biot number (Bi) associated with a particle will
not be much less than unity during some parts of the cycle. The Biot number, defined in
Equation (4.16), is the ratio of the thermal resistance associated with conduction through the

matrix to the thermal resistance associated with convection from the matrix to the fluid.

Nu, k,
Biz% (4.16)

Biot numbers less than one indicate that the resistance due to conduction through the solid is
small and therefore the solid can be treated as being “lumped”; that is, of having a uniform
temperature. However, if the Biot number is not much less than one then the temperature
gradient that exists between the center of the matrix (e.g., the center of a particle) and its surface

must be accounted for. A degradation factor for the heat transfer coefficient, 4, to correct for
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internal gradients experienced in the matrix material is used as presented by Jefferson (1972) and

defined in Equation (4.17), where A is the degraded heat transfer coefficient.

hy =— (4.17)
+

4.1.1.3 Adjustments for the Actual Regenerator Geometry

Figure 4.3 is a schematic of the full single blow regenerator test facility. After the full
regenerator test facility was built and assembled it was necessary to modify the model in order to
completely and accurately model the regenerator. The full regenerator consists of a series of
pucks (a total of 7) each containing one seventh of the regenerator bed. These pucks are held
inside an outer shell and gaps exist between adjacent pucks; the thermocouples are mounted on
posts that lie in these gaps. The numerical model was run sequentially for each of the 7 pucks so
that the output temperature distribution over the full modeled time (i.e., the breakthrough curve)
was produced for each puck and for each gap. The breakthrough curve for one puck or a gap is
fed into the input of the subsequent puck or gap. The gaps between the pucks are important and
have a significant effect on the thermal behavior of the test facility; each gap was modeled as a
volume with no packing (i.e., a porosity, y, of 1). The porosity of the pucks were separately

measured, as discussed in the previous chapter.
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Flow Evener
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Retaining Ring
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Thermocouple
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Flow Direction
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Flow Evener
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Figure 4.3: Schematic of the full single blow regenerator test facility indicating the location of the gaps and
the pucks. Note there are 2 gaps between each puck so the temperature at the thermocouples is easily
extracted as the output of the gap preceding the thermocouple post.

Carefully removing the regenerator stand from the table, it was placed on a scale so that accurate

measurements of the entrained fluid volume could be recorded. The regenerator mass with
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entrained fluid (water) up to the level of the 1** thermocouple feed through (massempy) and with
water at the last thermocouple feed through (masssy;) such that all pucks are filled with water, are
presented in Table 4.3. The difference in these two values is the mass of entrained water in the
regenerator bed and gaps. Before each measurement the stand and regenerator were dried to
remove excess water, and compressed air was blown through the regenerator for several minutes
between each test. The 1% recorded data set is significantly higher measured masses as bags lead
shot were initially used to stabilize the regenerator when in place on the scale. The 4™ recorded
set of data were concluded after the regenerator sat empty overnight to verify that the

compressed air adequately emptied the regenerator of water.

Table 4.3: Measurements of the entrained water mass to adjust the volume of the gaps

Test masSempty [kg] masstun [kg] 1]\5/[?;3 1[111(65
1 39.25 40.25 1
5 27.9 28.9 1
3 27.9 28.9 1
4 27.8 28.8 1

The total mass of entrained water was measured to be 1.00 kg (£0.05 kg) which is equivalent to
1.00 L (£0.05 L) for a water density of 997.1 kg/m3 (at 25 C). The volume of entrained fluid in
the bed of each puck is subtracted from this total volume; the remaining volume is assumed to be
the total volume of the gaps. Except for the 1* gap, the gaps have nominally the same volume.

The 1 gap is smaller as puck A does not have a retaining ring, the ratio of the 1% gap volume to

y
the sum of all gap volumes is 0.034 | 1st gap volume ratio ZMZ"#’I . With the volume of each

z Vgap i

i=1
gap the void space between the pucks was modeled as a cylinder without matrix material. In the
ideal case, ie. neglecting any mixing and conduction through this fluid, it is possible to offset the
temperature vs. time curves at the inlet of the gap for the time it takes to transport the fluid across
the gap. Tracking the mass flow rate and temperature at the inlet with time yields a differential

volume that enters the gap over the differential time (d¥).
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dv(t :ﬂdt 4.18
RN 19

When the summation of the differential volumes (dV(¢)) reaches the volume of the gap the offset

time is achieved and the outlet curve is then generated.

The impact of the error in the measurement of the entrained mass (+£0.05 kg) on the model’s
predicted breakthrough curve is depicted in Figure 4.4 and the measured breakthrough curve is
displayed for reference. The maximum residual between the curves generated at the limits of

measurement error is 3.57 s.

294 — Addidional 0.05 kg ~ —— |

— Reduced0.05kg ———_|

= Measured Breakthrough Curve \

Temperature [K]
N N N N N
o o Qo e} w
~ (o)} o o N

| | | | |

- s

280 I I I I T I

120 140 160 180 200 220 240
Time [s]

Figure 4.4: Entrained mass measurement has a small impact on the predicted breakthrough curve (maximum
residual = 3.57 s).
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4.1.2 Solution Scheme

Experiments were first conducted with a single puck, a canister containing 1/7" of the final
regenerator packing, to verify the general setup and facility. For these initial tests, the single
blow iterated to a value of the Nusselt number scaling factor (cNu) that provided the best match
between experimental and predicted breakthrough curves. The tolerance criterion was based on a
20/80 approach, first discussed in Section 1.2 and suggested by Darabi (1982). In this approach,
the calculated time between when the breakthrough curve reaches 20% of the temperature
difference between T¢ and Ty (20% of Breakthrough) and 80% of this temperature difference
(80% of Breakthrough) is referred to as (Atxps-s00) and is compared to the same quantity

observed during the experimental run.

For the full regenerator tests, a more complete method is used which defines an error as a RSS of
the residual between the temperatures of the predicted and measured breakthrough curve divided

by the number of analyzed time steps () as defined in Equation (4.19).

Niteasured 2071 O N pregiciea 2041 | (T Prediored i — T y 2
2 s icted ,i ,mea o
error = f,Predicted ,i f,measured i (4 19)
n

=N peasured 20 OF N predicted 20

As presented in Figure 4.5, the residual is evaluated starting from the time that each individual
curve reaches 20% breakthrough (Nycasured 20 and Nprediciea 20) for n number of time steps until the
measured curve reaches 80% breakthrough. Matching the 20% breakthrough times makes the
error calculation independent of the actual breakthrough time since there was difficulty initially

predicting the breakthrough times.
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Figure 4.5: Indication of the range of calculated residuals. The range for each curve starts at the same
temperature but does not necessarily end at the same temperature as the slope is computed over n number of
times steps and not a specified temperature range.

Altering the constants in the original Nusselt number correlation adjusts the predicted
breakthrough curve to better fit the measured output. The general correlation is given in Equation

(4.20), where 4 and B are varied by an optimization algorithm in order to minimize the error.

1
Nu,, = A+ B Re,,*°Pr,? (4.20)

The optimization algorithm, fmincon in Matlab, is capable of solving for minimum of
constrained nonlinear multivariable functions. The optimization used only scratches the surface
of the capabilities of this function. Currently the function is given the single blow code, an initial
guess value for 4 and B, and constraints on the magnitudes of 4 and B (0<4<3, 0<B<2). The

algorithm intelligently searches the area defined by the constraints on 4 and B for the minimum
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of the error. The minimum can be defined by tolerances on the scaling variables (4 and B) or the
error function. By default these are both set to 1E-06, and meeting only one of these constraints

1S necessary.

The numerical model is given a text file containing the measured inlet temperature data, the
measured outlet temperature data, and the measured mass flow rate of the fluid as a function of
time. These three items are all the experimental input necessary; the code will interpolate this
data which is evaluated at each time step. Values for the magnitude of the time step, where

NI=M, the number of spatial axial divisions (Nx), as well as the definition of

time of step
regenerator geometry, material, and heat transfer fluid properties are necessary to run the model.

The regenerator geometry definition includes the following inputs: D, d,, w, L, total entrained

14
volume, volume ratio of the first gap 143& , and a coded function in Matlab (additional file)

Z Vgap A

i=1
containing the necessary correlations (Nusselt number, friction factor, axial conduction, and
dispersion) for spherical particles. The material properties necessary are the density (independent
of temperature) and both specific heat capacity and conductivity as functions of temperature. The
fluid properties include the density, specific heat capacity, conductivity, and viscosity all as
functions of temperature. The polynomial curve fits for fluid and material properties are
presented in Section 4.1.1. These are entered into a coded function in Matlab that provides the

values for these properties when supplied temperature.

4.2 Initial Results

The facility has only been run with water, at flow rates between 0.5 and 2 L/min. Limitations on
the flow rate were experienced due to clogging of the hot loop filter. The regenerator is
unfortunately very capable of trapping air bubbles if any are present in the line; these air bubbles

can significantly impact the data as they tend to attach to the thermocouples. Data from the initial
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runs are presented in Figure 4.6 to Figure 4.9; each figure corresponds to a different flow rate.
The curves are labeled as to the location of the thermocouples, e.g. Outlet A is the set of three

thermocouples which are located at the Outlet of puck A.

296
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Figure 4.6: Regenerator temperature data for a water volume flow rate of 0.53 L/min.
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Figure 4.7: Regenerator temperature data for a water volume flow rate of 1.03 L/min.
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Figure 4.8: Regenerator temperature data for a water volume flow rate of 1.66 L/min.

87

230



298 ——— Qutlet A—Qutlet B —Qutlet C - Qutlet D — Qutlet E

e

Inlet

NN

o o

N
! !

[\

(o]

o
!

Cutlet F Qutlet G

N

Q0

o8]
!

Temperature (K)
N
0]
(8))

NN

0

N R
! !

280 I I T I I I
80 100 120 140 160

(O]
O
N
o
9))]
o

Time (s)

Figure 4.9: Regenerator temperature data for a water volume flow rate of 1.99 L/min.

Figure 4.6 through Figure 4.9 indicate more or less consistent agreement in the thermocouples
measuring the inlet temperature and breakthrough curve (Outlet G), with an average error
between thermocouples of 0.09 K for the 2 L/min run where the largest deviation was
experienced. The temperature distribution used in the model for the breakthrough curve is taken
as the center thermocouple (Thermocouple 56) as the three thermocouples at the exit matched
well. The temperature distribution fed into the model for the inlet (7%) is the best (fastest
responding) inlet temperature curve, the deviations in temperature in Figure 4.7 and Figure 4.8
are most likely due to bubbles entering the system and delaying the response of the

thermocouples.

An attempted to gauge the repeatability of the experiment was hampered by the hot loop filter.
This filter clogged and on several occasions reduced the maximum attainable flow rates.
Attaining a consistent flow rate between tests was not possible; the breakthrough curves based on

a reduced temperature for four runs with flow rates near 2 L/min are depicted in Figure 4.10. The
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Tf(t)_TC

H 1c

reduced temperature is defined as , while the time is measured from the onset of

elevated temperature fluid past the first set of thermocouples. Two runs averaged the same flow
rate (2.02 L/min) and fall within the scatter of the three thermocouple measurements at the
outlet. Two other runs, at 1.88 L/min and 1.83 L/min, are shown and trend the correct direction

(lower flow rates produce longer breakthrough times).
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Figure 4.10: Breakthrough time measurements for four runs indicating the repeatability of the experimental
setup. The average mass flow rate is indicated for the appropriate set of three thermocouple measurements at
the outlet.

4.2.1 Numerical Model Results and Further Modifications

Initially the model predicted breakthrough times that were much shorter than the measured times.
Altering the magnitude of the Nusselt number alone could not force the predicted breakthrough
curve to accurately match the measured curve. One significant factor that was not originally

taken into account by the numerical model but is significant in the experiment is the mass of the
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end-rings and the puck walls. The time constant for the puck wall, 7, is the defined in Equation

4.21).

r=pVcR 4.21)

The thermal mass is assumed to only be the stainless steel, thus the density (p), volume (V), and
specific heat capacity (c) are of stainless steel. R is the resistance to heat transfer and comprises
the sum of the resistance to conduction through the foam (kzqm ~ 0.165 W/m-K), and conduction
though the stainless steel wall (k = 14.6 W/m-K). The time constant of the wall, calculated

through the inner foam lining on the walls, is nearly 80 s.

With the flow rates presently examined, between 0.5 and 2 L/min, breakthrough times range
from 150 to 800 s indicating the cylinder walls will impact our results. The numerical model
only initially included the volume of the regenerator bed. The additional mass that the pucks
walls, end-rings, and wire mesh screens represent comprises an additional 25% of the mass of
regenerator packing. As adjusting the volume of the bed in the model will also impact the gap
volumes, the specific heat of the stainless steel regenerator material is augmented instead. Figure
4.11 i1s a comparison of the models prediction of the breakthrough curve with and without the
additional mass. The time step for the numerical model was 0.25 s and each puck was divided
into 15 axial segments. The plot to the left presents the predicted curve with no augmentation for
the additional mass of the puck walls and retaining rings, with and without axial conduction and
dispersion. When axial conduction (through the bed and fluid only, conduction through the puck
walls is not included in the model) and dispersion were removed from the model, the resulting
breakthrough curve changes only slightly indicating the small significance of these phenomena
on this regenerator design. The plot to the right presents the predicted breakthrough curve after
the augmentation. This figure indicates that including this mass does significantly improve the
temporal location of the breakthrough time. Currently the magnitude of the augmentation is
uniform for all of the pucks; this assumption may not be valid for the pucks near the outlet of the
regenerator as they only experience a higher temperature fluid for a reduced period of the

breakthrough time.
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Figure 4.11: Measured versus predicted breakthrough times for the full regenerator assembly. The plot to the
left presents the predicted curve with no augmentation for the additional mass of the puck walls and
retaining rings both with and without axial conduction and dispersion. The plot to the right presents the
predicted breakthrough curve after augmentation.

The numerical model found the best fit Nusselt number correlation as described in Section 4.1.2
by altering two correlation parameters 4 and B. Figure 4.12 presents an example of such fitted
data for the 2 L/min flow case, with Nx = 15 and a time step of 0.25 s. The correlation

parameters were calculated to be 4 = 1.76 and B = 0.58.
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Figure 4.12: Regenerator temperature data for a water volume flow rate of 1.03 L/min with overlaid
numerical model data for the best fit Nusselt number correlation with Nx =15 and a time step of 0.15 s. One
temperature from each set of 3 thermocouples is plotted. The best fit Nusselt number correlation was 1.69 +

0.49Re,, *Pr'”.

Further experimental studies should consider matching the slopes of the outputs of each of the 7
pucks, with a weighting factor because the fluid exiting the last puck will be the most sensitive to
the Nusselt number (it experiences heat transfer with the full regenerator). A summary of the
fitted parameters 4 and B for the experimental runs that have been completed is provided in
Table 4.4. As shown with the 2 L/min flow test, the numerical model is relatively insensitive
(maximum change in parameter B < 3.3%) to the number of spatial division for Nx > 15 and the

time step less than 0.25 s.
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Table 4.4: Summary of the Numerical model runs for the presented data set.

Flow Rate . Time Ste
[L/min] Fluid (5] p Nx A B
2 Water 0.25 15 1.684 4719
2 Water 0.25 30 1.685 4725
2 Water 0.15 15 1.684 4878
1 Water 0.25 15 1.685 4898
1 Water 0.15 15 1.685 4883
1 Water 0.25 30 1.684 4797

The average Reynolds number (Rey,) for these flows ranged between 8.5 and 34. Figure 4.13
presents select Nusselt number correlations, from the table above, as functions of Reynolds
number. An important initial discovery is that the Nusselt number is significantly reduced from

the original correlation (4 = 2, B = 1.1, Wakao and Kaguei (1982)) over the entire range of

flows.
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Figure 4.13: Nusselt number correlations predicted from the numerical model compared to the original
correlation (4 =2, B =1.1) for the 2 L/min (4 = 1.68, B = 0.49).
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4.3 Conclusions and Future Work

A regenerator single blow test facility was built and numerical model was extended to aid in the
determination of proper correlations for AMRR design work. The Nusselt number correlation
was the main parameter of interest for this investigation, specifically the Nusselt number of flow
through packed spheres as many AMRR systems to date use packed sphere regenerators. A
regenerator was designed and built to provide results sensitive to the Nusselt number. The
limited data set taken thus far concludes that the original correlation presented by Wakao and
Kaguei (1982) presently used in the numerical model significantly overestimates the Nusslet
number. A large battery of runs, with water and various propylene glycol / water solutions
should be concluded before a new correlation for the Nusselt number can be presented with

confidence.

Further work should be done to verify the experimental setup and the model:

1) This work presented only initial data. Results at lower Reynolds number flows (near 4.1) are
necessary to extend the conclusions presented here to the range of AMRR bed operation. This
can be accomplished using the current experimental equipment run with various concentrations

of propylene glycol and water solution.

2) Verification of the augmentation of the specific heat to account for the additional mass of the
walls in this model is necessary. A manner to adjust this augmentation for the time that each

puck experiences temperatures elevated above 7¢ should also be developed.

3) Data from each thermocouple location should be introduced into the model and the error
calculation along with a weighting factor. The fluid exiting the last puck has interacted with the
full regenerator mass and is therefore the most important and this should be represented in this

adjustment.
4) Adjusting a third parameter, the exponent on the Reynolds number, should be examined to

determine if this parameter will provide better agreement with the measured breakthrough

curves.
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5) To provide a general correlation for flow though the bed, the model could be run for all of the
collected data sets and the error terms combined. The parameter values that minimize the

combined error will provide a general correlation for a wide range of flow conditions.

The facility is of further use beyond the presented examination of the Nusselt number
correlation. The friction factor is easily verifiable with the experimental setup, though no data is
presented in this document. With an appropriate puck design the correlations for axial
conduction and dispersion can be examined. New pucks can be designed and the model extended
to examine new regenerator geometries, such as parallel plates. Parallel plates are an interesting
segment of regenerator design research due to their inherent plate spacing tolerance issues that

cause mal-distributed flows and a resulting degradation in performance.
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Appendix A

To assemble the regenerator prior to testing some general guidelines should be followed. This
appendix will step through the procedure.

Assembly:
1) Lubricate the inner wall of the PVC outer shell. This is important as the grease will be
depleted from the O-ring if it slides over a ‘dry’ segment of the pipe.

a. Take the semi-transparent plastic dummy-puck and liberally apply grease to its O-
Rings (see Figure A.1)

O-ring\

Semi-Transparent
Dummy Puck |

Vacuum Grease ~|

Figure A.1: Semi-transparent dummy puck and O-Ring grease used to lubricate the PVC shell.

b. Carefully slide the dummy puck shown in Figure A.1 into one end of the PVC
shell depicted in Figure A.2.
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PVC shell

Figure A.2: Depiction of the PVC shell and rod used in the assembly procedure

c. Use arod (such as the metal shaft in Figure A.2) to slowly push the dummy puck
through the PVC outer shell.

d. Repeat this procedure (a through c) 4 times, alternating the direction of puck
movement

2) Ensure that all thermocouple wires are untangled and arranged in order for insertion into
the regenerator. Position the PVC outer shell near the thermocouples. The feed-through
hose and barb should already be threaded onto the wires.

3) Select Puck D and apply grease to the O-rings on this puck as indicated in Figure A.3.

Figure A.3: Depictio of the grease application for each puck.
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4) Position the puck for insertion at the back end of the regenerator (so that it will pass the
future locations of pucks E through G shown in Figure A.4), and gently push the puck
into the PVC pipe while maintaining axial alignment with the outer shell. Axial
alignment between the PVC shell and the puck is necessary maintain the O-Rings in their
grooves.

Back end of the
regenerator — Note it is
labeled with a G indicating
the location of puck G
when assembled

Puck for insertion

Figure A.4: Inserting a puck through the back end of the outer shell

a. For some pucks, a rod will be necessary to push the puck into position; the wire
mesh can be dislodged with excessive force causing the packing to spill out. Use a
metal disc, shown in Figure A.5, to distribute the force to the retaining ring.

Metal Disc

Figure A.5: To slide the puck in place, use a metal disc to distribute the force from the rod to the retaining
ring.
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b. Take care that the O-rings do not move out of their grooves. This is accomplished
with slow movement, especially past the thermocouple feed through holes.

c. Puck D is in place when the retaining ring is partially obstructing the tapped
thermocouple feed through hole as indicated in Figure A.6.

Feed Through Hole

Puck Retaining Ring

Figure A.6: View from above the thermocouple feed through hole indicating the correct positioning of puck
D.

5) With puck D in place, between feed through 4 and feed through 5, select puck E and
apply grease to the O-rings. Push the puck into the back end of the regenerator and
position so that the rear o-ring is visible one feed-through away. This allows enough
room to insert the thermocouple easily between pucks.

O-Ring | Direction
i Sliding Puck

Figure A.7: The position of puck E to allow the thermocouple post to be inserted between pucks D and E is
indicated by the O-Ring rear remaining visible.

6) Take thermocouple Bundle 5 and carefully insert the post into the feed through hole.
Ensure that the thermocouples are positioned so they will be horizontal to the flow. Use a
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small punch to push the post in and to the side of the tapped hole so the post is held in
place.

Figure A.8: Post is inserted with the thermocouples directed to the side so they will not be caught on the
retaining rings.

7) Push puck E further into the PVC pipe until it touches the thermocouple post as shown in
Figure A.9. A retaining ring on puck D and E should be visible.

Figure A.9: Pucks D and E are in position with thermocouple Bundle 5 in place.

8) Thread the thermocouple feed through assembly in place. Ensure that the flow control
clamp is loose so the thermocouple wires are not twisted in this process. Take care not to
over tighten the 1/8” NPT connection, as it is likely the connection will contact the pucks
and strip the threads. Use the flow control clamp to seal off the feed-through.

9) This general procedure (5 through 8) is repeated for Pucks F and G

10) The back end flow evener must now be installed, ensure that the O-ring is well lubricated
and push the flow evener into the PVC pipe slightly. A thermocouple post (8) is inserted
as in step 6 at the exit of puck G. Push the flow evener until it makes contact with the
thermocouple post.

11) Apply grease to the end cap O-ring, and press into place, the end cap and assembled end
of the regenerator is shown in Figure A.10. It is possible that a rubber mallet may be
needed to help position the end cap. Do not apply force to the brass fitting on the end cap.
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Figure A.10: Installation of the end cap.

12) After the back end cap has been pressed into place, the partially assembled regenerator
must be rotated to access the inlet section of the regenerator as shown in Figure A.11.

Figure A.11: Regenerator after it has been rotated to allow insertion of pucks A through C. Pucks D through
G and associated thermocouples are installed in this photograph.

13) The procedure for sliding in the pucks and inserting the thermocouples is the same as
steps 5 through 8.

14) The front flow evener is assembled in the same manner as step 10.

15) The front end cap is assembled as in step 11.
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16) For the following steps two people are necessary as the regenerator is heavy, unwieldy,
and connected to the data acquisition system so extra care should be taken to avoid
damaging components of the facility.

a. Slip the U-bolt, shown in Figure A.12, around the regenerator diameter and secure
with the steel plate and nuts.

L.
Figure A.12: U-Bolt is assembled at the location of puck E as noted.

b. The regenerator must now be carefully picked up and placed vertically on the
bottom flange which is bolted to a small stand depicted in Figure A.13 .

Figure A.13: Depiction of the regenerator stand and bottom flange
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c. Secure the U-bolt to the regenerator support beam on the large stand as shown in
Figure A.14.

........... : a1 ¢ Support Beam

...........

Large Stand
b n.u -._[.&r. ..

Figure A.14: Securing the regeerator to the support structure.

d. The top flange is placed on the top of the regenerator and bolted in place, as
shown in Figure A.15.
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Threaded Rod

Top Flange

O | -
—

-
-

Figure A.15: Assembly of the top flange which is secured with the threaded rods and bolts as depicted.

e. Swaged tube connections may be attached at this time.

f.  Fill the rubber hoses to the pressure sensor with fluid at this time and secure to the
hose barbs on the PVC shell. Three bleed screws are available on the sensor,
depicted in Figure A.16, to help remove trapped air bubbles during operation.

Bleed Screws

Figure A.16: Depiction of the pressure sensor indicating the location of the bleed screws.

Disassembly is much easier than assembly. After the regenerator is removed from its stand,
removing the thermocouples is the only tricky part. The flow eveners can be removed with
pliers. After the flow eveners are removed, a screw driver should be used to separate the pucks at
each feed through location as depicted in Figure A.17 to free the thermocouples posts from the
shell. Care should be taken to ensure no thermocouple wires are severed during this process. Do
not use the threaded hole as leverage to slide the pucks; only apply a separating force by twisting
the screwdriver.
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:

Figure A.17: Separation of pucks with a screwdriver to remove thermocouples.

After the thermocouples are removed, use a rod to push the pucks out through one end.
Remember to use a metal disc to distribute the force to the retaining rings.
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