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ABSTRACT

Solid particles are being considered in several high temperature thermal energy
storage systems and as heat transfer media in concentrated solar power (CSP) plants. The
downside of such an approach is the low overall heat transfer coefficients in shell-and-plate
moving packed bed heat exchangers caused by the inherently low packed bed thermal
conductivity values of the low-cost solid media. Choosing the right particle size
distribution of currently available solid media can make a substantial difference in packed
bed thermal conductivity, and thus, a substantial difference in the overall heat transfer
coefficient of shell-and-plate moving packed bed heat exchangers. Current research
exclusively focuses on continuous unimodal distributions of alumina particles. The
drawback of this approach is that larger particle sizes require wider particle channels to
meet flowability requirements. As a result, only small particle sizes with low packed bed
thermal conductivities have been considered for the use in the falling-particle Gen3 CSP
concepts. Here, binary particle mixtures, which are defined in this thesis as a mixture of
two continuous unimodal particle distributions leading to a continuous bimodal particle
distribution, are considered to increase packed bed thermal conductivity, decrease packed
bed porosity, and improve moving packed bed heat exchanger performance. This is the
first study related to CSP solid particle heat transfer that has considered the packed bed
thermal conductivity and moving packed bed heat exchanger performance of bimodal
particle size distributions at room and elevated temperatures. Considering binary particle

mixtures that meet particle sifting segregation criteria, the overall heat transfer coefficient



of shell-and-plate moving packed bed heat exchangers can be increased by 23% when
compared to a monodisperse particle system. This work demonstrates that binary particle
mixtures should be seriously considered to improve shell-and-plate moving packed bed

heat exchangers.
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CHAPTER ONE: INTRODUCTION

1.1 Introduction to Concentrated Solar Power

Concentrated solar power (CSP) works by increasing the radiative flux on a
receiver area with the goal of heating a working fluid that can then be used to generate
electricity in a power cycle. The four CSP technologies used today are parabolic troughs,
linear Fresnel, parabolic dish, and power towers. Parabolic troughs and power towers are
the most popular CSP systems across the world according to data collected by
SolarPACES, an international program of the International Energy Agency, and the
National Renewable Energy Laboratory (NREL) [1]. Table 1.1 shows the number of CSP
projects currently operating, under construction, and under development for each of the
four CSP technologies as of 2019 [1].

Table 1.1 CSP technology deployed across the world as of 2019 [1].

CSP Technology Overatin Under Under
(Concentration Ratio) P g Construction Development
Parabolic Trough
84 12 15
(15-45)
Linear Fresnel
7 4 1
(10-40)
Parabolic Dish
0 0 4
(100-1000)
Power Towers 4
21 21
(100-1500)




While parabolic troughs are the most widely deployed CSP system worldwide,
parabolic troughs are limited to an operating temperature range of 100-500 °C, which limits
the efficiency of the power cycles for this technology [2]. The temperature limit of
parabolic troughs is due to heat loss in the system and the material limitations of the typical
working fluids which include synthetic thermal oil, water/steam, and molten salt [3]. To
exceed the current temperature limitations of parabolic troughs, solar power towers have
gained traction in recent years. Solar power towers work by using a field of mirrors, also
known as a heliostat field, that reflects light to a single point which can heat materials to
well over 1000 °C. The higher temperature limit allows power towers to achieve higher
thermal-to-electric conversion efficiencies and lower costs for thermal energy storage [4].
Current commercial power towers utilize either molten salts at 565 °C or superheated steam
over 550 °C [5]. These operating temperatures fall well below the temperature limits that
could be achieved by power towers. As a result, the Solar Energy Technology Office
(SETO) started the Gen3 CSP funding program, a program that has the goal of drastically
reducing the cost of power towers by integrating a high-pressure (= 20 MPa), high-
temperature (= 700 °C) Brayton power cycle using supercritical carbon dioxide (sCO.) as
the working fluid [5]. To achieve the higher temperatures required for the sCO> power
cycles, three potential heat transfer medias are being considered: 1) molten salt, 2) solid
particles, and 3) gas phase [5]. Significant research has been conducted for both molten
salt [6]-[8] and gas phase [9]-[11] technologies; however, this study will exclusively focus

on the particle pathway.



1.2 Falling-Particle CSP

Figure 1.1 illustrates a high-level diagram of a counterflow shell-and-plate moving
packed bed heat exchanger system. Reflected sunlight from the heliostat is used to heat
particles in the receiver. Once heated, the particles are either put through the heat exchanger
immediately, or the hot particles are stored until electricity is required [12]. The ability to
store heat in packed particle beds for extended periods of time is one of the largest benefits
to particle-based CSP concepts because it not only allows the system to operate smoothly
in the case of a patch of overcast skies, but it also allows for the system to operate when
electricity loads are highest in the evenings. Once the particles pass through the particle-
to-sCO; heat exchanger, the particles are brought back to the top of the particle receiver to

start the process again.

Particle
Receiver

Hot Particles N&X®

700°C

Evaporator
550°C

Cold 570°C
Particles

Figure 1.1  High-level shell-and-plate moving packed bed heat exchanger
diagram.



Solid particles are being considered as a heat transfer media due to many
advantages it has over current heat transfer fluids:

1. Proposed particles such as sand and CARBO ceramics materials are

chemically inert and stable for temperatures exceeding 1000 °C.

2. Particles can easily be stored at elevated temperatures for energy storage.

3. Particles are not susceptible to freezing like molten salt.

4. Particle costs are relatively inexpensive.
While solid particles provide the aforementioned benefits, there are significant challenges
in particle CSP designs including particle conveyance [13], attrition [14], and heat
transport [15]-[18]. This thesis will exclusively address the heat transport problem that
exists in particle-to-sCO» heat exchangers.

There are multiple competing particle-to-sCO> heat exchangers designs including
fluidized beds, shell-and-tube moving packed bed heat exchangers, and shell-and-plate
moving packed bed heat exchangers [15]. Fluidized beds have been shown to produce
higher heat transfer coefficients than the other heat exchanger technologies (> 500 W/m?-
K) [19]-[22]; however, the cost of the fluidized heat exchanger system kept Sandia
National Laboratory from building this design for their 100 kW; particle-to-sCO2
demonstration project [15].

Baumann and Zunft have experimentally and computationally studied shell-and-
tube moving packed bed heat exchangers [23], [24]. Their results demonstrate that heat
transfer coefficients of 240 W/m?-K were achieved for particles that were heated to 500 °C
and moving with a superficial bulk velocity of 5 mm/s. While the shell-and-tube heat

exchanger design ranked highest in Ho et al.’s weighted ranking, the shell-and-plate



moving packed bed heat exchanger was chosen because the shell-and-plate design was
believed to have the most room for performance improvement and commercialization [15].

The shell-and-plate moving packed bed heat exchanger, which will be the focus of
the overall heat transfer coefficient modeling in this study, have been extensively
researched by Albrecht and Ho [25]—[30]. Their research consists of numerical models and
experimental measurements. Albrecht and Ho found that the particle-wall convection
coefficient had an asymptote value of 200 W/m*-K for CARBO Ceramics ID50 (~280 um)
and HSP 40/70 (~210-420 um) in a 4 mm channel. In the same study, the mass flow rate
of ID50 was studied at 600 °C in a mock heat exchanger that mimicked the design of the
100 kW shell-and-plate moving packed bed heat exchanger prototype (6 mm 316 stainless
steel plates with 6 mm spacing and a feeder angle of 77°). The particle flow at elevated
temperature was shown to experience funnel flow, a particle flow profile where the center
particle channels flow faster than the adjacent outside channels. The funnel flow profile
was attributed to an increase in particle-wall friction at elevated temperatures. Recent work
has included testing of a 100 kW; moving packed bed heat exchanger prototype at
intermediate temperatures (< 500 °C). The overall heat transfer coefficient was measured
to be 50-80 W/m’K, which is well below the ~120 W/m*-K expected from using their shell-
and-plate moving packed bed heat exchanger model [26].

Bauman and Zunft previously studied the thermal properties of many different
granular materials options for falling-particle CSP [14]; however, their study only included
two particles with the volumetric mean diameters under 1000 pm: 560 pm sintered bauxite
& 800 pm quartz sand (See Figure 1.2). Studying particles with diameters below 1000 pm

is essential for shell-and-plate moving packed bed heat exchangers because larger particle



require wider particle channel thicknesses, which have lower overall heat transfer
coefficients, to meet particle flowability requirements [25], [27]. This study expands on
Bauman and Zunft’s research not only by measuring the thermal conductivity of five
CARBO brand ceramic particles between 100-1000 pum, but this study also explores the

benefit of using a binary particle mixture to increase the packed bed thermal conductivity.

«- Quartz flint
0.9
- +-Quartz sand
0.8 - d
= Normal
0.7 | A Corundum 1.6
e o 4 —+—Normal
¥ 06 | = /_,_,-’-’-"':' Corundum 1.4
E 0.5 e _,.-;f"'{ : Sintered
E : s _’__—-'_:f' - Bauxite 1.5
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s = "‘_ — 4?-;"_ ~ Bauxite 0.6
0.3 | _/""':_At—""__'_ — o Alumina 2.0
¥ _ '__ -
0.2 1+ Alumina 1.2
0.1 = Basalt
O J
0 200 400 600 800
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Figure 1.2  Packed bed thermal conductivity as a function of temperature for
multiple particle materials. Adopted from [14].

Based on the experimental results presented, there is a need to increase packed bed
thermal conductivity, while maintaining low-cost particles [ 14], to improve the overall heat
transfer coefficient of shell-and-plate moving packed bed heat exchangers. This study
proposes using binary particle mixtures, which are defined in this thesis as a mixture of
two continuous unimodal particle distributions leading to a continuous bimodal particle
distribution [31], to increase packed bed thermal conductivity by decreasing packed bed

porosity.



The suggestion of using a binary particle mixture comes from studying the four
components that change packed bed thermal conductivity according to the Zhener, Bauer,
and Schliinder (ZBS) thermal conductivity model: 1) particle emissivity, 2) particle size,
3) solid particle thermal conductivity, and 4) packed bed porosity [32]. Larger particle
emissivity leads to an increase in packed bed thermal conductivity; however, there would
be limited improvement by focusing on emissivity because CARBO ceramic particles
already have an emissivity of 0.9 [33]. Baumann and Zunft show that larger particles
improve packed bed thermal conductivity at higher temperatures primarily due to an
increase in radiation [ 14]; however, larger particle diameters require wider particle channel
thicknesses to meet particle flowability requirements [25]. There will need to be more
modeling and experiments before an optimal particle size distribution can be determined
for moving packed bed heat exchangers. Naturally a packed bed of aluminum will have a
higher thermal conductivity than a packed bed of sand, due to the higher thermal
conductivity of the particle material; however, Bauman and Zunft found that choosing a
particle with higher solid thermal conductivity can only marginally improve packed bed
thermal conductivity [14]. Additionally, the cost of solid metal particles would be
substantially higher making them impractical for CSP purposes. Finally, thermal
conductivity can be increased by decreasing packed bed porosity [34]. While monodisperse
particles have a relatively constant porosity for diameters larger than 100 um [35], a
significant decrease in packed bed porosity can be achieved by using a binary packed bed
[36]. For this reason, exploring binary particle mixtures appears to be the most promising

way to increase the packed bed thermal conductivity at little to no cost.



1.3 Research Scope and Objectives

The objective of this research is to determine whether binary particle mixtures
could become a viable way of increasing the overall heat transfer coefficient for a shell-
and-plate moving packed bed heat exchangers by increasing packed bed thermal
conductivity through a decrease in packed bed porosity. The first step in this study is to
outline the models that describe the porosity and thermal conductivity of binary particle
mixtures across a range of large particle volume fractions and particle size ratios. These
models are then compared with experimental measurements for 14 particle systems (5
monodisperse and 9 binary) at temperatures up to 300 °C. Once the thermal conductivity
and porosity models are verified, they are utilized in a shell-and-plate moving packed bed
heat exchanger model, which is used to study multiple binary mixtures of CARBOBEAD
ceramic particles. The final goal is to compare the performance of monodisperse and binary
particle mixtures in shell-and-plate moving packed bed heat exchangers and make

recommendations for future work.



CHAPTER TWO: PACKED BED CHARACTERIZATION
2.1 Material Selection
Five CARBO ceramic particles were selected for investigation in this study: CP
16/30, CP 40/100, CP 70/140, HSP 16/30, and HSP 40/70. While sand has also been
considered as a potential granular material in moving packed bed heat exchangers, the
following study only considers CARBO ceramic particles due to their use in multiple
previous models and experiments [25], [27], [37], [38]. CARBO ceramic particles are
popular due to the availability of many sizes, relative low cost, high durability, high
sphericity, and good absorptive properties.
Binary particle mixtures of CP 16/30 — CP 40/100, CP 16/30 — CP 70/140, and HSP
16/30 — HSP 40/70 were assembled with large particle volume fractions (X;) of 0.0, 0.25,
0.50, 0.75, or 1.0. Note that when X is either 0.0 or 1.0, the distribution is the monodisperse
particle system for the fine and coarse particle in the mixture, respectively. In total, nine
binary mixtures and five monodisperse were created. The particle size distributions for the
monodisperse particle systems were either provided by CARBO with the particles or found
on the company‘s data sheet [39]. Particle size distributions for the binary particle mixtures
were calculated by adding the coarse and fine particle size distribution multiplied by their
respective particle volume fraction.
Qipinary = X1Qir + (1 — X)) Qs 5 (1)
where Q; is the volume fraction of the coarse component, Qi is the volume fraction of the

fine component, and X7 is the large particle volume fraction. The particle size distribution,
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particle size ratio, particle density, and Sauter mean diameter for each particle sample in
this study is shown in Figure 2.1 & Table 2.1. Table A.1 in the appendix provides exact
size distributions used in this study. The Sauter mean diameter, which is used in both the
porosity and the thermal conductivity models, was calculated using the particle size
distributions as described by Tsotsas and Schliinder for particles with the same shape and

thermal conductivity [34]:

=Y 3 2)

where (; is the volume fraction of the particle for a given sieve size, and d; is the mean

particle diameter of a given sieve.

Table 2.1 Particles tested in this study. Particle properties can be seen in the
CARBO data sheet [39].
. Sauter Mean Diameter, Particle Density, Size Ratio,
Material 3
dp [um] ps [g cm™] ri
HSP 16/30 977
361 N/A
HSP 40/70 297
CP 16/30 937
CP 40/100 262 3.27 N/A
CP 70/140 147
HSP 16/30 — HSP 40/70, X, = 0.25 359
HSP 16/30 — HSP 40/70, X, = 0.50 455
3.61 0.304
HSP 16/30 — HSP 40/70, X = 0.611 517
HSP 16/30 — HSP 40/70, X = 0.75 621
CP 16/30 — CP 40/100, X_ = 0.25 319
CP 16/30 — CP 40/100, X_ = 0.50 409
3.27 0.279
CP 16/30 — CP 40/100, X = 0.620 473
CP 16/30 — CP 40/100, X_= 0.75 569
CP 16/30 — CP 70/140, X_= 0.25 186
CP 16/30 — CP 70/140, X_= 0.50 254
3.27 0.157
CP 16/30 — CP 70/140, X_ = 0.665 336
CP 16/30 — CP 70/140, X_= 0.75 400
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Figure 2.1  The particle size distributions for each particle sample tested. The size
ratio (r) and Sauter mean diameter (dp) for each binary particle mixture is shown in
the legend. Data for the particle size distributions were either provided by CARBO
with the particles or taken from the company’s data sheet [39].

2.2 Packed Bed Porosity

2.2.1 Porosity Measurement Methods

Because decreasing packed bed porosity was found to be the main driver in
increasing the thermal conductivity of a multigranular packed beds [34], three binary

particle mixtures were chosen so that a large change in porosity would be observed. It has
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been shown that lower size ratios (), the ratio of the Sauter mean diameter of the fine and
coarse components (d/d; ), lead to a lower minimum porosity [36]. Porosity results were
determined by measuring the mass of particles in a known volume. Knowing the mass, the

porosity can be calculated as follows:

my my
e=1——=1-
ms ps¥

(3)
where m; is the bulk mass recorded by the scale and m; is the mass that would occupy the
known volume V if it were non-porous. The non-porous mass can be calculated by knowing
the absolute density of the particle and the volume occupied by the particles during the test.
For this study, 50 ml of particles were poured into a 100 ml graduated cylinder, and the
mass was taken with a Mettler Toledo XS403S scale. The mean of five porosity
measurements was used as the porosity for a given particle mixture. The uncertainty in the

measurements was calculated as follows:

U= (20, +(2u) (4)

e \am, ™ oy
where Up,, is the uncertainty in the mass measurement and Uy is the ucertainty in the
volume measurment. In this study, Uy, = 0.5mg and U, = 1 mL. Extra care was taken

to ensure that the samples were well mixed when performing all porosity and thermal
conductivity measurements.

2.2.2 Porosity Model

This study uses the empirical description of spherical particle binary mixtures
developed by Yu & Standish [36]. This model shows how a conic equation can generally
describe the relationship between the specific volume and the fractional solid volumes of

binary mixtures. The model can be described as follows:
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V-V, X\* V=V, X\ (V= X, — V,X, V—X; —V,X,\2
——) +26 =1 5
(=) r () ) ) - O

where V is the specific volume of the binary packing, V; & V, are the partial specific
volumes of the particles in the mixture, X; and X, are the solid volume fractions of the
coarse and fine particles, respectively, and G is a parameter that is dependent on the initial

specific volumes and size ratio. Please note that V; =V, = (1 —¢,)71, X; = 1 — X,, and

—B ++VB?%2 —4AC
V= (6)
2A
where,
A—<1)2+ 6 1 @
V,)  Va(p—1)  (Vy —1)?
2V1X1 ZG 2(V2X1 - VZ - Xl)
B=- + VX, =V, — X, — VX)) + 8
(AR A R (V, — 1)2 (8)
ViX1\? VX, — Vs — X2\’
C=—< )+ V. X, (V,X —V—X)+< -1 (9
v, AU e (Vy — 1)2 )

G is the only unknown variable in equations 7-9. Luckily, G can be determined
experimentally. Yu & Standish summarized experimental data from many binary mixture
experiments and concluded that the maximum void contraction in packed bed porosity (A¢)
and large particle solid volume fraction leading to the largest porosity contraction (X7*%¥)

are functions of the initial monodisperse porosity (&y) and particle size ratio (r) [40]:

Ae(r) = {50(1 —g)(1 - 2357 +135r2) r< 0.741} (10)
0 r> 0.741

1—1?

Xmax —
! 1+ ¢

(11)

Assuming the binary mixtures experiences a maximum void contraction, the minimum

specific volume of the binary mixture and the parameter G are calculated as follows:
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1

Vmin = 1— gy + Ag(r) (12)

. (me = lera")z (me —Vp — X"¥ + VZX{”‘”‘)Z
B V. B V-1
G = _2 max _ _ T%lax max (13)
Vinin — V21X Viin = Vo — X + VX
2 1 1 1
VZ Vl - 1

Once the parameter G is known, the specific volume of the binary mixture (Equation 6),
and corresponding packed bed porosity can be calculated. Parametrically studying this
model shows that lower particle size ratio will lead to a larger decrease in porosity for a
given initial porosity. Similarly, a mixture with a lower initial porosity will have a lower
porosity at the same size ratio as mixture with a higher initial porosity. Porosity is

calculated from the specific volume as follows:

1
e=1-% (14)

2.2.3 Porosity Experimental Results

Figure 2.2A shows how large particle volume fraction changes the mixture
composition for HSP 16/30 — HSP 40/70. The difference between near-wall packing of the
coarse HSP 16/30 and the fine HSP 40/70 is evident. While HSP 40/70 appears to have the
best contact with the near-wall, there is reason to believe that using a mixture of coarse and
fine particles could improve heat transfer by increasing bulk thermal conductivity while
also keeping near-wall contact resistance low [41].

Figure 2.2B shows the theoretical Yu & Standish porosity as a function of large
particle volume fraction for each of the binary particle mixtures tested in this study. The
porosity for each particle mixture initially experiences a decrease in porosity as the large
particle volume fraction increases until reaching a minimum porosity value where the

porosity then increases to that of a monodisperse particle system.
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Figure 2.2C shows the experimental porosity results for CP 16/30 — CP 70/140 in
comparison to the theoretical model. As expected, the mixture experiences a decrease in
porosity from the introduction of a binary particle mixture; however, the decrease in
porosity is not as pronounced as expected. There a few explanations for the deviation in
the results. First, the particle distributions are not strictly binary, instead the distributions
are bimodal. This thesis approximates each CARBO particle system (e.g. HSP 16/30) as a
monodisperse particle with the Sauter mean diameter calculated from each particle
distribution. This could impact the porosity measurements; however, the size distribution
for each CARBO particle is narrow, so the impact of this on the measurement should be
minor. Secondly, due to the complexity of real-life particle packing, it is very difficult to
create a model that accurately captures all packing mechanisms. Theoretical correlations
for particle packing have been known to overestimate the contraction in porosity, especially
when 0.5 < X7< 0.75 [42], [43]. For all of the binary particle mixtures studied (see Figure
2.3), there is consistently higher error when X;=0.5 & X;=0.75. Table B.1 in the appendix
shows that when measurements are outside 0.5 < X;< 0.75, the difference between the
measurements and model is less than 10%. As a result, this porosity model will be used in

this study for the packed bed thermal conductivity model.
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Figure 2.2  A) Particle mixtures of HSP 16/30 - HSP 40/70 used in this study.
Each image is approximately 20mm x 20mm. B) Theoretical porosity as a function
on large particle volume fraction for each of the binary particle mixtures tested. C)

Porosity as a function of large particle volume fraction for CP 16/30 — CP 70/140.
The square markers are the porosity measurements taken at each large particle
volume fraction. Error bars were calculated using propogation of error (See
Equation 4).

While bulk porosity for a stagnant packed bed is shown to decrease in the following
thesis, more work should be done to show that the moving packed bed porosity is
decreased. Because smaller particles have been shown in multiple studies to be the biggest
factor in increasing the overall heat transfer coefficient [25], [41], [44], it will be important
to study if a decrease in bulk and near-wall porosity from using a particle size distribution

can outperform current single particle systems.
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Figure 2.3  Comparison between the porosity model (grey solid line) and
experimental measurements (orange squares). Error bars were calculated using
propogation of error (See Equation 4).

2.3 Packed Bed Effective Thermal Conductivity

2.3.1 Thermal Conductivity Measurement Methods

The TEMPOS Thermal Properties Analyzer, a hand-held needle probe that uses a
transient line heat source method to measure the thermal conductivity, was used for all the
monodisperse and binary particle distributions at temperatures 25, 100, and 150 °C. To

make a measurement, the probe was inserted into a2” x 2” x 4 2” container of the particles



18

being tested. The dimensions of the container were determined to ensure that at least 1.5
cm of material was parallel to the probe on all sides as per the recommendations of the user
manual. The mean of ten measurements at each temperature is presented as the packed bed
thermal conductivity. An uncertainty of +10% is applied as the uncertainty as stated by the
TEMPOS Thermal Analyzer user manual.

Because the TEMPOS Thermal Analyzer is limited to measuring thermal
conductivity up to temperatures of 150 °C, two particles samples were sent to Thermtest, a
company that specializes in building thermal conductivity instrumentation and taking
thermal conductivity measurements. The particle samples that were sent to Thermtest were
CP 16/30 and the binary mixture CP 16/30 — CP 70/140 X1=0.5. These samples were tested
at temperatures of 100, 250, and 300 °C on the Thermtest Hot Disk TPS 2500 S, an
instrument that uses a transient plane source (TPS) hot disk method in accordance with
1SO22007-2.2. An uncertainty of £5% is applied as the uncertainty as stated by the TPS
user manual.

2.3.2 Yagi & Kuni Model

The Yagi & Kuni packed bed thermal conductivity model [45] has been used by
Albrecht & Ho [26], [46] as well as Yin et al. [38] in moving packed bed heat exchanger
modeling. Albrecht and Ho used the Yagi & Kuni model without radiation:

Kserr = w (15)
YR T
where kg is the thermal conductivity of the air, 4 is the solid particle thermal conductivity,

¢ 1s the packed bed porosity, and y & [ are constants set to 1 in this model. ¢ is defined by

Botterill and Denloye [47]:
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K — 1\*
_1 ( K ) _i (16)
oy K1) 3K
K

This model works well at measuring packed bed thermal conductivity at temperatures
where radiation is not significant. To address radiation, Yin et al. used the Yagi & Kuni

model with radiation [45]:

k B(1—¢) d h
_ g prv
ks,eff = k 1 + Sﬁ —k (17)

g
T () (B

where d, is particle diameter, 4, the heat transfer coefficient of thermal radiation from

particle to particle surface, and 4, is the heat transfer coefficient of thermal radiation from

void to void. These coefficients are as follows:

hys = 0.1952 (= Ty (18)
Tee <2 — sr) (100)
o 0.1952 ( T, \° (19)
TS £ 1-¢ 100)
1+<2(1—£))( & )

where & is the solid particle emissivity and 7 is the solid particle temperature in Kelvin.
While this model considers radiation, the Zehner, Bauer, and Schliinder model described
next will be used in this study because it is widely respected model that has been used in
numerous studies in and outside of CSP research.

2.3.3 Zhener, Bauer, and Schliinder Model

The Zehner, Bauer, and Schliinder Model (ZBS Model) is used in this thesis to
calculate the effective packed bed thermal conductivity [32]. The ZBS model is a well

respected effective bulk thermal conductivity model that has been used in numerous studies
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[14], [25], [48]-[50]. Current shell-and-plate moving packed bed heat exchanger literature
applies the ZBS Model with monodisperse particles at a constant porosity [15], [25]. While
this approach is great for understanding trends associated with particle size, this thesis will
explore how monodisperse and binary particle systems with size distributions change
packed bed porosity and effective thermal conductivity. According to Tsotsas & Schliinder,
there is precedent for using the ZBS model with a wide particle size distribution as long as
the Sauter mean diameter (Equation 2) and the actual packed bed porosity are used in the
calculations [34]. The ZBS model is dependent on many different parameters including
packed bed porosity (¢), packed bed temperature (7), Sauter mean diameter (d,), particle
emissivity (&), an empirical particle contact parameter (¢), the solid particle thermal

conductivity (ks), gas thermal conductivity (), and gas pressure (P).

Table 2.2 outlines all the parameters and associated references that were used in
this study. The initial porosity of the five non-binary particle systems was calculated by
averaging the porosity measurements for the two particle types used in this study. The
average porosity of the CP and HSP particle systems were 0.36 & 0.384, respectively.
These initial porosity values are acceptable for this study because they fall between the
accepted porosity values for loose and dense packed spheres of 0.40 and 0.36, respectively

[51].
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Table 2.2 The specific assumptions made while using the ZBS model.

Parameter Value Units Ref.
Sauter Mean Diameter (dp) See Table 1 um -
Initial Porosity for CP & HSP particle 0.36 & 0.384 ) Experimental
systems (&) Measurements
Particle Emissivity () 0.9 - [33]
Empirical Particle Contact (¢) 0.01 - [52]
Particle Thermal Conductivity (ks) 2.0 W/m-K [185]
Gas Thermal Conductivity (k) Air(T) W/m-K [53]
Pressure (P) 101.325 kPa -

The equations describing the ZBS model were reproduced from a review of packed
bed thermal conductivity correlations [52]. The effective thermal conductivity of the

packed bed is described as follows:

-1

Kserr _ (1-Vi—e)e l<£ -1+ i) + Krl +V1—e[pr+ (1 —@)k]  (20)
k¢ Ke

where
I{ B(k + Kk, —1) ( K + K, ) \I
n
f 234 NZ2kgK Blkg + (1 — k) (k + k)] E (21)
° N +B+1 K, B<1+1—KG )] B—1
\ 2B [KG K¢ Ko Nk )
and
1 K, — Bkg 1 Ky
N_E<1+T)—B<E—1)(1+7) (22)

The variables used in equation 20 — equation 22 are as follows:

B Empirical Deformation Parameter (~)
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k.  Contact Conduction term

N  Parameter (~)

€ Porosity or void fraction (~)

k  Dimensionless parameter = kg /ks

K;  Gas conduction ratio in the Knudsen regime parameter

o . k?
k,  Radiation ratio parameter = k—e

f
¢  Contact area fraction (~)

The deformation parameter determined by Hso et al. is used in this study because it was
found to be more accurate than the original deformation parameter proposed in the ZBS
model [54].

o\ 1055
B = 1.364 (T) (23)
The radiation ratio parameter as
ke 4o d
Kr=k—e=2—T3k—p (24)
f (_ - 1) f
87"

where o is the Stefan-Boltzman Constant, €, is the particles emissivity, T is the temperature
in Kelvin, d,, is the Sauter mean diameter, and ky is the thermal conductivity of the fluid
or gas phase. The equivalent thermal conductivity between the surfaces of the solid phase

due to the Smoluchowski effect is described by the following equation:

ot

where [ is the mean free path, and d,, is the Sauter mean diameter. The mean free path is

modified compared with the original ZBS model and is described by the following

equation:

1

_ 2—agr (2mRT \? ke
1= (M >P< - (26)

ar g
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where ar is the thermal accommodation coefficient, P is the gas pressure, R is the
universal gas constant, M is the molecular mass of the gas, k¢ is the thermal conductivity
of the fluid or gas phase, T is the gas temperature, and C,, is the specific heat at constant

pressure. The thermal accommodation coefficient used in this thesis was developed by

Song and Yovanovich for engineering surfaces as described by the following equation [55]:

ar = exp|[=0.57 <Tx _TOT :O) <6.81\i1}-*M*) + (12:};6)2 {1 —exp [_0'57 (TS T_OTO)]} (27)

where,

M, for monoatomic gases

M= {1.4Mg for diatomic/polyatomic gases (28)

2.3.4 Thermal Conductivity Experimental Results

Figure 2.4A shows the porosity and packed thermal conductivity @ 100 °C for
each of the binary particle mixtures. The models show that smaller particle size ratios lead
to a lower minimum porosity and higher maximum packed bed thermal conductivity. The
ZBS model is compared with experimental results for CP 16/30 - CP 70/140 at 100, 250,
and 300 °C in Figure 2.4B — Figure 2.4D, respectively. Both the TEMPOS Thermal
Analyzer (orange squares) and the Thermtest Hot Disk TPS 2500 S (blue circles) show
good agreement with the model across the temperature range tested. Figure 2.5 shows the
thermal conductivity results for each of the particle mixture tested up to 150 °C. All
measurments at 25 °C were below the model; however, as the temperature increased to 150
°C, the difference between the model and measurements decreased. It is clear that the
binary mixture can significantly increase the effective packed bed thermal conductivity.
Raw experimental data, model calculations, and the percent difference for each

measurement is shown in Table B.2 — Table B.4, which can be found in the appendix.
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A) Theoretical Yu & Standish porosity (left axis) and ZBS thermal

conductivity @ 100 °C (right axis) modeled as a function of large particle volume
fraction for the binary particle mixtures CP 16/30 — CP 70/140 (grey solid line), CP
16/30 — CP 40/100 (blue dashed line), and HSP 16/30 — HSP 40/70 (orange dot-
dashed). B-D) Effective thermal conductivity experimental results for CP 16/30 — CP
70/140 compared with the theoretical model at temperatures of 100, 250, and 300
°C, respectively. Error bars are a result of the uncertainty in the measurement
equipment. Orange Squares — TEMPOS; Blue Circles — Thermtest.
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Figure 2.5  Thermal conductivity results compared to the ZBS model for each
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uncertainty in the measurement equipment. Orange Squares — TEMPOS; Blue
Circles — Thermtest.
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Because the ZBS model shows good agreement with the binary mixture effective
thermal conductivity measurements taken up to 300 °C, it is appropriate to model what
improvements could be made to bulk thermal conductivity at CSP operating temperatures.
Figure 2.6A plots the ratio of the thermal conductivity of each of the particle mixtures to
the thermal conductivity of the large particle of the binary mixture against temperature for
CP 16/30 — CP 70/140. The goal of Figure 2.6A is to see if the binary mixture has a higher
effective thermal conductivity than a monodisperse particle system over the proposed CSP
operating temperatures (570-775 °C) [15]. In addition to the large particle volume fractions
tested in this study, the binary mixture with the optimal large particle volume fraction
(X7***) was added to determine the maximum possible increase in packed bed thermal
conductivity. The model shows CP 16/30 — CP 70/140 X; = 0.675 has a thermal
conductivity that is 15.9 - 29% higher than CP 16/30 alone. When the same analysis is
done on the other two binary particle mixtures with larger particle size ratios, the increase
in thermal conductivity across the CSP operating temperatures decreases. Figure 2.6B
shows the maximum increase in thermal conductivity that each of the binary mixtures in
the study could achieve across CSP operating temperatures. The increase in thermal
conductivity is lower for binary particle systems at higher temperatures because surface

radiation becomes the largest contributor to packed bed thermal conductivity [14], [25].
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CHAPTER THREE: MOVING PACKED BED HEAT EXCHANGER MODEL
3.1 Model Description & Diagram

3.1.1 Previous Work

There have been many experiments and models developed to understand solid
particles as a heat transfer media. Both Patton et al. [18] and Golob [44] researched the
convective heat transfer performance of granular materials on flat plates. Both authors
found that granular media heat transfer was highly dependent on particle size, where
smaller particles had higher convection coefficients.

Falcioni modeled a cylindrical moving packed bed of nickel pellets using two
methods: 1) using the energy equations for the solid and fluid phase, and 2) using a non-
dimensional one-equation model. Both models were found to work well at modeling the
transient thermal response of the moving packed bed of nickel pellets [56].

Albrecht & Ho developed a counterflow shell-and-plate moving packed bed model
which couples a 1-D sCO; steady-state conservation of energy equation with a 2-D steady-
state conservation of energy equation for solid particles [25], [26]. The model considers
the average particle-wall convection coefficient ( hg,,), the particle-wall contact resistance

(R), the sCO, convection coefficient (h¢o,), and the divider wall conduction resistance

(;l) to determine the overall heat transfer coefficient:
w

-1
1 t, . 1 )
U=(=—+—+R. +=— 29

(hsw kW ‘ hCOZ ( )
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The overall heat transfer coefficient is used to calculate the total heat transfer of the moving

packed bed heat exchanger:
Q=UA"- AT, (30)
where 4 is the surface area of the heat exchanger and A7}, is the log mean temperature

difference for a counterflow heat exchanger:

ATlm _ (Ts,out - TCOZ,in) - (Ts,in - TCOZ,out) (31)
In <Ts,out - TCOZ,in)
Ts,in - TCOZ,out

where Tsou is the particle outlet temperature, T, is the particle inlet temperature, T¢o, out
is the sCO> outlet temperature, and T¢g, i is the sSCO> inlet temperature. The log mean
temperature difference is utilized because the particle and sCO; temperatures vary greatly
across the length of the moving packed bed heat exchanger [53]. The moving bed heat
exchanger model also considers multiple heat exchanger banks, major sCO; pressure drop,
and the dependence of overall heat transfer coefficient on particle channel thickness. The
most recent Albrecht & Ho moving packed bed heat exchanger model that uses the ZBS
thermal conductivity model is the basis for the heat exchanger modeling in this thesis and
will be described in an upcoming section [25].

Yin et al. have developed a modified version of Albrecht and Ho’s original moving
packed bed heat exchanger model [26] by introducing the Yagi & Kuni thermal
conductivity model with radiation (see Equation 17) and using short- and long-range

thermal radiation coefficients in the calculation of the particle-wall contact resistance term

[38].
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3.1.2 Heat Exchanger Dimensions and Material Properties

Figure 3.1 illustrates the counter-flow moving packed bed heat exchanger, and
Table 3.1 shows the channel dimensions and constant material properties used in this
study. The assumptions for the moving packed bed heat exchanger model, which are

taken from Albrecht & Ho [25], will now be presented.

oo | t )
€02 v - : Tcoz,out Ts,in

d

F
h 4
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sCO, Particle Divider Teopin  Tsout

Channel Channel Wall
Figure 3.1  Illustration of the shell-and-plate moving packed bed heat exchanger.

Particle and sCO; mass flow rates are assumed to be constant and are determined

using the conservation of energy:
QHX = mscp,s(Ts,in — T out) (32)
Qux = 1o, [hco,(Teoy.in Peo,) = heo, (Teo, outs Peo, )] (33)
where h, is the enthalpy of the sCO>. This study only considers a single heat exchanger
bank and does not include sCO» pressure drop, which is considered appropriate because
the pressure drop across a single bank has only a minor impact on the sCO> properties.

Other assumptions include that the particles and air are in equilibrium [56], [57], there is

only particle conduction across the y-direction, sCO; temperature only varies along the x-
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axis because the sCO, convection coefficient is well established [25], and there is no heat

source or sink in the moving packed bed heat exchanger.

Table 3.1 Properties for the moving packed bed heat exchanger simulation.
Property Symbol Value Units Ref.
sCO; Pressure Pco, 25 MPa [58]
. Hco,r Cpcoyr
sCO, Properties - - [59], [60]
kCOZ'PCO2
Particle Specific Heat Cps 1200 J/kg-K [26]
Particle Thermal
Conductivity ks 2.0 Wim-K [26]
Particle Density (CP/HSP) s 3270/3610 kg/m’ [39]
Particle Emissivity & 0.9 - [33]
HX Length L 1.0 m
HX Width /4 0.5 m
HX wall thickness tw 1.0 mm
HX wall thermal ko 23 WimK | [26]
conductivity
sCO2 channel thickness teco, 0.5 mm
Particle channel thickness ts 6.0 mm

3.2 Shell-and-Plate Moving Packed Bed Heat Exchanger Model

3.2.1 Governing Equations

The 1-D steady-state conservation of energy equation for the sCO; and the 2-D

steady-state conservation of energy equation for the particles are as follows [46]:

dTCO zq"
Pco,Vco,Cp,co, “dx 2= E (34)
2
drT. d aT.
PsVsCp,s d_xs = E <ks,eff a_;) (35)

The two conservation equations are coupled together through the heat flux between the
particle and sCOx:

. dT;
q (x) = ks,eff E

1
" R"(x)

(36)

(7,00,%) = Teo, ()

0.x
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where R” is the specific thermal resistance due to the average particle-wall convection

coefficient ( hg,,), the particle-wall contact resistance (R,), the sCO» convection coefficient

(hco,), and the divider wall conduction resistance (;—W)
w

1 t, . 1
R'=|—+—+R,. +— 37
(hsw kw ¢ h602> ( )

Each component of the specific thermal resistance will be discussed in the 3.3 Overall Heat
Transfer Coefficient Sensitivity section of this thesis.

Equation 35 is discretized in the y-direction so that the system of equations can be
represented as a set of ordinary differential equations that can be solved using MATLAB’s
odel5s. In this study, the second partial derivative in the particle conservation of energy
equation was discretized using second order central differencing. The boundary conditions,
which occur at the first layer of particles and halfway through the particle channel (due to

symmetry), are represented as follows:

dTS B zqu _ st,eff(TS(O' .X) - TS(]" x)) (38)
dy 0.x vspSCP,SAy UsPsCp,s (A}’)Z
dT,
=0 (39)
dy %Sx

A shooting method is used to continuously update the solid mass flow rate until the

simulation reaches the following boundary conditions within 0.01 °C:

Tco,(0) = Teo, in = 700 °C (40)
Tco, (H) = Tco,0ut = 550°C (41)
T(0,y) = T = 775 °C (42)

1 (&
= f To(H,y)dy = Ty = 570 °C (43)
sJ0
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3.3 Overall Heat Transfer Coefficient Sensitivity

To understand why an increase in packed bed thermal conductivity could improve
heat exchanger performance, the terms of the overall heat transfer coefficient (U) must be
understood. The proceeding sections cover each component of the overall heat transfer
coefficient (See Equation 29). The divider wall conductive resistance will not be included
in the sensitivity study because the divider wall thermal conductivity is considered constant
in this study. Additionally, the conductive resistance from the dividing wall is < 1% of the
total resistance in the system, so it is appropriate to forgo a sensitivity study.

3.3.1 sCO; Convection Coefficient

The sCO; convection coefficient follows the Gnielinski correlation [61]:

2
D 3 0.48
kco,0.0214(Re®® — 100)Pro4 (1 + (%) (T_m)
B NuthCO2

h = = 44
€02 Dh,co2 Dh,co2 ( )

. . . 4t w
where Dy co, is the hydraulic diameter of the sCOx channel (Dpco, = ZULZJFW) ~
co,

2tco, for W > t¢p,), Re is the Reynolds number (Re = UCOZD:’M), Pr is the Prandtl
fo{o]

—#Cokz Cp’coz), kco,is the thermal conductivity of the sCO», L is the length of
co

2

number (Pr =

the heat exchanger, 7, is the mean temperature of the sCO>, and 7', is the wall temperature.
In this study, the heat exchanger is considered isobaric at 25 MPa, all sCO; properties are
evaluated at the average sCO; temperature of 625 °C using the correlations from Span [60]
and Vesovic [59], and the average wall temperature is 618 °C. Given the set boundary

conditions of this problem, terms such as k¢g,, T, T, and Pr will remain nearly constant

for each simulation. Keeping the length of the heat exchanger at one meter, the sCO:
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convection coefficient can be plotted against Reynolds number for different particle
channel thicknesses (See Figure 3.2). The sCO; convection coefficient increases with the
Reynolds number, which is expected because the flow becomes more turbulent at higher
Reynolds numbers. Smaller channel thickness also causes a larger increase in the sCO:

coefficient.
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Figure 3.2  sCO2 convection coefficient as a function of Reynolds number and
sCO2 channel thickness for a heat exchanger with L=1.

3.3.2 Particle Convection Coefficient

Using the Nusselt number relationship for the analytical solution of plug flow in a
parallel plate moving packed bed heat exchanger from Muzychka et al. [62], the particle-

wall convection is calculated.

5

— 12 12
_ R,y D, 0.886\5 12
N = = {2 12’5 45
uDh’H ks,eff < \/F) * ( )
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4t w
2(ts+W)

where Dy, ; is the hydraulic diameter of the particle channel (D, = ~ 2tsfor W >

ts), ksep is the effective bulk thermal conductivity of the solid, and Gz is the inverse
Graetz number (Gz' = L/PepsD;). The inverse Graetz number is a function of the heat
exchanger length (L), the Peclet number (Pep, = vsDy/ag). Equation 45 is the Nusselt
number with constant heat flux, which is used in this study because Watkins & Gould [16]
and Albrecht & Ho [27] found good agreement with the correlation for circular and
rectangular channels, respectively. The Nusselt number is only a function of the Graetz
number, a non-dimensional number that is used to characterize transient heat conduction
for laminar pipe flow [53]. Figure 3.3 demonstrates that the Nusselt number quickly
reaches an asymptote of 12 as the inverse Graetz number increases. An effort should be
made to keep the Graetz number low to increase the Nusselt number. Figure 3.4 shows how
the average particle-wall convection coefficient is impacted by particle thermal
conductivity and particle channel thickness assuming a thermally developed particle flow
(Gz! = 1). The particle-wall convection coefficient increases with increasing thermal
conductivity. This is expected because the convection coefficient is proportional to packed
bed thermal conductivity. The particle-wall convection coefficient also increases with
decreasing particle channel thickness. In general, the particle-wall convection coefficient
will be less than the sCO: convection coefficient because packed bed thermal conductivity
is fairly low for monodisperse packed beds. For example, Baumann & Zunft found that
600 um bauxite particles had a thermal conductivity range of 0.22-0.54 (W/m-K) between
ambient and 800 °C [14]. This shows the importance of using a binary particle distribution

to increase packed bed thermal conductivity by reducing packed bed porosity.
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Figure 3.3  Average Nusselt number as a function of the inverse Graetz number
for plug flow in a parallel plate heat exchanger.
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Figure 3.4  Average particle-wall convection coefficient as a function of packed
bed thermal conductivity for different particle channel widths.
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3.3.3 Particle-wall Contact Resistance

The particle-wall contact resistance is taken from Albrecht & Ho [26] and is defined

as follows:

Re

dp
2k3y (16)

where d), is the Sauter mean diameter, kg f is the near-wall particle thermal conductivity.
When approaching the near-wall, the bulk packed bed thermal conductivity is no longer
valid because there is a decrease in porosity in the near-wall region [47]. Denloye and
Botterill determined that the near-wall porosity of monodisperse particle distribution can

be calculated as follows:

1-¢)(0.7293 + 0.5139Y
G- ) (47
1+Y

where ¢ is the bulk porosity and Y is defined as

Y = i (48)

The variable d,, is the Sauter mean diameter, and a is the radius of the heat transfer
surface. For parallel flat plates, a is infinity. As a result, ¥ = 0 in this model. With the
near-wall porosity, the thermal conductivity is calculated using the ZBS model. The use of
an updated porosity at the near-wall to calculate the thermal conductivity is justified
because CFD simulations using a radial porosity profile have shown good agreement with
the ZS model [63]. While equation 47 was written for the porosity of monodisperse particle
beds, this study will also use this correlation for binary particle mixtures.

Figure 3.5 demonstrates that lower near-wall packed bed thermal conductivity and

larger particle sizes lead to a larger particle-wall contact resistance. Using a binary particle
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distribution allows for a reduction in the bulk packed bed porosity; thus, the near-wall

porosity and near-wall thermal conductivity will both be higher.

2.5x10°°

2x107°

0. 0.4 0.6 0.8
Effective Near-Wall Thermal Conductivity [W/m-K]
Figure 3.5  Particle-wall contact resistance as a function of near-wall packed bed
thermal conductivity for many particle diameters.

3.4 Moving Packed Bed Heat Exchanger Modeling - Monodisperse Results

Before exploring binary mixtures in shell-and-plate moving packed bed heat
exchangers, monodisperse particle systems are studied to clearly show the differences
between the two approaches. This section will compare the results for a single-bank
moving packed bed heat exchanger using the Yagi & Kuni without radiation thermal
conductivity model (Equation 15), a model that has been used by Albrecht & Ho in the
past [26], and the ZBS thermal conductivity model, a model that Albrecht & Ho recently
started using [25]. The section will start by presenting the overall heat transfer coefficient
results and will be followed by a description of what makes the results different and how a
binary particle mixture could be used to improve shell-and-plate moving packed bed heat

exchanger performance.
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3.4.1 Overall Heat Transfer Coefficient

The moving packed bed heat exchanger model was run using all the parameters in
Table 3.1. Both thermal conductivity models used the parameters in Table 2.2 except for
the initial porosity which was set 0.4 because that is the standard porosity for a loosely
packed bed of monodisperse particles [31]. Figure 3.6 shows the results for the overall heat
transfer coefficient when using the Yagi & Kuni and the ZBS thermal conductivity models.
The two models have starkly different results. Using the ZBS model, the overall heat
transfer coefficient continually increases with particle size while the opposite is true for the
Yagi & Kuni model. Looking at each resistance component shows why the results are so
drastically different between the two models.

Simulation results using both models show that the Yagi & Kuni model leads to a
higher resistance than the ZBS model for each particle size larger than 50 pm. The primary
reason for the increase in thermal resistance from using the Yagi & Kuni model is a result
of an increase in particle-wall contact resistance and sCO> convection resistance. The
increase in particle-wall contact resistance is directly proportional to the increase in particle
size because the packed bed thermal conductivity is constant in the Yagi & Kuni model
(see Equation 15). The sCO> convection resistance increases because as the system has
higher resistance, the particles must travel slower to achieve the same amount of heat
transfer. The particle-wall convection resistance remains nearly constant for each particle
size because the flow is thermally developed (Gz! > 0.25), the thermal conductivity is
constant, and the channel properties are constant.

The ZBS model results demonstrate the importance of considering the temperature

dependence of thermal conductivity. The particle-wall contact resistance for the 950 um
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particle decreased by 58% compared to the Yagi & Kuni model. As particle size increased,
the sCO> mass flow rate increased causing a decrease in the sCO; convection resistance.
The particle-wall convection resistance also decreases solely from an increase in thermal
conductivity because the channel dimensions remained constant and the flow was
thermally fully developed (Gz' > 0.25). As a result, the ZBS model will be used for

calculating packed bed thermal conductivity for the rest of the thesis.
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Figure 3.6  Overall heat transfer coefficient as a function of Sauter mean
diameter when using the Yagi & Kuni and the ZBS thermal conductivity models.

3.4.2 Channel Thickness

While Figure 3.6 shows that larger particle sizes have higher overall heat transfer
coefficients, particle channel thickness must also be considered. According to Albrecht &
Ho, decreasing plate spacing can significantly improve the overall heat transfer coefficient
[25]. However, a reduced channel thickness limits the particle size that can be used in the
moving packed bed heat exchanger because particle channel thicknesses must be at least

10 particle diameters to achieve uniform and consistent flow [25]. Figure 3.7 shows the
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results for overall heat transfer coefficient as a function of particle diameter for particle
channel thicknesses of 3 — 12 mm for a single-bank moving packed bed heat exchanger.
The results show the same trend as Albrecht & Ho for channel thickness; however, since
sCO; pressure drop was not considered in this study, there is not a peak in the overall heat

transfer coefficient before the maximum particle diameter as seen in Albrecht & Ho’s study

[25].

U,, [W/m*K]

Figure 3.7

While a smaller particle channel thickness provides larger overall heat transfer
coefficients, utilizing a binary particle mixture can improve moving packed bed heat

exchanger performance more by increasing the packed bed thermal conductivity. The next
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Overall heat transfer coefficient as a function of particle size and
particle channel thickness for a single-bank moving packed bed heat exchanger. To
meet flowability requirements, the particle channel thickness must be at least ten

times larger than the largest particle in the channel.
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section will show how binary particle mixtures of varying size ratios can improve the
performance of moving packed bed heat exchangers.
3.5 Moving Packed Bed Heat Exchanger Modeling - Binary Results

Previous sections have shown that packed bed thermal conductivity can be
increased by using a binary particle mixture. This section seeks to see if binary particle
mixtures can increase the overall heat transfer coefficient in moving packed bed heat
exchangers when compared to a monodisperse particle size. This section will start by
analyzing how the overall heat transfer coefficient changes for the three particle mixtures
tested in this study. Following that will be an analysis of how binary particle mixtures that
meet particle segregation criteria can improve moving packed bed heat exchanger
performance.

3.5.1 Overall Heat Transfer Coefficient

The moving packed bed heat exchanger model was run using all the parameters in
Table 3.1. The ZBS model used the parameters outlined in Table 2.2. Figure 3.8A and
Figure 3.8B show the overall heat transfer coefficient as a function of the large particle
volume fraction and Sauter mean diameter, respectively, for the binary mixtures CP 16/30
— CP 70/140, CP 16/30 — CP 40/100, and HSP 16/30 — HSP 40/70 compared to
monodisperse particles. The overall heat transfer coefficient has the same trend as the
thermal conductivity results for a binary particle mixture. Initially, the overall heat transfer
coefficient increases until the particle mixture reaches a minimum porosity and maximum
packed bed thermal conductivity. The plot of overall heat transfer coefficient in Figure
3.8B is included so that particle channel thickness could be considered. For this simulation,

all three particle mixtures have their highest overall heat transfer coefficients at Sauter
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mean diameters that are at least ten times smaller than the particle channel thickness of 6
mm; therefore, the optimal particle mixture for each of the binary particle mixtures could
be used in this heat exchanger configuration. In future simulations when particle channel

thickness is changed, the Sauter mean diameter of the particle mixtures will need to be

considered.
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Figure 3.8  Overall heat transfer coefficient as a function of A) large particle
volume fraction and B) Sauter mean diameter for a moving packed bed heat
exchanger with dimensions shown in Table 3.1.

Figure 3.9 shows the simulation results in terms of a percent increase in the overall
heat transfer coefficient. A >40% increase is seen in CP 16/30 — CP 70/140 (r = 0.157),
and around a 20% increase is seen for both CP 16/30- CP 40/100 (= 0.279) & HSP 16/30
— HSP 40/70 (r = 0.304). The primary reason for the increase the overall heat transfer

coefficient is a result of the increase in packed bed thermal conductivity (see Figure 3.10).
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Figure 3.11A and Figure 3.11B show each component of resistance as a function of the
larger particle volume fraction and Sauter mean diameter, respectively, for CP 16/30 — CP
70/140. Both the particle and sCOx convection resistances are significantly lower than the
monodisperse particle systems. Now that it has been established that binary particle
mixtures can make a substantial difference in the overall heat transfer coefficient, a wider

selection of particle size ratios that account for particle segregation criteria are considered.
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Figure 3.9  Percent increase in the overall heat transfer coefficient as a function
of A) large particle volume fraction and B) Sauter mean diameter for a moving
packed bed heat exchanger with dimensions shown in Table 3.1.
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Figure 3.10 Percent increase in the packed bed thermal conductivity as a function
of A) large particle volume fraction and B) Sauter mean diameter for a moving
packed bed heat exchanger with dimensions shown in Table 3.1.
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Figure 3.11 Resistance for CP 16/30 — CP 70/140 as a function of A) large particle

volume fraction and B) Sauter mean diameter.
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3.5.2 Size Ratio Impact

The previous section showed that size ratios below 0.304 lead to an increase in the
overall heat transfer coefficient by 20% or more. This section will consider eight binary
particle mixtures of CARBOBEAD CP products with size ratios from 0.157 - 0.810 (See
Table 3.2) [39]. A wide range of particle mixtures are considered because particle sifting
segregation becomes problematic if the following four conditions are present [64]:

1. A difference in particle size between the individual components, typically a
minimum ratio of 2:1 or greater (a size ratio of 0.5 or smaller)
2. A sufficiently large mean particle size, typically one greater than
approximately 500 um
3. Free flowing material, and
4. Inter-particle motion
Each of the four conditions must be present in a mixture for segregation to occur [64].
Considering the particle segregation conditions, six binary mixtures of CARBOBEAD CP
particles were simulated (See Figure 3.12). Three of the binary particle mixtures have a
particle size ratio that is less than 0.5; however, the particles have Sauter mean diameters
that are less than 500 um. Figure 3.13 shows that these binary particle mixtures could
experience up to a 23% increase in the overall heat transfer coefficient when compared to
a monodisperse particle system. This result shows the large potential benefit of using a
binary particle mixture into a moving packed bed heat exchanger; however, experimental
studies of flowability should be conducted to ensure that binary mixtures will work in the
thin particle channels. There is a potential that binary particle mixtures may require larger

particle channel thicknesses, which are known to have worse overall heat transfer
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coefficients, because binary particle mixtures have been shown to have worse flowability
than monodisperse particle [65].

Table 3.2 Binary particle mixtures of each CARBOBEAD CP particle mixed
with CP 70/140.

Binary Particle Sauter Mean Diameter of Sautel.* Mean Diameter Size
: Coarse Component of Fine Component Ratio
Mixture
(pm) (pm) (&)

CP 16/30 - CP 70/140 937 0.157
CP 20/40 - CP 70/140 674 0.218
CP 30/60 - CP 70/140 459 0.320
CP 30/70 - CP 70/140 367 147 0.400
CP 40/70 - CP 70/140 327 0.449
CP 40/100 - CP 70/140 262 0.561
CP 40/140 - CP 70/140 223 0.660
CP 50/140 - CP 70/140 181 0.810

Particle Mixtures
CP 30/60 - CP 70/140 (r=0.320)

CP 30/70 - CP 70/140 (r=0.400)
CP 40/70 - CP 70/140 (r=0.449)
CP 40/100 - CP 70/140 (r=0.561)
CP 40/140 - CP 70/140 (r=0.660)
CP 50/140 - CP 70/140 (r=0.810)
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Figure 3.12  Overall heat transfer coefficient as a function of A) large particle
volume fraction and B) Sauter mean diameter for multiple binary CARBOBEAD
CP mixtures for a moving packed bed heat exchanger with dimensions shown in
Table 3.1.
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Figure 3.13 Percent increase in the overall heat transfer coefficient as a function
of A) large particle volume fraction and B) Sauter mean diameter for multiple
binary CARBOBEAD CP mixtures that meet particle segregation restrictions.
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CHAPTER FOUR: CONCLUSION

This work suggests the use of binary particle mixtures in shell-and-plate moving
packed bed heat exchanger as a way to increase the overall heat transfer coefficient by
increasing the packed bed thermal conductivity. This is unique to previous studies because
others have not considered using bimodal particle size distributions in moving packed bed
heat exchangers.

Packed bed thermal conductivity and porosity models for binary particle mixtures
across a range of large particle volume fractions and particle size ratios were presented.
Using five ceramic particles with sizes between 100 - 1000 um, nine unique binary particle
mixtures were tested and compared to the presented models. Both the Standish and ZBS
Models for porosity and thermal conductivity, respectively, were found to agree well with
the collected experimental data taken up to 300 °C. The good agreement with the models
presented warranted the models to be utilized in shell-and-plate moving packed bed heat
exchanger modeling.

Evaluating the overall heat transfer coefficient for binary particle mixtures that
meet sifting segregation requirements, the single-bank heat exchanger performance
increases over 20% compared to a monodisperse particle system. As a result, this study
demonstrates that binary particle mixtures should be considered as a potential option to
improve the overall heat transfer coefficient in shell-and-plate moving packed bed heat

exchangers.
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CHAPTER FIVE: FUTURE WORK
While this study demonstrates that smaller size ratios lead to a greater decrease
in porosity, future research should focus on what size ratio can be used in a practical system
due to the risk of particle segregation for small size ratio mixtures. Future studies should
also consider the flowability of particle systems with wide size distribution, especially at
higher temperatures. Additionally, further studies could make improvements by measuring
thermal conductivity using a transient hot-wire set-up similar to Baumann & Zunft so that

thermal conductivity could be measured in the CSP operating temperature range [14].
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Table B.1 Porosity measurements for each particle mixture compared to the
model prediction.

Material €obs Epred % Difference
HSP 40/70 0.384 0.382 0.64%
HSP 16/30 — HSP 40/70, XL =0.25 0.335 0.352 5.14%
HSP 16/30 — HSP 40/70, XL = 0.50 0.292 0.340 16.37%
HSP 16/30 — HSP 40/70, XL = 0.75 0.300 0.350 16.47%
HSP 16/30 0.384 0.386 0.62%
CP 40/100 0.360 0.354 1.74%
CP 16/30 — CP 40/100, XL = 0.25 0.310 0.313 1.18%
CP 16/30 — CP 40/100, X. =0.50 0.264 0.296 12.14%
CP 16/30 — CP 40/100, XL = 0.75 0.268 0.318 18.62%
CP 16/30 0.360 0.356 1.18%
CP 70/140 0.360 0.370 2.77%
CP 16/30 — CP 70/140, XL = 0.25 0.301 0.318 5.88%
CP 16/30 — CP 70/140, X. =0.50 0.235 0.284 20.94%
CP 16/30 — CP 70/140, XL = 0.75 0.216 0.301 39.33%
CP 16/30 0.360 0.356 1.18%

All the monodisperse particles and binary particle mixtures were tested using the
unattended measurement mode on the TEMPOS at temperatures of 25, 100, and 150 °C
with the following test parameters: Mode: Conductivity/Resistivity, Sensor: TR-3, Power
Mode: High (~3.6W), Read Time: One Minute (30 seconds heating and 30 seconds
cooling), Interval Time: 15 min.

For both particle samples tested on the Thermtest, the following test parameters were used:
Test Power: 0.1W, Test Time: 20 seconds, Calculations Window: 50 to 200 points, Sensor:
HTK 5501 F1.

Table B.2 Thermal conductivity results for HSP 16/30 — HSP 40/70 for each
temperature and particle mixture.

Material Temp[):acrf ture Wse/f:ﬁi’:(] [VI?;/"I’;'_S:(] % Difference
HSP 40/70 0.230 0.255 10.03%
HSP 16/30 — HSP 40/70, X_ = 0.25 0.243 0.298 18.44%
HSP 16/30 — HSP 40/70, X_ = 0.50 25 0.297 0.343 13.39%
HSP 16/30 — HSP 40/70, X_. = 0.75 0.294 0.337 12.77%
HSP 16/30 0.225 0.264 14.78%
HSP 40/70 0.281 0.278 1.06%
HSP 16/30 — HSP 40/70, X_ = 0.25 0.301 0.324 7.15%
HSP 16/30 — HSP 40/70, X. = 0.50 100 0.318 0.372 14.54%
HSP 16/30 — HSP 40/70, X_. = 0.75 0.336 0.367 8.41%
HSP 16/30 0.278 0.291 4.46%
HSP 40/70 0.302 0.292 3.25%
HSP 16/30 — HSP 40/70, X_ = 0.25 0.313 0.340 7.98%
HSP 16/30 — HSP 40/70, X_ = 0.50 150 0.383 0.390 1.73%
HSP 16/30 — HSP 40/70, X_. = 0.75 0.369 0.385 4.28%

HSP 16/30 0.327 0.309 5.87%
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Table B.3 Thermal conductivity results for CP 16/30 — CP 40/100 for each
temperature and particle mixture.

Material Tem‘i?cr]"’““re [vbe/f;ﬁ?] [V'ifl"ﬁp]'j’(] % Difference
CP 40/100 0211 0.274 23.08%
CP 16/30 — CP 40/100, X_ = 0.25 0.237 0.322 26.50%
CP 16/30 — CP 40/100, X_ = 0.50 25 0.285 0.376 24.19%
CP 16/30 — CP 40/100, X, = 0.75 0.270 0.374 27.75%
CP 16/30 0.235 0.283 17.13%
CP 40/100 0.242 0.296 18.24%
CP 16/30 — CP 40/100, X_ = 0.25 0.312 0.348 10.12%
CP 16/30 — CP 40/100, X_ = 0.50 100 0.324 0.405 20.09%
CP 16/30 — CP 40/100, X, = 0.75 0.331 0.405 18.24%
CP 16/30 0.283 0.311 9.00%
CP 40/100 0.281 0.311 9.64%
CP 16/30 — CP 40/100, X_ = 0.25 0.321 0.364 11.90%
CP 16/30 — CP 40/100, X_ = 0.50 150 0.335 0.424 20.95%
CP 16/30 — CP 40/100, X, = 0.75 0.393 0.424 7.36%
CP 16/30 0.312 0.330 5.42%

Table B.4 Thermal conductivity results for CP 16/30 — CP 40/100 for each
temperature and particle mixture. Asterisks (*) indicate that the measurement was
taken using the Thermtest Hot Disk TPS 2500 S.

Material Temr[’fcr]at“re [vbe/f;ﬁ?] [V'ifl"ﬁp]'j’(] % Difference
CP 70/140 0.197 0.267 26.06%
CP 16/30 - CP 70/140, X_ = 0.25 0.255 0.324 21.36%
CP 16/30 — CP 70/140, X, = 0.50 25 0.345 0.409 15.62%
CP 16/30 — CP 70/140, X_ = 0.75 0.341 0.444 23.17%
CP 16/30 0.235 0.283 17.13%
CP 70/140 0.214 0.287 25.56%
CP 16/30 — CP 70/140, X_ = 0.25 0.325 0.348 6.50%
CP 16/30 — CP 70/140, X, = 0.50° 0.446 0.438 1.92%
CP 16/30 — CP 70/140, X, = 0.50 100 0.399 0.438 8.98%
CP 16/30 — CP 70/140, X_ = 0.75 0.406 0.476 14.74%
CP 16/30* 0.340 0.311 9.47%
CP 16/30 0.283 0.311 9.00%
CP 70/140 0.257 0.300 14.24%
CP 16/30 — CP 70/140, X_ = 0.25 0.361 0.363 0.63%
CP 16/30 — CP 70/140, X, = 0.50 150 0.394 0.456 13.47%
CP 16/30 — CP 70/140, X_ = 0.75 0.492 0.496 0.97%
CP 16/30 0.312 0.330 5.42%
CP 16/30 - CP 70/140, X, = 0.50° 250 0.531 0.489 8.51%
CP 16/30 0.426 0.368 15.68%
CP 16/30 — CP 70/140, X, = 0.50° 0.533 0.505 5.63%

CP 16/30° 300 0.454 0.388 17.03%




