
NARROW-CHANNEL FLUIDIZED-BED HEAT EXCHANGERS

FOR PARTICLE-BASED THERMAL ENERGY STORAGE IN

CONCENTRATING SOLAR POWER APPLICATIONS

by

Winfred John Arthur-Arhin



© Copyright by Winfred John Arthur-Arhin, 2024

All Rights Reserved



A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines in partial

fulfillment of the requirements for the degree of Doctor of Philosophy (Thermal Energy Sciences).

Golden, Colorado

Date

Signed:

Winfred John Arthur-Arhin

Signed:

Dr. Gregory S. Jackson
Thesis Advisor

Golden, Colorado

Date

Signed:

Prof. Carl Frick
Department Head Title

Department of Mechanical Engineering

ii



ABSTRACT

Concentrating solar power (CSP) with thermal energy storage (TES) promises clean dispatchable

electricity at high solar conversion efficiencies when coupled with emerging recompression closed Brayton

(RCBC) supercritical carbon dioxide (sCO2) power cycles. Inert-oxide particles provide a cost-effective

storage and heat transfer media at adequate firing temperatures (> 700 �C) for RCBC sCO2 power cycles

with thermal efficiencies � 50%. To achieve cost-effective power at high conversion efficiencies, primary

particle-sCO2 heat exchangers (HXs) need high overall heat transfer coefficients to reduce HX area and

costs of manufacturing with high-temperature alloys. In this study, mild bubbling fluidization with

downward-falling particles and upward-flowing gas in narrow channels is shown to enhance the limiting

bed-wall heat transfer and offer a pathway to meet HX cost targets of � 150 per kWth).

Extensive laboratory-scale heat transfer tests characterized narrow-channel fluidization and

demonstrated bed-wall heat transfer coefficients � 800 W m�2 K�1 at bed temperatures � 500 �C.

Correlations derived from experiments indicate the potential for bed-wall heat transfer coefficients > 1000

W m�2 K�1 at expected HX operating conditions for � 300 �m particles. Incorporating correlations into

reduced-order models of particle-sCO2 HXs identifies preferred HX geometry and operating conditions for

a 40-kWth prototype HX. The resulting particle-sCO2 HX design is fabricated and assembled with a

unique particle feed system with 12 � 0:5 m-high parallel fluidized bed channels and counter-flowing sCO2

microchannels embedded in the HX walls. Prototype HX tests at Sandia National Laboratories yield

lower-than-expected overall heat transfer coefficients with values reaching only 200 W m�2 K�1 at mild

fluidization velocities. High axial dispersion of particles due to fluidizing bubbles limits local driving

bed-wall temperature differences and overall HX performance. Nonetheless, stable fluidized bed HX

operation achieved 34 kWth of heat transfer to the sCO2. Insights from these tests and lab-scale

measurements inform updated models, incorporating axial dispersion correlations to identify necessary

improvements for meeting performance targets. A system-level analysis reveals minimal balance-of-plant

penalties associated with the power required and heat lost in the fluidization gas flows. Furthermore,

models indicate that reducing dispersion can significantly improve fluidized bed HX performance by

providing adequately high overall heat transfer coefficients that support cost-effective, particle-based TES

subsystems for CSP plants.
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data shows that spatial variation in local hT;w is less than� 20%. . . . . . . . . . . . . . . 22

Figure 2.5 (a) Particle-wall heat transfer coe�cients hT,w as a function of dimensionless excess
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CHAPTER 1

INTRODUCTION

Cleaner and more sustainable energy sources are essential today to meet growing global energy

consumption. Energy-related CO2 emissions are projected to continue to rise in the short term due to

rapid technological advancements [1]. Meeting growing demands, increasing access to electricity globally,

driving decarbonization, and mitigating climate change motivate signi�cant research and development on

renewable energy resources and their integration into electric power grids. Although the costs of renewable

energy resources such as photovoltaic solar and wind have declined rapidly and become cost-competitive

with fossil-fuel power plants, their penetration can only increase signi�cantly if coupled with utility-scale

energy storage. The high cost and limited cycle life of state-of-the-art Li-ion batteries limits their viability

for grid-scale solutions. As such, alternative large-scale energy storage systems and more dispatchable

renewable electric power generation are needed to support a more sustainable energy grid [2, 3].

1.1 Thermal Energy Storage

Mechanical, electrochemical, chemical, and thermal energy storage technologies are four major

categories of energy storage technologies [4]. For utility-scale power generation, thermal energy storage

(TES) systems are the most compatible energy storage mode with a high-temperature thermal energy

source. TES subsystems for thermal power plants require adequately high temperatures to drive the power

plants such as high-pressure steam Rankine cycles or emerging closed-loop supercritical CO2 (sCO2)

Brayton cycles [5]. High-temperature TES modes can be grouped into latent and sensible heat energy

storage [6, 7]. High-temperature latent TES utilizes one or more phase changes in media such as

inorganic-salt mixtures [8{10] or liquid-metal mixtures [11{14]. The phase transition(s) enables signi�cant

thermal energy capture and release over relatively small temperature di�erences [15, 16]. Sensible TES

utilizes dense, chemically stable materials with high speci�c heat capacities to store energy in temperature

increases from a cold storageTC to a hot storage TH . Sensible TES media include molten nitrate salts

[16, 17], graphite [18, 19], and inert oxide particles, including bauxite and silica sands [16, 20, 21].

Some TES subsystems combine latent and sensible TES by maintaining a cold and hot storage

temperature on opposite sides of a phase transition temperature. Speci�c TES (kJ kg� 1) { i.e., the change

in speci�c internal energy, u(TH ; ~xH ) � u(TC ; ~xC ) across the changes in temperatureT and phase
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composition ~x { is de�ned by the integral in Equation 1.1.

� utot =
Z TH ;~x H

TC ;~x C

(cv (T; ~x)dT + � u~x (T)d~x) (1.1)

where cv (T; ~x) is the speci�c heat capacity as a function ofT and phase composition~x and � u~x (T) is the

latent heat of a particular phase change. Typical phase transitions in high-temperature TES occur between

highly dense phases, such as solid-solid, liquid-liquid, or solid-to-liquid phase change, keeping the TES

density (kJ m � 3) high. Table 1.1 shows a range of sensible and latent TES media with their operating

temperature range, densities� , speci�c heat capacitiescv at 700 � C, and approximate material

costs [5, 16, 22]. Generally, sensible TES media are usually less expensive and easier to store than the

multi-phase latent TES media that often involve corrosive salts or liquid metals, and the lower material

costs of the sensible TES media o�sets the higher energy density of the latent TES materials. [23, 24]. The

speci�c change in total internal energy of TES, � utot (kJ kg � 1) and the e�ective storage energy density,

� e� � utot = � s� � utot (kJ m � 3), where � s is the solid volume packing fraction, determine the TES material

costs. Higher� e� � utot reduces the costs of hot and cold storage silos for TES subsystems. For the sensible

TES in inert oxides, � utot is calculated by integrating the sensible term in Equation 1.1 over the

temperature rangeTC to TH .

1.2 Concentrating Solar Power and Thermal Energy Storage

An estimated 173,000 terawatts (TW) strike the Earth continuously, which makes solar energy the most

abundant energy resource on Earth [35]. However, solar energy for a given location is intermittent due to

night and daytime cloud cover. Storing excess solar energy during peak periods and releasing the stored

excess energy during o�-peak periods enables the dispatch of this renewable energy supply to meet electric

power demands at all times and to avoid the ever-increasing problem of curtailment of excess renewable

energy. Such excess supply is visualized by the California \duck curve" which shows the demand for

baseload electric power generation over a single day on the California grid as excess renewable solar

electricity comes on the grid during the midday [36, 37]. As the penetration of solar photovoltaic (PV)

electric power generation into the grid continues to increase, the need grows to address the mismatch

between peak solar electric power during the midday and peak electricity demand during the late afternoon

and evening. In places with high fractions of PV electric power generation like California, the challenges of

daytime power over-generation lead to the curtailment (or shutdown) of solar resources [36]. Low-cost,

long-duration energy storage, such as TES, provides an avenue to shift the excess solar energy captured for

release later when supplies are less than demand.
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Table 1.1 Well-characterized latent and sensible TES media considered for CSP storage applications, their
material compositions, upper and lower storage tank temperatures, thermodynamic properties, and cost
per kg estimates.

TES
Material [Ref]

Composition
min.TC

( � C)
max.TH

( � C)
�
(kg m� 3)

cp @ 700 � C
(kJ kg � 1K � 1)

hfg

(kJ kg � 1)
Cost/kg
($ kg� 1)

Particles

CARBO HSP
[25]

83%-Al2O3

5%-SiO2

3.5%-TiO2

7%-Fe2O3

- > 1200 3620 1.28 - 1.35

Silica Sand
(quartz)
[20, 21, 26]

SiO2 - 1200 2610 1.16 - � 0.7

Solid Blocks
Reinforced
Concrete
[16, 24]

- 200 400 2200 0.85 - � 0:05

Molten Salts
Molten
Carbonates
[27{30]

12.59wt%-NaF
33.88wt%-NaCl
53.53wt%-Na2CO3

400 800-850 1575 1.45 - � 2.40

Molten
Nitrates
[31, 32]

60wt%-NaNO3

40wt%-KNO3

260 600 1645 1.56 - � 0.50

Liquid Metals
Liquid Sodium
[31, 32]

Na 98 883 579 1.25 - � 2.95

Phase Change Materials *(TH is the average phase change temperature)
Al-Si Alloy
[16, 24, 33]

88%-Al
12%-Si

- 576 2700
solid - 1.04
liquid - 1.74

560 N/A

RT 100
[16, 24]

Para�n - 100 880 N/A 124 N/A

E117
[16, 24, 34]

Inorganic - 117 1450 N/A 169 N/A
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To capture solar energy in high-temperature TES media, such as listed in Table 1.1, the solar radiation

must be concentrated either through a parabolic trough with a tubular receiver or more likely, with a �eld

of heliostat mirrors focused on a central tower receiver. Concentrating solar power (CSP) with TES

provides a renewable energy technology that can outperform photovoltaics in terms of solar conversion

e�ciency and continuous operability with the high-temperature TES, providing a dispatchable heat source

for the continuous operation of a thermal electric power plant [38]. Using materials that are low-cost and

stable for decades enables CSP with TES to deliver dispatchable electricity with capacity, stability, and

reliability to the grid [39]. The dispatchable nature of the TES-driven power plants can further increase

penetration of intermittent PV and wind energy on the grid [40, 41], and could potentially improve the

second-life utilization of batteries [42, 43]. CSP-TES has the potential for lower-cost energy storage at

target prices as low as $15/kWhth [5] with life-cycle analyses suggesting that CSP-TES has lower emissions

than PV [44, 45].

The U.S. Department of Energy's (DOE's) Solar Energy Technology O�ce has set 2030 levelized cost of

electricity (LCOE) goals for CSP-TES sourced electricity of 0.05$/kWh baseload plants (� 12 hours of

TES) and 0.10$/kWh for peaker plants (� 6 hours of TES) to be cost-competitive with

conventional-sourced electricity without subsidies [39]. No integrated CSP plant to date currently provides

a pathway to achieving the 2030 goals, and signi�cant technical, economic, or reliability risks remain for

CSP to become viable for meeting these targets [5]. The ongoing DOE Gen3 CSP program seeks to

demonstrate an integrated CSP plant at the 10-MW with a high-temperature TES subsystem using oxide

particles as a sensible TES media and the heat transfer media in the central tower receiver [46]. The Gen3

demonstration is expected to show a clear pathway to meet TES cost targets� 100-MW scale with the

expected future scale-up [5, 46].

The most advanced deployed CSP systems currently in operation are derived from the Solar Two

Project in the late 1990s with central receiver `power' towers and TES using molten nitrate salts as the

receiver heat transfer and thermal energy storage media. The molten nitrate solar salt, a mixture of 60%

NaNO3/ 40% KNO 3, is stored in two tanks, one at a hot temperature,TH � 565 � C and the other at a

cool temperature well above the freezing pointTC � 290 � C[47, 48]. Solar salt has a high speci�c energy

and energy density as shown in Table 1.1 and can be readily pumped through heat exchangers and solar

receivers [49, 50]. The lower operating temperature limit,TC � 290� C, eliminates the risk of molten salt

freezing and associated tube failure [51, 52] but requires heat tracing on any salt pipe runs of signi�cant

length. Solar salts o�er higher temperatures than thermal oils and lower costs than liquid metals in CSP

systems [31]. DOE's Gen3 program has moved away from solar salts to oxide particles because of the limit

on TH < 565 � C, which prohibits the integration of CSP with emerging high-e�ciency, sCO 2 closed

4



Brayton cycles with �ring temperatures above 700 � C [53].

To meet the DOE Gen3 cost targets of $15 kWhth � 1 for TES subsystems operating with

next-generation sCO2 power cycles, storage media must provide high �utot at low material costs and

TH > 700 � C. Molten carbonate salts [54] operate atTH � 800 � C, but their high freezing temperature

and intolerance to impurities do not make them ideal for meeting the CSP-TES cost targets. Liquid

sodium metal [31, 32] presents an alternative, but safety risks with containment concerns have limited

interest in liquid metals for large-scale storage.

Figure 1.1 Schematic of particle-based CSP system showing the particle-sCO2 heat exchanger linked to
RCBC plant. Image courtesy Fosheim et al. [55].

The use of solid blocks such as concrete blocks for TES has been investigated in the past [56, 57] but

was not considered for high-temperature applications due to its limitations above 500� C. Common SiO2

and/or Al 2O3-based particles have been identi�ed as favorable in terms of cost and operability as

high-temperature TES media [21, 58, 59]. Natural sands [26, 60], granite [61], 
int clay [62], and

engineered alumina-silica particles [33, 63, 64] have been tested as TES media and e�orts are ongoing to

develop e�ective particle heat exchanger and central receiver technology to allow the particles to also serve

as the heat transfer media. Engineered bauxite (alumina-silica) particles, such as CARBOBEAD HSP,

have relatively low costs ($1.35 kg� 1), good abrasion resistance, and extremely high-temperature limits (

TH � 1000 � C [65{67]. The low cost and high-temperature stability of oxide particles have motivated their
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development as both the TES and heat transfer media for next-generation CSP plants with sCO2 as the

power cycle 
uid [68].

Coupling CSP-TES systems with highly recuperated sCO2 power cycles at thermal e�ciencies

� cyc � 50% [53] o�ers the potential for high solar-to-electric e�ciencies with dispatchable heat resources

and without the need for substantial water cooling for ambient heat rejection[69{71]. The energetic

e�ciency of the entire solar-to-electricity generation system, � system which is a product of the e�ciency of

the solar-thermal receiver, � rec , the plant power cycle e�ciency, � cyc , and the heat transfer ratio, X QTES
, of

the TES subsystem is given by the following expression. Figure 1.1 is a schematic that shows how a

recompression closed Brayton cycle is coupled to a CSP (RCBC-CSP) plant with an inert particle-based

TES system.

� system = � rec � cyc X QTES
=

 
_Qrec

_Qsolar

!  
_W cyc

_QsCO 2

!  
_QsCO 2

_Qrec

!

(1.2)

1.3 Particle-Based CSP Systems

Proposed TES subsystem designs for CSP include two separate storage tanks for hot and cold particles,

a particle lift and conveyance system, a central-tower particle receiver, and a primary particle heat

exchanger (HX) as shown in Figure 1.1. One proposed design from Sandia National Laboratories (Sandia)

incorporates the storage tanks into the central receiver tower [72]. A particle lift system extracts particles

from the cold tank and brings them to a hopper above the receiver, where they are heated by concentrating

solar irradiation. Various types of particle lifts and receivers have been studied and considered to minimize

parasitic and thermal losses [73{75]. Free-falling and obstructed 
ow direct particle-curtain receivers,

rotary kiln/centrifugal open cavity particle receivers, and 
uidized-bed particle receivers have all been

studied [52]. Direct particle receivers heat the particles as they fall into an open cavity. Direct receivers

avoid the thermal resistance of a containing wall structure, but they present issues concerning particle loss

with external winds. Indirect particle receivers often use tubes or planar wall cavities enclosures to contain

the particles with little or no particle losses [31, 63, 75, 76]. Still, the heat transfer resistance of enclosure

walls requires high-temperature Ni-based alloys or ceramic structures that are cost-prohibitive and may

have limited cyclic fatigue life at the required elevated wall temperatures [64].

To drive preferred sCO2 power cycles, hot particles from a central receiver must be stored in the hot

TES silo at TH � 775 � C [46]. The hot particles are transferred as needed through a primary counter
ow

HX to heat the power-cycle 
uid, such as supercritical carbon dioxide (sCO2), to the necessary

temperatures to drive the power-generating turbines. Particles leaving the HX collect in the "cold" storage
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silo, whose temperature depends on the inlet temperature of the power cycle 
uid in the primary HX. For

recuperated sCO2 power cycles, the cold particles remain atTC � 570 � C due to the high inlet

temperature (550 � C) into the HX of the preferred recuperated sCO2 power cycle [77]. Ideally, the particle


ow path remains vertical to support gravity-driven 
ows through the particle receiver, the hot silo, the

primary HX, and �nally into the cold particle tank.

1.4 Particle Heat Exchangers

Coupling the particle-based TES subsystem to an e�cient sCO2 power cycle with a cost-e�ective

particle HX remains a challenge [78]. The required high �ring temperature ( 700 � C) for sCO2 cycles

requires expensive Ni-based superalloys, and thus, it becomes critical to keep HX mass low to meet TES

subsystem cost targets. To date, HX designs for particle-based CSP systems have yet to meet the required

targets in terms of performance and economics to keep CSP competitive [79, 80]. For the inert oxide

particles such as CARBOBEAD HSP proposed as TES media, speci�c energy �utot over the heat

exchanger particle temperature di�erence, � Ts = Ts,in � Ts,out � 200 � C is approximately 250 kJ kg� 1. As

such, particle 
ow rates must reach 4.0 kg s-1 for every MW th extracted out of the particles [21]. The large

mass 
ows and low approach temperatures at the particle outlet required for particle-sCO2 HXs emphasize

the need for high heat transfer 
uxes between the particles and sCO2. HX performance can be quanti�ed

by the overall heat transfer coe�cient ( UHX ), which together with the log-mean temperature di�erence

� Tlm determines the total heat transfer area,Aw,tot required for the desired heat transfer _QHX from the

particles to the sCO2.

_QHX = UHX Aw,tot (� Tlm ) (1.3)

= UHX Aw,tot

�
(Ts,in � Tf,out ) � (Ts,out � Tf,in )

ln (Ts,in � Tf,out ) � ln (Ts,out � Tf,in )

�
(1.4)

The local value of UHX for proposed shell and plate HXs from the equivalent resistance network shown in

Equation 1.5 where it is assumed that the 
uid 
ow heat transfer is characterized by microchannels

embedded in the plate walls with side walls that act as �ns.

UHX =

0

B
B
@

1
hT,w

+
� zw

� w
+

1

� o,f hT,f
Aw,f

Aw,tot

1

C
C
A

� 1

(1.5)

where hT,w represents the particle-wall heat transfer and usually is associated with the largest of the three

resistances.� w represents the thermal conductivity of the wall with thicknesses � zw on the order of 1-2

mm for shell-and-plate HXs. The wall thickness � zw is on the order of 1-2 mm, and as such the
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wall-conduction thermal resistance remains very small. The �nal resistance term in Equation 1.5 represents

the wall-working 
uid convection resistance and assumes the 
uid 
ows through small microchannels whose

side walls act as �ns with a �n array e�ciency of � o,f and heat transfer coe�cient hT,f , and total �nned

wall surface areaAw,f . For shell-and-plate heat exchangers with embedded microchannels for the 
uid 
ow,

high hT,f and Aw,f tend to keep this resistance< 0:0005 m2 K W � 1 [78].

Techno-economic considerations for manufacturing a nickel alloy, di�usion bonded plates for

microchannel sCO2 HXs indicate particle-sCO2 HXs must achieve globalUHX � 600 W m-2 K -1 to lower

Aw,tot for meeting the 2020 primary HX cost target of $150/kWth and the levelized cost of electricity

(LCOE) target of $0.06/kW e [39, 81].

1.5 Moving Packed Bed Heat Exchangers

Moving packed bed and 
uidized bed HXs have dominated particle-sCO2 HX research. Moving packed

bed HXs use an unobstructed gravity-driven downward 
ow of particles through the HX in a densely

packed formation (at or close to particle packing limit) [77, 82]. Particles sliding down the HX transfer

heat to interstitial walls containing power cycle driving 
uid (sCO 2) 
ows in plates with microchannels

[77, 83] or tube arrays [84, 85].

Authors at Sandia National Laboratories evaluated alternative designs for a particle-sCO2 HX that

meet the high pressure (� 20 MPa) and high-temperature (� 700 � C) requirements of an sCO2 Brayton

cycle for a project that began in 2015 [78]. The evaluation process involved comparing the several options

for HX design including moving packed beds in both shell-and-tube and shell-and-plate con�gurations, and

a 
uidized bed HX concept across various categories such as cost, heat transfer coe�cient, parasitics and

heat losses, scalability, compatibility, and maintainability. This led to the development and procurement of

a 100-kWth moving packed bed shell-and-plate HX that measured overall heat transfer coe�cientsUHX

between 50� 70 W m-2 K -1 which is less than the anticipatedUHX of 150 W m-2 K -1 . The heat 100-kWth

moving packed bed was plagued with non-uniformities in both particle 
ow and sCO2 
ow and high sCO2

pressure drops leading to the less than anticipated performance [79]. Through this project, Sandia also

identi�ed that reducing the HX plate spacing improves the particle-side heat transfer coe�cient while

moving to a single bank counter
ow HX may also reduce the sCO2 pressure drop leading to a better HX

performance [77]. Further studies at Sandia led to a 20-kWth shell-and-plate moving packed bed HX design

that can support UHX of about 400 W m-2 K -1 with bed channels with 3.0 mm spacing between plates at

design conditions [83]. Testing of the 20-kWth moving packed bed HX with 3.0 mm deep channels

indicated UHX > 300 W m-2 K -1 at particle inlet temperatures Ts,in close to 500 � C and particle mass


uxes approaching 25 kg-1 m-2 s-1 which is an o�-design condition [81]. From the 20-kWth test, increases in
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the sCO2 
ow rates resulted in increases inUHX which is an indicator that improving (decreasing) the

thermal resistance associated with sCO2 
ows may improve the UHX signi�cantly.

Another moving packed bed particle HX design includes work being developed by the German

Aerospace Center (DLR) incorporates a moving packed bed of particles on the outside covering a staggered

array of horizontal tubes for transporting the power cycle working 
uid. An electrically heated prototype

that used thermal oils as the power cycle working 
uid experimentally measuredUHX up to 250 W m-2 K -1

at temperatures up to 400 � C with negative correlations to the HX e�ectiveness [84]. Researchers from

King Saud University (KSU) in Saudi Arabia are developing a shell-and-tube particle-air HX for hybrid gas

turbine engines using sand as the granular particles [86]. Results from the testing of the 35-kWth prototype

that measured UHX up to 35 W m-2 K -1 indicated that particle velocity massively impacts UHX . Another

recent study from the Commonwealth Scienti�c and Industrial Research Organisation (CSIRO) in

Australia mentions that breaking up the 
ow of particles in a moving packed bed HX by staging can

improve the limiting particle-wall heat transfer coe�cient hT,w . There is a lot of research on moving

packed beds and improving their overall heat transfer [82, 87, 88] with numerous studies suggesting that,

the low UHX is a result of low hT,w , which generally arises from the poor thermal contact and limited

particle turnover near the walls [51, 89].

1.6 Fluidized Bed Heat Exchangers

Bubbling 
uidized bed HXs on the other hand have the potential to increase hT,w via the continuous

refreshing of particles near the heat transfer surface with high-temperature particles having longer

residence times and uniform distribution in the bulk 
ow by the 
uidizing gas [83]. Higher hT,w increases

U � HX and reduces the required mass of high-temperature alloys in the HX, which can lower costs relative

to moving packed beds [90{95].

Fluidized beds are used across di�erent industries for a variety of applications including material

processing [96, 97], chemical reactors [98{100], and solar receivers [101]. The heat transfer performance of


uidized beds has seen them being used in a wide array of industrial applications where good solid-gas heat

and mass transport are required between the two phases. Up-
ow bubbling 
uidized bed solar receivers

(UBFB), linear particle solar receivers, counter-current 
uidized bed particle receivers, auto-thermal


uidized bed solar receivers, and solar air receivers are some of the di�erent types of receivers that have

employed some form of 
uidization to boost operation [101{103].

Fluidized bed shell-and-plate HXs are similar to moving packed bed HXs but with the injection of gas

into the particle bid. The 
uidization expands the bed by creating gas bubbles with low particle volume

fractions that rise through the bed. Di�erent 
uidization regimes include bubbling (aggregative,
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heterogeneous) and non-bubbling (particulate, homogeneous, smooth), turbulent, and fast 
uidization.

Geldart (1973) [104] and Yang (2017) [105] classify 
uidization based on some parameters built on the

particle density and the particle diameter. Kunii and Levenspiel have classi�ed the 
uidization regime

further by including the method and speed of particle transfer [106]. Studies on 
uidized particle 
ow heat

transfer include the more common circulating 
uidized beds, which require high gas velocities and void

volume fractions [107]. Heat transfer studies in 
uidized beds have explored concepts where net particle


ows are co-
ow to gas regimes in a net-upward direction [108]. However, counter
ow 
uidized beds have

been studied recently as an alternative approach where particle 
ow regimes with net downward 
ows are

counter to gas 
ow regimes which 
ow upward [64]. Upward gas 
ow counter to the direction of falling

particles can cause 
uidization of particles while controlling mass 
ow rates of both gas and particles to

allow the particles to fall freely.

In this study, we shall be concentrating on counter
ow bubbling 
uidization using Geldart type B

particles because experimental studies have shown that they increase particle-wallhT,w by as much as 4�

[64, 94, 109], lowering the limiting resistance for theUHX . Fluidization generally adds complexity and

increases costs for the TES subsystem, as blowers or compressors are required for the 
uidization air, and

recuperative HXs may be necessary to prevent signi�cant thermal losses from the 
uidizing gas [83] hence

the decision by Sandia to pursue moving packed bed HXs. It is believed that mild bubbling 
uidization has

the potential to improve hT,w [55, 110] with some experiments having gas-to-particle ratios _mg= _ms < 2:0%

[55, 64]. It is also believed that the potential cost savings from higher heat transfer coe�cients in 
uidized

bed HXs may o�set the extra cost incurred from 
uidizing the particles and still be able to meet the TES

system cost targets of$15 per kWh of heat and the overall system cost targets [5].

1.7 Thesis Overview

This study explores the e�ectiveness of narrow-channel, counter
ow 
uidized beds for particle-sCO2

HXs as the primary HX in a CSP-TES system that meets DOE cost and performance targets. This work

measures the particle-wall heat transfer in single-channel lab-scale 
uidized bed tests to develop empirical

correlations of hT,w for a reduced-order model of a 
uidized bed HX. These modes are used to design a

prototype 
uidized bed particle-sCO 2 HX that has been assembled and tested at the National Solar

Thermal Test Facility at Sandia National Laboratories. Results from the 
uidized bed HX testing inform

revisions to the model to better capture axial dispersion along the HX height and its impact on the


uidized bed HX performance. The resulting modeling tool can be used in the design and performance

evaluation of future 
uidized bed primary HXs in an integrated CSP-TES power plant. The following

paragraphs summarize the goals of each subsequent chapter in the dissertation.
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1.7.1 Chapter 2

The sections of this chapter outline the process of characterizing 
uidization and its e�ect on

particle-wall heat transfer, which is the limiting heat transfer resistance. The lab-scale heat transfer

experimental setup with a single-channel counter
ow 
uidized bed heat transfer section used for


uidization and heat transfer experiments is described in detail. This chapter also details the heat transfer

data collection and data processing that led to semi-empirical correlations for the particle-wall heat

transfer coe�cient. These correlations are used in a reduced-order 
uidized bed heat exchanger model

described in the next chapter.

1.7.2 Chapter 3

Most experiments that have been used to evaluate the performance of a 
uidized bed heat exchanger

have been less than ideal [64, 78]. These experiments used a 
uid other than sCO2 as the coolant or

evaluated hT,w while operating in batch mode [55]. While these reports are informative, they do not

provide any insight into the process of designing and operating a narrow-channel 
uidized bed sCO2 HX

nor do they o�er any insight into any unforeseen challenges or hindrances to harnessing the full potential of


uidized beds for HXs. Semi-empirical correlations for particle-wall heat transfer are implemented in a

reduced order model used in a parametric study to size a 40-kWth 
uidized bed HX. This chapter also

shows some of the CAD models and manufacturing that went into the design of the prototype HX and its

auxiliary components. This chapter further demonstrates a 40-kWth prototype particle-sCO2 HX that was

installed and tested at the Colorado School of Mines (Mines) in Golden, CO, and the National Solar

Thermal Test Facility (NSTTF) at Sandia National Laboratories (Sandia) in Albuquerque, NM. The HX is

demonstrated to achieve uniform particle 
ow and uniform 
uidization across all HX channels with tiny

pressure drops in the particle, and sCO2 
ows. Heat transferred from the particles to the sCO2 exceed

35-kWth at particles and sCO2 
ow rates both at 0.2 kg s-1 and even exceeds 40-kWth at slightly higher


ow rates. HX tests helped identify some unexpected impedance to meeting the anticipated increase in

overall heat transfer coe�cient UHX that could be attributed to 
uidization.

1.7.3 Chapter 4

This chapter revisits the reduced order particle-sCO2 HX with the results and lessons learned from the

demonstration of the 40-kWth HX. Improved modeling geometry and semi-empirical correlations that arise

from the HX tests and further lab-scale heat transfer tests are incorporated into improved reduced-order

models to produce results that more accurately match the results from the demonstration tests as

validation for the model. The improved models incorporate phenomena like axial dispersion that can

11




atten the 
uidized bed temperature pro�le, resulting in a lower driving force for a counter
ow heat

exchanger and limiting the HX's overall heat transfer coe�cient UHX . The improved reduced order model

provides a tool for simulating a 
uidized bed HX. This chapter highlights the critical operating conditions

and geometry considerations in the design of a 
uidized bed HX.

1.7.4 Chapter 5

Questions surrounding the parasitic losses in 
uidizing particles must be answered to demonstrate the

potential for 
uidized bed HXs to be the primary HX in a particle-based CSP system. This chapter seeks

to show that the losses associated with 
uidization are marginal compared to the heat transfer

improvements related to 
uidization. The improved reduced-order model from the previous chapter is used

as a tool in a process model that contains other sub-models as components of the 
uidized bed HX loop

with a focus on the 
uidization 
ow loop to quantify parasitic losses associated with 
uidization. This

chapter further suggests and analyzes the impact of a recuperator that is installed in the 
uidizing gas loop

to pre-heat gas before it enters the bed to reduce the losses associated with the cooling of the particles in

the bed. The models discussed here present a simpli�ed cost analysis that gives insight into up-scaling the


uidized bed HX design presented in this work to an industrial scale with a pathway to meeting DOE cost

targets for CSP systems and CSP-sourced electricity.
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CHAPTER 2

SINGLE CHANNEL HEAT TRANSFER TESTS AND HEAT EXCHANGER DESIGN

To investigate the e�ects of various parameters such as super�cial gas velocity and particle size on the

local particle-wall heat transfer coe�cient hT,w , a single, narrow-channel particle heat transfer rig was

constructed to explore and quantify the impact of 
uidization on hT,w . Results demonstrate that the

counter
ow 
uidization con�guration can achieve high hT,w , which increase further with Geldart type-A/B

particles with smaller mean particle diameters (dp < 300 µm), and with higher bed temperatures Tb

[94, 95]. The test rig has undergone numerous design iterations to meet the intended testing range of

operating conditions and design parameters at higher bed temperatures and a wider range of particle and

gas 
ow rates. This section discusses the original test results and the new test rig design for further testing.

Figure 2.1 High-temperature 
uidized bed test facility with a pneumatic particle recycling system for
investigating particle-wall heat transfer and particle 
uidization characteristics in narrow-channel 
uidized
beds for CSP applications shown a) from the left side view of some of the components insulated in a
photograph that also indicates the direction of particles and air in the particle recycle system, b) from the
front view in a solid model.
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2.1 Heat Transfer Test Section

The heat transfer rig facility shown as a solid model in Figure 2.1 includes:

ˆ an instrumented narrow-channel 
uidized bed heat transfer test section with an air injector,

ˆ sliding gates with servo-motor actuation to regulate particle 
ow out of the feed hopper and the heat

transfer test section,

ˆ a weigh hopper with a load cell below the heat transfer test section

ˆ a vacuum-based pneumatic particle recycling system for lifting particles from the bottom of the rig to

the top,

ˆ a particle-gas separation cyclone for returning recycled particles to the preheating feed hopper

ˆ an array of ambient air fans for external wall cooling,

ˆ banks of near-IR lamps for external wall heating,

ˆ a temperature-regulated 
uidizing gas system,

ˆ a data acquisition system

ˆ pressure transducers and thermocouples for pressure drop and temperature measurements

All parts that come into contact with particles or heated air are constructed using stainless steel (304 or

316). During heat transfer operation, elements and walls in the test section not involved in heat transfer

measurements are covered with aluminosilicate �ber insulation to reduce heat loss. The particle

feed-hopper is embedded with eleven 5/8-inch 400 W cartridge electric heaters and three 1/4-inch 200 W

split cartridge electric heaters from Dalton Electric inserted in �nned tubes across the feed-hopper and

welded on both sides of the feed-hopper housing to preheat stored particles. An extra layer of insulation is

added on top of the aluminosilicate �ber on the exterior of the feed-hopper with titanium exhaust heat

wrap to reduce particle heat loss further. Preheated particles from the feed-hopper fall through a

controlled ori�ce into the 
uidized bed test section, which consists of the test bed frame �tted with an

injection tube at the bottom section of the frame. Particle 
ow rates and bed inventory are controlled by

two linearly actuated slide gates at the bottom of the feed-hopper and the bottom of the heat transfer

section bed chamber as particles 
ow out of the bed. The heaters in the feed-hopper are internally �tted

with thermocouples to measure the temperatures of the heaters: a proportional-integral-derivative (PID)

controller and a custom LabView program control particle heating in real-time. Preheated particles 
ow
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through the hopper exit gate into the heat transfer section bed chamber under the in
uence of gravity. The

two main opposing surfaces of the heat transfer section are either externally heated by a vertical bank of

seven near-IR twin-tube quartz lamps shown in Figure 2.3 that deliver adjustable radiation 
uxes up to

200 kW m� 2 for each lamp for external wall heating needed to simulate heat transfer through the walls or

with high-velocity fans delivering ambient air forced cooling with one con�guration of simultaneous heating

and cooling on each side as shown in Figure 2.2 (b). The ability to heat or cool each wall individually o�ers

a foundation for exploring diverse setups in narrow-channel heat transfer involving particles and walls.

The 
uidized bed heat transfer section shown in Figure 2.2 is designed and instrumented for uniform


uidization and heat transfer to e�ectively collect the data necessary to quantify the particle-wall heat

transfer coe�cient. Particles exit from the heat transfer section into the weigh hopper beneath the test

section. The heat transfer section consists of two identical oxidized stainless-steel channel walls, each 9.53

mm thick sandwiching two spacer frames of the same thickness (9.53 mm for most of this study).

Compressible graphite sealing gaskets, initially 1.25 mm thick and compressed during assembly, are placed

between the spacers and the channel walls. This con�guration results in a bed depth denoted as �zb = 12

mm. While di�erent spacer frame thicknesses can lead to varying bed depths (�zb ), the tests conducted in

this study speci�cally employ � zb = 12 mm. The test section channel, where heat transfer measurements

are performed, has a bed width denoted as �xb = 100 mm. To enhance heat transfer characteristics, the

test section walls are pre-oxidized in the air at a temperature of 800°C, creating a protective oxide layer

with high emissivity.

At the top of the interior of the heat transfer bed section illustrated in Figure 2.2 (a), a 4.76 mm

section is precisely milled from the inner channel wall, creating a freeboard zone. This zone is designed to

reduce the velocity of 
uidizing air, facilitating the passive separation of particles from the gas. The

freeboard zone has a 21 mm height and a 
ow cross-sectional area nearly double that of the test section.

Fluidizing air moves upward through the particle bed and exits at the upper part of the freeboard zone via

a meshed exhaust section with 90µm openings. The increased cross-sectional area in the freeboard zone

e�ectively decreases the upward air velocity, aiding particles settling and enabling particle-gas separation

above the test section. Additionally, the more expansive freeboard zone incorporates an inlet tube with a

12.7 mm diameter, which continuously feeds particles from the feed hopper to maintain the particle

inventory within the test section. The vertical distance from the gas injector to the base of the freeboard

zone de�nes the height of the heat transfer test section, denoted as �yb = 270 mm. Similarly, the

converging section beneath the injector is milled to a depth of 4.76 mm. This modi�cation serves a dual

purpose: �rst, it lowers the velocity of particles beneath the 
uidized bed test section, and second, it

minimizes the axial thermal conduction losses through the walls originating from the test section.
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Figure 2.2 (a)Cut-away view of the narrow-channel 
uidized bed heat transfer test section showing
temperature and pressure measurement locations for bed, freeboard zone, and wall on the interior of one
side of the section as well as the 
ow direction of particles and 
uidizing gas. (b) Side-view of the
narrow-channel 
uidized bed heat transfer test section showing temperature measurement locations for the
walls (inside and outside of both plates), 
ow paths of particles and gas, and the direction of heat transfer
from radiant lamps on one side of the heat transfer section to the ambient air fan cooling on the other side.

Each of the heat transfer section walls is �tted with six Omega type-K sheathed ungrounded

thermocouples with a diameter of 1.02 mm on the interior and exterior sides, totaling 24 wall

thermocouples. These thermocouples denoted by the red circles in Figure 2.2 and Figure 2.3(c) are

cemented temporarily with high-temperature thermally conductive ceramic epoxy in U-shaped slits of

about 1.03 mm deep. These embedded thermocouples are utilized to monitor near-surface wall

temperatures, enabling the calculation of local conductive heat 
uxes. Six thermocouples are installed

through Swagelok measurement taps brazed into airtight slits on the side of one of the spacer plates. These
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