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Abstract. Oxide particles present a heat transfer and thermal energy storage (TES) media for
next-generation concentrating solar power (CSP) plants where the high-temperature particle
TES can provide dispatchable solar power [1]. Transferring heat to flowing particles can be a
challenge and bubbling fluidization is a promising method for increased heat transfer between
the oxide particles and confining walls. Using experimentally calibrated correlations for particle-
wall heat transfer coefficients [2], this study explores in a quasi-1D model of a narrow-channel
counterflow fluidized bed how the high heat transfer coefficients from bubbling fluidization
enable cavity-based indirect particle receivers. Particle-wall heat transfer coefficients
exceeding 800 W m2 K-! support angled solar fluxes > 200 kW m-? from high normal fluxes >
1200 kW m-2 with wall temperatures < 900 °C. Parametric studies identify how gas flows, solar
fluxes, and receiver heights impact receiver solar efficiency for a CSP plant. These modeling
studies provide a basis for the development of an indirect narrow-channel fluidized particle
receiver that has the potential to operate at normal solar fluxes over 1000 kW m-2 and solar
efficiencies above 85%.

Keywords: Bubbling Fluidization, Fluidized Bed, Particle-Wall Heat Transfer, Particle
Receivers

1. Introduction

Development of high temperature particle receivers is essential for coupling particle-based
TES to modern CSP plants. The most heavily explored receiver technology in this field is the
falling curtain particle receiver, being studied and tested globally [3]. This technology boasts
potential high (>85%) thermal efficiencies and low capital cost, yet suffers from particle attrition
with smaller diameters, and requires more expensive engineered absorptive particles. Recent
progress in heat transfer in fluidized beds has garnered attention for indirect receiver options,
which can achieve similarly high efficiencies, operate with any particle type, and offer the
modularity to incorporate thermochemical energy storage. Specifically, the DOE has recently
chosen to fund an NREL-led project studying a Light Trapping Particle Cavity Receiver
(LTPCR), which employs a fluidized bed to increase particle-wall heat transfer. Mild bubbling
fluidization has been shown to increase local particle-wall heat transfer coefficients by 400%
compared to a non-fluidized condition [2], [4]. This increased particle-wall heat transfer allows
for effective solar fluxes up to 400 kW m2 while keeping the enclosing walls below 900 °C.
Higher allowable solar fluxes proportionally decrease the required receiver size and initial
capital cost of operation.
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Figure 1. Generalized indirect fluidized bed patrticle receiver design, with incident solar fluxes of up to
300 kW m?, a downward dense flow of particles (¢p > 0.4), and a small upward velocity of fluidizing
gas (mg/ mp < 0.02). Image credit Dr. Robert Kee

Mild bubbling fluidization has a mechanism for increased heat transfer has been studied
largely in the context of particle heat exchangers [4], [5]. Different fluidized bed receiver
configurations have also been considered [6], [7], [8]. It has also been employed as a heat
transfer mechanism for REDOX cycles and other applications in chemical engineering [9], [10].
Fluidization greatly increases convective heat transfer between the walls and particles, often
by a factor of ~400% depending on the particle type [4], [11], [12]. Tubular solar receivers,
which employ fluidized olivine sand(d, = 30 um), have achieved heat transfer coefficients as
high as 1200 +/- 400 W m2 K-1[13]. Narrow channel fluidized beds offer pathways to high heat
transfer coefficients with CARBO HSP (hrw > 800 W m2 K-') with very small gas to particle
mass flux ratios (g / M, < 1%). Using smaller particles in such a configuration may provide a
pathway to further increased heat transfer. In the context of heat exchangers, the primary
benefit of an increased heat transfer coefficient is a smaller required heat exchanger size to
extract the same amount of thermal energy. For a receiver, the benefit is the same, with the
additional benefit of reduced wall temperatures. If particle temperatures > 700 °C leaving the
receiver are to be achieved, then wall temperatures are going to be even higher. Increased
heat transfer coefficients above 800 W-2 K-! allow for direct wall fluxes up to 200 kW m-? and
wall temperatures < 900 °C. This paper explores the effects of different parameters such as
gas flow rates, solar fluxes, and receiver heights for narrow channel fluidized bed receivers
and how they effect performance and feasibility.

2. Methodology

One large challenge with technologies that have yet to be tested at large scales is
comprehensive analyses which are representative of physical trends, yet computationally
inexpensive so wider parametric studies can be conducted. For this application, we have
developed a robust reduced order model which is vertically discretized as seen in Figure 2 (a),
and solves multi-phase mass, momentum, and energy balances. This model is adapted from
a Fluidized Bed Heat Exchanger (FBHX) model described by Foshiem et al [4], and is
numerically solved using iterative multi-equation solvers in MATLAB [14]. Thermodynamic
properties are evaluated using the MATLAB [14] interface for Cantera [15], which uses publicly
available properties for air, and NASA9 polynomial fits for particle properties, with data
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published by Georgia Tech [16]. The receiver modeled is a generic design(Figure 2(b)) which
does not account for edge effects and uses the entire length (Axw) as a single node. This
design uses angled solar fluxes (equivalent to angled receiver walls) to reduce effective solar
fluxes down from 1000 to 200 kW m=2, as was similarly used in the DOE sponsored
ELEMENTS[10] and LTPCR [17], [18] projects.
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Figure 2. (a) Model discretizations and flow diagram for the modeled indirect fluidized bed particle
receiver. (b) Schematic of receiver cross-section highlighting the flux spreading and light trapping
capabilities of this generalized design.

To achieve physical results with a reduced order model, we used several
experimentally calibrated correlations for particle-wall heat transfer, hrw, axial dispersion, Dyy
, and interphase heat transfer hrgs. One of the most critical parameters in indirect receivers is
htw , which dictates the maximum allowable heat flux through the receiver for the allowed
enclosure temperature. The empirical correlation uses here relies on experimental data [2],
and uses the following definitions of the heat transfer coefficient:

hT,w = hT,w,pc + hT,w,rad (1)

Where the radiative component is calculated assuming gray surfaces and view factors
of one [19]:

hT,w,rad = 0-(TSZ + T\/\Zl,int)/((‘:s_1 + ev_v1 - 1) (2)

The convective component is captured via a Nusselt number which is discussed in the
next section.

hT,w,pc = (Nupc)\g)/dp (3)

Another critical empirical parameter is axial particle mixing, which is captured in the
solid phase energy balance via a dispersion coefficient. A derivation of how this coefficient was
calculated and fit is included in the following section. This dispersion term captures particles
which rise and fall in the bed due to bubbles transporting particles. This behavior is captured
through a diffusive flux term as follows:

i _ dTS
qs,disp - Dyy,s¢spscp,s E (4)

The internal fluidized bed conservation equations for the gas and solid phases for
momentum, mass, and gas energy balances are as described by Foshiem et. al [4]. The solid
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phase energy balance is also similar, but includes the addition of axial dispersion, creating the
following equation:

d
@ (¢spsushs) = hT,g—spA,g—s(Ts - Tg) + hT,pr,w(Tw - Ts)
d dT; d dT;
+ @ ()\s E) + @ (Dyy,s bsPs Cp,s E) (5)

Rather than using sCO2 channels as done in Foshiem et al's FBHX model, this model
is adapted to capture external radiative balances. The residual for external wall node energy
balances equates input radiation, re-radiation, external convective losses due to natural
convection to the ambient, and conduction in the z and y directions. The external wall energy
balance becomes:

-1 4 4
awAZQSol,eff - EwAzFambc(Tw,ext - Tamb) + hconv,extAz(Tamb - Tw,ext)

AwA A A
+ ‘ZZZ(Tw,ext - Tw,int) + %(Tw,ext,y - TW,eXt,y—Ay) =0 (6)

The view factor F,,;, from the external walls to the ambient will vary based on the
receiver geometry, but for a 0.1 m length in x and 0.0176 m between the fins gives F ,,,;, = 0.08
[20]. This assumes the virtual surface is at a right angle at the edge of the channel. Any
radiation that hits the base of the channel at x = 0 is assumed to stay within the system. The
distance between the fins is the minimum distance for a 0.1 m fin that allows light to cover the
entire surface for 6 = 10°. Edge effects are not considered in this model. The receiver walls
are set as SS316, and the external surface is modeled as being coated with the highly
absorptive Pyromark 2500 [21].

For the internal wall nodes, we equate the conduction in the z and y directions to the
heat transfer into the bed.

AZ;Z(Tw,ext - Tw,int) + %(Tw,int,y - w,int,y—Ay) + hT,wAy (Ts - Tw,int) =0 (7)

Mass and momentum balances are only performed in the fluidized bed and are identical to
those used in Foshiem et al’s study on fluidized bed heat exchangers [4].

3. Experimental Methods

A robust fluidized bed heat transfer test facility has been assembled and used to measure hr.w
at temperatures up to 450 °C, varied particle types < 410 ym, and fluidizing gas velocities up
to 0.4 m s™'. This test facility offers a 0.012 x 0.1 m cross sectional area and 0.4 m height. This
system can well approximate a single channel of a fluidized bed heat exchanger (FBHX) or
indirect particle receiver. Extensive measurements in this test facility have allowed for empirical
additions to this reduced order model to allow for reliable results and minimal computational
time.

Experimental efforts here at mines have led to the development of a robust Nusselt
number correlation which is used to predict particle-wall heat transfer coefficients as a function
of excess dimensionless gas velocity, U, and the laminar Archimedes number, Al. These efforts
capture impacts of gas velocities up to 0.4 m s and particle types for particles under
consideration for use in thermal energy storage (TES). Temperature dependencies were
experimentally measured up to 450 °C and are well characterized by the increase in air
conductivity with temperature, which has been well established for temperatures under
consideration for indirect receivers. These data, in addition to other sets with alternate particle
types and operating conditions, are discussed in further detail in Brewster et. al [2]. The Nusselt
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correlation captures dependencies via the laminar Archimedes number, Al, excess fluidization
velocity, U, and the two-phase bed Prandtl number. This approach follows a similar study by
Molerus [11], [12].

Nup(1+ Pr=1) = f(ADf(D0) (8)

Where these dimensionless groups are defined as:

Al = |d3g(ps — pg)/ug 9
Pr = (2¢p5hg)/Aq (10)
~ 1/3
U= (Ug - Umf)(pscp,s/lgg) (11)
The Al and U dependences are captured as:
0.129A41%5%* Al < 1500

Al) = { = 12
feab 2.08941%17% Al > 1500 (12)

~ 0.241 + 0.0430%%%5exp(-0/71.673) U =0
f(U) _ { p( / ) ” (13)

0.241 U<o

While hrw is a critical empirical component of this presented reduced order model,
another critical component is the impacts of axial dispersion, Dyy, on receiver performance.
Axial dispersion takes place when fluidizing gas lifts and redistributes particles as they fall
through the receiver. This behavior is highly beneficial for increasing particle-wall heat transfer
but has non-intended effects on vertical temperature profiles. In our lab scale rig, pressures
are measured at several different vertical locations, and the pressure gradient in the gas is
driven by particle-gas drag forces. A full derivation of these trends is beyond the scope of this
paper, but temporal fluctuations in particle velocity can be extracted from temporal variations
in the pressure gradient, allowing us to calculate this dispersion coefficient which is generically
defined as [22]:

1 At 112
Dyy,s = Z_At [(YS(t) - yS(t - At))]z = 7 [(uy,s — uy,g) ]
-~ Dh d.Bdrag >_1 d_P '
- Uy (d(uy,S —Uyy) (¢S dy) (14)

where At is a time constant associated with the solid velocity fluctuations and ys is the mean
solid particle displacement. The far right-hand-side replaces the displacement with the

At(uy,s—uy,g)' and thereby provides an approach to relating experimentally measurable
quantities in eq. 1 such as pressure p and ¢ to Dyys. Using this method for calculating the
dispersion coefficient, we can also define a characteristic Peclet number as:

Dy (Ug — Upe)

Peys = ——F———= = 392[-] (15)
yy.s

As is often done, we approximate these trends to have a constant Peclét number, which
with this dataset was calibrated to be 3.92, similar to values reported for comparable systems
[23], [24]. The use of these empirical correlations for axial dispersion and particle-wall heat
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transfer allows us to employ the previously described model over a wide range of conditions
with a minimal computational load.

4. Results and Discussion
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Figure 3. Model solution at base condition (m’, = 20 kg m? s, m’y = 0.15 kg m? s’) displaying (a)
temperature profiles and (b) velocity profiles. This case achieves a solar efficiency, nso of 88% with
maximum wall temperatures below 900 °C, at an excess dimensionless gas velocity, U, of 49. This is
accomplished with a low gas to particle flow ratio of 0.4%, indicating minimal thermal losses from the
fluidizing gas.

The primary aim of this reduced order model is to construct broad trends for fluidized bed
receiver applications and identify feasibility of this technology at scale. Our base case, as
displayed in Figure 3, runs for a 0.5 m tall receiver with 450 °C particle and gas inlet
temperatures, an effective solar flux of 200 kW m-2, and uses 408 um CARBO HSP 40/70
particles as were tested experimentally. These conditions were chosen to represent a general
geometry considered for different indirect fluidized bed receiver prototypes and achieves
particle outlet temperatures above 720 °C as is desired for high temperature Brayton power
cycles being considered. This base case alone also achieves highly desirable metrics such as
solar efficiencies above 85%, which are comparable to falling curtain particle receivers, and
wall temperatures below 900 °C, which for this given solar flux would not be possible without
bubbling fluidization.

One uncertainty in fluidized bed receiver design is identifying design conditions for
particle and gas flow rates through the receiver. As the fluidizing gas velocity increases, the
particle-wall heat transfer coefficient increases rapidly and then flattens out. Providing
excessively high fluidization velocities not only has minimal heat transfer benefits but starts to
increase parasitic thermal losses from the fluidizing gas and can begin to introduce flow
instabilities as the particle-gas drag force will eventually begin to pneumatically lift particles.
These trade-offs are readily observed in Figure 4 (a) and (c), where increases in gas velocity
decrease the outer wall temperature yet have diminishing benefits beyond a gas mass flux of
0.1 kg m2s™, ora U of approximately 25. The conditions tested are given in Table 1., with the
varied parameters in this study being gas mass flux, total receiver height, and solar flux.
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Table 1. Reduced order model parameters.

Parameter Symbol Values Units
Particle Inlet Temperature To.in 450 °C
Gas Inlet temperature Tgin 450 °C
Effective solar flux g "sol 50-500 kW m-2
Particle Mass Flux m’p 20 kg m?s
Gas Mass Flux m’q 0.05-0.25 kg m?2s
Receiver Height Yrec 0.2-2 m
Receiver width Xb 0.1 m
Receiver depth Zb 0.012 m
Freeboard zone height Vb 0.065 m
Freeboard zone depth Zip 0.020 m
Solar absorptivity Qw 0.95 -
IR emissivity Ew 0.78 -
Ext. wall view factor to ambient Famp 0.08 -
Particle mean diameter do 408 um
Particle density Os 3620 kg m3
_ 1 / Receiver Height [1/m] . 1 / Receiver Height |1 /m]
T 1 2 3 4 50 0, 1 2 3 5
o025 : . . 0.25 — . .
5 Iz 3 \ l ‘
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Figure 4. Parametric studies varying gas mass fluxes and solar fluxes with a fixed total input flux. (a)
Maximum external wall temperatures (b) particle outlet temperatures, (c) thermal efficiency, and (d)
particle-wall heat transfer coefficients. This study shows that the introduction of mild fluidization can

significantly decrease external wall temperatures for a given flux, allowing for decreased total receiver

size for a given thermal load.
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While Figure 3 showed that our base case can achieve the desired performance
characteristics for a receiver, the primary benefit of introducing mild bubbling fluidization in a
receiver is the increased allowable solar flux incident on the walls while maintaining
mechanically stable external wall temperatures. To explore this benefit, which arises from the
increase in hrw of approximately 400% compared to a non-fluidized condition, we conducted
a study where we varied both the gas mass flux and the solar flux, where the receiver size was
varied to keep a constant total thermal load, and by extension relatively constant particle outlet
temperature. This displayed the trend of enhanced allowable flux clearest in Figure 4(a), where
the max wall temperature contour at 900 °C lies at nearly 220 kW m2 near the x-axis, which is
at a non-fluidized condition, as compared to a high flux of 400 kW m2 when the bed is well
fluidized at a gas mass flux of 0.15 kg m2 s-1. This increase in allowable flux corresponds to a
smaller receiver size, which can decrease total receiver cost as well as reduce the area
available for convective and re-radiation losses. This shorter receiver with high fluxes achieves
thermal efficiencies above 90% in Figure 4 (c), well above the desired metric of above 85%. It
should be noted that the displayed efficiencies here are optimistic because they do not directly
account for vertical conductive losses in the walls to the receiver structure, nor do they account
for any transience, which is always present in CSP systems. Some of these metrics are also a
function of the specific design, which will see non-constant solar fluxes and have slightly
different light capturing capabilities depending on the specific design.

5. Conclusions

Parametric modeling cases have shown that indirect fluidized bed particle receivers can
produce particle outlet temperatures above 700 °C under effective solar fluxes of 200 kW m-2
and thermal efficiencies above 85%. These high performances are made possible through
increased particle-wall heat transfer from mild bubbling fluidization with gas mass flow rates
often under 1% of particle mass flow rates. A parametric study identified the capability of mild
bubbling fluidization to increase effective solar fluxes from 220 to 400 kW m2 while achieving
target particle outlet temperatures > 720 °C and wall temperatures < 900 °C. The resulting
decrease in total receiver size can help decrease receiver CAPEX costs and suggests scale-
up feasibility of indirect fluidized bed particle receivers. This technology is currently in a
prototyping phase, with multiple smaller scale projects previously testing fluidized bed heat
transfer [2], [7] and new projects exploring larger scale prototyping. The US DOE funded Light
Trapping Particle Cavity Receiver (LTPCR) project, led by Dr. Zhiwen Ma of the national
renewable energy laboratory, is currently beginning to manufacture a 100 kW, fluidized bed
receiver with enhanced light trapping capabilities which will be tested at KSU in Saudi Arabia.
This work and related efforts have shown that indirect particle receivers are capable, and these
scale-up efforts will provide further design insights into commercialization.
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