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A B S T R A C T

An efficient modeling methodology for simulating moving packed-bed heat exchangers for the application of
particle-to-sCO2 heat transfer in next-generation concentrating solar power (CSP) plants is presented. Moving
packed-bed heat exchangers have application to power-cycle heat addition for particle-based CSP plants and
indirect energy storage for direct sCO2 CSP receivers. Further development of moving packed-bed heat ex-
changers for application to commercial CSP systems requires numerical simulation tools for the design and
evaluation of particle-to-sCO2 heat transfer. In this paper, a steady-state reduced-order model of a shell-and-plate
moving packed-bed heat exchanger is presented and used to investigate design considerations and performance
limitations. The model appropriately captures the flow configuration of a multi-bank shell-and-plate design
where the local cross-flow and global counter-flow configurations are addressed. This allows for the design
tradeoffs in heat exchanger geometry and particle properties to be explored on the heat exchanger conductance
and sCO2 pressure drop. Overall heat transfer coefficients for the particle-to-sCO2 heat exchanger at CSP op-
erating temperature (500–800 °C) can approach 400 W m−2 K−1 using particle channel dimensions of 4 mm with
particle diameters of 200 µm. The sensitivity of particle thermophysical properties was also explored to identify
important parameters for improving the overall heat transfer coefficient that can be leveraged in the develop-
ment of alternative particles. Packed bed void fraction and solid thermal conductivity were identified to be areas
for potential improvement of sintered bauxite particles, which could increase the overall heat transfer coefficient
by up to 60 W m−2 K−1. To achieve DOE cost targets (< $150 kWt

−1) for sCO2 power cycle heat addition,
diffusion bonded plates containing sCO2 microchannels must be produced at less than $2400 m−2 for the moving
packed-bed heat exchanger to become commercially viable.

1. Introduction

Particle-based CSP concepts continue to receive high levels of at-
tention as a potential path toward increasing the operating temperature
of CSP plants (Ho, 2016; Ma et al., 2015). The key advantage of high-
temperature operation is the ability to drive high-efficiency power cy-
cles such as sCO2 or air Brayton (Stein & Buck, 2017; Turchi et al.,
2013; Carlson et al., 2017). In addition to the concept of particles as a
receiver heat transfer fluid, particles have also been proposed as an
indirect thermal energy storage media for volumetric or direct sCO2

receivers (Zanganeh et al., 2012; Alvia-Marin, 2011). However, heat
exchangers for the indirect transfer of thermal energy between high-
temperature (> 700 °C) particles and high-pressure (> 20 MPa) sCO2

have yet to achieve cost targets.
The majority of the work to date on particle-based CSP concepts has

focused on receiver development since the solar-to-electric efficiency of

a CSP plant is directly linked to the receiver thermal efficiency and
operating temperature. Thus, it is imperative that the efficiency of the
solar thermal receiver approach the blackbody limit for achieving cost
targets. The maximum solar-to-electric efficiency is given by the fol-
lowing expression, which is the product of the Carnot efficiency for the
power cycle and the maximum blackbody efficiency of the receiver.

= +T
T

T T
C q
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However, the operating temperature of the receiver is influenced by
the power-cycle heat addition temperature T( )H and particle-to-sCO2

temperature drop across the power-cycle primary heat exchanger
T( )HX . Without effective particle-to-sCO2 heat transfer, the tempera-

ture drop across the heat exchanger could reduce solar-to-electric effi-
ciency just the same as an inefficient solar thermal receiver. For every

https://doi.org/10.1016/j.solener.2018.11.065
Received 18 September 2018; Received in revised form 15 November 2018; Accepted 28 November 2018

⁎ Corresponding author.
E-mail address: kalbrec@sandia.gov (K.J. Albrecht).

Solar Energy 178 (2019) 331–340

0038-092X/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2018.11.065
https://doi.org/10.1016/j.solener.2018.11.065
mailto:kalbrec@sandia.gov
https://doi.org/10.1016/j.solener.2018.11.065
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2018.11.065&domain=pdf


additional 10 °C temperature drop across the heat exchanger, the solar-
to-electric efficiency is reduced by 0.5%. Therefore, the power cycle
heat addition heat exchanger must be developed and tested alongside
the solar thermal receiver for the realization of solid particle heat
transfer media.

For particle-based CSP plants, fluidized-bed heat transfer is an at-
tractive option for primary power cycle heat addition due to the mature
nature of the technology (Gomez-Garcia et al., 2017; Ma & Martinek,
2017). However, fluidization gas requirements and operational com-
plexity have led to concerns with their ability to achieve CSP cost tar-
gets (Ho et al., 2018). Moving packed-bed heat exchangers (Fig. 1) have

emerged as a simple and cost-effective alternative to fluidized-bed heat
exchangers (Albrecht & Ho, 2017, 2018; Baumann & Zunft, 2015a;
Baumann & Zunft, 2012) for the application of CSP power cycle heat
addition. Baumann and Zunft (Baumann & Zunft, 2015a; Baumann &
Zunft, 2012) developed a moving packed-bed heat exchanger, which
uses horizontal tubes to contain the working fluid with a high-tem-
perature cascading granular flow. The heat exchanger was tested at
400 °C and used thermal oil as the low-temperature fluid. Heat transfer
coefficients of 200 W m−2 K−1 were demonstrated with heat exchanger
effectiveness of approximately 90%.

In this paper, the design considerations for a moving packed-bed

Nomenclature

AHX heat transfer area (m2)
C concentration ratio
CA cost per area ($ m−2)
Cmax maximum thermal capacitance (W K−1)
Cmin minimum thermal capacitance (W K−1)
CP cost per power ($ W−1)
cp,s solid particle specific heat capacity (J kg−1 K−1)
CR capacitance ratio
Dh hydraulic diameter (m)
dp particle diameter (m)
Gz Graetz number
H plate height (particle flow direction) (m)
hCO2 CO2 enthalpy (J kg−1)
h̄CO2 CO2 convection coefficient (W m−2 K−1)
hs solid enthalpy (J kg−1)
h̄sw solid-wall convection coefficient (W m−2 K−1)
kg gas phase thermal conductivity (W m−1K−1)
km heat exchanger material thermal conductivity (W

m−1K−1)
ks particle material thermal conductivity (W m−1K−1)
ks,eff bulk effective thermal conductivity of the solid particles

(W m−1K−1)
L plate width (sCO2 flow direction) (m)
mCO2 CO2 mass flow rate (kg s−1)
ms solid mass flow rate (kg s−1)
NTU number of transfer units
NūDh average Nusselt number

P pressure (Pa)
Peclet number based on hydraulic diameter

qDNI direct normal insolation (W m−2)
QHX heat exchanger thermal duty (W)
Rc near-wall thermal resistance (m2K W−1)
TCO2 CO2 temperature (K)
TH carnot cycle high-temperature heat addition (K)
TL carnot cycle low-temperature heat rejection (K)
tm heat exchanger material thickness (m)
Ts solid particle temperature (K)
UHX overall heat transfer coefficient (W m−2 K−1)
wch particle channel width (m)

Greek

thermal diffusivity (m2 s−1)
THX heat exchanger temperature drop (K)
Tlm log mean temperature difference (K)
PCO2 CO2 pressure drop (Pa)

HX heat exchanger effectiveness
s solid particle emissivity

efficiency
s solid particle density (kg m−3)

Stefan-Boltzmann constant (W m−2 K−4)
particle contact term

g gas volume fraction of packed bed
s solid volume fraction of packed bed

Fig. 1. Illustration of a particle-to-sCO2 moving packed-bed heat exchanger geometry for the application of power cycle heat addition. Blue arrows represent the sCO2

flow configuration and the red arrows represent the particle flow (Albrecht & Ho, 2018).
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shell-and-plate heat exchanger for heating or cooling high-pressure
sCO2 are discussed through the development and utilization of reduced-
order modeling tools.

2. Principles of moving packed-bed heat transfer

An illustration of a shell-and-plate moving packed-bed heat ex-
changer geometry is provided in Fig. 1. The geometry is shown to
contain several banks of parallel plates in a vertical orientation. Glob-
ally, the heat exchanger is in a counter-flow configuration where sCO2

flows in a serpentine fashion through the parallel plates from the base
to the top of the heat exchanger. However, the flow configuration
within individual banks of plates is in cross-flow configuration where
the sCO2 flow in the heat transfer region is horizontal and the particle
flow is in the vertical direction. The particle flow moves downward in
between the parallel plates under the force of gravity in a dense gran-
ular regime. Since the flow is controlled from the bottom up, the par-
ticles remain at or near their packing limit throughout the volume of
the heat exchanger. The dense granular flow provides good contact
between the particles and the heat transfer surface, which will be
shown to be imperative to the heat transfer performance. The heat
transfer from the high-temperature particles to the sCO2 contained in
the parallel plates is limited by the relatively low thermal conductivity
of the particle bed (0.2–0.6 W m−1K−1) (Godbee & Ziegler, 1966;
Baumann & Zunft, 2015b).

Moving packed-bed heat transfer is fundamentally different from
fluidized bed heat transfer, which promotes particle mixing through the
use of a fluidization gas. Intermittently disrupting a packed bed of
particles with a fluidization gas enhances the heat transfer coefficient
by rapidly refreshing particles that cool at the heat transfer surface with
high-temperature particles from the bulk flow, which results in a thin
thermal boundary layer (i.e., short heat diffusion length). Although
particle mixing promotes heat transfer, the heat ultimately flows
through the dense particle phase when it is in direct contact with the
heat transfer surface (Chen et al., 2005).

In contrast to a fluidized bed refreshing particles at a heat transfer
surface, a thin thermal boundary layer can be maintained in a moving
packed-bed heat exchanger through dense granular flows in narrow
vertical channels, which avoids the need for a fluidization gas. Similar
to microchannel heat exchangers, this approach exploits the geometric
heat transfer enhancement of narrow channels, but for the physics of
particle flows. In addition, the particles are always in contact with the
heat transfer surface, which is an advantage over fluidized beds that
have reduced particle contact times (Chen et al., 2005). Therefore, it is
possible to attain heat transfer coefficients in moving packed-bed heat
exchangers that approach the values (> 500 W m−2 K−1) that are ty-
pically associated with fluidized bed technology (Watkins & Gould,
2017).

The challenge in achieving such heat transfer coefficients is in the
realization of a parallel plate design. With parallel plates, achieving
true counter-flow operation is difficult, which is the reason multiple
cross-flow banks (Fig. 1) are used to approximate counter-flow opera-
tion. In addition, achieving a uniform and consistent flow of particles
between the parallel channels is a challenge, especially at CSP oper-
ating temperatures (Albrecht & Ho, 2018). Thus, channel widths must
be constrained by particle size and particle-wall friction at operating
temperature. The manufacture of the plates is another challenge, which
must utilize printed circuit heat exchanger (PCHE) technology to ac-
commodate the high-pressure sCO2. To address these challenges and
identify the most important design parameters for achieving high heat
exchanger conductance, reduced order numerical modeling tools,
which capture all the relevant physics, must be developed. Detailed
design studies for prototype construction should leverage CFD design
tools that can resolve 3-D temperature profiles and address thermo-
mechanical stress considerations. However, the model developed here
can be used to guide the heat exchanger design and choice of granular

material.

3. Prior work in moving packed-bed heat transfer

Moving packed-bed heat transfer has been investigated in the lit-
erature, but mostly for applications other than CSP. However, the
fundamental learnings of the studies provide experience on the opera-
tion of a moving packed-bed heat exchanger for the application of
particle-to-sCO2 heat transfer. A complete review of relevant moving
packed-bed experimental and modeling work was provided in Albrecht
& Ho (2017) and is summarized here highlighting the most relevant
work.

The majority of moving-packed bed heat exchanger work has been
directed at tubes in either a vertical (Henda & Falcioni, 2006; Park,
1996; Obuskovic, 1988) or horizontal (Baumann & Zunft, 2015a;
Niegsch et al., 1994; Hiromi, 1996; Obuskovic, 1985) configuration.
Concepts of using staggered horizontal tube arrays have been proposed
for disrupting the thermal boundary layer that forms around a single
tube such that the flow is always in the thermally developing regime.
However, the heat transfer coefficient at the top and bottom surfaces of
horizontal tubes have been observed to be significantly decreased due
to stagnation and void regions (Niegsch et al., 1994). Therefore, the
side surfaces of horizontal tubes are the most effective surfaces for
moving packed-bed heat transfer.

To overcome the limitations of horizontal tube arrays and take ad-
vantage of vertically oriented heat transfer surfaces, vertical tubes or
parallel plates have been proposed. Vertically oriented heat transfer
surfaces allow for uniform and consistent particle flows and short heat
diffusion lengths. The hydrodynamics of moving packed beds in vertical
channels have been investigated through flow visualization (Obuskovic,
1988). The particles have been reported to move at a constant velocity
that is well represented by a zero-shear stress boundary condition or
plug flow. Nusselt numbers for the flows in ideal geometries can be
determined through analytical solutions of the advection diffusion
equation with a uniform velocity field. The local and average Nusselt
numbers for parallel plates with constant heat flux and temperature
boundary conditions are plotted in Fig. 2. For thermally developed
flow, the Nusselt number asymptotes to values of 12 and 9.87 for
constant heat flux and temperature boundary conditions, respectively
(Albrecht & Ho, 2017; Muzychka et al., 2010). The non-dimensional
length that characterizes the point at which the flow becomes thermally
developed is the inverse Graetz number = L(Gz /Pe D ),1

D hh which de-
pends on the channel geometry and ratio of advection to conduction as
characterized by the Peclet number = v(Pe D / )D hh . An enhanced local
heat transfer coefficient can be observed for inverse Graetz numbers
less than 0.05. Thus, designing a heat exchanger that can exploit the

Fig. 2. Non-dimensional heat transfer coefficients (Nu¯ )Dh for plug flow between
parallel plates as a function of non-dimensional length (Gz )- 1 for constant
temperature and heat flux boundary conditions.
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thermally developing region will be able to achieve higher overall heat
transfer coefficients.

In order to disrupt the thermal boundary layer that develops in the
vertical channels of a parallel plate heat exchanger, staggering banks of
plates (Fig. 1) has been proposed (Byman et al., 2014). Ideally, the flow
would always be kept in the thermally developing regime. However,
transitioning between plate banks requires headers to accommodate the
sCO2 flow between plates. In addition, the cross-sectional flow area for
sCO2 is reduced with increasing number of banks, which directly results
in increased pressure drop of the sCO2 across the heat exchanger.

To better understand the engineering tradeoffs when specifying the
geometry and operating conditions of a shell-and-plate moving packed-
bed heat exchanger, it is necessary to develop robust and light weight
modeling tools.

4. Particle-to-sCO2 heat exchanger model

The approach of modeling moving packed beds of particles as a
single component continuum has been well established in the literature
(Park, 1996; Henda & Falcioni, 2006). This approach considers the
multiphase particle-gas flow to be represented by a single component
with thermodynamic and transport properties that appropriately char-
acterize the mixture, which is to say that a single set of conservation
equations can represent the physics with appropriate effective transport
and thermodynamic properties. This modeling approach requires the
assumption of local thermal equilibrium between the particle and gas
phases to be valid and the gas phase must have a relative velocity with
respect to the particle phase of approximately zero.

In our previous work, a 2-D steady-state modeling approach for
predicting overall heat transfer coefficients was developed (Albrecht &
Ho, 2017) and a 1-D transient model was developed for the study of
heat exchanger control (Fernandez-Torrijos et al., 2018). This work
extends the prior studies by considering the flow configuration of sCO2

and particles through reduced order modeling, which is predictive of
overall heat transfer coefficients for thermally developing flow and
appropriately captures the combined counter/cross-flow configuration.
The model allows for rapid solutions and parametric studies of heat
exchanger design and sensitivity analysis. The methodology also pro-
vides the basis for future studies on design consideration for thermo-
mechanical stress and technoeconomic analysis for minimizing heat
exchanger cost.

4.1. Reduced order heat exchanger model

The following section details the reduced order modeling approach
and solution methodology that has been developed in Engineering
Equation Solver (F-Chart, 2017). Three regions are defined including
the solid particle flow, heat transfer surface, and sCO2 flow channels.
The counter/cross-flow configuration of the overall heat exchanger
(Fig. 1) is addressed using effectiveness-NTU relationships for each
bank, and the inlet and outlet boundaries are linked in a way that
provides a global counter-flow configuration. The modeling equations
are developed for a single bank of parallel plates and the boundary
conditions for linking multiple banks are given to represent the entire
heat exchanger geometry.

The set of conservation equations that are solved for the system are
given by Eqs. (2) and (3) where subscript s denotes the solid particle
domain and subscript CO2 denotes the sCO2 domain.

=Q m h T h T( ( ) ( ))i i iHX, s s in, s out, (2)

=Q m h T P h T P( ( , ) ( , ))i i i i iHX, CO CO out, out, CO in, in,2 2 2 (3)

The two energy balances for the particle and sCO2 domains within a
given cross-flow plate bank are related through the ε-NTU relationship
(Eqn. (4)) assuming both streams are unmixed.

=
C

C1 exp NTU (exp( NTU ) 1)i
i

i
i iHX,

0.22

R,
R,

0.78

(4)

To provide closure to the set of equations for a single plate bank, the
capacitance ratio =C C C( / )i i iR, min, max, , number of transfer units

= U A C(NTU / )i i i imin, , and heat exchanger effectiveness
= Q Q( / )i iHX,i HX, HX,max, must be determined based on the heat exchanger

geometry and thermophysical properties of the heat transfer fluids. The
capacitance of the particle and sCO2 streams are based on the mass flow
rate multiplied by the specific heat capacity, which is calculated at the
average of the inlet and outlet temperatures of the bank. The overall
heat transfer coefficient U( )iHX, is determined based on a thermal re-
sistance network using the sCO2 channel convection coefficient h( ¯ )CO2 ,
conduction through the heat exchanger material k( )m , near-wall par-
ticle thermal resistance R( )c , and particle-wall convection coefficient
h( ¯ )sw . The overall heat transfer coefficient for a single bank can be

calculated as

= + + +U
h

t
k

R
h

1
¯

1
¯ .i c

i
HX,

CO

m

m sw

1

2 (5)

The sCO2 channel convection coefficient is calculated using the
Gnielinski correlation (Gnielinski, 1976) with temperature averaged
transport properties. The moving packed-bed heat transfer coefficient is
calculated from the analytical solution for plug flow (Muzychka et al.,
2010), which has been shown to be in agreement with experimentally
measured values for circular (Watkins & Gould, 2017) and rectangular
(Albrecht & Ho, 2018) channels. The moving packed-bed domain is
modeled according to the single component continuum approximation.
The particles are only considered to move in the vertical direction
under the force of gravity. The Nusselt number = w h k(Nu¯ 2 ¯ / )Dh ch sw s,eff
relationship (Eqs. (6) and (7)) (Muzychka et al., 2010) for parallel
plates with a thermal entry is shown in Fig. 2, which can be used to
calculate the average particle-wall convection coefficient from the heat
exchanger geometric parameters and particle thermophysical proper-
ties.

= +Nū 2 0.886
Gz

12Dh,H 1

12
5 12 5

5
12

(6)

= +Nū 2 0.564
Gz

9. 87Dh,T 1

5
2 5

2

2 5

(7)

The bulk effective thermal conductivity of the particle bed k( )s,eff is
the transport property that accounts for all modes of heat transport
(interstitial gas conduction, particle-particle conduction, and particle
surface radiation) through the bed of particles. The bulk effective
thermal conductivity can be used with the Nusselt correlations to es-
tablish the solid-wall convection coefficient.

Within a bed of granular material, the solid volume fraction is lower
at the heat transfer surface than within the bulk. Therefore, the bulk
effective thermal conductivity of the packed bed based on bulk para-
meters is not representative of the behavior in the near-wall region. The
near-wall void fraction ( )g,nw can be calculated as

= + Y(1 )(0.7293 0.5139 )g,nw g (8)

where g is the void fraction in the bulk and Y is the ratio of the particle
diameter to the curvature of the heat transfer surface (taken to be 0 for
flat plates) (Botterill & Denloye, 1978). The near-wall void fraction can
be used to calculate a new effective thermal conductivity that exists in
the near-wall region. The first particle layer contact resistance with the
heat transfer surface is accounted for with the contact resistance R( )c
terms established in the thermal resistance network. Finally, the con-
duction through the heat exchanger material can be determined from
the wall thickness and material thermal conductivity.
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In order to solve the model for a series of plate banks where the
sCO2 and particles are globally in counter-flow configuration, boundary
conditions as well as relationships for linking the plate banks must be
established. The boundary conditions for the global particle and sCO2

inlets are given by Eqn. (9) and (10), respectively. The coupling be-
tween banks of plates in series for the particle and sCO2 streams is given
by Eqn. (11) and (12), respectively.

=T Ts,in,1 s,in (9)

=T TCO ,in,N CO ,in2 bank 2 (10)

=T Ti is,in, s,out, 1 (11)

=T Ti iCO ,in, 1 CO ,out,2 2 (12)

Eqs. (9) and (10) assume that the sCO2 and particle flows exiting the
individual banks are perfectly mixed prior to entering the next bank.
The assumption is completely valid for the sCO2 flow as the fluid exiting
each bank is collected in headers at a single point and mixed before
being introduced into the next bank. For the particle side, a tempera-
ture distribution can exist between banks over the plate width. How-
ever, since the plate alignment between banks is offset (Fig. 1), similar
to a staggered tube array, particles are mixed over the channel width.

Global heat exchanger performance can be characterized according
to the log mean temperature difference T( )lm and overall heat transfer
coefficient U( )HX , which can be calculated from post processing the
model solution.

= ( )T
T T T T( ) ( )

ln T T
T T

lm
s,out CO ,in s,in CO ,out2 2

s,out CO2,in
s,in CO2,out (13)

=U
Q

A
i i

HX
HX,

HX (14)

Finally, the sCO2 pressure drop, considering only major losses for
channel flow through the heat exchanger plates, can be estimated
through summing the pressure drop in each cross-flow bank according
to the correlation of Li et al. (2011). This metric does not consider the
minor losses due to piping connections between plate banks, but can
provide insight into the tradeoff in heat transfer and pressure drop due
to sCO2 channel dimensions.

4.2. Particle thermophysical properties

Packed bed thermal conductivity of granular material has been
studied through experimentation. However, knowledge of thermal
conductivity of CSP relevant particle compositions at temperature
(550–800 °C) are not well known. Bauman and Zunft have measured
packed bed thermal conductivity of particle beds using an experiment
designed for measuring the thermal conductivity of refractory material
(Baumann & Zunft, 2015b) and found that the effective thermal con-
ductivity increases significantly with temperature and particle dia-
meter. For bauxite particles with a diameter of 600 µm, packed bed
thermal conductivity was found to increase from 0.22 to
0.54 W m−1K−1 when increasing the temperature from ambient to
800 °C. The increased conductivity was attributed to increased thermal
radiation at elevated temperature. Relevant particle compositions and
sizes were also studied by Godbee and Ziegler (Godbee & Ziegler, 1966)
who found similar dependencies of packed bed thermal conductivity on
temperature and identified solid volume fraction as another important
parameter.

To capture the effects of temperature and particle thermophysical
properties on the bulk effective thermal conductivity of the moving
packed bed of particles, the ZBS correlation (van Antwerpen et al.,
2010) is implemented. The correlation requires knowledge of particle
diameter, thermal conductivity, solid volume fraction, and interstitial
gas transport properties. The dependence of the predicted bulk effective

thermal conductivity on particle diameter and temperature is given in
Fig. 3 for the particle properties given in Table 1.

The trends observed in experimental data are reflected in the pre-
dictions of the ZBS correlation. The packed-bed thermal conductivity is
improved with larger particle diameters and elevated temperatures, but
there are additional considerations when designing a heat exchanger
and selecting particles for operation such as the near-wall thermal re-
sistance, which will decrease heat transfer with increasing particle
diameter, as well as channel width and particle flow consistency.
Therefore, a tradeoff exists between heat exchanger geometry and
particle thermophysical properties for maximizing heat exchanger
conductance.

The contributing heat transfer mechanisms within the lumped bulk
effective thermal conductivity term can be established from the ZBS
correlation to determine the reason for temperature and particle dia-
meter dependence. The three contributing heat transfer mechanisms for
two particle diameters are plotted in Fig. 4. The value of the red line
represents the contribution of particle surface radiation. The distance
from the red line to the blue line represents the heat transport from
particle to particle that occurs through the gas phase. Finally, the dis-
tance between the blue and black lines represents the contribution from
particle-particle contact.

The effect of temperature on bulk effective thermal conductivity can
be attributed to both the contribution through the interstitial gas as
well as the surface radiation. Particle diameter can be observed to
significantly increase the contribution from surface radiation at ele-
vated temperatures. Since surface radiation makes a relatively small
contribution to bulk effective thermal conductivity at low temperature,
the effect of particle diameter is only observed at elevated temperature.
The contribution of surface radiation to the bulk effective thermal
conductivity increases with particle diameter since the emission from
one particle to its adjacent particle moves a larger distance. In other

Fig. 3. Bulk effective thermal conductivity k( )s,eff prediction of the ZBS corre-
lation as a function of particle diameter and temperature.

Table 1
Particle thermophysical properties required by the ZBS correlation for pre-
dicting effective packed-bed thermal conductivity of sintered bauxite particles.

Parameter Value Units Ref.

Particle Diameter d( )p 100–600 µm
Particle Emissivity ( )s 0.9 – Siegel et al. (2015)
Empirical Particle Contact ( ) 0.01 – van Antwerpen et al.

(2010)
Particle Thermal Conductivity

k( )s

2.0 W m−1 K−1

Gas Volume Fraction ( )g 0.45 – Ho et al. (2018)

Gas Thermal Conductivity k( )g Air (T) W m−1 K−1 F-Chart (2017)
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words, each particle appears as a radiation shield where using larger
particle diameters allows for fewer shields within a given channel di-
mension. However, to fully understand the effect of particle diameter
on heat exchanger performance a parametric study of particle diameter
must be conducted.

Thermodynamic properties of bauxite particles are well known
(Siegel et al., 2015) and have been measured experimentally and found
to have a temperature-dependent heat capacity. The particle specific
heat capacity, volume fraction, and density are independent of particle
diameter and are given in Table 2.

4.3. Properties of sCO2 and heat transfer material

Closure to the modeling equations is provided by the thermo-
dynamic and transport properties of the sCO2 working fluid and heat
exchanger material. The sCO2 thermophysical properties are taken from
the work of Span et al. (Span & Wagner, 1996) and Vesovic et al. (1990)
for the thermodynamic and transport properties, respectively. The
temperature dependent properties of SS316 are taken from EES mate-
rial thermophysical property database based on the work of Ho & Chu
(1977).

4.4. Heat exchanger boundary conditions

The boundary conditions for the particle/sCO2 heat exchanger are
selected based on the use of the recompression closed Brayton cycle
(RCBC) (Ho et al., 2016a, Ho et al., 2016b). The targeted sCO2 turbine
inlet (heat exchanger outlet) temperature is 700 °C for achieving a
thermal efficiency of 50%. The heat exchanger sCO2 inlet temperature
is 550 °C, based on the temperature leaving the high-temperature re-
cuperator of the RCBC cycle. The particle temperatures are selected to
achieve a > 200 °C temperature difference from inlet to outlet for en-
abling thermal energy storage. Therefore, the particle inlet temperature
is taken to be 775 °C and the particle outlet temperature is 570 °C. The
choice of all four temperature boundary conditions results in heat ex-
changer log mean temperature difference T( )lm of 41.61 °C. The sen-
sitivity of the particle operating temperatures to the heat exchanger
cost requirements for achieving the DOE cost metric of $150 kWt

−1 will
be addressed in a future section.

5. Discussion

5.1. Heat transfer performance of baseline geometry

The baseline geometry for a shell-and-plate moving packed-bed

particle-to-sCO2 heat exchanger is considered to have the parameters
given in Table 3, which are based on the prototype heat exchanger
geometry presented by Ho et al. (2018).

Simulating the baseline geometry with the reduced order metho-
dology described above results in an overall heat transfer coefficient of
244 W m−2 K−1 and a pressure drop of 55.7 kPa in the sCO2 stream. For
this configuration, particle velocities will be approximately 6.6 mm s−1

resulting in an inverse Gratez number of 0.037, which will produce a
slight improvement in the particle-wall heat transfer due to the flow
being in the thermally developing regime. The sCO2 convection coef-
ficient is found to be 2440 W m−2 K−1 and the effective particle side
heat transfer coefficient (bulk convection and near-wall thermal re-
sistance) is found to be 313 W m−2 K−1 with slight variations between
banks due to the temperature variations. Therefore, approximately 12%
of the thermal resistance can be attributed to the sCO2 convection and
87% can be attributed to the particle heat transfer resistance. The
particle side thermal resistance can be further divided into 73% being
attributed to the bulk convection and 14% to the near-wall thermal
resistance.

From the analysis of the baseline geometry, it is possible to consider
the potential heat transfer performance improvements and engineering
tradeoffs that occur through modifying the geometry. The geometry can
be altered through changing the heat exchanger plate dimensions,
number of plate banks, heat exchanger plate spacing, and sCO2 channel
geometry. As will be discussed in a future section, the choice of particle
diameter is also closely tied to the choice of heat exchanger geometry.
Thus, it is important to consider particle thermophysical properties
while assessing changes in the heat exchanger geometry to improve
heat transfer performance. The following sections are dedicated to
parametric and sensitivity analysis on the design and operating condi-
tions of the heat exchanger geometry discussed above.

5.2. Plate geometry and sCO2 channel dimensions

The geometry of the heat exchanger plates can have a large influ-
ence on the overall heat transfer coefficient as well as the pressure drop
experienced in the sCO2 channels. The design parameters include the
plate width and height as well as the sCO2 channel dimensions. In this
study, the surface area of the individual heat exchanger plates has been
fixed at 0.1 m2 and held constant between the banks for simplicity. The
plate geometry is adjusted though changing the aspect ratio H L( / ),
which is defined here as the plate height (particle flow direction) di-
vided by the plate width (sCO2 flow direction).

The tradeoff between these geometric design parameters is illu-
strated in Fig. 5. Conditions that improve the overall heat transfer
coefficient are observed to increase the sCO2 pressure drop. For the
sCO2 channel geometry, reduction in the diameter of channels within
the plates results in shorter diffusion lengths for heat transfer (i.e.,
improved sCO2 convection coefficients h̄CO2), which improves overall
heat transfer coefficients. However, the pressure drop is significantly
increased through reducing channel diameter. Since the majority of the
thermal resistance in the baseline geometry has been attributed to the
particle side, changes in the sCO2 channel geometry are not shown to
have a large impact on the overall heat transfer coefficient.

The aspect ratio of the heat exchanger plates can have a similar
effect on the overall heat transfer coefficient and sCO2 pressure drop.

Fig. 4. Heat transfer mechanisms contributing to the bulk effective thermal
conductivity k( )s,eff of granular material as a function of temperature for two
particle diameters.

Table 2
Particle thermophysical properties independent of particle diameter for mod-
eling sintered bauxite particles.

Parameter Value Units

Density ( )s 3300 kg m−3

Volume Fraction ( )s 0.55 –
Specific Heat Capacity c( )p,s T148.2 s

0.3093 J kg−1K−1
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Higher aspect ratios result in reduced flow length for the sCO2 stream as
well as larger cross-sectional area for the flow. Therefore, the sCO2

pressure drop is reduced due to a reduced channel velocity as well as
flow length. However, the overall heat transfer coefficient is reduced
since the sCO2 channel Nusselt correlation is dependent on the
Reynolds number of the flow. The change in the plate geometry does
not have a significant impact on the particle-wall heat transfer coeffi-
cient because the correlations (Fig. 2) are not dependent on the Rey-
nolds number of the particle flow and the inverse Graetz number re-
mains constant with corresponding increases in particle flow length and
velocity.

5.3. Considerations for approaching the counter-flow limit

Constructing a heat exchanger from multiple cross-flow units ar-
ranged in a counter-flow configuration approximates the performance
of a counter-flow device. In addition, the spacing in between each bank
provides a cross-channel mixing region where the thermal boundary
layer developed in the particle flow is disrupted and the heat transfer
coefficient in the following bank is enhanced due to a thermal entry. To
address the design considerations for selecting the number of banks in a
heat exchanger, simulations with an increased number of cross-flow
banks in a counter-flow configuration were conducted.

The effect of increasing the number of banks on the overall heat
transfer coefficient and sCO2 pressure drop for fixed temperature
boundary conditions and plate geometry is given in Fig. 6. The simu-
lations begin at three plate banks because fewer banks are unable to
achieve the required heat exchanger effectiveness to meet the specified
sCO2 and particle outlet temperature. Increasing the number of plate
banks displays an improvement in the overall heat transfer coefficient
with diminishing return. The improvement in overall heat transfer
coefficient is the result of the device approaching the counter-flow limit
as well as increasing the number of thermal entries (i.e., improved
particle cross-channel mixing). However, the sCO2 pressure drop is

shown to increase with increasing number of plate banks. As the
number of plate banks is increased, the length of the sCO2 flow path is
increased as well as the sCO2 channel velocity. Therefore, sCO2 pressure
drop is shown to have an exponential relationship with the number of
plate banks.

A more representative comparison would be to fix the sCO2 pressure
drop though adjusting the sCO2 channel dimension and study the in-
fluence of increasing the number of heat exchanger banks. The results
are depicted in Fig. 7 considering a heat exchanger constructed of three
to ten banks. Significant increases (∼10%) in the overall heat transfer
coefficient are possible if the allowable pressure drop of the device is
increased from 50 to 400 kPa. The increase in the overall heat transfer
coefficient is observed to be more significant at higher numbers of plate
banks due the heat transfer becoming more limited by the sCO2 con-
vection coefficient in that regime. However, an increase in the pressure
drop across the primary heat exchanger will result in a decreased sCO2

cycle efficiency, which must be considered within technoeconomic
studies to establish the optimal operating conditions.

5.4. Considerations for particle diameter and plate spacing

Particle diameter and plate spacing are two of the most important
terms in the design and operation of the heat exchanger that influence
the overall heat transfer coefficient. Since the majority of the thermal
resistance for particle-to-sCO2 heat transfer is due to the thermal con-
ductivity of the packed bed, reducing the diffusion length (channel
width) for heat transfer or improving the thermal conductivity of the
packed bed k( )s,eff will directly improve the overall heat transfer coef-
ficient. However, there are limitations associated with the particle
diameters that are allowable within a given channel geometry. Channel
width must be 10 particle diameters or greater to achieve uniform and
consistent flow of particles between parallel plates. Therefore, a tra-
deoff exists between increasing the thermal conductivity through using
larger particle diameters and the use of narrow channels which require
smaller particle diameters.

The modeling results for the nominal heat exchanger configuration
with variations in particle diameter and channel width are displayed in
Fig. 8. The plotted lines indicate the dependence of overall heat transfer
coefficient on particle diameter for fixed channel widths w( )ch . The
dashed line indicates the limit for particle diameter that can be used
with a given channel width. Improvements in overall heat transfer
coefficient are observed for increasing particle diameters especially
with larger channel widths. However, the most significant improve-
ments for increasing particle diameter are observed to occur at particle
diameters below 200 µm. At particle diameters above 150 µm, the re-
lationship between overall heat transfer coefficient and particle dia-
meter begins to asymptote to a constant value. This result is due to a
tradeoff in increasing bulk effective thermal conductivity of the packed

Table 3
Baseline heat exchanger geometric design parameters based on the heat ex-
changer geometry presented by (Ho et al., 2018).

Parameter Value Units

Number of banks 4 –
Plate surface area 0.1 m2

Plate aspect ratio 0.5 –
sCO2 channel diameter 1.0 mm
sCO2 channel spacing 1.0 mm
Material thickness 1.0 mm
Particle diameter 280 µm
Particle channel width 6.0 mm

Fig. 5. Overall heat transfer coefficient and pressure drop as a function of heat
exchanger plate geometry and sCO2 channel diameter.

Fig. 6. Overall heat transfer coefficient and pressure drop with increasing
number of cross-flow plate banks arranged in a counter-flow configuration.
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bed and increasing the near-wall thermal resistance between the first
particle layer and heat transfer surface. In fact, for small channel
widths, the overall heat transfer coefficient displays an optimal particle
size where further increases in particle diameter result in a reduction in
overall heat transfer coefficient.

The overall heat transfer coefficient is observed to have a much
stronger dependence on channel width. Reducing the channel width by
a factor of two is observed to almost double the overall heat transfer
coefficient. However, reductions in channel width lead to significant
limitations on the allowable particle size range. For particle diameters
in the 200–300 µm range, a channel width of 3–4 mm should be tar-
geted. Future heat exchanger designs utilizing sintered bauxite particles
should prioritize plate spacing as a means of improving overall heat
transfer coefficient.

Since previous sections addressed sCO2 pressure drop and increased
number of plate banks as potential methods for improving overall heat
transfer coefficient, the effect on overall heat transfer coefficient due to
particle diameter and plate spacing should be investigated for constant
sCO2 pressure drop and an increased number of plate banks. The
modeling results are displayed in Fig. 9 for a six-bank heat exchanger
with a fixed pressure drop of 200 kPa. Marginal improvements in
overall heat transfer coefficient are observed for small particle dia-
meters in which the thermal resistance is dominated by the bulk ef-
fective thermal conductivity. Increasing the number of heat exchanger
banks promotes cross channel mixing which improves heat transfer in
the case of limited bulk effective thermal conductivity. However, sig-
nificant improvements are observed for the small channel geometries

and particle sizes when fixing sCO2 pressure drop because the heat
transfer is more limited by sCO2 convection coefficient. Increasing the
number of plate banks and fixing the sCO2 pressure drop is shown to
shift the optimal particle diameter for narrow channel geometries to a
slightly smaller size. A channel geometry of 4 mm with a particle dia-
meter of 200 µm can achieve an overall heat transfer coefficient ap-
proaching 400 W m−2 K−1. The heat exchanger geometry is summar-
ized in Table 4.

5.5. Sensitivity to particle thermophysical properties

The previous sections were all directed at the parameters for sin-
tered bauxite particles while using the ZBS correlations to predict bulk
effective thermal conductivity while determining the tradeoffs in per-
formance due to heat exchanger geometry. Through performing a
sensitivity analysis to particle parameters, the key limitations of sin-
tered bauxite particles can be identified and targeted for improvement.
The parameters to be varied are the particle emissivity, thermal con-
ductivity of the bulk material, void fraction, and particle contact con-
duction term. The sensitivity of the overall heat transfer coefficient to
possible variations in particle parameters for the nominal heat ex-
changer geometry are given in Table 5 as well as a heat exchanger with
an improved geometry targeting an overall heat transfer coefficient of
∼400 W m−2 K−1.

The overall heat transfer coefficient is shown to be most dependent
on the thermal conductivity of the base particle material and gas vo-
lume fraction of the packed bed. Therefore, altering the particle base
material from the typical sintered bauxite could prove beneficial to a
moving packed-bed heat exchanger. Additional improvements are
possible through decreasing the gas volume fraction, which could be
implemented through mixing particles of multiple diameter. However,
it should be noted that the ZBS correlation was developed for packed
beds of mono-sized spheres and effective thermal conductivity of
packed beds with large size distributions requires further investigation.

Small improvements in overall heat transfer coefficient are possible
through increased particle emissivity and enhanced particle-particle
contact. However, these were shown to be relatively small contribu-
tions to the overall heat transfer coefficient. For small particle dia-
meters it was shown that the contribution of heat transfer due to par-
ticle surface radiation decreases. Furthermore, particle-particle contact
was shown to make a negligible contribution to the bulk effective
thermal conductivity in the ZBS correlation.

5.6. Operating and cost considerations for application to particle-based CSP

Primary power cycle heat exchangers for next generation CSP

Fig. 7. Overall heat transfer coefficient at constant pressure drop with in-
creasing number for cross-flow plate banks arranged in a counter-flow config-
uration.

Fig. 8. Overall heat transfer coefficient as a function of particle channel width
and particle diameter with the nominal plate geometry and number of banks.

Fig. 9. Overall heat transfer coefficient as a function of particle channel width
and particle diameter with fixed sCO2 pressure drop and six heat exchanger
banks.
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systems have been targeted to be < $150 kWt
−1 to meet the DOE’s

2020 cost target of $0.06 kW−1hr−1 LCOE (Mehos et al., 2016). In
addition, a potential path to achieving 2030 cost targets of
$0.05 kW−1hr−1 LCOE is a reduction in heat exchanger cost to < $100
kWt

−1 (Vijaykumar et al., 2018). Based on the cost metrics and heat
exchanger model developed above, cost targets per m2 of heat transfer
area can be established for the shell-and-plate moving packed-bed heat
exchanger. The relationship between the cost per surface area C( )A ,
overall heat transfer coefficient U( )HX , log mean temperature difference

T( )lm , and cost target per kWt C( )P can be expressed as

=C C U T ,A P HX lm (15)

which allows for the tradeoffs in operating conditions and allowable
costs to be observed.

The dependence of the allowable cost of the heat transfer surface
area is depicted in Fig. 10. The simulations were conducted by fixing
the particle outlet temperature and adjusting the log mean temperature
difference by increasing the particle inlet temperature. Therefore,
larger log mean temperature difference also results in increased tem-
perature difference between the hot and cold storage bins for sensible
energy storage. Higher values of log mean temperature difference are
shown to be able to tolerate higher heat transfer surface area costs
because less surface area is required if the temperature driving force is
increased. Furthermore, reduction in the cost target per kWt is shown to
significantly limit the allowable cost per heat transfer area. To achieve
DOE’s 2020 cost targets ($150 kWt

−1) heat transfer surface area must
be produced at approximately $2400 m−2 considering the nominal
particle temperature conditions ( Tlm=41.61 °C) and the heat ex-
changer geometry in Table 4. If the log mean temperature difference is
allowed to increase to a value of 50 °C, the allowable cost of the heat
transfer surface area can be increased to $2950 m−2 while still meeting
the cost target of $150 kWt

−1. However, this increase will result in a
reduction in the solar thermal efficiency of the receiver, but decrease
the mass of particles and volume of the storage bins required by the
thermal energy storage subsystem. The selection of these operating
conditions and their impact on the overall economics of a particle-based
CSP system needs to be addressed in future technoeconomic studies

where the cost of additional high-temperature material and reduction in
the solar thermal receiver efficiency are considered when increasing the
primary power cycle heat exchanger log mean temperature difference.

6. Conclusion

A modeling methodology for a shell-and-plate moving packed-bed
heat exchanger was developed for the application of particle-to-sCO2

heat transfer for next-generation CSP plants. The reduced order mod-
eling methodology is robust and captures the relevant physics for dense
granular flow heat transfer, but is lightweight enough to be exercised in
parametric studies to guide the development and design of moving
packed-bed heat exchangers. The importance of a coupled selection of
particle size and channel geometry was established where tradeoffs in
near-wall thermal resistance and thermal conductivity of the packed
bed were observed. Future designs should prioritize the development of
heat exchangers with reduced channel dimensions and increased
number of plate banks to improve heat transfer. In addition, optimal
particle size was identified, which was shown to be specific to the heat
exchanger geometry. For a channel width of 4 mm, the overall heat
transfer coefficient of the heat exchanger is optimized with approxi-
mately 175 µm. Overall heat transfer coefficients approaching
400 W m−2 K−1 are possible for particle channel widths of 4 mm with
200 µm. Furthermore, the effect of improvements in particle thermo-
physical properties on overall heat transfer coefficient identified par-
ticle thermal conductivity and packed bed void fraction as important
parameters that can lead to improvements of 27 and 52 W m−2 K−1,
respectively. Finally heat exchanger cost was discussed relative to the
2020 SunShot target. To achieve primary heat exchanger costs < $150
kWt

−1, diffusion bonded plates must be produced at less than
$2400 m−2.

Table 4
Improved heat exchanger geometry to approach an overall heat transfer coef-
ficient of 400 W m−2 K−1 with a pressure drop of 200 kPa.

Parameter Value Units

Number of banks 6 –
Plate surface area 0.1 m2

Plate aspect ratio 0.5 –
sCO2 channel diameter 1.2 mm
sCO2 channel spacing 1.0 mm
Material thickness 1.0 mm
Particle diameter 200 µm
Particle channel width 4.0 mm

Table 5
Sensitivity of overall heat transfer coefficient to particle thermophysical properties.

Parameter Variation UHX (W m−2 K−1)

Baseline Geometry Particle Emissivity ( )s 0.9 ± 0.09 ± 0.601
Particle Conductivity k( )s 2.0 ± 1.0 ± 21.1
Empirical Particle Contact ( ) 0.01 ± 0.01 ± 1.08
Gas Volume Fraction ( )g 0.45 ± 0.1 ± 35.0

Improved Geometry Particle Emissivity ( )s 0.9 ± 0.09 ± 0.542
Particle Conductivity k( )s 2.0 ± 1.0 ± 27.3
Empirical Particle Contact ( ) 0.01 ± 0.01 ± 1.81
Gas Volume Fraction ( )g 0.45 ± 0.1 ± 52.5

Fig. 10. Allowable cost of heat transfer surface area as a function of heat ex-
changer cost targets and operating conditions.
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