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ABSTRACT
Particle-to-supercritical carbon dioxide (SCOz2) heat exchangers (HXs) play a vital role in

coupling heat transfer fluid (HTF) from high-temperature thermal receivers to power cycle
working fluids (WF). Heat transfer enhancement is essential for adopting particle-based moving
packed-bed heat exchangers (MPBHXSs) in next-generation thermal energy storage (TES) systems,
as MPBHXs usually exhibit low particle bed-to-wall heat transfer coefficients. High-porosity
metal foams have shown their effectiveness in heat transfer enhancement. This work presents a
continuum heat transfer model to demonstrate the heat transfer enhancement in MPBHXs when
the particle bed channel is filled with high porosity metal foams compared to open channel
MPBHXs. The presence of metal foams increases the effective thermal conductivity in the particle
channel and enhances the interstitial heat transfer coefficient between the moving particle bed and
the stationary metal foams. The present model considers coupled two-dimensional (2D) heat
transfer in the particle channel with metal foams and 1D heat transfer in the sCO2 channel and the
dividing wall. The temperature profiles for the particle bed, metal foam, dividing wall, and sCO-
stream, as well as the local heat flux profiles between those, are studied in detail for various foam
porosities, from which the particle bed-to-wall heat transfer coefficient, overall heat transfer
coefficient, and total heat transfer rate for the MPBHX are determined. The effects of major
MPBHX design and operating parameters on the particle bed-to-wall heat transfer coefficient and
overall heat exchange capacity are thoroughly examined; thus, the MPBHX performance
improvement with metal foams is quantified for each case. The present heat transfer model can
provide valuable insights into the metal-foam MPBHX design and optimization, scale-up, and

operating parameters selection.


mailto:likeli@me.msstate.edu

Keywords: moving packed bed heat exchanger; metal foams; particle-based CSP; thermal energy
storage; supercritical COx.

1. Introduction

Renewable sources of electricity generation like concentrated solar power (CSP), wind
energy, and hydro energy can reduce the dependence on fossil fuels [1-3]. They also offer the
benefits of limited environmental pollution, abundant availability of resources, diversification in
energy portfolio, and contribution to economic growth, so including them in the energy grid is
paramount [4]. However, renewable energy sources are often associated with inherent
intermittency, low efficiency, and high initial startup costs [5]. Therefore, significant efforts have
been made towards addressing the above challenges [6]. To tackle the intermittent nature of solar
energy, thermal energy storage (TES) is a widely used approach that enables flexible power
production. Three major pathways have been outlined by the U.S. Department of Energy (DOE)
for Generation 3 (Gen3) CSP systems for TES, which are molten-salt, falling-particle, and gas-
phase pathways to reach levelized cost of electricity (LCOE) of $0.05/kWh to achieve a cost-

competitive CSP-based power generation [7].

In comparison with molten-salt and gas-phase pathways, particle-based TES systems are
advantageous due to their ability to operate at high temperatures, low energy storage cost, and
cyclic stability [8,9]. Furthermore, particle-based solar receivers can be coupled with the sCO;
Brayton cycle via a heat exchanger, which is critical to obtaining high power cycle efficiencies >
50% [10]. Based on the selection criteria of particle bed-to-wall heat transfer coefficient, cost,
structural reliability, inspection ease, manufacturability, parasitic heat losses, transient operation,
corrosion, and scalability, Ho et al. [9] presented a case study on three different types of heat
exchangers (HXs) which included (a) shell-and-plate HX, (b) shell-and-tube HX, and (c) fluidized
bed HX, that are suitable for particle-sCO> heat transfer. Ho et al. [9] concluded that the shell-and-
plate HX and the shell-and-tube HX are better than the fluidized bed HX on cost, parasitic heat
loss, manufacturability, corrosion, and transient operation aspects. In contrast, the fluidized bed
HX was better regarding heat transfer coefficient, inspection ease, scalability, and structural
reliability. Therefore, the shell-and-plate moving packed bed HX (MPBHX) was identified as a
low-cost and robust design for particle-sCO2 HX.

Various numerical, experimental, and analytical studies have investigated design and

parametric variations for shell-and-plate MPBHXSs. Isaza et al. [11] developed an analytical
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solution for counter-current/co-current particle-fluid HX using Laplace transforms and expansion
theorem. The non-dimensionalized temperature profiles for the particle bed and WF are presented
based on the heat capacitance ratio (C), Biot number (Bi), and number of transfer units (NTU) of
the HX. Albrecht and Ho [12] developed a 2D steady-state heat transfer model to determine the
particle bed-to-wall heat transfer coefficient for a counterflow shell-and-plate moving packed bed-
sCO2 HX. The effects of particle diameter and packed bed channel spacing were studied on the
particle bed-to-wall heat transfer coefficient. The overall heat transfer coefficient decreased from
208 W/m?2K to 139 W/m?2K, with an increase in particle diameter from 50 zm to 750 um. Similarly,
increasing the packed bed channel spacing from 3 mm to 9 mm also decreased the overall heat
transfer coefficient from 315 W/m?K to 128 W/m?K. High near-wall thermal resistance and low
particle bed thermal conductivity were identified as significant drawbacks, and the study suggested
the usage of thin channels for higher heat transfer.

Albrecht and Ho [13] also developed a steady-state reduced order model for a multi-bank
counterflow shell-and-plate moving packed bed-sCO, HX to investigate the design considerations
and performance limitations of MPBHX. An optimal working configuration of the HX was
determined after parametrically studying the HX geometry and particle properties, which showed
that overall heat transfer coefficients of 400 W/m?K can be obtained. An LCOE analysis also
revealed that the DOE cost targets could be achieved if the sCO2 microchannels could be produced
at < $2,400 m. Fang et al. [14,15] conducted 2D heat transfer and fluid flow simulations in
COMSOL for a counterflow particle-sCO2 HX and integrated neural networks into the model to
explore various control strategies for transient operation. Particle flow velocity, channel width,
and particle thermal conductivity were determined to be the most influential parameters for
MPBHX. An empirical correlation was developed for the particle bed-to-wall heat transfer
coefficient and the particle flow properties based on the Nusselt (Nu) number. Albrecht et al. [16—
18] tested a 100 kW; HX prototype for a MPBHX at intermediate load and temperatures < 500°C,
and an overall heat transfer coefficient of 50 — 80 W/m?K was obtained. The low overall heat
transfer coefficient obtained experimentally shows the need for heat transfer enhancement in
MPBHX to significantly enhance the heat transfer coefficient and total heat transfer. Heat transfer
enhancements such as flow through tube banks have been explored by Guo et al. [19] and Torrijos
et al. [20] to disrupt the temperature boundary layer and decrease the near-wall
resistance/penetration thermal resistance to increase the heat transfer coefficient. Particle agitation

3



in granular flow has also been explored by Jiang et al. [21], which increases the specific heat
transfer surface area and turbulence in the boundary layer and enhances heat transfer in granular
flows. However, the drawbacks of the proposed methodology were the parasitic heat losses
involved and the high complexity of the operation. Nguyen et al. [22] utilized fins to enhance the
heat transfer in granular flow by increasing the heat transfer area, and Chase et al. [23]
implemented binary particle mixtures to increase the effective thermal conductivity and packing
fraction of particles of the granular flow, which led to an enhancement in the particle bed-to-wall

heat transfer coefficient.

Although some enhancements to MPBHX/granular flows exist which employ
passive/active methods to improve heat transfer, there is a demand for a straightforward approach
to enhance heat transfer without parasitic energy losses while providing ease of operation and
system integration. Metal foams have been traditionally used in various heat exchangers,
electrochemical fuel cells, solar receivers, printed circuit microchannels, heat sinks, and chemical
reactors due to their inherent fluid mixing, high thermal conductivity, interstitial heat transfer, and
high surface area [24-33]. Ying et al. [34] numerically investigated the thermal behavior of
partially filled metal foam phase change materials (PCM) through natural convection. Optimal
filling configuration was determined for latent heat TES, where a filling height ratio of 0.75 can
increase the heat storage capacity by 7.47% and save metal foam material by 25%. Schampheleire
et al. [35] experimentally studied buoyance-driven flows in open-cell aluminum heat sinks. Effects
of the bonding method, foam height, and pore density were studied, and it was found that foam
height and pore density can enhance heat transfer by 32% and 25%, respectively. Also, Nusselt
number versus Raleigh number correlations were proposed for two metal foam pore density values.
He et al. [36] explored the addition of gradient metal foams and magnetic fields to improve TES
performance in PCM. The solidification and TES storage rate was enhanced by 18.2% and 23.1%,
respectively, due to the magnetic field while simultaneously augmenting the melting process. Zhao
et al. [37] investigated TES using PCM with embedded metal foams for thermal enhancement
through natural convection in metal foams. The presence of metal foam increased the overall heat
transfer rate by 3-10 times and reduced the solidification time by more than half compared to PCM-
only operation. Liang et al. [38] developed a novel-latent heat TES device with a metal foam
composite structure/heat pipe. A validated 3D model was used to predict the heat transfer
performance of the charging and discharging cycles of the TES. The copper metal foam was found
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to perform better than other devices and conduction/natural convection were the major identified
modes of heat transfer. Zhao and Wu [39] compared TES using PCMs for metal foam, expanded
graphite, and PCM-only modes of operation under natural convection. Metal foams and expanded
graphite improved heat transfer performance, with the metal foam mode of operation showing the

best performance.

As shown in previous examples of metal foam thermal enhancement with natural
convection, forced convection can also be a viable option to enhance heat transfer. Tian et al. [40]
numerically assessed the pressure drop and heat transfer performance of porous baffles and fins
compared to solid baffles in shell-and-tube HXs. Compared to traditional baffles, pressure drop
performance was enhanced by 65%, and heat transfer performance was increased by 92.14%.
Acrtificial neural network training obtained an optimal heat transfer of 4.380 kW. Alawwa et al.
[41] compared the thermohydraulic performance of additively manufactured (AM) heat sinks to
traditional fin heatsinks. Overall, 12.9% heat transfer enhancement at higher flow rates and 40
times lower pressure losses are obtained in AM heatsinks compared to fins. Guo et al. [42]
developed a novel hybrid fins/metal foam structure to experimentally study the TES for bare tube,
fin, metal foam, and fin/metal foam hybrid. Compared to the bare tube, the fin/metal foam hybrid
structure reduced PCM melting time by 83.35% and increased the temperature response rate by
529.10%. In addition, metal foams showed higher temperature uniformity than bare tube, fins, and
fins/metal foam hybrid. Saedodin et al. [43] evaluated a flat-plate solar collector’s flow and heat
transfer performance with porous copper metal foam. The numerical and experimental results
indicated that thermal efficiency increased by 18.5%, and the Nu increased by 82% in the presence
of metal foams. In contrast, the authors found that the increase in pressure drop due to metal foams
was not significant enough to require higher operating power. Customizable metal foams in AM
metal foams can be curated to selectively design metal foams with desired heat transfer and fluid
flow characteristics [44]. Metal foams can enable high interstitial heat transfer coefficients
between the foam structure and the moving fluid through them, which can be leveraged to enhance
heat transfer in granular flows [45-48].

According to the literature review above, particle-based MPBHXs exhibit low particle bed-
to-wall heat transfer coefficients due to near-wall resistance and low particle bed intrinsic thermal

conductivity. There exists a need for heat transfer enhancement in MPBHXs, which can be easy



to integrate into the present infrastructure, have a simple mode of operation, have low parasitic
heat losses, and enhance the particle bed-to-wall heat transfer coefficient. Granular flow through
metal foams can be a proposition where the particle bed-to-wall heat transfer in MPBHXs can be
enhanced with increases in both the interstitial heat transfer coefficient and the effective thermal
conductivity of the bed [47,48]. Therefore, a comprehensive understanding of the coupled flow
and heat transfer in MPBHXs with metal foams is necessary to quantitatively evaluate their

applicability and improvement metrics.

This study aims to address the above knowledge gap by proposing a continuum heat
transfer model to demonstrate heat transfer enhancement in MPBHXs when the particle bed
channel is filled with high porosity metal foams compared to a geometrically similar open channel
(absence of metal foams). The heat transfer model considers 2D heat transfer in the particle channel
and 1D heat transfer in the sCO> channel and the dividing wall, coupled via thermal resistance
networks. The developed heat transfer model is verified analytically and numerically with open
channel MPBHX and forced convection in metal foam channel cases, and used to study the
temperature profiles and local heat flux profiles from which the MPBHX thermal performance is
determined. In addition, the effects of critical operating parameters on the heat transfer
performance are also elucidated. The rest of the paper is organized as follows. Section 2 describes
the MPBHX system and numerical model. Then, the model verification is shown in Section 3, and
Section 4 presents the detailed results and discussion. Finally, the concluding statements are given

in Section 5.

2. Model Description

2.1. HX configuration and model assumptions
The schematics of the counterflow shell-and-plate particle-to-sCO> MPBHXs with an open

channel and a channel filled with metal foams for falling particle flow are shown in Fig. 1 (a, b),
respectively. An actual MPBHX will consist of multiple repeating channels, and only one channel
is depicted in Fig. 1. The width of the particle channel is Wheq, the height is H, and the dividing
wall thickness is tw. The sCO2 channel with width Wy operates in the counter current flow setting
and carries sSCO; out of the HX to a Brayton cycle [49]. In this model, the moving packed bed of
falling particles is the HTF that flows through the metal foam under gravity, and the metal foam

structure is stationary, acting as the heat transfer enhancement medium for the MPBHX. For



modeling purposes, only half the channel width is considered for both the particle channel and

sCOz channel due to geometrical symmetry, as seen in Fig. 1 (a, b).
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Fig. 1. Schematic depiction of two particle-to-sCO2 HX designs with (a) an open channel for
moving particle bed and (b) a particle bed channel filled with high-porosity metal foams

(dashed lines represent symmetry lines in both domains).

The thermal model assumptions are as follows:

1. Steady-state process.

2. Plug flow is assumed for the particle bed and sCO> flow [19,50].

3. The solid particles and interstitial air are in local thermal equilibrium [11,12] and are
treated as a single continuous medium (particle bed) or one-way coupling.

4. The thermophysical properties (density, specific heat capacity, and thermal conductivity)
of particle bed, metal foam, wall, and the sCO: are evaluated at the mean of the particle
bed and sCO; inlet temperatures (662.5°C) and are assumed to be constant [12,19,51].

5. For heat transfer in the particle bed, convection dominates in the axial x-direction and

conduction dominates in the y-direction [11,20].



6. For the sCO; flow, 1D heat transfer in the x-direction only is assumed.

7. The metal foam is assumed to have uniform porosity throughout the channel without
manufacturing defects [29,45].

8. Viscous dissipation and radiation effects (for particle diameter < 550 um) are considered
negligible [12,13,51].

2.2. Model development

The model solves the coupled heat transfer problem between a moving packed bed flowing
through a metal foam and sCO in counterflow shell-and-plate HX. As summarized in Table 1, the
2D steady-state energy conservation equations for the moving particle bed and the stationary metal
foam structure are given in Egs. (1, 2), and the 1D steady-state energy conservation equations for
the wall and sCO; are given in Egs. (3, 4), respectively [11,12,52]. A local thermal non-equilibrium
approach is used to model the heat transfer between the metal foam and the particle bed owing to

a high thermal conductivity difference between the materials [53,54].

Table 1. Governing equations.

Energy balance for particle bed

oT,, 07T, 1)
PhedCp,pedYbed ﬁ = kbed,eff Tt;gd +h, (Tmf ~ Theg )

Energy balance for metal foam

7T, o7, )
kmf,ef‘f aTzf + kmf,eff ?2]: + hv (Tbed _Tmf) =0

Energy balance for dividing wall

T, 1 1 1 (©)
W aXZ + E(TQ _Tw ) + %(Tbed (X, 0'5\Nbed ) —TW ) + m(Tmf (X, 0'5\Nbed ) —TW ) = 0
Energy balance for sCO»
dT, 2q, (4)

g

In Egs. (1-4), T is the local volume-averaged temperature, the subscript “bed’ denotes the

particle bed, “mf” denotes metal foam, “g” denotes SCO, and “w” denotes the dividing wall, p is

the density, cp is the specific heat capacity, k is the thermal conductivity, uned is the particle bed
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superficial velocity, and ug is the sSCO> velocity. The local heat flux (q) from the particle channel
to the dividing wall and from the wall to the sSCO> channel are described in Table 2. The specific
thermal resistances (R) and thermal conductivities (k) are summarized in Table 3. The thermo-
physical properties of particles used in this study are adopted from Albrecht and Ho [12], metal
foam is made of Stainless Steel (SS-420), and sCO- properties are taken from Span and Wagner
[55] and the NIST handbook [56].

Table 2. Local heat flux components.

Wall-to-sCO2
Oug (X) = Oeq (X) + G (X) (52)
Particle bed-to-wall
oT 1 (5b)
Cloeq (X) :_kbed,eff ﬁ :_[Tbed (X’O'S\Nbed)_Tw (X)]
(%,0.5Wpeq ) bed
Metal foam-to-wall
oT 1 (5¢)
Ot (X):_kmf,eff Wmf :R_I:Tmf (X’O'S\Nbed)_Tw (X)]
(%,0.5Wheq ) mf

In Table 3, Egs. (6, 9, & 10) define the specific thermal resistances. The near-wall
resistance model is adopted from Botterill and Denloye [57], where dp in Eq. (7) is the particle
diameter. Yagi and Kunni [58] and Denloye and Botterill [59] have proposed a well-adapted
correlation [12,60] for modeling near-wall particle bed effective thermal conductivity as given in

Eq. (8), where @ is the effective thickness of the fluid film. The particle bed thermal conductivity

in an open channel is given in Eq. (11) where kair is the air thermal conductivity, kp is the solid
particle thermal conductivity, 5, y, and ¢ are constants taken from Yagi and Kunni [58], and &ned IS
the porosity of the particle bed. The overall metal foam thermal conductivity for the metal foam
Octet structure with the particle bed treated as the fluid phase can be obtained using the correlation
developed by Wang et al. [45] in Eq. (12), where kit is the overall thermal conductivity of the
porous structure, including connected metal foam fibers and particle bed between the fibers, kms is
the metal foam fiber thermal conductivity, and ¢ms is the porosity of the metal foam. The effective

particle bed thermal conductivity (Keed,eff) and the effective metal foam thermal conductivity (Kme.efr)



are defined in Egs. (13, 14) respectively. The thermophysical metal foam properties and porosities

are mentioned in Table 4.

Table 3. Constitutive equations for specific thermal resistance and thermal conductivity.

Particle bed-to-wall specific thermal resistance

t
Rbed = Rnw + —

2k,
Near-wall specific thermal resistance [57]
R, = d,

nw nw
2kbed,eff

Near-wall particle bed effective thermal conductivity [58,59]

1-¢.,

nw +—
2, + 2
3k

p

k™ =k |¢&

bed,eff — "air

sCOz-to-wall specific thermal resistance

R — i + tL
’ hsCO2 2kW

Metal foam-to-wall specific thermal resistance
t

Rmf ==
2k,

Thermal conductivity of particle bed [58]

_ kairﬂ(l_ gbed)

kbed -
air

k

p
Thermal conductivity of metal foam [45]

% =0.7397¢%, + {% —1.7397j¢mf +1

mf

vy te

mf

Effective thermal conductivity of particle bed

kbed,eff = ¢mf kbed

Effective thermal conductivity of metal foam

kmf,ef'f = ktot - ¢mf kbed

(6)

(7)

(8)

9)

(10)

(11)

(12)

(13)

(14)

Table 4. Metal foam thermophysical properties.

Parameter Value Reference
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Kt (W/m?2K) 20.80
Pmi 0.70/0.80/0.88
dfiber (mm) 2.50/2.0/150

The remaining constitutive equations are described in Table 5, where a is the contact

surface curvature in Eq. (15) [57]. The convective heat transfer coefficient due to sCO> flow is

given by Gnielinski correlation [61] in Eq. (16), where Re, is the hydraulic diameter-based

Reynolds number, Pr is the Prandtl number, and Eq. (17) gives the Darcy friction factor [62]. The

particle bed-to-metal foam volumetric heat transfer coefficient is obtained from Tzeng and Jeng

[63] for flow through metal foams, where Pryeq is the bed Prandtl number defined in Eq. (20), and

Req is the metal foam fiber diameter-based Reynolds number for particle bed flow. The constants
o (0.0037 for ¢m¢=0.70, 0.00276 for ¢ms= 0.80, and 0.0026 for ¢ms= 0.88) and 1 = 0.932 for @ms=
0.70, 0.80, and 0.88 in Eq. (18) are porosity dependent constants obtained from [63]. The particle

bed viscosity is given by Eq. (19), where gneq is the particle bed packing fraction, y and c are

constants given in [64].

Table 5. Constitutive correlations for flow and heat transfer in the particle bed, metal foam,

and sCOz2channels.

Near-wall voidage [57]

d
(1- £ )(o.7293+o.51392;j

g =1

nw - d
B
2a
sCO; flow heat transfer coefficient [61]

D, ( f /8)(Re,, —1000)Pr,,
1+12.7(/8)" (Pr2 —1)ke,

co,

Darcy friction coefficient [62]
-2
f =(0.79In(Re,, )-1.64)
Particle bed-metal foam volumetric heat transfer coefficient [63]
_ oRe; P Ko
' CIfziber

Effective viscosity of the particle bed [64]

h

(15)

(16)

(17)

(18)
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Hoed _ 0257(1-eg) 1L
zuair (19)
Prandtl number of the particle bed

lubed Cp bed
|::'rbed = | ’ 2()
bed ( )

The boundary conditions for the governing equations (1-4) include inlet temperatures
Tbed 0.y) :Tbed,in , Tg (H)= Tg,in (21a)

and fully developed profiles at the exits; and the metal foam and dividing wall are assumed well
insulated at the two ends, yielding the following

oT,, dT

ﬁ(H’y)=O, d—)(g‘(o) =0;and (21b)
aTmf aTm dTW dTW
ax 169 =0 5w =0l =0, T =0 @19

The heat transfer evaluation metrics for MPBHXs are summarized in Table 6. The
methodology to solve Egs. (1 — 4) using boundary conditions in Egs. (21a — 21c) and the
constitutive equations (5 — 20) will be described in Section 2.3.

Table 6. Heat transfer evaluation parameters.

Particle bed-to-wall heat transfer coefficient

() = s+ G () (22)
' Thegavg (x)-T, (%)

Average particle bed-to-wall heat transfer coefficient

_ 1 H (23)
hbed,w = ﬁ J- hbed,w (X)dX
0
Overall heat transfer coefficient
B (24)
U= _1 +tl+ !
hbed,w kw hsCO2

Total heat transfer
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Q=UAAT yirp (25)
With the log mean temperature difference (LMTD)
(1 =1~ (Ts =7s") @)

out in
inf 1=l
Tbed _Tg

ATLMTD =

2.3. Numerical implementation

The four partial differential equations Egs. (1-4) are implemented with an in-house finite
difference solver builtin MATLAB. The particle bed and metal foam physical domains are divided
into Nx number of grids in the x-direction and Ny number of grids in the y-direction, while the
dividing wall and sCO. are divided into Nx number of grids in the x-direction. The convective
terms in Egs. (1, 4) are spatially discretized using a first-order upwind method, whereas the
diffusive terms in Egs. (1-3) are spatially discretized using the second-order central-difference
scheme. The moving packed bed and metal foam energy conservation equations (Egs. (1, 2)) are
coupled with the gas energy conservation equation (Eq. (4)) through the wall energy equation (Eq.
(3)). The solution is considered to have reached steady state when the Lo, norm error between
consecutive iterations for the local particle bed temperature is less than 102, Fig. 2 shows the
solution procedure for the energy balance equations. From the temperature output, the local heat

flux, heat transfer coefficients, and total heat transfer were obtained in the post-processing steps.
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Fig. 2. Flow chart for the steady state heat transfer model.

3. Model Verification

This section verifies the applicability and accuracy of the coupled heat transfer model for
MPBHXs with/without metal foams. Subsection 3.1 presents the model verification for two types
of open channel counter-current MPBHXs, one with numerical solution from Albrecht and Ho
[12] and the other with an analytical solution from Isaza et al. [11] for particle bed-to-sCO; heat
exchange. And in subsection 3.2, the present model is modified to simulate the forced convection
through metal foams, and the simulation results are verified with the analytical solution from Lee
and Vafai [53].

3.1. Open channel MPBHX model: verification with reduced-order models and analytical
solution

To verify the open channel MPBHX model, Egs. (1, 3, and 4) are used with the metal foam
components omitted. The present model is compared with Albrecht and Ho’s [12] numerical
solution for an open channel particle bed-to-sCO2, MPBHX. A grid independence study is first

conducted to verify the appropriate grid convergence where the sCO- outlet temperature from the
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present model is compared with that from Albrecht and Ho [12] in Table 7 at different grid sizes

based on the baseline operating parameters in Table 8, where the relative error is defined as

Toco, ou — T
RE _ sCO, ,out sCO, ,out,ref ><100% (27)
TsCOZ Jout,ref

The R.E. decreases as the grid size increases from 64x16 to 1024x256 and asymptotes
around a value of 256x64. Hence, a grid size of 256x64, which sufficiently captures the heat
transfer, is chosen as the grid size for the open channel case for the rest of the work. It is to be
noted that the appropriate grid independence for the metal foam MPBHX will be determined in
Section 4.2.

Table 7. Grid independence study for the sCO: outlet temperature comparison with Albrecht

and Ho [12] (T,co, o = 700°C).
Grid size (Nx x Ny) Thed out (°C) Relative Error (%)
64%16 693.42 0.93
128x32 695.30 0.67
256x64 696.23 0.53
512x128 696.68 0.47
1024x256 696.90 0.44

Table 8. Baseline parameters for the open channel MPBHX from Albrecht and Ho [12].

Parameter Value
H (m) 1
Whoed (m) 6x1073
Wy (m) 5x10™
pp (kg/m?) 3333
cp.p (J/kgK) 1200
Ebed 0.4
kp (W/mK) 2
dp (m) 250%x10®
tw (m) 1x10°3
kw (W/mK) 23
Thed,in (°C) 775
Tg,in (°C) 550
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Next, the present model is compared with Albrecht and Ho’s [12] numerical solution for
an open channel particle bed-to-sCO, MPBHX. Fig. 3 (a) compares the present model’s
temperature profiles for the particle bed, wall, and sCO2 with those in [12] based on the baseline
parameters summarized in Table 8. Good agreement is observed between the two models, and the
slight discrepancy is attributed to the difference in evaluating the bed thermal conductivity and
wall resistance constants. In terms of local heat transfer coefficient (hpedw) comparison, Fig. 3 (b)
shows excellent agreement in comparing hned,w based on the particle bed inlet temperature, Toed,in,

Goeq (X)

. hin X) = —ped A\
(ie., bed,w( ) Tb,:d —TW(X)

), and also reasonable agreement for that based on the particle bed

Ooed (X)
Tbed,avg (X) _Tw (X)

outlet region observed because of the different boundary conditions used: a no-flux particle bed

average temperature, Thed.avg, (i.€., Mg (X) = ) with a slight difference near the

outlet boundary condition was used in the present model, whereas a Dirichlet boundary condition
was used in Albrecht and Ho [12]. Similar verification studies have also been performed in [51,60]
considering the effects of particle-particle and particle-wall radiation, where for the present dp

(250um) the effects of radiation were found not pronounced.

T 500 —r—r——
e o Present model (Particle bed) A ¥
50 9\0 A Present model (Wall) 7] - o Present model (Thed avg) ]
4§ © * Present model (sCO5) 1 400 | * Present model (Theq,in) -
i "o - - - Albrecht and Ho (Particle bed)] | Albrecht and Ho (Thedavg) ]
004\ o - Albrecht and Ho (Wall) 4 ===~ Albrecht and Ho (Tbed;in)
. [Xe€a "9 ——Albrecht and Ho (sCO,) 1 “& 300 .
O &> E
=l
& 650 \; i
'3200_.‘ DDDDDDDDDDDDDDDDDDD__
L é FoN
600 {- [ % ]
i W0F e, ]
&*_*_4&**—
L . ]
550 Lo 0 L v 0 .‘T"T"f““.""‘?*’.‘*‘:‘-ﬁ*'
0 0 0.2 0.4 0.6 0.8 1
x/H
(b)

Fig. 3. Comparison of (a) simulated temperature profiles of the particle bed, dividing wall,
and sCOzand (b) local particle bed-to-wall heat transfer coefficient along the axial direction
with numerical data from Albrecht and Ho [12].

Next, the present model is verified by comparing the streamwise temperature profiles of

the particle bed and sCO with analytical solution from lIsaza et al. [11]. The non-dimensional
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. . Toea _Tgin Tg _Tgin in Ei
temperature (6) profiles defined as 6, ., = ———- and 6, = ————are presented in Fig. 4 for
Tbed g bed Tg
characteristic numbers at the design point from Albrecht and Ho [12], where C = 0.72, Bi = 2.13,
and NTU = 7.97. A good agreement is observed between our model and the analytical solution

from Isaza et al. [11].

—— 77—
o o Present model (Particle bed)

[ "o * Present model (sCOs) i
08F R - -Analytical solution (Particle bed)
[ Analytical solution (sCO)

Fig. 4. Comparison of temperature profiles of particle bed and sCO:2 along the transverse
directions with the analytical solution for counterflov MPBHX in Isaza et al. [11].

3.2. Forced convection through metal foams: verification with analytical solution

To the best of authors’ knowledge on open literature pertaining to MPBHX modeling, a
particle bed-to-sCO2 HX with metal foam introduced in the particle channel has not been modeled.
We hypothesize that the moving particle bed can be treated as a moving fluid phase with effective
transport properties through the metal foam structure. Hence in this section, we verify our model
by simulating forced convection between a moving packed particle bed and porous medium (metal
foam). The present MPBHX model is modified to match the Bi and thermal conductivity ratio o =
Kmf ef/Kbed eff, and a constant heat flux boundary condition is applied on the dividing wall (i.e., only
the convection in the particle bed-metal form channel is simulated, and the sCO2 channel is not
4Dh,bed kmf,eff (T _TW)

A

those obtained from the analytical solutions given by Lee and Vafai [53] for forced convection

included). The steady-state temperature profiles, 64 = , are compared with

through a channel filled with porous media, where the Bi and o were varied and the hydraulic
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2HW,

diameter of the channel is given by D, ., = . Our model shows good comparison with

H +Weq
the analytical solution (Fig. 5).
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Fig. 5. Comparison of dimensionless temperature profiles of the particle bed as HTF and the
metal foam structure with analytical solution from Lee and Vafai [53] at (a) Bi =0.5 and &
=100, (b) Bi=10and ¢ =0.01, (c) Bi=10 and ¢ = 100, and (d) Bi = 0.5 and ¢ = 0.01.

4. Results and Discussion
The verified model is used to analyze thermal enhancement due to the presence of metal

foam in the particle channel, and the numerical results are presented in this section. Subsection 4.1
explains the hypothesis for heat transfer enhancement due to the presence of metal foam. Next, the
temperature distributions and the particle bed-to-wall and wall-to-sCO- local heat flux profiles are

reported for metal foam and open channel MPBHXs in Subsection 4.2. From the temperature
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profiles and heat flux values, the heat transfer coefficient is obtained and discussed in Subsection
4.3, and the heat transfer performance of the MPBHXs with/without metal foam is evaluated in
Subsection 4.4. Lastly, a parametric study is carried out in Subsection 4.5 to quantify the effects
of particle bed capacitance ratio, channel spacing, particle bed mass flow rate, and particle

diameter on the heat transfer coefficient and heat transfer rate in the MPBHXs.

4.1. Hypothesis for heat transfer enhancement in metal foam MPBHX
The heat transfer enhancement due to the presence of metal foam in the particle channel of

the MPBHX can be attributed to two main factors: (1) the increase in the effective thermal
conductivity of the particle bed with the metal foam, and (2) the enhanced interstitial heat transfer
between the moving particle bed and the metal foam structure. The effective thermal conductivity
of the particle bed without metal foams, Koedeff, IS cOmpared with that of the metal foam structure,
kmtetf (See expressions in Eqgs. (13, 14)) for three ¢mr in Fig. 6 (a), which explicates the high ke for
metal foams compared to particle bed. Fig. 6 (b) shows the volumetric interstitial (particle bed-
metal foam) heat transfer coefficient hy (see Eq. (18)) at different porosities. The high effective
thermal conductivity, coupled with the interstitial heat transfer between the metal foams and

particle bed flow, substantially enhances heat transfer in the particle channel.
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Fig. 6. Variation of (a) effective thermal conductivity and (b) volumetric interstitial heat

transfer coefficient as a function of metal foam porosity.

The heat transfer mechanisms from the particle channel to the dividing wall are illustrated

in Fig. 7 for the metal foam MPBHX for a representative elementary volume (REV). The primary
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heat transfer modes (particle bed conduction, particle bed convection, metal foam conduction, and
interstitial heat transfer between particle bed and metal foam) and the typical temperature profiles
for the particle channel are also elucidated. Based on the energy balance, the heat flux is transferred
to the dividing wall through both the particle bed (Qoed) and metal foam (gms) and then transferred
to the sCO2 channel (qug). So, the sum of gred and gms should equal qwg for the proposed model to
be valid. The q profiles for the various components and the energy balance are discussed in
Subsection 4.2.

Hot particle bed flow

L1 L1

Heat transfer by particle bed
Tpea (x,0) o —\ conducnon

Interstitial heat transfer
between particle bed and
metal foam Qwg
Qped

Tmf
Heat transfer by metal foam
conduction

Tt (x! 0)

Qs

Whea/2

Fig. 7. Schematic of heat transfer mechanisms between particle bed and dividing wall in
metal foam MPBHX for a REV.

4.2 Temperature and heat flux profiles
The temperature profiles of the particle bed, metal foam, wall, and sCO; for the metal foam

(#me = 0.70) and open channel MPBHXs are shown in Fig. 8 (a, b), respectively. The baseline
particle bed and metal foam properties used are from Table 8 and Table 4, respectively, in all the
simulations, and uped for open channel/metal foam MPBHXSs is the same. The metal foam MPBHX
shows higher sCO: outlet temperatures (703°C) than the open channel MPBHX (696°C). It is also
observed from Fig. 8 (a, b) that in general the temperature difference between the particle bed and
the wall is higher in the case of open channel MPBHX than metal foam MPBHX which implies
higher heat transfer for the metal foam MPBHX. The ket and hy for the metal foam MPBHX

enhance heat transfer in the particle channel and counter the effects of near wall thermal resistance,
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which is a significant cause of low heat transfer coefficients in open channel MPBHXs [9,12]. The

temperature contours in Fig. 9 (a, b) also indicate greater heat transfer from the particle bed in the

metal foam MPBHX which is evident by the presence of the high temperature zone (775°C —

650°C) from x/H = 0 — 0.4, whereas for an open channel MPBHX the high temperature zone

extends from x/H = 0 — 0.6 showing lower heat transfer from the particle bed.
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Fig. 8. Temperature profiles of particle bed, metal foam, dividing wall, and sCOzalong the
flow direction for (a) metal foam (¢ms = 0.70), and (b) open channel MPBHXs.
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Fig. 9. Temperature contours of particle bed for (a) metal foam (¢ms = 0.70), and (b) open

channel MPBHXs.
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From the steady-state temperature distributions, the local heat flux profiles (Qbed, qms, and
qwg defined in Egs. 5 (a-c) in Table 2) are obtained for the metal foam MPBHX (¢ms = 0.70) and
presented in Fig. 10 (a). At the particle bed inlet region, there is a slight discrepancy between Qoed
+ gmf and Quwg, Which is attributed to the grid resolution in the streamwise direction, where a high
grid resolution is necessary to resolve the sharp flux gradient at the particle bed inlet region for the
metal foam MPBHX. Therefore, from an energy balance perspective, both flux components (Qbed
+ gmf and qwg) should have minimal or no difference for the proposed model/hypothesis to hold.

To this end, the grid size in the x-direction is varied (Ny = 64), and the average heat flux (7 ) values

are presented in Fig. 10 (b). The relative error (R.E.) between G, +7, and 4, is defined as

qbed + qu - qwg
qbed + C_]mf

R.E.= (28)

It can be observed from Fig. 10 (b) that the R.E. between the T+ and g, is about

6.13x10" at a grid size of 2048x64. This low R.E. in the § components proves our hypothesis from

an energy balance perspective. Furthermore, it shows the effect of Nx on the q behavior, and a grid
size of 2048%64 is used for the metal foam MPBHX in the remaining simulations.

><104 ><1073
A e T 6100 ————— 7 3
1 —*—(bed t+ Gmf 1
Gbed ] 6090 |- (zlel Quf 15
. - Gt ] s 12
F, P 4 — 4
15 \‘ Qbed + Gmf | 6080 - ]
12
E NE 6070 - ] .
1 < ] £a)
= _1.5‘3::
< 6060 |- ]
I ]
—H1
6050 - ]
6040 |- —] 05
6030 L S B SR s s 4 Y
0 500 1000 1500 2000
Ny
(b)

Fig. 10. (a) Comparison of g components along the flow direction and (b) averaged heat flux

g and relative error versus grid number in the x-direction for the baseline metal foam

MPBHX (¢mf = 0.70).
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The q profile components for the particle channel are shown in Fig. 11(a, b), where for the
open channel MPBHX, heat transfer only occurs via particle bed-to-wall, whereas in the metal
foam MPBHX, there is an additional heat transfer component from metal foam-to-wall. The q
components are high at the thermal entry region (x/H = 0) and decrease further down the channel

due to the heat exchange process with sCOx.
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Fig. 11. The local heat flux profiles (a) gred and (b) gms in the particle channel for metal foam
and open channel MPBHXs.

4.3. Particle bed-to-wall heat transfer coefficient
The hpedw along the streamwise direction for the four MPBHX configurations (¢ms = 0.70,

dmf = 0.80, ¢mse = 0.88, and open channel) is obtained from Eq. (22) and shown in Fig. 12. The
presence of metal foam in the particle channel significantly enhances the hpedw for ¢ms = 0.70 and
0.8 whereas a small increase is observed for ¢ms = 0.88. The hpedw profiles for the metal foam
MPBHXs have a similar trend and higher magnitude compared to that for the open channel
MPBHX reported by Albrecht and Ho [12] and Yin et al. [60]. An enhanced hpeq,w iS Observed at
the thermal entry region, asymptotes to a constant value further down the channel when the flow
is thermally developed due to a plug flow assumption for the particle bed flow. Local disturbances
in particle bed velocities due to the presence of metal foam may change the behavior of the hpedw
profile, which requires actual flow visualization experiments (e.g., particle velocimetry) [65] or
investigation of local flow fields using discrete element modeling (DEM) [66], which would
provide in-depth information about the actual particle bed flow field and is beyond the scope of

this work.

23



AL R DL AL R I L R LR R LR
. Metal foam MPBHX (¢yns = 0.70) 7
450 |- - - - Metal foam MPBHX (¢ = 0.80)
. --—--Metal foam MPBHX (¢ = 0.88) ]
@ 400 K ------------- Open channel MPBHX .
N ———————————————— 2
SN :
z 300 E
E C ]
< 250 F 3
3

200 F:
150 PR S T (NN TN TN TN SN SR ST T A TR TR TN N S S S
0 0.2 0.4 0.6 0.8 1

x/H

Fig. 12. Comparison of hpedw along the flow direction for metal foam and open channel
MPBHXGs.

4.4. Heat transfer performance of MPBHXs
The heat transfer performance of MPBHXSs is obtained using Egs. (23-26) for a heat

transfer area of 1 m? and summarized in Table 9. The presence of metal foam in the particle channel

enhances the heat transfer performance compared to an open channel MPBHX with the ﬁbed‘w

increased by 63% and the U increased by 50% (¢m¢= 0.70). The ATLmTp is also compared between
the four configurations where a lower LMTD is observed for the metal foam MPBHX compared
to open channel MPBHX due to the metal foam enhancing heat transfer from the particle bed to
sCO2 which is evident by lower particle bed outlet temperature and higher sCO. outlet
temperatures as observed in Fig. 8. The reduction in particle bed outlet temperature and increase
in sCO> outlet temperature for the metal foam cases compared to open channel MPBHX case
causes a decrease in the ATmTp based on Eq. (26). A similar behavior is also observed for decrease
in ATumTp as the ¢mr decreases and is attributed to the enhanced thermal performance at lower @gms
for metal foam MPBHX. The particle selection plays an essential part in enhancing the overall
heat transfer, as observed by the difference in the heat transfer metrics shown in Table 10 between
the CARBOBEAD particles (thermophysical properties provided in Table 11) and the sintered

bauxite particles used in the present study for open channel MPBHX. Compared to sintered bauxite

and 8% for the U for the CARBOBEAD particle is

particles, an increase of 10% for the h

bed, w
observed, which is attributed to a higher k, for CARBOBEAD particles compared to sintered
bauxite particles.
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Table. 9. Heat transfer performance comparison between open channel and metal foam
MPBHXs (heat transfer area 1 m?).

Metrics Open channel Metal foam Metal foam MPBHX Metal foam MPBHX
MPBHX  MPBHX (¢mt= 0.70) (¢me = 0.80) (¢mi = 0.88)
g (W/M?K) 196.41 353.32 340.72 202.29
U (W/m?K) 147.66 221.38 216.36 150.82
LMTD 39.22 27.88 28.43 38.99
QW) 5792.51 6172.59 6153.31 5881.76

Table. 10. Heat transfer performance comparison with different particle types selection for
the open channel MPBHX (heat transfer area 1 m?).

Metrics Bauxite CARBOBEAD
Ny (W/MPK)
' 196.41 216.34
U (W/m?K) 147.66 158.64
LMTD 39.22 36.56
QW) 5792.51 5800.50

Table 11. Thermophysical properties of CARBOBEAD particles™.

Parameter Value
pp (kg/m?) 3270
cpp (J/kgK) 1150
kp (W/mK) 4.5

dp (m) 250x10°°

*Particle thermophysical properties obtained from Chung et al. [67] and evaluated at mean of the
particle bed and sCO: inlet temperatures (662.5°C).

4.5. Parametric study of the effects of MPBHX design and operating parameters

4.5.1. Effect of heat capacitance ratio

The effect of the heat capacitance ratio (C = MyeCo e / mscoch,scoz) on the average bed-to-wall

heat transfer coefficient, h, , and overall heat transfer rate Q, defined in Egs. (23, 25) respectively

in Table 6, is investigated for three modes of operation (C = 1.5, C =1, and C = 0.5 1) for metal
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foam and open channel MPBHXs in Fig. 13, where the mass flow rate of the particle bed is kept

constant. It can be observed from Fig. 13 (a) that the change in the C has a negligible effect on the

h..q., fOr various metal foam porosities. While the results in Fig. 13 (b) show that higher Q is

achieved with lower C values. This is due to the low Q extraction by the WF from the particle
channel in the C = 1.5 case, where the thermal capacity of the hot side is significantly high.
Whereas for C = 0.5, the WF has a higher thermal extraction capacity and can extract higher Q
from the particle channel. The temperature contours for varying C are illustrated in Fig. 14 (a-c),
where a higher particle bed temperature is observed for C = 1.5, and the heat extraction from the
WEF is elucidated as C decreases in Fig. 14 (b, c), where the WF inlet temperature effect becomes

more noticeable.
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Fig. 13. Variation of (a) ﬁoed,w and (b) Q as a function of C (¢mr= 1 refers to open channel

MPBHX).
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Fig. 14. Particle bed temperature contours for (a) C = 1.5, (b) C =1 and (c) C = 0.5 for metal
foam MPBHX (¢mi= 0.70).

4.5.2. Effect of particle bed mass flow rate

The particle bed mass flow rate is varied from 16.6 g/s to 75 g/s [12,68] to observe the
effects on the heat transfer performance of the MPBHXs. The particle bed mass flow rate
significantly increases the heat transfer enhancement in the metal foam channel because hy is a
function of the particle bed mass flow rate/Reynolds number. A higher hy due to high particle bed
mass flow rate increases the particle bed/metal foam interstitial heat transfer, which correlates to

higher ﬁbedw and Q, as seen in Fig. 15. For ¢ms= 0.70 & 0.80, it is observed that the ﬁbed‘w values
keep increasing with increase in the particle bed mass flow rates. In contrast, for ¢ms= 0.88 and
the open channel case, the ﬁbed,wvalues increase and converge at a mass flow rate of 40 g/s. The Q

for all the cases appears to converge at a mass flow rate of 70 g/s as the MPBHX approaches its
maximum effectiveness. The increase in particle bed temperature due to the increase in particle
bed mass flow rate can be observed in Fig. 16, where at 16.6 g/s, a majority of the particle channel

remains at the WF inlet temperature, and at 68.6 g/s, the particle bed inlet temperature dominates.
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Fig. 16. Particle bed temperature contours form,,, of (a) 16.6 g/s, (b) 23.8 g/s, (c) 40.8 g/s,
and (d) 68.6 g/s for metal foam MPBHX (¢ms= 0.70).

4.5.3. Effect of particle bed channel spacing
The particle bed channel spacing is varied from 3 mm to 9 mm [12,13], and the heat transfer

performance of the MPBHXs is elucidated in Fig. 17 (a, b), where the ﬁbedw and Q decrease with

the increasing particle bed channel spacing because high particle bed channel spacing increases
the heat transfer diffusion length in the transverse direction and vice versa. Since a majority of the
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heat transfer resistance is on the particle side, Albrecht and Ho [12] and Fang et al. [14]

recommended using packed bed channels of 3 mm to obtain higher ﬁbed’w. The presence of metal

foams specifically for ¢ms = 0.70 and 0.80 shows that high ﬁbed’w (>300 W/m?K) can be obtained

with sizeable particle bed channel spacing (9 mm) as well.
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Fig. 17. Variations of (a) ﬁbed‘w and (b) Q as a function Whea.

4.5.4. Effect of particle diameter
The particle diameter can also play a significant role in the heat transfer and flow behavior
of MPBHX and is varied from 100 um to 750 um to observe the effects on the heat transfer

performance. The present model does not consider the effects of particle radiation as the particle

bed thermal conductivity is evaluated based on the model of Yagi and Kunni [58]. The h,.. and

bed, w
Q decrease with an increase in the particle diameter, as seen in Fig. 18 (a, b). This is due to the
increased near-wall thermal resistance caused by the increased voidage in the near-wall region. In
the particle bed temperature contours shown in Fig. 19 (a, b), the effects of higher near-wall

resistance due to large particle diameters become obvious compared to small particle diameters.
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Fig. 19. Particle bed temperature contours for (a) dp = 100 #zm and (b) dp = 750 gm for the
metal foam MPBHX (¢ms= 0.88).
5. Conclusions
In this paper, a 2D heat transfer model for counterflow particle-to-sCO> MPBHXs with
and without metal foams in the particle channel is developed. The numerical model for the open
channel HX is verified with analytical solutions in [11] and numerical results in [12], whereas the
temperature profiles predicted by the metal foam MPBHX model are verified with the analytical
solution for forced convection through metal foams in [53]. The verified model is used to study

the thermal enhancement due to the presence of metal foams in the particle channel. The
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temperature distributions for the particle bed, dividing wall and sCO; stream and heat flux profiles
are studied in detail at various metal foam porosities. The particle-to-wall heat transfer coefficient,
overall heat transfer coefficient, and total heat transfer are also further determined, and the
parametric effects of major MPBHX design and operating parameters on the heat transfer
performance of the MPBHX are scrutinized. The following conclusions can be drawn from this

study:

e The hypothesis for heat transfer enhancement due to the presence of metal foams where the
increased effective thermal conductivity and the interstitial heat transfer are the critical factors
for enhanced heat transfer is proposed and verified.

e The heat transfer performance of the open channel and metal foam MPBHXs are compared,

where the metal foam MPBHX (¢m¢= 0.70) performs better (F‘bed,w =352.32 W/m?K, U =221.38

W/m?K, and Q = 6.17 kW for metal foam MPBHX vs h,,. = 196.41 W/m?K, U = 147.66

bed,w
W/m?K, and Q = 5.79 kW for open channel MPBHX) at baseline operation parameters.
e The particle selection for the MPBHX also plays a vital role as a high intrinsic thermal

conductivity of the particle can enhance heat transfer performance (h,,, = 216.34 W/m?K, U

= 158.64 W/m?K, and Q = 5.8 kW for CARBOBEAD particles vs h,,,, = 196.41 W/m?K, U =

147.66 W/m?K, and Q = 5.79 kW for sintered bauxite particles).

e A detailed parametric study is carried out to determine the effects of critical operating and
geometric parameters including heat capacitance ratio, mass flow rate of the particle bed,
particle bed channel spacing, and particle diameter, and comparisons are made with and

without metal foam for determining ﬁbedywand Q. This gives insights into the parameters

selection for designing MPBHXs with metal foams.

The present study can serve as a valuable reference for designing advanced heat exchangers
including porous media like metal foams, fins, and tube banks in the particle channel for heat
transfer enhancement and optimization, and can be utilized to study transient effects of various
operating conditions on MPBHXs. However, although the results for heat transfer enhancement
are promising from the present study, further experimental studies are needed to validate the
present model; in addition, the model can be improved by incorporating better resolved particle

bed flow such as through DEM simulations; furthermore, for particle flows with high flow rates
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and large particle diameters, particle clogging may become a significant disadvantage that must

be experimentally addressed.
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Nomenclature

Latin letters

Oiber Metal foam fiber diameter

h Average heat transfer coefficient (W/m?K)
A Area of heat exchanger (m?)

Bi Biot number

C Capacitance ratio

Cp Specific heat capacity (kg/m?®)

dp Particle Ddiameter (m)

f Darcy friction factor

h Heat transfer coefficient (W/m?K)

H Height (m)

hv Volumetric interstitial heat transfer coefficient (W/m®K)
k Thermal conductivity (W/mK)

NTU Number of transfer units

Nu Nusselt number

Pr Prandtl number

q Heat flux (W/m?)

Q Total heat transfer (W)
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u
W

Greek letters
M

Ebed

P

¢mf
Subscripts

air

bed
bed,eff
bed,w
Dn
fiber

g
LMTD
mf
mf,eff

nw

wg

Specific thermal resistance (m2K/W)
Temperature (°C)

Thickness (m)

Overall heat transfer coefficient (W/m?K)
Superficial velocity (m/s)

Width (m)

Viscosity (kg/ms)
Bed porosity
Density (kg/m?3)

Metal foam porosity

Air

Particle bed

Particle bed effective
Particle bed-to-wall
Hydraulic diameter (m)
Metal foam fiber

sCO.

Log mean temperature difference
Metal foam

Metal foam effective
Near-wall

Particle

Volumetric

Wall

Wall-to-gas

33



Superscripts

in

out

Inlet

Outlet

Abbreviations

AM
CSP
DEM
HTF
HX
LCOE

Additively manufactured
Concentrated solar power
Discrete element modeling
Heat transfer fluid

Heat exchanger

Levelized cost of electricity

MPBHX Moving packed bed heat exchanger

PCM Phase change material

sCO> Supercritical carbon dioxide

TES Thermal energy storage

WF Working fluid
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