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ABSTRACT

Particle-based concentrating solar power (CSP) plants have
been proposed to increase operating temperature for integration
with higher efficiency power cycles using supercritical carbon
dioxide (sCO>). The majority of research to date has focused on
the development of high-efficiency and high-temperature
particle solar thermal receivers. However, system realization will
require the design of a particle/sCO> heat exchanger as well for
delivering thermal energy to the power-cycle working fluid.
Recent work has identified moving packed-bed heat exchangers
as low-cost alternatives to fluidized-bed heat exchangers, which
require additional pumps to fluidize the particles and
recuperators to capture the lost heat. However, the reduced heat
transfer between the particles and the walls of moving packed-
bed heat exchangers, compared to fluidized beds, causes concern
with adequately sizing components to meet the thermal duty.
Models of moving packed-bed heat exchangers are not currently
capable of exploring the design trade-offs in particle size,
operating temperature, and residence time. The present work
provides a predictive numerical model based on literature
correlations capable of designing moving packed-bed heat
exchangers as well as investigating the effects of particle size,
operating temperature, and particle velocity (residence time).
Furthermore, the development of a reliable design tool for
moving packed-bed heat exchangers must be validated by
predicting experimental results in the operating regime of
interest. An experimental system is designed to provide the data
necessary for model validation and/or to identify where
deficiencies or new constitutive relations are needed.

INTRODUCTION

Using particles as a heat transfer fluid has been identified as
a potential path toward increasing operating temperature of CSP
plants [1, 2] to enable the use of high efficiency power cycles
such as sCO; [3]. However, many questions remain about the
design of such systems and performance of the components
including the particle solar thermal receiver as well as the
particle/sCO; heat exchanger. Much of the work to date has
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focused on the development of high-temperature and high-
efficiency particle solar thermal receivers [4, 5, 6, 7], however,
particle/sCO; heat exchanger development is required for system
realization. Model based performance evaluation of such devices
is necessary for adequately sizing components leading to
accurate cost predictions. Without reliable heat exchanger
performance models, the design and cost analysis of the system
is subject to large uncertainty.

Recent work has identified fluidized bed heat exchangers to
be potentially cost prohibitive due to the necessary
turbomachinery for providing fluidization gas as well as the
recuperative heat exchangers to prevent large thermal loss from
the fluidization gas. Moving packed-bed particle heat
exchangers provide a potential alternative [8], which avoid both
of the high cost components in fluidized beds. However, moving
packed-bed heat exchangers are commonly known to have
significantly reduced heat transfer coefficients in comparison to
fluidized bed heat exchangers. Therefore, the required heat
transfer surface area will be larger for a moving packed-bed heat
exchanger for a given thermal duty.

The reduced heat transfer coefficients present in moving
packed-bed heat exchangers can be explained by the surface
renewal theory that has been discussed by Mickley and
Fairbanks [9] and Chen et al. [10]. Fluidized beds enhance heat
transfer by continually refreshing particles that have been cooled
by the heat transfer surface with high temperature particles in the
bulk flow. This allows for larger temperature gradient driving
forces to be maintained at the heat exchanger surface. The
quantitative improvement in heat transfer is proportional to the
frequency of this surface renewal process. In a moving packed-
bed heat exchanger, the particles contacting the heat exchanger
surface are not continuously refreshed and the heat transfer is
limited by the thermal conductivity of the bulk particulate
material. In addition, moving bed experimental results have
shown that as the contacting time between the solid and heat
exchanger surface increases, the convection coefficient drops
due to progressively decreasing temperature gradients at the heat
exchange surface. Therefore, current literature values for moving
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packed-bed heat transfer coefficients cause concern with the
design of large scale (high residence time) heat exchangers.

PRIOR EXPERIMENTAL WORK

The heat transfer coefficients of moving packed-bed heat
exchangers have been experimentally measured and found to
have a strong dependence on residence time, bulk thermal
conductivity, and particle diameter. The following section
reviews the relevant studies and their findings on important
parameters in design of moving packed-bed heat exchangers.

Sullivan and Sabersky [11] measured moving-bed heat
transfer coefficients from vertical plates and interpreted the
experimental result by considering both a discrete particle model
and single-component continuum model for a semi-infinite
domain. The findings suggest that there are two important
thermal resistances to characterize heat transfer, which include
the bulk thermal conductivity and the particle-wall contact
resistance. Depending on the flow regime, the importance of the
two resistances can change.

Denloye and Botterill [12] measured heat transfer
coefficients in a vertical column and varied particle size,
interstitial gas, gas pressure, and particle flow velocity. Their
findings indicated particle size was most important parameter in
which smaller particles increased the heat transfer coefficient
through decreasing the wall contact resistance. Gas phase
thermal conductivity was also observed to have a large impact
and improvements with pressurizing the bed were also observed.
Enhanced heat transfer was also observed when using particles
with a much larger size distribution due to decreased voidage in
the bulk and near-wall regions.

Spelt et al. [13] extended the work of Sullivan and Sabersky
[11] to external flow on an inclined plane and found heat transfer
coefficients begin to diminish if particle velocity is increased and
a peak in the Nusselt number is observed. The diminished heat
transfer was attributed to increased voidage in the near-wall
region with high particle velocities.

Obuskovic [14] measured moving-bed heat transfer
coefficients from a vertically oriented tube. The heat transfer
coefficients were found to improve with decreasing residence
time (increasing velocity). Visualization experiments also
indicated that transverse particle motion to the bulk flow
direction was not important to consider and the moving packed-
bed of particles approximates plug flow.

Golob [15] measured heat transfer coefficients for external
flows of particles over heated surfaces both with and without
fins. The measured heat transfer coefficients significantly
increased as particle diameter decreased. In addition, heat
transfer coefficients were observed to decrease for the finned
surfaces.

Most recently Baumann and Zunft [8] measured heat
transfer coefficients of a moving packed-bed heat exchanger
with staggered horizontally oriented tubes. Their measurements
indicated that tube spacing and particle mass flow rate are
important considerations. Closely spaced tubes and high mass
flow rates led to increased velocities and decreased residence
times that were shown to enhance heat transfer coefficients.

Many of the experimental studies on heat transfer
coefficients have identified bulk particle thermal conductivity,
interstitial gas phase thermal conductivity, particle diameter, and
residence time as important consideration in the design of
moving packed-bed heat exchangers. The interdependence of the
particle diameter and gas phase thermal conductivity and their
combined effect on bulk particle thermal conductivity has been
discussed by Yagi and Kunii [16] and Vargas and McCarthy [17].
Baumann and Zunft [18] have also made experimental
measurements of bulk thermal conductivity and have shown
larger particle diameters improve bulk thermal conductivity and
radiation can have a significant effect at elevated temperature
(>400°C). However, the majority of experimental studied have
identified improved packed-bed heat transfer coefficients with
decreasing particle diameter due to reduced particle-wall contact
resistance. Therefore, a trade-off must exist in the optimal
particle diameter, which will provide the best heat transfer
performance, depending on the geometry and operating
conditions of the heat exchanger.

PRIOR HEAT EXCHANGER MODELING WORK

Models of the heat transfer process of moving packed-bed
heat exchangers have been reported in the literature. However,
the majority of these models have been developed with
properties that are specific to a single application and do not
yield a robust design tool capable of rapid simulation.

Botterill and Denloye [19] developed a model for the heat
transfer in a stationary packed-bed. The heat transfer process was
captured through implementing two separate regions in the
model of a single component continuum to divide the near-wall
region from the bulk, which will differ in effective thermal
conductivity. The near-wall region typically has a higher voidage
than the bulk that leads to lower effective thermal conductivities.

Park [20] presented general heat exchanger effectiveness
plots for different flow configurations, which were calculated
from a single-component contintum model. The performance
was quantified in terms of non-dimensional quantities, Biot
number and inverse Graetz number.

Henda and Falcioni [21] developed a moving packed-bed
heat exchanger model for Nickel processing. One- and two-
component continuum models were compared and no significant
difference between the approaches was found. Additionally, the
heat transfer is represented by a specified wall temperature
profile rather than modeling a secondary fluid temperature
distribution.

Most recently Baumann and Zunft [22] reported on the use
of CFD tools to represent the hydrodynamics of a moving
packed-bed heat exchanger. The model was compared to particle
image velocimetry (PIV) measurements of horizontal tubes. The
Eulerian-Eulerian model captured the velocity profile around the
tubes except for in the void region directly below the tube.
However, it was concluded that the Eulerian-Eulerian model is
well suited for simulating moving packed beds and future work
should be directed at thermal analysis.

Packed-bed heat exchanger modeling work to date has
typically relied on the use of a single-component continuum
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models with effective properties. Robust numerical models of
moving packed-bed heat exchanger performance are not
currently available in the literature. Models, which are capable
of rapid design iterations, to explore the effects of particle
diameter and heat exchanger geometry would provide a novel
contribution to the literature. This paper details the development
of a moving packed-bed heat exchanger model capable of
evaluating the effect of particle size, operating temperature, and
particle velocity on performance directed at the specific
application of particle/sCO, heat exchanger for CSP.

ANALYTICAL SOLUTION APPROACH

From the existing literature on experimental evaluation of
moving packed-bed heat transfer coefficients, velocity or particle
residence (contacting) time has been identified as an important
design variable. This causes concern in the development of large
scale heat exchangers in which high residence times are
necessary to cool particles from the desired inlet to outlet
temperature. Therefore, the following section details the
analytical solution approach and explains the shortcomings of
using a semi-infinite model to represent an internal flow
(bounded domain).

Bounded Domain

Semi-Infinite Domain

Figure 1: Illustration of moving packed-bed heat transfer in a semi-
infinite and bounded domain with constant temperature wall boundary
condition

Interpretation of heat transfer behavior of moving packed-
beds has historically relied on analytical solutions of 1-D
transient heat transfer problems. This approach assumes the
particles behave as a one-component continuum and the
temperature distribution can be determined through solving the
heat diffusion equation (Eqn. (1)) with effective transport
properties. The heat diffusion equation has many known
solutions and the transient term can be converted into a

convective flow through the substitution, o7 _éT , which leads
ox ot

to a two-dimensional temperature distribution of the domain.
or o°T
—=a— Q)
o oy

For a semi-infinite domain (T(x,c0)=T,), Sullivan and
Sabersky [11] have shown this analysis produces an average
Nusselt number (,\TUL :ﬁ%j given by

— 2
Nup =ﬁ1/PeL 2)

where the Peclet number is defined as pe, = ULa . The details of

the similarity solution can be found in Bird et al. [23].
Much of the prior work on packed-bed heat transfer has

identified that flows with long residence times (T = %) result in

diminished heat transfer coefficients. Through substitution into
Eqn. (2), the average heat transfer coefficient can be shown to be
inversely proportional to the square root of residence time.

H:z\lupcpk :z\lpcpk 3)
7L T

From this analysis, one would conclude that large-scale
moving packed-bed heat exchangers, which have large residence
times, should have low convection coefficients and therefore
poor heat transfer performance. In addition, the trends of the
correlation have been confirmed experimentally through direct
measurements of wall temperature and heat flux to infer the heat
transfer coefficient in granular flows. This result is true for
geometries that are well represented as a semi-infinite domain.
However, for internal flow, which has a bounded domain, the
Nusselt number will approach a constant as it does with fully
developed viscous flow [24]. This has been overlooked in the
field of granular flow due to the difficulty in making local
temperature measurements and using the solid inlet temperature
(T ) ) as the local temperature to calculate the convection

s,in

coefficient. Typically, a good approximation for small scale
experimental data is a semi-infinite domain. In other words, the
assumption that the mean temperature of the particles (TS avg) is

not significantly changed by the heat addition (T, ~T,, ). Under

savg

such conditions, using the heat transfer coefficient definition
given by Eqn. (4) is applicable for data processing. However, if
the average temperature of the solid significantly departs from
the inlet temperature, as in internal flow (bounded domain), the
local temperature driving force is not well represented by Eqn.
(4). The local heat transfer coefficient for internal flow must be
calculated based on the local average solid and wall temperature
difference (Eqn. (5)) [25].

T
0= -0 ®

A solution for the heat diffusion equation in a bounded
domain is necessary to capture the effects of the changing
average temperature of the particles and calculate the local heat
transfer coefficient by Eqn. (5). An analytical solution for the
heat diffusion equation within a bounded domain does exist,

3 Copyright © 2017 by ASME



however, it results in an infinite series, which must be evaluated
numerically to obtain the temperature distribution and extract the
heat transfer coefficient and Nusselt numbers. The details of this
solution can be found in Carslaw and Jager [26] for both constant
temperature and constant heat flux boundary conditions. The
Nusselt number [ jp calculated from the analytical
[NU Dh = %J
solution is plotted with respect to the inverse Graetz number
, L ) inFigure 2 and Figure 3 for the constant wall heat
[GZ - PeDhDh]
flux and temperature boundary conditions, respectively. From
the figures, the plug flow Nusselt number can be observed to
asymptotically approach values of 9.87 and 12.0 for the constant
temperature and heat flux boundary conditions, respectively.
This result contradicts the typical conclusion that increased
residence time decreases the heat transfer coefficient. Although
the Nusselt number is observed to rapidly decrease in the
entrance region, a constant value is approached after the flow is
thermally developed. This is a direct result of solving for the
temperature distribution in a bounded domain and determining
the heat transfer coefficient using the definition of Eqn. (5) in
which the driving force is the temperature difference between the
wall and average solid temperature.

Constant Heat Flux Boundary Condition
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Figure 2: Average and local Nusselt numbers for the constant heat flux
boundary condition as a function of inverse Graetz number

The difference between the two methods of quantifying the
heat transfer coefficient (bounded domain and semi-infinite)
become important when considering the performance of a heat
exchanger. Heat exchanger performance can be quantified based
on the overall heat transfer coefficient (U ), which can be
approximated by an equivalent resistance network

-1

hsw Kiix hco2

where t, is the heat exchanger thickness, k

U (6)

ux is the heat
exchanger thermal conductivity, and p__ is the sCO; convection

coefficient. Typically, the overall heat transfer coefficient is
extracted from the heat exchanger conductance (U A) by dividing

by the heat transfer area. The conductance can be obtained from
the heat transfer (Q) and the log mean temperature difference
(AT,,) (LMTD) for the particular flow configuration (Eqns. (7)
and (8)). The LMTD can be thought of as the average local
temperature difference over the length of the heat exchanger.
Therefore, if the particle heat transfer coefficient is not
accurately quantified based on the local temperature difference
(Eqn. (9)), the overall heat transfer coefficient of the heat
exchanger will appear to disagree with the particle heat transfer
coefficient that has typically been reported in literature data.

Constant Temperature Boundary Condition
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Figure 3: Average and local Nusselt numbers for the constant wall
temperature boundary condition as a function of inverse Graetz number

_ (Ts,out _TCOZ,in )_ (Ts,in _TCOZ,out)

AT, =
In Ts,out_TCOZ,in (7)
Ts,in _TCOZ,out
Q=UA-AT,, 8)

PARTICLE/SCO, HEAT
DEVELOPMENT

The analytical solutions presented in the previous section
provide insight into the expected particle-wall heat transfer
coefficients. However, the model must include an energy balance
for the sCO; to accurately simulate the heat exchanger, which
provides the boundary conditions for the 2-D single-component
continuum moving packed-bed model. In addition, the
thermophysical properties of the sCO, and moving packed are
not constant and the variation must be captured over the heat
exchanger. Therefore, the partial differential equations become
highly non-linear and a numerical solution is necessary.

The model solves the conjugate heat transfer problem
between the moving packed-bed of particles and counter-flow
sCO; fluid in a shell-and-plate configuration (Figure 4). A 1-D
steady-state conservation of energy equation for the sCO; is

EXCHANGER MODEL
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given by Eqn. (9) and a 2-D steady-state conservation of energy
equation for the particles (subscript s) is given by Eqn. (10).

dT, 2q"
2 _ 9
Pco,Vco,C co, ax _h Ceo, ©)
o, 0 oT 10)
s _ 9| s (
psvscp,s ax 3 ( s,eff 3 J

The boundary conditions for the differential equations can be
expressed as

Teo, (H) =Teo, in a1
Ts (01 y) = Ts,in (12)

which specify the inlet temperatures of the sCO, and particle
flows. In addition to the inlet boundary conditions, outlet
boundary conditions are also specified for the sCO, and particle
flow as

TCOZ (O) = TC02 out (13)

1 rhs
h_CS-L Ts (H ) y)dy = Ts,out (14)

where the velocities (v become variables that must be

co, Vs )
solved for to satisfy the conditions.
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Figure 4: Illustration of the shell-and-plate moving packed-bed
particle-to-sCOz heat exchanger model

The 2-D particle conservation of energy equation assumes
the particles behave as a single-component continuum in which
the bulk thermal conductivity (k ff) is an appropriate way to

s ¢f

characterize the particulate media. The limiting factor of heat
transfer in moving packed-bed heat exchangers has typically
been attributed to the low thermal conductivity of the bulk
particulate material. Therefore, it becomes important to include
the transverse (y-direction) temperature distribution in the
particles to capture the thermal resistance of transferring heat
from the particles to the sCO,. The effective thermal
conductivity of the bulk particulate material can be calculated as
K _ kg ﬂ (1 — & )

s eff k

g

4 P +o

S

where K, is the thermal conductivity of the gas phase assumed

(15)

to be in local thermal equilibrium with the solid, k_ is the thermal
conductivity of the solid material, g, is the bulk voidage of the
solid, and S, ', and (? are constants taken from the work of

Yagi and Kunii [16]. The expression has been modified to
neglect the effects of radiation heat transfer, which could become
significant at elevated temperature and large particle diameters.
The expression also neglects the effect of the hydrostatic force,
which can improve bulk thermal conductivity.

The temperature of the sCO> in counter-flow configuration
provides the boundary condition for the two-dimensional particle
heat transfer. The second dimension is not necessary for the sCO»
due to the heat transfer resistance being captured through a well-
established fluid flow convection coefficient. The coupling
between the sCO; and particle regions of the model can be
mathematically expressed by matching the local heat flux of the
two regions. The local heat flux can be expressed as

dT, 1
0'()=krge| = (L00Teo () 9

where R” is the specific thermal resistance due to the particle
wall contact, heat exchanger material thermal conductivity, and
sCO;-wall convection. The resistance can be calculated as

R()=Rr+ o, 1 (17

HX hco2

0,x

where R’ is the particle-wall contact resistance, which is the

result of low effective thermal conductivity in the near-wall
region due to increased voidage [19]. The contact resistance of
the neat wall region can be calculated as
d
" __ p
RC - 2k nw (18)
s eff

where the thermal conductivity in the near-wall region (ks";;f ),

only considering the thin film conduction mechanism, can be
calculated as
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1_
Koot = K| €w +—‘9V2V (19)
20, + -
3k

The near-wall voidage can be calculated as
1-¢,)0.7293+0.5139Y
gy —1- L2 ) (20)
1+Y

where y = d % a and a is the surface curvature.

The model has been developed in MATLAB [27] to make
use of the internal ordinary differential equation solver
(ODE15s), which numerically integrates the differential
equations through space (x-direction). The particle region has
been discretized spatially in the y-direction using a finite
difference approximation, which yields a set of ordinary
differential equations that can be handled by the MATLAB
solver.

The nominal set of physical properties selected for the
model are given in Table 1, which have been taken from
experimental studies [18, 28, 29] on particulate materials for CSP
application as well as heat transfer references [24]. The
thermodynamic and transport properties of sCO, have been
taken from Span et al. [30] and Vesovic et al. [31], respectively.
The sCO; in the heat exchanger is assumed to behave in an
isobaric manner at a pressure of 25 MPa.

Table 1: Physical properties of particulate and heat exchanger material

Physical Property Value Units
Particle diameter (dp ) 250 um

Bulk particle density (p, ) 2000 kg m?
Particle specific heat (Cp,s) 1200 Jkg'K!
Particle material thermal conductivity (ks) 2 Wm!K!
Bulk voidage (g5 ) 0.40 -

Heat exchanger thermal conductivity (k,,, ) 23 Wm'!K!

The nominal simulation geometry considers a moving
packed-bed with a height of 1 m and a width of 50 cm, which
yields a total heat transfer area of 1.0 m? per channel. The gap
between plates (hcs) is set to 6 mm, which is 24 particle

diameters and should be sufficient to prevent bridging. The
counter-flow sCO; channel is taken to be 0.5 mm in width (hcco )

, which has been chosen to maintain the flow in a turbulent
regime (Repn.co, ~4000)- The particle velocity is an output of the

simulation, which is set to achieve an outlet temperature of
570°C for a 775°C inlet temperature. The counter-flow sCO; inlet
velocity is set to achieve an outlet temperature of 700°C for a
550°C inlet temperature. The temperatures are set to be
consistent with heat addition to a recuperated sCO, power cycle
[3].

The moving packed-bed heat exchanger temperature
profiles for the nominal simulation condition are displayed in

Figure 5. The majority of the heat transfer resistance can be
observed to be the result of the particle-wall convection since the
temperature difference between the sCO» and wall is much lower
than the particle and wall. The distribution of the local particle-
wall convection coefficient is plotted in Figure 6. An enhanced
heat transfer coefficient is observed in the first 10 cm due to the
thermal entry region. After the flow is thermally developed, the
local heat transfer coefficient will asymptote to a constant value
around 180 W m?2K™!. The slight decrease in the heat transfer
coefficient, after the thermal entry region, is due to the
temperature dependence of the bulk particle thermal
conductivity and particle-wall contact resistance. Figure 6 also
displays the difference between the conventions for calculating
the local particle-to-wall heat transfer coefficient (Eqns. (4) and
(5)). Quantifying the particle-to-wall heat transfer coefficient
based on inlet temperature (red line) results in a much lower heat

transfer coefficient (hy, = 50.6 W m?K™"), which is not
consistent with the back calculated overall heat transfer
coefficient (U = 144 W m?K™") based on LMTD. The particle-
to-wall heat transfer coefficient based on average solid

temperature (blue line) is 182 W m™K"! which is consistent with
the overall heat transfer coefficient.

800 -
—sCO,
__750 — Particle| -
O Wall
L
L 700
=
©
S 650
£
[}
—
600
550 ' ' ' '
0 0.2 04 0.6 0.8 1

Figure 5: Profiles of the average particle, heat exchange material, and
sCOz temperatures for the nominal moving packed-bed heat exchanger
geometry

The model output provides information that can be post
processed to obtain values for the total heat transfer (Q), overall

heat transfer coefficient (U ), average particle-wall heat transfer

coefficient ( SW), effectiveness (5), and number or transfer units

(NTU). The heat exchanger performance metrics are reported in
Table 2 for the nominal condition as well as variations in particle
diameter. The nominal heat exchanger geometry is shown to be
capable of transferring 5.86 kW of heat per meter squared of heat
transfer area. This value could be enhanced if the effective
thermal conductivity of the solid can be improved or if the
particle-wall contact resistance can be reduced. Since the heat
exchanger geometry is fixed, as well as the inlet and outlet
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temperatures, the LMTD is fixed at 41.61°C. However, the total
heat transfer and mass flow rates of particles and sCO, will vary
as the heat transfer coefficient is affected by particle diameter.
The overall heat transfer coefficient is observed to increase with
decreasing particle diameter, which is due to reduction in the
particle-wall contact resistance with smaller particles. The
increase in particle diameter does not improve the bulk effective
thermal conductivity of the particles based on the model of Yagi
and Kunii [16] without considering radiation, however, the flow
is much more sensitive to contact resistance in the near-wall
region. Therefore, increasing particle diameter to 750 pm
reduces the particle-wall convection coefficient to 139 W m2K!
and decreasing particle diameter to 50 pum increases the
convection coefficient to 208 W m2K-!,

< 500
o —QONT 3, (T (X))
S 400 T T (X))

E 300

‘©

S

: N\

G 200

c

o

3100 ¢

=

c

o

O o : : - -

0 0.2 0.4 0.6 0.8 1

Figure 6: Local particle-to-wall heat transfer coefficients for the
nominal moving packed-bed heat exchanger geometry calculated by
Eqns. (4) and (5)

Table 2: Particle/sCO2 heat exchanger performance as a function of
particle diameter for a fixed 1.0 m? heat transfer area

Particle Diameter 250pm 50 pm 750 pm  Units
Overall HTC (U ) 144 163 110 WmK!
— 21-1
Particle-Wall HTC (h sw) 182 208 139 Wm™K
Total Heat Transfer (Q) 5.86 6.63 450 kW
Solid Mass Flow Rate 23.8 27.0 183 gs!
sCO, Mass Flow Rate 31.3 35.4 240 gs’!
HX Effectiveness (g) 0.915 0.915 0915 -
Number of Transfer Units 5.03 5.03 503 -

The non-dimensional heat exchanger performance metrics
are also reported in Table 2. The effectiveness is observed to be
91.5% and the NTU is observed to be 5.03, which are
independent of particle diameter. Since the LMTD and
capacitance ratio (mcoch,coz /mscs) of the heat exchanger is

fixed for all of the simulations, the effectiveness and NTU will
not vary. Therefore, >90% effectiveness can be expected for
counter-flow sCOo/particle heat exchangers with the operating
temperatures specified. However, the heat transfer surface area
required to achieve >90% effectiveness will depend on the

overall heat transfer coefficient achieved by the heat exchanger
geometry and particle properties.

FUTURE EXPERIMENTAL WORK

The heat exchanger models developed in the previous
sections have indicated that current granular flow heat transfer
correlations are not applicable to the low velocity (high residence
time) flow regime of moving packed-bed heat exchangers. In
order to validate the models developed here and build confidence
in the design tools, an experiment is designed in in the following
section to measure granular flow heat transfer coefficients in
bounded domains (narrow vertical channels).

The analytical solutions presented in Figure 2 and Figure 3
as well as the particle/sCO, heat exchanger simulation presented
in Figure 5 provide insight into the flow conditions that are
desired to be studied. The experiment should be capable of
making average heat transfer coefficient measurements in the
range of inverse Graetz numbers from 0.025-0.075, which would
correspond to solid velocities between 8.0 and 2.5 mm/s for a 10
cm tall vertical channel that is 4 mm wide with the material
parameters given in Table 1.

Since the typical method of calculating heat transfer
coefficients has been shown to be misleading for heat transfer in
a bounded domain, it becomes imperative to assess how the heat
transfer coefficient will be calculated during the experiment
design process. In order to accurately quantify the average heat
transfer coefficient, it is important to have knowledge of the
average local particle temperature, particle mass flow rate, and
local wall temperature. Making measurements of local particle
temperature is difficult due to the large fluctuations that are
experienced from flow inconsistencies. Therefore, an
experiment with uniform constant mass flow and a methodology
to determine average local particle temperature is critical for
evaluation of the heat transfer coefficient.

Table 3: Parameters for moving packed-bed heat exchanger experiment
design

Parameter Value Units
Plate spacing (hcs) 4.0 mm
Channel length 10 cm
Channel width 5 cm
Particle mass flow 1.0-3.0 gs'!
Particle velocity (v, ) 2.5-80 mms!
Peclet Number (Pepy, ) 166.67-500 -
Inverse Graetz Number (Gz ’1) 0.025-0.075 -

An illustration of the experiment is provided in Figure 7,
which has been designed to make heat transfer coefficient
measurements in moving packed-bed heat exchangers. The
experiment consists of a vertical rectangular channel with heated
walls on both sides. The local wall heat flux can be measured
from the heater power and the local wall temperature is measured
with thermocouples on the channel surface. Since the moving
bed is highly insulated and the particle thermal properties are
known, the average local particle temperature can be determined
from an energy balance rather than a measurement. However, the
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measurement should be verified against a thermocouple placed
in the particle flow stream at the channel outlet. Particle mass
flow rate is controlled by a volume changing lower hopper rather
than sizing a discharge orifice. This approach should be capable
of producing constant and uniform flow rates with various solids
and operating temperatures.

¢ I
X Upper
Insulation~| Hopper
"‘ Heat
— ! Transfer
Heaters~ Region
Lower
Hopper
Thermo-/
couples
Changing
Volume
P

Figure 7: Illustration of moving packed-bed heat exchanger experiment
for measuring heat transfer coefficients of flows with high residence
times

CONCLUSION

A predictive model for the design and evaluation of a
moving packed-bed heat exchanger was presented. The model is
based on the single-component continuum approach previously
documented in the literature. Analytical solutions of constant
temperature and heat flux boundary conditions displayed Nusselt
numbers, which asymptote to constant values at high residence
times when solved in a bounded domain. This result is in contrast
to the typical thought that the heat transfer coefficient is
significantly diminished at high residence times, which is
obtained from the analytical solution on a semi-infinite domain.
The single-component continuum model was extended to a
counter-flow particle/sCO, heat exchanger. The simulation
results indicate that high overall heat transfer coefficients (~144
W m2K") and effectiveness (>90%) are attainable in moving
packed-bed heat exchangers. For the particle/sCO, temperatures
simulated here, approximately 5.86 kW of heat can be transfer
per square meter of heat transfer area. Finally, the modeling
results were used to design a moving packed-bed heat exchanger
experiment, which is a much smaller scale than the simulated
heat exchanger, but still has the same non-dimensional
characteristics. The experiment should allow for model
validation and confidence in the simulated heat transfer
coefficient values.
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NOMENCLATURE
Cpco, sCO; specific heat capacity
Cos Particle specific heat capacity
D, Hydraulic diameter
d ) Particle diameter
hcoz sCO;-wall convection coefficient
hsw Local particle-wall convection coefficient
st Average particle-wall convection coefficient

hc sCO; channel height
co,

hc Particle channel height
S
ka Heat exchanger material thermal conductivity
kg Particle material thermal conductivity
kS ot Particle effective thermal conductivity

Nu, Local Nusselt number based on hydraulic diameter
mDh Average Nusselt number based on hydraulic diameter

mL Average Nusselt number based on axial flow length

P Peclet number based on axial flow length
€L
Q Total heat transfer
q” Heat flux
R” Specific thermal resistance
R Specific particle-wall contact resistance

C

sCO, temperature

co,
Ts Particle temperature
TW Heat exchanger wall temperature
t,x Heat exchanger material thickness
u Convective flow velocity
U Heat exchanger overall heat transfer coefficient
UA Heat exchanger conductance
Veo, sCO; velocity
A Particle velocity
Greek
a Thermal diffusivity
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AT, Log mean temperature difference
m

£ Heat exchanger effectiveness

& Bulk particle voidage

Ew Particle near-wall voidage

Pco, sCO; density

P Particle bulk density
S

T Residence time
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