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Abstract. A computational fluid dynamics model of a 50 MWe falling particle receiver has been developed to evaluate
the ability of the receiver concept to scale to intermediate sized systems while maintaining high thermal efficiencies. A
compatible heliostat field for the receiver was generated using NREL’s SolarPILOT, and this field was used to calculate
the irradiance on the receiver at seventeen different dates and times throughout the year. The thermal efficiency of the
receiver was evaluated at these seventeen different samples using the CFD model and found to vary from 83.0 — 86.6%.
An annualized thermal efficiency was calculated from the samples to be 85.7%. A table was also generated that summarized
this study along with other similar CFD studies on falling particle receivers over a wide ranges of scales.

INTRODUCTION

A north-facing 50 MWe falling particle receiver (FPR) is proposed and evaluated using a computational fluid
dynamics (CFD) model to better understand the thermal performance of intermediate-scale FPRs. The use of high-
temperature FPRs for future concentrating solar power applications is being studied primarily for their potential to
operate at high temperatures with high thermal efficiencies using a low cost heat transfer medium [1,2,3]. Traditional
designs for receivers typically circulate a working fluid through irradiated pipes but are often limited by thermal and
mechanical limitations of the structural materials. However, in falling particle receiver designs, commercially
available and inexpensive ceramic particles are directly heated by the concentrated solar radiation as they fall through
a receiver cavity avoiding many constraints imposed by traditional systems.

The conventional strategy to heat the particles in a FPR has been to release them in a planar curtain from the top
of a receiver cavity and let them fall through the concentrated sunlight. Experiments on smaller FPRs have
demonstrated the ability to achieve very high particle outlet temperatures (>700°C) [4] using this strategy supporting
use with high efficiency supercricial-CO; cycles. However, experiments for significantly larger systems (> 10 MWe)
have not yet been performed. Of particular interest is the ability of these receivers to scale while sustaining high
thermal efficiencies over the calendar year as has been explored in some other works on FPR designs [5]. Other studies
have investigated very large FPRs (> 100 MWe) using CFD models, but suitable receiver designs with high thermal
efficiencies were not immediately found [6]. This work samples the thermal efficiency of the candidate 50 MWe
receiver at different dates and times throughout the year to support the scalability of intermediate sized FPRs.

This remainder of this paper is organized as follows. First, a description of the FPR CFD model is provided along
with the development of a compatible heliostat field. Next, this model is utilized to evaluate the thermal performance
and heat losses from the design at various dates and times throughout the year. Then, the annualized thermal efficiency
is calculated, and the results of this study are summarized with similar studies of FPRs at different scales found in the
literature. Finally, the conclusions of this study are summarized.


mailto:bramill@sandia.gov

Front

0.25 0.25

8.6 |

86

Side

5.42

NG|

FIGURE 1. Drawing of the proposed falling particle receiver viewed from the top (left image) from the side
(bottom right image) and the front (top right image). Units in meters

COMPUTATIONAL MODEL DESCRIPTION

This section describes the modeling strategy used to simulate the thermal performance of the candidate 50 MWe
FPR. This strategy is similar to other modeling efforts for FPRs using ANSYS Fluent® found in the literature [7,8].
The dimensions of the proposed receiver are provided in addition to a description of the CFD model. Irradiative
boundary conditions to the CFD model are determined from an optimized heliostat field generated using SolarPILOT
developed by the National Renewable Energy Laboratory [9].

Falling Particle Receiver CFD Model

A dimensioned drawing of the receiver cavity is provided in FIGURE 1. A square aperture of 8.6 m x 8.6 m with
a nod angle of 40° was chosen to minimize the total number of heliostats and simultaneously reduce convective losses
from the receiver based on the conclusions reached in Reference 6. A curved receiver cavity was selected to support
curvature in the falling particle curtain.

The air volume inside the receiver cavity was modeled and comprised of 420,464 hexahedral cells. Air entered
or exited the receiver through the aperture and circulated throughout the receiver cavity from entrainment with the
falling particles or from buoyancy-driven flow resulting from temperature gradients within the air. Turbulent flow
was modeled using the realizable k- turbulence model and Fluent’s scalable wall functions, which have been applied
in other validated FPR models albeit at lower temperatures and fluxes [7]. The receiver walls were modeled entirely
as alumina silica ceramic fiberboard (0.0508 m thick). To more accurately characterize convective losses from the
receiver, an external air domain just outside of the receiver surrounding the aperture was also included in the model.
Including an external air domain was critical to capturing heated air leaving the aperture that is recirculated back into
the receiver [6]. This external air domain was comprised of 92,852 hexahedral cells, and fixed pressure boundary
conditions were applied to the exterior boundaries with an ambient temperature of 300 K.

Particles were released from 600 injection sites defined near the top of the receiver cavity and tracked through
the domain before exiting out of the hopper. Specified particles for the receiver were CARBO HSP 20/40 (82% Al20s,



5% SiOz, 3.5% TiO2) with ~7% iron oxide with particle diameters of 700 um, and their material properties were taken
from Reference 7. Note that particles exited the domain when they came in contact with any surface of the hopper.
That is, particle bouncing within the hopper was not modeled as it would add significant computational effort without
confidence that the particle motion could be accurately captured. Each particle’s motion was coupled with the air
through drag forces acting on the particles. Particle to particle interaction was not included under the assumption that
the volume fraction of particles in the air volume was sufficiently small. This assumption was valid for volume
fractions less than 10% [10]. For this study, particle inlet temperatures were set to 575°C (848 K), and the mass flow
rate was varied such that the average particle outlet temperature was between 750-775°C for a given date and time. A
curved particle release curtain was applied in this receiver with a total particle curtain length of 13.95 m. The curved
curtain was comprised of six linear segments, and the profile is depicted in FIGURE 1.

A non-grey discrete-ordinates radiation model was used to simulate radiation heat transfer inside the domain.
Both angular dimensions were discretized into eleven divisions per octant. The wavelength spectrum was divided into
two spectral bands: 0.1 — 4.5 um and 4.5 — 100 um to more accurately represent the spectral properties of the alumina
silica ceramic fiberboard receiver walls. All incident solar radiation was defined to enter the domain entirely in the
smaller wavelength band (0.1 — 4.5 um). The second, higher wavelength band was used to define the emission of
thermal radiation.

Incident solar radiation to the domain was applied as a boundary condition on the aperture surface. The entire
aperture was defined to emit the concentrated solar radiation with a profile determined from SolarPILOT for a given
date and time and an optimized heliostat field layout (described below). The incident beam shape and direction emitted
from a cell face on the aperture was determined using the method described by Khalsa and Ho [11] for the heliostat
field defined in SolarPILOT. Conduction through the walls of the receiver was also included in the model in addition
to convection on the exterior walls to the surrounding environment. A heat transfer coefficient of 5 W/m?K was applied
on the exterior of the receiver with a reference temperature of 300 K. This analysis did not account for external winds
and assumed natural convection on the exterior walls.

Heliostat Field Layout

A north facing receiver was chosen for this analysis, and a compatible heliostat field layout was generated using
the optimization capability found in SolarPILOT. Assumptions for much of the solar field including the size and
characteristics for the heliostats were selected from a Black & Veatch report for a proposed 10 MWe receiver [12].
These heliostats were single pedestal designs with a reflective area of 96 m? and a total optical reflectance of 90%. A
limb-darkened sun shape model and DELSOL3’s atmospheric attenuation model was applied assuming a clear day.

For a 50 MWe north-facing plant, it was assumed that 135 MW+, peak thermal power would be delivered to the
aperture on the equinox at solar noon. For a FPR with a thermal efficiency of ~90%, this would deliver a peak ~121.5
MW, to the power cycle. Assuming that this plant would be coupled with a supercritical-CO; cycle with an efficiency
of ~50%, then a heliostat field of this size provided a peak solar multiple of ~1.2 for thermal storage. Using this as a
design point for the heliostat field, the optimum year-round field layout for the receiver was determined for
Albuquerque, NM, USA. The heliostat layout from this optimization is depicted in FIGURE 2. A total of 2,529
heliostats were defined with a total reflective area of 61,466 m2. The solar tower had an optical height of 145.0 m.

SolarPILOT was used to simulate the radiative boundary conditions on the aperture for seventeen distinct dates
and times throughout the year. These samples primarily consisted of different times of the day on the equinox or
solstice, but a few samples were also included in between these dates. The precise dates and times are provided later.
Including further samples was deemed too computationally expensive for a model of this size. The position of the sun
for each sample was described in terms its declination § (in radians) and hour angle w (in radians) as approximated
below with the following equations [13]:
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where n is the day of the year from 1 to 265, and t is the time from solar soon from -12 to +12. The maximum number
of daylight hours for a given day t,,,, is approximated by [13]:

max

trax = 24 cos *(~tan(d, )tan(s)) 3)
T
where §;,; = 34.5° is the latitude for Albuquerque, NM.

Mesh Convergence Study

In order to have more confidence that the mesh resolution was sufficient to provide a converged solution, a mesh
convergence study was performed. A similar convergence study was performed in Mills and Ho [14] for a significantly
smaller scale receiver design showing that the thermal losses from convection and radiation were converging with
decreasing mesh size. Differences in the application of the solar radiation boundary condition in this model compared
with this preceding study limited the meshes explored to uniformly refined meshes. Unfortunately, this added
significant computational expense as the mesh was refined. Each mesh explored in this study consisted of either
64,177, 513,416, or 4,107,328 cells. The responses of interest in this investigation included the total radiative and
convective losses from the model with increasing cell counts for the vernal equinox at solar noon.

The total radiative and convective losses in the model are plotted in FIGURE 3 for each of the three meshes. As
observed in the figure, both loss mechanisms were showing convergence as the mesh resolution was increased. Given
the large computational expense for the most refined mesh and the small differences in solution for both loss
mechanisms between the two most refined meshes (< 0.2%-points), it was deemed that the second most refined mesh
was sufficient to evaluate the thermal performance (i.e. 513,416 cells). That is, any error introduced from the mesh
resolution was considered within other model-form errors and could be neglected.



MODELING RESULTS

The thermal efficiency of the receiver is defined as the fraction of incident thermal radiative power that is removed
by the particles as they exit the receiver. That is:
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where Qs is the absorbed thermal power in the particles, Q;,, is the incident thermal radiative power, m is the total
particle mass flow rate, h is the enthalpy of the particles, and ¢, (T) is the specific heat of the particles (J/kg-K) as a
function of temperature T defined as:

cp(T)=365-T%18 (5)

where T is the mean particle temperature (°C) for 50°C < T < 1100°C. The thermal efficiency is effectively the
fraction of incident radiative power that is removed from the receiver by the particles.

Preliminary simulations were performed at a single design point (equinox at solar noon) to optimize the receiver
height and the particle curtain location within the receiver. Receiver heights were varied from 11 — 14 m (a nominal
value of 13 m was selected), and seven different curtain configurations were explored. The details of this design
process were excluded for brevity. The thermal efficiency of the receiver and the average particle outlet temperature
during the equinox, summer solstice, and winter solstice at different times of the day are all plotted in FIGURE 4. As
observed in the figure, the thermal performance of the receiver was relatively constant throughout the calendar year
with the peak thermal performance observed at solar noon corresponding to higher thermal power delivered to the
particles. The thermal efficiency of the receiver varied between 83.0% — 86.6% for all of the seventeen samples. To
achieve the desired average particle outlet temperature (750 — 775°C), the particle mass flow rate varied between 25.7
—36.6 kg/ms.
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FIGURE 4. Average particle outlet temperature and thermal efficiency of the receiver at various dates and times
throughout the year

The thermal losses from each loss mechanism in the model were evaluated at solar noon for the equinox, summer
solstice, and winter solstice at solar noon and plotted in FIGURE 5. Nominal particle sizes of 700 pm were modeled
in this study, but smaller particle sizes of 500 um were also explored for their improved radiative performance. Also
included in the figure are the losses for particle sizes of 500 um, and particle absorptivities a of 0.5 and 0.9 (compared
to the nominal value of 0.8) at the equinox as well. Ultimately, very little variation in the losses was observed for the
different seasons, but smaller particle sizes showed lower radiative losses in the smaller wavelength band offset by
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FIGURE 5. Thermal losses from different loss mechanisms in the model

increased convective losses. For particle absorptivities as low as 0.5, radiative losses in the smaller wavelength band
only increased by approximately 2.2%-points.

ANNUALIZED PERFORMANCE

Using the discrete samples described above, an estimated annualized thermal efficiency was calculated for the
receiver design to evaluate its thermal performance throughout the year as opposed to only a single design point. The
sun’s position throughout the year, defined by its declination & and hour angle w (Egs. 1 and 2, respectively), was
divided into six minute increments. Each increment was then binned with the closest corresponding sun position of
the seventeen samples. Then, each bin was assigned with that sample’s thermal efficiency, and the bins were
appropriately averaged to calculate an annualized thermal efficiency. Visually this weighting is shown in FIGURE 6.
The dashed lines on either side of the figure defined the amount of available sunlight hours in the day as calculated
by Eq. 3. Note that the declination of the sun does not vary linearly throughout the year; therefore, the samples at the
solstices (6 = 0.41 or - 0.41) were weighted more heavily than they appear in the figure. In addition, given that the
receiver thermal efficiency decreased as the time moved further from solar noon, this method had a tendency to
overestimate the thermal efficiency of the receiver near the beginning and end of the day. However, this effect was
less significant since the total thermal power incident on the receiver at those times was small. The annualized thermal
efficiency for this receiver was calculated to be 85.7% supporting the scalability of FPRs to intermediate-scales.
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The results of this study added to a growing list of other numerical studies on FPRs at many different scales that
evaluated the thermal efficiency of these designs. To summarize the multitude of other studies and illustrate how this
receiver study fits in with the larger picture, a summary table of known FPR studies in the literature has been created
and provided in TABLE 1. For more information on each of these individual studies, references have been provided.

TABLE 1. Summary table of falling particle receiver studies at different scales

Falling mmmm

Particle
Receiver
Models at
Various -
Scales E z
3| k
Reported =355 - 53% [7), 44.7%-52.9% 70.1% - BT 6% B3.0% - 86.B% Morth-Facing: 72.3% [B), 69.7% -
Efficiancies [15,16], B6.3%- 89,.5% [14] Annual valwa: 85.0% Annual value: 85.7% 86, 8% [6]; Face Down: 78,9 [8]
& coupled Lagranglan-Eulerian CFD rodel |s used to predict the behavior of the partiches as they fall through the ar in the recefver cawity. Incdent
I'.'Ia:de_l radiation from thea solar fald is incudad via & non-gray discrate ordinates radiation modal, Lossas from the recaiver include extarior convaction,
Dascription radiative kxssas from reflections or thermal emissions, and convective kessas from the particks to the air,
= Aperture: 3.0% 1.0m; 1.0% 1.0m  « Aperfure: 5.6% 5.6 m * Aperture: B.6x B.6m * Investigated North-Fadng {MF)
* Mo anghe: O° * Mo anghe: 50¢ * Mod angle: 40° and Face Down {FD) designs [8]
+ Validatad wy bow tamp, data [7] = Curved particks curtgan, 7.89m  * Curved particle curtain, 13,95 m  © Apertura: NF; 1062 10,6 m- 17.0
Wotable = More prototypical design [14]  NREL's SolarPILOT used to * MREL's 50larPILOT used to L e JE T
Featuret  + |nwestigated novel particle genarate compatible solar fiald generate compatible solar fleld — * NF Nod angle: 207 - 507
curtain release patterns [14-16]  + D= 697 um * Oy = SO0 - B9T P * Investigated particke recirculation
* 0= 2E0— 6O pm * Halinstat # 640 * Heliostat # 2,529 * Do = 697 pm
+ Dasign tested at NSTTF [5] * Eff. evabuated over calendar year = EFf. evaluated over cabendar year  * Heliostat # 3,242 -7, 183
BOUreas [5].[7]. [14], [15], [16] [17] [Present study] [&], [E]
CONCLUSIONS

A candidate 50 MWe falling particle receiver has been proposed in this work to evaluate the thermal efficiency
of falling particle receivers as they scale to intermediate sizes. A computational fluid dynamics model of the receiver
design was developed in ANSY'S Fluent utilizing a discrete ordinates radiation model to model incident solar radiation.
NREL’s SolarPILOT was used to create a suitable heliostat field and define the radiative boundary conditions to the
receiver. The model was used to calculate the thermal efficiency of the receiver defined as the radiative power
transferred to the particles.

The thermal performance was evaluated at seventeen discrete dates and times throughout the year, and the thermal
efficiency varied from 83.0 — 86.8% for particle mass flow rates of varying from 25.7 — 36.6 kg/m-s and average
particle outlet temperatures 750 — 775°C. An annualized thermal efficiency was also estimated for this receiver design
from the seventeen samples to be 85.7%. This annualized thermal efficiency, with minimum optimization performed
on the design, supports the ability of falling particle receivers to scale to intermediate sizes.
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