Clifford K. Ho
Sandia National Laboratories,
P.O. Box 5800, MS-1127,
Albuquerque, NM 87185-1127

Joshua M. Christian
Sandia National Laboratories,
P.O. Box 5800, MS-1127,
Albuquerque, NM 87185-1127

Julius E. Yellowhair
Sandia National Laboratories,
P.O. Box 5800, MS-1127,
Albuquerque, NM 87185-1127

Kenneth Armijo
Sandia National Laboratories,
P.O. Box 5800, MS-1127,
Albuquerque, NM 87185-1127

William J. Kolb
Sandia National Laboratories,
P.O. Box 5800, MS-1127,
Albuquerque, NM 87185-1127

Sheldon Jeter
Georgia Institute of Technology,
771 Ferst Drive,
Atlanta, GA 30332

Matthew Golob

On-Sun Performance Evaluation
of Alternative High-Temperature
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This paper evaluates the on-sun performance of a 1 MW falling particle receiver. Two
particle receiver designs were investigated: obstructed flow particle receiver versus freefalling particle receiver. The intent of the tests was to investigate the impact of particle
mass flow rate, irradiance, and particle temperature on the particle temperature rise and
thermal efficiency of the receiver for each design. Results indicate that the obstructed
flow design increased the residence time of the particles in the concentrated flux, thereby
increasing the particle temperature and thermal efficiency for a given mass flow rate. The
obstructions, a staggered array of chevron-shaped mesh structures, also provided more
stability to the falling particles, which were prone to instabilities caused by convective
currents in the free-fall design. Challenges encountered during the tests included nonuniform mass flow rates, wind impacts, and oxidation/deterioration of the mesh structures.
Alternative materials, designs, and methods are presented to overcome these challenges.
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1

Introduction

Conventional concentrating solar power systems that employ
central receivers typically utilize a heat transfer fluid (e.g., water,
molten salt, air, liquid metal) flowing through tubes or channels to
cool the irradiated receiver. Falling particle receivers are being
investigated to enable higher operating temperatures (>700  C),
inexpensive direct storage, and higher receiver efficiencies for
concentrating solar power technologies and hydrogen production
[1–16]. Unlike conventional receivers that employ fluid flowing
through tubular receivers, falling particle receivers use solid
particles that are heated directly as they fall through a beam of
concentrated sunlight for direct heat absorption. Once heated, the
particles may be stored in an insulated tank and used to heat a secondary working fluid for power generation or process heating.
Previous studies have considered alternative particle receiver
designs including free-falling [13,14], centrifugal [15,16], flow in
tubes with or without fluidization [10,17,18], multipass recirculation [4,12], north- or south-facing [1,6], and face-down
configurations [12].
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In this paper, we present on-sun testing results of two particle
receiver designs: (1) obstructed-flow particle receiver and (2)
free-falling particle receiver. An overview of each design is presented along with the test procedure. The objectives of the test
were to evaluate the effects of particle mass flow, irradiance, and
particle temperature on the particle temperature rise and thermal
efficiency of the receiver. Test results and challenges encountered
during the tests are presented, along with methods to overcome
the challenges.

2

System and Receiver Designs

Figure 1 shows the system and structure used to perform on-sun
testing of the falling-particle receiver designs. The system consisted of 2 m  2 m  2 m cavity receiver with a 1 m  1 m
aperture on the north side where concentrated sunlight entered the
receiver. The ceramic particles (Accucast ID50; see Table 11)
were released from a top hopper above the receiver and fell
through the cavity (Fig. 2). Inside the cavity, the particles were
irradiated by concentrated sunlight from a field of more than 200
heliostats at the National Solar Thermal Test Facility at Sandia
National Laboratories. The south-facing polar heliostat field is
1
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Fig. 1 Test structure for falling particle receiver system

Table 1

CARBO Accucast ID50 particle properties

Property
Mass-median particle diameter (lm)
Particle densitya (kg/m3)
Loose bulk density at 1100  C (kg/m3)
Packed bed bulk density at 1100  C (kg/m3)
Bulk porosityb
Packed bed bulk thermal conductivity at 1100  C (W/m K)
Particle thermal conductivityc at 1100  C (W/m K)
Specific heatd (J/kg K)
Packed-bed solar absorptancee
Packed bed thermal emittancef at 700  C
Sphericity
Composition

Value
280
3300
1810
2000
0.39 (packed) 0.45 (loose)
0.7
2
365T0.18 for 50  C  T  1100  C
0.91
0.75
0.9
75% Al2O3, 11% SiO2, 9% Fe2O3, 3% TiO2

a

Measured using Micromeritics AccuPyc 1330 pyncometer (courtesy Andrea Ambrosini, SNL)
Calculated from particle density and loose/packed bulk densities
Calculated using average of series and parallel bulk thermal conductivity models
d
Fit to data from Netzsch STA 409 (courtesy Eric Coker, SNL)
e
Measured as-received using Surface Optics 410-Solar. See Ref. [19] for degradation at elevated temperatures.
f
Measured using Surface Optics ET-100 (courtesy James Yuan, SNL)
b
c
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Fig. 2 Cutaway illustration of free-falling (left) and obstructedflow (right) particle receiver designs

Fig. 3 Image showing particles flowing downward through
and around chevron-shaped mesh structures

capable of generating up to 6 MW of thermal energy with 218
heliostats, each having 37 m2 of reflective mirror area. After falling through the receiver, the particles were collected in a bottom
hopper and funneled into a high temperature Olds particle elevator
that lifted the particles inside a rotating casing surrounding a stationary auger. The particles were discharged into the top hopper,
where the particles were released into the cavity receiver. The
mass flow rate of particles falling into the receiver was controlled
by a fixed slot aperture in a discharge plate at the base of the top
hopper [20]. The receiver system was also included a watercooled flux target with a Kendall radiometer that was used to measure and characterize the concentrated irradiance distribution from
the heliostat field. The receiver system was instrumented with
over 150 thermocouples to record temperatures throughout the
system. At the base of the receiver, the particles flow through five
funnels spaced evenly apart that allow the particles to accumulate
and flow past a thermocouple immersed in the particles to measure the particle outlet temperature after being heated in the
receiver (Fig. 2).

chevron surface was covered by flowing particles, the leading
edge (2–4 cm) was still visible and exposed to direct irradiance
(Fig. 3). This led to oxidation and degradation of the mesh structures as described in Sec. 4.3.

2.1 Obstructed-Flow Particle Receiver Design. The
receiver design is shown in Fig. 2 and consisted of a staggered
array of stainless-steel (SS316) chevron-shaped porous mesh
structures (0.6 mm wire diameter with 2 mm screen openings)
affixed onto an insulating alumina board (1.2 m high  1.2 m
wide; Fiberfrax Duraboard HD) placed inside of the cavity
receiver under the front (north-most) discharge hopper [21]. The
particles flowed through a discharge slot at the base of the top
hopper and into the receiver (Fig. 2). The particle mass flow rate
through the 1.24 m wide discharge slot (6.35 mm aperture) was
measured to be 2.7 kg/s/m or 3.3 kg/s.2 Inside the receiver, the particles flowed through and over the chevron-shaped mesh structures (similar to a Pachinko board) as they were irradiated by the
concentrated solar flux entering through the aperture [22,23]. The
width and depth of the chevrons was 7 cm  13 cm, and the slot
of the discharge plate was centered over the chevrons. The intent
of the structures was to slow the particles and increase the residence time within the concentrated flux.
Figure 3 shows an image of the particles flowing through and
around the chevron-shaped mesh structures. As described in Ho
et al. [20,21], the mesh structures reduced the terminal velocity of
the particles by nearly an order of magnitude from 5–6 m/s to
0.5–0.8 m/s at 1–2 m of drop length. Although most of the
2
The discharge plate was made of stainless steel 316 and expanded during
heating. The slot aperture size changed, which also changed the particle mass flow
rate as the system temperature increased as discussed in Sec. 4.3.1.
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2.2 Free-Fall Particle Receiver Design. In the free-fall particle receiver design, the panel containing the mesh structures for
the obstructed-flow design was removed, and the particles flowed
through one of two available discharge hoppers above the receiver
(Fig. 2). A diverter valve was used to direct the particle flow to
either of the hoppers, which filled with particles. A discharge plate
at the base of the hopper with a single slot opening distributed the
particles uniformly along a straight line into the receiver. Alternate plates with different sized slot apertures were used to investigate the impact of different mass flow rates. Due to thermal
expansion of the stainless-steel plates that were used in the
obstructed-flow tests, which changed the particle mass flow rates
as the temperatures increased (to 700  C), ceramic discharge
plates were machined and used in the free-fall tests (see Sec.
4.3.1). Ho et al. [20] describe the characterization of the particle
flow (velocity, opacity, curtain thickness, bulk density) as a function of the particle mass flow rate, which ranged from 3 kg/s to
7 kg/s per meter of slot length.

3

Test Approach

A series of on-sun tests were performed to evaluate the two
receiver designs with the continuously recirculating falling particle receiver system at the National Solar Thermal Test Facility at
Sandia National Laboratories. The obstructed flow tests were conducted in June and July 2015, and the free-fall tests were conducted from September through November 2015. In each test,
heliostats were selected to provide a desired irradiance on the
receiver. The irradiance distribution on the receiver was characterized by using photographic images of the combined heliostat
beams on the water-cooled flux target adjacent to the receiver
(Fig. 1). The irradiance on the flux target was photographed, and a
Kendall radiometer located in the center of the flux target provided an irradiance measurement that was used to scale the pixel
values. The ray-tracing tool SolTrace was used to identify heliostat configurations that would produce a desired peak flux and
power into the receiver. The residence time of the particles in the
concentrated beam of light was approximately 0.2–0.4 s for the
free-falling design and 1–3 s for the obstructed flow design based
on measured velocities and the height of the illuminated region.
Particle velocities were measured during off-sun tests using
FEBRUARY 2019, Vol. 141 / 011009-3
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Fig. 4

Images of on-sun testing of the particle receiver at the national solar thermal test facility

particle image velocimetry, and terminal velocities were found to
be 0.5–0.8 m/s [24].
Thermocouples were used to measure the particle temperatures
at several locations at the inlet and outlet of the receiver. The
power absorbed by the particles was determined by the particle
mass flow rate, specific heat, and inlet and outlet temperatures.
The thermal efficiency was determined as the ratio of the absorbed
power to the incident power
ð Tout
Qabs m_ ðhout  hin Þ
¼
¼
gth ¼
Qin
Qin



365  1:18
1:18
T
m_
 Tin
1:18 out
¼
Qin

m_

cp ðT ÞdT

Tin

Qin
(1)

where Qabs is the power absorbed by the particles (W), h is the
enthalpy of the particles (J/kg), m_ is the particle mass flow rate,
Qin is the incident power on the particles, and Tin and Tout are the
inlet and outlet particle temperatures, respectively. In Eq. (1), the
following relation [20] derived from measured data for the particle specific heat as a function of temperature (in degrees Celsius)
was used
cp ðTÞ ¼ 365T 0:18

(2)

The following protocol was implemented during the tests: (1) turn
on the particle elevator to begin particle flow through the system;
(2) aim the prescribed heliostats at the water-cooled flux target
and measure the irradiance; (3) aim the heliostats at the receiver
aperture and heat the particles to a desired (bulk) temperature
entering the receiver; (4) at the desired temperature, remove the
heliostats and allow the particles to mix and temperatures to stabilize; (5) aim the prescribed heliostats at the receiver aperture to
heat the particles and allow temperatures to stabilize for several
minutes; (6) aim heliostats at water-cooled flux target and measure irradiance; (7) repeat steps (3)–(6) as necessary to evaluate
particle temperature rise and thermal efficiency at different temperatures. Figure 4 shows images of the particle receiver testing.

4

Fig. 5 Measured increase in particle temperature versus average irradiance for the obstructed-flow receiver design. Error
bars represent one standard deviation.

from 50  C/m for average irradiances of 200 kW/m2 to
150–200  C/m for average irradiances of 300–400 kW/m2. The
thermal efficiency (Eq. (1)) ranged from 0.5 to 0.6 for the lower
irradiances to above 0.8 for the higher irradiances. The average
particle temperature between the inlet and outlet of the receiver

Test Results

4.1 Obstructed-Flow Results. Figures 5 and 6 shows the
increase in particle temperature per unit drop length and the thermal efficiency, respectively, as a function of the average irradiance on the aperture for the obstructed-flow particle receiver tests
(the average irradiance on the particles was simulated to be 80%
of the average irradiance on the aperture). The values were
recorded for average particle temperatures of 440–660  C.
Results show that the average particle temperature rise ranged
011009-4 / Vol. 141, FEBRUARY 2019

Fig. 6 Measured thermal efficiency versus average irradiance
for the obstructed-flow receiver design. Error bars represent
one standard deviation.
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Fig. 7 Measured increase in particle temperature versus average irradiance for the free-fall receiver design. Error bars represent one standard deviation.

was between 440  C and 660  C, with bulk outlet temperatures
exceeding 700  C for several of the tests.
Challenges encountered during the obstructed-flow tests
included thermal expansion of the stainless steel discharge plates,
which reduced the slot aperture and particle mass flow rate near
the center of the slot. This was determined by measuring the slot
aperture after the tests and measuring the discharge time for the
particle inventory to determine the reduced mass flow rate (from
3 kg/s to less than 2 kg/s). As a result, the mesh structures overheated in the center, where the highest flux was located, and deteriorated (see Sec. 4.3.2). Only one discharge plate (6.35 mm
aperture) was used during the tests before the mesh structures
deteriorated.

Results show that the average particle temperature rise ranged
from 30 to 50  C/m for average irradiances of 200 kW/m2 to
100 to 150  C/m for average irradiances of 600 kW/m2 at low
flow rates. At the higher particle flow rate, the average particle
temperature rise was less due to the increased thickness and opacity of the particle curtain, which created additional shading. The
thermal efficiency ranged from 0.4 to 0.6 for the lower irradiances
at the lower flow rate; at the higher flow rate, the efficiency
increased to 0.7–0.8. At higher irradiances (600 kW/m2), the
thermal efficiency was quite scattered and ranged from 0.6 to 0.9
for both the low and high mass flow rates. At these higher irradiances, it became more difficult to get representative particle outlet
temperatures due to additional convection that affected the readings and particle flow into the thermocouple funnels.
The average particle temperature ranged from 100  C to
600  C during the tests. In general, the average particle temperature did not show a strong correlation to the particle temperature
increase or the thermal efficiency, although the measurements at
higher particle temperature generally were associated with higher
irradiances.
The particle temperature rise per unit drop length was greater
for the obstructed-flow design due to the increased residence time
of the particles in the concentrated sunlight. The thermal efficiency of the obstructed-flow design was generally higher as well
for the irradiances tested. The slow particle velocities in the
obstructed-flow design reduced convective heat losses and flow
instabilities of the particles observed in the free-fall tests. In addition, the opacity of the falling particles was increased, which
reduced light transmittance and potential for reflective losses.

4.3 Challenges and Discussion

4.2 Free-Fall Results. Figures 7 and 8 show the increase in
particle temperature per unit drop length and the thermal efficiency, respectively, as a function of the average irradiance on the
aperture for the free-fall particle receiver tests. In these tests, different slot apertures were used to produce different particle mass
flow rates. In the plots, the results are categorized between lowflow (2–3 kg/s/m) and high-flow (7 kg/s/m) conditions. The
mass flow is reported per unit length of the slot to normalize tests
where the slot lengths were different. In the high-flow cases, the
slot had to be reduced to accommodate the limited particle mass
flow through the diverter valve and discharge chute (4 kg/s).

4.3.1 Nonuniform Mass Flow Rates. The slotted particle discharge plates initially used in the on-sun tests were made of stainless steel 316. During on-sun testing, these plates increased in
temperature (to over 600  C) as the heated particles flowed over
the plate. During the tests, the particle mass flow rate appeared to
be reduced near the center of the discharge slot as evidenced by
greater light transmittance through the curtain. After removing the
plates from the top hopper, the slot aperture was measured with
digital calipers along the length of the slot and is plotted in Fig. 9
for two different plates used in the front and back hoppers. The
apertures near the center of slot had reduced by over 30% from
6 mm to 4 mm after exposure to temperatures over 500  C.
A finite element model of the heated discharge plate was developed to evaluate the cause of the aperture reduction. Results
showed that if the outside edges of the plate were constrained

Fig. 8 Measured thermal efficiency versus average irradiance
for the free-fall receiver design. Error bars represent one standard deviation.

Fig. 9 Measured slot aperture after on-sun testing and heating
for two different plates (both initially 6.35 mm aperture) heated
to different temperatures

Journal of Solar Energy Engineering
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Fig. 10 Finite element simulation of heated stainless steel 316 discharge plate (700  C) confined along the bottom edges, resulting in buckling and narrowing of the aperture

(due to particles surrounding the plate), the plate would buckle
upward and the aperture would shrink (see Fig. 10).
Tests were performed to further evaluate the aperture changes
in the discharge plates as a function of temperature. Figure 11
shows the measured aperture size as a function of distance along
the slot during heater tests. The plate was wrapped in resistive
heating wire, wrapped in insulation, and heated to 500  C and
700  C. The aperture was then measured as a function of distance
along the plate while it was still hot. Although the plate was
unconstrained, the results still showed that the aperture decreased
in size, with a greater reduction at higher temperatures. Unlike the
heated plates that were constrained by the particles, the unconstrained plate showed a greater reduction in aperture near the
edges rather than at the center, possibly indicating some twisting
or warping.
To mitigate the effects of heating on reduced aperture size and
particle mass flow rate, discharge plates were fabricated from
silica (RSLE-57). These plates were used in most of the free-fall
tests and were shown to maintain a nearly constant aperture, even
at high temperatures, based on the top-hopper discharge times
during on-sun tests.

severe oxidation of the stainless steel wire occurred. A chrome
oxide shell formed that was abraded by the falling particles, causing the mesh to become very brittle. Evidence of the stainless steel
melting was observed, indicating that temperatures had exceeded
1400  C (melting point of SS316). The particles had sintered
onto the oxide, but did not show signs of melting, indicating that
the temperature remained less than 2000  C (Fig. 12). Previous
testing has shown that the ceramic particles used in these tests
(CARBO Accucast ID-50) are very durable and did not show significant signs of wear or sintering after thousands of drop cycles
in a rotating vessel heated to 1000  C [25]. Evaluation of the wear
(size reduction) and radiative properties of the particles used in

4.3.2 Deterioration of Mesh Structures. After 20 h of onsun testing at irradiance up to 700 kW/m2, the mesh structures
used in the obstructed-flow tests failed (see Fig. 12). SEM and
EDS analysis of the deteriorated mesh structures revealed that

Fig. 11 Change in aperture during tests of stainless-steel 316
discharge plate with initial 6.35 mm slot aperture

011009-6 / Vol. 141, FEBRUARY 2019

Fig. 12 Deteriorated mesh structure (top) and SEM image of
oxidized wire mesh with sintered particles
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the current study will be detailed in a future paper after testing is
completed.
The high temperatures and failure of the mesh were caused, in
part, by the reduced particle mass flow rate through the slot aperture, which shrunk with heating, causing the mesh to overheat.
Future obstructed-flow tests will use ceramic discharge plates to
maintain a consistent particle mass flow and cooling. Alternative
materials for the mesh structures are also being evaluated, including Inconel 600, Inconel 601, Monel 400, Incoloy 800, Hasteloy
C276, Hasteloy X, Kanthal D, titanium alloy, and ceramics.

5

Conclusions

Two high-temperature particle receiver designs have been
developed and tested. The impact of irradiance, particle mass flow
rate, and particle temperature on the particle temperature rise and
thermal efficiency were investigated. Results showed that the
obstructed-flow particle receiver design yielded greater increases
in particle temperature relative to the free-fall particle receiver.
The particle temperature increase was 200  C/m for average
irradiances up to 400 kW/m2 for the obstructed-flow tests. The
particle temperature increase for the free-fall tests was
100–150  C/m for irradiances up to 600 kW/m2. The particle
temperature rise was correlated to the particle mass flow rate in
the free-fall tests. Higher mass flow rates yielded lower particle
temperature increases due to a thicker and more opaque curtain
that cause more particle shading. However, the thermal efficiency
was generally increased with higher mass flow rates due to the
greater absorption of the irradiation.
The thermal efficiency was also higher for the obstructed-flow
design. Efficiencies ranged from 50 to 90%, with higher
thermal efficiencies corresponding to higher irradiances up to
400 kW/m2. The free-fall tests yielded thermal efficiencies
between 50 and 80% with irradiances up to 400 kW/m2.
Technical challenges that were encountered during the tests
included nonuniform and variable mass flow rates and deterioration of the mesh structures. During on-sun testing, the plates
expanded and warped, causing the slot to narrow in the middle.
This caused the mass flow of particles in the center of the receiver
to decrease, which caused the mesh materials to overheat, oxidize,
and deteriorate. Alternative materials and designs have been
investigated for both the discharge plate and mesh materials to
reduce thermal expansion, wear, and oxidation.
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