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a b s t r a c t

Various impeded flow particle receivers were proposed to prolong the particle residence time but always
faced the risk of thermal deterioration and the difficulty of real-time particle velocity control. Herein, we
reported a novel impeded flow particle receiver to solve above problems and further have the potential
to control the particle velocity distribution, which could provide a heat source with better stability, better
uniformity and higher temperature for subsequent thermal power generation and other thermal ap-
plications. In this receiver, the friction along the path and the gate valves at outlet act as the obstruction
structures to allow the particles to move slowly and controllably in the form of a sliding-bed, which is
why we call this receiver a sliding-bed receiver. The sliding-bed receiver's structural validity and oper-
ational characteristics at different working conditions were detailly investigated with both experimental
and numerical methods. Experimental results showed that the outlet particle temperature and efficiency
could reach 847 �C and 77.2% under a solar simulator of 4 kW. An optical and thermal coupling model
was developed and revealed an improved particle temperature of 1350 �C and efficiency of 82% under
higher incident power. The effects of the effects of the incident power distribution, the particle velocity
distribution and the quartz glass on aperture on the receiver performance were detailly analyzed, which
could also help optimize the design and operation of other particle receivers such as free-falling particle
receivers.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The growing concerns on global warming and related environ-
mental problems require significant efforts on the utilization of
renewable energies. Solar energy is clean, abundant, sustainable
and available all over the world. Its efficient and cost-effective
utilization is a key to the long-term prosperity of human society.
Solar receivers can convert solar energy into heat energy to facili-
tate subsequent applications. The characteristics of the solar re-
ceivers are largely affected by the types of heat transfer media.
Comparedwithmolten salt, particles can benefit from its high heat-
resistance [1,2] and low price [4,5]. Besides, there are no piping
problems such as freezing [6]. The high-temperature particles can
serve as a heat source of supercritical CO2 cycle, as well as hydrogen
production or coal gasification [7].
iao).
The concept of free-falling particle receivers was first proposed
by Hruby et al., in 1986 [8]. Ho et al. developed this structure and
conducted on-sun tests which achieved an outlet temperature of
700 �C by recirculated heating [9,10]. The free-falling particle re-
ceivers had a relatively simple structure and stable operation, but
suffered from an insufficient single-pass temperature rise due to
the high velocity (i.e. short residence time) of particles. To reduce
the particle velocity, the impeded flow particle receivers were
proposed. Ho et al. further proposed and tested the L-plate type
impeded flow particle receivers, and they managed to increase the
particle temperature rise from 100 to 150

�
C/m (600 kW/m2) to

200
�
C/m (400 kW/m2) [11]. However, the L-plates which acted as

obstructed structures were at risk of deterioration due to the direct
heating by the incident power. Other impeded flow particle re-
ceivers such as using the porous ceramic foam structures by Lee
et al. [12] and horizontal wire mesh screens by Sandlin et al. [13,14]
as the obstructed structures were also proposed, but still faced the
same problem asL-plate type receivers and needed further on-sun
tests to verify their operation stability. Compared with the constant
endothermic process for the basic form of free-falling and impeded
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Nomenclature (international system of units)

Q net power or heat transfer power
Qflow heat transfer due to particle flow
T temperature
Tm characteristic temperature
_m particle mass flow rate for one control volume
_msum total particle mass flow rate
t time step
tvalid valid heat transfer time
A area
Avalid valid heat transfer area
d layer or interlayer thickness
l characteristic length
q tilt angle of the inclined plate
c specific heat
r bulk density
y kinematic viscosity coefficient
l thermal conductivity
h convection coefficient
ε emissivity
r reflectivity
Pr Prandtl number
Gr Grashof number

s Stefan-Boltzmann constant
g gravity coefficient
4 loss rate
h efficiency

Subscripts
inlet inlet of the receiver
end end of the inclined plate
outlet outlet of the receiver
incline inclined plate
funnel connecting funnel
g quartz glass
p particles
fp flowing particles
sp stagnant particles
rad radiation (heat transfer)
conv convection (heat transfer)
cond conduction (heat transfer)
opt optical property
ther thermal property
total total property
ave average property
pre previous property

Table 1
Properties of particles.

Properties Item

Composition 83%-Al2O3, 5%-SiO2, 6%-Fe2O3 and others
Size (mm) 0.5e0.8 (0.712 in average)
Absorptivity 85%
Heat capacity (J kg�3 K�1) 756 (25 �C) ~ 1275 (700 �C)
Bulk density (kg m�3) 1800
Density (kg m�3) 2650
Packing limit 0.68
Angle of repose (�) 23
Thermal conductivity (W m�1 K�1) 0.23 (20 �C) ~ 0.54 (800 �C)
Price ($/ton) 760
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flow particle receivers, the real-time control of particle was further
needed to meet the varied incident power. Therefore, a free-falling
particle receiver with an automated slide gate implemented at the
top hopper was tested, which could control the particle mass flow
into the receiver and thus the outlet temperature [15], but the
particle velocity was not substantially controlled and the deficiency
of single-pass temperature rise still existed. In addition, the cen-
trifugal particle receivers by Wu et al. [16e18] and the spiral par-
ticle receivers by Xiao et al. [7,19] were also proposed and had the
ability to control particle velocity by adjusting the rotating speed
and vibration frequency respectively, but they both needed addi-
tional power and had moving parts such as rotating and electro-
magnetic vibration structures respectively, which might pose a
threat to the stable operation at high temperatures. Besides the
control of the overall velocity of particles, it is also noteworthy to
control the velocity distribution of particles to match the non-
uniformity of incident power, which always has stronger intensity
in the middle and weaker intensity in the edge, but there is still a
lack of attention and corresponding structural design in this regard.

Herein, a novel impeded flow particle receiver was proposed
and tested, trying to alleviate the deterioration risk and achieve the
real-time particle velocity control and even velocity distribution
control, which could provide a more stable, more uniform and
higher-temperature heat source for applications. In this receiver,
the inclined plate is used as the radiation absorption area, and the
outlet valves are used to control the particle flow rate and thus
control the particle velocity. The friction along the path and the
gate valves at outlet act as the obstruction structures, which allow
the particles to move slowly and controllably in the form of a
sliding bed, which is why we call this receiver a sliding-bed
receiver. Furthermore, the velocity distribution control has the
potential to be achieved by setting multiple connecting funnels and
electric gate valves in the transverse direction. The sliding-bed
receiver's structural validity and operational characteristics at
different working conditions were detailly investigated with both
experimental and numerical methods. The performance of the
sliding-bed receiver in practical applications such as the dish-type
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and the tower-type concentrated solar power systems were further
forecasted. The effects of the effects of the incident power distri-
bution, the particle velocity distribution and the quartz glass on
aperture on the performance of this receiver were detailly
analyzed, which could also help optimize the design and operation
of this receiver and other particle receivers such as free-falling
particle receivers.

2. Receiver design

The working particle selected was sintered bauxite, whose op-
tical and thermodynamic properties met the operation re-
quirements of sliding-bed particle receiver and the details were
listed in Table 1.

As shown in Fig. 1, the sliding-bed particle receiver tested in
laboratory was mainly composed of an up silo, an inclined plate, a
connecting funnel with internal obstructed structure, and an
electric gate valve. The length and width of the inclined plate were
1000 and 350 mm, respectively. The whole body of the sliding-bed
receiver was made of 310 S stainless steel, which could withstand
1400 �C without melting, and aluminum silicate was used as the
insulation material. The particles inside the up silo came out
through a slit and were transported along the inclined plate by



Fig. 1. (a) The schematic, (b) the configuration and (c) the experimental setup of the sliding-bed particle receiver.
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gravity, where they were directly heated by the concentrated ra-
diation. Then the particles slid into the connecting funnel and
entered the down silo through an electric gate valve. The electric
gate valve could control the particle flow rate and thus control the
particle velocity on inclined plate. A quartz glass was attached on
the aperture for sealing purpose, and could reduce the heat loss
with greenhouse effect at the same time. During the whole oper-
ation, the particles moved in the form of a sliding bed inside the
receiver.

To ensure a smooth particle flow, the angle of the inclined plate
was selected to be 2e5� larger than the angle of repose, resulting in
an increase in the particle layer thickness along the downstream as
shown in Fig. 2(a). To avoid the particles at the bottom of particle
layer that have relatively cold temperatures to leave the inclined
plate, an adjustable bafflewas added to the end of the inclined plate
as shown in Fig. 2(b). In this way, the higher outlet temperature of
the sliding-bed receiver could be achieved as only the surface
particles with a higher temperature could leave the inclined plate.
Because the inclined plate was always covered with particles
(especially the stagnant particles which couldn't cross the end
baffle) and other internal parts of the receiver were not exposed to
direct radiation either, the risk of thermal deterioration was
significantly alleviated.

Connecting funnel was an important sector between the in-
clined plate and receiver outlet, as they could concentrate the
particle flow from the wide plate end to the narrow valve opening.
For the simplest form of connecting funnel as Fig. 2(c), the
maximum particle velocity occurred in the direction right towards
the funnel outlet, which always leaded to an unwanted velocity
distribution on inclined plate. To alleviate this problem, two kinds
of obstructed structures inside the funnel were designed as shown
in Fig. 2(d)e(e). Through the test of models made of polymathic
methacrylate, these two structures were both found to be effective.
Considering the manufacturing difficulty and cost-effective, the
obstructed structure as shown in Fig. 2(d) was finally adopted in the
current experimental setup.

As shown in Fig. 3(a), the flow rate and temperature control
system is composed by the following parts, i.e. the electric gate
valve, the electronic scale, the particle storage bin and the
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thermocouples. The thermocouples were placed along the inclined
plate and the connecting funnel for real-time particle temperature
measurement. When the measured outlet temperature was below
the required value, the electric pusher moved forward to decline
the gate valve opening and reduce the particle flow rate. In this
way, the particle velocity was reduced and thus the outlet tem-
perature was increased, and vice versa. The receiver efficiency was
calculated and recorded in real time based on the mass of particles
flowing into the particle storage bin, the incident power and the
particle temperatures at inlet and outlet of the receiver. To reduce
jamming caused by high operating temperature, a large space
(30 cm) was kept between the motor and the valve as shown in
Fig. 3(a).

At present, only one connecting funnel and one electric gate
valve were set and tested in hot state due to the low incident power
of solar simulator and therefore the small size of the receiver. But
there is potential for velocity distribution control by setting mul-
tiple connecting funnels and electric gate valves in the transverse
direction, which has been preliminarily tested in cold state on a
larger sliding-bed receiver as shown in Fig. 3(b), and further hot-
state tests still await the manufacturing and arrangement of a he-
liostat field with ~500 kW incident power.
3. Model

For a better understanding of the current experimental results
and a prediction of the receiver performance under higher incident
conditions such as dish-type and the tower-type concentrated solar
power systems, an optical-thermal coupled model discretizing the
heat transfer process in time and space was proposed. The heat
transfer process of the particles mainly takes place in the inclined
plate section and the connecting funnel section.
3.1. Inclined plate section

3.1.1. Model assumptions
To simplify the model while keeping a high accuracy, following

assumptions are adopted:



Fig. 2. The states of particle layer (a) without end baffle and (b) with end baffle, and the qualitative particle flow distributions inside the funnel (c) without, (d) with simple, and (e)
with complicated obstructed structures.

Fig. 3. (a) Schematic of the mass-flow and temperature control system and (b) cold-state test of particle velocity distribution control by setting multiple connecting funnels and
electric gate valves.
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a) The ambient temperature is considered to be constant as the
laboratory is equipped with constant temperature air
conditioning.

b) The temperature of particles at the inlet is the same as the
ambient temperature as the particles inside the up silo are all
fully cooled at ambient temperature.

c) The incident power of each grid was measured by a CCD-
camera Lambertian method as mentioned above.

d) All sidewalls and the inclined plate under the stagnant par-
ticle layer are regarded as isothermal as an adequate thermal
insulation treatment was added.

e) The surface of particle layer is assumed to be continuous and
only exchanges heat with the quartz glass facing it due to the
close proximity (45 mm) between particles and quartz glass.
44
f) The whole particle lay is divided into flowing particle layer
and stagnant particle layer due to end baffle and the thick-
ness of flowing particle layer is measured to be about 11 mm.
3.1.2. Governing equations
The schematic of the heat transfer model for the inclined plate

section is shown in Fig. 4. For the real-time power change of each
grid, the radiation heat transfer calculated by Monte Carlo method
and the non-negligible convection and conduction heat transfers
calculated by empirical formula with surrounding objects are
considered, and the heat transfer caused by the incoming and
outgoing particles of each grid should also be considered for the
flowing particles. Therefore, the energy equations for the quartz



Fig. 4. Schematic of the heat transfer model for the inclined plate section.

Fig. 5. Schematic of the heat transfer model for the connecting funnel section.
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glass, flowing particle layer and stagnant particle layer can be
expressed as given in Eqs. (1)e(3).

Qg ¼Qrad;inc�g þ Qrad;g mutual þ Qconv;g mutual (1)

Qfp ¼Qflow þ Qrad;inc�fp þ Qrad;fp mutual þ Qconv;fp mutual

� Qcond;fp�sp (2)

Qsp ¼Qcond;fp�sp (3)

Here Qg , Qfp and Qsp are the net powers gained by quartz glass,
flowing and stagnant particles, respectively. Qrad;inc�g and Qrad;inc�fp
are the radiation heat transfers from incident source to quartz glass
and flowing particles, respectively. Qrad;g mutual, Qrad;fp mutual,
Qconv;g mutual and Qconv;fp mutual are the mutual radiation and con-
vection heat transfers between quartz glass and flowing particles
and others, respectively. Qcond;fp�sp is the conduction heat transfer
from flowing particles to stagnant particles. Qflow is the heat
transfer due to particle flow in and out.

Please refer to the supplementary materials for the specific
calculation of the energy conservation formulas.

After obtaining the values of Qg , Qfp and Qsp, the temperature
change of quartz glass, flowing particle layer and stagnant particle
layer within each time step can be calculated by Eqs. (4)e(6).

DTg ¼QgD,t
��

cgAgdgrg
�

(4)

DTfp ¼QfpD,t
.�

cfpAfpdfprfp
�

(5)

DTsp ¼QspD,t
��

cspAspdsprsp
�

(6)

HereDt is the time step, cg , cfp and csp are the heat capacities, Ag , Afp
and Asp are the heat transfer areas, dg , dfp and dsp are the layer
thicknesses, and rg , rfp and rsp are the bulk densities of quartz glass,
flowing particles and stagnant particles respectively.

Eq. (5) gives the temperature of flowing particles in each control
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volume and each time step, and then the efficiency for the inclined
plate section is expressed by Eq. (7).

hincline¼
�X

cend _mendTend� cinlet _msumTinlet
�. X

Qrad;inc (7)

Here cend, _mend and Tend are respectively the particle heat capacity,
particle mass flow rate and particle temperature of any grid at the
end of the inclined plate, cinlet and Tinlet are respectively the heat
capacity and temperature of the particles at the inlet of receiver,
_msum is the total particle mass flow ratewhich is equal to the sum of
_mend, and Qrad;inc is the incident power of any grid on aperture.

The optical loss rate and thermal loss rate (to incident power) of
the inclined plate is further expressed as Eq. (8) and Eq. (9).

4incline;opt ¼
X

Qrad;inc�loss

.X
Qrad;inc (8)

4incline;ther ¼
�
ð1� hinclineÞ

�
X

Qrad;inc �
X

Qrad;inc�loss

�. X
Qrad;inc (9)

Here optical loss is defined as the loss due to the incident ray
escape, and thermal loss is defined as the sum of convection, con-
duction and radiation loss from the receiver and internal particles.

3.2. Connecting funnel section

3.2.1. Model assumptions
To simplify the model while keeping a high accuracy, following

assumptions are adopted:

a) The ambient temperature is considered constant as the lab-
oratory is equipped with constant temperature air
conditioning.

b) Only radiation heat transfer occurs between particles and the
inner wall of the connecting funnel due to the poor thermal
conductivity of particles.

c) The outlet particle temperature is considered uniform due to
the small size of the receiver outlet.

d) The heat capacity of insulation is ignored due to its low
density.

e) The heat capacity of the outer wall of the connecting funnel
is ignored due to its thinness.

f) The whole connecting funnel (without particles) is regarded
as one control volume due to its low capacity.
3.2.2. Governing equations
The schematic of the heat transfer model for the connecting

funnel section is shown in Fig. 5. Qp and Qs are the net powers
gained by particles and funnel's inner wall, respectively. Qrad;p�s is
the radiation heat transfer from particles to steel. Qcond;ins is the
conduction heat transfer through the insulation. Qconv;s�a and
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Qrad;s�a are respectively the convection and radiation heat transfers
from steel to atmosphere.

The energy equation for the particles and steel can be expressed
as Eq. (10) and Eq. (11).

Qp ¼2Qrad;p�s (10)

Qs ¼2Qrad;p�s � 2Qcond;ins (11)

Here Qrad;p�s is calculated by considering multiple reflections and
absorptions as shown in Eq. (12).
Qrad;p�s ¼Avalidεpεss

��
1� rprs

�
,

��
Tpre ave end

.
2þ Tpre outlet

.
2
�4 � T4s

	
(12)
Here εp, εs, rp and rs are the emissivity and reflectivity of particles
and steel respectively, Tpre ave end and Tpre outlet are the previous
average temperature of the particles at the end of the inclined plate
and the outlet of the receiver respectively, and Avalid is the valid heat
transfer area as calculated by Eq. (13).

Avalid ¼ _msumt
.�

rpdfunnel
�

(13)

Here rp is the bulk density of particles and dfunnel is the interlayer
thickness of connecting funnel.

Qcond;ins conforms to the following energy equation regardless
the heat capacities of insulation and the outer wall of the con-
necting funnel as expressed in Eq. (14).

Qcond;ins ¼Qrad;s�a þ Qconv;s�a (14)

Here Qrad;s�a and Qconv;s�a are calculated in the same way as
Qrad;g out and Qconv;g�a.

Therefore, the temperature of particles at the outlet of the
receiver can be expressed as Eq. (15).

Toutlet ¼ Tave end � 2Qrad;p�stvalid
.�

cp _msumt
�

(15)

Here Tave end and Toutlet are the current average temperature of the
particles at the end of the inclined plate and the outlet of the
receiver respectively, cp is the heat capacity of particles and tvalid is
the valid heat transfer time as calculated by Eq. (16).

tvalid ¼Vfunnelrp

.
_mp sum (16)

Here Vfunnel is the volume of connecting funnel.
The efficiency for the connecting funnel section is calculated by

Eq. (17).

hfunnel ¼
�
hincline

X
Qrad;inc �2Qrad;p�s

�.�
hincline

X
Qrad;inc

�

(17)

The thermal loss rate of connecting funnel (to incident power) is
calculated by Eq. (18).

4funnel;ther ¼2Qrad;p�s

.X
Qrad;inc (18)

Consequently, the optical loss rate, thermal loss rate, total loss
rate and total efficiency are defined as Eq. (19) e (22),
46
4opt ¼4incline;opt (19)

4ther ¼4incline;ther þ 4funnel;ther (20)

4total ¼4opt þ 4ther (21)

htotal ¼1� 4total (22)

Here htotal can also be expressed by Eq. (23).
htotal ¼ðcoutletToutlet � cinletTinletÞ _msum

. X
Qrad;inc (23)

Here cave outlet is the average heat capacity of particles at the outlet
of the receiver.

4. Experiments and discussions

4.1. Experimental conditions and results

In experiments, the valid test duration of each case was about
3000 s and the ambient temperature was about 20 �C. The incident
power was provided by a solar simulator consisted of 14 individual
units as shown in Fig. 6(a). The irradiance distribution on receiver
aperture shown in Fig. 6(b) was measured by a CCD-camera Lam-
bertian method [20,21] and the total radiation was about 4 kW.

The velocity distribution of surface particles as shown in
Fig. 7(a) was measured by trace method, where the peak particle
velocity was found to be directly opposite the slit of the obstructed
instruction and the slowest particles were at the edge of flow.

As shown in Fig. 7(b), the outlet temperature curve had a turning
point and the maximum outlet temperatures (Toutlet) were found at
about 1.5 g/s, where the cases with and without quartz glass were
847.7 and 769.4 �C respectively. While the total efficiency (htotal) was
found to continuously grow with the increase of particle flow rate,
where the cases with and without quartz glass reached 77.2% and
71.9% at a flow rate of over 4.5 g/s, respectively. Both Toutlet and htotal
with quartz glass presented higher values than those without quartz
glass, indicating the greenhouse effect created by quartz glass could
reduce the energy loss of the sliding-bed receiver.

Through the real-time Toutlet with different flow rates as shown
in Fig. 7(c), it was found that Toutlet rose rapidly in the beginning
stage, reaching more than 80% of the final stable value within 570 s,
425 s and 265 s with the flow rate of 1.49 g/s, 2.93 g/s and 3.95 g/s
respectively. Obviously, with the increase of flow rate, the rate of
temperature rising to a stable state became faster, which was
because that the particles could transfer heat to the receiver more
quickly and the high-temperature particles could move to the
receiver outlet more quickly with a higher flow rate. In addition, the
temperature fluctuation due to the “landslide” which could be
observed in cold-state experiments was also alleviated with the
increase of particle flow. The real-time record and time-dependent
simulation at 2.93 g/s is presented in Fig. 7(d), where the temper-
ature fluctuation at outlet was much smaller than that in the
middle due to the buffering effect of connecting funnel.



Fig. 6. (a) Configuration of a single solar simulator unit and CCD-camera Lambertian measurement method and (b) radiation distribution of the solar simulator system.

Fig. 7. (a) Velocity distribution of particles on the surface of flowing particle layer, (b) Toutlet and htotal at various particle flow rates with and without quartz glass on aperture, (c)
real-time Toutlet at various flow rates, and (d) real-time Tmiddle and Toutlet at 2.93 g/s on experiment and simulation with quartz glass on aperture.
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4.2. Numerical studies

Figs. 7(d) and Fig. 8(a) helped develop and validate the model,
where good agreements were achieved between the experiment
data and simulation results. Compared with the experimental
method, numerical simulation can provide a more comprehensive
understanding of the operating characteristics of the sliding-bed
receiver, such as the endothermic process of particles and the
composition of the energy loss.

The simulated flowing particle temperature (Tfp) and average
incident power (Qrad;inc) along the particle path is presented in
Fig. 8(b). Three cases of small (1.158 g/s), medium (1.492 g/s) and
large (2.074 g/s) flow rate were detailly compared. With the in-
crease of particle flow rate from 1.158 g/s to 2.074 g/s, the peak
temperature was reduced by 87 �C, but the particle temperature
47
difference at the end of the inclined plate was only 37 �C. The
decrease of temperature difference from 87 �C to 37 �C was due to
the longer temperature drop section at small flow rate (70 mm)
than that at large flow rate (20 mm). The so-called temperature
drop could be explained through the endothermic process of par-
ticles along the path. As the particles flow downward, the incident
radiation increased first and then decreased. During the increase of
the incident radiation, the particle temperature was always lower
than the equilibrium temperature corresponding to the incident
radiation, thus keeping increasing.While during the decrease of the
incident radiation, the particle temperature could finally exceed the
equilibrium temperature corresponding to the incident radiation,
i.e. the heat dissipation of high-temperature particles could finally
exceed the incident radiation, leading to the temperature drop.
Considering the comparison between the cases of small and



Fig. 8. (a) Comparison between experimental and simulated results, (b) Qrad;inc and simulated Tfp along the inclined plate with quartz glass, (c) Simulated htotal , 4opt and 4ther vs.
_msum , (d) Simulated temperature distribution of Tfp on the inclined plate at 2.07 g/s with quartz glass.
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medium flow rate, the small flow rate case had a slightly higher
particle temperature at the end of the inclined plate, but also had
longer residence time which leaded to a larger thermal loss in the
connecting funnel. Therefore, too small flow rate would not only
lead to a lower efficiency, but also would lead to a lower outlet
temperature, which matched the change trend as presented in
Fig. 8(a). Temperature drop section was a waste of incident power,
and not conducive to higher efficiency. The above analysis could
help optimize the design and operation of this sliding-bed particle
receiver and other types of particle receiver such as free-falling
particle receivers. A few simple guidelines were given below. 1)
reducing the temperature drop section by adjusting the distribu-
tion of particle velocity and incident power would improve the
receiver efficiency; 2) A better particle flow rate should be at least
higher than the turning point as shown in Fig. 7(b); 3) The ideal
incident power distribution should be that the incident power
increased along the particle flow direction. Furthermore, the sig-
nificance of guideline 1 and the controllability of velocity distri-
bution could be understood as follows. The particles on different
streamlines might have different endothermic processes, and the
control of velocity distribution could optimize the management of
temperature drop sections for different streamlines in more detail.
A simple example is that in order to match the incident light spot
with high middle radiation intensity and low edge radiation in-
tensity, the particles in the middle streamline should be faster than
the particles in the edge, which can effectively improve the outlet
particle temperature and the efficiency of the receiver.

The total efficiency (htotal), the optical loss rate (4opt) and the
thermal loss rate (4ther) were further simulated as presented in
Fig. 8(c). Quartz glass was found to reduce 4ther by more than 5%
due to the greenhouse effect, but also increased the 4opt by about
2.4% due to the reflection of incident rays. As a result, the quartz
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glass on aperture improved htotal by 3%e4% in experimental cases.
The particle temperature distribution on inclined plate is pre-

sented in Fig. 8(d). The distribution characteristic was mainly
determined by the distribution of incident power and particle ve-
locity, where the highest temperature areas were always found to
be related with a high incident power and a low particle velocity.
For the particles at the edge of flow, despite the weaker radiation, a
high temperature would still be reached due to the lower particle
velocity as shown in Fig. 8(d), which indicated the risk of over-
heating. Extra attention should be given to avoid slow flow areas,
especially with a higher incident power.

4.3. Model forecast

In practical applications such as the dish-type (0.01e0.4 MWe)
and the tower-type (10-150MWe) concentrated solar power sys-
tems [22], the incident power is much larger than the solar simu-
lator as tested in previous section. Therefore, numerical studies to
further improve Toutlet and htotal were conducted considering a
much higher incident power in this section.

The characteristics of Toutlet and htotal at various Qrad;inc
(4 kWe100 MW) without quartz glass were presented in Fig. 9(a).
With the increase of Qrad;inc, higher Toutlet and htotal could be ach-
ieved. When Qrad;inc reached 1 MW, Toutlet could reach 1350 �C and
750 �C at 0.5 kg/s and 1 kg/s particle flow rate, respectively.

The influence of quartz glass on the sliding-bed receiver per-
formance was analyzed in detail through the study of the charac-
teristics of 4opt and 4ther under various incident conditions
(4 kWe100 MW). As shown in Fig. 9(b), a continuous decrease of
4ther and a relative stability of 4opt were observed with the increase
of incident power. With the increase of incident power, the particle
flow rate should also be increased to avoid the overheating of



Fig. 9. (a) Toutlet and htotal vs. _msum , and (b) Toutlet , 4opt and 4ther with and without quartz glass under the real experimental, simulated dish-type and tower-type concentrating
condition.
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particles. Therefore, the thermal loss (i.e. the conduction, convec-
tion and radiation losses) directly related to temperature did not
increase proportionally with the incident power, which caused the
decrease of 4ther . Different from thermal loss, optical loss almost
increased proportionally with the incident power due to the rela-
tively constant reflectivity of particles and quartz glass, which
caused the relative stability of 4opt . As a result, quartz glass was
found to be unfavorable for the large Qrad;inc conditions (>0.1 MW),
when 4opt became far more important than 4ther . However, quartz
glass was still necessary for stable operation of particle receivers in
windy and rainy weather.
5. Conclusions

A novel impeded flow particle receiver, which was named as a
sliding-bed particle receiver, was proposed to solve the problems of
thermal deterioration risk and real-time particle velocity control
difficulty for the previous impeded flow particle receivers and
further have the potential to achieve the particle velocity distri-
bution control to match the non-uniformity of incident power. The
sliding-bed receiver's structural validity and operational charac-
teristics at different working conditions were detailly investigated
with both experimental and numerical methods. A high outlet
temperature reaching 847 �C and a high efficiency reaching 77.2%
were observed under a solar simulator of 4 kW. The quartz glass on
aperture was found to help improve the receiver performance with
greenhouse effect. The sliding-bed receiver was found to have a
quick start for that particles inside could be heating to over 80% of
the final stable temperature within 10 min. An optical and thermal
coupling model was developed to provide a more comprehensive
understanding of the operating characteristics of the sliding-bed
receiver. Analysis based on experiment and simulation revealed
the effects of the effects of the incident power distribution, the
particle velocity distribution and the quartz glass on aperture on
the performance of this receiver, which could help optimize the
design and operation of the sliding-bed particle receiver and other
particle receivers such as free-falling particle receivers. Numerical
models further revealed an improved particle temperature of
1350 �C and efficiency of 82% in practical applications such as the
dish-type (0.01e0.4 MWe) and the tower-type (10-150MWe)
concentrated solar power systems, when the quartz glass might
have negative effect on efficiency improvement. In addition, a
larger receiver with multiple outlet valves and secondary reflection
technology is in manufacturing, trying to achieve the real-time
velocity distribution control and higher operating parameters in a
real tower-type concentrated solar power system of ~500 kW.
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