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A modified sliding-bed particle solar receiver was proposed to realize the coupling with upward concentrating
system, which was a challenge for the previous designs. The newly added secondary reflection structure could
not only adjust the optical path, but also preheated the particles flowing behind it. The overall principle of the
receiver, the regulation mechanism of the particle layer thickness and the control and measurement method of
the particle flowrate have all been described in detail. After the cold-state research on flow pattern, on-sun
experiments based on a tower concentrating system were conducted to evaluate the receiver performance.
Experimental results showed that the maximum outlet temperature of ~860°C and single-pass temperature rise
of ~510°C were achieved. Under various DNI and time, the average outlet temperature ranging from ~535 °C to
782 °C, and positive efficiency ranging from ~51 % to 66 % were obtained. A concentrating-receiving coupled
model was proposed to analyze the energy transfer process during the experiments, and to predict the receiver
performance under higher incident power. Simulation results showed that the thermal loss rate could be reduced
from 28.48 % to 13.22 % with 5 times magnification of the incident power, but the local overheating risk of the
secondary reflective surface required attention.

1. Introduction

The effective utilization of solar radiation has the potential to alle-
viate the increasingly severe energy and environmental problems in the
world. Compared to water/steam, molten salt, etc, using particle as the
heat transfer medium (HTM) of concentrating solar power (CSP) systems
has the potential to achieve higher temperature, better stability, and
better temperature adaptability [1-4]. Particle solar receiver (PSR) is
the component that converts solar radiation into the thermal energy
within particle, and is one of the most challenging components to design
in CSP, as it must directly withstand fluctuating, uneven, and highly
concentrated solar radiation. Various concepts and designs of particle
solar receivers have been proposed since 1980s [5], and many tests and
improvements have been conducted thereafter. The core of the design of
PSR lies in the realization form of the transfer and heating of the

particles under extreme high-temperature and high-flux conditions. For
a better understanding of the PSR concept and design proposed in this
article, the following will summarize the design core of some typical
PSRs.

According to whether particles absorb solar radiation directly, PSRs
can be divided into indirect and direct types. For indirect types, outer
walls such as stainless steel tubes [6] are firstly heated by the solar ra-
diation, and then transfer the thermal energy to the particles flowing
behind. Typical indirect PSRs include: dense suspension PSR which uses
fluidizing gas to drive a dense suspension of particles to move upward in
vertical absorbing tubes [6-8], particle-filled PSR which allows particles
to flow downward in vertical absorbing tubes by gravity [9], coun-
terflow fluidized bed PSR which allows particles to flow downward in
fluidized bed by gravity while using upward fluidizing gas to enhance
heat transfer coefficient [10,11], near-blackbody enclosed PSR which
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allows particles to flow downward between absorbing tubes array by
gravity while homogenizing the distribution of incident power by mul-
tiple reflection [12,13] and etc. Indirect PSRs usually have better control
over the particle transfer, less possibility to cause particle leakage, and
almost no requirements on the particle absorptivity. But due to the poor
thermal conductivity of particles, indirect PSRs typically have lower
heat transfer efficiency and lower allowable peak flux density [2], thus
facing greater overheating risk. In addition, the high flux, high fluctu-
ation, and non-uniformity of concentrated solar radiation places
extremely high demands on the materials of outer walls. For direct
types, the solar radiation directly heats the particles. Typical direct PSRs
include: falling PSR which allows particles to fall in the form of a curtain
by gravity [5,14], obstructed falling PSR which allows particles to fall
through chevron-shaped mesh structures to reduce the falling velocity
and improve the temperature rise [15-18], multi-stage falling PSR
which allows particle curtain to be repeatedly initialized by using in-
termediate troughs to enhance the hydrodynamic stability and improve
the radiation absorption [19-25], centrifugal PSR which allows particles
to slide down along the internal walls of a cylindrical cavity by gravity,
while adjusting sliding speed by centrifugal force [26-28], quartz tube
PSR which allows particles to flow downward in transparent quartz
tubes by gravity [29-31], spiral PSR which uses the vibration of spiral
surface to drive particles to move upward along a spiral path [32,33],
autothermal fluidized bed PSR which allows particles to flow upward to
the direct radiation zones due to the pressure difference [34,35],
sliding-bed PSR which allows particles to slide downward along an in-
clined plate in the form of a sliding-bed by gravity [36-38] and etc.
Compared to indirect types, direct PSRs usually have higher solar
receiving efficiency due to the direct absorption of solar radiation by
particles, and have higher limit of incident power, temperature, and
adaptability due to the real-time removal of the concentrated solar ra-
diation through particle mass flow. However, since direct PSRs are
typically open systems, it is challenging to utilize methods such as
fluidizing gas to drive particle movement and to employ clear boundary
constraints on particles. Therefore, direct PSRs usually have relatively
poor control on particle transfer, higher risk in particle leakage, and
higher requirements for particle absorptivity. Quartz tube PSR is a
unique direct PSR type which uses quartz tubes to form a closed system
to alleviate some of the problems mentioned above, but there are still
challenges in terms of fragility, susceptibility to contaminating, and
manufacturing difficulties associated with quartz tubes.

For sliding-bed PSR, one of the direct PSRs, good performance in
particle flowrate control and single-pass temperature rise was reported.
However, due to the interception of upward incident rays by the inclined
plane itself, common sliding-bed PSR are more suitable for downward
concentrating systems, but difficult to adapt to upward concentrating
systems such as a tower concentrating system.

In this paper, a modified sliding-bed particle solar receiver with an
internal secondary reflection structure was proposed to address the
aforementioned problem, which further enhances the versatility and
scalability potential. The secondary reflection structure in the modified
PSR, which was much like the outer walls of indirect PSRs, played two
roles at the same time: reflecting the incident rays to the particles
flowing on the solar absorbing slope, and preheating the particles
flowing inside the preheating channel. The former realized the coupling
with upward concentrating systems, while the latter further utilized the
incident power and thereby improved the receiving efficiency. The solar
absorbing slope in the modified PSR was basically the same as that of the
common PSR, which could preserve the original advantage such as
higher single-pass temperature rise [36]. Currently, the specific struc-
tural design of the receiver was demonstrated and implemented. Some
preliminary research on cold-state flow pattern was conducted to ensure
the safe operation of the receiver. Some on-sun experiments were con-
ducted to evaluate the temperature and efficiency performance of the
receiver. A concentrating-receiving coupled model was proposed to
analyze the specific heat transfer process and heat loss composition of
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the on-sun experiments, as well as to predict the changes in efficiency
and risk under higher incident power.

Nomenclature

Latin letters Abbreviations

A area CSp concentrating solar power

c specific heat DNI direct normal irradiance
d distance FR flowrate
d layer or interlayer HB baffle height
thickness
e energy HTM heat transfer medium
Gr Grashof number PSR particle solar receiver
g gravity coefficient SSPSR sliding-bed PSR with secondary
h convection coefficient reflection
l (characteristic) length
lg intermediate gap in length ~ Subscripts
m mass flowrate a air
it normal direction a aiming point
n number ap aperture
o centre position ave average property
out reflected direction of ray conv convection
p position cond conduction
Pr Prandtl number e emission
Q power flow particle flow
R random number between h heliostat
Oand1
r radius hf heliostat field
T reflection direction i insulation
s ray direction inc incident
T temperature inner inner objects of receiver
T characteristic temperature in inlet
u unit vector n negative
out outlet
Greek letters opt optical property
a flow angle P positive
a altitude angle p particles
[ zenith angle r secondary reflective surface
3 azimuth angle r reflection
@ loss rate rad radiation
n (atmospheric attenuation) ray ray
factor
n efficiency s stainless steel
£ emissivity s sun
P reflectivity sum sum property
p) thermal conductivity t target
v kinematic viscosity ther thermal property
coefficient
p bulk density x vector in x-axis
T time step y vector in y-axis
4 Stefan-Boltzmann constant 2 vector in z-axis

2. Receiver design
2.1. Overall principle

The particles as the HTM of the receiver were a type of sintered
bauxite, which was commonly used as a proppant in oil fracturing. The
physical properties of the particles are listed in Table 1.

The overall structure of the receiver is shown in Fig. 1, which consists

Table 1

Physical properties of the particles (sintered bauxite).
Physical properties Item
Composition 83%Al1,03, 5%8Si0,, 6%Fe,03 and others
Size (mm) 0.5-0.8 (average ~0.712)
Absorptivity ~85 %
Heat capacity (J/(kg*K)) 756 (25 °C)-1275 (700 °C)
Bulk density (kg/m®) 1800
Density (kg/m®) 2650
Packing limit 0.68
repose angle 23.5°

thermal conductivity (W/(m*K)) 0.23(20 °C)-0.54(800 °C)
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Fig. 1. Schematic dia gram (a) and structural drawing (b) of a SSPSR.

of one feeding bin, one preheating channel, one solar receiving cavity
(including one reflective surface and one solar absorbing slope), multi-
ple flowrate measurement and control devices, and multiple discharge
outlets. Based on the flow process of particles, the function and design
logic of each component in the receiver will be introduced in order. The
particles entering from the inlet of the receiver will be temporarily
stored in the feeding bin, and then enter the preheating channel. The
preheating channel closely adheres to the secondary reflective surface.
The secondary reflective surface is composed of materials with high
reflectivity. Most of the incident rays are reflected, while the rest of the
incident rays are absorbed and transmitted by the secondary reflective
surface. The absorbed and transmitted incident rays are converted into
the thermal power inside the secondary reflective surface and preheat-
ing channel, and then are transferred to the particles flowing in the
preheating channel through conduction. The particles leaving the pre-
heating channel will flow into the solar absorbing slope and then
directly absorb the rays reflected by the secondary reflective surface.
The secondary reflective surface and the preheating channel together
form a receiving structure similar to a particle-filled PSR with outer
walls [9], while the difference between the secondary reflective surface
and the outer walls lies in the function. The former is for reflection,
while the latter is for absorption. Obviously, the former has a better
potential for higher allowable peak flux density. After being indirectly
preheated and directly radiated, particles will cross an end baffle, pass
through a connecting funnel and then be controlled by a gate valve. The
weighing device beneath the valve measures the real-time particle
flowrate. Finally, the particles will exit the receiver and enter the sub-
sequent component of the CSP system, such as a high-temperature
storage bin.

In current design, the receiver has five sets of gate valves and con-
necting funnels along the transverse direction, which thereby divides the
solar absorbing slope and preheating channel into five relatively inde-
pendent parts. Facing the receiver from the outside of the aperture, the
rightmost area is defined as the 1st part, and the leftmost area is defined
as the 5th part. The transverse partitioning facilitates the custom control
of particle flow, and the specific principles and effects are to be elabo-
rated in subsequent sections.

2.2. Regulation mechanism of the particle layer thickness

For the particle layer sliding on the solar absorbing slope, the
thickness directly affects the average temperature. In application, To
ensure the flow stability, the inclination angle $ of the solar absorbing
slope should be at least 1 ~ 2° greater than the flow angle @ of particle as
shown in Fig. 2. Therefore, as the particles flowing downward, the
thickness of the particle layer gradually increases from d; to d2, which
results in a lower average temperature at the end of the particle layer.
The baffle arranged at the end of the slope with a height of d3 can divide
the particle layer into two parts: flowing particle layer and stagnant
particle layer. As a result, the thickness of the particle layer upon leaving
the slope decreases from d, to d,, which reduces the temperature drop
along the depth direction and increase the average particle temperature.
Meanwhile, the stagnant particle layer serves as a thermal insulation to
protect the slope below.

Due to manufacturing and installation errors, as well as thermal
deformation, there are often differences in the thickness of the particle
layer along the transverse direction. To ensure the suitable particle layer
thickness at different positions as much as possible, five baffles with
different heights were arranged at the end of the solar absorbing slope.
Specifically, due to thermal deformation, the center of the slope end was
slightly concave, requiring the highest intermediate baffle. The overall
receiver was slightly tilted to the right, so the right baffles were slightly
higher than the left ones.

2.3. Control and measurement method of the particle flowrate

A gate valve was specially designed to control the flowrate of high-
temperature particles and thereby addressed the high fluctuation of
incident solar radiation. Five gate valves were arranged in the transverse
direction to achieve the adjustment of the particle flowrate distribution
and thereby addressed the non-uniformity of the incident solar radia-
tion. The gate valve’s fundamental structure is illustrated in Fig. 3. The
key to the gate valve design lies in resolving the contradiction between
thermal expansion allowance and particle sealing, while the arrange-
ment of stacking plate and the oblique placement of the valve solve the
above contradiction. The specific design detail can be obtained in sup-
plementary material.
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Fig. 2. Schematic diagram of the effect of end baffle(a) and the baffles arranged at the end of the slope(b).

Fig. 3. Structural drawing of the gate valve(a) and schematic diagram of valve shutdown state (b).

To better adjust the particle flow and facilitate subsequent compu- such as water, air and etc, there are very few mature commercial devices
tational analysis, it is imperative to the measure the specific real-time for measuring the flowrate of particles, especially at a high temperature
flowrate for high-temperature particles. Unlike conventional fluids exceeding 800 °C. Herein, a specific setup and methodology was

Valve plate

High-silica -

fabric

Fig. 4. Structural drawing of the flowrate measurement setup(a) and flexible connection between valve and weighing bin (b).
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designed to achieve the measurement through the collaboration of one
weighing bin, one scale and two valves as shown in Fig. 4(a). When
valve2 is closed, the particles leaving valvel will enter the weighing bin
for temporary storage. The scale below will measure the total weight of
the weighing bin and the internal particles in real time. The particle
flowrate can be obtained by calculating the ratio of weight change to
time change. When the weighing bin is about to be full, valve2 will open
to unload the particles until the weight of particles in the weighing bin
reaches a certain lower limit, and then valve2 will close and the flowrate
measurement and calculation process described above will be repeated.

In order to achieve the accurate weight measurement, the weighing
bin needs to be independently arranged, which indicates that the
weighing bin should not be affected by the force given by other com-
ponents. However, if the weighing bin is not in contact with other
components, it is prone to cause particle leakage and heat loss at the
inlet and outlet. The use of sleeve connection and flexible connection
alleviates the above problems. As shown in Fig. 4(a), since particles can
only move downward by gravity, extending the outlet pipe of the
weighing bin into a certain depth inside the subsequent pipe, i.e. sleeve
connection, can avoid the contact between the pipes, while still enabling
particle transport. The core material of the flexible connection is high-
silica fabric, an inorganic cloth with high temperature resistance and
high thermal insulation. The high-silica fabric is soft in texture. Ac-
cording to cold-state tests, when the high-silica fabric was connected in a
relaxed state as shown in Fig. 4(b), it barely affected the accuracy of the
weighing. According to on-sun tests, when the particles over 800 °C
flowed through the inlet and outlet of the weighing bin, the application
of 0.5 mm high-silica fabric in these areas could reduce the external
temperature to below 100 °C. In addition, due to the hot-air sealing
effect and the high reflectivity (~80 %) of high-silica fabric, the con-
vection and radiation loss were further reduced.

3. Model

A concentrating-receiving coupled model for heliostat field and
receiver was proposed. Monte Carlo method was used in ray tracing to
model stochastic physical events such as ray emission, absorption,
transmission and reflection on the surface of various objects. An optical-
thermal coupled model discretizing the heat transfer process in time and
space was applied inside the receiver. The significance of the model lies
in analyzing the data which are difficult to obtain in experiments, such
as the heat loss by ray escaping, and predicting the receiver performance
under the conditions which are not currently available, such as multiple
times the experimental incident power.

3.1. Concentrating model

The concentrating model is composed of the model of sun, heliostat
field and aperture. The sun is the source of rays. The heliostats reflect the
rays to the aperture. The aperture receives the rays.

3.1.1. Sun model

The algorithms of sun position have been widely published [39]. The
specific calculation procedure of sun position used in this article mainly
refers to the instruction manual of a commercial software called soltrace
[40] and thereby will not be repeated here. Left-hand coordinate system
[O; East-South-Height] is applied in the sun model.

After obtaining the solar altitude angle (a;) and the solar azimuth
angle (¢;), which are defined as the angle between ray and ground, and
the angle between the projection of ray on the ground and the east
(positive in clockwise), the preliminary incident direction of ray G
can be given as

e . .
s = — [cos a5 cos @, COS a5 Sin ¢y, sin a] (€8]

Where the negative sign before the matrix indicates that the ray direc-
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tion points to the ground.

Local left-hand coordinate systems with 5™ as the positive direction
of z-axis need to be established, and then the positive unit vector of x-
axis (u,,), y-axis (u’s,) and z-axis (u,) can be expressed in Egs. (2)-(5).

u, =3 /|3 )
e = [1,[2], 1, [1],0] /| [, [1], —u, [2], 0] @)
Uy, =1, X U, 4

When u,[1] = u,,[2] = 0, the u,, in Eq. (3) should be replaced with Eq.
)

u, =[1,0,0] 5)

Due to the volume of the sun and the distance between the sun and
the earth, the core region of the sun is equivalent to a disc with the field
angle of ~9.3 mrad to the ground. Using the pillbox model [41] to
simulate the angular intensity distribution of rays across the sun’s disk,
the direction of the incident ray should be uniformly distributed within
the field angle. Therefore, the real incident direction of ray (s") can be
given in Egs. (6) and (7).

5 = [sin(d6,)cos(dgy), sin(d6,)sin(dg,) , cos(d6.)] (6)

’

s ;o
s =15 % {usx,usy,usz} @)

Here, df, dg, and s are respectively the zenith angle deviation, the
azimuth angle deviation and the incident ray direction in the local left-
hand coordinate system, where d¢; and d¢,, obeys uniform distribution
between 0 ~ 0.0093/2 and 0 ~ 2x.

In addition, the sky can be simulated by a large enough plane, where
the emission positions (p,) of rays are randomly generated.

3.1.2. Heliostat field model

Coordinate system with normal direction of aperture (77'q,) as the y-
axis positive direction is applied in the heliostat field model to simplify
the subsequent calculation as shown in Fig. 5(a). Therefore, a new s
should be calculated through a coordinate transformation as shown in
Eq. (8).

T=7 / [u;u‘x; Upg: u/hfz] ®

Here, ., U, and uj, are respectively the positive unit vector of x-axis,

y-axis and z-axis of the heliostat field coordinate system relative to the
sun model coordinate system, which can be obtained in a similar way of
U, U, and u,.

Each heliostat has a spherical surface and is composed of four
separate mirrors as shown in Fig. 5(b). The radiuses of the heliostat vary
from 74 m to 140 m according to the distance between the heliostat and
the tower.

The sphere centre (Op,) of each heliostat can be calculated by Egs. (9)
and (10).

out = (ps —pr) / pa — Pl 9

Oh:ph+<o_m)fs_*>>/‘o_m)fs_*)*rh 10)

Here, out is the reflected direction of ray, pp and p, are the position of
the heliostat and the aiming point, and ry, is the radius of the heliostat
surface.

The reflection position (p,) of each ray can be obtained by the
emission position (p.), the incident direction (3) and the heliostat
surface equation as shown in Egs. (11)-(14).
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Fig. 5. Configuration and coordinate system of the heliostat field (a) and the shape and size of each heliostat (b).
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Here, dyqy is the travel distance of ray from sun to heliostat, I, Ig, and wy,
are respectively the length, the intermediate gap in length and the width
of the heliostat, uj, , u}[y and u,, are respectively the positive unit vector
of x-axis (length direction), y-axis (width direction) and z-axis (normal
direction) of every individual heliostat coordinate system relative to the
heliostat field coordinate system. It is possible to obtain multiple p, due
to the shadowing between the heliostats, of which the one correspond-
ing to the minimum d,,y is the true solution.

The roughness of the heliostat surface should be considered. The
surface roughness is simulated by the deviation of zenith angle (df},) and
azimuth angle (dg;,) of the actual normal direction () from the ideal
normal direction (77"), where d¢, obeys the Gaussian distribution with
0.1° as the standard deviation and dg, obeys uniform distribution be-
tween O ~ 2z. Therefore, the actual reflection direction (77) deviating
from the ideal reflection direction (7) can be calculated by Egs. (15)-
an.

1 0 O
?’*_?/[u}u;u}ly;u;w] *10 1 0 |= [u’,u;u;ly;u’hz] 15)
00 -1
7 = [sin(dd],)cos(dy)),sin(d6],)sin(dg,), cos(dd,)] (16)
T=7x [u’rx;u/ry;u;,z] a7)

Here, u,., u;y and u,,, are respectively the positive unit vector of x-axis, y-

axis and z-axis of the coordinate system with 7 as the positive direction

of z-axis, which can be obtained in a similar way of u,, u}, and u,.
The determination of blocking between heliostats is the same as that

of shadowing, except that p, is replaced by p,, and 5 is replaced the

. . —_
reverse direction of 7.

3.1.3. Aperture model

The target position (p;), final direction (7) and final energy (e) of
each ray entering the aperture need to be recorded to couple the sub-
sequent model of the receiver, and can be calculated by Egs. (18)-(21).

Dt=pr + ? * dray (18)

(Pt—Pa)'ﬁa,p:O 19)
0.99321 — 0.0001176d,4, + 1.97 x 10d,,%, d,ey < 1km

att = e(fo.ooonoﬁdmy)’dmy > 1km (20)

e=DNI * Apny * pp, * g * dmy/nmy 2D

Here, dyqy is the travel distance of ray from heliostat to aperture, 77, is
the atmospheric attenuation factor, which is proposed by Leary et al.
[42], DNI is the direct normal irradiance, Apy; is the projected area of
the sun-simulated plane in the direction of ', pj, is the reflectivity of the
heliostat, n,q is the number of the simulated rays.

3.2. Receiving model

The schematic of the energy transfer model of the receiver are shown
in Fig. 6. The domain of the receiver consists of three subdomains: the
preheating channel with secondary reflective surface, the particles on
the solar receiving slope and the connecting funnel. The main energy
transfer forms include the incident power from heliostat, the radiation,

Cis
Qumps

outlet

Fig. 6. The schematic diagram of the energy transfer model.
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convection and conduction from the inner objects and particles of the
receiver and the energy transfer by mass flow, which are distinguished
by annotations and colors. The bidirectional arrows in the schematic
represent the reciprocity of energy transfer, such as the secondary
reflective surface that radiates outward while also receiving radiation
from other planes. The meanings of the subscripts can be found in
nomenclature. The steel tube and the particles flowing inside are
regarded as isothermal radially due to the high thermal conductivity and
small radius of the steel tube. The flowing particle layer on the slope is
divided into 3 parts to simulate the temperature and flow rate distri-
bution in the depth direction. The stagnant and flowing particle layer are
separated by an end baffle. The particle flow is assumed to be continuous
and dense. The sidewalls inside the receiving cavity are assumed to be
isothermal due to sufficient thermal insulation measures.

Since Fig. 6 clearly illustrates the energy transfer relationship, the
specific energy equations for each component will not be repeated here.
Here, only the calculation method for particle temperature changes will
be emphasized.

The energy equation of the particle flow in each control volume can
be expressed by Eq. (22)

Qp = Qﬂaw + Qrad,inc + Qrad,inner - Qrad.p - Qconv,p - Qcand.p (22)

Here, Q, is the net power gained by particles, Qg,y is the heat transfer
due to particle flow, Qrqug.inc and Qraq inner are the received radiation from
incident rays and inner objects of the receiver, respectively, Qrdp, Qeonvp
and Qc,nq,p are the radiation, convection and conduction loss of particles,
respectively.

Qqow is calculated by Eq. (23).

Qﬂaw = Qﬂow.in - Qﬂuw,out = Cpmp(Tin - Tout) (23)

Here, ¢, is the average particle heat capacity between T, and Toy, M, is
the particle mass flowrate, T;; and T, are respectively the inlet particle
temperature and outlet particle temperature for the control volume.

Qradine and Qqqq inner are obtained by Monte Carlo method, which set
the incident rays and the high temperature objects inside the receiver as
the ray emitting source, respectively. During the ray tracing, the sec-
ondary reflective surface and sidewalls are regarded as the surfaces with
roughness model as described as that of heliostats, and the surface of the
particle flow is regarded as diffuse reflectance. The emitting directions
of the rays obey the law of Lambert as expressed by Eq. (24) [43].

dp(e,0)
dA*cosQ*inI @9

Here, 0 is the angle of zenith, ¢ is the angle of azimuth, A is the reflecting
area, (2 is the spatial angle, I is the radiation intensity and ¢ is the ra-
diation power. Therefore, according to the probability theory, 6 and ¢
can be calculated by Egs. (25) and (26) [44].

_acos (1 — 2R)

[ 3 (25)
@=2m*R (26)
Here, R is a random number between 0 and 1.

Qradp is calculated by Eq. (27)
Qradp = 0ALE, T, 27)

Here, ¢ is the Stefan-Boltzmann constant, A, &, and T, are the heat
transfer area, the emissivity and the temperature of particles, respec-
tively.

Qconvp is calculated by Eqgs. (28)—(31) [45],

T.=T,— (T, -T.) /4 (28)
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Gr.=gpl(T, — Ta) / v* (29)

h:%* <0.14 * ((Gre Pr)% — (Gr. Pr)%> + 0.56 x (Gr, Pr x cos (0))%
(30)

Qconv.p :Aph(Tp - Ta) (31)

Here, T, and T, are respectively the temperature of the particles and
ambient air, 4, Pr and v are respectively the thermal conductivity, the
Prandtl number and the kinematic viscosity coefficient of the ambient
air which depend on the characteristic temperature T, f is calculated
based on T, + (Tp — T,l) /4, 0 is the angle between the particle surface
and the vertical direction, Gr, is the critical Grashov number which
depend on 6, h is the convection heat transfer coefficient, [ is the char-
acteristic length, g is gravity coefficient.
Qcondp is calculated by Eq. (32).

Qcond.p :Ap/lp(Tp - Tl) /d (32)

Here 4, is the thermal conductivity of the particles, T; is the temperature
of the insulation materials (insulation cotton, stagnant particles, etc), d
is the distance between the centres of the particle layer and insulation
layer.

After obtaining Qp, the temperature change of the particles within
each time step can be calculated by Eq. (33).

AT, =Qy-At / (pApdpp,) (33)

Here, At is the time step, ¢, Ay, dp and p, are the heat capacity, the heat
transfer area, the layer thickness, and the bulk density of particle flow
respectively.

Therefore, the temperature of the particles (Tm‘om) can be obtained,

and the receiver efficiency (i) are defined as Eq. (34)

n= (Cave.outTave.out — Cave,in Tavejn)msum /qumjnc (34)

Here, mg,, is the total mass flowrate of particle, Taye.in, Tave.outs Cavein aNd
Caveout are the average temperatures and average heat capacities of the
particles at the inlet and outlet of the particle receiver respectively,
Qsum.inc is the total incident power.

In addition, the radiation, convection, thermal and optical loss rate
(@rads Peonvs Pener A0 @) are defined as Egs. (35)-(38),

@rag = Qrad / Qsum.inc (35)
Peony = Qeonv / Quum.ine (36)
Pther = Prad T Peony 37
Popt = Qopt/ Qsuminc (38)

Here, Q,q¢ and Qcony are respectively the radiation and convection loss
from the receiver and internal particles, Q. is the loss due to the high
temperature of the receiver and internal particles, which is the sum of
Qrad and Qcony, Qope is the heat loss due to the incident ray escape.

n can also be expressed by Eq. (39).

n= 1- Popt — Pther (39)

When the steady state is not reached, the #,,.,;,.- Obtained from Eq. (34)
and Eq. (39) are usually different. Here, the 5 calculated from Eq. (34) is
termed the positive efficiency (np), while the 7 obtained from Eq. (39) is
termed the negative efficiency (1,,).
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4. Experiments and discussions
4.1. Experimental conditions

The experiments were conducted in Zhejiang University Qingshanhu
Energy Research Center located in Hangzhou, which is a typical south-
ern Chinese city with a rainy and moist climate. The heliostat field and
tower used for experiments are shown in Fig. 7. Incident power ranging
from 200 to 400 kW were provided by 75 heliostats. The receiver was
fixed on the 7th floor of the tower, ~28 m in height. The aperture has a
diameter of 1.5 m, and a water-cooled wall is installed around the
aperture to protect the tower wall from being burned by the overflowing
concentrated solar radiation.

The incident power distribution provided by the heliostat field can
be obtained by a CCD-camera Lambertian method [46], and the
concentrating model mentioned above was used in conjunction with
actual measurements to derive incident power distribution for subse-
quent transient receiver performance analysis.

The total height of the receiver for testing was ~3.22m, in which the
horizontal and vertical distances of the receiving cavity were both
~1.4m, with a depth of ~1.34m. The angle of the secondary reflective
surface is ~30°, and the angle of the solar receiving slope is ~25°. The
maximum total particle flow rate of the 5 valves is ~0.6 kg/s.

4.2. Flow pattern research

For better reliability and safety of the on-sun experiments, a trans-
parent slope model composed of acrylic sheets was utilized to research
the flow pattern of the particles in a cold-state condition as shown in
Fig. 8(a). The flow pattern research mainly included the flow angle
characteristics and the flow velocity distribution of the flowing particle
layer.

4.2.1. Flow angle characteristics

The flow angle, or the angle of flow, specifically denoting the incli-
nation angle of the particle layer surface under flowing conditions, was
slightly different from the angle of repose as shown in Fig. 8(b and c),
and the baffles installed at the end of slope would also make a difference.
Therefore, despite the many studies on the angle of repose [47,48], there
was still a need for this research.

The flow angle exhibited many characteristics similar to the repose
angle, such as the decrease of flow angle caused by the concentration of
particle size distribution. The following will not repeat these similar
characteristics, but focus on the effects of the flowing and the baffle.

Fig. 7. A perspective view of the tower and heliostat field in Zhejiang Uni-
versity Qingshanhu Energy Research Center.
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The influence of flowrates (FR) and baffle heights (HB) on the flow
angle and the fluctuation of the particle layer is shown as Fig. 9, while
the angle of repose is ~23.5°.

Based on the experimental observations and results, the following
preliminary conclusions and analyses could be given below.

The angle of flow was always larger than the (stopping) angle of
repose. Due to the fact that the particles were always in a flowing state,
the particle pile was always affected by the impact of the flowing par-
ticles and could not be in repose.

The flowrate hardly affected the flow angle with a baffle.

The angle of flow with a baffle was larger than that without a baffle,
and the baffle height hardly affected the angle of flow. The introduction
of the baffles actually changed the roughness of the bottom surface
where the particles flow, and the change of roughness affected the
accumulation process [49], i.e. the particle flow pattern for current
experiments. When there was no baffle, the bottom surface of the par-
ticle flow was an acrylic sheet. Due to the lower roughness of the acrylic
sheet than the critical roughness, almost the whole flowing particle layer
would undergo the leaving and replenishment of particles. When there
was a baffle, the bottom surface of the particle flow became the stagnant
particle layer with a roughness greater than the critical roughness, and
the particles closer to the surface underwent more leaving and replen-
ishment of particles while the particles closer to the bottom almost
stayed still. Obviously, the particle flow state with a baffle was closer to
the state of repose than that without a baffle, resulting a larger angle. In
addition, regardless of how high the baffle was, the bottom surface of the
particle flow would always be composed of stagnant particles, and
thereby the angle of flow was hardly affected by the change of baffle
height.

There was a tidal fluctuation characteristic of the particle flow.
Increasing the baffle height and reducing the flowrate would enhance
the amplitude of fluctuation. The fluctuation originated from the leaving
and replenishment of particles. The particles along the flow direction did
not flow down simultaneously. In fact, the particles located lower along
the flow direction flowed away earlier than those located higher, in
other word, the leaving was generally sooner than the replenishment,
resulting in the gradual decrease of particles, similar to a falling tide.
Until the lower particles were not enough to support the entire flowing
particle layer, the whole particle layer collapsed rapidly, which was
similar to a rising tide. Then, the “falling tide” would be repeated. In
addition, the fluctuation exhibited significant randomness, particularly
during the early stages.

4.2.2. Flow velocity distribution

An image processing method based on tracer particles were used to
research the particle flow velocity distribution at different depths of the
flowing particle layer. The research methodology employed was
detailed as follows: tracer particles, which had been dyed for enhanced
visibility, were introduced into a transparent slope model. Real-time
imaging techniques were utilized to capture the flow behavior of these
tracer particles. Subsequent to the imaging process, a frame-by-frame
analysis was conducted to derive the velocity distribution of the parti-
cles across different depths within the model.

The preliminary experimental results and the fitting curve are shown
as Fig. 10, and the fitting function is described by a double Gaussian
function as Eq. (40).

2 2
() _)
y= r]ﬂowmte * (46 ) — e (40)

Here, x is the relative position, where 0 and 9 correspond to the bottom
and top surfaces of the flowing particle layer, respectively, 7o is the
correction factor based on flowrate, where a higher flowrate results in a
larger the #gorqe» ¥ is the flow velocity.
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Based on the experimental observations and results, the following
preliminary conclusions and analyses could be given below.

Due to the drag effect of stagnant particles, the very bottom particles
had almost no flow velocity, and as the position got closer to the surface
of the particle layer, the flow velocity gradually increased. Based on the
flow velocity distribution, the flowing particle layer could be divided

into surface, middle, and bottom layers, with corresponding flowrates of
approximately 67.6 %, 26.9 %, and 5.5 % of the total flowrate, respec-
tively. Due to the poor thermal conductivity of particles, the heat ob-
tained by the particles of the bottom layer was much lower than that of
the surface layer. However, the heating time for the bottom particles was
extended with a lower flowrate, which reduced the temperature differ-
ence between the surface and bottom layer and was beneficial for the
average temperature rise of the whole flowing particle layer. And the
high flow velocity of surface particles also helped reduce the risk of local
overheating.

The flowrate hardly changed the relative distribution of the flow
velocity, but changed the absolute value of the flow velocity, where a
higher flowrate resulted in a higher flow velocity.

It should be noted that the aforementioned flow pattern analysis is
primarily based on qualitative explanations of experimental phenom-
ena. More specific quantitative analyses and simulations remain to be
carried out in the future.

4.2.3. Research significance

@ The measurement of flow angle can assist in the design of parameters
such as the slope inclination and the baffle height, to avoid the
stoppage which is usually caused by a too high baffle. In practical
designs, the inclination of the slope is preferably set to be 5° or even
more above the flow angle, and then the thickness of the flowing
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particle layer can be adjusted by the height of baffle. Because once
the flow angle decreases due to the dust pollution or other reasons,
the replacement of a small baffle is much easier than the adjustment
of the whole slope.

® The study of the flow angle characteristic is beneficial for the
experimental operation of the receiver. For example, the baffle
height and flowrate hardly affect the flow angle. As a result, the
thickness of the flow layer can be precisely adjusted by adjusting the
baffle height, and the flowrate can be adjusted freely with very little
risk of particles failing to cross the baffle. It is noteworthy that the
very little risk mentioned comes from the fluctuation, which can be
enhanced by the decrease in flowrate. Considering the significant
randomness of the fluctuation, it is necessary to ensure that particles
can cross the baffle during sufficient number of fluctuation cycles,
especially during the troughs.

@ The flow velocity distribution can serve as an input parameter for
simulations. Specifically, grids at different depths can correspond to
different particle flowrates, thereby enhancing the accuracy of
simulation results.

4.3. On-sun experiments

4.3.1. Experimental approach

Before the on-sun experiments, a cold-state commissioning would be
conducted to identify potential faults, and some experimental conditions
would be set in advance, such as the thickness of the particle layer by
adjusting the baffle heights and the particle flowrate by adjusting the
gate valves. Once the on-sun experiments started, the heliostat would
firstly perform the sun-tracking process. As the amount of heliostats
completing the sun-tracking process increased, the incident solar radi-
ation and the particle temperature would increase. During this period,
key data such as temperature and flowrate would be recorded, and

4
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control devices such as gate valves would be operated in real time.
Currently, particles leaving the receiver would pass through a high-
temperature storage bin, a heat exchanger, a low-temperature storage
bin, and a particle lifting device, and then got back to the receiver. It
should be noted that the above-mentioned equipment such as the
exchanger only served the function of transporting.

4.3.2. Secondary reflective surface tests

Due to the direct exposure to the concentrated solar radiation, the
geometric design and material selection for the secondary reflective
surface was very strict.

The aluminum silicate fiberboard with a temperature resistance of
1260 °C and a reflectivity of ~70 % was firstly tested. On-sun tests
showed that when using one large piece of aluminum silicate fiberboard
as the secondary reflective surface, the pressure caused by the particles
weight, as well as the significant thermal deformation caused by the
large size would cause local cracks. When using multiple aluminum
silicate fiberboards to piece together into one single secondary reflective
surface, the gaps between the fiberboards were difficult to ensure the
particle sealing after several cycles of thermal expansion and contraction
as shown in Fig. 11(a). In addition, the aluminum silicate fiberboard has
high thermal insulation, which is not suitable for preheating the parti-
cles. Therefore, this scheme was abandoned. Then, an array of ceramic
tubes with a temperature resistance of 1600 °C and a reflectivity of ~80
% was tested, as shown in Fig. 11(b). Although ceramic tubes with 99 %
Al203 had extremely high temperature resistance, the situation with
drastic changes in temperature, such as a sudden cloud cover, could
easily cause local cracks. Therefore, this scheme was also abandoned.
The final and currently proven effective solution was to use a combi-
nation of high-silica fabric and 310s stainless steel tube array as shown
in Fig. 11(c and d). The high-silica fabric has a temperature resistance of
1250 °C, a reflectivity of ~83 %, and a transmittance of ~7 %, which

Fig. 11. Secondary reflective surface using aluminum silicate fiberboards (a), ceramic tube array (b) and the combination of high-silica fabric and 310s stainless steel

tube array (c-d).

10



X. Xie et al.

could simultaneously reflect incident rays and preheat the particles
flowing inside the stainless steel tubes with the transmitted rays. Due to
the flexibility of high-silica fabric and the robustness of stainless steel,
the combination of both exhibited strong high-temperature reliability.
Fig. 11(d) shows the receiver state after a manual removal of high-silica
fabric. The deformation of the stainless steel tube in the middle was
caused by the accidental damage to the corresponding high-silica fabric
during installation, while the stainless steel tubes in other locations were
still in good condition, which indirectly proved the protective effect of
high-silica fabric on the stainless steel tubes. Coating the stainless steel
pipes with Al203 seems to have better effect than the high-silica fabric,
but there are still some issues to be verified, such as the peeling risk of
coating.

4.3.3. Typical cases and discussions

After determining the structural design of the secondary reflective
surface, the on-sun experiments could be conducted. The scene of an on-
sun experiment and some heated particles flowing out of a gate valve are
illustrated in Fig. 12.

Several on-sun experiments have been conducted, and the one con-
ducted on July 12, 2023 achieved the highest recorded outlet temper-
ature due to good DNI condition. Specifically, the maximum outlet
temperature of ~860°C was achieved by the 3rd outlet with DNI of
~851W/m?, flowrate of ~83.5 g/s and initial particle layer thickness of
~3 cm. Fig. 13 shows the real-time changes in temperature and DNI for
the 3rd part of the receiver in this experiment.

Based on the relatively stable state at 14:08, the temperature of the
particles entering the receiver was ~350°C. After being preheated and
directly heated, the particles finally left the 3rd outlet of the receiver at
~860°C. The single-pass temperature rise was up to ~510°C, i.e.
~340 °C/m in vertical direction. The temperature of the measurement
point on the secondary reflective surface was ~830 °C, which was well
below the safe operating temperature of high-silica fabric. In addition,
for all five parts of the receiver, the average outlet temperature on en-
ergy weighted was ~782°C, in which the outlet temperatures of the edge
parts were lower than the average value due to the relatively lower view
factor for the incident rays.

The overall temperature rise trend was rapid at first and then slow.
The rapid rise in temperature at first was due to the gradual completion
of the heliostat tracking process, resulting in a rapid rise in incident solar
radiation. The slow temperature rise in the middle and later stages could
be attributed to several factors, including 1) the gradual increase in
temperature of the receiver’s internal structure, 2) the gradual increase
in temperature of the inlet particles after repeated heating cycles and 3)
the slight increase in the heliostat efficiency and thus the incident solar
radiation.

Several significant decrease in temperature were observed after the
decrease in DNI. The influence of DNI on the outlet temperature has a
time lag due to the time required for particles to flow from the receiving
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Fig. 13. Real-time changes in temperature and DNI for the 3rd part of
the receiver.

cavity to the outlet.

For the measurement point at inlet, a sudden temperature rise
occurred at ~12:08, which was due to first returning of the heated
particles through external circulation. And a sudden temperature drop
occurred at 13:26, which was due to the direct exposure of the ther-
mocouple to the air. After increasing the particles feeding in, the ther-
mocouple was reburied and thereby the temperature rose. For the
measurement points at slope and outlet, significant fluctuations were
observed. However, the fluctuations were more attributable to the
measurement method than to the temperature variations of the parti-
cles. Specifically, the thermocouple used to measure the particle tem-
perature on the slope was slightly buried by the flowing particles, to
avoid being directly exposed to and heated by the solar radiation.
However, as mentioned in the previous study on flow patterns, the
thickness of the flowing particle layer has tidal fluctuation character-
istic, which means the particles covering the thermocouple would vary
in thickness, resulting in the fluctuations in measured value. The ther-
mocouple used to measure the outlet temperature was placed at the
bottom of the weighing bin. When the weighing bin was about to be
filled, the particles inside would be unload, exposing the thermocouple
to the air and causing a sharp drop in measurement. When the bottom of
the weighing bin was refilled by high-temperature particles, the ther-
mocouple was reburied and the temperature rose sharply.

To better depict the rise trend of particle temperature at outlet,
measurement values with sudden drops were excluded, and the coupled
concentrating-receiving model proposed in this paper was used to
simulate and analyze the temperature rise curve. The specific conditions
used in simulation is shown in Table 2. The comparison between
simulation and experimental results for the 3rd and 5th outlet is shown
in Fig. 14, which shows relatively good fitting accuracy.

Fig. 12. On-sun experiment scene (a) and some heated particles flowing out of a valve (b).
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Table 2

Some of the conditions for simulation.
parameters value
reflectivity of the secondary reflective surface 82.5%
transmissivity of the secondary reflective surface 7 %
thickness of the flowing particle layer ~3 cm
grid size along the transverse direction ~1.72 cm
grid size along the flow direction ~1.8 cm
grid size along the depth direction ~1cm
ray number generated from each single grid 10000
ambient temperature 28.5°C

fitting formula for c, ¢y = 456.3 % T01569
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Fig. 14. The comparison between simulation and experimental results.

For the early and middle stages of the temperature rise curve, the
simulation results were close to but always slightly higher than the
experimental results, and exhibited a slightly faster temperature rise
rate, which might be due to the underestimation of the heat loss and heat
capacity of the receiver. In the final stage, the simulation curve tended to
stabilize, but the experimental curve was still gradually increasing. To
find out the reason for the temperature rise in the final stage, the
concentrated solar radiation was quickly removed to facilitate the direct
observation of the flowing particles at high temperature. The thickness
of the particle layer was found to be significantly lower than the initial
value of ~3 cm, which explains the difference between the simulation
and experimental values in the final stage. In fact, the reduction of
particle layer thickness was not accidental, but an inevitable phenom-
enon caused by the reduced fluidity of particles at high temperature.
Similar situations were also observed in other on-sun experiments, and
with the increase of temperature, the reduction in thickness became
more significant. The specific effect and mechanism of high temperature
on particle flow pattern remained to be further studied. For the current
experiments, sufficient particle layer thickness allowance should be
reserved to prevent the stoppage of particle flow.

Based on the experimental results, the simulation process was opti-
mized and calibrated, and then the time-dependent parameters such as
the loss rates and efficiencies for the 3rd part of the receiver were ob-
tained through experimental measurements and simulation calculations
as shown in Fig. 15.

The change in DNI directly led to the change in incident power,
which served as the denominator in the calculation of loss rates and
efficiencies. Therefore, when DNI decreased sharply, due to the time lag
of the change in outlet temperature, the positive efficiency would
experience a sharp increase such as the situation at 12:00. Obviously,
the loss rates and efficiencies under a stable state, especially under a
stable DNI were more worth referring. During the final and relatively
stable stage, the total incident power and the maximum incident flux
reached ~350 kW and ~400kW/m2 on aperture respectively. The
positive and negative efficiency for the 3rd part of the receiver reached
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Fig. 15. The time-dependent changes of outlet temperature, optical loss rate,
thermal loss rate, radiation loss rate, convection loss rate, positive efficiency,
negative efficiency and incident power for the 3rd part of the receiver.

~60.9 % and ~61.5 % respectively, with radiation loss rate of ~20.7 %,
convection loss rate of ~5.3 % and optical loss rate of ~12.5 %. And for
the overall receiver, the positive and negative efficiency were ~56.8 %
and ~59.0 % respectively, with radiation loss rate of ~21.6 %, con-
vection loss rate of ~6.9 % and optical loss rate of ~12.5 %.

The fundamental difference between positive and negative efficiency
lied in whether or not to consider the solar absorption by the receiver’s
internal structure as a loss. Positive efficiency viewed it as a loss, while
negative efficiency did not. As the solar receiving process reached a
stable state, the internal structure no longer rose in temperature, and the
positive and negative efficiency tended to be equal. Generally speaking,
positive efficiency was more intuitive for evaluating the receiver per-
formance, while negative efficiency is more convenient for analyzing the
impact of various heat losses.

In the various loss rates, the optical loss rate decreased firstly and
stabilized later. In the initial stage, based on program settings, heliostats
located closer to the tower completed their sun-tracking process earlier,
and thereby the directions of the incident rays were more vertical at
first. The geometric structure of the receiver made these more vertical
incident rays more susceptible to being directly reflected out, resulting a
higher optical loss rate. Later on, as all the heliostats finished the sun-
tracking process, the optical loss rate gradually decreased and finally
stabilized. The ultimate optical loss rate was primarily determined by
the geometric structure of the receiver and the optical properties of the
structure’s materials, but was not directly affected by temperature. The
thermal loss rate, including the radiation and convection loss rate (the
conduction loss rate was ignored in this simulation), was directly
affected by temperature. The higher the temperature was, the greater
the thermal loss was, and the radiation loss was directly proportional to
the fourth power of temperature, indicating a more pronounced influ-
ence from temperature.

Some typical on-sun experimental results are shown in Table 3, in
which the parameters were basically selected under relatively stable
states.

The optical loss rate was found to be inversely related to the prox-
imity of the date to the summer solstice, with lower rates observed as the
date approached the summer solstice, and conversely, higher rates as the
date neared the winter solstice. However, this variation was relatively
minor when compared to the thermal loss rate. For our current testing
setup, the thermal loss rate exerted a more significant influence on the
receiving efficiency, with radiation loss contributing more substantially
than convection loss. For case 3 and case 5, the similarity in date, time,
and DNI led to a close incident power. Nonetheless, the flow rate of case
5 was notably higher than that of case 3, which resulted in differing
temperatures and efficiencies. Specifically, with a constant incident
power, the elevated flow rate in case 5 diminished the amount of
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Table 3
Summary of on-sun experimental results.
Case 1 2 3 4 5
Date 10.22 7.12 6.10 5.25 5.15
Time 14:18 14:10 14:11 15:00 14:47
DNI (W/m2) 629.1 851.6 641.9 686.4 664.2
incident power(kW)* 175 350 267 275 263
Mass flow rate (g/s) 262.7 420.7 309.8 340.0 424.9
Average outlet temperature 535 782 753 707 651
°0)
maximum outlet temperature 595 860 814 749 689
Q)
Temperature rise (°C) 302 430 410 382 346
optical loss rate* 12.4 12.5 13.0 12.7 12.7
% % % % %
thermal loss rate* 30.0 28.5 30.6 29.3 24.8
% % % % %
radiation loss rate* 19.1 21.6 21.9 20.9 16.6
% % % % %
convection loss rate* 10.9 6.9 % 8.7 % 8.4 % 8.2 %
%
Negative efficiency* 57.6 59.0 56.5 58.1 62.5
% % % % %
Positive efficiency 51.4 56.8 58.6 59.4 66.1
% % % % %

Note: *: simulated value.

incident radiation absorbed by each particle, leading to a reduced
temperature rise per particle and an overall lower temperature for case
5. The lower temperature corresponded to a decreased thermal loss rate,
where the reduction in radiation loss was more pronounced than that of
convection loss. For case 1 and case 2, case 1, being closer to the winter
solstice, experienced a decline in both DNI and heliostat efficiency,
resulting in an incident power that was only about half that of case 2.
Although the overall temperature in case 1 was lower, resulting in lower
radiation and convection loss in absolute value than those in case 2, the
much more significant decrease in incident power, as the denominator
in loss rate calculations, resulted in a higher radiation and convection
loss rate in casel. It is important to note that due to the lower ambient
temperature, the proportion of convection loss in case 1 was higher than
that in other cases.

In summary, increasing the incident power could effectively improve
receiving efficiency. While increasing the flow rate may lead to a
reduction in the temperature rise of the particles, it could also indirectly
contribute to a decrease in the thermal loss rate, thereby improving
receiving efficiency.

4.3.4. Simulated prediction

Due to the limitation of the heliostat field size on the test site, cases
with higher incident power, which was provided by more heliostats such
as a commercial tower concentrating system, was simulated for the
prediction of the receiver performance. Taking case 2 as the benchmark,
the cases with 2, 3 and 5 times the experimental incident power, and 2.2,
3.5 and 6 times the experimental mass flow rate were analyzed by
simulation.

As shown in Fig. 16, even though the temperature of the receiver
increased, thermal loss rate (convection and radiation) gradually
decreased from 28.48 % to 13.22 % due to the increase in incident
power. The optical loss rate remained unchanged for that the geometric
structure and the optical properties of the relevant materials were set
unchanged in the simulation. The combined effect of thermal and optical
loss rate resulted in an increase in the total positive efficiency from 56.8
% to 74.5 %. In a sense, with the increase of incident power, the thermal
loss rate could be infinitely decreased, while the optical loss rate
restricted the efficiency limit of the receiver. Optimizing the geometric
structure and selecting materials with better optical properties, such as
the particles with higher absorptivity and the secondary reflective sur-
faces with higher reflectivity, would have the potential to further
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Fig. 16. Comparisons of loss rates with different incident power.

improve the receiver efficiency.

The temperature distribution with different magnification of inci-
dent power predicted by simulation is shown in Fig. 17, wherein, the
surfaces, from top to bottom, are the preheating flow channel, the sec-
ondary reflective surface, and the surface, middle and bottom layer of
the flowing particle. Obviously, with the magnification of incident
power, the temperature of the receiver would increase. Specifically, the
particle temperature could be adjusted effectively by the control of
particle mass flow rate. However, the secondary reflective surface would
experience a significant increase in temperature due to the lack of an
effective cooling method. The maximum temperature on the secondary
reflective surface would increase from 864 °C to 1215 °C, and eventually
to 1416 °C with the max incident flux of ~500 kW/m? to ~1500 kW,/m?
and eventually to ~2500 kW/m?2, which exceeded the safe operating
temperature of high-silica cloth. According to the above calculation,
1600 kW/m2 was approximately the limitation of the incident power for
the current secondary reflective surface. The limitation could be further
raised by adopting additional cooling methods such as a wind cooling, as
well as coating the outer walls with high-temperature and high-
reflectivity materials. In short, increasing the incident power could
effectively improve the receiver efficiency, but it was very important to
pay attention to the safety of the internal components, especially the
secondary reflective surface.

In addition, the temperature distribution in the depth direction with
different magnification of incident power was also predicted by simu-
lation as shown in Fig. 17, which was difficult and actually failed to be
obtained by experiments due to the tidal fluctuation characteristic of
particle flow. The average temperature difference between the surface
and bottom layer at the end of the slope were ~384 °C, and the differ-
ence would be increased to 512 °C and 534 °C as the incident power
increased to 3 and 5 times the original value. No matter how much the
incident power was, the large temperature difference due to the low
thermal conductivity of particles limited the average outlet temperature
and increased the overheating risk of the particles at surface. How to
minimize the thickness of particle layer while ensuring stable flow is of
great significance for the efficient and safe operation of receiver.

5. Conclusions and future work

In this paper, a modified sliding-bed particle solar receiver with an
internal secondary reflection structure was proposed to realize the
coupling with upward concentrating system, which was a challenge for
the previous designs. Some cold-state flow pattern research and on-sun
experiments were conducted to evaluate performance of the receiver. A
concentrating-receiving coupled model was proposed to obtain the hard-
to-measure data like heat loss composition and to predict the receiver
performance under higher incident power. The specific conclusions are
listed below:
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Fig. 17. Comparisons of temperature distribution with 1 time, 3 times and 5 times the experimental incident power of case 2.

1. The cold-state research on flow pattern showed that the flow angle
was significantly affected by the installation of end baffle but hardly
affected by flowrate, and particle flow velocity would increase as the
position got closer to the layer surface.

2. The combination of high-silica fabric and stainless steel tube array
for the secondary reflective surface exhibited strong high-
temperature reliability under concentrated solar radiation.

3. In a typical on-sun experiment, the maximum outlet temperature
reached ~860°C, the single-pass temperature rise reached ~510°C,
and meanwhile the positive efficiency reached ~60.9 % with DNI of
~851W/m? and flowrate of ~83.5 g/s for the 3rd part of the
receiver.

4. For several on-sun experiments under various DNI and time, the
average outlet temperature ranging from ~535 °C to 782 °C, and
positive efficiency ranging from ~51 % to 66 % were observed.
Results showed that higher incident power, higher mass flow rate,
and lower temperature could improve the receiver efficiency.

5. The model predicted that that the thermal loss rate could be reduced
from 28.48 % to 13.22 % with 5 times magnification of the incident
power, but the local overheating risk of the secondary reflective
surface required attention.

6. The model indicated a large temperature difference due to the low
thermal conductivity of particles, which limited the average outlet
temperature and increased the overheating risk.

For such a complex and large-scale receiver research, especially for
the on-sun experiments, there were many issues to be solved and
improved, both in design and implementation. The work worth doing in
the future is as follows:

1. Due to the decrease in particle fluidity observed in on-sun experi-
ments, it is necessary to study the flow pattern of particles under high
temperature to ensure the safety and stability of the receiver in
practical operation.

2. The thermal insulation should be further improved, especially at the
inlet and outlet of the receiver, to reduce the temperature fluctua-
tions in the experimental results, and further enhance the tempera-
ture and efficiency of the receiver.

3. The challenges in large-scale design, such as the design for a 50MWe
tower-type solar thermal power generation system, should be
addressed, especially for the structural renovation of the secondary
reflective surface to allow higher incident power, such as adding
extra cooling methods and coating outer walls with high-
temperature and high-reflectivity materials.
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