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Abstract. The next generation of central receivers is expected to reach high outlet tempera-
tures of 800 °C and above, maintain stable operation and react to a varying incoming flux
magnitude caused by hourly and seasonal variations, endure high-temperature operation, and
remain cost-effective. Particle-based central receivers are being considered due to their high-
temperature durability and favorable thermal properties of particle materials such as bauxite
particles. This paper describes a new particle-based central receiver concept and provides an
initial exploration of its performance in comparison with the existing CentRec® technology. Dis-
crete Element Method (DEM) simulations demonstrated that a stable falling and sliding particle
film can be achieved inside the SlideRec. The residence time of particle flow within the
SlideRec is estimated to be higher than a falling particle receiver and similar to that of an
obstructed-flow receiver. The results of the thermal model (incorporating reflective, radiative,
convective and conductive heat losses) indicate that the SlideRec demonstrates a higher ther-
mal efficiency than the CentRec® under an incoming aperture flux of between 0.1 MW/m? and
1.7 MW/m?2. The concept therefore is promising and is recommended for further experimental
exploration.
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1. Introduction

Simplicity and low production costs were the Multi-sided cavity
motivational factors for the development of a eramic brcks)
new particle central receiver with no moving

parts. The low complexity is also expected to

enable robust operation. The SlideRec

receiver concept employs an internal falling particle slide
particle curtain with a subsequent sliding

particle film. Previous particle-based central

receiver concepts based on a sliding particle

film, also known as granular flow over an

inclined surface, have been investigated in [1], A 2

[2], [3]. A concept sketch of the SlideRec — SN
concept is presented in Figure 1. The receiver irradiation y -
consists of a box-like cavity (inclined at

around 30° - 45°) with an internal-angled Outiet

faling particle film entering the cavity

alongside its back face. The film falls onto the

bottom face of the box where it mixes and Figure 1. Diagram of the SlideRec central receiver
subsequently proceeds, by sliding over an concept

inclined surface, towards the aperture of the

cavity where it exits into an outlet hopper.

Inlet chute and
internal particle curtain

Achieving a high residence time can enable reaching higher outlet temperatures. In general,
the residence of a particle receiver can be increased by introducing obstructions, a sliding
surface or simply by dimensional up-scaling. In the case of the SlideRec, it can be manipulated
by modifying the tilt angle, the dimensions as well as by incorporating obstructions. The
SlideRec can also be controlled to account for a changing incoming flux magnitude by
controlling the inlet particle mass flow rate with a variable orifice or a slide gate.

Inside the cavity, the back wall is substantially shielded from incoming irradiation by the falling
particle film and the bottom (sliding) surface is shielded by stationary, sliding and rolling
particles. However, the side walls and the top wall are exposed to incoming irraditation, these
surfaces are therefore coated with a reflective surface to reflect incoming radiation towards the
particles and also out of the aperture.

2. Discrete Element Method (DEM) investigation

A DEM investigation was conducted in order to iterate the design to achieve uniform flow over
the sliding surface and also to estimate the residence time of particles through the domain.
The scale of the aperture is 1 m x 1 m to enable comparability to previous on-sun tests by [4]
and [5]. An inclination angle of 40° was chosen with a mass flow rate of 6.41 kg/s. This is about
the required flow rate to achieve a 325 K temperature increase for particles collecting
2.5 MW/m? of flux. The DEM model was based on the model developed by [6]. The elastic-
plastic spring-dashpot (EPSD2) rolling friction model was employed with the hertz granular
model. A timestep of 1e-5 s was chosen for this particle size. A particle neighbor cut-off dis-
tance of 1 particle diameter was simulated. The following properties were assumed:

Particle type: Saint Gobain SG10H,

Particle diameter: 1.2 mm,

Particle density: 3560 kg/m?,

Youngs modulus: 5 MPa,

Poisson ratio: 0.3,

Particle-particle restitution coefficient, epp: 0.46,
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Particle-wall restitution coefficient, epw: 0.43,
Particle-particle sliding friction coefficient, ppp: 0.53,
Particle-particle rolling friction coefficient, ugrp: 0.16,
Particle-wall sliding friction coefficient, ppw: 1.00,
Particle-wall rolling friction coefficient, prpw: 1.00.

The particle-wall friction factors were set to 1 to approximate an arbitrarily rough surface and
enable a stationary base layer of particles. The stationary base layer is expected to enable
reduced thermal stress on the receiver due to lower surface temperatures.

Figure 2 demonstrates that a stable particle film can be achieved on the sliding surface and an
angled, stable, falling film can be achieved along the back surface. The inlet chute cross-sec-
tional area can be shaped by a diamond-like hexagonal shape increasing in width towards its
centre as shown in Figure 1 and demonstrated in Figure 2 in order to balance the density
distribution of the film with an incoming flux distribution. The falling film can also be aimed
towards the back wall so that the particles collide with the back surface to further increase the
residence time and improve mixing and homogenization of particle flow temperature. Figure 2
also shows that the particle surface velocity magnitude is almost an order of magnitude less
than the falling film alongside the back surface.

Figure 2. DEM snapshot depicting particle flow through the domain colored by velocity magnitude

Table 1 shows the estimated residence time of the SlideRec with a tilt angle of 40° compared
to previous experimentally-tested concepts. The residence time of the CentRec with a 1 m?
aperture was estimated analytically with the assumptions of a radial velocity gradient of

50 ?/m and a 40% circumferential moving zone ratio. The DEM simulations demonstrate that

for a similar aperture size, the residence time of the SlideRec is higher than that of a falling-
particle receiver and similar to that of an obstructed-flow receiver.

Table 1. Residence time comparison with existing particle receivers

Particle Re- Institution | Test year | Aperture size | Residence time | Source
ceiver range

Free-falling Sandia 2015 Imx1lm 0.2~0.4s/m [4]
Obstructed-flow | Sandia 2015 Ilmx1lm 1~3s/m [4]
Obstructed-flow | King Saud | 2018 [-lmx1m 1.1~14s/m [5]

University

Centrifugal DLR Simulation 1 m? 24 s (controllable) | [-]
SlideRec DLR Simulation Ilmx1lm 2s/m [-]
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3. Thermo-optical Model

For the overall thermodynamic analysis of a CSP plant, knowing the receiver's thermal effi-
ciency is of importance. It is also of interest to model the surface temperature distribution of
the receiver and particles to understand whether the required outlet temperature can be
achieved and whether the exposed internal walls do not overheat under the concentrated in-
coming flux. In order to characterize the thermal performance of the SlideRec concept, a cou-
pled three-dimensional steady-state thermal receiver model and a raytracing model of the he-
liostat, tower and receiver system is developed. The three basic thermal losses: radiation, con-
duction, and convection, as well as optical reflective losses, are incorporated. This model has
already been validated using the experimental data from a CentRec test campaign [7].

3.1 Raytracing model

Optical ray-tracing simulation tools: FEMRAY [8] and SPRAY [9] are employed to model the
incoming irradiance from the heliostats. These tools make use of a discretized surface mesh
of the receiver to model the incoming flux distribution developed by the heliostat field on the
discretized surface. The reflected radiation losses from the receiver surface are also modelled
with the assumption of absorptivity (a) constants on the surfaces depicted in Figure 3. The
DLR’s heliostat field in Julich is modelled at 12 pm on March 21. The receiver height is 40 m
and the inclination angle is 40°.

Location a Source
— Particle surface | 0.95 | [10]
Inner walls 0.5 | [

particle surface

Figure 3. Section depicting the absorptivity (a) of the particle surface and inner walls
3.2 Numerical receiver model

A Finite Element Method (FEM) thermal model developed in ANSYS Mechanical is described
and its basic structure and the applied boundary conditions are detailed. By the assumption of
Kirchhoff’'s law of thermal radiation (a = €), the incoming surface radiation after reflectance
(output of the raytracing model) represents the input of the thermal model. This model simu-
lates the three thermal losses: radiative, convective and conductive losses as well as the heat
absorbed by the particle film.

Since the interaction of individual particles is not of interest for the present simulation, the ideal
case is assumed, in which the particle surface is completely covered with an optically thick,
homogeneous, 1D moving particle film. The heat transfer to the particles as well as the particle
flow is modeled using a 1D discretized fluid line segment, called the fluid-flow line in ANSYS
Mechanical. The discrete elements of the 1D line segment are thermally coupled to all the
nearest surface elements on the allocated particle surface as depicted in Figure 4. Moreover,
the modelled fluid flow follows the line segment from start to end and absorbs the (after reflec-
tion) flux imposed (after subsequent radiative, convective, and conductive losses) on the 3D
surface elements as it proceeds in the direction of the line. The yellow lines in Figure 4 depict
the connection of each fluid-flow line element to all nearest 3D surface elements.
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Since the particle flow is modelled as fluid flow in ANSYS Mechanical, the incoming flux bound-
ary condition must be modelled with a convective heat transfer coefficient between the particle
surface elements and the fluid-flow line segment. In order to approximate direct absorption and
re-radiation (after reflection), an almost infinite heat transfer coefficient of 10000 W/(m?K) is
assumed [7]. The particle material properties [10], particle mass flow and particle inlet temper-
ature are assigned to the fluid line and are depicted in Table 2. The inlet temperature of the
particles is a boundary condition and the resulting fluid-flow particle outlet temperature is the
output-parameter.

Fluid line

Figure 4. 1D fluid line with element-wise connections to the particle surface (yellow lines)

For the simulation of convective losses inside the cavity to the environment, the modified
Clausing model was used [11]. The model calculates the convective losses to the environment
of an inclined cavity as a function of its dimensions, the wind speed, the inclination angle, and
internal wall temperature. Considering the applied temperature difference between ambient air
and the cavity inner surface, a convective heat transfer coefficient is the output parameter.
Based on an exploration of this model, an internal convective heat transfer coefficient of
2 W/(m?K) is assumed [7].

The radiative heat transfer between the cavity’s internal surfaces to neighboring internal sur-
faces as well as the ambient-temperature aperture are calculated using the radiosity method.
The internal cavity is defined as a perfect thermal envelope. The inner surfaces are assumed
as gray Lambertian surfaces. Based on solar absorptivity measurements, the particle surface
is assigned a weighted hemispherical absorptivity of 0.95 [10]. Since the inner walls are in-
tended to reflect radiation to remain cool, a reflective material of calotte foil is chosen on this
surface to reflect the radiation as much as possible. Due to the reflective surface of this mate-
rial, a weighted hemispherical absorptivity and emissivity of 0.5 is assumed. Alternative mate-
rials such as FiberFrax can also be used. The aperture is given an absorptivity and emissivity
of 1 at a constant temperature of 25 °C to assume that all radiation from internal surfaces to
the aperture are absorbed by the environment.

The losses due to conduction through the shell of the cavity are modeled by applying a tem-
perature boundary condition to the outer walls of the receiver. The material of the shell is Mi-
crotherm, the thickness is 200 mm. For a conservative estimation, a rather low outer wall tem-
perature of 25°C is assumed (equal to ambient temperature). The following table summarizes
the boundary conditions.
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Table 2. Boundary conditions and assumptions of the thermal FEM model

Description Value/Range | Unit
Aperture temperature 25 [°C]
Ambient temperature 25 [°C]
Particle inlet temperature 25 [°C]
Internal cavity convective heat transfer coefficient 2 W/(m?2K)
Emissivity of the Inner walls 0.5 [-]
Emissivity of particle surface 0.95 [-]
Particle mass flow rate 0.1..13 [kg/s]
Incoming aperture flux average magnitude 0.1..3.0 MW/(m?)

The receiver thermal efficiency is determined by the ratio of the absorbed solar radiation (Q,ps)
of the particles and the incoming aperture flux (Q;,):

Nth =

Qin — Qref — Qrad — Qconv — Qeond _ Qabs

1
Qin Qin ( )

4. Results

Figure 5 demonstrates the incoming flux distribution alongside the internal surface temperature
distribution. It is shown that the peak flux magnitude occurs on the bottom surface with a re-
duced flux magnitude on the back region and the side walls. The internal geometry’s dimen-
sions and the tilt angle can be modified to achieve a desired flux distribution. The target outlet
temperature of 650 °C is achieved at an incoming flux magnitude of 1.5 MW/m?. It is depicted
that the exposed side walls and the top wall are maintained at a temperature below 1500 °C.
This is a rather high peak temperature and further work should explore alternative geometric
manifestations to reduce this peak. For example, ‘FiberFrax’ (ceramic fiber and aluminum sili-
cate wool) has a temperature resistance up to around 1250 °C.
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Figure 5. Local absorbed heat flux (left), temperature distribution on the SlideRec (right)

Figure 6 depicts the relative weightings of optical and thermal losses relative to the incoming
and absorbed heat. It is shown that a major part of the incoming flux is absorbed by the parti-
cles. The most significant heat loss is the radiative loss. It is shown that the incident radiation
is higher than the sum of the absorbed heat and the thermal losses by 2.7%. This is due to the
uncertainty of the thermal model.
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Figure 6. Comparison of incoming radiation with the absorbed heat and various thermal losses

Figure 7 depicts the effect of a varying incoming flux magnitude on the thermal efficiency. A
range of incoming flux magnitudes were simulated with the mass flow rate constrained in each
to reach an outlet temperature of 650 °C.

In Figure 7, the comparison expands to a simulated datapoint of the CentRec and the SlideRec
along with a range of estimated datapoints based on the Constant Heat Loss Assumption
(CHLA). Moreover, the assumption is that the inlet and outlet temperature are constrained (by
choosing the correct mass flow rate to accompany the incoming flux magnitude), thus the av-
erage temperature inside the cavity should be similar and thereby independent of the incoming
flux and it follows that the thermal losses should also be similar. It can be observed that the
CHLA assumption for the SlideRec is substantially incorrect at lower fluxes. This is understood
to be because the temperature of the side walls and the top wall cannot be constrained by the
inlet and outlet particle temperature because they are directly exposed to incoming irradiation.
The uncertainty is not expected to be as significant for the CentRec because the entire internal
cylindrical surface of the CentRec is intended to be covered by a particle film and this is most
of the surface area inside the cavity.
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Figure 7. Thermal Efficiency distribution of several simulated SlideRec data points as well as a com-
parison between the CentRec [7] and the SlideRec based on a Constant Heat Loss Assumption
(CHLA)

Comparing the thermal efficiency of the SlideRec and the CentRec, it is depicted that the
SlideRec (CHLA) demonstrates a higher thermal efficiency than the CentRec (CHLA) under
simulated incoming flux magnitudes below 2 MW/m?2. At flux magnitudes over 2 MW/m?, the
thermal efficiency is similar for both concepts. The simulated data points of the SlideRec (with-
out the CHLA) depict a higher thermal efficiency than the CentRec CHLA under an incoming
aperture flux of between 0.1 MW/m? and 1.7 MW/m?. This finding is promising for the future
potential development of the SlideRec. It must be noted that this is a simulation and the findings
on the SlideRec have not yet been validated experimentally.

5. Conclusion and Outlook

The DEM simulations demonstrated that a stable particle film can be achieved on the sliding
surface of the SlideRec and an angled, stable falling film can be achieved along the back
surface. The residence time of particle flow within the SlideRec is estimated to be higher than
that of a falling particle receiver and similar to that of an obstructed-flow receiver. The thermal
analysis indicates that at flux levels between 0.1 MW/m?and 1.7 MW/m?, the SlideRec demon-
strates a higher thermal efficiency than the CentRec. At flux magnitudes over 2 MW/m?, the
thermal efficiency is similar for both concepts. This is a promising result and prompts further
exploration of the SlideRec. However, it must be noted that in this study, the findings are based
on simulation and an experimental campaign will be necessary in the future to validate these
findings. Further work should include developing and exploring the granular flow behaviour of
an experimental SlideRec prototype and investigating the controllability of the residence time
and flow rate to compensate a cycling incoming flux magnitude over the course of a day and
year. Future work can include on-sun testing of the concept.
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