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Abstract. Generation 3 Concentrating Solar Power systems use solid particles for heat trans-
fer and thermal energy storage. Particle-based systems use a falling particle receiver with an
open cavity where particles flow together as a curtain that is directly exposed to solar radiation
absorbed by the particles as they descend. The efficiency of the receiver depends on curtain
opacity (influenced by the particle mass flow rate), the average particle temperature, and en-
vironmental factors. We present a free-falling particle receiver design that incorporates ten
individually controlled valves for precise particle supply management. Each valve is equipped
with a slide gate and an actuator, ensuring a consistent mass flow rate. In a uniform mass flow
rate curtain, the hottest particles accumulate in the center due to non-uniform flux distribution,
leading to higher radiative and advective losses. Accordingly, lower flux levels at the periphery
result in lower temperature particles. Our modular valve design enhances receiver efficiency
by improving curtain opacity in key areas. The outer valves have the lowest mass flow rate,
while the center valves have the highest, allowing more uniform heating. The 10-section model
outperforms the 1D model by reaching a maximum efficiency of 85%, compared to 84%.
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1. Introduction

Concentrated Solar Power (CSP) has gained attention as a reliable source of baseline renew-
able energy. Research in the US supports the Department of Energy's goal to reduce the Lev-
elized Cost of Electricity (LCOE) to $0.05/kWh [1], [2], which requires high thermal efficiencies.
The CSP Plant model presented in this study uses supercritical CO, (sCO-) power cycles,
recommended by the National Renewable Energy Laboratory roadmap [1], [3]. These systems
require peak central receiver temperatures above 750°C. The DOE down-selected the solid
particle heat transfer and thermal storage medium as it is most likely to achieve the 0.05 $/kWh
target. Performance and characteristics of the free-falling particle receiver were simulated nu-
merically [4], [5], [6], [7]. Our earlier work features a receiver model [7] created to replicate the
essential physical phenomena in a falling particle receiver (FPR) for CSP. The one-dimen-
sional (1D) CFD model validated with on-sun test data [8] incorporates assumptions and sim-
plifications, such as treating the curtain area the same as the receiver area. It gathered param-
eters from literature and optimized others, including curtain thickness, particle volume fraction,
and radiative properties, to match CFD model predictions. The Monte Carlo Ray-Tracing model
was used to evaluate optical properties of the curtain’s absorbance, transmittance, and reflec-
tance [9]. The model, validated against CFD simulations, accurately predicted receiver perfor-
mance. Design optimization focused on heat transfer and absorbance [9], [10]. The 1D model
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implemented in EES (Engineering Equation Solver) software considers energy, mass, and mo-
mentum balance equations in discretized sections of the particle curtain. These equations cal-
culate the particle outlet and receiver back wall temperatures based on the incident flux [7].
Now we introduce a two-dimensional (2D) model that builds upon earlier 1D work [7], with an
additional dimension that accounts for the width of the particle curtain. This approach pursues
two main objectives: improving modeling efficiency and optimizing mass flow rate to enhance
thermal efficiency for a new receiver design with a modular particle curtain valve developed to
address nonuniform heating caused by the flux distribution on the receiver. This design also
aims to improve valve serviceability. By optimizing mass flow in each section, curtain opacity
and thermal efficiency are increased. Reduced flux on the sides lowers mass flow there, al-
lowing side particles to absorb more heat and capture more solar radiation. We compare the
one-dimensional and two-dimensional models, focusing on the optimization of mass flow within
each curtain section and the maximum turn down ratio of the FPR. This model will be imple-
mented in future work where a particle-based techno-economic model is utilized to assess the
design effects on performance, levelized cost of electricity, and receiver outlet temperature.

2. Model

Previous research led to a 1D FPR model describing the performance of a receiver with a
single valve, uniform heat flux, and mass flow rate. The new 2D model simulates the receiver
performance by discretizing the analysis over two dimensions: the falling direction x and the
curtain width direction y. The curtain is divided into 40 discrete segments along the y-axis,
while the x-direction is discretized by the desired number of control sections. A 2D model with
3 sections is shown in Figure 1. The y-direction discretization accounts for the variability of
solar radiation, particle curtain transmissivity, and heat losses in the falling direction. Discre-
tizing the x direction enables each curtain section to vary its mass flow independently. The 1D
model was designed to determine the outlet temperature of the curtain, the back wall temper-
ature, and the thermal efficiency of the receiver [7]. The 2D model adds curtain width for better
evaluation of the effect of the mass flow rate on thermal efficiency. Back wall temperature and
efficiency are calculated with fixed particle inlet and solar input to optimize mass flow. The 2D
model uses the same approach as the 1D model but with updated inputs, assumptions, and
boundary conditions. Code adjustments were made for the 10-section setup.

2.1 Model structure and assumptions

The following assumptions are considered in the 2D code according to the conservation equa-
tions and the boundary conditions:

Solar radiation is perpendicular to the curtain.
No interaction between the falling particles in the y direction and the x direction [11], [12].

Each section of the curtain will receive a designated amount of flux, determined by an
actual flux distribution.

The flux value assigned to each section accurately represents the average heat flux ap-
plied across the entire area of that section, guaranteeing that every section receives a con-
sistent and averaged value of heat flux. This approach results in a heat flux distribution that
closely mirrors the actual flux distribution experienced by the receiver.

The primary physical phenomena in a particle receiver are predominantly observed in the
direction of descent, indicating that changes in parameters like volume fraction and particle
curtain thickness primarily occur along the y-axis.
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Figure 1. (a) Simplified diagram of the 2D free-falling particle receiver heat exchange model with 3
sections. (b) Y-direction discretization.

The conservation equations used in this model are Eq. (1) - mass balance, Eq. (2) - mo-
mentum balance, and Eq. (3) - energy balance.

_d((pp(x.}’)thc(x»}’)pp VP(X,Y)) =0 (1)
dy
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Here ¢, is particle volume fraction, th. the curtain thickness (m), p, the particle density

(kg/m3), vp the velocity (m/s), hp the particle enthalpy (J/kg), g. the irradiances (W/
m?), j, the radiosities which are the sum of the outgoing energy from a surface (W/m?),
and q" ,, the advection thermal loss (W/m?). The equations in the code are primarily pre-
sented in differential form, with EES solving them for each segment to determine the thermal
efficiency of the receiver, as well as the velocity and outlet temperature. As each section may
operate with a distinct mass flow rate, the thickness was calculated depending on the input

mass flow rate of each section.
Ah,mh
= (4

Nreciver = —11
solar



Mohamed et al. | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

The convection coefficient was calculated by the function htc.g;imation Which takes Ty, (°C),
T,u:(°C), T, (°C), and H(m). T;,being the particle inlet temperature, T,,; is the outlet particle
temperature, T,;, is the ambient air temperature, and H is the height of the curtain. The advec-
tion heat transfer coefficient is determined by employing a conventional Nusselt number for-
mulation, analogous to the methodology utilized for forced convection heat transfer coeffi-
cients.

Nu=A+B-Re€ (5)

vp = J2gH (6)

Re = vpH Peiru (7
.uair,Nu

Constants A, B, and C were determined by fitting the 1D model to match the results of the
CFD model. H represents the height, and g - gravity. Re is the Reynolds calculated with the
curtain height as the characteristic length and the velocity v, of the particles. Air properties are
density pg;r vy @nd viscosity ug;- vy The convection coefficient is used as an initial condition
in the energy balance equation and in the calculation of convection losses as shown in Eq. (4):

1 th,

-1
q"mm,(x,y>=<htc +K—> (T (%) = To) O

For q”wnv(W/mZ), htce,w i back wall, heat transfer convective coefficient, K,,(W/m -
K) is the back wall conductivity, T,, (x, y) (°C)is the back wall temperature, th,,(m) is back wall
thickness, and T, (°C) is the ambient temperature. The irradiances and the radiosities are cal-
culated using the equations from the 1D model [7]. These equations were modified to suit the
2D model, however, the analytical calculations were kept. Optical properties, namely reflec-
tance and transmittance, were calculated following an analytical model [13].

2.2 Parameters

This section outlines the main parameters used in the 2D code, including both input and as-
sumed values. The input parameter utilized in the code is shown in able 1. Some of the pa-
rameters were extracted from Ref. [7], while the rest of the parameters were either referenced
from previous work or assumed [7], [14], [15], [16], [17]. The parameters denoted with an as-
terisk (*) represent variables that possess an array of values. This indicates that these param-
eters must be input individually for each section. The model relies on thickness th, (m), con-
vection coefficient, particle enthalpy h, (J/Kg), particle volume fraction ¢,, and temperature
(°C), the initial velocity vp» (m/s), convection coefficient, and particle enthalpy as inputs, which
are determined before the conservation equations are applied [7]. The initial section curtain
thickness can be evaluated by the following equations (mass balance equation)

Pp-the. Pp-We. Vp =1 9
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Table 1. Input parameters for the 2D model

Parameter Value Reference
Curtain height 5.6 m Assumed
Aperture aspect ratio, AR 1 Assumed
Number of sections 3 Assumed
Back wall emissivity, &, 0.8 [7]
*Solar radiation, qgpiar Figure 2

Back wall thickness, th,, 0.05m [7]
Ambient temperature, T, 20 °C [7]

Back wall conductivity, K, 0.2 W/(m K) [7]

Back wall heat transfer coefficient, htcg,, | 10 W/(m2K) [7]
Particle diameter, d, 350 um [15]
Particle specific heat capacity, C, 1.2 kd/(kg K) [14]
Particle conductivity, ki, 2 W/(m K) [14]
Particle density, p,, 3550 kg/m3 [14]
Particle absorptivity, o, 0.9 [13]
Curtain width 5.6 m Assumed
Curtain emittance, &, 0.9 [11]
*Particle inlet temperature, T, 200 °C - 400 °C | Assumed
Mass flow rate, m To be analyzed

Aperture area, A, 31.36 m? Assumed
Inlet particle volume fraction, @, 0.6 [16]

Equations 4-6 use boundary conditions to calculate the initial thickness of the section,
where the mass flow rates in the three sections are m,, m,, and ms respectively. In the 1D
model [7], the heat flux was assumed as uniform across the entire curtain. However, the actual
heat flux distribution over the curtain is not uniform as shown in Figure 2. The heat flux is
mainly concentrated at the center, forming a hotspot, and decreases progressively toward the
corners.

Figure 2. Diagram of 2D falling patrticle receiver heat flux distribution over the curtain. Units on the left
axis are meters.
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3. Results and discussion

The initial phase of testing the two-dimensional model involved the verification of the solution
to ensure the accuracy of the algorithm implemented within the code. When the same inputs
were used in the 1D and the 2D models, the results agreed perfectly with each other, with a
100% match. Traditionally, falling particle receivers use a single valve with a slide gate and
actuator to ensure a consistent mass flow rate across the curtain. With an uneven flux profile,
this design produces a high-temperature zone at the center, increasing radiative and convec-
tive losses. By controlling individual curtain sections, the particle temperature at the center can
be reduced by increasing the mass flow rate, while maintaining the receiver’s outlet tempera-
ture. Simultaneously, lowering the mass flow rate at the corners enhances heat absorption and
overall efficiency. The optimization of the mass flow rate will lead to a reduction in radiative
losses, enhancing the overall thermal efficiency of the receiver. The code was executed utiliz-
ing the midday heat flux distribution, along with the specified input parameters and initial con-
ditions for both the single-section and 10-section models. The heat flux for midday is 0.98
MW/m?. The input temperature ranged from 400°C to 600°C, ideal for sCO_ Brayton, Air Bray-
ton, and Steam Rankine cycles. The graphs with the output of the code, thermal efficiency,
and outlet temperature are shown in Figure 3.
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Figure 3. (a) Receiver thermal efficiency vs. mass flow rate and outlet temperature under midday flux
distribution, with an inlet temperature 400°C. (b) Receiver thermal efficiency vs. mass flow rate and
outlet temperature for midday flux distribution, input temperature 600 °C

In Figure 3(a), the 10-section receiver model shows improved performance over the 1D
model, reaching a maximum efficiency of 85%, exceeding the 84% efficiency attained by the
1D model. The output temperature has exhibited a similar trend, albeit with a slight variation.
As mentioned earlier, for the sCO, Brayton cycle, an inlet temperature of 600 °C, combined
with a target temperature differential of 200 °C, yields an outlet temperature of 800 °C. The
thermal efficiency at 800 °C was particularly highlighted, as this temperature represents a cru-
cial focal point in the analysis. In Figure 3(b), the ten-section model demonstrated higher ther-
mal efficiency, attaining a maximum value of 88.7%, in contrast to the one-section model,
which achieved a maximum efficiency of 88.03%. The inlet temperature is set at 600 °C to
maximize the efficiency of the Air Brayton and Steam Rankine cycles, ensuring a stable outlet
temperature of 800 °C. The efficiency highlighted in yellow was used to validate both the model
and its results as the 1D model has been validated by comparing it to CFD models[7]. The
difference in efficiency between the two models can be utilized to determine the corresponding
difference in mass flow rate, as indicated between the two dashed lines. This is accomplished
by multiplying the efficiency difference by the power input and then dividing the result by the
specific heat capacity C, and the temperature differential. The second case assesses the re-
ceiver's performance during early-day flux conditions, utilizing an input flux of 0.65 MW/m2.
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The results obtained for this early-day flux scenario were derived utilizing the same methodol-
ogy that was employed in the analysis of the midday flux condition.

The early-day study showed that the 10-section model consistently outperformed the 1-
section model. At an input temperature of 600 °C, the 10-section model achieved a maximum
efficiency of 79.5%, compared to 78% for the 1-section model. At 400 °C input, the 10-section
model reached 85% efficiency, slightly higher than the 1-section model's 84%. As previously
noted, achieving an outlet temperature of 800 °C is crucial for desired efficiency, and the study
confirmed that the 1-section model was unable to reach this target, unlike the 10-section
model. This discrepancy prompts us to consider the minimum heat flux or power input neces-
sary to achieve the intended temperature difference in the model. An additional evaluation was
subsequently conducted to assess the turn down ratio, aiming to ascertain the minimum power
input necessary to attain the desired temperature differential for both models. The turn down
ratio is defined as the rated power divided by the minimum power. This set of graphs is
presented in Figure 4.
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Figure 4. (a) turn down ratio for dt 200 (b) turn down ratio for dt 400

The 10-section model attains the requisite temperature difference with a diminished power
input, signifying that the power necessary to achieve a specific level of efficiency has been
reduced in comparison to the 1D model. This highlights the significant advantage of the 10-
section model; it consistently delivers the desired outcomes, even during specific times of the
day when the 1D model fails to generate the necessary performance. The 10-section model,
aimed at maximizing mass flow rate, significantly outperformed the 1D model during midday
and early conditions when subjected to heat flux inputs of 0.98 MW/m? and 0.65 MW/m?, re-
spectively. This multi-flow particle receiver design not only enhanced the receiver's overall
performance throughout the day but also functioned more efficiently with lower power inputs.
The notable improvement can be linked to the optimization of the mass flow rate. This strategy
enhances particle absorbance of solar radiation by lowering mass flow rates at the periphery,
while simultaneously increasing mass flow rates in the center to minimize radiative losses.

4. Conclusion

This study introduced a 10-section model for a free-falling particle receiver with a multi-valve
design created to reduce the impact of solar flux on the curtain and improve the thermal effi-
ciency of the receiver by optimizing mass flow rates. Our code offers excellent adaptability,
allowing for modifications to the number of sections as needed. This adaptability opens new
avenues for future research to explore how varying the number of sections affects system
performance. Our study examined the 10-section and 1-section receiver models under various
conditions, highlighting the advantages of the 10-section model. Remarkably, the 10-section
model consistently demonstrated superior performance. The 10-section model showed great
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thermal efficiency, reaching 79.5% at 600 °C and 85% at 400 °C. This performance outstrips
that of the 1-section model in both scenarios. This achievement was possible by optimizing the
mass flow rate through the ten valves, which were designed to match the heat flux distribution.
This tailored approach significantly enhanced both the opacity and absorptance of the particle
curtain. The focused optimization of mass flow rate has notably increased efficiency, particu-
larly in light of the precise flux distribution. The findings show that the 2D model matches the
results of the 1D model, confirming the 2D model's reliability. The results highlight the vital
importance of receiver design in attaining the target outlet temperature of 800°C, which is cru-
cial for maximizing efficiency in concentrated solar power applications. The success of the 10-
section model raises important questions about the minimum heat flux or power needed for
better performance in simpler receiver designs, especially since the 1-section model didn't
reach the same temperature. These findings suggest that the 2D model provides considerable
performance advantages. It is especially beneficial in applications demanding high efficiency
and effectiveness. The 2D model excels in high thermal efficiency and precise temperature
control. Future research should focus on optimizing heat flux and power input to streamline
receiver designs. It shows adaptability to various inputs like solar flux and mass flow, allowing
detailed analysis of thermal efficiency. The model additionally should take into account ele-
ments such as the effects of wind and the interactions between particles. The 2D model will
be utilized in a particle-based techno-economic analysis to evaluate the impact of the receiver's
innovative design on plant performance, the levelized cost of electricity, and the thermal cycling
of the receiver's back wall material.
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