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Abstract.  Falling particle receivers are a promising receiver design to couple with particle-based concentrating solar power 

to help meet future levelized cost of electricity targets in next generation systems. The thermal performance of receivers is 

critical to the economics of the overall system, and accurate models of particle receivers are necessary to predict the 

performance in all conditions. A model validation study was performed using falling particle receiver data recently 

collected at the National Solar Thermal Test Facility at Sandia National Laboratories. The particle outlet temperature, the 

thermal efficiency of the receiver, and the wind speed and direction around the receiver were measured in 26 steady-state 

experiments and compared to a corresponding receiver model. The results of this study showed improved agreement with 

the experimental data over past validation efforts but did not fully meet all validation metrics. Future model improvements 

were identified to continue to strengthen the modeling capabilities.  

INTRODUCTION 

The particle pathway is a leading technology for next-generation concentrating solar power (CSP) energy 

generation targeting a levelized cost of electricity (LCOE) of $0.05/kWh [1]. Particles offer a number of advantages 

over alternative technologies including: low parasitics, the ability to eliminate flux limitations on receiver tubing in 

fluid systems, the ability to directly store energy as sensible energy, and the absence of trace heating. Research is 

ongoing for various particle-based components including particle storage and particle heat exchangers to facilitate 

inexpensive electricity generation for a future CSP plant, but the focus of this paper is on the particle receiver. Different 

particle receiver designs have been proposed and tested including: the falling particle receiver (FPR) and its derivatives 

[2-4], the centrifugal CentRec® particle receiver [5], and the fluidized bed particle receiver [6]. This paper will 

specifically focus on the FPR concept designed and tested at the National Solar Thermal Test Facility (NSTTF) at 

Sandia National Laboratories.  

A FPR is a cavity-type receiver in which a curtain of particles is released and falls via gravity past the beam of 

concentrated sunlight. In addition to being conceptually simple, FPRs have several advantages. First, a FPR enables 

direct irradiation of the falling particles eliminating the flux limitations of tubular systems. Second, existing north-

facing FPR prototypes have been experimentally demonstrated to achieve average particle outlet temperatures 

exceeding 700°C [7]. Third, FPRs typically only require a slide gate to control the flow of particles falling through 

the receiver cavity (which could be PID controlled to maintain particle outlet temperatures in response to transients 

[8]). Finally, FPRs may also feature various obstructions in the particle curtain flow path that can increase particle 

volume fractions, curtain opacity, and residence time within the beam [4, 9, 10]. 

FPRs have some disadvantages when an open aperture is used in the design. First, an open aperture enables 

advective heat exchange between the hot air inside the cavity and the significantly cooler (and denser) ambient air. 

This can have an outsized impact on the thermal performance of a design as heated air escapes the cavity and is often 

the primary heat loss mechanism [11]. Furthermore, an open aperture also enables wind to increase the advective 

losses under specific conditions. Some of these effects can be mitigated through integrated design features [3]. Quartz 

aperture covers have also been explored to fully or partially cover the aperture though uncertainty in the scalability of 
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this concept to commercial sized FPRs is an open question [12].  

These disadvantages necessitate accurate FPR models to characterize the performance of a receiver. In addition, 

models provide a means of quickly interrogating the effect of different environmental conditions and changes to the 

design. Furthermore, validated models are critical to accurately assess the scalability of FPR technology and the 

receiver efficiency has been shown to be an important parameter in the LCOE from technoeconomic models [13]. 

This paper presents the results of a model validation study for a FPR modeling strategy using data collected from a 

recent experimental test campaign at the NSTTF at Sandia National Laboratories in 2020 and 2021. 

Although there were several objectives in the 2020/21 NSTTF FPR test campaign, one critical objective of the 

testing was to collect quality model validation data for FPR models with and without various integrated design features 

aimed at improving the thermal performance. This experimental effort builds upon a previous test campaign in 2018 

aimed at evaluating the thermal performance of the NSTTF receiver at that time. However, one key conclusion from 

the previous testing included the need to measure the speed and direction of wind more accurately during testing at 

the receiver for model validation efforts. Validating models of the FPR with the 2018 data was difficult since the 

receiver thermal efficiency was found to highly correlate with the wind conditions during a steady-state test which 

was not rigorously measured [11]. Therefore, additional wind instrumentation was implemented in the 2020/21 test 

campaign that serves to better characterize the free stream wind conditions and as validation metrics. 

The remainder of this paper is summarized as follows. First, a description of the FPR experimental campaign is 

provided including the different receiver variations that were studied. Then, the computational model used to predict 

the thermal performance of the FPR used in the experiments is described. Next, comparisons between the experiments 

and the simulations are provided to build confidence in the modeling capability. Finally, the results and conclusions 

of this study are summarized.  

RECEIVER TEST CAMPAIGN 

The existing FPR system is located on the top of the 61 m solar tower at the NSTTF depicted in Fig. 1. In the tests, 

particles fall in a curtain through the north-facing receiver cavity and are returned to a feed hopper above the cavity 

via an Olds elevator behind the receiver. The structure housing the receiver and supporting elements is referred to here 

as the receiver module. A linearly actuated slide gate regulated the particle flow from the feed hopper into the cavity. 

The NSTTF heliostat field is used to irradiate the particles as they fall through the receiver. Heat rejection from the 

particles is not available in this flow loop. As a result, true steady-state experiments are not achievable as the particle 

inlet temperature will continue to rise as the experiment progresses. Instead, pseudo steady-state experiments are 

performed in which a brief time interval during operation is selected to represent steady-state conditions. However, 

this does introduce error into the validation process which uses steady-state simulations to compare with experimental 

data. 

       
FIGURE 1. Receiver module atop the 61 m solar tower during an experiment (left) with 3D anemometers placed around the 

receiver module (right). Anemometers at the top of the receiver module (blue) measured free-stream velocity, and anemometers 

below the module (red) were used for validation. 

The average particle temperature is measured at the inlet and outlet of the receiver cavity. Five immersed 

thermocouples in the feed hopper along the width of the curtain inlet measure the inlet particle temperature before 



particles enter the cavity. Particle collection troughs containing thermocouples measure the particle temperature after 

passing through the beam at five points along the curtain width. The troughs are designed to ensure the thermocouples 

remain immersed in particles but do not accumulate and cause a lag in the particle temperature measurement. A 

water/glycol cooled panel adjacent to the FPR featuring a Lambertian surface is used to measure the power supplied 

to the receiver from the heliostat field. A Kendall radiometer is used to measure the peak flux and calibrate the spatial 

intensity of the beam. More details about this process are found in [7]. The particle mass flow rate is measured using 

load cells on the feed hopper to calculate the change in mass over time.  

The experimental thermal efficiency of the FPR during pseudo steady-state conditions is then computed as follows:  
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where absQ  is the absorbed thermal power in the particles, inQ  in the incident radiative power entering the cavity, m

is the particle mass flow rate, h  is the particle enthalpy, and ( )Pc T  is the particle specific heat as a function of the 

average particle temperature, T which is defined as: 

 ( ) 0.1523388.4Pc T T=   (2) 

where the fit for the specific heat is derived from Georgia Tech’s Thermophysical Properties Database [14]. 

As discussed above, five 3D anemometers were placed around the receiver module to measure the wind speed and 

direction. Two anemometers were placed at the top of the receiver module (c.f. Fig. 1) to be more representative of 

the free-stream wind conditions. Three anemometers were placed to the east, west, and south of the receiver module 

to use as validation metrics for the wind conditions created by the presence of the module itself. The location of these 

anemometers was selected based on the proximity to the receiver cavity while avoiding spillage from the beam that 

would damage the instrumentation.  

In addition to anemometers, this test campaign featured a truncated receiver cavity geometry and the addition of a 

“catch and release” trough in the particle curtain flow (i.e. a multistage receiver [3]). Both features were intended to 

increase the thermal performance of the receiver compared to the original 2018 geometry. From the experimental 

dataset, 26 pseudo steady-state cases were selected for the validation study: 10 cases of the receiver featuring a free-

falling curtain with truncation only and 16 cases with a single trough in the flow path. Although additional cases were 

available, several cases were excluded due to incomplete data, lower incident radiative powers where the experimental 

uncertainty was higher (<350 kW), and uncertainty in the accuracy of some critical measurements. 

COMPUTATIONAL MODEL 

The modeling strategy applied in this validation study uses a Lagrangian–Eulerian framework within the ANSYS 

Fluent® simulation code. A simplified geometric representation of the receiver module atop the tower is used in the 

computational model as depicted in Fig. 2a. To minimize the number of elements required in the domain, only the 

profile of module is included at the expense of increased accuracy of the velocity field around the module particularly 

in the wake. The NSTTF tower is also excluded from the domain assuming minimal effects with the receiver cavity. 

The receiver cavity with a freefall configuration and a single trough configuration are depicted in Fig. 2b and Fig. 2c, 

respectively. A tetrahedral mesh of with ~2.5 million elements is used for the simualtions with variable mesh sizing 

following similarly sized FPR models [11, 15]. 



 
 

FIGURE 2. Solid model depiction of the receiver and module atop the tower (a), the receiver cavity with the cavity truncation 

(b) and the receiver cavity with the cavity truncation and a single catch and release trough (c) 

In the Lagrangian-Eulerian framework, discrete particle parcels are injected into the domain at the top of the 

receiver and fall via gravity through the air continuum. The air is modeled inside and outside of the receiver cavity 

and coupled with the particles through drag forces, heat transfer, and turbulent interactions using constitutive 

relationships within Fluent. Particles are modeled as spherical CARBO-HSP 40/70 with a nominal diameter of 350 

μm using thermal properties from [14, 16]. A realizable k-ε turbulence model [17] is implemented in the air continuum 

using Fluent’s scalable wall functions [18] to provide a degree of mesh insensitivity for the turbulent wall interactions.  

A non-grey, discrete ordinates (DO) radiation model is coupled with a computational fluid dynamics model to 

include radiative transport into the receiver from the heliostat field. The non-grey model is divided into three bands: 

0.1–2.5 µm, 2.5–4.5 µm, and 4.5–100 µm. All incident solar irradiance enters the domain in the smallest wavelength 

band. The two longer wavelength bands correspond to the thermal wavelengths with a demarcation between them 

defined by different emissivities in the alumina silica fiberboard walls inside the receiver. 

Ray-tracing simulations using NREL’s SolTrace v3.1 package are leveraged to simulate the direction and intensity 

of the radiation from the NSTTF heliostat field during testing. A model of the solar radiation passing through the north 

face of the computational domain from a subset of the NSTTF heliostats is created. The ray tracing model is based 

upon previously used models of the NSTTF field [19], and each of the heliostats is modeled with a reflectivity, slope 

error, and specularity error of 0.885, 1.2 mrad, and 0.05 mrad, respectively. A total of 1×107 ray intersections are 

generated and a DNI of 1000 W/m2 is assumed. From the radiation vectors passing through the north surface, analytical 

expressions are fit to spatially describe the directionality and intensity of the beam. These expressions are implemented 

in the model as user defined functions and the intensity is scaled proportionally to match flux values measured in each 

experiment.  

Particle-to-particle collisions are ignored in the falling curtain under the assumption that the particle volume 

fraction in the curtain is small [16]. However, reduced order models are used to simplify the particle interaction physics 

with the stagnant particles in the trough under steady-state conditions. The modeling approach is described in detail 

in [9]. In short, this model treats the bed of particles in a trough as a solid with an angle of repose matching the physical 

properties of the particles (30°). Particles that collide with the bed rebound with a fixed velocity that is calibrated to 

match experimental results observed in a cold flow test rig [20]. Some effects are not captured in this model including 

the lateral curtain spread from particles leaving the trough, which may affect how the average particle outlet 

temperature is computed for each experiment 

The FPR thermal efficiency is computed in the simulations by averaging the particle temperatures at the elevation 

of the particle collection troughs and using Eq. (1). Free-stream wind speed and direction during an experiment are 

input as velocity boundary conditions on the appropriate exterior domain surfaces as measured by an average of the 

top two anemometers in the experiment. Other boundaries within the domain are assigned as pressure boundaries. The 

wind speed and direction from the other three anemometer locations are extracted for comparison with the 

experimental data. The anemometer locations within the computational domain are depicted in Fig. 3. 
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FIGURE 3. A dimensioned solid model of the computational domain. Stars indicate the location of the anemometer 

instrumentation 

MODEL VALIDATION STUDY 

For each of the 26 validation cases, the measured incident radiative power, particle mass flow rate, particle inlet 

temperature, free-stream wind speed and direction are simulated. The particle outlet temperature, thermal efficiency, 

wind speed and direction at the lower three anemometer locations are calculated by the model to compare with the 

experiments for a total of 8 validation metrics. Parity plots between the experimentally measured values and the 

simulations results are created. If the simulation and the experiments agree perfectly in a parity plot, all the data 

follows the line y = x. 

Linear fits of the data in each parity plot are created to evaluate how well the simulations predict the experimental 

results. The slope and the coefficient of determination, R2, of the fit are used a metrics to evaluate the models. For this 

study, a slope between 0.75 and 1.25 with an R2 > 0.75 is targeted for a successful validation. Parity plots of the 

particle outlet temperature and thermal efficiency for the multistage configuration and freefall configuration are 

provided in Fig. 4 and Fig. 5, respectively. A slope of 0.48 with an R2 of 0.66 is observed for the multistage cases, and 

a slope of 0.51 with an R2 of 0.65 is observed for the freefall cases. Although there is still significant scatter in the 

plots as seen by R2, compared to a previous validation effort [11] this represents a considerable improvement and 

builds confidence that the these models can predict the thermal performance of FPRs. Models of multistage cases 

shown in Fig. 4 show a consistent underprediction in the particle outlet temperature and thermal efficiency compared 

with the experimental data (hence the decision to separate the receiver configurations into separate parity plots). 

Presently, this is explained by the simplified physics applied in the models for the complex particle behavior created 

by the multistage features. For example, any lateral spread in the curtain (i.e. east/west) would not be captured in the 

models but may be reflected in the particle temperature measurements. In that scenario, hotter particles in the center 

of the curtain would be more likely to be measured in the fixed particle outlet troughs compared to a free-falling 

curtain. Improved models for the multistage physics may show better predictions and will be explored in the future. 
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FIGURE 4. Parity plot of the particle outlet temperature and the receiver efficiency with multistage features 

 
FIGURE 5. Parity plot of the particle outlet temperature and the receiver efficiency without multistage features 

The parity plots for the wind speed and direction for the west, east, and south anemometer locations are shown in 

Fig. 6, Fig. 7, and Fig. 8, respectively. Note that the different receiver configurations are not separated into individual 

plots as the effect on the wind around the receiver module from differences in the geometry are likely negligible. 

Considerable scatter is observed in the plots for wind (possibly from using point measurements for wind in these 

locations), with the best overall agreement observed in the west anemometer location. As the NSTTF winds tend to 

originate from the west, this location is the least sensitive to the wake created by the receiver module and comparisons 

at this location experience less variability. More scatter is observed in the wind direction at the east and south locations 

likely exaggerated by simplifications made to the geometry of the receiver module as shown in Fig. 2a. Improved 

geometric fidelity is recommended to improve models of wind conditions around the receiver at the expense of higher 

computational cost. 

In summary, of the 10 parity plots shown in Fig. 4 through Fig. 8, 30% of the metrics met the validation criteria 

for the slope and R2 in the linear fits. Alternatively, 90% of the metrics are within 0.25 of the validation metrics for 

the slope and R2 suggesting that there is room for improvement. Improved physical models for the multistage 

configurations and additional geometric fidelity in the receiver module offer some areas where the validation can be 

improved.  



 
FIGURE 6. Parity plot of the wind speed and direction at the west anemometer location 

 
FIGURE 7. Parity plot of the wind speed and direction at the east anemometer location  

 
FIGURE 8. Parity plot of the wind speed and direction at the south anemometer location 

 

 



 CONCLUSIONS  

A model validation study was performed on a falling particle receiver model utilizing recently collected data for 

the existing receiver system at the National Solar Thermal Test Facility at Sandia National Laboratories. The average 

particle outlet temperature and the thermal efficiency for two receiver configurations were experimentally measured 

and used as validation metrics. In addition, local anemometer measurements for wind speed and direction around the 

receiver system were also measured for validation. Models of the receiver configurations were created and the 

experimentally measured conditions for 26 steady-state experiments were simulated. Parity plots between the 

experimental data and the simulated results were created. Linear fits of the data in these plots were generated to 

evaluate the models based on the slope and R2 of those fits. The models provided significantly better agreement than 

previous validation studies, but only 30% of the validation metrics fully meet the criteria set forth at the onset of the 

study. Areas of improvement included models used to simulate the particle dynamics of multistage receiver designs 

and increased geometrical fidelity in the module supporting the falling particle receiver system. 
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