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Abstract: Rotary kilns are worldwide used for industrial processes that involve thermal treatments 11 
of particulate materials. However, a great amount of fossil fuels is employed in such processes. As 12 
alternative, solar rotary kilns are considered for this application due to their versatility and potential 13 
to substitute traditional fossil-fuel driven devices. In order to boost the development of this 14 
technology, efforts have to be focused on the control of the particle temperature during the 15 
treatment. In this context, a lab-scale rotary kiln was built and tested using a 7-kWe high-flux solar 16 
simulator at University of Antofagasta. It was conceived to treat particulate materials of different 17 
nature and it is able to reach temperatures higher than 800 °C under different operation strategies. 18 
Silicon carbide was selected for initial tests because it is inert, endures high temperatures (up to 1600 19 
°C) and it has been proposed as thermal storage vector in several researches on concentrated solar 20 
power. In a first stage, the empty kiln was preheated up to about 800 °C, reaching a steady state in 21 
less than three hours and with a power of approximately 370 W entering the kiln cavity. Afterwards, 22 
43 g of silicon carbide were introduced in the furnace and the system was heated again up to a 23 
second steady state above 800 °C. In this stage, particles showed a fast increment of their 24 
temperature and exceeded 700 °C in less than three minutes after loading. A one-dimensional 25 
transient numerical model was also developed to perform the thermal analysis of the kiln and the 26 
estimation of both the particle temperature and the system efficiency. Numerical results showed 27 
good agreement with experimental data and thermal losses could be quantified in detail. Therefore, 28 
the model was also used to predict the thermal behavior of a solar rotary kiln working in batch 29 
mode. 30 

Keywords: Concentrating solar heat, rotary kilns, industrial applications, solar thermal receiver 31 
 32 

NOMENCLATURE 33 
Notation  

A area of surface, (m2) 

Bi Biot number, (-) 

c chord length of circular segment, (m) 

cp specific heat, (J kg-1 K-1) 

D diameter, (m) 

E total emissive power or radiant flux of a black body: rate of radiant 

energy emitted by a surface in all directions per unit area of the surface, 

(W m-2) 

En thermal energy, (Wh) 

ER50% median relative error, (%) 
𝐹𝑥−𝑦 view factor from surface x to surface y, (-) 
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𝑓 correction factor, (-) 

FR% fill ratio or degree of fill, (%) 

Fr Froude number, (-) 

g gravity acceleration, (= 9.81 m s-2) 

Gr Grashof number, (-) 

ℎ height of particle bed, (m) 

ℎ𝑥 or ℎ𝑦𝑥  heat transfer coefficient for x component and y mechanism, W m-2 K-1 

J radiosity or radiant exitance: radiant flux leaving a surface per unit 

area as sum of emitted and reflected radiation, (W m-2) 

K conductivity, (W m-1 K-1) 

L kiln length, (m) 

Lc characteristic length, (m) 

m mass, (kg) 

M Maxwell equation 

n total time steps, (-) 

N rotational speed, (rpm) 

Nu Nusselt number, (-) 

q thermal power per unit area, (W m-2) 

Q thermal power, (W) 

R radius, (m) 

s slope of the kiln, (degree) 

t time, (s) 

T temperature, (K) 

TR thermal resistance, (K W-1) 

V volume, (m3) 

vrot speed at inner wall of cavity, (m s-1) 

Greek letters  

α thermal diffusivity, (m2 s-1) 

β coefficient of volumetric expansion, (K-1) 

ε emissivity, (-) 

θ central angle, (rad) 

 density, (kg m-3) 

σ Stefan-Boltzmann constant (= 5.67∙10-8 W m-2 K-4) 

 contact time, (s) 

 volume fraction or porosity, (-) 

ω angular speed, (rad s-1) 

Subscripts/Superscripts  

air air 

amb ambient 

ap aperture of cavity 

b particle bed or bulk 

cav cavity 

cb covered bed 

cd conduction 

cv convection 

cw covered wall 

e electrical 

end final point 

env envelope 

ext external 

exp experimental 

fc forced convection 
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i i-th control volume 

ins insulation 

j j-th element 

H heating 

in inlet 

L loading 

l losses 

max maximum 

nc natural convection 

net net 

p particle 

PH pre-heating 

proc process 

rad radiation 

rad-out exiting radiation from the aperture 

ref reference 

refl reflective 

rel relative 

sim simulated 

steel steel of casing and rotor 

t t-th instant 

tr transversal 

w crucible wall 

0 starting point 

Acronyms  

Al2O3 aluminum oxide (alumina) 

CCD Charge Coupled Device 

CNRS national center of scientific research (Centre National de la Recherche 

Scientifique) 

CSE / CSP Concentrated Solar Energy / Power 

EMT Effective Medium Theory 

HFSS High Flux Solar Simulator 

HoSIER IER solar furnace (Horno Solar del IER) 

GHG Green-House Gases 

IER renewable energy institute (Instituto de Energías Renovables) 

IEA International Energy Agency 

LaCoSA solar concentration laboratory of university of Antofagasta 

(Laboratorio de Concentración Solar de la Universidad de 

Antofagasta) 

MAPE Mean Absolute Percentage Error 

ND Neutral Density 

RMSE Root Mean Square Error 

SiC Silicon Carbide 

SPSR Solid Particle Solar Receiver 

UARR University of Antofagasta Rotary Receiver 

UNAM national autonomous university of Mexico (Universidad Nacional 

Autónoma de México) 

 34 

  35 
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1. Introduction 36 
Rotary kilns have a long tradition of use in several industrial sectors such as casting, drying 37 

materials, cement production, food industry, etc. This technology is suitable for the mixing of 38 
granular materials and, in thermal treatments, it is possible to achieve a homogeneous temperature 39 
distribution in the particle bed of the kiln. Thus, these devices can act as driers, heaters, or chemical 40 
reactors (Boateng, 2008). Moreover, rotary kilns are versatile: they can work with materials of 41 
different size and shape, either powder or particles, and can operate in a huge range of temperature, 42 
from ambient to more than 2000 °C. They also have low costs of maintenance and long-life 43 
components. However, these devices are normally fed with fossil fuels and due to their intensive use 44 
in the industry they have a high environmental impact (Alonso et al., 2017a). 45 

To clean and reduce the impact of these kilns, several researches have been focused in replacing 46 
fossil fuels with concentrated solar energy. Although these solar rotary kilns have not reached the 47 
commercial maturity, they were proposed with satisfactory results for different applications such as 48 
dangerous waste treatment (Funken et al., 1999), lime production (Meier et al., 2006, 2004), or 49 
aluminum recycling (Alexopoulos et al., 2015). Another innovative application consisted in the 50 
reduction of metal oxides in the first stage of the production of solar fuels (Abanades et al., 2007; 51 
Kaneko et al., 2007; Koepf et al., 2016; Schunk and Steinfeld, 2009). All of these kilns were studied in 52 
a lab or pilot scale coupled with solar furnaces or solar simulators for experimental demonstrations 53 
(Alonso et al., 2017a).  54 

Over the last years, the storage of thermal or thermochemical heat in solid particles has emerged 55 
as application of the concentrating solar technologies and different kinds of receiver have been 56 
developed. Depending on the material used, these particles may be cheaper, and they can work at 57 
higher temperatures than other heat transfer fluids (i.e. molten salt, water, thermal oils) (Alonso and 58 
Romero, 2015; Gallo et al., 2015; Ho, 2017). Therefore, rotary drums were proposed as candidates for 59 
such solar receivers (Alonso et al., 2017b, 2015; Gallo et al., 2018; Koepf et al., 2016; Neises et al., 2012; 60 
Sammouda et al., 1999). 61 

Despite the numerous researches on these devices, not many numerical models have been 62 
conducted on solar rotary kilns. This is probably due to the great variety of kilns, treated materials 63 
and operational modes, that need specific models for each analyzed case. One of this model was 64 
carried out by Schunk et al. (2009). They validated with experimental texts a transient CFD heat 65 
transfer model of a solar receiver-reactor for thermal dissociation of ZnO and then scaled the reactor 66 
up to 1 MW. The kiln worked in semi-batch mode at high speed (30 - 120 rpm), presumably in 67 
centrifugal mode, and the particles covered the entire inner surface of the crucible. They found a 68 
maximum uniform superficial temperature of about 1800 °C in the ZnO layer. 69 

In the case of Alexopoulos et al. (2015), they carried out a mathematical model for the simulation 70 
of the unsteady behavior of a solar heated rotary kiln for aluminum recycling. The kiln was fed in 71 
batch mode with aluminum and salt. In the cavity, convection was forced by the suction of the 72 
exhaust gas. The model was validated with experimental results in a pilot plant and then used for 73 
the prediction of a possible commercial scale plant.  74 

Another example was carried out by Tescari et al. (2013b), who modeled a solar rotary kiln for 75 
thermochemical processes. In that work, the authors investigated different radiation models (DO, 76 
S2S) and design optimizations (insulation thickness, aperture size) of the device. CFD results were 77 
validated by comparing the temperature evolution of a specific point in the crucible wall with the 78 
temperature measured experimentally in the same point. A good agreement was found between 79 
simulation and experimental results. 80 

Abanades et al. (2007b) designed and simulated a lab scale solar reactor for thermal reduction of 81 
metal oxides. In their work, a multiphase model with a Lagrangian approach was carried out to 82 
simulate the particles that were introduced continuously into a rotating cavity reactor by a screw 83 
feeder. The particles were dispersed in the cavity and dissociated in gas phase products before they 84 
could arrange a particle bed close to the crucible wall. The results of the model were used to improve 85 
the reactor during the design phase and for performance assessment. 86 
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Another work realized by Sammouda et al. (1999) was dedicated to the use of a rotary kiln as 87 
thermal particle receiver to produce industrial process heat and it included a comparison between a 88 
thermal model and experimental results. In the experiments, the kiln was continuously fed with inert 89 
sand and radiation entered the kiln through an aperture. Simulated and measured temperature 90 
profiles presented differences of about 10% near the kiln aperture, while higher differences were 91 
reported for the rest of the kiln. 92 

Unlike the researches presented so far, this work focuses on a lab-scale rotary kiln as solar 93 
thermal receiver conceived for direct material treatment, industrial process heat, and thermal storage 94 
in solid particles above the working temperature range of molten salt (> 600 °C). The device, called 95 
University of Antofagasta Rotary Receiver (UARR), was designed and built thanks to a collaboration 96 
between the University of Antofagasta and the Renewable Energy Institute of National Autonomous 97 
University of México (IER-UNAM). The kiln, that worked in batch mode, was tested at the University 98 
of Antofagasta coupled to a 7-kWe high-flux solar simulator (HFSS) for the heating of silicon carbide 99 
(SiC) particles. A transient numerical model is developed using Matlab to predict the kiln thermal 100 
behavior and it is validated with experimental results that were also considered to assess the system. 101 
Due to the great variety of correlations existing in literature, for each heat transfer mechanism, a 102 
sensitivity analysis is carried out to select the best ones that fit with the experimental results. Finally, 103 
the model is used to assess the device under different conditions of exploitation. 104 

2. Experimental set up 105 

2.1. University of Antofagasta’s Rotary Receiver 106 
A solar rotary kiln is a common rotary kiln that presents an aperture at one of its ends. In this 107 

way, the solar radiation can enter inside the device and impinges directly on the moving particles. 108 
(Alonso et al., 2017a). 109 

The UARR has a rotating cylindrical cavity or crucible of high-density alumina with a 110 
longitudinal length (L) of 76 mm and 31 mm in inner radius (R). To reduce reflection losses, the kiln 111 
presents a smaller aperture with a radius (𝑅𝑎𝑝) of 20 mm, open to the ambient and a conical frustum 112 
with a diameter of 32 mm. The cavity is insulated with low-density alumina and it is contained in a 113 
fixed steel casing (see Fig. 1a and b). An electric motor allows the control of the cavity rotation (see 114 
Fig. 2). The kiln works in batch mode and its longitudinal axis is placed in horizontal position. It is 115 
versatile because it can be utilized with or without transparent windows and with or without carrier 116 
gases to create a controlled atmosphere. For the experiments presented hereafter, no windows were 117 
used, and no gases were introduced in the rotating chamber. For these reasons, in this work the kiln 118 
should be considered as a solar receiver rather than a solar reactor. 119 

Values of Fill Ratio (or degree of fill, FR%) are limited in a range from 10 to 25% to achieve a 120 
good mixing of particles, corresponding to rolling and cascading bed-motion according to Mellmann 121 
classification (Mellmann, 2001). In order to avoid leakage of particles through the kiln aperture, a 122 
FR% close to 10% was employed in the trials. To ensure the rolling bed-motion, the rotational speed 123 
(N) was fixed to 7.5 rpm and a Froude Number (Fr) close to 10-3 was obtained according to equation 124 
1, 125 

𝐹𝑟 =
𝜔2 𝑅

𝑔
=
(2𝜋𝑁)2 𝑅

3600 𝑔
 

(1) 

where 𝜔 is the angular speed, R the inner radius of the crucible and 𝑔 the gravity acceleration 126 
(Mellmann, 2001). 127 

At the beginning of the campaign, a thermocouple (T1, Fig 1a) was introduced in the cavity, 128 
shielded from radiation and fixed to the inner wall. The rotating thermocouple was connected to a 129 
wireless Data Acquisition System (DAQ) that was fed by an electric battery (see Fig. 2) and both 130 
rotated together with the kiln rotor. Two more thermocouples (T2 and T3) were placed in different 131 
layers of the static UARR casing as reported in Fig. 1a and they were connected directly to a fixed 132 
DAQ. Another thermocouple (T4) was introduced inside the particle bed during the experiments. 133 
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(a) (b) 

Fig. 1. (a) Sketch of the rotary kiln longitudinal section. Lengths in millimeter. (b) Kiln transversal section. Red 
dash-dotted lines delimit inner rotating components from external static ones. 

 
Fig. 2. Rotary kiln set up 

2.2. Solar simulator 

The solar simulator (Xenoluxe Lamphouse model of Proyecson) was installed at Solar 
Concentration Laboratory of Antofagasta University (LaCoSA.). The device is an adapted cinema 
projector analogous to those used as 7-kWe high-flux solar simulator (HFSS) by various solar research 
institutes of different countries (Abedini Najafabadi and Ozalp, 2018; Gallo et al., 2017; Gomez-Garcia 
et al., 2011). The HFSS consists mainly of a xenon short-arc lamp placed at the first focus of a truncated 
ellipsoidal reflector, which concentrates the lamp light on the second focus. The solar simulator 
shutter can open or totally close the gate aperture where the light passes through it. Despite this HFSS 
was used in several researches, results from characterizations realized in different institutes vary 
considerably. For instance, peak fluxes in a range of 1950 - 3800 kW m-2 and thermal powers of 1.6 – 
2.1 kW can be achieved within circular areas of 110-mm radius, according to measurements reported 
in Bellan et al. (2013b); Gómez et al. (2011), Sarwar et al. (2014). This difference can be explained 
because a variation of a few millimeters in the relative reflector-lamp position can generate different 



 7 of 31 

flux distributions on a receiver plane located at a fixed distance from the source (Gallo et al., 2017). 
Then, the solar simulator of University of Antofagasta was also subjected to a characterization 
procedure. Because the high intensity of the radiation flux and the power at the focal plane could 
lead to steady-state temperatures higher than the desired ones (up to 850 °C), the UARR aperture 
was placed in a plane with a lower peak flux. The distance  of the selected plane was 120 mm 
longer than the focal length. In this plane, the measured irradiance peak was approximately 800 
kW·m-2 and the power inside a circumference of 32 mm in diameter was 360 W. An uncertainty of 
±12% for the power could be assumed for the methodology followed in the HFSS characterization 
(Krueger, 2012; Sarwar et al., 2014). 

 
Fig. 3. UARR located opposite to the HFSS at LaCoSA. 

2.3. Experimental procedure 

As indicated above, at the beginning of the campaign, the position of the UARR opposite to the 
solar simulator was defined. Due to the conic shape of concentrated light, the UARR distance from 
the solar simulator affected directly the power intercepted by the kiln. The selected distance ( ) 
should deliver a steady-state temperature in the cavity in a range of 750 - 850 °C, that are typical 
values for particle receivers (Ho, 2016). Furthermore, to completely ensure that thermal shocks are 
avoided in the ceramic components (frustum and crucible), at the beginning of each trial, the kiln was 
located 30 mm farther (150 from the focal length) where the radiative flux had a lower concentration 
level than at  position. When temperature in the cavity (measured by T1) overcame 100 °C, the 
rotary kiln was moved through an automatic axis to . 

To properly evaluate the kiln operation, the process was divided in 4 steps (or phases): 
preheating, particle loading, heating and cooling. In the first step (P1), when the solar simulator was 
turned on, the empty kiln was preheated until a steady state which was defined according to the 
following criterion: a temperature variation of less than 1% in a period of half an hour. In the second 
phase (P2), the shutter of the solar simulator was closed, the particles were loaded inside the rotating 
receiver and another thermocouple (T4) was introduced in the cavity and adjusted to maintain a 
position inside the particle bed, avoiding the direct irradiation of the solar simulator (see Fig. 1a). At 
that moment, the simulator shutter was opened and phase 3 (P3) started. Heating was stopped when 
a steady state of the loaded reactor was reached. Radiation source was turned off and the system was 
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cooled down (P4). In an industrial application, the fourth step is not present and hot particles are 182 
removed from the kiln and stored or directly used at high temperature. Because the last phase is not 183 
the aim of the system analysis for the proposed applications, temperature measurements were 184 
stopped before the system returned completely to room temperature. The whole process was realized 185 
three times to ensure its repeatability. 186 

Table 1. Process parameters in each step. 187 
Steps Rotational 

speed 

(rpm) 

Particle 

mass 

(g) 

HFSS 

state 

Model 

start time 

(minute) 

P1 - Preheating 

P2 - Loading 

P3 - Heating 

P4 - Cooling 

0 

7.5 

7.5 

7.5 

0 

0-43 

43 

43 

On 

Off 

On 

Off 

0 

165 

169 

252 

 188 

3. Rotary kiln thermal model 189 
To determine the temperatures of the granular bed and the kiln wall, it is required to assess the 190 

heat transfer mechanisms involved in the process. In the case of the UARR, as well as in the most 191 
solar receivers, the mechanisms of conduction, convection and radiation are present. According to 192 
Incropera et al. (2011b), due to the complexity of the system, an analytical solution of the temperature 193 
during the process is not possible to find. Therefore, a numerical transient one-dimensional thermal 194 
model is developed using a Matlab code and it is validated with experimental results of the test 195 
campaign performed at LaCoSA. In the numerical model, the process time is discretized considering 196 
a constant time step (Δt) for all the phases. The maximum time step size is limited by a numerical 197 
criterion indicated in Appendix C. The model is based on energy balances defined for  the particle 198 
bed, the crucible wall, and the kiln shell at each time step. In Fig. 4a, a schematic representation of 199 
the heat fluxes evaluated in the model is reported. A double-direction arrow is shown when the heat 200 
flux direction can change. Convection heat transfers are considered with the environment at room 201 
temperature between both particles and wall surface. Single-direction arrows are used. As can be 202 
deduced from that figure, energy balances defined for the granular bed and the crucible wall are 203 
interconnected by the radiative and conductive power exchanged between them. At the same time, 204 
the temperature in the crucible is influenced by the power transferred from the wall to the rest of the 205 
kiln shell. Additionally, Fig. 4b shows the control volumes and the calculation elements, in which is 206 
discretized the kiln, to estimate the radial temperature along the shell. 207 

Several simplifications are considered in the model in order to reach short computation times 208 
(less than three minutes in a computer with i7-8700 processor 3.2GHz and 16 GB RAM) but, at the 209 
same time, to achieve enough precision for the evaluation of the kiln thermal behavior. The 210 
approximations assumed in the model are indicated hereunder. 211 
• Lumped capacitance analyses are carried out for the crucible wall and the particle bed. To do 212 

that Biot numbers (Bi) are assessed. Bi represents the ratio between heat transfer by convection 213 
and by conduction for a specific body. When the Bi is lower than 0.1, it is possible to develop a 214 
lumped capacitance analysis with an associated error lower than 5% in the temperature 215 
distribution inside the body. As general rule, the smaller the Bi the smaller the error (Cengel, 216 
2002; Incropera et al., 2011b). With these analyses, conduction is considered the main mechanism 217 
for the heat transfer. Therefore, uniform temperatures can be considered at each time step for 218 
the crucible wall, and the granular material. 219 

• Another approximation is related to the radiation exchange between surfaces. When several 220 
surfaces are involved, the view factors cannot be evaluated by simple analytical expressions 221 
Hence, to simplify this assessment, the interior UARR-cavity envelope (𝐴𝑐𝑎𝑣) is divided in three 222 
surfaces: aperture (𝐴𝑎𝑝), particle bed (𝐴𝑏) and inner crucible wall (𝐴𝑤) as shown in Fig. 5a. 223 
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 It is also considered that  is a flat surface with a constant room temperature and with an 
emissivity/absorptivity equal to one. 

 Furthermore, to estimate the temperature inside the different material layers which contain and 
insulate the cavity, UARR is considered as a finite cylinder with adiabatic bases. It means that 
losses are only considered from lateral walls. This is justified because the thicknesses of 
insulating materials and air layers at UARR bottom and front parts are considerably higher than 
the ones of lateral wall. 

 Particle bed cross section ( ) is approximated by a circular segment. From this assumption, the 
main geometrical parameters relative to the granular bed can be calculated (see Appendix A). 

 Longitudinal gradients are considered as an average value of different kiln transversal sections. 
Nevertheless, in receivers larger than the UARR, radial and axial temperature gradients could 
be not negligible, and a three-dimensional analysis is recommended to reduce estimation errors. 

 According to manufacturer data sheet (Industrial Comercial Chile Ltda., 2018), particles are 
composed of a mix of different materials (SiC, C, Fe, Al, SiO2) where 96.5% is SiC. Therefore, 
each particle property corresponds to the weighted average of the material properties that 
compose the blend. Conductivities and specific heat capacities present remarkable changes in 
the operation temperature range (0-800 °C). Hence, in the model, their values are varied with 
the corresponding material temperature (see tables in Appendix B). Nevertheless, material 
emissivity, absorptivity and reflectivity also change with temperature, direction and 
wavelength, but no many studies have been realized at high temperatures (100 -1000 °C) in the 
range of visible and near infrared. Therefore, in this case, as in most practical situations, an 
average constant emissivity for all directions, wavelengths (gray surface assumption), and 
temperature is used (Valencia and Quested, 2008). 
 

  
(a) (b) 

Fig. 4. (a) Heat fluxes in the cross section of the kiln. Red dash-dotted circumference separates inner rotating 
elements from external static ones. (b) Magnification of the green area which shows the control volumes and the 
thermal resistances of each element used in the numerical model (image scale is not respected). Material colors 
are the same as in previous figures of the kiln. 

 
As mentioned in the description of the experimental process, the kiln works under different 

conditions and the model is able to simulate the kiln behavior when the boundary conditions change, 
as indicated in table 1. For instance, when the crucible is empty, the heat fluxes related with the 
granular bed are not present. In this situation, radiative exchanges from the bed with the aperture 
(  or the wall ( ), convection losses ( ), and the conductive heat transfer between the 
particles and the wall ) are not considered in the model. When the SiC is inside the cavity, all 
the heat fluxes depicted in Fig. 4a and the associated thermal losses are calculated at each time step. 
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The powers associated to the radiative fluxes exchanged between two surfaces (𝑄𝑟𝑎𝑑
𝑥−𝑦 ) are 263 

calculated considering equation 2, 264 

𝑄𝑟𝑎𝑑
𝑥−𝑦

= −𝑄𝑟𝑎𝑑
𝑦−𝑥

= 𝐴𝑥𝐹𝑥−𝑦(𝐽𝑥 − 𝐽𝑦) = 𝐴𝑦𝐹𝑦−𝑥(𝐽𝑦 − 𝐽𝑥) (2) 

where 𝐴𝑥 is the area of a generic surface x, 𝐹𝑥−𝑦 is the view factor of the surface y from the 265 
surface x, and 𝐽𝑥, 𝐽𝑦 are the radiosities of surface x and y. The radiosity Jx is defined as the sum of 266 
the emitted and reflected radiative flux by the x-surface. 267 

To calculate convective losses, the methodology developed in a previous work of the authors is 275 
applied (Gallo et al., 2018). In an open cavity rotary kiln, inner convective losses (𝑄𝑐𝑣

𝑙 ) are expected to 276 
be like those generated in a static solar cavity receiver. Several correlations have been proposed and 277 
used by many authors to calculate them (Li et al., 2010; Ma, 1993; Mcdonald, 1995; Siebers and 278 
Kraabel, 1984). In this work, the methodology proposed by Siebers and Kraabel (Siebers and Kraabel, 279 
1984) is followed. Convection losses are split in forced (fc) and natural (nc) contributions for both bed 280 
and wall surfaces (see Appendix B2). However, a rotary kiln is not exactly the same as a still receiver; 281 
hence, to take into account the kiln rotation and the effects on the particle bed, a correction factor (𝑓𝑐𝑣

𝑏 ) 282 
is used. According to Tscheng and Watkinson (1979), convections on particles could be up to one 283 
order of magnitude higher than kiln walls. Sammouda et al. (1999) reported that the convective 284 
coefficient for particles was about five or six times the value of the coefficient for the cavity wall. This 285 
is due mainly to the underestimation of considering the plane chord area as the surface of the 286 
convective heat exchange. For this reason, the expressions of the convective losses from the wall and 287 
the granular bed are differentiated. 288 

𝑄𝑐𝑣
𝑙 = 𝑄𝑐𝑣

𝑤 + 𝑄𝑐𝑣
𝑏  (3) 

𝑄𝑐𝑣
𝑤 = ℎ𝑐𝑣 ∙ (𝑇𝑤 − 𝑇𝑎𝑚𝑏) ∙ 𝐴𝑤 (4) 

𝑄𝑐𝑣
𝑏 = ℎ𝑐𝑣 ∙ (𝑇𝑏 − 𝑇𝑎𝑚𝑏) ∙ 𝐴𝑏 ·  𝑓𝑐𝑣

𝑏  (5) 

Once ℎ𝑐𝑣  is known, in order to check the validity of the lumped capacitance analysis approach, 291 
Biot numbers for wall and bed are calculated. Both should be lower than 0.1. 292 

𝐵𝑖𝑤 = 𝐿𝑐𝑤 ·
ℎ𝑐𝑣
𝑤

𝐾𝑤
 with 𝐿𝑐𝑤 = 𝐿 (6) 

𝐵𝑖𝑏 = 𝐿𝑐𝑏 ·
ℎ𝑐𝑣
𝑏

𝐾𝑏
 with 𝐿𝑐𝑏 = 𝑉𝑏/(𝐴𝑏 · 𝑓𝑐𝑣

𝑏 ) (7) 

The heat transfer between the covered wall and the bulk bed is also included in the model. To 294 
do that, an exchange coefficient (ℎ𝑤−𝑏) is used. Several correlations have been proposed to assess the 295 
contact heat transfer between the inner kiln wall and the granular material. However, the values of 296 
this coefficient predicted by the different correlations are not in agreement. Herz et al. (2012) 297 
compared four of the most used models (Li et al., 2005; Schlunder and Mollekopf, 1984; Tscheng and 298 
Watkinson, 1979; Wes et al., 1976) with the experimental results achieved in a indirectly heated lab-299 
scale rotary drum. Materials, particle size, filling degree and rotational speed were varied for a 300 
sensitivity analysis. They found that the correlation by Li et al. had a reasonable agreement with the 301 
experimental results. 302 

However, in most of the models, ℎ𝑤−𝑏  is related to the effective conductivity of the bulk 303 
material (𝐾𝑏). Even for 𝐾𝑏 , numerous correlations are available in literature. Abyzov et al. (2013) 304 
resumed most of them and indicated that the real value of 𝐾𝑏  for a granular material should be 305 
included between the lowest value, obtained by Maxwell model (Maxwell, 1873), and the highest one 306 
evaluated by the effective medium theory (EMT) analyzed in Carson et al. (2005). Because of the great 307 
variety of models and theories with discordant results, a sensitivity analysis of these parameters is 308 
carried out in order to find the best values that fit to the experimental data. To assess the results, the 309 
root-mean-square error (RMSE) and the mean absolute percentage error (MAPE) are calculated for 310 
wall and particle temperatures (mathematical expressions are included in Appendix D). 311 

Losses from the external casing (𝑄𝑙
𝑒𝑥𝑡) can be calculated using equation 8, 312 
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𝑄𝑙
𝑒𝑥𝑡 = 𝑄𝑐𝑑

𝑒𝑥𝑡 + 𝑄𝑟𝑎𝑑
𝑒𝑥𝑡 + 𝑄𝑐𝑣

𝑒𝑥𝑡 =∑𝑚𝑖𝑐𝑝𝑖 ·
𝑇𝑖
𝑡 − 𝑇𝑖

𝑡−1

∆𝑡

5

𝑖=1

+
𝑇5
𝑡 − 𝑇𝑎𝑚𝑏
𝑇𝑅10

 (8) 

where 𝑚𝑖 , 𝑐𝑝𝑖 , 𝑇𝑖
𝑡 , and 𝑇𝑖

𝑡−1  are the mass, the specific heat, and the temperatures of the i-313 
control volume at the t-instant and (t-1)-instant, 𝑇5

𝑡 is the external temperature of the kiln casing, 314 
𝑇𝑎𝑚𝑏  is the room temperature, 𝑇𝑅10 is the thermal resistance for convection and radiation of the 315 
tenth element, and ∆𝑡 is the time step. These losses include the energy stored due to the thermal 316 
capacity of the insulation, rotor and casing. 317 

Once all the heat fluxes and the relative thermal powers are known, the energy balances are 318 
defined and the new temperatures of particle bed and at the t-instant are calculated from equations 319 
9 and 10. 320 

𝑄𝑛𝑒𝑡
𝑏 =

𝑚𝑏𝑐𝑝𝑏(𝑇𝑏
𝑡 − 𝑇𝑏

𝑡−1)

𝛥𝑡
= 𝑄𝑟𝑎𝑑

𝑎𝑝−𝑏
+ 𝑄𝑟𝑎𝑑

𝑤−𝑏 + 𝑄𝑐𝑑
𝑤−𝑏 − 𝑄𝑐𝑣

𝑏  
(9) 

𝑄𝑛𝑒𝑡
𝑤 =

𝑚𝑤𝑐𝑝𝑤(𝑇𝑤
𝑡 − 𝑇𝑤

𝑡−1)

𝛥𝑡
= 𝑄𝑟𝑎𝑑

𝑎𝑝−𝑤
− 𝑄𝑟𝑎𝑑

𝑤−𝑏 − 𝑄𝑐𝑑
𝑤−𝑏 − 𝑄𝑐𝑣

𝑤 − 𝑄𝑙
𝑒𝑥𝑡 

(10) 

Considering that the performed experimental tests included phases where the solar simulator is 334 
turned on and off, 𝑄𝑖𝑛 is defined by equation 11. 335 

𝑄𝑖𝑛
𝑡 = {

369 𝑊
0 

 
𝑖𝑓 𝑡 < 𝑡𝑃𝐻 𝑜𝑟 𝑡𝐿 < 𝑡 < 𝑡𝐻 

𝑖𝑓 𝑡𝑃𝐻 < 𝑡 < 𝑡𝐿 𝑜𝑟 𝑡𝐻 < 𝑡 < 𝑡𝑒𝑛𝑑 
(11) 

where 𝑡 is a generic instant from 𝑡0 to 𝑡𝑒𝑛𝑑 (last instant of simulation), 𝑡𝑃𝐻 is the instant when the 336 
heating of the empty UARR stops and the solar simulator is turned off, before the particle loading 337 
(end of the preheating phase). 𝑡𝐿 is the moment when particles are already inserted in the UARR and 338 
the solar simulator is turned on (end of the particle loading phase and start of the heating phase). 𝑡𝐻 339 
is the moment when the solar simulator is turned off and particle heating stops (end of the heating 340 
phase). After 𝑡𝐻, cooling phase starts. 341 

Particles were introduced into the UARR at a certain instant  𝑡𝑝  between  𝑡𝑃𝐻  and 𝑡𝐿 , and 342 
loading operation lasted up to thirty seconds. For sake of simplicity, in the model, particle-bed mass 343 
changes instantaneously from zero to the value corresponding to the particle-bed mass 344 
approximately thirty second before the end of loading phase. 345 

A detailed description of the thermal model is reported in the Appendix C. 346 

3.1. UARR efficiency 347 
At each time step, kiln efficiency (𝜂𝑈𝐴𝑅𝑅

𝑡 ) can be calculated as the ratio between the energy absorbed 349 
by the particles (𝐸𝑛𝑛𝑒𝑡

𝑏 ) and the thermal energy entering the cavity that is supplied by the solar 350 
simulator (𝐸𝑛𝑖𝑛, see equation 12). Spillage losses are not considered, because the solar simulator is 351 
not optimized for this system and the flux distribution is larger than kiln aperture. 352 

𝜂𝑈𝐴𝑅𝑅
𝑡 =

𝐸𝑛𝑛𝑒𝑡
𝑏

𝐸𝑛𝑖𝑛
=
mb · ∑ cp

t · (Tb
t − Tt−1𝑏)

𝑡
𝑡0

∑ 𝑄𝑖𝑛
𝑡 · Δ𝑡𝑡

𝑡0

 
(12) 

In this case, 𝑡 is a generic instant between 𝑡0 (simulation starting point) and 𝑡𝑒𝑛𝑑. 353 

4. Results and discussion 354 

4.1. Experimental tests 355 
Experimental data were obtained thanks to the experimental tests conducted at LaCoSA of 356 

University of Antofagasta. As mentioned before, the process was divided in 4 phases. During P1, the 357 
kiln was maintained without rotation irradiated by the HFSS; when temperature in the cavity (T1) 358 
overcame 100 °C, the rotary kiln was moved through an automatic axis to 𝑑0. The UARR was heated 359 
until it reached the steady state; then the simulator shutter was closed and P2 started. At this point, 360 
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a constant rotation speed of 7.5 rpm was applied to the kiln. The system operated under these 361 
conditions during approximately three minutes until to reach a new steady state and then, 0.043 kg 362 
(corresponding to a FR = 10%) of particles were loaded into the UARR. Loading operation lasted 363 
almost thirty seconds. Afterwards, another thermocouple (T4) was introduced in the cavity and it 364 
was positioned inside the core of the particle bed. Just then, the simulator shutter was opened (P3). 365 
The heating phase was stopped when the last steady state was reached, and the radiation source was 366 
turned off. At that time, P4 begun and the system was cooled down. Temperature measurements 367 
reported in Fig. 5 correspond to the average values with their uncertainty band. Upper and lower 368 
band limits are the sum and the difference of the average value with uncertainties calculated at each 369 
sampling instant (see Appendix D for a mathematical description). Note that temperature values 370 
delivered by T4 present a wider error band, due to the difficulty to maintain the thermocouple in a 371 
fixed position in the core of the bed. However, registered values present a coherent behavior, as well 372 
as their comparison with the simulated results described in section 4.2. Another thermocouple (not 373 
indicated in the figures) measured room temperature that changed from 20 °C at the beginning of the 374 
trial to a maximum of 26 °C at the end of P3. In Fig. 5, at the end of P1, thermocouple T1 reaches 375 
approximately 760 °C. During P2, temperature of T1 decreases 20 °C after the shutter closing, and an 376 
additional decrement until 660 °C was registered when SiC particles were introduced in the cavity. 377 
Meanwhile, an increment from ambient temperature to 500 °C is measured by T4 in the last forty 378 
seconds of P2 (see Fig. 7). One minute after the solar simulator was turned on, the temperature of T4 379 
exceeded the crucible temperature measured by T1. At the end of P3, a maximum wall temperature 380 
of 790 °C was achieved in the middle of the crucible (T1), and the thermocouple inserted in the 381 
particle bed (T4) was measuring in a range of 800 – 820 °C. This gap is due to the kiln rotation which 382 
affected radial and longitudinal position of T4 inside the particle bed. 383 

From these experimental results, it could be inferred that SiC heating is very quick compared to 384 
UARR heating, because mass introduced into the kiln was approximately one hundred times less 385 
than UARR mass. Moreover, the range of temperature accomplishes the objective of the campaign 386 
and demonstrates the feasibility to heat up particles in a solar rotary kiln for thermal storage as well 387 
as for industrial process heat applications above the working temperature range of molten salt. 388 
 389 

 390 
Fig. 5. UARR experimental temperature profiles with corresponding error band.  391 
 392 
 393 
 394 
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4.2. Model validation 395 
To define which model should be used for the estimation of 𝑓𝑐 , 𝐾𝑏 , and ℎ𝑤−𝑏 , a sensitivity 396 

analysis is carried out. Each of the four correlations (Wes, Tscheng, Li, and Schlunder) of ℎ𝑤−𝑏 397 
compared in Herz, is combined with the Maxwell (M) and the EMT model of 𝐾𝑏, for each selected 𝑓𝑐 398 
(𝑓𝑐 = 1, 3, 3.5, 4, 5). As can be seen from table 2, the Biot numbers of both, wall and bed result always 399 
less than 0.1, except for some cases when 𝑓𝑐  = 1. In fact, the kiln rotation improves the thermal 400 
homogenization of the particle bed and helps to balance the spatial temperature differences. 401 

Best fits are obtained when the RMSE and MAPE are minimized. Cases with Wes or Tscheng 402 
models combined with the EMT model are not shown in the table 2, because the achieved ℎ𝑤−𝑏 are 403 
too high and lead to results without physical explanation. Reasonable values are obtained when 𝑓𝑐 = 404 
3.5 for Wes-M and Li-EMT combinations. In particular, MAPE reached a minimum value of 5.1% for 405 
the Li-EMT and RMSE are in most of the cases lower than 20 °C. Highest values of RMSE are achieved 406 
for the particle temperature during P2. This is due to the fast increment of the particle bed 407 
temperature, approximately 20 K s-1. However, this behavior is present only during the last forty 408 
seconds of P2.  409 

In the final evaluation of this work, results obtained with the Li-EMT with a 𝑓𝑐 = 3.5 are used to 410 
assess the kiln performances. Figures 6 and 7 show the comparison between simulated temperature 411 
profiles and the experimental data. The same four phases of the thermal process are reproduced in 412 
the model with the conditions summarized in table 1. The axial movement of the kiln could be 413 
appreciated in Fig. 6, where after the first seven minutes the inlet power changes from a value of 414 
almost 222 W to 369 W. A one-second time step is used in the model. This time step agrees with the 415 
limitations indicated above and corresponds to the experimental frequency of measurements. 416 
However, for a better description of the data obtained, in Fig. 5 and 6 the results are indicated with a 417 
time interval of two minutes and, in Fig. 7, every ten seconds. 418 
 419 

 420 
Fig. 6. Thermal behavior of UARR when irradiated with the solar simulator. Comparison of experimental 421 

(exp) and simulated (sim) temperature profiles. Experimental data are provided with respective colored 422 
uncertainty band. Right y-axis shows the inlet power (Qin) used in the model. 423 

   424 
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Table 2. Sensitivity analysis results. 425 

 𝑓𝑐𝑣 
ℎ𝑤−𝑏 

model 

𝐾𝑏 

model 
ℎ𝑤−𝑏 𝐾𝑏 

Biot  

bed 

Biot 

wall 

RMSE 

bed P2 

RMSE 

bed P3 

RMSE 

bed P4 

RMSE 

wall P2 

RMSE 

wall P3 

RMSE 

wall P4 

MAPE 

total 

1 1 Wes  M 645 0.33 0.2056 0.0091 50 88 137 17 50 75 7.60 

2 1 Tscheng M 1575 0.33 0.2083 0.0091 197 68 147 15 58 79 7.68 

3 1 Li M 386 0.34 0.2031 0.0090 108 108 128 18 43 71 7.53 

4 1 Li EMT 794 20.30 0.0034 0.0091 72 81 140 16 52 76 7.62 

5 1 Schlunder N.a. 3840 N.a. 0.0033 0.0092 273 59 151 14 61 81 7.72 

6 3 Wes  M 627 0.32 0.0688 0.0084 46 28 61 17 8 8 5.29 

7 3 Tscheng M 1524 0.32 0.0696 0.0084 192 17 73 15 9 11 5.34 

8 3 Li M 373 0.32 0.0681 0.0083 111 44 48 18 12 6 5.36 

9 3 Li EMT 770 22.52 0.0010 0.0084 67 24 64 16 8 9 5.29 

10 3 Schlunder N.a. 3735 N.a. 0.0010 0.0085 270 16 79 14 10 13 5.42 

11 3.5 Wes  M 623 0.32 0.0591 0.0082 45 16 44 17 16 11 5.12 

12 3.5 Tscheng M 1513 0.31 0.0597 0.0083 191 15 57 15 10 11 5.14 

13 3.5 Li M 370 0.32 0.0584 0.0082 112 29 30 18 23 12 5.25 

14 3.5 Li EMT 764 22.99 0.0008 0.0082 66 13 47 16 14 11 5.10 

15 3.5 Schlunder N.a. 3710 N.a. 0.0008 0.0083 270 19 63 14 8 11 5.20 

16 4 Wes  M 619 0.31 0.0517 0.0081 44 11 28 17 27 25 5.17 

17 4 Tscheng M 1501 0.31 0.0523 0.0081 190 22 42 15 21 24 5.23 

18 4 Li M 367 0.32 0.0512 0.0080 113 17 15 18 34 26 5.26 

19 4 Li EMT 758 23.44 0.0007 0.0081 64 13 32 16 25 24 5.17 

20 4 Schlunder N.a. 3686 N.a. 0.0007 0.0082 269 28 48 14 18 23 5.29 

21 5 Wes  M 611 0.31 0.0415 0.0078 42 30 10 17 49 52 5.67 

22 5 Tscheng M 1478 0.31 0.0419 0.0079 188 43 16 15 43 52 5.70 

23 5 Li M 361 0.31 0.0411 0.0077 115 19 22 18 55 53 5.75 

24 5 Li EMT 746 24.29 0.0005 0.0078 62 34 10 16 47 52 5.67 

25 5 Schlunder N.a. 3640 N.a. 0.0005 0.0079 268 49 22 14 40 51 5.74 

426 
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 427 
Fig. 7. Thermal behavior of UARR when irradiated with the solar simulator (magnification of P2 phase). 428 

Comparison of experimental (exp) and simulated (sim) temperature profiles. Experimental data are provided 429 
with respective colored uncertainty band. Right y-axis shows the inlet power (Qin) used in the model. 430 

 431 
To evaluate the model accuracy, the absolute value of the relative error between experimental 432 

and simulated temperatures in kelvin is calculated at each instant. Then, the relative errors obtained 433 
from all the temperature curves are arranged in ascending order. In this way, the cumulative 434 
frequency of the relative error can be assessed as shown in Fig. 8. Note that the percentage of the 435 
cumulative frequency is indicated in the x-axis. From that figure it can be deduced that most of the 436 
data present an error lower than 2.4%, and almost three quarters of the relative errors are below 6%. 437 
In table , the MAPE is indicated for each process step and for each temperature curve. High 438 
discrepancies relative to T2 and T3 are evident in the preheating phase. Maximum errors, up to 26% 439 
are obtained for T3 during P1. This fact is probably due to the UARR geometry simplification and 440 
some discrepancies may be also due to a no uniform distribution of the solar spot inside the cavity. 441 
Furthermore, radiation spillage could contribute to heat the receiver externally and it is not included 442 
in the model. In general, and according to the evaluation of the relative error, results coming from 443 
the theoretical model are in good agreement with the experimental data considered. 444 

Table . Percentage of the average relative error between simulated and experimental temperatures for 445 
each process phase. 446 

 P1 P2 P3 P4 

T1 2.2 1.4 1.3 1.3 

T2 8.5 1.9 0.8 2.9 

T3 13.7 3.3 2.1 4.8 

T4 N.a. 8.7 0.9 6.2 

 447 
 448 
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 449 
Fig. 8. Cumulative frequency percentage of the absolute relative error for all the temperature curves 450 

simulated in the model and compared with experimental data. 451 
 452 
This model allows the estimation of the energy gains and losses in the crucible wall during the 453 

process. In Fig. 9, 𝑄𝑖𝑛 is represented by the sum of each contribution in which is subdivided at each 454 
time step. At the beginning of the preheating phase, approximately 60% of the entering energy is 455 
absorbed by the crucible wall, and 35% is reflected from the cavity to the environment. The absorbed 456 
energy increments the crucible temperature; however, part of this energy is lost for inner cavity 457 
convection, re-radiation and external losses from the kiln case. During loading step, when SiC 458 
particles are introduced in the kiln, 𝑄𝑖𝑛  is zero and heat is transferred from the kiln wall to the 459 
particles. Wall temperature decreases and 𝑄𝑛𝑒𝑡

𝑤  is negative. Part of this energy is absorbed by the 460 
particles (𝑄𝑛𝑒𝑡

𝑏  is positive). As consequence, convection, re-radiation and reflection losses from SiC 461 
appear. Note that energy absorbed by the particles in P2 represents the 69% (6.9 Wh) of the total 462 
energy absorbed during both P2 and P3 steps (9.9 Wh). This is reflected in the peak of Fig. 9 where 463 
the energy stored in the wall is transferred to the SiC through radiation (𝑄𝑟𝑎𝑑

𝑤−𝑏 ) and conduction 464 
mechanisms (𝑄𝑐𝑑

𝑤−𝑏). Finally, during the cooling phase, 𝑄𝑖𝑛 is zero again and the energy from the bed 465 
and the kiln is released to the environment (𝑄𝑛𝑒𝑡

𝑤 , 𝑄𝑛𝑒𝑡
𝑏  are negative). These quantities equal the sum 466 

of the losses due to conduction, convection and radiation. As well as during P2 step, reflection losses 467 
are almost zero because the solar simulator is off, and they are composed only by the thermal 468 
radiation emitted and reflected by inner cavity wall and particle bed. 469 

 470 
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 471 
Fig. 9. Instantaneous energy balance of UARR when tested at LaCoSA. Sum of each contribution 472 

corresponds to power entering into the UARR at each moment. 473 
 474 

 475 
Fig. 10. Energy balance of UARR for each process phase.  476 
 477 
Figure 10 shows the energy balance per process phase. The same contributions of Fig. 9 are now 478 

compared in terms of energy. In the left columns, there is the inlet energy (𝐸𝑛𝑖𝑛) and in the right 479 
columns there are the energy losses and energies stored by the cavity wall (𝐸𝑛𝑛𝑒𝑡

𝑤 ) and the particles 480 
(𝐸𝑛𝑛𝑒𝑡

𝑏 ). These quantities are positive if the temperature of the wall or the particles increases, and 481 
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negative if the temperature decreases. The sum of right column components is equal to 𝐸𝑛𝑖𝑛. Energy 482 
stored in the rest of UARR components (insulations, steel rotor and casing) is included in the external 483 
losses (𝐸𝑛𝑙

𝑒𝑥𝑡). It should be noted that P1 is the longest step in time and therefore, energy quantities 484 
are greater than other phases. (the value of 𝐸𝑛𝑖𝑛 in P1 is 998 Wh and in P3 is 510 Wh). In the first 485 
step, the energy is used to heat up the UARR and compensates the thermal losses for convection 486 
radiation and conduction. The 35% of entering energy is instantaneously reflected outside the cavity. 487 
This is mainly related to the wall reflectivity (0.93 for ceramic alumina), and to the cavity shape which 488 
presents a relatively large aperture to favor the incoming radiation from the HFSS. Nevertheless, 489 
considering Lambertian surfaces and comparing the irradiance distribution on the bed and cavity 490 
wall, the low absorptivity of the alumina lead to a more homogeneous irradiance due to a greater 491 
amount of inner reflections, than other materials with higher absorptivity (Gallo et al., 2018). As 492 
consequence, a uniform irradiance in the cavity should favor a uniform distribution of temperature 493 
in the particle bed. 494 

In P1, losses for convection and conduction in the empty kiln are respectively the 27% and 16% 495 
of 𝐸𝑛𝑖𝑛, while 𝐸𝑛𝑛𝑒𝑡

𝑤  is the 16%. When the solar simulator is turned off (𝐸𝑛𝑖𝑛 is zero in P2 and P4), 496 
the released energy to the environment come from the energy stored in the kiln wall (in P2 phase) 497 
and from both the kiln and the particle bed (in P4 phase). In P3 the sum of convective losses from 498 
wall and particles arise to 51% of entering energy and losses for conduction are 19% of 𝐸𝑛𝑖𝑛. The 499 
reflected losses decrease notably in comparison to those calculated for the first step: radiation 500 
reflected by the particle bed is less than 1% of 𝐸𝑛𝑖𝑛 and 13% is reflected by the wall. This difference 501 
is due to the absorptivity of SiC (almost black) that is considerably higher than the one of the kiln 502 
wall (almost white, see tables B1 and B2). The presence of SiC reduces the reflections inside the cavity 503 
and furthermore, the particles cover partially the crucible, reducing the wall area that faces the kiln 504 
aperture. In P1 and P3, radiation losses from the crucible wall are respectively 5.9% and 6.7% of 𝐸𝑛𝑖𝑛. 505 
Radiation losses from the bed arise to almost 4% in the third step. 506 

UARR efficiency is calculated following equation 12. It is evaluated at each time step and 507 
reached a maximum efficiency of 0.85% at the beginning of P3, and a value of 0.65% at the end of P3. 508 
This low efficiency is justified because most of the energy is used to heat up the UARR components 509 
(cavity, insulations, steel rotor, casing, etc.) during the preheating step and only one load of particles 510 
was realized in the trial. Moreover, the receiver mass is approximately two orders of magnitude 511 
higher than the mass of the particle bed. However, these values are in agreement with results 512 
reported for trials realized in reactors that worked in batch mode (0.45 – 3.1% according to Tescari et 513 
al. (2013), Alonso et al. (2017b) and Schunk et al. (2009). Nevertheless, in an industrial scale, a kiln 514 
that works in batch mode should be operated to carry out fast loading and unloading phases in order 515 
to reduce the furnace cooling. Therefore, to reduce the supplied energy and to increase the efficiency, 516 
initial preheating should be performed just once, and then, several particle charges and discharges 517 
could be executed. In the case of UARR, another factor that penalizes the results are reflection losses 518 
that are considerable high due to the reflectivity of the alumina, and to the relatively large kiln 519 
aperture, as mentioned above. Natural convective losses in the particle bed and inside the kiln are 520 
also significant due to the great difference of temperature between particles/cavity and the 521 
environment. On the contrary, forced convection results almost negligible, due to the low rotational 522 
speed. Finally, conductive losses could be substantially reduced, improving the insulation of the 523 
UARR cavity. 524 

Furthermore, depending on the application, it should be interesting to remove the particles from 525 
the cavity when a desired temperature is reached, before to get the steady state. In this way, a great 526 
amount of energy should be saved, and the process efficiency improves considerably because the 527 
particle temperature increases substantially in the first minutes after loading. Afterwards, the 528 
temperature variation is marginal (see Fig. 6 and 7). An example of this operation mode is reported 529 
in the following chapter. 530 

 531 
 532 
 533 
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4.3. Batch processing assessment 535 
A likely use of the UARR for the treatment of several batches of granular material is proposed 537 

and assessed. Depending on the desired material treatment, a setpoint temperature should be 538 
defined. The empty kiln is preheated at the beginning of the process just once and then, particles are 539 
introduced into the receiver until they reach the setpoint temperature. After that, they are unloaded, 540 
and another batch is inserted into the kiln cavity. The procedure is repeated several times. An 541 
example of this operating mode is shown in Fig. 11. In that case, the setpoint temperature is 700 °C 542 
and thirty-two batches of 43 g of silicon carbide are introduced and discharged every 13 minutes. 543 
During a working period of 8 hours, 1.38 kg of material can be treated. As can be observed, the 544 
efficiency increases during all the process and reaches a value close to the 12%. 545 

 546 

 547 
Fig. 11. Particle temperature (Tp), wall temperature (Tw), and UARR efficiency (η) for a setpoint 548 

temperature of 700 °C. 549 
 550 

An analogous assessment is realized for setpoint temperatures of 600, and 800 °C. In Fig. 12, the 551 
UARR efficiencies are indicated for different working periods. As can be seen, the higher the working 552 
period the higher the efficiency, and the lower the setpoint the higher the efficiency. In the case of the 553 
setpoint fixed to 600 °C, fifty-seven batches and 2.45 kg of SiC can be treated for eight hours. This is 554 
possible because the time to reach the desired temperature (treatment time) is shorter and it takes 555 
approximately eight minutes. For this case, a maximum UARR efficiency of more than 20% is 556 
estimated. Table 4 summarizes the results and the parameters used in the simulations. 557 
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 558 
Fig. 12. UARR efficiency for different setpoint temperatures and working hours. 559 

 560 

Table 4. Mass and batches treated for different working time (2, 4, 6, 8 hours) and for different setpoint 561 
temperatures (SPT). Treating time and pre-heating (PH) time are also indicated. 562 

SPT 

(°C) 

Treating 

time 

(minute) 

PH time 

(minute) 

2 hr 4 hr 6 hr 8 hr 

batch 

(-) 

mass 

(kg) 

batch 

(-) 

mass 

(kg) 

batch 

(-) 

mass 

(kg) 

batch 

(-) 

mass 

(kg) 

600 7.75 43 10 0.43 25 1.09 41 1.76 57 2.45 

700 13 66 4 0.18 13 0.58 23 0.97 32 1.39 

800 45 140 0 0.00 2 0.10 5 0.21 8 0.33 

 563 

5. Conclusion 564 
Solar rotary kilns are presented as an option for direct thermal treatment of particles and for 565 

production of industrial process heat. Moreover, they have the potential to be used in storage systems 566 
above the typical operation temperature range of molten salt (> 600 °C). In order to asses this 567 
technology, a lab scale solar rotary kiln (UARR) was tested to work in batch mode at LaCoSA of 568 
University of Antofagasta, using a 7-kWe High Flux Solar Simulator  as concentrated radiation 569 
source. Silicon carbide was selected to provide information about thermal treatment of particles 570 
because it is inert, and used in several CSP researches as thermal “vector” and as thermal medium 571 
for heat storage systems. 572 

The UARR was tested satisfactorily under different conditions (static, rotating, empty and filled). 573 
A steady state temperature of approximately 800 °C in the interior of the empty cavity was achieved 574 
after approximately 165 minutes. Then, the kiln was filled with 43 g of SiC particles and was heated 575 
again. In less than a couple of minutes, the SiC temperature overcame the crucible one; then, the 576 
steady state was reached 83 minutes after the particle loading, achieving a SiC temperature of 820 °C. 577 

Results from a transient one-dimensional numerical model show a good agreement with the 578 
experimental measurement and a relative error is lower than 2.4% for more than 50% of the data and 579 
an error of 6% for 75% of the data. The numerical model is solved in a very short computational time, 580 
approximately three minutes, thanks to some applied simplifications: low Biot numbers allow to 581 
assume a uniform radial temperature in both the crucible wall and the particle bed, and average 582 
temperatures are considered in the kiln axial direction. However, in longer kilns, a three-dimensional 583 
analysis is recommended, due to the likely temperature gradients that can arise in the longitudinal 584 
direction. 585 
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The kiln efficiency results equal to almost 1% for the present experimental procedure. This value, 586 
that is typical for single trial realized in receivers and reactors that work in batch mode, is justified 587 
because most of the energy (60%) is used to preheat the empty kiln. Furthermore, due to the high 588 
reflectivity of the alumina crucible and to the relatively large aperture of the kiln, a great amount of 589 
energy (35% of inlet power) is reflected to the environment. In an industrial scale, a batch operating 590 
mode should be planned to reduce the furnace cooling during the phases of material loading and 591 
unloading. In this way, the initial preheating up to a defined temperature should be performed only 592 
the first time, and then particles can be charged and discharged several times with a limited supply 593 
of energy. 594 

An example of the UARR operation in batch mode during up to 8h shows as the kiln could be 595 
used for several batches of granular material with an increasing efficiency up to more than 20%. 596 
Additionally, this work proves the suitability of a rotary solar receiver for different applications 597 
involving direct heating of particles in a temperature range of 600-850 °C, with the potential to 598 
operate with high efficiency. This detailed analysis is performed using the developed numerical 599 
model and shows its applicability to the construction of further solar rotary kilns, their scaled up and 600 
optimization for specific applications. 601 
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Appendix A. Geometrical data 612 
With the working condition of the kiln used in the experiment (N=7.5 rpm, FR%=10.9%), the 613 

volume occupied by the granular bed (𝑉𝑏) could be approximated by a cylindrical segment (𝐴𝑏
𝑡𝑟 · 𝐿). 614 

In equations A1-A6, 𝑉𝑐𝑎𝑣 is the inner volume of the cavity, 𝜃 is the center angle that is delimited by 615 
the bed chord c (see equation A2 and Fig. 1b), ℎ is the constant height of the bed, and 𝐴𝑐𝑏−𝑐𝑤 is the 616 
contact surface between the bed and the inner surface of the crucible. 617 

𝐹𝑅% =
𝑉𝑏
𝑉𝑐𝑎𝑣

· 100 (A1) 

𝐴𝑏
𝑡𝑟 =

𝑉𝑏
𝐿
=
𝑅2(𝜃 − sin 𝜃)

2
 (A2) 

𝑐 = 2𝑅 sin
𝜃

2
 (A3) 

𝐴𝑏 = 𝑐 · 𝐿 (A4) 

ℎ = 𝑅 (1 − cos
𝜃

2
) (A5) 

𝐴𝑐𝑏−𝑐𝑤 = 𝜃 · 𝑅 · 𝐿 + 2𝐴𝑏
𝑡𝑟 (A6) 

Appendix B. Particle properties 618 
The properties of particles and kiln components are resumed in table B1 and B2. 619 
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Table B1. Silicon carbide particle properties (Gallo et al., 2015; Industrial Comercial Chile Ltda., 2018; 620 
Perry, 1997; Touloukian, 1967). 621 

Property Symbol Value 
Unit of 

measure 

bulk mass 𝑚𝑏 0.043 kg 

mean particle diameter 𝐷𝑝  4·10-4 m 

particle density 𝜌𝑝 3215 kg m-3 

bulk density 𝜌𝑏 1720 kg m-3 

emissivity 𝜀𝑝 0.85 - 

Table B2. UARR properties as function of temperature (Bellan et al., 2013a; Bentz and Prasad, 2007; Bogaard et 622 
al., 1993; Perry, 1997; Rath, 2019; Sweet et al., 1987; Touloukian, 1967). 623 

Property Unit 

𝐾𝑤 = 29, 12, 9 at 20, 500, 1000 °𝐶  W m-1K-1 

𝑐𝑝𝑤 = 1000 · (1.0446 + 1.742 · 10
−4 · 𝑇 − 2.796 · 104 ·  𝑇−2) J kg-1K-1 

𝜌𝑤 = 3900 kg m-3 

𝜀𝑤 = 0.07 - 

𝐾𝑖𝑛𝑠 = 0.06, 0.1, 0.16, 0.25, 0.39 at 200, 400, 600, 800, 1000 °𝐶 W m-1K-1 

𝑐𝑝𝑖𝑛𝑠 = 880, 1047 at 200, 982 °𝐶 J kg-1K-1 

𝜌𝑖𝑛𝑠 = 100 kg m-3 

𝐾𝑠𝑡𝑒𝑒𝑙 = 9.705 + 0.0176 · 𝑇 − 1.60 · 10
−6 · 𝑇2  W m-1K-1 

𝑐𝑝𝑠𝑡𝑒𝑒𝑙 = 6.683 +  0.04906 · T +  80.74 · log(𝑇) J kg-1K-1 

𝜌𝑠𝑡𝑒𝑒𝑙 = 7750 kg m-3 

𝜀𝑠𝑡𝑒𝑒𝑙 = 0.07 - 

𝐾𝑝 = 1299 − 3.9407 · 𝑇 + 4.8745 · 10
−3 · 𝑇2 − 2.6974 · 10−6 · 𝑇3 + 5.4787 · 10−10 · 𝑇4 W m-1K-1 

𝑐𝑝𝑝 = −126.97 + 3.7396 · 𝑇 − 4.1047 · 10
−3 · 𝑇2 + 2.1063 · 10−6 · 𝑇3 − 4.0566 · 10−10 · 𝑇4 J kg-1K-1 

𝐾𝑎𝑖𝑟 = 1299 − 3.9407 · 𝑇 + 4.8745 · 10
−3 · 𝑇2 − 2.6974 · 10−6 · 𝑇3 + 5.4787 · 10−10 · 𝑇4 W m-1K-1 

𝑐𝑝𝑎𝑖𝑟 = 997.6 + 1.458 · 10
−1 · 𝑇 − 1.236 · 10−3 · 𝑇2 +  4.085 · 10−6 · 𝑇3 − 5.371 · 10−9 · 𝑇4 + 3.526

· 10−12 · 𝑇5 − 1.159 · 10−15 · 𝑇6 + 1.523 · 10−19 · 𝑇7 
J kg-1K-1 

 624 

Appendix C. Thermal model 625 
In the UARR the incoming radiation from the solar simulator is transferred by radiation, 626 

reflection, convection and conduction to the kiln component and to the particle bed. Hereunder, these 627 
mechanisms are detailed. 628 

C.1. Radiative heat transfer 629 
Radiative losses (𝑄𝑟𝑎𝑑

𝑙 ) calculation in cavity receivers are often challenging. Due to the geometry 630 
complexity and thermal gradients inside the cavity, some geometry simplifications are assumed to 631 
calculate surface view factors (𝐹𝑥−𝑦). For each material surface the temperature is considered spatially 632 
uniform as well as its emissivity, absorptivity, and reflectivity. Cases with and without particles 633 
inside the kiln are distinguished. For the case without particles, two surfaces are considered: aperture 634 
(𝐴𝑎𝑝) and interior cavity wall (𝐴𝑤). 𝐹𝑎𝑝−𝑤 is assumed equal to 1 because aperture is a flat surface 635 
facing the inner walls of the cavity. 𝐹𝑤−𝑎𝑝 is calculated as the ratio between both surfaces: 𝐴𝑎𝑝/𝐴𝑤. 636 

For cases with particles, the upper particle bed surface (𝐴𝑏) is treated as a plane that cuts the 637 
cylinder volume. In these cases, 𝐴𝑤 represents the part of an interior cavity wall that is not covered 638 
by particles. A radiation network approach applied to a three-surface enclosure is adopted (see Fig. 639 
C1 and C2). 640 

In Fig. C1b, a schematic diagram of the radiative exchange is depicted and in Fig. 6, the 641 
triangular configuration of the radiation network is shown. The radiation network is based on an 642 
analogy with an electrical system where resistances are (Ai·Fij)-1 and the differences of radiosity of 643 
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each surface or ( ) are the driving potentials (Incropera et al., 2011a). The generic radiosity 
 is defined as the sum of the emitted and reflected radiative flux by the i-surface, while  represents 

the total emissive power of a blackbody at the temperature of the -surface. For the aperture, the 
entering radiative flux is considered equal to the sum of the emissive power of the environment ( ) 
and the heat flux on the aperture surface (qin). Each effective radiative exchange , indicated in 
Fig. 6, is obtained multiplying the radiosity difference for the area  of the i-surface and the 
corresponding view factor . In the case of the aperture, reflections are not considered, and the 
emitted power corresponds to the incoming solar power .  is split into two components, one 
towards the inner cavity and another one towards the particle bed. 

 

 
(a) (b) 

Fig. C1. (a) Cavity surfaces considered in the model. (b) radiative exchanges between surfaces. Arrow 
directions represent positive values during receiver heating (Qin>0). 

 
Fig. C2. Radiation network approach for three-surface enclosure applied to the rotary kiln (Incropera et al., 
2011a). 

 
View factor calculation of each surface pair (see Fig. C2) is based on the reciprocity relations (

) and the summation rule ( ).  is based on the correlation proposed by Abishek 
et al. (2007) for the case of a disk and a rectangle in perpendicular planes (see equation C1.1). The 
disk represents the cavity aperture and the rectangle corresponds to the plane cutting the cylinder 
just below the aperture without any gap between them. Therefore, this method neglects the gap 
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between the particle bed and the aperture (see Fig. C1a). The following correlation is valid for 0.1 <664 
𝐿

𝑅𝑎𝑝
< 10.0 and 0.1 <

𝑐

𝑅𝑎𝑝
< 10.0. 665 

𝐹𝑏−𝑎𝑝 =

0.5974 [(0.05
𝑐

𝑅𝑎𝑝
 + (

𝑐

𝑅𝑎𝑝
)
2

)

0.4976

(0.05
𝐿

𝑅𝑎𝑝
+ (

𝐿

𝑅𝑎𝑝
)
2

)

0.2091

+ 0.5974(0.1𝐴𝑎𝑝 + 𝐴𝑎𝑝
2 )

0.0613
]

(
𝑐

𝑅𝑎𝑝
+ (

𝑐

𝑅𝑎𝑝
)
4

)

0.4685

+ (
𝐿

𝑅𝑎𝑝
+ (

𝐿

𝑅𝑎𝑝
)
4

)

0.30775

+ (A𝑎𝑝 + Aap
2 )

0.7457

 

 

(C1.1) 

Once all the Fi-j  are known, a lineal system is solved to estimate the radiosities in each node 666 
(Incropera et al., 2011a). The system is written with the use of a matrix in the following form: 667 

[𝑨] · [𝑱] = [𝑩] (C1.2) 

where, 668 

[𝑨] =

(

 
 
𝐹𝑤−𝑎𝑝 + 𝐹𝑤−𝑏 +

𝜀𝑤
1 − 𝜀𝑤

−𝐹𝑤−𝑏 −𝐹𝑤−𝑎𝑝

−𝐹𝑏−𝑤 𝐹𝑏−𝑎𝑝 + 𝐹𝑏−𝑤 +
𝜀𝑏

1 − 𝜀𝑏
−𝐹𝑏−𝑎𝑝

0 0 1 )

 
 

 (C1.3) 

[𝑱] = (

𝐽𝑤
𝐽𝑏
𝐽𝑎𝑝

) (C1.4) 

[𝑩] =

(

 
 
 
 

𝜎𝑇𝑤
4
𝜀𝑤

1 − 𝜀𝑤

𝜎𝑇𝑏
4
𝜀𝑏

1 − 𝜀𝑏

𝜎𝑇𝑎𝑚𝑏
4 +

𝑄𝑖𝑛
𝐴𝑎𝑝)

 
 
 
 

 (C1.5) 

and it is solved for [J] using the expression of equation C1.6. 669 

[𝑱] = [𝑨]−1[𝑩] (C1.6) 

Because εap = 1, the third coefficient raw of [A] can be simplified and Jap results equal to 𝐸𝑎𝑝 +670 
𝑞𝑖𝑛 , as in a short circuit, where no resistances are present. However, radiosities depend on surface 671 
temperature, hence the system is solved for each time step at which the balance of energy is 672 
computed. The total radiative exchange between each pair of surfaces can be counted as indicated in 673 
equations C1.7, C1.8, and C1.9. 674 

𝑄𝑟𝑎𝑑
𝑤−𝑏 = −𝑄𝑟𝑎𝑑

𝑏−𝑤 = 𝐴𝑤𝐹𝑤−𝑏(𝐽𝑤 − 𝐽𝑏) = 𝐴𝑏𝐹𝑏−𝑤(𝐽𝑏 − 𝐽𝑤) (C1.7) 

𝑄𝑟𝑎𝑑
𝑏−𝑎𝑝

= −𝑄𝑟𝑎𝑑
𝑎𝑝−𝑏

= 𝐴𝑏𝐹𝑏−𝑎𝑝(𝐽𝑏 − 𝐽𝑎𝑝) = 𝐴𝑎𝑝𝐹𝑎𝑝−𝑏(𝐽𝑎𝑝 − 𝐽𝑏) (C1.8) 

𝑄𝑟𝑎𝑑
𝑤−𝑎𝑝

= −𝑄𝑟𝑎𝑑
𝑎𝑝−𝑤

= 𝐴𝑤𝐹𝑤−𝑎𝑝(𝐽𝑤 − 𝐽𝑎𝑝) = 𝐴𝑎𝑝𝐹𝑎𝑝−𝑤(𝐽𝑎𝑝 − 𝐽𝑤) (C1.9) 

Finally, equation C1.10 quantifies the receiver radiation losses through the kiln aperture due to 675 
the temperature difference between wall or particles and the external environment. 676 

𝑄𝑟𝑎𝑑
𝑙 = 𝑄𝑟𝑎𝑑−𝑜𝑢𝑡

𝑤 + 𝑄𝑟𝑎𝑑−𝑜𝑢𝑡
𝑏 = 𝐴𝑤𝐸𝑤−𝑎𝑝 + 𝐴𝑏𝐸𝑏−𝑎𝑝 =

𝜎(𝑇𝑤
4 − 𝑇𝑎𝑚𝑏

4 )𝐴𝑤
1

𝐹𝑤−𝑎𝑝
+
1−𝜀𝑤

𝜀𝑤

+
𝜎(𝑇𝑏

4 − 𝑇𝑎𝑚𝑏
4 )𝐴𝑏

1

𝐹𝑏−𝑎𝑝
+
1−𝜀𝑏

𝜀𝑏

 (C1.10) 

B.2. Reflection losses 677 
Cavity receivers present lower reflection losses than external ones; however, part of the radiation 678 

impinging on the receiver is still reflected towards the environment from the particles and kiln wall. 679 
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From Fig. C1b and C2 equations C2.1-C2.3 can be deduced and used to quantify the reflection losses 680 
in the model. 681 
𝑄𝑟𝑒𝑓𝑙
𝑤−𝑎𝑝

= 𝐴𝑎𝑝𝐸𝑎𝑝−𝑤 + 𝑄𝑖𝑛
𝑎𝑝−𝑤

− 𝑄𝑟𝑎𝑑
𝑤−𝑎𝑝

− 𝑄𝑟𝑎𝑑−𝑜𝑢𝑡
𝑤 = 𝐽𝑎𝑝𝐴𝑎𝑝𝐹𝑎𝑝−𝑤 − 𝑄𝑟𝑎𝑑

𝑤−𝑎𝑝
− 𝑄𝑟𝑎𝑑−𝑜𝑢𝑡

𝑤  (C2.1) 

𝑄𝑟𝑒𝑓𝑙
𝑏−𝑎𝑝

= 𝐴𝑎𝑝𝐸𝑎𝑝−𝑏 + 𝑄𝑖𝑛
𝑎𝑝−𝑏

− 𝑄𝑟𝑎𝑑
𝑏−𝑎𝑝

− 𝑄𝑟𝑎𝑑−𝑜𝑢𝑡
𝑏 = 𝐽𝑎𝑝𝐴𝑎𝑝𝐹𝑎𝑝−𝑏 − 𝑄𝑟𝑎𝑑

𝑏−𝑎𝑝
− 𝑄𝑟𝑎𝑑−𝑜𝑢𝑡

𝑏  (C2.2) 

𝑄𝑟𝑒𝑓𝑙
𝑙 = 𝑄𝑟𝑒𝑓𝑙

𝑤−𝑎𝑝
+ 𝑄𝑟𝑒𝑓𝑙

𝑏−𝑎𝑝 (C2.3) 

B.3. Convective losses 682 
 683 

ℎ𝑐𝑣 = ℎ𝑛𝑐 + ℎ𝑓𝑐  =
𝑁𝑢𝑛𝑐 ∙ 𝐾𝑎𝑖𝑟

𝐷
 + ℎ𝑓𝑐 

(C3.1) 

Stine and Mcdonald indicated that Nu for natural convection can be calculated by equations C3.2-684 
C3.5, where Gr is the number of Grashof (105 < Gr < 1012), s is the slope of the reactor in degree (for the 685 
present case s = 0), 𝛽 the coefficient of volumetric expansion, 𝜈 the cinematic viscosity of the air at 686 
the ambient temperature, and g is the gravity acceleration (Mcdonald, 1995), 687 

𝑁𝑢𝑛𝑐 = 0.088 ∙ 𝐺𝑟
1

3 ∙ (
𝑇𝑐𝑎𝑣
𝑇𝑎𝑚𝑏

)
0.18

∙ (cos 𝑠)2.47 ∙ (
𝐷𝑎𝑝

𝐷
)
𝑝

 
(C3.2) 

𝐺𝑟 =
𝑔 ∙ 𝛽 ∙ (𝑇𝑐𝑎𝑣 − 𝑇𝑎𝑚𝑏) ∙ 𝐷

3

𝜈2
 

(C3.3) 

𝑝 = 1.12 − 0.982 ∙ (
𝐷𝑎𝑝

𝐷
) 

(C3.4) 

𝑇𝑐𝑎𝑣 =
𝑇𝑤𝐴𝑤 + 𝑇𝑏𝐴𝑏

𝐴𝑐𝑎𝑣
 (C3.5) 

with 𝐴𝑐𝑎𝑣 = 𝐴𝑤 + 𝐴𝑏 . To calculate Nu for forced convection, the correlation in C3.6 from Ma (1993) is 688 
used, 689 

ℎ𝑓𝑐 = 0.1967 ∙ (𝑣𝑟𝑜𝑡 + 𝑣𝑎𝑖𝑟)
0.1849 (C3.6) 

where vrot and vair are the kiln rotational speed and the air velocity in the room in m·s-1. 690 

B.4. Conduction losses 691 
As mentioned in the text, several models contact exchange coefficients have been proposed in 692 

literature. Here, it is shown the Li et al. (see equation C4.1 and C4.2) model that is the one that best 693 
fit with the experimental results. 𝐾𝑏 is the effective bulk conductivity,  is the bed porosity, and 𝛼𝑏 694 
is the thermal diffusivity. 695 

𝑄𝑐𝑑
𝑤−𝑏 = −𝑄𝑐𝑑

𝑏−𝑤 = ℎ𝑤−𝑏𝐴𝑐𝑏−𝑐𝑤(𝑇𝑤 − 𝑇𝑏) (C4.1) 

ℎ𝑤−𝑏 =
1

𝑑𝑝·Γ

𝐾𝑎𝑖𝑟
+

1
2𝐾𝑏

√𝜋𝜏𝛼𝑏

 
(C4.2) 

𝐾𝑏 =
1

4
𝐾𝑎𝑖𝑟 {

(2 − 3) · 𝐾𝑝

𝐾𝑎𝑖𝑟
+ 3 − 1 + √[(

(2 − 3) · 𝐾𝑝

𝐾𝑎𝑖𝑟
) + 3 − 1]

2

+
8𝐾𝑝

𝐾𝑎𝑖𝑟
} 

(C4.3) 

 = 1 − 𝜌𝑟𝑒𝑙 = 1 −
𝜌𝑏
𝜌𝑝

 (C4.4) 
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(C4.5) 

  (C4.6) 

 are the density and the specific heat of the particle bed, respectively.  and  are 
calculated at interstitial air temperature that is considered equal to bed temperature.  is a parameter 
that is included between 0.096 and 0.198. Equations C4.3 corresponds to the EMT equation for the 
effective conductivity. 

B.5. Insulation, rotor and casing heat losses 

To quantify the heat losses due to conduction, radiation and convection from the receiver 
external casing ( ), the UARR is discretized in the radial direction into five control volumes and 
ten elements. Control volumes correspond to the different material layers. The external metal of the 
case is split into two control volumes, and each control volume, except the last one, is subdivided 
into two elements. An extra element is added to count the thermal exchange with the environment 
(see Fig. C3). For sake of simplicity, bottom and front parts were considered adiabatic and rotation is 
neglected in the conduction calculation. 

 

 
Fig. C3. Electric circuit analogy for external heat losses from cavity wall to ambient around receiver external 

casing. 
 
Making the analogy with an electric system (see Fig. C3), thermal resistance due to conduction 

( ), convection ( ) and radiation ( ) can be calculated assuming a series and parallel 
resistive circuit (Incropera et al., 2011b). 

Thermal resistance by conduction through the different layers of the kiln shell is calculated 
following the typical equation of a finite annular cylinder. For the elements , 

 (C5.1) 

where ,  and  are the inner radius, the external one and the conductivity of the j element.  
is the length of the cylindrical element j. For the last element ( thermal resistance is due to 
external convection and radiation. 

Hence, for the element , 

 (C5.2) 

 (C5.3) 
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𝑇𝑅𝑟𝑎𝑑 =
1

𝜀𝑒𝑥𝑡𝜎𝐴𝑒𝑥𝑡(𝑇𝑒𝑥𝑡 + 𝑇𝑎𝑚𝑏)(𝑇𝑒𝑥𝑡
2 + 𝑇𝑎𝑚𝑏

2 )
 (C5.4) 

where 𝑇𝑒𝑥𝑡  and 𝑇𝑎𝑚𝑏  correspond to the external casing temperature and ambient temperature, 722 
respectively. 𝐴𝑒𝑥𝑡 , ℎ𝑐𝑣

𝑒𝑥𝑡 , 𝜀𝑒𝑥𝑡 are the external surface, the convective coefficient and the emissivity of 723 
the kiln casing. Note that 𝐴𝑒𝑥𝑡  represents only the lateral walls. This fact is justified by the presence 724 
of higher thicknesses of insulation or stagnant air at the bottom and front parts of the UARR. 𝜎 is 725 
the Stefan-Boltzmann’s constant. 726 

The energy exchange in the receiver surfaces for a specific moment is reported so far; however, 727 
to evaluate the receiver transient thermal behavior, it is also necessary to discretize the time. To solve 728 
the heat losses due to conduction, a numerical explicit method is adopted, as it can be deduced from 729 
the equations C5.5, C5.6 and C5.7. 730 

The inner cavity wall temperature calculated in the transient model at the previous time step, is 731 
used as boundary condition to estimate the temperature in radial direction of kiln insulations, rotor, 732 
and casing. For i = 1, 733 

𝑇1
𝑡 = 𝑇1

𝑡−1 +
∆𝑡

𝑚1 · 𝑐𝑝1
· [
𝑇𝑤
𝑡−1 − 𝑇1

𝑡−1

𝑇𝑅1
+
𝑇1
𝑡−1 − 𝑇2

𝑡−1

𝑇𝑅2 + 𝑇𝑅3
] (C5.5) 

for the control volumes 2 < 𝑖 < 4 and the elements 𝑗 = 2𝑖, 734 

𝑇𝑖
𝑡 = 𝑇𝑖

𝑡−1 +
∆𝑡

𝑚𝑖 · 𝑐𝑝𝑖
· [
𝑇𝑖−1
𝑡−1 − 𝑇𝑖

𝑡−1

𝑇𝑅𝑗−2 + 𝑇𝑅𝑗−1
+
𝑇𝑖
𝑡−1 − 𝑇𝑖+1

𝑡−1

𝑇𝑅𝑗 + 𝑇𝑅𝑗+1
] (C5.6) 

for i = 5, T5 =Text. 735 

𝑇𝑒𝑥𝑡
𝑡 = 𝑇𝑒𝑥𝑡

𝑡−1 +
∆𝑡

𝑚5 · 𝑐𝑝5
· [
𝑇4
𝑡−1 − 𝑇𝑒𝑥𝑡

𝑡−1

𝑇𝑅8 + 𝑇𝑅9
+
𝑇𝑒𝑥𝑡
𝑡−1 − 𝑇𝑎𝑚𝑏

𝑡−1

𝑇𝑅10
] (C5.7) 

To ensure the convergence, a stability criterium regarding the maximum time step is established 736 
(see equation C5.8). Hence, the time step must be minor than a maximum value calculated for each 737 
control volume (∆𝑡 < ∆𝑡𝑚𝑎𝑥

𝑖 ). 738 

∆𝑡𝑚𝑎𝑥
𝑖

𝑚𝑖 · 𝑐𝑝𝑖
· [
𝑇𝑖−1
𝑡−1 − 𝑇𝑖

𝑡−1

𝑇𝑅𝑗−2 + 𝑇𝑅𝑗−1
+
𝑇𝑖
𝑡−1 − 𝑇𝑖+1

𝑡−1

𝑇𝑅𝑗 + 𝑇𝑅𝑗+1
] < 1 (C5.8) 

Once the time step and 𝑄𝑒𝑥𝑡
𝑙  are known, the described energy balances can be solved. 739 

 740 

Appendix D. Assessment of uncertainty and errors 741 

D.1. Uncertainties in the measurement 742 
Temperature measurements were realized with k-type thermocouples and were repeated three 743 

times (r = 3). The mean values 𝑇𝑒𝑥𝑝,𝑖
𝑡  is calculated at each instant (t) of the i-thermocouple. Then an 744 

unbiased standard deviation (𝜎1,𝑖
𝑡 ) is associated to the mean value. 745 

𝜎1,𝑖
𝑡 =

|𝑇𝑠𝑖𝑚,𝑖
𝑡 − 𝑇𝑒𝑥𝑝,𝑖

𝑡 |

𝑇𝑒𝑥𝑝,𝑖
𝑡 · 100 (D1.1) 

The accuracy of k-type thermocouples is 0.75% of measured temperature (see equation D1.2). 746 
Combining both uncertainties, the total uncertainty (𝜎𝑖

𝑡) is indicated in equation D1.3. 747 

𝜎2,𝑖
𝑡 = 0.0075 · 𝑇𝑒𝑥𝑝,𝑖

𝑡  (D1.2) 

𝜎𝑖
𝑡 = √𝜎1,𝑖

𝑡 2 + 𝜎2,𝑖
𝑡 2 (D1.3) 



 28 of 31 

 

D.2. Errors in the model 748 
In order to assess the model quality, the percentage of the absolute relative errors (𝐸𝑟%𝑇𝑖

𝑡 ) 749 
between simulated and experimental temperature curves at each time step (t) are calculated as 750 
indicated in equation D2.1 751 

𝐸𝑟%𝑖
𝑡 =

|𝑇𝑠𝑖𝑚,𝑖
𝑡 − 𝑇𝑒𝑥𝑝,𝑖

𝑡 |

𝑇𝑒𝑥𝑝,𝑖
𝑡 · 100 (D2.1) 

where i refers to the measurement of a specific thermocouple. Then, all the 𝐸𝑟%𝑇𝑖
𝑡  are arranged in 752 

ascending order for the estimation of the cumulative frequency of the relative errors. 753 
For completeness, the root-mean-square error (RMSE) and the mean absolute percentage error 754 

(MAPE) are also calculated: 755 

𝑀𝐴𝑃𝐸𝑖 =
∑ 𝐸𝑟%𝑖

𝑡𝑛
𝑡=1

𝑛
 (D2.2) 

𝑅𝑀𝑆𝐸𝑖 =
√
∑ (𝑇𝑠𝑖𝑚,𝑖

𝑡 − 𝑇𝑒𝑥𝑝,𝑖
𝑡 )

2𝑛
𝑡=1

𝑛
 (D2.3) 
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