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Abstract: Recent worldwide concerns on CO; emission and anticipation of fossil fuel decreasing usage have increased
the number of research on renewable energy. In Brazil, several agendas were implemented in last years on attempts of
diversifying the well-established hydraulic power plants for electricity production and minimizing environmental harmful
effects. In this context, the solar energy is highlighted as a promising source since concentrated solar power (CSP) plants
already represent a fair amount of total energy produced in developed countries such as USA. and Spain. Therefore, the
aim of this work is to analyze the cavity of a CSP system and develop a basic thermal model. Therefore, heat losses in
the cavity occurring by re-radiation and convection at the window have been studied, as well as heat losses in the cavity-
receiver body. The model was successfully implemented and can be used for various applications.

Keywords: Solar energy, cavity-receiver, renewable energy, thermal modeling.

1. INTRODUCTION

One of the humanity’s greatest challenges is to supply the increasing energy demand. Once this issue is solved using
a clean and low-cost energy, it would settle other concerns such as pollution, food production, drinking water supply, and
so on (Smalley, 2005). Solar energy is largely available in Brazil and furthermore is almost carbon-free (IEA, 2009). But
there are some drawbacks: the dispersion and the intermittency. Due to these barriers, it is necessary to collect, concentrate
and, if possible, storage the solar energy. In this, the concentrated solar power (CSP) may be an excellent option on the
matter.

It is important to know that the Brazilian electrical power grid is largely dominated by hydraulic power, accounting
61,2% of'total (ANEEL, 2017), which can be dependent on problems such as drought periods. The second place on power
supply is held by fossil fuels (16,6%). The use of CSP is a good answer to diversifying this grid taking into account the
welfare of the planet.

The CSP is a system used to generate solar power by concentrating solar thermal energy onto an reflective surface. It
works based on direct normal irradiance (DNI), which is highly abundant on the northeast region of Brazil, as show in
Fig. 1. Solar thermal energy is not yet economic competitive, but if it relies on well thought incentive programs (Marques,
2015), it can lead to a positive feedback. Lessons can be learned from mistakes and successes of countries where the CSP
was successfully added up to the power grid, such as USA. (Fthenakis, et al., 2009), Spain (Martin ef al., 2015), India
(Aruna Kumarankandath, 2015) and Morocco (Frisari and Stadelmann, 2015; Perez et al., 2014).

A CSP system is composed, mainly by a reflecting mirror and a cavity. Figure 2 shows a schematic model in which
one can see solar rays being reflected by a parabolic dish mirror, working as concentrator and reflector, to the solar cavity-
receiver located at the focal point of the paraboloid. Currently, there are four kinds of CSP technologies: parabolic through,
parabolic dish, Fresnel lens, and solar tower. Cavities may be as diversified as it can be modeled and built. A high-flux
solar simulator consisting on sky searchlights (Xenon lamps), a paraboloid mirrored surface and a cylindric cavity has
been designed and built at SISEA laboratory at University of Sdo Paulo by Rodrigues, ef al. (2014).

Thus, it is important to understand the cavity-receiver behavior, heat losses involved — which are increased by the high
temperatures — and material and geometry effects in order to properly design the right cavity for each application.

Although the main losses mechanisms in the receiver are due to reflection, radiation, conduction and convective heat
losses through the cavity aperture, it is necessary to study the magnitude of all kinds of losses.

Harris and Lenz (1985) estimated the heat losses on the CSP system operating from 550°C to 900°C as follows: the
greatest loss is due to imperfect concentrator surface reflectivity (less than 1%), followed by a vast loss due to radiation
spillage around the cavity aperture and re-radiation, relatively expressive loss by convection through the cavity aperture
and minimum losses caused by conduction through the walls and shadowing of the concentrator produced by the cavity
position.
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Figure 2. Parabolic dish concentrator diagram. Adapted

Figure 1. Direct Normal Irradiation in Brazil from (Abbasi-Shavazi et al., 2015)

(Solargis, 2016)

A 3D numerical modeling has been performed on the effect of various parameters on heat loss of a solar parabolic
dish, judging that the cavity inclination is the main source of heat loss on natural convection and cavity cover emissivity
on the radiative loss. A study performed by Prakash et al. (2009) showed that the inclination is very important when
analyzing losses, reaching its maximum loss at 0° inclination and its minimum at a variable angle depending on wind
speed. A natural convection heat loss model has been implemented by Samanes et al. (2015) and a comparative study of
thermal losses on three kinds of receivers for solar dish collector is carried by Sendhil Kumar and Reddy (2008).

An experimental study on the convective losses for several cavity inclination angles and temperatures given a
cylindrical cavity was carried by Abbasi-Shavazi et al. (2015). Those authors state that it may not be a fine approximation
to assume the wall temperature is constant observed its wide and systematic variations. This also justifies the need of
analyze the heat losses through the wall.

The influence of receiver geometry on the efficiency of the system is further analyzed by several authors. A numerical
3D model was developed to analyze the thermal losses of a cylindrical solar receiver showing that a cavity whose length
spans between 400 and 640mm achieves an optimum thermal efficiency (balance between heat losses and heat transfer
areas) given a known set of conditions and proved that the heat losses increase when the aperture diameter increases (Zou
et al., 2017). The heat loss dependency of depth of a cylindrical cavity was also numerically studied by Tu et al. (2014).
Those losses on a semi-spherical cavity were experimentally investigated by Tan et al. (2014) and correlated to the Nusselt
number. Conclusions on the optimum aperture size and operating temperature are drawn by Steinfeld and Schubnell
(1993).

According to Fleming ez al. (2017), it is important to the cavity designer to know the material limitation on the working
temperature, as well as the absorptivity of the material (if effective absorptivity is much larger than the material’s, the
receiver is assumed to be a blackbody) and its reflectivity.

The main goal of a cavity window is to allow operation of high pressure gases, once the inside of cavity will be isolated
from the outside and to minimize losses caused by reflection of radiation entering the cavity and emissions from its inside
(O Mande and Miller, 2011). These same authors summarize that a spherical fused silica window correspond to great
optical and mechanical manufacturability for a high performance solar cavity. Furthermore, Shuai et al. (2011) stated that
a plano-convex quartz window can redistribute the radiative flux on a more uniform way than a windowless cavity.

The model implemented in this work investigates radiation, convective and conductive losses throughout the cavity
aperture, walls and body as a whole. This study allows determining which parameters may be assorted in order to achieve
the best-case scenario. In other words, how to reach the operating temperature for each cavity employment.

The cavity-receiver may be used to generate thermal and electric power using working fluid and thermoelectric
modules, with or without thermal storage system (Al-Nimr ef al., 2017), hybridized as heat source to organic Rankine
cycle (ORC) (Loni et al., 2016) or as thermochemical reactor to produce syngas from methane reforming (Yuan et al.,
2017) or hydrogen from metal/oxides pairs (Nigro, Simées-Moreira, 2016) ,biomass gasification (Bellouard et al., 2017),
among others. This work focus on a reactor cavity.

2. CAVITY MODELING

The cavity-receiver investigated in this article is a cylindrical one as this geometry has been well studied by other
authors. It is constituted by a hollow body covered by thermal insulation and an opening aperture at the focus, with a
crystal window to guarantee minimum thermal losses. Figure 3 presents side and 3D views of the suggested cavity design.
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Figure 3. Hollow cylindrical cavity. (a) Side view (b) 3D view

Thermal losses of conduction, convection and radiation are analyzed, as well as the influence of the aperture window
size and the heat absorbed by the chemical reaction will be studied. To perform the utmost modeling, it is important to
understand all the losses working individually through the window and on the cavity. Figure 4 shows an expanded model,
on which of heat fluxes and losses are presented.
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Figure 4. Heat fluxes through the cavity

This way the thermal equilibrium of the cavity is written according to the first law of thermodynamics as given by Eq.
(1), which can be rearranged as Eq. (2), being 7,,=1-p .

AWG:QR+prWG + QLW+QLC+QabS (1)
1A G=0,+0, +0, +0 (2)
where:

A, is the window area [m?];

G is the sun irradiance [W/m?];

Oris the thermal radiation heat loss of the heat flowing out the window (reirradiation) [W/m?];
p,, 1s the window reflectivity related to the sun irradiance reflected by the window [-];

7,,; 1s the window transmissivity related to the thermal radiation entering the cavity [-];

QOrwis the conduction and convection heat losses through the window [W];

Q1. 1s the conduction and convection heat losses through the cavity walls [W];

QOups 1s the useful heat absorbed by any chemical reaction occurring inside the cavity [W].

Therefore, the losses mechanisms may be listed as radiation, conduction and convection of the heat flowing out the
window, heat reflected by the glass of the opening window and conduction and convection trough cavity walls. The useful
heat absorbed by the chemical reaction is the difference between the irradiance on the opening window and the sum of
all losses mechanisms.

To help determining these quantities, equivalent electric circuits have been used. Figure 5 represents the radiation
circuit and Fig. 6 the conduction and convection circuit.
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Figure 5. Radiation analogic electric circuit Figure 6. Conduction and convection analogic electric circuit



For the circuits of Fig. 5 and 6, the following quantities are defined:

T.is the temperature inside the cavity [K];

T. s the surrounding temperature [KJ;

E,is the emissive power of the cavity [W/m?];

E..is the emissive power of the surround [W/m?];

&.1s the emissivity of the internal area of the cavity [-];

A, is the cavity internal area [m?];

J.is the cavity radiosity [W/m?];

F\ 1s the shape factor of the window to the surrounding (=1) [-];

Ri.is the equivalent resistance to conduction and convection through the cavity walls [K/W];
Ry, is the equivalent resistance to conduction and convection through the window [K/W].

Heat losses by radiation, O, conduction and convection through the cavity walls, O;. and window, Oy, are written
as Eq. (3), (4) and (5), respectively. The useful absorbed heat available for chemical reaction or simple fluid heating is
given by Eq. (6).

= T ke 3)
—_ TC_TDO
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QLw RLn (5)
Qabs ahsA G (6)
where:
Ry is the equivalent resistance to radiation [m?];
o is the Steffan-Boltzmann constant = 5.67 x 10 W/m?K*.
Uabs 18 the heat fraction absorbed by any chemical reaction inside the cavity from the incident irradiance [-].
Then, substituting these relations in Eq. (1), the equilibrium cavity temperature, 7., can be rewritten as Eq. (7).
Rp( 1 Iy ! R
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Also, the analysis of the absorptivity of the cavity is necessary. The Kirchoff law stablishes that cavity emissivity is
equal to the cavity absorptivity (a.= &), when thermal equilibrium between the cavity and the existing matter inside
of'it is achieved. Knowing that the equivalent resistance to radiation is given by Eq. (8) and applying the Kirchoft law,
the Eq. (9) is attained. Being 7, the window transmissivity related to the thermal radiation leaving the cavity
(dimensionless).
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Thus, the radiation heat loss of Eq. (3) is rewritten per unit of area as Eq. (10) and then the effective absorptivity (ae)
of the cavity is determined by Eq. (11).

w0 Tf‘Tgo
Op= W (10

Fyeo [

g [ (e + 28] (11)



An important parameter may be introduced is the number of suns (&). This way, the irradiance reaching the cavity
opening window is given by G=NK,,,,» where Ko, is the sun irradiance equals to 1000W/m?.

This modeling allows studying the thermal equilibrium and predicting which temperature the cavity achieves for a
given number of suns and absorption rate. Also, a study on cavity geometry has been carried. All analyses are made
considering ambient temperature is at 298K.

3. RESULTS AND DISCUSSION

First, the goal has been to analyze the effective absorptivity of the cavity on applying Eq. (11), on which the form
factor and window transmissivity have been considered equal to one. Figure 7 shows the relation between the window
area and internal cavity area ratio (4w/A.) and the effective absorptivity for several cavity absorptivities, o. .
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Figure 7. Effective absorptivity, ac, as a function of areas ratio, 4./Ac

The results attained in Fig. 7 convey that the smaller the area ratio, the closer the cavity absorptivity is to the black
body effectivity, i.e., aer =1 no matter the material construction and the finishing of the cavity inner wall and the

corresponding absorptivity ().

Considering that the cavity is thermally well insulated and the window is made of double glass type, the losses by
conduction and convection both through the walls and through the aperture have been considered negligible. This way,
the absorption rate is represented by Eq. (12).

G-00o(Te-T2)
’uabs = /T (12)

As stated previously, G=NKj,,,,- So, the equilibrium temperature of the cavity can be written as Eq. (13).

r.= Iz’o+7(""“ij);f’<‘”l“’ (13)

Besides, if the cavity aperture is much smaller than the cavity area, the effective absorptivity is equal to 1 and the
relation between equilibrium temperature and absorption ratio for a given number of the suns is presented in Fig. 8. When
no heat is absorbed by the chemical reaction, there are no losses on the cavity and the adiabatic temperature is attained,
that means it is the maximum temperature the cavity can reach at the thermal equilibrium. If all heat is absorbed by the
chemical reaction, the cavity temperature is equal to the ambient temperature, no matter the number of suns.

The adiabatic cavity temperature is achieved for 4, =0, then it can be written as Eq. (14).

NKYOLIV
T~ Tl (14)

Once the number of suns and the temperature needed for the chemical reaction are known, the rate of heat absorption
needed for the chemical reaction can be determined. For example, if the number of suns achieved by the apparatus is 1500



and the temperature needed for the reaction is 1500K, it is possible to know that the heat absorption rate is 80% of the
income irradiation, as given by Eq. (6).
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Figure 8. Equilibrium Temperature, 7, as a Function of the Number of Suns, N

From this information, the necessary flux of mass of the reactant can be determined by Eq. (15).

G

4y — Labs 7
=L (15)

where:
ri1 is the flux mass of the reactant or working fluid [kg/s];
Ah is the specific enthalpy of the reaction or simple heating [kJ/kg].

Thus, the model implemented on this work allows to study the losses mechanisms operating in the cavity-receiver, to
deduct its geometry, its absorption rate and the mass flux of the reactant used on the chemical reaction for which the
cavity-receiver has been designed.

4. APLICATIONS

Two cases have been studied in order to better comprehend the analysis developed on this paper. The vaporization of
water and heating of a downtherm fluid have been eximined, considering the cavity a black body (apperture is much
smaller than the cavity inner area).

For both cases, first it has been set the desired temperatures (388K 488K and 628K, chosen based on the available
downtherm fluid data) and the corresponding number of suns has been calculeted by rearreging Eq. (13) as Eq. (16),
knowing that the constant Ky, is equal to 1000W/m?.

__TTh
1000(1-414) (16)

This way, the number of suns required increase along with the equilibrium temperature powered to four and with the
increase on the absorption rate. The results are drawn in Fig. 9, which shows that proportion. It can be confirmed in the
image previously arranged in the Fig. 8.

Then, the Eq. (15) has been applied to determine the flux of mass needed to reach the suitable equilibrium temperature
and absorption rate. Though, it is important to notice that for each temperature and absorption rate desired, a number of
suns has been calculated. It means that when applying Eq. (15), the quantity G (equals to the product NKj,/) introduced
varies according to the temperature and absorption rate expected to attain.

Thus, once the variation of enthalpy depends on the variation of temperature and K.-is a constant, it can be stated
that the flux of mass is a function of the three correlated variables: the number of suns, the absorption rate and the variation
of temperature.



90

T-=628K

80
70
=z
@ 60
A 50
[e]
T 40
S 30 T:= 488K
=
20
10 __—_/T:: 388K
0
0 0.2 0.4 0.6 0.8 1

Ahsorption Rate, pabs
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4.1 Production of Steam

In order to analyze the mass flux of water required to attain steam at a given temperature, the enthalpy increase for
heating in Eq. (15) has been defined as the variation between the enthalpy given at the equilibrium temperature of the
cavity and the temperature the water (steam) enters the cavity (set at 298K). Table 1 shows those enthalpies.

Table 1. Enthalpy of Heating for Steam at 1atm.

Equilibrium Temperature [K] Enthalpy of Heating, Ah [kJ/kg]
388 2601
488 2800
628 2791

Figure 10 represents the results. The flux of water mass increases greatly with the absorption rate and temperature,
reaching 27kg/s at 628K for 90% of absorption, versus 0.33kg/s for 10% of absorption at the same temperature. At 388K,
2.9kg/s are necessary for a rate of absorption of 90% and 0.04kg/s for a rate of 10%. A careful analysis must be carried
out on interpreting these figures since the number of suns to achieve certain temperature is also a variable parameter as
shown in Figure 9. For instance, if a given number of suns is established and a given absorption ratio, less amount of

vapor at higher temperature is produced.
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Figure 10. Mass flux of water, 11, as a
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steam saturated temperature

The mass flux varies with the inverse of the variation of enthalpy, which increases with the increment on the
temperature as can be seen in Table 1. Although it is important to notice that the mass flux is also a function powered to



fourth of the temperature. This way, the raise of temperature impacts more significantly the mass flux than the difference
on the enthalpy of heating, leading to a gain on mass flux with the increase of the temperature.

4.2 Heating of Dowtherm Fluid

Dowtherm Fluid is a mixture of eutectic compounds, mostly used to indirect heat transfer. The Dowtherm G has been
chosen for its stability at low pressure and good performance in liquid phase heat transfer systems. Its recommended use
temperature range is between 267K and 633K.

Using the data provided by the manufacturer (Dow, 2017), the enthalpy of heating for the chosen Dowtherm fluid is
given by Eq. (17), where T is the equilibrium temperature given in Kelvin, and considering the fluid initial temperature
is at 298K. Table 2 represents the results to attain the desired temperatures.

h =0. 0035% +0.5213T,-310.7544 (17)

Table 2. Enthalpies of Heating for Dowtherm G

Equilibrium Temperature [K] Enthalpy of Heating, Ah [kJ/kg]
388 154.96
488 360.39
628 706.79

As can be seen from comparing Table 1 and 2, the enthalpy of heating of the dowtherm fluid is much smaller than
the water one, and since the working temperatures are the same for both cases, it leads to greater mass fluxes as shown in
Fig. 11. The same observation regarding the amount of heating oil is valid as the one remarked for steam production as
stated above concerning the number of suns and the absorption amount.
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Figure 11. Mass flux of Dowtherm G, i, as a function of absorption rate, zass, at the
desired steam saturated temperature

This way, when the cavity reactor goal is to reach high temperatures in order to perform indirect heat flux, it may be
interesting to use steam rather than a Downterm fluid, since a much smaller quantity of the first is needed than the last.
Also, water is cheaper and widely accessible. On the other hand, the Dowtherm fluid has advantages like not corroding
metal and common alloys.

5. CONCLUSIONS

Destructive effects of CO, emission increased the concern on the matter of an alternative energy source on way to
replace or complement the use of fossil fuels. One of the most promising renewable energy sources is the solar energy,
which can be used to generate electricity or as heat source for distinct applications.



The analysis of the losses occurring on the cavity-receiver of the CSP system indicates if the apparatus is really
efficient and lead to a correct design fitting specific application. The knowledge of its imperfections permits the
minimization of its losses mechanisms and boosts its performance.

The model developed on this article can be used to several processes, showing that on assigning good relation between
areas of cavity and cavity aperture, the cavity-receiver works as a black body. Also, it leads to a detailed analysis of the
chemical reaction absorption rate and the necessary reactant mass flux.

Finally, despite the valuable information attained, it is still required to carry out experimental studies and to add new
details to the research. As suggestions for future work, study on other cavity geometries may be pertinent. Additionally,
it would be interesting to carry these analyses to a determined application.
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