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ABSTRACT. Maintaining semi-constant high temperatures inside a solar reactor is a challenge
because of the transient nature of the incident solar radiation. For fixed aperture size reactors, changes
in incident solar flux directly affect the temperature inside the reactor because of not compensating the
fluctuations in incoming solar energy. The present study deals with the dynamic modeling of a solar
receiver to simulate the effect of aperture size on the system behavior during unsteady state conditions.
Radiation heat transfer analysis of the receiver is studied via Monte Carlo (MC) ray tracing method.
MC ray tracing module is coupled to unsteady energy equation solver to develop a model describing
the transient behavior of the system. The effect of aperture size on the cavity temperature profile as well
as the outlet gas temperature has been investigated and the results confirmed that wide range of
temperatures is achievable by changing the aperture size. The paper also demonstrates a thorough
comparison on the effectiveness of temperature control via change of aperture size versus via change of
gas flow rate. The results show that the change in aperture size can influence the system dynamics more
effective than the change in gas flow rate.

1. INTRODUCTION

Solar thermochemical processes offers promising alternative to traditional combustion based
thermochemical reactions with an added value of significantly reduced emission footprint [1]. The basic
principle of solar thermochemical processes is the use of concentrated solar energy as high temperature
process heat where the radiation enters into the reaction chamber through a small opening, so called an
“aperture”. Reactants inside a solar reactor absorb energy via convection and radiation. Solar energy is
used to raise the reactants’ temperature to the necessary dissociation temperature and start the intensive
endothermic process. In this manner, solar radiation is converted into chemical energy resulting in a
fuel with a higher calorific value. Some examples of thermochemical process are thermal
decomposition of limestone [2], the thermal reduction of metal oxides [3], the thermal cracking of
natural gas [4], and the thermal gasification of carbonaceous materials [5].

In spite of the aforementioned advantages of solar energy, it has a major drawback due to its inherent
nature from sunrise to sunset which instabilities the process dynamics [6]. By using a “cavity-type solar
receiver”, it is possible to reduce the intrinsic losses in energy conversion efficiency which occurs as a
result of re-radiation losses. A cavity type solar receiver is basically a well-insulated enclosure designed
to capture incident solar radiation effectively by allowing entry of radiation through a small opening
called aperture, so that the intrinsic losses which are proportional to the re-radiation area would be
reduced. However, adverse effects of the fluctuating solar radiation creates dynamic instability and
leads to lower process efficiencies. Therefore, it is important to develop control strategies capable of
handling the constrained non-linear reactor dynamics to achieve higher efficiencies and better use of the
available solar energy.



Despite the essential need to model the dynamics of solar reactors, studies found in literature are
limited. One of the first studies on the control of a solar reactor was done by Petrasch and Steinfeld [6]
where a set of lumped-parameter reservoirs for mass and energy is incorporated in the model in order to
predict the dynamical behavior of a steam/methane-reforming reactor. Another study done by the same
group [7] formulates a general non-linear dynamic model that is applicable to a wide range of solar
chemical reactors and introduces a process controller to ensure a stable and efficient operation of the
system. Another example pioneering work was done by Charvin et al. for metal oxide reduction
where a dynamic model of a solar reactor was developed to simulate reactor behavior during transient
periods [8]. . On the other hand, Saade et al. employed unsteady mass and energy balances to develop a
simplified dynamic model for a solar thermal transport tube reactor [9]. As a follow up study, they
developed a Model Predictive Control (MPC) strategy to regulate the solar reactor housing carbon
steam gasification process [10]. Recently, Li et al. presented a transient 3D model for hydrogen and
carbon monoxide production in a solar reactor by coupling Monte Carlo ray tracing and Lattice
Boltzmann (LB) model [11]. Another notable recent study done by Zapata et al. focused on the
estimation of outlet temperature based on a control oriented model for a mono tube cavity receiver
[12]. It should be note that all of the aforementioned mentioned studies employ a fixed aperture size
and they adjust gas flow rate to compensate for fluctuations in incoming solar energy in an effort to
maintain stable temperature. Adjustment of flowrate and focus/defocus of heliostats are the most widely
used techniques to accommodate changes in incoming radiation. Change of aperture size is a promising
alternative specifically for cases where certain flow pattern and flow dynamics should be preserved
inside a solar reactor such as in the case of solar methane cracking.

In one of the previous studies done by our research group, a variable size aperture inspired by the
human eye was proposed and a thorough heat transfer model was developed for steady state conditions
in one dimensional domain [13]. The present work is an improvement to that study by involving
transient behavior in the model and integrating the dynamic aspect of the process. The main objective
of the present work is to assess the effect of change in gas flow rate versus change in aperture size on
receiver temperature

2. METHODOLOGY

Schematic of the solar receiver studied in present numerical analysis is shown in Figure 1. The receiver
is made of stainless steel 316L and it consists of a cylindrical cavity with the length of L = 200 mm,
inner radius of Rin = 60 mm, and outer radius of Rout = 75 mm. The front wall contains the circular
aperture of radius R4y, positioned at the second focal plane of the reflector.

Figure 1. Schematic diagram of the cross section of the solar cavity receiver analyzed



The air enters the reactor with flow rate of 10 L/min (which is equal to 1.936x10* kg/s) and leaves the
reactor through the exit port at the back plate with radius of Rex = 10.45 mm. Exterior surfaces of the
receiver are assumed to be perfectly insulated and the interior surfaces of the cavity are assumed to be
diffuse gray. Air is modeled as a nonparticipating medium. Referring to Howell et al., monoatomic and
diatomic gasses can be treated as non-participating medium which applies to air because it is mainly
composed of nitrogen and oxygen [14]. It is also assumed that the radiation properties are independent
of temperature.

In simulations, normal radiation (/) from the sun was assumed constant. Solar furnace configuration
of Paul Scherrer Institute (PSI) was used to calculate the incoming flux for different aperture sizes
[15].Monte Carlo (MC) and heat transfer coupled numerical model was used to simulate the thermal
behavior of the solar receiver. The model was adapted from the previous work of Usman and Ozalp
[13], and modified to account temperature change by time. The inner surfaces are split to several
ring elements of equal width. Energy balance for each of these elements in the cavity wall, front
plate and back plate elements is given per following equations:
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where C, is specific heat capacity of stainless steel. Subscripts c, fp and bp stands for cavity, front

plate and back plate, respectively. Subscript i refers to the element number in ¢, fp or bp. m is mass
of the element, T is the temperature of the element, Q,, is the absorbed radiation, O, is the emitted

radiation, and Q is the convection loss from the cavity wall element to the gas phase which

conv,c—g,i

can be calculated according to the following equation:
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where 4, _, is the convective heat transfer coefficient calculated based on the methodology
described in Usman and Ozalp [13], 4. is the internal surface area of the cavity element, and 7, is
the gas temperature.

Energy balance for gas phase is given as follows:

dQ . n'/lng'ngg (5)

where 71, is the mass flow rate of gas air, and C, _ is the specific heat capacity of air. The boundary
condition for this equation is:

T| =T (6)

where T is the ambient temperature. Integrating Eq. (5) yields:
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Reformulating Eq. (7) gives the following equation:
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Based on the boundary conditions, the inlet gas temperature is 300 K at node i = 1 (z = 0). Gas
temperature at each subsequent nodes are calculated from Egs. (4) and (8).

MC ray tracing method was used to calculate the absorbed radiation by each element. In this
method, incident radiation is divided into primary rays from the incoming solar radiation and
secondary rays due to emission from the cavity walls. Each primary ray contains the same amount
of energy which is calculated as follows:

Q"=0 /Ni, )

where N” s the number of primary rays, and Qa,, is the total solar energy intercepted by the

rays

aperture. The energy of each of secondary rays is calculated according to the following equation:
Q=0 /N, (10)

where N, is the number of secondary rays, and Q is the energy emitted by the cavity, front plate

rays

or back plate accordingly, which is calculated as follows:
0., =AzoT! (11)

where 4 is the area and the subscript x represents the cavity, front plate or back plate accordingly.
The emissivity is denoted by ¢, and ¢ is the Stefan Boltzmann constant (5.67x10% Wm2K™).

After intersection of the primary and secondary rays with the cavity walls, the probability of
reflection or absorption is calculated using a random number R between 0 and 1. If R<a, the ray is
absorbed, whereas if R>qa, the ray is reflected. « is the absorptivity which is equal to ¢ = 0.8 per
Kirchhoff’s law for diffuse gray surfaces. If the ray is absorbed, the count is recorded, and its
history is terminated. If the ray is reflected, there would be two cases based on the reflective
configuration of the inner walls. For specular reflection, the direction of reflected ray is estimated
from:

F=ii—2(h-0)i (12)

where u is the normal vector of the intersected ray, and #n is the normal unit vector of the surface
at the point of reflection. For diffusive reflection, the direction of reflected ray is estimated from the
cone and polar angles that the emitted ray makes with the surface of intersection which are given

by:

B=sin"(R) (13)
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where R; and R: are the random numbers between 0 and 1. All rays are traced according to this
procedure until they are either absorbed by the inner surfaces of the reactor or escaped the cavity
through the aperture or the exit port.

After tracing all of the rays, the absorbed radiation by a surface element i is calculated from:
N

O = nfb,iQp + zn;b,i,st,j (15)
j=1

where n7, . is the number of primary rays absorbed by element i, n,, . . is the number of secondary
rays emitted by element j and absorbed by element i.

Once the absorption terms are found from MC ray tracing method, Eq. (1) to (4) and (8) can be
solved to obtain dynamic temperature profile of the system. Total number of 600,000 primary rays,
and 900,000 secondary rays were used in this simulation. Each cavity wall, front plate and back
plate are split to 100 elements which lead to 300 differential equations and 100 algebraic equations.
Solution to these algebraic-differential equations (ADE) was made using Runge-Kutta 13 order
method.

3. RESULTS AND DISCUSSION

3.1 Model verification

To verify the MC ray tracing code, the apparent absorptivity was determined as a function of
surface absorptivity and compared with those reported in Ref. [16]. Apparent absorptivity was
calculated by dividing the number of rays absorbed by the inner cavity walls to the number of
primary rays entering the receiver. The solar reactor in Ref. [16] has the following dimensions:
L=263 mm, Ri»=55 mm, R..=150 mm, and R..=0. Figure 2 shows the apparent absorptivity as a
function of surface absorptivity for the baseline configuration for diffuse or specular reflective inner
walls, and for the aperture radiuses of 20, 30, and 40 mm. As it is seen in this figure, there is a good
agreement between our results and those reported in Ref. [16].
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Figure 2. Apparent absorptivity as a function of surface absorptivity for the baseline
configuration for diffuse or specular reflective inner walls, and for different aperture sizes

As the second step of the verification, the stagnation temperature distribution along the cavity wall
was calculated for the same geometry using our code and then was compared with results given in
Ref. [13]. Stagnation temperature is defined as the highest possible temperature that the receiver
would attain at equilibrium in the absence of energy losses. To calculate the stagnation temperature,

the Q... .., IN EQ. (1) was set to zero, and the time was set to 24 h to let the system reach steady



state. The results of this comparison are shown in Figure 3, which shows an agreement with the
results given in Ref. [13].
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Figure 3. Steady state stagnation temperature in cavity walls (z*=L-z)

3.2 Dynamic temperature profile inside the solar receiver

The results of the variation in temperature versus time at different points of cavity wall ({=z/L) are
shown in Figure 4a. Dynamic temperature variation of the outlet gas, front plate and back plate are
also in Figure 4b. The aperture size in these simulations is 30 mm. It is seen that the dynamic
temperature variation is different in cavity wall, front plate and back plate.
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Figure 4. Dynamic variation of the temperature at (a) cavity wall, (b) front plate, back plate and
outlet gas

3.3 Effect of aperture size on the outlet gas temperature

The effect of aperture size on the dynamics of outlet gas temperature is shown in Figure 5. The
results indicate that by changing the aperture size; a wide range of temperature can be obtained
which confirms the suitability of using this parameter in the control of the system.
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Figure 5. Effect of aperture size on the dynamics of the outlet gas temperature

3.4 Effect of aperture size versus gas flow rate

The most common technique practiced to control reactor or receiver temperature is the adjustment
of gas flow rate. Change of aperture size is a promising alternative for cases where the flow
dynamics must be preserved. In order to assess the effectiveness of these two methods, the dynamic
response of the system versus equal step changes in these two parameters can be examined. Figure
6 shows the effect of one step increase in aperture size and gas flow rate on the outlet gas
temperature. In these simulations, the aperture radius was increased from its initial value of 30 mm
by 30%, and the gas flow rate was increased from its initial value of 1.936x10* kg/s by 30%. As it
is seen, the effect of aperture size on the outlet temperature is larger than that of the mass flow rate.
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Figure 6. Effect of one step increase in aperture size and gas flow rate on the outlet gas
temperature

To have a better comparison, a first order transfer function was fitted to these dynamic responses
according to the method described by Smith and Corripio [17]. The mathematical formula for this
first order transfer function is as follows:

Ay/Ai = k(l—exp(—t/r)) (16)

where y is the system output (outlet gas temperature), « is the normalized parameter (aperture size
or gas flow rate), k£ and 7 are the parameters of the first order transfer function. The values of k£ and ¢
for these step responses are tabulated in Table 1. The absolute value of & for aperture size change is
more significant than the mass flow rate change, which indicates that the effect of aperture size on
the final temperature is bigger. Furthermore, the 7 value for aperture size change is smaller than the



gas flow rate change, which indicates that the aperture size influences the process with faster
dynamics.

Table 1. Parameters of the first order transfer function in
response to a step change in aperture size and gas flow rate

Variable k T
Aperture size 376.67 0.4541
Gas flow rate -220.67 0.7458

It should be noted that the effect of aperture size on the temperature of the system is nonlinear. As it

is seen in Figure 7, change in aperture radius from 15 mm to 20 mm yields about 300 K change in
outlet temperature.
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Figure 7. Effect of different step changes in aperture size on the outlet gas temperature

On the other hand, change in aperture radius from 20 mm to 30 mm increases the outlet gas

temperature by 60 K. When the aperture radius is increased from 30 mm to 40 mm, the outlet gas
temperature decreases.

Table 2. Process gain of the system in response to different step
changes in aperture size

Initial value of Rap Final value of R4 Process gain
(mm) (mm) (K/mm)
10 15 61.00
15 20 23.96
20 30 4.29
30 40 -3.59

The process gain (AJ’/A”L:OO) of the system corresponding to these step changes is tabulated in

Table 2. These results indicate that when aperture size is changed, the process gain of the system
varies significantly which makes the control of this system more challenging.

4. CONCLUSIONS

In this study, an algebraic differential equation (ADE) model is proposed to describe the dynamical
behavior of a solar receiver. This model was developed by coupling unsteady energy balances of



the cavity parts and the Monte Carlo (MC) ray tracing method. The model was used to simulate the
dynamical behavior of a solar receiver using the PSI solar furnace configuration as the heat source.
The simulation results indicate that the aperture size has a significant impact on the cavity
temperature profile. The results also indicates that the aperture size can influence the system
dynamics more effective than the change in gas flow rate. These findings justify the impact of
aperture size as the parameter for the temperature control of a solar receiver. However, because the
effect of aperture size on the dynamics of the system is highly non-linear, a robust non-linear
controller must be designed.
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