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Abstract

Concentrating solar power interest in the power generation market has risen over the years.
Particularly, central receiver systems (CRS) show great potential in this sector, due to their high
concentration ratios and storage capacity. Since the capital cost of CRS plants is still elevated, there
is a need to enhance the performance of these systems. This thesis’s primary goals are to analyse
and optimize the ceramic open-cell foam (OCF) volumetric receiver thermal performance in an open
loop system, through numerical simulations. To do that, a heat transfer model was developed to
predict the transient behaviour of the OCF receiver. As the cross-section dimensions of OCF panels
are usually much larger than the flow direction length, a unidimensional representation is assumed,
and the two-flux approximation was used to simplify the radiative transfer equation. A maximum
system efficiency of 39.2 % is estimated for an incident irradiance of 1000 kW.m−2 and a mass flow rate
of 0.71 kg.s−1. In addition, simulation results show that porosity is the absorber’s intrinsic property
with the greatest impact on both receiver and air temperature profile. Moreover, a study of the
transient evolution of the receiver’s temperature was developed, mainly focusing on the time required
for the system to reach thermal equilibrium after a perturbation. Simulations have demonstrated that
equilibrium time is highly dependent on the mass flow rate. Finally, sources of thermal stress have
been identified during the transient analysis, which can damage the OCF absorber. Hence, strategies
to prevent this effect are presented.
Keywords: Concentrating solar power; volumetric receiver; ceramic open-cell foam; heat transfer
model; two-flux approximation; transient analysis.

1. Introduction

Concentrating solar power (CSP) is a renewable
technology whose interest has risen over the years.
One CSP type that shows great potential is the cen-
tral receiver system (CRS) [1]. In this technology,
a field of heliostats focus the beam solar radiation
on a receiver placed at the top of a tower, where
the radiation is converted to thermal energy. The
heat attained in the receiver is then delivered to
a heat transfer fluid (HTF), which can be directly
applied in a power generation cycle, or can go to
a thermal energy storage (TES) system to be used
later [1, 2]. Some advantages of CRS plants include
its high concentration ratios (that lead to higher
outlet temperatures) and TES capacity [1].

Volumetric air absorbers (VA) are a type of re-
ceivers used in solar towers. Due to its porous
structure, the concentrated radiation is absorbed
throughout the material, and the attained heat is
then transferred to the flowing air [2]. The ideal
temperature distribution of this receiver is shown
on the bottom right of Figure 1. Cold air enters
the structure from the irradiated side and cools the

receiver in that zone. The air gets heated as it
crosses the structure, reaching the end of the re-
ceiver theoretically with no temperature difference
between them. The so called volumetric effect is at-
tained when the inlet receiver temperature is lower
than the outlet temperature. This is an advan-
tage compared to tubular receivers, whose outer
walls must be hotter to provide the same outlet air
temperature. Additionally, volumetric receivers can
withstand larger solar fluxes than tubular receivers,
meaning that VAs can achieve the same power with
a smaller aperture area [3].

Volumetric receivers can be applied to CRS
plants in closed or open loop systems. The former
uses pressurized gas as the working fluid, which can
then undergo a Brayton Cycle or a Combined Cy-
cle. On the other hand, open loop receivers use
atmospheric air to heat a secondary working fluid,
which can power a Rankine Cycle [2].

When temperatures above 1000 oC are required,
VAs with ceramic materials, such as open-cell foam
(OCF) absorbers, are selected [2]. These are com-
posed by open cells randomly distributed that form
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a foam-like shape when packed [4]. OCF absorbers
in closed loop systems were applied in large scale
projects, mainly in the DIAPR and SOLGATE
projects [2, 5, 6]. However, applications on open
loop systems have been performed at laboratory
scale, where the absorber’s thermal performance
was assessed [3, 7].

Numerical simulations using these absorbers have
been reported in the literature [8]. Mey et al. [9]
has compared several radiative methods that de-
scribe the radiative propagation in OCF absorbers.
Additionally, Kribus et al. [10] has performed a uni-
dimensional parametric study for these absorbers.
Finally, Wu and Wang [11] developed a transient
analysis on a a two-dimensional representation.

1.1. Contribution
The purpose of this work is to create a unidimen-
sional transient heat transfer model of an OCF ab-
sorber in an open loop system. So far the literature
doesn’t report any one-dimensional transient model
applied to OCF receivers. The development of this
model is fully justified due to the particular geom-
etry of this type of receiver and constitutes a new
tool, suitable for the transient behaviour analysis
of OCF receivers. The adopted model is also flex-
ible enough so that a wide range of these receivers
(with different compositions and properties) can be
simulated.

2. Heat trasfer model
The proposed model describes the thermal be-
haviour of an open-cell foam, which has a porous
structure. Therefore, two different media must be
considered: the solid structure itself (SiC) and the
fluid inside the receiver (air) that flows at a given
velocity v imposed by a blower. The porosity ϕ de-
fines the fraction of the volume inside the absorber
that is occupied by void space [12].

The receiver is modelled as a rectangular prism
with cross section A and length Lr, as shown in

Figure 1: Volumetric effect (right) compared with
the tubular receiver response (left) (from [3]).

Figure 2. This absorber can be divided in n + 1
nodes, where each node is separated by ∆x = Lr

n .
Note that the presented dimensions of this figure
are distorted, since the longitudinal length of an
OCF absorber (x direction) is typically much lower
than its transversal dimensions.

Figure 2: OCF Receiver schematic.

2.1. Transient heat transfer equations

In this model, one considers that the foam is ho-
mogeneous throughout the absorber. Furthermore,
the y and z directions are considered to be much
larger when compared to the x direction. Hence,
the heat transfer model can have a unidimensional
representation in the direction of the fluid flow (x
direction). In the absence of local thermal equilib-
rium, the heat transfer equations are displayed for
the solid and fluid phase respectively [12, 13]:

(1−ϕ)(ρcP )s
∂Ts
∂t

= (1−ϕ)ks
∂2Ts
∂x2

− dqR
dx

+h(Tf −Ts) ,
(1a)

ϕ(ρcP )f
∂Tf
∂t

+ (ρcP )fuf
∂Tf
∂x

= ϕkf
∂2Tf
∂x2

+h(Ts−Tf ) ,

(1b)

where ρ is the density of the substance, cP the spe-
cific heat at constant pressure, T the temperature,
k the thermal conductivity, qR the radiative heat
flux, h the volumetric heat transfer coefficient and
uf the fluid velocity in the x direction. The indexes
s and f refer to the solid and fluid media respec-
tively. The right side of expression (1a) contains a
conduction term, a radiative term and a convective
term, respectively. On the left side, it only shows an
energy storage term. In expression (1b), the same
terms are applied for the fluid. However, it appears
an additional term in the left side, which represents
the advection imposed to the fluid.

To solve expression (1), both time and space have
been discretized in the model, as seen in Figure 2.
To evolve in time, an implicit form was chosen,
where an unknown temperature at a time t+ ∆t is
determined by nodal temperatures at a time t+∆t.
Although a set of equations must be solved simulta-
neously, this form is unconditionally stable numer-
ically [14].

2.1.1. Boundary conditions

In order to close the sets of equations, one must find
the appropriate energy balance for each boundary of
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the receiver. Starting with the entrance, the energy
balance of the solid phase is shown in expression (2):

αGinc − qrad,in − qconv,in = −ks,0
∂T

∂x

∣∣∣∣
0

, (2)

where α is the absorptance of the receiver and Ginc

the incident irradiance on the aperture. qconv,in and
qrad,in are, respectively, the radiative and convec-
tive heat fluxes at the receiver’s inlet surface:

qconv,in = hin
(
Ts,0 − Tf,in

)
, (3a)

qrad,in = εσ

[(
Ts,0

)4 − (Tsky)4] , (3b)

where hin is the inlet convective heat transfer coef-
ficient, Tf,in the temperature of the inlet air close to
the receiver’s surface, ε is the receiver’s emittance,
σ the Stefan-Boltzmann constant and Tsky the sky
temperature [14].

Regarding the fluid phase, the energy balance at
the receiver’s inlet is given by expression (4):

−(cP )f,0 ṁ
(
Tf,0 − Tf,in

)
−Aϕkf,0

∂T

∂x

∣∣∣∣
0−

=

= −Aϕkf,0
∂T

∂x

∣∣∣∣
0+
,

(4)

where ṁ is the mass flow rate of the fluid:

ṁ = ρfAuf . (5)

One can now look at the receiver’s outlet. The
energy balance of the solid phase is shown in ex-
pression (6):

−ks,n
∂T

∂x

∣∣∣∣
n

= qconv,out + qrad,out . (6)

qconv,out and qrad,out are respectively the convective
and radiative heat fluxes at the receiver’s outlet sur-
face, which has a similar expression to the losses
defined at the inlet.

Finally, expression (7) gives the energy balance
of the fluid phase at the receiver’s outlet:

−(cP )f,n ṁ
(
Tf,n − Tf,n−1

)
−Aϕkf,n

∂T

∂x

∣∣∣∣
n−

=

= −(cP )f,nṁ
(
Tf,out − Tf,n

)
−Aϕkf,n

∂T

∂x

∣∣∣∣
n+

.

(7)

2.2. Convective heat transfer
Equation (1) contains a volumetric heat transfer co-
efficient, which represents the amount of heat ex-
changed between the solid and fluid phases through
convection (in an unit volume). In the literature,

this quantity is generally given by the following ex-
pression [12]:

h = hsfαsf , (8)

where hsf is the interfacial convective heat trans-
fer coefficient and αsf the interfacial area per unit
volume. Starting with the latter, it is commonly as-
sumed that the solid phase of the receiver is formed
by spherical particles. Therefore, αsf is the surface
area presented to the fluid when the particles are
packed in a bed [15]:

αsf = (1− ϕ)
6

dp
, (9)

where dp is the particle’s mean diameter. Note that
with this quantity, one can also define the hydraulic
diameter of a pore [15]:

dh =
4ϕ

αsf
. (10)

Regarding the interfacial heat transfer coefficient,
it can be determined from the definition of the Nus-
selt number (Nu) [15]:

hsf =
kfNuv
dp

. (11)

To compute the Nusselt number, it is necessary to
apply an empirical correlation that suits the flow
conditions. For packed beds, the work of Kuwa-
hara et al. is selected, since it yields a good correla-
tion for all Reynolds numbers and for a large range
of porosities (0.2 < ϕ < 0.9) [16]. The Nusselt,
Prandtl and Reynolds numbers are then computed
by expression (12):

Nuv =

[
2 +

12(1− ϕ)

ϕ

]
+
√

1− ϕ 3
√

Pr

(
dp
dh
ϕRe

)0.6

,

(12a)

Pr =
(ρcP )fµf
ρfkf

, (12b)

Re =
ufdh
ϕνf

, (12c)

in which µ and ν are respectively the dynamic and
kinematic viscosity [15, 16].

At the receiver’s boundaries, equation (11) can
be used to define the inlet and outlet convective
heat transfer. However, a different expression for
the Nusselt number is considered, where the range
of porosity is limited to 0.66 < ϕ < 0.93 [17]:

Nul,0(n) = 2.0696ϕ0.38Re0.4380(n) . (13)

3



2.3. Radiative heat transfer
In equation (1a), the radiative term (−dqR

dx ) repre-
sents the amount of radiative energy that is stored
inside an unit volume of the receiver. To compute
this parameter, one must solve the radiative trans-
fer equation (RTE) in a porous medium. Assuming
that α = ε, the RTE is given by expression (14):

dI

ds
= κIb − βI +

σsc
4π

∫
4π

I(ŝk)Φ(ŝk, ŝ)dΩk , (14)

where I is the intensity of radiation, Ib the black-
body intensity, s the propagation direction of radi-
ation and Ω the solid angle [13]. κ, σsc and β are
respectively the absorption, scattering and extinc-
tion coefficients of the receiver. For a silicon car-
bide absorber, Zhao and Tang [18] have proposed a
correlation for β. If the absorber is treated as an
opaque and diffuse structure, these coefficients are
attained by expression (15) [4]:

β =
12.64(1− ϕ)0.7

d0.79h

, (15a)

κ = αβ , (15b)

σsc = (1− α)β . (15c)

The RTE can be simplified in a one-dimensional
representation with the two-flux approximation,
where the intensity of radiation is divided in a for-
ward and backward hemisphere. At each point of
the receiver, the intensity of radiation within each
hemisphere is isotropic, but its intensity between
hemispheres may differ [9, 13]. The original form
of this approximation only considers the presence
of diffuse radiation. In a volumetric receiver, one
must also account the concentrated collimated ra-
diation that propagates through the participating
medium [3]. The collimated incident radiation de-
creases as it crosses the porous structure:

Gc(x) = ϕ(1− ζ)Gince−βx , (16)

where ζ is the dispersion ratio, which is used as a
correction factor. The collimated radiation that is
scattered along the absorber contributes to the dif-
fuse radiation in the medium. If this contribution is
added to the two-flux approximation, one attains a
set of differential equations dependent on the diffuse
incident radiation (Gd) and on the diffuse radiative
heat flux (qd):

dGd
dx

= −4βqd , (17a)

dqd
dx

= κ(4ϕσT 4
s −Gd) + σscϕ(1− ζ)Gince−βx , (17b)

whose boundary conditions are given by expres-
sion (18):

Gd(0) + 2qd(0) = 4ϕ

[
ζGinc + εσ

(
Ts,0

)4]
, (18a)

Gd(Lr)− 2qd(Lr) = 4ϕεσ
(
Ts,n

)4
. (18b)

If equation (17) is solved for Gd, one can finally
obtain an expression for dqR

dx :

dqR
dx

= κ
[
4ϕσ

(
Ts
)4 −G] , (19)

where G = Gc +Gd is the total incident radiation.

2.4. Absorber performance
When the model simulates a long period of time,
it will eventually arrive at thermal equilibrium. If
this state is reached, one can calculate the thermal
efficiency of the absorber:

ηthermal =
Q̇f

Q̇sup
=
ṁ
∫ Tf,out

Tf,in
(cP )fdT

AGinc
, (20)

where Q̇sup is the power supplied to the absorber

and Q̇f the power transferred to the fluid [10].
One can also predict the efficiency of the power

block (ηcycle), and thus calculate the system overall
efficiency (ηsystem). For the former, one could as-
sume the Carnot cycle, in which the power cycle effi-
ciency is maximized. However, the latter represents
a limit case where heat is exchanged in an infinitely
slow process, which drives the generated electrical
power to 0 W [19]. With the purpose of maximiz-
ing electrical power, Nokinov [20] has derived an
expression for ηcycle which takes into account a tem-
perature gradient that occurs between the high tem-
perature reservoir and the working fluid. Therefore,
ηcycle and ηsystem are given by expression (21):

ηcycle = 1−
√
TC
TH

, (21a)

ηsystem = ηthermal ηcycle , (21b)

where TC and TH are the low and high reservoir
temperatures respectively [20]. Note that this ap-
proach yields a ηcycle close to what is observed in
real power plants [19].

Finally, the receiver’s losses are defined as the
fraction of supplied power that isn’t transferred to
the fluid. The radiative and convective losses at the
receiver’s inlet are the main contributions:

Lossrad,in =
qrad,in
Ginc

, (22a)

Lossconv,in =
qconv,in
Ginc

. (22b)
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3. Model validation
The experimental results given by Pitz-Paal et
al. [7] were chosen to validate the model. Table 1
shows the selected conditions necessary to run the
model.

Table 1: Conditions for model validation.

Ginc [kW.m−2] 1300
Tamb [K] 300
Lr [m] 0.046
A [m2] 0.016742
ks [W.m−1.K−1] 12.5
(cP )s [J.kg−1.K−1] 1244
ρs [kg.m−3] 3210
dp [mm] 0.351
α 0.9
ϕ 0.782
ζ 0.1

For a steady state condition, two sets of simula-
tions are performed. In the model, expression (2)
presents a convection term that shows the energy
transfer between the absorber inlet wall and the air
outside the receiver. Two approaches can be taken
in regard to the inlet fluid boundary condition. The
first one (equation (4)) doesn’t consider the con-
vection term. This is done under the assumption
that the energy transferred to the air outside the re-
ceiver is lost to the medium. However, if convection
is gained by the inlet air that enters the receiver,
equation (4) is replaced by expression (23) [10]:

A(1− ϕ)qconv,in − (cP )f,0 ṁ
(
T t+1
f,0 − T

t+1
f,in

)
−Aϕkf,0

∂T

∂x

∣∣∣∣
0−

= −Aϕkf,0
∂T

∂x

∣∣∣∣
0+
.

(23)

In Figure 3, both sets of simulations are compared
with the work of Pitz-Paal et al. [7]. It is possible

to verify that the outlet temperature raises with the
increase of the incident energy per kilogram of air
(Q̇sup/ṁ), as expected. However, for the simulation
that uses equation (23), the increase of temperature
is higher, which leads to a difference between effi-
ciencies of both simulations (Figure 3(b)). This is
mainly caused by convection, which is considered a
loss when using equation (4) and a gain when using
equation (23).

Additionally, in Figure 3, for low Q̇sup/ṁ, the ex-
perimental data is closer to the simulation that uses
equation (23). In contrast, for high Q̇sup/ṁ, it ap-
proaches the simulation with equation (4). This can
be explained by the effect of the wind speed and its
relation with the inlet velocity. For instance, con-
sider a mass of air (close to the receiver’s aperture)
that has gained energy from the absorber through
convection. If the wind speed and inlet velocity
have the same order of magnitude, the mass of air
will enter the absorber, bringing in air warmed up
by the receiver aperture’s convective losses. Thus,
there is an increase of efficiency. Otherwise, this
mass of air will most likely be carried away, result-
ing in a lower efficiency.

With that in mind, the two points with lowest
Q̇sup/ṁ should follow expression (23) and the re-
maining equation (4). Thus, the maximum rela-
tive deviation for the outlet temperature and ther-
mal efficiency is 3.5 % and 5.4 % respectively. For
the remaining results, the relative deviation of both
quantities never exceeds 2.5 %. Therefore, one can
consider that the simulation results follow the ex-
perimental data, and thus the model is validated.

4. Simulation results

The standard conditions displayed in Table 2 are
used in the following simulations results. For each
simulation, these parameters are expected to re-
main constant unless it is mentioned otherwise.

(a) Outlet air temperature (b) Thermal efficiency

Figure 3: Simulation results of the model compared with the experimental data of Pitz-Paal et al. [7].
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Table 2: Simulation’s standard conditions.

Ginc [kW.m−2] 600
ṁ [kg.s−1] 0.6
Tamb [K] 300
Lr [m] 0.02
A [m2] 1
ks [W.m−1.K−1] 40
(cP )s [J.kg−1.K−1] 1244
ρs [kg.m−3] 3210
dp [mm] 0.8
α 0.9
ϕ 0.8
ζ 0.1

4.1. Steady state analysis: Porosity

From all absorber’s intrinsic properties studied, the
porosity (ϕ) produces the greatest impact on the
model. In Figure 4, the temperature profile for ab-
sorbers with different porosity is shown. At the in-
let region, the air temperature gradient diminishes
with the increase of the porosity, due to the de-
crease of the volumetric heat transfer coefficient. It
is also possible to verify that the volumetric effect
becomes more apparent as porosity increases.

In addition, the receiver’s inlet temperature de-
creases when porosity goes from 0.85 to 0.9, which
indicates that there is a maximum in the absorber’s
inlet temperature between 0.8 < ϕ < 0.9. Basi-
cally, a high ϕ lowers the volume occupied by the
solid material, which leads to less incident irradi-
ance absorbed at the inlet boundary. Furthermore,
an increase of porosity lowers β, meaning that less
energy is absorbed along the receiver. As a result,
the absorbed radiation decreases such that the inlet
air is capable to cool the receiver’s entrance (even
with a low heat transfer coefficient).

The outlet air temperature raises with the in-
crease of porosity, and so does the thermal effi-

Figure 4: Temperature profile along the absorber
for different porosities.

ciency. When ϕ rises from 0.7 to 0.9, thermal ef-
ficiency has an increase of 17 %. Regarding con-
vective losses, they are expected to decrease when
raising the porosity, since hsf,in ∝ ϕ−0.058. A rise
in porosity from 0.7 to 0.9 reduces convective losses
by 4.9 percentage points. As for radiative losses,
the difference between the highest and lowest loss
is 1.3 %, which is fairly low.

4.2. Steady state analysis: External condi-
tions

An analysis on the external parameters, namely in-
cident irradiance and mass flow rate, is now carried
out. In order to do that, four different values of
the incident irradiance are chosen. For each Ginc,
the mass flow rates are selected so that the incident
energy per kilogram of air (Q̇sup/ṁ) ranges from
600 kJ.kg−1 to 1600 kJ.kg−1.

4.2.1. Outlet temperature and efficiencies

Initially, a representation of these simulation results
was considered as function of Q̇sup/ṁ, since litera-
ture considers that this quantity normalizes the re-
sults. However, it is known that mass flow rate and
incident irradiance have an independent effect on
the outlet air temperature and consequently on the
efficiency [4]. As a result, simulations with the same
incident energy per kilogram of air yield contrast-
ing results, with differences up to 15.3% in ηthermal.
A solution to this is to adopt a representation as
function of ṁ, which allows individual treatment of
mass flow rate and incident irradiance.

Figure 5(a) displays outlet fluid temperature for
different Ginc and ṁ. For the same value of Ginc, it
is observed a decrease of temperature for increasing
values of mass flow rate. A higher mass flow rate
extracts a larger useful power, which reduces energy
losses in the systems, thus leading to a lower tem-
perature. This conclusion can be confirmed by Fig-
ure 5(b), where thermal efficiency raises with mass
flow rate. This graph also suggests that ηthermal is
more dependent on ṁ rather than onGinc (specially
for larger mass flow rates).

Besides the attained results, the efficiency of the
power cycle can be estimated assuming that TH =
Tf,out and TC = Tamb. In Figures 5(b) and 5(c),
an increasing mass flow rate raises ηthermal and
decreases ηcycle. Thus, the overall system effi-
ciency has an optimal operating point for ṁ, that
maximizes the production of energy for each Ginc.
In Figure 5(d), for a higher Ginc, the point of
maximum system efficiency occurs at a larger ṁ.
For the performed simulations, a maximum sys-
tem efficiency of 39.2 % is achieved for Ginc =
1000 kW.m−2 and ṁ ≈ 0.71 kg.s−1.
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(a) Outlet air temperature (b) Thermal efficiency

(c) Cycle efficiency (d) System efficiency

Figure 5: Overall results of the simulations (as a function of the mass flow rate).

4.2.2. Equilibrium time

All previous simulations started with the receiver
at ambient temperature. A sudden increase of the
incident irradiance has forced the system to evolve
in time until reaching thermal equilibrium.

The equilibrium time (teq) can then be obtained
when a ”quasi-steady” state is reached. Accord-
ing to Wu and Wang [11], one arrives at a ”quasi-
steady” state when each measured node is able to
maintain a temperature difference (in respect to
time) below 15 K for at least five minutes.

Figure 6(a), in which absorber’s properties are
maintained, shows that teq is inversely proportional
to the mass flow rate. Since a larger mass flow rate
distributes the energy more quickly along the re-
ceiver, a faster increase of the temperature is ex-
pected.

For different absorber’s properties, the equilib-
rium time varies as well. Particularly, porosity is
the characteristic that produces the most notice-
able changes in this parameter. As depicted in
Figure 6(b), the equilibrium time diminishes over
a minute for the presented porosity range.

4.3. Transient analysis

In this section, the response (in time) of the re-
ceiver’s model is evaluated, by adding some pertur-
bations on the external conditions while executing
the simulations. These perturbations attempt to
recreate events such as the start-up and shutdown
procedures, as well as the passage of a cloud above
the heliostat field.

To perform the transient simulations, the steady
state temperatures previously attained are used as
the initial conditions for the respective mass flow
rates and incident irradiance. To observe the tran-
sient regime, Ginc is manipulated throughout the
simulation, which forces a search for a new thermal
equilibrium. Two values for the incident irradiance
can be assumed in each simulation: a lower value
when the system is perturbed (Ginc,lo), and an up-
per value when it’s not (Ginc,up).

4.3.1. Shutdown response

Figure 7(a) presents the shutdown procedure
(where the irradiance drops suddenly to Ginc,lo =
0 kW.m−2) for different time stamps. During the
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(a) teq(ṁ) (b) teq(ϕ)

Figure 6: Equilibrium time (teq) as a function of the mass flow rate (ṁ) and as a function of the porosity
(ϕ)

shutdown procedure, the colder inlet air receives
energy from the absorber, which increases the fluid
temperature and decreases the receiver’s tempera-
ture at the inlet region.

Here, one can see that the receiver’s solid struc-
ture doesn’t respond to these changes uniformly. At
the beginning of this procedure (t = 5 s), the energy
received from the absorber’s inlet region is such that
air reaches the outlet region at thermal equilibrium
with the receiver. The absorber’s outlet region can
only be cooled when the receiver’s inlet region has
significantly lowered its temperature (t > 5 s). This
thermal latent response between the receiver’s edges
is depicted in all transient simulations.

4.3.2. Cloudy weather response

In a solar tower system, the volumetric receiver is
heated due to the direct incident irradiance that is

Figure 7: Transient response for a shutdown pro-
cedure, with Ginc,up = 800 kW.m−2, Ginc,lo =
0 kW.m−2 and ṁ = 0.5 kg.s−1: (a) Temperature
profile; (b) Receiver temperature difference.

focused by the heliostats. If a cloud passes nearby
the solar tower, it can cast a shadow that covers
the heliostat field (partially or even fully), decreas-
ing the available incident irradiance on the receiver.
The thermal response of the absorber is then evalu-
ated in these conditions, for different time intervals
in which the cloud shades the heliostat field (∆tlo).
For cloudy weather response simulations, ∆tlo is
the time interval in which the incident irradiance is
lower than Ginc,up.

Several simulations have been performed for this
situation, with multiple ∆tlo values, as well as for
different ṁ and Ginc. With these transient results,
one can also find the equilibrium times teq,lo and
teq,up, which are associated to the lower and upper
irradiances respectively. When the cloud is shad-
ing the heliostat field, teq,lo is the time needed for
the system to reach a ”quasi-steady” state; while
teq,up is the time required for the system to recover
its normal operation after the passage of the cloud.
Figure 8 presents the different upper equilibrium
times as a function of the cloud interval time.

When ∆tlo is greater than the lower equilibrium
time, a ”quasi-steady” state is attained in the re-
ceiver (when Ginc = Ginc,lo). As a consequence,
teq,up becomes constant for higher cloud interval
times. On the other hand, one can see that the up-
per equilibrium time decreases as ∆tlo diminishes.
This is due to the latency previously identified in
the outlet temperature. As a result, a smaller air
temperature drop results in a faster recovery of the
absorber’s normal operating conditions. An inter-
esting result of this work was to see that for low
∆tlo, the recovery time is much larger than the per-
turbation itself. For example, in the green simula-
tion of Figure 8, a ∆tlo = 10 s results in a upper
equilibrium time of 34.4 s.

Figure 8 also compare different sets of simula-
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Figure 8: Equilibrium time required for the system
to recover its normal operation after the cloud pas-
sage.

tions. One can see that when the irradiance dif-
ference is maintained (blue and red simulations in
Figure 8), a higher mass flow rate results in lower
equilibrium times, which is consistent with the pre-
vious results. In contrast, for a constant ṁ (blue
and green simulations in Figure 8), a higher irradi-
ance difference generates larger equilibrium times.
This may seem contradictory when compared to the
results of Figure 6(a), since one would expect sim-
ilar teq for different Ginc differences. However, the
simulations performed in Figure 6(a) have the same
starting temperature of the receiver and different
Ginc,up; while the simulations of this section have
the sameGinc,up but different starting temperatures
of the absorber. The variation of the starting tem-
peratures is responsible for the different teq,up at-
tained.

4.3.3. Thermal stress

During the shutdown procedure (in Figure 7(a)), it
is observed in the majority of time stamps a notice-
able increase of temperature along the receiver. The
generated thermal difference can cause local ther-
mal stress (σth,i) throughout the absorber. This
phenomenon is calculated with:

σth,i = aE∆Ts,i , (24)

where a is the coefficient of thermal expansion,
E the Young’s modulus and ∆Ts,i = Ts,i+1 −
Ts,i−1 [21].

Figure 7(b) depicts the temperature difference
between adjacent nodes along the absorber, for each
time stamp. A maximum ∆Ts,i of almost 15 K is
attained for t = 5 s. Additionally, for time stamps
in the range of 5 s ≤ t ≤ 20 s, a ∆Ts,i > 5 K is
recorded for most of the receiver’s length.

The discussed results highlight significant tem-

perature differences if one takes into account the
short distance between adjacent nodes (2∆x =
0.4 mm). Therefore, the observed ∆Ts,i can pro-
duce local thermal stresses along the absorber, that
have potential to permanently damage the receiver.
Since this can lead to malfunction of the entire
power plant, strategies should be implemented to
extend the receiver’s lifetime [22].

5. Conclusions
The objective of this thesis was to develop a model
to study the transient thermal behaviour of an
open-cell foam volumetric receiver. In this work,
the model was greatly simplified due to the inclu-
sion of a unidimensional representation. This was
possible because the cross section dimensions of an
OCF absorber are usually much larger than the
receiver’s flow length. This has allowed the im-
plementation of the two-flux approximation, which
simplifies the radiative transfer equation. As the
literature hasn’t reported an one-dimensional tran-
sient model of an OCF receiver, the development of
this model is relevant in transient analysis. As pro-
posed, the presented heat transfer model demon-
strates flexibility, since it can be applied to other
materials and used for absorbers with porosities
ranging from 0.66 to 0.9.

Regarding the steady state behaviour of the
model, porosity is the receiver’s intrinsic property
that shows greater impact. Besides that, the ab-
sorber was simulated under different external condi-
tions and the optimum system efficiency was found
for each set of simulations with the same incident ir-
radiance. During this study, it was concluded that
a representation depending on the mass flow rate
is preferred to better understand the influences of
Ginc and ṁ individually.

Regarding the absorber’s transient response, an
important parameter is the equilibrium time, that
was proved to be strongly dependent on the mass
flow rate. The transient analysis was also performed
when considering a cloudy weather. It was con-
cluded that for short-duration perturbations, the
recovery time is much larger than the perturbation
itself, which is one the most relevant results of this
work.

The absorber’s sensitivity to the incident irradi-
ance was identified in all of the presented simula-
tions. It was observed that a sudden change of this
parameter creates a temporary temperature differ-
ence along the solid structure, which induces local
thermal stresses that can damage the receiver.

5.1. Future Work
When validating the model, a further investigation
on the relation between inlet air velocity and wind
speed can be performed, in order to assess the ratio
of convective power that is lost. Additionally, esti-
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mation of power production over a day (or a year)
can be achieved by introducing meteorogical data
of a specific site. The latter improvement could be
useful to evaluate the feasibility of real projects.
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