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Abstract. A numerical model for studying a storage tank for concentrated solar power
is presented. The model consists of solving the heat equation for the solid part made from
ceramic materials, a one-dimensional model for the molten salt circulating inside the solid, and
a coupling between them. Then, some results are presented for a reference case with some typical
parameters for the storage system.

1 INTRODUCTION

The need for transitioning toward renewable energies is necessary due to climate change and
the current energy models unsustainability. Computational methods are a very powerful tool
for the design and optimization of systems, in order to improve their efficiency and reliability
and to reduce cost and environmental impact. Concentrated Solar Power (CSP) is a renewable
energy source that uses sunlight to heat elements at very high temperatures. Solar towers are
an important CSP system that consists of a field with multiple mirrors (heliostats) that point
to a single region called the receiver. There, a heat transfer fluid (HTF), usually a molten salt,
is heated at high temperatures and stored in a hot tank. The HTF is used, when needed, to
generate vapor in a steam generator and to produce electricity through a Rankine cycle. The
molten salt is then stored in a cold tank waiting for the opportunity of being heated in the
receiver again. This is the conventional two-tank energy storage system [1]. However, to reduce
costs, a single tank system is an interesting option: the thermocline system with filler [2, 3].
These accumulators consist of huge structures with filler materials of rocks and sand. Then,
when the solar field might not provide energy due to nighttime or adverse climate conditions,
the accumulated thermal energy in both the molten salts and the filler material can be used to
keep powering the plant.

An interesting concept has emerged using industrial waste ceramic material that can be
used in structured thermocline systems that consist of channels where the HTF flows inside
them. The main objective of this work is to simulate this type of thermal energy accumulator
under different working conditions and cycles, using advanced numerical methods to solve the
heat equation in the solid domain, and couple it with the molten salt flow in the channels using
unsteady 1D models. The flow in these applications is usually laminar, and then very dependent
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on the geometry and boundary conditions. Therefore, the possibility of numerically solving the
fluid flow in detail using the Navier-Stokes equations will be assessed.

2 GEOMETRY AND OPERATION PARAMETERS
2.1 GEOMETRY

The objective is to simulate the heat storage system. Figure 1 shows the geometry of the
solid that will be evaluated. The domain consists of a solid part (bed) with holes inside it that
can transport molten salts. Figure 2 shows a cross-section of the solid with different possibilities
of hole arrangement. The molten salt is stored in the channels of the solid, and also at the
bottom and top of the tank. The bottom of the tank has a fixed quantity of molten salt, but
the top of the tank allows a free range of movement to compensate for the density differences
of the molten salt due to its temperature dependence.
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Figure 1: Schematics and geometrical parameters of the storage tank

The diameter of the tank is in the order of Di,nx = 45 m, the height is in the order of 14 m.
The holes inside the channel are approximately 10 mm, with a separation between them of 20
mm. In this configuration, the number of holes on the tank is approximately 3 000000 holes.



Jordi Vera, Guillem Colomer, Oriol Sanmarti and C. D. Perez-Segarra

) ) o\
o ) Ol C
00O %
OO O o le

(a) 90 degree arrangement case (b) 30 degree arrangement case

Figure 2: Cross section of the bed. The solid is represented in gray and the channels in white.

2.2 OPERATIONAL PARAMETERS

The operation regime of the thermal storage system has 3 operation modes; Charging, dis-
charging and idle. When the energy received from the solar field is greater than the one consumed
by the power block, the remaining energy is stored using the charge cycle. This cycle consists
of molten salt circulating at a high temperature from the top of the tank to the bottom of the
tank, see Figure 3a. The thermal energy is stored in the solid, and also in the accumulated
molten salt at the top, channels, and bottom of the system. The system keeps getting charged
until the temperature at the bottom reaches a certain threshold called the cutoff temperature.
Then the system remains at wait during some idle time depending on the plant operation.

When the energy received from the solar field is not enough for the power block, the discharg-
ing cycle is started. This cycle consists of the molten salt circulating at a low temperature from
the bottom of the tank to the top of the tank, see Figure 3b. The previously stored thermal
energy is transferred back to the molten salt and used to supply energy to the power block. The
system is in discharge mode until the molten salt discharge temperature drops below a certain
threshold (another cutoff temperature). Then, the system remains idle for some time and all
the process is repeated. Other operational modes of the plant can also be established.
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Figure 3: Charge and discharge cycles
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In the case of this study, the cycle shown in Figure 4 is considered. Despite not being a
physically realistic cycle for CSP (no sun hours are considered), it allows us to define a reference
case and study different tank configurations. The cycle follows the same principle as explained
before, however, the idle time for the charging and discharging cycles is set to zero.
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Figure 4: Example of a set of operating cycles

3 NUMERICAL SET-UP
3.1 Studied domain

To evaluate the case, the solid domain is simulated by solving the three-dimensional heat
equation. The fluid domain is solved considering a one-dimensional simplified version of the
Navier-Stokes equations (more detail on Section 3.3). The solid and fluid domains are coupled
at the interface considering a Conjugate Heat Transfer (CHT) approach.

Given the magnitude of the case, it is obvious that discretizing all the domains to solve the
heat equation is not feasible. A rough estimation is that even using a coarse mesh the needed
mesh elements would be 60 000 Million cells. To be able to simulate the case, some simplifications
and assumptions are made. If the effects of the heat loss at the lateral walls are neglected, a
periodic domain can be considered. An adiabatic boundary condition for the periodic walls can
then be considered. Figure 5a shows two possible domains that can be studied for the staggered
hole arrangement (even a smaller region could be defined with periodic boundary conditions).
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Figure 5: Domain and discretization of the solid for the 30 degree arrangement case

3.2 Mesh

The solid section is discretized with two-dimensional elements and then the mesh is extruded
at the z direction with a given number of planes of extrusion. Figure 5b shows an illustrative
example of this meshing, although the mesh used for the results is finer and considers the smaller
domain shown in Figure 5a.

For the fluid, a one-dimensional mesh is used. An illustrative example of each mesh cell is
shown in Figure 6. The fluid mesh is coincident at the interface of the solid mesh, i.e. the
extrusion dimension Az is the same for the fluid and the solid, and all the height of the tank is
considered in this domain.
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Figure 6: Fluid discretization

Apart from the discretization of the channels of the fluid, two large control volumes are con-
sidered at the top and bottom domains of the tank. The top control volume has the particularity
that can change its height depending on the density variations due to temperature variations.

3.3 Equations

For the solid, the classical heat equation is numerically solved. Some thermal properties
have dependence on the temperature. Then the approach used when solving the discrete heat
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equation has to consider this dependence. The continuous form of the heat equation is shown
as follows:

oT
pep e =V - (AVT) 1)

where p, ¢,, A are the density, specific heat, and thermal conductivity respectively. For the walls
in contact with the fluid, a convective boundary condition is considered, where the convection
coefficient and fluid temperature is evaluated at each section based on a prescribed value of
the Nusselt number (usually laminar flow). The rest of the walls are set to adiabatic boundary
conditions. The equations are discretized in time using an implicit approach.

For the fluid, the continuity, momentum and energy equations are considered for a 1D un-
steady case. The continuity equation will give the velocity magnitude, that is not constant due
to the temperature dependence of the molten salt density.

0

PPz = (pv)s = (pv)n (2)
where v is the velocity on the z direction, that can be positive (discharging cycle) or negative
(charging cycle). The sub-index ; refers to the fluid nodal index (see Figure 6) in a staggered
arrangement. The sub-indexes s and ,, correspond to the properties evaluated at the bottom
and top faces of the cell respectively. The super-index © indicates the value at the previous time
iteration, while the values without super-index indicate the current time instant. The energy
equation will give the temperature at each main node value (see Figure 6). The discrete form is
shown:

o LT 1 o -
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The thermophysical properties are dependent on temperature. Then they are evaluated accord-
ingly, depending on the type of molten salt used (see [4]). In our case the Solar Salt is used.
The term pg@i of the left-hand-side is evaluated at the mean temperature. The term ¢y is a
heat source term that is determined when imposing the coupling between the solid and the fluid
domains.

The momentum equation gives the pressure loss, which in discrete form is:

pivi — pjv) 1 pivi|vi| ASya

At = B ((p’l)2)s - (p’UQ)n) + é (Ps - Pn) - fZ 9 AVZ —Pig (4)

where P is the pressure, f the friction factor, AS), is the lateral surface of the control volume,
and AYV; is the volume of the control volume. However, in the evaluated cases the effect of all
terms, except the gravitational forces were shown to be all negligible.

For the top and bottom buffer regions, global balances of mass and energy are applied.
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3.4 General algorithm

Here the algorithm is summarized. A semi-implicit approach is used to do the coupling
between the solid and the fluid.

1: Input physical parameters, geometrical parameters, and initial conditions (Tsotid, T'fiuid)
2: Input numerical parameters

3: Preprocess to define fluid control volume and relate the neighbour solid cells

4: Initial conditions : Start fluid at T° })

5: Initial conditions : Start solid at T2

6: t =0

7: while t < t.,q do

8: Calculate physical properties of the fluid (at ¢ or extrapolating)

9: Calculate velocity from continuity equation

10: Calculate local convection heat coefficient o'

11: Calculate ngnv’i for each fluid control volume 1%

12: Calculate the new fluid temperatures (t} — t?“)

13: Modify matrix/vector coefficients of fluid equations

14: Solve the system (e.g. TDMA)

15: Calculate physical properties of the solid (at t™ or extrapolating)

16: Calculate the new solid temperatures (7 — ¢7+1)

17: Modify matrix A and vector b coefficients of solid equations (Kﬂohd = E)
18: Update physical properties at the cells

19: Update convective boundary conditions at each solid-fluid boundary
20: Solve the system A'T'Solid =b
21: Calculate pressure loss

22: Update t =t + At
23: end while
24: Print results and post-processing

4 RESULTS
4.1 Reference case

A reference case with fixed geometrical and operational parameters is computed. Here some
results are presented to show the capabilities of the model. The solid solver gives the tran-
sient solution of the temperature distribution in three dimensions. Figure 7 shows a color map
distribution of temperatures of a section of the solid for a given time instant.
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Figure 7: Temperature distribution of a solid section

Another output that the code can provide is the temperature of the molten salt at the different
heights of the tank. Figure 8 shows the molten salt temperature over the height of the tank
for different time instants, corresponding to a charge-discharge cycle, once the simulation has
reached a statistically stationary state. It can be observed that the molten salt temperature
ends up having a somewhat linear profile.
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Figure 8: Temperature of the molten salt as a function of height and time.

The top and bottom mean temperatures in the buffer regions are used to control the charge
and discharge cycles with the cutoff temperature parameter. The duration of the cycles, and
therefore the accumulated energy, is very dependent on this temperature and where it is evalu-
ated. Figure 9 shows the evolution of temperature over time for different regions for the top and
bottom. These positions are the top/bottom layer of the solid, molten salt at the edge of the
bed and molten salt at the center, and top/bottom of the buffer zone. It can be observed that
there is a small delay between the fluid temperature (red line) and the solid temperature (black



Jordi Vera, Guillem Colomer, Oriol Sanmarti and C. D. Perez-Segarra

line). This delay gives an insight of the heat transfer efficiency between the fluid and the solid.
It can also be observed that the buffer regions (blue lines) add an additional thermal inertia to
the temperature making the cycles last longer.
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Figure 9: Temperature evolution over time for the top and bottom

4.2 Nusselt number

To calculate the heat transfer between the solid and the fluid, a convection boundary condi-
tion is used. This boundary condition has the following issue: The Nusselt number Nu used to
calculate this coefficient, (in the case of laminar flows like the one studied) have a strong depen-
dence on the boundary conditions. For instance, if a constant temperature is considered at the
walls, the Nu number takes a value of Nu = 3.66, while if a constant heat flow is considered,
Nu = 4.36. In the studied case, the temperature profile at the wall is more similar to a linear
one (as seen in Figure 8). To estimate a proper Nusselt number, an independent case is tested.

The case consists of solving the Navier-Stokes equations for a tube with adequate boundary
conditions at the walls, in this case, a linear temperature profile. This case is independent and
does not consider coupling with the solid for now. The next step (not included in this paper)
will be to couple both simulations.

First, a test is done numerically solving the Navier-Stokes equations and calculating the
Nusselt number for the boundary conditions of constant temperature and constant heat flow.
These results are used as a validation and match with the already known solution of Nu = 3.66
for constant wall temperature and Nu = 4.36 for constant heat flux. Knowing that the model
works well, the new specific boundary condition is applied and the Nusselt number obtained is
used on the model. In this case, the value of the Nusselt is a bit higher than the 4.36 of the
constant heat flux.

5 CONCLUSIONS

A numerical model for studying a thermal storage tank is presented. The model is capable of
giving the three-dimensional transient temperature distribution of the solid, a one-dimensional
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transient profile of the molten salt temperature, and the overall accumulated energy on the
tank for each cycle. The presented model can be used for studying and optimizing the heat
accumulator configuration. Several geometrical and operational parameters can be modified to
find a more suitable configuration. Given the relatively low computational cost of the model,
several independent cases can be run in parallel to optimize the storage tank.

Moreover, the model is the first step to extending the methodology to consider a Conjugate
Heat Transfer (CHT) problem solving the multidimensional Navier-Stokes equations for the
molten salt and the heat equation of the solid. The calculation of the heat transfer can be
improved if the solid heat equation and the fluid Navier-Stokes equations are coupled with a
CHT approach. The challenges of this approach are the communication between the two cases
and their parallelization. The faces of the boundaries between interfaces should be conformed
and belong to the same core to ease the communication. Additionally, there would be a need to
increase the computing power given the computational demand of the Navier-Stokes equations,
also considering that the different time scales of the fluid and solid solutions might add the need
of using different timesteps for the fluid and solid parts.
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