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Abstract. In this study, two planar high-temperature solar receivers, equipped with Triply Pe-
riodic Minimal Surface lattices of Diamond and SplitP, were analysed numerically. These re-
ceivers were manufactured and experimentally tested in a previous study. Different RANS tur-
bulence models, including Lag EB k-¢, k-w SST (Menter), and Realizable k-¢ two-layer, were
evaluated, and their results were compared with experimental data. A comprehensive valida-
tion revealed that the Lag EB k-¢ and k-w SST (Menter) models have the smallest deviation
from the experimental data. The sample with the SplitP lattice demonstrated superior thermal
performance with higher thermal efficiency, higher useful heat, and exhibiting a slightly lower
maximum surface temperature and a narrower high-temperature region.

Keywords: TPMS, CFD, CSP

1. Introduction

Concentrated solar power (CSP) plants are increasingly relevant for renewable energy, and
advancing to cheaper heat transfer fluids (HTF), such as air, is a promising option, despite the
lower heat transfer capacity compared to current molten salt and thermal oil options. To en-
hance the receiver performance, different thermal enhancement devices and configurations
are under considerations.

Triply Periodic Minimal Surfaces (TPMS) are a promising class of geometric structures,
that recently gained an increasing interest in various engineering applications, especially heat
exchangers [1]. TPMS structures exhibit three-dimensional periodicity and minimal surfaces
with a high surface area-to-volume ratio, making them ideal for enhancing heat transfer effi-
ciency while maintaining a low pressure drop [2]. The practical application of TPMS in engi-
neering has only recently gained attention due to advancements in Additive Manufacturing
(AM), which allows for the creation of these structures through 3D printing. Considering heat
management and energy systems, TPMS have significantly advanced current technologies in
a wide range of energy applications. Dutkowski et al. [3] provided a state-of-the-art review of
minimal surfaces in heat transfer, emphasizing the potential of TPMS as a promising surface
type for heat exchangers. However, TPMS application in solar energy systems remains rela-
tively rare and is still in its early stages, and only recently numerical assessments have demon-
strated the potential of TPMS for solar thermal applications, particularly as volumetric receivers
[4, 5]. Mortazavi et al. [6] conducted an experimental test campaign to explore the energy and
exergy efficiency of two TPMS-based planar samples for application as high-temperature solar
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receivers. The two stainless samples equipped with SplitP, and Diamond lattices were fabri-
cated using AM, and tested in a solar simulator. Results indicated that the sample with SplitP
lattice outperforms the one with Diamond lattice.

Although the published experimental results have demonstrated the applicability of TPMS
structures for air-based solar receivers, there is a lack of numerical studies addressing real-
scale solar simulations of such absorbers. This gap in the literature hinders designers and
engineers from fully understanding the heat transfer mechanisms involved and then proceed
to the optimization of the receiver. As a result, this study aims at developing a 3D CFD model
for the samples tested in Ref. [6], simulating TPMS-based CSP receivers under real-scale
conditions to provide further insights on the performance of these receivers. The impact of
different turbulence models is considered, in the comparison to experimental data for both the
lattices for which experimental data are available (i.e., Diamond and SplitP).

This paper is organized as follows: Section 0 presents a brief description of the modelled
receiver, the experimental tests conducted, the inputs used in numerical simulations, and a
sensitivity analysis of the grid network developed for the solution domain. Section 0 discusses
the validation of the developed numerical model against experimental results, explaining how
numerical factors such as turbulence models could affect the accuracy of the model predic-
tions. Section 0 provides additional thermal analyses, detailing the temperature distribution
and hotspot regions of the receivers. Finally, the conclusions are summarized in Section 0.

2. Methodology

2.1 Solar receivers and experimental campaign

The small-scale planar solar receivers were designed and manufactured in AISI 316L as
shown in Figure 1a-b. Experiments were conducted at IMDEA Energy, Madrid (Spain) in the
KIRAN-42 high-flux solar simulator, with a total radiation power of 14 kW with a peak heat focal
plane [7]. Synthetic air, composed of 79% nitrogen and 21% oxygen, at ~10 bar was used as
HTF. Inlet and outlet temperatures, as well as absolute pressures, were measured before and
after the sample. The temperature of the backside and bottom-side of the samples was meas-
ured using four thermocouples, with their locations on the mounted sample shown in Figure 1c.
A series of experimental tests, studying the effects of airflow rate and solar heat flux were
investigated for each sample. The test conditions of the present work are based on the heat
flux level of 200 kW/m? tested under different airflow rates (see Table 7). Note that, due to the
negligible pressure drops across the samples (below the uncertainty of the pressure gauge),
hydraulic measurements are not included in this study.
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Figure 1. Pictures of the manufactured samples with (a) Diamond lattice and (b) SplitP lattice, and (c)
schematics of temperature sensors’ locations.

As in TPMS structures the cross-sectional area and the wetted perimeter could vary along
their length, their hydraulic diameter is defined as a ratio between the volume of the fluid do-
main to the wetted surface (see Eq. 1).
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The Reynolds number is defined based on hydraulic diameter in Eq. 2.

_ pUDy
Re = 0 (2)

U is the pore velocity and is equal to % , in which A, is the cross-sectional area of the

channel without the TPMS lattice. The Reynolds number corresponding to the mass flow rates
varies between 430 to 1700 for the SplitP lattice, while it is between 530 to 2100 for the Dia-
mond; therefore, the Reynolds number is well above the Darcy regime, suggesting that the
flow is in its inertial regime.

Table 1. Experimental test parameters measured during the campaign and used for model develop-

ment.
Mass flow rate | Peak heat | ATpiamond (Touttet — | ATspiite (T outiet — Tintet)
(als) flux (KWm?) | Tiper) (K) (K)
0.5 200 125 155
1 200 87 109
1.5 200 66 71
2 200 53 65
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Figure 2. Geometry and boundary conditions of the samples (Diamond sample); The sample with (a)
SplitP and (b) Diamond lattice in a cross-section in the middle of the sample.

A numerical 3D conjugate heat-transfer model was developed, using the STAR-CCM+
software for the samples with a non-uniform and one-side heating solar exposure, affected by
the convection and radiation losses to the ambient. Different RANS turbulent models, and
namely the Lag EB «-¢, k-w SST (Menter) and Realizable k-¢ two-layer have been investigated.

The solar heat flux (Qy) used as input in the simulations was modelled using a correlation
(Eq. 3) derived from the best fit to experimental data along the x- and y-axes [6].

Q. =A+ He_o's[(;_x)Z"L(%)z] (3)

In Eq. 3, A = 94.43 kW/m?, H = 245.08 kW/m? and o, = g, = 15.575 are the standard
deviations in x and y directions. Radiative (Q,,q44) and convective (Q;..ny) heat loss rates
were applied to all absorber surfaces except for the bottom-side surface. In the experiments,
the bottom-side surface was covered by insulation to protect the thermocouples from being
exposed to incident heat flux. As in the experiments the results were obtained after a quasi-
steady state condition was met, the simulations were performed under steady state condition.
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Ql,conv =h (Tabs - Tamb) (4)
Ql,rad = 0&gps (Tc;}bs - T;mb) (5)

In which h is the convective heat transfer coefficient assumed as 10 W/m2K, ¢ is the Stefan
Boltzmann constant, and ¢, is the absorber emissivity. The surface of the receiver was as-
sumed to be grey, so that ¢,,s = a. Moreover, T,;,s; and T,,,, denote the temperature of the
external wall of the absorber and the ambient temperatures. The useful heat, the amount of
thermal energy transferred to the HTF, which is used to increase the air temperature, can be
calculated from Eq. 6.

Qusf = aQs — (Ql,conv + Ql,rad) (6)

where, a is the receiver absorptivity and implied the amount of heat absorbed by the samples.
According to [8] the exposure of a stainless-steel solar absorber to high-flux solar incident
radiation leads to oxidation, providing a shift into the surface optical properties. As already
seen by Cantone et al. [9], for a similar heat flux range, oxidation occurs on the uncoated
receivers. Boydag [8] studied the optical properties of different stainless steels for high-tem-
perature applications. The value of absorptivity used in this study was 0.59, obtained from Ref.
[8] for almost the same level of oxidation and its validity was investigated in Figure 3. In this
figure, the thermal efficiency of the numerical results was compared to experimental data indi-
cating a good consistency. As in the experiments the useful heat was obtained from Eq. 7, the
useful heat is evaluated in the simulations in the same way and double checked with Eq. 6.
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Figure 3. Thermal efficiency comparison between experimental and numerical (from Lag EB k-¢
RANS model) results for different mass flow rates, heat flux level of 200 kW/m2 for (a) SplitP lattice (b)
Diamond lattice.

Qusf = 7'th(Tm,outlet — Tintet) (7)

In the simulations, the specific heat at constant pressure c,,, was obtained at the mean
arithmetic temperature between inlet and outlet, while the air inlet and outlet temperatures are
the adiabatic mean values. Finally, the thermal efficiency, which is the ratio between the useful
heat (Q,sr) and the total solar incident radiation (Q,) can be given with Eq. 8.

_ Qusf
Men =~ (8)
The heat transfer fluid in the tests was synthetic air with 79% Nitrogen and 21% Oxygen.
In the simulations, the non-reacting multi-component gas mixture, with the same composition
of the experiments, was assumed to be an ideal gas with temperature-dependant properties.
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2.2 Grid study

To solve the equations, polyhedral meshing was used with prismatic layers (for the fluid region)
to well capture high temperature and velocity gradients in near wall regions. A comprehensive
grid study was conducted to ascertain the accuracy of the results related to the discretization
error. Four different grids were developed and simulated with different RANS models compar-
ing the pressure drop and useful heat. In Table 2, grid study for Lag EB k-¢ RANS model could
be seen. In this table, grid ID is named with the first letter of the lattice and starting from the
finest to coarsest, e.g., S3 is the finest grid for SplitP while SO is the coarsest one. In this table,
173 IS the ratio between the number of cells of the i — th grid to the finest grid (grid number 3).
To estimate the uncertainty of the results due to discretization error, Grid Convergence Index
(GCI) was calculated using the least squares approach.

Table 2. Grid study for Lag EB k-¢ RANS model.

Grid ID | Number of Tis Average Ap / Quseful
cells cell size Apfineﬂ / useful finest
(4h) [m]
S3 5.07E+06 1 1.59E-04 1.00 1.0000
S2 4.21E+06 0.849 1.69E-04 1.007 1.0003
S1 3.30E+06 0.668 1.83E-04 1.011 0.9983
S0 2.39E+06 0.484 2.04E-04 1.072 0.9985
D3 2.84E+06 1 1.92E-04 1.00 1.0000
D2 2.29E+06 0.830 2.07E-04 0.985 1.0003
D1 2.09E+06 0.760 2.13E-04 0.963 0.9992
DO 1.95E+06 0.713 2.07E-04 0.944 0.9977

3. Validation of the results

3.1 Effects of turbulence model

In Figure 4, @, obtained from different RANS turbulent models is compared. For both sam-
ples, Lag EB k-¢ and k-w SST (Menter) models resulted in minimum deviation from the exper-
imental results. In Figure 4, for almost all the mass flow rates the experimental data are higher
than the corresponding numerical values. One reason for that could be the effect of surface
roughness which is not considered in numerical simulations. In Figure 1a-b it is indeed evident
that the surface of the manufactured samples are rather rough which leads to enhanced heat
transfer between the absorber and HTF.
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Figure 4. Comparison of the results of different RANS models for (a) SplitP and (b) Diamond lattices.
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3.2 Validation on the wall temperature increases

To further validate the models, the wall temperature of the samples was compared with exper-
imental data. The temperature increases of TC, and TC.4 (compared to inlet temperature) could
be seen in Figure 5. TC; and TC4 were selected because, in the experiments, they had better
contact with the samples. They were secured using a screw-tightened clamp mechanism that
held the Alumina insulation on the bottom side of the samples. Figure 5 shows the good agree-
ment between the results from the Lag EB k-€ model and the experimental data.
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Figure 5. Temperature increases in K (compared to inlet temperature) of the SplitP lattice for (a) TC2
and (b) TC4; temperature increase of the Diamond lattice for (c) TC2and (d) TCa.

4. Thermal analyses

The hotspot temperatures of the samples could be seen in Figure 6a. The temperature maps
for the most critical mass flow rate (0.5 g/s) could be seen in Figure 6b-c. The hot spot is
located near to the outlet with SplitP lattice having slightly smaller maximum temperature. From
Error! Reference source not found.b, it appears that the high temperature values occupy a
wider region for the Diamond lattice. The SplitP lattice has a higher effective conductivity com-
pared to Diamond lattice (see [6]) which results in its superior heat removal effect. Beside this,
higher thermal performance of SplitP lattice could also be attributed to its higher surface area-
to-volume ratio (1.43 mm™ and 1.06 mm for SplitP and Diamond lattices, respectively) and
its complex flow channels which lead to better mixing of the HTF.

In Figure 7, the useful heat predicted by the Lag EB k-&¢ model is compared for the two
lattices. The results align well with the experimental data, where the SplitP lattice sample
showed higher absorbed heat (see Ref. [6]).
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Figure 6. Temperature map for mass flow rate of 0.5 g/s and heat flux level of 200 kW/m?2 for (a)
SplitP and (b) Diamond lattices.
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Figure 7. The useful heat comparison between the two lattices obtained with Lag EB k-¢

5. Conclusion

In this study two high-temperature planar solar receivers equipped with SplitP, and Diamond
lattices were studied numerically. The useful heat obtained from three different RANS turbulent
models— Lag EB k-¢, k-w SST (Menter), and Realizable k-¢ two-layer—were compared with
experimental results, with Lag EB k-¢ and k-w SST (Menter) models showing the smallest
error. All models underestimated the useful heat which could be attributed to rough surface of
the samples which was not modelled in the simulations. To further validation of the model, the
wall temperature increases of the location of TC, and TC4 were compared with experimental
data indicating the good consistency of the model. The receiver with SplitP lattice showed
superior thermal performance with higher thermal efficiency, higher useful heat, and lower
hotspot temperature. Also, the area with maximum temperature in SplitP was narrower than
Diamond lattice.
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