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H I G H L I G H T S

• Two planar solar receivers manufactured in stainless steel with TPMS lattices.
• Receivers were tested in a solar simulator and compared experimentally.
• Effects of mass flow rate and heat flux were analyzed.
• The sample with SplitP lattice showed higher thermal and exergy performance.
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A B S T R A C T

This study experimentally investigates Triply Periodic Minimal Surfaces (TPMS) as structured
porous media for concentrated solar power systems. Two mock-up planar solar receivers with dif-
ferent TPMS lattices, Diamond and SplitP, were fabricated using Additive Manufacturing. Testing
was conducted within the SFERA III project, funded by the EU, utilizing a solar simulator facility
at IMDEA Energy Institute in Madrid, Spain. Thermal performance was evaluated under varying
mass flow rates and heat flux levels, using synthetic air as the working fluid. Results show supe-
rior performance of the SplitP lattice over the Diamond lattice, exhibiting higher heat absorption,
lower heat loss, and improved thermal and exergetic efficiencies. SplitP achieved a maximum
thermal efficiency of approximately 70 %, compared to 60 % for Diamond, and an exergetic effi-
ciency of approximately 12 %, compared to 8 % for Diamond.

1. Introduction
The urgent need for clean energy has promoted rapid development of renewables. By the end of 2023, renewable energy sources

accounted for 43 % of the total global installed power capacity [1]. Solar energy stands out as the most abundant and widely dis-
persed renewable energy source available [2] and among solar technologies, concentrated solar power (CSP) is seen as a promising
technology [3–5]. In CSP technologies, solar thermal energy is concentrated on a focal line or point using different configurations of
mirrors or concentrators to attain medium-to-high temperatures. The concentrated heat is then removed by a heat transfer fluid
(HTF) and can be subsequently converted to electricity in the conventional power cycles.
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To increase the efficiency of CSP technologies, numerous studies have been done on possible modifications to the receiver to in-
crease the heat transfer surface and/or promote turbulence [6], on the usage of different heat transfer fluids [7,8] or on the usage of
nano fluids [9] to increase the thermal properties of the HTFs, or on development of different coating with the aim of improving opti-
cal efficiency [10,11]. For instance, Wang et al. [12] studied the thermohydraulic performance of the receiver of a parabolic trough
collector (PTC) partially/fully filled with high porosity metal foams. They evaluated the effect of the layout of metal foam (placed ei-
ther at the top or at the bottom of the receiver), geometrical parameter and porosity, and in their optimum thermohydraulic configu-
ration, compared to a smooth receiver tube, the Nusselt number increased 5–10 times, paid at the cost of an increase of the friction
factor of 10–20 times. Mwesigye et al. [13] investigated the performance of a PTC's receiver with perforated-plate inserts, exploring
different plate diameters, orientation angle and spacing with a given porosity of 0.65. For their considered range of Reynolds num-
bers, temperatures and geometrical parameters, they managed to achieve an improvement of >130 % in the Nusselt number, with a
friction factor increase up to 95 times compared to a smooth receiver tube. In an experimental effort, Jamal-Abad et al. [14] investi-
gated a parabolic through receiver filled with a copper metal foam. Although the porous medium reduced the overall loss coefficient
by 45 % and increased the thermal efficiency, a considerable increase in friction factor was reported. In a numerical and experimental
study, Savoldi et al. [15] investigated the usage of Raschig Rings as porous medium in a planar solar receiver using air as HTF. From
their results, they concluded their tested configuration had an improvement in the heat transfer by a factor of around 5 and a Thermal
Enhancement Factor (TEF) of 2–2.5 when compared to the same receiver configuration but without Raschig Rings. Considering again
Raschig Rings as the porous medium within a solar receiver, Ebadi et al. [16,17] also conducted an experimental and numerical re-
search on tubular receivers, observing that their unstructured porous insert increased the thermal efficiency. However, they also ob-
served dead zones in which the flow was stagnant: the unstructured porous medium in fact affects the fluid at the macroscopic level
by creating non-uniform flow fields with considerably different velocities [18]. Overall, although unstructured porous inserts sub-
stantially increase the thermal performance in the receivers, they also cause an increase in pressure drop which requires considerably
higher pumping power. A comparison between conventional unstructured porous media and structured lattices was carried out by
Tian et al. [19,20]. In their experimental and theoretical study, they found that the adopted copper textile structures performed as
well as the stochastic metal foams (aluminium and copper based), but with a substantially lower pumping power. Additionally, the
overall thermal efficiency of the studied textile-based structures was found to be three times higher than that of copper foams with a
comparable weight. Regrettably, structured porous media utilized as inserts within solar receivers have not received adequate atten-
tion in the literature.

Triply Periodic Minimal Structures (TPMS) offer several advantages for solar receivers, making them promising candidates for en-
hancing the efficiency and durability of concentrated solar power (CSP) systems:
- Versatility in design, reduced material usage and superior mechanical strength: additive manufacturing techniques allow

precise customization of TPMS [21] for specific thermal and mechanical requirements in CSP applications. Moreover, TPMS
achieve strength and thermal performance with less material, leading to cost savings and lighter solar receivers. Their
robust structural design [22] allows TPMS to withstand high thermal stresses and harsh conditions, increasing the lifespan
of solar receivers with reduced maintenance.

- High surface area-to-volume ratio: TPMS enhance heat transfer by providing extensive surface area-to-volume ratio [23] for
efficient absorption and distribution of solar energy, improving thermal performance.

- Optimized fluid dynamics and improved heat transfer: TPMS structures optimize fluid flow, reducing pressure drops and
preventing the occurrence of the dead zones [24], thus enhancing convective heat transfer and resulting in more effective
cooling. TPMS facilitate uniform heat distribution, reducing hotspots and minimizing thermal losses [25].
By leveraging these advantages, TPMS can significantly improve the thermal efficiency, mechanical reliability, and overall perfor-

mance of solar receivers, making them valuable for next-generation CSP systems.
Khalil et al. [26] compared the performance of two lattices constituted by specific TPMS topologies, namely Diamond and Gyroid,

with three other heat sinks, concluding that the Diamond sample showed higher thermal efficiency. Modrek et al. [27] analyzed the
thermal performance, such as effective thermal conductivity, of TPMS-based heat sinks. They designed heat sinks using the topology
optimization technique and proposed two mapping approaches to transform porous cellular structures to Gyroid-based heat sinks, an-
alyzing and comparing the heat transport therein. Yan et al. [28] studied experimentally the thermohydraulic performance of differ-
ent TPMS lattices - namely Gyroid, Diamond, Primitive - and their two-by-two combinations (Gyroid/Diamond, Diamond/Primitive
and Gyroid/Primitive). To compare the overall performance of each lattice (considering both pressure drop and heat transfer) in the
studied range of air flow Reynolds numbers (400–1200), they adopted an area goodness factor, defined as the ratio of Colburn factor
to friction factor. The Gyroid lattice resulted in the highest ratio in view of its low pressure drop, but the Diamond lattice had the
highest heat transfer coefficient. Another work of Modrek et al. [29] based on a multi-objective optimization of four TPMS structures,
namely Gyroid, Diamond, Primitive, and IWP, highlights the potential of Diamond TPMS in improving both thermal and mechanical
performance of passive heat sinks.

Although TPMS lattices have garnered attention in heat exchangers or as heat sinks for high heat flux removal [30], their efficacy
as heat sinks in concentrated solar power applications has not been extensively studied. To explore the potential utilization of TPMS
structures in enhancing heat transfer in high-temperature solar receivers, two mock-ups of planar solar receivers equipped with dif-
ferent TPMS lattices were designed, manufactured, and subjected to testing to determine their thermal performance under various
mass flow rates and concentrated heat fluxes. According to the above literature review, the Diamond lattice emerged as a promising
candidate for effective heat removal, leading to its selection for the first mock-up. The second chosen lattice was the SplitP, which has
only recently gained attention [31] likely due to its more intricate topology. Among various structures such as the Gyroid and Lidi-
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noid, the SplitP was found to exhibit the best thermal performance based on numerical investigations, as discussed in Ref. [32]. The
samples were produced using additive manufacturing technology and subsequently tested at IMDEA Energy Institute using a high-
flux solar simulator. Their performance was evaluated and compared based on parameters including temperature increase on the
backside surface, outlet temperature, heat absorption, heat loss, and thermal and exergetic efficiencies.

The paper is structured as follows: Section 2.1 offers insights into TPMS lattices, detailing their production and geometry. In Sec-
tion 2.2, the experimental setup, test facility, and instrumentation employed are introduced. Section 2.3 outlines the procedure fol-
lowed during the tests. The correlations utilized in data analysis are presented in Section 2.4, while Section 2.5 provides an analysis of
uncertainty. Section 3 presents the analyzed results, and Section 4 summarizes the main conclusions.

2. Samples and test campaign
2.1. Planar solar receiver modified with TPMS

The two planar CSP receivers, featuring the described TPMS lattices, were initially designed using nTop and SolidWorks software.
Subsequently, they were fabricated using additive manufacturing with the powder bed fusion method, employing Stainless Steel AISI
316L.

TPMS are surfaces with zero mean curvature at each point [33], which minimizes the surface area between the given boundaries
[34], providing a high surface-area-to-volume ratio. TPMS structures are developed by periodically repeating a unit cell in three prin-
cipal directions. These structures could be described by analytical equations composed of sine and cosine functions, shown in Table 1,
where X = 2aπx, Y = 2bπy, Z = 2cπz , and a, b and c are constants in charge of the unit cell size of the structures in the x, y and z di-
rections, respectively, while ψ is an offset parameter related to the porosity. - For the mock-ups, the two TPMS selected were Diamond
and SplitP, both in sheet form, featuring two parallel channels within each structure. These TPMS were designed with a unit cell size
of 10 mm (a = b = c = 10mm) and an average wall thickness of 1 mm.

The design porosity, surface-area-to-volume ratio and mass of the samples are reported in Table 2. It should be mentioned that the
produced samples were not covered by any coating. The sketch of the receivers with quotes is reported in Fig. 1a–c, while two longitu-

Table 1
Characteristic equations for Diamond and SplitP TPMS lattices.

Structure name Characteristic function

Diamond sin(X) ∙ sin(Y) ∙ sin(Z) + sin(X) ∙ cos(Y) ∙ cos(Z) + cos(X) ∙ sin(Y) ∙ cos(Z) + cos(X) ∙ cos(Y) ∙ sin(Z) = ψ
SplitP 1.1 ∙ (sin (2𝑋) ∙ sin (𝑍) ∙ cos (𝑌 ) + sin (2𝑌 ) ∙ sin (𝑋) ∙ cos (𝑍) + sin (2𝑍) ∙ sin (𝑌 ) ∙ cos (𝑋))

− 0.2 ∙ (cos (2𝑋) ∙ cos (2𝑌 ) + cos (2𝑌 ) ∙ cos (2𝑍) + cos (2𝑍) ∙ cos (2𝑋))

− 0.4 ∙ (cos (2𝑋) + cos (2𝑌 ) + cos (2𝑍)) = 𝜓

Table 2
Design values of the porosity, the surface-area-to-volume ratio and mass of the samples.

Diamond SplitP

Porosity 76.8 % 73.7 %
Surface-area-to-volume ratio [mm−1] 1.06 1.43
Mass [g] 56.5 58.4

Fig. 1. Design Plan of the samples (dimensions are in millimeter) and the 3D CAD of longitudinal cross-section view of the receiver with (d) Diamond lattice and (e)
SplitP lattice.
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dinal sections on the middle plane, showing the inner TPMS lattices, are shown in Fig. 1d–e. Fig. 2 shows the pictures of the manufac-
tured samples, with an insight view of the lattices. As shown in Fig. 2, the samples exhibit high surface roughness, which leads to in-
creased pressure drop and is expected to give higher heat transfer compared to smooth surfaces. This roughness, intrinsic in the 3D
printing process, is challenging to eliminate, and is currently being addressed by dedicated experimental topology investigations.

2.2. Experimental setup
The two samples were tested in the KIRAN-42 high-flux solar simulator, equipped with seven Xenon short-arc lamps (doped tung-

sten electrodes) with elliptical reflectors placed in a hexagonal symmetry arrangement (Fig. 3a). The emission spectra of KIRAN-42
closely resemble sunlight, and at its maximum capacity (with all seven lamps operating), it delivers a total radiation power of 14 kW
with a peak heat flux of 3.6 MW/m2 at its focal plane [35]. A fully automated XYZ positioning table with an accuracy of 1 mm accom-
modates the testbed. The latter is exposed to Xenon lamps from a large-aperture window equipped with a blind shutter (Fig. 3b), and
another large window (perpendicular to the direction of the heat flux) faces the control room for observation and control. As the
tested heat flux range did not exceed 350 kW/m2, only one lamp (the one in the centre of the hexagonal arrangement) was utilized
during the test campaign.

To study the thermal behavior of the planar solar receivers with TPMS lattices, the open loop circuit shown in Fig. 4 was used. Syn-
thetic air, with a composition of 79 % Nitrogen and 21 % Oxygen, supplied from a compressed air bottle, flowed through a pressure
regulator valve, maintaining the inlet pressure at approximately 10 bar. Inlet and outlet temperatures, along with absolute pressures,
were measured before and after the sample. Notably, due to negligible pressure drops across the samples (below the uncertainty of the
pressure gauge), hydraulic measurements are not included in this study. To control the ambient temperature of the test room, the
heated air was cooled down in a heat exchanger in a secondary loop with the aid of a chiller, and then exhausted. The temperature of
the backside and the downside of the samples were measured using four thermocouples. The locations of the thermocouples on the
mounted sample are shown in Fig. 4a. As shown in Fig. 4b a holder was designed and used to hold and ensure the contact between the
bottom-side thermocouples and the sample edge. The sensor dimensions and locations were selected to measure varying solid temper-
atures based on fluid movement within the sample. Two sensors were mounted on the back to measure the heat reaching the outer
surface of the samples. Sensor TC1 was positioned near the fluid entrance, where the air heats up at the maximum rate as it flows
through the TPMS channels. Sensor TC3 was located near the fluid outlet, where the heat transfer rate between the solid and fluid de-
creases due to a lower temperature gradient. Despite aiming to position the two samples at the same vertical height, a small deviation
of 4 mm occurred due to test rig limitations and testing conditions. Additionally, two more thermocouples (TC2 and TC4) were in-

Fig. 2. Pictures of the manufactured samples with (a) Diamond lattice and (b) SplitP lattice.

Fig. 3. (a) Hexagonal arrangement of Xenon lamps (from Ref. [36]) (b) The test table.
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Fig. 4. Sketch of the experimental test setup with (a) Locations of the thermocouples on the backside of the samples (the depth is measured from the back side of the
sample) and (b) front side of mounted sample.

stalled on the bottom edge, almost at the same horizontal positions as TC1 and TC3, to map the temperature distribution along the
sample surfaces and provide insights into hotspot locations along the edges rather than the front side.

It is important to note that temperature readings were conducted using four thermocouples; however, the comparison of tempera-
tures between the two samples relies solely on TC3, which records readings from the backside. This decision was made due to the in-
ability to securely position the thermocouples TC2 and TC4 on the bottom side of the samples, despite the aforementioned holder. As a
result, their positions were slightly altered after installation, rendering them incomparable between the two samples.

The instrumentation used to conduct this study includes:
• The temperature sensors, K-type thermocouples manufactured by TC Direct company with an accuracy of ±0.5 °C with the

limit of more than 1000 °C. In the tests, eight thermocouples were used: four thermocouples on the sample, two for the inlet
and outlet temperatures, one for the ambient temperature and one for the exhaust air temperature.

• An EL-FlOW F–1170K-MBD-44-V mass flow meter, produced by Bronkhorst and installed upstream of the sample. The accuracy
of the mass flow meter was ±0.1 % in full scale and ±0.5 % in reading with the maximum capacity of 2 g/s at 20 bar and 20 °C.

• A Thermogage circular-foil heat flux transducer, commonly referred to as a Gardon gauge, specifically the TG1000-1 model
manufactured by Vatell. It has a range of 0–160 W/cm2 and an emissivity of 0.95. While the nominal accuracy is stated as ±3 %,
the operator at IMDEA Energy Institute recommended a tolerance of ±10 %.

• Two 0–10 V DC output pressure transmitters made by TC Direct, installed upstream and downstream of the sample, respectively,
with the accuracy of ±0.5 % in full scale, the range of 0–16 bar and output of 0–10 V. However, since the pressure drop along
the sample was very low, these measurements were not analyzed as the accuracy of the uncertainty of the pressure drop resulted
to be of the same order of the measured pressure difference between inlet and outlet.
All the data from the sensors were recorded at the same time with the frequency of 2 s.

2.3. Experimental procedure
The test campaign was carried out from November 7th to November 17th, 2023 at IMDEA Energy Institute in Madrid to evaluate

the thermal behavior of the two TPMS lattices under different heat fluxes and mass flow rates. The experiments were carried out as
part of the international access program within the SFERA-III project funded by the EU. Prior to conducting the tests, preliminary sim-
ulations were executed using the commercial CFD software STAR-CCM + [37]. These simulations aimed to establish the experimental
test parameters and verify that the hot spot temperatures remained below the softening temperature of Stainless Steel.
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The mass flow adjustment was performed at the beginning of each test session, with each test performed for constant mass flow
rate and different heat flux levels. Subsequently, the Xenon lamp located at the center of the hexagonal arrangement in Fig. 3a was ac-
tivated for a duration of 10 min to ensure a stable flux. To prevent lamp overheating, a continuous blower operation was employed
throughout the tests. During this phase, precautions were taken to safeguard the sample from damage; the test table was positioned
vertically so that the concentrated power was directed at the Lambertian target rather than the sample. The solar simulator's focal
plane exhibits a Gaussian distribution of heat flux originating from the Xenon lamp, as depicted in Fig. 5. Consequently, to achieve di-
verse heat flux levels on the absorbing surface, the samples were positioned at different locations on the flux map to achieve the corre-
sponding average value. To achieve the desired heat flux, the Gardon gauge sensor was placed at the sample location on the Lambert-
ian target. After positioning the target on the lamp's concentrator focal plane, the testbed was vertically adjusted to record the corre-
sponding coordinates for the desired heat flux. This procedure was recommended by the IMDEA Energy Institute's personnel and it is
reported in Ref. [38]. After the primary adjustments, the bottle's valve was reopened, and the table was placed at the vertical location
corresponding to the desired heat flux level.

The tests for the Diamond lattice were completed before the installation of the SplitP sample. Each test aimed to achieve a quasi-
steady state condition, allowing approximately 10 min for data recording once this condition was reached before concluding the test.
Test names were derived from the first character of the TPMS lattice, followed by the heat flux level and mass flow rate. For instance,
"D100-20″ denotes a test conducted on the Diamond sample with a heat flux level of 100 kW/m2 and a mass flow rate of 2 g/s. Table 3
summarizes the conducted tests and reports the test names and their corresponding mass flow rate and heat flux level.

2.4. Data analysis
Theoretically, the heat flux distribution in the solar simulator exhibits rotational symmetry, with the maximum value at the center

[39]. On the initial testing day, following the procedure outlined in Section 2.3, vertical locations on the focal plane corresponding to
desired heat flux levels were documented. However, since the heat flux varies across the receiver's surface, a correlation was estab-
lished between the recorded vertical locations and their associated heat flux values. Utilizing ten coordinates and their respective
measured heat flux values, Eq. (1) was derived to model the Gaussian heat flux distribution:

HF = A + He
−0.5


x

𝜎x

2

+


y

𝜎y

2


(1)

In Eq. 1, A = 94.43 kW/m2, H = 245.08 kW/m2 and σx = σy = 15.575 are the standard deviations in x and y directions, obtained as
the best fit of the ten measured heat flux values and their corresponding locations. In Fig. 5, the heat flux distribution from Eq. (1) is
shown, and the vertical locations of the sample for the heat flux levels of 100 and 300 kW/m2 are highlighted ((a) and (b), respec-
tively). The vertical locations of the studied heat flux levels and their corresponding incident heat (obtained from Eq. (1)) are re-
ported in Table 4. The origin of the coordinate system corresponds to the maximum value of heat flux on the focal plane. The total in-
cident heat, Etot, is obtained by integrating Eq. (1) on the receiver:

Etot = ∬
A + He

−0.5


x

𝜎x

2

+


y

𝜎y

2
 dxdy (2)

Fig. 5. Heat flux distribution based on Eq. (1), and the location of the sample for a heat flux level of (a) 100 kW/m2 and (b) 325 kW/m.2.
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Table 3
Tests information containing the test names and their corresponding mass flow rate and heat flux level.

Sample Mass flow rate (g/s) Heat flux level (kW/m2) Test name Sample Mass flow rate (g/s) Heat flux level (kW/m2) Test name

Diamond 0.5 100 D100-05 SplitP 0.5 100 S100-05
125 D125-05 125 S125-05
150 D150-05 150 S150-05
200 D200-05 200 S200-05

1 100 D100-10 1 100 S100-10
125 D125-10 125 S125-10
150 D150-10 150 S150-10
200 D200-10 200 S200-10
250 D250-10 250 S250-10
300 D300-10 300 S300-10

1.5 100 D100-15 325 S325-10
125 D125-15 1.5 100 S100-15
150 D150-15 125 S125-15
200 D200-15 150 S150-15
250 D250-15 200 S200-15
300 D300-15 250 S250-15
325 D325-15 300 S300-15

2 100 D100-20 325 S325-15
125 D125-20 2 100 S100-20
150 D150-20 125 S125-20
200 D200-20 150 S150-20
250 D250-20 200 S200-20
300 D300-20 250 S250-20
325 D325-20 300 S300-20

325 S325-20

Table 4
Vertical locations (origin at x = 0 and y = 0) associated to each heat flux level and the incident heat from Eq.

Nominal heat flux level [kW/m2] Δya [mm] Incident heat Etot [W]

100 38 117.4 ± 11.7
125 33 129.4 ± 12.9
150 28 147.6 ± 14.8
200 20 189.9 ± 19.0
250 14 226.9 ± 22.7
300 9 254.2 ± 25.4
325 6 266.5 ± 26.7
a Vertical location of the test bed.

Unfortunately, not all the incident solar energy is absorbed and transferred to the flow. The amount of absorbed heat is dependent
on the optical efficiency of the concentrator, absorptivity of the receiver and also the amount of heat loss to the ambient through radi-
ation and convective heat losses. The absorbed heat is calculated from Eq. (3), assuming quasi-steady state conditions.

Eu = mcp

(
To − Ti

)
(3)

In Eq. (3), ṁ is the mass flow rate, Ti and To are the inlet and outlet average temperatures of the fluid, respectively and cp is the specific
heat of synthetic air (obtained at (Ti + To)/2). The amount of heat loss is the difference between the incident heat Etot and the absorbed
heat Eu (Eq. (4)).

Eloss = Etot − Eu (4)

The thermal efficiency of the receiver, defined as the ratio between the absorbed heat and the total incident heat, is calculated
from Eq. (5):

𝜂th =

Eu

Etot

(5)

The exergy efficiency is defined as Eq. (6):

𝜂
ex
=

Ex
u

Ex
tot

(6)
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which is the ratio between the absorbed exergy rate (Eq. (7)) and the exergy of incident concentrated solar power (Eq. (8)).

Exu = Eu − mCpTamb ln


To

Ti


= mCp


To − Ti


− Tamb ln


To

Ti


(7)

The total exergy from the incident radiation concentrated on the sample, Extot, was calculated using the correlation introduced by
Petela [40].

Extot = Etot

[
1 +

1

3

(
Tamb

Tsun

)4

−

4Tamb

3Tsun

]
(8)

In Eq. (8), the temperature of the heat source (Xenon lamp) was assumed to be equal to the temperature of the sun, Tsun, and equal to
5762 K.

2.5. Analysis of experimental uncertainty
Each measuring instrument operates within a specified range and possesses a certain level of uncertainty. When calculating para-

meters derived from measured quantities, it is common practice to consider the instrumentation's uncertainty as an independent vari-
able. For example, the dependent function R is related to independent variables ω1,ω2,ω3,…,ωn through Eq. (9).

R = R
(
𝜔1, 𝜔2, 𝜔3,… , 𝜔

n

)
(9)

According to Holman [41], the uncertainty of a dependent variable R, WR, can be calculated as in Eq. (10):

WR =

[(
𝜕R

𝜕𝜔1

W1

)2

+

(
𝜕R

𝜕𝜔2

W2

)2

+…+

(
𝜕R

𝜕𝜔n

Wn

)2
] 1

2

(10)

In which, W1, W2 , …, Wn are the uncertainty of independent variables ω1,ω2,…,ωn.
The uncertainty of absorbed heat, energy and exergy efficiencies is then calculated as reported in Eqs. (11)–(14):

WEu
=

[(
𝜕Eu

𝜕 m
W m

)2

+

(
𝜕Eu

𝜕Tout

WTout

)2

+

(
𝜕Eu

𝜕T in

WTin

)2
] 1

2

(11)

W𝜂th
=

[(
𝜕𝜂en

𝜕Etot

WEtot

)2

+

(
𝜕𝜂en

𝜕 m
W m

)2

+

(
𝜕𝜂en

𝜕T in

WTin

)2

+

(
𝜕𝜂en

𝜕Tout

WTout

)2
] 1

2

(12)

W𝜂ex
=

[(
𝜕𝜂ex

𝜕Extot

WExtot

)2

+

(
𝜕𝜂ex

𝜕 m
W m

)2

+

(
𝜕𝜂ex

𝜕T in

WTin

)2

+

(
𝜕𝜂ex

𝜕Tout

WTout

)2

+

(
𝜕𝜂ex

𝜕Tamb

WTamb

)2
] 1

2

(13)

where:

WExtot
=

[(
𝜕Extot

𝜕Etot

WEtot

)2

+

(
𝜕Extot

𝜕Tamb

WTamb

)2
] 1

2

(14)

All temperatures in theses relations were offset to their initial value; therefore, the difference between Tin and Tout before applying
the heat flux was excluded from the calculations. The details of experimental errors are provided in Table 5.

Table 5
Experimental error sources and their relative uncertainty.

Variable Uncertainty Value

Concentrated flux Etot ±10 %
Air flow rate Wṁ ±1.5 %
Temperature WT, WTout

, WTamb
, WTC1

, WTC2
, WTC3

, WTC4
±1.5 °C

Absorbed heat WEu
±1.9 %

Heat loss WEloss
±22 %

Thermal efficiency Wηth
±10.2 %

Exergy efficiency Wηex
±11 %
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3. Results and discussion
During the postprocessing of the results, the uncertainty associated with each independent variable was determined by summing

the standard deviation of the extracted results and the uncertainty inherent in the respective measuring tool.
The Reynolds number is introduced in Eq. (15) (where ρ and μ are the fluid density and dynamic viscosity, respectively, evaluated

at the average fluid temperature, and Us is the average superficial fluid velocity), defined based on a hydraulic diameter Dh:

Re =

𝜌UsDh

𝜇
(15)

In TPMS lattices, Dh is defined as in Eq. (16):

Dh =

4Vfluid

Awet

(16)

where, Vfluid is the fluid volume and Awet is the wetted surface. The pore velocity Us, is calculated from Eq. (17), where Ac is the cross-
sectional area of the receiver.

Us =

mDh

AcA𝜌
(17)

Upon reviewing existing literature, it becomes evident that only a limited number of studies have delved into the transition to tur-
bulent flow, highlighting the necessity for further investigation on this topic. Iyer et al. [34] explored laminar flow through TPMS
structures, considering Reynolds numbers up to approximately 300 to be within the laminar regime. It is noteworthy that, unlike the
scenario observed in smooth pipes, the transition to turbulent flow is gradual, with no drastic changes in the friction factor [42].
Table 6 presents the Reynolds numbers corresponding to each sample within the examined range of mass flow rates. For a mass flow
rate of 0.5 g/s, the Reynolds number appears to lie within the transitional region, whereas for a mass flow rate of 1 g/s, it is reason-
able to assume that the flow has transitioned to the turbulent regime.

3.1. Temperature profile
An illustration of the measured results, including the transient period for a test session with a mass flow rate of 0.5 g/s for the sam-

ple featuring the SplitP lattice, is provided in Fig. 6. It is worth noting that the sample with the Diamond lattice exhibits a similar be-
havior to that of the SplitP lattice; hence, it is not depicted in Fig. 6. The quasi-steady state results were recorded for approximately
10 min before proceeding to the next heat flux level. To mitigate potential issues stemming from imperfect thermocouple calibration,

Table 6
Reynolds number of the tests.

Mass flow rate (g/s) Reynolds number

SplitP lattice Diamond lattice

0.5 430 530
1 860 1000
2 1700 2100

Fig. 6. An example of a test session with the mass flow rate of 0.5 g/s for sample with SplitP lattice. The temperature increase is referred to room temperature.
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each signal was offset to its initial value, ensuring a starting measurement of zero for each parameter. Since the ambient temperature
was nearly constant (in the range of 19–22 °C), it was not shown in Fig. 6; however, for each test, its value was obtained with the
aforementioned method.

Fig. 6 illustrates the transient cooling phase, characterized by a rapid spike in temperature readings. The time needed for the tem-
peratures measured by TC3 to cool down from 130 °C to 98 % of the ambient temperature was 14 % higher for the Diamond sample.
This suggests a faster transient response in the SplitP sample, likely due to its higher effective thermal diffusivity. According to simple
dimensional analysis on the transient heat diffusion equation, the transient timescale scales inversely with thermal diffusivity. While
an exact calculation of thermal diffusivity requires additional information about the mean temperature of the samples, the assump-
tion of higher effective thermal diffusivity in the SplitP sample is acceptable, given its smaller porosity and higher mass compared to
the Diamond sample (refer to Table 2).

In their insightful exploration of the thermal conductivity of TPMS lattice structures, Catchpole-Smith et al. [43] deduced that the
thermal conductivity is primarily determined by the solid volume fraction, defined as the ratio of solid material volume to the void
volume (VSolid/VFluid). Put differently, the effective conductivity of the lattice is inversely related to the porosity
ε = VFluid/(VFluid + VSolid) = 1/(1 + VSolid/VFluid). They attributed this phenomenon to the increase in wall thickness. Additionally,
thermal conductivity is influenced by geometry, unit cell size, and the surface roughness of 3D printing. SplitP, in comparison to the
Diamond lattice, exhibits a lower porosity and higher mass (refer to Table 2). Consequently, this results in a higher effective conduc-
tivity, thereby promoting conduction heat transfer from the heated surface to the back side of the sample.

The temperature increases (relative to initial temperatures) of the backside temperature TC3 and the outlet temperatures of the
samples are illustrated in Fig. 7. All measured temperatures for the SplitP sample exhibit higher values compared to Diamond. In Fig.
7 (a) and (b), the SplitP sample shows a higher outlet temperature increase compared to the Diamond sample. This difference suggests
that the SplitP lattice absorbs more heat overall with lower heat loss, validating the higher temperature readings by TC3 in the SplitP
sample, as shown in Fig. 7 (c) and (d).

In Fig. 8, the temperature increases (compared to room temperature) of all four thermocouples mounted on the samples and of the
outlet temperature is shown for the mass flow rates of 0.5 and 2 g/s and the highest incident heat flux levels tested for those mass flow
rates. For both samples, the temperature measured by the different thermocouples increases, as expected, along the samples in the di-
rection of the fluid flow. Notably, temperatures measured at the back face of the samples (TC3) are consistently lower than those
recorded on their sides (TC2 and TC4), attributable to the latter sensors' closer proximity to the heated surface. It is noteworthy that
temperatures measured on the SplitP lattice sample consistently exceed those of the Diamond lattice sample. However, it is essential
to highlight that direct comparisons between TC2 and TC4 measurements for the two samples may not be entirely accurate, as dis-
cussed in Section 2.2.

3.2. Absorbed heat
The absorbed heat computed for each sample is shown in Fig. 9 for different values of the mass flow rate. As expected, the ab-

sorbed heat increases with higher mass flow rates and higher incident heat fluxes. As the heat flux increases, the absorbed heat pro-
gressively deviates more from the ideal condition (Eu = Etot) which is the bisecting line of the graph and is plotted with a black dashed
line. This effect is due to the higher temperature levels reached by the samples for higher incident heat rates and thus to a higher heat

Fig. 7. Temperature rise with respect to room temperature at the outlet (a,c) and in TC3 (b,d) for Diamond (a,c) and SplitP (b,d).
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Fig. 8. Temperature increase (with respect to room temperature) of the four thermocouplses on the samples for (a) mass flow rate of 0.5 and incident heat of 200 W and
(b) mass flow rate of 1 g/s and the incident heat of 270 W.

Fig. 9. Absorbed heat absorbed by the samples for different incident heat for (a) Diamond and (b) SplitP samples.

losses to the ambient. Across all mass flow rates and incident heat levels, the SplitP lattice sample demonstrates enhanced heat re-
moval compared to the Diamond lattice counterpart.

3.3. Heat loss and efficiency
The total heat loss from the receivers was calculated from Eq. (4) and could be seen in Fig. 10a–b, and it turned out to be a very

significant fraction of the incident heat, ranging from 30 % in the most favourable case (SplitP lattice with the highest flow rate and
the highest incident heat) to 70 % in the worst case (Diamond lattice with the lowest mass flow rate and lowest incident heat). As an-
ticipated, increasing the mass flow rate leads to a decrease in heat loss for each sample, as more effective cooling occurs, limiting the
temperature rise of the receiver for a given incident heat value. The rise in incident heat from the minimum to maximum value mar-
ginally reduces the loss ratio: as heat flux increases, the proportion of heat lost relative to the incident heat decreases for both samples
across all tested air flow rates. This suggests that with higher heat fluxes, a greater portion of the incident heat is absorbed, corrobo-
rating the findings in Fig. 9. The SplitP lattice sample shows a lower loss ratio, attributed to its higher absorption of incident heat. It is
crucial to highlight that temperature readings were not taken on the heated surface of the samples, as previously discussed in Section
2.2.

To assess the thermal performance of each design across various heat flux levels and mass flow rates, thermal efficiency (as per Eq.
(5)) was computed and compared in Fig. 10c–d. In both cases, thermal efficiency increases with higher mass flow rates, tending to sta-
bilize at the highest flow rate values. Once again, the SplitP sample exhibits superior performance. The highest thermal efficiency is
achieved with a mass flow rate of 2 g/s, reaching approximately 70 % for SplitP and nearly 60 % for the Diamond. Table 7 provides a
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Fig. 10. Normalized heat loss, thermal efficiency and exergetic efficiency for (a) Diamond and (b) SplitP samples.

Table 7
Thermal efficiencies of different solar air heaters, in a mass flow rate range relevant to the present study.

Solar air heater Maximum ηth (%) Flow rate of air

CPCa [44] ∼50 % 0.0019–0.002 [m3/s]
PTC with internal fins [45] ∼45 % 0.0016–0.0086 [m3/s]
Conical concentrator [46] ∼20 % 8.3 g/s
FPCb with CPC [47] ∼30 % 2.2 g/s
Double-pass unglazed FPC with perforated absorber plate and packing wire mesh layers [48] ∼15 % 3 g/s
FPC [49] ∼35 % 4 g/s
a Compound parabolic concentrator.
b Flat plate collector.

comparison of thermal efficiencies for various solar air heaters within a mass flow rate range similar to this study. It is evident that
even at higher flow rates, the thermal efficiencies obtained are lower than those observed in the tested receivers with TPMS lattices.

The values of exergy efficiency (Eq. (6)) for the samples in all tests are reported in Fig. 10e–f. Still SplitP has a higher exergetic effi-
ciency compared to Diamond. The highest values of exergy efficiency in the tests were observed for the mass flow rate of 1 g/s and it
was around 12 % for SplitP at the incident heat of ∼270 W, while it was nearly 8.5 % for Diamond at the incident heat of ∼250 W.
The lowest value of the exergetic efficiency was found for both samples at the highest flow rate and lowest incident heat. For each
mass flow rate, an increase is observed in exergy efficiency with increasing heat fluxes; however, this is not the case with the increase
in the mass flow rate. Reviewing the literature reveals that solar air heaters featuring various roughness geometries typically exhibit a
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maximum exergy efficiency of less than 1.5 % for equivalent Reynolds numbers [49–51]. Similarly, in the context of concentrated so-
lar power with porous inserts, the reported maximum exergy efficiency for various Raschig Ring inserts remained below 5 % at a heat
flux of 200 kW/m2 [39].

4. Conclusions and perspective
This experimental work assesses the effects of using TPMS lattices (namely, Diamond and SplitP) as porous media for high temper-

ature CSP applications. Two Stainless Steel planar receivers equipped with SplitP, and Diamond lattices were designed, produced by
additive manufacturing and studied in an experimental campaign at the IMDEA Energy Institute. Their thermal performance was
studied under four different mass flow rate values and seven levels of incident heat flux with synthetic air as the working fluid. The
main findings in this study are the following:
• The maximum thermal efficiency obtained in the tests occurred at the maximum mass flow rate of 2 g/s and was around

70 % for the SpitP sample, while it was approximately 60 % for the Diamond sample. This finding holds significant
importance, particularly considering that the Diamond lattice was previously regarded as the superior choice among various
TPMS options by several researchers, excluding the SplitP lattice.

• The highest exergetic efficiency in the tests was observed at the mass flow rate of 1 g/s and was approximately 12 % for SplitP at
∼270 W, and 8.5 % for Diamond at ∼250 W.

• As the mass flow rate increases, the Eloss/Etot ratio decreases as the HTF absorbs a larger fraction of the incident heat.
• The sample with the SplitP lattice showed superior thermal performance with larger absorbed heat and lower heat losses with

respect to the Diamond sample. The plausible explanation for that lays in the lower temperature on the heated surface, but this
should be verified by appropriate numerical modeling as the heated surface temperature was not measured directly.
Looking ahead, the experimental findings will undergo thorough analysis through CFD simulations. These simulations will involve

selecting the most appropriate turbulence closure method to accurately replicate the measured temperatures. Additionally, they will
offer valuable insights, including the determination of hot spot temperatures on the heated surfaces. Concurrently, another test cam-
paign is scheduled to focus on measuring the hydraulic characteristics of the two samples, which will facilitate the finalization of the
comparison between the two TPMS lattices.
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