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Abstract 

The recent advances in metal additive manufacturing technologies have made TPMS (triply periodic 

minimal surface) structures a promising alternative for the design of heat exchangers. This numerical 

study has characterized the thermohydraulic performance of heat exchange channels based on 

Schwarz-diamond and Schoen-gyroid TPMS structures. The operating ranges applicable to molten salt 

reactor intermediate exchangers, which have been little studied in the existing literature, were 

investigated (2961 < Re < 18254; 3 < Pr < 5; 4mm < dh < 12mm). On the basis of these numerical 

calculations, two correlations were established to characterize the heat transfer coefficient and the 

friction factor of such flows. In addition to the classical dependencies observed for Reynolds and 

Prandtl numbers, an additional parameter was identified to characterize heat exchange, thereby 

accounting effects of wall boundary conditions. This parameter is defined as the ratio between the 

mean viscosity of the fluid and its viscosity evaluated at wall temperature. Moreover, the expressions 

obtained to characterize the Nusselt number and the friction factor are independent of the hydraulic 

diameter of the channels (serving as a characteristic length) and the density (or porosity) of the TPMS 

structures. Finally, while both structures exhibit comparable thermal performance, the Schwarz-

diamond TPMS appears to be the optimal choice for heat exchanger application, as it involves less 

pressure drop than Schoen-gyroid TPMS. 
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Nomenclature 

A area (m²) 

Cp fluid specific heat capacity (J.kg-1 .K-1) 

dh hydraulic diameter (m) 

f Fanning friction factor (-) 

h convective heat transfer coefficient (W.m-2 .K-1) 

L unit cell size (m) 

𝑚̇ mass flow (kg.s-1) 

Nu Nusselt number (-) 

Pr Prandtl number (-) 

Q heat exchange rate (W) 

Re Reynolds number (-) 

T temperature (K) 

t thickness (m) 

v velocity (m.s-1) 

V volume (m3) 

y+ non-dimensional first mesh layer height (-) 

z z-axis 

Z distance along z-axis (m) 

  

Greek symbols  

ΔP pressure drop (Pa) 

ε TPMS structure porosity (-) 

λ fluid thermal conductivity (W.m-1.K-1) 

µ fluid dynamic viscosity (Pa.s-1) 

ρ fluid density (kg.m-3) 

Ф TPMS structure density (-) 

  

Subscripts  

cell unit cell 

cross cross-sectional 

f fluid 

i inlet 

o outlet 

s solid 

s-f solid-fluid interface 

w wall 
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1 Introduction 

The field of molten-salt reactors (MSRs) has witnessed a resurgence in international activity, with new 

players focusing on the potential of liquid fuel in nuclear power (reprocessing of spent fuel and long-

lived waste). In a loop MSR concept, the thermal performance of heat exchangers is one of the 

technical design challenges. 

Until now, the majority of heat exchangers used in industry have been based on a succession of tubes 

or plates, whose morphology can be modified to favor heat transfers [1,2]. However, recent 

technological advances in metal additive manufacturing have made it possible to create new three-

dimensional exchange patterns. The structures under consideration typically exhibit periodic patterns 

with a high exchange surface-to-volume ratio. Among them, the Triple Periodic Minimal Surfaces 

(TPMS) have recently emerged as a subject of particular interest [3,4]. This family of mathematical 

surfaces, most often defined on the basis of parametric equations, allows the creation of two 

independent, intertwined three-dimensional channels, which form the basis of heat exchanger design 

[5]. In recent years, several studies have indicated that these structures offer superior performance to 

conventional heat exchanger technologies, including tubes and shells, plates, and so forth [3,4]. 

Among the various TPMS geometries, the Schwarz-primitive (P), Schoen-gyroid (G) and Schwarz-

diamond (D) structures have been the subject of the most extensive research in the literature. G and 

D structures are of particular interest, while many studies agree that P structures offers less 

performance gain, because of limited mixing of streamlines [6,7] which are unable to generate 

sufficient fluid disturbance to enhance heat transfer [8]. The good thermal performance of G and D 

structures is due to the highly 3D flows. Given the inherent difficulty of conducting experimental 

observations of these flows, only numerical studies have been carried out. These include the work of 

Liang et al. [9] and Li et al. [10] , which highlight the helical flow in this type of structure, involving 

strong fluid stirring and interactions between the different channels (in contrast to the low-velocity 

backflow regions observed in P structures). In particular, structure D exhibits both clockwise and 

counter-clockwise helical motion of streamlines in the flow direction, which implies the presence of 

shear zones at each flow crossing. The study by Yan et al. [8] emphasizes the significance of these 

circulation and shear zones, even at low flow Reynolds numbers (Re < 500) with water. 

Other TPMS structures have also been studied by some authors, such as Fisher Koch S [7,11,12], F-RD 

[7,12], I-WP [8,11,12] and Neovius [7,12]. In particular, hybrid TPMS structures have been proposed 

by Xu et al. [13] but the gain in the ratio of heat exchange and pressure drop has not been observed. 

The present study will focus on Schoen-gyroid (G) and Schwarz-diamond (D) TPMS structures. 

The majority of studies dealing with the thermohydraulic performance of TPMS G and D patterns are 

numerical CFD RANS studies. In most studies, the flows under investigation are typically water or air, 

operating at low Reynolds numbers (below 1000). Peng et al. [14] studied the gyroid pattern with a 

conjugated heat transfer calculation, fixing the wall thickness at 1mm (based on manufacturing tests, 

which demonstrated that walls thickness less than 0.2mm were not achievable). Alteneiji et al [6] 

studied a gyroid crossflow heat exchanger, as Yan et al. [8] did for gyroid and diamond patterns, for 

turbulent flow, but at relatively low Reynolds number (Re<500). A similar study was also carried out 

by Li et al. [15] in the context of supercritical CO2 exchangers, at higher Reynolds numbers (up to 

Re=70000). Iyer et al. [7] also carried out a series of numerical calculations, for water flows at low 

Reynolds numbers (Re<300), for various TPMS geometries, and proposed several correlations linking 

the Nusselt number and the friction factor to the Reynolds number. Dixit et al. [16] carried out a 

numerical/experimental comparison in the context of a cross-flow gyroid exchanger, but for very low 
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Reynolds flows (10-40). Liang et al. [17] exploited a polymer heat exchanger in cross-flow 

configuration, for air flow, testing various TPMS geometries and different hydraulic diameters and 

porosities. All these studies agree that G and D patterns offer a performance advantage over 

conventional channel geometries. 

Finally, in the recent experimental and numerical study by Yan et al. [18] the authors sought to 

characterize heat exchange and pressure drop in a TPMS gyroid-based cross-flow exchanger, for 

turbulent water flow (150<Re<3000). The authors propose two correlations linking the Nusselt number 

to the Prandtl and Reynolds numbers, and the friction factor to the Reynolds number. A slight increase 

in the Nusselt number is observed experimentally compared with the numerical calculations. A 

discrepancy was also observed between the experimental and numerical pressure drop 

measurements, with a range of values from 9.7% to 69.8%. The authors attribute these effects to the 

wall roughness inherent in the manufacturing process (the channels studied have a relatively small 

hydraulic diameter, with a value of dh=1.56mm). 

However, all the studies cited above characterize and compare exchange patterns by considering the 

length of the elementary cell and the wall thickness of the pattern. As a result, these results are highly 

dependent on geometric choices. Reynolds et al. [12], in their experimental study, took the approach 

of considering only the hydraulic diameter as the characteristic length, and porosity as the second 

parameter: the unit cell length and wall thickness derived from these two parameters. They propose a 

correlation for convective exchanges for the gyroid pattern depending only on Reynolds and Prandtl 

numbers, without observing any influence of geometric parameters. 

The objective of this numerical study is to identify the key parameters governing heat transfer and 

pressure drop in gyroid and diamond-based TPMS exchange matrices, in order to provide all the 

elements needed to design heat exchangers, regardless of the geometric parameters considered 

(elementary cell size, wall thickness, etc.). To this end, correlations for estimating heat exchange and 

pressure drop have been developed. In particular, this study will focus on exploring the operating 

ranges applicable to molten-salt reactor intermediate exchangers, little studied in the literature 

(2961<Re<18254; 3<Pr<5; 4mm<dh<12mm; high heat flux density ~1 MW/m-2). 

2 Problem modeling 

2.1) TPMS Structures 

This study deals with Schoen-gyroid (G) and Schwarz-diamond (D) TPMS, which can be approximated 

by the following equations, where x, y and z are Cartesian coordinates.  

TPMS Schoen-gyroid:  

𝜓(𝑥, 𝑦, 𝑧) = 𝑠𝑖𝑛(𝑥) 𝑐𝑜𝑠(𝑦) + 𝑠𝑖𝑛(𝑦) 𝑐𝑜𝑠(𝑧) + 𝑠𝑖𝑛(𝑧) 𝑐𝑜𝑠(𝑥) = 𝐶 ( 1 ) 
  

TPMS Schwarz-diamond: 

𝜓(𝑥, 𝑦, 𝑧) = 𝑠𝑖𝑛(𝑥) 𝑠𝑖𝑛(𝑦) 𝑠𝑖𝑛(𝑧) + 𝑠𝑖𝑛(𝑥) 𝑐𝑜𝑠(𝑦) 𝑐𝑜𝑠(𝑧) + 𝑐𝑜𝑠(𝑥) 𝑠𝑖𝑛(𝑦) 𝑐𝑜𝑠(𝑧)
+ 𝑐𝑜𝑠(𝑥) 𝑐𝑜𝑠(𝑦) 𝑠𝑖𝑛(𝑧) = 𝐶 

 

( 2 ) 

ψ(x,y,z) is an isosurface evaluated at iso value C.  

It is then possible to define a volume such that ψ(x,y,z) > C or ψ(x,y,z) < C (solid lattice), or create a 

solid thickness defined by -C < ψ(x,y,z) < C (sheet lattice). 
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By generating a solid thickness ts with this second approach, it is possible to obtain elementary cubic 

exchange patterns of side L, as shown in Fig. 1. These types of patterns split the volume into two 

independent circuits of equal volumes, making it possible to circulate two fluids in counter-flow and 

create a heat exchanger, as illustrated in Fig. 2. The exchange matrix is formed by the repetition of an 

elementary cubic pattern, whose geometry depends on the choice of solid wall thickness ts and unit 

cell length L (edge of the elementary cube). 

 

Fig. 1: Two examples of Schwarz-diamond (D) and Schoen-gyroid (G) unit cells (solid domain) 

 

Fig. 2: Representation of both fluids volumes (blue and red) and solid volumes (grey) of a Schwarz-

diamond unit cell. Arrows indicate a counter-flow exchanger configuration. 

For the purposes of this study, the geometries were generated using the Open Source software 

MSLattice [19]. Subsequently, these geometries were subjected to further modifications in order to be 

able to use them for CFD calculations with ANSYS Fluent software. This process entails the 

regularization of the facetized body and the rectification of potential geometric imperfections that 

could interfere with the generation of the mesh or the implementation of boundary conditions. 

However, while knowledge of ts and L alone can characterize the geometry under study, they are not 

very well suited to characterizing flows and obtaining generic correlations.  

It is therefore necessary to determine a reference length characterizing the fluid channel, particularly 

in order to define the Reynolds number. While some authors use the pore size, the hydraulic diameter 
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seems to be the most suitable for characterizing channel size [3,20]. The hydraulic diameter is defined 

here in a similar manner to numerous articles [4,7,8,11,12] dealing with TPMS, using the following 

equation: 

𝑑ℎ =
4 𝑉𝑓

𝐴𝑠−𝑓
 

( 3 ) 

 

Where Vf is the fluid volume and As-f the area of the solid-fluid interface. 

Moreover, rather than wall thickness, we recommend, like Reynolds et al. [12], characterizing the 

pattern by its density Ф (NB: or porosity ε = 1- Ф), as defined by the following equation:  

𝜙 =
𝑉𝑠

𝐿3
 

( 4 ) 

 

Where Vs denotes the solid volume of a cubic unit cell and L the length of the edge. 

It turns out, moreover, that these three quantities (ts, dh and Ф) can be linked by the following 

relationship (demonstration in Appendix A): 

𝜙 ≃
1

1 +
𝑑ℎ

2 𝑡𝑠

 
( 5 ) 

 

Simply knowing Ф and dh can therefore fully characterize the geometry, since unit cell size L and wall 

thickness ts are imposed by the choice of these two parameters. Tab. 1 summarizes the different 

geometric configurations considered in this study. It should be noted that these quantities were 

calculated for each respective final geometry using the measurements of As-f, Vf, and L obtained from 

the ANSYS Fluent CAD software. 

 Schwarz-diamond Schoen-gyroid 

Ф 0.1362 to 1/3 1/3 

dh (mm) 4 to 12 4 to 8 

L (mm) 10.92 to 32.76 8.82 to 17.64 

ts (mm) 0.473 to 3 1 to 2 

Tab. 1: Ranges of geometrical parameters considered in this study (min to max values) 

2.2)  Numerical modeling 

The various CFD calculations were performed with ANSYS Fluent 2022R2 software, using RANS k-ω SST 

turbulence modeling, without wall functions. This modeling decision was, in particular, backed up by 

the work of Yan et al. [8], who compared different turbulence models (200<Re<4000). Furthermore, 

this choice of turbulence modelling corresponds with all the numerical studies referenced in the 

introduction section dealing with turbulent flows in TPMS channels. The velocity and pressure 

equations were coupled using the SIMPLE algorithm. 

The working fluid is a NaCl-MgCl2-PuCl3 [21-23] ternary molten salt, with a mean temperature range of 

510°C to 710°C. It should be noted that the thermal properties of such a liquid are relatively close to 

those of water (the Prandtl number range considered here being between Pr=3 and Pr=5), which 

should allow comparison and direct application with other industrial applications. 
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The aim of this study is to provide data on the thermohydraulic properties of TPMS G and D patterns. 

To achieve this, the study will seek to determine the general properties of a unit cell representative of 

the heat exchange pattern core, i.e. in fully developed flow and therefore excluding any possible edge 

effects. With this in mind, 7 elementary cells are considered, end-to-end along a z axis, as illustrated 

in Fig. 3. Periodicity conditions are imposed on the 4 side planes of the domain. A mass flow rate and 

temperature are imposed at the domain inlet. A pressure condition is imposed at the domain outlet. 

Finally, a uniform wall temperature is imposed at the solid-fluid interface, in order to provide a more 

straightforward basis for the exploitation and interpretation of the results. 

 

Fig. 3: Representation of boudary conditions around the fluid domain (7 TPMS D unit cells) 

The total length of the domain, set at 7 cells, is sufficient for the flow to reach a fully developed state, 

where the quantities of interest (Nusselt number and fanning friction factor) are stable, as illustrated 

in Figure 4. Preliminary calculations, carried out under various flow conditions, with longer fluid 

domains up to 10 elementary cells, showed that it was not necessary to perform calculations over a 

longer domain. The Nusselt number and the Fanning friction factor reach a plateau value after Z >2L 

in all configurations calculated with pattern D: the results are analogous to those observed in Figure 4, 

exhibiting a reduction in the Nusselt number and fanning friction factor in the two first elementary 

cells of the fluid domain. This finding is observed for the different flowrate and geometry conditions 

carried out during this study, and also for pattern G. These observations are also consistent with the 

work of Samson et al. [20]. Furthermore, due to highly 3D circulations, pressure and temperature 

fluctuations due to reverse flow at the outlet are frequently observed, as also noted by some authors 

[7-9]. Consequently, in the following calculations, only the domain located between 2L<Z<6L (i.e. the 

four cells shown in blue in the illustration in Fig. 4, numbered 3 to 6) will be considered for data 

processing in order to give representative average conditions, which can provide usable data for 

designing heat exchangers. 

During the calculation process, the key physical data, namely the average pressure and temperature 

at the inlet and outlet of each elementary cell, are monitored to ensure the requisite convergence of 

the calculation. 
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Fig. 4: Longitudinal evolution of the mean Nusselt number and friction coefficient (TPMS D, dh =8mm, 

Ф =1/3, 𝑚̇=0.264 kg.s-1). Hilighted blue section refers to the volume of interest.  

The domain mesh is refined near the wall, with 15 inflation prism layers with a growth ratio of 1.15 to 

characterize the boundary layer, and the rest of the domain is composed of unstructured tetrahedral 

meshes. The size of the first prism layer is chosen to respect y+<1. A mesh convergence study was 

carried out on each geometry to select a mesh density suited to the problem. Both the mean Nusselt 

number and Fanning friction factor were chosen to determine the mesh independence. Tab. 2 provides 

a summary of the results for a TPMS D geometry with dh=8 mm. In this example, the fourth mesh size 

was selected. For the cases presented in this article, the total number of elements ranges from 10.9 to 

23.3 million, depending on the geometry considered. 

 

 Number 
of mesh 
(million) 

mesh size 
(μm) 

Number of 
prism 
layers 

First 
prism 
height 
(μm) 

Mean 
Nusselt 
number 

Mean 
Fanning 
friction 
factor 

Mesh 1 3.6 500 12 15 171 0.45 

Mesh 2 7.1 350 16 5 166 0.43 

Mesh 3 9.2 250 10 10 165 0.43 

Mesh 4 10.9 250 16 5 165 0.42 

Mesh 5 26.0 175 15 2.5 165 0.41 

Tab. 2: Evolution of Nusselt number and friction factor for 5 different meshing parameters for a fixed 

geometry (TPMS D, dh =8mm, Ф=1/3, 𝑚̇=0.264 kg.s-1). 

2.3) Data reduction  

As discussed in section [2.1)], the hydraulic diameter, needed to define the Reynolds number, is 

selected as the characteristic length. 

vz is the mean fluid velocity in the main flow direction, which can be related to the mass flow rate 𝑚̇ 

imposed at the domain inlet by the relation : 

𝑣𝑧 =
𝑚̇

𝜌 𝐴𝑐𝑟𝑜𝑠𝑠
 

( 6 ) 
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Across designates the area of the average fluid cross-section (plane orthogonal to the main flow 

direction), defined as following: 

𝐴𝑐𝑟𝑜𝑠𝑠 =
𝑉𝑓

𝐿
 

( 7 ) 

 

It is crucial to highlight that in TPMS-type structures, the cross-sectional area of flow is not uniform 

along the z-axis. Therefore, it is essential to define the mean cross-sectional area of flow, rather than 

the cross-sectional area of flow at the domain inlet, which is contingent upon an arbitrary choice of 

the unit cell periodicity plane [18]. 

Based on these parameters and the fluid properties, it is possible to define the mean Reynolds number 

of the flow (in the fluid volume of interest located for 2L<Z<6L):  

𝑅𝑒 =
𝜌 𝑣𝑧 𝑑ℎ

𝜇
 

( 8 ) 

 

With ρ the density and μ the dynamic viscosity of the fluid. These fluid properties are evaluated at 

temperature Tmean defined as the mean temperature of the fluid domain for 2L<Z<6L.  

The Prandtl number of the liquid is defined according to the following equation, each property taken 

at temperature Tmean: 

𝑃𝑟 =
𝜇 𝐶𝑝 

𝜆
 

( 9 ) 

 

Where λ is the thermal conductivity of the fluid, taken constant at 0.5 W.m-1.K-1 and Cp is the specific 

heat capacity of the fluid. 

In order to characterize heat exchange at the wall, the local heat transfer coefficient hcell is defined as 

follows, where Qcell is the heat exchange rate at the solid-fluid interface of area As-f, Tw is the local wall 

temperature and Tmean is the reference temperature: 

ℎ𝑐𝑒𝑙𝑙 =
𝑄𝑐𝑒𝑙𝑙

(𝑇𝑤 − 𝑇𝑚𝑒𝑎𝑛) 𝐴𝑠−𝑓
 

( 10 ) 

 

Since a constant wall temperature is imposed by the model (see section [2.2)]), determining hcell means 

determining the heat transfer rate Qcell when the fluid passes through a unit cell. This value is calculated 

by performing an energy balance at the unit cell level: 

𝑄𝑐𝑒𝑙𝑙 = 𝑚̇ 𝐶𝑝 (𝑇𝑜 − 𝑇𝑖) ( 11 ) 
 

Where Ti, is the mean temperature of the flow cross-section at the unit cell inlet and To is at the unit 

cell outlet. 

In the subsequent analysis, the non-dimensional Nusselt number will be employed: 

𝑁𝑢𝑐𝑒𝑙𝑙 =
ℎ𝑐𝑒𝑙𝑙 𝑑ℎ

𝜆
 

( 12 ) 
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The mean Nusselt number value (Nu) obtained over the 4 cells of interest in the study domain 

(2L<Z<6L) will then be considered. 

Furthermore, for heat exchanger design, knowledge of pressure drops is required. A Fanning friction 

factor fcell evaluated on a unit cell is defined according to the following equation: 

𝑓𝑐𝑒𝑙𝑙 =
Δ𝑃𝑐𝑒𝑙𝑙  𝑑ℎ

2 𝐿 𝜌 𝑣𝑧
2

 ( 13 ) 

 

Where ΔPcell corresponds to the pressure drop between the inlet and outlet of an elementary cell.  

Hereafter, the mean f value obtained for the 4 cells of interest in the domain (2L<Z<6L) will be 

considered. 

3 Results and discussion 

3.1) Heat exchange 

Fig. 5 illustrates the mean Nusselt number variation as a function of the Reynolds number for a fixed 

geometry (TPMS D, Ф=1/3, dh=8mm) and a fixed Prandtl number (Pr=4.06±1.7%) (N.B.: due to the 

increase in mixture temperature, a slight discrepancy in average fluid properties is observed between 

the different cases plotted on the graph). In these different configurations, the wall temperature is set 

at 793K and the inlet temperature at 883K: the fluid cools the wall. In line with what is classically 

observed in the literature, the average Nusselt number increases with the Reynolds number. It should 

be noted that all the configurations studied in this study correspond to a turbulent flow regime. The 

Reynolds numbers considered are between Re=2961 and Re=18254. The turbulent transition for this 

type of pattern is observed for much lower Reynolds numbers, in the range of Re = 150 ~ 300, according 

to Dybbs et al. [24]. 

 

Fig. 5: Mean Nusselt number versus Reynolds number (TPMS D, dh =8mm, Ф=1/3, Pr=4.06±1.7%, 

μ/μw = 0.83±1.7%) 

By varying the inlet temperature and the wall temperature, it is also possible to vary the mean Prandtl 

number of the fluid. Fig. 6 illustrates the variation of the mean Nusselt number as a function of the 

Prandtl number, for the same geometry and fixed Reynolds number (Re=6010±1.4%). As is 

conventionally observed in the literature, an increase in the Prandtl number induces an increase in the 

mean Nusselt number due to the thinning of the thermal boundary layer. It should also be noted that 

a Pr1/3 trend, widely used in the literature to describe convective transfers, provides good agreement 
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with the present data, even with geometry as tortuous as TPMS-based channels. This exponent is also 

the one used in the correlations established by Cheng et al. [25] and Yan et al. [18] for TPMS structures, 

but is different from Reynolds et al.'s proposal for air [12] (Pr0.4). 

 

Fig. 6: Mean Nusselt number versus Prandtl number: points from CFD calculations versus theoretical 

Pr1/3 dependance (TPMS D, dh =8mm, Ф=1/3, Re=6010±1.4% , μ/μw = 0.805±1.6%) 

These dependencies on Prandtl and Reynolds numbers have already been the subject of some studies, 

as mentioned in the introduction. However, in a nuclear reactor intermediate heat exchanger 

application, the heat fluxes and temperature differences involved can be significant, so that the wall 

temperature boundary condition can also be shown to have an influence on the average Nusselt 

number. This is particularly true when comparing a configuration where the fluid is heated by the wall, 

or on the contrary, cooled by the wall. Fig. 7 presents a comparison of the evolution of the mean 

Nusselt number for the same geometry at different Reynolds numbers, with the fluid being cooled 

(Ti=883K, Tw=793K) and heated (Ti=793K, Tw=883K). The Nusselt number is here divided by Pr1/3 to avoid 

the influence of Prandtl number variation. 

 

 

 

Fig. 7: Nu/Pr1/3 versus Reynolds number for two different temperature conditions (TPMS D, dh=8mm, 

Ф=1/3) 

The difference observed between these two curves is attributed to the variation in the properties of 

the near-wall fluid, especially its viscosity, as generally suggested in other applications where this 
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phenomenon is impactful [26]. The use of the corrective ratio, μ/μw, initially introduced by Sieder and 

Tate [27] for tubular flows, is therefore recommended in order to fully characterize the mean Nusselt 

number. This is the ratio of the mean fluid viscosity μ evaluated at Tmean temperature to the fluid 

viscosity evaluated at wall temperature μw. This influence, although of second order compared to the 

influence of Re and Pr, is important to take into account when designing heat exchangers, where the 

Nusselt number must be estimated on both sides of the exchanger (either in "heated" fluid 

configuration (μ/μw  < 1) or "cooled" fluid configuration (μ/μw  > 1)). Tab. 3 shows results obtained for 

a substantially identical mean Reynolds and Prandtl numbers, with the same molten salt, but with 

different temperature configurations (configurations denoted A and B). An increase of 10.3% in the 

Nusselt number value is observed when moving from a wall temperature of 755K to 883K, underlining 

the importance of considering this third parameter in certain applications. A third C configuration was 

calculated for a molten salt of different composition. An analogy with Reynolds and Prandtl numbers 

and μ/μw ratio with configuration B shows that the calculated Nusselt number is substantially identical, 

although the temperatures and heat fluxes involved are different. This calculation, along with other 

configurations tested, confirms that Re, Pr and μ/μw can be used to characterize heat exchange for a 

flow that corresponds to the ranges under investigation in this study. 

 

Configuration Salt Reynolds 
number 

Prandtl 
number 

𝜇
𝜇𝑤

⁄  Tmean Tw Flux 
density 

(absolute 
value) 

Nusselt 
number 

A NaCl-
MgCl2 -
PuCl3 

6348 4.45 0.81 826 K 755 K 775 
kW/m-2 

173.6 

B NaCl-
MgCl2 -
PuCl3 

6384 4.46 1.35 825 K 940 K 1375 
kW/m-2 

191.4 

C NaCl-
MgCl2 

6387 4.44 1.35 817 K 883 K 799 
kW/m-2 

193.6 

Tab. 3: Effect of μ/μw on Nusselt number in iso-Re and iso-Pr configurations. 

The preceding discussions concern a fixed geometry. Fig. 8 shows the (Nu/Pr1/3) value calculated for 

various TPMS D structure densities (0.1362 < Ф < 1/3) and hydraulic diameters (4mm < dh < 12mm). 

The μ/μw ratio was set at 0.83±2.1% for all configurations. These calculations show that no significant 

variation appears when the same Reynolds number is considered. These results are consistent with 

the experimental observations of Reynolds et al. [12] with air and confirm the relevance of 

parameterizing the geometry using dh and Ф for the purpose of comparing disparate geometries, 

rather than ts and L, which is a common practice in the literature (see introduction [1]).  
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Fig. 8: Nu/Pr1/3 versus Reynolds number for various hydraulic diameter and density values (TPMS D, 

μ/μw = 0.83±2.1%). 

Fig. 9 compares TPMS G and D geometries. No significant difference in heat exchange is observed for 

the range of parameters investigated in this study. This suggests that the comments made above also 

apply to TPMS G. 

 

Fig. 9: Nu/Pr1/3 versus Reynolds number. Comparison between TPMS D and G geometries (μ/μw 

=0.83±2.1%, Ф=1/3) 

Considering 40 configurations studied with the TPMS D pattern, for different flow conditions (2961 < 

Re < 18254; 3 < Pr < 5), wall boundary conditions (0.79 < μ/μw < 1.39), and geometries (dh; Ф; Tab. 1), 

it was possible to determine a correlation using a least squares method. In line with the observations 

described above, a relationship of the form Nu=f(Re,Pr1/3,μ/μw) was sought. The following equation is 

obtained: 

𝑁𝑢 = 0.2644 𝑅𝑒0.69 𝑃𝑟1/3 (
𝜇

𝜇𝑤
⁄ )

0.20
 ( 14 ) 

 

This equation fits the CFD data very satisfactorily, with an average relative error of 1.60% and a 

maximum relative error of 5.48% over all the configurations studied (see Fig. 10). This equation 

accounts for the mean Nusselt number obtained over an entire TPMS D unit cell, for a fully developed 

flow, and uniform wall temperature. In accordance with the observations shown in the Fig. 9, this 

equation also appears to be applicable to a lesser extent to TPMS G geometries. This equation applies 

to the conditions and parameter ranges mentioned above. 
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Fig. 10: Mean Nusselt number from Eq. 15 versus the calculated values. Dotted lines refer to the max 

relative error (± 5.48%) 

Comparing this correlation with those in the literature [7,12,18] is difficult, because these equations 

are established for different data ranges (see Tab. 4). However, it is possible to a lesser extent to 

compare the Eq. 14 to the equation established by Yan et al. [18], as illustrated in Fig. 11 (NB: a fixed 

μ/μw=1 ratio is considered for the comparison, since this parameter is not taken into account in the 

study by Yan et al. [18], and the data for establishing their correlation are fairly distributed in “heated 

fluid” and “cooled fluid” configurations). Despite the methodological differences between these two 

studies, the numerical results presented here fit very well with the experimental data of Yan et al. [18], 

even when extrapolating correlations for a wider Reynolds number range. In their correlation, the 

exponent associated with the Reynolds number (Re0.627) is slightly lower than in the correlation 

developed here (Re0.69), which could be attributed to the higher Reynolds numbers investigated in this 

study compared to that of Yan et al. [18]. This is consistent with the experimental correlation 

developed by Reynolds et al. [12]. The correlations proposed by Iyer et al. [7], for laminar or transient 

flow regimes at low Reynolds numbers, have a much lower exponent (Re0.55-0.57) than the other studies. 

 

Authors Type of data TPMS 
structure 

Range of Re Range of Pr Nu correlation 

Iyer et al. [7] numerical D 15 - 300 6.97 Nu = 2.24 Re0.55 

Iyer et al. [7] numerical G 20 - 250 6.97 Nu = 1.48 Re0.57 

Reynolds et al. [12] experimental G 100 - 2500 0.7 Nu = 0.49 Re0.62 Pr0.4 

K.Yan et al. [18] experimental G 150 - 3000 3.5 - 9 Nu = 0.471 Re0.627 Pr1/3 

Tab. 4: Summary of TPMS D and G mean Nusselt number correlations 
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Fig. 11: Comparison between Eq. 16 and Yan et al. [18] experimental correlation, with μ/μw = 1. 

Dotted lines refers to out-of-range Reynolds numbers for respective studies. 

The correlation proposed in this study therefore makes it possible to estimate the Nusselt number for 

a wide range of Reynolds and Prandtl numbers, while maintaining consistency with the 

abovementioned experimental measurements. The Eq. 14 can also be employed to incorporate an 

additional parameter, the μ/μw corrective ratio, which may be of significance in certain industrial 

applications where the heat fluxes are high and the liquid properties variable. 

3.2)  Pressure drops 

Knowing the pressure drop across the exchange pattern is a key element in interpreting the 

performance of a heat exchanger.  

The graph in Fig. 12 illustrates the effect of varying the Reynolds number on the friction factor in a 

TPMS D geometry, for various Prandtl number, μ/μw ratio, hydraulic diameter dh, and density Ф (40 

calculations). The Reynolds number value alone provides a good estimate of the friction factor in this 

type of pattern. The other parameters mentioned above have no clearly identifiable effect, as also 

noted by [7,12,18].  

 

Fig. 12: Mean Fanning friction factor versus Reynolds number: Eq. 17 and CFD points. Dotted lines 

refers to the maximum relative error (± 8.82%) 

The graph in Fig. 12 also illustrates the effect of a variation of the Reynolds number on the friction 

factor for some configurations calculated with a TPMS G geometry. It can be observed that, for an 

identical Reynolds number, the friction factor is greater for the G structure than for the D. An increase 
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of 12.3% to 16.7% for coefficient f on the configurations studied is observed. A similar phenomenon 

was also observed by [12] in low Reynolds configurations under laminar flow conditions. 

Since heat exchange is similar for the two types of geometries (see results presented in paragraph 

[3.1)]), a heat exchange matrix based on the TPMS D geometry performs better than TPMS G at a fixed 

Reynolds number for the range of parameters studied here. TPMS D therefore seems preferable for 

heat exchanger design. 

The graph in Fig. 13 compares the friction factors obtained for the G structure with the experimental 

and numerical data of Reynolds et al. [12] and Yan et al. [18]. To enable direct comparison, three 

additional points outside the present study range, at lower Reynolds, have been calculated and 

plotted. There is good agreement with the variations observed experimentally by Reynolds et al. [12] 

with air and numerically by Yan et al. [18] with water. However, the latter’s experimental data give a 

much higher friction factor, which the authors attribute to the wall roughness present in the model 

studied (the hydraulic diameters of the channels under consideration have a relatively small value of 

dh, with a value of 1.56mm). 

From the 40 configurations calculated for the TPMS D geometry, it is also possible to extract a 

correlation using a least-squares method: 

𝑓 = 1.850 𝑅𝑒−0.17 ( 18 ) 
 

This equation correlates the CFD data with an average relative error of 2.42% and a maximum error of 

8.82% (see Fig. 12). This equation accounts for the mean friction factor of a TPMS D elementary cell in 

a fully developed flow. This equation is applicable to the same range of parameters as the correlation 

[Eq. 14], thus encompassing a broader Reynolds range than that observed in the aforementioned 

experimental studies. 

 

Fig. 13: Comparison between Fanning friction factor from current study versus Yan et al. [18] and 

Reynolds et al. [12] studies, for TPMS gyroid structures. 

 

4 Conclusion 

A numerical study has been carried out to characterize the thermohydraulic performance of heat 

exchange channels based on Schwarz-diamond and Schoen-gyroid TPMS structures. On the basis of 

numerical calculations, a correlation relating the Nusselt number to the Reynolds number, the Prandtl 

number, and the μ/μw ratio was proposed, as well as a correlation relating the friction factor to the 
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Reynolds number. These correlations will prove useful for sizing heat exchangers based on Schwarz-

diamond TPMS, particularly for nuclear applications, whose parameter ranges have hitherto been 

poorly represented in the literature.  

Several highlights emerge from this study: 

(1) The thermal performance of Schoen-gyroid and Schwarz-diamond TPMS structures is identical 

for the range of parameters investigated in this study. Consequently, the Nusselt number 

correlation is applicable to both structures. 

(2) Nevertheless, Schoen-gyroid TPMS have higher pressure drops, with the same set of 

parameters, than Schwarz-diamond TPMS structures, which seem preferable for the design of 

heat exchangers. 

(3) The expressions obtained to characterize the Nusselt number and the friction factor are 

independent of the density Ф and the hydraulic diameter: no dependence was observed, 

which underlines the interest of choosing these two parameters to characterize TPMS 

geometries. 

(4) An additional parameter was considered for characterizing heat exchange with regard to the 

literature on TPMS study: the μ/μw corrective ratio. This parameter can be used to take into 

account the influence of wall heating of the fluid, and is particularly suitable for the conditions 

encountered in intermediate heat exchangers for molten salt reactors. 

Further work 

An experimental metal model, manufactured by powder bed fusion 3D printing, is currently being 

designed to experimentally confirm these numerical calculations for the same range of parameters 

(Reynolds and Prandtl equivalence). A particular focus will be put on investigating the potential effects 

of wall roughness. 

Appendix A 

In the situation where the two fluid volumes Vf are identical, the latter can be related to the geometric 

parameters of the unit cell according to the following equation: 

𝑉𝑓 =
(1 − 𝜙) 𝐿3

2
 

( 16 ) 

 

When ts is small compared to dh, which is generally the case in heat exchanger applications, the 

following equation provides a good estimate of the solid-fluid interface area As-f: 

𝐴𝑠−𝑓 ≃
𝑉𝑠

𝑡𝑠
=

𝜙 𝐿3

𝑡𝑠
 

( 17 ) 

 

Eq. 3 can then be reformulated using Eqs. 16 and 17: 

𝑑ℎ ≃
2 (1 − 𝜙) 𝑡𝑠

𝜙
 

( 18 ) 

 

Isolating Ф in the Eq. 18 yields the Eq. 5. 
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