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Abstract: This numerical study compares single-phase forced convective heat transfer between two 
sandwich panels with tetrahedral metallic lattice cores separately fabricated by investment casting 
and the more cost-effective metal sheet folding method. The numerical model is validated against 
available experimental data. For a given Reynolds number and core porosity, the results reveal that 
the brazed sandwich outperforms the casted sandwich, exhibiting a 13% to 16% higher Nusselt 
number. Bigger vertexes and more evident blockage of mainstream by the ligaments are found to 
intensify the horseshoe vortex and the counter-rotating vortex pair upstream and downstream of 
each vertex. Relative to the casted sandwich panel, therefore, endwall heat transfer is enhanced by 
22% to 27%, while similar heat transfer is achieved on the ligaments. It is also found that, for a given 
Reynolds number, the brazed sandwich induces a 1.6 to 1.7 times higher pressure drop relative to 
the casted sandwich due to more severe flow separation caused by the sharp edges of the 
rectangular ligaments. Finally, for a given pumping power, both sandwiches provide a similar heat 
transfer performance. Given that the brazed sandwich is more cost-effective and easier to fabricate 
than the casted one, the former may be superior from an engineering application point of view. 

Keywords: tetrahedral metallic lattice; morphological effect; turbulent flow; heat transfer 
 

1. Introduction 

Thermal management is necessary for many energy systems to eliminate overheating or 
maintain a specified temperature. In some applications such as the cooling of electronic devices in a 
personal desktop, heat dissipation is the only function of the heat sink [1,2]. However, for the active 
cooling of some other equipment, e.g. combustion chambers of hypersonic vehicles and jet blast 
deflectors of aircraft carriers, etc. [3–7], the cooling modules, usually in the form of sandwich panels, 
are required to be lightweight and able to sustain severe thermal and mechanical loads concurrently. 
For these situations, periodic cellular materials (PCMs) like those shown in Figure 1 are promising 
heat dissipation cores configured in the sandwich cooling channels [3,5–9]. Many studies have 
revealed that PCMs have high specific strength/stiffness and therefore are lightweight [9]; 
additionally, their open topologies with 29high specific surface area endow them with excellent heat 
dissipation capabilities [9]. In view of these advantages, great efforts have been devoted to the 
development of cost-effective and design friendly PCMs and to characterization of their 
mechanical/thermal performance. 
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During the past decades, PCMs with various topologies, like those shown in Figure 1, have been 
devised [10–15]. The corresponding fabrication methods include investment casting [16], metal sheet 
folding [10,17,18], metal wire weaving [14], etc., which exhibit different limitations. For investment 
casting, a prototype polymer sample should first be fabricated by using rapid prototyping, which is 
finally gasified; the parent metal material should have excellent casting properties to minimize the 
flaws of the resultant lattice. Therefore, the fabrication process is complex and expensive [16]. For 
metal wire weaving, helical metal wires should first be manufactured by using parent materials with 
excellent plasticity; at present, the weaving process for complex topologies is still artificial and cannot 
be finished by a machine [14]. For the metal sheet folding, a perforated or expanded metal sheet is 
fabricated first based on the target topology, followed by automatic folding of the sheet. In view of 
the above, metal sheet folding is considered to be simpler, more cost-effective, and suitable for 
volume production by automatic production lines [18]. 

 
Figure 1. Multifunctional sandwich panels with metallic lattice cores fabricated using different 
methods. 

The development of PCMs with the aid of the aforementioned fabrication methods is always 
accompanied by the characterization of their thermal and mechanical behaviors. For the former 
aspect, as the concern of the present study, many studies have been reported. By using experiments 
and numerical simulations, the pioneering work by Kim et al. [19–22] thoroughly investigated both 
the overall and detailed flow and heat transfer mechanisms of a casted tetrahedral metallic lattice, as 
shown in Figure 1. Gao et al. [23,24] introduced a composite tetrahedral lattice and explored its 
thermal performance for electronics cooling; relevant analytical models were developed for 
engineering design. Hoffmann et al. [12] experimentally investigated the thermo-fluidic 
characteristics of a casted Kagome metallic lattice; they found that the orientation of the lattice relative 
to the flow direction has an evident effect on both pressure drop and heat transfer. Joo et al. [25] and 
Feng et al. [5] explored the heat transfer characteristics of a wire-woven bulk Kagome (WBK) lattice; 
they found that WBK thermally outperforms the casted Kagome lattice for a given porosity. Zhao et 
al. [26] developed a woven lattice by orthogonally weaving copper wires; the effects of the weaving 
pattern and flow configurations on its thermal performance were investigated. Yan et al. [18] 
presented a thorough study of an X-type metallic lattice by using both experiments and numerical 
simulations; for a given porosity, it was found that the overall thermal performance of the lattice is 
superior relative to other reference lattices. 

It has been well established by the aforementioned studies that the morphology of a PCM has 
an evident effect on its thermal performance. For casted and woven lattices, the ligaments have a 
circular cross-section; the variation of surface area density will definitely lead to a different porosity. 
For lattices fabricated by the metal sheet folding method, at a given porosity, the surface area density 
can be easily changed by changing the aspect ratio of the rectangular ligament cross-section. It is 
therefore believed that differences in the cross-sections of the ligaments will affect the thermal 
performance of the metallic lattices. To better under this phenomenon, this paper presents a 
comprehensive comparison of convective heat transfer between two sandwich panels cored with 
tetrahedral lattices, which are fabricated independently by the investment casting and metal sheet 
folding methods. Particular focus is placed on revealing (a) whether the cheaper lattice with square 
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cross-sectioned ligaments performs better or worse than the expensive casted lattice with circular 
ligaments and (b) the underlying thermo-fluidic mechanisms for their different thermal 
performances. 

2. Tetrahedral Lattice Cored Sandwich Panels Investigated 

The tetrahedral lattice cored sandwich panels numerically compared in the present study are 
schematically illustrated in Figure 2. The sandwich panel as shown in Figure 2a is generally fabricated 
by investment casting, while the other one in Figure 2b can be obtained by brazing two substrates, 
with the lattice core fabricated by the metal sheet folding method. Details of the fabrication 
procedures can be found in [16] and [10], respectively. Hereafter, they are separately denoted as 
‘casted sandwich panel’ and ‘brazed sandwich panel’ for convenience. 

 
(a) (b)

Figure 2. Sandwich panels investigated in the present study: (a) fabricated by investment casting 
(Casted sandwich panel); (b) fabricated by brazing the folded lattice core with substrates (Brazed 
sandwich panel). 

The unit cells of both sandwich panels have identical overall dimensions, i.e. l = 12.7 mm, w = 
14.7 mm and H = 11.6 mm, corresponding to an identical core porosity of 0.953. Herein, the core 
porosity, respectively denoted as εC and εB for the casted sandwich panel and the brazed sandwich 
panel, is the ratio of the void volume to the total volume of a lattice unit cell. Along the flow direction, 
both sandwich panels incorporate ten tetrahedral unit cells, corresponding to an overall length (L) of 
127 mm. The thickness (ts) of all the substrates is 1.0 mm. The ligaments of the casted lattice core have 
a circular cross-section with a diameter (d) of 1.8 mm; the surface area density of this lattice core 
(excluding surface of substrates) is calculated to be 98.1 m2/m3. For the brazed sandwich panel in 
particular, the ligaments have an identical square cross-section (wl = 2.16 mm and tl = 1.13 mm); the 
surface area density of this lattice core is 113.7 m2/m3. In the present paper, the aforementioned 
surface area density refers to the ratio of total surface area of the ligaments to the total volume of a 
lattice unit cell. The morphological details of the sandwich panels are summarized in Table 1. 

Table 1. Geometrical parameters of the sandwich panels numerically compared in the present study. 

Parameter Value Parameter Value Parameter Value 
d 1.80 mm tl 1.13 mm εB 0.953 
H 11.6 mm ts 1.00 mm εC 0.953 
l 12.7 mm w 14.7 mm ρSA, B 113.7 m2/m3 
L 127 mm wl 2.16 mm ρSA, C 98.1 m2/m3 
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3. Details of Numerical Simulation 

3.1. Computational Domain, Governing Equations and Boundary Conditions 

In light of the geometrical symmetry of the sandwich panels, only ten half-unit cells and the 
corresponding fluid around them are considered, as detailed in Figure 3. To improve the numerical 
stability, two empty channels with a lengths of l and 3l, respectively, are configured upstream and 
downstream of the sandwich panel. It should be mentioned that the lattice core fabricated by the 
metal sheet folding method is modeled by using Sheet Metal Tools in Solidworks™, which can well 
represent the in-situ morphology. 

 
Figure 3. Schematic illustration of computational domain and boundary conditions. 

The flow and heat transfer associated with the above sandwich panels are governed by the 
conservation of mass, momentum, and energy. To incorporate the turbulence effect, the shear stress 
transport (SST) turbulence model [27] with a dimensionless wall distance (y+) of less than 1.0 is 
adopted. The SST model has been proven to behave well for complex separated flow [28], which is 
expected in the present sandwich panels. In this paper, the basic assumptions include: (a) the flow 
and heat transfer are steady-state; (b) the fluid is incompressible; (c) both the solid and fluid have 
constant thermo-physical properties; (d) the body force term in the momentum equation is neglected; 
and (e) the viscous dissipation term in the energy equation of fluid is neglected. The corresponding 
governing equations in a tensor form, which have been well documented in [27–29], are summarized 
as follows: 

Continuity equation: 
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Turbulent kinetic energy equation: 
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Turbulent frequency equation: 
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In the above equations, Vi (i = 1, 2, 3) denotes the three velocity components in the Cartesian 
coordinate system; xi (i = 1, 2, 3) refers to the Cartesian coordinate components; ρf is the density of the 
fluid; p is the static pressure; μf is the dynamic viscosity of the fluid; μt is the turbulent viscosity; Tf 
denotes the fluid temperature; kf is the thermal conductivity of the fluid; cpf is the specific heat of the 
fluid; Prt is the turbulent Prandtl number; Ts is the solid temperature; k is the turbulent kinetic energy; 
Pk refers to the production rate of turbulent kinetic energy due to fluid viscosity; ω is the turbulent 
frequency; F1 is a non-dimensional blending function; and the other symbols are the model constants. 

In Equations (2) to (5), the turbulent viscosity (μt) and turbulence production rate (Pk) are 
separately defined as: 
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In Equations (6) and (7), the strain rate S′ and the dimensionless function F2 are separately 
defined as: 
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In Equation (9), y′ denotes the minimum distance from an arbitrary point to its surrounding solid 
walls. The blending function F1 is defined as: 
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In Equation (10), the term CDkω is defined as: 
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In Equations (4) and (5), the coefficients α3, β3, σk3, and σω3 are separately calculated as follows: 
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The model constants in the above equations are summarized in Table 2.  

Table 2. Constants in the governing equations of the shear stress transport (SST) turbulence model 
[27–29]. Reproduced with permission from ANSYS Inc., 2012. 

Parameter Value Parameter Value Parameter Value 
α1 0.556 β1 0.075 σk1 0.85 
α2 0.44 β2 0.0828 σk2 1.0 
σω1 0.5 a1 0.31 Prt 0.9 
σω2 0.856 β′ 0.09 - - 

For a given mass flow rate of the working fluid (i.e. air in the present study), fully developed 
isothermal flow between two parallel plates is first simulated; for brevity, the details of this simple 
model are not shown here. Then the obtained flow field in conjunction with a constant static 
temperature (Tin) of 298.15 K is specified at the inlet of the computational domain as the inlet 
boundary condition. The mass flow rate is specified at the outlet to ensure mass conservation. The 
side surfaces of both the fluid and solid domains are set to be symmetric. A constant heat flux (q″) of 
8000 W/m2 is applied to the outer surface of the bottom substrate, while the other walls are set to be 
adiabatic. For the interface between the solid and fluid domains, conservative interface flux and no-
slip conditions are adopted. 

The details of the numerical simulations are summarized in Table 3. For comparison between 
the two different sandwich panels, the height of the lattice core (H) is selected as the characteristic 
length scale; correspondingly, the Reynolds number in Table 3 is defined as: 




 f m

f

U H
Re  (13) 

where Um is the mean velocity along the channel height at the inlet of the computational domain. 
According to [20], the flow considered in the present study is fully turbulent. 

Table 3. A summary of details of the present numerical simulations [30]. Reproduced with 
permission from Cambridge University Press, 2004. 

Parameter Value Parameter Value 
Specific heat of air, cpf 1006 J/(kgK) Thermal conductivity of solid, ks 150.84 W/(mK) 

Thermal conductivity of air, kf 0.0242 W/(mK) Applied heat flux, q″ 8000 W/m2 
Dynamic viscosity of air, μf 1.79×10−5 Pa∙s Inlet air temperature, Tin 298.15 K 

Density of air, ρf 1.225 kg/m3 Reynolds number, Re 3209–5700 

3.2. Numerical Methods 

Due to the geometrical complexity of the present metallic lattices, an unstructured mesh 
composed of tetrahedral and prism elements is adopted to discretize both the solid and fluid domains 
as shown in Figure 4. Fine meshes incorporating nine layers of prism elements are generated near all 
no-slip walls to well resolve the flow and thermal boundary layers; the height of the first layer of 
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elements away from the solid walls is set to be 0.01 mm. To save computational cost, relatively coarse 
mesh is adopted for regions away from the walls. A smooth transition of the mesh is ensured to 
minimize numerical error. 

The conjugate flow and heat transfer problem is solved in the commercial software package 
ANSYS CFX 15.0 (ANSYS Inc., Canonsburg, PA, US) based on the finite volume method and time-
marching algorithm. The fluid is assumed to be incompressible and has constant thermo-physical 
properties as given in Table 3. A high resolution scheme and a central difference scheme are selected 
to discretize the advection terms and the diffusion terms in the governing equations, respectively. 
The solution is thought to be converged when the normalized residuals of all the governing equations 
are less than 10−5. Correspondingly, the average temperature on the heated solid wall and the friction 
factor almost remain unchanged, with a variation less than 0.1%. 

(a) (b) 
Figure 4. Representative mesh: (a) the casted sandwich panel; (b) the brazed sandwich panel. 

3.3. Mesh Independency 

For the mesh sensitivity evaluation, two dimensionless parameters are defined. First, the overall 
Nusselt number (Nuoverall) as an index of heat transfer is defined as: 

 overall
overall

f

h H
Nu

k
 (14) 

The overall heat transfer coefficient (hoverall) for each unit cell is defined as: 





overall

wm fb

q
h

T T
 (15) 

where Twm is the inner surface temperature at the center of the substrate corresponding to each unit 
cell and Tfb is the local bulk mean fluid temperature, which can be calculated based on the energy 
balance as: 


 


L

fb in
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y q
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 (16) 

where yL is the distance between the inlet and the target point along the flow direction. 
Second, the friction factor (f) as an evaluation index of the pressure drop is defined as: 




 

2
f m / 2

p Hf
L U

 (17) 

where Δp is the pressure drop through the sandwich panel and L is the length of the sandwich panel 
along the flow direction as previously shown in Figure 2. 

For the casted sandwich panel, the mesh sensitivity is examined at the highest Reynolds number 
(i.e. 5700) within the range of 3209–5700 considered in the present study. Three sets of meshes with 
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7,649,638, 13,666,657, and 18,690,337 elements are separately generated. As revealed by Table 4, the 
corresponding overall Nusselt number and the friction factor from the last two meshes show a 
discrepancy less than 1%, which is acceptable. Therefore, the mesh with 13,666,657 elements is used 
for all subsequent simulations. For the brazed sandwich panel, based on our previous experience 
during simulating a more complex X-type lattice cored sandwich panel [18], the mesh with 
21,4450,432 elements is sufficient to obtain a mesh-independent solution. 

Table 4. The predicted Nusselt number and the friction factor for the casted sandwich panel with 
three different meshes at ReH = 5700. 

Total Elements Nuoverall f 
7,649,638 134.2891 0.6217 
13,666,657 137.4246 0.6363 
18,690,337 137.6380 0.6401 

4. Discussion of Results 

4.1. Validation of the Numerical Model 

Before a reliable comparison between the sandwich panels, validation of the present numerical 
model is carried out. To this end, convective heat transfer in a sandwich panel cored with a casted 
tetrahedral lattice is first simulated according to the experimental configuration and conditions 
provided in [20]. The casted tetrahedral lattice tested by Kim et al. [20] has the same topology and 
material thermal conductivity with the one investigated in the present study, as shown in Figure 2a. 
Both sandwich panels incorporate ten unit cells along the flow direction. The thermo-fluidic 
boundary conditions for the inlet and all the solid walls in the present numerical simulation are 
identical to those adopted in the experiments in [20]. Figure 5a first presents a comparison of the 
average overall Nusselt number between the present numerical results and the experimental data in 
[20]. It should be noted that the average overall heat transfer coefficient in the Nusselt number is 
based on the applied heat flux on the substrate, the average substrate temperature along the flow 
direction, and the inlet air temperature as detailed in [20]. It can be seen that the Nusselt numbers 
obtained numerically and experimentally agree reasonably well with each other, exhibiting a 
deviation of 12–13% within the simulated Reynolds number range of 3210 to 5700. Figure 5b further 
shows a comparison of friction factors obtained experimentally and numerically within the turbulent 
regime. The present numerical results are also in reasonable agreement with the experimental data. 
In consideration of the measurement uncertainties of 8.3% and 9.7% for the Nusselt number and 
friction factor, respectively, in [20], the discrepancy exhibited by Figure 5 is acceptable. Given that an 
identical setup is adopted for both sandwich panels compared below, the numerical model is 
believed to be suitable for clarifying the relative merits between the sandwich panels. 
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Figure 5. Validation of the numerical model via a comparison between the present numerical results 
and the experimental data in [20] for the casted sandwich panel: (a) average overall Nusselt number; 
(b) friction factor. 

4.2. Comparison of Overall Heat Transfer Characteristics 

As multifunctional engineering structures, the overall heat transfer performance of the sandwich 
panels is the primary focus and is therefore considered first. Figure 6a presents the streamwise 
profiles of the overall Nusselt number as defined by Equations (14) to (16). For both sandwich panels, 
the overall Nusselt number increases evidently along the flow direction within the first four unit cells, 
which is attributed to the entry effect. Once the fully developed flow between the parallel plates 
enters the sandwich panel, it is redistributed by the lattice core. Such flow mixing gradually 
intensifies along the flow direction, leading to gradual enhancement of convective heat transfer. 
Within the fifth to the eighth unit cells, the Nusselt number approximately remains constant, where 
the flow is approximately fully developed. Then an evident increase of the Nusselt number is 
observable within the last two unit cells due to the exit effect. Within the ten unit cells, the overall 
Nusselt number for the brazed sandwich panel is 15–17% higher than that of the casted sandwich 
panel. 

Subsequently, the averaged value of the overall Nusselt numbers for the ten unit cells, like those 
shown in Figure 6a, are calculated and plotted in Figure 6b as a function of the Reynolds number. It 
can be seen that the cheaper brazed sandwich panel thermally outperforms the casted sandwich 
panel under fixed Reynolds number conditions, although these two sandwich panels have identical 
porosity. Within the considered Reynolds number range of 3210 to 5700, the brazed sandwich panel 
provides a 13% to 16% higher averaged overall Nusselt number.  

(a) (b)
Figure 6. Comparison of the overall Nusselt number at various Reynolds numbers between the casted 
and brazed sandwich panels: (a) streamwise profile of the Nusselt number at Re = 5700; (b) area-
averaged overall Nusselt number. 

4.3. Comparison of Thermo-Fluidic Mechanisms 

In view of the heat transfer enhancement by replacing the circular cross-sectioned ligaments 
with the rectangular cross-sectioned ones, it is of interest to understand the underlying heat transfer 
enhancement mechanisms. To this end, the detailed fluid flow and its effect on local heat transfer on 
various surfaces are compared between the sandwich panels. Such physical insights are believed to 
be beneficial for engineers to develop more effective PCMs. 

As the basis of local heat transfer patterns, Figure 7 first presents an overview of the flow field 
as indicated by three-dimensional streamlines. It is clear that the sandwich panels have a similar flow 
pattern due to their similar topologies. Before each vertex, the boundary layer flow rolls up and forms 
a horseshoe vortex, which exerts strong shear to the endwall and the upstream surface of each vertex. 
In front of each ligament, the fluid is forced to flow upward due to the pressure gradient induced by 
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the inclination of the ligament. Downstream of each ligament, large flow separation occurs; thus a 
pair of counter-rotating vortices presents. It should be noted that the width of the square ligament is 
higher than the diameter of the circular ligament. Therefore, the brazed sandwich panel has bigger 
vertexes and results in more evident blockage of the flow by the ligaments. The bigger vertexes and 
wider ligaments can intensify the horseshoe and contour-rotating vortices. Further, the flow velocity 
in the mainstream of the brazed sandwich panel is evidently higher than that of the casted sandwich 
panel as a result of a higher blockage ratio. 

 
(a) 

 

(b) 
Figure 7. Comparison of fluid flow behaviors as indicated by three-dimensional streamlines at Re = 
5700: (a) the casted sandwich panel; (b) the brazed sandwich panel. 

Corresponding to the above primary and secondary flows, Figure 8 presents the distribution of 
turbulent kinetic energy (Et) on an x-y plane placed 0.1 mm away from the heated endwall. For both 
sandwich panels, the strong horseshoe vortex and the counter-rotating vortex pair lead to strong 
turbulent flow mixing upstream and downstream of each vertex as indicated by the large turbulent 
kinetic energy value. It can be clearly seen that the bigger square vertex intensified flow mixing 
around and downstream of each vertex as compared to the casted sandwich panel. 

Subsequently, local heat transfer characteristics are discussed based on the above flow 
characterization. Figure 9 presents the endwall heat transfer pattern as indicated by the local Nusselt 
number, which is based on local heat flux, wall temperature, and bulk mean fluid temperature. An 
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arc-shaped high heat transfer region is clearly visible around each vertex as a result of the strong 
shear by the horseshoe vortex. Downstream of each vertex, the interaction between the counter-
rotating vortices and the mainstream leads to stronger flow mixing as indicated by the turbulent 
kinetic energy distribution in Figure 8. As a result, local heat transfer is enhanced. It can therefore be 
concluded that the unique morphology of the square ligaments leads to a more prominent flow 
mixing, which leads to an evidently higher endwall heat transfer. 

 
(a) 

 

(b) 
Figure 8. Comparison of turbulent kinetic energy distribution on an x-y plane at z = 0.1 mm and at Re 
= 5700: (a) the casted sandwich panel; (b) the brazed sandwich panel. 

 
(a) 

 

(b) 
Figure 9. Comparison of local heat transfer pattern on the heated endwall at Re = 5700: (a) the casted 
sandwich panel; (b) the brazed sandwich panel. 

Figure 10 presents local heat transfer patterns on the ligaments. On the upstream surface, local 
heat transfer is dominated by the high velocity mainstream flow. For each sandwich panel, two types 
of ligaments with different heat transfer patterns are observable. On the downstream surface, local 
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heat transfer is dominated by the low-momentum secondary flow, i.e. the counter-rotating vortex 
pair. Overall, both sandwich panels show a similar heat transfer pattern. 

Figure 11 finally shows a comparison of the area-average Nusselt number (Nuave) on the endwall 
and ligaments as a quantitative evaluation. Within the simulated Reynolds number range, the brazed 
sandwich panel provides a 22–27% higher Nusselt number on the endwall as indicated by Figure 11a. 
Similar heat transfer performance on the ligaments is revealed by Figure 11b. It is now clear that 
enhanced heat transfer on the endwall and the higher surface area density of the brazed sandwich 
panel are the dominant mechanisms for enhanced heat transfer at a fixed Reynolds number. 

 
Figure 10. Comparison of local heat transfer pattern on the lattice core at Re = 5700. 

(a) (b) 
Figure 11. Quantitative comparison of the area-averaged Nusselt number on (a) the heated endwall 
and (b) the surfaces of the ligaments at Re = 5700. 

4.4. Comparison of Pressure Drop Characteristics 

For a heat transfer medium such as the present metallic lattice core, a pressure drop is the second 
evaluation index related to pumping power that is discussed in this section. Figure 12a first presents 
the streamwise variation of static pressure at a representative line on inner surface of the top substrate 
(x = 0 and z = H). In this figure, the pressure coefficient Cp is defined as: 
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It can be seen that the pressure distribution in the first unit cell is somewhat different from that 
in other unit cells due to the entry effect. Within other unit cells, the pattern of pressure drop 
distribution repeats, corresponding to an approximately identical pressure drop through each unit 
cell. The exit effect is not clearly observable. 
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Figure 12b presents the friction factor as defined in Equation (17) at various Reynolds numbers. 
For both sandwich panels, the friction factor slightly decreases with the increase of Reynolds number. 
Within the Reynolds number range of 3210 to 5700, the brazed sandwich panel provides a 1.6 to 1.7 
times higher friction factor. More evident flow separation induced by the sharp edges of the ligaments 
and a more evident blockage effect are responsible for the higher pressure drop of the brazed 
sandwich panel at a given Reynolds number. 

(a) (b)
Figure 12. Comparison of pressure drop at various Reynolds numbers between the sandwich panels: 
(a) profile of pressure coefficient along the streamwise direction at Re = 5700; (b) friction factor as a 
function of Reynolds number. 

4.5. Comparison of Overall Thermal Performance 

It has been demonstrated by Figure 6 and Figure 12 that, for a given Reynolds number, the 
brazed sandwich panel provides a higher Nusselt number but exhibits a higher friction factor as well. 
It is therefore beneficial to compare their thermal performance at fixed pumping power conditions. 
According to the argument in [31], the pumping power can be evaluated by a non-dimensional 
parameter fRe3, which is adopted in the present study. Figure 13 presents the variation of the average 
overall Nusselt number at various dimensionless pumping powers. Within the Reynolds number 
range considered in the present study, the casted and brazed sandwich panels approximately have 
identical thermal performances. Given that the brazed sandwich panel is more cost-effective and 
easier to make, the brazed sandwich panel may be superior from an engineering application point of 
view. 

 
Figure 13. Comparison of the area-averaged overall Nusselt number as a function of non-dimensional 
pumping power between the casted and brazed sandwich panels. 
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Focusing on multifunctional applications in which the heat transfer elements are required to 
sustain mechanical and thermal loads concurrently, this paper presents a thermo-fluidic comparison 
between the convectional casted tetrahedral lattice cored sandwich panel and a more cost-effective 
sandwich panel cored with a tetrahedral lattice fabricated by the metal sheet folding method. Both 
lattice cores have identical porosity. After the validation of the numerical model, the overall and local 
fluid flow and heat transfer characteristics are explored. The conclusions drawn in this study are 
summarized as follows. 

(1) For a given Reynolds number and porosity, the brazed sandwich panel exhibits a 13% to 16% 
higher averaged overall Nusselt number relative to the cased sandwich panel. Therefore, the former 
may be superior when a coolant mass flow rate is given. 

(2) For a given porosity, the bigger vertex and higher blockage ratio of the brazed sandwich 
panel intensify the horseshoe vortex around each vertex and the counter-rotating vortex pair 
downstream of each ligament. Thus stronger turbulent flow mixing occurs near the endwall, which 
enhances endwall heat transfer by 22% to 27%. Both sandwich panels exhibit similar heat transfer on 
the ligaments. Enhanced endwall heat transfer and higher surface area density are the mechanisms 
underlying the superior overall heat transfer of the brazed sandwich relative to the casted one. 

(3) For a given Reynolds number and porosity, the friction factor of the brazed sandwich panel 
is 1.5 to 1.7 times higher than that of the casted one. More evident flow separation as a result of the 
sharp edges of the rectangular ligaments and a higher blockage ratio is responsible for the pressure 
drop increment. 

(4) For a given pumping power and porosity, the brazed sandwich panel has a similar heat 
transfer performance to the casted sandwich panel. Given that the brazed sandwich panel is more 
cost-effective and easier to make, it may be superior to the casted sandwich panel from an engineering 
application point of view. 
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Nomenclature 

a1 model constant in Equation (6) 
CDkω a term defined in Equation (11) 
Cp static pressure coefficient 
cpf specific heat capacity of fluid (J/(kgK)) 
d diameter of the circular ligaments (m) 
Et turbulent kinetic energy (J) 
F1 non-dimensional blending function defined in Equation (10) 
F2 non-dimensional blending function defined in Equation (9) 
f friction factor 
H height of the lattice core (m) 
hoverall overall heat transfer coefficient (W/(m2K)) 
k specific turbulent kinetic energy (J/kg) 
kf thermal conductivity of fluid (W/(mK)) 
ks thermal conductivity of solid (W/(mK)) 
L length of the sandwich panel along the flow direction (m) 
l length of the unit cell along the flow direction (m) 
Nu local Nusselt number 
Nuave area-averaged value of local Nusselt number 
Nuoverall overall Nusselt number 
Nuoverall, ave average overall Nusselt number 



Energies 2017, 10, 906  15 of 16 

 

Pk production rate of turbulent kinetic energy due to fluid viscosity (J/(m3∙s)) 
Prt turbulent Prandtl number 
p static pressure (Pa) 
q’ heat flux (W/m2) 
Re Reynolds number 
S′ strain rate defined in Equation (8) (1/s) 
Tfb bulk mean fluid temperature corresponding to the central point of each unit cell (K) 
Tin inlet fluid temperature (K) 
Tf fluid temperature (K) 
Ts solid temperature (K) 
tl thickness of the rectangular cross-sectioned ligaments (m) 
ts thickness of the substrates of the sandwich panel (m) 
Twm local substrate temperature corresponding to the central point of each unit cell (K) 
Um mean velocity overall channel height at the inlet of the computational domain (m/s) 
Vi (i =1, 2, 3) velocity components in Cartesian coordinate system (m/s) 
Vm velocity magnitude (m/s) 
w width of the unit cell (m) 
wl width of the rectangular cross-sectioned ligaments (m) 
xi (i = 1, 2, 3) three components of Cartesian coordinate system (m) 
x, y, z Cartesian coordinate components (m) 
yL distance from the central point of each unit cell to the inlet (m) 
y+ dimensionless wall distance 
y′ minimum distance between a point to its surrounding solid wall in Equation (9) (m) 

Greek Symbols 

α1–α3 model constants in Equation (12) 
β1–β3 model constants in Equation (12) 
β′ model constants in Equation (4) 
Δp pressure drop (Pa) 
σk1–σk3 model constants in Equation (12) 
σω1–σω3 model constants in Equation (12) 
εB core porosity of the brazed sandwich panel 
εC core porosity of the casted sandwich panel 
μf dynamic viscosity of fluid (Pa∙s) 
μt turbulent viscosity (Pa∙s) 
ρf density of fluid (kg/m3) 
ρSA, B core surface area density of the brazed sandwich panel (m2/m3) 
ρSA, C core surface area density of the casted sandwich panel (m2/m3) 
ω turbulent frequency (1/s) 
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