
 
 

ABSTRACT 

MANOGHARAN, GUHA PRASANNA. Analysis of Non-Stochastic Lattice Structure 

Design for Heat Exchanger Applications. (Under the directions of Dr. Ola Harrysson and Dr. 

Denis Cormier.) 

 

   Non-stochastic lattice structures are cellular solids with periodically repeating array 

of cells formed by interconnected struts. Conventional manufacturing  limits cellular solid 

structures to stochastic foams and honeycombs. The recent advancement of Solid Freeform 

Fabrication (SFF) enables the manufacturing of spatially controlled non-stochastic cellular 

solids engineered for the requirements of a particular application. 

 Recent developments led to the application of metal cellular solids for air heating 

applications. This research proposes to optimize the cellular solid structure design for 

efficient heat transfer with minimum fluidic pressure loss. The novel concept is to design 

cellular solids with thicker struts in the direction along the fluid flow and thinner struts 

perpendicular to the flow with appropriate current supply for optimum performance. The 

model analyzed has a resistive cellular solid at a fixed temperature. The geometries examined 

include hexagonal lattice and rhombic dodecahedron. The heat transfer can be enhanced by 

thicker struts in the core of the structures and subsequently, by increasing the current across 

the cells.  

 With corresponding experimental validation, the analysis indicates that by varying the 

cell length at the entry and exit along the flow direction, pressure loss can be significantly 

reduced. The pressure loss can be minimized by  thinner struts in the entry and exit of the 

cellular solid. The study indicates that there is no significant effect of the angle between the 

edges on the performance of the system in the length scale considered.  
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1 Introduction 

A cellular solid is made up of an interconnected network of solid struts or plates which form 

edges and faces of cells. In other words, it is a porous medium constructed by interconnected 

voids inside a solid matrix. The interconnectedness of the pores enables fluid flow through 

the material.  Mankind has been aware of natural cellular solids for centuries including wood, 

bones, human lung, etc.  

1.1  Background 

Metal cellular solids have several unique properties. They possess high surface-volume 

ratios, and they can have high strength and rigidity in relation to their low weight. These 

properties make metal cellular solids ideal candidates in several applications as:  

 Heat exchangers  

 Structural load-bearing elements 

 Packaging and  buoyancy-inducing elements 

 Filters 

 Catalyst support structures 

Conventional manufacturing of metal foams typically includes foaming of a precursor (melt) 

using a gas source. Another common metal foam technology is a modification of powder 

metallurgy in which resident oxides act as stabilizing agents and foam upon interaction with 
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a blowing agent (generally, gas). The following classification (Figure-1) summarizes the 

common cellular solid manufacturing techniques (Banhart, 2001): 

 

Figure 1: Classification of metal foam manufacturing techniques (Banhart, 2001). 

 

The conventional metal foam manufacturing techniques mentioned above are typically 

limited to the fabrication of stochastic foams that have semi-random cell structures.   Further, 

these processes do not allow one to spatially control cell orientation, shape or dimensions 

locally in the solid for optimal performance with respect to the application requirements.   

With the advent of Solid Freeform Fabrication (SFF) technologies such as Electron Beam 

Melting (EBM), Laser Engineered Net-Shaping (LENS), and Selective Laser Sintering (SLS) 

foams of any shape or pore structure can be manufactured. More specifically, these processes 
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allow one to design and fabricate periodic cellular structures whose geometries are optimized 

with respect to the demands of the application.  

SFF processes provide a unique capability to fabricate parts of complex geometry through 

layer-by-layer deposition. In the manufacturing of cellular solids, SFF provides an advantage 

over conventional techniques because of its ability to change the lattice structure design. For 

instance, it is possible to vary the strut size, cell size, cell shape, cell orientation, and other 

parameters locally based on the design requirements.  

1.2 Metal Air Foam Heaters 

Over the years, several investigators have studied the use of metal foams as compact air-

heating exchangers (Boomsa et al., 2003), cooling heat exchangers (Ejlali et al., 2009), and 

metal-foam filled pipe heat exchangers (Lu et al., 2006). 

The use of metallic foams as heaters has also received considerable attention. In this case, 

cellular solids are fabricated using electrically resistive materials such as iron-based alloys, 

nickel-based alloys, and more commonly cermets (MoSi2). The resistance to electrical 

current by the cell strut generates heat which is transferred to the air flowing through the 

cellular solid (Cookson et al., 2006). Advantages of metal air foam heaters include lower 

weight, and the ability to control the heat flux by varying current flow and the resultant 

resistive heating. Resistive foam heating can be an effective way to achieve more uniform 

heating than conventional methods. When coupled with SFF techniques, the potential to 
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fabricate resistive foam heaters having arbitrary shape or form factor is an attractive 

possibility.   

Another application of metallic foam materials is particulate filtration. As one specific 

example, metal foams can be used for diesel engine exhaust after-treatment. By passing high 

electrical current through a resistive foam material, it is possible to burn off organic 

particulate matter captured by the filter.  

The overall heat transfer efficiency of an air foam heater can be categorically divided as 

follows: 

 Fluidic properties (fluid viscosity, inlet temperature, pressure, etc.) 

 Cellular solid properties (solid material properties, permeability, thermal conductivity 

of the metal, pressure loss across the fluid, etc.) 

Cookson et al. (2006) studied a Fe-Cr-Al electrical resistive heater disk using a radial 

configuration. The electrical current flows through a metal foam disk which serves as the 

heating element. The set-up based on the study is shown in Figure-2. 
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Figure 2: Metal foam air heater   

 

The cylindrical rod (d) in the center of the metal is electrically conductive and is connected to 

the positive end of the DC electrical power supply (current, I= 50mA) and the negative end 

of the power supply is connected to the outside tube.  The electrical current flows from the 

center rod to the tube through the metal foam made of high-temperature Fe–Cr–Al heating 

element alloy. Electrical resistance generates heat, which is transferred to the air flowing 

through the metal foam. Temperature measurement (Ti) of the air was performed at the inlet 

and exit from the tube using thermocouples at a constant distant (s). 

Further, FLUENT computational fluid dynamics software was used to analyze the 

temperature distribution across the radial plane at the exit (Figure-3). 
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Figure 3: FLUENT analyzed steady-state temperature distribution (Cookson, et al., 2006). 

 

An interesting aspect of this study is the observation about residence time of air in the foam 

(velocity and pressure across the inlet and exit). It was observed that at constant flow rate of 

the air through the foam, the residence time of air is short, thereby reducing the overall heat 

transfer.  

To counter this effect, one approach is to simply use a thicker foam in order to increase air 

residence time from inlet to outlet. The challenge with this approach is that it results in a 

significant pressure drop across the thicker foam sections. This condition would demand a 

larger pump and more energy to maintain the same constant flow rate. Cookson et al. (2006) 
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recommended a foam design in which the foam thickness decreases radially from the middle 

of the disk to the outside of the disk and the set-up based on the study  shown in Figure-4. 

 

Figure 4: Variable thickness metal foam heating element  

 

1.3 Research Objectives 

As previously mentioned, stochastic foam production methods, by definition, produce 

materials with a random pore structure. It is therefore not possible to spatially control pore 

size, shape, or orientation in order to optimize performance with respect to specific criteria. 

Recent advances in SFF techniques have opened up new opportunities with respect to the 

fabrication of non-stochastic metal foams. To date, very little work has been done on the 

design of non-stochastic metal foams for heat exchange and/or fluid flow applications.  

With that in mind, the main objective of this research is to study spatial control of a non-

stochastic lattice structure to improve performance in a heater application.  More specifically, 
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this study aims to develop a simplex-based technique to optimize lattice geometry such that 

pressure loss is minimized for a specified level of heat transfer subject to flow and 

volumetric constraints. The final objective is to experimentally validate the model and 

simulation results.  
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2 Properties of Cellular Solids 

2.1 Structural characteristics of cellular solids 

2.1.1 Representative Elementary Volume (REV) 

The method of volume-averaging is a traditional approach employed in flow through porous 

media to derive continuum equations, where the equations (if valid for a finite volume) holds 

true for any volume within the boundary of study. The two approaches to averaging are: 

spatial and statistical (Bejan, 1999). In the spatial approach, a macroscopic variable is 

defined as an appropriate mean over a representative elementary volume (i.e. the value at the 

centroid REV). Also, this approach is valid when the mean value parameter   under 

consideration is independent of the size of REV. The length scale of the REV is much larger 

than the pore size, and considerably larger than the length scale of the macroscopic flow 

domain which is well established in Figure-5. 

 

Figure 5: Representative Elementary Volume (REV), flow domain, and pores.  

 

Fluid 
Solid 

Representative 

elementary 

volume (r.e.v) 

Fluid domain 
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In the statistical approach, the averaging is performed across pore structures which are 

macroscopically equivalent. The disadvantage of this approach is the assumption about the 

ensemble based on a single sample and is possible only if it is statistically homogeneous. It is 

very important to note the difference between a cellular solid and a solid with isolated pores 

as shown in Figure-6 based on a previous study (Gibson and Ashby, 1988). 

. 

 

Figure 6: Cellular solid and solid with interconnected pores  
 

2.1.2 Porosity 

Porosity φ of a porous medium is defined as the fraction of the total volume of the medium 

occupied by the void space. As a corollary, the ratio of solid in a cellular solid is given by 1- 

φ. It is important to note that in an isotropic medium (physical properties are same in all the 

directions); the surface porosity will be equal to φ.  

The difference between porosity (relative density) and „effective porosity‟ is that the former 

is considered for cellular solids where the voids are interconnected, whereas the latter applies 

to solids with isolated pores. 



 

 

11 

2.1.3 Honeycomb foams 

Before delving into the details of metal lattice structures, it is important to note the difference 

between honeycombs and foams. In general, honeycomb structures have continuity in cross-

sectional area across the length of the solid, whereas foams have non-uniform cross-sectional 

areas. Figure-7 based on a previous study (Gibson and Ashby, 1988) illustrates honeycomb 

structures with different numbers of edges and angles between the edges. It is best to 

consider honeycomb structures as two-dimensional cellular solids due to their constant cross-

sections.  

Conversely, Figure-8 based on a previous study (Gibson and Ashby, 1988) shows how the 

cross section of the cellular solid varies across the solid in a foam. 

 

Figure 7: Honeycomb structure with different number of edges, angle between edges  
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Figure 8: Aluminum metallic foam (3D) 

 

2.1.4 Cell shape  

Cell shape is defined as the topology of the inter-connected edges in a cellular solid. Euler’s 

law can be employed for both two-dimensional and three-dimensional cells where the 

number of vertices (V) plus the number of faces (F), in any cell will be equal to number of 

edges (E) plus an integer (χ/ξ) of order 1 which is a function of the topology in the space 

where the cellular solid is defined. Mathematically, it is expressed as: 

                                                  V+F=E+ (χ / ξ)                                 …………….   (Eq-1) 

For a two-dimensional cell structure, χ =2 in a three dimensional Euclidean space. Hence,  

                                               V+F=E+ 2                                         …………….   (Eq-2) 

In a three-dimensional cell structure with a number of cells (C), ξ =1 in a three dimensional 

Euclidean space. Hence Euler‟s formula can be expressed as: 

                                                  V+F=C+E+ 2                                   …………….   (Eq-3) 
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The significance of Euler‟s formula can be realized in cellular solids of unequal edges in the 

unit cell as shown in Figure-9 based on a previous study (Gibson and Ashby, 1988)  

 

Figure 9:  Cell structure obeying Euler's law but with different number of edges. 

 

The shape of a three-dimensional unit cell is characterized by its number of edges, vertices, 

faces, and volume of the cell. Table-1(Vikas, 2009) summarizes the properties of commonly 

considered unit cell geometries where l is the length of a single strut of the cell and h is the 

height of the unit cell. 

Table 1: Properties of common unit cell geometries. 

Cell Shape 

Number 

of faces 

(F) 

Number 

of edges 

(N) 

Number of 

Vertices 

(V) 

Cell 

Volume 
Surface Area 

Tetrahedron 4 6 4 0.118l
3
 23l  

Triangular prism 5 9 6 0.433lh
2
 0.86l

2
+3lh 

Square prism 6 12 8 lh
2
 2l

2
+4lh 

Hexagonal 

prism 
8 18 12 2.598lh

2
 3l

2
+6lh 

Octahedron 8 12 6 0.471l
3
 3.46l

2
 

Rhombic 

Dodecahedron 
12 24 14 2.79l

3
 10.58l

2
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2.2 Heat transfer during flow through a porous medium 

2.2.1 Darcy's Law 

The average velocity of the fluid across the volume medium (solid and fluid) Vm is given by v 

(in the Cartesian reference). During flow through a porous medium, it is important to identify 

the distinction between velocity with respect to the medium (Vm) and average fluid velocity 

with respect to the fluid only.  

The average fluid velocity v is called the Darcy velocity. It is also known as seepage velocity, 

filtration velocity, superficial velocity and volumetric flux density. The average fluid velocity 

over the fluid volume is known as Vf. The intrinsic average velocity V is related to v by the 

Dupuit-Forchheimer relationship where φ is the porosity of the cellular solid; 

                                              v=φV                                         …………….   (Eq-4) 

Subsequently, the conservation of mass can be expressed by the continuity equation as;                                            

                                             
.( ) 0

f

f v
t                                …………….   (Eq-5) 

where, f is the fluid density. It should be noted that the above equation is derived from 

equating the rate of increase of the mass of the fluid within an elementary unit volume of the 

medium to the net mass flux of the volume. 
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Darcy‟s law is often considered as the analog to the Navier-Stokes equation in flow through 

porous medium. It states that in a steady-state unidirectional flow in a uniform medium, the 

proportionality between the flow rate (U) and the applied pressure difference is expressed by; 

                                              

PK
U

x                               …………….   (Eq-6) 

Where P / x  is the pressure gradient in the flow direction and  is the dynamic viscosity 

of the fluid. The coefficient K is the specific permeability or the intrinsic velocity of the 

medium and is independent of the nature of the fluid but is dependent on the geometry of the 

medium.  

It is important to note that the basic Darcy‟s equation is not a balance of forces across the 

REV. For the case of an isotropic medium, the pressure drop can be expressed as; 

                                              P v
K

                           …………….   (Eq-7) 

It can be understood that the Darcy flow is the macroscopic manifestation of a Newtonian 

fluid flow through the pores of the permeable structure. The permeability K as mentioned 

earlier is a function of the geometry of the medium and can be defined by the hydraulic 

radius theory of Carman-Kozeny relationship and is expressed as; 

                                                             

2 3

2

2180(1 )

pD
K                       …………….   (Eq-8) 



 

 

16 

Where pD is the effective average particle diameter and 
2

2pD is given by the following 

relationship and h(Dp) is the density function for the distribution 

of diameters Dp; 

                                   
2 3 2

2
0 0

( ) / ( )p p p p p p pD D h D dD D h D dD           …………….  (Eq-9) 

A limitation of the Darcy equation is that it is valid only for incompressible, isothermal low 

velocity Newtonian flow through a long, uniform and isotropic porous medium with low 

hydraulic conductivity (permeability).  

2.2.2 Drag- Forchheimer’s Equation 

As noted from Darcy‟s equation (Eq-7), the linearity of the Darcy velocity is valid only for 

lower Reynolds numbers (Re) of flow. As v increases, the transition to nonlinear drag is 

smooth and is not comparable to the transition from laminar to turbulent flow since at such 

comparatively small Reynolds number, the flow in the pores is still laminar (Bejan, 1999). 

The variation in linearity of the Darcy‟s velocity in a porous medium is due to the 

comparability of the form drag observed in laminar fluid flow over a sphere due to surface 

friction  .  Considering this phenomenon observed by Joseph et al. (1982), a dimensionless 

form-drag constant can be expressed as; 

                                                 0.55 1 5.5F

e

d
c

D
                      …………….   (Eq-10) 
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where d is the strut diameter in the cellular solid, and De is the equivalent diameter of the 

medium and can be determined in terms of the height h  and width w  of the bulk solid by; 

                                                         
2

e

wh
D

w h
                               …………….   (Eq-11)

Now, including the form-drag coefficient Fc based on Forchheimer equation, Darcy‟s law 

can be modified as; 

                                             1/2

F fP v c K v
K

                     …………….   (Eq-12) 

From the modified expression of the Darcy‟s law (Eq-12), the last term which is known as 

the Forchheimer term shows the dependence on 
1/2

fK . Ward (1964) shows that the 

quadratic drag term ( Fc ) in the right side of the equation becomes dominant. 

It should be noted that both the friction factor and Reynolds number is dependent on 
1/2K

during the transition. The study shows that transition occurs in the ReK range of 1 to 10. 

Associated with the transition to pore-scale turbulence, the coefficient Fc varies with 

velocity.  

Firdaouss et al. (1997) show that for periodic porous media, the nonlinear correction to 

Darcy‟s law is cubic with respect to the Darcy number.  

On a concluding note to the discussion of Darcy‟s flow through a porous medium, it is 

understood that the averaging of macroscopic drag forces leads to macroscopic nonlinear 
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theory for flow, but the average of microscopic internal terms is negligible in typical 

practical circumstances (Bejan, 1999).  

Further, the ratio of convective inertia 
2 ( . )f v v to the quadratic drag term is of the order 

1/2 2/ FK c L  , where L is the characteristic length scale.  

2.2.3 Pressure loss at the entry and exit 

Prior studies (Cheng and Hwang, 1995; Adachi and Uehara 2001) show significant pressure 

loss in flow through porous media at the entrance and exit in the medium. 

Figure-10 shows the experimental set-up considered by Cheng and Hwang (1995) for their 

experimental validation of significant pressure loss at the entrance and exit to the flow 

through a porous medium. 

 

Figure 10: Experimental set-up for validation of pressure loss at entry and exit  
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Table-2 shows the range of the experimental variables for the study by Cheng and Hwang 

(1995). 

Table 2: Experimental variables for the study (Cheng and Hwang, 1995). 

 

 

The variable inlet Reynolds number (Re0) can be reduced in terms of velocity component 

along the flow direction (U), the dimensionless velocity component in the flow direction 

(v=U/U0), the inlet velocity (U0), and the length of the square duct (D) as in the expression 

below; 

                                                         0
0Re

U D

v
                               …………….   (Eq-13) 
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A similar expression holds true for the Reynolds number at the exit (Rew). Further, Pf and 

Pj are the pressure loss of the mainstream and the injection fluid respectively. The 

temperature across the duct was measured at intervals (X) along the flow direction, and it was 

observed that the pressure loss was greater at the inlets and exits.  

The flow parameters were characterized in terms of Nusselt number (Nu) and Prandtl number 

(Pr) and are expressed as follows; 

                                                   
hD

Nu
k

                               …………….   (Eq-14) 

and  

                                                   Pr
v

                                    …………….   (Eq-15) 

where h is the heat transfer coefficient and can be defined in terms of heat flux in the cellular 

solid (q) and temperature across the solid (Tw – T0) as follows; 

                                               
0–w

q
h

T T
                               …………….   (Eq-16) 

where is the thermal diffusivity heat transfer coefficient and υ is the kinematic viscosity. 

The loss due to friction is characterized in terms of friction factor and can be expressed as 

follows; 
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2

2
f

U
                               …………….   (Eq-17) 

where is the shear stress at the walls,  is the density of the fluid, and U is the velocity 

component along the direction of the flow. 

From the results of the study noted above, there is significant evidence demonstrating 

pressure loss at the entrance and the exit in flow through porous medium.  

2.2.4 Thermal Dissipation effects 

In forced convection and in vigorous natural convection in a porous medium, there may be 

significant thermal dispersion, i.e., heat transfer due to hydrodynamic mixing of the 

interstitial fluid at the pore scale. Due to the obstructions caused by the solid, the flow 

channels are tortuous thereby fluid elements starting at a given distance from each other and 

proceeding at the same velocity will not remain at the same distance apart (Bejan, 1999). 

Further, mixing can arise from the fact that all pores in a porous medium may not be 

accessible to a fluid element after it has entered a particular flow path. 

Mixing can also be caused by recirculation caused by local regions of reduced pressure 

arising from flow restrictions. Within a flow channel, mixing occurs because fluid particles at 

different distances from a wall move relative to one another. Mixing also results from eddies 

that form if the flow becomes turbulent and diffusion in-and-out of the pores modifies the 

nature of molecular diffusion (Bejan, 1999). 
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Hence, it is critical to consider the effect of thermal dispersion in our problem statement as it 

includes forced convection and can be mathematically represented as the following 

expression for low Reynolds number: 

                                                    ' * 2

2

1
f dk D k Pe                         …………….   (Eq-18) 

where 
*D  is a constant based on the porosity variation relationship in the preceding section 

(Eq-21) and dPe  is the Peclet number defined by Eq-18. The Peclet number can be defined 

as the rate of advection (transport mechanism of a fluid in motion) and to its rate of thermal 

diffusion ( f ) and is mathematically related to particle diameter (dp) as 

                                                    
1

p

f

vd
Pe                         …………….   (Eq-19) 

Jiang and Ren (2001) show the significance of consideration of the thermal dispersion effect 

through experiments with the set-up undertaken in the study shown in Figure-11 where, hx is 

the heat transfer co-efficient across x defined as (q/Twall – Tbulk fluid). 
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Figure 11: Schematic of the experimental set-up-Thermal Dispersion. 

 

2.2.5 Confined flow 

In the Darcy flow regime, after accounting for the thermal dispersion and fluidic properties 

discussed in the previous sections, we should also account for the effect of confined flow on 

the fluidic properties. Here, the longitudinal volume-averaged velocity u is uniform over the 

channel cross-section. Hence, when the temperature field is fully developed, the relationship 

between the wall heat flux (q) and the temperature difference (Twall, w- Tbulk fluid, b) is analogous 

to the formula for fully developed heat transfer to „slug flow‟ through a channel without 

porous matrix (Bejan, 1999). 

Hence the temperature of the bulk fluid, Tb can be expressed as; 

                                                            
1

b

A

T TdA
A

                          …………….   (Eq-20) 

where A is the cross-section of the channel. 
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Also, in cases where the confining wall is a tube with a hydraulic diameter of D, the 

following expression relates the fully developed heat transfer with a constant Nussselt 

number for Tw (constant wall temperature), (Bejan, 1999);  

                                                5.78
( )

D

w b

q D
Nu

T T x k
               …………….   (Eq-21) 

Further, when the porous matrix is sandwiched between two parallel plates with the spacing 

D, the corresponding Nusselt number is given as (Bejan, 1999) 

                                            4.93
( )

D

w b m

q D
Nu

T T x k
                  …………….   (Eq-22) 

where, (1 )m s fk k k , defining the thermal conductivity of the medium including the 

cellular solid and the fluid. It is important to note that the equations above (Eq-19, 20) are 

valid when the channel is fully developed thermally. 

2.2.6 Effects of porosity variation 

When the porosity of a cellular solid is increased, the velocity of the flow parallel to the wall 

increases to satisfy the no-slip condition and leads to a net increase in volume flux. This 

function is called channeling effect.  In the study by Cheng et al. (1991), it was observed that 

the porosity is a damped oscillatory function of the distance from the wall. shows the effect 

of porosity variation. 
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Further, the volume averaging method over an REV was found to be invalid and the 

following variation was recommended 

                                            1 exp
p

y
C N

d
                  …………….   (Eq-23) 

 

In the expression above (Eq-21), y is the distance from the wall, pd is the particle diameter, 

and C and N are empirical constants and were evaluated experimentally as 1.4 and 5 or 6 

respectively for a medium with =0.4. 

2.2.7 Electrical resistivity of non-periodic lattice structure: 

Prior studies (Dharmasena, 2002 and Vikas, 2009), on the electrical conductivity of metallic 

cellular studies relate the geometry of a cellular solid to its overall conductivity.  For a 

hexagonal lattice structure, a unit cell can be represented as shown in the following figure 

(Figure-12): 
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Figure 12 : Unit cell-hexagonal lattice structure. 

 

A unit cell of a hexagonal lattice structure consists of four complete individual struts and 

eight struts of half the thickness which are shared with the adjacent cells. The volume of an 

unit cell with struts of cross-sectional area A and thickness t can be expressed as shown in the 

following expression: 

              2 21
6* * 4* *( )* 4* * 2*( )*

2
unitV A t A t t A t A t t ….. (Eq-24) 

It should be noted that the expression accounts for the mass of struts at the nodes.  

Resistivity can be determined for an individual strut of resistance R the equivalent circuit of a 

hexagonal lattice is shown in the Figure-13 below (Vikas, 2009): 

Half strut 

Full strut 

Node 
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Figure 13: Equivalent electrical circuit of unit cell-Hexagonal lattice (Vikas, 2009). 

 

Hence, it can be expressed as two resistive elements of individual  resistance 2R and four 

resistive elements of resistance R in both parallel and perpendicular directions to the fluid 

flow and can be mathematically expressed as:  

            

3 3
effective parallel perpendicular

parallel perpendicular

R R
R R R

                  

.... (Eq-25)

 

Subsequently, for a current of I , the total heating power Q (W*s- Watt second) supplied to 

the cell can be expressed as: 

                                                         Q

 

                              ............ (Eq-26) 

It is important to account for the change in resistance (R-Ro) of a material with rise in 

temperature (T-T0), which can be expressed by α, the thermal co-efficient of resistivity with 

the expression: 
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                                                                    0
0

0

( )
R R

T T
R

                                       ...........(Eq-27) 

where R0 is the resistance at a temperature of 20 °C (T0).  

Subsequently, the resistive heating is related to the temperature rise with the Joules law as: 

                                                   0)                               .......... Eq(25) 

where V is the volume of the cell, c is the heat capacity of the metal, and ρ is the density of 

the metal. 

It can be concluded that in an electrical-resistance foam heat exchanger, the overall heat 

transfer can be controlled by a combination of the cellular design variables and  electrical 

power supply within a cellular solid by an assembly of a series of individual cellular solids. 

2.3 Problem Statement 

The preceding discussion has described a variety of applications for metal foam materials. 

For instance, these materials can be used as heat exchangers, filters, and catalyst support 

structures. Conventional manufacturing techniques do not have the ability to provide spatial 

control over the cell design and structure.  The capability of SFF techniques to produce non-

stochastic structures has tremendous potential to allow optimization of cellular structures for 

fluidic and structural applications. Due to the fact that it has only recently become feasible to 

produce structured cellular materials, there has been very little research directed towards 

optimization of cellular geometry, size, and orientation. At a high level, the problem being 
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addressed in this research is the lack of understanding of how structured cellular materials 

can be geometrically optimized with respect to the requirements of the application. 

The problem of design optimization with respect to the application requirements is extremely 

broad and is well beyond the scope of any one thesis or dissertation topic. At a more specific 

level, the work of Cheng and Hwang (1995) clearly showed pressure loss effects in the inlet 

and outlet regions of foam materials. This study attempts to focus on a specific cell structure, 

and it aims to analyze how its geometry can be optimized to minimize the pressure loss 

across the lattice structure for a given level of heat transfer between the cellular solid and the 

fluid flowing through the cellular material. This scenario has practical applications for heat 

exchangers in which one wishes to minimize energy consumption associated with pumps or 

fans used to move liquid or gas through the cellular material. It is also applicable in filtration 

applications. 
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3 Lattice Structure Design Optimization 

3.1 Scope of the problem 

Although this problems attempts to minimize the pressure loss for a specified heat transfer 

condition (minimum temperature rise), the scope of the problem attempted to address is 

beyond the solution derived in terms of structuring cellular solids for desired applications.  

One potential application of this study includes the design of air heating foams. Specific 

applications might include: 

 Space heaters:  Space heaters using electrically resistive foam materials could be 

placed at every individual duct exit, thereby, eliminating the heat loss occurring when 

the heated air flows from a central heating unit to individual spaces. Further, as the 

specific volume of cooler air is lower than that of hot air, the overall work required by 

the fan will be reduced. This study would formulate an approach to optimize the 

design for any duct size and for known boundary conditions such as; average inlet 

and exit temperature, inlet velocity, and size of the duct.  

 Automobile inlet air preheating element: It is desired to preheat the air from the inlet 

manifold in engines, particularly diesel engines in order to reduce emissions of 

particulate matter. It is also important to overcome the difficulty in cold start of 

spark-ignition engines at low ambient temperatures when bio-fuel systems are used 

(Li, et.al, 2009) 
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 Also, the study would provide insight into the design of cores in fuel cell technology 

in terms of design for uniform energy flux across the cell and so forth. 

3.2 Copper -Electrical Resistance heater 

The novel concept of this research is to establish the possibility of controlling the resistance 

heating through non-stochastic lattice structure. By varying the design of the  cells across the 

structure, both the heat transfer and the pressure loss can be optimized. Thicker struts in the 

cells along the direction of the fluid flow would cause significant heat transfer without any 

rise in the pressure loss since, it does not obstruct the fluid flow.  Similarly, rise in the 

voltage across thinner struts where the area is perpendicular to the direction of the flow 

would impact higher heat transfer.  

As a proof of concept for this hypothesis, the comprehensive model considered in this study 

is the corresponding corollary where the temperature of the structure is considered constant 

and the cell design is analyzed. For the model described in the preceding sections, simulation 

for the change in thickness of the cells in the interior zone in a lattice structure (Figure-21) 

would cause higher heat transfer was performed. For a pure copper hexagonal lattice, the  

rise in temperature and pressure and are summarized in the table below for the change in 

thickness of the cells in the interior zone for a current supply of 10 amps: 
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Figure 14: Change in temperature rise vs. change in strut thickness. 

 

It is critical to consider the current rating for the corresponding  thickness of the struts. The 

proposed  concept of optimizing the cell structure in an electrical resistance heater is a multi-

variable model involving cell design variables for both heat transfer and pressure loss in the 

fluid flow. This is achieved by having a series of cellular solids with variable resistivity, 

which is defined by its geometry. Simultaneously, the geometry impacts the fluid flow 

characteristics like friction factor and pressure loss. Hence, consideration for both the criteria 

is critical in developing an optimized cellular solid structure. 

Currently, process parameters for Copper is under development and is not thoroughly 

established. For this study, the well-developed Titanium alloy (Ti64) is considered but it 
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should be noted here that this novel concept is well applicable to any electrically conductive 

cellular solids.  

3.3 Experimental Scenario 

As the optimization of a cellular material is specific to how the material will be used, it is 

necessary to make assumptions about the actual application. In this study, the following 

scenario is assumed. Fluid (air) flows through a square duct of cross-section 45 x 45 mm as 

shown in Figure-15 with the following conditions (Table-3). 

Table 3: Fluid (air) flow conditions. 

Flow Conditions 

Fluid Ambient air 

Inlet velocity 10 mph 

Flow direction z direction 

Inlet Temperature 25   C 

Outlet Pressure 101325 Pa (Ambient Pressure) 

Temperature of the cellular 

solid 100   C 

Desired  minimum 

temperature rise 15   C 

Objective function 
Minimum Pressure loss across the duct 

Size of the duct 45*45*200 mm 

Temperature and pressure 

measurement points 

10 mm from the cellular solid on either side (Planes 

shown in the Figure-19) 
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Figure 15: Schematic diagram showing the duct and the setup of the cellular solid. 

 

As could be identified from the application‟s operating conditions above, this study attempts 

to study a 45*45*60mm cellular solid. Two different cell designs are studied. Specifically, 

hexagonal and rhombic dodecahedron lattices were considered for optimization for the above 

mentioned flow constraints. The design optimization was performed using a SolidWorks-

FloWorks parametric study after identification of the initial trend in change in effects for the 

design variant.  

Exit pressure and 

temperature measurement 

 Inlet pressure and 

temperature measurement 

 

Gas flow inlet 

 Gas flow exit 

 

Ti64 lattice structure  

 

Metal duct 

(45*45*200 mm) 
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In order to validate computer models, physical experiments involving modified hexagonal 

lattice structures was performed under conditions for which the optimization was attempted. 

Namely, a temperature rise of 15 C from the inlet temperature of 25  C at a velocity of 10 

mph was created, and the pressure loss was recorded. The concluding remarks identify the 

correlation between the optimized design and the corresponding experiments. 

The hexagonal lattice structure considered in this study is shown in Figures-16,17.  

 

(a)                                                                   (b) 

Figure 16: (a) Unit cell of a hexagonal lattice and (b) hexagonal lattice structure-2D view. 

 

Figure-16(a) shows the unit cell of a hexagonal lattice. Figure 16(b) shows a side view of an 

assembled lattice structure. Figure 17(a) shows an isometric view of the assembled lattice, 

and Figure 17(b) shows a Titanium lattice structure fabricated via the Electron Beam Melting 

(EBM) process.  
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(a)                                                            (b) 

Figure 17: Hexagonal lattice  structure in (a) CAD model and (b) physical EBM counterpart. 

 

Figure-18 shows various views of the rhombic dodecahedron cellular structure. The unit cell 

is shown in Figure 18(a), the side view and isometric views are shown in Figures 18(b) and 

18(c) respectively, and a titanium lattice material fabricated via the EBM process is shown in 

Figure 18(d).  
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(a)      (b) 

 
(c)                                                                         (d) 

Figure 18: Rhombic Dodecahedron (a) unit cell, (b) 2D view, (c) 3D view and (d) physical 

EBM-made lattice structure. 
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Using ARCAM-EBM technology, lattice structures of various cell shapes were fabricated 

and are shown in Figure-19. 

 

Figure 19: ARCAM-EBM made lattice structures. 

 

Although air has been used as the fluid for this study, it is understood that other fluids such 

as water, exhaust gas, etc. could be simulated for applications such as cooling, catalysis and 

other transport phenomena. This study was developed from initial explorations into the 

optimization of an electrically resistance heated lattice structure for air heating. The study 

considers the heat generation rate dependence of a strut geometry to the heat flux associated 

from Ohm's law. 
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3.4 Assumptions 

The following are the assumptions considered in this study: 

 The duct is completely insulated, and heat transfer occurs within the mesh and 

between the mesh and fluid. 

 The lattice structure temperature is maintained at 100 C. 

 Constant mass flow rate prevails and there is no loss of the fluid across the duct. 

 Approximate surface roughness of EBM made parts was considered as 150 µm. 

3.5 Cell structure design 

3.5.1 Hexagonal lattice 

Figure 17 shows an isotropic hexagonal lattice structure in which all struts within the entire 

structure have the same length, thickness, and angle relative to one another. This is the 

baseline “Control” geometry that is used for comparison with alternative geometries. A 2D 

sketch of an individual strut is shown in Figure-20. The geometrical constraints in the control 

geometry are noted in the figures as C1-C3, which are typical of a hexagonal topology. The 

3D controlled constraint (C4) for the hexagonal lattice includes identical cells as shown in 

Figure-29. 
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(a) 

 

 

 

(b) 

Figure 20: Cell topology with geometrical constraints; (a) Unit cell sketch (b) 3D Lattice 

assembly constraint 

C1: Edges of equal 

length 

C3: Distance across end 

edges= 4mm 

C2: Angle between the vertical 

axis and intersecting edges = 60   

C4: Identical unit cells 

assembled to form a lattice 

structure  
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Table 4 summarizes other information about the dimensions in the controlled hexagonal 

lattice structure. 

Table 4 : Hexagonal lattice design (control geometry). 

Hexagonal lattice (controlled) 

Total dimension of the cellular solid 

(mm) 
45*45*60 

Flow direction z direction (60mm) 

Material Ti-6-Al-4V 

Strut thickness 0.70 mm 

Distance across the end faces 4 mm 

3D lattice a) Identical cells (Figure-24) 

 

b) Alternate cells offset by half the height 

of a cell (Figure-24) 

 

3.5.2 Rhombic dodecahedron lattice 

Geometrical constraints of the baseline control cell topology for the rhombic dodecahedron 

are shown in Figure-21. The geometrical constraints in the controlled cell are noted in the 

figure as C1-C3, which are typical of a rhombic dodecahedron topology. The 3D controlled 

constraint (C4) and the 3D lattice structure constraint (C5) for the rhombic dodecahedron 

lattice includes identical cells as shown in Figure-24 (b) and (c). 
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(a) 

      

 

 

                  (b)                                                                (c) 

Figure 21: Cell topology with geometrical constraints (Controlled); (a) Single face topology 

(b) Unit cell (c) 3D Lattice assembly. 

C1: All edges of equal 

length 

C3: Angle between an 

edge and the horizontal  

axis = 54.74   C  C2: The width of a 

face is equal to 3.0 mm 

C4: Faces with every edge shared to 

adjacent faces 

C5: Cells assembled with mating at 

the same edge of the adjacent cell 
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Table 5 summarizes other information about the dimensions in the controlled rhombic 

dodecahedron lattice structure. 

Table 5: Rombhic dodecahedron lattice design (control geometry). 

Rhombic dodecahedron lattice 

Total dimension of the cellular solid (mm) 45*45*60 

Flow direction z direction (60mm) 

Metal Ti-6-Al-4V 

Single face dimensions: Edge length = 2.6 mm 

Angles between edge to horizontal, vertical 

axis = 55  , 35  respectively 

Vertices-to-Opposite vertices distance= 3 

mm 

Strut thickness 0.25 mm  (constraint C6) 

 

3.6 Cell-stacking approach 

The problem formulated here has a large number of designs available for consideration in 

design optimization to achieve the objective of minimum pressure loss at every unit cell 

scale. The problem size scales rapidly when one considers the number of unit cells in the 

cellular solid. In order to reduce considerable computation time and also to amplify the 

effects of key the cell design performance metric (i.e. pressure loss at the entry and exit'), 

stacking of cells is undertaken. In a cell-stacking approach, local optimization of the cell 

design parameters are applied uniformly to the identified cells of the lattice structures 

(generally, the cells in the cross-section of the duct across 'n' cell width). The baseline 

controlled design was simulated to have a temperature rise of 13.61   C and a pressure drop 

of 135 Pa. 
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With reference to the flow direction considered in this study, the grouping of the stacked 

cells are shown in Figure-22. 
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Figure 22: Cell-stacking at the entry and exit to the lattice structure: Hexagonal lattice (top),  

rombhic dodecahedron (bottom). 
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3.7 Lattice design optimization 

For the conditions noted previously, a parametric study was initiated using the Floworks 

module of SolidWorks. The parametric study varied the individual cell designs, and their 

effects on flow properties were recorded. The parametric study in Floworks uses a simplex 

optimization algorithm, where the minimum and maximum limits for a design parameter are 

specified with an objective (goal) and its corresponding constraints. In order to get accurate 

results, the range of minimum and maximum values of a design variant is narrowed down to 

a smaller range through analysis of the trend observed in the plots. 

With regard to this study, the objective was to minimize pressure drop across the length of 

the lattice structure. The constraint was that a minimum temperature rise of 15 C had to be 

achieved. The following sections describe the level-wise relaxation of the cell geometry 

constraints in the lattice design for the hexagonal and rhombic dodecahedron structure.  A 

level is defined as the phase where only one design variable is optimized (e.g. length of the 

edges along the flow in the gas entry and exit zone).  Also, the volume and surface area of 

the cellular solid was constrained to be approximately equal at every level of optimization. 

This was done to help clarify the individual effects of the design variables.  
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The number of cells  along the direction of gas flow comprised in the gas flow entry and exit 

zone is considered arbitrarily fixed as two, based on the total number of stacks across the 

direction of flow in the bulk cellular solid; i.e. n=2 in Figure-28. 

The progressive relaxation of the constraints in every level was conducted where the 

optimized design variable was fixed in the preceding level. The following are the individual 

levels applied in the optimization for the defined conditions. 

 Level-1 (Strut length of the edges parallel to the flow direction in the gas entry and 

inlet zone): The design variables of an individual cell with respect to flow direction 

are shown in Figure-23. 
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Figure 23: Level-1 optimization- Strut edge lengths along the fluid flow direction . 

  

It should be noted here that the strut edge length is defined in terms of the distance between 

the end of the edge and the vertical axis (mid-plane at 2 mm from either edges) i.e. x1+x2 =4 
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mm (C3). The structure can be treated as a series of alternating parallel plate flow heat 

exchangers and cross-flow plate heat exchangers. The rationale behind the optimization of 

this variable is due to the dependence of heat transfer co-efficient and friction factor on the 

frontal surface area (Kim et al., 2008) which is constrained by the angle between the edges 

(C2) and the cell length (C3) shown in Figure-23. Further, the „hydraulic diameter‟ term in 

the equations noted in Eq-8 and 9 considers the „volume-average over r.e.v‟ but does not 

account for the surface area perpendicular to the flow direction. The other reason for 

considering the length of the edge is because the resulting cell shape can still be 

manufactured using corrugated wire frames with relative ease (Wadley et al., 2003). It should 

be noted that the relaxation of constraint C2 is considered in the level-3. 

 Level-2 (Optimization of strut thickness in the interaction cells): As Level-1 

optimizes the major source of pressure loss in the entry and exit regions to the cellular 

solid, this level attempts to increase the heat transfer to the fluid (i.e., the temperature 

rise in the fluid with a minimum pressure loss). 

Figure 24 shows the identical cell constraint (C4) which is relaxed where the thickness of the 

strut in the interior region is optimized. It should be noted that the average of t1 and t2 is 

always maintained at 0.7 mm to ensure controlling the solid volume for a better analysis. 
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Figure 24: Level-2 optimization- Strut thickness in the interior zone. 

 

The justification for optimizing the strut thickness in the interior zone can be attributed to the 

treatment of the flow in the interior region as a local optimization with respect to the cellular 

solid (global). This is analogous to considering multiple resistance heating metallic cellular 

solids in series with different heat generation rate with marginal increase or no additional 

pressure loss. In other words, it is an optimization step treating the cells in the interior zone 

as herringbone wavy fin-tube type of heat exchanger.      

 Level-3 (Angle between the trailing and leading edges in the cells of gas inlet and exit 

zones): With the incorporations of optimized design variables corresponding to the 

prior levels, this level relaxes the angle between the lower trailing and leading edges 

(C2) as shown in the controlled geometry of the lattice (Figure-25).  
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This is due to the reasoning provided in Level-1, but it exploits the manufacturing 

capabilities of solid freeform fabrication to produce struts of varying thickness in a single 

cell. It is shown in the figure below. 

 

Figure 25:  Level-3 optimization- Angle between lower leading and trailing edges in the 

cells of entry and outlet zone. 

 

The Simplex method allows the optimization of a single design variable. The reason for 

selecting the lower strut edge angle is that it needs fewer modifications in corrugated wire 

frame based cellular manufacturing (Wadley and et.al, 2003). With an appropriate design of 

the bottom die, manufacturing of the derived lattice structure is feasible. Finally, the 

constraint of having identical entry and outlet zones is relaxed considering the change in fluid 

properties after considerable rise in temperature because of flow through the interior zone. 

This would significantly affect the flow properties involving the specific volume and 

Angle between the lower edges 

(a1) 

 

Constraint C1: Edges of equal 

length 0.70 mm exists 
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viscosity of the fluid. It would therefore considerably affect the flow parameters in the gas 

exit zone. 

Because of the complexity in modeling rhombic dodecahedrons in terms of the design 

variables and the computational limitations of a simplex optimization technique, the only 

level applied is similar to the level-2 of hexagonal lattice structure for the optimization of 

strut thickness in the cells of the interior zone. Thereby, with the other constraints held valid, 

the thickness constraint C6 (Table-5) is relaxed and analyzed as the design variable. 
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4 Analysis of Simulation Results and Experimental Validation 

Simulations described in the previous chapter were conducted, and the outputs from the 

results for every level of simplex optimization were compiled in terms of the average value 

across the planes of measurement (Figure-21). Specifically, these planes are 10mm from the 

entry and exit of the lattice structure. 

4.1 Hexagonal lattice structures 

4.1.1 Level-1 optimization 

Referring to the constraints and design variable assigned in Section 3 and the system (fluid) 

conditions (Table-4), the optimization was performed for the following boundary conditions: 

Table 6: Level 1- Optimization Strut edge lengths with respect to the fluid flow direction 

(x1', x2'). 

Level 1 Optimization 

Design variable (x1, x2) 

Min 1.25 mm 

Max 2.75 mm 

Optimized design variable range 

x1 1.75 mm  

x2 2.25 mm 

Corresponding Temperature rise (   C) 15.11 

  Corresponding Pressure loss (Pa) 131 

Parametric study boundary conditions 

Min 1.70 mm 

Max 1.80mm 

Parametric study- Design variable  
x1' 1.76 mm  

x2' 2.24 mm 

Corresponding Temperature rise (   C) 15.11 

Design A Corresponding Pressure loss (Pa) 128 
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The design variables obtained above were based on the comparisons from Figure-26. As 

noted in Section 3, a parametric study was employed with the minimum and maximum 

values noted in Table-6. 

 

Figure 26: Effects of variation in strut edge length along the fluid flow direction on 

temperature rise and pressure loss. 
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The optimized cell edge length is shown in Figure-27.

  

Figure 27: Optimized cell strut leading edge of 1.75 mm in each cell. 
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(b) 

Figure 28: Effect of change in leading edge length  on (a) temperature rise and (b) pressure 

loss. 

 

Figures 28 indicates that a longer leading edge in the entry causes greater heat transfer, but at 

the price of an increase in pressure loss. This can be attributed to higher surface area 

perpendicular to the velocity vector. Similarly, a shorter leading edge causes a drop in 

pressure loss and temperature rise. This could be due to the change in the lift-drag ratio 

during the flow of the fluid over a solid cross-section. From Table-6, the optimized design is 

selected as leading edge of length 1.76 mm and trailing edge of length 2.24 mm. This is 

subsequently described as Design-A.   

Temperature rise (  C) Vs % Change in leading edge 
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4.1.2 Level-2 optimization 

 From the observations of thermal dispersion in Section 5.4, an attempt was made to increase 

the thickness of the middle cells for the leading and trailing edge dimension achieved from 

the previous level without a rise in the pressure loss and the drop in the temperature rise. 

Referring to the constraints and design variable assigned in Section 4.4 and system (fluid) 

conditions (Table-4), the optimization was performed for the following boundary conditions: 

Table 7: Level 2- Optimization Strut thickness (t1', t2'). 

Level 2 Optimization 

Design variable range (t2) 

Min 0.6 mm 

Max 1.2mm 

Analyzed design variant t2 0.90mm 

Corresponding design variant  t1 0.50 mm 

Corresponding Temperature rise (   C) 16.22 

  Corresponding Pressure loss (Pa) 112 

Parametric study boundary conditions 

Min 0.88 mm 

Max 0.92mm 

Parametric study- Design variable  
t2' 0.88 mm  

t1' 0.52 mm 

Corresponding Temperature rise (   C) 16.25 

Design A+B Corresponding Pressure loss (Pa) 111 
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Figure 29: Effects of variation in strut edge length on temperature rise and pressure loss 

across the duct 

 

Figure-29 shows the difference in the cell thicknesses that were optimized such that 

t1=0.88mm, and t2=0.52mm with the optimized (x1, x2) variables from Design-A. 
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   (a)                                                             (b)

          (c) 

Figure 30: Optimization of the strut thickness in the middle cells, (a) controlled, (b) 

optimized (future levels incorporated), (c) optimized unit cell (levels-1 and 2). 
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4.1.3 Level-3 optimization 

Referring to the constraints and design variable assigned in Section 3 and system (fluid) 

conditions (Table-4), the optimization was performed for the following boundary conditions: 

Table 8: Level 3- Optimization of the angle between the edges (a1'). 

Level 3 Optimization 

Design variable (a1) 

Min 55   

Max 65   

Analyzed design variable a1 62.5   

Corresponding Temperature rise (   C) 16.38 

  Corresponding Pressure loss (Pa) 106 

Parametric study boundary conditions 

Min 62.25   

Max 62.75   

Parametric study- Design variable  a1' 62.30   

Corresponding Temperature rise (   C) 16.38 

Design A+B+C Corresponding Pressure loss (Pa) 105 
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Figure 31: Level 3- Optimization the angle between the edges (a1'). 

 

As observed in the Figure-31 above, the change in the angle between the edges of the struts 

have minimal effect on the pressure loss and temperature rise and could be attributed to the 

length scale of the structure optimized with respect to the degree of change in frontal surface 

area to the fluid flow. 

4.1.4 Non-identical gas entry and exit zones 

For the final level of optimization, the constraint that cells in the entry and exit zones had to 

be identical was relaxed, and the analysis was performed by treating them as different blocks 

of cells in the assembly with the interior zone.  
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In a CAD model, parts are assembled through different mating constraints which define the 

spatial location of the parts relative to each other. Some examples of mating constraints are 

parallel/perpendicular faces, concentricity between circular arcs, co- linearity between 

parametric features, offset distance, etc.  

For this problem, the parametric study failed to arrive at a feasible solution. To arrive at a 

feasible solution, the inlet to the exit zone was optimized by treating the flow from the 

interior zone as a fully developed flow with the parameters recorded from the plane.  

 

 

Figure 32: Modified final-level simulation set-up. 

 

Optimization of the exit cells based on the level-1 principles (Section 5.1.1) was performed. 
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corrected while ensuring that the total length of the foam was 60mm. This involved 

incremental translation along the z direction of the exit zone cell structure into the combined 

zone until the whole lattice structure was one block of cellular solid.  

(a) 

(b) 

Figure 33: Final optimized design with a pressure loss of 88 Pa and temperature rise of 

18.88   C  (a) 3 D view, (b) View perpendicular to the flow direction. 
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It is obvious from the results of the final design, with a pressure loss of 88 Pa and a 

temperature rise of 18.88 C that this is the most optimal design. Also, of practical 

significance is that such complex geometrical cellular solid cannot be manufactured in any 

other method except, the solid freeform fabrication method.  

4.2 Rhombic dodecahedron lattice design 

A similar approach to optimization of the rhombic dodecahedron shown in Figure-21 was 

performed with every constraint except the thickness constraint C6 (thickness = 0.25 mm). 

The maximum and minimum strut thickness values for the initial study were 0.20 mm and 

0.40 mm. For the specified flow conditions in Table-4 and system conditions specified in 

Section 3, the parametric study resulted in mating violation between the interior zone and the 

entry/exit zones. This resulted in manual fixing of the assembly violations. An optimized 

structure shown in Figure 34 had a pressure loss of 115 Pa and a temperature rise of 17.2 C 

when compared to the pressure loss of 155 Pa and a temperature rise of 15.6  C for the struts 

of thickness 0.40 mm in the interior zone. 
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Figure 34: Optimized Rhombic dodecahedron lattice structure. 
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5 Experimental Validation 

 

To validate the optimized design structure, hexagonal lattices of the controlled and optimized 

structures were fabricated using the ARCAM-EBM process. The samples are shown in 

Figure-35. 

 

 
Figure 35: Controlled hexagonal lattice (left) and optimized lattice structure- 3D view 

(right), Top view (top). 
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 The lattice structures were assembled into a square metal tube of the same cross-section 

considered in the model (45*45*200mm). This is shown in Figure-36. The inlet air velocity 

was maintained at 10 mph by the blower. 

 

 

Figure 36: Assembled lattice structure in the square duct. 

 

The lattice structures were heated to 100 ºC in a furnace. After soaking them for one hour at 

100 ºC to ensure steady-state conditions, the lattice structures were placed at pre-defined 

positions with spacers to avoid conduction through the tube. Glass wool was wrapped around 

the location to ensure proper insulation. Further, the velocity of the air was constantly 

measured at the inlet, and the pressure rise at the 10 mm offset from the downstream cellular 

solid edge was measured using a manometer. The temperature at the exit was measured using 

a thermocouple at the pre-defined location of 10 mm from the end of the cellular solid. 
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1     2   3                                                             4                                                             5 

Figure 37:  Experimental apparatus. 

Components of the experimental apparatus: 

1- Exit from the lattice structure (Thermocouple) 

2- Manometer measurement at the exit 

3- Glass wool insulation 

4- Converging tube to maintain a constant velocity of 10mph 

5- Blower                      

Glass wool insulation 

Manometer pressure 

measurement at the inlet 
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6 Summary 

Since the constraints of equal total volume and equal total surface area between designs were 

imposed during the optimization, the most appropriate analysis would be the comparison 

between the pressure drop and temperature rise as a percentage of change at every 

progressive level for both the cell geometry analyzed in this study. 

The following are the comparisons observed based on the results obtained in the Floworks at 

every corresponding level of optimization. 

The following are the observations made from the level-based design analysis which are 

applicable to both the cell geometries:  

 The final design (Figure-33) incorporates a 12.7% increase in the trailing edge length 

on both the entry and exit cells. This could be attributed to the drag caused by the 

surface perpendicular to the direction in the entry and exits. 

 To minimize the pressure loss for a minimum temperature rise, its observed that 

thicker struts in the direction perpendicular to the flow attributes to significant heating 

effect only if the struts that are parallel to the flow direction. 

 Combining the noted observation above provides the best results, where the trailing 

edges are extended in both the entry and exit cells, the perpendicular struts are thicker 

in the middle and unequal slopes of the trailing and leading edges.  
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The simulation model and experimental results show similar trends as in Figure 38. The 

difference in the values can be attributed to the stead-state assumption considered for the 

simulation and any minor loss of temperature due to non-ideal experimental conditions. 

Further, there could have been minor head loss at the change in velocity when the fluid enters 

the square duct from the converging duct. Also, any minor change in the blower's 

performance could have affected the pressure loss across the duct. 

 

Figure 38: Experiment vs. simulation results. 
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Figure 39: Experiment vs. simulation. 

 

The simulation model and experimental results show similar trends as in the figure above 

following are the observations made from the experiments and the intercept (offset) could be 

attributed to practical difficulty in fixing perfect insulation, slight drop in the temperature of 

the solid which was assumed at a constant 100 º C, hence tending towards non-isothermal 

flow. 

  

10

11

12

13

14

15

16

17

18

19

20

Controlled Design Design A+B Final Optimized design

T
em

p
er

a
tu

re
 r

is
e,

 º
 C

Design

Theoretical Temperature rise (  ̊C) Experimental Temperature rise(  ̊C)



 

 

72 

7 Concluding remarks 

 

The findings of the studies is summarized in the table below, 

Table 9: Summary of results. 

Level (Hexagonal 

lattice) 

Design 

Variant 

Control 

value 
Range 

Optimized 

design 

Increase in 

Temperature 

rise (°C) 

Decrease in 

Pressure 

loss (Pa) 

Level-1 

(Design A) 
x1 2 mm 

1.25-2.75 

mm 
1.75 mm 2.01 7 

Level-2 

(Design A+B) 
t2 0.7 mm 

0.6-1.2 

mm 
0.9 mm 1.14 17 

Level-3 

(Design A+B+C) 
a1 60° 55-65° 62.5° 0.13 6 

Final Design 

Angle 

between 

edges (exit 

zone) 

61° 58-62° 62.0° 2.5 17 

  

It is clear that pressure loss is significant in the entry and the exits to the porous medium and 

thereby causing considerable thermal dispersion in the flow through the porous medium. 

Further, from the simplex optimization approach undertaken in this study, it is understood 

that by varying the thickness of the struts in the core  higher heat transfer is possible without 



 

 

73 

compromising any rise in pressure loss across the solid  if the entry and exit cells reduce the 

pressure loss .  

Also, the change in the angle between the edges does not have considerable effect on the 

flow properties due to the minimal impact on the frontal surface area to the fluid flow in the 

length scale of the considered design.  
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8 Future Scope 

The potential topics of study that could provide deeper insight into designing an optimized 

cellular solids for air heating application are: 

 Integration of multi-geometry in the cells of a single solid, which is very vital in 

applications involving local constraints 

 Application of a more robust SQP or a similar optimization technique that is less 

computationally intensive but also considers the array of design variables in the 

cellular solid. 

 Include a „heat generation rate‟ for the solid considering it as a electrical resistance 

foam heater; which is of immense interest because the heat generation rate and 

convection are both dependent on the geometry of the strut and fluid flow conditions.  

 Further this study to circular ducts, and analyze the effect of suction pressure (with 

foam designed for an automobile manifold) instead of injecting a fluid and develop a 

foam design that is robust to the pressure cycles in the combustion engine. 

The field of customizing cellular solids for fluid mechanics would provide insight into bio-

manufacturing of nerve cells and soft tissues, more efficient energy engineering through 

designing better cores in fuel cells. 
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