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Heat sinks have manifold applications, from micro-electronics to nuclear fusion
reactors. Their performance expectations will continue to increase in line with the
power consumption and miniaturisation of technology. Additive manufacturing enables
the creation of novel, compact heat sinks with greater surface-to-volume ratios and
geometrical complexities than standard pin/fin arrays and pipes. Despite this, there has
been little research into the use of high surface area lattice structures as heat sinks.
Here, the hydraulic and thermal performance of five surface-based lattice structures
were examined numerically. Computational fluid dynamics was used to create useful
predictive models for pressure drop and volumetric heat transfer coefficients over a
range of flow rates and volume fractions, which can henceforth be used by heat
transfer engineers. The thermal performance of surface-based lattices was found to be
heavily dependent on internal geometry, with structures capable of distributing thermal
energy across the entire fluid volume having greater volumetric heat transfer
coefficients than those with only localised areas of high heat transfer and low levels of
fluid mixing.
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Triply periodic minimal surface lattices offer unique advantages for heat transfer.

Structures with greater variance in their channel diameter exhibit localised pressure drops.
For a directional heat input, structures which conduct heat through the walls and promote
thermal mixing exhibit larger heat transfer coefficients.

Accurate models for fluid flow and heat transfer in the examined structures are provided.
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Abstract

Heat sinks have manifold applications, from micro-electronics to nuclear fusion reactors. Their performance expectations
will continue to increase in line with the power consumption and miniaturisation of technology. Additive manufacturing
enables the creation of novel, compact heat sinks with greater surface-to-volume ratios and geometrical complexities
than standard pin/ n arrays and pipes. Despite this, there has been little research into the use of high surface area
lattice structures as heat sinks. Here, the hydraulic and thermal performance of ve surface-based lattice structures were
examined numerically. Computational uid dynamics was used to create useful predictive models for pressure drop and
volumetric heat transfer coe cients over a range of ow rates and volume fractions, which can henceforth be used by
heat transfer engineers. The thermal performance of surface-based lattices was found to be heavily dependent on internal
geometry, with structures capable of distributing thermal energy across the entire uid volume having greater volumetric
heat transfer coe cients than those with only localised areas of high heat transfer and low levels of uid mixing.

Keywords: Cellular structure, lattice, uid ow, conjugate heat transfer, computational uid dynamics (CFD)

1. Introduction

Additive manufacturing (AM) describes a range of processes which join materials to make solid parts from 3D model
data, usually layer upon layer. Metal AM o ers enhanced design freedom compared to conventional processes, enabling
the production of near-net shape components with complex internal geometries and high customisability, such that parts
can be tailored for speci c applications and users [1]. This technology was initially developed for rapid prototyping, but
is now used in several sectors to produce nal products, such as in aerospace [2] where the GE LEAP fuel nozzle has been
a notable commercial success [3].

The incorporation of 3D cellular structures is a key element of AM design. Ordered lattices (as opposed to the typically
random foams that can be made with gas injection [4], for example) have received signi cant attention in the literature
[5], and are now available in several commercial CAD packages aimed at AM. They reduce component weight, have high
surface-to-volume ratios and high solid- uid contact areas [1, 4], making metal lattices in particular ideal candidates for
heat sinks [6{8]. Compared to lattices composed of interconnected struts or “trusses', triply periodic minimal surface
(TPMS) lattices have enclosed channels for uid ow, greater surface areas, and are generally stier and stronger at
equivalent weight [9]. Therefore, TPMS lattices o er unique advantages for uid ow and heat transfer applications.

Heat sinks are common devices, with applications ranging from micro-electronics [10] to nuclear fusion [11], which
typically employ channels or extended surfaces, such as pin/ n arrays, to dissipate heat. The dominant heat transfer
mechanisms for these structures under laminar ow are convection in the uid ow direction and conduction in the
direction normal to that. For turbulent ow, heat transfer is driven by convection in the uid [12]. TPMS lattice
structures can be considered as an alternative to conventional geometries as they promote convective cooling due to
their large surface areas. Conversely, these features also lead to greater pressure drops, and potentially lower heat sink
e ciencies [13].

The need to dissipate large quantities of heat from small volumes will continue to increase in line with the increased
power demands and miniaturisation of electronic devices. It is therefore necessary for heat sinks to be maximally e cient,
in terms of their size and material usage. Despite this, there has been little research on the use of complex surface-based
cellular structures within AM heat sinks, with much of the published work dedicated to foams [14{17], strut-based lattices
[18{23], topology-optimised structures [24] or conventional pin/ n arrays and channels [21, 25{27]. Recently, heat transfer
in TPMS structures has garnered some attention, with applications including heat sinks [28{33], injection mold cooling
[34] and latent heat thermal energy storage systems [35, 36]. These studies characterise the thermal performance of TPMS
lattice structures with varying wall thicknesses and in a range of ow conditions. These need to be developed further, so
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Nomenclature
n Parameter correlating Nu,o to Re
TimTD Logarithmic mean temperature di erence (K) Nuyg Volumetric Nusselt number
m Mass ow rate (kg s 1) P Fluid pressure (Pa)
A Speci ¢ surface area (n 1) Re Reynolds number
Aws Wetted surface area (n?) Ttin Fluid inlet temperature (K)
Cp Speci ¢ heat capacity (J kg * K 1) Tt.out Fluid outlet temperature (K)
Dn Hydraulic diameter (m) Th Heater temperature (K)
F Parameter correlating Nuy, to Re Ts Average channel surface temperaturel{)
h Local ) WaII1 heat transfer coe cient U Mean channel uid velocity (m s 1)
Wm <K %)
Am:vol Volumetric  heat  transfer  coecient Us Super cial uid velocity ( m s *)
(Wm *K % Vr Total volume of design space ®)
Nm g/l\(l)l?;]all ) Pr(nela)n heat transfer coe cient Vi, Wetted volume (m?)
K Darcian permeability (m?) Greek letters
K Thermal conductivity (W m * K 1) Volume fraction
K1 Forchheimer permeability (m?) Dynamic viscosity (kg m * s )
K, Inertial permeability ( m) Kinematic viscosity (m* s *)
L Channel length (m) Density (kg m 3)

that engineers can use well-understood structure-performance relationships when incorporating TPMS lattice geometries
in heat sinks.

Pulvirenti et al [28] conducted a numerical study into the gyroid matrix lattice at low Reynolds numbers. The authors
found that the lattice structure was characterised by local volumetric heat transfer coe cients similar to those of other
periodic structures, such as the Kelvin geometry [16, 17]. Santogt al [37] examined the permeability of a range of
TPMS lattice structures and found that the uid ow was described by the Darcy-Forchheimer law, which is helpful
in identifying designs for e cient lattice-based heat sinks. Concerning the permeability of foams, Della Torre et al [38]
found an exponential dependence of the permeability on porosity, supporting the notion that porosity can be a useful
design parameter for specifying ow in analogous AM lattices. Maloneyet al [18] found the thermal conductance of a
micro-strut-based lattice heat exchanger to be determined by various geometrical features such as node-to-node spacing
and lattice member diameter. These studies provide an overall framework to develop structure-performance relationships
for ow and heat transfer in AM cellular structures.

This paper examines the hydraulic and thermal transfer performance of TPMS-based lattice geometries over a range
of uid ow velocities and volume fractions. We establish design guides for uid ow and heat transfer in these lattices in
terms of their principal geometrical properties. Section 2 describes the methodology for our work, with sections 2.1, 2.2
and 2.3 providing details about the design of lattices and numerical modelling. Sections 3 and 4 contain the main results
and discussion of this study. Concluding remarks are given in section 5.

2. Methodology

2.1. Cellular structures

Five TPMS lattice structures were chosen for this study. These were the diamond matrix (DM), gyroid matrix (GM),
lidinoid matrix (LM), primitive matrix (PM) and split-p matrix (SPM) lattices. The DM, GM and PM lattices were
chosen as they have received the most attention in the literature, whereas the remaining structures were chosen for their
tortuous channels and high surface areas. The examined structures are illustrated in gure 1.
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(a) Diamond matrix lattice. (b) Gyroid matrix lattice. (c) Lidinoid matrix lattice.
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(d) Primitive matrix lattice. (e) Split-p matrix lattice.

Figure 1: Examined structures (shown with a volume fraction of 0.25).

Each examined structure had dimensions of 10 50 10 mm containing 1l 5 1 lattice cells. These were chosen
to provide su cient surface to allow the uid to develop fully and to examine the evolution of mixing arising from the
periodicity of the structures. To develop general structure-performance models for arbitrary lattice geometries, the uid
dynamics within the lattice cells must rst be understood. For this reason, the structures examined here comprise a single
unit cell in the directions normal to uid ow.

The TPMS lattice structures were generated using FLatt Pack, a research-focused lattice design program [39]. TPMS-
based lattice structures can be subdivided into “network' and “matrix' forms, where the matrix forms were used in this
study as they possess greater surface areas per unit volume [40]. A network phase lattice consists of two continuous
regions, one solid and one void. A matrix phase lattice has three continuous regions, two of which are void with equivalent
geometries, with the other being a solid separating wall. For heat exchange applications, network lattices can exchange
heat between a solid and a uid while matrix lattices can exchange heat between two uids across a solid barrier. One of
the key geometrical properties of TPMS lattice structures is volume fraction, , de ned as the ratio between solid volume
and design space volume. This can be controlled, for TPMS matrix lattices, by modifying the thickness of the walls. The
volume fraction of the examined structures in this study ranged from =0:15 0:4.

2.2. Computational Method

Computational uid dynamics (CFD) was used here to model uid ow and conjugate heat transfer. Numerical
results were obtained using OpenFOAM v1812 [41], an open-source CFD software written in C++. A conjugate heat
transfer solver, chtMultiRegionSimpleFoam, was used to model incompressible, steady-state uid and heat transfer between
di erent bodies, where the solid region is modelled with the heat conduction equation and the uid-solid solutions are
coupled at the common boundaries by imposing continuity of temperature and heat ux.

Our CFD models included a uid domain of dimensions 10 90 10 mm, which encapsulate the solid lattice test
structure. Inlet and outlet pipes were used, 20 mm in length each. This was su cient for the ow to develop and
transition in to the structures and to prevent the propagation of any divergent results upstream from the outlet. The
shappyHexMeshutility was used to import STL representations of the lattice structures into the computational domain
to provide CFD meshes. Finally, heat was applied to the lattice structure via a constant-temperature “heater' (dimensions
10 50 2 mm) at 323 K at the base of the modelled domain. Heating was applied in one direction in order to be more
closely analogous to real applications (e.g., liquid cooling of a CPU or GPU) and to examine the impact of a directional
heat source. The uid-solid boundary was modelled as a smooth interface. This was chosen instead of a rough interface,
which may be more re ective of AM components generally, in order to obtain useful structure-performance relationships
applicable across a range of manufacturing and materials scenarios. The schematics of the computational domain of a
simple circular channel model (which was used for numerical validation) are given in gure 2.
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Figure 2:  Schematics for the computational domain of a simple circular channel.
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(red diamond) mesh convergence analysis for a gyroid matrix lattice Figure 4: ~ Mesh elements in the uid domain for a gyroid matrix
(super cial uid velocity = 6 10 3ms !, volume fraction = 0 :4). lattice with a volume fraction of 0.4 at a position  y=0.025 m after
the inlet.

Water was modelled in the uid domain with a density, , of 1,000 kg m 3, a kinematic viscosity, , of 8.9 10 7
m? s ! and assumed to be incompressible. The uid travelled in they-direction, with inlet ow rates of us=0:8 10 3
6 10 ®ms 1, corresponding toRe = 3:2 62:5. This ow regime was examined to ensure that there would be signi cant
di erences between results at di erent ow rates and such that the performance of these structures can be meaningfully
compared with other work in the literature, such as that of Pulvirenti et al [28] and Santoset al [37].

Flow in our CFD models was de ned by the noSlip boundary condition (BC) at the walls and uid boundaries, forcing
the uid velocity to zero, and the pressurelnletOutletVelocity BC at the outlet, where a zero-gradient condition was applied
for outow. The inlet ow was de ned by a xedValue BC, which xes the velocity to a speci ed value. The pressure at
the outlet was de ned by a xedValue BC and the inlet was de ned by a xedFluxPressure BC, which sets the pressure
gradient such that the ux is speci ed by the uid velocity BC. The temperature of the uid domain was de ned by an
inletOutlet BC of 293 K applied to the inlet uid and a zeroGradient (adiabatic) BC at the outlet and outer walls. A
zeroGradient BC was applied to the outlet because the pro le of the outlet temperature was not known and to prevent
error propagation upstream. The solid domain was modelled as Inconel-718 (which has seen extensive use in heat sinks
in the aerospace industry [2]), with a density of 8,190 kg m?3, speci c heat capacity of 435 J kg ! K ! and a thermal
conductivity of 11.4 W m ! K 1. These boundary conditions are well-established for nite-volume modelling and have
been used to accurately predict uid ow and heat transfer [17, 29, 38].

A CFD mesh convergence study was performed to determine a suitable mesh element density for accurate uid ow
and conjugate heat transfer predictions. This was performed for a GM lattice structure ( = 0.4) at a volumetric ow
rate of 6 10 “ m® s 1. The pressure drop and outlet uid temperature were found to be well converged at around 1.8
million elements, as shown in gure 3, for an unstructured mesh featuring re ned polyhedral elements at the uid-solid
boundaries and hexahedral elements elsewhere (see gure 4). The models used throughout this work therefore feature
similar meshes.

A convergence study was also performed for a GM lattice structure (=0.4) to determine whether a turbulence model
was necessary to model the uid accurately. This was done because the tortuous channels of TPMS structures may
promote turbulence and, as will be discussed in section 2.3, the examined ow range is in the laminar-turbulent transition
region for a porous structure [42]. The pressure drop for the RANS (Reynolds-averaged Navier-Stokek} turbulence
model agreed with the results from a laminar solver, as shown in gure 5, so a turbulence model was not deemed necessary
for this study.

Our CFD model was rst validated against the numerical results presented by Pulvirenti et al [28], where we obtained
di erences of 1.4% and 0.01% for the pressure drop and uid exit temperature, respectively, for an equivalent GM structure.
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Figure 5: Comparison of pressure drop results from the RANS k
model and a laminar solver for a gyroid matrix with a volume fraction
of 0.4.

For completeness, we used our CFD model to predict uid ow in a simple circular channel. This was validated against
the Hagen-Poiseuille law, with our numerical model predicting pressure drops within 1% of the analytical solution.

2.3. Theoretical background and method

Pressure drop, P, across the test structures was examined to determine the hydraulic performance of each lattice
type. In addition, the uid dynamics and variation of uid pressure within the structures were examined to understand
the impact of di erent lattice geometries at equivalent volume fractions.

Darcy's law describes pressure drop across a porous medium for slow, viscous ow [37]

— = —Ug; D)

where P= L is the pressure drop per unit length, is the dynamic viscosity, K is the Darcian permeability constant
and us is the super cial uid velocity. At high ow rates, where the ow is no longer in the Darcy regime, a non-linear
term is added to account for inertial e ects. This is known as the Forchheimer term [43]. We have

P

C T Rlst K—Zusz; @)
where K; is the Forchheimer permeability constant and K, is the inertial permeability constant. The permeability
constants are in general associated with the geometry of the porous medium, wheke and K ; represent the viscous drag
and K is linked to the blockage of the internal geometry [43]. It is important to note that K and K; are not the same.
This is because transitioning from a Darcian to a Forchheimer ow regime implies changes to the viscous and inertial
drags [43, 44]. Itis vital to know which regime applies to the ow in a particular structure, in order to use the appropriate
model. This was achieved by rearranging equation 2 to obtain

= — 4+ —Ug; (©)

which was then used to t pressure drop data [43]; any part which is linear with ug is Forchheimer ow.
Reynolds numbers are also quoted in this work as they provide more general descriptions of uid ow and can be
compared to other studies, which may use di erent initial conditions and geometries. The Reynolds number for a porous

structure is [15]
Us Dh

ﬁ ; (4)

where Dy, is the hydraulic diameter. The transition region between laminar and turbulent ow for porous structures exists
for 10 < Re < 2000 [42].
Dy, for porous structures was calculated using [15]

Re =

Vv

Dy =4 X
Aw;s

®)

whereV,, is the wetted volume andA,,s is the wetted surface area, which was extracted from the CAD representations of
the lattice structures. This approach was used to estimate the hydraulic diameter as it takes into account the complexity
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of dierent lattice types across the entire uid domain. Dierent lattice types therefore experience di erent Reynolds
numbers at equivalent inlet ow rates, which more accurately re ects the uid ow compared to the assumption of equal
Re.

Heat transfer performance was examined through mass ow rate weighted averages of heat transfer coe cients and
Nusselt numbers. Two di erent heat transfer coe cients were used, the rst being a local wall heat transfer coe cient,
h;. This was calculated directly in OpenFOAM using the Reynolds analogy model, which relates the wall shear stress to
heat transfer [45, 46]. Due to it being a local variable, it can be used to determine points of high and low heat transfer
within the examined structures.

The global, mean heat transfer coe cient, hy,, was also examined. It is given by [20]

mc, (Tf'out Tf'in )
hyp = =2~ L 6
" Aws TimTD ©

where m is the uid mass ow rate, ¢, is the uid specic heat capacity, Tro« and T, are the uid outlet and inlet
temperatures and Tyytp is the logarithmic mean temperature dierence. Tyytp Wwas given by

Tf'out Tt:in
Timtp = T; (7
;in
|n Th Tf;out

where T, is the heater temperature. This de nition of T ytp has been used previously by Dixitet al. [20], but an
alternative de nition uses the average channel surface temperature[Ts, in place of T,, [25]. T, was used here because
Th Trin gives the initial temperature di erence in the structures [36], whereas usingTs gives the heat transfer over
the entire uid-solid interface, the size of which varies signi cantly between lattice designs. Ts is also not representative
of the large distribution of surface temperatures present in TPMS lattice structures, as observed by Al-Ketanet al [30].

In this study, the volumetric heat transfer coe cient, hn.o , Was used instead ohy, as it is independent of the surface
area (which di ers for di erent lattice structures at equivalent volume fraction). This was obtained from [16]

hmvol = hmA (8)

where A is the speci ¢ surface area (ratio of wetted surface area to design space volume).
The volumetric Nusselt number gives the ratio of convective to conductive heat transfer for a uid and is an alternative
way to express heat transfer performance. This was de ned by [16]

hm;voI Dh2_

k b
wherek is the thermal conductivity of the uid. This is a dimensionless quantity and can be used alongsideRe to compare
structures under di erent ow conditions.

NUyo =

)

3. Results

3.1. Hydraulic Performance

Pressure drop for a range of volume fractions and ow rates are presented in gure 6, where P is calculated by nding
the di erence between inlet and outlet average pressure. Figure 6 shows that P increases non-linearly with bothug and
and that the LM lattice exhibits the greatest pressure drop across the examined ranges while the PM lattice exhibits
the lowest pressure drop in most cases. At low volume fractions the GM lattice exhibits greater pressure drop than the
PM structure. This behaviour switches as volume fraction increases, indicating that a particular lattice geometry may
not be treated as inherently more e cient than others, with performance also being dependent on uid ow conditions.

Examining the evolution of uid pressure, taken as a cross-sectional average ( gure 7), we see that pressure decreases
linearly along the ow direction in the GM, DM and LM structures, despite the tortuous nature of the channels. This is
not replicated in the PM or SPM structures, which instead exhibit step-like pressure drops.

This can be explained by examining the ow within the structures, as shown in gure 8. Regarding the PM structure,
the majority of the uid passes through a central volume or “channel'. However, as the channel diameter decreases at the
cell boundary, some uid is recirculated in the characteristic chambers of the PM lattice, appearing as eddies. The PM
geometry therefore acts as a series of bottlenecks, providing sharp pressure drops within the structure. This can also be
observed in the SPM lattice, but to a lesser degree. Flow is not periodically impeded in the remaining structures because
their internal geometry does not possess such large variations in channel diameter, minimising uid recirculation. The
dominant factor behind pressure drop for TPMS structures is therefore the channel diameter, where smaller channels lead
to larger pressure drops, shown in gure 9, and where changes in the diameter lead to localised pressure drops.
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Figure 6: Pressure drop for di erent examined geometries.
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Figure 7:  Evolution of pressure within the examined structures (su-

per cial uid velocity = 5

10 ® ms 1, volume fraction = 0 :25).

Before calculating the permeability constants, the ow regime must be determined. We found P=( Lus) to increase
linearly with ug for each lattice over the range of examined volume fractions, indicating that the ow is in the Forchheimer

regime. P=

L were therefore t with equation 2 to determine the permeability constants for each lattice structure,

which are plotted in gure 10. K, are four orders of magnitude larger thanK ;, with both constants decreasing as volume
fraction increases. Figure 10 shows that at low volume fractions, the PM structure exhibits largerK ; and K, than the

GM structure. This changes at a volume fraction of

= 0:310 for K1 and we observe the approach of this change at

= 0:4 for K,. Therefore, the volume fraction at which the pressure drop intersects for the GM and PM structures in
gure 6(b) will be in the range of 0.310 - 0.4, irrespective of uid velocity.
For each examined lattice type, the following equations

were used to relateK ; and K> to the volume fraction,

then be expressed as

which can be used to predict the pressure drop exhibited by each structure over a range of volume fractions and super cial

A; 2+B; +Cy;
Ay 2+B; +C,

K1=
K2:

Us? _
Ay 2+ By +Cy

= +
L A12+Bl + C,

(10)
(11)

, where A1.2, B1.2 and Cy., are t parameters. Equation 2 can

(12)

uid velocities. Equation 12 describes a surface, where gure 11 gives the hydraulic performance of the GM lattice. Fit

values for the parameters are given in table 1, which can henceforth be used to specify the volume fraction for the examined

TPMS structures to provide a pressure drop for a known ow rate.

3.2. Thermal performance

Volumetric Nusselt numbers are presented in gure 12. Correlations of the form

NuV0| = F Ren

(13)







































