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ARTICLE INFO ABSTRACT
Keywords: Additive manufacturing has created a paradigm shift in materials design and innovation, providing avenues and
Additive manufacturing opportunities for geometric design freedom and customizations. Here, we report a microarchitected gyroid

Triply periodic minimal surfaces
Schoen’s gyroid lattice
Architected materials

Heat exhanger

lattice liquid-liquid compact heat exchanger realized via stereolithography additive manufacturing as a single
ready-to-use unit. This lightweight (~240 kg/m®) compact heat exchanger (with conjoined headers), with an
engineered porosity of 80% and a separating wall thickness of 300 um, has a surface to volume ratio of 670 m?/
m>. X-ray computed tomography imaging confirms a defect-free 3D printed heat exchanger. The thermo-
hydraulic characteristics were experimentally measured using water as the working fluid. The measurements
indicate that the heat exchanger evinces an overall heat transfer coefficient of 120 —160W/m?K for hot fluid
Reynolds number Rey, in the range of 10 —40. Additionally, finite element analysis was conducted to evaluate the
thermo-hydraulic characteristics of the gyroid lattice heat exchanger. The experimental results show -a 55%
increase in exchanger effectiveness for the additively manufactured gyroid lattice heat exchanger in comparison
to a thermodynamically equivalent, most-efficient, counter-flow heat exchanger at one tenth of its size. The
superiority of our architected heat exchanger to extant work is also demonstrated.

of heat energy through either thermally conductive wall, energy storage
matrix, fluid interface or two-phase heat transfer. The complex
geometrical designs of HXs are often limited by the constraints of con-
ventional manufacturing techniques. The mounting demands for light-
weight engineering and miniaturization have further accelerated AM-
enabled new designs of compact HXs which perform at par, if not bet-
ter than the traditional counterparts [11,12]. Emergence of AM as a
ing, encompasses a comprehensive set of processes including, fused manufacturing tool has gained momentum in the manufacture of ther-
filament fabrication (FFF) [1], stereolithography (SLA) [2], binder mal systems such as oscillating heat pipe [13], manifold microchannel
jetting (BJ) [3], multijet fusion (MJF) [4], material jetting (MJ) [5], [14,15], louvered plate-fin [16,17], double corrugated tube-in-shell
selective laser sintering (SLS) [6], selective laser melting (SLM) [7] and

1. Introduction

Additive manufacturing enables realization of complex three-
dimensional (3D) geometries from a digital file with a range of mate-
rials. Additive manufacturing (AM), commercially known as 3D print-

[18], transpiration cooling porous plates with partition walls [19] and
electron beam melting (8], to name a few. Emerging advances in AM finned tube [20] HXs. These HXs have been fabricated using different
enable creation of material architectures even at micro- and nano-scales materials such as titanium alloys [13,14], stainless steel [14,20],
[9,10] providing flexibility and opportunities to tackle manufacturing aluminium alloy [14,17,18] and Inconel [15], mostly via SLM technique
challenges. focusing on power plant cooling [14] and aerospace applications [17].

AM offers enormous scope for product design and innovation. Heat In the pursuit of lightweight engineering, there is a constant hunt for

exc.h.anger (HX). i.S a functi.onal component Of% ther{nal.syst.em which ultra-lightweight materials featuring high performance. Advances in
facilitates a positive/negative temperature gradient via directional flow
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Nomenclature Vv Heat exchanger core volume (m®)
Ac Cross-sectional area at the inlet (m?) Subscripts .

A Heat exchange surface area (m?) ¢ Cold ﬂl,nd
Gy Specific heat of the fluid (J/kg.K) h Hot fluid
Dy Hydraulic diameter (m) L Inlet
m Mass flow rate (kg/s) o Ol.lﬂ.et
NTU Number of heat transfer units i Minimum
Q Heat transfer (W) Greek letters
U Heat transfer coefficient (W/m?K) u Dynamic viscosity of fluid (N.s/m?)
T Temperature (K) > Porosity
ATyyrp Log mean temperature difference of the fluids (K) defined p Relative density
_ bYlEQ~ (4 . y £ Heat exchanger effectiveness
\% Volumetric flow rate (m”/s)

AM-enabled architected cellular materials [21,22] with tunable me-
chanical [2,23-25], sensing [26,27], electromagnetic shielding [28],
optical [29], energy storage [30], and thermal [31-33] properties are
realized by the virtue of tailored topological design [34,35] at different
length scales. Several AM-enabled periodic cellular architectures [9]
such as honeycombs, tetrahedral, octahedral, octet, Kelvin-cell, truss-
lattices, plate-lattices and triply periodic minimal surface (TPMS) lat-
tices are extensively being explored for both structural and/or func-
tional attributes in lightweight applications, energy absorbing
structures, thermal management systems and bio-scaffolds [22]. 3D
printed lattice-cores of single-phase/two-phase HXs with tetrahedral
lattice frame [36,37], hollow tube lattices [38], TPMS-lattice [39],
octet-truss [40] and rotated cubic lattice-architectures [41] have been
explored for use in bi-continuous fluid networks [38], membrane de-
vices [39], aerospace thermal control [37], electronic cooling [40] and
solar receivers [41].

The performance characteristics of AM-enabled architected HXs are
governed by the choice of material, cellular geometry and the charac-
teristic length scale of the structured topology. These choices also limit
the choice of AM technique and in turn the smallest geometrical features
that can be realized for architected HXs. The performance and effec-
tiveness of HX is governed by the material’s thermal conductivity, fluid
separating wall thickness and the heat exchange surface area. Metals due
to their high thermal conductivity are the most preferred candidates for
heat exchangers [42]. However, to realize lightweight, cost-effective
HXs capable of exhibiting enhanced fouling and corrosion resistance
for low temperature working fluids, polymer and polymer composites
are considered [43-47]. Studies on polymer and polymer composite HXs
show that hollow fibre [48-52], cross-corrugated film [53], sheet [54],
shell and tube [46] and finned tube [55] HXs have been explored for use
in fuel cells [53], refrigeration [43], low-temperature heat recovery
systems [46,55], automotive radiators [50] and desalination processes
[52]. The undesirable effect of low thermal conductivity of polymer can
be overcome with thin-walled HXs but we must ensure structural
integrity of fluid separating walls under fluid flow. Fortunately, AM-
enabled metamaterials (micro- and/or nano-architected lattices) can
mitigate the low mechanical strength barrier of polymers [9] such that
re-distribution of load can be optimally achieved by the metamaterial
architecture in addition to light-weighting the compact HX cores.

Triply periodic minimal surface (TPMS) architectures have been
demonstrated as a suitable choice for scaffolds owing to their tailorable
mechanical and functional characteristics [56-58]. Recently, the ther-
mal [59], electrical [60], fluid flow [61] and heat exchange [62-64]
characteristics of different TPMS architectures have been explored. The
smooth inter-connected pores within the TPMS geometry provides a
large heat exchange surface area making it a suitable candidate for heat
exchangers [65,66]. A very few studies have investigated TPMS-based

lattices for heat exchange applications thus far. Peng et al. [62] con-
ducted computational study on TPMS HX and concluded from their
numerical results that the heat transfer capability of TPMS HX is 7.5
times more than that of a traditional plate HX. Another computational
study performed by Li et al. [63] with the aim of employing TPMS HX to
enhance the efficiency of supercritical CO5 Brayton cycle showed
numerically that gyroid and Schwarz-D HXs improve the thermal per-
formance by 15-100% compared to printed-circuit HX. An actual pro-
totype for TPMS based HXs has been successfully 3D printed and
experimentally tested by Kim and Yoo [64] with a channel wall thick-
ness a of 900pm.

In this study, we report the heat exchange performance of a light-
weight, gyroid lattice, next-generation compact heat exchanger. The
gyroid is a triply periodic minimal surface (with zero mean curvature)
geometry and was identified by Alan Schoen in 1970 [75]. Novel
microarchitected Schoen’s gyroid is chosen as non-conventional
extended surface for the heat exchanger core. The advantage of such
architected geometry is the freedom to tailor its scale-dependent prop-
erties. Accordingly, a liquid-liquid gyroid lattice HX made of polymer
with an engineered porosity of 80% was realized via additive
manufacturing. Such microarchitected HX possesses a compactness of
670m?/m3 and a wall thickness as thin as 300pum. The heat exchanger
core weighs just ~8¢g. Presently, the complex 3D geometry of gyroid
architecture can only be fabricated via additive manufacturing.
Furthermore, in conventional manufacturing, the heat exchanger core
and the inlet and outlet flow directional headers are to be separately
fabricated and later joined as these can’t be produced together in one go.
Utilizing AM technology, we realized polymer exchanger headers and
connecting pipes as a single unit along with the core in form of a ready-
to-use heat exchanger having a total weight of ~50g (~240 kg/m?>). The
thermo-hydraulic performance of micro-architected gyroid lattice,
compact heat exchanger is evaluated both experimentally and compu-
tationally. The gyroid lattice heat exchanger exhibits a 55% increase in
effectiveness in comparison to a thermodynamically equivalent, most-
efficient, counter-flow HX at 1/10th of its size.

2. Materials & methods

i. Design of gyroid architecture. Schoen’s gyroid structure forms a
subset of the triply periodic minimal surfaces that are known to have
non-self-intersecting and highly symmetrical periodic surfaces [67,68].
It partitions an enclosed volume into two identical helical spaces
described by the equation: cosxsiny +cosysinz +coszsinx = C [69]. Con-
struction of the complex gyroid structure from a frame of curves to form
continuously filled surfaces is progressively done using the 3D CAD
SolidWorks™ design tool (Fig. 1a). The porosity of the gyroid lattice
structure is kept at 80%. Alternatively, the relative density of the gyroid
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Fig. 1. Design and fabrication of gyroid lattice compact heat exchanger (a) CAD surface model of the gyroid unit cell of 4.6mm x 4.6mm x 4.6mm (b) CAD model of
gyroid lattice exchanger core comprising 7 x 7 x 7 array of gyroid unit cells with a wall thickness of 300ym and 80% porosity (c) CAD sectional view of the heat
exchanger clearly depicting the gyroid core, covering plates and headers assembly (d) 3D printed heat exchanger (e) X-ray micro-computed tomographic image of a
plane passing through the mid-height of the heat exchanger and (f) 3D printed heat exchanger without cover plate (g) small scale imperfections.

structure (fraction of solid in the lattice), p = (1 —@) = 20%. The
smallest dimension that could be flawlessly printed with an Asiga SLA
3D printer is 300pm and therefore the wall thickness - the smallest
geometric feature of the gyroid structure is kept at 300pm. The pre-
scribed wall thickness and the porosity @ = 80%, yield a unit cell size of
4.6mm (Fig. 1b) resulting in a surface area density (compactness) of
670m?/m3. This makes the designed Schoen’s gyroid structure well-
suited for liquid-liquid compact heat exchangers as it exhibits a sur-
face area to volume ratio S/V > 400m?/m3.

ii. 3D printing via stereolithography. The gyroid lattice structure
is realized via an upside-down SLA additive manufacturing technique
using ASIGA PRO2™ 75 desktop 3D printer. PlasGRAY V2 photo-
polymer resin was used for fabricating the gyroid structure. Considering
the maximum build envelope of the 3D printer, the exchanger core
comprising an array of 7 x 7 x 7 unit cells was chosen (Fig. 1c¢). Owing
to the three-dimensional periodicity of gyroid lattice structure, the
exchanger core forms two identical conduits for channelizing the flow of
two separate fluids. When fluids flow through these passages, heat ex-
change between the fluids takes place as they are in thermal commu-
nication with one another. Right closure of passages with covering
plates on four sides of the core, with remaining two sides being
completely sealed, creates inlet and outlet channels for two fluids. The
fluid distribution and collection at the entry and exit of the exchanger
core is enabled by rectangular headers which have circular protrusions
for pipe connections (Fig. 1d). These protrusions also facilitate cleansing
out any liquid resin trapped inside the heat exchanger using isopropanol
solution during the post-processing of the heat exchanger after 3D
printing. The heat exchanger is thereafter air-dried and cured by ultra-
violet light rays. The entire assembly of the exchanger core, covering
plates and headers with an overall dimension of 76.2mm x 76.2mm x
36.2mm is fabricated as a single unit — a feat achievable by ASIGA
PRO2™ 75 desktop DLP 3D printer (Build volume 144 x 81 x 200mm;
layer resolution 75um; slice thickness 50um; positioning precision 1 um).
The time taken to 3D print this assembly is approximately 9 h and it
weighs ~ 50g. X-ray micro-computed tomographic image of a plane
passing through the mid-height of 3D printed heat exchanger is shown in
Fig. 1e and the 3D printed heat exchanger without cover plate is shown
in Fig. 1f. Some of the important geometrical parameters of the 3D
printed gyroid heat exchanger are summarized in Table 1.

iii. X-ray CT imaging. Since the wall thickness of the gyroid struc-
ture is kept at 300 um, it is important to ensure that the fluid separating

Table 1

Geometrical properties of 3D printed gyroid lattice compact heat exchanger.
Parameters Values
Surface area density 670m? /m3

(heat transfer surface area on one side to the total
volume)

Relative density p (porosity,)

Unit cell size

20% (80%)
4.6mm x 4.6mm x 4.6mm

Wall thickness of gyroid structure 300um

Array of unit cells 7x7x7

Exchanger core overall dimension 32.2mm x 32.2mm x
32.2mm

Heat transfer surface area on one side 0.0223m?

Hydraulic diameter 2.3934mm

walls are defect-free to prevent leakage of fluids. Moreover, in practice,
additively manufactured gyroid lattices may have process induced de-
fects depending upon the AM technique employed and the scale of the
geometry being produced. As the heat-exchanger was 3D printed as a
single ready-to-use enclosed unit, visual inspection of the gyroid struc-
ture is out of scope. The defect-structure of the exchanger is therefore
assessed via three-dimensional computed tomography using the
‘Phoenix Nanotom®m X-ray NanoCT® System’. The digital 3D replica
and 2D radiographs are manually scrutinized to capture the presence of
any holes in the exchanger walls which might lead to leakage of fluids. It
is affirmed that there exist no defects in the separating walls eliminating
the likelihood of inter-mixing between the two exchanger fluids
(Fig. 1e). However, small scale imperfections are observed as shown in
Fig. 1g.

iv. Heat transfer characterization. The practical utility of the
gyroid compact heat exchanger can be evaluated by assessing its heat
transfer characteristics. A table-top test rig was developed for this pur-
pose. The schematic of this test rig is shown in Fig. 2. The objective here
is to measure the temperature drop/gain achieved by the fluids when
maneuvering through the heat exchanger.

The non-reactivity and compatibility of water with the exchanger
material instigated its choice as the working fluid. The test flow rates are
deliberately kept low in the range of 100 —270ml/min, to avoid me-
chanical failure of the thin separating walls under the pressure of fluid
flow. Two ‘Cole-Parmer® Polystat® Cooling/Heating Circulating Baths’,
commonly known as chillers, circulate water through the exchanger test
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Fig. 2. Schematic view of table-top experimental test-rig for evaluating the heat transfer performance of 3D printed gyroid heat exchanger.

circuit. Water is pumped by both the chillers each discharging it at set
temperature of 60 °C and 20 °C respectively. The glass transition tem-
perature of PlasGray polymer (84 °C) chosen for the exchanger governs
the maximum permissible temperature within the heat exchanger.
Manual valves placed between the chillers and the exchanger hot fluid
and cold fluid inlet headers facilitate the control of fluid flow rate. The
temperature difference between the hot and cold fluid enables heat
exchange between fluids through the thin separating wall. The hot fluid
(after losing heat) along with the cold fluid (after gaining heat) exit the
heat exchanger where the flow rates are evaluated using conventional
beaker-timer measurement technique. The volumetric flow rate is
recorded by the volume of fluid collected in a beaker for 1 min. This
exercise is followed three times during each test at an interval of few
minutes and an average of three recordings is taken as the volumetric
flow rate of the hot/cold fluid. Hand-held thermocouple digitally dis-
plays the temperature of the fluids at the exit. Although 2mm thick
external walls of the heat exchanger provide thermal insulation to pre-
vent the ambient heat in-leak, additional flexible foam thermal insu-
lation is added to the exterior surface of the exchanger. Tests are
conducted at different volumetric flow rates and the data is collected
under steady-state conditions.

Prior to fabrication of the heat exchanger, some of the key thermal
properties of ‘PlasGRAY v2’ photopolymer is quantitatively evaluated by
‘Hot Disk Thermal Constant Analyzer’. The thermal conductivity and the
specific heat at constant temperature of the polymer material is found to
be 0.18W/m?K and 2450J/kgK respectively. As per the manufacturer’s
data [70], glass transition temperature of this polymer is 84 °C and its
density is 1181kg/m®. Error analysis associated with the experimental
data is calculated by the root-sum-square method of Moffat [71] given
by the equation,

n ()R 2 1/2
SR = [Z (a—x[éx[) ] 6

The uncertainty in measurement of temperature is +0.5 °C and that
of volumetric flow rate is +15%. The relatively large uncertainty in
volumetric flow rate is associated with the measuring beaker (with a
least count of 20 ml) and the stopwatch (with a least count of 1 s)
employed.

v. Element modelling. In addition to the experimental evaluation of
the exchanger performance, preliminary finite element (FE) analysis is
conducted to corroborate FE results with the experimental results. FE
analysis provides insight into the temperature and the fluid fields within
the gyroid architecture which may be challenging to capture experi-
mentally. The FE analysis is conducted using the finite element analysis
software COMSOL Multiphysics®. Its ‘Conjugate Heat Transfer, Laminar
Flow’ module assists in simulating the heat transfer and fluid flow
characteristics of the gyroid architecture. A gyroid unit-cell (the smallest
repeating element of gyroid heat exchanger) is imported into COMSOL
using its geometry interface (Fig. 3a). Two fluid flow channels are
created as can be distinguished by green and blue color shown in Fig. 3b
representing the hot and cold fluids respectively. The solid domain is
specified with the material properties identified for the exchanger ma-
terial PlasGRAY v2 while the fluid domain is chosen as water with its
properties extracted from the in-built material library. Referring to the
geometric model shown in Fig. 3b, hot fluid flows along +y axis and the
cold fluid flows along —z axis. Instead of periodic boundaries, solid
walls perpendicular to the flow directions were considered. Corre-
sponding to the actual experimental mass flow rates (assuming equal
flow rate through the channels), 1/(7*7) th of its value is taken as the
numerical mass flow rate for both hot and cold fluids. However, fluid
inlet temperatures for the simulation are same as those of experimen-
tally measured values. A spatially uniform inlet velocity and tempera-
ture conditions are considered at the entry of both hot and cold fluids in
the FE simulation. Exit boundaries are defined while the remaining
surfaces are imposed with thermal insulation boundary condition. Free
tetrahedral elements are found to aptly mesh the complex gyroid
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Fig. 3. COMSOL Multiphysics environment for heat transfer and fluid flow simulation (a) imported CAD gyroid unit-cell of size 4.6mm x 4.6mm x 4.6mm and wall

thickness of 300um (b) physical model depicting imposed boundary conditions.

architecture. GMRES stationary solver simulates the steady-state con-
ditions within the unit-cell of gyroid heat exchanger. Simulations were
conducted for all the experimental data points measured with each
computation requiring approximately 9 h.

3. Results & discussion

The experimental and numerical results of the additively manufac-
tured gyroid compact heat exchanger are presented in this section. At
the start of the experimentation, cold run trials are conducted to check
for leaks once again. The working fluid (water) is made to pass through
only one side of the exchanger and no outflow of fluid is observed
though the other side thereby confirming a leak-free heat exchanger.
Water initially gushes out the trapped air bubbles within the exchanger.
It takes a while for the flow to become bubble-free and stable. It is
interesting to observe the contours of air bubbles thereby giving a sense
of disturbance imparted by the gyroid structure to the fluid flow. This
disturbance enhances the heat transfer rate owing to perhaps the
geometry-imposed localized fluid disturbance.

The entry and exit temperatures of both hot and cold fluids measured
experimentally are graphically presented in Fig. 4a for four different
flow rates. The abscissa represents the tests conducted and the test
number corresponds to a particular pair of flow rates of the hot and cold
fluids, Vo and Voq respectively. A temperature drop of 13 —20 °C for
the hot fluid from the inlet temperature of 60 °C is noted. Dissimilar flow
rates on both sides result in a temperature gain of 14 —10 °C for the cold

100
®  Hot fluid_inlet ~® Cold fluid_inlet
o Hot fluid_outlet © Cold fluid_outlet
__ 80} .
%) Vi 100 ml/min 125 ml/min 190 ml/min 265 ml/min
\q_-; Ve = 125 ml/min 150 ml/min 1§0 ml/min 270 ml/min
Z 60 /m\ /m\ \
< [\ [
b5 | [
) \ [ [
g_ [ ( o |
S 40 o
= o
|9 | o \ o |
AR
20 ’ ‘\\./s
(a)
0
0 1 2 3 4 5

Test number

fluid having an inlet temperature of 20 °C . Change in fluid temperature
is more pronounced at lower flow rates owing to higher fluid residence
time. Fig. 4b gives the heat transfer rates of the two fluid streams as they
thermally interact with each other. The heat transfer rate for the hot
fluid (Qp) and the heat transfer-rate for the cold fluid (Q.) are evaluated
using the Newton’s law of cooling [72], given by:

O = 114 Cpy (Thi — Tho) 2

0. = mcCp,c(Tc.o - Tc,i) 3

The experimental uncertainty, based on the uncertainty in mea-
surement of volumetric flow rate and temperature, is about +17% for Qy
and +14% for Q.. The average rate of heat transfer, approximately in the
range of 120 —220W, enhances with increase in volumetric flow rates.
The divergence of Q; and Q., although within the experimental uncer-
tainty, is observed to increase at higher flow rates. This may be associ-
ated with higher ambient heat loss at larger mass flow rates.

The three-dimensional distribution of temperature and pressure ob-
tained from FE simulation of a single gyroid unit-cell is depicted in
Fig. 5. Results shown are for the data corresponding to the first experi-
mental data point (test number 1). Mapping of the experimental and
numerical data is done by keeping identical mass flow rates of fluid
through each unit-cell. In other words, simulations are conducted at 1/
(7*7) th of the experimental flow rate. Just across the unit-cell size of
4.6mm, the gyroid architecture is able to impart a hot fluid temperature
drop of 4.6 °C and a cold fluid temperature gain of 3.7 °C corresponding

400
§ = Hotfluid e Cold fluid
\/o Vh = 100 ml/min 125 ml/min 190 ml/min 265 ml/min
%300 Ve = 125 ml/min 150 ml/min 180 ml/min 210 ml/min
o ~ ‘j” \
E AN A
D 2 [ | |
& 200 L3l 1 .
=} ‘ | | | \L/
g | \ ’ "/
s \ / \/
T 100 ; \—/
(b)
0
0 1 2 3 4 5
Test number

Fig. 4. Experimentally measured (a) inlet and exit temperatures of hot and cold fluid in the gyroid heat exchanger (b) rate of heat transfer between hot and

cold fluid.
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Fig. 5. Simulated thermal iso-surface for (a) hot fluid (b) cold fluid (c) separating wall and (d) pressure contours corresponding to experimental test number 1.

to mass flow rates of 3.4 x 10%kg/s and 4.2 x 10~%°kg/s respectively.
This observation motivates us to further explore the effectiveness of the
gyroid lattice heat exchanger. The temperature distribution in hot fluid,
cold fluid and in the 300um gyroid wall across the unit cell are shown in
Fig. 5a, 5b and 5c respectively.

For the singule gyroid unit cell, the pressure drop is not considerable
as evident from Fig. 5d. Extrapolating the simulated pressure drop over
the entire length of the fabricated heat exchanger is also found to be
insignificant. Consequently, efforts to measure the same pressure drop
experimentally were not made.

Comparison of the experimentally and numerically calculated over-
all heat transfer coefficient results for microarchitected gyroid heat
exchanger is depicted in Fig. 6. The overall heat transfer coefficient U is

@ U (Experimental data)
- <4~ -U (FE modeling) .
---®-- AP/L (FE modeling)

[3°3
[=3
(=3

—
~
W

400

125 300

100
200

~
W
n

W
(=3

100

[’}
W

Pressure drop per unit length, AP/L (Pa/m)

(=}
(=}

10 20 30 40

Overall heat transfer coefficient, U (W/m°K)
3

Reynolds number corresponding to hot fluid, Re,

Fig. 6. Experimentally measured and numerically simulated overall heat
transfer coefficient (LHS Y-axis) as a function of Reynolds number. Predicted
pressure drop per unit length (RHS Y-axis) against the Reynolds number.

given in the left-hand y-axis against the Reynolds number Re, corre-
sponding to the hot fluid. Overall, the heat transfer coefficient is eval-
uated using,

U= Qavg/(A:ATLMTD) (4)
where Qq, is the average of Q, and Q.

(Thi = Teo) = (Tho — Tea)

ATy = () ()
(Tlto’T(.i)
and the Reynolds number corresponding to the hot fluid is given by,
my\ D,
Re, = (/j) n 6)

Choice of these parameters permits effect of size scaling to be
neglected since simulation is conducted for a single unit-cell while
experimentation is done on an array of unit cells.

Corresponding to the hot fluid Reynolds number Re, of 10 —40,
overall heat transfer coefficient of the designed gyroid compact heat
exchanger is in the range of 120 —160W/m?2K. It is evident from Fig. 6
that finite element model accurately captures the measured data.
Additionally, the predicted pressure drop per unit length scale for the
actual heat exchanger dimensions is depicted in the same graph (see
RHS vertical axis) against Reynolds number.

Performance maps. This section showcases the performance of our
AM-enable microarchitected gyroid heat exchanger in comparison to
that of several other exchangers reported in the literature
[16,38,39,48,49,52,73] in terms of heat exchanger effectiveness

("'lhcp.h(Th.i*Th.o)Jr"'lcCpc(Tc.rTci))/2
(71Cp) i (Tri=Te)
efficient Qqug/(VATiMmp) in Fig. 7a—7c. The effectiveness in Fig. 7a is
based on cold side heat transfer rate while in Fig. 7b the average of hot
and cold side effectiveness is presented (as similar method has been

£= and volumetric heat transfer co-
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Fig. 7. Comparison of the performance of AM-enabled heat exchanger in terms of (a) effectiveness against number of heat transfer units (b) effectiveness against
Reynolds number and (c) volumetric heat transfer coefficient against mass flux of exchanger fluids.

followed in the extant works with which the comparison has been
made).

It is interesting to note from Fig. 7a that, under similar flow condi-
tions, the gyroid exchanger devised here supersedes the performance of
other polymer, metallic, lattice-based, highly compact and non-compact
heat exchangers in low number of transfer units (NTU) range with
NTU = UA/(mGCp), ... The high surface area density of the TPMS lattice
structure particularly arising at the microscale, enhances the heat
transfer performance of such microarchitected gyroid heat exchanger.
Revisiting Fig. 5, it can be seen that the surface curvature of TPMS ge-
ometry constantly changes along the fluid flow direction. The locally
imparted turbulence induces fluid tortuosity (observed during experi-
mentation as well), leading to further improved performance of the heat
exchanger. Additionally, performance of our gyroid heat exchanger is
compared particularly with counter-flow heat exchanger which ther-
modynamically has the most efficient flow arrangement [74]. An
enhancement in effectiveness of nearly 55%, corresponding to NTU of
0.4, is achieved by the microarchitected gyroid heat exchanger (see
Fig. 7a). The equivalent counter-flow heat exchanger has a rectangular
cross-sectional duct of b/a =8.0 and the same inlet flow area and
separating wall thickness as well as the same heat transfer area as that of
the gyroid heat exchanger. An addition to the number of advantages
already mentioned now includes superior effectiveness at just 1/10th
the size of an equivalent counter-flow heat exchanger.

When compared to similar size additively manufactured TPMS heat
exchangers [38], the devised gyroid exchanger reflects higher effec-
tiveness in low Reynold number range as shown in Fig. 7b. For instance,
at Re = 17, the current configuration of gyroid exchanger shows 30%
higher effectiveness than that reported in [38]. It confirms that AM-
enabled tailoring of geometrical parameters can dramatically enhance
the performance limits. This can also be seen from the 3D graph of
Fig. 7c wherein the volumetric heat transfer coefficient of the present

exchanger configuration exceeds the cross-flow exchanger based on
dense micro-lattice of hollow tubes in the same range of fluid mass fluxes
[39].

4. Conclusions

In this study, the design, additive manufacturing and the heat ex-
change characteristics of microarchitected gyroid lattice heat exchanger
have been demonstrated. The thermal performance of TPMS-based heat
exchanger was experimentally measured. Finite Element analysis of
gyroid unit-cell with solid walls perpendicular to the flow directions and
spatially uniform inlet velocity and temperature conditions of both hot
and cold fluids was also conducted to numerically predict the thermo-
hydraulic characteristics. The conclusions drawn from this study are
enlisted as follows:

e Additive manufacturing technology facilitates the fabrication of the
TPMS-based microarchitected heat exchanger along with the headers
as single unit — a feat difficult to achieve by conventional techniques.
X-ray computed tomography analysis confirms a defect-free 3D
printed compact heat exchanger with a surface area density of
670m?/m3.

e The microarchitected gyroid lattice heat exchanger core with an
overall dimension of 32.2 mm x 32.2 mm x 32.2 mm exhibits a
temperature gain/drop of 10 —20 °C over the volumetric flow rates
of 100 —270ml/min, leading to an overall heat transfer coefficient of
120 —160W/m?K for hot fluid Reynolds number Rey, in the range of
10 —40.

e Despite relatively high uncertainty in the measurement variables, the
gyroid lattice heat exchanger showcases higher effectiveness as
compared to previously reported additively manufactured, non-
additively manufactured, polymer, metallic, lattice-based, highly
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compact and non-compact heat exchangers in low NTU range. The
superior performance of our AM-enabled gyroid lattice heat
exchanger is attributed to its smooth topology and large surface area
density.

The additively manufactured gyroid-lattice heat exchanger exhibits a
55 % increase in effectiveness in comparison to a thermodynamically
equivalent, most-efficient, counter-flow heat exchanger at 1/10th of
its size.

Finite Element analysis of the gyroid unit-cell with periodic bound-
ary and other appropriate conditions that exactly mimic the experi-
ments would require a subsequent study to gain a deeper insight into
the heat transfer and fluid flow characteristics of AM-enabled gyroid
lattice heat exchangers.
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