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The emerging production of ultrathin graphite material is applied to thermal management in a numerical comparison of
aluminum and graphite-based plate-fin heat exchangers. Considering anisotropic thermal conductivity in which out-of-plane
transport is about two orders of magnitude lower than in-plane values, the ultrathin graphite-based solution outperforms
aluminum by rejecting up to 20% more heat on a volumetric basis. Thermal and hydraulic performance is characterized
for both solutions over a range of airflow rates in a notional water/air device. Laminar through fully turbulent regimes are
considered. Steady and unsteady three-dimensional (3-D) conjugate simulations reveal a faster equilibration rate for the
ultrathin graphite-based solution, minimizing thermal lag that must be accounted for in on-demand electronics cooling. Fin
optimization studies predict equivalent conductance with graphite at one-tenth the thickness of aluminum. The combination
of improved heat rejection, rapid response rate, and low material density make an ultrathin graphite-based solution uniquely

suited to aerospace thermal management.

INTRODUCTION

Extraordinary transport properties observed in graphene—a
carbon monolayer arranged in a two-dimensional (2-D) hon-
eycomb lattice—encourage its use in devices where conductive
thermal diffusion is a limiting factor. Recent measurements
by Cai et al. [1] report thermal conductivity, &k, of supported
graphene grown by chemical vapor deposition (CVD) as 2500
+1100/-1050 W/m-K at 250 K, and 1400 4+-500/—480 W/m-K
near 500 K. Others have reported even higher in-plane values
approaching 5000 W/m-K using an optical measurement tech-
nique on suspended large-area graphene flakes produced from
standard mechanical exfoliation [2, 3]. Seol et al. [4] measured
thermal conductivity of suspended graphene monolayers and
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reported values in the range 3000-5000 W/m-K, exceeding the
peak value of diamond. Molecular dynamics (MD) simulations
[5] based on the Green—Kubo relations predict a room tem-
perature thermal conductivity of 6000 W/m-K for an isolated
graphene monolayer, and a value for k reduced by as much as a
factor of 10 for stacked graphite due to interlayer coupling. Jiang
et al. [6] calculated the thermal conductance of graphene in the
pure ballistic limit, which translates to a thermal conductivity in
excess of ~6600 W/m-K. A calculation based on the Boltzmann
equation predicts a peculiar dependence of k on the width of
graphene nanoribbons and on the roughness of the edges, when
the diffusive conduction dominates [7]. Recently, Guo et al.
[8] used nonequilibrium molecular dynamics to investigate
the conductivity of graphene nanoribbons with different edge
shapes as a function of length, width, and strain, finding
strong dependence on boundary/interface characteristics. The
experimental work of Seol et al. [4] verified this by observing
graphene supported on a silicon dioxide substrate. Phonon
leakage and interface scattering reduced the suspended value
given above to approximately 600 W/m-K, albeit still exceeding
copper and aluminum by a wide margin. Boundary scattering
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and weak out-of-plane bonds mean extreme anisotropy in the
orthotropic conductivity of closely related three-dimensional (3-
D) samples, such as highly oriented pyrolytic graphite (HOPG),
from which graphene is often mechanically exfoliated. In-plane
values of approximately 1600 W/m-K contrasting with out-of-
plane values on the order of 10 W/m-K in the same sample have
been reported [9]. Thermal conductivity of multilayer graphene
has been found to be dependent on the number of atomic planes
and approaches the bulk graphite limit of 2000 W/m-K [3,
10]. The variation in thermal conductivity with the number of
atomic planes in multilayer graphene can be attributed to the
strong coupling between the cross-plane phonon modes, which
causes heat to propagate in all directions. Unlike in single-layer
graphene, heat transport in basal planes of bulk graphite is 2-D
only till some low-bound cutoff frequency. For single-layer
graphene there are no transverse optical phonon branches that
can contribute to the cross-plane heat transport at the long
wavelength limit in the system. For multilayer graphene, on the
other hand, the additional phonon branches increase the total
number of phonon states available for three-phonon Umklapp
scattering, and hence, low phonon group velocity, resulting
in less effective heat transport and a lower value for thermal
conductivity approaching that of bulk graphite. The present
numerical work draws inspiration from the thermal transport
of graphene, but considers multiple layers more appropriately
referred to as ultrathin graphite. When considering graphene
and ultrathin graphite-based composite materials for thermal
application, conductive anisotropy must be noted carefully,
including macroscopic orientation with respect to desired
transport, and available techniques for minimizing resistance.
Bridging the gap from micro/nanoscale experimentation
to device application requires technology to mass-fabricate
macroscale foils of single- and multi-layer graphene as well
as ultrathin graphite. Progress in pursuit of this goal has ad-
vanced rapidly since exfoliation of single-layer graphene in
2004, as a number of synthesis approaches have been reported.
Mechanical exfoliation [11] was the first to isolate monolay-
ers, but suffers from limited sample size and lack of scal-
ability. It is possible to produce graphene oxide platelets in
bulk through chemical reduction [12]; however, lattice imper-
fections during the reduction and film-production processes
have, to date, led to degraded transport properties. Graphiti-
zation through annealing of a silicon carbide surface in an argon
atmosphere produced micrometer-to-millimeter scale graphene
domains with improved electron mobility, yet still low relative to
that of graphite-derived grapheme [13]. The approach of grow-
ing graphene on certain metals has also been successful [14,
15], though challenges regarding scaling size, effective trans-
fer (graphene-on-insulator is desired for most applications),
and expense remain. A corner may have been turned, how-
ever, with recent communications of large-area, high-quality
graphene film generation. Postage-stamp-sized graphene films
have been grown on copper foils by chemical vapor deposition,
and transferred successfully to Si/SiO, wafers, while retaining
excellent transport properties [16, 17]. Building from this work,
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even larger 14-inch by 26-inch graphene sheets (30 inches along
the diagonal) have been transferred to flexible target substrates,
with the researchers reporting excellent electrical conductivity.
The authors also provided a prototype of a touch-screen panel
out of the material, connected to a personal computer (PC) with
control software [18]. The pace of these developments high-
lights both the versatility of methods, and the high potential
expected for graphene-based devices.

It is the authors’ goal to accelerate the technology trans-
fer process in the field of thermal management, an application
area that has as yet been overshadowed by the exciting electri-
cal properties of graphene. Thermal management potential has
indeed been noted, however, particularly in the area of high-
density heat dissipation in microelectronics packages [19].

Graphite as a heat spreader has great potential for high heat
flux dissipation due to the ability of a graphite-based fin to
entrain energy deeper into the coolant fluid volume. Noting
the referenced manufacturing advances, this work intends to
present and analyze a macroscale application with distinct suit-
ability in the aerospace industry: an ultrathin graphite-based
compact, plate-fin heat exchanger. The Air Force Research Lab-
oratory has identified the need for characterization and scaling of
emerging heat exchanger technologies. An accurate and efficient
methodology will reduce expensive, time-consuming trial-and-
error fabrication, as well as identify integration effects. In order
to accomplish this, a fairly comprehensive modeling effort has
been initiated which builds from work performed at several uni-
versity, government, and industrial laboratories. Much of this
work has focused on emerging microscale designs which seek
to take advantage of inherent thermal rewards. The heat trans-
fer advantage of microstructured flow passages has long been
recognized. Tuckerman and Pease [20] conducted one of the
early experimental studies, showing enhanced volumetric heat
transfer in microchannel devices, due in part to large surface-
area-to-volume ratios. Since then, this work has been confirmed
and extended by various researchers using many different flow
geometries. Liquid cooling in rectangular microchannels has
demonstrated very high heat transfer rates in studies by Lee
et al. [21] and Harris et al. [22], among others. Heat transfer
and fluid dynamics modeling of such systems (at a very lo-
cal level) has been presented by Li et al. [23], Fedorov and
Viskanta [24], and Lee and Garimella [25], to name a few. In
all cases, very high heat transfer rates were observed (0.1-1.0
kW/cm?), due in part to substantial surface area, but also thin-
ning of the hydrodynamic and thermal boundary layers. These
heat transfer advantages are not surprising and conform with
well-understood fundamentals of heat transfer. It was gener-
ally concluded that despite the small scale, the Navier—Stokes
continuum treatment still applies and can accurately predict per-
formance. Advances in manufacturing techniques and skillful
engineering at the microscale, however, have led to testing and
application only recently.

Despite the many advantages noted in the referenced works,
microstructured heat exchangers are not unequivocally superior
to macrostructured devices. The potential for large hydraulic
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losses exist, and is discussed in more detail in the results section
of this work. In an advanced aerospace platform, particularly
tactical fighters, a pressure drop penalty in an airstream can be a
notable concern. Smaller flow passages are also more suscepti-
ble to particulate clogging. Perry and Kandlikar [26] recognized
the disadvantage in a study aimed at mitigating this potential
drawback. While they found that high shear stresses prevent
particulate clogging in the actual microchannels, the header re-
gions can exhibit buildup. Fouling due to fibrous elements, on
the other hand, was found to be very detrimental to pressure
drop in the microchannels [26]. Another noteworthy considera-
tion is the structural integrity of the system, particularly if there
exists a large pressure differential between fluid streams in a
heat exchanger with wall thicknesses as low as 40-50 pm. Both
conventional stress deformation and electrostatic bonding can
pose challenges, as observed by an industrial microchannel heat
exchanger program [27]. The very high observed heat rates have
also naturally led to proposed applications as evaporators, where
the additional latent heat of a fluid can be accessed for cooling
[28,29]. In an aerospace platform, however, the added complex-
ity of an evaporator/condenser apparatus could be burdensome
in an already extraordinarily complex system. In addition, the
orientation sensitivity of a two-phase system could become an
issue in a vehicle with dynamic acceleration and gravity vectors
(with respect to the device).

Compact heat exchanger fins fabricated from ultrathin
graphite-based material have the potential to boost heat
transfer without suffering a corresponding pressure drop or
increased fouling risk. This material science development
could dramatically affect the flux versus loss trade-off, with
design implications at both the component level and thermal
management system level in an integrated aerospace platform.
Four heat exchangers are modeled here to provide quantitative
insight into the emerging technology. Compact plate-fin
designs utilizing both conventional aluminum and ultrathin
graphite-based material with twenty fins per inch in water and
air domains are directly simulated using 3-D solutions to the
coupled Navier—Stokes and energy equations. Simulations are
repeated for designs with thirty fins per inch, corresponding
to flow passages of roughly 850 wm. Comparisons reveal the
distinct dependence on fin conduction properties in-plane, along
with the relative independence on out-of-plane conduction.

MODEL DEVELOPMENT

The challenge of modeling a macroscale heat exchanger core
consisting of many thousands of microscale flow passages (and
intermediate solids) is reduced by considering a small portion
of the core. Symmetry in the no-flow direction is used, and the
simulation domain can be recycled with boundary-condition
mapping to simulate arbitrary size in the two flow directions.
Fluid dynamics are modeled in both hot and cold fluids, and heat
transfer is modeled in both hot and cold fluid streams as well as
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Symmetry
Planes

AirouTt

Figure1 Compact plate-fin heat exchanger segment simulated using 3-D con-
jugate fluid dynamics and heat transfer. Predicted velocity and temperature
profile. (Color figure available online.)

the intermediate solid. For the purposes of this demonstration
work, a small section of a cross-flow plate-fin heat exchanger is
modeled as pictured in Figure 1. The commercial computational
fluid dynamics (CFD) solver ANSYS CFX 12.0 [30] is used
to solve the Navier—Stokes and energy equations within the
three-dimensional geometries. Solutions were verified with the
FLUENT package [31]. The unsteady continuity, momentum,
and total energy equations solved are given by

ap —
— +V(@V)=0 (1)
ot
apV —
T-FV VipV)=-VP+V-.1 )
9(phior) ap =
— — — + V. h =V -kVT
9t a1 + (pV lot) ( )

YV-VoD B)

where T is the stress tensor, and the total enthalpy h,,, is related
to the static enthalpy by
1 -2

Rior = hy + E Vv 4)
In Egs. (1)—(4), p represents fluid density, P is pressure, V is the
velocity vector, T is temperature, k is thermal conductivity, and
t is time. Steady-state simulations are performed by implicitly
solving the equations with the time-varying terms set to zero.
Both unsteady and steady-state simulations were conducted dur-
ing this effort.
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The heat exchanger segments presented in this work simu-
late heat transfer between liquid water and air. In this situation,
the air-side convective thermal resistance would dominate all
thermal resistances. It is most appropriate to isolate air-side per-
formance, then, by holding water-side properties constant over
a range of simulations. Water is modeled entering the heat ex-
changer segment at a relatively low flow rate of 0.2 m/s and
temperature of 370 K. This is considered laminar flow in all
cases. Air is modeled entering the heat exchanger at flow rates
between 1.0 and 30.0 m/s at 300 K, and therefore represents
the cold side. The magnitude of temperatures considered does
not require radiation models. Turbulence models are used when
flow conditions imply their significance. In addition to the lam-
inar flow assumption at the lowest air flow rates, the k-¢ turbu-
lence model is used at varying intensities (1%, 5%, and 10%) at
Reynolds number >2300. Water is modeled as an incompress-
ible fluid with viscous thermal dissipation, and air is modeled as
anideal gas. Redlich—-Kwong and Vukalovich virial equations of
state are also available for simulating real gases. Thermal con-
ductivity for aluminum is temperature dependent and isotropic
(237.0 W/m-K at 300 K). Thermal conductivity for ultrathin
graphite is defined as 1580 W/m-K in-plane (aligned with the
plane of the fins for each side of the heat exchanger) and 8.0
W/m-K out-of-plane. These values are based on the early work
of Taylor [9], who characterized thermal transport in HOPG.

Numerical meshes were built and tested in ANSYS Work-
bench. Mesoscale flow simulations typically require finer mesh
resolution due to the dominant influence of boundary-layer
growth relative to a macroscale geometry with proportional,
scaled-up dimensions. Resolution of approximately 10 pm is
preferred in these regions, while sizing functions allowed ele-
ment growth to 100 pm away from the solid/liquid interfaces.
Referring to Figure 1, the unit simulation cell consists of 10
air channels aligned perpendicularly to 25 water channels, with
fluid volumes separated by a 300-pm aluminum sheet. Channel
widths are varied in this study from 850 wm to 1.27 mm (rep-
resenting fin densities of 20/inch to 30/inch); 75-pwm-thickness
aluminum fins are simulated. Water channel depth is defined
to be 6.35 mm, with air channel depth defined to be 12.7 mm.
Symmetry allows each fluid channel height to be sliced in half,
with symmetry planes modeled at these boundaries. Discretiza-
tion required roughly 2 million nodes, with models of 10 million
nodes tested for grid independence. Simulation domains were
decomposed for local parallel processing using MPI protocols.
Steady-state simulations conducted on a four-processor, 3.2-
Ghz Intel machine required between 1 and 10 h, depending on
geometry, Reynolds number, and turbulence model employed.
Unsteady simulations using four processors required between
48 and 96 h per run.

RESULTS AND ANALYSIS

Though the focus of this work is ultrathin graphite-based heat
exchanger core performance, several simulations corresponding
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Figure 2 Predicted and observed [21] Nusselt number in 194 pm x 884 pm

X 25.4 mm microchannel as a function of Reynolds number.

500 1000 1500

to experimental work on similar geometries were conducted for
the purpose of verification and validation. A single study is
presented here. Figures 2 and 3 compare predictions to the mea-
sured data of Lee et al. [21] obtained from Purdue University’s
Cooling Research Center, where microchannels were fabricated
in copper. The observed Reynolds number, Re = pVD/p, where
D is hydraulic diameter and . is dynamic viscosity, passes from
laminar through transitional and into turbulent flow for both
cases. Medium intensity turbulence (5%) was simulated using
the k- model above Re = 1500. The simulations accurately pre-
dict heat transfer performance in terms of Nusselt number, Nu
= hD/k, including the gradual change in derivative characteris-
tic of transition to turbulent flow. Hydraulic loss predictions in

20
18

16+

< leeetal. [21]

——Simulation

1500 2000 2500 3000

Figure 3 Predicted and observed [21] Nusselt number in 534 pm x 2910 wm
X 25.4 mm microchannel as a function of Reynolds number.
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Figure 4 Volumetric heat flux rejected by aluminum and ultrathin graphite-
based heat exchanger segments, 20 fins/inch, AT = 70°C.

microchannels were found to be similarly accurate [32]. Based
on a somewhat larger sampling of comparisons to academic
and industrial experiment, confidence exists in the ability to
model heat transfer and pressure drops in a variety of micro-
and mesoscale systems similar to the plate-fin design.

Figures 4 and 5 present the volumetric heat transfer rates
between hot water and air coolant generated by aluminum and
ultrathin graphite-based designs as a function of Reynolds num-
ber, with an inlet temperature difference of 70°C. Calculated
volumes contain both solid and fluid domains. Figure 4, which
refers to the design utilizing 20 fins per inch, indicates a no-
ticeable flux enhancement due to the use of ultrathin graphite
material. This improvement is magnified at higher flow rates
and continues to increase in the fully turbulent regime, where
the slope of the flux curve increases. At the highest flow rate
considered, equivalent to 30.0 m/s at the air inlets, the ultra-
thin graphite-based design rejects 22% more energy to the air

20
18 -
16} .
= 14 ","’
i -
= o
E—J 8r G < Graphite
o = = = Aluminum
4l
2+
0 : : ; : L )
0 500 1000 1500 2000 2500 3000

Re
Figure 5 Volumetric heat flux rejected by aluminum and ultrathin graphite-
based heat exchanger segments, 30 fins/inch, AT = 70°C.
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stream than the aluminum design. Figure 5 presents similar re-
sults for the case of 30 fins per inch. At 30.0 m/s the ultrathin
graphite-based design rejects a nearly identical 23% more en-
ergy to the air stream than the aluminum design. Note that the
increased surface area per unit volume for the 30 fins per inch
case also dramatically increases the overall heat rejection. We
anticipate the rejection values to converge with decreasing fin
depths, rather than fin density, since the source of the ultra-
thin graphite advantage is increased conduction to the center of
the flow passage. From a design perspective, this indicates that
the greatest opportunity for thermal performance gain through
ultrathin graphite occurs in situations where the pressure-loss
budget is minimal. It should be noted that unknown interfa-
cial resistances were not included in either model, though these
mechanisms would typically be shared between designs and
therefore not affect the qualitative aspect of the results.

The anisotropy of graphite plays an interesting role in the
modeled design. In the fins, two orders of magnitude differ-
ence in conduction length exists in the fin length direction (high
conductivity) compared to the fin thickness direction (low con-
ductivity). The conjugate effect, which utilizes higher delta T
values over the whole fin surface, therefore outweighs the effect
of reduced transport from fin core to fin surface.

The trade-off between increased fin density and hydraulic
loss is illustrated by comparing Figures 4 and 5 with Figure
6, which plots the air-side pressure drop as a function of flow
rate for both geometries. It is clear the thermal performance
improvement of higher fin density comes with great cost. Thirty
fins per inch boosts heat rejection by up to 49% relative to 20
fins per-inch, but with an even greater 53% jump in maximum
pressure drop. The slightly higher pressure drops induced by the
ultrathin graphite-based designs are simply a function of more
heat added to the airstream, a small-scale propulsion effect. The
relationships between pressure drop, fin density, and flow rates
are well known, but the possibility of using an ultrathin graphite-
based material to mimic the performance benefits of additional

500
450 — - =Graphite, 20 fins/in
400 | sessesees Aluminum, 20 fins/in
= 350} Graphite, 30 fins/in /
& = = =Aluminum, 30 fins/in
g- 300 -
A 4
o 20F &
2 200 P
-
Q. 150 -
100 -
50 -
u 1 J
0 L1 10 15 20 25 30

Air Inlet Velocity [m/s]

Figure 6 Pressure drop induced by ultrathin graphite and aluminum designs
of two fin densities as a function of air inlet velocity.
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fins without sacrificing the large corresponding loss is unique
to the work presented in these figures. Material benefits extend
even past the fluid/thermal considerations, as the density of 3-D
HOPG is approximately 2.1-2.2 g/cm?®, while the value for alu-
minum is 2.7 g/cm?. Whether or not the ultrathin graphite-based
structural material retains this mass advantage is a function of the
referenced emerging manufacturing techniques, even a 5-10%
improvement would be notable. For tactical aerospace applica-
tions, a device manufactured with substantial weight savings in
addition to these predicted performance benefits represents a
technology enabler, in which the bottleneck of thermal systems
management is opened.

The advantage of being able to predict transient charac-
teristics of heat exchangers is twofold. At a component level,
the thermal capacitance of a heat exchanger is a performance
characteristic, often closely correlated with the mass of the
device. Many land-based applications are not sensitive to ther-
mal lag—the equilibration time of a heat exchanger to changes
in environmental variables. Aerospace applications, however,
often involve cooling of controllers, power electronics, and
other sensitive equipment that can experience dynamic changes
in waste heat generation and associated cooling requirements.
If allowed to persist for even short periods of time, hot spots and
exceeded temperature thresholds can cause permanent damage
and potential system failure. Therefore, the temporal response
of a cold fluid loop to changes in the hot fluid loop can be of
considerable importance in some situations. Second, all major
airframe manufacturers routinely build system-level models as
a means of analyzing integrated performance. These dynamic
models can rely on stepping between steady-state design points
or true dynamic integration, but a critical role is the diagnosis
of unintuitive issues resulting from the assembly of a complex
system of components. This can include exceeding individual
component thresholds for short periods of time. One advantage
of the methodology presented here is the availability of response
curves for implementation in these larger models. An accurate
dynamic representation of the effect these heat exchanger have
on the entire thermal subsystem can thus be modeled.

The two mechanisms of finite response time are fluid
residence time and thermal capacitance of the solid. For the
conditions modeled in this work, the capacitance effect domi-
nates, as residence times are a small fraction of a second, roughly
two orders of magnitude smaller than the predicted lags. Ther-
mal lag on the cold side of the heat exchanger is accompanied
by a heat-soak effect on the hot side, in which an abrupt change
in flow rate or temperature temporarily thins a boundary layer
and/or triggers a temporarily high temperature gradient between
the fluid and solid. This would be most apparent in a device
with a large amount of surface area or boundary-layer-thinning
obstructions. Two fundamental transients are modeled in this
work. With a steady-state solution found for the case of air inlet
velocity equal to 5.0 m/s, air inlet temperature of 300 K, and wa-
ter inlet conditions maintained at 0.2 m/s and 370 K, the air inlet
velocity is perturbed to 15.0 m/s. This is referred to as the fluid
perturbation. The second transient case models air inlet flow of
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Figure 7 Transient response of aluminum and ultrathin graphite-based heat
exchanger segments to an instantaneous flow perturbation.

10.0 m/s at 340 K and water inlet conditions maintained at 0.2
m/s and 370 K, with the air inlet condition perturbed to 300 K at
time t = 0 s. This case is referred to as the thermal perturbation.
Figure 7 plots the absolute flux as a function of time for iden-
tical fluid perturbations subjected to aluminum and ultrathin
graphite-based heat exchangers. Figure 7 predicts a significantly
faster response time for the ultrathin graphite-based device. If
we define a metric wherein equilibration is reached when 95%
of the change in flux is realized, then the ultrathin graphite-based
heat exchanger achieves this equilibration in less than 50% of
the time it takes for the aluminum heat exchanger to equilibrate.
The total response times are on the order of 1 s, which can be ig-
nored for most mechanical heating/cooling operations but may
present challenges for sensitive electronics cooling that dissi-
pate a large fraction of their input power as heat and operate on
shorter-term cycles.

Figure 8 presents the equilibration times predicted as a result
of the thermal perturbation to both devices. Again, the ultrathin
graphite-based design reacts much faster to the step change in
boundary condition, equilibrating in just 43% of the time of the
aluminum design. With all flow conditions identical between
designs in both perturbation schemes, Figures 7 and 8 predict
larger fluxes after equilibration for the ultrathin graphite-based
device, consistent with the steady-state investigations.

Fin thickness becomes an important design parameter where
the use of multilayer graphene and ultrathin graphite requires
advanced fabrication techniques. Reduced thickness is desir-
able from both manufacturing and HX core weight considera-
tions. Based on the simple conductance relationship, ultrathin
graphite would be expected to admit the same quantity of heat
through an aluminum fin proportionately thicker than the mate-
rials’ thermal conductivity values. For a 75-pum-thickness alu-
minum fin, equivalent conductance (in W/K) through ultrathin
graphite could be expected at 75/(1580/237) = 11.25 pwm. The
presence of a viscous, convective boundary, however, introduces
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Figure 8 Transient response of aluminum and ultrathin graphite-based heat
exchanger segments to an instantaneous thermal perturbation.

complexity that can be addressed only through a conjugate anal-
ysis. Simulations are performed for two separate fin heights of
6.35 mm and 12.7 mm. The working fluid modeled is turbu-
lent air, entering the channel at 30.0 m/s. Figures 9 and 10
predict the heat transfer, normalized against the baseline of an
aluminum fin of 75 pm thickness. With identical thicknesses at
12.7 mm channel height, greater than 20% more heat is trans-
ferred, replicating earlier results. Equivalent fin performance
is predicted with graphite thickness of approximately 7 pwm,
or several micrometers thinner than what the basic conductance
equation predicts, shown earlier. The curve indicates a steep con-
ductance gain between 7 and 20 pwm thickness, after which in-
creasing thickness boosts conductance in a fairly shallow, linear
manner.

Figure 10 illustrates the reduced benefit of high conductivity
fins in channels of shorter height. Channels of height 6.35 mm
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Figure 9 Normalized heat transfer by aluminum and ultrathin graphite-based
heat exchanger segments, of 12.7 mm air channel height and varying fin thick-
ness.
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Figure 10 Normalized heat transfer by aluminum and ultrathin graphite-based

heat exchanger segments, of 6.35 mm air channel height and varying fin thick-
ness.

require only 3.175 mm of conduction length to the center of
the channel, allowing aluminum to come within 6% of ultrathin
graphite performance with identical fin thickness. This result
supports the conclusion that the primary thermal advantage of
ultrathin graphite is the ability to entrain energy more efficiently
into the fluid volume by virtue of its higher thermal conductivity
in this direction. The reduced fin height does not measurably
affect the equivalent conductance thickness of ~7 pm, nor the
trend toward linearity after ~25 pwm.

A final study highlights the potential weight savings of an
ultrathin-graphite-based heat exchanger. Figure 11 presents the
results of the fin thickness simulations in terms of heat transfer
per unit mass (per degree temperature difference). The baseline
comparison value is that of an aluminum heat exchanger
utilizing conventional 75-pum fins. Fin density is 20/inch
for both designs. Mass density of highly oriented pyrolytic
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Figure 11 Heat transfer per unit mass, per degree temperature difference,
in an ultrathin graphite-based heat exchanger segment compared to baseline
aluminum with 75 pm fins.
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graphite is taken to be 2270 kg/m?, compared to 2700 kg/m?
for aluminum. Heat transfer values at the far right of the plot in
Figure 11, where graphite fins are of identical dimension to the
aluminum, predict a modest reduction in total HX core weight
for carbon. Values at the far left, where the thermal perfor-
mances of the aluminum- and graphite-based heat exchangers
are roughly equivalent, predict a more significant reduction in
weight for the ultrathin graphite-based devices. This curve is
based on a fully carbon-derived structure and would therefore
be affected by metallic shell and supports necessary for
manufacturing and installation integrity. In aerospace vehicles,
heat exchangers represent considerable mass in the power and
thermal management subsystem. The opportunity to provide
performance consistent with current designs with nontrivial
weight reduction would directly affect the system-level design
envelope.

The challenge of manufacturing this type of 3-D structure
from ultrathin graphite is nontrivial but surmountable, in the
authors’ opinions. Manifold, installation, and some structural
components would necessarily remain metal. Bonding ultra-
thin graphite segments to metals in a thermally efficient manner
is one of the challenges that begets the most attention. De-
spite the real manufacturing issues associated with fabricat-
ing a macroscale object from microscale elements, the pace of
progress is such that optimism is justified. In particular, the
weight savings demonstrated by the fin studies can be real-
ized through bottom-up fabrication methods, extensions of those
used to fabricate mono- and multilayer graphene.

CONCLUSIONS

Ultrathin graphite is proposed as a thermal management ma-
terial due to its exceptional inherent transport properties. Re-
cent studies have identified in-plane thermal conductivity in the
2-D carbon lattice exceeding that of all other known materials.
While reduced in three dimensions, the anisotropic conductivity
of ultrathin graphite is still superior to most common materials.
Further, advances in manufacturing procedures are introducing
both graphene and ultrathin graphite as an option in macroscale
device application. The performance of a notional, ultrathin
graphite-based plate-fin heat exchanger is tested through nu-
merical comparison to a contemporary aluminum design. The
graphite-based device outperforms aluminum, rejecting greater
than 20% more energy to an air coolant stream at Reynolds
numbers of 3000-4000. Unsteady simulations characterize the
response time of the ultrathin graphite-based designs, predict-
ing equilibration to fluid and thermal perturbations in approx-
imately half the time of the aluminum device. Reducing the
thickness of graphite fins reduces the total heat conduction,
with fins of approximately 7.0 pm thickness performing equiv-
alently to 75.0-pm aluminum fins. Given the anticipated man-
ufacturing complexity of ultrathin graphite structures, curves
are presented to trade performance advantage against fin thick-

heat transfer engineering

ness. The potential for increased volumetric efficiency gener-
ated by a lighter weight heat exchanger core has noteworthy
system-level design consequences, particularly in the aerospace
industry.

NOMENCLATURE

D  hydraulic diameter, m

h  heat transfer coefficient, W m~2 K~
hy  static enthalpy, kg m? s~2

h; total enthalpy, kg m? s—2

k  thermal conductivity, W m~! K~!
Nu Nusselt number, Nu = i D/k

P pressure, Pa

Q  heatrate, W

Q" volumetric heat transfer, W cm™>
Re Reynolds number, Re = p V D/
t time, s

T  temperature, K

v velocity vector, m s~

Greek Symbols

p fluid density, kg m—3
T stress tensor, Pa

i dynamic viscosity, kg m~! s~!
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