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The efficiency of a heat engine can be significantly improved by operating in a high-temperature and
high-pressure environment, which is crucial for a wide range of applications such as hybrid and elec-
tric aviation as well as power generation. However, such extreme operating conditions pose severe chal-
lenges to the heat exchanger design. Although recently developed superalloys and ceramics can survive
high-temperature and high-pressure loads, using these materials in a traditional heat exchanger design
requires high cost and yields low power density. In this work, we propose an ultrahigh power density
ceramic heat exchanger for high-temperature applications enabled by a multiscale porous design. By op-
timizing the design of centimeter-scale macrochannels and microchannels, significant improvement to
both heat transfer and structural strength is predicted, with a negligible pressure drop penalty (< 1%).
Based on finite element simulations, an optimized heat exchanger core design is expected to achieve
power densities of 717 MW/m? and 300 kW/kg, which indicates more than 2.5x enhancement in ther-
mal performance compared to printed-circuit heat exchanger design. Furthermore, the heat exchanger
design features low material costs and scalable fabrication, enabling highly customizable applications in

aerospace and terrestrial power generation.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Ninety percent of global energy is related to the manipulation
of heat [1], which is the reason centuries of efforts have been
dedicated to enhancing the efficiency of heat engines. Operating
thermal systems in high-temperature and high-pressure conditions
predicts a higher overall thermodynamic efficiency [2,3], promis-
ing significant impact on the terrestrial power generation systems
[4-6], and hybrid and electric aviation [7-9]. To enable these high-
temperature and high-pressure applications, the development of
a high-performance heat exchanger plays a key role [3,10]. De-
spite significant advances in materials such as superalloys [11,12]
and ceramics [13,14], there lacks a generic heat exchanger design
to further enhance the heat exchanger performance with low-cost
fabrication. Plate-fin and plate-and-frame heat exchangers use thin
sheets to separate two working fluids, thus are often challenging
due to the high operating temperatures and pressure difference.
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The conventional shell-and-tube heat exchanger design is capable
of higher temperatures and pressures, but suffers from low-power
density due to low surface area to volume ratio. It also requires a
large amount of material and hence leads to high cost for high-
temperature applications [10].

As additive manufacturing enables a much larger design space,
manifold-microchannel heat exchangers leverage the benefits of
microchannels, combining high heat transfer coefficient with short
flow length to achieve up to 10 kW/kg power density at 50% effec-
tiveness and a surface area per volume ratio of 1000-2000 m?/m3
[15-18]. Multi-furcating and advanced fin-and-tube heat exchang-
ers have reached similar performance with complicated geome-
tries that are only possible with additive manufacturing [19,20].
With channels close to 1 mm, a conventional shell-and-tube heat
exchanger design can reach the surface area to volume ratio of
2000 m?/m3 [11]. Using photo-chemical etching, printed-circuit
heat exchangers (PCHE) have shown promise for extreme condi-
tions, with semi-circular straight channel widths around 2 mm
[21] and volumetric power density up to 4 MW/m3 with Ni-
based superalloys, or 9 MW/m3 based on Zr/W [14]. Other chan-
nel topologies to enhance thermal transport have also been studied
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Nomenclature

keg effective thermal conductivity W/m K

ksic thermal conductivity of SiC W/m K

tw thickness of SiC between microchannels m
D internal side length of square microchannel m
tm thickness of a macrochannel wall m

Dy internal side length of square macrochannel m
L length of microchannel m

u vector flow field m/s

P pressure of fluid N/m?2

T temperature K

G specific heat capacity at constant pressure J/kg K
E Young’s modulus for SiC N/m?

S second Piola-Kirchhoff stress tensor N/m?2
E Green-Lagrange strain tensor

I identity matrix

F deformation gradient

C right Cauchy-Green deformation tensor

A area m?

Greek symbols

1) porosity of the microchannel array

ouTs ultimate tensile strength N/m?

0 density kg/m3

o Cauchy stress tensor N/m?

Subscripts and abbreviations

cold cold side of the heat exchanger

hot hot side of the heat exchanger

SiC silicon carbide

avg average

hi high

lo low

to enhance power density while maintaining low pressure drop,
such as airfoil fins [22], zigzag [23] and square channels [24]. How-
ever, photo-chemical etching on superalloys is an expensive and
slow process, and the diffusion bonding method relies on a high-
pressure treatment for an extended period of time, both posing
challenges in scalability and low-cost fabrication [25].

Therefore, the challenge still exists to develop scalable, low cost,
compact high temperature heat exchanger designs in combination
with suitable manufacturing techniques. Here, we present a mul-
tiscale porous ceramic heat exchanger design, enabling the simul-
taneous enhancement of thermofluidic transport and mechanical
strength. Our design of the heat exchanger core leverages a scal-
able ceramic co-extrusion process [26-28] to create centimeter-
scale macrochannels which consist of straight microchannels. The
microchannels increase the surface area to enable significant heat
transfer enhancement, and the scaffold structure formed by the
microchannel array reinforces the overall mechanical strength to
overcome the high-pressure loadings of operation. By utilizing
straight microchannels rather than random porous media, the
working fluids experience a much smaller pressure drop penalty.
To model and optimize the co-extruded heat exchanger core, we
developed a hierarchical model including thermofluidic simulation
and structural analysis. With air and sCO, as working fluids in hy-
brid and electric aviation applications, we show power densities of
717 MW/m3 and 300 kW/kg with 50% thermal effectiveness, more
than an order of magnitude higher than conventional shell-and-
tube heat exchanger designs [10]. With molten salt and sCO, as
working fluids in terrestrial power generation, the heat exchanger
based on our design can achieve power densities of 9.71 MW/m3
and 4.05 kW/kg with 95% effectiveness, which is 2.5x thermal per-
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formance compared to printed circuit heat exchangers with similar
materials [2,11,14].

2. Methods

Fig. 1 shows the concept of the multiscale porous ceramic heat
exchanger design, which consists of counter-flow centimeter-scale
square macrochannels (white dashed box in Fig. 1(a)) and mi-
crochannels (small squares in the white dashed box in Fig. 1 (a)).
The cold (purple regions in Fig. 1(a)) and hot (red regions in
Fig. 1(a)) working fluids flow along opposite directions, denoted
by the purple and red arrows in Fig. 1(a), in a checkerboard
macrochannel pattern. Fig. 1(b) shows a schematic of a single
macrochannel comprising the microchannel array, which can be
fabricated by an established scalable co-extrusion process, where
centimeter channels can be reduced to the order of 100 pum after
three co-extrusion processes [26-28]. The straight microchannels
provide high permeability, leading to low pressure drop. Owing to
the lower thermal resistance of the thin solid walls, the microchan-
nel array significantly enhances the heat spread in the macrochan-
nel (Fig. 1(b)), resulting in better heat transfer than the conven-
tional macrochannel (Fig. 1(c)). Additionally, the scaffold structure
formed by microchannel walls (Fig. 1(d)) enhances the overall me-
chanical strength, resulting in less mechanical deformation under
high-pressure operation (dashed lines in Fig. 1(d, e)). To quanti-
tatively optimize the thermal and mechanical performance of the
proposed design, we develop thermofluidic and mechanical mod-
els, which will be described in the following sections.

In this work, SiC was adopted as the preferred solid material
due to its low cost, high thermal conductivity, high melting point
and stable mechanical strength at high temperatures. More impor-
tantly, the co-extrusion fabrication of ceramics similar to SiC has
been well-established [26-28]. The material properties of 3C-SiC
are included in Appendix A. We chose the working fluids as air at
1285 °C and 80 bar and supercritical CO, at 300 °C and 250 bar
as an example based on potential aviation applications [6-8]. Both
flows maintain identical flow rates of 0.004 kg/s per macrochannel
to achieve similar heat capacity flows (heat capacity ratio Cr = 1)
for high power density and heat exchanger effectiveness. Addition-
ally, the selected flow rates enable laminar flows in the microchan-
nels for low pressure drops.

2.1. Thermofluidic modeling

Fig. 2 shows a hierarchical framework to model the ther-
mofluidic transport in the proposed multiscale porous heat ex-
changer. We started with modeling fluidic flow in an individual
microchannel to study the pressure drops and flow velocity pro-
files (Fig. 2(a)). Then the velocity profiles were imported to the
microchannel network to quantify the enhanced thermal trans-
port with an array of microchannels (Fig. 2(b)). However, to simu-
late the entire macrochannel heat exchanger core, heat transfer of
~ 2500 microchannels needs to be solved simultaneously, which is
computationally prohibitive. To provide an efficient model for ther-
mal performance prediction and optimization, an effective medium
approach was adopted, which approximates each microchannel
network as a homogeneous medium. Therefore, instead of simulat-
ing the detailed microstructures within each macrochannel, they
are replaced by the effective medium with a simple geometry,
which significantly reduces the computational cost. In Fig. 2(c), the
top 25 and bottom 25 microchannels were modeled as two ho-
mogeneous media, with an effective microporosity ¢ and an effec-
tive thermal conductivity of the homogeneous media k.. We uti-
lized constant thermophysical properties and fully developed flu-
idic flows to validate the effective thermal conductivity, and how
it is related to the microporosity of the microchannel network and
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Fig. 1. Schematics of the multiscale porous ceramic heat exchanger design. (a) The counterflow heat exchanger consists of macrochannels (white dashed box) in a checker-
board pattern. (b) A single macrochannel comprises the microchannel array, enhancing the heat spread in the macrochannel due to lower thermal resistance of the thin solid
walls, compared to the conventional macrochannel in (c). (d) The microchannel walls also reinforce the mechanical strength. (e) Comparably without microchannels, the
macrochannel walls experience significantly higher stress and deformation. The dashed lines in (d,e) represent the magnified deformation of the macrochannel walls under
the high-pressure loadings.
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Fig. 2. Schematic of the hierarchical framework for thermofluidic modeling of the heat exchanger core. (a) The model of individual microchannels provides pressure drops
and velocity profiles to study the heat transfer in (b) the microchannel network. (c) An effective medium model is developed to interface the microchannel network with
the macrochannel heat exchanger core and hence reduces the computational cost. (d) Results given by the effective medium model are used as inputs of the macrochannel

model to predict the thermal performance of the heat exchanger core.

solid thermal conductivity. We swept a wide range of solid thermal
conductivities to demonstrate that the effective medium model
was validated across the operating temperatures by comparing to
the temperature response of the detailed microchannel network.
Lastly, results given by the effective medium model were used as
inputs of the macrochannel model to predict the thermal perfor-
mance of the heat exchanger core (Fig. 2(d)). The macrochannel
cores were modeled as the effective media, while the macrochan-
nel walls were treated as bulk SiC. To predict the heat exchanger
performance, realistic thermophysical properties with temperature
dependency were applied to both the macrochannel cores and SiC
walls. Periodic conditions were applied at the boundary planes par-
allel to the flow directions. The entirety of this hierarchical frame-
work was implemented in COMSOL Multiphysics.

The thermofluidic numerical simulations were conducted us-
ing finite element method in COMSOL Multiphysics v5.5. Details of
this method are included in Appendix B. The hierarchical model
consists of COMSOL simulations for an individual microchannel,
microchannel network, effective medium model, and the overall
heat exchanger core optimization. Temperature-dependent mate-
rial properties of SiC, air and sCO, were applied based on liter-
ature for the overall heat exchanger core optimization, with SiC
properties listed in Appendix A. All simulations were steady-state
studies.

The simulation for individual microchannels includes the com-
putational fluid dynamics (CFD) module. The flow field is described
by mass conservation (Eq. (1)) and Navier-Stokes (Eq. (2)) equa-
tions for the steady-state study,

1 Dp

ED_t+V-u=0 W
p%—? +p@-Vyu=-Vp+ V. [pn(Vu+ (V)] 2

where u, and p are the vector flow field and pressure, respectively.
A mesh containing boundary layers near the wall is generated for
the microchannel fluidic model. Boundary layer properties are de-
fined as 8 layers with a stretching factor of 1.2, automatic thickness
prescribed for the first layer, and a thickness adjustment factor of
5, all recommended parameters set as default for laminar flow in
COMSOL [29]. The inlet flow was defined with a uniform velocity,
designed inlet temperature, and the boundary condition of the flu-
idic flow was set as non-slip condition.

For the microchannel network and the effective medium model,
constant properties and fully developed flows were assumed in
the simulation. In the microchannel network model, 50 microchan-
nels were aligned, and both hot air and sCO, flow through 25 mi-
crochannels in opposite directions. The thermal transport of the
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working fluids is described by Eq. (3),
V. & VT)+ pCu-VT =0 (3)

where «, p, Cp and T are the thermal conductivity, density, heat ca-
pacity and temperature, respectively. To reduce the computational
cost, the velocity profiles of the fully developed flow were assigned
from the model for individual microchannels. The effective heat
capacity, flow rate, and density were averaged to maintain mass
and energy balance. The outlet temperatures were averaged based
on the heat capacity flows. Effective thermal conductivity ks was
evaluated based on the microchannel geometry,

tw(D + t)

—————kg; 4
tVZV-FDZ-‘rtWD SiC ( )

keff ~
where D is the microchannel pore size, t,, is the wall thickness
between adjacent microchannels, and kg;c is the bulk SiC thermal
conductivity.

2.2. Mechanical stress modeling

To ensure the sufficient mechanical strength of the proposed
design for the high-temperature and high-pressure operation, we
developed a structural model to identify the locations where stress
profiles in the SiC material are at a maximum and optimize the
heat exchanger core geometry to avoid failure due to fast-fracture
of the brittle SiC.

A porous medium approximation of microchannel arrays, sim-
ilar to the approach for thermal modeling, was adopted to effi-
ciently evaluate the mechanical response of SiC macrochannels un-
der static pressure loading conditions. Each macrochannel consists
of a 5 mm by 5 mm porous media region enshrouded by walls
of varying widths. The 1st principal stress [30] is the maximum
tensile stress in our model, since SiC has an ultimate strength sev-
eral orders of magnitude less in tension than compression [31], and
thus is most likely to experience failure due to fast-fracture when
local 1st principal stress values exceed its ultimate tensile strength
limit (o yrs = 500 MPa) [32]. We varied macrochannel wall thick-
ness and microporosity ¢ to identify geometric configurations that
significantly impact stress fields in the SiC. Material properties that
remain constant in this porous medium approximation are taken
from literature and listed in Table Al. Young’s modulus for the
porous media Epore is estimated as [31]

Epore = ESiC(1 - ¢)) (1 - ()2524) (5)

where ¢ is the microporosity of the medium, and Egi is the
Young’s modulus for bulk SiC. The density of the porous medium
Pporous 1S also dependent on microporosity and is defined as
(1 — ¢)psic. Finite element analysis of the heat exchanger core was
performed using a total Lagrangian formulation for finite deforma-
tions in COMSOL v5.5. Eq. (6) is the governing equation for the 2D
elastic model of SiC,

V.S+F=0 (6)

where § is the second Piola-Kirchhoff stress tensor [33] and F, de-
notes body force terms that are absent in this application.

We systematically solved for the displacements that satisfy this
governing equation by implementing a finite deformation, isotropic
linear elastic framework. First, this finite strain model used Eq. (7)
to relate deformation to the Green-Lagrange strain tensor E,

1 1
E:E(FTF—I):E(C—I) (7)

where I is the identity matrix, F is the deformation gradient and
C is the right Cauchy-Green deformation tensor [33]. Then, for a
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linear elastic material, Hooke’s Law related the elastic strain tensor
to the Second Piola-Kirchhoff stress tensor using Eq. (8),

1 1
5 = 31<(§Ekk5,,-) + 2G(E,~j - §Ekk5ij) (8)

where K is the bulk modulus and G is the shear modulus of the
material, and § is the Kronecker delta function. Furthermore, S is
related to the Cauchy stress tensor o by Eq. (9),

o =] 'FSFT (9)

where | = det(F). Principal stress values are defined as the eigen-
values of the Cauchy stress tensor o and are the primary output of
the numerical model used in this analysis.

Since the pressure loading difference within both hot and cold
porous cores, 80 bar (P,,) and 250 bar (Py;), respectively, occurs
uniformly in the macrochannel, we applied a traction boundary
condition on the interior walls of each macrochannel equivalent to
working fluid operating pressures. Symmetric boundary conditions
were applied to the model’s external edges to produce a periodic
solution that can be extrapolated for heat exchangers with differ-
ing macrochannel array sizes. All other boundaries were modeled
with free boundary conditions. Fig. 3 depicts the finite element
mesh, associated boundary conditions as well as the macrochan-
nel fillet area where maximum 1st principal stress values are av-
eraged. Filleted corners on the length scale of expected grain size
(~ 5 pum) are expected following the sintering of SiC and allow
for average maximum stress values to be repeatably obtained [34].
After establishing the finite element framework, mesh refinements
reported in Appendix B were performed to an error tolerance of
0.001 to ensure repeatability of the simulation.

3. Results and discussion

Fig. 4 shows the fully developed velocity profiles (Fig. 4(a, b))
and pressure drops (Fig. 4(c, d)) in the air and sCO, microchannels.
The microscale feature leads to a laminar flow regime with low
Reynolds number (~500 to ~1800), which helps reduce the pres-
sure drop. To highlight the significance of the straight microchan-
nel design in optimizing the fluidic performance, we compared
the pressure drop along a straight microchannel with that along
a random porous foam, which is commonly used for heat trans-
fer and mechanical strength enhancement. Fig. 4(c, d) shows the
pressure drop of air (Fig. 4(c)) and sCO, (Fig. 4(d)) flows under dif-
ferent flow velocities, Reynolds numbers and microchannel sizes.
The dashed lines represent the pressure drop of a random porous
aluminum foam [35] under the same pore sizes and flow rates as
the microchannels, predicted by the Darcy’s Law. For both cases,
pressure drop increases with smaller channel sizes and higher flow
rates. The effects of entrance length and thermal gradient on the
pressure drop are discussed in Appendix C, including the valida-
tion for air and sCO, fluids.

With the velocity profile predicted by the single microchannel
simulation as an input, we are able to simulate the heat transfer
in a microchannel network. The microchannel network consists of
50 microchannels aligned in a one-dimensional array (Fig. 2(b)).
Hot air (1285 °C, 80 bar) flows through the top 25 microchannels
while cold sCO, (300 °C, 250 bar) flows through the bottom 25
microchannels in the opposite directions (Fig. 2(b)). Boundary con-
ditions for the microchannel network simulation can be seen in
the Methods section. Fig. 5(a) shows the temperature profile of the
microchannel network.

Comparison of the effective medium model (Fig. 5(b)) to the
microchannel network simulation (Fig. 5(a)) shows good agree-
ment in temperature profiles. Fig. 5(c) shows the temperature pro-
files along three representative directions (labeled as 1, 2, and 3)
parallel to the flow direction, whereas Fig. 5(d) shows the tem-
perature profiles along three perpendicular directions (labeled as
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Fig. 3. Finite element mesh, boundary and loading conditions for structural mechanics COMSOL simulation. Fluid pressure was applied as a static, uniformly distributed
load on macrochannel walls, while a periodic boundary condition was prescribed on the exterior boundary of alternating channels to emulate a scalable checker-board heat

exchanger core.
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Fig. 4. Fluidic simulation results of air and sCO, flows through microchannels under different microchannel sizes and velocities. (a, b) Fully developed velocity profiles of
the air and sCO, flows in microchannels with u, and u. as the average flow rates, respectively. (c, d) Pressure drops of the air and sCO, flows under different flow velocities,
Reynolds numbers and microchannel sizes, respectively. The dashed lines represent the pressure drop with random porous media based on the Darcy’s Law with the same
pore sizes and flow rates as the microchannels. Note that the Reynolds numbers for the air flow and sCO, flow are determined by u, and u., respectively.

1’, 2, and 3’). Quantitative agreement between the microchannel
network simulation and the effective medium model was demon-
strated. We further validated the broad applicability of the effec-
tive medium model under a wide range of microporosities ¢ from
0.3 to 0.7 and solid thermal conductivity ksic of 10-300 W/mK.
Fig. 5(e) shows the temperature T; at the air flow outlet (blue spot
in Fig. 5(a)) as a function of the solid thermal conductivity un-
der different microporosities. The temperature response was pre-

cisely captured by the effective medium model. In addition, we
directly extracted the effective thermal conductivity from the mi-
crochannel network simulation and compared it with the analyt-
ical expression in Eq. (4). As shown in Fig. 5(f), Eq. (4) provides
a highly accurate approximation for the effective thermal conduc-
tivity within the full range of solid thermal conductivity up to
300 W/mK, which covers the SiC thermal conductivity in the op-
eration condition (573-1558 K). Although only a one-dimensional
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microchannel array was investigated here, the effective medium
approach is applicable for a two-dimension array of a microchan-
nel network as the macrochannel core. The radiation effect is ne-
glected due to the much lower radiative heat transfer compared to
convective and conductive heat transfer. The heat exchanger core
system is insulated from the ambient during operation. More in-
formation is provided in Appendix D.

Results for a unit cell of the heat exchanger core compris-
ing four macrochannels in counterflow configuration is shown
in Fig. 6(a). Identical mass flow rates were assumed in each
macrochannel. The temperature profile of this unit cell was sim-
ulated (Fig. 6(a)), from which the key metrics of thermal per-
formance including the effectiveness and power densities can be
evaluated. We performed a parametric study to elucidate the de-
sign tradeoff related to the channel length, macrochannel size,
macrochannel wall thickness and microporosity. Fig. 6(b) shows
the design tradeoff between the effectiveness and volume power
density due to the change of channel length. The increase of chan-
nel length leads to the increase of heat exchanger effectiveness

while reducing the volume power density due to the increase
of heat exchanger total volume. Another perspective is that the
length of the channels increases the NTU, which enhances the
effectiveness. More information is provided in Appendix E. One
of the key design parameters is the macrochannel size. Smaller
macrochannels are preferred to achieve much higher effective-
ness and higher volumetric power density with the same chan-
nel length, because large macrochannels increase the overall con-
duction resistance within the effective media in the macrochannel
core. This provides a possible approach to enhance effectiveness
without posing longer channels or high pressure drop, although
the macrochannel size can be limited by possible fabrication con-
straints. We identified two design examples related to an effective-
ness of 0.5 (green star) and 0.9 (red star). Note that when pursu-
ing high volume power density (> 500 MW/m3) applications, this
tradeoff becomes particularly significant, as shown in the regime
with the channel length smaller than 9 cm and macrochannel size
smaller than 7 mm. Fig. 6(c, d) shows that reducing microporosity
can significantly enhance both the effectiveness and volume power
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Table 1
Comparison of surface area to volume ratio among different heat exchanger designs.
Apeae/V [M2/m?]  Tmax [°C]  Prax [bar]  Refs.
Shell-and-tube heat exchanger 50-100 1100 1000 [36]
Plate-and-frame heat exchanger 120-660 815 200 [36]
Plate-fin heat exchanger 800-1500 800 200 [11,37]
Printed circuit heat exchanger 200-2500 980 900 [11,38]
Multiscale porous heat exchanger 7143 1285 250 This work
(b) 1400

——=0.2

1200+ ——¢=03
= »=04
E 1000 - ——¢=05 1
. ——0=0.6
2
g 800 6=064 |
&a ——=0.68
E 600} 4
3
-
% e o %
g 400 + ————— e |
200p—> > > > > > > >
5 5 e e —
0.5 1 15

Macrochannel Wall Thickness [mm]

Fig. 7. Structural analysis of heat exchanger core. (a) Four macrochannels were simulated with periodic conditions. The zoomed-in figure shows macrochannels with 1 mm
wall thickness. Effective Young’s modulus for the porous media was applied in the microchannel network for varying microporosities (microporosity ¢ = ¢not = Pcota)- (b)
Maximum stress experienced by the heat exchanger is highly dependent on the microporosity of the microchannel network rather than the wall thickness, especially when

microporosity reaches 50%.

density due to the increase of effective thermal conductivity (Eq.
(4)), inducing a slight decrease of the weight power density due to
the increase of total mass with microporosity (Fig. 6(d)). For exam-
ple, there is an approximately 20% increase of both the effective-
ness and volume power density when reducing the microporos-
ity from 0.7 to 0.5. However, note that the effectiveness enhance-
ment by increasing channel length and decreasing microporosity
also leads to higher pressure drops, which can be a limiting fac-
tor for working fluids with higher viscosities or larger flow rates.
More information of pressure drop in the heat exchanger core is
provided in Appendix C. On the other hand, it is always desirable
to pursue thinner macrochannel walls to enhance effectiveness,
volume, and weight power densities simultaneously. For example,
there are approximately 10%, 10%, and 25% increases of effective-
ness, volume, and weight power densities, respectively, when re-
ducing the macrochannel wall thickness from 1 to 0.5 mm with
a microporosity of 0.5. However, note that approaching the mini-
mal macrochannel wall thickness is fundamentally limited by the
fabrication processes. Overall, to pursue high volume power den-
sity over 500 MW/m? and effectiveness larger than 0.5, a reason-
able design space should target the channel shorter than 14 cm,
macrochannel size smaller than 10 mm, microporosity lower than
0.6, and macrochannel wall thinner than 2 mm. Despite the short
channel length and high thermal gradient, the solid conductive
heat transfer in the axis direction can be neglected. More infor-
mation on this conclusion is shown in Appendix E.

Mechanical modeling results of the heat exchanger core with
varying macrochannel wall thicknesses and microporosities are
shown in Fig. 7. The maximum tensile stress occurs at the fil-
leted corners of the macrochannels (Fig. 7(a)) and is reported in
Fig. 7(b) as a function of both wall thickness and microporosity.
Overall, the maximum tensile stress is dominated by the microp-
orosity rather than the wall thickness, when microporosity reaches
50%. The porous structure formed by the microchannel network
mitigates the stringent structural requirement by reducing the de-
pendency of wall thickness on the stress profile, thus significantly
reducing the volume, and enhancing the power densities, of the

heat exchanger. Predicted maximum 1st principal stress values
of approximately 200 MPa provide a safety factor of 2.5 against
SiC fast fracture for a heat exchanger with microporosity of 50%,
macrochannel wall thickness of 1 mm, and macrochannel pore size
of 5 mm, which falls into the proposed design space based on the
thermofluidic analysis. More information on thermal stress is pro-
vided in Appendix F.

Enabled by the microchannel network, the proposed heat ex-
changer can achieve a surface area to volume ratio of 7143 m2/m?3,
as shown in Table 1 [10]. This enables high power densities
(717 MW/m3, 300 kW/kg) of the proposed multiscale porous ce-
ramic heat exchanger with the design parameters determined from
the thermofluidic and mechanical strength models, as summarized
in Table 2, which indicates more than one order of magnitude en-
hancement compared to convectional heat exchanger designs. It is
also possible to pursue even higher power densities if the lim-
its due to the fabrication process and pressure drop can be fur-
ther relaxed. According to the existing co-extrusion process [26-
28], a feature size of 60 pm was chosen as the microchannel wall
thickness. The microchannel core size was adopted as 140 pm
microchannels with 50% microporosities, which enhances thermal
performance, satisfies the requirement for structural strength, and
provides a low pressure drop below 1%. The effect of possible fab-
rication defects is discussed in Appendix G. Future work includes
the design of headers for the proposed heat exchanger core, with
one possible header design included in Appendix H that promises
uniform mass distribution and minimal pressure drop.

Furthermore, guided by the hierarchical thermofluidic model,
the proposed heat exchanger can be customized for other applica-
tions including terrestrial power generation, such as nuclear power
plants and concentrated solar power systems. Due to the high vis-
cosity of the molten salt and high effectiveness requirement in
these applications, larger microchannels are assigned to address
the pressure drop challenge. Table 2 includes a heat exchanger de-
sign with a thermal duty of 17.5 MWy,, 95% effectiveness, power
densities of 9.71 MW/m3 and 4.05 kW/kg, more than 2.5x ther-
mal performance compared to printed-circuit heat exchangers with
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Summary of the heat exchanger designs for aviation and concentration solar power systems.

Parameter Aviation

Concentrated solar power

Microchannel size
Microchannel wall

Macrochannel core 5 mm
Macrochannel wall 1 mm
Channel length 4 cm
Effectiveness 50%
Volume power density 717 MW/m?
Mass power density 300 kW/kg

140 pm (air, sCO,)
60 pm (air, sCO;)

140 pm (sCO3); 0.7 mm (molten salt)
60 pm (sCO,); 0.3 mm (molten salt)
5 mm

1 mm

25 cm

95%

9.71 MW/m3

4.05 kW/kg

similar materials [2,11,14]. More detailed information can be found
in Appendix L

4. Conclusions

In this work, a multiscale porous ceramic heat exchanger de-
sign was proposed, which offers a highly modular and customiz-
able approach with high performance for a wide variety of high-
temperature high-pressure applications based on numerical sim-
ulations of a hierarchical thermofluidic model and stress model
with COMSOL Multiphysics. An optimized SiC heat exchanger with
air and sCO, working fluids can achieve a surface area to vol-
ume ratio of 7143 m?/m?3, 2.8x enhancement compared to state-
of-the-art heat exchangers. Our simulation predicts a power den-
sity of 717 MW/m3, 300 kW/kg with 50% thermal effectiveness,
while maintaining a pressure drop lower than 1% and a safety
factor against failure of 2.5. Furthermore, our proposed heat ex-
changer can also be customized for other applications including
terrestrial power generation plants. With working fluids of molten
salt and sCO,, an optimized design can achieve a thermal duty of
17.5 MWy, 95% effectiveness, power densities of 9.71 MW/m? and
4.05 kW/kg. Overall, our proposed heat exchanger promises more
than 2.5x thermal performance compared to printed-circuit heat
exchangers utilizing similar materials, while providing the bene-
fits of low cost, scalable fabrication, low pressure drops and high
structural strength. To better understand the fundamental thermal
performance limit of this proposed design, a thorough thermody-
namic analysis is useful in the future for both the heat exchanger
component and its relationship to the proposed sCO, Brayton cy-
cle.
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Appendix A
Table A1
Material Properties for 3C-SiC (8-SiC) [39,40].
Parameter Value Description
Esic 345 GPa Young’s modulus, sintered
Vsic 0.18 Poisson’s ratio
Dsic 3160 kg/m3 Density
Asic 4.7 x 1076 K1 Coefficient of thermal expansion,
0-1973 K
O ucs 5000-9000 MPa Ultimate strength in compression
ouTS 350-650 MPa Ultimate strength in tension
Ksic 2.5-4 MPa m~%> Fracture toughness
Asic 40-130 W/mK Thermal conductivity
sic 30-100 x 106 m?/s Thermal diffusivity
Appendix B

Mesh refinement studies reported in this appendix were done
to ensure high-precision results for each numerical model. A
meshing study was conducted for the fluidic model as shown in
Fig. B1(b). The inlet flow was defined with a uniform velocity and
inlet temperature, and the boundary condition of the fluidic flow
was set as non-slip condition.

A total of 4,778,976 elements were created in the simulation
domain for the microchannel array, as shown in Fig. B2(a). The in-
let flows were assigned with the inlet temperatures. In the effec-
tive medium model, the overall domain size remained the same,
with the microchannels replaced by two different homogeneous
media, separated by a thin SiC wall, as shown in Fig. B2(b), meshed
by 159,227 elements. The effect of meshing was investigated in
Fig. B2(c), indicating that Mesh 3 was sufficient for the detailed
microchannel array simulation in Fig. 4(a).

Four macrochannels were constructed as the simulation do-
main for the overall heat exchanger core optimization. Inside
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Fig. B1. Domains and meshing study for individual microchannel fluid simulations. (a) Boundary layer properties are defined as 8 layers with a stretching factor of 1.2,
automatic thickness prescribed for the first layer, and a thickness adjustment factor of 5, all recommended parameters set as default for laminar flow in COMSOL [26]. (b)
Mesh 1-5 represent different meshing configurations, with 98,490, 147,000, 382,200, 691,236 and 1,550,808 elements, respectively.
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Fig. B2. Domains and meshing study for microchannel network and effective medium model. (a) 50 microchannels are included in the simulation domain to study the heat
transfer in the microchannel network. Air flows through the top 25 microchannels and sCO, in the bottom 25 microchannels in opposite directions. The zoomed-in figure
shows the meshing for the detailed microchannel array, with a total of 4,778,976 elements as small as 15 pm. (b) Homogenous media are included to replace the detailed
microchannels, with 159,227 elements as small as 15 pm. (c) Mesh 1-4 represent different meshing configurations for the detailed microchannel array in (a), with 206,403,

837,688, 4,778,976 and 10,234,094 elements, respectively.
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Fig. B3. Domains and meshing study for heat exchanger core simulations. (a) Four macrochannels in the simulation domain with a total of 227,804 elements are as small

as 0.5 mm. Exterior sidewalls are assigned as periodic conditions. The area-average temperatures of the (b) sCO, and (c) air outlets are plotted with different meshing
configurations 1-4, with 582,103, 1,981,829, 227,804 and 3,749,905 elements, respectively.

each macrochannel the fluid flow was modeled as the homoge-
neous media from the effective medium model. There are four
macrochannels in the simulation domain with a total of 227,804
elements as small as 0.5 mm, as shown in Fig. B3(a). Fig. B3(b, c)
demonstrates that the current meshing configuration (mesh 3) is
sufficient to produce accurate results for the heat exchanger core
optimization.

For the structural simulation, a triangular mesh was em-
ployed with 33,562 elements spaced variably, ranging from 1 to
0.3 mm. Refined mesh was applied at the filleted corners of
each macrochannel to ensure numerical convergence. A mesh-
dependent analysis in Fig. B4 shows negligible variability in the
solution (< 0.001 relative error) for the current mesh size, con-
firming the numerical accuracy of the simulation.

Both fluid and thermal simulations use a generalized minimal
residual (GMRES) iterative method with a relative tolerance con-

vergence criterion of 0.001. Structural simulations use a multi-
frontal massively parallel sparse (MUMPS) direct linear solver with
a relative tolerance convergence criteria of 0.001 [41].

A Grid Convergence Index (GCI) metric [42] was calculated for
each mesh independence analysis, for all simulated cases, as given
by

| fo=fi |
GCL =F rl’f——l =P x GCh (B1)
where subscript 1 indicates the finer mesh and 2 the coarser, r is
the grid ratio of fine mesh to coarse mesh, p is the order of method
(set as 2 in COMSOL), f is the model solution of interest, and Fs is
a factor of safety over the Richardson error estimator, prescribed
by convention as 3 [42]. For Fig. B1, GCI of the reported mesh 3
dataset is 0.56%. For Fig. B2, GCI of the reported mesh 3 dataset
is 0.27%. For Fig. B3, GCI of the reported mesh 3 dataset is 1.10%.
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Fig. B4. Meshing study of the 1st principal stress analysis. Meshes 1-7 consist of
minimum element sizes of 0.02 mm, 0.019 mm, 0.011 mm, 0.005 mm, 0.003 mm,
0.001 mm, and 0.0005 mm, respectively. Convergence of 1st principal stress mag-
nitudes averaged along fillet is achieved with meshes 3-7, with 0.1 MPa variation
between Meshes 5-7. Mesh 5 was selected to minimize computational complexity
while demonstrating high fidelity results.

For Fig. B4 GCI of the reported mesh 5 dataset is 0.02%. Thus all
meshes show sufficient convergence of results.

Appendix C

For a heat exchanger design of D = 140 um, t, = 60 um
microchannels, 625 microchannels per macrochannel, entrance
lengths were estimated using inlet material properties for both
working fluids, evaluated at the inlet temperatures, given as below

dfiig, sco2 ~ 0.05ReD = 10 mm, (C1)
dthermal, scoz ~ 0.05RePrD = 8 mm, (€2)
dfiyig, air ~ 0.05ReD = 6 mm, (C3)
thermat.air ~ 0.05RePrD = 4 mm. (C4)

Based on the heat exchanger core, both fluids reach fully devel-
oped flows in the microchannels.

We approximated our fluid flows as laminar flows in a smooth
square duct and estimated pressure drop APy, using the Darcy-
Weisbach empirical equation with average flow velocity (u) [43],

—&— COMSOL simulation
— & -Darcy-Weisbach prediction

Air Pressure Drop [bar]

0
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Microchannel Size [pm]

180

O

P —
~—

sCO2 Pressure Drop [bar]
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Table C1
Pressure drop simulation compared to previous literature results.
sCO, Air
Model [umax/u] 2.07 2.01
Reference [umayx/u] 2.09 2.09
Difference [%] 1 4

given by

56.9u(u)L
APmicro = %2()7 (C5)
(u) =i /Diy/9/p, (C6)

where i is the mass flow rates per macrochannel, o is fluid den-
sity. With the same hydraulic diameter and mass flow rates, the
pressure drop scales with 1/¢.

The results of pressure drop were compared to numerical COM-
SOL simulations as shown in Fig. C1. The expected pressure drop
maintained < 1% for thermal applications. Darcy-Weisbach empiri-
cal model assumes fully developed laminar flows while the numer-
ical model includes the effect of entrance length. The difference
slightly increases with larger channel sizes due to the longer en-
trance length. Overall, the Darcy-Weisbach empirical equation pro-
vides an effective and efficient approach to estimate the pressure
drop based on the design space.

The fluid profile umgx/u was compared to well-established val-
ues by Shah and London to further ensure accuracy of our pressure
drop simulations [44].

With the Darcy-Weisbach equation, we plotted the pressure
drops based on the microporosity in the macrochannel cores, with
the same hydraulic diameter and mass flow rates, as shown in
Fig. C2. Smaller porosity increases the flow velocities and leads to
higher pressure drops (Table C1).

The fluidic model as presented in the work is for initial esti-
mation of pressure drop, which uses constant material properties
based on inlet conditions for rapid optimization of the geometry.
For a more accurate prediction of pressure drop in the microchan-
nel for our optimized geometry, we present the following analy-
sis with temperature dependent thermophysical properties. Fig. C3
shows a D = 140 um, t, = 60 um microchannel, with inlet flow
conditions of u; = 1.34 m/s and u, = 17.83 m/s for sCO, and air,
respectively. This corresponds to a macrochannel microporosity of
50%. Applied with expected thermal profiles, we are able to vary
both air and sCO, material properties with respect to temperature

0.08
—&— COMSOL simulation
— & -Darcy-Weisbach prediction
0.06
0.04
0.02
0
80 100 120 140 160 180

Microchannel Size [pm]

Fig. C1. Comparison between microchannel pressure drop as simulated in the numerical fluidic model (Fig. 4) and as estimated using Darcy-Weisbach equation. Both the
air (left) and sCO, (right) microchannels show good agreement between numerical simulation and empirical approximation, with a slight increase in variation at larger

microchannel sizes attributed to entrance length effects.
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Fig. C3. Microchannel fluidic model with temperature dependent material prop-
erties. Thermal profiles are obtained from the thermal model with 50% poros-
ity, corresponding to 625 microchannels each with a geometry of D = 140 um,
tw = 60 um. Heat flux per porous macrochannel is averaged by 625 microchan-
nels to obtain the heat flux into/out of the working fluid within a single average
microchannel for each fluid.

[45,46]. The results show predicted pressure drops of 3.5 kPa for
sCO, and 53.1 kPa for air, a 0.01% and 0.7% pressure loss in each
working fluid, respectively.

The effect of thermal entrance length can be estimated based
on the average Nusselt numbers [47] for both fluids, given as

0.0668 (D/L)RepPr
1+ 0.04 ((D/L)RepPr)*?

which represents about 5% of thermal enhancement of the convec-
tive heat transfer with fully developed laminar flow.

Nu=3.61+ —3.74 ~ 3.82 (C7)

Appendix D

Radiation can play a significant role in heat transfer at high
temperatures. However, in our heat exchanger design, radiative ef-
fects can be neglected because it is less than 4% of the convec-
tive and conductive heat transfer. This is mainly attributed to the
small microchannel size featured in our design. The operating tem-
perature range of the air flow channels is approximately 1065 to
1558 K, while the temperature of sCO, channels ranges from ap-
proximately 573 to 1065 K. This indicates that for our 50% effec-
tiveness heat exchanger core design, the temperature difference
across each microchannel is approximately 20 K.

Since air is transparent to thermal radiation at this temperature
range [48], thermal radiation from the higher temperature SiC mi-
crochannel wall to the opposed lower temperature SiC microchan-

1

nel wall contributes to the radiative heat transfer. The emissivity
of SiC in the above operating condition is characterized to be 0.85
[49]. Using t = 60 um and D = 140 um, the effective thermal
conductivity of the microchannel network is

tw(D + tw)
th + D2 + Dty

Therefore, the conductance, h.,,4, through the microchannel walls
is

ksic ~ 16 W/mK. (D1)

keff =

1
R”cond

On the other hand, the radiative heat transfer coefficient from
the high-temperature to the low-temperature microchannel walls
with a highest temperature of 1558 K is given by,

hradiation ~ O & (T\,%] + T\iz) (Twl + TWZ) ~ 700 W/msz

X
~ %Il _ 267 kW/m2K.

tw

hcond = (DZ)

(D3)

where T,,; and T, represent the temperatures of the microchan-
nel walls. This indicates that when comparing hgy,g t0 hyggiaions
Ryadiation ONly accounts for 0.3% of the overall heat transfer, which
is negligible in our thermal analysis. sCO, is not fully transparent
to thermal radiation in the operating temperature range (from 573
to 1065 K). sCO, acts as a participating media, with an experimen-
tally characterized emissivity of 0.2 [50]. Prior work has indicated
negligible contribution of sCO, as a participating media with small
tube diameters below a few millimeters [51]. To further confirm
the insignificant role of thermal radiation, we compared it with the
convection from the SiC microchannel wall to sCO, in a D = 140
pm microchannel. The convection heat transfer coefficient is given
by,

Nu kSCOZ
D

Based on an absorption coefficient of 104/m [52], radiation from
the SiC microchannel wall is attenuated to about 25% across a
140 pm microchannel, indicating that 75% of the radiation is ab-
sorbed by sCO, working fluid. Therefore, the radiative heat transfer
coefficient is estimated as

~ 2500 W/m?K. (D4)

hconvectinn =

hradiation ~ 0.75 0 &sic(Toie + Tgo, ) (Tsic + Tico,) (D5)

where hyqgigtion Tanges from 27 W/m?K to 192 W/m?K, Tgc and
Tscoo represent the solid SiC and sCO, temperatures. Both temper-
atures increase from 573 to 1558 K across the entire microchan-
nel length. Therefore, the average radiative heat transfer coefficient
throughout the entire microchannel can be calculated as follows,
1 T

hradiation = z Tf hradiationdx ~ 96 W/m2K~

lo

(D6)
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Therefore, for sCO,, the radiative heat transfer is 3.9% of the
convective heat transfer. Convection is still the dominant heat
transfer mode between SiC and sCO, and the radiative heat trans-
fer can be neglected in our proposed heat exchanger design.

Appendix E

The effectiveness is enhanced by the channel length or NTU as
shown in Fig. E1, using the 7 mm microchannel design in Fig. 6(b).
Due to the high surface area to volume ratio, the length of the heat
exchanger core can be less than 15 cm for an effectiveness of 0.9
or even under 5 cm for an effectiveness of 0.7.

With a short channel length and large thermal gradient, it is es-
sential to evaluate the heat transfer contributed by the conduction
heat transfer along the channels within the solid phase materials.
Here we investigated the impact of solid thermal conductivity on
the heat transfer along the channels, and compared it with con-
vective heat transfer.

A microchannel in this design has a size of D = 140 pm, wall
thickness of t, = 60 pm, length L = 4 cm. SiC thermal conduc-
tivity kgic ranges from 40 to 130 W/mK. The macrochannel wall
thickness is ty; = 1 mm, with a porous core of D); = 5 mm. In one
macrochannel, there are N = (Dy/(D + tw))? = 625 microchannels
in total.

For solid conductive heat transfer along the macrochannel, the
total cross section area A.,,y per macrochannel is given by,

Acona = (Du + tm)? — ¢D%, = 36.5 mm? (E1)

where ¢ represents the microporosity of the microchannel net-
work, which is given by,

DZ
————~ 05
(D +tw)

We can compare the conductive resistance through solid phase
along the macrochannel to the convective resistance between the
working fluids to the solid walls, which can be expressed by the
Biot number,

¢ = (E2)

. L/kSiC/Acond
Bi= — =" E3
1/ (hean ADLN) (E3)
where the convective heat transfer coefficient hcopny is given by,
D
Ny = NeowD _ 5 6p (E4)
k f1uia
Substituting Eq. (E4) into Eq. (E3), we obtained,
Bi — 4N Nu kfluisz _ kfluid 4N NUL2 _ kfluid 633 N
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Fig. E1. The effects of NTU and channel length on the overall heat exchanger effec-
tiveness.
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— 3.96 x 10° XJuit > 150 (E5)
ksic

where kg ranges from 40 to 130 W/mK within the operating tem-
peratures, and kg is 0.05-0.1 W/mK for working fluids consid-
ered in our work. Eq. (E5) indicates that the conduction contri-
bution of the solid along the macrochannel is much smaller than
convection owing to the high surface area to volume ratio and
enhanced convective heat transfer coefficient enabled by the mi-
crochannel design.

Appendix F

Due to the large temperature gradient during the heat ex-
changer operation, we investigated the impact of thermal stress on
our proposed design, which is critical to the safety operation. The
heat exchanger core’s response to thermal deformation depends
highly on the thermal gradient and zero residual stress state tem-
perature of the SiC, requiring an adjustment to our previous struc-
tural evaluation. Fig. F1 shows how the principal stresses vary de-
pending on the zero residual stress state temperature. To model
the stress distribution during the heat exchanger operation, the
temperature distribution predicted by the thermal model was used
as the input of the structural model, as shown in Fig. F1(a, b). All
other boundary conditions remain the same as our analysis in Me-
chanical Stress Modeling. L; to L, represent various locations re-
garding channel length and hence different temperatures. We fo-
cused on the thermal stress perpendicular to the flow direction
due to the large pressure difference and temperature gradient be-
tween the two working fluids. In Fig. F1(c), with low residual stress
state temperatures, thermal gradients at low temperatures (cross
sections L; and L,) play a minimal role in tensile stress and there-
fore maximum 1st principal stress values are similar to those in
the pressure loading only model (200 MPa). However, due to the
low stress-free temperature, higher temperature regions (L3 and
L4) see an increase in the 3rd principal, compressive stresses. Con-
versely, at high residual stress state temperatures, low tempera-
ture cross-sections see a dramatic increase in 1st principal, tensile
stresses.

Based on the results of the structural modeling, thermal
stresses have negligible impact on the tensile stresses generated
in the heat exchanger core given the SiC material is stress-free at
temperatures below 700 K after fabrication, which is achievable by
slow cooling cycles after sintering completion.

Appendix G

The coextrusion process has shown promise in producing con-
sistent microchannels with various materials for microchannels as
small as 50 pm [27]. The choice of microchannels around 100 pm
suits the pressure drop requirement and is also reasonable based
on the current development of the ceramic co-extrusion pro-
cess. Nevertheless, there could be fabrication defects regarding mi-
crochannels, such as surface roughness, blockage, merging chan-
nels, and distorted microchannels.

Due to the grain size and possible fabrication defects, surface
roughness (~pum) can be expected on the microchannel walls. Be-
cause of the laminar flow in the microchannels, the overall surface
roughness has negligible effect on the pressure drop or thermal
performance.

Blocked microchannels will reduce the surface area and also in-
crease the pressure drop. Each 1% blockage of the microchannel
will reduce the surface area by about 1%. Since the heat transfer
conductance across the solid phase is not affected, the overall ther-
mal performance reduction will be less than 1%. Pressure drop will
increase on the scale of 1% due to higher flow velocity in other mi-
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Fig. F1. Thermal structural model of heat exchanger core. (a) Thermal gradients in an example 6 x 6 heat exchanger core. The dashed lines represent the cross sections at
different channel length locations. (b) Temperatures of the heat exchanger core at varying lengths (L; to L), where temperature data was extracted and used as an input
for the 2D structural modeling. (c) Maximum 1st (blue) and 3rd (red) principal stress results of the 2D structural modeling, including both thermal gradient and pressure

loading conditions, for each of the cross sections along the channel length.

Fig. G1. Schematic of perfect square microchannels (left) and slanted rhombus mi-
crochannels with an angle of 6.

crochannels, as the pressure drop scales linearly with velocity for
laminar flow.

Assuming the original microchannel size is D, ; =D, two ad-
jacent microchannels merging together reduces the surface area
from 8D to 6D, a reduction of 0.25% for each 1% of merging mi-
crochannels. The hydraulic diameter of the two adjacent merged

microchannels becomes Dy, = #¢ = 54D = 4D. Therefore, it re-

IJ
duces the pressure drop to (3/4)% leading to about 3% pressure
drop for each 1% of merging microchannels.

Another possible defects can lead to rhombus-shaped mi-
crochannels rather than square-shaped microchannels during the
co-extrusion process. With a slanted angle of & as shown in the
Fig. G1, the overall cross section area of the microchannel remains
the same, but with a higher surface area Ay/A = (1 + 1/sin(8))/2
and smaller hydraulic diameter Dy/D =2/(1+ 1/sin(8)). For ex-
ample, even with an average slanted angle of 70°, the surface area
is enhanced by about 3.2% with a higher pressure drop by 3.1%.

Overall, these defects have minor effects on heat transfer and
pressure drop with low defect rates, which is reasonable based on
the established co-extrusion process [27].

Since the overall microporosity within the macrochannel re-
mains similar or lower when the microchannels are filled or

13

blocked, the mechanical strength will stay the same value or
slightly increase, maintaining a similar safety factor.

Appendix H

The hierarchical model mainly focuses on the heat exchanger
core and does not include the pressure drop from the headers. A
possible header design for checkerboard-pattern counterflow heat
exchangers [53] is illustrated in Fig. H1(a). By offsetting a part
of the macrochannels from even and odd columns half of the
macrochannel size, a checkerboard pattern is rearranged into a
plate type pattern, aligning both hot and cold channels horizon-
tally, as shown in Fig. H1(b). This can then be interfaced with stan-
dard linear or plate-type headers to attach the heat exchanger to
the rest of the cycle. The header can be made from macrochan-
nels and integrated with the core to assist the fluidic distribution
to the respective macrochannels with minimal pressure drop and
flow maldistribution. In the future work, it is important to opti-
mize and implement the header design, and characterize the pres-
sure drop as well.

Appendix I

The proposed heat exchanger can further be customized for
other applications including terrestrial power generation plants,
such as nuclear power plants and concentrated solar power sys-
tems. Here we included an example for a concentrated solar
power system, where the working fluids are molten salt at 873 K,
72.5 kg/s and sCO, at 1073 K, 80 kg/s [14]. Compared to existing
solar applications, the elevated temperatures will continue enhanc-
ing energy conversion efficiency and lowering the levelized cost
of electricity [54]|. To compensate for the higher viscosity of the
molten salt, we adopted an asymmetrical design for two working
fluids, assigning millimeter-scale channels (0.7 mm microchannel
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Fig. H1. Schematic header design for the checkerboard counterflow heat exchanger. (a) Schematic of the checkerboard macrochannels of the heat exchanger core. Red and
blue cells represent macrochannel for hot and cold flows. (b) Through offsetting the start and the end of macrochannels in odd columns downwards by half unit cell size,
and even columns up by half unit size, the cold and hot macrochannels align horizontally at inlets and outlets to assist the distribution of working fluids with respective

macrochannels.

140 um microchannels for sCO,

-
0.7 mm microchannels for MS

Fig. I1. Multiscale porous heat exchanger core design for concentrated solar power generation, with an asymmetrical design for two working fluids. (a) Macrochannel
dimensions remain identical for sCO, and molten salt (MS) fluids. To compensate for the higher viscosity of the molten salt, an asymmetrical design was adopted to, assign
microchannels (b) for sCO, (140 um microchannel and 60 pm microchannel wall) and millimeter-scale (c) channels (0.7 mm microchannel and 0.3 mm microchannel wall)

for molten salt.

and 0.3 mm microchannel wall) for molten salt with smaller mi-
crochannels for sCO, (140 pym microchannel and 60 pm microchan-
nel wall), illustrated by Fig. I1. The macrochannel size and wall
thickness for each fluid are kept the same. Our proposed heat ex-
changer design can achieve a thermal duty of 17.5 MWy,, 95% ef-
fectiveness, power densities of 9.71 MW/m3 and 4.05 kW/kg, more
than 2.5x thermal performance compared to printed-circuit heat
exchangers with similar materials [2,11,14].
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