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A B S T R A C T

An experimental air-foil printed circuit heat exchanger (PCHE) with CO2 as a working fluid is numerically
modelled and developed within the OpenFOAM environment as a freely available package for more general
PCHE designs. The conjugate heat transfer solver (chtMultiRegionFoam) is adapted to include both the hot
and cold fluid streams of the PCHE, along with the solid recuperator body, within three uniquely specified
overlapping mesh regions. The fluid stream momentum equation is adapted to incorporate porosity, with
the additional streamwise air-foil drag (friction factor) accounted for by the Darcy–Forcheimer porous media
model. A simple linear ad-hoc model for the transverse friction factor is evaluated to determine the dispersion
of the momentum across the flow. Heat transfer between the fluid streams and the solid body is driven by a
volumetric thermal resistance with a cell volume-weighted interpolation method (volume-to-volume coupling),
with experimentally determined Nusselt number correlations applied. Temperature-dependent parameters
based on isobaric NIST data for CO2 are tabulated as a user library and integrated within the coding
package. The model predictions of the solid body temperature distributions are assessed and validated against
experimental data with eight equidistant fibre optical measurements across the PCHE core and compared
against finite-element-based MATLAB numerical results. Thermal stresses are evaluated and qualitatively
evaluated against experimental data, demonstrating the capability of the model to highlight potential design
features for improvement.

1. Introduction

The development of next-generation nuclear reactors (Gen IV) has
garnered significant interest over the past decade due to their improved
efficiency, economics, and safety, which makes them promising low-
carbon emission solutions for future energy production. These reactors
are specifically designed to withstand higher pressures and operating
temperatures compared to previous plants (Xiuqing et al., 2006), with
some designs such as liquid-metal fast reactors (LMFR) that use printed
circuit heat exchangers (PCHE) to facilitate heat transfer from the
nuclear reactor to the power cycle (Locatelli et al., 2013; Nestell and
Sham, 2015). PCHEs typically consist of alternating stacked metal
plates, with small working hot and cold fluid channels within each
plate that are diffusion bonded together to form a solid block. These
heat exchangers exhibit a high heat transfer area-to-flow volume ratio,
achieved through chemically etched patterns that form various config-
urations, including cross-, counter-, or multifluid flow passes. Etched
patterns encompass straight channels, zigzag channels, S-shaped fins,
and offset air-foils (Liu et al., 2020). As a result of their compactness
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and thermal efficiency, PCHEs are highly favoured for implementation
in Gen IV nuclear power plants.

Detailed thermal hydraulic analysis is required to determine the
performance of PCHEs and potential design flaws, which is necessary to
certify a nuclear service PCHE design. Sophisticated analysis methods
are required since stresses in PCHEs manifest themselves on the mi-
crochannel scale, while their driving loads must be resolved over the
entire heat exchanger. As a result, traditional finite element (FE) and
computational fluid dynamics (CFD) methods to model domain-scale
thermal transients yield billion degree-of-freedom (DoF) problems that
are slow to solve and cumbersome to adapt to varying PCHE designs.
Thus, a simplified and flexible thermohydraulic modelling approach
is needed. One approach is the effectiveness number of transfer units
(𝜀−𝑁𝑇𝑈) method, which is commonly used for the preliminary design
and sizing of PCHEs. For example, Kim and No (2012) utilised the
𝜀 −𝑁𝑇𝑈 method along with CFD analysis to optimise the design and
size of a PCHE used in a high-temperature gas reactor. The 𝜀 − 𝑁𝑇𝑈

method provides a convenient approach to estimating the thermal
performance of PCHEs in the early stages of design, where detailed
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Nomenclature

Greek symbols

𝜅 Thermal conductivity [W m−1 K−1]

𝜇 Dynamic viscosity [Pa s]

𝜙 Porosity [–]

𝜌 Density [kg m−3]

Latin symbols

𝐴surf Surface area density [m−2]

𝐶𝑓 Cross-flow factor [–]

𝑐𝑝 Specific heat capacity [J kg−1 K−1]

𝐷ℎ Hydraulic diameter [m]

𝐷𝑠𝑜 Depth of the solid [m]

𝑓 Friction factor [–]

ℎ Local heat transfer coefficient [W m−2 K−1]

𝑗 Colburn factor [–]

𝐿𝑐ℎ Length of central channel [m]

𝑁𝑢 Nusselt Number [–]

𝑃 Dynamic pressure [Pa]

𝑃𝑟𝑔ℎ Hydrostatic pressure [Pa]

𝑃𝑟 Prandtl number [–]

𝑅𝑠→𝑙 Volumetric thermal resistance [K m3 W−1]

𝑅𝑒 Reynolds Number [–]

𝑇 Temperature [K]

𝑈𝑖 Velocity [m s−1]

𝑉 Volume [m3]

𝑊𝑐ℎ Width of central channel [m]

𝑊𝑠𝑜 Width of the solid [m]

𝑥, 𝑦, 𝑧 Streamwise, transverse, and spanwise di-
rections [–]

Subscript

∥ Parallel

⟂ Perpendicular

𝑐 Cold stream

ℎ Hot stream

𝑖, 𝑗 Einstein tensor notation

𝑙 Liquid stream (hot or cold)

𝑠 Solid body

geometry information is not yet available. However, when it comes to
detailed component-level analysis, more sophisticated models are re-
quired to accurately capture thermal performance and resolve thermal
gradients within the PCHE. Variations in fluid properties, changes in
channel geometry, and transitions between fluid inlets, outlets, and the
counterflow core have a significant impact on thermal performance,
which cannot be adequately captured by simple 𝜀 −𝑁𝑇𝑈 methods.

Linearised and homogenisation methods have been proposed to
address these challenges. Both approaches use estimations for (a) the
pressure drop from the fluid streams for a given mass flux and (b)
the heat transfer to and from the PCHE solid body and fluid streams.
The use of friction factor, 𝑓 , is commonly used to express the pressure
drop performance of a PCHE microchannel. Heat transfer effectiveness
is described by the local heat transfer coefficient, ℎ, or its dimen-
sionless equivalents: Nusselt number, 𝑁𝑢 and Colburn factor, 𝑗. All
these terms can be determined through experiments, with microchan-
nel CFD simulations or a combination of both Aneesh et al. (2016).
Linearised analysis focuses on the PCHE core and transition regions.

It reduces the behaviour of these regions along the PCHE axis and
employs one-dimensional discretisation and finite-difference methods
to approximate the fluid-to-fluid heat transfer. Linearised models are
effective in capturing the overall performance of the PCHE and can
account for variations in fluid properties, such as near-critical operating
conditions. They provide a valuable tool for preliminary design and
system-level analysis.

For more detailed analyses, homogenisation methods are used to
address all regions of the PCHE within a single 2D or 3D model. These
methods homogenise the behaviour of microchannelled regions within
representative volumes and formulate the thermohydraulic problem as
a system of partial differential equations (PDEs). Urquiza et al. (2013)
formulated an effective porous media model for a composite plate with
offset fins for a liquid salt plate and helium plate. This composite plate
was further divided into several zones containing unique geometrical
configurations that include repetitive small-scale features. Unit cells
containing these characteristics, which are also representative of the
zones from which they were obtained, are then analysed and their
effective thermal, hydraulic, and mechanical properties are derived.
The model could capture the entrance, transition, core, exit, and solid
PCHE regions. Using a porous media model for the hydraulic equations,
the model captured the two-dimensional flow. Urquiza’s work proved
the applicability of the homogenisation method in the thermohydraulic
modelling of PCHE but was limited in its implementation of finite
differences and the assembly of boundary conditions in regions of
nonlinearity proved to be unstable. Jentz (2021) applied the principles
of Urquiza et al. (2013) for a finite element-based representation as a
MATLAB package with a developed Heat Exchanger Thermohydraulic
(HHXT) environment for both an air-foil and a zigzag channel recuper-
ator. The HHXT provides a multistream heat transfer solution in 2D or
3D for full-sized heat exchangers without needing to resolve the specific
microchannel geometries. This is achieved through a finite element
solution of a system of coupled nonlinear PDEs which model the
following behaviour: core solid thermal conduction, nonlinear porous
media flow in each fluid stream, thermal advection in each fluid stream,
heat transfer between each fluid stream and the core solid, and thermal
storage in the core and all fluids. The results of the modelling predict
the recuperator temperature well against the experimental data, with
further analysis of the thermal and mechanical stress gradients on the
system (Jentz, 2021).

There have been many attempts to capture thermohydraulic fea-
tures of both the domain scale and pore scale of heat exchangers with
CFD-based approaches. Many of the pore-scale approaches utilise the
full Navier–Stokes equations and accompanying energy equation over
a representative unit cell with an eddy-viscosity RANS model for the
working fluids. Cong et al. (2021) applied a SST 𝑘 − 𝜔 and Abid
low Reynolds 𝑘 − 𝜀 turbulence model for sCO2 and liquid sodium,
respectively, with a segregated coupling strategy for conjugate heat
transfer. A four-equation model was proposed for the same working
fluids (Su et al., 2023; Li et al., 2022), which assesses the variability
of the Prandtl number due to the normal Reynolds analogy for the
breakdown of the heat flux for the liquid sodium. Hakim et al. assessed
the thermohydraulic performance of cube fin structures in a PCHE (El-
Hakim et al., 2022) with also an SST 𝑘 − 𝜔 model. In other works,
a C-shaped channel geometry has been optimised utilising 3D RANS
and machine learning techniques to improve the overall performance
of the C-shaped PCHE (Saeed et al., 2022). In terms of a multiscale
approach, Greiciunas et al. (2019) modelled a plate fin HX by taking
a section of a HX core and modelling both cold and hot streams
separated by a conducting solid, implemented using a conjugate heat
transfer methodology. The HX section domain data were implemented
in the macro HX unit models, where the HX core was simplified using
porous media and effectiveness models for flow and heat transfer.
Della Torre et al. (2019) proposed a similar approach for a multiscale
model to predict the various scales of an offset-strip fin and dimple-type
turbulator for the automotive industry.
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Developing user-friendly and adaptable coding packages is advan-
tageous for the advancement of nuclear energy systems. Some of the
mentioned works are developed with in-house codes (Jentz, 2021;
Urquiza et al., 2013), commercial codes (Dmitriev et al., 2023), or open
source codes that are not available, such as OpenFOAM (Greiciunas
et al., 2019; Su et al., 2023; Della Torre et al., 2019). The study of
various systems with a porous media methodology with OpenFOAM
coding packages has attracted much interest. Higuera et al. (2014) and
Feichtner et al. (2021) created IHFOAM by adapting pre-existing code
to study flow through coastal structures. He et al. (2022) developed
PorousDriftFoam to model shell and tube heat exchangers. Maes and
Menke (2022) created GeoChemFoam to solve complex flow processes
including multiphase transport with interface transfer, single phase
flow in multiscale porous media, and reactive transport with mineral
dissolution. Żuk et al. (2022) presented porousGasificationFoam for
comprehensive simulations of thermochemical conversion in porous
media. The code development in this work is partly inspired by the
application of these OpenFOAM packages, which are available on
GitHub (https://github.com/MikeMcDermott-Code/PCHE).

This work aims to develop a methodology to analyse the macroscale
thermohydraulic characteristics of PCHEs in the finite-volume Open-
FOAM environment as an open-source package. The methodology dif-
fers from the finite element approach of Jentz and Anderson (2020) by
considering three separate unique regions (hot stream, cold stream, and
solid body) and by solving the hydraulic solution with the full Navier–
Stokes equation with the same friction factor imposed as the experimen-
tal correlations. The assumption of cross-flow variations is examined,
and the hydraulic solution is calculated. Convective heat transfer is
addressed with a volume resistance between fluid streams and the solid
body 𝑅𝑠→𝑙, with a cellVolumeWeight interpolation method (volume-to-
volume coupling) using the OpenFOAM functionality. The experimental
air-foil PCHE is used as an example case to validate the current method
against previous simulation results and experimental data. The current
work forms the basis of the macro-scale approach, and an accompa-
nying coupled multiscale approach is ongoing. The paper is organised
as follows: Section 2 presents the methodology & governing equations;
Section 3 presents the numerical procedure and OpenFOAM code pack-
age; Section 4 presents the results with an example case for the air-foil
PCHE with thermal-hydraulic predictions and analysis of fluid streams
and temperature of the recuperator body; and finally, Section 5 draws
conclusions.

2. Methodology & Governing equations

The finite volume (FV) approach is employed to evaluate the macro-
scopic PCHE thermohydraulic features with a 2D homogenised porous
media representation. Fig. 1 shows a schematic of the methodology
for this study. The entire PCHE is represented by stacked alternating
plates in which the modeller identifies the number of unique plates
(e.g. hot stream ℎ, and cold stream 𝑐). On the pore-scale, the internal
flow follows tortuous paths for a given etching, such as open and closed
channels. In the porous-media approach, the PCHE is represented by
its volume-averaged properties via a geometrically defined porous re-
gion of volumetric dimension. In this continuous and homogeneous
porous region, resistance source terms are applied as closure terms to
the momentum equation. The source terms represent the macroscopic
effects of the porous structure on the flow. The modeller must identify,
through experiment or analytical calculations, the surface area density
𝐴surf and the hydraulic diameter, 𝐷ℎ, of the unique fluid streams. In
PCHEs, the thermohydraulic flow is dominated by streamwise (𝑥) and
transverse (𝑦) motion, and thus spanwise (𝑧) motion variation can be
assumed negligible and reduce the problem to 2D. The domain is di-
vided into regions: one solid body and 𝑙 unique fluid streams. Although
in Fig. 1 the regions are separated for visual aid, they exist in the same
𝑥–𝑦 plane, with a fixed thickness to ensure volume fluxes (however still
2D in nature). The volume of all the homogenised regions is specified

by 𝑉 , with the porosity of the fluid regions determined experimentally
via the relationship 𝜙𝑙 = 𝑉𝑙∕𝑉 . The porosity becomes essential for
identifying the volumetric heat transfer to and from the fluid streams
and solid body, as well as the additional frictional losses, 𝑓 , both
parallel 𝑓∥, and perpendicular 𝑓⟂, within the fluid streams. The volume
averaged thermal and hydraulic transport equations for the solid body
and fluid streams are described below. In what follows, conventional
tensor notation is applied with subscript 𝑖 and 𝑗 denoting indexes, and
𝑘𝑘 denoting the trace. Subscript 𝑙 and 𝑠 represent properties of the fluid
stream and solid body, respectively, with all other subscripts clarified
when necessary.

2.1. Transport equation for the solid body

The volume-averaged specific enthalpy transport equation for the
solid body is given by,

𝜕𝜌𝑠𝑐𝑝⟨𝑇𝑠⟩
𝜕𝑡

=
𝜕

𝜕𝑥𝑗

(
𝜅𝑠

𝜕⟨𝑇𝑠⟩
𝜕𝑥𝑗

)
+

𝐿∑

𝑙=1

(⟨𝑇𝑠⟩ − ⟨𝑇𝑙⟩
𝑅𝑠→𝑙

)
, (1)

where 𝜌𝑠 is the solid density, 𝜅𝑠 is the solid thermal conductivity
coefficient, 𝑇𝑠 is the solid temperature, and 𝑇𝑙 is the fluid stream
temperature. The symbol ⟨⋅⟩ stands for the local phase average (integral
over the entire control volume). For brevity, the relationship between
the local phase average and local phase intrinsic average (integral over
the fraction of the control volume occupied by the solid) is given by
⟨⋅⟩ = 𝜙𝑠⟨⋅⟩𝑠. Similarly is the case for the fluid such that ⟨⋅⟩ = 𝜙𝑙⟨⋅⟩𝑙. The
term on the LHS of Eq. (1) represents the total heat storage within the
homogenised volume. Although this term becomes negligible for steady
state, it has some pseudotransience effects during start-up, which can
impact thermal gradients and stress. The first term on the RHS of Eq. (1)
represents solid conduction. The last term represents the total heat
exchange to 𝐿 fluid streams, with solid-to-fluid heat transfer driven
by volumetric thermal resistance, 𝑅𝑠→𝑙. This parameter can be either
a constant or derived from a heat transfer coefficient. The dimensional
fluid heat transfer coefficient, ℎ𝑙, is the easiest to use and allows 𝑅𝑠→𝑙

to be written in terms of the internal microchannel hydraulic diameter,
i.e.,

𝑅𝑠→𝑙 =
1

ℎ𝑙
×

𝑉

𝐴surf,𝑙
≡

1

4

(
𝐷ℎ

𝜙ℎ

)

𝑙

. (2)

For PCHE flow problems, ℎ𝑙 depends on fluid properties such as local
velocity variation, porosity, and Nusselt number, determined through
experimental correlation, which is specified further in this study in the
fluid stream transport equations. In the case of a two-stream problem
(hot and cold), the last term in Eq. (1) is simplified by

𝐿∑

𝑙=1

(⟨𝑇𝑠⟩ − ⟨𝑇𝑙⟩
𝑅𝑠→𝑙

)
=

⟨𝑇𝑠⟩ − ⟨𝑇𝑐⟩
𝑅𝑠→𝑐

+
⟨𝑇𝑠⟩ − ⟨𝑇ℎ⟩

𝑅𝑠→ℎ

. (3)

2.2. Transport equations for 𝑙 fluid streams

The volume-averaged transport equations for the mass and momen-
tum of the fluid streams are given respectively by

𝜕𝜌𝑙⟨𝑈𝑖,𝑙⟩
𝜕𝑥𝑖

= 0, (4)

𝜕𝜌𝑙⟨𝑈𝑖,𝑙⟩
𝜕𝑡

+ ⟨𝑈𝑗,𝑙⟩
𝜕𝜌𝑙⟨𝑈𝑖,𝑙⟩

𝜕𝑥𝑗
= −

𝜕⟨𝑃𝑙⟩
𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

(
𝜇𝑙

𝜕⟨𝑈𝑖,𝑙⟩
𝜕𝑥𝑗

)
+ 𝑆𝑖, (5)

where ⟨𝑈𝑖,𝑙⟩ is known as the superficial fluid velocity (or Darcy veloc-
ity), 𝜌𝑖,𝑙 is the fluid density, 𝑃𝑙 is the dynamic pressure, and 𝜇𝑙 is the
dynamic viscosity. The additional pressure resistance from the internal
micro-channels is represented as a momentum source term given by the
Darcy–Forchheimer model (Whitaker, 1996),

𝑆𝑖 = −

(
𝜌𝑓𝑖

2𝐷ℎ

||||
⟨𝑈⟩
𝜙

||||

)

𝑙

⟨𝑈𝑖,𝑙⟩
𝜙𝑙

, (6)

https://github.com/MikeMcDermott-Code/PCHE
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Fig. 1. Schematic of the general methodology for homogenised PCHE.

where |𝑈𝑙| is the superficial fluid velocity magnitude. The Forchheimer
coefficient (or friction factor term) is given by 𝑓𝑖, which is typically
calculated using correlations from experimental data or purposefully
built CFD studies, with functional form based on the Reynolds number,
viz.

1√
𝑓 (𝑅𝑒)

= 𝐴 log10

(
𝐵 +

𝐶

𝑅𝑒
√
𝑓 (𝑅𝑒)

)
, (7)

where 𝐴, 𝐵, and 𝐶 are determined constants. The Reynolds number is
defined by the following:

𝑅𝑒𝑙 =
𝜌𝑙|⟨𝑈𝑙⟩|𝐷ℎ,𝑙

𝜙𝑙𝜇𝑙
, (8)

which is computed by the modeller within a specified range. Other
functional forms of Eq. (7) exist within the literature (Liu et al., 2020)
depending on the nature of the fluid (e.g. sodium, carbon dioxide,
helium) and the canonical system examined (e.g. channel etchings),
although not discussed further in this study.

The modeller must consider the directionality of 𝑓𝑖 within the
specified homogenised volume, which follows the flow channels or
mean flow direction by 𝑓∥ = 𝑓 (𝑅𝑒), and the transverse (cross-flow)
component by 𝑓

⟂
(see Fig. 1). Here a simple linear ad hoc model is

prescribed for the cross-flow component such that 𝑓
⟂
= 𝐶𝑓𝑓∥, where

𝐶𝑓 > 1 is the cross-flow factor. Within PCHEs, for both open and
closed channels, there exists strong resistance to transverse momentum
maldistribution (although not infinite) as a result of the fine detailed
internal micro-channel structures. A porous media (PM) study on shell
and tube heat exchangers (STHE) examined the value of 𝐶𝑓 (named the
resistance factor in their study), predicting the pressure gradient within
10% error compared to fully resolved CFD simulations, when 𝐶𝑓 > 100.
They concluded that the PM approach is a powerful tool for modelling
PCHE hydrodynamics (Zhu et al., 2022). The validity of the cross-flow
application in the context of PCHEs is examined further in this paper.

The corresponding volume-averaged fluid-specific enthalpy trans-
port equation is given by,

𝜕𝜌𝑙𝑐𝑝⟨𝑇𝑙⟩
𝜕𝑡

+ ⟨𝑈𝑗,𝑙⟩
𝜕𝜌𝑙𝑐𝑝⟨𝑇𝑙⟩

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗

(
𝜅𝑙
𝜕⟨𝑇𝑙⟩
𝜕𝑥𝑗

)
−

⟨𝑇𝑠⟩ − ⟨𝑇𝑙⟩
𝑅𝑠→𝑙

, (9)

where 𝑐𝑝,𝑙 is the fluid specific heat capacity, and 𝜅𝑙 is the fluid thermal
conductivity. Similarly to the enthalpy transport of the solid body
(Eq. (1)), the first term on the LHS of Eq. (9) determines fluid heat
storage and the second term additionally drives fluid heat advection
(not present in Eq. (1) because 𝑈𝑗,𝑠 is zero). The first term on the RHS
is fluid conduction, and the second term accounts for fluid-to-solid heat
transfer, noting the opposite sign which balances the overall total heat
transfer. The volumetric thermal resistance between the solid and the
fluid streams, defined generally earlier (Eq. (2)), is presented here as a
function of the Nusselt number such that,

𝑅𝑠→𝑙 =
1

4

(
𝐷2

ℎ

𝜙𝜅𝑁𝑢

)

𝑙

, (10)

with functional form

𝑁𝑢𝑙 = 𝑎𝑅𝑒𝑏
𝑙
𝑃𝑟𝑐

𝑙
, (11)

where 𝑎, 𝑏 and 𝑐 are determined constants, and the Reynolds number
and Prandtl number are specified within a range. As with the friction
factor correlation (Eq. (7)), the Nusselt number correlation (Eq. (11))
can take various forms, such as the dependence on the Peclet number
(𝑃𝑒 = 𝑅𝑒𝑃𝑟𝑡) for low-Prandtl fluids such as sodium hot liquid.

3. Numerical procedure & OpenFOAM

A numerical framework is built using OpenFOAM (v2212) based on
the methodology and governing equations described in the
previous section. The tree structure of the coding package is
described in Fig. 2, showing three main branches: the solver
(mySolvers/PCHEFoam), case directory (run/PCHE), and library
(myLibs/PoroVHT). The inbuilt chtMultiRegionSimpleFoam solver
is used and adapted to incorporate the governing equations, named
PCHEFoam. This includes the addition of fluid porosity (named
PoroFluid) as a volScalarField within createFluidFields.H

and UEqn.H. The momentum and energy source terms are solved using
the inbuilt interRegion finite volume option (fvOptions), with the
sub-classes explicitPorositySource and variableHeatTransfer,
respectively, with the latter being adapted to incorporate the fluid
porosity (named PoroVHT).

The case directory (run/PCHE) contains the usual structure for
standard OpenFOAM simulations, with a 0 time directory, system
directory, and constant directory. First, the modeller must identify
the unique regions of the PCHE design, which are specified within
regionProperties. Here, the fluid streams have been represented
as l-stream which, for brevity, are HotStream and ColdStream for
our purpose. The geometry of the fluid flows and the solid body is
generated within blockMeshDict. The setFieldsDict functional-
ity allows the user to specify spatially varying fluid porosity, 𝜙𝑙(𝑥𝑖),
for cases where there are known differences in microchannel den-
sity. Cell zones that specify the directionality of the friction factor
within the fluid regions are assigned within topoSetDict, or di-
rectly via the blockMeshDict functionality. The local coordinate
system for each cell zone specified is defined within fvOptions for
the fluid streams, which is dynamically linked to the root Open-
FOAM directory etc/caseDicts. Also applied within fvOptions is
the limitTemperature functionality for all regions, which bounds the
temperature field between the hot inlet and cold inlet temperatures and
enhances numerical stability during run time.

The temperature-dependent fluid properties are defined within
thermophysicalProperties using the tabulated OpenFOAM func-
tionality. These tabulated values are predetermined based on isobaric
data collected from the NIST database and stored and dynamically
linked in the thermoData library within the case directory. The ex-
ample shown in Fig. 2 is for CO2, with the file p<value> representing
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Fig. 2. OpenFOAM code tree structure for PCHE simulations.

the isobaric data at a given pressure constant (e.g. p5,990 could be a
pressure of 5.990 [MPa]). A more expansive library could be included
for CO2 over temperature and pressure, or for varying fluids such as
helium and liquid sodium, but it is beyond the scope of this work.

The initial values of the fluid and the boundary conditions are
stored in the 0 time directory. A constant mass flow rate condition
is imposed on the inlet and outlet of the velocity field with the
flowRateInletVelocity boundary condition. The temperature field
has a Dirchelet conditions (fixedValue) at the inlet and Neumann
conditions (zeroGradient) at the outlet. The hydrostatic pressure
(𝑃𝑟𝑔ℎ) uses a fixed flux condition at the inlet with fixedFluxPressure
and a fixedValue condition at the outlet, with also 0 gauge pressure
for both 𝑃𝑟𝑔ℎ and 𝑃 . With this approach, the dynamic pressure, 𝑃 , is
set to calculated on all boundaries. At walls, the velocity field has
a slip condition due to the boundary layer not being fully resolved
based on the porous media approach, with all other fields having
zeroGradient. The boundary conditions for the solid are simply
zeroGradient everywhere for the temperature. The solid pressure
field is included within the case as a place holder for the OpenFOAM
structure and is set to 0 as with the gauge pressure. A summary of the
boundary conditions for the fluid streams can be viewed in Table 1.

Gauss linear and upwind schemes are used for divergence and
Laplacian terms within fvSchemes, and a PISO loop is used within
fvSolution. All the adjustable variables (e.g. inlet temperature, mass
flow rate, Nusselt number constants, friction factor constant, etc.) are
written in a configuration file (Variables) in the main case directory

for easy adjustability. An Allrun script is also included within the main
case directory, which cleans the case, runs the blockMesh application,
sets the cell zones, and then runs the simulation with the PCHEFoam

solver until a steady state is reached. The simulations were run on an
ASUS ZenBook UX430U laptop with an Intel Core i7 processor and 8 GB
of RAM, which took roughly 30 clock time seconds to complete.

4. Example case: Airfoil 𝐂𝐎𝟐-𝐂𝐎𝟐 PCHE

The following section aims to use the current mathematical model
and coding package with an example case for an airfoil PCHE with CO2

as working fluids. Experimental investigations have been conducted
on this airfoil PCHE, along with accompanying finite element-based
analysis in Matlab (Jentz, 2021), both of which are used to validate
the current modelling package by comparing against thermal data and
simulation results.

4.1. Computational domain

The airfoil PCHE consists of 5 cold CO2, 4 hot CO2, and 1 instru-
mented 1.5 [mm] thick plate. The hot and cold CO2 plates contain a
1 [mm] deep etched, 94.3 [mm] wide, airfoil channel, containing 8.1
[mm] long NACA0020 airfoils spaced at 3.65 [mm] intervals across
the flow and 6.9 [mm] along the flow direction (see Fig. 1 for airfoil
visual). The hydraulic diameter is calculated as 𝐷ℎ = 1.498 [mm]. The
porosity of the core is calculated as 𝜙core = 0.4752, such that the
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Fig. 3. (a) Computational domain of the solid body, hot stream and cold stream. Region cell zones for (b) hot stream, and (c) cold stream.

Table 1
Summary of model boundary conditions implemented in OpenFOAM for the fluid streams.

Fluid boundary patch

Wall(s) Inlet(s) Outlet(s)

𝑃𝑟𝑔ℎ fixedFluxPressure fixedFluxPressure fixedValue
𝑇 zeroGradient fixedValue zeroGradient
𝑈 slip flowRateInletVelocity inletOutlet

porosities of the hot and cold fluid stream are 𝜙𝑐 =
5

9
𝜙core ≈ 0.264

and 𝜙ℎ =
4

9
𝜙core ≈ 0.211.

The computational domain for this study is constructed and shown
in Fig. 3a. The solid body, hot stream, and cold stream regions are spec-
ified within the grey, red, and blue bounds, respectively. The dashed
red-blue line represents both the hot- and cold-stream bounding lines.
Each region exists within the same 𝑥–𝑦 plane, and although the model
is 2D in nature, there is a finite depth of the solid body, 𝐷𝑠𝑜, which
ensures the application of volume fluxes. The main dimensions labelled
within Fig. 3a are specified as follows: length of the central channel,
𝐿𝑐ℎ = 575.5 [mm]; width of the central channel, 𝑊𝑐ℎ = 94.3 [mm]; width
of the solid wall, 𝑊𝑠𝑜 = 12.7 [mm]; depth of the channel, 𝐷𝑠𝑜 = 15 [mm].
Fig. 3b & c displays the 5 cell zones for the hot and cold stream,
namely: central channel (I), inlet curve (II), outlet curve (III), outlet
(IV) and inlet (V). There are four coordinates, 𝛬, which denote the
central point of rotation for a cylindrical coordinate transformation
for the curved regions II and III (e.g. 𝛬𝐼𝐼,ℎ = (

1

2
𝐿𝑐ℎ,−

1

2
𝑊𝑐ℎ − 𝑊𝑠𝑜)).

This ensures that the imposed streamwise friction factor acts parallel
to the channel and the analogous transverse term acts perpendicularly.
The four geometric parameters and specifications of unique cell zones

are purposefully defined, and the procedure that is presented can be
extended to other PCHE designs (e.g varying inlet/out locations and
multistream flow passes). A mesh independence study is conducted
over 5 meshes by comparing outlet temperatures and pressure drop
measurements, which can be viewed in Table 2. The M1 mesh gave
rise to enthalpy residuals of 10−2, leading to spurious results. The M2
to M4 meshes gave convergent results, with no notable differences in
the measurements for the M5 mesh. The M4 mesh is selected for this
study, with a relatively fast CPU time of ∼ 30 [s].

4.2. Model inputs & Properties

The model inputs and properties of the model are built within a
single configuration file within the main directory of the OpenFOAM
case file, as explained in Section 3 and Fig. 2. This encompasses the
four geometry dimensions from the previous subsection; the friction
factor and Nusselt number experimental values (from Eqs. (7) and (11))
within the fvOptions directories; initial and boundary conditions
for temperature, pressure and mass flow rate for the hot and cold
streams — all of which are summarised within Table 3, with boundary
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Table 2
Mesh independence analysis: 𝑥𝑠𝑜 and 𝑦𝑠𝑜 are the number of cells in the 𝑥 and 𝑦 direction
for the solid, respectively. The total cells includes the solid and the two fluid meshes.
Measured values are the outlet temperature, pressure drop and elapsed CPU time for
each run.

Mesh 𝑥𝑠𝑜 𝑦𝑠𝑜 Total cells 𝑇ℎ,𝑜𝑢𝑡 [K] 𝑇𝑐,𝑜𝑢𝑡 [K] 𝛥𝑃ℎ [Pa] 𝛥𝑃𝑐 [Pa] CPU time [s]

M1 50 20 5800 319.28 419.78 8512 3927 10.84
M2 100 20 8800 318.50 420.49 7842 3203 13.85
M3 150 30 18900 318.33 420.73 7840 3200 28.43
M4 200 30 23400 318.22 420.84 7839 3199 33.55
M5 400 50 73000 318.22 420.83 7839 3199 110.56

Table 3
Summary of model inputs and parameter values for the airfoil PCHE.

Units Region

Cold Hot Solid

fvOptions constants:

Streamwise friction factor, 𝑓∥ – 0.068 0.067 –
Cross-flow friction factor, 𝑓

⟂
– 1000𝑓∥ 1000𝑓∥ –

Nusselt constant, 𝑎 – 0.023 0.023 –
Reynolds power, 𝑏 – 0.8 0.8 –
Prandtl number, 𝑃𝑟 – 0.85 0.85 –
Prandtl number power, 𝑐 – 0.3 0.4 –

Initial & Boundary conditions:

Inlet temperature, 𝑇inlet K 296.65 475.45 –
Mass flow rate, 𝑚 kg s−1 0.05378 0.05378 –

Parameters:

Fluid pressure, 𝑃𝑟𝑒𝑓 MPa 5.990 4.892 –
Density, 𝜌(𝑇 ) kg m−3

Isobaric data

8030
Specific heat capacity, 𝑐𝑝(𝑇 ) J kg−1 K−1 533
Viscosity, 𝜇(𝑇 ) Pas –
Thermal conductivity, 𝜅(𝑇 ) W m−1 K−1 17.6

Table 4
Comparison of model predictions of pressure drop and outlet temperature with
experiment and Matlab FE results.

Units Case

Experiment Matlab FE Current model

𝛥𝑃ℎ Pa
7250 ± 230 8150 7839

𝛥𝑃𝑐 4090 ± 920 3000 3199
𝑇ℎ,𝑜𝑢𝑡𝑙𝑒𝑡 K

312.2 ± 0.29 313.73 318.22
𝑇𝑐,𝑜𝑢𝑡𝑙𝑒𝑡 417.11 ± 0.95 421.07 420.84

conditions applied based on Table 1. The values of the friction factor
constants of Eq. (7) are 𝐴 = −2.0, 𝐵 = 0.08068, and 𝐶 = 43.1 from
experimental measurement (Jentz, 2021), which determine the value
of 𝑓∥ given the Reynolds number of 𝑅𝑒ℎ = 13780 and 𝑅𝑒𝑐 = 11340 for
the hot and cold stream, respectively.

The key thermal properties of the model are imported in the
thermophysicalProperties class with a dynamic library within
OpenFOAM as described in Section 3. The solid body is 316 steel
and has properties which are given constants. Fig. 4 displays the
temperature-dependent CO2 properties (symbols) at pressures 𝑃𝑐 =

4.892 [MPa] (red) and 𝑃ℎ = 5.990 [MPa] (blue) for the hot and
cold stream, respectively. The values were chosen to demonstrate the
model’s capability to capture thermohydraulic features close to the
pseudo point (Jentz, 2021).

4.3. Steady-state solution

Following the numerical procedure and simulation setup presented
in the previous sections, the case file is run under a PISO algorithm
until a steady-state solution (10−5 residuals). The results are gathered
and presented below and discussed for the mean velocity and pressure,
and the temperature distributions.

Fig. 4. CO2 properties along isobars 𝑃𝑐 = 5.990 [MPa] (blue) and 𝑃ℎ = 4.892 [MPa]
(red) in the temperature range 𝑇𝑐,inlet = 296.65 [K] to 𝑇ℎ,inlet = 475.45 [K].

4.3.1. Mean velocity and pressure

First, the cross-flow factor, 𝐶𝑓 , presented in previous sections (gov-
erned by 𝑓

⟂
= 𝐶𝑓𝑓∥) is examined to determine the effect on the

mean velocity. Fig. 5 displays the magnitude of the mean velocity
of the hot stream with increasing variation of 𝐶𝑓 . Fig. 5a represents
the case with no airfoils, or no drag force present with 𝑓∥ = 0 and
𝐶𝑓 = 0. The fluid enters the inlet with a mean distribution of 𝑈ℎ,𝑖𝑛𝑙𝑒𝑡 ≈

0.67 [m s−1]. As the fluid flow turns in the inlet curve and enters the
central region, strong flow separation is observed, accompanied by
large mean velocity differences. For the second case in Fig. 5b, with
the presence of the streamwise drag force, and small cross flow factor,
the transverse velocity dispersion is suppressed, although some effects
remain due to the presence of strong radial pressure gradients created
by the centrifugal force acting on the fluid in the bends. Between
the third and fourth cases in Fig. 5c & d respectively, the velocity
differences are minimised, which is what one would expect with a
densely packed airfoil filled channel. Fig. 6 displays the transverse
plots of the mean velocity with varying cross-flow factors, 𝐶𝑓 = 1, 10

and 1000, measured at two streamwise locations: 𝑥 =
1

4
𝐿𝑐ℎ (central

channel) and 𝑥 =
1

2
𝐿𝑐ℎ (inlet bend). The suppression of the transverse

velocity distribution can be seen here for increasing cross-flow factor.
The values of around 𝐶𝑓 > 100 for the STHE’s case (Zhu et al., 2022)
are recommended and is also the case for the current study on PCHE’s,
in which we use 𝐶𝑓 = 1000.

Fig. 7 shows the contour plots of the mean fluid pressure of the
hot and cold stream, with the velocity vectors superimposed. For the
hot stream, there is an observed flow acceleration from the inlet to the
outlet, and conversely with the cold stream, there is a flow deceleration.
This is a result of the varying temperature-dependent parameters close
to the pseudo point (such as viscosity and density) along with the fixed
mass-flow condition. In both hot and cold streams, there is an almost
linear pressure drop from the inlet to the outlet, resulting from the
imposed resistance term of the momentum source with a high cross-
flow factor (𝐶𝑓 = 1000). Experimentally, only the inlet and outlet
conditions are well known, as it is challenging to obtain complete
velocity and pressure data statistics within the PCHE flow channels.
Table 4 displays the measured pressure drop for the current model and
is cross-compared with the experimental data and the Matlab FE results.
The current model predictions show a slight improvement compared
with the Matlab results, and fall within the error bars of the exper-
imental findings. It must be noted that pressure drop measurement
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Fig. 5. Contour profiles of mean hot stream velocity magnitude, |𝑈ℎ| [ms−1], with white contour spacing 1/25 [ms−1] for improved visuals. The colour ranges from 0 [ms−1]
(blue) to 1 [ms−1] (red) for all panels. The panels from top to bottom show increasing cross-flow factor.

Fig. 6. Transverse plots of the mean hot stream velocity magnitude, |𝑈ℎ| [ms−1], with varying cross-flow factor, 𝐶𝑓 , measured at two streamwise locations: 𝑥 =
1

4
𝐿𝑐ℎ (central

channel) and 𝑥 =
1

2
𝐿𝑐ℎ (inlet bend).

precision does not highly impact mean flow data, but rather gives an
indication on the modelling capabilities and whether the friction factor
is applied accurately. That is to say, if the variations in the pressure
drop measurements fall around 104, then similar flow features will
occur.

4.3.2. Temperature distributions

Accurate temperature distributions of the PCHE are important to
examine the thermal performance and any stresses that may occur
within the system. Fig. 8 shows the temperature distribution for the
solid body and both the hot and cold streams. In Fig. 8a, the thermal
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Fig. 7. Contour profiles of mean fluid pressure, 𝑃𝑙 [Pa], with white velocity vectors superimposed. The colour ranges shows the relative pressure drop: 𝛥𝑃ℎ = 7839 [Pa] and
𝛥𝑃𝑐 = 3199 [Pa].

Fig. 8. Contour profiles of the mean temperature distribution, 𝑇 [K], for the solid body and fluid streams. The colour ranges from 𝑇𝑐,inlet = 296.65 [K] (blue) to 𝑇ℎ,inlet = 475.45

[K] (red). The outline of the fluid streams is superimposed in white on the solid body for improved visuals.

distribution of the solid body from the cold inlet (Region (𝐼𝐼)𝑐) to the
middle of the central channel (Region (𝐼)𝑐) is dominated by the heat
transfer from the cold stream, as a result of the relatively high specific
heat capacity of the cold fluid in the temperature region 296.95 [K] <

𝑇𝑐 < 320 [K]. This means that the hot stream fluid cools rapidly in this
region with strong heat convection from the cold stream via the solid.
The hot inlet (Region (𝐼𝐼)ℎ) exhibits a large sharp thermal decrease as
the hot fluid turns and goes from a single fluid stream to a multi-fluid
stream. The outlet measurements for this case can be seen in Table 4,
which are 𝑇ℎ,outlet = 318.22 [K] and 𝑇𝑐,outlet = 420.84 [K]. The data for
the hot outlet fall slightly outside the MATLAB numerical results and
experimental error bounds, but is captured well for the cold outlet.

To further assess model performance, Fig. 9 displays the solid
body temperature distribution along eight experimental instrumenta-
tion fibres along the stream direction with equal spacing 𝑊𝑐ℎ∕9 in the
transverse direction (Jentz, 2021). The temperature graphs are stag-
gered by 100 [K] for visual aid, where each colour represents a unique

location, as can be seen in Fig. 8a. Overall, the model matches well
with the experimental measurements and Matlab predictions. There is
some discrepancy between the experimentally measured values and the
model predictions near both ends of the solid body, due to the local
cooling action of the protruding capillaries used to house the fibres.
These dips in temperature only exist within the fibre sensors and not
within the PCHE itself. It should also be noted that the minimum and
maximum temperatures recorded from the experimental reading are
∼ 315 [K] and ∼ 515 [K], which is above and below the hot and
cold inlet temperatures, respectively. This means that there is some
discrepancy and dependency on the experimental devices, which will
be addressed in future work.

Fig. 10 displays the current predictions of the magnitude of the ther-
mal gradient for the solid body, |∇𝑇𝑠|, and is compared qualitatively
with the experimental readings (Jentz, 2021). There are 4 specified
regions within the grey dashed circles that display certain thermal
dynamics, which are discussed.
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Fig. 9. Comparison of the temperature profile of the solid body, 𝑇𝑠 [K], along the eight experimental instrumentation fibres, Matlab model predictions (Jentz and Anderson, 2020),
and current OpenFOAM model predictions. Each colour represents a different equidistant spacing along 𝑦 with increments 𝑊𝑐ℎ∕9.

Fig. 10. Comparison of the contour profiles of the temperature gradient magnitude of the solid body, |∇𝑇𝑠|, for the current model and experimental readings. The colour ranges
from 0 [K−1] (blue) to 2000 [K−1] (red).

1. The experimental data in these regions are neglected as the local
peaks are produced by fibre noise creating some non-physical
gradient reading.

2. Thermal stress concentrations are highest at the entrance of the
hot stream and exit of the cold stream. These occur because there
are local cross-flow conditions within the inlet and outlet of the
recuperator. The model can predict these peaks well and their
distribution, such as the local stress in the inner bend of the hot
and cold stream.

3. There exists some model prediction of local peaks in this region
when the solid body contains a single fluid, similarly to region
2. This could be explained by the role of sensitivity of the
thermal properties on the cold stream or by the experimental
data readings limitations in low mass flow cases. Both of these
points will need to be addressed in future work.

4. As the hot stream fluid flows around the bend from the inlet,
there is heat loss to the external walls of the solid. The thermal
gradients from the solid wall to the centre of the solid also exist
within the experimental data, although they are more dispersed
in nature and less concentrated in the near-wall region as seen
in the current model predictions.

5. Conclusions

The main conclusions of this work are summarised below:

• A finite volume C++ based open-source code is developed
within OpenFOAM to predict macro-scale thermal-hydraulic
features of compact printed circuit heat exchangers. The
chtMultiRegionFoam solver is adapted to incorporate porosity,
and a user-friendly coding package is developed to determine
quick and reliable results, which is made freely available (https:
//github.com/MikeMcDermott-Code/PCHE).

• The PCHE is represented as a homogenised volume by considering
three uniquely defined regions (hot stream, cold stream, and
solid body), which occupy the same volume in regions of fluid–
solid overlap. The momentum transport/hydraulic solution is
governed by the Navier–Stokes equation with an additional resis-
tance source term accounting for the micro-channels in the form
of experimentally measured correlations from frictional drag.

• The linear assumption on cross-flow variations is examined and
the hydraulic solution is calculated. Heat transfer between fluid

https://github.com/MikeMcDermott-Code/PCHE
https://github.com/MikeMcDermott-Code/PCHE
https://github.com/MikeMcDermott-Code/PCHE
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stream regions and the solid body is addressed with a volume–
volume coupling (cellVolumeWeight interpolation method)
through a term of volumetric thermal resistance, 𝑅𝑠→𝑙, with
the Nusselt number dependent on experimentally determined
correlations.

• An example case is presented with an experimental airfoil
CO2–CO2 PCHE. Thermal distribution predictions are validated
against the gathered experimental data from instrumental optical
fibres and are also compared with the finite-element MATLAB
results within the literature. The model works well to show the
general distribution and also the thermal stress characteristics
found within the data.

• The modelling strategy can be applied to a range of PCHE designs
such as those with multi-stream passages and fluids such as
helium and liquid metals. The thermal performance and thermal
stress profiles can be adequately predicted in a fast and robust
way, and therefore highlight potential design flaws in the safety
evaluation of nuclear reactors.

• Further work aims to couple the current macro approach with
microscale unit cells for an open-source multiscale modelling
package.
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