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Abstract

The development of future electrical aircraft, such as the Hybrid-Electric Regional Aircraft
(HERA) platform, presents challenging cooling demands due to the heat generated by
electric powerplants, fuel cells and power electronics. Traditional heat exchangers in
ram air channels may not be sufficient, necessitating alternative solutions like Skin Heat
Exchangers (SHXs) to enhance heat transfer and reduce parasitic drag. Aircraft drag
reduction and efficiency increase are expected with the integration of SHXs in two-phase
cooling systems. This study employs Computational Fluid Dynamics (CFD) models,
specifically the Volume of Fluid (VOF) multiphase model together with the Lee model, to
simulate the condensation process of two Hydrofluoroolefin (HFO) refrigerants in SHX
channels (R1233zd(E) and R1234yf). An analytical model based on empirical equations is
used to preliminarily correlate and validate the CFD results, showing deviations below
15%. The simulations reveal distinct flow behaviours for each refrigerant, influenced by the
differences in liquid and gas densities. The study also establishes a basis for understanding
and selecting the inverse of the relaxation time coefficient, which is crucial for multiphase
CFD modelling. The CFD models used in this article could be of great importance for
future SHX design optimization.

Keywords: skin heat exchanger; condensation; aircraft; multiphase; refrigerant; CFD;
channel; VOF

1. Introduction

The aviation industry is undergoing a significant transformation towards electrifica-
tion, driven by the need to reduce emissions and improve energy efficiency. This shift is
particularly evident in the development of Hybrid-Electric Regional Aircraft [1] (HERA),
which integrate electric propulsion systems with conventional powerplants. One of the
critical challenges in this transition is the effective thermal management of high-density
thermal loads generated by state-of-the-art power electronics and hydrogen fuel cells.
Traditional ram air channels, while effective, contribute to increased aircraft drag, thereby
compromising overall efficiency [2].

To address this challenge, innovative cooling solutions are being explored, one of
which is the integration of skin heat exchangers that utilize the high latent heat of condensa-
tion of a di-phasic refrigerant as part of a two-phase cooling system, e.g., the Vapour Cycle
System (VCS) and Mechanically Pumped Loop (MPL). These heat exchangers, attached
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to the inner surface of the aircraft skin, offer a promising alternative for dissipating heat
during typical cruise scenarios without significantly impacting the aircraft’s aerodynamic
performance. Understanding the flow behaviour and heat transfer characteristics within
these channels is crucial for optimizing their design and performance [3-5].

Computational Fluid Dynamics (CFD) plays a pivotal role in this endeavour, provid-
ing detailed insights into the complex interactions between the refrigerant phases and the
heat exchanger surfaces. CFD simulations enable the prediction of flow patterns, pressure
drops, and heat transfer rates, which are essential for the efficient design of these systems.
Previous studies, such as those by Wang et al. [6] and Yao et al. [7], have demonstrated the
efficacy of CFD in modelling two-phase flows and heat transfer in various applications,
highlighting its potential for advancing thermal management solutions in aviation. Ad-
ditionally, research by Apanasevich et al. [8] has shown the importance of the accurate
modelling of condensation processes in enhancing the performance of heat exchangers.

This paper presents a CFD modelling approach to investigate the condensation of a
di-phasic refrigerant within the channels of an aircraft skin heat exchanger designed for
HERA. The study aims to enhance the understanding of flow behaviour and heat transfer
mechanisms, ultimately contributing to the development of more efficient and sustainable
thermal management systems for electrified aircraft. By leveraging CFD, this research
seeks to optimize the design of skin heat exchangers, reducing reliance on traditional ram
air intakes and paving the way for more energy-efficient and environmentally friendly
aviation technologies [9].

2. Materials and Methods
2.1. Geometry Description

The Skin Heat Exchanger (SHX) concept currently under development employs a
parallel channel configuration attached to the mentioned inner surface of the aircraft skin.
This configuration includes a collector at each end, which serves to join the inlet and outlet
pipes, respectively, to the rest of the cooling circuit. As the SHX functions as a condenser
heat exchanger, the refrigerant enters in a gaseous state, condensates, and exits in a liquid
state while transferring heat to the external air (Figure 1a). That operational capability
enables the SHX to be integrated as the condenser in various two-phase cooling systems
already integrated on aircraft platforms, such as the VCS (Figure 1b) and MPL. It is also
important to note that the SHX operates in a counter-flow configuration, wherein the
refrigerant circulates in the opposite direction to the external air.
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Figure 1. (a) SHX flow and heat direction. (b) VCS scheme with SHX integrated as condenser.
These CFD studies focus exclusively on the phase change of the refrigerant, neglecting
conduction through surfaces and convection from external air. The target design intended

for aircraft installation comprises a total of seventeen parallel channels, with a total SHX
width of 0.5 m and an approximate length of 1 m (the exact length being dependent on
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the specific refrigerant used). Assuming the refrigerant behaviour during condensation is
similar within all channels, the geometry has been simplified for CFD simulation purposes.
Specifically, only half of a channel is modelled, with symmetry conditions applied to reduce
computational cost (Figure 2). Consequently, only half of the volume occupied by the
refrigerant inside the channels is used in CFD simulations.

Refrigerant
inlet (gas)

Pipe
walls

Symmetry
face

Refrigerant
outlet (liquid)

Figure 2. Channel geometry simplification for CFD.

2.2. Boundary and Simulation Conditions

The half-channel geometry is characterized by a height and width of 3 millimetres
each, with the length determined by the specific refrigerant employed. As illustrated in
Figure 2, the boundary conditions (BCs) for the simulation have been defined as follows:
mass flow at the inlet, a relative pressure outlet set to zero, symmetry conditions applied to
the symmetry plane, and no-slip conditions imposed on the pipe/channel walls.

Two HFO (hydrofluoroolefin) refrigerants, R1234yf and R1233zd(E), have been simu-
lated and analysed independently. Both refrigerants share certain simulation characteristics,
while others are specific to each of them. The particular conditions of the simulated cases
are as follows:

*  Inlet refrigerant temperature: 75 °C (vapour).

¢ Condensation temperature: 70 °C (two-phase).

*  Outlet temperature (expected): 65 °C (liquid).

*  Target heat dissipation: 3250 W (all 17 channels); 95.6 W (each half-channel).

¢  Wall temperature: Dependent on each refrigerant. As an initial simplification the wall
temperature was fixed to simulate heat transfer towards the exterior air, corresponding
to cruise at a 25 kft altitude, under ISA conditions and at a 300 KTAS velocity.

*  Refrigerant mass flow:

m= 2 - Q (1)
hin — hout hgas - hliquicl

with h being the mass flow rate of the refrigerant in kg/s, Q the target heat dissipation
during the condensation process in W, hj, /hgas the specific enthalpy of the refrigerant
at the inlet of the SHX in the gaseous state and hout/hjiquig the specific enthalpy of the
refrigerant at the SHX outlet as liquid.

Prior to conducting the CFD modelling, and out of the scope of this manuscript’s
work, a numerical/analytical model was developed to estimate the performance of the
SHX and to size preliminary prototypes (Felgueroso et al. [5]). This model implements
empirical correlations and enables the estimation of the complete heat balance among the
external air, SHX walls, and refrigerant inside the channels. It is assumed that the channel
wall temperature varies solely along the length axis but remains constant at any given
cross-sectional area of the channels. Consequently, the wall temperature results obtained
from the numerical model are utilized as boundary conditions for the CFD modelling in
order to simulate only the refrigerant condensation in the channel interior.
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2.3. Numerical Methods and Models

As with most CFD simulations in industry, while detailed information about each
particle in a multiphase flow can be obtained, the practical interest primarily lies in the
quantities derived after applying some form of averaging to simplify the data. This suggests
the use of Reynolds Averaged Navier-Stokes (RANS) equations for the CFD multiphase
models as well (Prosperetti and Tryggvason [10]).

Regarding the turbulence model, k-epsilon is employed to predict the turbulent flow
behaviour. The decision was focused on reducing computational cost by taking advantage
of wall functions, and also the well-known robustness of this turbulence model.

2.3.1. Multiphase Model

Moreover, it is essential to utilize an appropriate multiphase model capable of handling
two distinct fluids and accurately simulating their interaction and interface within the
computational domain. In this condensation process, the software treats both the gas and
liquid refrigerant as separate fluids The primary multiphase modelling options available
are the Volume of Fluid (VOF) model, the Mixture model and the Eulerian model [11].

Several studies in the literature provide arguments for particular multiphase model
selection. Sarkar [12] and Mohammed et al. [13]’s work on CFD multiphase models and the
empirical equations employed in the analytical model (Felgueroso et al. [5]) correspondent
to annular/film condensation flow led to the decision of using the VOF model for this
study, designed for two or more immiscible fluids where the interface is of interest [11].

2.3.2. Lee Model

Once the multiphase model is selected, a specific sub-model must be chosen and
adjusted to characterize the mass transfer mechanism between the phases. For condensation
processes, the applicable sub-model is called the evaporation—condensation model, in
which phase change occurs as vapour transfers mass to the liquid (vapour condensates
to form liquid), thereby reducing the vapour mass and increasing the liquid mass. In the
context of the VOF model, the Lee model is the available sub-model to define the mass
transfer mechanism.

The mass transfer between vapour and liquid during condensation (or from liquid to
vapour in the case of evaporation) is governed by the vapour transport equation:

) -
57 (@opo) + V- (opo Vo) = iy — 1y 2)

where «, is the vapour volume fraction (-), p, is the vapour density (in kg/m?), V, is
the vapour phase velocity (in m/s), and my, and 1, are the mass transfer rate due to
evaporation and condensation respectively (in kg/m?3s).

In this case, with the Lee model, condensation of the vapour phase starts when the
mass transfer rate of condensation is higher than zero (h,; > 0). This variable is defined as:

Tsat - Tv
Tsat

Here, Ts,¢ is the saturation/condensation temperature (in °C), Ty the vapour tempera-

) = coeff X aypy

©)

ture (in °C), and coeff the coefficient that represents the inverse of the relaxation time (in
s~ 1). It is notable that the mass transfer rate becomes positive when Ty < Ty, since coeff
is always positive. This is the point at which condensation begins.

The coefficient can be calculated; nevertheless, most of the reviewed literature, in-
cluding HoleSova et al. [14], recommend fine tuning it to match experimental data and
validate the model. The higher the coefficient, the higher the mass transfer rate. If the
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coefficient is too low, in order for the mass transfer rate to be enough for phase change to
happen, the difference Tsat — Ty needs to be high, which means that the vapour does not
condensate at Tsa but at a lower temperature. Therefore, in the context of CFD modelling,
it is advantageous to employ the highest possible coeff to ensure that condensation occurs
when Ty ~ Tsat. This approach aims to accurately represent the condensation phenomena
in the CFD model, closely mirroring the real process behaviour.

The coefficient was increased until the solution diverged, and then slightly reduced
until it converged again. It was observed that, for low coeff values, the refrigerant did not
completely condensate along the channel, but showed a partial condensation at a lower
Tsat than desired. Thus, the coefficient was maximized and the condensation temperature
was maintained as desired. It should be noted that the simulation is transient and, initially,
the channel is empty of refrigerant, introduced as vapour. The simulation is stopped when
the refrigerant completely condenses and exits the channel as liquid [15].

2.4. Mesh

A mesh independence study was performed to ensure that the solution was not
affected by the utilized mesh. The number of mesh elements was modified in all axis
directions to adjust the mesh characteristics in both channel section and length. Four mesh
sizes were analysed: 100 k, 225 k, 576 k and 1152 k elements.

The representation of the length to complete vapour condensation (Figure 3a) and
refrigerant temperature evolution along the channel length (Figure 3b) for R1233zd(E) for
each mesh element size show similar results for the 576k element mesh and 1152 k element
mesh. Thus, as a good compromise between solution and computational cost, the mesh
with 576,000 elements was selected to evaluate the refrigerant condensation process and it
was employed in the simulations of this work.
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Figure 3. (a) Representation of condensation length for each mesh element. (b) Representation of

o
o

refrigerant temperature evolution along the channel length for each mesh element size.

3. Results

The CFD simulation results for the R1233zd(E) and R1234yf condensation process
within the SHX channel can be evaluated in various ways. The focus has primarily been
on the liquid formation characteristics, vapour distribution during condensation and
temperature evolution.

Figure 4 shows the evolution of the vapour volume fraction along the channel length
for R1233zd(E) and R1234yf, respectively. The refrigerant flow is from right to left. Several
lines are illustrated in both cases, representing different corners of the channel section, all
at the walls, except for the centre position. At the inlet, the refrigerant is 100% vapour, and
its quantity decreases along the channel as it condenses. For R1233zd(E), condensation
takes more time and primarily occurs at the end of the channel, while for R1234yf, it is
more continuous, mainly due to the density difference between the refrigerant liquid and
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vapour phases. Nevertheless, for both refrigerants, complete condensation is happening at
the end of the channel as expected.
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Figure 4. Vapour volume fraction evolution along channel length: (a) R1233zd(E). (b) R1234yf.

The temperature evolution along the channel for both refrigerants is displayed in
Figure 5a,b. An almost constant temperature is observed during most of the channel
length, corresponding to the two-phase zone where condensation is taking place. The
channel centre line shown in green is distinguished among the others as it remains close
to the condensation temperature value (70 °C), while the refrigerant near the walls is at
a lower temperature, closer to the wall’s temperature. At the channel outlets, it is noted
that the refrigerant temperature in the pipe’s centre is not at the target 65 °C, but at a lower
temperature level, around 50 °C, which implies a slight difference with the analytical model.
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Figure 5. Refrigerant temperature evolution along channel length: (a) R1233zd(E). (b) R1234yf.

Previous results could also be observed in CFD contours. In those, it is even more
clear to see the two phases’ distribution along the channel, with full vapour at the inlet and
complete liquid refrigerant at the outlet.

Figure 6a depicts the liquid volume fraction evolution along the channel length for the
R1233zd(E), which is the opposite to the vapour volume fraction previously represented.
Liquid formation (in red) starts after half of the channel length, close to the lateral walls
first, and then from the bottom to the top. Figure 6b highlights the temperature evolution
during condensation. The refrigerant temperature remains constant until the full liquid
temperature starts to go below the saturation temperature.

On the other hand, the refrigerant R1234yf contours are represented in Figure 7a,b.
From the liquid volume fraction contour, it stands out that liquid appears almost from
the beginning of the channel. If the R1233zd(E) is formed suddenly, the R1234yf is more
progressive along the channel. Liquid is even observed to fall from the top of the channel
where it is also appearing. The R1234yf refrigerant temperature evolution is similar in
regard to the R1233zd(E); nevertheless, it is appreciable that the outlet temperature stays a
little higher, closer to the target outlet temperature.
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Figure 7. R1234yf along the channel length: (a) Liquid volume fraction. (b) Temperature.

4. Conclusions

CFD modelling allows us to better understand 3D flow patterns and behaviours that
cannot be observed with analytical models, which are really interesting for the preliminary
sizing of SHXs and to estimate refrigerant temperature distribution, phase change evolution,
wall temperature and other factors.

Both HFO refrigerants (R1233zd(E) and R1234yf) have been simulated while con-
densing through the SHX channel in order to fine tune the inverse of the relaxation time
coefficient (coeff) and correlate the results with the analytical model. Thus, a maximum
convergent value was reached and the condensation temperature was maintained during
the simulations close to the target 70 °C. Furthermore, full condensation was observed
almost at the channel outlet as it is for the analytical model, with a deviation below 15%
channel length in target refrigerant outlet temperature.

Even though deviation exists, a consistent CFD methodology has been prepared
prior to experimental tests. The current characterization of the mesh, the relaxation time
coefficient, multiphase models and others aspects will allow us to rapidly be prepared for
following SHX design optimizations. As well as the analytical model, the CFD modelling
will be validated and adjusted by employing dedicated experimental test data in the
close future.
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Abbreviations

BC Boundary Condition

CFD Computational Fluid Dynamics
CHT Conjugate Heat Transfer

HERA  Hybrid-Electric Regional Aircraft
HFO Hydrofluoroolefin

HX Heat Exchanger

KTAS  Knots True Air Speed

MPL Mechanically Pumped Loop
RANS  Reynolds Averaged Navier—Stokes
SHX Skin Heat Exchanger

VCs Vapour Cycle System

VOF Volume of Fluid
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