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Abstract

Future aircraft propulsion concepts (e.g., water-enhanced engines and fuel cells) will
depend on efficient water recovery to enhance cycle efficiency and environmental per-
formance. Operating conditions commonly involve droplet (mist) transport in turbulent
air and wall-bounded films formed by droplet–wall interactions. This work develops
an Eulerian–Lagrangian model within the RANS/URANS framework that accounts for
air–droplet–wall phenomena—interfacial shear, impingement, and film advection. A
dynamic contact-angle model, implemented and calibrated from static contact angle mea-
surements performed in this study, represents wall wetting at the liquid–solid interface.
The model is validated against experiments using two design metrics: pressure loss across
the unit and recovered water mass fraction. At a low Mach number (Ma = 0.1), saturated
and dry air produce nearly identical pressure losses in the circular test section, whereas
the separation lip geometry exerts a strong influence via local acceleration and separa-
tion. The simulations reproduce measured pressure drops and water mass recovery with
close agreement.

Keywords: numerical modeling; RANS; URANS; water recovery unit; annular-mist flow;
droplets; dynamic contact angle; turbulence; fuel cells

1. Introduction
The contribution of the aerospace sector to global emissions is expected to increase

more rapidly in the coming years compared to the road and marine transport sectors [1].
Therefore, the development of new propulsion concepts with a reduced environmental
footprint is of critical importance. One such promising concept is the Water-Enhanced
Turbofan (WET), which is based on a Cheng cycle configuration. In this system, hot
exhaust gases are cooled, and the condensed water is recovered and recirculated to be
reintroduced as steam in the combustion chamber [2]. Consequently, water recovery is
essential to close the system loop, improve overall thermal efficiency, and mitigate contrail
formation. In addition, airplane designs using fuel cells are heavily researched because of
their reduced environmental impact. In Proton Exchange Membrane (PEM) fuel cells, liquid
water droplets or vapor are generated at the cathode, depending on local temperature and
relative humidity (RH). Effective water treatment is therefore required to prevent flooding
and to maintain adequate membrane hydration [3].
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The Institute of Aerospace Thermodynamics (ITLR) at the University of Stuttgart
investigates different configurations for efficient water subtraction for WET engine and
flying fuel cell operating conditions. For that purpose, a test rig made of plexiglass and
stainless steel was constructed in order to establish a supersaturated flow within a circular
cross-sectional pipe setup (Figure 1). The saturation level was regulated via a vaporizer,
and a polydisperse hollow cone spray downstream injects water droplets, establishing
annular-mist flow conditions with the aim of draining the resulting film into the separation
module [4].

In numerical studies of separation devices, Eulerian surface film formulations have
been widely used, achieving plausible results. Wang [5] investigated oil-droplet separa-
tion in cyclones using an Eulerian wall film model, while Ding [6] proposed a modified
Eulerian–Lagrangian–Eulerian framework for swirling flows with condensation. An Eule-
rian film formulation has also been applied to analyze the performance of zigzag vane-plate
droplet separators [7]. In contrast, the present work employs a rough-wall thin-film model
coupled to a Lagrangian droplet-tracking scheme and validates its predictions against the
experimental measurements (Figure 2).

Figure 1. Side view of the test bench parts.

Figure 2. 2D sketch of the simulation domain with its static pressure and water mass measure-
ment points.

2. Governing Equations
A Water Recovery Unit (WRU) operates under subsonic and oversaturated flow

conditions, where a precise description of thermodynamic state is essential for accurate
modeling. To characterize this state, the following governing relations are introduced.

The Mach number (Ma) expresses the ratio of the local flow velocity (v) to the speed
of sound (a) in a medium:

Ma =
v
a
=

v√
κRT

. (1)

In Equation (1), κ denotes the specific heat capacity ratio of a gas mixture, while R and
T correspond to its specific gas constant and absolute temperature, respectively.
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Relative humidity (or saturation level) is defined as the ratio between the partial pres-
sure of water vapor (pv) and the saturation vapor pressure (pvs) at the same temperature:

RH =
pv

pvs
× 100%. (2)

Oversaturation is then achieved by injecting water into fully saturated air, which is
expressed through the liquid water mass fraction (ξH2O,l):

ξH2O,l =
ṁH2O,l

ṁH2O,l + ṁH2O,g + ṁair
. (3)

Here, ξH2O,l represents the ratio of the liquid water mass flow rate (ṁH2O,l) to the total
mass flow rate of the mixture, comprising liquid water (ṁH2O,l), water vapor (ṁH2O,g), and
dry air (ṁair).

Model validation was conducted for a flow condition of Ma = 0.1 and a liquid water
mass fraction of ξH2O,l = 0.3. The comparison focuses on two primary engine performance
indicators: the Water Recovery Factor (WRF) and the relative pressure loss (∆ p̃). The WRF
quantifies the efficiency of the water separation and recovery process within the WRU. It
is defined as the time-averaged ratio of the recovered liquid water mass flow rate to the
injected liquid water mass flow rate, expressed as

WRF =
∑n

i=1 ṁw,i ∆ti

∑n
i=1 ṁw,inj ∆ti − mw,sys

× 100%. (4)

Here, the total liquid water mass exiting through the outlet boundaries is accumulated
over each time step ∆ti and normalized by the total injected liquid water mass during
the same interval, corrected by the instantaneous water mass mw,sys retained within the
computational domain.

The relative pressure loss across the WRU is defined as

∆ p̃ =
∆p24

pt
, (5)

where ∆p24 denotes the static pressure difference between points 2 and 4 (Figure 2) and pt

is the absolute total pressure at the inlet of the nozzle.

3. Numerical Modeling
3.1. Continuous Phase

Air constitutes the Eulerian phase and obeys the ideal-gas law. For single phase
cases, the steady-state conservation equations of mass, momentum, and energy are solved.
Turbulence is modeled by the Reynolds-averaged Navier–Stokes (RANS) framework using
the LAG Elliptic Blending k–ε turbulence model [8]. For two-phase cases, unsteady effects
are captured using the implicit Unsteady RANS (URANS) formulation with first-order
temporal discretization. All the interaction phenomena are accurately captured within a
time-step of 1.0 × 10−4 s.

Wall roughness is modeled by modifying the near-wall velocity profile. The loga-
rithmic region of the turbulent boundary layer is shifted toward the wall through the
application of a wall-roughness correction function [9]. This function is formulated in terms
of an equivalent sand-grain roughness height (ks).

Unstructured polyhedral mesh is employed in the core region, while near the wall there
are two prism layers, which enable the implementation of the fluid film model (Section 3.3)
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and the applied wall treatment (Figure 3). The selection of the mesh was based on a mesh
independence study.

z

r

wall region

core region

Figure 3. 2D view of the computational mesh around the separation module.

3.2. Discrete Phase

The injected droplets are modeled as spherical Lagrangian particles using the parcel
concept. The governing equations within the Lagrangian framework are as follows:

dx⃗p

dt
= u⃗p, (6)

mp
du⃗p

dt
= ∑

i
F⃗i , (7)

where x⃗p and u⃗p are the position and velocity of the parcel, mp is the parcel mass, and F⃗i de-
notes the acting forces. The pressure gradient, turbulent dispersion [10], gravitational force,
and drag force [11] are considered to drive the particles. According to Sommerfeld [12],
the virtual mass force and the Basset force can be neglected since ρg

ρl
≪ 1. The lift force

can be neglected as well, since the injected droplet size does not exceed 80µm. The mist is
considered dense inside the test section; therefore, a four-way coupling interaction between
the air and the droplets is established.

3.3. Fluid Film

Preliminary experiments indicated that the liquid film was sufficiently thin to justify a
thin-film approximation. Therefore, a parabolic velocity profile is assumed for the laminar
film flow. The kinematic and dynamic boundary conditions at the interface between the
liquid film and the surrounding air are

v⃗air
∣∣
int = v⃗film

∣∣
int (8)(

τ⃗air · dA⃗ + Pair dA⃗
)∣∣∣

int
=

(
τ⃗film · dA⃗ + Pfilm dA⃗

)∣∣∣
int

(9)

where τ⃗air and τ⃗film denote the viscous stress tensors of the air and liquid film phases, respectively.
The fluid film mass is conserved by enabling mass gain due to droplet impingement

and mass loss due to wave formation, which leads to droplet entrainment. The film also
experiences interfacial stress, expressing the resistance of the rough wall via the air velocity
adaptation (Figure 4). For non volatile liquids, the dynamics of partial wetting systems can
be expressed as a function of the Capillary number (Ca), which is the ratio between viscous
and capillary forces. The present model adopts the expression for the dynamic contact angle
detailed by Kistler [13], and the static contact angles assumed for water–plexiglass (θs,p)
and water–stainless steel (θs,s) were measured as θs,p = 81◦ and θs,s = 66.5◦, respectively,
(Figure 4).

https://doi.org/10.3390/engproc2026133109

https://doi.org/10.3390/engproc2026133109


Eng. Proc. 2026, 133, 109 5 of 9

(a) (b)

Figure 4. Graphic sketch of the interaction phenomena (a) and the static contact angle measurement
of the liquid water droplet on the stainless steel substrate (b).

4. Results
4.1. Single Phase Flow

For the saturated case, the gas phase is moist air at 100% relative humidity, i.e.,
it contains the maximum permitted water-vapor content at the imposed temperature.
Saturation modifies the vapor’s partial pressure and thus the mixture’s gas constant and
density, which can influence the static pressure via the ideal-gas equation:

p = ρ R T. (10)

To isolate this effect, we analyzed a baseline configuration without the separation
module: a straight circular channel of diameter D, with all other conditions held fixed.

Figure 5 shows that the dry-air numerical model is in very good agreement with both
the measured relative static pressure and the standard empirical correlation [14] across
the entire humidity range considered. This insensitivity to RH is expected at a low Mach
number (Ma = 0.1), where compressibility effects are small and(

ρ R
)

dry ≈
(
ρ R

)
mix (11)

As a next step, three lip configurations in the separation module were examined,
assembled from two general archetypes: a constant cross-section lip (Ct) and a divergent
cross-section lip (Dv). The tested combinations are summarized in Table 1.

Figure 5. Pressure variation along the baseline configuration for different RH levels.
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Table 1. Different lip geometries for the water separation module.

Ct–Ct Dv–Ct Ct–Dv

The geometries (a)–(c) in Figure 6 induce recirculating vortices within the separation
pocket. Consistent with the experiment, the drainage outlet is treated as a no-slip (tapped)
wall, suppressing air discharge and accelerating the core flow along the lips. Case (a)
perturbs the main stream least, whereas cases (b) and (c) promote earlier separation due to
local cross-section variation (expansion/contraction). In the Ct–Dv configuration, the peak
Mach number reaches Ma ≈ 0.33, rendering compressibility effects non-negligible.

(a) (b)

(c)

Figure 6. Mach number and streamline plot around the separation module for three different lip
geometries: (a) Ct–Ct, (b) Dv–Ct and (c) Ct–Dv.

4.2. Two Phase Flow

The two-phase flow exhibits a larger pressure drop than the single-phase flow
(Figure 7) due to added interfacial shear and droplet holdup. The numerical model matches
measurements with an absolute error of <1%. Ct–Ct and Dv–Ct yield similar ∆ p̃, while
Ct–Dv shows a larger ∆ p̃ owing to lip-induced cross-sectional contraction and flow acceler-
ation (Figure 5).
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Figure 7. Comparison of numerical and experimental pressure drop estimation along the WRU.

The contour plot in Figure 8 depicts the liquid film thickness distribution (δ/D) in
relation to the longitudinal direction of the unit (z/D). 0 ≤ z/D ≤ 30 corresponds to the
humidifier before the spray injector; thus, the film thickness is almost zero. At position
z/D ≈ 30, a liquid film starts to form due to the droplet–wall interaction and then develops
circumferentially. Further downstream, the maximum film thickness appears at the pipe
bottom (0◦) due to the effect of gravity. The film shows a circumferential symmetry around
0◦. At the lip gap (z/D ≈ 65), the water film drains into the separation module, where it is
collected. Thus, the film thickness drops sharply and then builds up again due to the droplet
impingement. The model-predicted WRF is in close agreement with the experimental one.

WRFCFD = 82.75%
WRFExp. = 81.1%

Figure 8. Liquid film thickness distribution (δ/D) along the WRU with the Ct–Ct lips and the
corresponding WRF.

5. Conclusions
Water treatment and recovery will be integral elements of the next-generation propul-

sion architectures. Under this scope, this work presents a numerical validation study
against experiments. It demonstrates that RANS/URANS can accurately predict pressure
drop and recovered water mass fraction. The simulations capture key flow features—lip-
induced acceleration, separation, and gravity-driven film drainage—that are relevant to
water recovery units. It is shown that under incompressible conditions, humidity exerts
only a marginal influence on relative static pressure, whereas lip geometry strongly governs
pressure losses.
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