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A B S T R A C T

The morphology-adaptive multifield two-fluid model MultiMorph focuses on the reliable and robust simulation
of interfacial multiphase flows in industrial applications. The idea is to combine the Volume-of-Fluid approach
with the Euler-Euler approach to model both large and small scale interfacial structures efficiently. The choice
of the local representation of interfacial structures, such as bubbles or droplets, by either the first or the second
of the aforementioned basic method strongly depends on the ratio of the length scale of the interface feature
to the grid spacing. In case the computational grid gets too coarse to locally resolve an interfacial structure, a
morphology transfer is required. Such a transfer process allows to convert resolved fluid into non-resolved one,
i.e. changing from a continuous description to a disperse one. A formulation for such a numerically motivated
morphology transfer process is presented. It is validated with a case of a two-dimensional single rising bubble
on a grid with gradually varying cell size. The model is then applied to two further cases: an oil–water phase
inversion and a water jet plunging into a free water surface. Hereby, functionality, robustness and feasibility of
the proposed morphology transfer mechanism are demonstrated. This work contributes to a hybrid modelling
approach for the simulation of two-phase flows adapting the numerical representation depending on local flow
morphology and on available computational resources.
1. Introduction

Gas-liquid multiphase flows are of great importance in a large
variety of different natural flows as well as in industrial applications.
The major challenge in their prediction stems from the fact that they
occur on a wide range of length scales, which makes the numerical
simulation difficult. Special numerical techniques are applied for dif-
ferent levels of spatial resolution. In recent years, efforts have been
made towards hybrid multiphase models combining several specialised
methods in order to cover the demand of predictive simulations with
feasible computational cost. One possible choice is a Volume-of-Fluid
(VOF ) method for large scale interfacial structures in combination
with the Euler-Euler model (E-E, also known as two-fluid model) for
describing dispersed particles, bubbles or droplets, which are smaller
than grid scale, in an averaged manner. Examples for such hybrid
models are GEMMA (Colombo et al., 2022), HD-LIS (Frederix et al.,
2021), LIM (Mer et al., 2018) and MultiMorph (formerly referred to as
OpenFOAM-Hybrid) (Schlegel et al., 2023). In the case of large-scale
interfaces, i.e. in the boundary case of an infinitely strong interfacial
momentum coupling, the aforementioned models operate in a VOF-like
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mode. Depending on the method, this corresponds either to a single-
field VOF or to a multifield VOF with individual numerical fields for
phase fraction and phase-specific velocity. It has been shown that the
desired VOF behaviour is recovered with the MultiMorph model (Meller
et al., 2021).

It is a likely scenario that the size of an interfacial structure changes
drastically in relation to the local grid spacing. This might happen
either due to physical processes, such as entrainment or breakup, or due
to local grid refinement. In any case, morphology transfers are necessary
to transform a continuous phase (resolved with VOF) into disperse one
(non-resolved with E-E) or the other way round. While those transfers
are not included in GEMMA (Colombo et al., 2022), HD-LIS (Frederix
et al., 2021) takes both transfer directions into account, based on the
local composition of the phase mixture considering only the phase
changing its morphology. The LIM approach (Mer et al., 2018) comes in
two flavours: (a) GLIM, which does not explicitly account for morphol-
ogy transfers similarly to GEMMA, and (b) LBM. In the latter model the
transfers in both directions are considered with transfer criteria being
based on the gradients of according phase fractions. For MultiMorph
a conversion from disperse towards continuous phase fraction was
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proposed, based on the sum of the continuous and disperse volume
fraction values (Krull et al., 2023). It is part of MultiMorph and applied
hereafter.

A general overview over the features of the MultiMorph model
is given by Schlegel et al. (2023) and the description of the basic
framework and the numerical model is to be found in Meller et al.
(2021). Turbulence damping is applied to the turbulence modelling
of continuous phases near a large scale interface for an improved
prediction of the wall-near shear layer in that region (Tekavčič et al.,
2021). In case the interfacial region and the velocity gradients in the
neighbouring shear layer are not sufficiently refined with the local grid
resolution, a resolution-adaptive drag formulation is applied, which
takes into account the type of flow structure near the interface (Meller
et al., 2023). In case of high interfacial shear rate at a gas-liquid
interface, droplets might be sheared of from the continuous liquid
phase. In such a case the conversion from continuous to disperse liquid,
i.e. liquid droplets, is described by a droplet entrainment model (Wang
et al., 2023). If, for any reasons, the local grid spacing becomes small
compared to the disperse phase length scale, such as droplet or bubble
diameter, the Euler-Euler with its typical interfacial momentum clo-
sures is known to potentially predict nonphysically strong accumulation
of disperse phase such as bubbles. In order to prevent this and to
achieve grid independent behaviour in the Euler-Euler mode of the
MultiMorph model, an explicit step of filtering is applied to the disperse
phase fraction field (Krull et al., 2024). The source code of the Multi-
Morph model is public domain (Schlegel et al., 2022a). Based on these
developments, a further key feature is now added to the model, namely
the conversion from continuous towards disperse structures.

In the present work, a formulation for the morphology transfer from
a continuous phase representation to a disperse one is proposed, al-
lowing to adapt to insufficient spatial resolutions. This model considers
both the phase volume fraction of the continuous phase and the geome-
try of the interface. This morphology transfer is referred to as transfer to
disperse in the following. It is important to note, that such a morphology
transfer does not only impact the choice of interfacial closure model
formulation but it is also connected to a fundamental change in the
representation and meaning. While dispersed structures are solved with
the Euler-Euler model, they are represented statistically, meaning the
resulting fields have to be interpreted as distributions of probability of
the appearance of a specific phase, such as gas bubbles. Contrarily, with
the Volume-of-Fluid-like approach large-scale interfaces are described
via a deterministic, instant representation, i.e., the precise interface
location is known (in the boundaries of the accuracy of the numer-
ical method). By applying transfer to disperse, the precise knowledge
about the position of interfaces is given up and is replaced with a
statistical description. The loss of information connected to that needs
to be compensated via a more abstract degree of modelling, which
is considered via the interfacial momentum exchange models in the
Euler-Euler model.

At first, in Section 2, the basic hybrid model is briefly described
together with the formulation of transfer to disperse. Subsequently, in
Section 3, the model functionality is demonstrated in a two-dimensional
case of a rising gas bubble on a computational grid of varying grid
spacing, in the two-dimensional case of a phase inversion of oil in
viscous water, as well as in the three-dimensional simulation of a
plunging water jet. Finally, in Section 4, conclusion and perspectives
are given.

2. Method

2.1. Morphology-adaptive multifield two-fluid model

In the following, the numerical method will be sketched briefly.
For further details the reader is referred to Meller et al. (2021). The
MultiMorph model is based on a multifield two-fluid model formulation,
meaning a unified set of balance equations is formulated individually
2 
for each combination of physical phase and morphology representa-
tion (namely continuous or disperse). An arbitrary number of phases
can be described as interpenetrating continua. For each phase 𝛼 the
onservation equations for mass and momentum are

𝑡𝑟𝛼𝜌𝛼 + 𝜕𝑖𝑟𝛼𝜌𝛼𝑢𝛼,𝑖 =
∑

𝛽≠𝛼
𝛤 PT
𝛼𝛽 , (1)

𝑡𝑟𝛼𝜌𝛼𝑢𝛼,𝑖 + 𝜕𝑗𝑟𝛼𝜌𝛼𝑢𝛼,𝑖𝑢𝛼,𝑗 = − 𝑟𝛼𝜕𝑖𝑝 + 𝜕𝑗2𝑟𝛼𝜇𝛼𝑆𝛼,𝑖𝑗 + 𝑟𝛼𝑔𝑖𝜌𝛼
+
∑

𝛽≠𝛼
𝑟𝛼𝜎𝛼𝛽𝜅𝛼𝛽𝑛𝛼𝛽,𝑖

+ 𝑓MT
𝛼,𝑖 +

∑

𝛽≠𝛼
𝛤 PT
𝛼𝛽 𝑢𝛽,𝑖. (2)

he Einstein summation convention applies for Latin indices. The time
s denoted as 𝑡 and indices 𝑖 and 𝑗 indicate spatial directions of Cartesian
oordinates 𝑥, 𝑦 or 𝑥, 𝑦, 𝑧 in two- or three-dimensional space, respec-
ively. The phase volume fraction of phase 𝛼 is referred to as 𝑟𝛼 , its
hase specific velocity and density are denoted as 𝑢𝛼,𝑖 and 𝜌𝛼 , respec-

tively. The pressure 𝑝 is shared between all phases. The phase specific
strain-rate tensor is 𝑆𝛼,𝑖𝑗 = 1∕2

(

𝜕𝑢𝛼,𝑗∕𝜕𝑥𝑖 + 𝜕𝑢𝛼,𝑖∕𝜕𝑥𝑗
)

−1∕3 𝛿𝑖𝑗 𝜕𝑢𝛼,𝑘∕𝜕𝑥𝑘.
The vector of gravitational acceleration is 𝑔𝑖. The symbols 𝜎𝛼𝛽 , 𝜅𝛼𝛽
and 𝑛𝛼𝛽,𝑖 are the surface tension coefficient between phases 𝛼 and 𝛽,
the curvature and the normal vector of the interface shared by those
phases, respectively. The total interfacial momentum transfer acting on
phase 𝛼 is referred to as 𝑓MT

𝛼,𝑖 .
For a pair of two continuous phases, drag modelling for large scale

interfaces is applied with an interfacial drag force between two phases,
𝛼 and 𝛽, which are defined as

𝐟𝐷𝛼𝛽 = 𝐾𝐷
𝛼𝛽

(

𝐮𝛽 − 𝐮𝛼
)

. (3)

For a well-resolved interface (R) the drag coefficient, 𝐾𝐷
𝛼𝛽 , is chosen

according to Štrubelj and Tiselj (2011), such that interfacial slip is
completely suppressed:

𝐾D,R
𝛼𝛽 = 𝑟𝛼𝑟𝛽

𝜌𝛼𝛽
𝜏𝑟

,with 𝜌𝛼𝛽 =
𝑟𝛼𝜌𝛼 + 𝑟𝛽𝜌𝛽
𝑟𝛼 + 𝑟𝛽

. (4)

The relaxation time scale, 𝜏𝑟, is much smaller compared to the
numerical time step size. This ensures that velocities of phases 𝛼 and
𝛽 are practically equal (Štrubelj and Tiselj, 2011). In MultiMorph the
relaxation time scale is chosen to be 10−8 times the numerical time step
size (Meller et al., 2021).

In case the shear flow in the vicinity of the interface is considered
under-resolved (UR) interfacial slip is allowed. This is achieved by a
lower drag coefficient compared to the previous drag closure model. A
basic drag model (Ishii and Mishima, 1984) is chosen, which is based
on a drag coefficient, 𝐶𝑑 , which is a model parameter in addition to
the interfacial area density, 𝐴𝑑 :

𝐾D,UR
𝛼𝛽 = 𝑟𝛼𝜌𝛼𝛽𝐶𝑑𝐴𝑑

|

|

|

𝐮𝛽 − 𝐮𝛼
|

|

|

,with 𝐴𝑑 =
2 |∇𝑟𝛼| |∇𝑟𝛽 |
|∇𝑟𝛼| + |∇𝑟𝛽 |

. (5)

The interfacial drag is then blended based on the under-resolution
indicator, 𝜉UR𝛼𝛽 (Meller et al., 2023). This quantity takes a value of zero
for a well-resolved interface or if a stagnation type of flow is detected
in the interface region. If a fully under-resolved interfacial shear flow is
detected, then 𝜉UR𝛼𝛽 = 1. Additionally, values between zero and one are
also allowed for intermediate degrees of resolution. The drag coefficient
is then defined as

𝐾D
𝛼𝛽 =

𝐾D,UR
𝛼𝛽 𝐾D,R

𝛼𝛽

𝐾D,UR
𝛼𝛽 + 𝜉UR𝛼𝛽 𝐾D,R

𝛼𝛽

. (6)

In the first limiting case, 𝜉UR𝛼𝛽 = 0, the resolving drag coefficient 𝐾D,R

is recovered. In the second limiting case, 𝜉UR𝛼𝛽 = 1, the under-resolving
drag coefficient 𝐾D,UR is effectively recovered, because 𝐾D,UR ≪ 𝐾D,R

holds due to the extremely small relaxation time scale, 𝜏𝑟. For further
details the reader is referred to Meller et al. (2023). Additionally
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this interface treatment is combined with an interface compression
term (Weller, 2008) to counteract numerically induced diffusion of the
interface.

For a pair of a disperse gas and a continuous liquid phase, the
baseline closure model set for dispersed bubbly flows is applied (Hänsch
et al., 2021). This set of closure models comprises the drag correlation
of Ishii and Zuber (1979), the shear based lift correlation of Tomiyama
et al. (2002), the virtual mass correction according to Crowe et al.
(2012) and the correlation for wall lubrication by Hosokawa et al.
(2002). Turbulence modelling is considered via the 𝑘-𝜔 SST model
(Menter et al., 2003) for the liquid phase, while disperse gas is treated
as laminar phase. The turbulent dispersion of Burns et al. (2004) is
used and bubble induced turbulence is accounted for via the correlation
of Ma et al. (2017). The rate of interfacial phase transfer (PT ) from
phase 𝛽 towards phase 𝛼 is denoted as 𝛤 PT

𝛼𝛽 .
The system of equations is solved numerically via a Finite-Volume

ethod on unstructured grids in a segregated manner. The spatial
iscretisation is second-order accurate and time integration is realised
emi-implicitly with first order accuracy. Transport equations for tur-
ulent kinetic energy 𝑘 and turbulent specific dissipation rate 𝜔 are

spatially discretised first order accurate. Continuous phase fraction
fields are sharpened in regions of large-scale interfaces via a dedicated
compression term (Weller, 2008). The MultiMorph model is imple-
mented as an add-on to the open-source C++ software library by the
penFOAM Foundation (The OpenFOAM Foundation Ltd) and is public
omain (Schlegel et al., 2022a).

.2. Transfer to disperse

When continuous (c) large-scale interfacial structures become too
mall to be resolved on the computational grid – due to physical
reakup or due to a coarsening of the grid – the type of description
eeds to be switched towards the disperse representation (d). The mass
ransfer rate of this transfer to disperse morphology transfer is defined
s

PT,disint
dc =

{

(1 − 𝐼c)
√

𝑟c𝜌c
𝜏 for 𝑟c < 𝑟max,c and ∑

𝛼∈C 𝑟𝛼 > 0.5,
0 otherwise.

(7)

The symbol 𝜏 denotes a constant characteristic time scale of the mor-
phology transfer. Currently, the time scale, 𝜏, is a model parameter,

hich results to be independent from the time-step size and which
as to be selected a-priori. It should best reflect the time scale, at
hich the bubbles approach the interface region. In that way neither
as will accumulate in the interface region, nor does the morphology
ransfer take place on a time scale similar to the time integration,
hich would lead to numerically induced artefacts. The true value
f 𝜏 depends on the specific flow situation. A general approach for
he determination of this parameter is highly desirable and should be
ocus of future endeavours. The purpose of the continuous structure
ndicator 𝐼c is to indicate locations of large-scale interfacial structures,
hich are well resolved in relation to the local grid size. This is
chieved by setting 𝐼c = 1, wherever 𝑟c > 74%, reflecting the closest
acking density of spheres. Subsequently, an additional layer with a
hickness of 𝑁c = 2 grid cells, located in the direction of the negative
radient of 𝑟c, is also masked with 𝐼c = 1. Everywhere else, 𝐼c = 0
pplies. In that way, resolved interfaces are as reliably identified as
uch and, therefore, protected from being disrupted by the transfer
rocess. With this procedure, the grid resolution is implicitly taken
nto account in relation to the size of the continuous structure. For
nstance, a gas bubble, which is coarsely resolved is characterised by
n gas-liquid interface, which is smeared over a distance of the size
f multiple grid cells. Note that the transfer rate is computed from
he square root of the continuous phase fraction,

√

𝑟c. The reason is
he following: a source term which is linear to the changing quantity
tself (𝜕𝑡𝑓 ∼ 𝑓 ) results in an exponential growth. The final value

s then only reached asymptotically, i.e. never exactly. The present

3 
ormulation however proposes a non-linear source term proportional
o

√

𝑟c. This produces a polynomial growth of 𝑟c, the final value is
reached precisely and quickly. It simplifies the numerical treatment of
transfers where the continuous phase vanishes completely (𝑟c → 0). The
first condition, 𝑟c < 𝑟max,c, with the maximum local volume fraction
among all continuous phases, 𝑟max,c, prevents the disintegration of the
dominating continuous phase. For example, continuous air should only
disintegrate into disperse bubbles, if another continuous phase like
water is dominantly present in that particular location. The second
condition, based on the total local volume fraction of all continuous
phases, ∑

𝛼∈C 𝑟𝛼 , ensures the existence of a continuous phase at all.
Hence, the morphology transfer is not triggered if disperse phases are
dominating the phase mixture. This prevents poorly defined states, in
particular the situation where only droplets and bubbles are present.

3. Results and discussion

3.1. Rising bubble

The first test case considers a two-dimensional gas bubble (G)
rising in stagnant liquid (L). The basic conditions are inspired by the
benchmark Case 1 of Hysing et al. (2009). The general functionality of
the numerical model in the aforementioned case has been demonstrated
in a previous work (Meller et al., 2021). The gas is initialised as circular
bubble of diameter 𝐷𝑏 = 0.5m. Both density and dynamic viscosity
ratios of liquid to gas are 𝜌L∕𝜌G = 𝜇L∕𝜇G = 10. The gravitational
Reynolds number is 𝑅𝑒𝑔 = 𝜌L𝑈𝑔𝐷𝑏∕𝜇L = 35 and the Eötvös number
is 𝐸𝑜 = 𝜌L𝑈2

𝑔𝐷𝑏∕𝜎GL = 10. The two latter dimensionless numbers are
based on the gravitational velocity 𝑈𝑔 =

√

𝑔𝐷𝑏, with the magnitude of
gravitational acceleration, 𝑔. The domain is chosen to be much larger
than in the original benchmark case, spanning 8𝐷𝑏 × 28𝐷𝑏 in 𝑥 × 𝑦
directions, respectively. The origin is located in the bottom centre of
the domain. The gravity is directed in negative 𝑦-direction. The initial
position of the centre of gravity of the bubble is located at (0, 𝐷𝑏). Top
and bottom walls are no-slip walls for the continuous gas and liquid
phases and free-slip for the disperse gas phase. The lateral boundaries
act as free-slip walls for all continuous and disperse phases. For the
momentum exchange between both continuous gas and liquid phases,
the resolution-adaptive interfacial drag model (Meller et al., 2023) is
used with a drag coefficient of 𝐶𝐷 = 1.6 for the under-resolving drag
model. The performance of this drag closure for rising gas bubbles has
been demonstrated by Meller et al. (2023). The domain is discretised
with an orthogonal computational grid.

To obtain a reference solution, a fine grid of 160 × 560 cells in 𝑥×𝑦
directions is used, resulting in a grid spacing of 0.05𝐷𝑏. The temporal
evolution of the phase fraction of continuous gas, 𝑟c, obtained with this
grid and without the morphology transfer is presented in Fig. 1(a).
Right at the beginning the gas bubble takes a flat shape, which is
maintained during the time of observation (𝑡 ≤ 24 s). It rises in a nearly
straight, vertical line with equidistant vertical position changes, when
observed at time intervals of 4 s.

In order to assess the MultiMorph model, a computational grid with
locally varying grid spacing is used hereafter. Based on a background
grid with 10 × 35 cells in 𝑥 × 𝑦 directions resulting in a grid spacing
of 0.8𝐷𝑏, the grid cells are refined in four consecutive steps from top
o bottom at the locations 𝑦 = {20, 12, 8, 4}𝐷𝑏 (bottom of the domain
orresponds to 𝑦 = 0). In each refinement step the grid spacing is
educed by half, resulting in a total number of 9710 grid cells. The

resulting computational grid is shown in Fig. 1(b). The grid spacing
in the region of highest resolution is identical to the resolution of the
reference grid shown in Fig. 1(a).

At first, the dynamic of the gas bubble is investigated, predicted
on that new computational grid without morphology transfer. Fig. 1(c)
shows the resulting, implausible simulation results obtained if no spe-
cial care is taken to address the under-resolution. In the early phase at
𝑡 = 4 s and 8 s, when the gas bubble travels through the region of the
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Fig. 1. Results of rising bubble case in 4 s intervals with 𝑡 ∈ [0, 24] s; (a) distribution of continuous gas (𝑟c, blue) obtained with fine grid for reference, (b) computational grid with
locally varying grid spacing, (c) distribution of continuous gas without morphology transfer, (d) distribution of continuous and of disperse gas (𝑟d, orange) with transfer to disperse.
two finest grid resolutions, it still behaves as expected and similar to
the reference data. At 𝑡 = 12 s however, the bubble passes the region
of intermediate grid resolution and the continuous gas volume fraction
starts to smear out at the lateral parts of the bubble surface. As soon
as the bubble reaches the second coarsest mesh region, without the
morphology transfer the continuous gas structure quickly breaks up
and is slowing down rapidly, even though the interface compression
mechanism is active (Weller, 2008).

In order to improve the prediction, the diameter of the disperse
gas for the momentum exchange modelling for (disperse) bubbly flows
(Hänsch et al., 2021) is set identical to the initial diameter 𝐷𝑏 of the
continuous gas structure for this specific test case. All phases are consid-
ered laminar in this case, i.e. no turbulence model is used. The transfer
to disperse morphology transfer model is used to convert continuous gas
(c) into disperse one (d) with a time scale of 𝜏 = 0.5 s. The distribu-
tion of both continuous and disperse gas, obtained with the proposed
transfer to disperse morphology transfer model, is shown in Fig. 1(d) for
several instances in time. Firstly, the transfer model remains passive,
but begins to take effect at 𝑡 ≈ 12 s, starting to detect insufficient
spatial resolution of the gas structure. The transfer of continuous gas
towards disperse one is partially initiated at this time. In particular, at
the lateral locations of the bubble interface the morphology transfer
takes place at this stage. This are exactly the same locations, where
a shear off of gas is observed in the simulation without morphology
transfer. Right after reaching the region with the intermediate grid
resolution, the whole amount of gas is rapidly transferred into disperse
bubbles. This disperse bubble structure also tends to smear out over
time, but this time without breakup of the gas structures leading to one
single connected structure until 𝑡 = 24 s. The numerical diffusion of the
disperse gas is explained with the momentum transfer closure models
acting on the gas phase. Those correlations are typically formulated
assuming that bubbles are smaller than the computational grid cells,
which is violated in the present case. The adaption of closure models
to comparatively large gas bubbles described in the context of the E-E
4 
models shall be in the focus of future endeavours and is outside the
scope of the present work. Note that in the E-E method, 𝑟d can be
interpret as a measure for the probability of the presence of gas at
a certain point and time. Therefore, the exact position becomes more
and more uncertain over time, which is reflected in a smearing of the
phase-averaged gas fraction. While the prediction of the bubble position
becomes less sharp compared to the simulation without morphology
transfer, no numerically induced, erroneous breakup of the gas bubble
results. In other words, the gas bubble remains a single entity but its
exact position becomes less clear. Therefore, transfer to disperse enables
the morphology-adaptive multiphase model to adapt simulation results
to the given degree of locally available resolution.

The temporal evolution of the vertical position 𝑦𝑏 and of the vertical
velocity 𝑣𝑏 of the centre of gravity of continuous and disperse gas
is presented in Fig. 2. The evolution of bubble position and velocity
confirms the identical behaviour of the continuous gas structure before
reaching the second step of grid refinement at 𝑦 = 8𝐷𝑏 at 𝑡 ≈ 10 s.
For 𝑡 < 4 s the results also coincide with the reference data obtained
with the fine grid, which is plausible, as the resolution of both grids
matches in the lower part of the domain. Subsequently, on the grid
with varying grid spacing, transfer to disperse leads to more and more
continuous gas being transformed into disperse gas with similar rising
velocity. The oscillations in the rising velocity of the continuous gas
phase is explained with spatial resolution becoming insufficient to
precisely predict the rise of the gas bubble. At 𝑡 ≈ 15 s, when the
region of the next coarser grid is reached, the continuous gas without
morphology transfer slows down significantly, reducing the rise of
the bubble position over time. With transfer to disperse the whole gas
amount is converted and the gas bubble now rises as disperse gas
with an increased velocity compared to the reference data on the fine
grid. The specific value of the rising velocity is directly dependent on
the interfacial drag model formulation. Improving the bubble rising
velocity in the disperse representation shall be the focus of future
investigations, especially in situations arising directly from the transfer
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Fig. 2. Evolution of centre of gravity over time for rising bubble case; (a) vertical position 𝑦𝑏 and (b) vertical velocity component 𝑣𝑏; results for continuous gas 𝑟c with and
without transfer to disperse morphology transfer as well as for disperse gas 𝑟d with transfer to disperse.
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to disperse morphology transfer. Nevertheless, the velocity stays nearly
constant over time, even in the region of the very coarse grid resolution.

Overall, the transfer to disperse morphology transfer allows for pre-
dicting a rising gas bubble without numerically induced breakup of gas
structures even on very coarse computational grids. Although the rising
velocity predicted for the disperse gas on the coarse grid resolution
is higher than for the reference data on the fine grid, the qualitative
behaviour of the gas bubble is improved compared to the simulation
without morphology transfer.

3.2. Phase inversion

The second test case considers a two-dimensional phase inversion of
oil (O) and viscous water (W) as proposed by Labourasse et al. (2007).
The square domain with an edge length of 1m is initially filled with
water except for the lower left quarter, where slightly lighter oil is
located, hence, forming an unstable configuration due to buoyancy.
Oil and water have phase-specific densities of 𝜌O = 900 kgm−3 and
𝜌W = 1000 kgm−3, respectively. The phase-specific dynamic viscosities
of both fluids are 𝜇O = 1 × 10−1 kgm−1 s−1 and 𝜇W = 5 × 10−3 kgm−1 s−1,
respectively. The surface tension coefficient is 𝜎OW = 0.045Nm−1 and
the gravitational acceleration has a magnitude of 𝑔 = 9.81m s−2. The
disperse oil droplets are coupled to the water via the drag correlation
of Schiller and Naumann (1933) with a modelled droplet diameter of
𝐷𝑑 = 4.6 × 10−3m, corresponding to a critical Weber number of 𝑊 𝑒crit =
0 (Ménard et al., 2007) based on a gravitational velocity of 𝑈𝑔 =
.99m s−1 (Labourasse et al., 2007). No further interfacial momentum
ransfer mechanisms are taken into account to describe the disperse
roplet flow. All phases are considered laminar, i.e. no turbulence
odelling is applied in this case. For the large-scale interface between

ontinuous oil and water the no-slip drag correlation of Štrubelj and
iselj (2011) is imposed. The time scale for the transfer to disperse
orphology transfer is, again, chosen as 𝜏 = 0.5 s. All four boundaries

re treated as no-slip walls for all continuous and disperse phases. The
omain is spatially discretised with an equidistant orthogonal grid of
4 × 64 grid cells. For comparison, the reference data (Labourasse et al.,
007) are obtained on a finer grid with 256 × 256 grid cells.

The distribution of continuous and disperse oil is presented in Fig. 3
or several instances in time. For each time instant the high-resolution
eference data (256 × 256 grid) is shown on the left-hand side next to
he simulation results obtained on the coarser grid (64 × 64) without
orphology transfer in the centre. The results achieved on the coarse

rid with transfer to disperse are presented on the right-hand side. The
dentical initial distribution for all simulations at 𝑡 = 0 s is shown in
ig. 3(a). At first, as long as primarily continuous oil is present for
≤ 1 s (Fig. 3(b)), similar dynamics are observed between both cases
ith and without morphology transfer. At 𝑡 = 2.25 s (Fig. 3(c)) a small
mount of oil has already been transformed by transfer to disperse,
specially right next to the left wall and at the vortex in the centre left
5 
egion. At 𝑡 = 4.5 s (Fig. 3(d)) the overall oil distribution is still similar
etween both setups, with and without the transfer mechanism. With
he morphology transfer, however, the continuous oil is accompanied
y disperse oil, mostly in the vicinity of the large scale interface region
n the centre right region of the domain. In both simulations a larger
ortion of continuous oil starts gathering underneath the top wall due
o buoyancy effects. While the overall distribution of oil is still similar
t 𝑡 = 6.25 s (Fig. 3(e)) between both cases, the continuous oil becomes
ore and more fragmented without the morphology transfer forming

ather large fragments of oil. With transfer to disperse those fragments
uickly become transformed and, hence, disperse oil is accumulating
ver time representing rather small oil droplets according to the se-
ected modelling diameter 𝐷𝑑 . This is in accordance with the reference
f Labourasse et al. (2007), which shows a large amount of small oil
roplets already at this stage of the simulation. At 𝑡 = 9.75 s (Fig. 3(f)) a

chunk of continuous oil is still observed in both setups, which gradually
becomes transformed to disperse oil by transfer to disperse. Hence, a
large cloud of droplets is formed over time. Without the morphology
transfer, submerged bits of continuous oil accumulate in the water. In
the reference further disintegration of oil droplets has taken place until
this point in time. This can be predicted with the morphology-adaptive
with transfer to disperse, while the approach without this morphology
transfer cannot reproduce such small structures due to the limited
spatial resolution. At 𝑡 = 22.25 s (Fig. 3(g)) the oil droplets started to
rise according to the reference due to buoyancy leaving behind a region
of nearly pure water in the bottom centre region of the domain. The
simulation without morphology transfer still shows oil structures being
distributed over the whole water volume at this point. At the same
time a larger accumulation of oil is observed in the simulation results
with and without transfer to disperse. However, the results obtained with
morphology transfer show that the disperse oil structures are gathered
around the larger oil accumulation and on the bottom left region of
the water volume no oil is observed anymore. At 𝑡 = 34.75 s (Fig. 3(h))
the large oil accumulation observed in the present simulations has
completely disintegrated, with and without morphology transfer. The
small oil droplets observed in the reference data are further rising
to the water–oil interface, while the latter becomes more and more
smooth. While the result obtained without morphology transfer still
shows a lot of oil being submerged in the water at this point, the
disperse oil droplets generated by the transfer to disperse are steadily
rising towards the large-scale interface. A lot of those fragments are
still observed without the morphology transfer at 𝑡 = 42.25 s (Fig. 3(i)).
At this instance in time with transfer to disperse nearly the whole
amount of (disperse) oil already floated to the surface and has been
transformed back to continuous oil via the morphology transfer in
the opposite direction (Krull et al., 2023). Only a very small amount
of disperse oil is left in the water at that time, continuing to rise
towards the surface, which is inline with the reference data. Also the

interface becomes smooth and increasingly settled, which is close to
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Fig. 3. Position of interface (black line) and distribution of continuous oil (𝑟c, blue) and disperse oil (𝑟d, orange) volume fraction for several instances in time for the phase
inversion case; three results are shown for several instances in time — left: reference results of Labourasse et al. (2007), centre: present results obtained without morphology
transfer, right: present results obtained with transfer to disperse.
the reference data. The simulation without morphology transfer still
shows a disturbed oil–water interface at this time. Finally, at 𝑡 = 100 s
(Fig. 3(j)) the flat interface seen in the reference data is recovered
with the simulation with morphology transfer, while no submerged
oil droplets are observed any more. Both immiscible liquid phases
have finally segregated. This is the case for the simulation without
morphology transfer, although the interface is still not perfectly flat,
and small disturbances are still observed. Overall, compared to the
high-resolution reference data (Labourasse et al., 2007), the interface
location evolves very similar at the beginning of the simulation, both
with and without morphology transfer. Describing the oil purely as a
continuous phase leads to disintegration of the structures into rather
large oil fragments, which are much larger than suggested by the
6 
reference data and still exist at the final time instance. Contrarily, the
application of the morphology transfer model results in a very small
amount of smoothly dispersed oil, reaching the stagnant stratification
in accordance with the reference data at 𝑡 = 100 s.

In order to assess the dynamics in a more quantitative manner,
simulation results are compared to the reference data (Labourasse et al.,
2007) in terms of the interfacial area density IAD and of the volume
ratio 𝑅𝑉 . For the continuous oil IAD is evaluated as the integral surface
area of the actual oil–water interface (𝑟c = 0.5), while the quantity is
calculated for the disperse oil as IADd = 4 𝑟d∕𝐷𝑑 in two-dimensional
space. The volume ratio 𝑅𝑉 is defined as the integral volume of oil
in the upper quarter of the domain normalised by the volume of the
whole domain. The evolution of both quantities, IAD and 𝑅 , over
𝑉
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Fig. 4. Evolution of integral quantities in phase inversion case over time; (a) interfacial area density IAD, (b) volume ratio 𝑅𝑉 ; results for continuous oil with and without transfer
to disperse morphology transfer and for disperse oil in comparison to reference data of Labourasse et al. (2007).
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time for continuous oil with and without transfer to disperse as well as
for disperse oil is presented in Fig. 4. The interfacial area density of
the continuous oil shows a slight increase in the first 5 s of the simu-
lation and subsequently decays over a period of roughly 10 s, which is
observed similarly in both cases, with and without transfer to disperse.
However, for the disperse oil IADd rises more rapidly until 𝑡 ≈ 10 s with
a peak value of almost 90m−1 before it slowly decays as well. Compared
to the reference data, which show a peak value of around 40m−1 the
combined interfacial area density for both continuous and disperse oil is
much higher, which is closely connected to the choice of the modelled
droplet diameter 𝐷𝑑 . A better model prediction of 𝐷𝑑 , i.e. via coupling
of MultiMorph to the population balance method (Lehnigk et al., 2021),
would help to improve the results in terms of interfacial area density.
Such a coupling is focus of future endeavours. However, without the
morphology transfer the quantity is significantly under-predicted.

Considering the reference data the volume ratio 𝑅𝑉 rapidly rises
starting at 𝑡 ≈ 3 s, when a large portion of the oil is initially entering
the upper quarter of the domain. After a slight dip the quantity rises
more slowly until it nearly reaches its theoretical maximum of 0.25
t 𝑡 ≈ 40 s. Finally, 𝑅𝑉 asymptotically grows towards the latter value
ith showing slight oscillations, which corresponds to the wavy motion
f the oil–water interface. In the simulation results with and without
orphology transfer the rapid initial rise of 𝑅𝑉 is recovered for the

continuous oil. Also the dip followed by the slow growth of the volume
ratio is qualitatively observed with both setups. With transfer to disperse
𝑅𝑉 of the disperse oil is appearing after the dip but it is soon fading
out afterwards due to the morphology transfer in the opposite direc-
tion (Krull et al., 2023). However, the overall evolution of the volume
ratio is comparatively similar to the reference data almost reaching the
maximum value of 0.25 shortly after 𝑡 = 40 s. In contrast, the simulation
without morphology transfer predicts a very slow increase of 𝑅𝑉 after
the dip resulting in a value at 𝑡 = 100 s, which is significantly lower
than 0.25. In terms of the volume ratio transfer to disperse significantly
improves the overall dynamics in the phase inversion case.

Additionally, the evolution of the kinetic energy 𝐸kin integrated over
the domain for the oil phase(s) resulting from both setups is compared
to the reference data (Labourasse et al., 2007), which is presented in
Fig. 5. In the reference data a rapid initial rise of 𝐸kin is observed,
followed by a fast drop. Both aforementioned features are reproduced
with and without the morphology transfer. Afterwards, a second peak
occurs in the reference data, which is similarly large as the first one
with a peak value of 𝐸kin ≈ 11.5 J. While a second energy peak is re-
produced in the present simulations, its value is overestimated without
the morphology transfer with 𝐸kin ≈ 14 J, while the peak predicted with
transfer to disperse reveals an even larger peak value of 𝐸kin ≈ 16 J. It is
assumed, that the rapid disintegration of oil droplets in this early stage
of the simulation observed in the reference data helps to dissipates the
energy, which in turn prevents such a high peak of kinetic energy.

For sure these small-scale dynamics cannot be resolved on the coarse a

7 
grid used in the present simulations. However, the transfer to disperse
morphology transfer seems to predict too little disintegration of oil
droplets in this initial phase. Nevertheless, throughout the remaining
simulation period, the decay of kinetic energy observed in the reference
data is qualitatively reproduced both with and without morphology
transfer. Without the latter the kinetic energy decays significantly
slower, while transfer to disperse results in integral values of 𝐸kin, which
are similar to the reference data. This is especially observed for 𝑡 > 40 s
with the logarithmic scaling in Fig. 5(b).

Altogether, the morphology transfer itself as well as the resulting
presence of the disperse oil seem to dampen the motion of the oil–water
mixture dissipating kinetic energy and, hence, improving the prediction
of dynamics in the phase inversion case.

3.3. Plunging jet

The third case considers a vertical water jet in air plunging onto a
free surface, proposed by Chanson et al. (2004) as case M1. The three-
dimensional domain features the same dimensions as the experiment:
a diameter of 0.6m and a total height of 1.8m. The opening of the
inlet pipe is located 0.2m below the top boundary of the domain and
he water level is initialised 1.5m above the bottom of the domain. At
he inlet, pure water is injected with a vertical velocity of 3.853m s−1

hrough the circular inlet boundary, which has a diameter of 25mm.
n outflow is imposed at the bottom boundary, which matches the
olume flow rate of the inlet in order to conserve the total volume of
ater within the domain. The top boundary is modelled as atmospheric
oundary condition allowing back-flow of pure continuous air. The
ounding surface of the cylindrical domain as well as the outer wall
f the inlet pipe are modelled as no-slip walls for continuous water
nd air and as free-slip walls for disperse air bubbles. The air bubbles
re modelled as disperse phase with the full baseline model set (Hänsch
t al., 2021), assuming a bubble diameter of 𝐷𝑏 = 3.5mm. Turbulence
s taken into account as described in Section 2.1. The momentum
xchange between continuous air and water is realised by the resolution
daptive drag model (Meller et al., 2023). The time scale for the
orphology transfer to disperse is set to 𝜏 = 0.1 s.

In order to assess the influence of the spatial resolution, three differ-
nt computational grids are used: coarse, medium and fine resolution
rids, referred to as G1, G2 and G3, respectively (Fig. 6, top row).
he computational grids consist of orthogonal cells in the centre of
he cylindrical domain, with an attached O-type grid in the radial
utward direction. The cell spacing is increased in the outer region.
owards both bottom and atmospheric boundaries the vertical grid
pacing gradually increases. The inlet diameter is mapped with 1, 2
nd 4 cells for grids G1, G2 and G3, respectively. This results in a total
umber of 5454, 35 776 and 277 872 grid cells, respectively.

Numerical results for the distribution of continuous air and disperse

ir are presented in Fig. 6. The results are temporally averaged for a
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Fig. 5. Kinetic energy of oil integrated over domain with and without transfer to disperse morphology transfer compared to reference data of Labourasse et al. (2007); (a) linear
scale, (b) logarithmic scale; results obtained with morphology transfer are presented as combined integral kinetic energy for continuous and disperse oil.

Fig. 6. Vertical cut through plunging jet case. Top row, from left to right: computational grids G1, G2, G3; centre row: time averaged distribution of continuous gas (𝑟c, blue)
obtained without morphology transfer; bottom row: time averaged distribution of continuous gas (𝑟c, blue) and disperse gas (𝑟d, orange) obtained with morphology transfer to
disperse.
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Fig. 7. Distribution of temporally averaged gas fraction along horizontal line A (left column), line B (centre column) and line C (right column); results are presented for
computational grids G1 (top row), G2 (centre row) and G3 (bottom row); experimental data of Chanson et al. (2004) are shown for reference.
time period of 𝑡 = 5 s to 10 s. Without morphology transfer, the air
becomes very diffuse shortly after being entrained into the water on the
coarse grid (Fig. 6(d)). With the finer grids, a thin cone of continuous
air forms a pronounced plunging zone (Figs. 6(e) and 6(f)). Its shape
and vertical extension strongly depends on the spatial resolution. If
the morphology transfer is applied, the results change significantly:
Almost no continuous air is submerged in the water, especially in
deeper locations. There, all continuous air has become transformed into
disperse one forming a compact cloud of air bubbles. That behaviour
is observed on all three grids under investigation (Figs. 6(g), 6(h) and
6(i)). The vertical extension of the disperse air plume varies slightly
with the spatial resolution, while the qualitative behaviour is the same
across all grids.

For a more quantitative assessment, the radial distribution of the
time averaged distribution of continuous and of disperse gas are com-
pared to experimental measurements reported by Chanson et al. (2004).
Data are extracted at three horizontal lines: line A, B and C located
1.46m, 1.44m and 1.40m above the bottom of the domain, respectively.
The gas distributions for all three computational grids are presented in
Fig. 7.

Two sharp peaks are observed in the gas fraction profiles of the
reference data (see for example Fig. 7a–c). The peaks are asymmetric
at lines B and C with a tendency towards the right hand side (Figs. 7b
and 7c). Generally, less air is observed in greater depth below the
water surface (decreasing amplitude in Fig. 7a–c). It is conceivable,
that bubbles rising upwards in the vicinity of the jet were not fully
captured by the experiment, because there should exist at least a certain
amount of gas aside from the recorded central peaks. At the coarse
grid G1, the two asymmetrical gas fraction peaks are recovered at
lines A and B (Figs. 7a and 7b), while at C a single peak is observed
left to the vertical centre line (Fig. 7c). At positions A and B, the
gas fraction is over-predicted by the larger of the two peaks. At A,
the continuous gas is present everywhere and is accompanied by a
small amount of disperse gas (Fig. 7a). With increasing depth (positions
B and C), the continuous gas disappears from the lateral positions
𝑟 > 0.05m, due to the morphology transfer turning it into disperse
gas. On the intermediate grid G2, both gas fraction peaks are sharper
9 
compared to G1 due to the higher spatial resolution (Fig. 7d–f). An
asymmetry is not observed anymore. At line A, the peak values of
the combined gas fraction are very close to the experimental values
(Fig. 7d). At B and C the maximum combined gas fraction values are
in accordance with the larger peak of the reference data (Figs. 7e
and 7f). Generally, continuous gas is only present close to the peak
regions in the centre of the domain, while disperse gas is present
everywhere, which is most likely not measured in the experiments.
With increasing radial distance, the disperse gas fraction gradually
reduces and nearly reaches zero at |𝑟| ≈ 0.15m (approx. half domain
radius). The simulation results without morphology transfer in Fig. 7d–f
reveals gas fraction peak values at the same location but with lower
values compared to the results obtained with transfer to disperse. At
all vertical locations, additional flat gas fraction peaks are observed
at |𝑟| ≈ 0.1m. This observation is in accordance with the air rising
towards the water surface as shown in Fig. 6(e). With the fine grid
G3 (Fig. 7g–i), the gas fraction peaks are symmetrical and become
even sharper and their width is now comparable to the experimental
reference data. However, the peak values are lower compared to the
coarser grids at all locations, A, B and C. While being under-predicted at
line A, the peak values of the combined gas fraction are slightly higher
than the lower peak of the experimental values (Figs. 7h and 7i). The
continuous phase is purely observed at the sharp peaks, which is in
accordance to the reference data. As observed with the intermediate
grid, G2, disperse gas is located in a larger region around the centre
and gradually reduces with increasing radial distance. However, the
overall amount of disperse gas is reduced compared to the coarser
grids. The results obtained without morphology transfer show only
the two gas fraction peaks (Fig. 7g–i). At locations A and B, the peak
values are slightly lower compared to the combined gas fraction of the
morphology-adaptive model, while revealing slightly higher values at
line C. Contrary to grid G2, only a very small amount of gas is observed
at 𝑟 ≈ 0.1m.

Overall, the morphology transfer to disperse reveals a more consistent
behaviour across several degrees of spatial resolution, which is an
improvement in comparison to the simulation without morphology

transfer. However, the absolute values of gas fraction are similar among
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both approaches. The major difference is observed in the distribution of
the (disperse) gas bubbles, which are finally rising to the water surface.
This feature cannot be assessed as it is not available in the reference
data.

4. Conclusion and perspectives

Morphology-adaptive multifield two-fluid models, such as Multi-
orph, combine VOF and E-E approaches. Such methods require to
andle the transfer of phase fraction from a continuous morphology
o a disperse one and vice versa. In the present work a transfer for-
ulation called transfer to disperse is proposed, turning continuous
hase fraction into disperse one. This extends the capability of the
ultiMorph model (Schlegel et al., 2023). The functionality of the

roposed formulation is demonstrated in three different test cases: 1.
two-dimensional gas bubble rising in stagnant liquid in a domain

iscretised with a locally varying grid spacing, 2. a two-dimensional
hase inversion of oil and viscous water, and 3. a three-dimensional
lunging water jet in ambient air. In all three cases an improvement
f results is achieved compared to the simulation on coarse meshes
ithout morphology transfer, resulting in a consistent model behaviour
ven with varying spatial resolution. Moreover, the dynamics of the
nterfacial flows are predicted more precisely.

Future endeavours might focus on the validation of the proposed
ransfer model for the morphology transfer of continuous liquid phases
o disperse liquid phases inside a gaseous fluid. Furthermore, it is
esirable to find a suitable analytical expression for the transfer time
cale 𝜏 based on material properties of the liquid. In that way the case
pecific choice of this quantity would become superfluous. Another
ossible improvement would be to derive the modelled diameter from
he current flow situation, potentially combined with polydisperse
odelling approaches. Additionally, the proposed morphology transfer

ormulation might be combined with an explicit model for the en-
rainment of bubbles or droplets at large-scale interfaces, which takes
lace on length scales much smaller than the grid spacing. For this
urpose the entrainment model proposed by Ma et al. (2011) shall be
onsidered.
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