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Abstract 

Multiphase gas-liquid flows exist in a large variety 

of flow regimes with interfaces that often span over a 

broad range of length scales. This paper introduces the 

generalized multifluid modelling approach 

(GEMMA), developed to predict the complex multi-

phase regimes where dispersed and large scale inter-

faces co-exist. The GEMMA solver introduces inter-

face resolving capabilities inside a multifluid frame-

work, by selectively applying a dispersed or a large 

interface multifluid formulation based on the local in-

terfacial scale. Validation of the model against funda-

mental segregated and dispersed flow conditions is 

achieved. These include a rising bubble in liquid at 

rest, where the model achieves an accuracy compara-

ble to interface resolving techniques, a stratified lami-

nar flow and a bubbly pipe flow, where the model op-

erates in the dispersed regime. In the final part, the 

solver is used to predict a stratified turbulent flow, 

where modelling of the turbulence at the interface is 

mandatory for the accurate prediction of the phase ve-

locities and distribution. 

 

1 Introduction 

Multiphase flows are ubiquitous in nature and in a 

wide range of engineering applications and industrial 

processes and equipment. The unlimited variety of 

multiphase flows found in practical applications dif-

fers not only because of the number and type of the 

phases involved (solid, liquid, gas), but also due to 

many possible spatial arrangements of these phases in 

the multiphase flow field. To different arrangements 

correspond different morphologies of the interface, 

and specific impacts on the flow behaviour and the 

transport of mass, momentum and energy across the 

interface. Due to this large variety, multiphase flows 

have been historically classified in different flow re-

gimes (e.g., bubbly flow, slug flow, annular flow) as a 

function of the phase arrangement.  

Overall, gas-liquid and liquid-liquid multiphase 

flows can be distinguished into dispersed regimes, 

where a large number of small-scale bubbles or drop-

lets are dispersed in a continuous fluid region. On the 

other hand, in segregated or stratified flows large scale 

interfaces form from the agglomeration of droplets or 

bubbles into larger structures like slugs, or due to the 

action of gravity. Unfortunately, such distinctive fea-

tures are not often found in large scale flows that are 

of industrial interest. Instead, multiple flow regimes 

co-exist and interact with each other and interface 

structures span a wide range of length scales depend-

ing on the local flow conditions (e.g., bubbles can co-

alesce into large continuous gas structures and entrain-

ment of bubbles/droplets into continuous liquid/gas 

regions can occur due to the perturbation of the inter-

face in separated flows). When this is coupled to the 

complex, large scale geometry of many industrial tur-

bulent flows the resulting system becomes, even for 

the most advanced computational models, an almost 

unsolvable, truly multiscale problem. 

Even with computational fluid dynamics (CFD), 

successful results have been obtained only for specific 

flow conditions, and general applicability to multiple 

regimes remains a major issue. Dispersed regimes 

have been successfully modelled using multifluid Eu-

lerian-Eulerian models. In these, the interface is not 

resolved but filtered in the averaging procedure, and 

all the interfacial transfers are modelled with closure 

relations (Liao et al., 2018; Colombo et al., 2021). 

However, multifluid models tend to diffuse large in-

terfaces and their averaged formulation is not 

equipped to handle large, intermittent interface struc-

tures that extend over multiple mesh elements 

(Bestion, 2014).  

Instead, with interface resolving techniques, all the 

interface scales are entirely resolved and the models 

have successfully been employed to resolve segre-

gated regimes and large interfaces (Mehrabani et al., 

2017; Zimmer and Bolotnov, 2019). However, their 

application to dispersed regimes is constrained by 

computational costs to fundamental flows with a lim-

ited number of droplets or bubbles.  

Recently, attempts have been made, mainly by im-

plementing interface resolving capabilities in mul-

tifluid solvers, to develop a generalized methodology 

that is not limited to specific flow regimes (Strubelj et 

al., 2009; Hänsch et al., 2013). Most of these imple-

mentations rely, in the presence of large interfaces, on 

compression algorithms, designed to counteract the 



 

 

numerical diffusion unavoidably affecting multifluid 

models (Gada et al., 2017; Mathur et al., 2019). In con-

junction to this, a dedicated closure framework is ac-

tivated, normally including a large interface drag clo-

sure and a model for the surface tension force.  

This work presents a generalized multifluid mod-

elling approach (GEMMA) (De Santis et al., 2021), 

applicable to n-phases and developed starting from the 

reactingMultiphaseEulerFoam solver of the Open-

FOAM CFD code (The OpenFOAM Foundation, 

2016). The model is sensitive to the local flow mor-

phology and interface compression, and switching be-

tween dispersed and large interfaces is activated based 

on the local gradient of the void fraction or the dis-

persed phase to the computational grid size ratio, 

avoiding the arbitrary void fraction thresholds used in 

the majority of these models (Hänsch et al., 2013; 

Gada et al., 2017; Mathur et al., 2019). In addition, 

blending between dispersed and segregated closure 

frameworks is achieved in a generalized way that is 

applicable to any interfacial closure without modifica-

tion. Here, validation of the model against fundamen-

tal segregated and dispersed cases is presented. These 

include the rising of a bubble in a stagnant liquid, a 

stratified laminar flow and a dispersed bubbly flow. 

Finally, application to a stratified flow (Fabre et al., 

1987), relevant for the study of loss of coolant acci-

dents in nuclear thermal hydraulics, is also presented. 

Applications of the model to other more complex 

cases including liquid-liquid extraction processes are 

presented in a companion paper at this conference. 

 

2 GEMMA concept  

The GEMMA solver is developed on top of the Eu-

lerian-Eulerian multifluid reactingMultiphaseEuler-

Foam solver of OpenFOAM (The OpenFOAM 

Foundation, 2016), where a set of conservation equa-

tions is solved for n compressible phases. While this 

work is limited to adiabatic flows, mass, momentum, 

energy and species conservation equations can be 

solved. The general form of the conservation equa-

tions for a multifluid model is presented in numerous 

available publications (Prosperetti and Tryggvason, 

2007; Yeoh and Tu, 2010). In the GEMMA solver, a 

numerical compressive term is added to the continuity 

equation, to counteract numerical diffusion and main-

tain a sharp interface in segregated regimes (Wardle 

and Weller, 2013): 𝜕𝜕𝑡 (𝛼𝑘𝜌𝑘) + ∇ ∙ (𝛼𝑘𝜌𝑘𝒖𝑘) + ∇∙ [𝛼𝑘(1 − 𝛼𝑘)𝜌𝑘𝒖𝑐] = 0 
(1) 

The artificial compression velocity uc is obtained 

from the local relative velocity and the interface nor-

mal vector, which ensures it acts perpendicular to the 

interface: 𝒖𝑐 = 𝐶𝛼|𝒖𝑟| ∇𝛼|∇𝛼| (2) 

Here, Cα is a scalar field that is equal to 0 when the 

flow is dispersed and 1 in segregated regions with 

large interfaces. Therefore, it is through Cα that 

GEMMA distinguishes between the multifluid formu-

lation in dispersed regimes and the multifluid inter-

face-resolving formulation with large interfaces. Fol-

lowing the work of Wardle and Weller (2013), the 

large interface mode is activated locally when a suffi-

cient mesh resolution is achieved. This is defined 

through a local Interface Resolution Quality (IRQ) 

that needs to be higher than a critical value: 𝐼𝑅𝑄 =  2∆𝜅 > 𝐼𝑅𝑄𝑐𝑟𝑖𝑡 (3) 

where  is the local mesh size and κ the interface cur-

vature. The value of the IRQ increases for more re-

fined resolution of the interface. Therefore, the critical 

value identifies a minimum resolution that needs to be 

reached for the large interface model to be activated. 

If this requirement is met, the large interface mode is 

effectively activated if the local void fraction gradient 

is higher than a certain value (identifying the presence 

of a large interface) or, when GEMMA is coupled to a 

population balance model, the local length scale of the 

dispersed phase is larger than the grid spacing by at 

least a factor Γ: 𝑑𝑆𝑀 > 𝛤∆ (4) 

In Eq. (4), dSM is the Sauter-mean diameter. In ad-

dition to the compression in Eq. (1), GEMMA adapts 

the multifluid model to the local interface morphol-

ogy, by selectively changing the multifluid closure 

framework. In the momentum equation, the dynamic 

interaction between the phases is modelled with a se-

ries of forces, each of which accounts for a different 

mechanism of interfacial momentum transfer: 𝑴𝑘 = 𝑭𝑑 + 𝑭𝑙 + 𝑭𝑤 + 𝑭𝑡𝑑 + 𝑭𝑣𝑚 + 𝑭𝑠𝑡 (5) 

Eq. (5) includes drag, lift, wall lubrication, turbu-

lent dispersion, virtual mass and surface tension 

forces, and Mk is the interfacial transfer term in the 

momentum equation of phase k. In the dispersed re-

gime, all the forces except for surface tension can be 

included. Instead, in the large interface mode, only 

drag, modelled with a large interface closure, and sur-

face tension remain active. This is achieved by cou-

pling the native volume fraction based blending func-

tion already implemented in OpenFOAM with the Cα 

field. The GEMMA drag force closure for the entire 

range of regimes has the following form: 𝑭𝑑 = [1 − (1 − 𝐶𝛼)𝑓𝑔𝑙 − (1 − 𝐶𝛼)𝑓𝑙𝑔]𝑭𝑑,𝐿𝐼 +(1 − 𝐶𝛼)𝑓𝑔𝑙𝑭𝑑,𝑔𝑙 + (1 − 𝐶𝛼)𝑓𝑙𝑔𝑭𝑑,𝑙𝑔 
(6)

In the previous equation, Fd,LI is the large interface 

drag closure, which provides the drag force when Cα 

= 1. Fd,gl and Fd,lg are the drag closures for gas in liquid 

and liquid in gas, and fgl and flg the OpenFOAM native 

blending functions, with linear and hyperbolic options 



 

 

available. For lift, wall lubrication, turbulent disper-

sion and virtual mass the formulation is similar, except 

that they are equal to zero in the large interface mode. 

Surface tension, instead, is active only with large in-

terfaces: 𝑭𝑠𝑡 = 𝐶𝛼𝑭𝑠𝑡,𝐿𝐼 (7) 

Information on the specific closures used for each 

case test below is provided in the results section. Alt-

hough limited here to interface momentum transfer, 

the updated GEMMA blending method is already ap-

plicable with no restrictions to any interfacial closure.  

When required, turbulence is modelled using a 

mixture k- model (Behzadi et al., 2004), to avoid the 

numerical instabilities related to resolving a specific 

phase turbulence in regions where its volume fraction 

is negligible. In the mixture dissipation m equation, a 

specific dissipation source is included, to avoid un-

physical turbulence kinetic energy values near large 

interfaces. The model is taken from Frederix et al. 

(2018) and adapted to the mixture formulation: 

𝑆𝜀,𝑚 = 𝐶𝛼 [ ∑ 𝐶2𝛼𝑘𝜌𝑘 (𝜈𝑘𝛿2)2 𝑘𝑘𝑘=𝑙,𝑔 ] (8) 

In Eq. (8), νk is the kinematic viscosity of phase k 

and δ a parameter equal to 10-4. 

 

3 Results and discussion 

A first validation of the model was made against 

the case of a bubble rising in a stagnant liquid, often 

used in the validation of multiphase models given the 

availability of benchmark solutions from three differ-

ent interface capturing codes (Hysing et al., 2009). 

The setup is a two-dimensional 1  2 m (width  

height) liquid domain, where a 0.5 m bubble is sus-

pended 0.5 m above the bottom of the liquid at the be-

ginning of the simulation. Fluid properties and com-

putational settings were taken from Hysing et al. 

(2009). The Eötvös and Morton number are 9.0 and 6 

 10-4, which correspond to bubbles of ellipsoidal 

shape in the well-known Grace diagram (Grace et al., 

1976). The simulation was run for ~ 3 s, with a time-

step size adjusted to maintain the Courant number be-

low 0.25. In this assessment, we are interested in the 

capability of GEMMA to identify the interface of the 

bubble and maintain a sharp interface while it rises to-

wards the top of the tank. For this reason, only the drag 

and the surface tension are considered in the momen-

tum interfacial closure. The drag models of Marschall 

(2011) and Ishii and Zuber (1979) are employed in the 

large interface and dispersed model, and the surface 

tension is modelled following De Santis et al. (2021) 

and it is active only with large interfaces. 

In Figure 1, snapshots of the rising bubble at 0.0, 

1.5 and 3.0 s are provided. The first and the third im-

ages display the gas volume fraction, showing how the 

bubble, which is spherical at the start, rises and as-

sumes an ellipsoidal shape, a result of the correct mod-

elling of the interfacial forces involved. At 1.5 s, in-

stead, the Cα field is displayed. This shows how the 

large interface is properly detected by GEMMA, al-

lowing the interface to remain sharp in the simulation. 

Also in Figure 1, the bubble average velocity as a 

function of time is displayed. GEMMA agrees well 

against the benchmark solution and the volume of 

fluid method, except for a slight underprediction of the 

rising velocity in the first second, probably as a con-

sequence of an overestimated interfacial drag. 

The second test is a laminar stratified flow in a hor-

izontal channel of 0.02 m height. The two dimensional 

channel is 0.04 m long and it is modelled with an im-

posed pressure gradient, no-slip walls on top and bot-

tom and zero gradient conditions at the inlet and out-

let. The flow is initialized as stratified with the inter-

face in the middle of the channel. The two fluids have 

the same density but different viscosity, equal to 1.85 

 10-5 for the fluid on the bottom and 5  10-4 for the 

fluid on the top.

 

 

Figure 1: Simulation of the rising bubble test case from Hysing et al. (2009). On the left, the void fraction, 

and the Cα fields are shown. On the right, the bubble rising velocity is compared against Hysing et al. (2009) and 

an interFoam simulation (from Mathur et al. (2019)).



 

 

 

Figure 2: Velocity profile for a laminar stratified 

flow with two fluids with the same density but 

different viscosities compared against an analytical 

solution. 

 

The behaviour of the multiphase flow is effectively 

governed by the interfacial drag. Therefore, as in the 

previous case, only dispersed and large interface drag 

and the surface tension are modelled. An analytical so-

lution is available for this case, which has been used 

by other authors for the validation of their hybrid mul-

tifluid approaches (Marschall, 2011; Mathur et al., 

2019). In Figure 2, the vertical velocity profile taken 

in the middle of the channel is shown. The velocity 

profile in both fluids is well predicted, as is the veloc-

ity difference at the interface. The latter is a clear in-

dication of a correct prediction of the drag in the re-

gion of the large interface.  

The previous two cases were focused on assessing 

the behaviour of GEMMA in the large interface re-

gime. Now, instead, the model operation in a dispersed 

flow is assessed by simulating a turbulent upward bub-

bly flow in vertical pipe. The test is taken from the air-

water experiments of Hosokawa and Tomiyama 

(2009) in a 25 mm inner diameter pipe. Specifically, 

the experiment at liquid superficial velocity jl = 1.0 

ms-1 and gas superficial velocity jg = 0.036 ms-1 is se-

lected. The bubble diameter is fixed in the entire do-

main at 3.66 mm, equal to the average bubble diameter 

measured in the experiment. The void fraction is 

0.033, positioning the case in the low-void, dispersed 

bubbly flow regime. The computational domain corre-

sponds to a quarter section of the pipe, with no-slip 

imposed at the wall, uniform velocity and void frac-

tion fixed at the inlet and pressure fixed in the outlet 

section. On the lateral sides, symmetry boundary con-

dition is imposed. 

In this pipe flow, the model is expected to operate 

in the dispersed regime, and the full interfacial mo-

mentum closure framework is necessary to correctly 

predict the behaviour of the bubble. Drag (Ishii and 

Zuber, 1979), lift (Tomiyama et al., 2002), wall (Antal 

et al., 1991) and turbulent dispersion force (Burns et 

al., 2004) are all considered in the dispersed regime. If 

large interfaces were to be detected, large interface 

drag and surface tension will be activated to model the 

dynamic interaction at the interface.  

The air distribution inside the pipe, and a radial 

profile of the void fraction compared against experi-

mental measurements are displayed in Figure 3. The 

void distribution shows the characteristic wall-peaked 

profiles where bubbles, which have a close to spheri-

cal shape, are pushed toward the wall by the lift force. 

Hydrodynamic effects at the wall then prevent the 

bubbles from moving closer, causing the peak ob-

served in the experiment. GEMMA results demon-

strate that the model operates in the dispersed regime. 

While the main features of the void accumulation and 

the peak value reached are in good agreement with the 

experiments, the shape of the peak is not reproduced, 

probably as a consequence of a too weak wall force. 

 

 

 

Figure 3: Simulation results of a bubbly vertical pipe flow experiment from Hosokawa and Tomiyama (2009) 

(Case 4). Void fraction field (left) and comparison against experimental data for the radial void profile (right). 



 

 

 

Figure 4: Mixture velocity (left) and turbulence kinetic energy (right) as a function of the height in the chan-

nel with and without interface turbulence suppression. 

 

Although the accuracy of the model could have been 

further improved by a different selection of the interfa-

cial force closures, this was outside the scope of the pre-

sent work which was instead focused on the applicabil-

ity of the GEMMA solver across multiple flow regimes.  

Finally, the model is applied to a co-current stratified 

flow of air and water in the rectangular channel studied 

by Fabre et al. (1987). A 10  0.1 m two dimensional 

model of the channel is set up, with results recorded at 

9.1 m from the inlet as in the experiment. In the experi-

ment, water and air are injected with volumetric flow 

rates 3.0 ls-1 for the water and 45.4 ls-1 for the air and a 

smooth stratification was observed without any entrain-

ment reported. In the simulation, the liquid level is fixed 

at the inlet equal to the measured value of 0.038 m, and 

uniform velocities of water and air are imposed to match 

the flow rates in the experiment. The no-slip condition 

is imposed on the upper and lower wall and pressure is 

instead fixed on the outlet section. After a sensitivity 

study, a 3000  60 node computational grid was found 

sufficient to obtain grid independent solutions. Given 

that a stratified flow is expected, only drag and surface 

tension are again considered, while lift, wall and turbu-

lent dispersion forces are neglected. The turbulence is 

modelled with a mixture k- model, with the specific 

source of dissipation in Eq. (8) included. 

A stable, stratified flow was also achieved in the 

simulation, with only minor observed perturbations of 

the large interface, which was correctly detected by the 

model, causing the activation of the large interface re-

gime. In view of this, results were averaged over 30 s 

for comparison against experiments. Mean velocity and 

turbulence kinetic energy profiles along the channel 

height are displayed in Figure 4. Agreement with exper-

iment is obtained only by including suppression of the 

turbulence at the interface, in the absence of which tur-

bulence is largely overestimated. The high level of tur-

bulence, which corresponds a very high value of turbu-

lent viscosity, introduces excessive resistance to the 

flow in the interfacial region, forcing the gas to favour 

the upper portion of the channel, where a pronounced 

peak is displayed near the upper wall. Instead, with tur-

bulence suppression, the correct parabolic profile is re-

covered and results are in good agreement with experi-

ments. In the plot, the mixture velocity is shown, which 

corresponds to the gas velocity over the interface, and to 

the liquid velocity under the interface. The same is true 

for the turbulence kinetic energy, which is also in very 

good agreement with experiments in the bulk of the flow 

when suppression is included. The discrepancies still 

present near the interface, where turbulence is still 

slightly overpredicted on the gas side and shows a near 

zero value on the liquid side, is worth further investiga-

tion. 

 

4 Conclusions 

The generalized multifluid model GEMMA has been 

developed and implemented in conjunction with the 

multifluid reactingMultiphaseEulerFoam solver. Inter-

face sharpening inside the multifluid framework is 

achieved by means of an interface compression algo-

rithm that is dynamically activated locally in the pres-

ence of large interfaces. The model was successfully 

validated against test cases where a sharp interface 

needs to be maintained such as a rising bubble and a 

laminar stratified flow. Comparison against a bubbly 

pipe flow demonstrated the capabilities of the model in 

the dispersed regime, where compression is not acti-

vated and a dispersed set of interfacial closures is used. 

A more complex turbulence stratified flow is also well-

predicted, when turbulence suppression in the interface 

region is included in the turbulence model. More com-

plex applications including liquid-liquid extraction pro-

cesses are the subject of a companion paper at this con-

ference. 
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