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ABSTRACT
Inline fluid separation using a swirl element is a recent technology
for oil/gas processing. Centrifugal forces up to 100 times the grav-
itational acceleration separate the phases, leaving the heavy phase
close to the wall and the light one in the center. The current study is
part of a Europeen project TOMOCON aiming at developing CFD
methods in the in-house code JADIM to simulate the two-phase
flow separation in order to help the development of inline separation
control. The objective is to propose a hybrid approach based on
Navier Stokes solver that makes possible accurate simulations with
coarse spatial resolution. First, Immersed Boundary Method (IBM)
is used to simulate both the pipe and the complex geometry of the
swirl element on a cartesian regular mesh. Turbulence is modeled
by the classical dynamic Smagorinsky sub-grid model in Large
Eddy Simulation (LES) with a special stochastic wall law coupled
to the IBM allowing to avoid the need for a mesh refinement in
the near wall region. A Lagrangian tracking (LT) method is used
to solve the dispersed bubbly flow and it is coupled to the Volume
of Fluid (VoF) approach once the coalescence takes place and the
gas core is formed. The numerical strategy based on the coupling
of these different methods is presented and we report some of the
simulations used for the verification-validation of the numerical
developments.

Keywords: CFD, two-phase flow, Inline fluid separation, Swirl,
IBM, LES, Lagrangian tracking, VoF. .

NOMENCLATURE

Greek Symbols
ρ Density, [kg/m3]
µ Dynamic viscosity, [kg/ms]
ν Kinematic viscosity, [m

2
/s]

αIBM Solid volume fraction , [−]
∆t Time step, [s].

Latin Symbols
p Pressure, [Pa].
ui Velocity, [m/s].
ub Bulk velocity, [m/s].
vb Bubble velocity, [m/s].
R pipe radius, [m].
rb Bubble radius, [m].
Vb Bubble volume, [m3].

CM Added mass coefficient, [−].
CD Drag coefficient, [−].
CL Lift coefficient, [−].
C Phase fraction, [−].

Sub/superscripts
f Continuous phase.
b Dispersed phase: bubble.

INTRODUCTION

Two-phase flow separation is a common process in many
industrial applications. In the oil/gas extraction, for instance,
the separation can be done using gravity or a centrifugal
force. Based on the latter concept, the inline separator (see
figure 1), through the swirl element inserted inside the pipe,
pushes the heavy phase toward the wall, leaving the light
phase in the center of the separator. This type of swirling
flow, having complex features, is interesting to investigate
especially when experimental studies become constrained to
cost and time. CFD methods allow to understand more in
details the flow characteristics particulary those influencing
on the separation efficiency. Neverthless, considering all
the range of flow and interface length scales present in the
separator, new CFD approaches need to be developed.

Figure 1: Sketch of the inline separator (left), swirl element (right)
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Indeed, the interface scales are typically ranging from 1 m
the length of the device (pipe, swirl element) to 10−4 m the
size of the smallest bubbles and drops. The flow is highly
turbulent (Re = 104− 106), and the swirl element geometry
is complex. The numerical strategy proposed here combines
the Immersed Boundary Method (IBM) for the complex ge-
ometry, the Large Eddy Simulation (LES) for the turbulent
flow, the Lagrangian Tracking (LT) for the dispersed phase
and the Volume of Fluid (VoF) for the interface of the core
formed in the separator wake. To simulate complex geome-
tries, many methods exist for solid/fluid interaction. Peskin
(Peskin, 1977) was the first to introduce Immersed Bound-
ary Method (IBM) to study flow patterns around heart valves.
This method is based on adding the force applied by the solid
on the fluid to Navier Stokes equation and to locate the sur-
face of the solid, Lagrangian markers are defined on the Eu-
lerian grids. Bigot (Bigot et al., 2014) replaced the use of
those Lagrangian points by a solid volume fraction which is
0 is the fluid, 1 in the solid and between 1 and 0 through the
interface. This enables to reduce the cost of the computa-
tion and provides a smooth transition across the fluid and the
solid.
Considering the large Reynolds number of the flow in the
process, the flow is turbulent. Therefore, performing Direct
Numerical Simulation (DNS) becomes computationally im-
possible as the Reynolds number increases. In fact, to solve
all time and 3D spatial scales, DNS requires a small time step
and a number of the cell N = O(Re9/4). For turbulence
modeling we consider the LES method which models only
scales below the filter size (the grid size). One of the inter-
esting models in LES and which is suitable to confined flows
is the mixed dynamic Smagorinsky model (Calmet and Mag-
naudet, 1997). This approach has been proved to handle very
well the turbulent viscosity next to the wall through the cal-
culation of a local Smagorinsky coefficient instead of using
a constant value in the whole domain. However, a resolved
LES always demands that 4 to 5 cells should be located in the
viscous sub-layer. Therefore, it requires a significant mesh
refinement close to the wall because the thickness of the vis-
cous sub-layer decreases with the increase of the Reynolds
number. To avoid this constraint, wall models are oftenly
used and special treatments of the wall are done when the
latter is simulated using IBM. Simplifying the Navier Stokes
equations to have the thin boundary layer equation, Ma (Ma
et al., 2019) solved this equation on an embedded mesh to
get the local wall shear stress at the IB cells and then cor-
rected the SGS viscosity to take into account the IB forcing.
In our work, a stochastic model for the velocity imposed in-
side the IBM boundary layer is used (Atmani et al., 2020).
This model makes possible an accurate resolution of both the
mean velocity and the rms fluctuations on a coarse mesh in
the bulk of a high Reynolds turbulent pipe flow.
Two phases are present in the separator and they are orga-
nized as dispersed before the separator and stratified flow in
the separator wake. Each phase has to be treated using a spe-
cific approach: a LT method for the dispersed phase and a
VoF method for the gas core in the separator wake. To take
advantage from both methods, hybrid approaches have been
recently proposed to make possible a dynamic switch. This
kind of model is interesting when the bubbles/droplets are ac-
cumulated to form a core or when the VoF core is dispersed
into small bubbles/droplets, as observed in two phase flow
separation.

MODEL DESCRIPTION

The numerical approach is based on the IMFT-in-house CFD
code JADIM. It solves the Navier-Stokes equations for in-
compressible, unsteady, three dimensional flows (Calmet and
Magnaudet, 1997) (Legendre and Magnaudet, 1998):

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂uiuj
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

+ fi (2)

with fi is the sum of any existing volumetric force applied
on the fluid.
The diffusive term is solved using a semi implicit Crank
Nicolson scheme, while the other terms are treated explic-
itly by Runge Kutta 3 and the projection method is used to
satisfy the incompressibility condition 1.

Large Eddy Simulation

Using the mixed dynamic Smagorinsky model (Calmet and
Magnaudet, 1997), the filtered Navier Stokes equations are:

∂ui
∂xi

= 0 (3)

∂ui
∂t

+
∂uiuj
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

−
∂τSGSij

∂xj
+ f i (4)

where ui with (i=1,2,3) is now the filtered velocity, p is the
filtered pressure, f i is the filtered body force.
τSGSij = uiuj − uiuj is the sub-grid stress tensor (SGS). It
is can be expressed as the sum the following terms:

Lij = uiuj − uiuj (5)

Cij = uiu′j + uju′i − uiu′j − uju′i (6)

Rij = u′iu′j − u′iu′j (7)
The Leonard term Lij is calculted explicitly.

τSGSij − 1

3
τSGSkk δij = −2νTSij + Lij −

1

3
Lkkδij (8)

where Sij is the strain rate tensor calculated from the re-
solved velocity field and the turbulent viscosity νT is given
by:

νT = C∆
2
(2SijSij)

1
2 (9)

with ∆ is the filter length. C is a local parameter calculated
at each time step. By re-filtering eq (4) using ∆̃, we define:
Tij = ũiuj − ũiũj . Similary as τSGSij , Tij is also expressed
in function of C as:

Tij −
1

3
Tkkδij = −2C∆̃

2

|S̃|S̃ij + LTij −
1

3
LTkkδij (10)

with LTij = ũiuj − ũiũj . Both Tij and τ̃SGSij cannot
be calculated explicitly however the difference lij = Tij −
τ̃SGSij = ũiuj − ũiũj can be and allows to find the local
coefficient C:

lij −
1

3
lkkδij = −2C(∆̃

2

|S̃|S̃ij −∆
2 |̃S|Sij)− ũiũj

+ ũiuj +
1

3
(ũkũk − ũkuk)δij (11)

C is then:

C = − (lij − hij)Mij

2MijMij
(12)

with Mij = ∆̃
2

|S̃|S̃ij −∆
2 |̃S|Sij and hij = ũiuj − ũiũj
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Immersed Boundary Method

To simulate the fluid/solid interaction, we use Immersed
Boundary Method (IBM) by adding to Navier-Stokes equa-
tion a volumetric force f IBM (Bigot et al., 2014):

f
k

IBM,i = αIBM
vsk−1i − ûki

∆t
(13)

with vsi is the local velocity imposed to the solid, ûi is the
predictor fluid velocity without considering the solid. αIBM
is defined by a mathematical expression allowing to describe
the geometry (Yuki and Takeuchi, 2007):

αIBM (x) =
1

2
[1− tanh(

(‖x− xp‖ −R)√
2λη∆

)] (14)

with λ =| nx | + | ny | + | nz | is calculated using the
components of n the normal outward unit vector at the sur-
face. η = 0.065(1 − λ2) + 0.39 is a parameter controlling
the thickness of the transition region. A new stochastic wall
model has been developed to enhance the forcing term of
IBM through a correction of the solid velocity based on a log
law inside the transition from solid to fluid taking into ac-
count the spatio-temporal correlation of the wall shear stress
for the simulation of turbulent flows (Atmani et al., 2020).

Lagrangian tracking

Lagrangian tracking consists in solving the trajectory equa-
tion for each bubble/droplet taking into account the buoy-
ancy force, the drag force, the lift force, the added mass and
Tchen forces (Chouippe et al., 2014). Each bubble/droplet
trajectory is obtained by solving:

dxb
dt

= vb (15)

where the bubble/droplet velocity is obtained by integrating
the force balance:

(ρb + CMρf )Vb
dvp,i
dt

= (ρb − ρf )Vbgi+

CDρf
πr2p
2
‖u− vb‖(ui − vb,i) + CLρfVb(ui − vb,i) ∧ Ω+

ρfVb(1 + CM )
Dui
Dt

(16)

When considering the LES approach, the fluid velocity uxb
and acceleration Du/Dt|xb at the bubble location x = xb are
obtained by a second order interpolation of the filtered ve-
locity u. A two way coupling approach is also considered
to take into account the effect of the bubbles/droplets on the
fluid. Moreover, the bubbles/droplets can be in interaction
with the solid wall described using the IBM method and a
collision model has been introduced to model the rebound
on the wall with a restitution coefficient r (is 1 for full resti-
tution):

vnewb,i = vb,i − (1 + r)(n.vb)ni (17)

where n is the solid surface normal oriented to the fluid.

Volume of Fluid

The Volume of Fluid (VoF) approach considered here is an
interface capturing method without an interface reconstruc-
tion allowing to simulate the break-up and the coalescence. It
is based on the VoF volume fraction C which equals 1 in one
phase and 0 in the other. The value of C varies between 0

and 1 across the interface and is governed by the transport
equation solved using the FCT (Flux Corrected Transport
scheme) (Zalesak, 1979) (Bonometti and Magnaudet, 2007):

∂C

∂t
+ ui.

∂C

∂xi
= 0 (18)

The capillarity force is added to Navier Stokes equation and
is solved using the classical CSF (Continuum Surface Force)
model intoduced by Brackbill(Brackbill et al., 1992):

Fσ = σ∇.( ∇C
‖∇C‖

)∇C (19)

The hybrid LT/VoF model is activated when the coalescence
of the bubbles occurs i.e. after the swirl element. The al-
gorithm for switching from Lagrangian tracking to VoF is
decomposed as following:
1- Identify any bubble/droplet verifying the coalescence cri-
teria i.e. inside a cell where 0 < C < 1.
2- The detected bubbles/droplets are removed from the La-
grangian solver and the phase fraction C is updated by
adding the volume of those bubbles/droplets.

RESULTS

The objective of this paper is to present the preliminary re-
sults of our approach consisting in coupling the methods
IBM, LES, LT and VoF and to report some of the simu-
lations used for the verification-validation of the numeri-
cal developments. The numerical domain used for the sys-
tem considered in this work is of size Lx × Ly × Lz =
0.9m× 0.104m× 0.104m on a regular cartesian mesh made
of Nx × Ny × Nz = 800 × 92 × 92 cells in the x ,y and z
directions, respectively. The pipe diameter is D = 2R and
its axis is along the x-direction. First, we have to describe
the complex geometry of the separator system using the IBM
as reported in Figure 2. The flow field has been simulated for

Figure 2: (Top) Description of the pipe, the separator and the pick-
up tube using IBM. The contour αIBM = 0.5 is shown
on the figure. (Bottom) Streamlines of single phase flow
in the separator for Re = 4500.

different Reynolds number defined using the pipe diameter
D = 2R and the pipe mean velocity ub. Figure 2 represents
the streamlines forRe = ρDub/µ = 4500, ub being the bulk
velocity. The velocity field is clearly swirled by the separator
and a vortex is formed in the separator wake. The velocity
reaches its maximum next to the blades of the swirl element.
To characterize the strength of the swirling flow, we intro-
duce the dimensionless swirl number S defined as the ratio
of the axial flux of the angular momentum to the axial flux of
the axial bulk momentum:

S(x) =

∫
ρruxuθdA

Rρu2bA
(20)
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where ux is the axial velocity, uθ is the angular velocity and
A is the pipe section. Figure 3 presents the variation of the
swirl number S along the pipe. S is maximum at the end of
the swirl element and then it decreases following the relation
obtained experimentally (Dirkzwager, 1996):

S(x) = S0 exp(−Cds(x− x0)/D) (21)

where S0 is the swirl number at the reference point x0 right
after the swirl element, D is the pipe diameter and Cds is
a swirl decay coefficient depending on Re, the roughness of
the pipe and the swirl intensity. Figure 4 presents the radial

0 0.2 0.4 0.6 0.8 1
x

0

0.5

1

1.5

2

2.5

3

3.5

S

CFD JADIM
Exp Dirkzwager

Figure 3: The swirl number S in function of the position x, fitting
in red line based on Dirkzwager results where: x0 = 0.4,
S0 = 1.32, Cds = 0.21.

distribution of the dimensionless time-averaged axial and az-
imuthal velocities as well as pressure downstream the swirl
element for a distance of D/2, 2D, 3D. The centrifugal force
on the fluid, acting towards the wall, is the reason why the
pressure drops in the center. In addition we can easily see
that the pressure increases with the increase of the azimuthal
velocity. The axial velocity profile shows the occurence of a
reverse flow behind the swirl element, a phenomenon which
characterizes swirling flows in general.
Now, a set of 105 bubbles of radius 1mm are injected at the

inlet with the fluid velocity (see figure 5). The simulation
shows that a relatively small group of bubbles is accumu-
lated around the center of the pipe. The lift force induced by
the swirling flow is expected to induce the migration of the
bubbles to the pipe center. The magnitude of the lift force
is directly proportional to the magnitude of the vortex gen-
erated in the separator wake. Its magnitude is expected to
increase with increasing Reynolds number. Simulation of
high Reynolds number flow has required the development of
a specific wall modeling for LES simulations applied to the
IBM wall zone (0 < αIBM < 1) (Atmani et al., 2020). The
proposed LES-IBM modeling allows an accurate simulation
of the mean and rms velocities in the bulk of high Reynolds
turbulent pipe flows with a coarse mesh (typically, a grid size
of order 100 times the wall unit for Re = 106). Finally to
make possible the global simulation of all the physical mech-
anisms involved in the separation process, the proposed cou-
pling between the LT and VoF solvers has to be validated.
For that purpose, the numerical set up is simplified and we
model the velocity fields in the separator wake by consider-
ing a Taylor Couette flow generated by the pipe wall rotation.
Bubbles are randomly injected. Figure 6 illustrates the bub-
bles accumulation towards the pipe center resulting in an air
core formation.
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Figure 4: The radial distribution of the axial, the azimuthal veloci-
ties and pressure.

Figure 5: Simulation of two phase flow.

CONCLUSION

We have presented the numerical strategy developed to make
possible accurate simulations of the inline separation with
limited CPU cost. The complexity of the geometry and the
large characteristic length scales involved in the process for
both the turbulent flow and the interface topology (from dis-
persed to separated) make the numerical simulation challeng-
ing. The numerical strategy proposed here combines the Im-
mersed Boundary Method (IBM) for the separator geometry,
the Large Eddy Simulation (LES) for the turbulent flow, the
Lagrangian Tracking (LT) for the dispersed phase and the
Volume of Fluid (VoF) for the interface of the core formed in
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Figure 6: (top): Initial condition for the bubbles position. (bottom
left) bubbles are accumulating at the center and are gen-
erating the gas core. (bottom right) All bubbles have been
captured inside the air core.

the separator wake. The objective of this paper was to present
the different steps of validation with a particular attention to
the coupling between the methods. Some validations still
need to be carried out in particular for the core formation in
the separator wake for large Reynolds numbers. Numerical
results of the entire process will then be compared to the ex-
perimental data produced by our partners TU Delft, TUL and
HZDR in the TOMOCON H2020 project.
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