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Abstract. Stratified flows are encountered in many forms in industrial processes and in nature. Through many years
the spectral methods were applied to study turbulence however these methods are not easily applied to complex flow
situations such as multiphase flows. Such methods were mostly applied in fluid-bounded domains when solving stratified
flows, which is focused on the near-interface turbulence and not in the bulk flow wall-bounded behaviour. Wall-bounded
domains were solved in the last years based on RANS models, nonetheless, the present work performed DNS based on
the Second-Order Finite Volume Method discretization to solve stratified gas-liquid flow. The interface was captured
with CICSAM and the interface curvature calculated based on the Height-Functions method. The results confirmed the
already consolidated resemblance between gas-phase and wall turbulence statistics. The present model showed that DNS
for stratified flow is possible based on low-order discretization of governing equations.

Keywords: Direct Numerical Simulation, stratified flow, near-interface turbulence

1. INTRODUCTION

Multiphase flows are present in many applications, the analysis of such flows also with turbulence modelling has been
theme of study in the past years. These kinds of studies combine the well-known complexity of turbulence with the pres-
ence of interfaces, which can affect flow structure. Even though most of the models developed in the past applied spectral
methods to discretize the governing equations, the application of finite-difference-based methods in Direct Numerical
Simulations (DNS) is still valid.

DNS studies of multiphase flows found their basis on single-phase channel flow studies with the classic DNS per-
formed in the channel flow by Kim et al. (1987). Their consolidated methodology inspired the first studies of near-interface
turbulence by Lombardi et al. (1996) and de Angelis et al. (1997), whose works performed DNS in a gas-liquid stratified
flow considering plain and wavy non-deformable interfaces, respectively; nonetheless, a fractal time-step was applied for
the transient term. Both works showed that near-interface turbulence structure resembles near-wall’s in the gas phase. The
study of deformable interfaces began with Fulgosi et al. (2003), whose work followed the same referred pseudoespectral
method as the previous cited works, however, considered the interface displacement given by an advection equation for
the volume fraction. The flow was also studied at the gas side and the results showed that a certain damping is present
in turbulence in the near-interface region against the near-wall region. The obtained results allowed the proposition of
a damping function (Lakehal et al., 2005) which was later on applied in a large-eddy simulation (LES) in the work of
Liovic and Lakehal (2007), whose results approximately matched the DNS results for the stratified flow. Alternatively,
in wall-bounded flows, the Egorov approach can be used to model near-interface turbulence, which imposes a wall-like
treatment to the near-interface region (Egorov et al., 2004). The work of Frederix et al. (2018) tested different turbulence
models in a co-current stratified flow and obtained good results compared to experimental data taking into account the
near-interface turbulence damping. This model, was improved later by Fan and Anglart (2019) to allow the aplicaton of it
to the volume-of-fluid (VOF) method, independent of the interface reconstruction method adopted.

The application of finite-difference-based methods in DNS is still theme of debate. Based on our research only the
work of Eggels et al. (1993) applied the finite volume method (FVM) in DNS of horizontal stratified flow. Recent works
are applying Reynolds-averaged Navier-Stokes (RANS) models to solve the flow (Tekavčič et al., 2021) and obtaining
good results against experimental data, however, such models apply means in the solution of governing equations which
could "hide" flow details. This leaves margin for the development of DNS based on FVM in more complex flows situations
as multiphase flows, which is not always possible through the application of spectral methods.

The present study performed DNS in a stratified channel flow using second-order FVM to discretize the equations and
solving the flow in physical (not spectral) space. The domain is wall-bounded against the fluid-bounded of the previous
cited works (Lombardi et al., 1996; de Angelis et al., 1997; Fulgosi et al., 2003), which makes possible the analysis of
the possible influence of the wall boundary at the interface. The methology was validated based on DNS of single-phase
channel flow (de Azevedo et al., 2021).
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2. COMPUTATIONAL MODEL

2.1 Governing equations

The problem is governed by momentum equations for incompressible flow
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∂

∂xj
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where ui denote fluid velocity components, p the pressure, t denotes physical time, ρ denotes fluid density and µ denotes
fluid viscosity, which are defined respectively as

ρ = αρL + (1− α)ρG (2)

and

µ = αµL + (1− α)µG (3)

in the VOF method, where α denotes the volume fraction. The volume fraction is advected following the CICSAM
scheme (Ubbink and Issa, 1999) and the problem is also governed by the continuity equation

∂ρui
∂xi

= 0. (4)

2.2 Model set-up

DNS in a gas-liquid stratified channel flow with Reynolds number based on the friction velocity of Reτ ≈ 180 is per-
formed with a second-order finite-volume framework, which solves mass and momentum equations in a VOF-framework
considering a coupled solution and a pressure-based solver (Denner and van Wachem, 2014). The normal boundaries (y-
direction) were set as no-slip walls, while the stream-wise (x-direction) and span-wise (z-direction) boundaries were set
as periodic. Along with the already mentioned advection of volume fraction scheme, the interface curvature is calculated
using the height-functions (HF) method.

The flow was initialized with a parabolic velocity profile and it was driven by momentum source in the stream-wise
direction, which considers constant pressure gradient – necessary owing to the periodic boundary condition in the stream-
wise direction. This source was set in a way that balances the momentum dissipation by the wall shear stress as

∆p
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2
LρL

δ3
=
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2
GρG

δ3
, (5)

where δ is the integral length scale, ρ the density and ν the cinematic viscosity of the respective liquid (L) or gas (G)
phase. In this way, the wall shear stress is based on the Reynolds number

Reτ =
uτδ

ν
, (6)

which, based on the interface coupling condition: τIG = τIL , it can be found that

ReτG =

√
ρL√
ρG

νL
νG
ReτL . (7)

Therefore, the source term for each phase will only depend on the prescribed Reynolds number based on friction velocity,
fluid properties and channel size. The fluid properties of gas and liquid are determined in a way that Eq. 7 gives ReτL ≈
ReτG ≈ 180.

The computational box has dimensions 4πδ x 4δ x 2πδ in the stream-wise, normal and span-wise directions, respec-
tively. For the present case, the computational mesh needs to be refined near the walls and both sides of interface, in order
to capture turbulence phenomena on these regions. Hence, the mesh was refined following the relation

y(ξ) =
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]
, if liquid side
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2
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(8)

where ξL = y/δf ,

ξG =
y − δf
L− δf

,
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δf denotes the interface position (δf = 2δ in the present work) and L the total normal length of the merged domain.
Following Eq. 8, it was reached a ∆y+ ≈ 0.8 near the walls and both sides of the interface, based on the applied
clustering factor β and the obtained velocity scales at both phases, where

∆y+i =
uτi∆yi
νi

. (9)

Hence, we assure that the first volume away from the wall and interface is within the viscous sub-layer.
In the present work, the flow was initialised with the generation of a von-Karman spectrum, which estimates the

velocity fluctuations based on an initial turbulent kinetic energy and length scale δ, considering isotropic homogeneous
turbulence. The obtained velocity fluctuations are added to an initial parabolic velocity field profile, thus constituting the
"perturbed" initial velocity field. This methodology worked well for single-phase channel flow (de Azevedo et al., 2021),
however, when applied to the stratified flow domain lead to a chaotic velocity field which resulted in interface breakup.
The solution for this issue was to initialise the gas and liquid phases separately as two "single-phase flows" and allow the
velocity fields to develop. Once the fields were determined to be in the statistically developed regime, the single-phase
flow velocity field for each phase was saved and merged to form one single computational domain – the stratified flow
domain (see Fig. 1).

Figure 1: Initial velocity field for the stratified flow. The gas phase on top and the liquid phase in the bottom half. The
colors indicate the velocity magnitude of each phase.

Additional to model set-up, the capillary time-step (Denner and van Wachem, 2015) is applied to maintain the interface
sharp and a surface tension coefficient based on the

√
Fr/We relation (considering the capillary waves regime, as applied

in Zonta et al. (2016)) is also applied in the present work.
Based on our studies, taking into account DNS in a single-phase channel flow, a computational mesh of 512 x 256

x 128 cells in the stream-wise, normal and span-wise direction, respectively, as presented in Tab. 1 was applied to the
present study.

Case Id Box size Nx x Ny x Nz ∆x+ ∆y+c ∆z+

Mesh 2 Gas 4πδ x 2δ x 2πδ 512 x 128 x 128 5.13 4.70 2.56
Mesh 2 Liquid 4πδ x 2δ x 2πδ 512 x 128 x 128 4.54 4.15 2.27

Table 1: Computational meshes applied in initialization process. These meshes are merged in order to constitute the
stratified flow domain. ∆y+c represents the values of ∆y in the center portion of the domain.

3. RESULTS

This section presents the results obtained based on the described methodology. The results were compared to the
single-phase channel flow results obtained in de Azevedo et al. (2021) following the same methodology.

3.1 Velocity fluctuations

Velocity fluctuations are obtained based on the Reynolds decomposition

ui = 〈ui〉+ u′i, (10)
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where the means 〈〉 are performed in stream- and span-wise directions and also in time; ui is the instant velocity and u′i
the velocity fluctuations.

Results for the stratified flow, considering the near-interface reference in the gas phase, are presented in Fig. 2 and
compared to results for the single-phase channel flow (denoted by the dots). The colors refers to the different components
of velocity fluctuations: black for stream-wise, red for normal and blue for span-wise.
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Figure 2: Velocity fluctuations. The continuous lines represent near-interface values for the stratified flow, the dots are the
DNS results for single-phase flow.

The behaviour of the velocity fluctuations in the stratified flow resembles the near-wall behaviour in single-phase flow,
as already commented in literature (Fulgosi et al., 2003).

3.2 Autocorrelations
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Figure 3: Autocorrelation functions in the stream-wise direction in the near-interface compared to the near-wall region for
the single-phase flow: (a) Autocorrelation of u-fluctuations, (b) Autocorrelation of v-fluctuations and (c) Autocorrelation
of w-fluctuations. The continuous lines represents the near-interface region and the dots the near-wall region for the
single-phase flow.
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The similarity between near-interface and -wall behaviour can also be analysed through the autocorrelation functions.
Once turbulence affects the entire domain, one can not describe the flow behaviour through "local" informations rather
than variables that take into account the entire flow, as two-point correlations (Silveira Neto, 2020).

The autocorrelation functions of the velocity fluctuations can be obtained by (Pope, 2001)

Rii(r, t) =
〈u′i(x + r, t)u′i(x, t)〉

〈u′iu′i〉
. (11)

Results for the near-interface autocorrelation functions at y+ ≈ 5 are compared to near-wall values obtained for the single-
phase flow in Fig. 3 in the stream-wise direction. The results for the near-interface region remained close to near-wall
region in the single-phase flow, which confirms the statement of the previous section of the present work of the similarity
between near-wall and -interface turbulence statistics.

Even though the capillary waves regime did not influenced the stream-wise autocorrelation functions, some differences
between near-interface and -wall results are shown in Fig. 4 for the stratified flow and compared to single-phase flow.
According to Kim et al. (1987), the separation between the down peak in the span-wise autocorrelation function is a
good estimation of the mean spacing between streaks (equivalent to twice this distance). Looking at Fig. 4b, one can
note slightly difference between the down peaks of the stratified and single-phase flows, while Fig. 4c shows a very close
behaviour between near-interface and near-wall regions. In Fig. 4a, the down peak for the near-interface region did not
reach the negative values of the single-phase flow. These differences shows a certain influence of the capillary waves
regime in turbulence statistics in the near-interface region against near-wall region.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z/δ

0.2

0.0

0.2

0.4

0.6

0.8

1.0

R
u
u

Near-interface stratified flow
Near-wall stratified flow
Near-wall single-phase flow

(a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z/δ

0.2

0.0

0.2

0.4

0.6

0.8

1.0

R
vv

(b)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z/δ

0.2

0.0

0.2

0.4

0.6

0.8

1.0

R
w
w

(c)
Figure 4: Autocorrelation functions in the span-wise direction evaluated near the wall region in single-phase flow and
near the interface in stratified flow: (a) Autocorrelation of u-fluctuations, (b) Autocorrelation of v-fluctuations and (c)
Autocorrelation of w-fluctuations. The continuous lines represents the near-interface region, the dashed lines the near-
wall region for the stratified flow and the dots the near-wall region for the single-phase flow.
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3.3 Turbulent Kinetic Energy budget

The turbulent kinetic energy (TKE) budget is given by (Tennekes et al., 1972)

∂k

∂t
+
∂(uik)

∂xi
= −

〈
u′iu
′
j

〉 ∂ui
∂xj︸ ︷︷ ︸

Production

− 1

ρ

∂

∂xi
〈pu′i〉︸ ︷︷ ︸

Press. Diffusion

− 1

2

∂

∂xj

〈
u′iu
′
iu
′
j

〉
︸ ︷︷ ︸

Turb. Transport

+
1

2
ν
∂2

∂x2j
〈u′iu′i〉︸ ︷︷ ︸

Viscous Diffusion

− ν
〈
∂u′i
∂xj

∂u′i
∂xj

〉
.︸ ︷︷ ︸

Dissipation

(12)

Equation 12 states that kinetic energy is affected by transport of velocity and pressure fluctuations and viscous stress
along with dissipation and production of turbulence, which are the more relevant terms. The dissipation rate performs the
exchange between the mean flow and turbulent fluctuations and the production rate performs the conversion of turbulent
kinetic energy into internal energy (Tennekes et al., 1972; Trofimova et al., 2009).

Results for the TKE budget in the near-interface region for the stratified flow, normalized by ν/u4τ , compared with the
single-phase flow are presented in Fig. 5, where different terms of the TKE budget are presented by different colors: the
shear production rate is presented in black, the viscous difusion rate in blue, the turbulent transport rate in red and the
viscous dissipation rate in green (for color reference please refer to the on-line version of the paper).

The behaviour of viscous difusion rate and turbulent transport rate did not change between single-phase and stratified
flow, however, some minor changes are present in shear production rate. The near-interface peak is slightly lower than
near-wall peak which suggest a certain amount of damping in the near-interface region against the near-wall region. This
behaviour was extensively commented in literature (Fulgosi et al., 2003)

As shown in de Azevedo et al. (2021), the viscous dissipation rate determination was a limitation of the present
methodology, however, some differences are present in the results of single-phase flow and stratified flow. The near-
interface values presented smaller dissipation rate than near-wall values owing to turbulence damping, as also commented
by Fulgosi et al. (2003) in their work.
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Figure 5: Turbulent kinetic energy budget: (-) denotes near-interface for the stratified flow values and (- -) denotes near-
wall values for the single-phase flow.

3.4 Turbulent structures

Turbulent structures are identified through invariants of the velocity gradient tensor. There are different ways to
characterize a turbulent structure, where decomposition of velocity gradient tensor in rate of strain S and rate of rotation
Ω tensors, also known as Q criterion (Hunt et al., 1988) is one of the most common present in literature, as defined in
Eq. 13.

Q =
1

2
〈ΩΩΩijΩΩΩij −SSSijSSSij〉 (13)

Eq. 13 states that when Q > 0 the contribution of vorticity is greater than of the rate of strain in vortices areas, i.e.,
the vortex core is represented by positive values of Q (Dupont and Brunet, 2009; Zhan et al., 2019)
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The Q criterion is one of the simplest ways to visualize turbulent structures and was used in the present work for flow
visualization. Results for iso-volumes of constant Q are show in Fig. 6 for the near-interface and -wall regions of the
stratified flow (Fig. 6a for near-interface region and Fig. 6b for the near-wall region). Coherent structures are noted in
both regions, however, the predominancy of lines is evident in near-interface region (see the zoom view in Fig. 6a) against
the near-wall region.

Even though is not possible to identify precisely the represented structures in the well-known family of coherent
structures, one can note that the interface deformation captured by VOF, even being very small (see Fig. 7), induces some
differences in flow structure when the near-interface region is compared to the near-wall region, which was also reflected
in the turbulent statistics showed earlier in the present work.

(a)

(b)
Figure 6: Q criterion application in the (a) near-interface region and (b) near-wall region of the stratified flow. The colour
scale represent the vorticity magnitude.
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Figure 7: Interface deformation δf normalized by integral length scale δ. Very small waves in the capillary wave regime
are present in the domain.
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4. CONCLUSIONS

The present work developed DNS for wall-bounded stratified flow using Second-Order FVM to discretize the govern-
ing equations with solution in a VOF-framework. Results were validated by single-phase flow results obtained with the
same methodology.

Near-interface turbulence statistics showed near-wall-like behaviour for velocity fluctuation and autocorrelation func-
tions in the stream-wise direction. Small differences were noted in the TKE results for the shear production and viscous
dissipation rates between near-wall and -interface simulations, which suggested the presence of a certain amount of turbu-
lence damping in the near-interface region. The obtained results made also possible the visualization of coherent structures
in the flow, even though it was not in the scope of the present work a complete analysis of turbulent structures in stratified
flows.

The present model showed the viability of FVM and VOF application in multiphase flows with large scales deformable
interfaces, which leaves open its application to another flow patterns.
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