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Abstract

This article addresses the issue of reduced models to describe turbulent
two-phase flows in industrial applications. A spatially-averaged mixture or
drift-flux model is derived theoretically from the local instantaneous Navier-
Stokes description. Reynolds-averaging and space-averaging are applied suc-
cessively. Between these two steps, a model reduction is achieved to account
for the non-equilibrium between phases via algebraic relations. Applications
of this work are not limited to porous media but also include macroscopic de-
scriptions to model high-shear regions developing near the walls for internal
flows. Thermal effects, heat transfer at the wall and phase-change are also
considered and briefly discussed. The final model describes the evolution of
mixture variables, including effects of both sub-filter spatial variations, tur-
bulence, and local non-equilibrium in velocity, pressure and enthalpy. This
analysis provides bridges between different approaches to model two-phase
flows (local instantaneous description, two-fluid model, local drift-flux model
and spatially-averaged drift-flux model). It clarifies the content of each model
involved by defining them in terms of local instantaneous quantities. Turbu-
lent fluctuations and phase intermittency are crucial mechanisms. Important
effects to model also include void fraction dispersion and turbulent diffusion;
then, it is necessary to model the relative velocity, including the drift velocity
orthogonal to gravity induced by the complex interactions between turbulent
velocity fluctuations and the interfacial momentum transfer.

The final macroscopic (spatially-averaged) mixture formulation is open,
in the sense that expressions to model the various terms representing the
physics of the small scales are not provided; instead, the physical sense and
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the origin of these models are discussed. The paper is meant as a basis on
which analyses on local imbalance assumptions or relative velocity closures
can be assessed. CFD simulations can provide information to complement
experiments in technically challenging physical conditions or on processes
essential to the models yet difficult to access experimentally (such as interfa-
cial transfers for instance). Different kinds of two-fluid models can be tested
to analyse their consequences on the macroscopic spatially-averaged model.
In addition, a new path to calibrate closure laws or propose new models is
opened based on finer-scale descriptions. Guidelines to use fine simulations
along with the open expressions to derive closure relations either for the local
drift-flux or for the spatially-averaged models are presented. They concern
the modelling of the local relative velocity, the spatial average of the diffusion
of void fraction and of the pressure drop.

Keywords: Two-phase flow, volume averaging, homogenisation, up-scaling,
two-fluid model, turbulent dispersion, effective diffusion, sub-channel
modelling, drift-flux model

Nomenclature

Acronyms

CFD Computational Fluid Dynamics
CHF Critical Heat Flux

CMFD Computational Multi-Fluid Dynamics
DNS Direct Numerical Simulation

EOS Equation Of State

LHS Left Hand Side

PDE Partial Differential Equation
RANS Reynolds-Averaged Navier Stokes
REV Representative Elementary Volume
RHS Right Hand Side
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Subscript

VP

w

z

pressure-induced
viscous-induced
dispersion
pressure drop
fluid

k phase

liquid phase
macroscopic property (mean and volume-averaged)
mixture property
relative

vapour phase
wall

axial component

Greek symbols

«

X

Xf
0

L'

void fraction

phase indictor function

indicator function of the fluid phase
Dirac (delta) function

macroscopic vaporisation term ((I'y) ;)
interfacial mass (evaporation) flux
curvature

conductivity or axial liquid pressure gradient, Eq. (23)
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Latin

Cp

£vap

viscosity

combination of viscosities
porosity

density

surface tension

viscous stress (local)

curl of velocity

thermal capacity at constant pressure

interfacial phase-change rate
enthalpy difference h,, — Eﬁ
bubble-induced pressure perturbation, Eq. (22)

liquid pressure in the absence of the perturbation, Eq. (22)
pressure difference p¥ — !

latent heat of vaporisation

macroscopic mechanism

dimensionless group

turbulent stress

viscous stress (mean)

diffusion stress (due to relative velocity)

Reynolds number

macroscopic drift velocity, Up; + Upe, Eq. (50)
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v

78

79

80

m

u, relative velocity

U,_,,, drift or diffusion velocity

n, interface normal (towards liquid)

u velocity

X local position vector (x,y, z)

D"  macroscopic diffusion tensor ((7%") ;)

Dj,; macroscopic dispersion, Eq. (47)

e unit vector

I identity tensor

MPRANS momentum interfacial transfer into phase k from the other phase
(MRANS | \[RANS _ ()

My mixture momentum source ((Mm) )

M, interfacial transfer into phase k

M,, mixture momentum source

Q heat flux

Q¢ correlation heat flux, Eq. (33)

Q’  conduction heat flux, Eq. (37)

Sm  deviatoric part of the macroscopic stress tensor, Eq. (54)

T macroscopic turbulent tensor ((7°) )
macroscopic viscous tensor ((7) )

Dl reference pressure

c vapour mass fraction

barycentric velocity
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91
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94
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97

98

99

101

102

Y

z

drag coefficient

bubble mean diameter
hydraulic diameter
channel width
gravitational acceleration
enthalpy

closure parameters (Kp, K, and Kp;s), for the drag, lift and dispersion
respectively)

tensor set of coefficients to model T, Eq.(53)
microscopic scale of variation of the variable &
macroscopic scale of variation of the filtered variable (£)
pressure

dynamic pressure

radial coordinate

characteristic lengthscale of the filter kernel
temperature

time

averaging volume

wall-normal coordinate

axial coordinate

Mathematical symbols

0o
05

deviation of ¢ from the Favre filtering 5

deviation of ¢ from the volume average (¢),
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113

114

115

116

117

118

119

120

121

122

123

124

125

126

% Favre averaging (fluid- and density-weighted filtering) of quantity ¢,
Eq. (43a)

Ek phase average of ¢

I statistical average of ¢

[]  interfacial jump (liquid/vapour difference)

(); weighted volume average

() volume average or space filter

Du.  One-fluid local viscous operator

VT sum of the gradient and its transpose (V + V7)
Vg divergence weighted by porosity (V- ¢ = éV (#Q))
Vs surface divergence

|v|| norm of v

¢ fluctuation of ¢ with respect to the phase average
D/Dt material or substantial derivative

Superscript

T sum of a second-order matrix and its transpose
sat saturation property

mod model

ref  reference

extra Reynolds stresses of the dispersed phase

AM  added mass

c cross-correlation

D drag
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1 interfacial

L lift

LD laminar dispersion
SP  single phase

t turbulent

TD  turbulent dispersion

1. Introduction

Many industrial applications involve complex two-phase flows for trans-
port, chemical reactors or heat exchangers. They are central to the develop-
ment of the oil and gas or nuclear industries. These flows are very strongly
dominated by interfacial transfers; interfacial forces or heat and mass trans-
fers have to be characterised and modelled. A particular concern of the
nuclear industry is the presence of bubbles at the wall where boiling char-
acteristics strongly depend on the distribution and trajectories of bubbles.
Hence, the prediction of local and time-averaged void fraction is a major
issue determinant in safety analysis and to know the conditions of Critical
Heat Flux (CHF) occurrence.

The physical behaviour of two-phase bubbly flows is strongly related to
local phenomena occurring in the surroundings of bubbles or interfaces (an
increase of the dissipation close to the interfaces, boundary layer growth
and detachment, wake’s structure and interactions). Classical experiments
struggle to clearly isolate the individual role of each of these phenomena. A
detailed description of all the interfaces and the associated transfers is out-
of-reach for most of industrial applications. Thus, two-fluid models [1, 2, 3]
have been developed to assess and predict this local distribution of void frac-
tion. To this end, they rely in particular on interfacial force models to build
a two-fluid Euler-Euler description of the Reynolds-Averaged Navier-Stokes
(RANS) equations where the evolution of each phase is described separately
by a set of conservation equations. Conservation principles lead to an under-
determined set of equations and additional local relations are necessary to
achieve a determined set; they are usually inferred from experimental mea-
surements [see e.g., 4, for the determination of the drag force]. Because
of the strong dominance of buoyancy and strong convection in industrial
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applications, most efforts were focused on the accuracy of one-dimensional
closures, and the precise modelling of void fraction distribution in the cross-
flow plane due to other interactions still lags behind, with a lower accuracy
and more difficulties to provide generally applicable relations. Liu et al. [5]
propose a generic framework for multi-field two-phase flow based on the two-
fluid model for applications to any flow regime by the consideration of several
fields within each phase.

In the end, even this local two-fluid approach gets expensive to accurately
capture boundary layers and the effect of complex geometries. Hence, in order
to further reduce the computational cost and enable extensive parametric
studies that are required in industrial applications (for instance for design,
operation or safety analysis), coarser models have been developed. They rely
on averaging techniques to incorporate the effect of (time-averaged) local
gradients. The development of models based on homogenisation techniques
is an essential feature of the description of flows in porous media [6] with
applications to soil science or petroleum engineering and many other fields.
Macro-scale modelling! has been very active in this community. In many of
the applications to fluid flows in porous media, Darcy’s law is used as an
approximate momentum equation for each phase [7, 8]; Darcy-Forchheimer
model has also been used to obtain a macro-scale description of turbulence
in porous media [9]. Capillary effects and contact line motion are also often
dominant features of the flow considered. For instance, Gray et al. [10]
provide guidelines for closure relations based on a constraint to the energy of
the system derived from the second law of thermodynamics. Jackson et al.
[7] derive averaged models satisfying similar thermodynamic constraints.

In this paper guided by nuclear applications, flows with very high Reynolds
numbers are considered. Macroscopic models (i. e., obtained by spatial av-
eraging) for turbulent flows were initiated for nuclear applications though it
was mostly applied to the macroscopic description of fuel assemblies where
the exact description of wall structures become prohibitively expensive; this
methodology leads to models referred to as sub-channel or component models
and codes. Several works [1, 2, 11, 12, 13, 14, 15, 16, 17| present a specific
derivation for targeted applications with appropriate simplifications. Most
often, drastic simplifications lead to one-dimensional models fully-averaged

'In this paper, the terminology macro-scale or macroscopic refers to spatial averaging
or homogenised description.
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over the cross-sectional area, associated with empirical closure relations. To
the best of our knowledge, the homogenised equations for the general three-
dimensional case are not derived from local principles, yet the cross-sectional
distribution of velocity and void fraction shows significant variations in ge-
ometry such as tube bundles or flat rectangular channels. The complete 3D
description of the partially-averaged system is then necessary.

In parallel to the distinction between the local and macroscopic ap-
proaches that comes from resorting to a space-averaging operator, another
key differentiating feature between the models is the consideration of the
two phases either as a mixture or as separate entities. When the mixture
balance equations are considered, different models can be derived depend-
ing on the assumption of equilibrium or non-equilibrium between the phases
for the velocity, the enthalpy and the pressure. When total equilibrium is
assumed, the homogeneous equilibrium model is obtained. Alternately, non-
equilibria can be considered either by additional transport equations or by
algebraic closures. When an algebraic closure for the relative velocity in-
troduces mechanical non-equilibrium [see e. g., 18, 19, for the application of
the homogenised drift-flux to gas-liquid flows in vertical or horizontal pipes],
the drift-flux model [20] is obtained as a simpler formulation in comparison
to the more complete two-fluid formulation. Most modelling efforts were
carried in one dimension (with the notable exception [21]). Consequently,
generalisation of the drift-flux model’s closures to multi-dimensional flows
and geometries is not straightforward. Besides, in practical applications, it
is used in conjunction with area-averaging. Here, we will be interested by the
local three-dimensional description of the drift-flux model as an intermediate
step.

The drift-flux model can only be used with dedicated closure relations,
sometimes based on local considerations and principles [as in e. g., 22, for the
modelling of the cross-section averaged void fraction accounting for both the
distribution of concentration across the duct and the effect of local relative
velocity between the two-phases| or on fully empirical correlations. However,
these approaches do not naturally integrate all the principles embedded in
the local conservation laws. As a consequence, the closure relations provided
may not satisfy them all locally. On the contrary, the methodology proposed
here relies on local solutions that satisfy these local governing equations and
henceforth ensures that they are preserved at the macroscopic scale; we utilise
conservation laws and governing equations on local phase quantities to pro-
vide constraints to mixture and spatially-homogenised quantities. Therein,
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the approach used here is, in essence, fundamentally different from works of
for instance [18, 22] or subsequent efforts that assume local distributions of
void fraction or velocity to derive correlations for mean flow description. It is
also very different for example from the work of [4] on the drag force closure,
which derives correlations for the drag coefficient and relative velocity from
partial observations of local fields, independently of conservation principles.

To the best of our knowledge, rigorous derivations of macroscopic models
have been applied mostly to single-phase applications [23, 24, 25, 26, 27, 28,
29, 30]. Some works were also dedicated to the accurate description of the
transition between the porous region and the flow in a free region [31, 32, 33].
Another example provided by the work of Soulaine and Quintard [9] focused
on the effect of the microscopic structure of the porous media on the macro-
scale description of turbulence, with the prospect of deriving for instance an
apparent permeability tensor. We can also cite the contribution of Clavier
et al. [34] focused on the modelling of friction closure laws in inertial multi-
phase flows or a review by Wang et al. [35] on meso-scale drag modelling
that reveal very different methodologies for deriving averaged models.

There are two essential differences of the approach proposed here. First,
the methodology is applied to two-phase turbulent flows, where turbulent
fluctuations and phase intermittency are crucial. The second major difference
is that the filtering and homogenisation proposed here can be applied in free
regions of the flow and not necessarily to porous regions where the goal is to
eliminate the need for the description of the actual solid structure topology
and to replace it by modelled sources. Indeed, our objective is to describe the
flow at the macroscopic scale (i. e., to capture only the gradients of spatially
averaged fields) and to account for high-shear regions indirectly by means
of models. Applying this methodology to multiphase flows increases the
complexity.

In this article, a two-step up-scaling strategy from the local instantaneous
description to the macroscopic (sub-channel) model is presented. In brief, the
intent is to provide a sound and coherent basis for the up-scaling in which the
various macroscopic models will consistently depend on the underlying local
fields. To the best of our knowledge, we derive a local equation governing
the relative velocity (equation (16)) that is not available in the literature;
our derivation enables both (i) a better understanding of the diverse effects
competing to govern the void fraction distribution, in particular in the cross-
sectional direction, and (ii) the clear connection between the two-fluid and
the drift-flux models at the local scale. Various degrees of simplification of

11
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this equation are possible to build intermediate models. When reduced to an
instantaneous local closure, this Partial Differential Equation (PDE) becomes
algebraic and it completes the description of a local three-dimensional drift-
flux model.

The paper is organised around the various scales and simplifications con-
sidered. Section 2 describes the steps taken to reach the macroscopic de-
scription from the local instantaneous balance. Along with definitions of
the different approaches, it gives the objectives of the procedure based on
fine-scale models and simulations, and it exposes the scope of application.

The first up-scaling step is very classical and leads to the widely-used
Euler-Euler two-fluid model. It is based on the local instantaneous govern-
ing equations describing two-phase flows introduced in section 3; this step
leads to the two-fluid model presented in section 4 and some important is-
sues relative to its closure are discussed. In particular, we have selected the
proposal of du Cluzeau et al. [36] for interfacial transfers because it involves
fewer assumptions regarding local non-equilibrium of pressure and interfacial
momentum transfer compared to the more classical one-pressure two-fluid ap-
proaches. This distinction is important because its effect remains visible at
the end of the second up-scaling step.

Then, the second up-scaling step involves a space averaging of the RANS
two-fluid model. But instead of a direct application of the spatial filter to
the two-fluid model, we are interested in this work in the homogenisation of
a simpler local drift-flux model. Thus, the two-fluid model with two separate
sets of equations is simplified into a drift-flux model in section 5. The second
up-scaling step (space-averaging) is then applied to this simplified system
to lead to the set of equations governing the macroscopic description of the
mixture as used in sub-channel codes (section 6).

Lastly, section 7 gives some insights into various possibilities offered by
the present derivation; it details the procedure to apply in order to inform
macroscopic models. We show how the equation derived for the local relative
velocity can be simplified to various degrees to develop intermediate models
between the local two-fluid and a local drift-flux model. We also illustrate
how to apply the up-scaling methodology on two important mechanisms for
industrial applications, namely the void fraction dispersion and the macro-
scopic pressure drop. Finally, section 8 draws the main conclusions of this
work and presents prospects in terms of validation and model developments
based on this up-scaling methodology.

12
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2. Scope and objectives

This section presents the up-scaling strategy as illustrated on figure 1.
Two important aspects define each system: (i) the consideration of the fluid
system and (ii) the temporal and spatial scale examined. From these ele-
ments, the local instantaneous description of the two-fluid system is given
by governing balance equations and interfacial jump conditions. Statistical
averaging generates the local two-fluid system from which the local drift-flux
model can be obtained by reduction of the number of variables (via algebraic
expressions for the non-equilibria between phases). Lastly, the macroscopic
scale is achieved by volume-averaging the local drift-lux model.

Local
instantaneous Statistical .
+—>
Two-fluid:

. Direct a, ﬁf, w
o2 thod: oo,

S 2 metho pfam,hl,hv
H u:' X? ul) uv,

Dty D, by, By Closure :
- M, Q.- ..
i
% Macroscopic
Local drift: VOhlme-.

: T averaged drift:
& ™ Cy Uy Prms hm re "
;é Cl Cn, UM, PM S UM
- a 7Oblire . Closure :

Wl Ty (i o o -
up,...

Figure 1: Up-scaling description with the scales considered, the fluid-system and the oper-
ations connecting them. Definitions of scales: local instantaneous, statistical and macro-
scopic (both statistical and volume-averaged). Consideration of the two-phase system:
two-fluid or drift-flux. Connecting mechanisms: statistical averaging (dotted horizontal
arrow), volume averaging (continuous horizontal arrow), model reduction (dashed vertical
arrow).

This derivation aims to fully describe the theoretical content of the macro-
scopic models and express it in terms of local instantaneous flow description.
Then, we will analyse this content with reference simulations.
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Obviously, developping closure relations from numerical simulations per-
formed by the two-fluid model requires careful validation of it; in particular,
it is essential that the model, considered as a reference, be capable of accurate
predictions of the local mechanisms involved such as cross-flow void fraction
distribution. Indeed, in this up-scaling analysis of numerical simulations, the
closures’ derivation relies on the averaging of microscopic correlations (of ve-
locities, etc.) and forces. Besides, because of the paramount importance of
the interfacial transfers at the local scale and their influence on the determi-
nation of the local void fraction distribution, our efforts in the derivation of
the two-fluid model are attentive to the recent progress in the modelling of
these transfers and of the corresponding pressure non-equilibrium. We be-
lieve that these elements are essential to correctly model the mechanisms in
the cross-flow direction and should be considered properly during the model
reduction and homogenisation.

In other words, we need to have a reliable two-fluid model to produce
reference data that captures relevant local physical phenomena. In order
to take the maximum advantage of the local model capabilities, it is neces-
sary to have explicit relations between the various scales considered, even if
the macroscopic system obtained is under-determined and will require addi-
tional closures; it will then be the specific purpose of dedicated CFD studies
to propose and assess these closure relations, with the support of experimen-
tal data. The basic idea behind our approach is to take advantage of the
resolution of local fields provided by the two-fluid model to inform averaged
models by the derivation of closure relations either for a local drift-flux model
or for a spatially-averaged macroscopic description.

Thus, the complex requirements to transform the under-determined sys-
tem into a determined one, called closure relations, can be interpreted in
terms of local quantities (as shall be seen in section 6) and therefore, it will
be easier to model them in two parts (one from the closure of the two-fluid
model itself and the other provided by the variations of the local two-fluid
variables), separated in between by the two-fluid numerical resolution (see
Figure 1). This intermediate resolution requires a validated model but en-
sures the consistency of the solution with basic principles, whilst granting ac-
cess to secondary quantities (i. e., additional variables that are not the main
unknown transported and solved in the system) in a more consistent and ac-
curate way. Some of these secondary variables are useful to provide reference
information to be integrated into a macroscopic model. Indeed, we shall see
that, in the process, it will be necessary to access the local variations of com-

14
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375

plex quantities (such as interfacial transfers for instance), which cannot be
observed directly on experiments. This new approach, usually referred to as
up-scaling methodology, relies on so-called numerical experiments. It has re-
cently become a plausible alternative to the historical model derivation with
the increasing capabilities of Computational Multi-Fluid Dynamics (CMFD)
because numerical solutions to the local two-fluid model can be produced in
relevant conditions and for a broad range of physical conditions.

Finally, our intent is to progress in modelling the evolution of macroscopic
variables in two- or three-dimensions. The purpose of the macroscopic model
is to comprehend the effect of the geometry on the complex macroscopic flow
reorganisation. In this way, this model aims at applying the essence of the
two-fluid model to larger geometries to extend its applications. Macroscopic
models are also perfectly suitable for parametric studies in design or safety
analyses to reduce the computational cost. By clarifying the intermediate
steps and assumptions, we expect to provide a better understanding of the
complex evolution of the relative velocity and void-fraction distribution in
the three-dimensional case.

3. Local instantaneous governing equations

This section introduces the local variables, the conservation equations and
the interfacial jump conditions. The reader familiar with this description
can go to section 4. We consider a liquid-vapour flow, with phase-change
occurring at discontinuous interfaces. The formulation relies on the classical
basis for Direct Numerical Simulations (DNS), namely the one-fluid Navier-
Stokes equations [37, 38|, given by

OXw i _
S u' - Uy, =0, (1a)
dp
—_— . p— 1
o7 TV (pw) =0, (1b)
a .
%—i—v -(puu) = =Vp + pg + Dy + okn, ¢, (1c)
dph

PR L (puh) =V - (AVT) + % LV (pu) — H g0 (1d)

where each of the one-fluid variables is defined as a mixture of phase vari-
ables: ¢ =, xx¥r (¥ can be u, p, h, T, p, j or A, respectively the velocity,

15



pressure, enthalpy, temperature, density, dynamic viscosity or conductiv-
ity) and the notation [] refers to the jump through the interface defined as
[1/p]l = 1/pi — 1/py,. The main variables of the local description are illus-
trated on figure 2. The subscript k refers to the phase (either [ for liquid or
v for vapour). Physical properties are assumed constant within each phase.
Both phases are considered incompressible. g is the gravity vector, o is the
surface tension. ¢ is a three-dimensional Dirac impulse at the interface .
k = —Vs - n, is twice the mean curvature (usually negative for bubbles)
defined from the surface divergence (V-) of the unit normal to the interface
n,, oriented towards the liquid. The normal vector is related to the phase
indicator function y, by Vx, = —n,d’ where y, is equal to one in the vapour
and zero in the liquid. This phase indicator function is transported in equa-
tion (1a) by the interfacial velocity u’ defined from the phase velocities uy
at the interface vicinity as:

u’ =u, — —ny (2)

n’U
Interface §° : 1, K liquid
xi=Lu,p,hy
vapour
Xv = 17uvapva hv
Figure 2: Definition of local variables.

376

377 This equation is valid on both sides of the interface thanks to the jump

ws conditions at the interface [14, 39, 40, 41, 42].
The last term in the RHS of equation (1c) ensures that the momentum
equation implicitly contains the correct stress boundary condition at the

interface. The diffusion term D, is defined by

Dy =V - [ (Viu+ 21, [1/p] n, n,6)] (3)
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where VI = V + V7 is the sum of the gradient and its transpose. As we
consider incompressible phases with constant viscosity, the diffusive effect of
VTu is limited to an interfacial contribution. The last term of equation (3)
finds its origin in the velocity jump due to phase change. It has to be con-
sidered accurately to avoid the appearance of non-physical pressures at the
interface.

Similarly, the last term in the energy balance (1d) appears to compensate
for the interfacial dirac generated by V - (pu) (this divergence includes a
dirac delta function because p and u are two Heaviside functions). Energy
production by viscous and gravitational forces is neglected in the balance of
enthalpy by comparison to heat transfers. The interfacial phase-change rate
my, is related to velocities at the interface by:

ti = p(u, — ) - (4)

The equation system (1) and the subsequent definitions describe the local
and instantaneous evolution of the two-phase system. It allows to determine
the evolution of the vapour phase indicator function y,, the interfacial phase-
change rate m,, and the one-fluid velocity u, pressure p and enthalpy h. Its
direct resolution requires very fine spatial and temporal discretisations to
enable the resolution of the broad range of scales involved. In order to have
a determined system, it is important to provide a relation to determine the
temperature from the enthalpy and pressure (T'= T'(h,p)) and a constraint
to the interfacial temperature T* (for instance, equality to the saturation
temperature T% = T5% reflecting local thermodynamic equilibrium of chemi-
cal potential). It enables the determination of the phase-change rate at the
interface from the jump in heat flux: [AVT]-n, = 1, [h*']. This interfacial
jump is naturally included in the one-fluid formulation of equation (1d) ([37,
Eq. (39)] or [41]).

4. Statistical averaging: the RANS Euler-Euler two-fluid model

Based on the local description of conservation equations for each phase
and jump conditions at the interface [37] summarised in the previous section,
two-fluid models can be established by application of a statistical averaging
operator. An intense and thorough work on closure development is then re-
quired to achieve a set of equations that can be used in industrial applications
[2, 3]. In the following section (section 4.1), a focus on momentum conserva-
tion in each phase is presented. Then, section 4.2 introduces an alternative
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(but equivalent) description of the two-fluid model based on relative and
mixture velocities. This formulation clearly shows the connections between
the two-fluid model and the drift-flux model derived in section 5.2. In sec-
tion 4.4, connections between forces (or more generally closure relations) and
the relative velocity are discussed in view of modelling possibilities. Lastly,
the global two-fluid system is completed in section 4.5 by the mass and energy
conservation equations.

4.1. Statistical average of phase momentum equations

For any quantity 1, we define a statistical average 1) with the classical
properties of a Reynolds averaging operator. Phase-averaging is obtained
by weighting this average by the phase-indicator function %k = XxWUr/Xk-
The average of the vapour indicator function is called the void fraction
a = a, = X,. Then, the decomposition into time-averaged and fluctuating
quantities is performed with respect to the phase-averaging operator; for in-
stance, the velocity uy is split into mean and fluctuating parts uy, = u* + uj..
Applying the statistical average to the Navier-Stokes equations written sep-
arately for each phase and using the jump conditions at the interface, one
gets [2, 36]

D R’ R
% ==V [ (5" = 71)] + anprg + V- (7? - akﬂk“ﬁ“f) + My

with k€ [l,v] and M;+ M, =0cxVy, (5)

where D (akpku_kk)/Dt =0 (ozkpku_kk)/ﬁt + V- (Ozk,oku_kku_kk) is the ma-
terial or substantial derivative. The interfacial transfer My is defined by
My = (myugng + ppl — e Viug) - Vi with I the identity tensor. Indices [
and v are respectively related to liquid and gas phases. The sum of hydro-
static and dynamic pressures p is defined relatively to an arbitrary reference
pressure p; (constant). It is worth mentioning that the condition of adher-
ence applied to the local instantaneous velocity fields (classical in continuum
mechanics) remains verified after the statistical average and leads to a nil
phase-averaged velocity at the wall for both phases. 7,’ is the mean viscous
stress defined as T,V = xpurViwe = 7% with 7, = 1, Viu,. However,
for accuracy and completeness, it is important to stress that 7* cannot
be expressed fully in terms of averaged variables (a; and W) due to the
non-commutativity of the phase-averaging operator with space derivatives
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(Vukk # Vur). As a consequence, we have :
o — - _ —=—\t
T = Xk Viug = 07" = apue Vg + (W Vay, — meVxe) (6)

This expression reveals that the closed equivalent to the mean viscous stress
# = apurVIal must be completed by the symmetric viscous effect of the

cross correlation (ﬁiVozk — ukVXk)T between fluctuations at the interface of
phase velocities and interface orientation. This closure issue is overlooked
in most descriptions of the two-fluid model [1, 2, 3] and it will be neglected
without physical justification here; in theory, a magnitude assessment or an
appropriate modelling of this term would be required. T} = ay pkmk is the
turbulent stress in phase k. My, = 0kV, is the mixture momentum source
due to surface tension effects [2, p. 99]. In the terminology of this article, we
distinguish the interfacial transfer My that goes from the interface to phase
k, from the inter-phase transfer MBANS (defined below by equation (8)) that
goes from the other phase into phase k.

The pressure term is classically written as a pressure gradient whereas the
remaining part (pi" — p;)Vay is introduced into the inter-phase momentum
transfer MBANS along with the interfacial transfer M. The pressure gra-

—
dient considered is relative to the sub-part pP*" of the true liquid pressure,

—1
considered in the absence of the perturbation induced by the bubbles p? [36].

—sl
Then, with the pressure decomposition p} = p?P + pb, the averaged
Navier-Stokes equations are written in the Euler-Euler RANS formalism as

6 v v_vv ) — —p!

ag;tu + V- (Oév,ovuvvuvv) = _avang -V (77 - 7;11)) + aypug + M\PI{ANS
(7a)

Ooy p gt —5!

_g); SV (p®T) = —aVpiT = V- (T = T") + aupg + MIFANS
(7b)

- —
MPANS = —MEANS 4 51V, — V [ (B — D))] — Vi (7c)

where relations between interfacial My and inter-phase MEANS transfers are
given by du Cluzeau et al. [36] as:

MRANS _ o avv;?l — (0 — ;1) Vo, = V [ (BY — D)) | (8a)
MIANS M, — ¥ + (5 77) Ve )
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Equations (8a) and (8b) define the inter-phase transfers MEANS from the
interfacial transfers My and the pressure contributions. Because interfaces
accumulate momentum in the mixture momentum source My, by means of
surface tension, these transfers are different. The inter-phase transfers satisfy
by definition MPANS 1 MRANS — () whereas for the interfacial transfers we
have : M; + M, = M,,.

Hydrodynamic constitutive relations for interfacial transfer are discussed
for instance in [2, Chap. 12]. For dispersed two-phase flows, the inter-phase
momentum transfer on the gas phase MBANS g classically modelled as the
sum of various forces (drag, lift, added mass, turbulent dispersion and wall
lubrication forces). Depending on the mechanisms considered as important,
other forces can be considered such as the Basset force, the virtual mass, a
bubble collision force, the bubble dispersion force [43], the wall lubrication
force [44, 45|, etc. For more complex flow regimes such as churn-turbulent
flows, extensions are available mostly for the drag force [2, Chap. 12, p.
345]. For separate phases as in annular flows, models for interfacial friction
are usually considered. In the following of this section, the discussion is
limited to the dispersed bubbly-flow regime. In du Cluzeau et al. [36], the
authors recently suggested deep modifications to this simplified viewpoint
inherited from the particle approach. Classical closures can be used as an
example to illustrate the methodology but in the following, we will also em-
phasise the consequences of these differences and express the potential gain
in modelling capacities that can derive from a richer local description. In
the standard approach, the simplifications provided by the assumption of a
negligible mixture momentum (M,, = 0) and by the pressure equilibrium

—l —1
hypothesis (p = pl = p¥ = p7* and p? = 0) lead to the following simplified
transfer

where MP, MAM MY and M TP refer to drag, added-mass, lift and turbulent
dispersion respectively. Closures can be provided by classical correlations as
discussed in Ishii and Hibiki [2] or by Mimouni et al. [46], Neptune_ CFD
Development Team [47].

For a more complete description of the local physical mechanisms, the
momentum transfer can be expressed as a series of forces as proposed in
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du Cluzeau et al. [36]:

MBANS — V[P MAM | MTP - vextra o ME + MEL + MEP, (10a)
extra al
MPRANS — —MP — MAM - MTP — Mo — M + - (M, + M™P).
(10b)

ME and MY, are lift induced effects produced respectively by the viscous
stress and the pressure. The pressure part MYy does not apply symmetri-
cally to both phases due to surface tension. In addition to classical drag,
added-mass and turbulent dispersion forces, two supplementary forces are
considered. The first one M2 = V. (ozv pyulul, ) is related to the Reynolds
stresses of the dispersed phase. The second one M™P is a dispersion force
introduced and modelled in du Cluzeau et al. [48]. In practice in the clas-
sical Euler-Euler framework, the hypothesis MRANS — _MRANS iy qlways
assumed and the impact of the laminar dispersion MYP and of the additional
term M®**r2 related to velocity fluctuations in the gas phase is neglected.
It is important to stress that MEBANS and MPEANS are not the total
interfacial forces applied to each phase, but only the momentum transferred
from the other phase. Thus, interfacial tension and pressure differences are
excluded from it. Concerning the effect of surface tension, an important point
demonstrated in du Cluzeau et al. [36] is that the local imbalance of interfacial
forces do not vanish locally, even after statistical averaging. This is because
of interfaces’ deformations (even for small almost spherical bubbles) and their
consequences on the pressure fields are not randomly distributed. In addition
to inter-phase transfers, a careful consideration of the different pressures
involved in the system is important for the subsequent developments. It
will be important to connect them properly to the mixture pressure before
the second up-scaling step involving space-averaging. Consequently, these
considerations have an impact on the connections between the local two-fluid
solution and the exact definitions of diffusive terms in the final homogenised
description. Equations (7a) and (7b) are written in the Euler-Euler RANS
two-fluid one pressure formalism (with a liquid pressure gradient also in the
gas momentum equation). In the RANS Euler-Euler approach, the liquid

pressure in the absence of bubbles pP*" is included in the resolution of the
system as a main variable whereas the pressure inside the bubbles p; and
the liquid pressure induced by bubbles through surface tension effects have
to be closed. The interpretation of the resolved pressure in a classical RANS
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Euler-Euler calculation is thus tricky. The part of pressure due to surface

tension pﬁ’l has an impact on the balance equation of forces (mainly in the
lift force). Thus, this part which is not directly solved is considered through
interfacial forces.

Here, we begin to see that an improved or richer two-fluid model involving
several (and different) pressures (for instance by means of algebraic closures
as initiated in du Cluzeau et al. [36] and du Cluzeau et al. [48]) will lead to a
more complex mixture pressure gradient; in turn, this will create additional
diffusion in the macroscopic mixture model. It will not only be due to the
consideration of the mixture momentum M,, but it will be strengthened by
the pressure imbalance B, — p¥ and by the surface-tension-induced pressure

—1
p? . We will see that the effect of these closures remains even after considering
the local mixture model (section 5) and its homogenised version (section 6).

4.2. From phase velocities to mizture and relative velocities

The relative velocity, mixture velocity and mixture momentum are defined

as
u, = ﬁ,uv - ﬁé (11&)

a, = cu’ + (1 — c)u, (11b)

PmUm = ap, U, + (1 - O‘)plﬁg (110)

where p,, = ap, + (1 — a)p; is the mixture density and c is the vapour mass
fraction. 1, is the centre of mass velocity called barycentric velocity. c is
related to the void fraction (noted « instead of «a, to lighten the notations)
by the relations

Qapy
CPm = Qp, O C= 12a
pm =0 apn+ (1— (12
(1 —a)p

1—¢)pyn=(1—« or 1—c= 12b
(1= c)pm = ( )pu ot (= (12b)

and the mixture density can also be expressed as:
P1Pv (120)

Pm =
(L= c)py + cpy
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Also, phase velocities can be derived from the mixture and relative velocities
by:

a, =u,+ (1 -0, (12d)
i =1, — cu, (12€)

Then, the mixture momentum p,,u,, obtained from the sum of momen-
tum equations (7a) and (7b) is driven by [see also 2, Eq. (5.42) p. 103 for
more information]

OpmUy,
ot

+V- (pmﬁmﬁm) = _me + Pmg (13)

-V < cpmuul’ + (1 — c)pmuiuil =T =T —c(l- c)pmﬁfﬁt) + M,

-~ -~

7t: Turbulent —7v: Viscous 74dr: Diffusion

where equation (7c) has been used to reduce the sum of interfacial momen-
tum transfers My to a surface tension force and a pressure imbalance. This
pressure imbalance naturally disappears from the mixture momentum be-
cause the mixture pressure is consistently defined as p,, = (1 — a)p} + ap!

—5l

with p = p?™ + p?. All the terms responsible for the imbalance in equa-
tion (7c) are recovered in this budget either in the mixture pressure gradient
VP, or in the mixture momentum source term My,. The respective effects

of Vp? and M,, are unknown in practical applications and it will be the
concern of future works to assess their role based on two-fluid simulations to
know if there are conditions where they can cancel each other out. Similarly
to the diffusion equation (19) (see section 4.3), the diffusion term connected
to the relative velocity 7% arises in the momentum equation due to the use
of the mixture velocity to express the convective term.

Furthermore, the combination of equations (7a) and (7b) can also lead to
a second equation, this time driving the behaviour of the relative velocity 1,

o,
ot

=U =l
u u 1 1
+myvm—ﬁ$VW+< “+~JJI¢(———JY@m
Oy Py arpr
1

_ 1 .
+mv (ozl,oluiuil — alﬁl> — cp_mv (ozvpvu’vui, — ozqﬂ'_v”)

1 1 1 —1
+—M§ANS - M, + —V (aJor + pb ) (14)
(1 —c)pm (1 =<c)pm (I =¢)pm :
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where mass conservation in each phase (18b) has been used to write the left
hand side (LHS) of equation (14) in a non-conservative way. T', = —1i1,6°
is the interfacial mass flux due to evaporation (I', > 0 in evaporation, see
equation (17)). The effect of surface tension is evidenced by the mixture
momentum source My, but also through the pressure imbalance p, = p’ — pi.

Lastly, pé’l traduces the effect of bubble obstacles to the flow, thus generating
a dedicated pressure gradient force.

Phase velocities in the LHS of equation (14) are expressed in terms of
relative and mixture velocities (U, and ,,) using equations (12d) and (12e).
After simplifications, one gets the relation

u’-vVa! —u,- Vi, = U, V,+1,- (Vﬁm + (1 - 20)Vﬁr) — (W, - Ve)u, (15)

that can be injected into the previous PDE for the relative velocity (equa-
tion (14)) to get:

oua, _ _ - . . . U, + (1 -20)u,
5 +, - (Vum +(1- QC)VUT> +u, -Vu, — (u.-Vou, + 0= pm
(5= 2 ) Vot gV (7= T) = - (= T0)
pL P (1 —¢)pm CPm
1 1 1 —l
MRANS _ —Mm - oD b 1
+C(1 —O)pm (1 =c)pm - (1— C)pmv <a PP ) (16)

Independently of the system of equations considered, the role of interfacial
transfers is not fully eliminated. They have disappeared from the mixture
momentum equation (13) as only the mixture is considered, but their effect
has to be accounted for in the closure of the relative velocity u,. These
closures are of paramount importance to determine the distribution of void
fraction, in particular in the plane orthogonal to the flow; in turn, this dis-
tribution will play a key role during the modelling of dispersive terms at the
macroscopic scale, in the homogeneous description (section 6).

4.8. Total and vapour mass conservations

The two-phase flow can either be described for each phase separately, or
alternatively, one can consider the conservation of total mass and vapour
mass separately. The latter option is equivalent but it is in closer agree-
ment with the description of mixture velocity and momentum introduced in
section 4.2.
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Based on the local equations for mass and interfacial evolution (equa-
tions (la) and (1b)), application of the statistical average leads to mass
conservation in each phase:

Oagpy,
ot

+ V- (agpptf) =Ty = —1m,n, -nidt with k€ [1,0] (17)

Summing equation (17) over both phases leads to the total mass conserva-
tion while this equation written for the vapour phase governs vapour mass
conservation. Expressed in terms of mixture variables (with the help of rela-
tions (12a) and (12d)), conservation of total and vapour mass are then given

by:

0pm o
W + V- (pmum) =0 (18&)

Opmce _ N\
5 +V- (pmcum + pme(l — c)uT> =T, (18b)

Equation (18b) is also known as the void propagation equation widely used
by Wallis [11]. It expresses the change in vapour mass fraction ¢ and involves
a diffusion process with a diffusion velocity @,—,, = U, — 4, = (1 — ¢)u,
defined as the relative velocity of the vapour phase with respect to the centre
of mass of the mixture [2, pp. 87-88]. Using the relation U, = (1 — ¢)u,,
diffusion due to the velocity difference is exhibited:

dpmc
ot

+ V- (pmcy) = =V - (pncUym) + T, (19)

The origin of the apparent diffusion of vapour is related to the convection
being based on the mixture centre of mass velocity. Alternately, if the velocity
uy of the vapour centre of mass is rebuilt from equation (12d), a simple
convection equation is recovered:

Opmc
ot

+ V- (pmey) = Ty (20)

Lastly, using the total mass conservation (18a), vapour mass conservation
can also be expressed as:

oc 1 _
e +u,,Vec = —p—mV . (pmc(l - c)ur) + I, (21)
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This equation reveals that phase separation is created by the relative velocity.
It plays a key role in the cross-flow distribution of void fraction. Depending
on the variations of this component of the relative velocity, the divergence
in equation (21) can have very different and complex implications, some of
which are discussed in the following section.

4.4. Discussions on the relative velocity and phase separation

The relative velocity is a central issue to the modelling of complex two-
phase flows. It characterises the intensity of the mechanical coupling between
the phases. It affects the void fraction level; it can also be responsible for
phase separation or mixing depending on the intensity of the interfacial trans-
fers involved. The governing equation for the relative velocity (equation (16))
is very complex, and it involves several kinds of mechanisms.

In the direction of gravity, relative velocity is classically considered; it
results from the drag force in opposition to buoyancy. However, relative
velocity also exists in the plane orthogonal to gravity for establishing two-
phase flows; it is then due to lift and dispersion forces (among others). In
the following, we briefly discuss the impact of the relative velocity and inter-
facial forces in different directions before reaching the final simplified set of
equations describing the local time-averaged two-phase mixture.

4.4.1. Drag and buoyancy

In the direction of the flow and of gravity, two-phase equilibrium is mostly
governed by the competition between drag and buoyancy forces. In estab-
lished flows and at steady-state, streamwise gradients disappear from equa-
tion (16) except for the pressure contribution which can be split into dynamic

(p_l*l) and hydrostatic contributions

4 pl ot =
i=p" +0) =pf +png-x (22)

where x is the local position vector considered and p,, is the local mixture
density. For simplicity, let us consider an established pipe flow in cylindrical
coordinates (r, z) for the radial and streamwise directions respectively. For
an established flow, the liquid pressure gradient A = 9p}/0z is independent
of the radial position r, so that we have

o, _
0z 0z

(r) + pm(r)g- (23)
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where g, is the axial component of gravity. Then, the dynamic part p_l*l
evolves as

PR (r2) = Az — g.2pm(r) = Az — g.2(py + Apalr)) (24)

if we also assume constant phase densities such that the mixture density p,,
is simply expressed as p,, = p + a(r)Ap, with Ap = p; — p,. This relation
demonstrates the necessary consistency between p_l*l and «(r) for established

flows. Consequently, a lateral pressure gradient ﬁp_l*l /Or arises from void
fraction inhomogeneities. It is perfectly balanced by the void fraction profile

so that the radial pressure gradient dpP” l /Or = 0. Note that this relation
strongly couples the main stream direction with cross-flow directions.

The pressure gradient is the only gradient contribution that remains in
the streamwise direction. From the definition of the mixture pressure, it is
expressed as:

— —l
Vom ="+ V (1= a)p} ) +aVp, +5,Va (25)

For established flows, the gradients vanish except for the hydrostatic contri-
—l
bution which is mostly carried by p;” . The streamwise contribution then

——l
reduces to dp7t" /0z alone. As a consequence, equation (16) simply becomes
for the streamwise component of established flows:

—
o:(l—l)aplsp+( L 1)MR“NS—LM (26)
o py) Oz QupPy  Qupy v Qi

Neglecting surface tension effects (M,,, = 0) and the liquid pressure induced

—

by the bubbles (p? = 0), and using equation (23), this relation simplifies fur-
ther to show the classical equilibrium between interfacial forces (then reduced
only to the drag force in this direction, M AN = MP) and buoyancy:

]
1 1 11 *

< + _) MﬁANS - (_ - _> (pmgz + apl ) (27)
Qupy  Qupy I 0z

Classically, the drag force is related to the square of the relative velocity
by

3
MP = _EavCDplhlr‘ur (28)
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where Cp is the drag coefficient and d, the bubble mean diameter. Under
those assumptions, the balance (27) can be exploited to derive the effective
drag coefficient in turbulent flows from the knowledge of the relative velocity:

—
3 1 Opr A
—C r|Wry = — Pv z - L - - Pv) 29
i poilurus = i (pr — po) (9 o az> a (pr = p )pm (29)

Alternately, it provides a closure relation for the relative velocity from the
knowledge of the drag coefficient. This path is a classical option to derive
the relative velocity in the drift flux closure. Usually, the dynamic pressure
contribution (p_l*l) is neglected in front of the hydrostatic gradient due to
gravity.

4.4.2. Lateral distribution of void fraction
In order to provide an appropriate description of the system, we assume
in this part of the analysis that 1, is closed by a relation of the form

ﬁr = KDeg + KLew + KDispeVa (30)

where Kp, K, and K p;s, are modelled by closure relations whose expressions
depend on the formulation of the drag, lift and dispersion forces respectively,
and ey, e, ey, are respectively directions provided by the gravity, the curl
of the liquid velocity w; = V A1} and the void-fraction gradient. The curl of
the liquid velocity W, still needs to be related to the variables of the system
considered (in particular when using the mixture velocity as a main variable),
but for moderate void fractions and relative velocities, it could be assimilated
to the curl V A1, by a rather strong simplification of relation (12e).

Using a closure for the relative velocity U, as equation (30), the vapour
mass conservation equation (21) becomes:

% +u,, Ve = —piv . [pmc(l —0) (KDeg + Kre, + KDisper)} (31)
The drag contribution Kpe, is responsible for stratification in horizontal
or inclined flows. The lift contribution will be particularly important in
high-shear regions. Depending on the sign of the lift force, which in turns
depends on the bubbles’ deformability and Weber number, it can act in op-
posite directions, either creating dispersion of void fraction or contributing
to the accumulation of bubbles. Lastly, the term Kp;s,ev, arises from both
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laminar and turbulent dispersion forces; it contributes to the homogenisa-
tion of the void fraction. With all these complicated mechanisms at play,
equation (31) governs the vapour distribution in the flow. These competing
effects are in particular determinant in the detection of a transition from
wall- to core-peaked flows, which is a key ingredient to the proper modelling
of CHF prediction. The accurate modelling of equation (31) is a central ele-
ment that determines the capabilities of a mixture model, in particular when
concerns arise with respect to fine predictions of the void fraction spread-
ing into the cross-flow plane. It is really challenging, yet essential to these
kinds of approaches, to be able to provide a closure to equation (30) valid
in most configurations; indeed, this limit is a key-point that determines the
applicability range of the global model.

4.5. Summary of the (complete) two-fluid model

In order to complete the local statistical description of the system, it is
necessary to provide conservation equations for the energy in each phase.
These equations are easily derived by application of the statistical average to
the local instantaneous phase-equations contained in the equation system (1).
As it is not the main concern of the present article and it can be easily found
in the literature [2, 3], we directly give the complete system encompassing
the momentum equations (7a) and (7b).

Two alternatives are possible either considering conservation in each phase,
or regarding total and vapour balances. The systems obtained are sum-
marised as follows. If each phase is considered, statistically-averaged equa-
tions for mass, momentum and energy writes for k € [l, v]

oo
oo ﬁk —
% +V- (ak,okﬁﬁﬁﬁ) = —a,VpiT + V- (T = T}) + arprg + MPANS
(32b)
—k
Oay.prh =k Do pr” —k c i

(32¢)

where Q}, = ozkpku;h;k is the turbulent heat flux and Q}, is the interfacial en-
ergy transfer (satisfying the interfacial jump condition Qj + Q¢ = 0) defined
by Q¢ = [myhgng — A\, VT,] - Vxi. The correlation heat flux Q¢ arises from
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the cross-correlation between the interfacial temperature and the interface
orientation ny:

=k —_—
Qi = Ak (Tkvak - TkvXk> (33)

Similarly to the viscous diffusion in equation (6), this term is not spelled out
in classical derivations of two-fluid models; it is therefore neglected without
further justification. We can observe from this expression that even when
the interfacial temperature is assumed constant and equal to the saturation
temperature, the cross-correlation remains different from zero, but it is then
fully expressed in terms of main variables: Qf = Ay (T: -T ’) Vay. A mag-
nitude assessment on practical cases would be interesting to determine the
influence of this contribution.

Provided that the equation system (32) is supplemented with closure
relations for Ty, T, T, MPANS and for the fluxes Qf, Q, Qi, and
also with the necessary relations between the different pressures consid-
ered, it can be solved to describe the evolution of the two-phase system
(av,ﬁg,ﬁg,pfpl,ﬁﬁ,ﬁb.

The alternative system considering the mixture density p,,, the vapour

mass concentration ¢, the mixture velocity u,, and the relative velocity u, is
obtained from equations (18a), (19), (13) and (16):

ag;;n + V- (pnln) =0, (34a)
0 G () =~V - (P Thys) + T (340)
Opmﬁm o v dr
ot +V‘(pmumum):_va+pmg_v.(7—1_T+T )+Mm
(34c)
on B B _ . _ N u,, + (1 — QC)ﬁT
5 +u, - <Vum +(1- QC)VUT> +u, - -Vu, — (u.-Vo)u, + (1 = ¢)pm
(5= 2 ) Vot gV (T =) = - (T = )
pi Py (1— ;:)pm 1 CPm l
+mMVRANS _ mmm + mv (Oéupr + ) ) . (34d)

For the energy, this system can be completed by any suitable combination
of two equations that can be phase enthalpy conservations, or the governing
equation for the mixture enthalpy, or one for the enthalpy difference, or
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a simplifying assumption such as the equality of a phase enthalpy to the
saturation value. These aspects are not discussed in more detail here as they
are not the main focus of the present contribution.

In the following, we first proceed to a model reduction with the elimina-
tion of the transport equation for the relative velocity; then, a macroscopic
model is derived by volume averaging.

5. Model reduction for the local time-averaged description

This section explains the simplifications applied to the two-fluid model in
order to obtain the mixture model. This reduction of the model comes with
the need for an additional closure relation for the relative velocity.

5.1. Several choices for systems of time-averaged equations at the local scale

In this section, we focus on the system dynamics, thermal simplifications
being out of the scope of this article. Using a set of equations to govern the
mixture momentum and the relative velocity as in the equation system (34)
is formally equivalent to the usage of equations governing phase-variables as
in the equation system (32). When mixture momentum and relative velocity
equations are completed by an equation for the total mass conservation (as
equation (34a)) and one for the vapour mass conservation (equation (34b))
for instance, the resulting system of equations can be solved provided that

closure relations for the Reynolds stresses (uju] and u/,u’,"), the viscous con-
tributions (7, and T”), the interfacial transfers (MRANS) and the surface

tension effects (My,, p, and p! ) are given. In this article, surface tension
effects are defined in the broad sense as they also include pressure variations
induced by surface tension or by the presence of inclusions. This approach
leads to a set of 6 PDEs (accounting for an energy equation for each phase)
that are classically used to solve the two-fluid model. It is theoretically equiv-
alent to the resolution of two equations of mass and two for the momentum of
each phase (plus two additional equations for the phase energies in the com-
plete case). The two approaches simply lead to different numerical strategies
that can be more or less efficient depending on the intrinsic coupling between
the equations into the system.

Instead of this complete and demanding approach, one can decide to re-
duce the size of the system by considering only the PDE for the mixture
momentum (13). It is then necessary to provide an appropriate closure for
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the relative velocity in replacement of equation (16). One of the main ad-
vantages of this choice is that it eliminates the need for closure relations
for the interfacial transfers MBANS hut the direct consequence is that this
closure should be capable of including complex phenomena in the lateral di-
rection that result in particular from these interfacial transfers. Usually, one
important weakness of this approach is that it considers only the relative
velocity created by the competing drag and buoyancy forces and it totally
neglects other forces (such as lift, dispersion and wall effects) responsible
for the lateral redistribution of void fraction. Then, the physical effects of
lateral forces have to be empirically introduced into the system of equations
to recover more physical results. In this article, we clarify their meaning by
establishing the theoretical expression of these empirical models based on the
local description of the flow. We will see how they are related to interfacial
forces and to the relative velocity.

5.2. The local drift-fluz model: a simplified 4 equations model

Depending on the strength of the coupling between the two phases, one
may reduce the number of PDE considered. The counterpart of this simpli-
fication of the system is the modelling of additional closure relations. Here,
we consider a flow of dispersed bubbles where the two phases are strongly
coupled dynamically. Then, instead of solving for a momentum budget for
each phase, we will only consider the mixture, and we will introduce a closure
relation for the relative velocity between the phases defined as u, = u’ — u..
This leads to a description of the mixture known as diffusion model or mix-
ture model [2, p. 103]. It is based on differential equations of the local

statistically-averaged two-fluid system

0 5 (pu) =0, (35)
ag?c + V() = =V - (0mCUys) + T, (35b)
8pmﬁm o v dr

(35¢)

completed by a necessary relation to close the relative velocity u, in re-
placement of the exact governing equation (34d). This closure leads to the
diffusion velocity u,_.,, and as a result, it provides a closure to consistently
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express the diffusion stress due to relative velocity 77, as defined in equa-
tion (13). It is also necessary to supplement the system with expressions for
the interfacial mass transfer I',,, the turbulent Reynolds stresses T, the vis-
cous stresses TV (that are not naturally defined in terms of the mean velocity)
and the surface tension effect M,.

From the energy point-of-view, the vapour phase can be assumed at ther-
mal equilibrium with the saturation temperature of the system in flows of
small dispersed bubbles. Otherwise, an equation for the mixture enthalpy
can be obtained from the sum of equation (32c) on each phase. In flows with
heat transfer and phase-change, mechanical effects are mostly insignificant [2,
pp. 107-108]. Due to the difference in phase velocities, diffusion transport of
thermal energy becomes an important effect to consider as it is proportional
to the relative velocity and to the difference between the phase enthalpies
(close to the latent heat). It is interesting to note that even if each phase en-
ergy is considered separately instead of considering the mixture enthalpy, the
diffusion transport is still an important mechanism; indeed, it arises from the
necessary use of the mixture velocity in the convective term of the mixture
model. Therefore, following the same methodology as before, the balance for
phase enthalpies given by equation (32c¢) leads to the governing equation for
the mixture enthalpy h,,:

Opmhm
ot

FY ) = 22V (@@ Q) (@)

Here, we used the interfacial equilibrium Q} + Q! = 0. Mixture enthalpy is

defined without a velocity-weighting h,,, = alplﬁﬁ + ozvpvﬁz. Diffusion of each
phase with respect to the mixture centre of mass then causes the appearance
of a diffusive flux defined as

—h_ _ (v
Q¢ = Z apprh O —m = pme(l — o), <hv - hl) (36)

k=l,v

where Up_s,,, = ﬁ’,j — 1, is the difference of the phase velocity to the mix-
ture velocity. Modelling this diffusion transport Q¢ is essential because of
the large difference of phase enthalpies; assuming this enthalpy difference
close to the latent heat, the closure of the relative velocity provides a defi-
nition for this flux. In addition, closure relations are required for the mix-
ture turbulent heat flux Q° = Q! + Q¢ for the mixture correlation heat flux
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Q¢ = Q¢ + Q¢ and for the conduction heat flux Q/ representing an equiva-
lent of the Fourier’s conduction law for the mixture:

Q' = Z ak)\kVT: (37)

k=l

The convective terms Qf and Q€ can be rearranged together. They require
models to approach the phase temperatures T: and the microscopic correla-
tion T;Vy,:
/ c _ 7k TN v
Q'+ Q= Y MY (o)) + N TV (38)

k=l

If the interfacial temperature is considered uniform (for instance taken as a
constant saturation temperature at interfaces at thermo-dynamical equilib-
rium), the microscopic correlation is then naturally expressed in terms of the
variables of the system and it is proportional to the gradient of void frac-
tion. For the other part, phase temperatures require the knowledge of phase
enthalpies combined with relations between E: and TZ. Lastly, if the phases
are considered compressible, the equation of state of the mixture providing a
link of the form p,, = f(pm, hm) can be difficult to establish; in particular, if
a pressure imbalance is considered and the equations of state for each phase
are of the form py, = f(p}, E:) The modelling choice selected for the pressure
imbalance will also affect the solution in that indirect way.

6. Homogenisation: volume averaging

Homogenisation is used to describe the two-phase flow at a larger scale.
It relies on space-averaging the local system of equations to describe it at
the macroscopic scale [49]. We consider the space filter () of any variable &
given by

(€ (x.t) = 7 [ 0ty (39)

where the averaging volume V' is independent of the position. We also intro-
duce the indicator function of the fluid phase x equal to unity in the fluid
domain and zero otherwise. Besides, walls are associated to a Dirac delta-
distribution d,, and their unit normal n,, (oriented outward from the fluid
into the wall) is defined by Vx; = —d,n,. The porosity ¢ = (xs) = V;/V
gives the ratio of the fluid volume V} to the averaging volume V. Similarly
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to Whitaker [6], the intrinsic filtering is defined from the following weighted-

average:
<§Xf > 1 /
(€ (x 1) =70 = [ £, 1)dV. (40)
d xr) Vily
Finally, any quantity & is decomposed into its filtered quantity (&) s and
a spatial deviation 0;§: § = (§); + 0s§. Contrary to the statistical average,
the filter does not commute with space derivatives and it is not idempotent
[6]. For motionless walls, the following rules apply [50]:

¢ <v£>f = oV <§>f + ¢ (0s€ (5wn>f ) (41a)

(XfVE) = 0 (VE), = V(0 (&))) + & (§ dum), (41b)
oe\ _ 98, 099, e

o(%), =o'~ o (19

6.1. Particular filters

6.1.1. Dimensionality reduction: plane channel application

As a particular example of space-averaging operator (), one can consider
a flow in a narrow rectangular channel, with parallel walls at y = —e/2 and
y = e/2. The fluid indicator function is then x; = 1 in the fluid domain,
i.e.,—e/2 <y <e/2, and x; = 0 in the solid structures. In that case, one
can consider the application of the space-averaging operator defined as the
average over the small channel gap e:

e/2

€ @ty =2 [ e, t)dy (42)

€ J—e/2

After the application of this space-averaging operator, the problem de-
scription reduces to two dimensions. Profiles along the channel width are
unresolved and sub-grid correlations appear due to non-linearities, products
of variables or gradient operators. Due to the dimensionality reduction of
this particular filter, the filter is naturally idempotent as one can easily show

that
(&) = (&)

as a result of the independence of (£) to y, which also means that the devia-
tion d,&(x,y, z) is centred with respect to that averaging:

(0:6) =0
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In addition, this filtering on y-direction naturally commutes with x— and z-
derivatives.

6.1.2. Scale separation
For a more general filter, it is idempotent and the deviation is centred
with respect to it if there is a scale separation such that

le Sro S L

where the characteristic sizes 1o, l¢ and L corresponds respectively to the
filter kernel, the microscopic scale of variation of the variable £ and the
macroscopic scale of variation of its filtered counterpart (£). In the case
of the particular one-dimensional filter defined above, the splitting between
directions replaces scale separation.

6.2. Favre averaging: density- and fluid-weighted average

As the mixture density strongly varies as a result of variations in vapour
concentration, it is more convenient to define a Favre averaging operator
weighted by both the mixture density p,, and the fluid phase indicator func-
tion xy, along with the definition of the corresponding deviation:

> (&) 9om€)y  (om€)y X
ST Do S{om);  Pm (43a)

de=¢—¢ (43b)

pm = (Pm); is the macroscopic mixture density (identified by the capital
subscript ar). From these definitions, we can demonstrate that for two fields £
and ¢, we have under the assumption of scale separation or for an idempotent
filter:

(XsPmEC) = par& C + & (pmdE 6C) = dpus (§5+ 55\5/4) (44)

6.3. Macroscopic mizture model

Motionless walls are considered. Multiplying the mixture model given in
the equation system (35) by the fluid indicator function y; and applying this
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filter leads to

8 m
¢% +V- <¢ <pmﬁm>f> =0, (45a)
0 {pme
¢- <Pat Ly <¢ <pmcﬁm>f) - V. (¢ <pmcﬁHm>f> +6(T,),, (45b)
0 (P,
¢ <p8t . v (d) <pmﬁmﬁm>f> = =0 (Vpm)p + & {om); 8

V- (6T, + 0 (T + 0 (T™),) = 6(T" dum), + 6 (M), . (45¢)

ez The combination of equation (41b) and of the condition of no-slip velocity
s at the walls was used to obtain equation (45a). We assume that the no-slip
ss0 condition at the wall applies to both @,, and @, (and transitively to TW,_,).
s0 Besides, the turbulent stress goes to zero at the walls leading to the deletion
sor of the wall/turbulent contribution 7* §,. The contribution of the diffusion
602 term <7'dT> at the wall also vanishes because the velocity of each phase goes
63 to zero at the wall when no-slip is considered; then, we have 1, d,, = 0, thus
s« leading to wall friction effects represented solely by the term ¢ (7" d,n) s
e0s (and a pressure contribution spilled out below, in equation (48)).

Then, one needs to define the main variables of the system. Similarly to
the local mixture (or diffusion) model summarised in section 5.2, we define
filtered quantities weighted by the centre of mass. Therefore, we will describe
the evolution of the filtered mixture density pjs, vapour concentration ¢y,
centre of mass velocity u,; and filtered pressure py; defined as:

Py = (Pm) ¢ (46a)
Py CM = (PmC) (46b)
PMUN = (PrUm) f (46c¢)

pu = (Pm); (46d)

696
Using equation (44) and the definitions above, the correlation between
mean velocity deviations du,, arises from the convective term

where Dy, = —pp01,,010,, is the macroscopic dispersion due to local mean

velocity profiles. Besides, the pressure term gives rise to a wall contribution:

¢ <vpm>f = ¢V <pm> + ¢< sPm wn>f where 5spm = Pm — <pm>f (48)
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Therefore, the system describing the selected variables can be obtained
from the previous equation system (45)

)
4 Vo (oartiar) = 0, (492)
odpuc
p]av[t M + V¢ . (pMCMﬁM + pMﬁD) = FM, (49]())
dpyua

—Vy - (DM + <T”>f + <'Tt>f + <7‘d7”>f> + My — <5Spm 5wn>f - <7—v 5wn>f'

where I'yy = (I',); is the mean vaporisation term and My = (Mm), the
mean mixture momentum source. The notation V- ( = év - (¢¢) is used to
represent the divergence operator in case of variable porosity.

In this system, one can see one of the main advantages of the Favre-
averaged variables that we have selected. The centre-of-mass definitions
cause the exact mass conservation equation of the macroscopic system (equa—
tion (49a)) to be totally described in terms of main variables (thanks to the
definitions (46a) and (46¢)), hence ensuring an accurate mass preservation
independently of the quality of the closures selected. This is an important
property of the derivation and of the selected choice of macroscopic variables.
Unfortunately, the conservation equation for the mass of vapour (49b) can-
not be described without closure. It is necessary to introduce a model for a
drift velocity which is exactly defined in terms of local variables by:

Tp = 0¢0tiy, + (1 — )T, = 0¢ 0Ty + Ay om (50)
— ——
upi Uup2

Therefore, this velocity arises from the correlation between deviations of
vapour concentration and mean velocity on one hand, and from the correla-
tion of vapour concentration to the relative velocity on the other.

In the momentum equation, macroscopic dispersion D), arises from the

—_~—

cross correlation Ju,,0u,,, that is caused by the local deviations of the
mean velocity W, from its mean value wy. V = (T%);, T = (T"); and
D" = <7’dr> f correspond respectively to the macroscopic viscous, turbulent
and diffusion tensors. The diffusion due to the relative velocity D" is com-
pleted by the similar process of dispersion Dj; due this time to the averaging
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process at the basis of the macroscopic description. They all require mod-
elling to close the system, as they involve products of microscopic (local)
mean or instantaneous variables. The viscous term V can be developed us-
ing the definition (6) of the (local) mean viscous stresses 7 in relation to
the tensor 7

V=—uV} <<avu_vv>f) — mV, <<Oélﬁll>f) (51)

using the adherence of both phase velocities at the walls and assuming that
each phase viscosity vary weakly with respect to the filter size (i. e., we neglect
sub-filter variations of physical properties). An issue similar to the closure of
the macroscopic equation for the vapour mass (49b) is encountered, namely
the fact that macroscopic velocities are related to the mixture centre of mass.
In order to close the viscous term V, it is necessary to express (a,U,") f and
<alﬁll> ;asa function of mixture variables. Cross-correlations identical to
those in equation (50) appear. Thus, using the same definition, and assuming
weak variations of densities with respect to the filter size, we have:

1 M _ _
(o, = (<pmcam> A (P f) - f; * (carthy + ) (52a)
(o), = % (<pm(1 — O, + <pmcﬁwm>f> _ %” (1 = ear)Tns — Tpy + Tps)
(52b)

As a consequence, the viscous term V can be closed solely resorting to the
closures of Wp; and Up, under the current assumptions.

Moreover, the turbulent term traduces the macroscopic effect of the Reynolds

stresses. Averaging local CFD simulations could be a useful tool to provide
information on its behaviour. The simplest way to model it could be an
algebraic relation to the mean shear stress

T = <cpmu/vu'v” +(1- c)pmu;u;l>f ~ KySwu (53)

where K, is a tensor set of coefficients and Sy is the deviatoric part of the
macroscopic stress tensor:

Sm = %VTﬁM (54)
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Lastly, the diffusion tensors D" corresponds to dispersion effects due to
relative velocity

D" = (—c(1 = ¢)pnl,0,) ; = — (Pl T;) (55)

Again, fine scale simulations would be beneficial to improve the understand-
ing of this term. It traduces the complex correlation between vapour mass
concentration, the relative velocity of the vapour phase to the centre of mass
of the mixture u,_,,, and the relative velocity u,. This tensor is diagonal.

Besides, pressure loss from wall friction results from the combination of a
pressure deviation d4p,, and a viscous contribution. It stresses the importance
of sub-filter variations.

In conjunction to the effects of velocity variations and fluctuations and
in addition to the influence of relative velocities, one last important element
has to be discussed. The macroscopic mixture pressure py; defined by equa-
tion (46d) is selected as a main variable of the system. If a single pressure is
considered at the local scale (p} = p¥ = p,,), then equations of state (EOS) of
each phase can be used to assess phase densities provided that the effect of
sub-filter variations of pressure on physical properties is assumed negligible
or at least linear. In the case of plane channel filtering, it means neglecting
non-linear impact of wall-normal pressure variations on densities. Now, if a
more complete description of the local scale is considered with a local pres-
sure imbalance, relating the EOS of each phase to the EOS of the mixture
becomes more complex because non-linear relations need to be inverted. It
is difficult to determine theoretically the influence of the closures selected
for the pressure imbalance on the global system resolution including EOS.
As a consequence, we plan on using local CFD simulations based on RANS
two-fluid models to determine the predominant closures and to hint towards
appropriate modelling possibilities. However, it is important to insist that
this methodology relies on the assumptions of the two-fluid model itself; it is
then also very relevant to pursue research on the quality of models in this fam-
ily to provide an accurate description of the problem, including for instance,
relevant predictions of radial void fraction profiles and the effect of pressure
imbalance. Advanced closures including pressure imbalance, surface-tension-

induced pressure p?l and mixture momentum My, will modify the system
solution; it will in turn affect the construction of the macroscopic model and
its closure relations. However, the extent of the changes and the conditions
in which they are significant are unknown. It is important to keep in mind
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that a more realistic pressure gradient (for instance by means of algebraic
closures for local pressure differences as initiated in du Cluzeau et al. [36] and
du Cluzeau et al. [48]) along with the consideration of the mixture momen-
tum M,, have the potential to create additional diffusion in the macroscopic
mixture model.

7. Insights into future applications

This section highlights the potentialities offered by the derivation pre-
sented in this article. It presents some guidelines to extract information
from the rigorous open equation system for the local drift-flux or the macro-
scopic models (equation systems (35) or (49) respectively) from the content
of finer solutions taken as references.

7.1. Applications to local modelling (two-fluid or drift-flux models)

As mentioned in section 4.5, the local resolution of the equation system for
the couple (@,,, w,) is theoretically equivalent to that of the equation system
for the couple (u},u’). However, in practice, choosing the couple (1,,,U,)
can provide different numerical strategies to improve the stability of the
numerical system and facilitate its resolution, with an improved robustness.
Equation (16) governing the local relative velocity @, can be used directly
in the implementation of the two-fluid model (coupled with equation (35c)
that control the evolution of the mixture velocity W,,). This formulation
is sometimes advantageous over the classical (i}, W’) resolution because the
coupling between phases through the interfacial transfers can be implicited
more efficiently as it appears in a single equation.

But alternately, one could also consider partial simplifications of equa-
tion (16) to include only the dominant processes in the transport equation so
as to achieve simpler models which could benefit from a simpler resolution
and yet be capable of incorporating selected effects as transient convection or
lift-induced migration for instance. This option would provide an alternate
path between the local two-fluid model and a local drift flux model.

Lastly, if the relative velocity u, is fully reduced to a local instantaneous
algebraic equation, a local equivalent to the homogenised drift-flux model can
be obtained for fully three-dimensional cases. This local constitutive relation
should incorporate the effect of interfacial forces. Provided that relevant
closure relations can be found for specific configurations, the application
of this strategy could be an interesting prospect for industrial studies in
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which the knowledge of the local distribution is important, yet the direct
use of the two-fluid model is too complicated. For instance, the prediction
of the CHF occurrence could be improved by this kind of local model by
detaching the modelling of the triggering mechanism from the consideration
of a specific geometry. All these intermediate local models can be assessed on
experimental data, but also on fully numerical procedures when considering
the two-fluid model as a (richer, hence more accurate) reference.

Local relative velocity. From the local relative velocity obtained numerically
(either by the complete two-fluid model or by any simplification of it) in var-
ious configurations, new constitutive relations can be inferred. From CMFD
simulations resolving the two-fluid model, for various geometries and varying
the fluid properties and/or the flow conditions, one can assess the contri-
butions to equation (16) to determine the dominant effects and evaluate the
appropriateness of the proposed closure relations for these mechanisms. Gen-
erally, interfacial transfers are considered as the predominant phenomena, but
equation (16) reveals that other contributions are poorly known and may not
be neglected based on a priori principles: e. g., surface tension effects (M)
and their consequences on pressure gradients (especially in the cross-flow di-

—
rection, Vp,, and V (ozl,]_)r +pb )), or liquid and vapour turbulent stresses

(7' and T'). This kind of evaluation will provide valuable information to
connect the drift-flux model to the two-fluid model and assess its limits; it
may potentially offer alternative strategies to alleviate some of them.

7.2. Applications to macroscopic modelling (space-averaged)

By construction, macroscopic models depend on the geometry considered;
they are applicable only for a given geometry; corrections or extrapolations
are required to apply them to new geometries. For the sake of the discussion,
we will consider the geometry of a thin rectangular channel homogenised over
the direction of the small gap e, but the discussion could be similarly trans-
posed to a sub-channel in a rod-bundle or any representative configuration
of a porous media (usually called Representative Elementary Volume, REV
or averaging control volume). For this example, the geometry is illustrated
on figure 3. Space-averaging is performed on the y-direction such that the
macroscopic problem is bidimensional in the (z, z) plane.

The general procedure goes as follows:

e Define a geometry and the associated control volume or REV.
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Figure 3: Schematic illustration of a thin rectangular channel considered for a homogenised
description along y-axis. Vapour is uniformly injected at the centre of the channel and it
can transition either to a wall-peaked flow (red, left curve) or to a core-peaked flow (blue,
right curve).
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e Select the mechanism M to model. Make it dimensionless based on
macroscopic or global variables.

e Determine dimensionless parameters A; and the macroscopic variables
that are relevant to describe the evolution of the mechanism. They
should depend only on the global conditions or on the macroscopic
solution; they are considered as known in a prior: tests. They cannot
be related to local (microscopic) fields as they will intervene in the final
model closure.

e Define several set of conditions to cover the dimensionless space.
e Force or ensure flow conditions that trigger the model.

e Perform reference simulations with the fine scale model (two-fluid or
local drift-flux) for each condition.

e Average and post-process the solution field in each condition to deter-
mine reference values for the model M™ (N, ..., N;) and the macro-
scopic solution fields.

e Depending on the a priori knowledge of the mechanisms, two options
are possible:

If the actual form of the correlation is determined by theoretical
considerations, a simple fitting of coefficients can be performed to min-
imise the difference e = |M™ — M™°d| over the sets of conditions
simulated.

If the form of the closure relation is unknown, variable selection
and regression should be performed, either by classical approaches or
by machine learning techniques (Support Vector Machine, ... ).

In the following, two mechanisms are described to illustrate concretely the
up-scaling methodology proposed.

Void fraction distribution. As an illustrative example, we consider the distri-
bution of void fraction in the channel. Figure 3 sketches two characteristic be-
haviours that the diffusion of void fraction may generate (wall or core-peak).
From a modelling point-of-view, it is then important to model diffusion of
void fraction in equation (49b) due to the mechanism Mgisp = Vg - (pamtip),
in the cross-flow direction x. In many configurations, due to global variations
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of the macroscopic solution (flow asymmetry, flow reduction due to corner
effect) some effects of the local void fraction distribution or of the velocity
gradients remain important at the macroscopic scale. For instance, powered
by the local lift force, these gradients will be responsible for global migration
of the vapour and macroscopic transverse velocity.

Concerning the distribution of void in the channel, a methodology similar
to Zuber and Findlay [22] can be applied; however, our proposal is to pro-
duce numerically informed data by an appropriate selection of local two-fluid
simulations in order to provide numerical values of the form

ML = M (Reas, car, dy /e, .. .) (56)

disp disp

where Reys = pas |[Qas|| Di/p* is the macroscopic Reynolds number, Dy, the
hydraulic diameter and p* some selected combination of liquid and vapour
viscosities.

To derive a model Mfﬁgg for this specific mechanism, one can for instance,
compute from the local solution of CMFD simulations the distribution co-
efficient C and the drift-velocity Vi, as defined by Zuber and Findlay [22].
Finally, from this approach, it should be possible to extend the original work
of Zuber and Findlay [22] to 3D applications, and from there, calibrate for
instance the tensorial coefficients Cy proposed by Grégoire and Martin [21],
in order to recover in the end an approximate expression M$§§ to model the
void fraction dispersion based on macroscopic variables only.

Equation (50) reveals that all the components of the macroscopic drift
velocity up can be determined from the knowledge of microscopic (local)
fields. Our intent in the future is to use this expression and to evaluate
it on representative two-fluid simulations in order to provide the informa-
tion necessary to accurately close the drift contribution in the divergence in
equation (49b). This macroscopic mechanism is essential to appropriately
describe the macroscopic migration of void fraction in the cross-flow direc-
tion. This lateral migration is then essentially due to sub-filter variations of
the variables’ profiles (velocity and void fraction mostly), and it depicts a
mechanism fundamentally different from the original concept by Zuber and
Findlay [22] that was dedicated to gravitational effects.

Macroscopic pressure drop. Another example where the effect of the under-
lying flow profile must be modelled is the prediction of the pressure drop
along the flow. Equation (49c) shows that the local profiles of both veloc-
ity and pressure contribute to the pressure loss. Then, post-processing local
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simulations provides a way to assess the two contributions to the reference
macroscopic source M;ej responsible for the pressure drop, defined as:

M;edf = <6spm 6wn>f + <7WU 5wn>f (57)

From these numerical measurements, an additional closure relation to impose
a wall friction coefficient Cpq could be derived under the form

Mgl;dchd (RGM,CM,db/e,...)pMHﬁMHﬁM (58)

where the functional dependency of Cpq to dimensionless parameters has to
be determined.?

From the knowledge of both ngf, pyv and Ty, by the averaging of local
solutions, one can propose and assess a formulation for the coefficient Cpq
that minimises the error e,q = | M — Mmed|.

The contributions to ./\/llrfdf defined from local quantities will be very sensi-
tive to the flow regime because of the strong coupling between the microscopic
phase distribution and the profiles of velocities. In particular, when the con-
ditions are varied, the flow can experience a transition of the void fraction
profile. In the case of bubbly flows, it has been observed experimentally
[51, 52] that the interfacial forces acting on the bubbles drive them towards
or away from the wall, resulting in wall-peaked or core-peaked void fraction
profiles depending on the flow conditions. This transition in void fraction
profiles has a dramatic effect on averaged flow quantities such as the wall
shear stress, velocity profiles and turbulence levels.

For industrial applications, it is important to be able to quantify the
impact of this wall- to core-peak transition (and the conditions in which it
occurs) and to incorporate this information into macroscopic models. The
variations of wall shear stress induced by this transition can be responsi-
ble for large scale flow redistribution that should be accurately captured by
component-scale simulations. The proposed up-scaling approach should help
to determine mechanistic models (because more information is available from
simulations than from experimental measurements) that could replace the use
of flow-regime maps and henceforth, extend the prediction capabilities with
better confidence.

2For completeness, we mention that Cp,q might be represented by a matrix to account
for the strong anisotropy of the flow.
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In conjunction with this numerical approach, our team is designing an
experiment to produce CFD-grade reference data to support our numeri-
cal simulations and enable the global validation of the procedure. In this
experiment, the adiabatic air-water flow in a thin rectangular channel will
be analysed for various flow rates of each phase in vertical or inclined flow
direction. We target local measurements of void fraction, bubble-sizes dis-
tributions, mean liquid and gas velocities, velocity fluctuations in the liquid.
The measurements’ resolution should be sufficient to capture the predomi-
nant variations and validate the numerical procedure.

8. Conclusion and prospects

This article presents a theoretical derivation of a homogenised model for
turbulent two-phase flows. Turbulent fluctuations and phase intermittency
are crucial mechanisms incorporated into the model considered. Application
of the space-averaging technique is not limited to porous media. In fact, one
industrial use of this work consists in applying this methodology to propose
a one- or two-dimensional description of pipe flows or of turbulent two-phase
flows in rectangular channels or tube bundles. There, the model acts to
represent the effect of high-shear regions developing at the walls.

This macroscopic model describes the evolution of mixture variables, but
includes the effects of both sub-filter spatial variations, turbulence, and local
non-equilibrium in velocity, pressure and enthalpy. It is derived theoretically
based on the local instantaneous Navier-Stokes equations. Several steps are
involved in order to obtain the final macroscopic mixture model. The ap-
proach is based on a two-step up-scaling strategy. First, we recall the basic
principles that constitutes the basis of the widely-used Euler-Euler two-fluid
model. A discussion on the importance of models for the interfacial transfers
and of the closure of the pressure has been included to demonstrate that
assumptions on the local pressure imbalance and on surface tension effects
will have consequences on the macroscopic model. Then, we proceed to a
reduction of the local two-fluid model which relies on the algebraic closure of
the relative velocity to enable the resolution of a system composed of mixture
variables (density, velocity and enthalpy). A simpler local drift-flux model is
then obtained. Finally, the second part of the up-scaling is applied to derive
a macroscopic mixture model similar to the sub-channel models in use in the
nuclear or oil and gas industries. This step resorts to a spatial average that
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is commonly used in porous media applications. Here, it is used to eliminate
the costly need to resolve boundary layers in internal flows.

At the end of this two-step up-scaling strategy, the model remains open,
but we have fully described the theoretical content of the macroscopic models.
This formulation governing the macroscopic evolution of the mixture can be
compared to models used in practical applications (i) to better identify the
origins of the models involved and (ii) to provide an alternative to progress
in the models” development or in the calibration of closure laws.

Many prospects in terms of validation and models’ development based
on this up-scaling methodology are now open. They include the use of these
expressions involving fine-scale flow description to propose and assess new
formulations of models based on a priori analyses of local two-fluid simu-
lations. In section 7, we illustrated that if the equation for the local rel-
ative velocity u, is simplified to keep only the dominant mechanisms, new
opportunities may be taken to solve intermediate models (in between the
local two-fluid model and a local drift-flux model) that are still local and
account for unsteadiness and convective effects. Further reduction given by
an algebraic closure for the local relative velocity demonstrates the various
degrees of simplifications that can be applied to connect the two-fluid and
the drift-flux models at the local scale. Series of such “numerical experi-
ments“ can be performed to efficiently cover the parametric space (including
experimentally-challenging industrial conditions such as for instance high-
pressure flows), and to test different kinds of local closures. Reference values
for the models can be post-processed from these simulations in order to as-
sess the dependency to dimensionless parameters and to calibrate parameters
a priori. These closures based on two-fluid CMFD simulations, include the
models’” formulation and the calibration of closure relations.

Further prospects include the assessment of models’ simplifications at dif-
ferent steps of the process. For instance, various kinds of two-fluid models
can be compared to investigate hypotheses concerning interfacial transfer
closures, or the effect of pressure imbalance, or the potential effect of surface
tension. Also, the assessment of the simplifications necessary to the deriva-
tion of an algebraic closure for the relative velocity is an important feature
that can be analysed. Predictions of the relative velocity should include com-
ponents orthogonal to gravity (where buoyancy and drag are predominant);
indeed, complex (and partially understood) phenomenon such as lift, laminar
and turbulent dispersions or wall effects, are important mechanisms respon-
sible for an effective diffusion of void fraction. They are intrinsically related
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to the structure of local velocity fluctuations, to pressure disturbance by the
walls and the inclusions, and to the phase intermittency.

Most discussions in this article were focused on the momentum equations
and the relative motion between phases. As stated by Ishii and Hibiki [2,
pp. 365-366], modelling the mixture thermal energy in the context of the
drift-flux model is a considerable challenge. Future prospects could expand
the discussion at the end of section 5 to analyse the benefits of different
choices (mixture enthalpy and a closure relation for the thermal state between
the two-phase or separate conservation equations). The additional effect of
spatial average on the energy transfers is also in a very preliminary state in
the literature.

Application of this new methodology to derive industrial models for mul-
tiphase flows of increasing complexity is expected to provide a new way to
access information that would be difficult to obtain experimentally. There-
fore, we plan to use this approach to assess and eventually revise closures used
in industrial codes based on the recently acquired capabilities of CMFD. In
section 7, we illustrated the principles of the up-scaling methodology pro-
posed on two mechanisms: the void fraction dispersion and the macroscopic
pressure drop.
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