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Aiming to understand the effect of various parameters such as liquid velocity, sur-
face tension, and wetting phenomena, a Volume-of-Fluid (VOF) model was developed
to simulate the multiphase flow in high-pressure trickle-bed reactor (TBR). As the
accuracy of the simulation is largely dependent on mesh density, different mesh sizes
were compared for the hydrodynamic validation of the multiphase flow model. Several
model solution parameters comprising different time steps, convergence criteria and
discretization schemes were examined to establish model parametric independency
results. High-order differencing schemes were found to agree better with the experi-
mental data from the literature given that its formulation includes inherently the mini-
mization of artificial numerical dissipation. The optimum values for the numerical
solution parameters were then used to evaluate the hydrodynamic predictions at high-
pressure demonstrating the significant influence of the gas flow rate mainly on liquid
holdup rather than on two-phase pressure drop and exhibiting hysteresis in both
hydrodynamic parameters. Afterwards, the VOF model was applied to evaluate succes-
sive radial planes of liquid volume fraction at different packed bed cross-sections.
© 2009 American Institute of Chemical Engineers AIChE J, 55: 2920-2933, 2009
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Introduction

Trickle-bed reactors are catalytic fixed-bed tubular devices
in which a gas-liquid stream flows vertically downwards.
Industrial applications arise traditionally in petrochemical
and chemical industries, in biochemical, and electrochemical
processing and more recently in waste gas and wastewater
treatment. Well-known hydrodynamic issues are often related
with partial particle-scale external wetting also referred as
wetting efficiency that can cause inefficient catalyst utiliza-
tion and poor heat and mass transfer rates. This hydrody-
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namic parameter is calculated from the percentage of exter-
nal wetted surface area divided by the total solid particles
surface area, and it is critical in setting the proper reactor
operating specifications in order to maximize and promote
higher conversion rates.'?> In case of exothermic reactions,
partial wetting can indeed lead to poor catalyst wetting
effectiveness factors and poor heat withdrawal. To ensure
full coverage with a continuous liquid film of all pellets in
the bed, it is necessary to guarantee a sufficient gas and lig-
uid feeding.

The scaleup/down and design of laboratorial and commer-
cial trickle-bed reactors depends heavily on the specific
knowledge of two-phase pressure drop, liquid holdup and the
catalyst wetting efficiency as a function of operating condi-
tions and the mathematical formulation derived is frequently
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system specific and it is feasible only in a particular range
of operation in which the correlation was obtained. Recently,
computational fluid dynamics (CFD) appeared as a promis-
ing tool to understand the complex hydrodynamics in more
detail requiring closure laws for the interphase coupling
forces in the momentum balance equation-based on the
Eulerian-Eulerian approach.”* However, this mathematical
treatment is incapable to capture the wetting features as well
as the so-called hysteresis in the operation of trickle beds
reviewed by Nigam et al.” and Saroha et al.®

The simulation of gas—liquid—solid interfaces of a multi-
phase flow is still under investigation presenting a computa-
tional challenge in CFD despite the advancements already
achieved. Known issues are related with the exact location
of the interface, calculation of surface tension, and the high
dissimilarity of fluid properties. For a water/air system the
variation can be three orders of magnitude and the numerical
method should be capable of maintaining a sharp interface
without stretching it over a couple of cells due to numerical
diffusion.

Therefore, it is of paramount importance to formulate a
detailed CFD model that can capture the microscale interac-
tion processes between both surfaces. Our attempt is to sup-
ply a deep understanding of fluid hydrodynamics parameters
through the development of a Volume-of-Fluid-based com-
putational fluid model for simulating the gas—liquid surface.

There are two different classes of methods to deal with
the surface modeling techniques: tracking and capturing
methods. Front tracking, boundary integral, moving mesh
and particle schemes are tracking methods because they are
of Lagrangian type, in which the interface position is identi-
fied by a particle or a polygon called a Lagrangian marker.
Alternatively, level set, continuum advection, volume track-
ing and phase field method schemes are capturing type
methods.”

Several literature studies on wetting dynamics®'° consid-
ered high velocities (in the range 1-6 m/s), however in
trickle bed reactors, the liquid phase interacts with the cata-
lyst solid surface with substantially lower velocities. In the
theoretical field, recent works were published on the numeri-
cal simulation of gas—liquid flows by means of a VOF
model. Yuan et al.'! applied a VOF method based on a
piecewise linear interface construction (PLIC) to track the
liquid—vapor interface in the simulation of natural convection
film boiling and forced convection film boiling on a sphere
at saturated conditions. Glatzel et al.'”> evaluated the per-
formance of commercial CFD codes based on VOF method
when applied as and engineering tool for microfluidic appli-
cations. Surface tension effects and flow patterning of two
fluids were studied in terms of computational speed and
comparison with experimental data. Gopala et al.'? analyzed
a number of numerical methods to track interfaces in multi-
phase flows including the level-set method, the marker
particle method and the front tracking method. The authors
concluded that the VOF method has an advantage of being
conceptually simple, reasonably accurate and phenomena
such as interface breakup and coalescence are inherently
included. Morel'* presented alternative modeling approaches
for strongly nonhomogeneous two-phase flows in where the
flow domain is divided into a bubbly region and a droplet
region separated by a free surface. The closure problem is
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discussed for each model and the three models are compared
according to several criteria. Heggemann et al.'” modeled
the fluid flow in liquid distributors and the validation was
accomplished in the uniform distribution of liquid above
structured packings for its performance prediction.

None of the VOF models published in the literature were
used to simulate the trickling flow or even the spraying and
pulsing hydrodynamic regimes in TBRs. Taking into account
the large number of studies that were carried out for mea-
surement of pressure drop and liquid holdup in trickle
beds"'®!” a limited number can only be found which
addressed the effect of prewetted and nonprewetted bed con-
ditions on two-phase pressure drop and liquid holdup includ-
ing the respective hysteresis. Kan and Greenfield explained
the hysteresis phenomenon based on the formation of liquid
bridges and surface tension.'®!” Christensen et al.>° and
Levec et al.*"*? observed that the radial distribution of the
liquid in the bed changes depending on whether the liquid
flow rate increases or decreases and stated it as a cause for
hysteresis. Rode et al.>> have also reported multiple hydrody-
namics states in various flow regimes of trickle-bed reactors.
Ravindra et al.** presented experimental data on hysteresis
while Melli and Scriven® studied hysteresis theoretically in
a two-dimensional bed. Recently, Gunjal et al.* modeled the
hysteresis in pressure drop and liquid holdup by means of an
Eulerian framework.

The present VOF model was undertaken to simulate the
wetting phenomena in high-pressure (30 bar) trickle-bed
reactors providing a better understanding of its liquid dis-
tribution and hysteresis. The hydrodynamic validation is
accomplished in terms of pressure drop and liquid holdup
experimental data taken from the open literature and after-
wards, computational predictions for the wetting efficiency
will be investigated at different liquid flow rates.

CFD Modeling
Volume fraction equation

The VOF method was used to compute phase volume
fractions as well as velocity field maps. The multiphase flow
is assumed to be vertical downward and incompressible,
with the mathematical description for the flow of a viscous
fluid through a three-dimensional catalytic bed based on a
single set of momentum equations and tracking the volume
fraction of each of the fluids throughout the domain. Taking
into account that packed bed flow is often described in tran-
sient mode, so the present VOF formulation was used to
compute a time-dependent solution. The volume fraction of
the phase ¢ in the computational cell is specified for each
one of the phases as og. In each control volume, the volume
fractions of all phases sum to unity and the fields for all var-
iables and properties are shared by the phases and represent
volume-averaged values, as long as the volume fraction of
each of the phases is known at each location. Thus, the vari-
ables and properties in any given cell are either purely repre-
sentative of one of the phases, or representative of a mixture
of the phases, depending upon the volume fraction values: if
the gth fluid’s volume fraction in the cell is denoted as o,
then the following three conditions are possible: o, = 0: the
cell is empty of the gth fluid; «, = 1: the cell is full of the
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gth fluid; 0 < o, < 1: the cell contains the interface between
the both fluid phases. Based on the local value of o, the
appropriate properties and variables will be assigned to each
control volume within the domain.

The tracking of the interface between the phases is accom-
plished by the solution of a continuity equation for the
volume fraction of one (or more) of the phases. For the gth
phase, this equation has the following form of Eq. 1.

1|0 . o :
o |ar (ocqpq) + V.(ocqpqvq) =5, + Z (ritpg — tigp) | (1)
q p=1

where 71,, is the mass transfer from phase ¢ to phase p and i,
is the mass transfer from phase p to phase ¢. The source term
on the right-hand side of Eq. 1, S%, is used to compute the
mass source for each phase. The primary-phase volume
fraction was computed based on the following constraint:

i o0, =1 2)
q=1

Momentum equation

A single momentum equation is solved throughout the
computational domain, and the resulting velocity field is
shared among the phases. The momentum equation, shown
below in Eq. 3, is dependent on the volume fractions of all
phases through the properties p and pu.

0 ~
E(pﬁ') + V- (pW) ==-Vp+ V- [u(Vi+ V)] +pg+F
3)

One limitation of the shared-fields approximation is that
in cases where large velocity differences exist between the
phases, the accuracy of the velocities computed near the
interface can be adversely affected. A viscosity ratio more
than 10° may also lead to convergence difficulties so that the
compressive interface capturing scheme for arbitrary meshes
was evaluated throughout the TBR modeling.

Surface tension

The VOF model includes the effects of surface tension
along the interface between each pair of phases and the addi-
tional specification of the contact angles between the phases
and the walls.”® Surface tension arises as a result of attrac-
tive forces between molecules in a fluid. At the surface
between air and water, the net force is radially inward, and
the combined effect of the radial components of force across
the entire surface is to make the surface contract, thereby
increasing the pressure on the concave side of the surface.
The surface tension is a force, acting only at the surface that
is required to maintain equilibrium in such instances. It acts
to balance the radially inward inter-molecular attractive force
with the radially outward pressure gradient force across the
surface. In regions where two fluids are separated, the sur-
face tension acts to minimize free energy by decreasing the
area of the interface. The surface tension is modeled by
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means of the continuum surface force (CSF) model proposed
by Brackbill et al.?” With this model, the addition of surface
tension to the VOF calculation results in a source term in
the momentum equation. In the case of constant surface ten-
sion along the surface and considering only the forces
normal to the interface, the pressure drop across the surface
depends upon the surface tension coefficient, ¢, and the
surface curvature as measured by two radii in orthogonal
directions, R, and R,, as expressed in Eq. 4.

1 1
—p =0 —+— 4
P2 — D1 O'(Rl +R2) 4)

where p; and p, are the pressures in the two fluids on either
side of the interface. In the formulation of the CSF model, the
surface curvature is computed from local gradients in the
surface normal at the interface. Let n be the surface normal,
defined in Eq. 5 as the gradient of «,, the volume fraction of
the gth phase.

n= Vo, (&)

The curvature, x, is defined in Eq. 6 in terms of the diver-
gence of the unit normal,27 n:

K=V ()
where
A= %)
|n|

The surface tension is expressed in terms of the pressure
jump across the surface. The force at the surface can be
expressed as a volume force using the divergence theorem.
It is this volume force that is the source term which is added
to the momentum equation and has the following form:

S o %piKjV o + 00KV o

FV = g;
! ! 3(pi+p;)

®)

parts ij, i<j

Equation 8 allows for a smooth superposition of forces
near cells where more than two phases are present. If only
two phases are present in a cell, then x; = —x; and Vo; =
—Yu;, this equation simplifies to Eq. 9.

Fyol = aijﬂ (9)
3 (pi+py)

where p is the volume-averaged density computed using
equation: p = > 0,,p,,.

The importance of surface tension effects is determined
based on the value of two dimensionless quantities: the
Reynolds number, Re, and the capillary number, Ca; or the
Reynolds number, Re, and the Weber number, We. For
Re < 1, the quantity of interest is the capillary number
given by Eq. 10.

uv

Ca="= (10)
g
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and for Re > 1, the quantity of interest is the Weber number
as shown in Eq. 11.

- pLyv?

We (11)

a
where v is the free-stream velocity. Surface tension effects can
be neglected if Ca > 1 or We > 1.

Wall adhesion

To specify wall adhesion angle in conjunction with the
surface tension model, the VOF model taken from work
done by Brackbill et al.>” was also investigated. Rather than
impose this boundary condition at the wall itself, the contact
angle that the fluid is assumed to make with the wall is used
to adjust the surface normal in cells near the wall. If 0, is
the contact angle at the wall, then the surface normal at the
live cell next to the wall is given by Eq. 12.

Al = fycos Oy, + fysin Oy (12)

where 7, and #,, are the unit vectors normal and tangential to
the wall, respectively. The combination of this contact angle
with the usually calculated surface normal one cell away from
the wall determine the local curvature of the surface, and this
curvature is used to adjust the body force term in the surface
tension calculation.

Turbulence modeling

Trickle-beds are mostly operated at low interaction regimes
so that the flow is often assumed laminar either at the reactor
level or at the catalyst particle scale. However, several studies
have looked at the transition to turbulence, the level of turbu-
lence intensity in the void space, and the description of flow
regimes in fixed bed flow. Dybbs et al.”® used laser anemome-
try and flow visualization to study flow regimes of liquids in
hexagonal packings of spheres and rods and concluded that
there are four flow regimes for different ranges of Reynolds
number, based on interstitial or pore velocity Re; = Re/e: for
Re; < 1, the creeping flow is dominated by viscous forces and
pressure drop is linearly proportional to interstitial velocity;
for 1 < Re; < 150, the steady laminar inertial flow in which
pressure drop depends nonlinearly on interstitial velocity; for
150 < Re; < 300, the laminar inertial flow is unsteady; and
for Re; > 300, the flow is highly unsteady, chaotic and quali-
tatively resembling turbulent flow. Likewise, Gunjal et al.2®
used a laminar model up to Re; = 204 and turbulent models
for Re; = 1,000-2,000. Therefore, since the Reynolds num-
bers range for the gas phase is wide (min: 10, max: 2500), a
k-& model was applied for turbulence modeling.**~*°

The turbulence kinetic energy, &, and the turbulent dissipa-
tion rate, ¢, are computed from Eqgs. 13 and 14.

Hem
Ok

0
o) + 5 i) = 5+ (B258) 4 G e (13

O (0n) 4V - (o) = 7 - (“— Ve)

O

n ,‘i—"’ X (C1eGim — Coupp)  (14)
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and the production of turbulence kinetic energy, Gy, is
computed from Eq. 15.

Gk,m = :ut,m (Vﬁm + (vﬁm)T) : Vﬁm (15)

Cy, and C,, are the constants of standard k-¢ model
whereas g, and o, are the turbulent Prandtl numbers for k
and ¢, respectively.

Numerical Simulation

Trickle-bed geometry, fluid properties, operating, and
boundary conditions

The present case-study encompasses a trickle-bed reactor
that was designed using regular shape catalyst particles for
multifluid Eulerian simulations.®’ Gas-liquid flows through a
catalytic bed comprised of monosized, spherical, solid par-
ticles arranged in a cylindrical container of a pilot TBR unit
(50 mm internal diameter x1.0 m length). The computa-
tional mesh of the catalytic bed was shortened in length
given the high memory requirements so that the reactor was
filled with 10 layers in which around 200 nonoverlapping
spherical particles of 2-mm diameter were necessary for
each axial layer as shown in Figure 1. To prevent numerical
difficulties associated with the mesh generation also reported
in the literature,’ the catalyst particles do not touch each
other and the distance gap was fixed by 2-3 % percent of
the sphere diameter. The grid of catalytic bed was created
using the integrated solid modeling and meshing commercial
program GAMBIT.** Geometrical errors arising from the
mesh style and quality were evaluated according to different
mesh densities and discretization parameters. Consecutively,
the number of cells necessary to produce grid independent
results for the hydrodynamic parameters was increased from

Figure 1. Scheme of the catalytic packing geometry for
the trickle-bed reactor.
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Table 1. Numerical Solution Parameters Used
in the CFD Simulation

Grid 1000 mm (axial) x 50 mm (radial)

Cell size 0.05-0.20 mm (tetrahedral cells)

Particle diameter 2 mm (spheres)

Time step (s) 1077 to 1072

Convergence criteria (s) 10°t0 1073

Discretization method QUICK, Geo-Reconstruct, CICSAM
and HRIC

Iterations ~50,000

Under-relaxation parameters
Drag formulation
Turbulence model

VOF: 0.4 (pressure), 0.6 (velocity)
Brackbill et al., 1992%7
k-¢ model (Elghobashi et al., 1984)%°

2 x 10° to 106, with other numerical solution parameters
including operating conditions given by Table 1.

Gas and liquid thermophysical properties used in the simu-
lation are summarized in Table 2. High-pressure operation
was simulated at 30 bar total operating pressure with inflow
gas (G = 0.1-0.7 kg/m?s) and liquid (L = 1-15 kg/m’s) being
distributed uniformly with given superficial velocity replicat-
ing a uniform distributor at the top of a trickle-bed reactor.

The boundary conditions were specified based on FLU-
ENT documentation.*® Inlet turbulent kinetic energy (k) was
estimated from turbulence intensity as expressed in Eq. 16.

3
k=3 (un) (16)

where [ is the turbulence intensity being given by Eq. 17.
1=0.16(Reg,)” "/ (17)

Inlet turbulent dissipation rate (¢) was estimated from the
turbulent viscosity ratio as expressed by Eq. 18.

2 —1
= pC,lk— (ﬂ) (18)
u

where C, is an empirical constant specified in the turbulence
model (0.09). At 30 bar and 25°C, the inlet turbulent kinetic
energy and inlet turbulent dissipation rate for the gas and
liquid phases are given in Tables 3 and 4. Computations are
time dependent and were carried out until steady state
conditions were reached. In case of turbulent flow, standard
wall functions were employed available in the commercial
CFD solver. Although FLUENT documentation recommends a
range of 30-50 for the cell thickness (y"), in packed-bed flow
it is almost impossible the meet the y+ criterion everywhere

Table 2. Relevant Thermophysical Properties of Gas and
Liquid Phases

Value (P = 30 bar)

Properties T, =25°C T, = 200°C Units
Liquid phase
Viscosity 8.925 x 107* 1340 x 107* Pa s
Density 998.4 866.9 kg/m?
Surface tension 7.284 x 1072 3.770 x 1072 Nm
Gas phase
Viscosity 1.845 x 107° 2584 x 107° Pa s
Density 35.67 21.97 kg/m?

Table 3. Inlet Boundary Conditions for the Gas Phase:
Turbulent Kinetic Energy (k;) and Turbulent Dissipation
Rate (g;) at P = 30 Bar

G (kg/m?s) kg (mm?/s?) & (mm?%/sY)
0.1 0.2059 3.690 x 1072
0.4 2.330 0.4723
0.7 6.204 3.349

on the sphere surface so that this value computed by the CFD
solver was always less than 200. The calculations have been
carried out on a Linux cluster based on AMD64 Dual-Core 2.2
GHz processor workstation.

Results and Discussion
Mesh size optimization

The liquid holdup and pressure drop predicted by the CFD
simulations are quantitatively compared with the literature
experimental results'** for different mesh densities. In Fig-
ure 2, the liquid holdup predictions are plotted as a function
of liquid flow rate at P = 30 bar and G = 0.1 kg/m’s with
different mesh resolutions. This criterion was based on the
number of tetrahedral cells needed to achieve a grid inde-
pendent solution. The routine procedure was as follows: at a
given liquid flow rate, the flow domain was initialized for a
fixed number of cells and after reaching the steady-state
solution, the liquid holdup value was used to build the
hydrodynamic profile shown in Figure 2. This procedure was
replicated increasing the number of tetrahedral cells until the
asymptotic value for liquid holdup was found. This iterative
method is accomplished for different liquid flow rates in the
range 2—15 kg/mzs. The coarsest mesh corresponds to about
2 x 107 of tetrahedral cells and the finest mesh had about
1 million of tetrahedral cells. Depending on the geometric
configuration of the catalytic bed, the average cell size is in
the range 0.05-0.2 mm which gives a spatial resolution less
than d,/20, for the finer meshes. It is worth noting that this
cell size was determined after the gap imposition between
the catalyst particles of 2 mm that is needed to prevent the
loss of numerical accuracy but simultaneously it must not
produce unexpected numerical diffusion errors arising in the
grid generation. Furthermore, the wall functions available in
the CFD solver were evaluated during grid optimization,
which allowed the selection of standard wall functions
throughout the TBR simulation at high-pressure operation.

Several authors have simulated heat transfer phenomena in
gas-solid packed beds. Dixon et al.**> modeled the contact
points between catalyst particles with common nodes on the
surfaces so that the computational cells around these contact
points used two nodes on either wall to define their volume. In

Table 4. Inlet Boundary Conditions for the Liquid Phase:
Turbulent Kinetic Energy (k;) and Turbulent Dissipation
Rate (g;) at P = 30 Bar

L (kg/mzs) k. (mm?/s?) & (mm?/s®)
1 3.952 x 1072 7.637 x 107°

8 1.504 0.1106

15 4518 0.9982
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Figure 2. Comparison of liquid holdup predictions as a
function of liquid flow rate for different num-
ber of cells (G = 0.1 kg/m?s, P = 30 bar, d,, =
2 mm and experimental data from Nemec
and Levec, 2005).>

our TBR mesh, this procedure created noteworthy skewed
cells which mean that surfaces were much larger than others
within the one tetrahedron. While in laminar flow simulations
this fact did not distress convergence, for turbulent flow simu-
lation the Reynolds stresses calculations were affected due to
the fact that the flow velocities in the contact points are signifi-
cant higher. Therefore, the small gap corresponds to 2-3% of
catalyst diameter had to be imposed in order to prevent numer-
ical convergence issues with skewed tetrahedral cells.
According to Figure 2, the numerical simulations per-
formed at L = 15 kg/m”s with the coarser meshes (2 x 10°,
4 x 105) gave a relative error of 48.9 and 24.6%, while the
finer meshes (8 x 10°, 106) gave 7.4 and 2.7% of relative
error, respectively. At L = 1 kg/mzs, the relative errors for
the computed liquid holdup results were 59.4, 34.4, 13.4,
and 6.9%. Therefore, a optimum number of about 10° cells
gave mesh-independent results with respect to liquid holdup.
In Figure 3, the frictional pressure drop predictions are plot-
ted as a function of liquid flow rate at high-pressure opera-
tion. At P = 30 bar and L = 15 kg/mzs, the relative errors
obtained for the two-phase pressure drop were 45.9, 27.1,
13.1, and 7.7% from the coarse to the fine meshes, respec-
tively. If the operation is simulated at the lowest liquid flow
rate (L = 1 kg/mzs), the relative errors became 57.5, 34.6,
16.4, and 8.4% for 2 x 10°, 4 x 10°, 8 x 10°, and 10° of
tetrahedral cells, respectively. As one can conclude, both
hydrodynamic parameters are underpredicted if one uses
coarse meshes and the same value for the number of tetrahe-
dral cells were achieved for mesh-independent results with
respect to both liquid holdup and pressure drop so that the
finest mesh was used as the base case setting for subsequent
parametric investigation of other VOF modeling parameters.

Time step and convergence criterion
Since the finest grid with about 1 million of tetrahedral
cells gave mesh-independent results, this mesh was used for

AIChE Journal November 2009 Vol. 55, No. 11

Published on behalf of the AIChE

time step studies. A nominal time step in the range 0.01-
0.001 s has often been used for gas-liquid flow in the Euler-
ian simulations for packed-bed flows.>*3! However, with the
VOF model during the grid optimization several fixed time
step sizes were investigated. For the coarse grid, whatever
time step was being used, the numerical accuracy was not
always satisfactory. Alternatively, with the fine grid, times
steps of 0.001 and 0.005 s gave very similar steady state
results but neither 0.005 s nor 0.001 s time steps produce the
best accurate computed results close to the experimental val-
ues. Additionally, a time step of 0.001 s led to a slightly dif-
ferent transient behavior being the multiphase flow profiles
for either pressure drop or liquid holdup more stable in time
with shorter time steps rather than with higher time steps.
Following the time step screening activities, its value was
decreased from 0.001 s to 0.0001 s and further to 0.00001 s.
In Figure 4, the liquid holdup from the numerical simula-
tions was plotted as a function of liquid flow rate for several
time steps investigated with VOF multiphase model whereas
the pressure drop simulations at P = 30 bar are given in Fig-
ure 5 for the same tested time steps. Indeed, as long as the
time step is decreased to 107> s, the hydrodynamic predic-
tions were found to be in good agreement with experimental
data. At G = 0.1 kg/m?s and for the highest liquid flow rate
simulated (L = 15 kg/mzs), the relative errors obtained with
time steps of 1072, 1073, 107%, and 107> s were 60.9, 36.5,
10.0, and 2.7% for the liquid holdup computations (Figure
4), respectively. For the case of pressure drop calculations
(Figure 5), the relative errors obtained between the computed
and experimental results were larger than those attained with
liquid holdup remaining at 61.4, 40.7, 15.1, and 7.7% for the
corresponding time steps. The time step was also decreased
to 107® and 10~ s, but seemingly this operation led to dif-
ferent dynamic behavior being almost unbearable the
achievement of numerical convergence and stable solution.
In fact, a time step of about 10~ s can be only useful in the

1e+5

1e+d 4

AP/L (Palm)

1e+3 T — — T —r T T v

L/ (kgfri’s)

Figure 3. Comparison of two-phase pressure drop
predictions as a function of liquid flow rate
for different number of cells (G = 0.1 kg/m?s,
P = 30 bar, d, = 2 mm and experimental data
from Nemec and Levec, 2005).3*
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Figure 4. Effect of time step (dt) on liquid holdup pre-
dictions as a function of liquid flow rate with
the finest mesh (10° of tetrahedral cells, G =
0.1 kg/m?s, P = 30 bar, d, = 2 mm and exper-
imental data from Nemec and Levec, 2005).3

first iterations to promote the numerical stabilization and
depending regularly on the viscosity and density ratios
between the two fluid phases. Therefore, a time step of 107>
s led to affordable hydrodynamic predictions for both liquid
holdup and two-phase pressure drop at high-pressure being
selected to generate time-step independent CFD results.

One should bear in mind that the mesh size, time step, and
convergence criteria are deeply inter-related. The present case
that is concerned with the multiphase flow simulation in a
packed bed is heavily characterized by the unsteady-state
behavior expressed directly in the computation of hydrody-
namic parameters. Therefore, as the current VOF formulation
was performed in transient mode, the CFD model predicted
cell properties one step at a time and converges them by an
iterative procedure until a specified convergence criterion is
satisfied. As long as the time step becomes smaller, the pre-
dicted change of liquid holdup (or pressure drop) in a specific
cell between two consecutive temporal iterations may become
smaller than a fixed convergence criterion which gives a larger
overall error. Consequently, the selection of time step too
small as 10~ s or even less had a negative impact on the sim-
ulation accuracy and the relative error became higher. How-
ever, if the time step is too large as 1072 s, it gave at all less
accurate hydrodynamic results. The calculation of a cell prop-
erty between two temporal iterations also depends on the tetra-
hedral cell sizes as observed in Figures 2 and 3. For the TBR
time-dependent VOF calculations, the time step used for the
volume fraction calculation may not be the same as the time
step used for the rest of the transport equations so that a maxi-
mum Courant number (N,) of 0.25 was used in the VOF simu-
lations. The dimensionless Courant number compares the time
step in a calculation to the characteristic time of transit of a
fluid element across a control volume as expressed in Eq. 19.
In this case, based on the Courant-Friedrichs-Lewy condition
(CFL) the time step was chosen to be at most one-fourth the
minimum transit time for any cell near the interface.
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N, = Ar (19)
¢ Axcen/ Ufluid

In Figure 6 is was plotted the liquid holdup predictions as
a function of liquid flow rate with different convergence cri-
teria for the scaled residual component of mass, velocity, etc.
variables at P = 30 bar. This numerical solution parameter
was not found to have the same influence than the effect of
time step or mesh size. At L = 15 kg/m?s, the convergence
criteria of 10 which corresponds to the default value in the
CFD solver gave a relative error of 15.8% for the liquid
holdup computation whereas with convergence criteria of
10’6, 10’5, and 107 the relative errors were 2.7, 5.7, and
9.6%, respectively. As expected, a stricter convergence crite-
rion that implied a more accurate calculations gave a better
concordance with the experimental data.'”* This fact was
also identified for the two-phase pressure drop simulations
(Figure 7) with the following decreasing order of relative
error achieved at L = 15 kg/mzs: 7.7, 10.7, 18.9, and 28.3 for
the 107,107, 107%, and 1073 convergence criteria.

VOF differencing scheme

After the establishment of base case settings to produce
either mesh-independent or time step-independent CFD
results with respect to liquid holdup and two-phase pressure
drop, the finest mesh of about 1 million of cells and a time
step of 107> s were used to perform additional studies on
the discretization scheme of the volume fraction equation.
Since high order discretization schemes are generally able to
capture more realistic physical behavior, several discretiza-
tion methods were investigated including the Quadratic
Upwind Interpolation for Convective Kinematics (QUICK),
Compressive Interface Capturing Scheme for Arbitrary
Meshes (CICSAM) and High-Resolution Interface Capturing
(HRIC) schemes (see Appendix).
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Figure 5. Effect of time step (dt) on two-phase pres-
sure drop predictions as a function of liquid
flow rate with the finest mesh (10° of tetrahe-
dral cells, G = 0.1 kg/m®s, P = 30 bar, d,, =
2 mm and experimental data from Nemec
and Levec, 2005).34
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Figure 6. Effect of convergence criteria on liquid
holdup predictions as a function of liquid
flow rate (time step = 107° s, 10° of tetrahe-
dral cells, G = 0.1 kg/m?s, P = 30 bar, d,, =
2 mm and experimental data from Nemec
and Levec, 2005).3*

In Figure 8 the predicted liquid holdup was plotted as a
function of liquid flow rate with the above differencing
schemes at G = 0.1 kg/m”s and P = 30 bar. According to Fig-
ure 8, the calculated relative errors between the computed and
experimental liquid holdup results at L = 15 kg/m’s were
38.4, 13.2, 10.9, and 2.7% for the QUICK, GR, CICSAM and
HRIC schemes, respectively. Therefore, QUICK discretization
scheme was found to give the worst concordance between
CFD predictions and experimental data whilst the high-order
differencing schemes (CICSAM, HRIC) were found to pro-
duce reasonably accurate results and thus solving the problem
of poor convergence verified with QUICK scheme.
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Figure 7. Effect of convergence criteria on two-phase
pressure drop predictions as a function of
liquid flow rate (time step = 107° s, 10° of
tetrahedral cells, G = 0.1 kg/m?®s, P = 30 bar,
d, = 2 mm and experimental data from
Nemec and Levec, 2005).3*
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Figure 8. Effect of discretization scheme of volume
fraction equation (QUICK, GR, CICSAM, and
HRIC) on liquid holdup predictions as a func-
tion of liquid flow rate (time step = 107° s,
10° of tetrahedral cells, G = 0.1 kg/m?s, P =
30 bar, d, = 2 mm and experimental data
from Nemec and Levec, 2005).3*

These schemes were used to discretize the convective
term in the scalar equation for the transport of the volume
fraction through the computational domain. The main reason
advanced for the better quantitative agreement is definitely
related to its high-resolution algorithms which minimize the
influence of artificial numerical dissipation and keep the
shape of the step interface profile. Taking into account that
upwind and central differencing schemes are known to intro-
duce artificial diffusion or dispersion respectively to their
order of accuracy, high-order schemes (mainly CICSAM and
HRIC) were found to avoid these artificial numerical effects
and concurrently assuring a compressive character or sharp-
ening of the step interface proﬁle.35’36

Two-phase frictional pressure drop predictions were plot-
ted in Figure 9 as a function of liquid flow rate with the
same discretization schemes at G = 0.1 kg/m’s and P = 30
bar. According to Figure 9, GR scheme was found to give
almost the same pressure drop results as CICSAM and
HRIC. Once more, the high-order differencing schemes gave
a better concordance with experimental pressure drop data
and minimal relative errors. In fact, at the highest simulated
liquid flow rate the relative errors were 29.8, 9.2, 8.5, and
7.7% for the QUICK, GR, CICSAM, and HRIC schemes,
respectively. Hence, as the normalized variable diagram pro-
vides the mathematical foundation for both CICSAM and
HRIC schemes™® and while CICSAM is based on the con-
vective boundedness criterion, the HRIC explicit independ-
ence on the CFL condition showed to give the best VOF
multiphase predictions either for liquid holdup or pressure
drop as observed in both Figures 8 and 9.

Hydrodynamics predictions

For the purpose of additional and sustainable VOF corrob-
oration studies, several CFD simulations were carried out to
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Figure 9. Effect of discretization scheme of volume
fraction equation (QUICK, GR, CICSAM, and
HRIC) on two-phase pressure drop predic-
tions as a function of liquid flow rate (time
step = 1073 s, 10° of tetrahedral cells, G =
0.1 kg/m?s, P = 30 bar, d, = 2 mm and exper-
imental data from Nemec and Levec, 2005).3*

evaluate the effect of gas flow rate on the TBR hydrodynam-
ics. In Figure 10, the computed liquid holdup was plotted as
a function of liquid flow rate at P = 30 bar and adjusting
the gas flow rate in the range 0.1-0.7 kg/m’s. As it can be
seen, two branches were obtained for a single gas flow rate.
Increasing the liquid flow rate from 2 to 15 kg/mzs, the com-
puted liquid holdup corresponds to the lower profile of a
nonprewetted bed while the upper profile was obtained
decreasing the liquid flow rate in a prewetted catalytic bed.
It is worth noting that at G = 0.7 kg/m’s and L = 15 kg/

0.1 4

@
F/ ———— G=0.10kym’s
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Figure 10. Effect of gas flow rate on liquid holdup pre-
dictions as a function of liquid flow rate
(HRIC, time step = 107° s, 10° of tetrahedral
cells, G = 0.1 kg/m?s, P = 30 bar, d, =
2 mm and experimental data from Nemec
and Levec, 2005).%*
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m?s, the prevailing hydrodynamic regime is still trickling
flow according to several published flow map regimes.' Fig-
ure 11 shows two-phase pressure drop predictions following
the same procedure as mentioned earlier at different gas
flow rates. The capillary pressure acting on the solid-liquid
interface is dominant for a dry catalytic bed which restricts
the spreading within the bed and the liquid flows through the
confined region of the bed. As expected, a larger gas-liquid
interfacial interaction can be attained and the frictional pres-
sure drop profile showed hysteresis when the liquid flow rate
was decreased from 15 to 2 kg/mzs. The hysteresis behavior
may also depend on initial flow distribution in the catalytic
bed so that an ideal gas-liquid distributor was mimicked at
the top of TBR. The VOF computations for liquid holdup
showed similar trends of hysteresis as those found for pres-
sure drop which may be explained based on the formation of
liquid bridges and surface tension effect.

According to Figure 10, it was found that VOF underpre-
dicted the liquid holdup in the whole range of gas and liquid
simulated flow rates. In fact, at the lowest liquid flow rate
L =1 kg/mzs) and varying the gas flow rate from 0.1 to
0.7 kg/m2s the relative error for the computed upper liquid
holdup profile were increased from 6.9 to 19.4% demonstrat-
ing that the current VOF formulation did not account the
influence of gas flow rate accurately. It seems that as long
as the reactor is operated under higher interaction regimes
(G = 0.7 kg/m?s), so did the relative errors became larger.

The pressure drop predictions were plotted in Figure 11 as
a function of liquid flow rate and modifying also the gas flow
rate from 0.1 to 0.7 kg/m?s at P = 30 bar. The calculated rel-
ative error between the computed and experimental'~* two-
phase pressure drop was found to be smaller than those
obtained with the liquid holdup simulations at G = 0.7 kg/
m’s. At the lowest liquid flow rate, the pressure drop relative
error moved from 8.4 to 16.2% as the gas flow rate increased
from 0.1 to 0.7 kg/m?s. Moreover, in the opposite extreme
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=
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Figure 11. Effect of gas flow rate on two-phase pres-
sure drop predictions as a function of liquid
flow rate (HRIC, time step = 107° s, 10° of
tetrahedral cells, G = 0.1 kg/m?s, P = 30
bar, d, = 2 mm and experimental data from
Nemec and Levec, 2005).3*
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Figure 12. Effect of operating pressure on liquid holdup
predictions as a function of liquid flow rate
(HRIC, time step = 10 s, 10° of tetrahedral
cells, G = 0.1 kg/m?s, P = 30 bar, d, =
2 mm and experimental data from Nemec
and Levec, 2005).>*

(high liquid flow rate L = 15 kg/mzs) the pressure drop rela-
tive error became 7.7% at G = 0.1 kg/mzs. Therefore, while
the increase of liquid flow rate shortened the relative errors
for either liquid holdup (Figure 10) or two-phase pressure
drop (Figure 11), the relative errors were found to be directly
proportional to the increase of gas flow rate.

Figure 12 shows the liquid holdup predictions as a func-
tion of liquid flow rate at different operating pressures. As
one can observe, the higher the liquid flow rate was, the
larger deviation between the liquid holdup experimental data
and computed results was found. The liquid holdup profiles
at different pressures were qualitatively similar as those
obtained in the evaluation of gas flow rate in Figure 10. The
effect of operating pressure on two-phase pressure drop as a
function of liquid flow rate is shown in Figure 13. Once
again, a higher pressure drop was obtained when increasing
the operating pressure up to 40 bar. Indeed, the VOF model
exhibited consistent behavior for the whole range of simu-
lated liquid flow rate demonstrating that the lower relative
errors were obtained at lower interaction regimes.

Catalyst wetting

As pilot and bench-scale trickle-bed reactors are generally
operated at the same liquid hourly space velocities as the
commercial-scale reactors, inefficient catalyst wetting has
been reported at relatively low liquid superficial velocities.
The VOF model was then used to evaluate this hydro-
dynamic performance parameter that is often related with the
low utilization degree of the catalyst packing preventing
optimum reactant conversions and product selectivities.
Since the HRIC scheme gave discretization scheme-inde-
pendent CFD results for both liquid holdup and two-phase
pressure, it was used to compute the average and local cata-
lyst wetting efficiency in the trickle-bed reactor with the fin-
est mesh and with a time step of 107> s.
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Figure 14a shows a semicylindrical slice made inside the
catalytic bed at L = 1 kg/m’s, G = 0.1 kg/m?s, P = 30 bar.
The orientation is given by the orthogonal axes shown adja-
cent to the 3D slice. This 3D visualization of trickle flow
shows two distinct regions of liquid holdup: liquid rivulets
characterized by their relatively large cross-sectional area
and surface liquid seen as thin layers on the solid surfaces.
The rivulet formation has been identified experimentally by
means of magnetic resonance imaging. to gain insight how
the individual rivulets develops, Figure 14b shows the same
semi-cylindrical slice increasing the liquid flow rate up to 15
kg/m2s at G = 0.1 kg/mzs, P = 30 bar. As one can observe,
the catalytic bed became more flooded with liquid and the
overall wetting efficiency was enhanced due to the better
axial and radial liquid distribution. This procedure was then
used to determine the catalyst surface area that was filled
with liquid as a function of liquid flow rate and how the
wetting efficiency of individual catalyst particles was influ-
enced by the local structure of the TBR packing.

In Figures 15a—e, successive radial planes was presented
at L = 1 kg/m’s, G = 0.1 kg/m’s, P = 30 bar for the liquid
phase along the catalytic bed at the second, forth, sixth,
eighth, ninth, and tenth axial catalytic layers. As it can be
seen, the outer contours of these slicing planes for each cata-
Iytic layer began with a well-defined circumferential profile
for the corresponding spherical particles. At the second cata-
lytic layer, it is possible to identify by the projection profiles
obtained in the void-space that the liquid flows preferentially
through the void spaces. Following the vertical downwards
direction, the liquid stream is pushed against the catalyst
particle by the gas phase. One of the driving forces acting
on the liquid phase is the drag force at the gas-liquid inter-
face which is a function of gas velocity which reduces the
amount of liquid held in the void-space of the catalytic bed.
Hence, the liquid retained in the void-space is expelled more
vigorously by the gas superficial velocity resulting in the
outer and contiguous profiles shown from the forth and sixth
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Figure 13. Effect of operating pressure on two-phase
pressure drop predictions as a function of
liquid flow rate (HRIC, time step = 107° s,
10° of tetrahedral cells, G = 0.1 kg/m?s, P =
30 bar, d, = 2 mm and experimental data
from Nemec and Levec, 2005).34
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Figure 14. (a) Semicylindrical slice made inside the catalytic bed at L = 1 kg/m?s and (b) L = 15 kg/m?%s, G = 0.1

kg/m?s, P = 30 bar.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

catalytic layers onwards. This was an expected behavior
since the gas flow rate if often adjusted to improve the wet-
ting efficiency due to the improved spreading of the liquid
holdup over the external packing area. Moreover, the effect
of gas flow rate on the wetting efficiency and liquid holdup
is more pronounced at elevated pressure as reported by sev-
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eral authors."”* This axial evolution of wetting efficiency at
different cross-sections demonstrates that as long the liquid
flows throughout the catalytic bed the liquid phase is spread-
ing out of films on the catalyst particle by surface tension
effect. It is worthwhile to mention that the calculation of
surface tension effects on triangular and tetrahedral meshes

Figure 15. (a-f) Radial planes of the catalytic bed at different cross-sections for the 2nd, 4th, 6th, 8th, 9th, and
10th axial catalytic layers shown in Figure1 (HRIC, time step = 107° s, 10° of tetrahedral cells, L = 1 kg/

m?s, G = 0.1 kg/m?s, P = 30 bar, d, = 2 mm).
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Figure 16. (a) Instantaneous snapshot of liquid holdup isosurface (¢ = 0.06) colored by liquid velocity magnitude
and (b) colored by the computed dimensionless Courant number (HRIC, time step = 107° s, 10° of tetra-
hedral cells, L = 1 kg/m®s, G = 0.1 kg/m?s, P = 30 bar, d, = 2 mm).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

is not as accurate as on quadrilateral and hexahedral meshes
according to FLUENT documentation. However, the hydro-
dynamic validation accomplished in Figures 2 and 3 did not
revealed any significant impact of the tetrahedral mesh
choice for mesh-independent results. According to Figure
15a, it is clear that at the second layer the catalyst particle
does not adsorb the liquid phase as Figure 15b shows at
forth layer. As one moves along the catalytic bed, the liquid
phase is better adsorbed by the catalyst particle and further
enhancing the wetting efficiency. At the tenth catalytic layer,
Figure 15f shows that the liquid phase filled the void-space
between the catalyst particles with a higher extension when
comparing with earlier radial planes for the liquid volume
fraction (i.e., Figure 15a) and consequently the gas phase
flows around the existent gap left after the adsorption of
liquid phase on the spherical particle. The average wetting
efficiency computed with the VOF model at the final cross-
section (10th catalytic layer) was about 82%. It should be
pointed out that in the CFD simulations, the boundary condi-
tions at the TBR inlet specified a homogeneous distribution
of the liquid flow which guarantees at least a better liquid
distribution in the reactor and reduces possible radial hetero-
geneities of wetting efficiency even at lower superficial lig-
uid velocities (L = 1 kg/m?s).

AtL =1 kg/mzs, G =0.1 kg/mzs, P = 30 bar, an instan-
taneous snapshot of a liquid holdup isosurface (g, = 0.06)
colored by velocity magnitude values is shown in Figure 16a
whereas in Figure 16b the same instantaneous liquid holdup
snapshot was colored by the value of Courant number
defined in Eq. 20. The Courant number distribution map (N,
~ 0.05) in Figure 16b showed that the CFL condition was
always met during the VOF calculations. This computational
domain is located in the axial and radial TBR centre so that
it can be assumed that inlet flow effects can be neglected
throughout the entire VOF hydrodynamic simulation.
According to Figure 16a, with an average value of about
0.003 cm/s, the axial evolution of wetting efficiency
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addressed in Figures 15a—e was found to confirm the qualita-
tive radial profiles for the liquid distribution around the cata-
lyst particle and its relationship with the superficial liquid
velocities. At high-pressure operation, the liquid holdup iso-
surface revealed spatially the existence of relevant dry zones
formed in the packed bed and confirmed the channeling phe-
nomena typically encountered in lower interaction regimes
that is often identified as the main cause of poor hydrody-
namic and reaction performance of trickle-bed reactors.

Conclusions

A high-pressure trickle-bed reactor was modeled by means
of a Volume-of-Fluid CFD model. The numerical simula-
tions were evaluated quantitatively by experimental data
from the literature. During grid optimization and validation,
the effects of mesh size, time step and convergence criteria
were evaluated plotting the hydrodynamic predictions as a
function of liquid flow rate. Several discretization methods
for the volume fraction equation were investigated including
Quadratic Upwind Interpolation for Convective Kinematics,
Geometric Reconstruction, Compressive Interface Capturing
Scheme for Arbitrary Meshes and High-Resolution Interface
Capturing schemes. High-order differencing schemes were
found to give better computed results for either liquid holdup
or two-phase pressure drop.

After ascertain mesh size, time step and differencing
scheme independent CFD results, the VOF model was used
to evaluate the effect of gas flow rate on hydrodynamics
demonstrating its considerable influence on the liquid holdup
in the range G = 0.1-0.7 kg/m’s. Finally, the multiphase
model was to compute radial planes of liquid volume frac-
tion at different axial locations for the packed bed. It was
found that wetting efficiency can be captured by VOF model
and as long as the fluid phases moves through the catalytic
bed, so do the catalyst wetting is improved considerably.
During the VOF simulations, it was also verified that the
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dimensionless Courant number was always below than 0.25
according to the Courant-Friedrichs-Lewy condition.
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Notation

C,. Cyyy Co; = k-¢ model parameters: 0.09, 1.44, 1.92

d, = catalyst particle nominal diameter, m
¢ = gravitational acceleration, 9.81m/s*
G = gas mass flux, kg/m’s
Gy = generation rate of turbulent kinetic energy
k = k-¢ model kinetic energy
ketr = effective thermal conductivity
L = liquid mass flux, kg/m’s
p = pressure, bar
Re; = Reynolds number based on intersticial velocity [Re/e]
S; = source mass for phase i, ppm
t = time, s
i = superficial vector velocity, m/s
x = Cartesian coordinate, m

Greek letters

o; = volume fraction of ith phase
& = k-¢ model dissipation energy
Kk = gas-liquid interface curvature
p; = density of ith phase, kg/m®
Ap = total pressure drop, Pa
o = surface tension, N m
Oy, 0, = k-¢ model parameters: 1.2, 1.0
T = residence time, s
= shear stress tensor of ith phase, Pa
1; = viscosity of ith phase, Pa s

Subscripts
G = Gas phase
i = ith phase
L = liquid phase
S = solid phase
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Appendix
VOF Differencing Schemes of Volume Fraction Equation

Geometric  reconstruction scheme. In the geometric
reconstruction approach, the standard interpolation schemes
that are used in FLUENT are used to obtain the face fluxes
whenever a cell is completely filled with one phase or another.
When the cell is near the interface between two phases, the
geometric reconstruction scheme is used. The geometric
reconstruction scheme represents the interface between fluids
using a piecewise-linear approach. It assumes that the inter-
face between two fluids has a linear slope within each cell,
and uses this linear shape for calculation of the advection of
fluid through the cell faces. The first step in this reconstruction
scheme is calculating the position of the linear interface rela-
tive to the center of each partially-filled cell, based on infor-
mation about the volume fraction and its derivatives in the
cell. The second step is calculating the advecting amount of
fluid through each face using the computed linear interface
representation and information about the normal and tangen-
tial velocity distribution on the face. The third step is calculat-
ing the volume fraction in each cell using the balance of fluxes
calculated during the previous step.

Donor-acceptor scheme. In the donor-acceptor approach,
the standard interpolation schemes that are used in FLUENT
are used to obtain the face fluxes whenever a cell is com-
pletely filled with one phase or another. When the cell is near
the interface between two phases, a “donor-acceptor” scheme
is used to determine the amount of fluid advected through the
face.”” This scheme identifies one cell as a donor of an
amount of fluid from one phase and another (neighbor) cell
as the acceptor of that same amount of fluid, and is used to
prevent numerical diffusion at the interface. The amount of
fluid from one phase that can be convected across a cell
boundary is limited by the minimum of two values: the filled
volume in the donor cell or the free volume in the acceptor
cell. The orientation of the interface is also used in determin-
ing the face fluxes. The interface orientation is either horizon-
tal or vertical, depending on the direction of the volume frac-
tion gradient of the gth phase within the cell, and that of the
neighbor cell that shares the face in question. Depending on
the interface’s orientation as well as its motion, flux values
are obtained by pure upwinding, pure downwinding, or some
combination of the two.

Compressive interface capturing scheme for arbitrary
meshes scheme. The compressive interface capturing
scheme for arbitrary meshes (CICSAM), based on the
Ubbink’s work,”” is a high-resolution differencing scheme.
The CICSAM scheme is particularly suitable for flows with
high ratios of viscosities between the phases. CICSAM is
implemented in FLUENT as an explicit scheme and offers
the advantage of producing an interface that is almost as
sharp as the geometric reconstruction scheme.

Modified high-resolution interface capturing scheme. For
simulations using the VOF multiphase model, upwind
schemes are generally unsuitable for interface tracking
because of their overly diffusive nature. Central differencing

schemes, while generally able to retain the sharpness of the
interface, are unbounded and often give unphysical results.
To overcome these deficiencies, FLUENT uses a modified
version of the High-Resolution Interface Capturing scheme.
The modified HRIC scheme is a composite NVD scheme
that consists of a nonlinear blend of upwind and downwind
differencing.* ~

First, the normalized cell value of volume fraction, ¢, is
computed and is used to find the normalized face value, ¢y,
as expressed in Eq. Al:

e d)D (pU
= Gn— oy

where A is the acceptor cell, D is the donor cell, and U is
the upwind cell, and:

(AD)

¢. <0 or ¢,
dr=122p, 0< . <05 (A2)
1 05<¢.<1

Here, if the upwind cell is not available (e.g., unstructured
mesh), an extrapolated value is used for ¢y. Directly using
this value of ¢ causes wrinkles in the interface, if the flow
is parallel to the interface. So, FLUENT switches to ULTI-
MATE QUICKEST scheme (the one-dimensional bounded
version of the QUICK scheme™®) based on the angle between
the face normal and interface normal:

~C ~C<00r ~c>1
I N G (A3)
MIN(@MT) 05<d.<1

This leads to a corrected version of the face volume frac-
tion, (b;

= Jpveos 0+ (1= Veos ) 417 (A4)

where

xuy

V-
Vel

cos 0= (AS)

2y

and d is a vector connecting cell centers adjacent to the
face f.

The face volume fraction is now obtained from the nor-
malized value computed above as expressed in Eq. (A6):

(Z)f = QEFWA

The modified HRIC scheme provides improved accuracy
for VOF calculations when compared to QUICK and sec-
ond-order schemes, and is less computationally expensive
than the Geo-Reconstruct scheme.

—¢y) + by (A6)
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