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Abstract :

This report describes the modeling and simulation technique recently developed within the
code TransAT to predictparticle flow in pipes, including solid particle deposition, black
powder deposition in gas pipelines and sand transport in gakquid stratified flows. The
approach for solid patrticles relies on solving the unsteady full NavieiStokes equations in
three dimensions in transient mode coupled with the Lagangian motion of particles,
including one-way, two-way and four-way coupling (with particle-particle and wall particle
interaction; a sort of granular material formulation). For sand transport, the solution is
based on the Eulerian approach where the sanghase is described by a concentration field,
featuring a settling velocity and resuspension function.

1. Introduction

Multiphase flows appear in various industrial processes and in the petroleum industry in
particular, where oil, gas and water are often mduced and traxsported together. The
complexity of multiphase flows in pipes increases with the presence of solid particles,
including sand and black powder in gas pipelines. Particleduced corrosion in oil and gas
pipelines made from carbon steel occursoften, which requires the removal of pipe
segments affected incurring extra costs and break in the distribution. To this we can add the
catalytic reaction between the fluids and the pipe internal walls, including electrochemisgt
water chemistry. Black pwder deposition may lead to the formation of particle slugs in the
pipes that can also be harmful to the operations. Further complexities may appear when
phase change between the fluids occurs like the formation of hydrates from methane and
light components of oil, which could be remedied through the injection of additives like
methanol, or hot water. TransAT Multiphase has a rich portfolio of models to cope with
particle laden flows: if the flow encompasses solid particles, the Euleriahagrangian
formulation should be activated, including the granulaformulation for packed systems.

2. Particle and Sand Flow Modelling in TransAT

2.1 The N-Phase Mixture Model

The N-phase model based on thenixture algebraic slip approachcan beused for settling
problems featuring both small and large density ratios which amounts at solvig the
following equations (Manin and Taivassalo, 1996):
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where the mixture velocity, density and drift velocity are defined by:
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common pressue field pm, with a drift velocity up and associated stresses in the momentum
equations prescribed algebraicalf between the phases, using
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2.2 The Suspension Particle Model (SPM)

The SRV approach is used to modethe dynamics ofdilute dispersed phass (like sand),
represented in this context as a singkelass dispersed phasdt can be combined with) 4 - 8 O
for exampleto separate gas from liquid the latter containing sand The carrier ptasecould

be water or oil or a mixture, and sand is the dispersed phaghat settles due to the action of
inertia and gravity. The density differenceshould be small such that the Boussinesq
hypothesis can be invoked (< 15%). The dilute suspension is asset to have some
characteristics of a continuous phase (the local concentration expressed in terms of a mass
fraction C) or, when appropriate, some of a dispersed phase (e.g., particle number density).
The governing equations for the carrier fluid and the dute suspension are:
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Where D is the diffusivity and Ws is the water droplet settling velocity. As to the settling
velocity of sand particles,one could invoke Stokes Law relating the settling velocity of a
particle to its diameter, gravity, density and viscosity:

Y ®

In creaming oilin-water emulsions, the Stokes velocity can be modified by introducing the
effect of steric hindrance due to the presence of particles e(@arnea and Mizrahi, 1973)

& — ™

where a is the volume fraction. This model assumes that the cream layer contains a fixed
concentration of one phase dispersed in another and that the cream layer thickness
increases with time. As the model stands now, the effects of coalescence, flocculation,
electrostatic interactions, and droplet packing and deformation are not directly considered.

Figurel: Settling of a dispersed phase into a Carrier phase by gravity using EEM.
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To test the particlesettling model (7), we have simulated a generic flow im square cavity
containing water in the form of a dispersed phase, with 1mm droplets mixed within the
continuous oil phase. The concentration of water is initially randomly distributed, as shown
the first panel of Fig. 1. The settling mechanism is well ustrated in the next pane] with the
thickening process of emulsion. The calculation using] alone (Stokes velocity) showed a
faster settling behavior than with (7).

2.3 Lagrangian Particle Tracking

The EulerianLagrangian formulation applies to particleladen (non-resolved flow or
component entities) flows, under oneway, two-way or four-way coupling (also known as
dense particle flow system). Individual particles are tracked in a Lagrangian way in contrast
to the former two approaches, where the flow is seled in a Eulerian way on a fixed grid.
Oneway coupling refers to particles cloud not affecting the carrier phase, because the field
is dilute, in contrast to the two-way coupling, where the flow and turbulence are affected by
the presence of particles. Tha four-way coupling refers to dense particle systems with mild
to-high volume fractions @ > 5%), where the particles interact with each other. In the one
and two-way coupling cases, the carrier phase is solved imdulerian way, i.e. mass and
momentum equations:

np T (12
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combined with the Lagrangian particle equation of motion:
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where u is the velocity of the carrier phase, uis the velocity of the carrier phase at the
particle location, \ is the particle velocity, t is the viscous stress and p the pressure.
Sources terms in Eqg. (2) denote body forces, F;, and the rate of momentum exchange per
volume between the fluid and particle phases, = The coupling between the fluid and the
particles is achieved by projecting the force acting on each particle onto the flow grid:

O B —Y Qw o (15)

where a stands for the particle index, N for the total number of particles in the flow, f for
the force on a single particle centered at® Re for the ratio between the actual number of
particles in the flow and the number of computational particles, and W for the projection
weight of the force onto the grid node %, which is calculated based on the distance of the
particle from those nodes to vhich the particle force is attributed. \4 is the fluid volume
surrounding each grid node, and yis the volume of a single particle(Narayanan and
Lakehal, 2010) The model predicts well the deposition of particle in a turbulent channel
flow, as illustrated in Fig.3.
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Figure 3: Particle deposition in a turbulent channel floging theEuleriarnLagrangian model

2.4 Granular Flow Model

The EulerianLagrangian formulation for dense particle systems featuring milgo-high
volume fractions (| >5%) in incompressible flow conditions is implemented in TransAT as
follows (Eulerian mass and momentum conservation equations for the fluid phase and
Lagrangian particle equation of motion):
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where | is the volume fraction of fluid ¢+ =  ©Ois the velocity of the carrier phase is

the velocity of the carrier phase at the particle locationQ is the particle velocity, P is the

sum of viscous stress{ and pressureb, z is the turbulent stress tensor (depending whether
RANS, W.ES or LES is employed).

In this denseparticle context, the Lagrangian particle equation of motionEq. 14 should
have an additional source term&  denoting the inter-particle stress force. The interphase
drag model in (Eqg. 17 is set according to Gidaspow (1986). The particle volume fraction is
defined from the particle distribution function (n) as

| a %@ W (18
Theinter-phase momentum transfer function per volume in the fluid momentum equation is
O a % 0 Q@ M N (19

with ! standing for the particle acceleratbn due to aerodynamic drag (& term in the RHSof
Eq. 17), i.e. excluding body forcesand inter-particle stress forces (2nd and 3rd terms,
respectively). The pressure gadient induced force perceived by the solids is not accounted
for. The fluid-independent force & is made dependent on the gradient of the soalled
inter -particle stress, A, using

=I n« 7!1 | (20)
Collisions between particles are estimated by the isotropic part of the inteparticle stress (its

off-diagonal elements are neglected.) In most of the models available in the literatureis
modelled as a continuum stress (Harris & Crighton, 1994), viz.

TransAT for Oil & Gas: Particle & sand in pipes.



Z (21

The constant Ps has units of pressurg, is the particle volume fraction at close packing, and
the constant! is set according to Auzerais et al. (1988). The original expression by Harris &
Crighton (1994) was modified to remove the singularity at close pack by adding the
expression in the denominator (Snider, 2001); is a small number on the order of 167. Due
to the sharp increase of the collision pressure, near close pany, the collision force (Eg.
(20)) acts in a direction so as to push particles away from close packing. In practice the
particle volume fraction can locally exceed the close packing limit mginally.

Figure4: Entrainmenbf solid particlesin a channel flonusing Granular Flow Model.

The modelhas been applied to simulateparticle deposition and transport in gas pipeline,
where the concentration of the particle cloud is such that there is need taccount for
particle-particle interaction, and the change of the apparent density and viscosity of the
carrier phase. Tle results are shown in Fig4.

3. Rheology Modelling

The rheology of hydrates has been included in TransAT via two models that consider an
apparent viscosity of the mixture: Ishii and Zuber(1979) (also revised by Ishii and
Mishima) and Colombel et al(2009) more recent variant. In the first model, which is the
mostly used one, the apparent viscosity is defined using this expression:

8 :
‘ Cp — (23)

where %o is the concentration for maximum packing, which for solid particles is equal to
4/7. For solid particles,m= 1, whereas for bubbles and droplets, it takes the form:

¢ Z 8
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Colombel et al® (2009) model, however, accounts in addition for two mechanisms of
agglomeration: the first one is the contacinduced agglomeration mechanism, for which the
crystallization-agglomeration process is described as the result of the contact between a
water droplet and a hydrate particle. The second one is the sheéimited agglomeration
mechanism for which the balance between hydrodynamic force and adhesive force is
considered. In summary, in this extended model, the viscosity of the suspension is made

proportional to the effective volume fraction%e.

(24)

x E Qdbeirg the oil viscosity andf v the maximum packing. The effective volume fraction
scales with the actual volume fractiof ]  x AOAO AOOQq AO A 111 x0dq,

(25)

4. Practical Applications

4.1 Droplet deposition in a pipe

The example discussed here was simulated using TransAT in the context of analyzpijeline
transport of natural gas and condensates. The objective is to predict the situation illustrated
in Figure 5 (Brown et al., 2008), where liquid can be entrained under strong interfacial
shearing conditions in the form of droplets from the liquid &yer sitting at the bottom of the
pipe. These should ultimately deposit on to the walls of the tube forming a film or redeposit
back onto the pool itself. The core region consists of a mixture of gas and entrained liquid
droplets. In the present study, itis assumed that entrainment of liquid droplets from the film
on the upper surface of the pipe is negligible; an assumption consistent with experimental
observations in relatively large diameter pipes (Brown et al., 2008).

A 3D bodyfitted grid was generated containing 500.000 cells well clustered near the pipe
wall. Two turbulence prediction strategies were employed: URANS and LES. The reason for
this comparison is to identify the predictive performance of the models in reproducing the
interaction between turbulence and the particles. The Lagrangian approach under oiveay
coupling were employed to track the particles together with a particlewall interaction model.
The Langevin model for particle dispersion was used for RANS&akehal, 2002). In the LES,
periodic boundary conditions along the pipe were employed to sustain turbulence; of course
the pipe was shortened in length compared to RANS ( ¢ & .

TransAT for Oil & Gas: Particle & sand in pipes.
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Figure5: Schematic of the droplet entrainment model (extracted Boswn et al., 2008).

The WALE subgrid scale model has been used for the unresolved flow scales only (not for
particles). About 3000 droplets were injected, with a Gaussian size distribution around a
500mmean particle diameter, including: Range 1: 10 € < 48| ; Range 2: 49 <$ <
85t1 Range 3: 86 <$ < 1231 ;Range 4: 124 & < 16{i ;Range 5: 162 8§ <
200t | Simulations run on a 64 Proc. parallel cluster using MPI protocol.

LES Simulation:
20,000 Time Steps
-Subset (~90 Particles)

U-RANS Simulation
-Subset (~90 Particles)

-Increased Display Ratio
-Increased Display Ratio

-
r

Figure®6: Snapshots of the flow in a pipe showing pal tile interactioh flatv: left (LES); right (RANS).

The results depicted in Fig6 shows a clear difference between URANS and LES. While the
LES (left panel) depicts a clear turbulence dispersive effect on the particles, drifting some to
the wall region, the URANSesults (right panel) deliver a steady path of the particles with the
mean flow. This is an important result, suggesting that albeit detailed 3D simulations, the
results are sensitive to turbulence modeling. The droplets population remaining in the gas
core has been thoroughly studied by Lecoeur et al. (2013), and plotted as a function of two
parameters (axial distance travelled in the pipe and the size of the droplets) for both RANS
and LES. The results obtained show important discrepancies between thedwapproaches: (i)
the droplet size has a more important effect in LES than in RANS: while in LES larger droplets
tend to deposit faster than the smaller ones due to their ballistic nature (freélight
mechanism), in RANS, however, it seems that the smallesoplets do deposit faster than the
large ones.
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Figure7: Cumulative number of droplets remaining in the pipe core for selected ranges of droplet sizes.

(upper panels) Range 1 (18<48t 1 ) and 2 (49$<85t i ). (lower panels): Range 3 (86<123t1i )
and 5 (162%$<200t 1 ).
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It was also found that the RAN®redicted deposition rate of droplets is rather monotone (see
Fig.8, black lines) and almost at equal rate or speed in the range-1G0t | ; differences start
to be perceived for heavier dropletsof diameter larger than 160t i (see Fig.7, black line in
the 4th panel). The variation in the rate of droplet deposition is better depicted using LES,
since particles of different sizes react differently to the various resolved eddies.

Looking closely & Figure 7 reveals more details about to the rate of droplet deposition in the
pipe. The number of droplets remaining in the gas core is shown there as a function of the
axial distance travelled in the pipe, for all dropletsize ranges (1648t ; 49-85t ; 86-123t and
162-200t ). Smaller droplets (Range 1) tend to deposit faster in RANS than in LES; a tendency
that changes gradually to Range 2 droplets that deposit equally be it with RANS or LES, to the
extreme situation where ballistic droplets (Range 3 & 4) deosit way faster in LES than in
RANS. Simply, LES is capable to distinguish between diffusional and ffieght deposition
mechanisms (Botto et al., 208).

4.2 Heavy-loaded particulate flow in a pipe

The distribution of particles in a highly-loaded roughwall channel was validated against
experiments of Lain et al. (2002). The setup is a 2D channel of height 3.5cm and length 6m.
The particles have a diameter of 130m and a density of 2450 kg/m3. The vl fraction of the
inflow fluid is set to a very-small number (~0.001) so as to turn on the tweway coupling
module. The mean inflow velocity was set to 20m/s in the -xlirection with a standard
deviation of 1.6m/s in x and y directions. The initial angulawelocity of the particles is set to
1000 O . A grid size of 125x34 was used. The simulations were run using the tway
coupling model and a Langevin forcing to account for the effects of turbulence on the
particles. Further, since the pressuredrop in the channel is strongly affected by wall
roughness, its effect on particles should be modelled, too. We use the model proposed by
Sommerfeld and Huber (1999), which assumes that the particle impact angle is composed of
the trajectory angle with respect to he wall and a stochastic component to account for wall
roughness, | 1 r pwheres is a Gaussian random variable with zero mean and a
standard deviation of one, and is a model constant. The particle wall restitution and friction
coefficients are calcul® AA OOET ¢ , Apl AT A 3111 AOEAI A6O jgnmny
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Figure8: Particle dispersion in the channel showinguspension after a tendency for settling (two parts
of the channel).
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Figure9: (left panel) velocity profiles, andight panel) pressure drop in the pipe with wall roughness
gradient of 1.5°, for a madsading of 1.0. : Exp. vs. TransAT

As seen in Fig8, as the simulation proceeds in time a particle tend to move towards the
bottom of the channel before resuspension occus thanks to the roughness model. The
results in Fig.9 (upper panel) show excellent agreement between the fluid and particle
velocity profiles measured experimentally and that simulated by TransAT. The symmetry of
the particle profile (like the fluid one) reflects the perfect dispersion of the particles in the
channel, due to their systematic resuspension caused by wall roughness. The lower panel of
Fig.9 shows that the simulation accurately predicts the pressure drop along the channel (the
results are sown for a wall roughness gradient of 1.5 and a mass loading of 1).

4.3 Particle suspension sedimentation

This 3D problem was proposed by Snider (2001) as a case to validate his model. A wailked
suspension of sand particles and air are left to settle to close pack by sole effect of gravity.
The calculation parameters are given below. Particles are initiallymotionless and are
uniformly, randomly distributed. The initial fluctuation in volume fraction is 0.3 on average as
shown in Fig.10. The heavy, largesize particles fall by the action of gravity in a 0.3m deep
container filled with in a lighter fluid (density ratio of 1/1000). The problem has an analytical
solution to the evolution of the upper mixture interface between suspended particles and
clarified fluid: E ~ QJj ¢.

Particle radius 300mMm
Particle density 2500 kg/m3
Fluid density 1.093 kg/m3
Fluid viscosity 1.95e5 kg/ms
Initial particle volume fraction 0.3

Size of container 13.82x30 cm
Comp. Grid 15x15x41

Table 1: Fluid flow conditions and parameters

TransAT for Oil & Gas: Particle & sand in pipes.
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Figure10: Volume fraction at times during sedimentation
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Figurell: Volume fraction atimes during sedimentation

Figure 10 shows the particle volume fractions, including comparison with the original data of

Snider (2001). The interface between clarified fluid and mixture at 0.1s and 0.15s matches
OAAOT T AAT U xEOE 31TEAAOGO j¢nmmpq AAOGAIAfIoRA xEOE
the bottom. Figure11 shows that at 0.15s particles reach close packing at the bottom of the

domain and at 0.2s no further settling has occurred. Figure 8 shows the particle distributions

during settling at four instants (0.1, 0.15, 0.185 and @s). The present fourway coupling

solution, with the particle normal stress model as presented here and as implemented in
TransAT, gives a natural settling to close pack.
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Figure12: Particle volumdraction distributiorap (red=0.6; blue=0) at 0, 0.15, 0.185 and 0.2s.

4.4 Sand-particle transport in a pipeline

Danielson (2007) proposes a model to predict the critical velocity of bed formation for
particle transport in pipes, based on the assumption that there is a critical slip velocity
between the sand and the fluid that remains constant over a wide range obW velocities.
Sand transported in (near) horizontal pipes will drop out of the carrier flow and from a
stable, stationary bed at below critical velocities. The bed height develops to an extent such
that the velocity of the fluid above the bed equals theritical velocity. When the velocity
reaches a critical value, sand is transported in a thin layer along the top of the bed. A steady
state is reached such that the sand eroded from the top of the bed is replaced by new sand
from the upstream. At higher vebcities, the sand bed breaks up into slow moving dunes and
further increase in velocity results in sand transported as a moving bed at the bottom of the
pipe. If the velocity is above the critical velocity, sand is entrained in the fluid flow:

4 +7 7TQ 7T Q0 p 7 (26)

where + is a model constant equal to 0.23 based on SINTEF data ani$ the fluid viscosity.
The sand transport simulation is made here in twedimensions with conditions given in
Danielson (2007). Particles with diameter of 250, 350 and 45pi are simulated for fluid
velocities of 0.78, 1.2 and 1.6m/s. The particle volume fraction at the inlet is 0.1. The channel
length is 0.3m and height is 0.01 m, and is covered by 12 cells in the cross flow direction.

TransAT for Oil & Gas: Particle & sand in pipes.
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Figure 13 shows a set of results at foutime instants; each set gathers results of the cases
with fluid velocities of 0.78, 1.2 and 1.6 m/s, respectively. As the simulation proceeds in time
a particle bed starts to form at the bottom of the channel and the inelastic wall reflection
results in anon-homogeneous particle distribution along the height of the channel. There is a
slowdown of fluid in regions of higher particle volume fractions, bottom of the channel, and
higher fluid velocity region in regions of lower particle volume fraction, top 6 the channel,
and this is well captured due to the fowway coupling between particles and fluid
momentum equations.

The critical velocity predicted by Eq. €6) for a 3D pipe flow under these conditions is 4 m/s.
For the simulation with inlet velocity of 0.78 m/s (first panel in each set), a stable bed is
predicted with the fluid velocity at the top of the bed equilibrating to ~ 3m/s. Note that this is
lower than the correlation most probably due to the fact that in the channel case, there is less
wall friction (only at the bottom wall) than in a pipe. When the fluid velocity is increased (2nd
and 3rd panels in each set), it can be seen through the images that the bed height indeed
reduces such that the flow velocity at the top of the bed is again approxately 3m/s. Further
validation of the model for 3D pipes are necessary.

Figure13: Particle distribution in the channel at 4 instants. Each set of panels refers to different inflow
conditions (upper panel: 0.78m/s, middle panel: 1.2m/s, and lower panel: 1.6m/s). The last two time
instants shows the formation of a stable particle bethfotowest inflow velocity case.
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