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SUMMARY

In the second year of the project, the Eulerian-Largrangian formulation for analyzing
three-phase slurry flows in a bubble column is further developed.  The approach uses an
Eulerian analysis of liquid flows in the bubble column, and makes use of the Lagrangian
trajectory analysis for the bubbles and particle motions.

An experimental set for studying a two-dimensional bubble column is also developed.
The operation of the bubble column is being tested and diagnostic methodology for quantitative
measurements is being developed. 

An Eulerian computational model for the flow condition in the two-dimensional bubble
column is also being developed.  The liquid and bubble motions are being analyzed and the
results are being compared with the experimental setup.

Solid-fluid mixture flows in ducts and passages at different angle of orientations were
analyzed.  The model predictions were compared with the experimental data and good
agreement was found.  Gravity chute flows of solid-liquid mixtures is also being studied.
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Further progress was also made in developing a thermodynamically consistent model
for multiphase slurry flows with and without chemical reaction in a state of turbulent motion.
The balance laws are obtained and the constitutive laws are being developed. 

Progress was also made in measuring concentration and velocity of particles of
different sizes near a wall in a duct flow.  The technique of Phase-Doppler anemometry was
used in these studies.

OBJECTIVES

The general objective of this project is to provide the needed fundamental understanding
of three-phase slurry reactors in Fischer-Tropsch (F-T) liquid fuel synthesis. The other main
goal is to develop a computational capability for predicting the transport and processing of
three-phase coal slurries.  The specific objectives are:

 $ To develop a thermodynamically consistent rate-dependent anisotropic model for
multiphase slurry flows with and without chemical reaction for application to coal
liquefaction.  Also establish the material parameters of the model.

 $ To provide experimental data for phasic fluctuation and mean velocities, as well as the
solid volume fraction in the shear flow devices. 

 $ To develop an accurate computational capability incorporating the new rate-dependent
and anisotropic model for analyzing reacting and nonreacting slurry flows, and to solve
a number of technologically important problems related to Fischer-Tropsch (F-T) liquid
fuel production processes. 

 $ To verify the validity of the developed model by comparing the predicted results with
the performed and the available experimental data under idealized conditions.

SIGNIFICANCE TO FOSSIL ENERGY PROGRAM  

Converting coal to liquid hydrocarbon fuel by direct and indirect liquefaction processes
has been of great concern to the development of coal-based energy systems.  While the direct
hydrogenation has been quite successful and was further developed in various forms, use of
slurry phase Fischer-Tropsch (F-T) processing is considered a potentially more economical
scheme to convert synthesis gas into liquid fuels.  Slurry transport and processing and
pneumatic transport of particles play a critical role in the operation, efficiency, safety and
maintenance of these advanced coal liquefaction and coal-based liquid fuel production systems.
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 Therefore, a fundamental understanding of reacting coal slurries will have a significant impact
on the future of environmentally acceptable liquid fuel generation from coal.  

Particle-particle and particle-gas/liquid interactions strongly affect the performance of
three-phase slurry reactors used in coal conversion processes and are crucial to the further
development of coal-based synthetic hydrocarbon fuel production systems.  The scientific
knowledge base for these processes, however, is in its infancy.  Therefore, most current
techniques were developed on an ad hoc and trial and error basis.  This project is concerned
with for providing the needed fundamental understanding of the dynamics of chemically active
slurries and three-phase mixtures.  In particular, a computational model for predicting the
behavior of dense mixtures in coal liquefaction and liquid fuel production equipment will be
developed.

PROGRESS REPORT

GENERAL

Progress was made in various aspect of the research project.  The highlight of the
accomplishment is first summarized.  This is followed by a description of the progress made.
One important additional accomplishment of the project is the development of an experimental
setup for a two-dimensional bubble column.  This additional effort, which was not in the scope
of the original proposed work, was undertaken to provide quantitative data for our model
verification.

HIGHLIGHT OF ACCOMPLISHMENTS

An Eulerian-Largrangian formulation for analyzing three-phase slurry flows in a bubble
column is being developed.  The approach uses an Eulerian analysis of liquid flows in the
bubble column, and makes use of the Lagrangian trajectory analysis for the motions of bubbles
and particles.  The developed method accounts for the two-way interactions of the three-phase
flows. 

A computational model for two-phase flow was developed and the flows in horizontal
and inclined ducts were analyzed.  The results were compared with the available experimental
data and earlier model predictions and good agreements were observed.  A computational
model for analyzing two-phase solid-liquid flows at various mass loading ratios was also
developed and was successfully used to predict flow parameters down an inclined chute.
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An experimental set-up for generating a two-dimensional bubble column for detail
studies is fabricated.  The diagnostic methods for quantitative measurements are being
developed.   

Progress was also made in studying two-phase bubbly flows using the volume-of-fluid
(VOF) approach.  The Largragian trajectory of a dilute concentration of the solid phase is also
studied.  In a related modeling effort, progress was made in developing a rate dependent
thermodynamically consistent model for slurry flows.  The new model includes the effect of
phasic interactions and appears to lead to anisotropic effective stress tensor.  The formulation
is being extended to cover three-phase liquid-gas-solid flows.

Progress was also made in analyzing turbulent two-phase flows with heat transfer. We
developed an Eulerian/Lagrangian approach including the two-way interaction for two-phase
flows.  The model considers the thermal turbulent field characteristics and includes an explicit
equation for temperature fluctuation in addition to the turbulence kinetic energy and time
scales of the flow and thermal field fluctuations.

Progress was also made in measuring concentration and velocity profiles of particles
of different sizes near a solid wall in a duct flow.  The result shows that small particles have
diffusion dominated concentration profiles near the wall, while the larger particles could
acquire an inertial dominated counter gradient profile.

EULERIAN-LAGRANGIAN MODEL FOR THREE-PHASE SLURRY FLOWS

A computational model for three phase slurry flows is developed.  The continuous liquid
phase is be modeled using an Eulerian formulation.  The discrete bubbles and solid particles
are treated with a Lagrangian trajectory tracking approach.  The model accounts for the two-way
interactions between the phases.  Figure 1 shows a sample computed flow field in a box 0.03
s after the initiation of the flow.  Here the flow starts form an initial condition that particles
and bubbles are uniformly distributed in the liquid.  In this figure particles are identified by
darker (red) dots, while the bubbles are lighter  (green) circles.  Figure 2 shows the computed
flow field at t= 0.09 s.  It is seen that the bubbles are moving rapidly upward due to their large
buoyancy forces.  The small solid particles are transported by the flow stream, while are drifted
downward due to the gravitational sedimentation.
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Figure 1.  Configuration of the flow in a box at st 03.0= .

Figure 2.  Configuration of the flow in a box at st 09.0= .

TWO-PHASE FLOWS IN A DUCT WITH HEAT TRANSFER
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The problem of two-phase flows with heat transfer in a duct is studied.  The formulation
of two-phase flows in a duct is presented in this section.  The model accounts for the two-way
interactions both in moment and energy transport. 

Hydrodynamic Formulation

The equations of motion of turbulent flow field are obtained by applying the Reynolds
decomposition on the instantaneous momentum equation.  The closed time-dependent equation
for the mean gas velocity in a vertical fully developed axisymmetric gas-solid flow in
cylindrical coordinates is given as
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Here φ is the solid volume fraction, uS  is the coupling source term due the interaction of

gas and solid, and τν µµ kfct = , is the eddy viscosity, where µc = 0.09, and µf  is the
damping function.  In Equation (1), uS , the coupling source term due to the presence of
particle which is given as
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and DC  is the Drag coefficient.

For an axisymmetric fully developed two-phase flow, the resulting k τ−  transport
equations are given as
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The coefficients in Equations (4) and (5) are given as 92.01 =τc , 44.02 =τc , kσ = 1, and .1=τσ
 In Equation (4), `kS  is the source term due to the solid phase interaction with gas.  i.e.,
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Here 'g
iu  and 'p

iu  are, respectively, the fluctuation velocities of gas and particle phases, and 'φ is
the particle concentration fluctuation.  Neglecting the triple correlation terms, the coupling
term becomes
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The source term in the Equation (5) is given as

)1( 3 −= ττ ε
c

S
S k                                                                                                                     (8)
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where p
iu  is the instantaneous particle velocity, and g

iu  is the instantaneous gas velocity.  Here,

pN  is the number of particle in the computational cell, LtE tNt ∆=∆ .  and 
tN  is the number of

Lagrangian time steps in each Eulerian time step.  In Equation (9), the summation over n (and
division by PN ) indicates the ensemble averaging over the particles in each computational cell,
and the summation over k (and division by 

tN ) denotes the temporal averaging over the Eulerian
time step. 
      The particle concentration- gas velocity correlation term is modeled using a gradient
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transport hypothesis.  That is, 
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Thermal Formulation

The equation governing the mean turbulent gas temperature is given as
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The thermal eddy diffiusivity is by θλλ τα kfct = .  Here θτ represents thermal time scale, c λ is
a constant, which is assumed to be equal to 0.2, and λf  is a damping function.  The second term
on the right hand side of Equation (10) is the coupling term due to the solid phase interaction
with the gas.  i.e.,
 

[ ])_( gp
pgg

T TT
c

F
S φ

ρ
=                                                                                                           (11)

where 2/6 pgp dKNuF = .   

The resulting θθ τ−k transport equations for an axisymmetric fully developed two-phase
flow are given as
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The model coefficients in Equations (12) and (13) are

27.01 =τθc , 7.02 −=τθc , 2
3 )]8.4/exp(1[ +−−= ycτθ , 2

4 )]9.4/exp(1)[192.1( +−−−= ycτθ
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In Equation (12), θkS , is the source term due to the solid phase interaction with gas, and
is given by

[ ])()(
2

''''''
gpggggp

pgg
k TTttttt

c
F

S −+−−= φφ
ρθ                                                                              (14)

where gt ′  is the fluctuating gas temperature and pt ′  is the fluctuating particle temperature. The
correlation terms between particle concentration and gas temperature are modeled by a

gradient transport hypothesis given as 
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The gas-particle temperature correlation term ''
gptt  in Equation  (14) is evaluated using

a combined Eulerian-Lagrangian averaging procedure similar to that used for the gas-particle
velocity correlation.  First the mean particle temperature, pT , during each Lagrangian time step
is evaluated within a computational control volume (computational cell) around each node by
ensemble averaging.  Then the cross correlation ''

gptt  is evaluated by ensemble averaging over
the particles in each computational cell and temporal averaging over the Eulerian time step
similar to the procedure described for the velocity cross correlation.

Instantaneous Turbulence Fluctuation

The generation of fluctuating components of fluid velocity using a continuous Gaussian
random field model was suggested by Kraichnan.  Accordingly, the fluctuation component of
the turbulence in an isotropic field is given by
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where +X
r  is the position vector and all quantities are nondimensionalized with a velocity

scale u* and kinematic viscosity.  That is
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The components of vectors r r
ς ξn n, , and frequencies ω n  are picked independently from a

Gaussian distribution with a standard deviation of unity.  Each component of 
r
Kn is also a

Gaussian random number with a standard deviation of  1/2.  In Equation (20) M is the number
of terms in the series.  (Here M = 100 is used.)

Equation (15) generates a continuous incompressible Gaussian random field, which
resembles an isotropic homogeneous turbulence.  For application to nonhomogeneous flows
a scaling is needed.  Here a similar scaling is used using the available data for turbulent velocity
field. 

The approach is also extended and used for generating the temperature fluctuations. That
is, the nondimensional fluctuation temperature is evaluated from
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Here t'+  = t'g /t* with t* being the root-mean square gas temperature fluctuation.  All
random coefficients in Equation (18) are generated similar to that of the Kraichnan model
for the flow field, except for T1 and T2 that are picked from independent Gaussian
distributions with a standard deviation of unity.

Particle Lagrangian Simulation

A Lagrangian particle tracking approach is used in the analysis.  The equation of motion
for a spherical particle including the viscous drag and gravitational forces is given by
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Here p
iu is the particle velocity, g

iu  is the instantaneous fluid velocity with 'g
i

g
i

g
i uUu += , where

g
iU  is the fluid mean velocity and 'g

iu  is the fluctuating component.  In Equation (19) Cd is the
local drag coefficient, which is a function of particle Reynolds number.

When a particle strikes a wall, it is assumed that it will bounce from the surface.  The
rebound velocity of a solid particle from the wall is evaluated using the classical impulse
equation for inelastic collisions.  Here unless stated otherwise a coefficient of restitution of
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0.7 in used.

Thermal energy equation of the particles is given as

)( pg TTAph
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where m is the particle mass, cp is the particle heat capacity, A is the particle surface area and
hp is the heat transfer coefficient.  The term on the right hand side of (21) is due to the gas-
particle heat transfer.  Here pT is the particle temperature, and gT  is the fluid temperature at
the particle location.  Note that 'gg

i tTgT += , where 'gt is the gas fluctuating temperature, which
is generated using the extended Kraichnan model given by Equation (18).  The convection
transfer coefficient hp is given as
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pNu  is the Nusselt number, gk  is the gas heat conductivity, and Pr is the Prandtl number. 

It should be emphasized that the mean gas velocity and temperature are evaluated from
the Eulerian field equations.  The instantaneous gas velocity and temperature at the particle
location are then determined by adding the fluctuation fields as given by Equations (15) and
(18) to the mean fields.  The instantaneous values are then used in Equations (19) and (21) for
evaluating the particle motion and temperature. 

TWO-PHASE FLOWS IN HORIZONTAL AND INCLINED DUCTS

Using the earlier developed thermodynamically consistent model, a computational
procedure for solving dense and dilute two-phase flows in ducts at various angle was developed.
 The computational model predictions for mean flow and particle velocities, and phasic
turbulence intensities were evaluated and the results are compared with the experimental data
of Tsuji et al. (1989) for a horizontal duct flow. In addition, the variations of phasic shear and
normal stresses, as well as the phasic fluctuation energy production and dissipation were also
evaluated.   The part of the study is completed.
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EXPERIMENTAL STUDY OF BUBBLE COLUMN

An experimental setup for a two-dimensional babble column is designed and fabricated.
 The setup is 80 cm high and 40 cm wide with a thickness of 1 cm, and is made of Plexiglas.
 The gas distributor is made up of five tube injectors flush mounted on the bottom plate of the
column. Each gas injector opening is 1/8 inch, generating an initial bubble size of about 5~8
mm.  The distance between two adjacent injectors is 7 cm and that between the end injector and
the sidewall is 6 cm.  Air is used as the gas phase.  The gas flows through each injector
individually from a mixing chamber, which is regulated by a flowmeter.  The superficial gas
velocity ranges from 5 to 60 cm/s.  Tap water is used as the liquid phase. The liquid phase is
operated under batch condition and the static liquid height is kept constant at 70 cm for all runs.
  A schematics of the setup is shown in Figure 3.

Figure 3.  A schematics of the experimental bubble column.

Figure 4 shows a picture of the vessel.  We plan to make use of our PIV system to
make measurements of the liquid flow and bubble motion in the vessel. 

Gas flow meter

Mixing Chamber

CCD Camera5W CW laser

2-D Column S-VHS VCR and Monitor

Computer
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Figure 4.  A picture of the experimental bubble column.

VOF ANALYSIS OF BUBBLE COLUMN

A VOF (volume-of-fluid) analysis of the experimental bubble column is being
developed.  The FLUENT code is used to evaluate the unsteady liquid-bubble flows in the
bubble column. The preliminary results of this approach are described in this section.  The
height of the column is 0.8 m with a width of 40 cm.  Air enters from five 2-mm holes at the
bottom of the column.  Figure 5 shows the concentration contours in the column at 1.1 s after
the startup.  (The gravity points from right to left in this figure.)  The initial stages of air bubble
formation are observed from this figure.
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Figure 5.  Concentration contours in the bubble column at t = 1.1 s.

Figure 6.  Concentration contours in the bubble column at t = 6 s.
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The concentration profile after 6 seconds when the flow is shown in Figure 6.  It is seen that
the flow in the bubble column is well developed.  The bubbly motions also generate rather
complex flow pattern in the column.  While the detail measurements for the experimental setup
is not as yet available, the general features of the computed bubble concentration in Figure 6
is comparable with that observed in Figure 4.

EXPERIMENTAL STUDY  NEAR THE WALL

The earlier research provided a significant level of understanding of the process of
particulate transport and deposition processes in turbulent flows.  Accordingly, particles are
transported by the mean flow field and are dispersed by turbulent diffusion.  Near the wall,
particles are entrained in the coherent wall vortices, which are the dominant flow structure in
the sublayer.  The downflow region of the vortices transport the particles to the wall.  We 
performed an experimental study of the particle concentration profile and velocity
characteristics in the near wall region of a turbulent channel flow.  Measurements are made up
to very short distances from the channel wall.  The nonintrusive, technique of Phase-Doppler
Anemometry is used in the experimentation.  The technique allows for the simultaneous
measurement of particle size and velocity. 

The experimental setup is a horizontal wind tunnel consists of a rectangular duct with
a cross sectional area of 2cm.2.54 15.25×  The width to height aspect ratio of about six provides
a roughly two-dimensional flow condition near the centerline of the channel.  The channel is
3.2 m long, and the test section, which is 0.36 m long, is 2.36 m from the tunnel contraction
section.  The windows of the test section are made of fused silica optical glass.  The tunnel
provides the 50 hydraulic diameters needed to ensure a fully developed air velocity profile at
the test section.  The channel is made of aluminum and is electrically grounded, which provides
a hydraulically smooth static charge free surface.  A picture of the experimental setup is shown
in Figure 9.

CHEMICALLY ACTIVE TWO-PHASE FLOWS

Progress is made in the formulation of a thermodynamically consistent model for
chemically active multiphase flows.  The equations governing the phasic conservation of mass
and energy, as well as the balance of momentum and fluctuation energy are derived. The
appropriate form of the mean entropy inequality is formulated.  The entropy equation is being
used for formulating thermodynamically consistent constitutive equations for chemically
active multi-phase mixtures in a turbulent state of motion in the bubble column.
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PLANS FOR THE COMING YEAR

$ To perform detailed experimentation of the bubble column in two and three phase
operation mode.

$ To develop a detailed computational model for predicting the operation of the bubble
column and three phase flows.

$ To complete the thermodynamically consistent model for three-phase multiphase slurry
flows in bubble columns.

$ To evaluate the model parameters for the cases of practical interest to liquid fuel
production from coal.

$ To simulate technologically important problems related to Fischer-Tropsch (F-T) liquid
fuel production processes. 

$ To perform experimental measurements of the phasic properties in the simple shear
flow device.
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