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Abstract

COMMIX-M, a three-dimensional transient and steady-state computer program
written in .Cartesian and cylindrical coordinates, has been developed by Argonne National
Laboratory. This computer program is capable of analyzing multiphase flow and heat
transfer and utilizes the separate phases model wherein each phase has its own mass,
momentum, and energy equations. This computer program is in its early stages of
development for application to test various interphase interaction models and to predict
design and[ processing of dense fluid-solids suspension systems. COMMIX-M contains
preliminary constitutive relationships for interfacial drag, solids viscosities and stresses to
describe the solids rheology, and shear lift forces from the literature. Also Included is a
solids partial slip boundary condition to allow non-zero tangential velocity at the tube walls.
Analyses of some of the steady-state, fully-developed isothermal carrier fluid velocity and
solids concentration data of Altobelli et al. 1 and Sinton and Chow 2 are presented. These
experimental data obtained using three-dimensional time-of-flight nuclear magnetic
(NMR) imaging techniques, were carefully performed, and represent some of the best
available open literature data of their kind. NMR imaging offers powerful techniques tc
non-intrus'.ively determine three-dimensional time-dependent velocity and concentration
fields to assist development and validation of the constitutive models and the computer
programs describing concentrated suspensions. Analyses of these NMR data, together with
comparisons of computed and measured concentration and velocity profiles provide some
insights into the mechanisms governing the observed phenomena. Recommendations for
future research are given. To the authors' knowledge, these are the first such comparisons
of theory mid experiment.

1. Introduction

Argonne National Laboratory has initiated ap _ in-house project in support of research on
concentrated suspensions, usually called slurries. A coordinated methodology is being
pursued involving theory (field and constitutive equation development), experimentation,
and validation utilizing computer modeling. ANL anticipates that synergism will result
when a conscious effort is made to coordinate the execution of this research program
involving complex and interdisciplinary phenomena requiring advances both of a theoretical
and experimental nature.



ANL's l)hilosophy is to utilize a self-consistent methodoloKy to link micro- and macro-
fluid mechanical phenomena. This approach will ensure that the design and
instrumentation of the experwnents, the data acquisition and its processing for use in field
and constitutive equation development, and computer code validation are on a one-to-one
correspondence.

A great deal of theory has arisen over the last twenty years concerning multiphase
modeling. The major thrust in the 1970s and early 1980s was research in tile nuclear area.
Bedford and Drumheller a have reviewed this area com,,)rehensively, and possibly definitely
In their 1983 article which addresses continuum theories of immiscible constituents. This

theory, adopted in this paper, constitutes one class of approaches which have been
investigated to develop multiphase flow models for dense suspensions.

Primarily independently, progress has been made in advancing dry and wet multiphase
particulate flow modeling. Success can be achieved in this area if a coordinated and
conscious effort is made to utilize a self-consistent methodology such as described above.

There have been prior efforts which have utilized this philosophy to study wet

concentrated suspension. The work of Graham et al. 4-6 is one such example. They
coupled stereoscopic split-screen video determination of three-dimensional particle
locations 4 together with techniques derived from Maximum Entropy Principle (MEP),
information, and cell theories to determine cluster shape and size distributions 5 and
suspension viscosity. 6

Concentrated suspensions flowing in conduits can exhibit nonhomogeneous temporal
and spatial distributions of the suspended particles. For low shear-rate flows, this
nonuniform distribution of particles results from hydrodynamic interactions between
neighboring particles and the flow-con fining boundaries. To understand the fundamental
behavior of these flowing materials, and thereby construct engineering models, quantitative,
noninvasive data are needed for constituent velocities and concentrations. Moreover,
assessment of the flow-induced structure of the suspension is crucial for understanding the
interactions between the carrier fluid and particles.

These velocity and concentration measurements, which are of intrinsic value to
engineering design efforts, are difficult (and sometimes impossible) to make with existing
noninvasive experimental techniques (e.g., gamma-ray attenuation, tracers, coherent laser
light beams, ultrasound, and electrical impedance techniques). Some of these
measurement techniques use focused light, sound waves, or ion beams, techniques which
suffer signal attenuation due to opacity or scattering at nondilute particle concentrations
(i.e., greater than a few percent). Nuclear magnetic resonance (NMR) techniques do not
suffer from transmission effects in electrically nonconducting samples and can yield three-
dimensional (3-D) velocity and concentration information in a single experiment.
Additional research will further increase the spatial and temporal resolutions.

Several pulsed Fourier-transform NMR imaging strategies (see, for example, Wendt et
al. 7 or Caprihan and Fukushima 8) have been developed which yield spatially resolved
velocity distributions of flowing fluids. Kose et al. 9 introduced two--dimensional (2-D) NMR
flow-imaging techniques that result in both velocity profiles and flow-compensated
concentration distributions. Caprihan et al. l° developed a frequency-encoded one-
dimensional (I-D) NMR technique that is expandable to 2-D and 3-D velocity distributions.
Ali these techniques were developed for pure fluids and have very recently been applied to
the flow of concentrated suspensions.

At Lovelace Medical Foundation, Altobelli et al.1 and at Lockheed Palo Alto Research
Laboratory, Sinton and Chow2 have used 3-D NMR flow visualization techniques developed
earlier by Kose et al. 9 and Majors et al. li to study nonuniform velocity and concentration
profiles of small, negatively buoyant I and neutrally buoyant 2 particles respectively. Proton
NMR signals were obtained using a transverse phase encoding gradient technique. Flow



velocity and concentration visualizations were obtained from the displacement of a tagged
slice oriented perl_=_:_dicular to the flow direction using fast Fourier reconstruction
algorithms.

lt is the purpose of this paper to present the analyses of the Altobelli et al.1 and Sinton
and Chow 2experiments using the COMMIX-M computer program. The progress made to
date and recommendations for future research are presented. A brief description of the
computer code and the preliminary constitutive models employed are given, as are brief
descriptions of the experiments performed.

2. Computer Model Description

We will use the computational framework of the COMMIXcode. The COMMIX series of
computer programs, developed at ANL over a nearly two decade time span, are mainly
employed to perform steady-state and transient three-dimensional fluid flows with heat
transfer in nuclear reactor systems. COMMIX solves a set of phasic equations of
conservation of mass, momentum, and energy as a boundary value problem in space and an
initial value problem in time 12. The concepts of volume porosity, directional surface
porosity, distributed resistance, and distributed heat source are used to facilitate modeling
temperature and velocity field due to presence of internal solid structures and they can be
readily used to approximate irregular geometries la

In these analyses, the in-house version of COMMIX-M is used. The formulation of the
convective, diffusion, interfacial friction, and interfacial heat-transfer terms as well as

additional source terms in the governing equations, are made implicit for a more stable
formulation. The final form of ali discretization equations is such as to permit various
solution schemes.

The pressure-solution method of COMMIX used by deriving, through a combination of
the momentum and continuity equations, a Poisson-like equation which describes the
pressure distribution. The numerical solution of the pressure equation is obtained either
with the iterative Successive Over-Relaxation (SOR) method or by means of a direct matrix
Inversion method which uses decomposition of the matrix of coefficients. The iterative
method is most suitable for large-size problems, while the direct method is advantageous
for small- and middle-size problems (typically, up to a thousand cells). The COMMIX code
has a modular structure. It permits analysis of single-phase (gas or liquid) or multi-phase
flow problems. These governing equations, preliminary constitutive equation, and boundary
conditions used in COMMIX-M are now described below.

2.1 Governing Equations

The isothermal multiphase equations solved in COMMIX-M in three-dimensional
Cartesian and cylindrical coordinates are given by:

Continuity

_)---_-(EkPk) + V. (EkPkgk) = 0 (1)



Momentum

0--t(_kPkVk)+ V. (EkPkgkgk) = --ak VP + ak.Pkg
Acceleration Pressure Gravity

Drop

M

2; =+ 13. (vi- Vk)+ v. _k_ + FKL (21
i=l

Interphase Drag Stress Shear Lift

Note that both volume porosity and directional surface porosities are set to unity since no
internal structures are involved here. In general, each phase is denoted by the subscript k

I==

and the total number of phases is M. The effective stress tensor %ke iS composed of viscous
and coulombic portions according to the convention 14-16

,_- --

l:ke = Ek'rkv - _ks I _kc (3)

Viscous Coulombic

The sum of the phase volume fractions add up according to

M

Ek = I (4)
k=l

The microscopic viscous stress terms for each phase are given by

1;kv = 2_kSk (5)

where tile strain rate tensor is given by
s

3

Thisisthesame approach taken by Bouillardct al.14and Ding and Gidaspow,17 forexample.

2.2 Closure Constitutive Equations

To effect closure, constitutive equations are required for the fluid-particle drag, solids
viscosity, and lift forces. In the following, for convenience, we will simplify the discussion
to a two-phase fluid-solids situation with the subscript s denoting the solid phase and
subscript f denoting the fluid phase. The solids volume fraction is denoted by Es = (1 - E)
and the fluid volume fraction Is denoted by El= E.

For the dense region, E < 0.8, the well known Ergun 18 equation (Bird et al. 19 and Kunii
and Levenspie120) obtained from packed bed pressure drop data is used to obtain [3. In the
dilute region,a>O,8, [t is obtained from the standard drag function for a single sphere



(Bird 19) corrected empirically by Wen and Yu 21 The transition between these two
expressions is made at a porosity of 0.8. These exl)ressions may be summarized as follows:

[150 (1_- _)2__2f + 1.75 pfIvf - r_sl(1 - a)

= I E(dl)¢S) dp-_s a <_ 0.8 (7)

I3 ,., avf .- 9slPg(1 - _:)

0.8 (8)

[0.44 Re > 1000 (9b)

The Reynolds number is given by

19f - _sIdpCsPf_Re = (10)
_f

Equations 7-10 have been used to compute fluidization characteristics. Previously
computed velocity profiles, bubble shal)es and sizes ai low and high pressures have agreed
with experiments. 22 Therefore, there was felt to be no need to modify [3 for calculations
involving slurries.

The fluid viscosity, gr, is taken to be a constant for isothermal flow. "Fhe solids viscosity
Fs, Is obtained from Krieger's 2a empirical expression for the reduced viscosity, qr, given by

llr = EsIls + Ef_f _ [1 Es ]-1.82f - 0.--68J ( 1 1)

This expression was used by Phillips et al. 24 in their analysis of concentrated suspension
da¢a.

The coulombic stress given in Eq. 3 has been neglected in this paper since this term is
usually taken to be zero at and above minimu:.n fluidization conditions as is the case for the
data of Altobelli et al. 1 and Sinton and Chow 2.

The sum of the fluid and solids lift force add to zero according to

FfL + FsL = 0 (12)

and the convention is that

FfL = -F'L; FsL = +FL (12al

Added to COMMIX-M are two forms of the shear lift (or "slip-shear ''25) lift force
models 26.27 Such terms account for migration of particles due to a velocity gradient in the
fluid.

Saffman's 26 single particle shear lift expressions was extended to a continuum and is
given by



The shear lift expression due to Drew anct Lahey 27 for a sphere in a rotating and straining
flow is given by

I _f (14)PL = 2Cv.,(1- _)p_-(vt--rs) _

where Cvm = 1/2 based upon the work of Davidson. 2s

The Saffman lift force was used in ali the computations contained in this paper since
the carrier fluids used in the experiments analyzed in this paper are highly viscous.

2.3 Boundary Conditions

To solve the three-dimensional equations of fluid-solids flow given above, we need
appropriate initial conditions and boundary conditions for the two-phase velocities, the
fluid-phase pressure, and the volume fraction. The initial conditions depend upon the
problem investigated. The inlet conditions are usually given. The boundary conditions at
planes of symmetry demand zero normal gradient of all variables.

At an impenetrable solid wall, the fluid-phase velocities in the three normal and
tangential directions are set to zero. The no-slip condition cannot always be applied to the
solids phase. Since the particle diameter is usually larger than the length scale of the wall
surface roughness, particles may slip along the wall. This mean slip velocity is given by

_XlIw'

where the xi direction is normal to the wall and the x2 direction is tangential to the wall.

The slip parameter, kp, is taken to be the mean distance between particles and can be
obtained from the expression 29

4-_ dp
= , (16)

Xp 24 Esg o

where

go i 1 Es) -1"625
= (17)

0.65

is the radial distribution function. Note the close similarity between Eq. 17 and Eq. 1 1 for
the mixture reduced viscosity.

3. Comparison with Experimental Data

Analyses a_d comparisons of model calculation with the Altobelli et al.1 and Sinton and
Chow 2 NMR data are presented in this section.



3.1 Altobelli et al. Experiment

The Altobelli et al. l experiments consisted o1 a suspension of negatively buoyant
divinyl-benzene styrene copolymer (plastic) spheres having a mean diameter of 0.762 mm
and a narrow size range (between 0.685 and 0.838 mm), _-md a density of 1030 kg/m a
flowing in a horizontal 2.54 cm i.d. acrylic plastic tube which is straight for approximately
2.2 m upstream of the test section. The carrier fluid was 80W oil (gear lubricant) having a
density of 875 kg/in 3. NMR concentration and velocity data were taken over a range of 0 to
39 volume percent plastic spheres and average fluid velocities from 1.7 to 22.3 cm/s using
a 1.89T superconducting solenoid and a "birdcage" probe tuned to the proton resonant
frequency of 80.33 MHz. For details of the NMR technique, the reader is referred to
Caprihan et al. lO and Majors et al.1 l

These suspensions were circulated by a variable speed motor connected to a centrifugal
pump. Sections of flexible tygon tubing were used to connect the horizontal acrylic tube to
the pump. For further details of tile experiment, refer to Altobelli et al.1

The velocity and fluid volume fraction data for the 12 runs Al-A3, Bl-B3, C1-C3, and
D1-D3 published therein for 0, 9, 21 and 39 volume fraction solids were transmitted to
ANL on floppy disc to facilitate accurate comparisons with the COMMIX-M computations.
The Reynolds numbers based upon the tube diameter and carrier fluid viscosity and density
ranged from roughly 1 to 20, and the corresponding estimated entrance lengths were
approximately 0.3 to 3 cre. The data were length-averaged along a roughly 2 cm thick slice
to increase the signal-to-noise ratio since it was found that concentration and velocity
variations in the axial direction ceased (to within the measurement accuracy) before the
end of the test section.

Several COMMIX-M meshes were used during the analyses to assess the accuracy of the
results based upon the single-phase flow velocity measurements, lt was determined that
10 nodes in the radial direction were sufficient to yield fully developed velocity profiles that
compared well with the analytical solution as shown in Fig. 1. For this comparison, six
nodes were used in the azimuthal direction and 18 in the axial direction using a length of
1.82 m. The results from COMMIX-M and the analytical solution are indistinguishable in the
Fig. 1, with computed results ueingjust slightly lower. Ali of the azimuthal planes gave the
same results since gravity was set to zero.

Also shown in Fig, 1 is the experimentally determined single-phase velocity profile for
Run A1 having an average velocity of 4.85 cm/s and a maximum velocity of 9.59 cm/s. This
velocity profile is for a horizontal slice containing the maximum velocity. As can be seen,
the agreement between COMMIX-M, the analytical solution and the data are in excellent
agreement in the range (1.0 > r/R >-0.5). Below r/R = -0.5, an asymmetry is seen to be
present in the data and tile data departs further from the analytical solution and COMMIX-
M, until at r/R = -1.0, the departure is a maximum. Similar. but smaller discrepancies
were found to exist between the data mid the analytical solution at higher fluid velocities as
shown by Altobelli et al.l for an average velocity of 21.6 cm/s for Run A3.

The concentration data for this single-phase run are also shown in Fig. 1. Ideally the
profile should be a step function, with a maxil-nunl fluid volume fraction equal to 1.0 for
(1.0 > r/R > -1.0). As can be seen, the maximum value is above 1.0 and peaks at 1.09 at the
tube center. There is a falling off near the tube walls as well as an asymmetry. These
uncertainties, in part caused by the broadening introduced when the data were filtered to
enhance the signal to noise ratio, make it difficult to assess the pipe diameter and should
be taken into account to estimate the probable uncertainties in the two-phase velocity and
concentration data. Values of porosity greater than 1.0 were seen to exist in the data at the
lower solids loading and velocities as weil.
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For tile two-phase runs, which take longer to compute than the single-phase runs,
symmetry was assumed about the vertical center line. A total of 8 azimuthal nodea were
used for this half plane, 9 in the radial direc_._on and 20 in the axial direction. Uniform
fluid volurne fraction and equal solids and fluid velocities set equal to the average fluid
velocity were used at the l)ipe inlet, even though these conciitions were not achieved in the
experiments, in ali probability. The initial conditions used we:-e the same as the inlet
boundary conditions. Our computational studies showed that nonuniformities of this inlet
boundary condition can have a significant effect upon the computed results. This kind of
study was not perfon_ned in the experiment. The initial conditions have no effect except to
ch_-mge the number of time steps to achieve steady state.

Fig. 2 shows the comparison of the computed and experimental velocity and
concentration profiles for run B3, having 9 percent solids volume fraction, and average fluid
velocity of 19.3 cm/s. The top two figures are for a horizontal plane containing the
maximum experimental velocity, 39.2 cm/s. As can be seen, there is excellent agreement
with the data when one takes into account the probable error bounds from Fig. 1. The data
show some asymmetry, as shown in Figs. 2a anti 2b. COMMIX-M overpredicts the
maximum velocity at the tube center as shown in Fig. 2a, but agrees everywhere else. As
shown in Fig. 2b, COMMIX-M predicts a slight solids depletion at r/R = +0.9. The data also
indicate this trend, but taking Fig. 1 into account, the fluid volume fraction data in this
region is subject to significant error.

Comparison of the predictions with the experimental velocity and concentration
profiles in the vertical plane containing the maximum velocity also reveals excellent
agreement with the data for Run B3, as shown in Figures 2c and 2d. The effect of gravity
upon the particles is clear with COMMIX-M showing more settling than the data.

Fig. 3 for Run C3, also shows excellent agreement with the data with very similar
trends as shown in Fig. 2 for Run B3. The average velocity in this case is 22.3 cm/s and the
average solids volume fractions is 21 per cent vs. 9 per cent for Run B3.

3.2 Sinton and Chow Experiment

The Sinton and Chow 2 experiments consisted of a suspension of neutrally buoyant, poly
(methyl metracrylate) (PMM _,) (Lucite 47G) spheres having a median volume diameter of
0,131 mm with a standard ,,eviation of 0.051 mm flowing in vertical pipes having diameters
of 15.2, 25.4 and 50.8 mm and a 500 mm entrance length, which is shorter than the
Altobelli et. al. experiment. Intensity and velocity data were taken over a range of 21 to 52
volume percent plastic spheres and Reynolds numbers ranging from 0.005 to 4.0. The
carrier fluid was a mixture of polyether oil (Uncon oil, 75-H-90,000), water, and sodium

iodide to increase the fluid density to that of the solids having a density of 1190 kg/m 3.

NMR data were taken using a vertically oriented 4.7T superconducting solenoid using
qtechniques developed by Kose et al.. and Majors et al. li A positive placement Moyno pump

was used.

Three runs are analyzed in this paper 1) 21 percent solids volume fraction, an average
fluid velocity of 22.7 cres, pipe diameter 2.54 cre. 2) 40 percent solids volume fraction,
an average fluid velocity of 17.7 cre/s, pipe diameter 1.52 cm, and 3) 52 percent solids
volume fraction, an average fluid velocity of 28.2 cm/s pipe diameter also 1.52 cm. The
tube was modeled in two dimensions assuming azimuthal symmetry. A total of 10 nodes
were used in the radial direction and 25 in the axial direction.

Comparisons of the computed velocities with the data are shown in Figure 4. As can be
seen, excellent agreement exists between the predictions and the data. The velocities near
the tube center are slightly overpredicted for the 40 and 52 percent solids volume fraction
cases which exhibited slight shear thinning. The maximum velocity near the center for the
21 percent solids volume fraction are slightly underpredicted. This case exhibited
basically Newtonian behavior.



lt should be noted that the two 21 percent solids volume fraction rlli1S of Altobelli et
al.l, Figure 3, and Sinton and Chow 2, Figure 4a, have very near the same velocity (22.3 cm/s
and 22.7 cm/s, respectively). However, the particle size in tile latter experiment is smaller
(0.131 mm vs. 0.762 mm), so the maximum velocity ts higher because the interphase drag
ls higher. Of course, no gravity effects are evident becal_se the particles are neutrally
buoyant. It should also be noted that this experiment did not measure the solids
concentration distributions for reasons which are not clear. We assume that the fluid
velocity data are correct.

4. Conclusions and Future Plans

Based upon the a_reement between tile COMMIX-M, computer code predictions and
the experimental data, the preliminary constitutive relationship discussed in Sec. 2.2 and
boundary condition described in Sec. 2.3 appear to be reasonable and promising. Thus far,
no adjustments in the model constants have been made. Further model improvements
should increase our confidence in predicting design and processing of dense slurry flow
systems. Such model improvements will result from additional comparisons with a wider
data base of exper.,alental measurements and COMMIX-M analyses which will also serve to
more critically evaluate the models. For example, tile solids velocity profiles, overall
pressure drops, and pressure distribution should be measured. Inlet boundary conditions of
both solids velocity and concentration distributions or, equivalently, any dependence of the
measured distributions as a function of entrance length should also be measured to supply
input to the computer model; up to now, the assumptions of uniform and equal inlet
velocity and uniform concentration distributions have been used. Finally, the rheological
properties of suspension flows, especially for shear-thinning, should be examined and
studied. The suspension rheological models will then be upgraded to enhance the
predictive power of the COMIX-M computer program.

Acknowledgements

The stimulating and constructive discussions and comments of Dr. Jacques X. Bouillard,
Energy Systems Division, Drs. Tai H. Chien and Henry M. Domanus, Materials and
Components Technology Division, and Professor Shao-Lee Soo, University of Illinois at
Urbana-Champaign, are gratefully acknowledged.

The authors want to acknowledge the encouragement from our program manager, Dr.
William C. Peters, U.S. Department of Energy, Pittsburgh Energy, Technolog_v Center, Drs.
Steve Passman, Sandia National Laboratory, and Z. Y. Chen, Science Applications
International Corp.

Nomenclature

dp Particle diameter, m

F'kL Shear lift force of phase k, kg/(m2.s 2)
g Acceleration due to gravity, m/s 2

i Unit tensor



!0

M Number of phases
P Pressure, Pa

Sk Strain rate tensor of phase k defined by Eq.(6), Hz

Velocity vector, m/s

9k Velocity of phase k, m/s

I_1 Magnitude of velocity vector, m/s

Greek Letters
3

13 Fluid-particle drag coefficient, kg/(m .s)
_ksi Kroenecker delta function' = 1, k = si; = 0 k ¢ si
E Fluid volume fraction

Ek Volume fraction of phase k
Es Solids volu_._e fraction = 1 - E
lak Microscopic viscosity, Pa.s x 10 = poise

Pk Density of phase k, kg/m 3

Ps,Pf Solids and fluid phase densities, respectively, kg/m 3

_kc Co llombic stress for solids (k = si), Pa

'l;ke Effective phase stress tensor, defined by Equation (5). Pa

_kv Microscopic viscous phase stress tensor, Pa
es Sphericity of particles (shape factor)' O < es<l

Subscripts
f Fluid phase
k Phase k

si Solids phase i

Superscripts
Denotes a vector quantity

= Denotes a tensor quantity

Operator
V* Divergence
V Gradient
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