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1. Introduction

For many years, solid-gas flow has been simulated with great success using the two
fluid model based on kinetic theory (Huilin et al., 2003). However, recent work on
experimental validation of traditional CFD models has shown poor simulation for dense flow
such as bubbling bed. Several researchers have noted that the kinetic theory prediction
shows an overestimated bubbling bed expansion when compared to experimental data
(Mckeen and Pugsley 2003; Ferschneider and Mega, 1996). They attributed this to the fact
that most of the available CFD models only account for the solid collisional/viscous forces
but do not adequately represent or completely ignore the other possible contact forces such
as the interparticle cohesion or frictional forces,

In this study further investigations in this issue have been carried out using
experimental data obtained in a bubbling bed using Electrical Capacitance Tomography
(ECT). The experimental data has been compared to the time dependent hydrodynamic
predictions of MFIX simulation code. In order to investigate the effect of cohesion and
frictional forces on the hydrodynamic features in general granular flow, a parametric
sensitivity analysis has been carried out using a simple one-dimensional fully developed
flow model (ocone et al., 1993). A continuous frictional term, applicable to dilute-
intermediate-dense flow, and a cohesive term applicable to group A/B particles, has been
implemented and its effect on the flow behaviour has been discussed in the context of the
experimental-MFIX comparison.

2. Experimental:

The ECT is a sensitive scientific instrument consisting mainly of electrical
capacitance sensors, data acquisition module and a computer. For two-phase mixture, such
as gas-solid flow, the ECT can measure the spatial distribution of the composite permittivity
of the two materials inside a confining volume. Then from this permittivity data, it is possible
to obtain the distribution of the relative distribution of the two components over the cross-
section of the bed. Further details on the ECT system and calibration procedure can be
found in Makkawi et. al (2004) and PTL release notes (Process Tomography Ltd, Wilmslow,
UK).

The experiments were carried out in a cold conventional bubbling bed, consisting of
cast acrylic tube allowing for direct visual observation. A perforated gas distributor was
placed 30 cm above the bottom of the column. Air at ambient temperature was introduced
to the bottom of the column from a main air compressor. The experimental set-up is shown
in Fig. 1 and the experimental operating conditions are summarized in Table 1.
Tomography measurements were taken at two different levels above the distributor plate,



and at various gas velocities. Further experimental descriptions and measuring procedure
can be found in details in Makkawi (2004).

Table 1. Experimental conditions.

Experimental unit Operating Conditions

Column Dia. = 0.138 m, height = 1.5 m, material: Plexiglas
Distributor Perforated PVC; 150 holes of 2 mm dia.

Particles Group AIB ¢,=90 um, p = 2500 kg/m®

Group B d,= 350 um, p,= 2500 kg/m®
Material: glass ballotini

Fluidizing Gas Air at ambient condition

Static bed height 13.8 cm

Measuring level Level 1: Average between 0 - 3.8 cm, above distributor
Level 2: average between 3.8 - 5.7 cm, above distributor

ECT system Twin plane, 8 electrodes with guards

Sensor length: 3.8 cm, guard height: 7.6 cm
Data capture rate: 100 Hz
Experiment span: 80 s

Upper sensor

e O] —

Lower sensor B Data acquisition system Computer

Air
Fig. 1. Experimental set up

3. Mfix model equations

Mfix is abbreviation for the name “Multiphase Flow with Interphase eXchanges”. It is
an open source Fortran code developed by Morgantown energy centre, part of the US
department of energy. It is a general-purpose hydrodynamic model for fluid solid flow that
gives time-dependent information (unsteady) for the pressure, velocity, temperature and
concentration in a contained vessel.

For non-reacting isothermal solid-gas flow the model equations are given by:

Solid- gas continuity equation: %(g,.pi)w.(g,.piu,.) =0 (i= gas, solids) (1)
p) =
Gas momentum: E(gg P )+V(e,puu,)=Vis+e,p,g+Pu,—u,)-€VP, (2)

Solid momentum: %(espsus) +V.(e,puu,)= V.S, + ep.g+Pu,~u,)—€VP, (3)



The MFIX code employs a simplified algebraic expression for the granular
temperature obtained from the energy equation of Lun et al. (1984). For more details on the
granular temperature equation and other closure equations the reader is referred to
Syamlal et al. (1993) and MFIX document available at the open web www.mfix.org.

The gas-solid drag model is given by the continuous formula of Gibilaro et al.
(1985) given by:
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This equation is assumed to give continuous values of S over all ranges of solid volume
fraction.

At high solid fraction, frictional stresses become dominant over the kinetic stress
(collisional/viscous) due to particle-particle contact. The radial frictional stress is given by
(Jenike, 1978)

1025 (8s _é‘s,critical)lo if & > Escritical
fiyy = (6)
0 lf & < gs,critical
where ¢ =0.59 is the critical solid fraction at which the frictional force starts to take

s—critical

place. The frictional shear, N, , is related to the solid frictional pressure N, = by using the

linear law of Coulomb (1776). This is given by:
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where D and I,,, are the strain rate and second deviator of the strain rate tensor
respectively.

4. Comparison of MFIX prediction with ECT data:

In order to compare predictions with experimental data, the MFIX simulation was
carried out using exactly the same dimensions and material specifications used in the
experimental part (see Table 1). The parameters used in the simulation are shown in Table
2. Other model parameters are available in MFIX documents.

Table 2. Parameters used for the MFIX simulation

Gas density, p, 1.24 (kg.m")
Molecular gas viscosity, /1, 0.18x 10% (kg.m™.s™)
Particle-particle restitution coefficient, e, 0.95 (-)

Particle-wall restitution coefficient, e, 0.99 (-)

Internal angle of friction, ¢ 0.5 (degrees)
Maximum allowable solid fraction, £, ..~ 0-69 )

Critical solid fraction, £, . 0.59 (-)

Mesh size 1.0 cm

Simulation time 30 seconds




Fig.2 shows a comparison between the simulation and experimental solid fraction
profile for Group B particles. The simulation using the original MFIX drag model of Syamlal
(1993) and Gibilaro et al. (1985) are reasonably comparable with the experimental data.
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Fig. 2. Experimental and predicted solid fraction profile for Group B particles at U = 0.53 m/s.

Fig. 3 shows the concept applied for estimating the bubble rise velocity as illustrated
in a typical time series data of solid fraction fluctuation. The time lag, A¢, between the
bubble peaks (lower solid fraction) detected at two different levels separated by a distance
Ax, gives the instantaneous bubble velocity as follows:

Ax

== (8)

U,

and hence, the time-averaged bubble velocity Ax, is given by:

1=ny,

U, =+, )

ny, i=o
where n, is the total number of bubbles detected in a specific time interval.

In a similar approach, the time-averaged bubble flow rate is given by:
1 i=ny

0,=— qy, (10)

n, i—o
where ¢, is the instantaneous bubble flow rate given as function of the bed cross-sectional
area, 4 and the bubble velocity, u,, such that
q, = Au,€, (11)
where the bubble fraction, ¢,, given in terms of the relative solid fraction by &, =1-p
( p varies between 0 and 1).
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Table 3 shows the experimental and predicted bubble characteristics for Group B
particles estimated at a superficial gas velocity of U =0.53 m/s. The bubble frequency was
estimated from the time-series data of solid fraction fluctuation using the power spectra
density analysis as shown in Fig. 4. It is clear here the model can predict the hydrodynamic
feature of the bed with a high degree of accuracy. However, the prediction starts to deviate
from the experimental data as the gas velocity increases, this is demonstrated in the cross-
sectional solid fraction against the superficial gas velocity shown in Fig. 5, which indicates a
clear overexpansion. The poor performance of MFIX at high gas velocity in this case can
be attributed to the fact that in the MFIX formulations, the frictional stress are assumed
negligible at relatively low solid fraction (&,<0.59). We believed that in a bubbling bed, the

particle-particle friction is of significant importance and must be taken into consideration in
order to have accurate predictions. This view shall be verified in the next Sections 5.2.

Fig. 3. Experimental and predicted bubble characteristics in a bed of Group B at U = 0.53 m/s.

Experimental Mfix prediction
Bubble frequency (Hz) 2.8 2.9
Bubble rise velocity (m/s) 0.8 1.0

Bubble flow rate (m’/s) 0.0056 0.0056

Total time = 1
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Fig. 4. Bubble frequency spectrum estimated at U = 0.53 m/s (a) Experimental (b) Mfix prediction.
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Fig. 5. Experimental and predicted cross-sectional average solid fraction for Group B particles as
function of the superficial gas velocity, U = 0.53 m/s.

The experimental and predicted solid fraction profile for Group A/B is shown in Fig. 6.
It is clearly seen that the model prediction is lower, which indicate an overestimated bed
expansion. According to McKeen and Pugsley (2003), the discrepancies between the
experimental and prediction as observed here is attributed to the lack of realistic formulation
for the significant interparticle cohesion force (MFIX code assumes negligible cohesion
force). This force leads to agglomeration and hence increasing the effective particle
diameter. They found that lowering the drag force by the factor of 0.15 resulted in a better
hydrodynamic match between their FCC experimental data and MFIX simulation. A reliable
interparticle cohesion model, which could lead to a similar effect, is discussed Section 5.1.
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Fig. 6. Experimental and predicted solid fraction profiles in bubbling bed of Group A/B particles at
U =0.23 m/s.

4.1 Remarks:
From the above comparisons, two main conclusions can be drawn out here:

1. The MFIX code accurately predicts the various hydrodynamic features of Group B
bed at high dense flow. However, the model starts to deviate showing a considerable
high bed expansion as the gas velocity increase. This in part is due to the MFIX
formulation, which assumes negligible frictional stress at the critical solid fraction of
£,< 0.59. A continuous frictional model, which could lead to better predictions, is

discussed in Section 5.1.

2. The model fails to provide satisfactory results for Group A/B bed. This is mainly due
to the MFIX neglection for the considerable effects of interparticle cohesion force.
One of the ways to avoid this deficiency is to implement a realistic formulation for the
interparticle cohesion force. In Section 5.1, we are proposing a cohesion model,
which could lead to better predictions.

5. One-dimensional fully developed flow model:
A continuum fully developed gas-solid flow model has been employed here to carry
out parametric sensitivity analysis. The fully developed flow equations are as follows:

Jor, . OP

Gas momentum: x-component: —==——£— B(u_—u )=0 (12)

ay ox £

., ON,_ OR oP.

Solid momentum, x-component: — 4 — /¥ 4 — ¥ 4 By _y )——£ g p g=0

ay ay ay R

(13)
oN oR

Solid momentum, y-component: a—P+J+—‘y =0 (14)

dy  dy dy

The pseudo-thermal energy balance for the particle velocity fluctuation and collisions is
given by:

0 oT Ju.
—| k. — £ =0 15
ay ( s ay J + Ts,xy ay + 75 ( )




Here N, and R_, given in details below, are the contribution of frictional and

cohesion forces to the total solid stress respectively. Fig. 7 shows a schematic diagram for
the duct orientation. For more details on other terms and boundary conditions, the reader is
referred to Ocone et al. (1993) and Makkawi and Ocone (2004).
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Fig. 7. Schematic of the duct orientation and flow field

5.1 Interparticle cohesion and frictional forces:

The widely used frictional model of Johnson and Jackson (1978), based on the
critical state theory of soil mechanics, has a serious drawback when employed to
intermediate gas-solid flow model such as bubbling bed. This model assumes zero frictional
stress for solid fraction below the critical value of ¢, =0.59. We believe that, even at low

s,critical
solid fraction below the critical value, the frictional stress can still play an important rule in
granular flow modelling.

Instead of the critical theory employed by MFIX, we propose here a frictional model
modified from the formula of Johnson and Jackson (1978). Here the semi-empirical normal
frictional stress is given by:

gﬂ
:F‘,,-+F2
(gs,max _gs)
where F, and F, are empirical constants given by Johnson and Jackson as 2.0 and 0.05
respectively (for glass ballotini). The parameter Fr is taken here as 0.002, this value was
chosen as it reduces Eq. 16 to the original formula of Johnson and Jackson (1978) at high

solid fraction (see Fig. 8).

N

[y

(16)

The frictional shear stress is given by the continuous formula of Tardous (2003):

alr
5 J (17)

N,,=N,, sin¢tanh(
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Fig. 8. Radial solid frictional stress as function of absolute solid fraction.

In dry granular flow, it is widely believed that the interparticle cohesion forces £,
(usually refereed to as van der Waals force) play a major rule in defining the granular flow
behaviour (Massimilla and Donsi, 1976; Molerus, 1982). Accoring to Massimilla and Donsi
(1976) the cohesion force between particles of 40 — 100 um diameter are exceedingly high
in respect to the particle weight, and hence considered as the major factor in stabilizing the
flow behaviour. For larger particles such as Group B and D, Molerous (1982) described the
cohesion forces as “unimportant” and hence can be neglected.

Following Ocone et al. (2000) and Jian and Ocone (2003), the radial component of
the cohesion force defined in terms of granular temperature and radial solid fraction
variation is given by:

6v2F, T

= T
o ud

where C,is a factor used due to the uncertainty about the exact value of F, . In the

literature, the values of F,, for Group A/B is quite scattered. It is suggested that F, lie in the

range of 0.2< K <6.2 (Molerous, 1982; Seville, 1984; Rhodes, 2001), where K is the ratio of
cohesion force to the particle buoyant force. In a recent experimental study by Makkawi
(2004), conducted in a bubbling bed of particle range d, =75-150 um, K was found to fall

within the range of 0.2 and 0.4. In the present model we are assuming an average value of
F,=0.2x10® N (corresponding to K =2 for d,=90 um, p,=2500 kg.m™).

Ve,

(19)

In obtaining the tangential cohesion force, we employed the equation of tensile force
in a random cohesive packed spheres, originally proposed by Rumpf (1970) and later
modified by Molerus (1982), where the tensile force is given by:

T
R =R ———
c,xy c,yy 6(1—83)

(20)
5.2 Results and discussion:

Fig. 9 shows the predicted solid mass flow profile of Group B particles in a vertical
duct. It is clear that, neglecting the frictional stress in our model results in increasing the



mass flow. Considering a bubbling bed, this behaviour implies an increase in the material
carry over and hence, a higher bed expansion. This might partly explain the poor
performance of MFIX code for Geldart B bed at high gas velocity.

N

o

o

o
I

neglicting friction
- » - «including friction

0 T T T T

0 0.2 0.4 0.6 0.8 1
dimesnionless radius (-)

Fig. 9. Predicted solid mass flux for Group B in a vertical duct at U = 9.0 m/s.
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The corresponding solid fraction and particle velocity profiles are shown in Fig. 10.
The simulation shows the classic profiles usually observed in vertical granular flow. Without
the frictional stress, the predicted solid velocity and solid fraction are higher. When
neglecting the frictional shear stress, the individual particles-particle contact mainly
controlled by collisional effects and hence large part of the particle dynamic energy is saved
towards travelling towards the top. It must be noted that, in a confined volume, such as
bubbling bed, unlike the vertical duct, neglecting the frictional stress result in lowering the
cross-sectional solid fraction due to the increase in material carry over.
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Fig. 10. Predicted solid velocity and solid fraction for Group B in a vertical duct at U = 9.0 m/s.

We compare the computed frictional stress to the kinetic stress in Fig. 11. It is clear
here that the kinetic shear stress is dominant. Nevertheless, even at this relatively low solid
fraction (see Fig. 11-b), the frictional effect on the general hydrodynamic features of the flow
cannot be neglected. This confirms our earlier remark noted in Section 4.1.
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Fig. 11. Ratio of computed frictional to kinetic stress for Group B in a vertical duct at U = 9.0 m/s.

Fig. 12 shows the solid mass flux and solid velocity predicted for a vertical duct of
Group A/B particles at a superficial gas velocity of U = 5 m/s. It is clearly seen that, as the
cohesive force increases the solid mass flux decreases; it is also interesting to note the
negative solid flux at high cohesive force (C, =50). Similar observations are noted for the

particle velocity. For a bubbling bed, the decrease in solid flux implies an equivalent
decrease in the bed expansion. These observations support our earlier argument on the
significant importance of interparticle cohesion force in describing Group A/B behaviour in
bubbling bed or general vertical granular flow.
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Fig. 12. Predicted solid velocity and solid mass flux for Group A/B particles in a vertical duct for
different values of cohesion force at U = 5.0 m/s.

Fig. 13 shows the ratio of predicted solid stress resulting from interparticle cohesion
to the corresponding solid stress predicted from the classic kinetic theory. These figures
indicate a dominant kinetic solid stress at the core region and a significant cohesive shear
stress at the dense wall.
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Fig. 13. Predicted ratio of interparticle cohesive stress to kinetic stress for Group A/B particles in a
vertical duct for different values of cohesion force at U = 5.0 m/s.

6. Conclusion:

Experimental ECT data of a freely bubbling bed of Group B and A/B particles has
been compared to the prediction of CFD code MFIX. The model reasonably predict well the
hydrodynamic features of Group B particles at low gas velocity (dense flow), however
considerable bed expansion has been noticed for Group A/B and Group B at a high gas
velocity. This is attributed to the fact that, in the MFIX code, the particle-particle contact
force is assumed to arise from collision/viscous forces only as described by the kinetic
theory, while completely neglecting cohesion and partially neglecting the frictional force at
low solid fraction below the critical value of ¢ <0.59.

A proposed interparticle cohesion and frictional force terms has been tested in a
continuum fully developed flow model to investigate their effect on the general
hydrodynamic features of vertical duct flow. It is observed that both terms has direct effect
on lowering the material carryover, which implies a reduced bed expansion in freely
bubbling column. The parametric analysis shows that the cohesion in Group A/B and
frictional force in Group B are significantly high when compared to the kinetic stress, and
hence it can play a major rule in describing the hydrodynamic features of the flow. Work is
still in progress to incorporate a realistic cohesion and frictional terms in a MFIX code.

Nomenclature

a parameter defined in Eqs. 17 and 18 (-)

D strain rate tensor (s™)

d, particle diameter (m)

€,,e, Particle-particle and particle-wall restitution coefficients respectively (-)
Fr,F,,F, parameters defined in Eq. 16

F, interparticle cohesion force (N)

g gravity acceleration constant (ms)

H duct width (m)

1,, second deviator of strain rate tensor (s?)

K ratio of interparticle cohesion force to particle weight force (-)
k, effective thermal conductivity of particles (kgm™s™)



N, frictional stress (Nm)

n, total number of bubbles in a specific time interval (-)

P pressure (-)

P relative solid fraction (-)

0,,9, instantaneous and time averaged volumetric bubble flow rate respectively (m®s™)
R, interparticle cohesion stress (Nm™)

Re, particle Reynolds number in terms of interstitial velocity, = p, (u, —u)d, / u,, (-)
T granular temperature (m?.s™)

t time (s)

U superficial gas velocity (ms™)

u velocity vector (N/m?)

U,,u, time averages and instantaneous bubble rise velocity (ms™)

u, terminal velocity of single isolated particle (m/s)

X axial coordinate

y radial coordinate

Greek symbols

£ absolute volume fraction (-)

P density (kg.m™)

T viscous shear stress (N.m?)

2 dissipation of granular energy (kgm™s)

B gas-solid interphase drag coefficient (-)

o angle of internal friction for the particle (degrees)
Subscripts

g gas phase

s solid phase

Xy, yy axial and radial coordinate components respectively
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