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SCOPE

In the H-Coal reactor, a fluidized bed is used o provide sufficient mixing
““between the slurried coal, hydrogen, and catalyst. A model to predict the
holdups of the variocus phases in the reactor is necessary both for thz design
of equipment and for efficient operation. As discussed in Part I, experi-
ments have been performed in a 15 em ID cold flow pilot plant unit to measure
catalyst bed expansions and phase holdups using model fluids. In some cases,
small (approximately 3pm} coal char particles wére slurried into a ligquid

phase to simulate the unreacted coal ash present in an actual reactor.

The data thus obtained provide the basis for testing and/or modifying
existing models describing three-phase fluidized systems. Although previous
investigators have reported experiments for air/water systéms, they have
developed empirical or semi-theoretical models for correlating their data.
Ostergaard's (1965) work resulted in a model describing the effact of
operating conditions on bed expansion. His model, although useful for the
systems studied, cannot predict bed contraction because of the assumc:ions
"made. Bhatia and Epstein (1974) extended the previcus rdel to allow prediétion
of bed contraction by allowing the ;olids concentration in the wake phase to
vary. Darton and Harrison's (1975) approach emphasizes the importance of gas
flow behavior in bed expansion. Using the Wallis (1969} drift flux method,
he was able to identify two gas flow regimes (ideal bubbly and churn
turbulent). Most investigators agree that bed contraction can occur when the

gas flow is in the churn turbulent regime.



CONCLUSIONS AND SIGNIFICANCE

The holdup of the slurry and catalyst phases can be predicted with the
application of the Richardson and zaki (1954) correlation. The parameters
used in this correlation were derived as a function of liquia or slurry

viscosity.

Three-phase fluidization data were analyzed with two models. Through the use
of a correlation developad by Darton énd Harrison (1975), the existence of
two bubble flow regimes was.identjfied: ideal bubbly ahd churn turbulent.
The effect of viscosity on this flow transition was described. Increased
viscosity due to coal char addition or decreased tempsrature enhances bubble
coalescence and the transition te churn turbulent flow. The Darton-Harrison
71975) model is useful in identifyingkflow tegimes, but cannot bevused
quantitativély for the range of operating cohditions in this study.
Therefore, a modified Bhatia-Epstein model (which uses explicit descriptions
of the gas bubble and trailing wake as parameters) was selected as most |

promising for data analysis.

This model has been applied to data for various filuids, coal char
concentrations, and temperatures. Model ﬁgrameters include the gas bubble
terminal velocity, and the solids concentration in the wake following the
bubbles. It is shown that for the nitrogen/kerosene/catalyst system the

bubble terminal velocity is small and the solids concentration in the wake
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phase is zero. Addition of cozl char fines results in a significantly higher
bubble terminal velocity due to the increased viscosity of the slurry phase.

The solids concentration in the wake phase is also increased.

« —

This work has established the significance of gas flow on the fluid dynamics
of gas/slurry/catalyst systems. It has been shown that as the bubble
terminal velocity (bubble size) increases, the gas flow changes from the
ideal bubbly to the churn turbulent flow regime, and bed contraction is

possible with increased gas velocity.

INTRODUCTION

In Part I of this study, data were presented with three-phase fluidized

beds involving coal char/kerosene slurries, nitrogen, and cylindrical catalyst
particles (1.8 mm in diameter, 5.1 mm in lengtih. It was shown »aat the

bed expansion obtained with such systems in a cold flow model simulates

the bed expansion obtained in a process development unit operated at actual
H-Coal operating conditions (700-755K, 13,340 to 21,378 KN/m?). Information
presented in Part I is very useful in describing the volume fraction occupied
by the gas, thé slurry, and the catalyst phase. In Part II, models are
daveloped to describe the fluid dynamics of the system as a function of

the gas and liquid superficial velocities and the physical properties of

the £luid and solid phase.



PREVIOUS WORK

- Tﬁe criteria which should be fulfilled by a three-phase fluidized model have
been spelled out previcusly by Darton and Harrison (1975). One of these
criteria stresses the importance of understanding liguid/solid fluidization.
Although there.are numerous correlations for predicting the bed height in
liguid Fluidized systems, a literature search has indiéatéd that the most
widely used method of correlating_liéuid/solid.fluidization data is that of
Richardson and zaki (1954). The correlation relates the I{Euid volume

fraction (€;) due to bed expansion o the ratio of the superficial liguid

velocity (Up) to the terminal velocity ef a éingle particle -(U¢) 2
€1® = Uy/0¢ '_ 4
For spherical part;cles:
n = f(Reg, G/D) (2)

It should be noted that for values of Rey less than 0.2 or greater than 500,

the exponent n in Equation 1 is independent of liquid viscosity.

The addition of gas to a liquid fluidized bed increases the complexity of the
system considerably. According to Stewart and Davidson (1964), addition of

gas can cause bed contraction in some liquid fluidized beds because of the
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formation of liquid wakes behind gas bubbles. The wakes move through the bed
at the bubble velocity, and this results in a reduction in the interstitial

ligquid velcozity in the rest of the bed, thus causing its contraction.

—

Although several empirical correlations have been reported in the literature,
semi-theoretical models correlating three-phase fluidization data are of
greater interest because they take into considerztion details of the bed

structure such as bubble rise velocity or bubble wake volume.

-Gstergaard (1965) has proposed a model based on the assumption that the bed
consists of three phases: a iiquid fluidized bed (particulate phase), a
bubble phase, and a wake phase. It is assumed that the wake phase moves
through the bed at the bubble velocity, and the porosity of the wake phase is
equal to that of the liquid fluidized bed. Because of the latter assumption,

the model cannot predict a bed contraction.

Bhatia and Epsiein (1974) extended Ostergaard's model by assuming that the
solids concentration in the wake phase can be varied by mtans of an adjustable
parameter, Xi, between zero (X = 0) and a solids content equal to that in

the particulate phase (X = 1). Another parameter in the model is the bubble

rise velocity, Utg-

pDazton and Harrison (1975) b-~: :d their analysis on the drift f£lux approach,
which is used to describe gas/liquid flow regimes (Wallis, p 69, 1963).

Physically the drift flux represents the volumetric flux of gas relative to a
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gurface moving at the average of gas plus liquid velocity. The drift flux is

defined as follows:

Vep = Ugeg(l - &g) _ o (3)
where Ug is the gas/liquid slip velocity defined below:

Us = Ug/eg - Up/(ey + €g) ' (4)

By combining Equations 3 and 4, the following relationship is obtained:

Vep = Ugll - £y) - Uiegll - gg)/(e1 + Eg) (5)

Darton and Harrison (1975) analyzed the fluidization data of Michelsen and
Ostergaard (1970) as shown in Fiéure 1. A plot of Vgp versus £g revealed two
flow regimes: the ideal bubbly or bubble disintegration regime, in which the
bubble rise as a uniform, steady cloud with little interactioﬂ; and the churn
turbulent or bubble coalescing regime, which is the transitioh between ideal
bubbly flow and fully developed slug flow. The churn turbulent regime is
dominated by bubble coalescence. Hence, the bubble sizeris larger than in.

the ideal bubbly regime, bubble wake effects become important, and tﬁe flow

is unsteady.

MODEL DEVELOPMENT

In this section, the data presented in Part I are used to test the models
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described ip the literature section. Modifications to these correlations

will also be presented.

—

Ligquid or Slurry Finidization

For the liquid/solid systems, correlation of the liquid holdup with operating
conditions and the physical properties of the system was carried out with

the Richardson-Zaki model. Following Equation 1, plotting €y versus Uy

on 1og-iog paper or a plot of 1n€; on linear paper should result in a straight
line with slope equal to the reciprocal of the Richardson-zaki index n.

This is illustrated in Figure 2, where the liguid volume fraction is plotted
as a function of superficial slurry velocity. Utilizing standard linear
regression techniques, the experimental Richardson-Zaki index n was determined
for each run. These are reported in Table I. The results indicate that

the Richardson-Zaki index changed very little with either coal char fines
concentration or viscosity. This is expected because the inuex n is insen-

sitive to changes in this Reynolds number range.

Three~Phase Fluidization

The three-phase fluidization data were first analyzed using the drift flux
approach by Darton and Harrison (1975). As indicated in Figure 1, plotting
the drift flux Vpp versus the gas holdup Eg could identify two flow regimes:
churn turbulent and ideal bubbly. This type of plot for the nitrogen/kerosene
catalyst system with 0 volt and 17.8 vols fines is shown in Figure 3. For
kerosene with 0 vol® fines, the data fali in the ideal bubbly flow regime.

On the other hand, addition of ccal fines enhances the transition from ideal
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bubbly to churn turbulent flow by increasing the slurry viscosity. Also
shown in Figure 3 is the‘effect of_inqreased liquid flow rate on inhibiting
the ideal bubbly to churn turbulent transition. Figure 4 confifms the fact

that viscosity increase is the main reason for bubble coalescence. Mineral

oil of about the same viscosity as coal char/kerosene slurry enhances the
transition to churn turbulent. Figures 3 and 4rindicate that a large amount
of the data at high viscosity lies in the transition region, suggesting

that bubble size continually changes as the gas rate increases. For this
r;ason, it is very difficult to use the drift flux model as a quantitative

tool in correlating holdups for the experiments conducted in this study.

Bhatia-Epstein Model

Because data obtained in this study fell in both the churn turbulent and

ideal bubbly regimes, the Bhatia-Epstein model was judged most appropriate

for correlation of results. The major structure of the model will be high-
lighted. More .details were reported by Bhatia and Epstein in 1974 énd El-Temtamy

and Epstein in 1978.

IA developing this model, it wil} be assumed that fines are distributed
vniformly throughout the ligquid phase. The ebullated bed is then assumed
to Sé composed of three portions, as shown in Figure 5: gas, wake, and
particulate. Following previous investigators, the assumption will be made
that the particulate phase is composed of 1iq9id and catalyst only, and
that bubble wakes contain liguid and solids. Crucial pérameters of %the
model are bubble rise velocity (UtB), relative solids holdup in wake (Xg).

and the wake volume behind the bubbles.
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Following Henriksen and Ostergaard {1974), it is azsumed that bubbles in
a three-phase fluidized bed behave gualitatively in the same manner as bubbles
in pure liquids. Th; included angle 6 of spherical cap bubbles depends on
_:_the viscosity of the f£luidized bed as shown in Figure 6. As the bed
expands, the apparent viscosity decreases, and this will result in a decrease
in the bubble-included angle. Because‘the wéke volume is that which completes
the sphere defined by the bubble cap (Grace, 1870), the volume of the bubble
wake increases with bed expansion. For a three-dimensional spherical cap
bubble, the ratio of wake volume to bubble vclume may be already computed,

and is also displayed in Figure 6.

For a bed with a non-zero ges volume fraction, the wake volume ratio K(=%y/Eq)

is incorporated following El-Temtamy and Epstein‘'s (1978) correlation:
K = Ko exp(-5.085;) (6)
where K, = €x/€q for a single bubble in a fluidized bed.

The particulate phase is described by the Richardson-2zaki correlation (Eqdation 1)

The parameters n and Uy are derived from separate liquid/solid experimental

runs.

The relative wake soli” s content, Xg, was calculated from an empirical corre-

lation developed by El-Temtamy and Epstein (1878):
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R = 1 - 0.877 0/1(Ug/Eg) — (U1/€)) (7)

In deriving the parameters UtB and Ky, the experimental phase holdups were

-—
Vo

matched with model predictions by standard non-linear optimization technigques.

RESULTS

Correlation of Wake Volume Ratio, Ko

As discussed previously, the wa&e volume increases as the bed viscosity

is reduced. It therefore follows that high bed expansions will result in

an increased wake volume. Because with coal éhar/ke:osene slurries bed
expansion is mainly a function éf liquid velocity, the calculated ratio

K, was correlated with liquid velocity. Figure 7 indicates that with kerosene
and zero fines, the wake volume shows little'change with liqu;d velocity.

In this case the gas flows in uniform, small bubbles, and wake effects become
unimPortant. When coal fines are added to the system, or when the viscosity
of the liquid increases, Figures 7 and B indicate that bubble wake volume
increases with liquid velocity. In this case bubble cbalescence is predom-
inant, the bubble size increases significantly, and wake effects are important.
The relative agreement of wake volumes for mineral oil and the coal char
slurry is consistent with the corresponding similar bed expansioné for these

two fluids. Other investigators (Darton and Harrison; 1975; Rigby and Capes,

1970) have noted an increase in wake volume with increasing liquid velocity.
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Correlation of Bubble Terminal Velocity, Uta

It has been reported by Kim, et al., in 1977 that liquid rate has little
—_effect on the relative rise velocity of bubbles in the moving liquid phase.
For a given fluid system, it has been found that gas velocity is the major
speratiﬁg variable in determining wubble size and velocity. However, from
the drift flux analysis shouws in Figures 3 and 4, it was found that the
transition from ideal bubbly to churn turbulent is delayed as the liquid
velocity increases. For this reason, the bubble terminal velocity was cor=-
related as Ug - Uy, as shown in Figures 9 and 10. Liquid kerosene alone
results in low bubble terminal velocities. This is consistent with the
drift flux analysis illustrated in Figure 3, which indicates that nitrogen/
kerosene fluidization of catalyst particles involves gas flow in the ideal
bubbly regime. On the other hand, Figure 9 indicatés that with ccal fines
the bubble terminal velocity increases very rapidly as Ugq - U; increases,
again consistent with the drift flux analysis. Prior gas radiotracer tests
{(Vasalos, et al., 1979) also noted higher bubble rise velocitiés when coal
char fines were added. A comparison of calculated bubble terminal velocities

with ecoal char/kerosene slurries and mineral oil is shown in Figure 10.

The calculated bubble terminal velocities for mineral oii are lower than for
the coal char/kerosene slurry. It is uncertain what causes this difference.
The presence of the coal fines may promote rapid draining of the liguid
film to adjacent bubbles, and thus accelerate coalescence of the gas.

Alternatively, the viscosity of the ecal char slurry may differ from that
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of the mineral oil. Measurement by a variety of techniques has provided

viscosities in the range of 0.004 to 0.008 Ns/m2,

Correlation of Solids Holdup, X

The appiication of Equation 7 along ﬁith the previously described corré;
lations for-K9 and UtB could be used to predict the holdup of all phases

in three—pha;e sgStems discussedAin this work. It was found, however, that
at certain high velocities the solution for €4, €3, and €, did not converge
to réalistic values. This failure resulted from the functional dependence
of xg on the slip velocity, which in turn depends on the gas and liguid
iicldups. It was therefore necessary to correlate the experimental values
o Xg with bubblé terminal velocity as shown in Figure 1l. No correlation
was necessary for liquid kerosene; ror all other cases it is seen that

the solids holdup ratio Xy is described by a correlation of the following

form:
Xp = a/(UtB + b) (8)
Within experimental error, the curves for all three systems are identical.

The structure of this equation was chosen to be consistent with that reported
bi cihers {Ei-Temtamy and Epstein, 1%74). AS the viscosity of the liguid

or slurry phase increases; Xy increases as the bubble terminal velocity
becomes higher. With liquid kerosene alone, Xy is negligible because the

terminal velecity of small bubbles is very low.
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of operating conditions was then tested. Fiéures 12 and 13 show a comparison

“ld-

Model Predictions

the ability of the Bhatia-Epstein model to predict holdups for a variety

of holdups predicted using these correlations and the experimental data.

In general the agreement is good, and it demonstrates that the application
of this model for predicting holdups of the phases gives realistic values.
Further work is planned in the futuré to establish the application of this

model for predicting the gas and catalyst holdup in the PDU H-Coal reactor.

CONCLUSIONS

A Bhatia-Epstein model has been applied to analyze data from a three-phase
gas/solid/liquid slurry reactor. The experiments were conducted using
kerosene/coal char slurries as a £luid to model the H-Coal reactor, and pure

mineral oil and kerosene for comparison.

Model parameters were obtained over 2 range of gas and ..igquid velocities. The
magnitnde of these parameters and their variation with operating conditions

are consistent with prior literature,
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NOMENCLATURE
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Constant in Xy correlation

Jonstant in Xy correlation

Particle diameter

Diameter of cylindrical vessel

Exponent in Richardson~Zaki correlaticn

Wake volume/bubble volume in a fluidized bed
Wake volume/bubble volume for a single tubble
Gas superficial velocity

Liquid superficial velocity

Catalyst terminal velocity

Bubble terminal velocity

prift flux

Ratio of solids holdup in bubble wake to

solids holdup in particulate phase

Fines volume fractioﬂ
Gas volume fraction
Wake volume fraction
Liquid volume fraction

In-luded angle of bubble

cn/sec
cm/sec

Cm

cm/sec
cm/sec
cm/sec
cm/sec

cm/sec

degrees
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Figure 1

Drift flux vs. gas hoidup
- Darton and Harrison {1975)

- Figure2

Correlation of liquid-solid data |

Figure 3 v
Drift flux-Effect of operating conditions

| Figure 4

Drift flux--Effect of liquid viscosity

Figureb ' ’
Bhatia-Epstein mode!

Figure b
- Variation of bubble included angle
with liquid viscosity

Figure? '
Wake volume--Effect of coal fines

Figure 8

Wake valume--Effect of liquid type




Figure 9 ,
Bubble terminal velocity--Effect of coal fines

Figure 10

Bubble terminal velocity-Effect of liquid type

Figure 11

Relative solids holdup--Effect of liquid type

Figure 12

Catalyst holdup-predicted vs. actual
kerosene and 17.8 vol % coal char

Figure 13

Gas holdup-predicted vs. actual
kerosene and 17.8 vol% coa' char

Figure 12

Catalyst holdup-predicted vs. actual kerosene
and 17.8 vol.% coal char

Figure 13

Gas holdup-predicted vs. actual kerosene
and 17.8 voi% coal char
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"Run Liquid Fines, vol%

a 211 Kerosene 17.8
09 o 212 Kerosene 0

A 423 Mineral oil 0 /
0.8
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Wake volume/bubble volume (singie bubble), K

17.8 vol% coal in kerosene {run 211) 300°K

] 1 1 1
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. kerosene with 0 fines
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Wake voiume [ Bubble volume (single bubble), Kg

0
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K il 4 z
4
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' Bubble terminal velocity Ug, ft/sec
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