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ABSTRACT

The objective of this investigation is to convert our "learning gas-solid-liquid"
fluidization model into a predictive design model. The IIT hydrodynamic model computes
the phase velocities and the volume fractions of gas, liquid and particulate phases. Model
verification involves a comparison of these computed velocities and volume fractions to
experimental values.

This report includes the paper submitted for presentation at the U.S. Department
of Energy 1995 Coal Liquefaction and Gas Conversion Contractors Review Meeting to be
held in Pittsburgh, August 29--31, 1995. This paper was sent to P. Z. ZHOU for
preprinting.

The simulations of Air Products methanol reactors described in this paper are
continuing . Granular temperatures and viscosities have been computed. Preliminary
measurements of granular temperatures using the Air Products catalysts were obtained
using our CCD camera.
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OBJECTIVE: The objective of this investigation is to convert our "learning gas-solid-liquid”
fluidization model intc a predictive design model. This model is capable of predicting local
gas, liquid and solids hold-ups and the basic flow regimes: the uniform bubbling, the
industrially practical churn-turbulent (bubble coalescence) and the slugging regimes.
Current reactor models incorrectly assume that the gas and the particle hold-ups (volume
fractions) are uniform in the reactor. They must be given in terms of empirical correlations
determined under conditions that radically differ from reactor operation. In the proposed
hydrodynamic approach these hold-ups are computed from separate phase momentum
balances. Furthermore, the kinetic theory approach computes the high slurry viscosities
from collisions of the catalyst particles. Thus particle rheology is not an input into the

model.

WORK DONE AND CONCLUSIONS:

The IIT hydrodynamic model computes the phase velocities and the volume fractions of

gas, liquid, and particulate phases. Model verification involves a comparison of these

computed velocities and volume fractions to experimental values.

e A combination of X-ray and gamma-ray densitometers was used to measure the solids
and the liquid volume fractions in a two dimensional bed in the bubble coalesced
regime. There is a reasonable agreement between preliminary theoretical computations
for an asvmmetric distributor and the experiments.

e A high resolution micro-imaging/measuring system apparatus was used to measure
instantaneous and time averaged particle velocities. The fluctuations of particle
velocities around their average were found to be approximately Maweilian. The
measured time averaged velocities compare reasomably well with the predicted
velocities for an asymmetric distributor used in this study.




A Brookfield viscometer was used to measure the "apparent” bed viscosity in two three-
phase fluidized beds. The viscosities were also calculated from measurements of
particle oscillations (granular temperature) using a high resolution micro-
imaging/measuring system. To obtain these viscosities a dense phase kinetic theory
formula derived in D. Gidaspow’s book ("Muitiphase Flow and Fluidization.
Continuum and Kinetic Theory Descriptions,” Academic Press, 1994) was used. There
is an excellent agreement between the macroscopically measured viscosities using a
Brookfield viscometer and those computed from particle fluctuations and collisions
using kinetic theory

This comparison of viscosities computed from particle colhsnons and measured
macroscopically and related viscosity measurements of gas-solid flow in a pipe, obtained
by 3 methods, to be reported at the Miami 1995 AIChE meeting validates the proposed
kinetic theory approach.

Our computer code was modified to include reactions. A numerical simulation of
synthesis of methanol in a G-L-S slurry reactor based on Air Products’ LaPorte’s Run
E-2-B (1987) was carried on our HP700 Work-Station. We have computed the
observed catalyst distribution and methanol production.

After a discussion with DOE and Air Products repr representatives in late January 1994,
we modified our computer code for computation with gas rather than liquid as a
continuous phase to simulate Air Products RUN E-8.1 (1991). The results of this
simulation presented in this paper show that the model predicts close to the
experimentally observed gas-hold-up and the methanol production.




INTRODUCTION

Gas-liquid-solid fluidization systems are used in a variety of applications such as resid
hydroprocessing, coal liquefaction or methanol production from syntheses gas in the
presence of catalyst, biological wastewater treatment and fermentation (Fan, 1989). Overall
three-phase fluidized bed behavior, bubble motion and breakage have been experimentally
studied by a number of researchers (Fan, 1989; Kim et al, 1985; Henrickson and
Ostergaard, 1974). Shabh, et al. (1982) have reviewed flow regimes: bubble flow, slug flow,
and churn-turbulent flow, depending on the column diameter and the superficial gas
velocity. However, recent reviews by Fan (1989), Tarmy and Coulaloglou (1992) show that
there exist no hydrodynamic models for three-phase fluidized beds in the literature.

In this paper a three fluid model is presented that predicts the gas, liquid and solid hold-ups
(volume fractions) and flow patterns in the bubbly and in the industrially important
churnturbulent (bubble coalesced) regimes. The input into the model can be either
particulate viscosities as measured with a Brookfield viscometer, or derived using the
mathematical techniques of kinetic theory of granular flows pioneered by Savage (1983),
Jenkins and Collaborators for particulate flows without an interstitial fluid. The kinetic
theory is described in three chapters in a book by Gidapow (1994).

HYDRODYNAMIC MODEL

The physical principles used are the laws of conservation of mass and momentum for the
gas, the liquid and the solid phases, as shown in Table 1. The constitutive equations for the
stress are shown in Table IL

COMPARISON OF COMPUTATIONS TO IIT EXPERIMENT

The hydrodynamic model was used to compute gas-liquid-solid flows in the dispersed and
in the free bubbling regions (Gidapow, et al. 1994). A two dimensional bed shown in Figure
1 was constructed at IIT to operate in the dispersed flow regime. Figure 2 shows bubble
coalsence in the bed and Figure 3 shows the computed time average volume fractions of 800
um glass beads. The computations were made for an asymmetric distributor depicted in
Figure 3. A combination of X-ray and gamma ray densitometers were used to obtain the
hold up.

A digital camera technique was developed to measure particle velocities. It involves a
measurement of a particle streak on a computer monitor for a millisecond time interval
(Baha.ty, 1994). Figure 6 shows a typical measuredvelocity distribution. A fit of the data
to a Maxwellian or normal probability distribution gives the mean and the fluctuating
velocity distributions. Figure 7 gives a comparison of these values to the computed
velocities.

PARTICULATE VISCOSITY FROM KINETIC THEORY

The variance obtained from data such as depicted in Figure 6 gives the granular
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temperature. Gidaspow (1994) reviews this theory. Table 3 shows a comparison of the
computed viscosity using the measured granular temperature and the theoretical formula
to the viscosity obtained from a Brookfield viscometer. The agreement is excellent.

REACTION MODEL

A reaction model for production of methanol using an approach similar to that described
in the Vikings System (1993) report was added to the hydrodynamic computer code. The
first computer run described in our first quarterly report involved a simulation of early Air
Products systems in which a liquid flowed continuously through the reactor like the IIT
experiment described in the previous section. Our computations agreed with Air Products
methanol production. We had also computed solids hold-up that agreed with data obtained
at Air Products using a nuclear gauge. Since the new Air Products design involves no liquid
recirculation but is like a batch system with only gases entering and leaving the reactor, we
" changed our hydrodynamic model to operate with gas as a continuous phase. We simulated
Run E8. of Air Products and Chemicals (1991).

Table 4 shows the reaction model. Figure 8 depicts the grid used. The obstacles shown
represent heat exchangers. At this stage we assumed isothermal operation. Typical flow
patterns are shown in Figure 9. Figure 10 gives the computed time average area averaged
liquid, gas and solids volume fractions. The gas solid-up is close to that reported by Air
Products (1991). Table 5 shows a good comparison of IIT’s simulation to Air Products data
for Run E8.1. Figure 11 shows the time and area averaged gas profiles along the reactor
height. : :
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Table 1 Conservation Equations

Continuity Equation for phase k (=g, 1, s)
0
E(Skpk)'*' V- (ekpkVk) = mg

Momentum Equations
(a) Gas Phase (Continuous Phase)

9]
'a—t(egpgvg) + V- (ggpgVgVg) = — VP +pgg + ZZBgm (Vi —vg) +V-[1g] + mgvg
m=/,s
(b) Liquid and Solid Phases k (=, s) (Dispersed Phases)
0 €
5 (BkPRVE) + V- (ekPkvkVvk ) = - VP +8—k(9k - 2 tmPm)g

g m=g,{,s

+ > Bkm (Vim — vk) + V- [tk ] + myvi
m=g,f,s,m=zk

Table 2 Drag Coefficients, Shear Stresses, Solid Pressure. k=1, s

For g5 <0.8, (based on Ergun equation)

(1-gg)exn Pg€k|Vg ~ Vk
ng-;Bkg=150———————g) K2 7528 ve vl
(egdiwi)” gdkVk

For g5 > 0.8, (based on empirical correlation)

= =—Cp—=2 !8 “-
ng Bkg 4 D d vy P

PSPrEE/ V) — V]
Sy 83_ 4 Sf(ds+d€)2
psds +Ps

3
Brs =Bse = Eafs(l‘*' e)
I4

Tg = egug{[va +(Vvg) ] —%V- vgl}

2
T = i [Vvi + (Vi) ] MKV vkl
VP, = G(gy ) Vek

Where

24 (1+0.15Rel-5%7) Rey, < 1000

CD = Rek
0.44 Rey, > 1000
PetglVe — Vi |di Wi
Rey = —== | e =0.9999 g = 0.5
Hg
G(gk) = 108‘7681‘—0’27 (dynes/cmz) Hg = 5.0g
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Table 3 Viscosity Measurements

NN

: 2
2ua: 4 4 0
png = -——rdil_ [l+—5-(1+e)goss] +-5-e§psds(1+e)80( = )

B (1+e)go
71
]%

5\[1? €
where: Hdil = ?Dsds\/a g0 = -( :

€5, max

0,(cm2/s2) u, (poise) u,(poise)
& 8 Velocity Velocity Brookfield
Measurement Measurement Viscometer
0.346 5.39 845 4.26 4.359
0.272 4.03 435 2.947 3.125
COMPUTER SIMULATION
OUTLET
o l_gx\ (-
200
180 }
+
s
2]
I
e 20kR
g -
——
width (cm)
Fig. 2 Photograph of Bubble Fig. 3 Computed Time Average
Coalescence in a G-L-S Volume Fraction Contours for
Fluidized Bed (Vg=3.37 cm/s, Seolid Phase.
V=2.03 cm/s)




‘WP Z=X (q) put WwIQ | [=X (¥) J¥ SUOIVA] JWN[OA
33uaaAay ], [viudwpadxy pus payndwo)) jo uospedwo) ¢ dandiy

wdQ'z=x (q)
uodvLy o:..._c> sun
eo..;--.-mm.e .....o.m.. sE0 T oo
1 'l Il 1 1 1 A 1 1 4 1 1 K e 2 4 e.c
! m
\ - 0'S
v/ [
- oo1 _
| 2
J [ %
. - 0°C1
.L. [
m 002
uondLAy AWNOA pros
o't 8ro 8.;.‘.!, 5z 00’0
. 1 1 'y 21 ' Fl 2 S 3 3 4 °.=
fi ;o
1 o L] - 0'C
' N~ [
“ -
} Foor
s I 5
2 S
Y - 0'¢1 ©
L}
002
NS eees
.nﬁ L X

wag'j=x (¥)

UOLIUL] IWNIOA SUE)

n_ﬂ.o

00'1 (13

dad nFO..

e o

00°0
00

oS

00t

By

0¢t

| DL S DL N NN SN BN BN En A S mn am mm ¢

002

HONILL| JWNOA PIIOS

vr eu.o aﬂ.e

£L°0

decdnoctowl

00°0

L
n

T
4

A

‘NS cecee
‘X3 e e

00

0

001

wsen

0°¢1

Tl rrrrrrerrTrr

SUONIPUOD) puv SUOISUAWI( YIIM PIZIPINg
IS YT, JO uonumug 10§ WASAS p ‘Sig

o..soEE%e,
— - w0C i
JO/00ukp LOTTLTT 0=d
®/® L'CwlA s/E Log=A
..Ol—. ‘oOl”.
s/ v Le's /3 yoimA
g o=’y L AL )

::3

/> 98° 2..;
s/u5 0='a

SUOTITRUOD
ELiE21 04

_
-

s /seulp Snn.:: Ond
[V BN mn_a
s/€> Ou'Am'p

$SUOTIFPUIOD JOTINO




0.05

1

Histogram
------- Maxwetiian Distribution

mean = 29.35 cm/sec

. 0.04r1 stdev =10.01 cm/sec

{ .

£

N 0.03F

- .

e o002t

S .

3

o

g

= o0}

¢ :
0.00 ﬂ
-10 0 H 30

Solids Speed, (cm/sec)

Fig. 6 Distribution of mean solid speed at x=4 cm and y=4.5 cm for
liquid-solid-gas system with V=4 cm/s and V=3.36 cm/s.

.
.
. >
c -

AXIAL VELOCITY (cm/s)
=

0 10 20 30
HORIZONTAL DISTANCE {cm)

Fig. 7 Comparison of experimental and computed results for
solid velocity profile at y=13 cm.

10




Table 4 Reaction and Species Balances

CO +2H, = CH30H
Overall rate expression:(Air Products 1992)

r :K.f}é .f% 1_._fM.E_(H’.I_
eq'CO H,
Mass transfer between gas and liquid:
4
R; = Keia(C,g -Cf)
Kpia=0.3>13 (1/s) (Ledakowicz 1984 and Viking 1993)
Henry's law and constants (Graaf 1988):
cgt=A
1 Hi
Hco =0.175exp(638 /RT)
Hco, = 0.402exp(-6947/RT)

Hyj, = 0.0782exp(4875/RT)
Hca;0H = 1.49exp(-17235/RT)

Species balance in gas phase:
0 aiespsMir
5 (EePe¥i) + V- (2gpgveyi) = -;—;—:Eé— — e/M;R;
Species balance in liquid phase:
o
-ét—(sipgxi )+ V-(gpppvyx;) = e MiR;
> yi=1 Y x=1
i= CO H; CH30H N; CO,
aj= -1 -2 1 0 o

Table 5 Comparison of IIT's Simulation and LaPorte’'s RUN E-8.1

CO €, shurry total CH30H net
Conv. gas holdup height catalyst (gmol/hr/kg) CH30H
(%) (inches) (kg) (TPD)
Simulation 14.24 26.9 215 740 16.93 9.62

RUNE-81 1350 295 200 567 20,50 10.03
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NOTATION:

a
Ci
c*

Greek letters:

[

€ ADPE O N

Subscripts:
g4s
i

'k

interfacial area per unit volume (cm2/cm3)
concentration of i in bulk liquid phase
concentration of i in g- interface

drag coefficient

diameter of solid particle or liquid droplet
restitution coefficient ’
fugacity of i

Henry's constant of i

reaction kinetic coefficient

‘reaction equilibrium constant

mass transfer coefficient of i in liquid phase

rate of generation of phase k

molecular weight of i
pressure

rate of reaction
rate of mass transfer

Reynolds number
temperature

velocity
weight fraction of i in liquid phase
weight fraction of 1 in gas phase

stoichimetric coefficient of 1
frictional coefficient

volume fraction

density

viscosity

granular temperature

shear stress

sphericity of particle or droplet

gas, liquid, solid respectively
species
solid or liquid phase




