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A COLD FLOW MODEL FOR THE H-COAL REACTOR 
PART II: DATA CORRELATIONS 

I. A. Vasalos, D. N. Rundell, E. M. Bild, and D. F. Tatterson 
Amoco Research Center 
Haperville, Illinois 

Experiments at ambient temperatures with extrudates of desulfurization 

catalyst f!uidized w~th mixtures of nltrc~en and coal char/kerosene slurries 

are used ho simulate the fluid dynamics of the H-Coal reactor at actual 

operating conditions. Data from these studies presented in Part I are used 

to establish the validity of a model giving the volume fraction occupied by 

the gas, the slurry, and the catalyst phase. The importance of bubble 

terminal velocity and solids holdup in the gas wake volume in explaining bed 

contraction is discussed. 
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In the H-Coal reactor, a fluidized bed is used to provide sufficient mixing 

-=~tween the slurried coal, hydrogen, and catalyst. A model to predict the 

holdups of the various phases in the reactor is necessary both for th~ design 

of equipment and for efficient operation. As discussed in Part I, experi- 

ments have been performed in a 15 cm ID cold flow pilot plant unit to measure 

catalyst bed expansions and phase holdups using model fluids. In some cases, 

small ~approximately 3~m) coal char purticles were slurried into a liquid 

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

The data thus obtainedprovide the basis for testing and/or modifyLng 

existing models describing three-phase fluidized systems. Although previous 

investigators have reported experiments for air/water systems, they have 

developed empirical or semi-theoretical models for correlating their data. 

Ostergaard's (1965) work resulted in a model describing the effect of 

operating conditions on bed expansion. His model, although useful for the 

systems studied, cannot predict bed contraction because of the asst~ptiuns 

made. Bhatia and Epstein {1974) extended the previous ~ )del to allow prediction 

of bed contraction by allowing the solids 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 Wa!lis (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. 
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CONCLUSIONS AND SIGNIFICANCE 

w 

The holdup of the slurry and catalyst phases can be predicted with the 

application of the Richardson a,d Zaki (1954) correlation. The parameters 

used in this correlation were derived as a function of liquid or slurry 

viscosity. 

Three-phase fluidizationdata were analyzed with two models. Through the use 

of a correlation developed by Darton and Harrison (1975), the existence of 

two bubble flow regimes was identlfied: ideal bubbly and churn turbulent. 

The effect of viscosity on this flow transition was described. Increased 

viscosity due to coal char addition or decreased temperature enhances bubble 

coalescence and the transition to churn turbulent flow. The Da=ton-Harrison 

[1975) modal is useful in identifying flow regimes, but cannot be used 

quantitatively for the range of operating conditions 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 fluids, coal Char 

concentrations, and temperatures. Model parameters include the gas bubble 

terminal velocity, and the solids concentration in ths wake followin 9 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 coal 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 shoran that as the bubble 

terminal velocity (bubble size) increases, the gas flow changes from the 

ideal bubbly to th8 churn turbulent flow regime, and bed contraction is 

possible with increased gas velocity. 

INTRODUCTION 

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

beds involving coal char/kerosene s~urries, nitrogen, and cylindrical catalyst 

particles (1.8 mm in diameter, 5.1 mm in length, It was shown ~nat 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/m2). Information 

presented in Part I is very useful in describing the volume fraction occupied 

by the gas, the slurry, and the catalyst phase. In Part II, models are 

~eveloped to describe the fluid dynamics of the system as a function of 

the gas and liquid superficial veloclt~es and the physical properties of 

the fluid and solid phase. 
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PREVIOUS WORK 

The criteria which should be fulfilled by a three-phase fluidized model have 

been spelled out previously by Darton and Harrison (1975). One of these 

criteria stresses the importance of understanding liquid/solid fluidization. 

Although there.are numerous correlations for predicting the bed height in 

liquid fluidized systems, a literature search has indicated that the most 

widely used method of correlating liquid/solid fluldlza%ion data is that of 

Richardson and Zaki (1954). The correlation relates the liquid volume 

fraction (~I} due to bed expansion to the ratio of the superficial liquid 

velocity (U I) to Zhe terminal velocity of a Single particle (ut): 

£i n = UI/U t (1) 

For spherical particles: 

n = f(Re t, d/D) (2) 

It should be noted that for values of Re t 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 fluidlzed bed increases the complexity of the 

system conslderably. 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 

liquid velocity An the rest of the bed, thus causing its contraction. 

Although several empirical correlations have been reported in the literature, 

semi-theoretical models correlating three-~nase fluidization data are of 

greater interest because they take into consideration details of the bed 

structure such as bubble rise velocity or bubble wake volume. 

Ostergaard (1965) has proposed a model based on the assumption that the bed 

consists of three phases: a liquid 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 f!uidized bed. Because of the latter assumption, 

the model cannot predict a bed contraction. 

Bhatia and Epstein (ig74) extended Ostergaard's model by assuming that the 

solids concentration in the wake phase can be varied by moans of an adjustable 

parameter, X k, between zero (X k = 0} and a solids content equal to that in 

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

rise velocity, UtB. 

Darton and Harrison (1975) b~: :d their analysis on the drift flux approach, 

which is used to describe gas/liquid flow ~egimes (Wallis, p 69, 1969). 

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

defined as follows: 

The drift flux is 

VcD UsZg{l - %) (3) 

where U s is the gas/liquid slip velocity defined below: 

U s = Usleg - UIIIE 1 + ~f) [4) 

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

VCD = Ug{l - Eg) - UiEg[1 - Eg)/(E 1 + El) (5) 

Darton and Harrison (!975) analyzed the fluidization data of Michelsen and 

Ostergaard (!970) as shown in Figure 1. A plot of VCDversus Eg revealed two 

flow regimes: the ideal bubbly or bubble disintegration regime, in which the 

bubble rise as a uniform, steady cloud with little interaction; and the churn 

turbulent or bubble coalescing regime, which is the transition between ideal 

bubbly flow and fully develope~ slug flow. The churn turbulent regime is 

dominated by bubble coalescence. Hencel the bubble size is larger than in 

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

is unsteady. 

MODEL Dbm/ELOP~NT 

Zn this section, the data presented in Part I are used to test the models 
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will also be presented. 

Liquid or Slurry Fluidization 
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Modifications to t hese  correlations 

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. FollowingEquation l, plotting c I versus 01 

on log-log paper or a plot of InE 1 on linear paper should result in a straight 

line with slope equal to the reciprocal of ~he Richardson-Zaki index n. 

This is illustrated in Figure 2, where the liquid 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 index n is insen- 

sitive to changes in this Reynolds number range. 

Three-Phase Fluidization 

Thethree-phase fluidization data were first analyzed using the drift flux 

approach by Darton and Harrison {1975). As indicated in Figure i, plotting 

the drift flux VcD versus the gas holdup Kg could identify two flow regimes: 

churn turbulent and ideal bubbly. This type of plot for the nitrogen/kerosene 

catalyst system with 0 vol% and 17.8 vol% fines is shown in Figure 3. Fo~ 

kerosene with 0 vol% fines, the data fall in the ideal bubbly flow regime. 

On the other hand, addition of coal 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 increased liquid flow rate on inhibiting 

the ideal bubblyto churn turbulent transition. @igure 4 confirms 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 4 indicate 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 

reason, 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 bo~h 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. Moredetails were reported b~ Bhatia and Epstein in 1974 and E1-Temtamy 

and Epstein in 1978. 

In developing this model, it will be assumed that fines are distributed 

uniformly throughout the liquid phase. The ebullated bedis then assumed 

to be composed of three portions, as shown in Figure 5: gas, wake, and 

particulate. Following previous investigators, the assumption wlil be made 

that the particulate phase is composedof liquid and catalyst only, and 

that bubble wakes contain liquid and solids. Crucial parameters of the 

model are bubble rise velocity (UtB), relative solids holdup in wake (Xk), 

and the wake volume behind the bubbles. 
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Following Henriksen and Ostergaard {1974), it is assumed that bubbles in 

a three-phase f!uidized be~ behave qualitatively in the same manner as bubbles 

in pure liquids. The included angle 8 of spherical cap bubbles depends on 

the viscosity of the fluidized bed as shown ~n Figure 6. As the bed 

expands, the apparent viscosity decreases, and this will result in a decrease 

in the bubble-included angle. Because the wake volume is that which completes 

the sphere defined by the bubble cap (Grace, 1970), the volume of the bubble 

wake increases with bed expansion. For a three-dlmenslonal spherical cap 

bubble, the ratio of wake volume to bubble volume may be already computed, 

and is also displayed in Figure 6. 

For a bed with a non-zero gas volume fraction, the wake volume ratio K(=£k/£g) 

is incorporated following Ei-Temtamy and Epstein's (1978) correlation: 

K = K o exp(-5.08¢ s) (6) 

where K O = Ek/Eg for a single bubble in a fluidized bed. 

The particulate phase is described by the Richardson-Zaki correlation (Equation I) 

The parameters n and U t are derived from separate liquid/solld experimental 

runs. 

The relative wake soli--~ content, Xk, was calculated from an empirical corre- 

lation developed by Ei-Temtamy and Epstein (1978): 
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X k = 1 - 0.877 Ot/~(Ugl¢g) - (UI/¢I]] (7) 

In deriving the parameters UtB and K o, the experimental phase holdups were 

~-matched with model predictions by standard non-linear optimization techniques. 

RESULTS 

Correlation of Wake Volume Ratio, E o 

As discussed previously, the wake 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 char/kerosene slurries bed 

expansion is mainly a function of liquid velocity, the calculated ratio 

K o was correlated with liquid velocity. Figure 7 indicates that with kerosene 

and zero fines, the wake volume shows little change with liquid velocity. 

Zn this case the gas flows in uniform, smali 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 8 indicate that bubble wake volume 

increases with liquid velocity. In this case bubble coalescence is predom- 

inant, the bubble size increases significantly, and wake effects are important. 

The relat-~ve agreement of wake volumes for mineral oil and the coal char 

slurry is consistent with the corresponding similar bed expansions for these 

two fluids. Other investigators (Darton and Harrison; 19757 Rigby and Capes, 

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

It has been reported by Kim, etal., in 1977 that liquid rate has little 

-- effect on the relative rise ~elocity of bubbles in the moving liquid phase. 

For a given fluid system, it has been found that gas velocity is the major 

mperatlng variable in determining bubble size and velocity. However, from 

the drift flux analysis sho.:~, 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 ~erminal velocity was cor- 

related as Ug - U l, as shown in Figures 9 and I0. 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 indicates that with coal fines 

the bubble terminal velocity increases very rapidly as Ug - U 1 increases, 

again consistent with the drift flux analysis. Prior gas radiotracer tests 

|Vasalos, etal., 1979) also noted higher bubble rise velocities when coal 

char fines were added. A comparison of calculated bubble terminal velocities 

with coal char/kerosene slurries and mineral oil is shown in Figure I0. 

The calculated bubble terminal velocities for mineral oil 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 liquid 

film to adjacent bubbles, and thus accelerate coalescence of the gas. 

Alternatively, the viscosity of the coal 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/m 2. 

Correlation of Solids Holdup, 

The application of Equation 7 along with the previously described corre- 

lations for-K o and UtB could be used to predict the holdup of all phases 

in three-phase systems discussed in this work. It was found, however, that 

at certain high velocities the solution for Eg, El, and £c did not converge 

to realistic values. This failure resulted from the functional dependence 

of X k on the slip velocity, which in turn depends on the gas and liquid 

Lcldups. It was therefore necessary to correlate the experimental values 

o~ X k with bubble terminal velocity as shown in Figure Ii. No correlation 

was necessary for liquid kerosene. For all other cases it is seen ~hat 

the solids holdup ratio X k is described by a correlation of the following 

form: 

X k .-- a/[,JtB + 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 

bgo~he=s (Ei,-Temtamy and Epstein, 1974). AS the viscosity of the liquid 

or slurry phase increases; X k increases as the bubble terminal velocity 

becomes higher. With liquid kerosenealone, X k is negligible because the 

terminal velocity of small bubbles is very low. 
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the ability of the Bhatia-Epstein model to predict holdups for a variety 

of operating conditions was then tested. Figures 12 and 13 show a comparison 

of holdups predicted using these correlations and the experimental data. 

In general the agreement is go¢~, and it demonstrates that the application 

of this model for predicting holdups of the phases gives realistic values. 

Further work is planned in the future 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 fluid to model the H-Coal reactor, and pure 

mineral oil and kerosene for comparison. 

Model parameters were obtained over a range of gas and .lquid velocities. The 

magnitude of these parameters and their variation with operating conditions 

are consistent with prior literature. 
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NOMENCLATURE 

a 

b 

d 

D 

n 

K 

Ko 

Ug 

U1 

Ut 

Ut B 

VCD 

Xk 

Constant in X k correlation 

Constant in X k correlation 

Particle diameter 

Diameter of cylindrical vessel 

E~ponent in Richardson-Zaki correlation 

Wake volume/bubble volume in a fluidized bed 

Wake volume/bubble volume for a single bubble 

Gas superficial velocity 

Liquid superficial velocity 

Catalyst terminal velocity 

Bubble terminal velocity 

Drift flux 

Ratio of solids holdup in bubble wake to 

solids holdup in particulate phase 

cm/sec 

cm/sec 

cm 

CTA/SeC 

c~ /sec  

CT~/SeC 

cm/sec 

C~Tt/sec 

e~ 

~g 

£k 

e 1 

e 

Fines volume fraction 

Gas volume fraction 

Wake volume fraction 

Liquid volume fraction 

Included angle of bubble 

w D  

w-- 

g _  

degrees 
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Figure 1 

Drift flux vs. gas holdup: 
Darton and Harrison (1975) 

- -  Figure 2 

Correlation of liquid-solid data 

Figure 3 

Drift f lux-Effect ofopera~,ing conditions 

Figure 4 

Drift f lux-Effect of liquid viscosity 

Figure 5 

Bhatia-Epstein model 

Figure 6 

Variation of bubble included angle 
with liquid viscosity 

Figure7 

Wake volume--Effect of coal fines 

Figure 8 

Wake volurne--Effect of liquid type 



Figure 9 

Bubble terminal velocity--Effect of coal fines 

Figure !0 

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. actuam 
kerosene and 17.8 vol% coa w char 

Figurs 12 

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

Figure 13 

Gas hc~ldup-predicted vs. actual kerosene 
and 17.8 voi% coal char 



(Data of Michelson 
. . . . . .  ' -  'and Ostergaard 1970) 14o l- ~ " ~,, ul dp | 

130 V 'Churn--,o,~°'.., / ° ~  (mm/sec ! (mm)I 
120 f-- regime # ~, C) 100 6 | 

! # "% [ ]  140 6 I 
j • , "  - \  • 66 3 J 

100 I-- :~ [] 110 3 | 
i i / \ v 16o 3 I 

sol-  / \ A 30 1 I 
\ fl- 42 1 

"~ ,ol- - /  .:=o.,,,o°,o,,°. ,x  ,~ ~ j  
.ol- • l )° <"°'"""i 

,or -  @ " , - , ~  _ . / " 
| /~/ . ~ Ideal bubbly regime ! 

30~- / ~ V=°=180 Eg / 

1C ~ ~  ! 
,, __ ~ . . . . . .  ! .... - , : ~ !  

0 - -  " "  0.1 - 0.2 0.3 

Eg ̧  



- - I  I II I 

Run Liquid Fines, vol % 

A 211 Kerosene 17.8 

o 212 Kerosene 0 

• 423 Mineral oil 0 

0.9 

0.8 

0.7 

0.6 

0.5 

,K 

t i 1 _ i t 
1.5 2.4 3.0 4.5 6.0 

UI, cm/sec 



,,,,, 
. O  

¢0 
,4,,,I 

, _  E 

< 

,d 

<z 

v.  

LO 

¢N 

m l  
q , , ,  

m 
Q 

¢N 
I [ "  

n., 

® 

I¢ 
_.¢ ~ • 

d ,d  

z.-.. 

J¢ 
(.3 

O 

' t " "  

c~ 

O ¢D O ¢,~ O O ¢D O O 
¢l '  N 

oesluJLu 'po A 'xnl# ~.].!.iQ 

O 



P_ - - - . - - - - - = ,  

w U ~:'~ ~--" ~'~I 

_~ ~ _  

0 0 

i l -  

(n 

E 
.-. q 
E ,~ 

~ m II = 
.~ ~ - = ~  

m 

• "~, 

< 

e- 
Q~ 

s . _  

E \° 
= 

tO 

I I I 

Q 

LD 

L~ 
u 

m c~ 

L~ 

c~ 

, O  

oas/uJuJ 'poA 



~° 

• ~ l  • i r . - - -  ~ • • 



m 

~ 1  \ 

~ ~'_.- i 

o 
i s  

@ 
Z 

, ! ! , I 

o 

o 'e~.eq.L 



0 

4 

.¢t 

== 

_= 

m 

8 -  
m 

6 -  

n ,  

mere 

m 

m 

2 = 

0 

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

...... ] , ! 1 ! 

R u n  2 1 2  
kerossne w i th  0 f ines 

i ___ 

0.05 

J 

O.lO 0.15 0.20 

Liquid velocity, ft/sec 

J 

0.25 



O 

(9 
mm] l  

(9 
l ima=  

mama  

O3 

E 
O 

{9 
.¢t 
_m 
=: 

CD 

o 

8 

m 

4 -  

3 = 

2 -  J , ~  (Run " ~ ' ~  ~Aineral °~12(33~2°K) 

8 -  

4 -  

3 -  

2 -  

1 
O 

! ...... .~. r , I 
.05 .10 .15 .20 

,! 
.25 

Kerosene + 17.8 vol% coal fines 
, , , -  

- Mineral oil 

,. Kerosene 

! ,t ! = i 

.05 .10 .15 
! 

.20 .25 

U I, f t /sec 



1.6 

1.4 

1.2 

O m 1.0 

"~ 0.8 

0.6 

o.4 

0.2 
0 

m 0.0 
~mm= 

"~ 't .4 

1.2 
m 

,,~ 1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

t 

w 

A ~  
m 

17.8 vo1% coal in Kerosene(run 211) 

U I, ft/sec 
A ~.08-0.09 

A 0.14 

s 

t 

S 

| 
.o.o5 

v ..... V J 
0.0 0.05 0.10 

U g-U.I, ft/sec 

. !  

0.15 

Kerosene wi th  zero fines (run 212) 
U I, ft/sec 

.e" 0 .10  
• 6.15 
~" 0.20 

. , = W  , , . ,  

==1 

t . i i ..... , ! 

-0.05 0.0 0.05 0.16 

Ug-U I, ft/sec 

I 

0.15 



"i.5 

1.4 

1.2 

U I, f t / sec  

# 0.08-0.09 
jz' 0 .140 
,o' 0.200 

- M i n e r a l  o i l  - 352°K 

1 0 - . (Run 423) 

~ 0.8 
~ 0.6 

0 m 

• ~ 1.6 

I _  

,ka 

l ima.  

,,Q 
J~ =z 

CO 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0 
- 0 . 1 0  

! _  I .... ! 1 I 
-0.05 0 0.05 0.10 0.15 

B 

f m ~  

- K e r o s e n e  + 17.8 v o i %  f i n e s  , , "  

= J 

~ . j f  

f /  . /  

- " . . . .  " - " - - -  - " - ' - " - - -  K e r o s e n e  

.... I ! I ! 
-0.05 0 0.05 0.10 0.15 

Ug-Ui, ft/sec 



m 

U i, ft/sec 17.8 vol% coal char in kerosene {run 211) 

, ,  . 0 8 0  . . ~  

4 - j=" .185 "~  1 " & I  . 

f ~  
3 - ~ I " ~ "  " • 

.~& 

' ~ . - - ' ~  , , , , , , , 
6 L  .2 .4 .6 .8 1.0 1.2 1,4 1.6 1.8 

15.5 vol% coal char in kerosene 

5 F A .~" J 

2r 
1 ~ 1  I | I | .! .... t ! . 
4 

3 

2 

t I ! ,  
.2 ° ..4 .6 

S Min( 

u~ ~Jsec 
.~r o.o8.o.lo 
J:~ 0.150 
,o" 0.2OO 

Vlineral oil 

l, I ! ,, .....J I 
.8 ! .0  ! ,2  ~.4 1.6 1.8 

Uts, f t ]sec 



ka 

m 

O 
J :  
4-J u~ 
>,  

m m m  

d.a 

0.4 

0.3 

0.2 

m 

i 

m 

0 . 1 -  

0.0 

0 . 4 -  

0 . 3 -  

0 . 2 -  

0 , 1 -  

0.0 

tt t t  t 

17.8 vo i% f ines in kerosene (run 211} 

. _ . _  Predicted 
'~ Observed 

U i = 2.8 cm/sec 

A 
a. , &  

7 
U I = 4.3 crnlsec 

& 

! , I ,r_.l__ 

Kerosene w i t h  zero t ines (run 212) 

- -  Predic ted 
• o Observed 

, e ~ . . ~  Ui = 3.0 

t ...... 

cm/sec 

U l = 4.5 cm/sec 

~ J  I ,£.-  ! 

1.5 3.0 4.5 6,0 

Gas velocity', cm/sec 

I 

7.5 



0,3 

U I - 4.3 cmtsec 

"0.2 - 

0 . 1 "  

0 . 0 -  

0 . 3 -  

0 . 2 -  

0 . 1 -  

G.0 

O) 

"O 
immm 

O "  
.¢: 
0~ 

C9 

17.8 ro t% f ines in kerosene (run 211) 

- - - - -  Pred ic ted  
z~ A Observed 

mmmmmlmml~m 

& 

tm  

A 

w ~1 . . . .  J 

Kerosene w i t h  0 f ines (run 212) 

Predicted 
• ~ Observed 

L 

Z~ Zl 

f 
U i = 2.8 cmfsec 

I 

U I = 3.0 c m l s e c  

Isec 

t . . . .  ! . . . .  I , ,  I 

1.5 3.0 4.5 6.0 

Gas velocity, cm/sec 

i 

7.5 



I I  

u) 0 
cg >~ 

: i  
g 
o 

I¢ I',,,, 
,,0 0 ,,,. 
, ~ 0 ~  =- .$:= o 

0 0  

= * '  ¢,~_ 

~ i - . ,  qP" 

Cg I~, " " 

_I " ° 

o 

e 

Reproduced by N T / S  
National Technical Information Service 
Springfield, VA 22161 

This report was printed specifically for your order 
from nearly 3 million titles available in our collection. 

For economy and efficiency, NTIS does not maintain stock of its 
vast collection of technical reports. Rather, most documents are 
custom reproduced for each order. Documents that are not in 
electronic format are reproduced from master archival copies 
and are the best possible reproductions available. 
Occasionally, older master materials may reproduce portions of 
documents that are not fully legible. If you have questions 
concerning this document or any order you have placed with 
NTIS, please call our Customer Service Department at (703) 
605-6050. 

About NTIS 

NTIS collects scientific, technical, engineering, and related 
business information -then organizes, maintains, and 
disseminates that information in a variety of formats - including 
electronic download, online access, CD-ROM, magnetic tape, 
diskette, multimedia, microfiche and paper. 

The NTIS collection of nearly 3 million titles includes reports 
describing research conducted or sponsored by federal 
agencies and their contractors; statistical and business 
information; U,S. military publications; multimedia training 
products; computer software and electronic databases 
developed by federal agencies; and technical reports prepared 
by research organizations worldwide, 

For more information about NTIS, visit our Web site at 
http://www.ntis.qov. 

Ensur ing P e r m a n e n t ,  E a s y  A c c e s s  to 
U.S.  G o v e r n m e n t  I n f o r m a t i o n  A s s e t s  



~TES O~ 

U.S. DEPARTMENT OF COMMERCE 
Technology Adminishation 

National Technical Information Service 
Springfield, VA 22161 (703) 605-6000 


