
J 

11 IIIII IIIII IIII IIII 

One Source. 

e 

One Search. One Solution. 

GAS/SLURRY FLOW IN COAL LIQUEFACTION 
PROCESSES (FLUID DYNAMICS IN 3-PHASE FLOW 
COLUMNS). QUARTERLY TECHNICAL PROGRESS 
REPORT, OCTOBER 1, 1979-31 DECEMBER 1979 

AIR PRODUCTS AND CHEMICALS, INC. 
ALLENTOWN, PA 

JAN 1980 

U.S. Department of Commerce 
National T e c h n i c a l  I n f o r m a t i o n  Serv i ce  



One Source.  One Search.  One Solut ion.  

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

National Technical Information Service is the nation's 

largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 

almost 3,000,000 informat ion products in a variety of 

formats: electronic download, online access, CD- 

ROM, magnetic tape, diskette, mult imedia, microf iche 

and paper. 

~t~ ~ , L  

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of the bibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



F E 1 4 8 0 1 3  
I IIlitllllIIllllllllllllllllllllllllllllllllllllll 

FE-14801~3 ~ 

Dist. C~tegory UC 90d 

GAS/SLURRY FLOW IN COAL LIQUEFACTION PROCESSES 

(Fluid Dynamics in 3-Phase Flow Columns) 

Quarterly Technical Progress Report 

for Period 1 October 1979-31 December 1979 

David H. S. Ying 
R. Sivasubramanian 

Edwin N. Givens 

Air Products and Chemicals, Inc. 

Allentown, PA 18105 

January 1980 

Prepared for the United States Department of Energy 

Under Contract No. DE-ACOI-79~I~Oi 



FE148013 
IIIIIIIIIIIIIIIIIIIII11111111111111111111111111111 



SUM RY 

This is the f i r s t  quarterly report under Contract Number DE-ACOl-79ET14801 

t i t led "Gas/Slurry Flow in Coal Liquefaction Processes". This work covers the 

period 1 October 1979 to 31 December 1979, the in i t ia l  three months of a two 

year program. This work is a continuation of studies init iated by Air Products 

and Chemicals, Inc. on the f luid dynamics of 3-phase flow to support the 

design of 6000 T/D dissolver in the SRC-I demonstration plant. Design studies 

on the 5RC-I 6000 T/D demonstration plant began in July, 1978. DOE support 

for 3-phase flow studies by Air Products began l July 1979 unde~ the Bridging 

Task program and terminated 30 September 1979 at the start of the current 

contract. :A background of information developed at Air Products is included 
in the text. 

Gas holdup in gas/l iquid and gas/ l iqu id /so l id  systems were investigated both 

in the presence and absence of l i qu id  flow. The variables studied were: 

par t ic le  size (20/30 mesh and less than 100 mesh), sol ids concentration (0, 5, 
I I  and 12.7 lbs / f t3 ) ,  l i qu id  ve loc i ty  (0 to 0.05 f t /sec)  and gas velocity 

(0.036 to 0.368 f t /sec) .  Gas holdup is found to be independent of l iqu id  
velocity which agrees with most inves~aators. At low superficial gas velocities 

~ ~  I ~ 
(up to O. lO ;'t/sac) the.presence of so.ids did not change the g~s holdup. 

However, at high gas velccities, only the presence of fine particles (less 

than 100 mesh) dec.-eased holdup. The most severe reduction in holdup (13.9%): 

occurred at the highes¢-Qas velocity (0.~68 ft/sec) and the highest solia 

concentration ( l l l b / f t 3 ) .  Almost all of the observed decrease in holdup due 

to the presence of solids is very small and thegas holdup data can be reasonably 
described by the correlat ion of Yoshida and Ak i ta . ( ] )  except at the high 
concentration (11 l b / f t  3) of f ine  part ic les (less thanelOOse'h). 

Liquid dispersion experiments were conducted in oaF/ l iquid and gas/ l iqu id/sol id  

systems. Al l  the three-phase experiments presented in th is  report were done 
with 20/30 mesh sand. The variables studied were: l i qu id  veloc~!ty (0.01 to 

0.05 f t / sec ) ,  gas veloci ty (0 to 0.327 f t /sec) and sol ids concentration (5 and 
- o 

20 lbs/f t3)~ Liquid axial di:spersion coeff ic ients were found to be indepen- 
dent of l i q u i d  velocity. Increasing gas velocity,  however, increased the 
l iqu id  dispersion coef f ic ient .  The presence of sol id par t ic les decreased the 



This report  was prepared as an account of  work sponsored by the UniteO States 

Government. Nei ther the United States nor the United States Department of  

Energy, nor any of t h e i r  employees, nor any of t h e i r  contractors,  subcontraL'tors, 

or t he i r  employees, makes any warranty, express or implied or assumes any 

legal l i a b i l i t y  or r e s p o n s i b i l i t y  for  the accuracy, completeness, or usefulness 

of any information, apparatus, product or process disclosed or represents t ha t  

i t s  use would not i n f r i nge  p r i va te ly  owned r i gh ts .  



l.O 

2.0 
3.0 

4.0 

5.0 

6.0 

7.0 

8.0 
9.0 

10.0 

l l .O 

TABLE OF CONTENTS 

Summary 

Objective 
Introduction 
Background 

3.1 Gas Li quid F] ow 

3.2 Gas-Liquid-Solid Flow 
3.3. Solids Accumulation 

3.4 Dat~ Needs for  Dissolver Design 
Technical Progress 

4.1 Task I. - Experimental Planning 

4.2 Task 2. - Two and Three'Phase Flow in Vertical Columns ~ 
Experimental Section 

5.1 Cold Flow Model Equipment 

5.1.1 5-Inch Diameter Column 

5.1.2 12-1nch Diameter Column 

5.2 Experimental Procedures 

5.2.1 Gas Holdup 

5.2.2 Liquid Dispersion 
Results and Discussion 

"T  " 

6. i Gas Holdup 
6.1.1 No Liquid Fiow 
6.1.2 Liquid Flow 

6.2 Liquid Dispersion 

Future Work 

References 
Tab 1 es 
Figures 

Appendix 

q 

1 
] 

.3 

3 

6 

8 

]3 

]'4 

]4 

15 

15- 

15- 

15~ 

16 

17 

-17 

18 

20 

20 

20 

22 

22 

25 

27 

3O 



axial dispersion coefficient. Most of the correlations available in the 

literature failed to predict axial dispersion coefficients as the correlations 

do:not account for the presence of solids. The results from this quarter 

indicate the need for a correlation that could account for the presence of 

solid particles. 
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1.0 OBJECTIVE 

The overall objective of this project is to study the solids accumulation 

andsuspension of various gts/liquid/solid systems in cold-flow tubular 

columns aimed at providing data for the coal dissolver design in the 

SRC-I demonstration plant. 

The specific objectives are: 

1. To check the adequacy of the existing experimental apparatus using 

a two-phase system (air/water mixture}. 

2. To study the effects of slurry and gas velocities, solid particle 

sizeand concentrations, and liquid viscosity and surface tension 

on the performance of a cold-flow tubular column. 

3. To develop an effective slurry withdrawal technique from the 

bottom of a tubular column~as a means to control the solid concentra- 

tion in the column. 

4. T~ study the performance of cold-flow tubular column w~th an 

improved dfstrlbutor and in the absence af a distributor. 

5. To ~xplore the use of multiple distributors in a tubular column. 

2.0 INTRODUCTION - 

A major element of the coal d issolut ion section of any l ique~a_~on " 

plant is the dissolver. Although ~ considerable amoOnt~6f'liquefaction 

will occur in the preheater, a major amount o~:ne~&ssary chemical 

change w~ll occur in the dissolver, qamslysulfur removal, oi l  and 

dist i l late formation and :so,~entlrehydrogenationv c-~- 

Vertical tubular reactors a'r~ employed in all of the major processes 

currently under consideration for commercial liquefaction of coal. In 

al I of these processes, SRC, EDS and H-Coal, slu.~-ry and gas are concurrently 

fed upward through these vessels. In the EDS and SRC processes, :the 

reactors are essent ia l ly,  empty vessels, whereas for  the H-Coal process 

a bed Of ebullating catalyst is maintained in the reactor..The major 

differences between the EDS, sRC-I and $RC-II processes in dissolver 



operation are the composition of the feed streams and reactants within 

the dissolver. Other hardware differences such as distributor plates, 

draft tubes or recycle loops can also cause differences in the behavior 

of slurries in these vessels. A requirement necessary to any design 

tha t - r i l l  be technically feasible and cost effective is an understanding 

of the physical behavior of three phase systems in tubular columns. 

A l l  of the major processes under development require understanding of 

backmixedthree phase systems. Each process employs at least a portion 

of i ts  dissolver volume in a backmixed mode. As the design of the 

6009 T/D SRC-I plant progresses, the increased vessel size (and other 

considerations) may dictate the use of reactors in series, which would 

decrease the overall backmixed characterist ic of the commercial plant. 

The sRc-I aemonstration plant dissolver wil l  represent a considerable 

scale-up over the Wilsonville and Ft. Lewis dissolvers. The relative 

sizes of the dissolvers for the two pi lot  plants mentioned above and 

the SRC-I demonstration plant are shown below for a residence time of 

0.56 hr - l ,  a gas feed rate of 20 Mscf per ton dried coal, and 38Z coal 

slurry. 

Size 
Plant Tons/Day 

Vo~tu~e Dissolver 
D t ue te r  

Height Superficial Velocit ies 
f t  ~ Gas 

Wilsonvil le 6 18.6 12 in 23 .012 9.074 
Ft. Lewis {I) 50 196.8 24 in 34 .917 0.10 
SRC-I Dared Plant 6000 10454. l l  f t  llO .06 0.36 

The volumes of the reactors are dramatically different as are their 

diameters. To intel l igent ly make good design decisions, more information 

is ne_eded~on_;t~=n~ow properties of three phase systems in large vessels. 

More important f~om the standpoint of slurry behavior is the difference 

in gas and liquid superficial velocities. A five-fold velocity difference 

exists between Wilsonville and the commercial SRC-I design. Thi_s - 

difference can have considerable impact on the process because-the gas :~ 

and liquid superficial velocities have.a strong" effect on (a) gas void 

volume, (b) actual solids concentratlon in the dissolver' and (c) the 
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relative degree of backmixing. As velocity through the dissolver 

increases, the tendency for solids to remain behind diminishes causing 

a decrease in the actual concentration of ash particles in the reactor. 
Those particles that do remain wil l  tend to be larger in size. Since 
considerable evidence points to a definite catalytic effect of the 

reactor solids, th~se larger particles will have decreased surface 

areas exposed and wil l  ~ likely have diminished catalytic activity. 

Knowing the particle:sizes that can accumulate under commercial flow 

conditions will give u~ some indication of size of dissolver solids 
that should be examined-for catalytic activity. : 

3.0 BACKGROUND 

3.1 Gas- Li quid Flow 

The behavior of the gas and liquid componentsin two-~hase:flow has 

been studied by numerous investigators (1-28).. With the f lu id  as the . .  

continuous phase, the gas flow patterq: Can be categorized as bubbly 

flow, slug flow, or churn-turbulent flow.~-The gas'flow pattern is 

determined primari ly by the competing rates of bubble coalescence and 
f 

breakup, which in turn depend on l iquid phase properties such as viscosity, 
surface tension and density. Bubble coalescence involves the processes 

of drawing bubbles together with concomitant rupture of the thin f i lm 

of l iquid separating the bubbles. Gas bubbles apparently coalesce by 

the capture of one •bubble in the wake=of another r is ing bubble; this 
has been extensivelystud~:ed by Crab~ree end Bridgwater (18). Calderbank 

et a1. (24), reported:that increasing liquid viscosity enhances the 

rate of bubble coalescence. Bubble breakup is due to disturbance at 

the interface. I~ the early fifties~ Taylor (17) performed a theoretical 

study on the instability of liquid surfaces. This mechanism was later 

proposed by c l i f f  and Grace (23) to explain bubble:breakup. 

One o~.the most important aspects of gas flowing through a tubular : 

~eac~or is i t s  availability at the reaction site. The transfer of the 

g~ to that site, be i t  a homogeneous liquid phase transition state or 

;~a heterogeneous surface activated state, is ultimately related to the- 
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interfacial area between the l iquid and gaseous phases. In a two phase 

gas-liquid system, the interracial area is related to the volume fraction 

actually occupied by gas. This volume fraction, which is typical ly 

referred to as gas holdup or void fraction, is a value which is extremely 

important to optimum reactor design. 

In a two-phase flow reactor, the gas residence time is governed by the 

gas holdup at the operating conditions and mass transfer is gover.~ed by 

gas contact at the interracial phase barrier. Numerous investigators 

(8, lO, I I ,  13, 14) have studied gas holdup with many different systems, 
covering a wide range of l iquid viscosity (0.58-152.0 cp), surface 

tension (22.3-76.0 dynes/cm), and density (0.79-1.70 gm/cc). Several 

correlations have been developed to predict the gas void fraction in 

two-phase flow systems. In general, the gas void fraction is expressed 

in terms of gas superficial velocity, liquid surface tension, viscosity, 

and density. A partial l i s t  of the existing correlation is given in 
Table ( l ) .  

Generally gas void fraction does not depend on l iqu id input rate. Ga~ 

holdup is usually higher for smaller colullln diameters because of the 

wall proximity effect. E l l is  and Jones (25) studied the column diameter 

effect on gas holdup and concluded that, for diameters greater than 

three inches, gas holdup is independent of column diameter. Direction- 
a l ly ,  work at Air Products agr-~_~s with thei r  result. 

Mass transfer in bubble columns has been extensively studied (1, 7, 9, 

12, 13, 16, 19, 21, Z2, 26}. The mass transfer resistance in the gas 
L 

phase is: negligible compared with that in the l tquid phase, sG that the 

overall mass transfer coeff icient is dominated by that of the l iquid 

phase. In general, the volumetric l iquid phase mass transfer coeff ic ient 

(kta) depends on gas input velocity,  column diameter, bubble diameter, 

and l iquid properties (d i f fus iv i t y ,  surface tension, viscosity, and 

density). Several correlations have been developed ~7, 12, 16, 19, 20, 

21, 22, 24). The dependence on l iquid velocity and gas .~rope~,o~p. 

(density and viscosity) has also been proposed (7, 19,::29) but is not 

unanimously accepted. Higher gas input rate increases mass transfer 
through i ts  enhancement of interracial  area and l iqu id turbulence. 

- - 4 - -  



Another significant aspect of gas-liquid flow is the dispersion (back- 
mixing) of the f luid phase. In studies at Air Products we found that 

in a gas-liquid flow column an extremely small amount of gas flow can 

trigger a "high degree of dispersion in tB~ liquid phase. Shah, Stiegel 
and Sha~ma ~,~) have made an extensive review of the backmixing in 

gas-liquid reactors. In general, backmixing i.n the liquid p h ~ = ~ e ~ i ~ -  
on column diameter, gas velocity, and the nature of tBegas distributor 
plate: Most investigators agree that the =_xial dispersion coefficient 
is independent of liquid flow rate and'iiquid phase properties (surface 
tension, viscosity, and density). Quite a number of correlations have 
been developed to predict the axial dispersion coefficient in gas-liquid 

flow reactors. A partial l i s t  of the correlations, for gas as the 

dispersion phase and liquid as the continuous phase, is given in Table (16). 

% 

At low gas velocities, the agreement among these published correlations 

is poor. gdr~example, from paper calculations for  a f ive- inch diameter 

column, we have estimated a six-fold difference in the predicted disper- 

sion coefficient at a 0.02 ft/sec superficial gas velocity. 

Axial_Ois~ersion Coefficients (ftZ/sec) from Published Correlations 

Reference 
Low Gas Velocity 

0.02 ft/sec) 
High Gas Velocity 
........ (.33 f t / s e c )  

28 .047 .190 
l ~ .088 .204 
2 .022 .053 
3 ~ .134 .219 

~4 .129 .229 
6 .091 .239 

These correlations give better agreement at high gas veloci t ies.  Due 

-3o inconsistency, these published correlations fa i l  to provide guidelines 

to predict the dispersion coeff ic ient ,  which is an essential value for  

reactor design. 

i 

To anyone i n i t i a t i n g  studies in th is  area,, experiments in two phase 

flow should be performed to make certain that  experimental techniques 

are adequate to' reproduce exist ing data. A i r  Products has performed 
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such studies and has developed standard tech: ;ques that do reproduce 

exist ing data. From these studies a keen understanding of the value of 

the several correlat ive models has been gained which w i l l  be applied in 
the proposed program. 

3.2 Gas-LicLuid-.Sol id Flow 

The addition of solid particles to a gas-liquid flow reac~.or greatly 

increases the complexity of the system. Not only the presence of solid 

i tsel f ,  but its particle size, its size distribution and its density 

can affect the behavior significantly. The rate of bubble coalescence 

increases in the presence of solid particles. Kato et al. (29, 30) 

visually observed larger coalesed bubbles in a gas-liquid-solid system. 

However, this enhancement in the rate of bubble coalescence decreases 

to an insignificant level in a turbulence regime at high gas input 

velocities. Studies of gas holdup in a three-phase flow reactor (Air 

Products work to be published) showed a reduction in gas void fraction 

in the presence of solid particles at low gas velocities. At high gas 

velc~ities, the dependence of gas holdup on solid particles disappears. 

These effects of solid particles on gas holdup are directly in line 

with the observation of the bubble coalescence rate in the presence of 

solid particles. 

A unique feature of the three-p~ase flow is the contraction of the 

f lu id ized bed (34, 35, 37, 39: 40, 41, 42) with the addition of gas to 

the system, as was f i r s t  reported by Turner (34, 35). Empirical expres- 

sions have been developed and an i te ra t ive  method has been employed to 

solve for the volume fract ion of the various phases (37, 39, 41). 

Effects of sol id part ic les on l iqu id  backmixing in three-phase flow 

systems have been studied by several investigators (31, 38). Data of 

Vail e t a l .  (31) indicate that the presence of sol id part ic les reduces 

l iqu id  backmixing. The effects of par t ic le  size, gas velocity,  and 

l iqu id  veloci ty are interrelated. An empirical correlat ion was developed 

by Kato e t a l .  (29, 30) l:o predict the dispersion coef f ic ient  of the 

l iqu id  in a slurry.  The correlat ion shows no dependence on part ic le 
size and l iqu id  veloci ty.  

-6- 



EZSL 

VSG D(l + 8 FrGO'85) 

EZS L = ....... 13Fr G - -  

= dispersion coefficient of liquid in a slurry (~tZ/sec) 

Comparison with an earlier correlation (Kato et al. (4}} for liquid 

dispersion in a gas-liquid system indicates that the liquid phase 

dispersion coefficient is higher in a slurry than in a clear f luid 

except when the Froude number is very small. This result is different 
from the findings of Vail et al. 

The dispersion of the solid phase in a gas-liquid-sol~d system has also 
been studied by Kato et al. (29). The results le~d to two empirical 
correlations depending on particle size. For small particles *.he 

dispersion coefficients for both the liquid and solid phases are identical. 

For large particles, the empirical condition includes the effect of 

particle diameter as shown in the following expression. • 

EZS = 
VsG D(I + 8 FrGO'S5) 

13FrG(1 + 0.009 RepFrG-0"8) 

Rep = dp Vp/~y L 
EZS = dispersion coef f ic ient  of sol id in a s lurry ( f t2/sec) 
dp = par t ic le  diameter ( f t }  

Vp = particle ten~inal veloci ty in stagnant f l u i d  ( f t /sec) 

~L = l iqu id  kinematic viscosity (f tZ/sec) 

The suspension of sol id par t ic les in a batch column depends on the gas 
input rate. Roy et al.  {36) and -Imafuku et al. {32) have studied the 
c r i t i ca l  gas veloci t ies fop a complete sol id suspension. Cr i t ical  gas 
veloci ty is defined as the minimum gas input rate to f u l l y  suspend the 

sol id  part ic les.  Imafuku et  al.  (32) has observed the dependence of 
the c r i t i ca l  gas veloci ty on the shape of the bottom in le t .  A conical 
bottom is recommended and the posit ion of the gas d is t r ibu tor  plate is 

also important to obtain complete sol id suspension. 

-7- 



Our experience in three phase flow behavior indicates a lack of pertinent 

data to define behavior in these systems. 

3.3 Solids Accumulation 

High sol ids accumulation has been experienced in the dissolvers at 

Ft. Lewis and Wi lsonvi l le,  HRI, when running an SRC study (44), observed 

sol ids buildup in t he i r  experimental reactor. The most quant i ta t ive 

data on sol ids accumulation are avai lable from Wi lsonvi l le .  For over 

two years t h e i r  reports have presented extensive data on rates of 

accumulation, quantities, particle sizes and chemical composition of 

accumulated m~torials. 

Data for  four  runs at  Wi lsonvi l le,  each on a d i f fe ren t  coal, are presented 

in Table (2) to show the levels of sol ids that  can accumulate. The 

highest level of accumulation was in Run 100 with Amax Belle Ayr coal 

from which 1300 pounds of reactor sol ids were discharged. This corresponds 

to a sol ids concentration of 72 l b / f t  3. On a volume basis these sol ids 

occupy about44~ of the tota l  dissolver space. I t  is  not known whether 

these sol ids are completely suspended at  th i s  concentration. Obviously, 

such information is c r i t i c a l  fo r  designing a commercial vessel that  has 

a diameter on the order of eleven feet ,  as in the case of the SRC-i 

demonstration plant.  

In addition to the data from Wilsonville on the composition of these 

solids, an extensive evaluation of reactor solids was carried out at 

Pennsylvania State University (45). That study led to an understanding 

of the mechanism of solids formation. The relative growth of particles 

was related to the calcium content in the feed coal. As calcium content 

increased, particle growth and t~ quantity of accuRulated solids also 

i nc~ased. 

Considerable data have or iginated from Wi lsonvi l le on the pa r t i c l e  size 

d i s t r i bu t ions  of these recovered sol ids that  accumulated when feeding 

plant  gr ind coal (:~-,~ through 200 mesh). The solids recovered from 

reactor show considerable growth as demonstrated by the mounts of  

material tha t  accumulate on 25 and 50 mesh screens. 

- 8 -  



The particle size distribution for the solids collected after Run 68, 

Table (2) was as follows: 

Mesh Size wt% 

25 5 

25-50 7 

• 50-100 5 

100-200 50 

200-325 24 

325 9 

Obviously the larger particles would not have'been in the feed coal. 

Many other examples in the Wilsonville reports shown even higher concen- 

trations of large particles in therreactor solids. 

Since mid-1976 considerable attention has been given t o  controlling the 

solids concentration in the reactor at Wilsonville. Addition of reactor 

solids at the start of individual runs has been regularly practiced to 

bring the dissolver up to a rapid line-out. More recently a solids 

withdrawal system was added to maintain a steady solids concentration 

within the reactor. With the capability to both add an~" withdraw 

solids, valuable data will undoubtedly be obtained when operating in 

this mode. This experience has and wil l  continue to provide excellent 

information for the commercial plant design. However, additional data 

at higher flows and with different geometries wi l l ,  be needed to use 

such a system effectively on a larger scale. 

Accumulation of solids at commercial design conditions wi l l  almost 

certainly occur. Exxon's results on 8 mesh feed coal showed the necessi ty  

of a solids removal system (46). At the recent DOE Project Review 

Meeting on Preheater Design held at Oak Ridge on 21 March 1979, C. Acken~an, 

P & M Mining Co., reported 1/16-1/8 inch rock accumulation in the 

Ft. Lewis dissolver after only 3-112 days operation with I/8" coRl 

feed. From date presented in Section 1.1 on the Ft. Lewis reactor 

design and dsta in Table 1.I from Run 68 at Wilsonville, the relative 
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superficial gas velocities are very similar, namely, 0. II and o.og ft/sec, 

respectively. At these conditions, solids that accumulate when using 

plant grind coal have particle sizes less than 100 mesh. Certainly 

much higher levels of accumulation would be expected with the larger 

coal feed size planned for the commercial plants. 

f 

The relevance of the above data at superficial gas Velocities of 0.3 ft/sec 

is apparent when the alternat~ optioncf running the 6000 T/D dissolver 

at 0.18 ft/sec (parallel dissolvers} is a distinct possibility. Knowing 

the behavior of solids in a column at these flow velocities is good 

engineering practice. 

Very l i t t l e  data on the retention of solids in dissolvers are available 

from other sources. Ft. Lewis data have been largely limited to the 

time that a considerable plug was discovered in their dissolver (48). 

A systematic study on the behavior of solids in their system h.~s not 

been performed. 

In the H-Coal process a considerable effort has apparently been applied 

to understanding the flow rates that allow retention of solid catalysts 

within their reactor. However, the catalyst particles used in the 

H-Coal process are larger than the ash particles anticipated to accumu- 

late in the $RC dissolver. The H-Coal process will l ikely use a 1/16" 

extrudate for their commercial design. 

Particle growth within the dissolver is apparently the cause of the 

large accumulation of solids having particle sizes greater thanthose 

present in the feed coal. The program at Pennsylvania State University 

has shown that the part ic les can be explained by a shell growth effect. 

In order to get an i n i t i a l  understanding of the problem of solid accumula- 

t ion ,  c r i t i ca l  gas veloc i t ies were determined at A i r  Products for 

d i f fe rent  par t ic le  sizes in three l iqu id media using a 5" diameter 

column. Cr i t ica l  gas ve loc i ty  is defined as the superf ic ia l  gas veloci ty 

beyondwhich the sol id par t ic les w i l l  be in complete suspension. 
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The results of the critical gas velocity study are summarized in Table (5). 
The particle size effect on solids suspension or cr i t ical  gas velocity 
is significant; the crit ical gasvelocity is substantially increased 
with increasing particle size. ~When the gas velocity dropped below the 
cri t ical value, sand particles were observed to settle to the bottom 
with the gas channeling through the settled bed. The amount of settled 
solids decreased with increasing gas velocity. As the crit ical gas 
velocity was reached the momentum transferred from the gas phase was 
large enough to suspend all the sand particles. 

Also shown in Table (5) was the sieve opening (microns) for each particle 
range. Assuming spherical particles having diameters equal to the 
sieve opening, the settling velocities of sand particles calculated 
based upon particle drag in an inf ini te water medium would be as shown 
in Table (4). I t  is reasonable to assume that the largest particle, 
namely the maximum sieve opening in each group, governs the critical 
gas velocity. I t  is then interesting to note that the crit ical gas 
velocity in each group (Table (5)) is approximately twice the settling 
velocity of the largest particle of the corresponding group (wi~h t~e 
exception of Group I I ) .  Extrapol~ing these results, the Group VI 
particles (20-30 mesh) are predicted to have a cri~cal gas velocity in 
the neighborhood of 0.7 ft/sec. In any event, the results of this 
cr i t ical gas velocity study strongly suggest the problem of settled 
solids when large Particles were used. 

The physical properties of:l iquid has a significant impact on the solid 
suspension as shown in Table (5). When the mixture of ethanol and : 
water was used, the crit ical gas velocities for Groups I I  and V were 
reduced by approximately 30 percent of those measured in pure water. 
On examining the physical properties of these two solutions (T~ble (3)), 
two possibie cBuses for this reduction are apparent, namely the surface 
tension and viscosity. The experiment with pure ethanol eliminates the 
possibil ity of surface tension effect however. The surface tension of 
the mixed solution was experimentally determined to be 37.43 dynes/cm 

~ c ~ w a s  more than a factor of two 1owe~ than that of pure water. I f  
liquid surface tension was responsibl~ for the observed reduction of 



the ~ritical gas velocity in the mixture, then pure ethanol, which has 

a - -face tension {22.75 dynes/crop lower than that of the mix1~ure, 

should show a similar reduction. Surprisingly, our results showed that 

the critical gas velocity for the 80-1ZO mesh solids in pure ethanol 

was indistinguishable from that observed in pure water, as shown in 

Table (5). Hence, liquid surface tension is not responsible for the 

reduction.~fect observed in the mixture, thereby leaving the liquid 

viscosity as the sole explanation. 

The solid settling velocity was 1owe_-~in the mixed solution than in 

pure w~+~er because the viscosity between these two solutions differed 

by a factor of three. Going through the exercise of particle drag 

calculation, the settling velocity of a 30 mesh (595 microns) particle 

in the mixed solution and the pure ethanol were found to be 0.13 ftJsec 

and 0.24 ft/sec, respectively. The insignificant difference between 

pure ethanol and pure water clearly explains the indistinquishable 

critical gas velocities measured in those two solutions. On the other 

hand, the two fold difference in the settlincj velocities of the 30 mesh 

particl~ in mixed solution and pure water explain the reduction in 

critical gas velocity that was observed. This also agreed with the 

findings on particle size effect which showed that critical gas velocity 

increased with increasin§ particle settling velocity. As a rough rule 

of thumb the ratio of the critical gas velocity to the particle settling 

velocity is about 2 in the absence of liquid flow. 

Table [6) presents the operating conditions for  the SRC-I p i l o t  and 

dejuonstration plants. Results presented in Table (5) c lear ly show that  

under-demonstration plant conditions, solids smaller than 30-45 mesh 

would not be expected to accumulate, while both Wilsonvil le and Ft. Le~s 

would accumulate solids. The actual distribution of mesh sizes is indeter- 

minate since larger particles displace smaller "ones and any size larger 

than 80-I00 mesh may accumulate at Wilsonville. That this is clearly so 

at Wilsonville has been reported. 
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3 . 4 -  Data Needs for Dissolver Design 

The design goal for  the commercial dissolvers is  to ensure that sol ids 

passing through these reactors remain in suspension in suf f ic ient  

quantity and d is t r ibu t ion  to give the necessary cata ly t ic  effect.  

These solids and ash part ic les can accumullate over:an extended operating 

period. The recent data from Ft. Lewis on rock accumulation in the 

-dissolver when feeding 1/8 inch coal is evidence of the problem that  

can occur commercially. From a design standpoint th is  result is quite 

alarming since Tarter and coworkers have shown that coal fed to the 

process unit  would immediately dissolve into l iqu id  leaving extremely 

small part ic le ash suspended in the reactor. 

o Determine the necessary superficia) gas'and slurry, velocities to 

suspend these particles at turndown velocities. 

o Determine the solids sizes necessary to give adequate solids 

accumulation wi th in the reactor at  commercial l inear l iqu id  and 
gas veloci t ies. 

0 Determine adequate slurry correlatl~ns to predict accumulations in 

the commercial reactors, especially for start-up mode and equilibrium 
operation after solids re, oval. 

o Determine dispersion (backmixino). as a function of fluid and gas 

velocities, solids concentration~den~ty and particle size. 

0 Determine in a large system the effect of surface tension on gas 

void fraction and solids suspension. 

o Determine factors that influence adequate solids removal. 

0 Determine the influence of distributor plates on f luid properties 

as a function of position relative to the plate. 
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o Determine the solids removal e f f ic iency with regards to plate 

design and location. 

o Examine the solids removal as a function cf ve loc i t y  through the 

draw-off l ine and i : t ~ f f e c t  on dissolver behavior. 

With the s ta r t  of Air  Products' "Phase 0" design of a 6000 T/D SRC-I 

demonstration plant,  the necessity for  larger scale cold- f low simulator 

studies were realized. I t  was decided that  a glass column twenty-f ive 
~ t  

feet  t a l l  with a 12-inch internal  diaBeter~would have the required 

material strength and would a f f o r d  maximum visual a cce.~s2 to the behavior 

of the f l u i d  within the column. This desig~al:so corresponos exactly 

to the SRC-I dissolver in use at Wilsonvi l le.  

4.0 TECHNICAL PROGRESS 

The overall objective of this project is to study solids accumulation, 

liquid dispersion, gas-liquid mass transfer, and gas holdup in gas-liquid 

and g~-liquid-solid systems in cold-flo~ tubular columns. Under this 

contract, work will be conducted in a 5-inch diameter by 5-foot tail 

Ple~iglas column and a 12-inch dimneter by 2S-foot tall glass column 

available at the contr~tor site. The configu~tlon and operational 

details of both colu~,~s are described in the report. 

This report  contains a large number of f igures and tables which give 

the experimental results for  t h i s  reporting period. In o~der to maintain 

c l a r i t y  and cont inui ty  of the tex t ,  these figures and tables are adde~l 

• to the end of the report. 

4[1 Task i .  -Experimental Planninq 

Seven tasks are planned fo r  th is  2-year DOE-APCI contr~- t .  The specif ic 

object ives and duration of each task are discussed in the Experimental 

Plan attached in the appendix. Specif ic experimental plans for  the 

ent i~e program are covered in the plan. 
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4.2 Task 2. - Two and.,Three Phase Flow In Vertical 

5.0 

5.1 

5.1.I 

• t "  : : "  

The objectives:6;f this task are: 

Columns 

= to study gas holdup and liquid dispersion in two and three phase 

systems : :  

o to study gas-liquid mass transfer 

o to study solid dispersion 

All of the experimental work during this quarter was related to this 

task. The experimental program proceeded at an expected rate for 

October ~nd November. During December, several experiments w~re repeated 

to ensure data reproducibility. In our progrem we had not anticipated 

the necessity nor the problems associated with sand recovery. Sand 

recovery is necessa,-y for the following reasons: determination of sand 

inventory in the column and the effort necessary to s i f t  sufficient 

quantities of specific sized ~ c t i o n s  for our experiments. These time 

losses could possibly be recovered by'operating both columns simultane- 

ously in some experiments for the next few months. 

EXPERIMENTAL SECTION 

Cold Flow Model Equipment 

Both a 5-inch diameter by 5-foot long Plexiglas column and.a ]Z-inch 

-diameter by 2S-foot long glass column were used~in the cold-flow simula- 

t ion study. These ~o  columns are described separately in the following 

s~ctions. 

5-Ioch Diameter Column 

schematic of the S-inch x S-foot column is shown in Figure (1). 

Both the column and the conically shaped bottominlet  (60 degree 

angle~i th. the horizontal) were fabricated from Plexiglas. The 

bottom was designed so that i t  would accept a distr ibutor plate. 
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5.1.2 

Five sampling taps (A-E) were located along the column. In typ~ca-~ 

operation, s lu r ry  exited through the topmost opening (E) and gas 

vented through the uppermost top central opening. 

Slurr ies were prepared by mixing sand and wa~r  in a 110 gallon feed 

tank equipped wi th a Chemineer agi ta tor  (lO inch prope l le r ) .  S lurry  

was pumped into the column with a Moyno progressing cavi ty pump. 

Gas was co-fed into the bottom through the common opening. Slurry 

ex i t ing  the column was stored separately in a second drum to avoid 

any complications due to par t i t i on ing  of sol ids of d i f f e ren t  pa r t i c l e  

sizes in the column. (Recycling into the feed vessel under c e r t a i n :  

conditions would resu l t  in a feed composition depleted in the larger  

pa r t i c l es . )  A lo cc syringe was also attached to the column at the 

bottom in order to i n j e c t  t racer  into the feea stream for  dispersion 

studies. 

12-Inch D iue ta r  Column 

A schematic of the 1Z-inch diameter c o l ~ n  is shown in Figure (2).  

The f low pi ths of s l u r r y  and gas were ident ical  in beth columns 

although larger s lu r ry  inventory and equipment were required for  the 

12-inch diameter column. The column was comprised of f ive sections 

of 5- foot  glass tubing interconnected with machined metal flanges. 
L . .  

The column~,-est~d on a one-inch th ick stainless steel plate which 

was supported on-scaffolding which completely surrounded the column. 

Guide bars at the top kept the column in t rue ver t ica l  alig,~aent by 

preventing the column from t i l t i n g .  The supporting structure had 

addit ional horizontal bars to serve as a ledder to service the - 

column, and-sample the co]umn through the ports in each interconnecting 

flange. 

The i n l e t  to the column was a conical ly  shaped glass cone having a 

60 ° angle with the hor izonta l .  The cone was suspended from the 

support plate and could be removed for  inser t ion of  a d i s t r i bu to r  

plate without having to dismantle the entire, column. A 400 cc tube 

was attached to the column at the bottom for  i n j ec t i ng  t racer  during 
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5.2 

5.2.1 

dispersion studies. The top of the column was enlarged to disengage 

the gas from the liqui~phase. The column was completely wrapped 

~with metal screen (half-inch openings) to protect personnel from 

flying glass in case of rupture. 

ExPerimentalProcedures . 

i 

The experimental procedures described below are essentially the same 

for both the 5" and 12" columns. The only~difference in operating 

procedures between the two columns will be the quantity of tracer 

injected into the columns for liquid dispersion experiments. Since all 

the experiments in this quarter wet& conducted in the 12" column, the 

procedures are described for the 12" column. The ranges of the variables 

were chosen to include the operating conditions for the SRC-I pilot and 
demonstration p lan ts .  := 

Gas Holdup _ 

Gas holdup was measured in the 12-inch diameter columnin both the 

absence and the presence of f luid flow. Effects Of solid particles 

on gas holdup were also investigated in both modes o~_=_f-luid motion. 

In the absence of liquid flow, the experiments were perfomedby 

completely f i l l i ng  the column with liquid and then passing air 

through the liquid at specified rates. Excess liquid exited the 

column at the top through a side opening. A waiting period o f  

5 minutes was allowed to ensure~that steady state was achieved. The 

bottom valve was then closed to shut off the gas input. The final 

liquid level was:measured, and the difference between the in i t ia l  

and the final levels represented the gas holdup at that particular 

gas flow rate. A total of 12 gas flow rates, ranging from 0.036 ft/sec 

to0.368 ft/sec, were studied. 
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5.2.2 

With f lu id  flow, the l iquid and gas passed into the column through a 

centrally located opening at the bottom. Excess l iquid exited the 

column through a side opening a~ the top. After steady state was 

reached, the l iquid level was measured. Then a common valve at the 

bottom was closed stopping both l iquid and gas flow simultaneously. 

The gas void fraction was measured as described above. 

Both 20-30 mesh (841-595 microns) and lO0 mesh minus (less than 

149 microns) sand particles were used to investigate the effect of 

solids on gas holdup. Either 98 lb (equivalent to a solid concentra- 

tion of 5 Ib / f t  3 or 8wi~) or 250 lb (equivalent to 12.7 Ib / f t  3 or 

18 w~) of each type of sand were i n i t i a l l y  placed into the column. 

The experiments proceeded as described above fo r  both the presence 

and absence of l iquid:flow. In the case of l iquid flow, some sand 

particles were carried throughout the column by the f lu id phase, and 

were collected to account for an average solid concentration during 

the run. 

Li qu.id Di spersi on 

T 

Liquid phase dispersion in water/air  and sat, d/water/air  systems was 

investigated in a 12-inch diameter column using a tracer detection 

me_thod. $od)ium chloride was used as the tracer and a conductivity 

probe moun,¢ed at the exit line of the column monitored the ion 

conductivity of the solution continuously. Liquid flow rates were 

measured periodically to ensure a steady-state flow. An ultrasonic 

doppler flow meter was also used to check for fluctuations in the 

l iquid flow rate. Gas flow rate was monitored using a flow meter 

which was pre-calibreted with a dry-test meter. 

In the typ iC1 experimental procedure l iquid and gas was passed 

through th~column at the desired rates. The signal from the conduc- 

t i v i t y  probe was monitored using a recorder. After establishing a 

steady base line on the recorder, a pulse of 400 cc concentrated 

NaCI ,sol ution i (0. 243 gm/cc) was injected into the column a t  the 

bottom. Typical injection time was between 2 and 5 seconds. The 
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conductivity of the exit ing solution was recorded as a function of 

time. The experiment was terminated when the recorder signal reached 

the preset base l ine. At this point, gas flow was stopped whereas 

water flow continued for 5-10 minutes to ensure the column had been 

purged of residual sal t  before start ing the next experiment. 

When sol id part icles were used, a s l igh t l y  di f ferent procedure was 

followed. To determine tfne effects of solids on l iquid dispersion, 

a constant concentration of solios should be maintained in the 

column while other parameters such as gas and l iquid flow rates are 

varied. For practical reasons, s lurry was not pumped into the 

column. In order to perform jus t  one slurry pumping experiment, 

more than one ton of sand would be required to prepare a s lurry feed 

that contained 20 l b / f t  3 of sand at a slurry' feed rate of 17.5 gpm 

t~.,~ highest rate used in these experiments). Handling that volume 

of sand is extremely d i f f i c u l t  and time consuming. Instead, a 

d i f ferent  procedurewas used to maintain the desired solids concentra- 

t ion in the column that eliminated the massive amount of material. 

required. The column was par t i a l l y  f i l l e d  with water f i r s t .  A 

predetermined amount of sand (20130 mesh) was added to the column. 

The~ the column was completely f i l l e d  with water at  a low flow rate. 

The 20130 mesh s~nd particles were large enough that no sand could 

ex i t  the column during th is slow f i l l i n g  process. Slightamo=nts of 

sand l e f t  the column during the time to achieve steady state and to 

complete the experiment however. The inventory of the sol id concentra- 

t ion in the column-during the experiment was maintained by monitoring 

the amount of sand that exited the column. 

Conductivity versus time plots obtained from these experiments were 

transfo.-med to dimensionless curves and tracer curves were prepared. 

The tracer curves were then fitted with theoretical curves predicted 

from an axial dispersion model. This axial dispersion model was 

based onthe analogy be~een mixing in the actual flow and a diffu- 

sional process. A completer model was developed to generate a f~mily 

of axial dispersion curves having different Peclet numbers. The 

dispersion coef f ic ient  in the liquid phase was calculated from the 

Peclet number of the best matching curve. 
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6.0 RESULTS AND OISCUSSION 

Prior to this contract, considerable work had been done at Air Products 

in a 5-inch diameter column to measure gas holdup and liquid axial 

dispersion coefficients. Experimental uncertainties were estimated 

during the course of that investigation. These uncertainties were used 

as guidelines in discussing the results presented in this report. 

Experimental precision for the 12" column wi l l  be estimated and presented 

in a subsequent report. 

6.1 Gas Holdup 

Part ic le size, solid concentration: sett led versus suspended solids and 

gas rate were found to af fect  gas void f ract ion.  Two d i f ferent  par t ic le  

sizes were used in these studies, namely 20-30 mesh and less than 

100 mesh. Under the experimental conditions studied, the smaller 

part ic les (less than 100 mesh) were in complete suspension whereas_ 

sett led solids were present in experiments involving the 20-30 mesh 

particles. 

Solid concentrations represent average v~lues for  the column. With a 

completely suspended system the solids concentration along the column 

varies in a gradual manner. When settled solids are present, the 

specif ic solids concentration at the bottom of the column can be quite 
high while at the top the specif ic concentration in some cases can 
approach zero. 

Realizing these characterist ics of the experimental system, data re lat ing 

the ef fect  of sol id part ic les on gas holdup were obtained. Measurements 

were made both in the absence and presence of l iqu id  flow. 

6.1.1 No Liquid Flow 

The effect of sol id part ic les on gas holdup in the absence of f l u id  

flow is shown in Figure (3). Part icle size and sol id concentration 

were the two variables used in this study, at several d i f ferent  gas 
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rates. These data with solids are compared in Figure (3) with 
results from the two-phase flow studies conducted earlier. At low 
superficial gas velocities (up to O.lO ft/sec) thepresence of 

solids did not change the gas holdup appreclably. However, at high 
gas velocities the presence of solids decreased gas holdup. 

Gas holdupwas also affected by solids concentration under certain 
conditions. In the presence of small particles, namely the minus 

lO0 mesh sand, gas holdup decreased, compared to the 2-phase system, 
as gas velocity and solids concentration increased. A 13.9~ reduction 
was measured for a solids concentration of I I  I b / f t  3 at a superficial 

gas velocity of 0.368 ft/sec. 

The larger particle size solids decreased gas holdup o n ! ~ t  the 
highest gas velocity at high solids concentration (12.7 Ib/ft3). 

The magnitude was less than for the smaller size material. At the 

lower concentration no change was observed. 

The gas holdup was influenced by particle suspension in this flow 
regime. The 20-30 mesh sand in this work was largely settled at the 
bottom of the 12-inch diameter column. They showed less reduction 
in gas holdup than the lO0 mesh minus suspended particles. I t  was 

possible that the suspendedparticle enhanced the coalescence of gas 
bubbles more effectively than the settled solids, thereby resulting 

in a larger reduction in gas holdup. Therefore, the effect of 

increasing solid concentration could be related to an increase in 
bubble coalescence, in any event, with the exception of the fine 

particles at high concentrat$on the presence of solids did not have 

a significant effect on gas holdup. As shown in Figure (3) the 

results (with and without solids} are reasonably described by the 

correlation of Yoshida and Akita (26} presented in Table I. 

Since large accumulation of f ine particles is not l i ke ly  to occur 

under the high flow rates in the actual l iquefaction process, the 

correlation of Yoshida and Ak i~  should have signi f icant accuracy 
for es~¢mating gas holdup. 
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6.1.2 Liquid Flow 

Liquid velocity had no effect on g~s holdup in gas-liquid two-phase 

flow as demonstrated in Table (7). One order of magnitude variation 

in l iqu id velocit ies showed no change in gas holdup at each of the 

four gas flow rates which were also varied over one order of magnitude. 
Also included in Table (7) are the value~ obtained in the absence 

of f lu id  flow; these values again showed no difference from those 
measured at di f ferent l iquid veloci t ies.  

The effect of f lu id flow on gas holdup are also investigated for the 
three-phase flow system at different particle sizes and solid concentra- 

tions. The gas holdup results for the small particle sapd/water/nitrogen 
system at two solids concentrations, namely 5 Ib / f t  3 (8 wt%) and 

II  I b / f t  3 (16 wt~r), are summarized in Tables (8) and (9), respectively. 
Within experimental accuracy, l iquid velocity had no effect on gas 

holdup in the presence of fine particles. A slight effect of f luid 

flow in the presence of larger particle settled solid.was observed 

as shown in Tables (lO) and ( l l ) .  At low gas velocities, l i t t l e  

change was observed over an order of magnitude variation in liquid 

velocity. A small consistent decrease in gas holdup with increasing 

liquid velocity was measured at high gas velocities for both 5 Ib / f t  3 

and 12.7 Ib / f t  3 of 20-30 mesh sand particles. Thecause of this 

reduction in gas holdup may be the combination of fluidization of 
the settled solid bed ~nd the high gas turbulanc~ which facil i tated 
gas channeling through the solid bed. Several more gas holdup 
measurements at substantially higher gas and liquid velocities are 

needed to confirm this reduction in gas holdup. Neverthbi:~sS~ 

liquid velocity had no effect on gas holdup either ~ t h e  abse'nc~of 
solid, in the presence of fine particles at all flow conditions, or 
in the presence of settled solid at low gas Velocity regime. 

6.2 Liquid Dispersion 

Liquid dispersion experiments were performed in the 12-inch diameter 

column for gas/~iquid and sol id/gas/ l iquid systems. Table (12) l ist.s 
the ranges of variables studied during this reporting period. 
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The f i ts of all the experimental tracer curves with the theoretical 

curves from axial dispersion model are displayed in Figures (5) to 

(34). In these curves, the circles represent the experimental tracer 

curve while the solid line represents the theoretical curve predicted 

by the axial dispersion model. The matching of experimental and theoret- 

ical curves was found to be sensitive to column height. Since the 
D dispersion number (u--C" a dimensionless quantity) is inversely propor- 

tional to the height of the column, determination of the dispersion 

number by the best f i t  technique became more dif f icult  with increasing 

column height. The curve matching technique was extremely sensitive to 

any tailing in the curve. Since some f i ts  were less perfect than 

others due to tail ing problems, a consistent method of selecting the 

dispersion nb~bers was developed. Dispersion numbers were always 

determined by f i t t ing the peak time (peak position} of the tracer curve 

with the dispersion model because peak time was not affected by tail ing 

in the experimental curve. Tailing only changed the height of the 

curve. As long as the mean residence time could be measured accurately, 

peak position was the best way to match dispersion numbers. 

Fluctuations in liquid flow could cause errors in the determination of 

mean residence time i f  averages of several discrete measurements were 
used. Liquid flow measurements were modified during this quarter to 

improve accuracy. In addition, mean residence times, whichwere calculated 

using the experimental tracer curve, were compared with the values 

calculated using average flow rates. Whenever a large (greater than I0%} 

discrepancy existed between the two numbers, the residence time calculated 

using the experimental tracer curve was used to generate the tracer curves. 

This p~ocedure also resulted in improvement of data anB1ysis. 

L 

Table (13} l ists the axial liquid dispersion coefficients and the operating 

conditions for all the experiments conducted in this quarter. The 

axial dispersion coefficients were not reported for those experiments 

in the absence of gas flow. The tracer curves in the absence of gas 

flow (Figures 14, 25 and 30} approached Plug flow regime. The curves 

rose steeply; the peak times were very close to a dimehsionless time of 

unity. However, tail ing problems existed in the experimental tracer 

curves and could not be handled by the axial dispersion model. 
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The effect of liquia velocity on axial liquid dispersion coefficient is 

~hown in Table (14) for the three solid concentrations (0, 5 and 20 Ib/ft3). 

The data were taken at a constant gas velocity of 0.327 ft/sec while 

the liquid velocity ranged from 0.009 to 0.059 ft/sec. Table (14) 

clearly shows that in the absence of solids, liquid velocity had no 

effect on axial liquid dispersion cc~fficient. Similar results wer~ 

observed at the other gas velocities (0.05 and~O.194 ft/sec) for experi- 

ments with no solids. At low concentration of solids (5 Ib/ft3), the 

axial dispersion coefficient was independent of liquid velocity. 

However, at the high concentration of solids, liquid velocity seemed to 

alter the dispersion coefficient. Also, at-this high solid concentra- 

tion, large discrepancies existed between predicted and theoretical 

curves. The particle size of the solids used in these experiments was 

large (20/30 mesh). These particles were not in complete suspension 

since a portion of the solids remained settled at the bottom of the 

column. The settled solids at high concentration could possibly be the 

cause for the observed discrepancies. Results from runs using smaller 

particle sizes are necessary to arrive at reasonable conclusions about 

the effect of liquid v~Iocity on axial dispersion coefficient at high 

solid concentrations. 

The effect of gas velocity on l iquid phase dispersion is shown in 

Table (15) and Figure (4) at various solid concentrations. Gas velocity 

had a definite influence on axial l iquid dispersion coefficient. 
Dispersion coeff icient increased with increasing gas velocity as shown 

in Table (15). However, the rate=of increase seemed to depend on the 

solid concentration as shown in Figure (4). The rate of increase 

decreased with increasing solid concentration. These results will be 

discussed in detail in the next quarterly report af~cer results from 

runs using smaller particle sizes become available. 

Most correlations available :in the literature assumed that liquid flow 

rate had noinfluence on liquid dispersion coefficient which was correlated 

as functions of gas flow rate and column diameter. A partial l i s t  of 

the correlations is shown in Table (16). The comparison of the liquid 

phase dispersion coefficients obtained from the 5-inch diameter column 

at three different gas velocities with the predicated values f~om these 
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correlations are shown in" T~le 17. This work was done prior to the 

ini t iat ion of the current contract. At high gas velocity, with the 
"exception of the value predicted from CovaZs correlation (2}, the 
correlation showed reasonable agreement with our experimental value. 
The dispersion Coefficient measured at a superficial gas velocity of 
0.09 ft/sec agreed excellently with Tower and Ackerman's correlation 

(9) as shown in Table (17}. However, this value was 30% lower than the 
other predicted values. At low gas velocities, the agreement among the 
published correlations is poor. The prediction from these six correla- 
tions at a gas velocity of 0.02 ft/sec (Table (17)} shows wide variation. 

In general, our experimentally determined_dispersion coefficients are 
less than the predicted values. 

Comparisons of the experimental liquid dispersion coefficients, obtained 
from the 12-inch diameter coluan at various gas velocities and solid 

concentrations, with the predicted values from the correlations are 

shown in Table (18). One should note that none of these correlations 
were developed to account for the presence of solids. Baird and Rice's 
correlation was quite gocdat low velocities but failed to predict at 

high gas velocities. These results indicated that a better correlation 

was needed to account for the effect of solid particles on dispersion 
coefficient. Also, an investigation of whether the presence of settled 
solids affects liquid dispersion coefficient differently than suspended 

solids should be conducted. Results from experiments using smaller 

particles might be able to answer some of these questions. 

7.0 FUTURE WORK .:.-. 

In the next quarter, liquid dispersion experiments wi l l  be completed 

for particle sizes smaller than 20/30 mesh. Modifications to the 12" 

column wi l l  be made to enable us to withdraw samples at various hei~rhts 
of the column. Solid dispersion experiments wil l  be initiated in the 

5" column to guide us in designing meaningful experiments in the 12" 
col umn. 
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In subseq.ent quarters, experiments w i l l  be conducted to study the 
effect of distributors. Planning wi l l  be done to safely in i t iate 
experiments with organic liquids to study the effect of physical proper- 

ties of the l iquid on holdup, liquid dispersion and solids accumulation. 
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TABLE (1) 

Correlations for Predicting Gas. Holdup 

Where 

t 

G. A. Hughmark (16) 

VsG 
g = I t2 -  s 

[ /62.4% /'72% ]1/3 

Akita and Yoshida (26) 

( l  - ~g)~" = C1 "N "~I/8 "~ ,I/12 (NFr) t Bo s t-Gal 

Nikita end Kikukawa~(3) 

= 0.47 (72/0~)2/3 (i/i,<.)0.05 ~g 0.505 VsG . 

~ g =  

VsG = 

U s = 

eL= 
D'= 

gas void fraction 

gas superficial velocity (f~Y;~ec) 

slip velocity (ft/sec) 

liquid density (Ib/ft 3) 

liquid surface tension Cdynes/cm) 

_NBo. = gD 2 PL/C ~ (Bondnumber) 

NGa :-gD3/~-L 2 (Galileo number} 

NFr - VsG/4/~gD (¢roude number) - 

C 1 = 

D =  

g =  

0.20 for nonpolar solutions, 0.2S for polar solutions 

diameter of column (f-t) 

liquid kinematic viscosity (ft2/sec) 

g~avitational acceleration (32.2 ft/sec 2) 

..~w~= l iquid viscosity (cp) 
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TABLE (2) 

W|]sonv|l]e So]|ds Accumulation 

Coal 

,I I 

Run 
Length 
(Oays) 

LHSV 
in Superficial Ve]ocities 

D|ssg]ver (f t /sec) 
(hr " ) . ,  Slurry Gas. 

Solids in 8eactor 
,~lb/fto) ' 

J 

% Ash in 
Solids 

Kentucky 9 & 14 

Monterw 

Indiana V 

Amax Bell Ayr 

i% 

68 

9 5 ' "  

129 

100 ' 

1.7 

1.7 

0.9 

1.1 

0.011.,.: .09 33 

O,Oll,, .05 22 

o.oo6. .o3 s3 

0.007 .06 72 

83 

70 

61 

71 

I 
~4 



TABLE (3) 

Physical Properties of Various Liquids Used In 
The Critical GasVelocity Experiments 

Physical Properties 

Liquid Surface Tension Viscosity Densit~ 
Identity (dynes/cm) s(cp.) (gm/cm ~) 

Water 72.8 l.O l.O00 

30 w~ ethanol- 37.43 3.2 0.9556 
70 wi~water 

Ethanol 22.75 1.2 0.7893 
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Mesh Number 

80 

60 

45 

30 

20 

TABLE (¢) 

Particle Settiinq Velocity/ in Infinite Water Medium 

Diameter, ~(m Settling Velocity 7 Ft/Sec 

177 O. 0567 

250 O. 0971 

354 O. 1535 

595 O. 2592 

841 " O. 3707 
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TABLE (5) 

Effects of Particle Size and Liquid Properties 
On C~itical Gas Velocities 

Critical Gas Velocities (ftJsec) at 
Particle Size Various Liquid Phases 

Group 
Number Mesh .~Zm Water Ethanol-Water* E1~h~nol 

I 140 minus less than 105 0 . 0 1 3  . . . . . .  

i i  80-120 177-125 0.137-0.165 O. lO-O.!! 0.!37-0.165 

I l l  60- 80 250-177 0 . 1 9 3 - 0 . 2 1 7  . . . . . .  

IV 45- 60 345-250 0 . 2 9 8 - 0 . 3 6 2  . . . . . .  

V 30- 45 595-354 0.482-0.503 0.344 - - -  

Vl 20- 30 8¢I-595 No ful l  . . . . . .  
suspension 
detected up 
to 0.57 f t / sec  
gas velocity. 

*30 wi~ ethanol - 70 wi~water mixture 
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TABLE (6) 

Operating Conditions of SRC-I Pilot andDemonstration Plants" 

Liquid Velocity (ft/sec) 

Gas Velocity (ft/sec) 

Liquid Viscosity (cp) 

Wi ] s onvi 1 t e Ft.  Lewis Demonstrati o n 

O. 006 O. O] 2 O. 05 

O. 040 O. 080 O. 35 

1.0 1.0 1.0 
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Effect of Fluid 

TABLE (7) 

Flow on Gas Holdup in the Absence of Sol ids 

Superficial 
Gas Velocity 

, ( f t /sec)  

0.036 

Superficial 
Fluid Velocity 

~ f t / sec)  

ZERO 

0.0059 

0.0239 

0.0356 

0.0575 

Gas Void 
Fraction 

O. O26 

O. 027 

O. 027 

O. 029 

O. 028 

0.084 

ZERO 

0.0059 

0.0230 

0.0358 

0.0575 

0.071 (a) 

0L075 

0.074 

0.072 

0.072 

0.194 

ZERO 

0.0052 

0.0251 

0.0386 

0.0554 

O. 132 

0.134 

O.131 

O. 129 

O. 127 

0.368 

ZERO 

0.0080 

0.0219 

0.0380 

0.0542 

O. 173 

O. 176 

O. 170 

0.171 

0.158 

(a)inte~ol zted value 
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TABLE (8) 

Effect of Fluid Flow on Gas Holdu P in the Presence of 5,1b/ft 3 
(8w t%) I00 Mesh Minus Sand " 

Superficial Superficial Gas Void 
Gas Velocity ~ Flui~Velocity Fraction 

~ft/@ec) (ft/sec) (~g) 

ZERO 0.025 

0.0062 0.024 " 

0.036 0.0212 0.025 

0.0369 0.026 

• 0.0548 0.026 

O. 084 

ZERO 0.070 (a) 

0.0039 0.070 

0.0276 0.069 

0.0444 0.068 

O.0729 0.067 

0.194 

ZERO 0.128 

_~00~0051 0.122 

0.0291 0.122 

0.0444 0.122 

0.0861 0.120 

0.368 

(a ) in te rpo ]a ted  value 

ZERO O. 165 

O. 0] 08 O. 162 

O. 0373 O. 164 

O. 0536 O. ] 62 

O. 0713 O. 162 
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TABLE (9) 

Effect of Fluid Flow on Gas Holdup in the Presence 
(16 w~)  100 Mesh Minus Sand 

of 11 l b / f t  3 

Superficial 
Gas Velocity 

( f t /sec)  

0.036 

Superficial 
Fluid Velocity 

(ft/sec) 

ZERO 

0.0033 

0.0192 

0.0326 

0.0515 

ZERO 

Gas Void 
Fraction 

0.027 

0.023 

0.023 

0.025 

0.025 

0.0'08 (a) 

0.084 

0.0045 

0.0197 

0.0340 

0.0509 

O. 059 

O. 060 

O. 062 

0.064 

O. 194 

ZERO 

O. 004.0 

0.0195 

0.0341 

0.0519 

0.116 

O. 105 

O. 105 

O. 107 

0.108 

0.368 

(a)interpolated value 

ZERO 

O. 0055 

0.0195 

O. 0329 

O. 0513 

-38- 

O. 149 

O. 142 

0.144 

0.148 
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TABLE 00) 

Holdup in the Presence of 5 l b / f t  3 E.ffect of Fluid 
Flow 8nwt~) 0 Gas 20-30 Mesh Sand "' 

Superficial Superficial Gas Void 
Gas Velocity Fluid Velocity Fraction 

(ft/sec) (ft/sec) ( e  9) 

0.036 

ZERO 0.029 

0.0053 0.026 

0.0203 0.024 

0.0354 0.024 

0.0564 0.025 

0.056 

ZERO 0.046 
0.0055 0.045 
0.0210. 0.042 
0.0355 0.042 
0.0552 0.043 

0.087 

ZERO 0.071 (a) 

0.0056 0.069 

0.0216 0.067 

0.0348 0.068 

0.0543 0.066 

O. 194 

0.368 

(a)_ 
: in te~olated value 

ZERO 0.132 

0.0076 0.126 

0.0208 0.122 

o.o358 o.12o 
0.0563 0.119 

ZERO 0.174 

0.0073 0.167 

>0.0215 0.162 --.~ 

0.0355 0.164 

0.0527 0.160 
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TABLE ( l l )  

Effect of Fluid Flow on Gas Holdup in the 

Superficial 
Gas Velocity 

~ft/sec) 

Presence of 12.7 l b / f t  3 

0.036 

~18wt~) ~OT30 Mesh Sand 

Superficial 
Fluid Velocity 

(ft/sec) 

ZERO 

0.0043 

0.0197 

0.0343 

0.0559 

Gas Void 
Fraction 

0.026 

0.025 

0.025 

0.023 

0.024 

O. 084 

ZERO 

O. 0050 

O. 0212 

O. 0348 

O. 0540 

0.066 (a) 

0.066 

0.061 

0.060 

0.060 

0.194 

ZERO 

0.0058 

0.0215 

0.0347 

0.0542 

O. 121 

O. l l8  

0.I06 

0. I05 

O. 105 

O. 358 

(a)interpolated value 

T 
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ZERO 

O. 0068 

O. 0201 

O. 0361 

0.0513 

O. 

O. 

O. 

O. 

O. 

162 

157 

148 

145 



TABLE (12) 
. . 

LIQUID DISPERSION - TWO AND THREE PHASE FLOW 

VARIABLES STUDIED 

LIQUID VELOCITY 

GAS VELOCITY 

PARTICLE SIZE 

SOLIDS CONCENTRATION 

0.01-0.05 ft /sec 

0.0-0.327 ft /sec 

20130 MESH 

5 and 20 l b / f t  3 
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TABLE (13) 

EXPERIMENTAL DATA 

Run Number 

X l l l  - 1 

- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

~ 9 

- I 0  

- I I  

- 1 2  

- 1 3  

- 1 4  

- 1 5  

- 16 

XIV - ' I 

- 2 

- 3 

- 4 

- 5 

XV- 1 

- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

Li quid 

Vel ocity 

f t /sec 

0.0489 

O. 0505 

O. 0410 

0.0302 

0.0199 

O. 0099 

O. 0506 

O. 0499 

O. 0048 

O. 0503 

O. 0097 

O. O190 

O. 0400 

O. 0598 

O. 0092 

O. 0295 

O. 0536 

O. 0541 

O. 0535 

O. 0533 

O. 0534 

0.0548 

O. 0532 

O. 0538 

O. 0497 

O. 0537 

0.0404 

O. 0285 

O. O255 

O. 0130 

Gas 

Velocity 

f t , 'see 

O. 327 

0.194 

O. 194 

O. 194 

O. 194 

O. 194 

O. 097 

O. 050 

0.050 

0.0 

O. 327 

O. 327 

O. 327 

O. 327 

O. 327 

O. 327 

O. 050 

O. 097 

0.194 

O. 327 

0.0 

O. O5O 

O. 097 

O. 194 

0.327 

0.0 

0.327 

O. 327 
i 

O. 327 

O. 327 

Particle 

Size 

Mesh 
m m  

m ~  

~ m  

~ D  

~ o  

20/30 

20/30 

20/30 

20/30 

20/30 

20/30 

20/30 

20/30 

20/30 

20/30 

2O/30 

20/30 

2O/30 

20/30 

20/30 

20/30 

20/30 

20/30 

20/30 

Solids 

Concentrati on 
I b / f t  3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

_nisperslon 

Number 

0.50 

0.39 

0.47 

0.65 

1.00 

2.00 

0.38 

0.32 

3.2 

Very. Low 

2.5 

1.00 

0.47 

O. 32 

2.20 

0.65 

0.22 

0.25 

0.27 

0.35 

Very Low 

0.22 

0.22 

O. 27 

0.30 

Very Low 

0.35 

0.70 

O. 60 

0.60 

Axi~l 

Dispersion 

Coefficients 

ftZlsec 

0.617 

O. 497 

0.486 

0.495 

O. 502 

O. 500 

0.485 

0.403 

0.406 

Very Low 

0.612 

0.479 

0.474 

0.482 

O.Sll 

0.483 

0.297 

0.341 

O. 364 

0.471 

Very Low 

0.304 

O. 295 

0.366 

O. 376 

Very Low 

O. 356 

O. 503 

O. 385 

O. 196 
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TABLE 04) 

EFFECT OF LIQUID VELOCITY ON AXIAL LIQUID DISPERSION COEFFICIENT 

Liquid Velocity, ft/sec 
+ O.OOl 
m 

0.009 

0.013 

0.026 

0.029 

0.040 

0.049 

0.053 

0.059 

Gas Velocity= 0.327 ft/sec 
Particle Size = 20/30 mesh 

Axial Liquid Dispersion~Coefficient, ft2/sec 
Solid Concentration, Ib / f t  3 : 

0.0 5.0 20.0 

0.612 0.511 

0.483 

O. 474 

0.617 

0.196 

0.385 

0.503 

0.356 

O. 376 

0.471 

0.4.82 
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TABLE (15) 

EFFECT OF GAS VELOCITY ON AX!AL LIQUID DISPERSION COEFFICIENT 

Liquid Velocity= 0.052 ~ 0.003 ft/sec 
Particle Size = 20/30 mesh 

Gas Velocity, ft/sec 

0.05 

0.097 

0.194 

0.327 

Axial Liquid Dispersion Coefficient, ftZ/sec 
Solid Concentration, Ib / f t  3 

0.0 5.0 20.0 

O. 405 O. 297 O. 304 

O. 485 O. 341 O. 295 

O. 495 O. 364 O. 366 

O. 6] 4 O. 47l O. 376 
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. . =  

TAB~ (16) 

CORRELATIONS FOR PREDICTING AXIAL DISPERSION COEFFICIENTS 

Kato and Nishiwaki (4) 

Towel and Ackerman (28) 

EZL 
_ VGD (I + 6.5 FrGO'8) 

13 Fr G 

EZL := 1.23 D 1"5 VGO" 

Cova(z) 
EZL = O. 344 VGO" 32 ~ O. 07 

Deckwer, et al (1) 

Ez, = o ~ 8  O 1-4 vG°3 

Hikita and Kikukawa (3) 

- EZL = {0.15 + 0.69 VG 0"77) 01"25 (l~,,.L)0"12 

Baird and Rice (6) 

Ying, (49) 

EZL = 0.35 D 4/3 (VGg)l/3 

EZL 
~ o_q2o.3z 

= v (,vj) 

_ Wher_e FrG = Froude Number = VG2/gD 

EZL axial: disp_ sion . . . . .  coefficient,... -.: . (ft:. /sec) 

V G = gas superf icial veloci ty ( f t /sec) 

O = column diameter ( f t )  

~ =  l iquid density (gm/cm 3) 

~u L = viscosity of liquid (cp.) 

g = acceleration of gravity ( f t /sec 2) 

" • ~ - 4 5 -  



Gas Velocity 
(ftlsec), 

-~ O. 02 r~  

. TABLE (/17) 

Kato & 
Nishiwakt 

0.129 

Compartsoq,of Axta! Oisperston Cqe(ftclenLs in Liqutd Phase for the 5" Column 

Predicted Axtal Dispersion Coefficient 
,. (f t2/sec) 

Towel & "" ITTEI"T]~-& Baird & 
Ackerman Cova D e c k w e r  Kikukawa Rice 

r 

O. 047 O. 022 0.088 O. 134 O. 091 

/ 

Experimental Axial 
Dispersion Coefficient 

(f t2/sec) 
C~ = 16 wt% 

C S = Zero P~_= 30/45 mesh 

0.0653 0.0442 

0.09 0.157 0.155 0.035 0.138 0.158 0.155 0.0909 0.0614 

0.03 0.229 0.190 0.053 0.204 0.219 0.239 0.1842 0.0810 



TABLE (18) 

Comparison of Axta]Olspersion CoefficienLs in Ltgu|d Phase fop Lhe 12" Column 

Gas Velocity 
(ft/sec) 
0.0500 

~, 0.0970 
- , j  

0.1940 

0.3270 

Predicted Axtal Dispersion Coefficient 

(,,fl,~,2/sec) 
Kato & Towe]& tttkita & flalrd & 

Nishiwakt Ackerman Cova Deckwer Klkukawa Rice 

0.0000 0.2750 0.]653 0 .2760 0~2187 0.4096 

0.0002 0.383] 0 .2044 0 .3367 0 .2645  0.5097 

0.0007 0,5418 0.255] 0 .4145 0 .3452  0.6497 

0.0024 0.7034 0.30]5 0 .4848 0 ,4418  0.76]] 

Ytqg 

0.2789 

ExperlmenLal Axial 
O~spers|on Coefficient 

' (ft2/~eq) 
Cs=ZERO CS=5 lb / f t  3 CS=20 ]b / f t  3 

0.405 0.297 0.304 

0.354l 0.485 0.34] 0.295 

0.4545 0.495 0.364 0.366 

0.5484 0.614 0.47] 0.376 

C S = Sollds ConcenLraLlon 

Particle Size = 20/30 flesh 
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This detailed experimental program schedule is prepared and submitted in com- 

fiance with the work statement under "Task I. Experimental Planning" in the 

DOE-APCI contract t i t led "Gas/Slurry Flow in Coal Liquefaction Processes". 

The overall objective of this project is to study the solids accumulation, 

liquid dispersion, and gas holdup in both gas-liquid ~nd gas-liRci~--~l:id 

systems in cold-flow tubular columns, aimed at providing data for the coal 

dissolver design in the SRC-I demonstration plant. The specific objective 

and duration of each task are the same as specified in the work statement. 

The sequence of the experimental plan is slightly rearranged hovtever. The 

~earranged sequence is based upon the most recent experimental results which 

reinforces the fact that Task 2 for~is the data base for the entire program. 

Therefore i t  is important that Task :2~be completed prior to the start of other -~ 
"t~sks as snown in the attached program schedule. A detailed experimental plan 

for fiscal year 1980 is also prepared. 

ll~e contract work wil l be carried out in existing apparatus available at the 

contractor site, including two cold-flow vertical tubular columns as follows: 

Oiametc~ (in) Heiqht ( f t )  Volume (gel) 

5 5 5.1 

12. 2.5 147 

The distributor plate in the 12-!ach diameter column is of identical design to 

that at ~ilsonvilla, and wi l l  be u~ed throughout this contract work except for 

Task 3. 

Task 2 Two and Three Phase Flow in Vertical Columns 

Task 2 . i  Two Phase Flow 

The objective of this subtask is to check the adequacy and reproducibi l i ty o f  

the experimental apparatus and the technique used. An air-water mixture w i l l  



be used throughout this subtask. The ranges of variables to be investigated 

are summarized as follows: 

• Liquid flow rate 0-0.10 ft/sec 

o Gas superficial velocity O.OS-l.O ft'sec 

Void fraction, l iquid dispersion, and gas-liquid mass transfer w i l l  be studied 

in this subtask. The detailed experimental plan for each subject is presented 

below. 

o Void fractien wi l l  be measured in the I2-incb column under the following 

coditions: 

In absence of liquid flow at 12 different gas velocities. 

~k few runs wi l l  a}so be perfo~.ed at a different gas in le t  

pressure to assure the accuracy of the equipment.) 

o In l iquid flow at four different l iquid velocities at each of four 

different gas velocities. 

Therefore a total of 28-35 runs wi l l  be performed for the void fraction 

measurement in this subtask. 

0 
Liquid dispersion in the tubular column w i l l  be investigated in the 1Z-inch 

diameter column using tracer technique. Experimental data ~ i l l  be obtained 
F 

for five different gas velocities at one liquid flow rate and for five 

different l iquid velocities at one gas velocity. The effect of l iquid flow 

rate wi l l  be confirmed by obtaining data at two different l iquid velocities 

at another gas velocity. The data wi l l  be presented in the form of normalized 

tracer curve and i ts corresponding dispersion coefficient. A total of 12 

runs w~ll be performed for liquid dispersion study in the 12-inch diameter 

column. The technique of tracer injection~and the appropriate location of 

the ion detector on the column will be investigated separately to provide 

consistent results. 

3 



o 
_GasTliqu~d mas F transfer stu_d~ wil l  be performed in both the 5-inch 

diameter and 12-inch diameter columns. Several experimental techniques 

wil l  be tested in the 5-inch diameter column and one wil l  be selected 

for this task.; Two such methods that wi l l  be investigated wi l l  be oxygen 

absorption in v~ter and oxygen absorption in sodium sulfite solution. 

Both batch and c~ntinuous flow experiments wi l l  be performed; a 

minimum of 4 gas velocities and 4 liquid velocities wil l  be investigated. 

The overall mass trans,fer coefficiehts (kLa) wi l l  be reported. The total 

number of runs in the :5-inch diameter Column wi l l  be 16-20 including those 

in the technique scresning tests. A limited number of runs for mass transfer 

measurement wi l l  also be carried out in the 12-inch di~'eter column. In 

addition, organic liquid may be employed for mass transfer measur~.ment in 
the 5-inch diameter column after reviewing with DOE TPO. 

The experimentally derived data including void fractions, mass transfer coeffi- 

cients, and liquid dispersion coefficients wil l  be correlated by the ~ub]ished 

and in-house correlations to determine the adequacy of apparatus and experi- 

mental technique. The schedule ef all the runs performed in this subtask is 

shown in the attached detailed experimental plan for FY '80. 

Task 2.2 Three Phase Flow 

The objective of th is subtask is to s~mulate sol ids suspension and accumulation 

in coal dissolver via the use of an air/wader/sand mixture in cold-flow vertical 

tubular columns. The ranges of variables to be investigated are summarized as 
follows: 

o Sluew flow race 0-0.10 ft/sec 

e Superficial gas f lo~ .rate 0.65-0.6 ",~t/sec 

4 



° Sand particles taken from the following narrow ranges: 

20-30 mesh 

30-40 mesh 
40-60mesh 

60-80 mesh 
80-100 mesh 

100-120 mesh 

greater than 140 mesh 

o Sand conc{.itration 5-25 Ib / f t  3 of dissolver volume 

For many of the narrow particle size expriments, at least one ton of sieved 

material shall be prepared by the contractor using sif t ing equipment which is 

avai]able at contractor site. Void fraction, l iquid dispersion, and solid 

phase dispersion wi l l  be studied in this subtask. 

0 Void fraction will be measured in the 12-inch diemeter column. The 

variables are gBs velocity, l iquid velocity, solid particle size, 

and solid concentration. Two particle sizes wil l  be investigated. 

For each partic!esize a total of 44 runs wil l  be performed at different 

combinations of solid concentration and gas and l iquid velocities as summarized 

belo~t: 

1st par t ic le  size 

-- Ist solid concentration-~ 

- -  2nd sol id concentration 

6 gas ve loc i t ies  in the 

absence of l i qu id  f low 

4 l i qu id  ve loc i t ies  at 

each of 4 gas: , . .c i t ies 

CThe combination of gas and 

l i qu id  ve loc i t ies  is Ident i -  

cal to  t h a t  f o r  the  f i r s t  

sol id  concentration.) 



lherefore a total of 88 runs wil l  be performed. The two extremes of the 

particle size ranges shown earlier (20-30 mesh and greater than 140 mesh) 
are the appropriate choices to detect any particle size effect on void 

fraction measurement. Other particle sizes wil l  be studied following 

Consultation with DOE TPO. 

o Liquid Dispersion wi l l  be measured in the 12-inch d~ameter column at 

different combinations of particle size, solid concentration and gas 

and liquid velocity as shown below: 

~ 5 gas velocities at one 

fixed liquid velocity 

{ l s t  solid concentration : --. 

5 liquid velocitieS--at 

Ist particle size one fixed gas velocity 

concentration --(s-~.~e gas and l~quid 2nd solid 

~=bination as'shown 

above.) 

. 

Two par t ic le  sizes w i l l  be studied; the to ta l  number of runs w i l l  be 36. 

0 Solid.phase dispersion experiments w i l l  be carried out in the 5-inch and 

1Z-inch columns, with the 5-inch column used to develop a sat isfactory techni- 

qua and the 1Z-inch column used to obtain perfomance data. The operating 

variables to be studied w i l l  include gas and l iqu id  veloci t ies,  sol id concen- 

¢ration and part ic le size. Results from tile 5-inch column~i l l  be reviewed. 

Based on these results, an experimental plan w i i l  be p~epared for  the 

1Z-inch column. Also included in this subtask w i l l  be the sampling of s lurry 

from f ive (5) lecations along the height of the 1Z-inch column and the subse- 

quent sol id content analysis of these samples during a few selected runs. 

Solid accumulation at various chosen flow conditions and the sol id 

dispersion coeff icients w i l l  be reported in th is  subtask. Sampling technique 

w i l l  be developed in both S-inch and 12-inch diameter columns to provide 

~dequate results. 



Based on the results of th is  subtask (void f ract ion,  l i qu id  phase and so l id  

phase dispersion coefficients}, a model will be developed to correlate the 

solids accumulation and suspension of the air/water/sand ~ixture in a tubular 

column. Additional runs will be carried out to validate this model. The per- 

~ormance schedule is hewn in the attached detailed experimental plan for FY '80. 

Task 3 Effect of Distributor on Flow 

The objective of this task is to study the entrance effects on the performance 

of the 12-inch column. Under this task, the contractor shall design, fabricate, 

and instal! a new distributor in the 12-inch column which wil l  be aimed at 

providing better solid suspension than w~th the distributor used under Task 2. 

The contractor shall also study the perfor=ance of the cold-flow tubular column 

in the absence of a distributor. 

Task 3.1 New Distributor (12-inch Column) 

Task 3.1.1 Two Phase Flow 

Based upon the ,-esults of Task 2, a new d i s t r i bu to r  w i l l  be designed to i ~ r o v e  

dissolver performance. The object ive, experimental plan, and the data.workb~ 

procedure of th is subtask are the same as those of Task 2.1 in which the standard 

Wilsunvi l le design d is t r ibu to r  was used. Results from these two subtasks w i l l  

be compared. Repeating the complete ~;et of experiments under Task 2.1 is not 

highly desireable. The exact ~umbe~ of runs w i l l  be determined fo l lowing 
consultation with DOE TPO. 

Task 3.1.2 Three Phase Flow 

The objective, experimental plan, and the data workup procedure of this subtask 

are the same as those of Task 2.2 using the standard Wilsonville design distrl- 

buret. In case the new distributor do2s not yield i~proved solid suspension 

over that used under Task 2.2, a second new ~istributor will be fabricated, 

installed and tested. 
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Task 3.2 Absence of Distributor (12-inch Column} 

The schedule fcr this task is also shown in the detailed experimental plan. 

Task 3.2.1 Two Phase Flow 

The objective, experimental plan, and data workup p-ocedure of this subtask 

are the same as those ofTask 2.1. However, the number of runs ~ i l l  be 

reduced due to the constraint of column physical strength that results ~rom 

removal of the distributor. 

Task 3.2.2 Three Phase Flow 

The objective, experimental plan,.and data workup procedure of this subtask 

are the same as those of T ~ ' 2 . 2 .  Agai~ the number of runs wil l  be reduced 

as in Task 3.2.1 abov~. 

Ta~k 4 $c~ids.Removal Study 

The objective of this task is to test the effectiveness of slurry withdravtal 

from the column bottom as a means to control solids accumulation. Experiments 

wil l  be carried out in the 5-inch col,,~n to develop a satisfactory technique for 

the slurry withdra~¢al in continuous mode, and then in the 12-inch column to : 

obtain performance data. 

The experimental plan with the 12-inch column runs wi l l  have only one variable, 

i .e . ,  the slurry withdrawal rate from the bottom. The withdrawal rate wi l l  be 

studied over a range from 1-20% of the feed slurry rate. The other operating 

conditions including gas and liquid velocities, solid concentration, 
.~.z 

and partic~,e size wi l l  be determined based on the results of-Task 2, and wi l l  

remain constant throughout this task. The experimental plan with the 12-inch 

column wil l  also Tnclude limited number of runs in which the slurry is wi th-  

drawn under the intermittent rather than the continuous mode, and the results 

from these two modes of operation wi l l  be compared. 

Upon the completion of the work as listed above, a meeting wi~,l be held with 

OOE TPO to determine i f  this task should be extended. 
l 
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Task 5 Organic Fluid Ph_ases 

The objective of this task is to study the effects of l iquid surface tension 

and viscosity on the performance of a cold-flow tubular column. 

bier to the initiation of experimental work, the contractor shall enclose 

existing 12-inch column to provide safe handling of volatile and flammable 

organic liquids. 

A l i s t  of candidate organic liquids which have lower surface tension Compared 

to water-will be prepared by the contractor, and submitted to DOE TPO for 

review approximately one ~onth before the in i t iat ion of this task. From this 

l i s t ,  tv~ o;'ganic l iqu ids w i l l  be chosen in the S-inch column study using an 

air/organic fluid/sand mixture as the feed. One of the above two organic 

fluids or a ti:~rd one wi l l  be chosen in the 12-inch column study. The experi- 

mental plan ~C data workup procedure of this task vrill be the same ~s those 
of Task 2.2. 

Results from this task wil l  be co,lpared with those from the aqueous system, 

and wi l l  be f i t ted by the correlations developed fromTask 2. "If necessary 

other models wil l  be developed to f i t  the exper~:-ntal data from this task. 

Task 6 Behavior of  Mult ip le Distributors 

The objective of th is task is to explore the use of  a second d i s t r i bu to r  to 

achieve a higher plug flow charac ter is t i c  in a cold- f low tubular  column: 

Under th is  task, the contractor shall  fabr icate and i ns ta l l  an addit ional 

distributor in the 12-inch column. This second distributor will be identlcal 

to the inlet distributor, and its position relative to the inlet distributor 

will be adjustable. A limited number of runs will be carried out with an 

air/water mixture for the shake-down of the 2-distributor column. Perfomance 

data will be obtained in the I2-inch column using an air/water/sand mixture. 

The only variable in the experimental planwill be the distance between the 

second and inlet distributors, and its range will be 5-20 feet. The other 

operating conditions including gas and liquid velocities, solid concentration, 

and solid particle size will remain constant throughout this task, and will be 
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chosen based on the results of Task Z.2. The types of experimental data to be 

obtained under this task and the subseRuent data wo~:kup procedures will be the 

same as those ofT ask 2.2. 

Open completion of the work as listed above, a meeting wil l  be held with 

DOE TPO to determine i f  this task should be extended. Additional work to be 

considered wil l  include the performance of 2-distributor column as a function 

of slurry a,d gas velocities, and the slurry withdrawal from two individual 

sections in this column.: 

Task 7 Final Report Vritin~ 

Under this task a fina1~ report wil l  be prepared including all research results 

and containing recommendations for further evaluation of dissolver performance. 

An evaluation of the potential for e~plc,~,ing the techniques described here for 

preheater and heat exchanger flow studies will also be included. 

Deliverable Items 

The deliverables wi31 be in the form of data, data correlations, and conclusions 

relating the performance of cold-flow tubular columns conducted under this 

contract, and will be delivered according to the schedule listed in the 

Reporting Requirement Checklist. The deliverable data include gas void 

fraction, degree of liquid backmixing, liquid dispersion coefficients, 

gas-liquid mass transfer coeff ic ients,  sol id accumulation, and sol id phase 

dispersion coeff icients. 
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DETAILED EXPERII~NTAL PLAN FOR FY 1980 
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