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FOREWORD 

The H-Coal process, developed by Hydrocarbon Research, Incorporated 
(HEI), involves the direct catalytic hydroliquefaction of coal to 
low-sulfur boiler fuel or synthetic crude oil. The 200-600 ton-per- 
day H-Coal pilot plant is being constructed next to the Ashland Oil, 
Incorporated refinery at Catlettsburg, Kentucky under ERDA contract 
to Ashland Synthetic Fuels, Incorporated. The H-Coal ebullated bed 
reactor contains at least four discrete components: gas, liquid, 
catalyst, and unconverted coal and ash. Because of the complexity 
created by these four components~ it is desirable to understand the 
fluid dynamics of the system. The objective of this program is to 
establish the dependence of the ebullated bed fluid dynamics on 
process parameters. This will permit improved control of the ebul- 
lated bed reactor. 

The work to be performed is divided into three parts: review of 
prior work, cold flow model construction and operation~ and mathe- 
matical modeling. The review of prior work has been completed. The 
objective of this quarterly progress report is 6o outline progress 
in the second and third parts during the seventh quarter of the 
project. 
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OBJECTiVES A~TD SCopE OF WORK 

The overall objective of this project is to improve the controi of 
the H~Coa! reactor through a better understanding of the hydrodynamics 
of eBui!ated beds° The Pr0~ect is divided into three main tasks: 

!) Eevie~of prior work in three-phase fiuldizationo 

2) Construction of a cold flow unit and collection of data° 

Development of a mathematical model to describe the Behavior 
of gas/liquid fluidized beds° The model will Be based on 
information available in the iiterature and on data generated 
in the cold flow unit° 

Progress in Part i has already Been reported in previous reports° 
Progress made in Parts 2 and 3 durinE this• quarter is presented in 
,this quarterly status report° " 

SUMMARY OF PROGRESS TO DATE ~ 

Unit Modification 

A Tuthil! rotary pump was installed on the unit, it was piped into 
the system so that it can be used either as the feed or recycle pump° 
The pump can be used to attain higher liquid flow rates and can handle 
• larger quantities of gas than the pumps previously in use o ~ The Tuthiil 
pump has worked well without any major problems for Several months~ 

The orifice size in the integral orifice meter was changed and call= 
brated for testing with helium° 

Data Collection ..... 

Continued characterization of coal char and gas/iiquid systemso Several 
more Barrels of coal char will be required for testing~ and samples from 
HRI were screened to find barrels that mat.oh the particle size now 
i~ use. 

Due to continuing problems in measurir~ slurry viscosity with the 
capillary tube viscometer~ samples were Sent to Rotary Drilling Servicess 
who use a Farm VG meter to measure slurry viscosity. They measured the 
viscosity of a !S vo1% coa! char/kerosene slurry at 72~ 100~ and 150°F~ 
giving results of 5~ 5~ and 4 cp~ respectively. 
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Core Laboratories can measure the surface tension of kerosene saturated 
with the gasesused in the fluid dynamics unit over a range of pressures. 
Samples will be sent to them next quarter. 

Gas bubble sizes at the reactor walls were determined at different flow 
conditions and locations.in the reactor using photographs. Gas bubbles 
average about 0.35 mmin diameter. 

Both catalyst bed and coal fines settling rates were determined this 
quarter. The level of catalyst in one case and fines in the other were 
monitored with a gamma-ray scanner following the sudden loss of both 
gas and liquid flow. Liquid flow rate and gas type have significant 
effects on the catalyst bed settling rate. Fines settling is very slow 
and requires overnight determinations. These tests will be completed 
next quarter. 

Completed replicate experiments with nitrogen, kerosene, and HDS-2A 
catalyst (3/16" length) with 0 vol~ and 15 vol% coal char. Experiments 
with the 15 vol% slurry were conducted at 150°F. Tests using helium 
or nitrogen with kerosene and the standard catalyst were also completed. 
The HDS-2A catalyst with I/d = 6 was also tried with kerosene and 
nitrogen~ but broke up too much for extensive testing. Bed expansions 
and catalyst holdups were determined from bed heights measured with the 
gamma-ray scanner. Liquid holdups were determined by gamma-ray scans 
and DP measurements. Fines distribution along the reactor was found by 
sampling. 

Data obtained over a range of operating conditions were correlated with 
models identified in the literature. Liquid/catalyst data were corre- 
lated using the Richardson-Zaki equation, which relates the liquid 
holdup to the nth power to the ratio of liquid superficial velocity to 
the catalyst terminal velocity. The index, n, was determined for all 
tests and compared with previous results. 

Gas~liquid~catalyst data were analyzed using two different correlations: 
the drift flux model of Darton and Harrison, and the generallzed wake 
model of Bhatia and Epstein. It was found that the drift flux model is 
useful in defining flow regimes and unstable bed operation, but since 
most of our data lle in the transition region~ it cannot be used as a 
quantitative tool to calculate holdups. 

Initial tests of the Bhatla-Epstein model with our data are very 
promising. However, the model is most sensitive to input values of 
terminal bubble velocity~which is not easily determined. 

Completed several tracer tests at a variety of conditions. The data 
were analyzed and first and second moments of the concentration-time 
curves calculated. Complex mixing phenomena are taking place, and 
through visual observation and discussions with Professor Aris it is 
apparent that there is considerable gas backmixing in the reactor. He 
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is currently developing a model including both gas upflowand do~,mf!ow 
whiehwili be tested with our data~ 

~;ode! Development 

A running version of the raw data analysis subprogram of the master 
computer program was completed= Two additional modeling subroutines 
were added to the program. One Subroutine calculates the driftf!fix 
for the Darton-Harrison correlation° The other subroutine calculates 
the catalyst distribution at the top of the catalyst bed usin~ an error 
function° 

In addition~ an independent computer program was written for the iteratlve 
solution of the Bhatia-Epstein model° A version of the Complex'opti- 
mization routine modified to interact with the Bhatia-Epstein correlation 
is being added to the master program~ 

CONSTRUCTION OF COLD FLOW UNIT AND DATA COLLECTION 

Unit Modifications 

The Tuthi!i rotary pump was installed in the unit this quarteT° The 
pump was piped in paraliel to both the existing feed and recycle pumps 
so that it can be used to replace either pump. Pumping capacity is 
controlled via a Reeves motordrive~ eiiminatingthe problem of fines' 
plugging a control valve° Reactor iiquid velocities of up to !35 gpm/ft a 
were achieved with the new pump. 

The Tuthill pump will run dry without damage~ so it can be used on the 
recycle !ine~ even when large quantities of gas are entrained in the 
lineo The pump has worked well ~ithout any major problems for several 
months. 

Channeling of gas a~d liquid through the catalyst bed was noted. 
s hor~!y- ~te~ thisebse1-~ation~ most of the cate~ys~ ba~!~e~ out of 
the reactor° The bubble cap had become detached from the distributor 
section~ resulting in these problems° The nut hoidi~ the bubble cap 
had apparent!yworked itself loose during testing~ a lock washer has 
now been added to the assembly° 

As a result of the catalyst backf!ow from the reactor~ the feed line 
becam~ plugged with Catalyst. To prevent future backflo~ of catalyst 
out of the reactor~ a swine check valve was ordered, it wiil be 
installed in the feed line the next time the system is do~. 
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The orifice in the integral orifice meter was changed for testing with 
helium so that the same range of superficial velocities is used with 
both nitrogen and helium. The calibration of the integral orifice meter 
with helium is shown in Figure I. 

Data Collection 

Coal Char Characterlzation.--Coal char, in addition to the eight barrels 
already received from HRI~ will be needed for future testing. Particle 
size analysis of samples from 15 additional barrels at HEI was completed. 
The results are given in Table I. The particle size distribution to be 
matched is shown in Table IL The size analysis was performed at liT 
Research Institute using an optical microscope interfaced with the 
Quantimet 720 computerized image analyzer. Very few of the new samples 
closely match the particle size distribution of coal char currently in 
use. Six barrels were chosen out of the set for shipment to Amoco, as 
annotated in Table I. 

Viscosity and Surface Tension Measurement.--Due to continuing problems 
with plugging in the capillary tube viscometer as described in Quarterly 
Progress Report No. 5 (March, 1979), other methods to measure slurry 
viscosity were investigated. Rotary Drilling Services in Tulsa, Oklahoma, 
use a Farm VGModel 50 meter to measure viscosity. The meter consists 
of a rotating sleeve and a spring-loaded bob giving a direct reading of 
the viscosity. They measured the viscosity of a 15 vol% coal char/ 
kerosene slurry at 72,100 and 150°F, giving results of 5, 5, and 4 cp, 
respectively° These are slightly higher than values determined with 
the capillary tube viscometer; however, the results are probably more 
reliable because of the problems with fines settling in the capillary 
tube viscometer. Samples of 5, 10, and 16.5 vo1% coal char slurries 
will be sent for viscosity measurement. 

Previous tests with helium and Freon-12 used as the fluidizlng gas 
instead of nitrogen indicate the gas has greater effect on the system 
fluid dynamics than can be explained by density effects alone. This is 
especlally true in the case of Freon-12, which absorbs significantly in 
kerosene. The effect of these gases on surface tension will be measured 
by core Libs. The pendant drop method will be used to measure the 
surface tension between a liquid and a gas. The device conslstsof a 
windowed, high pressure and temperature cell containing a dropper tip. 
The cell is filled wi~h the gas and the liquid is introduced through the 
dropper tip to form a pendant drop. As the system equilibrates, photo- 
graphs are made of the drop. The cost fort he testing will be $500 per 
liquid/gas system. These measurements will be completed next quarter. 

Bubble Size Dgtermination.--In order to determine gas bubble sizes in 
the reactor at different flow conditions, photographs were taken of the 
unit fluidized with kerosene and Ne. Only bubbles close to the reactor 
wall could be measured. Pictures were taken at three different flow 
conditions and at one location just above the catalyst bed and at another 
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just be!o~7 the recycle cup° In eli cases the !iqui~ velocity was 0oi 
ft/sec and gas velocity was either 0.05, 0°i~ or 0.2 ft/sec. 

All picture 9 are very similar, and the only difference visually is the 
existence of a fe%f~!arger bubbles at Ug = 0.2 ft/sec at both reactor locations, 
Bubble size varied from 0°2 mm to 1,6 mm in diameter; most bubbles were 
about 0.35 mm in diameter° The smaller bubbles were all spherical in 
shape; however, some of the larges t bubbles were beginning to become 
elliptical° 

Using the Peeb!es and Gerber correlations~ 
was calculated for the three bubble sizess 
diameter~ These are given in Table !ii. 

the terminalbubb!e velocity 
0o2~ 0o35~ and 1.6m m in 

Catalyst Bed Settling Rate.--Tests eva!uatir~ catalyst settlln~ rate 
following a sudden loss of both gas and liquid fiow were performed this 
quarter. The conditions for each test are given in Table ~Vo Bed heights 
were determined using the gamma~ray scanner° 

Plots of bed height versus time for catalyst beds fiuidizedwith kerosene 
and nitrogen are sho~ in Figures 2, 3, and 4. It required about eight 
seconds for the catalyst bed to completely co!lapse.with a liquid 
ve!ocity of 0o!0 ft/sec. Tee flow rate of Na did not appear to have a 
significant effect on settling time. At the higher liquid flow of 0.20 
ft/sec~ the settling time increased to 17 seconds. 

Plots of bed height versus time for beds fluidized with kerosene and 
helium are sho~% in Figures 5~ 6= and 7. These results also indicate 
gas flow rate does not affect settling time~ but an increase in liquid 
f!0w increases the time required for the catalyst bed to settle. However, 
significantly longer times were requited for complete settling of 
catalyst beds fiuidized with helium instead of N2o At a liquid flo~c rate 
of 0.I0 ft/sec~ the bed required over 12 seconds to settle compared with 
the 8 seconds for beds fiuidized ~rith Nao This trend is difficult to 
explain because it is the reverse of ~hat is expected° He!ium~ aswill 
be discussed later, tends to form larger bubbles than nitrogen. The 
l arg@;~ !~s~ dens_e_ hubb!es should leave the bed more q~_ick!y than the 
smaller Ne bubbles° This result may be related to the effect he!iumhas 
on kerosene fluid properties and, as mentioned previously, is under 
i~vestigationo 

Piots of bed height versus time for beds fiuidized with 15 vo1% coal 
char/kerosene slurry and nitrogen are given in Figures 8, 9, and 10o 
Again, superficial liquid velocity has a much greater effect on settlin~ 
time than superficial gas velocity@ At a liquid velocity of 0.10 ft/sec; 
and gas velocities of 0oi0 and 0.15 ft/sec~ the settling times were !9 
and 22 seconds, respectively. H6wever, when the superficial liquid 
velocity was increased to 0°15 ft/sec, thesettling time increased to 
about 35 sec. As expected~ settling times with the kerosene slurry were 
significantly longer than withkerosene and either nitrogen or helium 
due to the higher fluid viscosity. 
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Coal Fine Settling Rate.--Tests to determine the coal fine settling rate 
were started this quarter. Coal fine settllng is very slow in kerosene, 
so these tests were run overnight. Coal fine concentration at several 
points along the reactor was monitored with the gaBle-ray scanner. The 
results from two tests are shown in Table V. Data were collected using 
50 and 55" increment scan positions. At the 50 and 55" levels, the 
count rate dropped significantly just over an hour after flow to the 
reactor was stopped. This indicates that the fines collecting on top 
of the catalyst bed had reached that level. At higher locations in the 
reactor, the count rate increases as the fines settle. At 165"~ the 
fines had all settled between 6-8 hours and at 150"~ the count rate 
increased after 6 hours. The coal fines had dropped below the I00" 
level after ten hours. Further scans at several other locations in the 
reactor will be completed next quarter. 

Unit Data.--Kerosene with 0 or 15 vol% coal char was used to fluidize 
the catalyst bed for all tests performed this quarter. Either Ne or He 
was used as the fluidizing gas. Experiments were also conducted with 
two different catalysts, HDS-2Awith i/d = 3 and 6. ~Experimental test 
conditions for runs carried out this quarter are given in Table Vl. 
A suumary is shown below: 

Run Temp, Fines, Test 
No_._:_. °F Vol% Nos___2 .. Ga__ss 1/__d_d 

Liquid Gas 
Flow Rate Flow Rate 
Range, Range~ 
GPM/Ft e Ft/Sec 

300 72 0.0 01-20 N2 None 22.4-89.7 0.05-0.25 
301 72 0.0 01-16 N2 6 37.6-i19.0 0-0.16 
212 72 0.0 01-15 Na 3 30.8-88.7 0-0.23 
213 72 0.0 01-22 He 3 36.7-209.5 0-0.25 
214 150 15.0 01-13 3 38.0-75.6 0.0 

Experimental results for gas/liquid tests, Run 300, are given in Table VlI.~ 
The liquid holdups were calculated using both gamma-ray and DP data. In 
general, there is good agreement between the calculated values of the 
two methods. 

To correlate the gas/liquid data, the two-phase gas drift flux was 
calculated: 

VcD = Ug(l- eg) - UlCg 

Calculated values of drift fl~x are also given in Table Vll. A plot of 
drift flux vs. gas holdup is shown in Figure II. Models to predict gas 
drift flux developed by Richardson and Zaki and Davidson and Harrison 
are also shown on the plot. Data at UI = 22.4 gpm/fte fall along the 
Davidson-Harrison line; data collected at all other velocities are 
modelled most clo%ely by the Richardson-Zaki correlation. 
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The Davidson-Harrison (i) approach assumes that the cloud of bubbles 
rises at the same velocity as a single bubble~ similar to plug flowo 
The Richardson-Zaki equation applies to bubbles which behave as solid 
particles of zero density. Small bubbles are more likely to behave 
like solid particles° interface impurities also tend to cause the 
bubbles to behave as solid particles° 

These results imply that at !o~ liquid flow rate the bubbles rise in 
plug flow, Eowever~ at higher liquid velocities there may be inter- 
action between the bubbles affecting the rise velocity of the cloud, 

Catalyst bed heights for the remaining runs were determined Usin~ the 
gamma-ray scanner on the reactor° Bed heights and per cent bed expansion 
for Run 301 are given in Table Vii7° During testiv~ with this cataiyst~ 
I/d = 6~ the particles began to break up° Significant fracturinS of the 
catalyst started during Test 301-07o 

Due to the continual change in catalyst particle size distribution~ 
initial bed height and bed expansion ch~-~ged at constant flow conditions° 
Therefore~ 7= bed expansion was calculated with revised values Of initial 
bed height as the catalyst broke Up o The plot of 7= bed expansion vs° 
Ug with U! as a parameter is shown in Figure !2, Before significant 
breakup occurred= bed expansions were much lower than those experienced 
with catalyst I/d = 3~ for example~ at liquid flow = OolO ft/sec~ 11% 
VSo about 407=, As catalyst broke up~ bed expansions increased° When 
the test at U 1 = 0o15 ft/sec~ Ug = 0,!5 ft/sec was run~ the bed expansion 
of about 787= was nearly the same as ~vith the catalyst with lid = 3 (76%)° 

Bed expansion of the unbroken catalyst particles is lower due to the 
increased gravitational force° Buoyant and drag forces on the particle 
also increase~ but to a much lesser extent because these forces are most 
sensitive to changes in particle diameter, 

Bed heights and per cent bed expansions for Run 212 are given in Tab!e IXo 
Tests from Run 2i2 are replicates of the earlier series Run 201, A plot 
of bed expansion VSo gas velocity with li~id Velocity as a parameter 
is sho~vn in Fi~ere ! 3. The liquid ve!ocity~ 31.4 gpm/fta~ is below 
minimum fiuidization veiocity~ thus explaining the negligible increase 
in bed expansion upon increasing the liquid flow rate° The ~ bed iS 
fluidized at U! = 38,! gpm/fta° As gas is added to the liquid , fluidized 
bed= the exp~nSi0n consistently increased~ 

Bed heights and per cent bed expansions are given in Table .X for tests 
with kerosene~ catalyst~ and he!ium~ Run 213, The plots of per cent 
bed expansion versus gas velocity are also shown in Figure 13o Bed 
expansions with helium were generally !o-~er than the expansions with 
nitrogen° However~ the differences are within experimental error, The 
only exceptioh is at u I = 67 =~2m/fta~ when the helium• gas v_e!ocity wan 
increased to 0,2 ft/sec~ the catalyst bed contracted significantly° . 
No explanation of this phenomenon can be offered at this time° 
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Bed heights and per cent bed expansions for Run 214 are reported in 
Table XI. This run is a replicate of the earlier series Run 208. 
All of the data are at zero gas flow rate. 

Catalyst holdups for all tests performed this quarter were determined 
from bed heights. Gamma-ray scans of the reactor and DP measurements 
were used to calculate liquid holdups. Calculated holdups in the 
catalyst bed for Runs 301, 212, 213, and 214 are reported in Tables XII, 
XIII, XIV, and XV, respectively. Plots of catalyst holdup versus gas 
velocitywith liquid velocity as a parameter are shown in Figures 14 
and 15 for Runs 301, 212, and 213. The same trends noted with bed 
expansion can also be seen with these plots. In summary, comparison 
of Runs 212 and 213 indicates a change in gas density has minimal effect 
on catalyst holdup. For Run 301, the large decrease in catalyst holdup 
as catalyst breakup occurred can be noted. Calculated holdups in the 
dilute phase for Runs 301, 212, and 213 are shown in Tables XVI, XVII, 
and XVIII. 

Liquid catalyst data were analyzed with the Richardson-Zaki equation: 

n 
el = Ul/Ut 

A plot of e I vs. U I is given in Figure 16 for Run 301. Most catalyst 
breakup occurred after the liquid/catalyst tests were completed. 
Therefore, these results should be reasonably reliable. However, high 
liquid velocities were not used because of the severe catalyst breakup 
which would occur, and the bed was not fluidized at the lower liquid 
velocities. Thus, the value of n was based on only three data points. 
The n determined from the limited data is 2.3 

A plot of s I or (I - ec) versus U I is given in Figure 17 for Run 212. 
Linear regression was used to determine the slope of the line which 
corresponds to the Richardson-Zaki index, n. This was determined to 
be 3.3. This value is larger than the one found previously for kerosene/ 
HDS-2A i/d = 3 catalyst. However~ the values are within the 10% 
experimental error. 

The plot of e I vs. U~ for Run 214 is given in Figure 18. The l~zghaIdgpn- 
Zaki index was determined to be 4.0. The value found for Run 208, 3.7, 
is within experimental error of these replicate tests. 

Three-phase data were analyzed using two different correlations: Darton- 
Harrison drift flux and Bhatia-Epstein generalized wake model. Results 
of the drift flux analysis will he reviewed first. 

Drift flux for a three-phase system is described as: 

VcD = Ug(l - Cg) - el 

On plots of Vc0 versus ¢~, lines identifying two flow regimes are 
defined: churn turbulent and ideal bubbly. Calculated drift fluxes for 
Runs 301, 212, and 213 are given in Tables XII, XIII, and XIV. A plot 
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of drift fi~x for Ru~ 30! is given in ~igure 19.= Evaluation of this 
plot is difficult due tothe continual •breakup of catalyst, 

A plot of drift flux for both Runs 2!2 and 2!3 is shown in Figure 20° .As 
found previous!ys the flQw regime remains in ideal bubbly flow over these 
flow rates if the bed is fiuidizedwith nitrogen and kerosene° HOwever~ 
when he!iumand kerosene were usedto fluidize the bed at the same flow 
ratess the flow regime started td make the transition into churn turbulent 
flow'o This is unexpecteddue to the simiiarity of bed expansions for. 
beth cases° The usa of heiium must affect the flow transit!on, through 
a chsm~e inkerosene surface tensiOno Therefore~ the surface tension of 
.kerosene under helium pressure shbuidbe determined°' 

~n order to further evaluate the effect of gas density on three&phase 
f!uidSzation~ tests shbuld be performed with a gas which has greater 
density than NE, Previous tests Wi~h Freon=!2 cauno~ be analyzed until 
the effect of the substantia! absorption of Freon-!2inkerosene on fluid 
properties is evaluated, .. 

Dmother gas which has a gr4ater density than Ne is SF s o The absorption 
of SF s in kerosene was =hacked and four~ to be 470 co SFs per liter of 
kerosene at 15 psig, Although this is less. than the absorption of 
Freon°12~ it could still substantially change t~e surface properties~ 
Therafore~ evaluating the properties of kerosene saturated with F~eon=!2 
will be pursued instead of trying further tests With SFso 

The  hatia-Epstein ge=era!i .ed mo&i used to ana!w.i tests 
performed this quarter. In additions tests from Ru~ 100 with water/Na/ 
catalyst and Run 206 with 16,5 vo!% coal char/kerosene siurry/Na/ 
catalyst were analyzed with this model° The equations used to solve 
this model are shown in Figure 2!o 

• inltial!y~ the sensitivity of the model to changes in several parameters 
was examined° The effect of ch~.ges in the Richardson=Zaki index~ n~ 
on catalyst and liquid holdups is sho~% in Figure 220 The index ca~. 
generally be determined within !0%~ so error in calculated holdups would 
be much less than shown in Figure 22. The sensitivity of the solution 
tO changes .in the ratio of wa~ke solds to particulate=phase so!ids~ X k~ 
is sho~n in Figure 23. Agains small ch~ges in X k have little effect 
on the calculated holdups° 

The effect Of ch~ges in the terminal bubble veioci~y on the calculated 
holdups is .given in Figure 24° Ofall the values input tO the models 
UtR is currently the hardest to define and has the largest error asso- 
Ciated with ito Solution. of the Bhatia~Epstein model is. most sensitive 
to terminal bubble velocity. 

It should also be noted that solutions for catalyst h6!dup are not unique= 
and that the same catalyst holdup can be calculated for several values of 
Uts, Xk, and no . : 

A preliminary analysis .of the data from Runs 2i2 and 2!3 ~¢ith the Bhatia= 
Epstein model was performed. The variables which must be known to solve 
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the set of equations are: UI, Ug, Xk, Ut, Ut B, and n. The gas and 
liquid velocities are known. The Richardson-Zaki index and catalyst 
terminal velocity were determined experimentally. The relative wake 
solids content, Xk, was calculated from an empirical correlation 
developed by Ei-Temtamy and Epstein (I): 

Vl 
Xk = i - 0.877 U'~ 

The value of the terminal bubble velocity was then varied to give the 
best fit to experimental data. 

Test conditions, the calculated Xk, and the estimated Uts which gave the 
best fit for Run 212 are listed in Table XIX. 

Comparison of the Bhatia-Epstein results wlth experimentally determined 
catalyst and gas holdups is shown in Figures 25 and 26. 

The calculated values of Xkwere generally close to zero, and the 
terminal bubble velocities which gave the best fit are relatively small. 
These values of Ut. correspond to bubbles with diameters generally less 
than 0.2 mm. Bubble photographs indicate that bubbles near the reactor 
wall are typically about 0.35 n~n in diameter, so estimated bubble terminal 
velocities are probably within an order of magnitude of actual bubble 
velocities. 

Calculated values of X k and the Ut 8 which gave the best fit are given in 
Table XX for Run 213. Comparison of the calculated and experimental 
holdups is shown in Figure 27. The calculated values of Xkwere much 
larger using helium as the gas Chanwith nitrogen. 

Terminal bubble velocities which gave the best fit were also larger with 
helium thanwith nitrogen. This indicates that the use of helium results 
in formation of larger bubbles which will entrain more solids in their 
wake. 

These results agree with the drift flux analysis, which indicated the use 
of helium instead of nitrogen enhanced ~he transition to churn turbulent 
flow. The transition results from formation of larger bubbles. 

Analysis of results fromRun I00 with the Bhatia-Epstein model was done 
in the same manner as with Runs 212 and 213. Test conditions, the value 
of Xk calculated by the EI-Temtamy and Epstein correlation, and the 
estimated Uts which gave the best fit are listed in Table XXl. Calcu- 
lated values-of Xkwere larger than for either Run 212 or 213; they 
average above 0.8. The terminal bubble velocities which gave the best 
fit are also greater than for either Run 212 or 213. This indicates that 
with water tests~ much larger bubbles are formed with large wakes con- 
taining high concentrations of catalyst particles. This is in agreement 
with the Darton-Harrison analysis, which showed almost all the water 
data to be in the churn-turbulent or bubble coalescing flow regime. 

(1) EI-Temtamy, S. A., and N. Epstein, Int J Multiphase Flow, ~, 19, 1978. 
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Results of the analysis of Run 206 58-74 with the Bhatia-Epstein model 
are shown in Table XXiI. Ca!c~!ated values of Xkweremuch larger than 
results from Run 212 or 213= averaging above 0.8 as with the water tests. 
Aithough the terminal bubble veiocities %~hich gave the best fit were 
20-30 times higher than for Run 212~ ~hey were less than the values for 
water tests~ Run i00= " 

These results are also in good agreementwith the barton-Harrison model. 
When coal fines were added to the kerosene tO make e slurry= the tran- 
sition to churn turbulent from ideal bBbb!y:fiow was enhanced; thus, the 
larger values of Xk and Uts. However= most of the data were in the 
transition region and did not completely make the change to churn 
turbulent fl6w= indicating why the terminal Bubble ve!ocitiesare sma!ler 
than the values with water. : " 

TWO runs= 212 and 206 5~174~ were also ana!yzed With the Bhatia-EPstein 
equation using a Correlation to calculate Ut a and then varying Xkto 
give the best fit. The terminal bubble velocity was calculated using 
an empirical correlation developed by Rim= et a! (2): 

• 0 .055  0 . 3 3 9  0 .025  0 .179  
= 8 3 . l U l  ug 

Using this correlation= all calculated values ofUt~ were about 0.2 ft/s c. 
Varyin~ X k from 0 to I did not result in very good lits with the experi- 
mental data. This again indicates the • model is relatively insensitive 
to changes in Xkand Ut@ is the most important parameter for reliable 
application of the Bhatza-Epstein model. 

Tests performed during the last week of May= i979~ which were replicates 
of earlier tests=gave anomalous results. Bed expansions were signifi- 
cantly higher than determined previously. Samples taken from the unit 
indicate that significant catalyst breakup had been Occurring with the 
HDS-2Acatelyst 1/d = 3. This catalyst is being removed from the unit 
and fresh catalyst added. 

Severs! radioactive gas tracer tests were conducted this quarter. Argon-41= 
the radioactive gas= was injected into the react0r bottom at two different 
locations, its pro=~res~ monitore~ usin~ exter~ally m~a~t~N~ 

• scintillation crystal detectors. Detector location on the unit is shown 
in a figure in the appendix. 

Conditions for the tests conducted thisquarter are sho~m in Tables 
XXiii= XEiV~ and X~q. A computer program was written to plot tracer 
data stored on the computer. Examples of these plots are also shown 
in the appendix ~ 

The first ~d second moments of the tracer concentration-time curves 
were determined. Numerical integration of the curves was performed 
using Simpson's Rule. The first moment corresponds to themean residence 

(2) Rim= eta!.= them Eng Sci= 32= 1299= 1977. 
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time, and the second moment corresponds to the variance. However, 
with trailing time distributions, as in this case, large errors in the 
second moment can occur. To minimize these errors, the moments can be 
determined by taking the Laplace transform of the moments and evaluating 
the function as s approaches zero. This effectively does curve smoothing 
without chopping off the tails on the distribution. Calculation of the 
moments using this procedure,suggested by Ostergaard and Michelsen (3), 
is in progress. 

Using the mean residence time at each detector and the distance between 
detectors, the gas linear velocity, Vg, at different points in the 
reactor can be calculated. Using the linear velocity,and,gas superficial 
velocity, the gas holdups can be calculated: 

Cg = Ug 
Vg 

Calculated moments, linear velocity, and calculated holdups are listed 
in a table in the appendix for all tracer tests. When available, gas 
holdups calculated from gamma-ray scans are also given. 

Except for the first tracer test, when the detectors were collimated to 
one-inch diameter so that the reactor center was preferentially viewed, 
holdups calculated from tracer data are much greater than holdups deter- 
mined by gamma-ray scans. For the remaining tests, the collimators had 
been opened to 2 x 4" slits in order to view an entire horizontal cross- 
section of the reactor while maintaining a narrow vertical view. 

These results indicate that the gas linear velocity measured using gaumm- 
ray scans is significantly greater than the velocity measured with the 
tracer tests. This difference could result from significant backflow of 
gas in the reactor. The garmua-ray scan measures a point density inde- 
pendent of the gas direction, whereas tracer tests give a measure of the 
flow direction. When using gamma-ray holdups to calculate gas linear 
velocity, it is assumed all the gas is travelling upward, thus resulting 
in the overestimate of gas linear velocity. 

Due to this apparent backm~xing of gas in the rga=~or~ gas holdups cannot 
be directly calculated from tracer data. However, gas holdups calculated 
from the first tracer test, 9/28/78, were similar to those calculated by 
gamma-ray scans. In this dase the center of the reactor was preferen- 
tially seen, thus indicating the gis flows upward in the center of the 
reactor and the downflow of gas occurs malnly at the reactor walls. 

This theory of gas upflow in the center of the reactor and gas downflow 
at the walls is supported by visual observations of the reactor with 
catalyst fluldized by kerosene and nitrogen. Large sections of gas 
bubbles flowing downward can be observed. 

(3) Ostergaard, Ko, and Mo Lo Michelsen, Can..j of them Eng, 47, 
April, 1969. 
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To test this theory~ a model is being developed to describe the tracer 
results. This model is being formulated through discussions with 
Profissor iris of the University of Minnesota. The besis of the model 
which ~iil be tested is shown in FiEare 28° This is the simplest model 
tQ describe both upfiow and do~nf!ow= treating the reactor as two 
different sections: the~cata!yst bed and the dilute phase, Usin~ this 
model, ten parameters wiil be used to describe the reactor flow system. 

A simplified version of this model can be applied to results from the 
first tracer test. Development of this model is shown in Figure 29. 
Using a plot of I/Hpq(s) versus s~ the residence time of the upflow 
system can be determined. Derivation of the other parameters using the 
rest of the tracer tests with views of the entire reactor will be con- 
sider ably more comp!icate~. Parameter estimation of a high-order 
polynomial will be required. Application of both versions of the model 
t O the experimental data will be completed next quarter. 

MODEL DEVELOR~ENT 

Programming of a master computer program for data analysis and modeling 
was continued this ~ quarter. A figure showing the basic outline for 
development of this program wasgiven in Quarterly Progress Report No. 5. 
This quarter~ a running version of the Taw data analysis subprograms 
was completed. 

Several subroutines for modeling were added to the programl One sub- 
routine calculates drift flux for the Darton-Harrison correlation. The 
other subroutine is Used to calculate the catalyst distribution at the 
top of the catalyst bed. At higher gas and liquid flow rates= the top 
of the catalyst bed is not alway s clearly defined. The holdups of the 
catalyst slowly drops with increasing height in the bed. 

To account i for this distribuhion~ a computer program based on a coEre- 
lation by Begovich and Watson (4) was developed. The expression for 
vitiation in catalys t holdup is given below: 

= [ + I)/23 = 

Oc = e=f[  ' ic)/ c] 

The inflection point~ ic~ on a holdup versus height diagram corresponds 
to the nominal bedheight ~ and &c corresponds tO the width of the 
catalyst transition region. These two values are illustrated on a 
gamma-ray plot shown in Figure 30. 

This plot shows an extreme case of catalyst dSstribution. For most 
cases~ ~c is between 0 and 5", whereas in this case it is in excess of 
30". In general= greater fluid viscosity results in a wider transition 
region. 

(4) Begovich= J. M.~ and J. S6 Watso~ Fluidization~ Cambridge University 
Fress (1978). 
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In addition, a computer program was written and stored on an in-house 
computer for the iterative solution of the Bhatia-Epstein model. 
Equations used for this model and the methodology for the solution are 
given in Figure 21. Results of trial solutions with the model were dis- 
cussed in the preceding section. 

This solution of the Bhatia-Epstein model is currently being added to 
the master computer program, along with an optimization routine to 
determine optimum values for parameters in the model--i.e.~ Uts and X k. 

The optimization program uses a modified complex algorithm to locate 
optimal points of functions, subject to implicit and explicit constraints. 
A special coding minimizes problems with the program hanging upon a 
non-universal optimum (saddle point). In order to easily implement the 
optimization routine, a method was needed to enter constraints and 
variables into the system. To accomplish this, a subroutine was written 
to allow individual program vectors to be entered without requiring 
cumbersome amounts of input. 

FUTURE PLANS 

I) Complete tests with He/15 vol% coal char slurry/HDS-2A catalyst 
1/d = 3. 

2) Clean unit and add high density equilibrium catalyst from }LRI and 
start Ne/kerosene/catalyst tests. 

3) Complete addition of Bhatia-Epstein model to master computer program. 

4) Modify computer program into a predictive model. 

Plans for unit operation are shown in Figure 31. 
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NOMENC~AT~E 

d 

dp 

ds 

D 

8~ 

Cg~'S 

• 1 

¢1~B 

h 

ic 

n 
6 

• V=0 
vg 
V 1 

xk 

Particle diameter, 

Diameter of a circle of the same area as the projected 
particle in its most stable position. 

Diameter of a sphere with the s~me volume as the 
particle. '. . 

Bed dlamater. 

Catalyst volume fraction from bed heisht data, 

Catalyst volume fraction from gamma-ray data. : 

Gas volume fraction. 

Gas volume fraction from bed height and V-ray data' 

Liquid volume fraction, 

Liquid volume fraction from bed height and 

Height in reactor. 

infiectionpoin t on catalyst holdup curve. 

Richardson-Zaki index. 
surface tension. 
Width of catalyst transition region. 
Viscosity. 
Superficial gas velocity. 

Superficia~iiquid velocity. 

Gas-liquid slid velocity= U~. U1 eg 
Terminal catalyst velocity. 

Terminal bubble velocity. 

~-ray data. 

Gas drift flux. 
Linear gas velocity. 
Linear liquid velocity. 

Ratio of solids in wake to solids in particu!ate phase. 
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'TABLE Ii 

Size ~ ~ 

O 

1.1 

'2.7 

3.8 

5.6 

13.5 

18 .7  
2g .'7 

51 .3  
72 .8  
94.4 

~ZAZZ~ Z~ SZA~D SZZE 

Cu=ulaclv~ 
Numbar 

i 

2916 
2635 

. . . . .  1921- 

1396 

922 
•I 

529 

.64 
:24 
13 

8 

• • ; "  

C~ulat:~.Ve 
Numb~ % 

IO0 
90.4 
 5,9 
47 .9  
31.6 
18.1  

7 . 3  
3.•9 
2.2  
0 .8  
0.4 
0.3 
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TABLE I i I  

zz~z~ SVSSTZ ~WCZ~ 

Bubble D~neter, mm 

Terminal Bubble Velocity, Ft/Sec 

0.2 

0.04 

0.35 

0.09 

1.6 

0.65 

5116179 
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T~L~ ~V 

CO~.~qDXTiONS FOE CATALYST B~D SET~LD~ 
RATE TESTS~ HDS-2A CATAT~YST 1/d = 3 

S!u~:ry 

Ke~:ose~'~e/0% Fines 
I| 11 

t| I! 

1# ,#| 

Ii !i 

,.,. . #1 

i !  

Ke=ose=~:/!5 vo~ Fin~s 

15 t! 

II 

11 

U! 
FtlSec 

0.10 
0.1-0 
0.20 
0. !0 
0.10 
0.20 

0.I0 . 

0.10 
.0.15 

i~.l~ec 

0.!0 
0.15 
0.10 
0.!0 
0.i5 
0.10 

0'. I0 
0 , 1 5  

0.10 

EMB/ml 
6/2i/79 

"... • , 
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TABLE V 

FINES SETTLING RATE: 
GAMMA RAY SCANS (CPS) 

Reactor 
Position 

0 2 4 6 8 10 12 14 16 

50 273.5 232 225 225 231 235 234 238 26 
100 275.4 276 278 285 279 298 303 298 295 
150 261 277 275 281 284 285 290 283 282 

Min. 0 20 40 60 80 100 120 
50" 274 274 273 265 236 231 232 

Reactor 
Position 

0 2 4 6 8 10 12 14 16 18 

0 177 161 167 162 166 163 162 163 162 164 
55 257 207 211 212 208 209 201 205 209 208 

110 267 269 270 273 275 282 270 280 275 299 
165 254 261 267 254 288 283 290 278 289 286 

Min. 0 20 40 60 80 100 120 
55" 257 253 252 245 211 216 207 

6/21/79 
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EXPERIMENTAL TESTS COMPLETED 
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l~un 
No__~. 

300 

301 

Cata!Tst 

None 

HDS-2A 
L = 3/8" 
D = 1/16" 

I.&~uid 

Kerosene 

Fines~ Test 
yo1% No.a, 

0.0 

Kerosene 0.0 

-01 
-02 
-03 
-04 
-05 
-06 
-07 
-08 
-09 
-!0 
-11 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 
-20 
-01 
-02 
-03 
-04 
-05 
-06 
-07 
-08 
-09 
-!0 
-11 
-12 
-13 
-14 
-15 
-16 

LSquid 
Flow Rate~ 
GPM/Ft a 

22.4 
22.3 
22.3 
22.4 
22.4 
44o9 
4&o6 
44.9 
&~o5 
45,2 
66.6 
66.9 
67.3 
66.6 
66.7 
88.7 
88.8 
89,,7 
89.8 
112.3 
37.6 
44°0 
58.9 
66.0 
76.4 
87.9 
1!9.0 
38.3 
37.9 
40.4 
44.6 
44.2 
67.4 
66.6 
88.4 
88.3 

Gas Flow 
Eate~ 

Ft/Sec 

0.05 
0.i0 
0.i5 
0.20 
0.25 
0.05 
0.i0 
0.15 
0.20 
0.23 
0.05 
0.I0 
0.15 
0,21 
0.25 
0.05 
0 o l l  
O. 16 
0.23 
0.05 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.04 
0.09 
0.14 
0.I0 
O. 14 
0.10 
0.15 
0.11 
0.16 

~m/ml 
4/12/79 



Run 
No • 

212 

Catalyst 

TABLE V~ 
EXPERIHENTAL TESTS COMPLETED 

~2- 

Cat. Fines 
L/D Liquid Vol % 

T e s t  
N o ,  

-28 

L i q u i d  
F l o w  R a t e  

G p m / F t 2  

Gas Flow 
Rate 

Ft/Sec 

H D S - 2 A  3 K e r o s e n e  0 . 0  - 1 3 0 . 8  0 . 0  
. . . . . . . .  - 2 3 1 . 7  O.  10 
. . . . . . . .  - 3 45 • 0 O.  0 
" . . . . . .  - 4 4 4 . 6  0 . 0 4  

. . . . . . .  - 5 4 4 . 0  0 . 1 0  

. . . . . . . .  - 6 44.7 0.14 

. . . . . . .  - 7 6 6 . 8  O.  0 

. . . . . . .  - 8 6 6 . 4  0 ,  11 
t l  

. . . . . .  - 9 6 6 . 5  0 . 1 6  
. . . . . . . .  - I 0  8 8 . 7  O.  0 
. . . . . . . .  - 1 1  8 8 . 4  0 , 1 2  
. . . . . . . .  - 1 2  4 . 5 . 2  O. 19 
. . . . . .  - 1 3  6 6 . 5  0 , 2 1  
. . . . . . .  -14 88.3 O. 23 
. . . . . . . .  - 1 5  8 7 . 8  0 . 1 6  
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TABLE ~ Vi 

EXPERIIIENTAL TESTS COIIPLETED 

Cat. Fines 
L/D Liquid Vol % 

Kerosene 
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0 .0  
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M 

I I  

I I  

I I  

I I  

I I  

• l e  

I |  

, l  

mm 

ee 
f 

.," er  

ge 

•Test 
.NO. 

- I 
- 2 
- 3 
--' 4 

- 5 
- 6 
- 7 
- 8 
- 9 
-I0 
-II 
-12 

-13 
-14 
-15 
-16: 
- 1 7 :  
- L 8  
- 1 9  
- 2 0  
- 2 1  
- 2 2  

-29 

Liquid 
Flow Rate 
Gpm/Ft2 

3 8 . 4  
3 7 . 3  
37.4 
3 7 . 4  
4 4 . 3  
6 8 . 4  
8 9 . 1  
45.0 
3 6 . 7  
44.4 
66.4 
3 7 . 5  
4 4 . 0  
66.5 
8 8 . 1  
8 8 . 4  
8 8 . 7  
8 7 . 2  
44.~ 
66.6 
66.7 

1 0 9 . 5  

Gas Flow 
Rate 

F t / S e c  

0.0 
0o05 
0. I0 

• O. 15 
O. 05 
0°05 
0.05 
O. I0 
O. 20 
O. 20 
O. 20 
O. 25 
O. 25 
O. 25 
O. 25 

O. 20 
0. I0 

0 . 1 5  
O. 15 
0 . 1 5  
0.10 
0 . 0 5  
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Run 
No. C a t a l y s t  

TABLE VI 

EXPERIHEHTAL TESTS COMPLETED 

-4- 

C a t ,  Fines  
LID L i q u i d  Pol % 

T e s t  

No, 

L i q u i d  
Flow Rate 

6pM/Ft2 

6as Flow 
Rate 

F t / f i ec  

214 HDS-2A 
R 

I!  

I I  

N 

I I  

U 

3 KEROSENE 1 5 , 5  - 1 4 5 . B  0 . 0  
" " " - 2 4 3 . 4  0 . 0  

" " " - 3 3 9 . 3  O.  0 

• " " " - 4 3 1 . 2  0 . 0  

" " " - 5 5 3 . 9  O.  0 

" " " "- 6 60,3  O, 0 
" " " - 7 70 .4 )  0 . 0  
" " " - 8 7 1 . 4  0 . 0  

" " " - 9 79.7 0 . 0  
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TABLE :Vii 

CAL~TED }{OLDUPS~ RL~ 300 

R~ NO° 

3oo-ol 
-02 
-03 
-04 
-05 
-06 

- 0 7  
-08 
-09 
~i0 
-i! 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 
-20 

Oo 95 
0°89 
O°86 
0o81 
0o 78 
0°93 
O°84 
0,; 78 
0.69 
0065 

.0090. 
0°77 
0o71 
0.65 
0.64 
0.93 
0.83 
0.77 
0.71 
O. 95 

0 °96 
0 °90 
0.85 
0080 
0.79~ 
0.93 
0.86 
O. 78 
0.73 
O. 72 
0.94 
0.8! 
0.75 
0.71 
0.69 
0095 
0.85 
0.82 
0.74 

0.98 

? , 

0005 
0.I! 
0o14 
0.!9 
0.22 
0.07 
0016 
0.22 ~ 
0.3! 
0.35 
O. i0 
0.23 
0.29 
0.35 
0.36 
0.07 
0.17 
0.23 • 

o.29 
0.05 

V¢ D 

13o7 
25.5 
37.2 
46°5 
56.1 
12.0 
30°8 
29.0 
31.7 
3409 
9.1 

13.0 
19.2 
2506 
32.3 

9.9 
17.5 
23.5 
31.2 
10.7 

4/i2179 
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TABLE VIII 

% BED EXPANSION FOR RUN 301: KEROSENE 

Run No. 

Liquid Gas Flow 
Flow Rate, Rate, 

GPM/Fte Ft/Sec 

Initial -- -- 
301-01 37.6 0.0 

-02 44.0 0.0 
-03 58.9 0.0 
-04 66.0 0.0 
-05 76.4 0.0 
=06 87.9 0.0 
-07 I19.0 0.0 
-08 38.3 0.04 
-09 37.9 0.09 
-I0 40.4 0.14 
-Ii 44°6 0.I0 
-12 44i2 0.14 
-13 67.4 0.i0 
-14 66.6 0.15 
-15 88.4 0.II 
-16 88.3 0.16 

Catalyst Bed 
Bed Helght~ Expansion, 

Inches Z 

43.9 
47 7 
49 ii 
51 16 
53 21 
55 25 
63 43 
97 121 
50 22 
51 24 
53 29 
54 32 
55 34 
67 63 
73 78 
83 . 102 
93 127 

EMBIml 
4/12/79 



TABLE IX 

Z BED EXPANSION FOR RUN 212 
-33 

Run 

2 ! 2 -  i 
- 2  
- 3 

- 4  
- 5 

- 6  
- 7  
-- 8 

-- 9 

- - 1 0  

--11 
--12 
--13 
--14 
--15" 

Liquid 
Flow Rate, 

GP~IFt2 

30.8 
31.7 
45.0 
44.6 
44,0 
4 4 . 7  
6 6 . 8  
6 6 . 4  
6 6 . 5  
8 8 . 7  
88.4 
45.2 
6 6 . 5  
88.3 
87.8  

CATALYST : 
LIQUID 
COAL CHAR CONC: 
TEMPERATURE : 

Gas Flow 
• Rate 
FC/Sec 

0 . 0  
0 .10  
0 , 0  
0 .04  
0 .10  

0 . 1 4  
0 . 0  
0 .11  
0 .16  
0 .0  
0 .12  
0 .19  
0 .21  
0.23 
0 .16  

HDS-2A 
KEROSENE 
0.0VOL g 
71. DEG F 

Catalyst 
Bed 

H e ! s h l :  

57. 
67. 
65. 
70. 

:77.  
8 ! .  
84. 

9 5 .  
102. 
109 .  
119. 

82. 
11 ! .  
1 3 4 .  
I 2 7 .  

% 

Bed 
Expansion 

14 .  
34 . ,  
3 0 .  
4 0 .  
54 .  
6 2 .  
6 8 .  

90 .  
104. 
118. 
138o 

64. 
1 2 2 .  
168. 
154, 
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TABLE X 

% BED EXPANSION FOR RUN 213 

CATALYST 
LIQUID 
COAL CHAR CONC: 
TEIiPERATURE : 

HDS-2A 
KEROSENE 
0 . 0  VOL Z 

70. DEG F 

Ruu NO. 

213- I 
- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

-I0 
-1 1 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 
-20 
-21 
-22 

L i q u i d  
Flow Rate~ 

GPH/Ft2 

3 8 . 4  
3 7 . 3  
3 7 . 4  
3 7 . 4  
4 4 . 3  
6 8 , 4  
8 9 . 1  
4 5 . 0  
3 6 . 7  
4 4 . 4  
6 6 . 4  
3 7 . 5  
4 4 . 0  
6 6 . 5  
8 8 . 1  
8 8 . 4  
8 8 . 7  
8 7 . 2  
4 4 . 4  
6 6 . 6  
6 6 . 7  

109 .5  

Gas Flow 
Rate 

Ftl.Sec 

0.0 
0.05 
0. I0 
0.15 
0.05 
0.05 
0.05 
0. I0 
0.20 
0.20 
0.20 
0 . 2 5  
0 . 2 5  
0 .25  
0 . 2 5  
0 . 2 0  
0 . 1 0  
0 . 1 5  
0 .15  
0 .15  
0 . 1 0  
0 . 0 5  

Catalyst 
Bed 

H e i g h t  
( I n . )  

63.  
64 .  
68 .  
71 .  
69 .  
86 .  

109 .  
70 .  
69 .  
76 .  
93.  
69 .  
75.  
99.  

125 .  
120 .  
I l l .  
117 .  

76 .  
96 .  
91 .  

135 .  

X 
Bed 

E x p a n s  

26 .  
28.  
36 .  
42 .  
38.  
79 .  

127.  
46 .  
44 .  
58 .  
94 .  
44 .  
56 .  

106.  
160. 
150.  
131 .  
144.  

58 .  
100 .  

90 .  
181 .  

i o n  
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TABLE XI 

BE~EXPAH$IOH FOR ROH 2i~ 

C~T~LYST : H~$-2A 
LIQUID : "  KERQSEH~ 
COAL CHaR COHC: 15,5 VOL 
TEHPER~TURE : 150, PEG F 

Ru~.H¢= 

C~t~!ys¢ 
' L i q u i d  8~s Flou Bed 

Flo~ R~te~ Rate H~i~ht 
6PH/Ft2 Ft/Sec ( I n , )  

214-  1 45 .8  0 , 0  74 .  
- 2 4Z.4 0,0 69, 
- Z 39.3 0,0 63. 
- 4 31 ,2  0,0 58. 
- 5 53.9 0,0 81. 
- 6 60.3 0.0 86. 
- 7 70=0 0.0 90, 
- 8 71 ,4  0.0 96. 

- 9 79.7 0.0 105. 

Z 
B~d 

Expansion 

40, 

lc), 
9, 

53= 
62, 
• 70 • 
8 t ,  
98, 
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TABLE XII 

CALCULATED HOLDUPS~ RUN 301: DENSE PHASE 

Run No. _ECc_ ¢_i~_ ~IAP- 

301-01 
-02 
-03 
-04 
-05 
-06 
-07 
-08 
-09 
-i0 
-ii 
-12 
-13 
-14 
-15 
-16 

0.42 
0.41 
0.39 
0.38 
0.36 
0.32 
0.21 
0.37 
0.36 
0.35 
0.34 
0.34 
0.28 
0.25 
0.22 
0.20 

0.64 0.73 
O. 65 O. 72 
0.66 0.72 
0.67 0.71 
0 .68  O. 70 
O. 72 O. 70 
0.82 0.78 
0.50 0.46 
0.51 0.41 
0.52 0.41 
0.6O 0.45 
0.58 0.42 
0.63 0.58 
0.53 0.57 
0.61 0.67 
0.58 0.65 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.12 
0.12 
0.13 
0.06 
0.08 
0.09 
0.21 
0.17 
0.22 

VCD 
(~/8ec) 

m m  

i m  

~ u  

~ m  

m m  

5.4 
18.8 
31.2 
25.8 
35.4 
21.8 
21.8 
13.7 
20.0 

~S/ml 
4/12/79 



CALCULATED 

TABLE XiIZ 

EOLDUPS~ RUN 2 1 2 :  DENSE PHASE 
-37 

CATALYST : HDS-2A 
LIQUID : EEROSEi~E 
COAL CEAE CONC: 0.0 VOL Z 
TE]iPEEATURE : 7 1 .  DEG F 

RUn NO • 
212- I 

--2 
-- 3 

-4 
- 5 
- 6 

- 7 

- 8 

- 9 

-10 
-11 
-12 
-13 
-14 
-15 

Liquid Gas Flow 
Flow Rate~ Rate~ 

Gpm/Ft 2 Ft/Sec " 
30 .8  0 . 0  
31 .7  O. 10 
45.0 0 . 0  
44.6 0.04 
44 .0  O. 10 
44.7 O. 14 
66 ,8  0 . 0  
66.4 0.11  
66 .5  : O. 16 
8807 0 . 0  
88.4 0 .12  
45.2 0 .19  
6 6 . 5  0 . 2 1  
8 8 . 3  O. 23 
8 7 . 8  O. 16 

e c 

0 .63  
0°37 
0 .38  
0 .35  
0 .32  

0 . 3 0  
0 .29  
O. 26 
O; 24 
0 .22  
0 .21  
O. 30 
0 . 2 2  
0 . 1 8  
0 ,19  

O. 46 
0.71  

0 . 4 9  
0 .42  
0 . 4 0  
0 . 7 6  
0 .52  
0 . 4 8  
0 .82  
0 .60  
O. 36 
O. 46 
0 .51  
0 . 5 9  

eXAp 
0 . 6 3  
0 . 4 6  
0 . 6 4  
0 . 5 5  
0 . 5 0  
0 . 4 7  
0 . 7 2  
0 . 5 8  
0 . 5 4  
0 . 7 7  
0 . 6 5  
0 . 4 5  
0 . 5 3  
0 . 5 8  
0 . 6 4  

0 .0  
O. 18 
0 .0  
O. 16 
0 .26  
O. 30 
0 . 0  
0 . 2 3  

0 . 2 8  
0 . 0  
O. 19 
0 . 3 4  
0 . 3 2  
0 .31  
0 .22  

Vcd 
( ~ = / S e ¢ )  

0 . 0  
1 7 . 7  

0 . 0  
3 . 1  
9 . 1  

I 5 . 0  
0 . 0  

10,,7 
1 5 . 8  

0 .0  
13 .8  
1 9 . 5  
22, 6 
2 3 . 7  
21 .3  

? 



TABLE XIV 

CALCULATED HOLDUPS, RUN 213: DENSE PHASE 
-38 

CATALYST : HDS-2A 
LIQUID : KEROSENE 
COAL CHAR CONC: 0.0 VOL % 
TEMPERATURE : 70. DEG F 

Liquid Gas Flow 
Flow Rate, Rate, Vcd 

Run No. Gpm/Ft 2 Ft/Sec ¢c el~Y ~IAP Cg~ (Mm/Sec) 
213- 1 38.4 0.0 0.39 0.68 0.62 0.0 0.0 

- 2 3 7 . 3  0 . 0 5 ,  0 . 3 8  0 . 4 8  0 . 5 5  0 . 1 4  6 . 6  
- 3 37.4 0. I0 0.36 0.45 0.53 0.19 16.0 
- 4 37.4 0.15 0.35 0.41 0.50 0.24 23.5 
- 5 44.3 0.05 0.36 0.49 0.58 0.15 5.2 
- 6 68.4 0.05 0.27 0.64 0.68 0.09 8.1 
- 7 89. I 0.05 0.22 0.71 0.76 0.07 8.2 
- 8 45.0 0. I0 0.34 0.51 0.56 0.15 18.4 
- 9 36.7 O. 20 O. 34 O. 51 O. 54 O. 15 45.2 
-I0 44.4 0.20 0.31 O. 52 0.56 0.17 42.4 
-II 66.4 0.20 0.25 0.55 0.62 0.20 36. 1 
-12 37.5 0.25 0.34 0.44 0.52 0.22 50.1 
-13 44.0 0.25 0.31 0.42 0.53 0.27 42.0 
-14 66.5 0.25 0.24 0.55 0.60 0.21 46.8 
-15 88.1 0.25 O. 19 0.59 0.66 0.22 42.5 
-16 88.4 0.20 0.20 0.61 0.67 0.20 33.4 
-17 88.7 O. I0 0.21 0.66 0.73 0. 13 16.7 
-18 87.2 0.15 0.20 0.63 0.68 0.17 25.0 
-19 44.4 0.15 0.31 0.51 0.55 0.18 28.4 
-20 66.6 0. 15 0.24 0.56 0.61 0.20 23.6 
-21 66.7 0. I0 0.26 0.57 0.64 0. 17 14.3 
-22 109.5 0.05 0. 17 0.76 0.80 0.07 8.3 



• . , .  , • 
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TiBnE X~ 

• C~LCULATE9 ltOLgUF~S, RU~I 214~. OEt;]$~- PHASE 

° .  

CATALYST -" ,~S-2A 
LIQUXD : KEROS~HE 
co~. cH~ c o ~  t5o5 voL z 

.TEHPEI~ATUeE ' :  I,~0:"OE6 F. 

.¢c ¢i~ 

0.3G 0.6~ 
• 0.3]3 0.6,6 

0.41 0 . 6 3  
0.45 0.60 
0.32 0.66 
0.30 0.69 
0.29 0 . 7 0 "  
0.27 0.71 
0.2~ 0.71 

Liquid 1 ' " B ~  ~ " F ~ O ~  

Flo,  R~%e, Rs'.L,e ~, 
Run He; .  8p~/F%2 F%/Sec 

214- ! 45.8 0 . 0  
- 2 43.4 0.0 
- 3 3 9 . ~  0 . 0  

- 4 " 31.2 0.0 
- 5 53.9 0.0 
- 6 60.3 0.0 
- 7 70o0  0 . 0  
- 8 7 1 . 4  0 , ,0  
-. ~ • 7 9 . 7  0 , 0  

¢!~P 

0.6~ 
0.62 
0 .59  
0.5~ 
0.64 
0.65 
0.66 
0.68 
0=6? 

-' 0.0 
0:0 
0o0 
0.0 
0~0 
0.0 
0.0 
0.0 
0.0 

Vc4 

0=0 
0o0 
0o0 
0o0 
0.0 
0.0 
O.O 
0.0 
0.0 

" . %  
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TABLE XVI 

CALCULATED HOLDUPS, RUN301: DILUTE PNASE 

Run NO. 

301-01 
-02 
-03 
-04 
-05 
-06 
-07 
-08 
-09 
-i0 
- I I  
-12 
-13 
-14 
-15 
-16 

_elAp_ 

0.98 0.97 0.0 
0.98 0.98 0.0 
0.98 0.98 0,0 
0.99 0,97 0.0 
0.99~ 0.97 0.0 
0.99 0,97 0.0 
0.99 0.96 0.0 
0.86 0.93 0.14 
0.74 0.81 0.26 
0.67 0.76 0.33 
O. 72 0.80 0.28 
O. 64 O. 72 O. 36 
0.73 0.80 0.27 
0.69 0.76 0.31 
0.79 0.86 0.21 
0.72 0,81 0.28 

EMB/ml 
4/12/79 
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TABLE XVL~ 

CALCULATED HOLDUPSs RUN 212--DILUTE PHASE 

CATALYST : HDS-2A 
L~QUID : KEROSENE 
COAL CHAR CONC: 0.0 VOL Z 
TEHPERATURE : 71, DEG P 

R~ NO.' 

2 1 2 -  1 
- 2 

- 3 

- 4 

- 5 

- - 6  
- 7 

- 8 

- 9 

- 1 0  
-11  
- 1 2  
- 13  
- 1 4  
- 1 5  

Liquid 
Plow Rate, 

¢pm/Pt2 

30.8 
31 .7  
45.0 
44,,6 
44.0 m 

44.7 
66 .8  
6 6 . 4  
66 :5  
8 8 + 7  
88~4 
45L2 
66; s 
88.3 
8 7 . 8  

Gas Plow 
Rste, 

PtlSec 

0.0 
0. I0 
0.0 

•0.04 
0. I0 
0.14 
0.0 
0.11 
0.16 
0.0 
0.12 
0,19 
0 . 2 1  
0 , 2 3  
0 , 1 6  

ell 

0 . 9 8  
0.76 
0 , 9 8  
0.86 
0 . 7 4  
0 .65  
0.98 
0 .75  
0.68 
0.98 
0 .77  
0 . 6 4  
0 .61  
O: 64 
0 ,72  

¢!AP 

0.94 
0 , 8 7  
0.94 
0,96 
0 . 8 5  
0 . 7 8  
0.94 
0.86 
0 . 7 9  
0.94 
0.88 
0.76 
0 , 7 3  
0.80 
0 . 8 3  

¢gF 

0 , 0  
0 . 2 4  
0 . 0  
0 . 1 4  
0 , 2 6  
0 . 3 5  
0 . 0  
0 . 2 5  
0 . 3 2  
0 . 0  
0 . 2 3  
0.36 

• O .  39 
0 . 3 6  
0 . 2 8  



TABLE A'VIII 
CALCULATED HOLDUPS, RUN 213--DILUTE PHASE -42 

CATALYST : HDS-2A 
LIQUID : KEROSENE 
COAL CHAR CONC" 0.0 VOL % 
TEMPERATURE : 70. DEG F 

Run NO . 

213- I 
- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

-10 
-11 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 
-20 
-21 
-22 

Liquid 
Flow Rat 

G p m / F t  

38.4 
37.3 
37,4 
37.4 
44.3 
68.4 
89.1 
45.0 
36.7 
44.4 
6 6 . 4  
3 7 . 5  
4 4 . 0  
6 6 . 5  
88 .1  
8 8 . 4  
88 .7  
8 7 . 2  
4 4 . 4  
6 6 . 6  
6 6 . 7  

1 0 9 . 5  

e~ 
2 

Gas Flow 
Rate 

F t / Se c el~ elAP cg y 

0.0 0.98 0.94 0.0 
O. 05 O. 92 I. Ol O. 08 
O. I0 O. 85 O. 95 O. 15 
0.15 0.78 0.89 0.22 
0.05 0.89 0.99 O. II 
0,05 0.92 0.98 0.08 
O. 05 O. 90 I. 03 O. 10 
O, 10 O. 87 O. 93 O. 13 
O. 20 O, 78 O, 93 O, 22 
O, 20 O. 75 O. 91 O, 25 
0 . 2 0  0 . 7 4  0 . 8 9  0 . 2 6  
0 . 2 5  0 . 7 5  0 . 9 1  0 . 2 5  
0 , 2 5  0.73 0.89 0.27 
0 . 2 5  0 . 6 9  0 . 8 5  0 . 3 1  
O. 25 O. 70 O. 86 O. 30 
O. 20 O. 73 O. 89 O. 27 
O. 10 O. 83 O. 98 O. 17 
0 . 1 5  0 . 7 6  0 .91  0 . 2 4  
O. 15 0.75 0.90 0.25 
0.15 0.74 0.89 0.26 
O. 10 O. 80 O. 95 O. 20 
O. 05 O. 89 1 .07  O. 11 



212-01 

U I U g 

f t / s e c  

.07  0 

-02 .07 0=1 

'03 0.!0 0 

.o4 o.1o o.o~, 

-o3 O.lO o.Io 

= 0 6  0.I0 '0.14 

- 0 7  0o15 0 

•-08 0.15 0.11 

~-09 0.15 0.15 

"I0 0.2 0 

-II 0.2 0.12 

"12 0.I 0.2 

-13 0.15 0.2i 

-14 0.2 0,23 

-15 0.2 o.16 

TABLE XIX 

BHATIA-EPSTEIN MODEL RESULTS: RUN 212 
Kerosene/0% Fines/Nitrogen 

£t/sec 

. 1 

. ! 

0.0 0.001 

0.0 0.0! 

0,0 0.03 

0.0 0.02 

0,0 0.01 

0.02 0.12 

0.22 0.05 

0.13 0.05 

0.02 0.03 

0.23 0.1 

e £ 
C C C 

0 . 4 3  - 

0 . 3 7  - 

• 0.38 - 

0°35 0.33 

0,32 0.29 

0,3"0 0.27 

0,29 - 

0.25 0.23 

0.24 0.21 

0.22 - 

0.21 0.2 

0 . 3 0  0 . 2 6  

0 . 2 2  0 . 2 1  

0.18 0.17 

0. i9 0.18 

¢c= ¢i= eg - Experimental Holdups 

~43 

¢1 ¢1 c g gc 

0.62 - 0.0 - 

0~46 - 0 . 1 7  - 

0~71 - 0 - 

0.49 0.52 0.16 0.15 

0.42 0.47 0.26 0.26 

0.40 0,43 0.30 0.3 

0.76 - 0 - 

0.52 0.54 0.23 0.23 

0.48 0.51 0.28 0.28 

0 . 8 2  - 0 - 

0.60 0.61' 0.19 0.19" 

0,36 0.40 0.34 0.34 

0 . 4 6  0 . 4 8  0 . 3 2  0 . 3 2  

0.51 0.52 0.31 0.31 

0.59 0.59 0.22 0.23 

8Cc' elc ~ ¢gc - Holdups calculated by Bhatia-Epstein Model 



ul gg 
ft/sec 

213-01 0.085 2.0 

-02 0.083 0.05 

-03 0.083 0.I0 

-04 0.083 0.15 

-05 0.10 0.05 

~06 0.15 0.05 

-07 0.20 0.05 

-08 0.10 0.10 

-09 0.082 0:20 

-10  " O. 10 0.20 

-11 0.15 0.20 

-12 0.085 0.25 

-13 0.10 0.25 

-14 0~15 0 .25  

-15 0.20 0.25 

-16 0~20 0.20 

-17 0.20 0.I0 

-18 0.20 0.15 

-19 0.10 0.15 

-20 O. 15 O. 15 

-21 0.15 0.10 

-22 0.24 0.05 

TABLE XX 

BHATIA-EPSTEIN MODEL RESULTS: RUN 213 
Kerosene/O% Fines/Helium 

-44 

Xk Ot ¢c el ¢t ¢g ¢ b ¢Cc c gc 
f t / sec  

0 - 0.39 - 0.68 - 0.0 - 

0.14 0.08 0.38 0.37 0.48 0.48 0.14 0.15 

0.52 0.17 0.36 0.34 0.45 0.46 0.19 0.19 

0.59 0.2 0.35 0.32 0.41 0.44 0.24 0.24 

0.0 0.06 0.36 0.34 0.49 0.52 0.15 0.15 

0.36 0.24 0.27 0.3 0.64 0.61 0.09 0.09 

0.77 0.4 0.22 0.24 0.71 0.70 0.07 0.07 

0.64 0.3 0.34 0.34 0.51 0.51 0.15 0.15 

0.87 0.8 0.34 0.37 0.51 0.48 0.15 0.15 

0.83 0.6 0.31 0.32 0.52 0.50 0.17 0.18 

0.68 0.45 0.25 0.25 0.55 0.56 0.20 0.19 

0.83 0.55 0.34 0.33 0.44 0.46 0.22 0.22 

0.72 0.35 0.31 0.28 0.42 0.46 0.27 0.26 

0.78 0.55 0.24 0.23 0.55 0.56 0.21 0.21 

0.65 0.45 0.19 0.18 0.59 0.60 0.22 0.22 

0.60 0.35 0.20 0.18 0.61 0.61 0.20 0.2 

0.47 0.3 0.21 0.22 0.66 0.6'5 0.13 0.13 

0.56 0.35 0.20 0.20 0.63 0.63 0.17 0.17 

0.73 0.4 0.31 0.32 0.51 0.50 0.18 0.18 

O.51 0.25 0.24 0.24 0.56 0.56 0.20 0.20 

0.33 0.15 0.26 0.25 0.57 0.57 0.17 0.17 

0.38 0.25 0.17 0.20 0.76 0.73 0.07 0.07 

e c, el, e E " Experimental Holdups 

, ¢ e - Holdups Calculated by Bhatia-Epsteln Model 
e~c lc' gc 



TABLE XXI 

BHATiA-EPSTEIN MODEL RESULTS: 
WA~/07= Fi~S/~OGE~7 

Rtr~ i00=- 

u_.u.Z_ 
Test No. Ft/Sec 

100-09 
-I0 
-Ii 
-12 
-!3 
-14 
-15 
-16 
-17 
-18 

0.1 0.05 
0.! 0,10 
0.1 0.15 
0.1, 0,20 
0.!5 0.05 
0.i5 0.10 
0.15 0.15 
• 0.15 0.20 
0.2 0.05 
0.2 0.10 

Ft /Sec  

0.80 0.7 
o.s7 1.o 
0.95 2.5 
0.96 3.3 
0,43 0.3 
0.75 0.7 
0,82'. 1.0 
0.87 1.4 
0,65 0.7 
0.67 1.0 

0.4!  
0.40 
0.39 
0.37 
0.31 
0.30 
0.31 
0.3! 
0.25 
0.25 

0.42 
0.40 
0.42 
0.42 
0.31 
0.30 
0.29 
0,29 
0.25 
0.22 

_el, 

0.54 
0.53 
0.56- 
0.58 
0.6! 
0.61 
0.59 
0.59 
• 0.70 
0.66 

! 

0.53 
0.52 
• 0.5,3 
0.53 
0.61 
0.61 
0.61 
0.61 
0.71 
0.69 

0;05 
0.07 
0.05 
0.05 
0.08 
0.09 

• 0.10 
• 0.10 

0.05 
0.09 

8.~ c_ 

0.05 
0.07 
0,05 
0.05 
0.08 
0.09 
0. !0 
0.10 
0.05 
0.09 

E~T~/ml 
6/21/79 
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TABLE ~II 
i 

BHATIA EPSTEIN MODEL RESULTS: RUN 206 58-74 
KEROSENE/16.5 VOL% FINES/NITROGEN 

(211)-- 

Test No. Ft/Sec 

206-58 0.085 0.05 
-59 " 0.i0 
-60 " 0.15 
-61 " 0.20 
-62 " 0.25 
-64 0.10 0.05 
-65 " O. i0 
-66 " 0.15 
-67 " 0.20 
-68 " 0.25 
-70 0.15 0.05 
-71 " 0.10 
-72 " 0.15 
-73 " 0.20 
-74 " 0.25 

-Or B - 

0.82 0.5"6 0.34 0.33 0.60 0.61 0.06 0.06 
0.89 1.0 0.32 0.32 0.60 0.60 0.08 0.08 
0.93 1.5 0.30 0.32 0.60 0.60 0.08 0.08 
0.94 2.0 0.29 0.32 0.63 0.60 0.08 0.08 
0.95 2.2 0.29 0.31 0.62 0.60 0.09 0.09 
0.84 0.6 0.29 0.30 0.66 0.64 0.05 0.06 
0.80 0,56 0.29 0.28 0.60 0,61 0.11 0.11 
0.89 1.0 0.29 0.28 0.61 0.61 0.10 0.11 
0.93 1,5 0.27 0.28 0.64 0.62 0.09 0.10 
0.95 2.4 0.27 0.29 0.64 0.62 0.09 0.09 
0.77 0.56 0.22 0.23 0.73 0.71 0.05 0.06 
0.64 0.45 0.20 0.21 0.67 0.67 O. 13 O. 12 
0.78 0.7 0.23 0.21 0.64 0.66 0.13 0.13 
0.82 0.9 0.23 0.2 0.63 0.66 0.14 0,14 
0.85 1.0 0.23 0.2 0.62 0.65 0.15 O. 16 

EMB/ml 
6/21/79 
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TABLE XXi!i 

CONDITIONS *OF TRACER TESTS PEB_wo~mD 4/6i79: 
KEKOSENE~NiTROGEN~ 70°F 

'Test 
NOo 

i 

'3 
" 4 

5 
6 
7 

' 9 

• 10 
I! 
12 
!3 
!4 
15 
16 
17 

Ft/Sec 

0.!0 
11 

If 

It 

It 

f! 

f! 

fl 

fl 

It 

t! 

I| 

It 

IQ 

It 

It 

IT 

U~ ' 

Ft/Sec 

0 o'10 
fg 

11 

IT 

Tg 

II 

f! 

TO 

i l  
f l  

f l "  

I |  

g!  

.0°05 
I !  " 

0.20 
ft 

t 
I View on Detector 3 reduced 

'~ from entire reactor to only 
[ reactor center° 

Vie~9 on Detector 3 opened asaino 

~-~I~ 
5/.16/79 



-48 

TABLE XXIV 

CONDITIONS OF TRACER TESTS PERFORMED 4/20179: 
KEROSENE I NITROGEN I HDS-2A 1 = .3116" CATALYST I 70°F 

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

ul .g 
Ft/Sec Ft/Sec ..... Injection 

0.10 0.i0 Spool Piece 
I! J! I! 

11 J! 11 

I t  Jt l !  

t~ tl  t t  

f !  f !  I t  

| !  I f  f |  

I I  f |  I I  

fl If II 

II II It 

" 0.05 " 
I! fl II 

" 0 . 2 0  " 
I I  I I  I I  

" 0.I0 Upstream of Bubble, Cup 
II $I I! 

E L ~ / m l  

5/16179 
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TABLE XEF 

CONDITIONS OF TRACER TEST PERFOP/4ED 5/15/79: 
KEROSENE/15 VOL% COAL CHAR/NITROGEN/HDS-2A lld = 3~ 70°F 

& 

•', 

Test UI 
No.u_. FtlSec ~t/Se¢ 

1 
2 
3 
4 
5 
6 
7 
8 
9 
I0 
ii 
12 
13 
14 
!5 
16 
•i7 
18 

0.I0 
0.!0 
0.I0 
0.I0 
0.I0 
0.i0 
0.!0 
O. i0 
0.i0 
0.!0 
0.i0 
0.I0 
0. !0 

• 0.i0 
0.I0 
0.!0 
0.085 
• 0.085 

0~i0 
0.i0 
0.I0 
0;I0 
O. i0 
0.I0 
0.I0 
0.i0 
0.I0 
0.i0 
0.05 
0.05 
0.05 
0.!5 
0.15 

o~zo 
0.20 
0.20 

In~ ectio= 

Spool Piece 
t~ 

It 

tt 

ft 

f! 

71 

S! 

fl 

it 

If 

f! 

f! 

l! 

0l 

BubS!e Cap 
Spool Piece 

I! 

~IB/mZ 
6121179 

.. , 

i.[ 
• i 


