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~IVE S hBe'~'~' 

Two ma3or tasks continued in the t~ifth quarter of the Air Products and 

Chanicals, Inc./U.S. DOE Contract, "Catalyst and Reactor Development for a 

Liquid Phase Fischer-Trcpsch Process': (i) Slurry Catalyst Deve~t, and 

(2) Slurry Reactor Design Studies. 

The second extended slurry test, using a proprietary catalyst w-=s 

cun~leted. The results were not consistent with a previous sho~ term test of 

this catalyst where high activity and yields in the diesel fuel region equal 

to or greater than the Schulz-Flory maximum ~ ctserved. The inzreased 

methane production and io~_r bulk activity over the previous t~t may have 

been the result of a variation in the surface active species of this catalsyt. 

The steps in the synthesis p ~ e  combined wlth surface analysis (ESCA, 

SIMS, etc. ) of th~ tw~ batches of catalyst are c~rr~ntly under~_y to determine 

the c~uses. 

A short term (21 day) slurry test was carried cut on another "m:dified 

~tional catalyst'. Parametric gas phase scrsening results ~P_re concluded 

for four additional catalysts, and the ~ preparation and activation 

me~ for diesel fuel selectivity ware dx~sen. 

In the hydrodynamic studies, work in the 12 ~ Cold Flow Simulator 

con~. The following obseam~tions and/or conclusions were obtained: 

O Superficial gas velocity is the major factor for determining gas holdup. 

The results of simulations with water and is~fin slurries of both 

silica and iron oxide fell within a margin of error, in the range predi~ 

by the Akita and Yoshida I and Pilhofer and Bach 2 correlations. 

O The m~jcr determining factmr of the solids concentration profile in a 

slurry bed is particle size. Water and iscpazaffin media w~re studied; the 

gradient was most prc~ounoed using the 90-115 pm particles with r~ 

appreciable gradient using the 0.5-5 pm particles. 
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o H~_at transfer coefficients were cbtained for both t~w~ and thre~ ~5~_ 

syst~v~ ~or ~/~ t~has ~ _ isc~eraffin/N2, t~m results were 6~ of that 

pzadic~ ~ ~zk-~_z's correlation. For tba thr~-phase Fe203/ 

isci=~araffin.~ tb__- results ~_re better at 71%. 

~!~ di~_~ter ~~-~--nts ~e cbtai~ using a double b~t film prche. 

T~-- r~ d~tz-, (~m-~-librat~) fell within a fairly re_~c~ ran~ size, 0.28 - 

0.5~ ~, ~i~h ~t of t/~ b~b!e sizes at ~ lch~_r er~. Caiibwated ~bble 

pz~fi!~ axe e..~i~.~ to shc~ ii =terature agz-~--nt. 

c, T~ Air _~cduc'~ c=~s ~m!dup. correlation ~ ir~owgora~ into ~-r's 

L "~=~'~ of ?~ ~hr~ ~=_~_ hubbie colu~no A simulation uti!izi~g .~irmtic 

Ri~ir.~a~--~--n c;~-~iti~ r~---n~Ited in 6~b!ing tlm s~ce ti~e yield of 

Pd-~in~2~=s~n h~ ~ cata!~mt. ~ on t~_~ ass~_urption of no ~ass 

ti~-~f=_z !ir~tatior~ ~ cbjacti~ of equ~liing Rbe_inpz~as~ s~ tire_ 

yi~!6~ c~ ~ adai~ ~ith ~;e~! of tb_= ~ta!ysts ~--~!c~ at Air 

. . . . . .  ~ ~-=a=--~r~r~_nts on scum r~z~=entati~ slurries ~ in the_ 

cold fl~ s~,~ie~ ar~ u~_a_~y. 
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Ccel !iq~efa~ion will he an impDrtant source of transportation fuels in 

%~be future, ar,~ can he acccn~lisb-~.~ by both a direct route (hydrcger~tion of 

in a donor solvent) or by an ir~ir~=~t route (gasification of ccal 

follo~ by tb~ Fischer-Trcpsch reaction). 

T~-~ product selectivity of t~e Fischer-Trcpsd3 reaction b~s ~ the_ 

fccas of extensive research for ~ny )~_m_rs, ~t still zereins a pr~ target 

foz technical irm~rv~tion. Fische¢=T~ch ~!cgy, as it is currently 

practice~ ~_rcia!!y for iiq~id fuels pzc~uction, pzcviaes a bread rar~e of 

hydrc~urbcn products which re~uire c~stly ~tz~_m refining. 

~._l~ivity can he influ=~mx~ed by vaziaticns in the catalyst ccmp~ition 

ari prc~_~zs conditions~ Yet, in spite of th=_ extensive effort ~vc~ to this 

prcb!~r~ a .~aitable catalyst h~s ~ pre~zicus!y ~ develc~ for pzc~cing a 

r~rr~ r-~nge hydrccarbon prc~u~, suc~ as gaso!i~ oz dies=._l fuel~ ~it~ut t~ 

coprc~ction of lighter ar~ b~vier u~z~irabie prc~ucts° 

~ Fi_~?/~r~T~c~ reaction is e2~t/~--_nr,{c, and i~proved ~at transfer 

%-o',,.d.d al_~-o he ~ , . . ~  t o  t"mv-e a ~ajor beneficial effect on prcduct 

~__!ectivityo Slurry ~_se reactor c~_ration i~proves ~--at transfer and 

~ ~ t ~  control~ ar~ results in grea =rex se!:~-tivity to iiq.~id products, 

um/a!!y th~-c~h i~-r ~-at/~_2.e prc~acticr~. H~er, considerable differen~_s 

~v~ been reported in t~e ~c~-tLTa yield, catalyst life and ~sa of 

cperati~ of slurry p~se reactors. 

in addition to i~ro~ prc~uct se!~-~hivity~ s!urzy phase cperation 

offers %~_ a~=_nta~ ~f ~ of sca!e~up ar~ t~ ability to dir~-~.iy utilize 

t~ ~.r~n ~ncxide-rich syn~is cas lxrcduced by coal gasifiers. Tr~ full 

potential of t~e- s!u~-ry ~ Fischar-Txcpsch prccess h~s ~ yet ~__n 

rea!iz~ and its f ~  dev~!oim=-nt is an ~rtant lmrt in cur country's 

p_-~ to establish viable ~ic~y for converting cce! to hydrccarb~n 

fuels. 

Air P~cduc~s, ~inder contract to DOE~ b~s ur~er~uEken a prcgr-=m in c~ta!yst 

and r-~or develcs~nt for a slurry ~__=e_ Fisc~her-T~cpsch prccess, ar~ this 

re.~o~ deszribes t#e hDrk acccr~li~ 6urim~ the eleventh . ~ .  



2.0 CWiTECT~I%q; 

The overall objective of this progra~ is to evaluate ~talysts and slurry 

reactor systems for the selectiv~ oonversion of synthesis gas into 

transportation fuels via a single stage, liquid phase prooess. 

Task 1 - To establish a detailed Project Work Plan. This task was 

completed in the first quarter. 

Task 2 - To evaluate and test ~talysts for their potential to oonvert 

synthesis gas t~ gasoline, diesel fuel, or a mixture of transportation fuels 

suitable for ck~estic m~rkets, and to quantify (mtalyst activity, selectivity, 

stability and aging with a target prooess ooncept involving a single stage, 

liquid ~ase reactor system. 

Task 3 - To evaluate through the use of oold flow reactor simulators, the 

flow d%aracteristics and behavior of slurry reactors for the production of 

hydrocarbons fram synthesis gas. This includes (i) ~efining heat, m~ss and 

mmment~r~ transfer p~rameters ~hich affect the c]esign of slurry reactors, (2) 

establishing operating limits for slurry reactors with respect to system 

physi~l parameters, (3) ~=veloping or oonfirming correlations for predicting 

the flow characteristics and heat/m~ss transfer of slurry reactors, and (4) 

defining the necessary requirements for the c]esign of larger scale reactors. 

Task 4 - To develop a preliminary design for a bench scale slurry phase 

F ischer-T~ch tea ~--tor. 



3 .! T~--_k 2 - $iurr}, Catalyst De_velom~ent 

3. i~ I ~_b~Ta~= 2a ~ Backgrc~ Studiea 

A ~terized survey of av~i =lable !i ~teratuze ar~ ~mtents dealir~ 

~i~h t~ c~nv~tio~l ari s!uz~-y ~--se Fiscb=--z~iTcpz-ch prcc~; ar~ 

3 ,I ~2 ~-f~ 2c - Catalyst Preparation ar~ Slurry Reactor ~estin.q 

Thi~ s--=--~ion contains p~=~tial!y ~te_utab!e ~_~ial an~ b=_s, 

~=--=~_-~=~.c~--=~ ~ issusd in a s~p_ l~z=_uha~y ~rh maxk~ ~N~h for 

Pt~b!i~ticn ~ . 

holdup ~~_nts ~ c~mg~ in ?.~e 12 inch Cold Fl~J 

3L~_~.tcr (CES) on ~ter ar~ isc~zraffin s!u~ries of both si!icm anti 

ir.zn ~ide-, cver a ran~ of ~-ticle siz~ ~_th and without ~t 

t~-~fer internals° %~e r-=sults foll~ t/~ ~ pint =tern as cbsez-~ed in 

t~e 5 in~h column, with t~e iron c~ide slurries giving, hi c~er gas 

ho!~,~.~ tY=_n sili~° ~-ail, ~ re=-uits straddled the t~z~s 

p~_'=dict~d ~, ~ ~.kita a~ ¥~_hi~a ! ar~ Pilferer ~d ~__ch 2 

~r~e!aticms o 

in ~eral, ~ holdup, b~s ~ fcur~ to he !c~_r in tb_ ~ 12 ir~__~ 

co!~ tb~n in ~ 5 inch. A test ~ith isc~fin in t~m 12 inch 

~!~, at 5 ar~ 15 f~t of ~ l~_ight, s ~  no differen-~- in avarao-_- 

~s ~l~aD. ~mhble ¢=ei~=cem/~=~ ~/e to increasir~ columm ~i¢~ht is 

t/-----refoze: ~ a factor° ~icia! ~_s v--=!ccity thus r~ins the 

~j~ fa~z f~ ~ =teraini~ ~s ~idup. 

~lid concentration profiles ~_re meam~ed ~ several ~-rticle 

siz~ for si!icm ar~ ircn cxi~ slurzies~ ~ both ~mter a~ i~affin 
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media, w;t_ ~, and with-~t ~at transfer Internals. The ma3or deter~/nin: 

factor was particle s-ze with the. ~rallest size ranges (0.5-5 ~m) 

showing no ~traticn gradiznt and larger sizes (90-115 ~m) 

displaying a considerable gradiznt. 

Heat transfer coefficient measurements were taken for the 

~ s e  isoparaffin/N 2 and for the 90-115 ~m Fe203/ 

isoparaffin and the 0.5-5 wm SiO~iscgaraffin systems. For the 

two-phase system, the results ware apprcxisately 64% of that predicted 

by Deckwer's correlation and for the three-I~hase iron ¢~¢ide 

approximately 71%. The SiO 2 slurry gave an u n e ~  30% of the 

value predicted by the Deckwer correlation; the reason for this result 

is being explored. 

Bubble diameter measurements were successfully obtained using a 

double hot film probe, located i0 feet above the gas distributor. A 

radial bubble diameter size was found to be fairly narr¢~ (0.28 to 0.53 

cm), with most bubble sizes being at the lower end of the range. The 

uncalibrated bubble profiles showed larger bubbles at the edge of the 

column than at the ¢~nter, oontrary to the literature. Calibrated 

profiles are expected to show literature agreement. 

~ ' s  gas holdup correlation is valid only for superficial gas 

velocities below 4 cm/sec. The Air Products cold flew correlation, 

while in agre~mnt with Deckwer's in the quiescent regime, does extend 

into the churn turbulent regime. The Air Products gas holdup 

correlation was incorporated int~ Deckwer's mz~el of the three phase 

bubble column. The simulation of a 1.5 x 8 m column under the 

Rheinpreussen ccmdit/ons, i.e. the churn turbulent regime at 0.3 

ft/sec, utilizing kinetic data from sane of the Air Products diesel 

fuel selective catalysts, resulted in ¢k~bling the sl~oe time yield. 

Previous ouuputer simulations of the Rhein~reussen slurry reactor 

have indicated that mass transfer is not limiting. It is, therefore, 

logi~l to increase slurry catalyst loading to a Ira-act/oral, suspendable 

limit. Various weight loadings were simulated to determine which w~uld 



g~v-~ space tim5 yields close to those achieved at P~heinpreussen. A 60 

~t% (22 %~1%) slurry of Air Prcducts' catalyst B (with shift) is 

predicated to have the ~ sp~ce ti~e_ yield as that a~hievad at 

Kb~inpreussen. Tnus~ based on t/~ asmmption of no n~ss transfer 

li~tation, t~-= ~OE cbjective of equalling P~inpreus~_~_n s.cace time 

yields chn ~ a~hi=-~ with cur existing catalysts° 

To t~--y to a ~ t  for ~%~ effe_-t of vi.~zosity in corzelating the 

~!e col~-n h}~i~c~yTemic~; viscosity weamaremnts ~__~e carried cut on 

~-~ r~re~tati~-e s!uzzies us~ in tDe cold flc~- n~d=~ing, i.e. 30 

b~c% slurries of i-5 ~um Fe203 and 90-115 ~n SiO 2 in i-~<~raffin. 

S~-~___ ~ s~s ~mas sh~ez rate n ~ ~ t s  %~re ~btai~. To a~ply 

this ~atej an ~ t e  of t/m s.~mar rate in a three ~/~ bubble column 

~-s r~-~-~---a-]. Using literature co~elatic~-~ of m~_~-r rate versus 

~-f_iciai ~ v=--l~ity in a babble colu~n~ s~=_._r rates of 173-762 
-! 

s~-2 - t---r- = p~ic~ ~,~z ~ rang~ of ii~az ~ ve!~ities u_~ in 

t~ co!d f~ ~ co!u~2s° T~_ ~ s!urr~ viscosities are esti~a~ to 

~_-5" ~" a fa~oz of -2 over t~e ran~ of ~rame_ters studied in t~e 

cold fl~, E~.eliing ~in~_nts° T~is a~pr~cach will ~ ~ in 

at~=-/~.~irE to co~-=!ate fur~_r t~m eff~ of slurry viscosity. 
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5 .C K~-~-_LTS AND DISCUSSION 

5.1 Ta&k 2 - Slurry Catalyst Develo~m~_nt 

5.1.i $ub-Ta~k 2c - Catalyst Preparation ~ Slurry Reacto r Testir~ 

This s~-tion c~ntains potentially patentable material and b=_s 

therafore been island in a supp..l~_ntary ~ n-ark~d ~Sbt for 

Publication". 

5.2 T-=sk 3- Slurry R~actor D~sign St~ies 

5.2.1 12 ~ Cold Fic~ Sinuiator 

~_a ~la~. "~--m~-~m-n~ ~za ~ this uu~rt~, to 

~teru~r~ ~ eff~:~ cf ~o!i~ solid size in the pr_~_~n~ a~ 

ah~-~=~ ~f --------------------------------------~t tz-ermf~ in~=~arrmls ar~ col~mm b~ight, in tb_= 12 

ind~ Cold Fl~ S~hc~ (C~). 

%~m r-~m!t~ of ~s h~!a~. ~-~~ts for t~ 0o5 - 5 

ircr~ ~i~/i~fin sys~ wi~h ~-~t transfer inte_nm!s~ are 

s~n in ~-ab!e 1 ~ ili~trat~ in Figure i. Run 82 is a 

re~=at ef ~,~n 81, s~ing ccc~ r-~~ibi!ity ~ n  D~ ~o~ 

all ~,~__~tSo T~m a~diticn of ~olids redu~ ~ ~_s h~!du~_ 

to ~_.n t/~ Akita ar~ ¥~_hi6m 1 ar~ Pi!hofer ar~ ~h 2 

cor~e!aticr~ o 

C~s ho!c~_ =~a.~z-~mnts ~e cbtainsd on tb~ 98 ~m iron 

cxi~/i =~fin~ and 2.5 ~m si!ic~n c~/~e/i~affin sys~-s 

in ~ pre~nce of ~mat tra~mf~ inte.~rm!s ar~ f~r ~ 2°5 ~m 

si!iccn c~ide/isc~fin~ ar~ 45-53 ~m silicon cxi~/'~tez 

sys~ ~th r~ D-=at tr-=n~fer in =terr=-ls o The results are lis~ 

in ~bie 1 ar~ are illustrated in Figure 2. On a relati%~ 

hasis~ t~m tre2~s are similaz to ~ cbtain~d in t/~ 5 L~ 



CF5. The iron oxide rur~ gax~_ higher gas holdJ~ "i~-. U-~: 

silicon oxide. However, in spite of the wide ran?e_ of variables, 

the results did fall within a 20% band predicted b~" the Akits 

and Yoshida I and Pilhofer and Bac~ 2 correlations, Figure 2. 

These results agree with, or are just slightly Io~ than, the 

gas holdup results of the 5 inch CFS. 

In the 12 inch C~S, gas holdup has been found, in general, 

to be lower than in the 5 inch C~S. While colu,m diameter ~s 

not appear to affect gas holdup I, there is some indication 

that bubble coalescence with increasing height may ~ gas 

holdup in taller oolumns 3. Lower gas holdup in the 12 imnh 

column could also be due to the higher concentration of solids 

found at the lower section of this column. The prese2K~ of a 

greater concm.ntration of solids at the distributor erd could 

r e s u l t  ~ t h e  formation of larger bubbles and thereby a 

reduction in gas holdup. To test this hypothesis, three 

two-l~hase runs were conducted. The results of these runs are 

listed in Table 2 and illustrated in Figure 3. A two gmse 

sy~ was chosen to eliminate the effect that a ~hanging solids 

~tration profile with height ~ have on gas bolclup. R11n 

78 and 80 have an exparded bed height of 15 feet. Run 79 has an 

bed height of only 5 feet. There was no c~ervable 

diff~ in the a%~.rage gas holc]~m mmasured in these three 

runs. Thus, it appears that coal~ has no greater 

influence in a taller bubble col~mm than in a shorter bubble 

column in the range of 5-15 feet. 

The above confirms ~hat has been implied by may empiriaal 

correlations that average gas holdup is in--t, over a 

fairly wide range, of column height and diameter, and is mainly 

a function of superficial gas velocity. 



(ii) S~!id Con~_ntration Profiles 

Solid concentration profiles ~E ~ea~ared for %_he 

90-115 ~ iron c~iide/i~affin an~ 0.5-5 ~m silicon oxide/ 

is~fin syst~ with ~t transfar interr~is ar~ the 

0.5-5 ~ iron c~dde/i~-ffin~ 0°5-5 ~m si!i~n c~dde/ 

is c[c=_~-=ffin~ er~ ~5-53 ~, silicon ~E/,~=~ =ter Syst~r~ wilt 

heat tr~-~fer inte_~is ar~ are !isiS_ in Table 1 ar~ 

illu~tre~d in Figure~ 4-$° Tee ~ofii~ ~_~e similar to 

obtair~ in ~ 5 indu ~=S~ with ibm ~ajor dete~-~dring factor 

b=_i~g ~_~tic!E size~ tim s~-=lle~-t ~.rticle size r~n~-_- sh~.~ no 

conce.ntration gr-cdi~nt~ ~ lar~=_r size ~ a considerable 

gradi~t. 

(iii) R~-t ~ansfer ~___sur-~r~nts 

E=__t trar~far ~easuz~nts ~=-rE c~ac~d for t_~ t~ 

is~fin/nitrc~n Sy~ ar~ ~ thr~;~_ 90-1!5 ~m ircn 

cxide/i~=ffin~ ar~ ~ 0o5-5 ~ silicDn ~xi~/i~=ffin 

systm~s ar~ are lis~ in Table 3o Thr~_~ Pmat trar,=fer 

ccefficiem.ts are r .~o~-hedo ~_ter A t=.s lcc~t=-d inside tPe 

~_n~=~er he~t ~fer in~--! about !0' abo~ t~m distributor 

plate, or ahcut 2/3 of ~ dis~-=ur~ be~-~---n ~ distributor end 

%_~ tcp. of t2m ~huhb!e CD!~o T~ t~q~_r, atur~ ~_re ~red at 

tb~ ~.tar mi .~f~int~ 150 © circum~e/entialiy fz=~ each ~--r, 

~nd t/~=ir ~ r  a%~-ra~o E~ter B~ i0' ab~ tPe distri~ator, 

~-s ice,tad cn c~-.=_ of t~ six ~=te= tuhe~ with t~ surface 

tP~~la ori~n~ ~ ~ colu~n ~_nter. Heater C~ 5' 

ab~,,~ t~ distzi~atcr~ ~-=-~ i ~  on a~hher of t~m six cuter 

t~u.~ also ~'ith tP- ~ sur=~ce %/~_~xo:z~p.le oriented t~_rd tb=_ 

~_nt~ co!~° 

For t~ r~ ~ sy_~ t~- r~u!ts ~-~a =~ch ic~=_r than 

tP~ee prEdic~ by tP~= ~-dc-~_r ~tion; about 64% of tb~ 

v-=!tm predictS. T~_ - ircn c~ide ~ b~at transfer ccefficients 

a~uin~te!y 71% of ~ predi~ by tPe Dec~-- ~ correlation 

9 



and was in good agreement with t/~ ~re,'i~J ~ - res:l~-- ~ oD~ain~ in 

this study. The 29.4 wt% 0.5-5 ~m silicon oxide/isoparaffin 

system gave an unexpected 30% of the value predicted by the 

Deckwer correlation. The reason for this u n e ~  result is 

being explored. 

(iv) Bubble Diameter 

A m~m~ary of the results of bubble diameter Eeasurements 

using a double hot film probe, along with the operating 

conditions for each system tested, are listed in Table 4. 

Measurements were taken i0 feet above the gas distributor. The 

bubble probe ~as typically located 2 inches fra~ the column 

center. For runs 86 and 87, a radial bubble diameter profile 

was a l s o  obtained. 

The range of operating conditions covered in Table 4 are 

the possible extremes of bubble oolumn operation in this study. 

In spite of this wide range of operating conditions, the average 

uncalihrated bubble d ~  size range ~as fairly ~ ,  fram 

0.28 to 0.53 am, with mc~t of the bubble sizes being at the 

l~_r end of the range. T~e calibrated bubble sizes will be 

appruxim~tely 10-25% smaller, since bubbles tend to be slewed 

dawn once they strike the hot film probe. 

Run 87 gave unexpectedly large average bubble diameters. 

In comparison to run 85, it appears that the slightly lc~.r gas 

velocity my have made a large difference. 

The two radial bubble profiles, runs 86 and 87, r~ow that 

bubble size c~creases radially fram the center of the column. 

This profile was steeper for the higher gas velocity case of 0.2 

ft/se:. This is expected, since in the bubbly flow regime, at a 

gas velocity of 0.12 ft/sec, bubbles do not interact, yielding a 

more uniform radial profile. 

I0 



[v) Ln~ir-_~__r!~ ~ 5%'aluation 

TI~_ = cold fi~" m-~del's gas holdup correlation: 

/(i-a )4 = 0.05-~ VG0"972/~ 0"035 

~ ~b-titutad fEE ~g:~-X'S 4 empiric~l cor~e_latic~n: 

= 0°053 V 1"I (2) 

= c=~s holdup. 

~G = ~ v~_!~ity~ ~/~.~ 

= solid ~might fraction 

~%i!e ~ eff~ at ic~" ~_s %m!ccit'~es ~ ~iigib!e, at 9 

~/s-~; ~ s~ ~ yield for an Air P~c~c~s pz~rdsing 

~ta!yst A "c~/b!~ (~-~-- Treble 5 V~o ~-=hle 6)° ~ P/~_inpreus~ 

he_=e ~s~ ~-~--- ~ simJia~ with tb~ r~" c~s ~I~_ correlation 

~us_ = it's con%torsion ar~ s~ce time_ yield ~ _~_a~r~ 

q~titie~3 and t/~.~ r'=E~hi~n kir~.i~ ~_ze ~!c/l~, asmani~m 

h~lL~p ~_!aticn t~ld ~sitate a c ~  of t~m rea~ion 

kir_--tic~ 4_n czd~x tD y~eid ~ ~r~ hlr~/cg~n ccnvexsion ar~ 

%?~-e are s~__~_-a! r~_scns for considering t~e cold fl~ 

c~_lation c~-r t_be £mdc~_: o~, a!~.ch the only t_~e 

ta~t will ~ tSmt using t/~ a~c.~! Fisd~_r~/z~ c~tal~t~ ~_7. 

pr~c~ ar~ cor~ ~ distri~it~r. D_~_z's e~piric~l gas hol&~_ 

co;%~!ati~ ~=_s dDtain~d in 4.i c~ ar~ i0 cm diameter bubble 

C~IL~-~S ~irm~ a p3rcus sintered plate, having a Eean p~re 

di~---e_tez of 75 ~mo ~?/le Dec~_r used a ED!t-=n ~_X, t/m COl~mn 

11 



was orgy operated at io~ 9as velocities, 0.75 tc 4 ~Jsec, ~.~ere 

there is good agre~n~nt bet%~en eqaations (i) and (2). The for~ 

of the Deckwe_r correlation clearly c~nnot be applied above 14.5 

cm, since the gas holdup exceeds unity at that point, a physical 

impossibility. However, it appears that gas velocities in this 

higher range would be more ecrmcmioal sinc~ the same space time 

yield would be provided in taller, feb_r, vessels. While Farley 

and Ra? did measure a gas holdup of 44% at 6.8 cm/sec in a 

commercial 24.4 cm column, in agremlent with ~ ,  this gas 

holdup value steadily ~r~ased to as low as llt, apparently due 

to free carbon buildup in the slurry. Thus, over the length of 

the cumercial Fi~ruI~ slurry reactor operation, much 

lower gas holdup values may be obtained than predicted by the 
Decktm_r correlation. 

The lower gas holdup predictions had a desirable effect on 

reactor space time yield. This is because the maas transfer 

resistance was not predicted to be limiting. Mass transfer 

resistance will increase when the cold flow made/ um.ss transfer 

correlation is substituted for the Deckwer correlation. 

However, it is still not expected to uarkedly c ~  the 

results. If mass transfer is not limiting, it is logical to 

increase solid loading up to a practical, suspendahle limit. 

Various wight Ioadings were sim/]~ted to see whic~ would give 

space time yields close to those a~hieved at Rhe~sen. As 

shown in Table 7 and illustrated in Figure 9, a 60 wt% (22 vol%) 

slurry ~as predicted to have the same space time yield as that 

achieved at R h e i m .  THUS, if a 22 vol% iron c~ide 

loading is suspendable, then the objective of equalling the 

Rheinpreussen s~ace ~ yield results has been met. Coupled 

with the diesel fuel selectivity, it appears that the past 

stated DOE objective of meeting the Rheinpreussen results has 

been achieved and exceeded. 

The fourth entry in Table 6 shows the resulting spaoe time 

yield that wol]~ be expected from adding shift activity to a 

IZ 



catalyst that presently has aood diesel fuel s~-_ie--tivitv but ic~ 

shift activity. 

13 



6.1 Task 2 - Slur~ ~ Catalyst Development 

6.1.i Sub-Task 2c - Catalyst Preparation and Slurry Reactor Tests 

This section contains potentially patentable m~terial and has 

therefore been issued in a supplementary report marked "Not for 

Publication". 

6.2 Task 3 - Slurry Reactor Design Studies 

( i ) Bubble Diameter Measurements 

The following is a description of the bubble diameter data 

acquisition system now in operation. From the double conical 

probe (see Figure i0) inserted into the bubble oolumn, voltage 

versus time curves were obtained (e.g. tap curve - Figure ii). 

The probes detect the different thermal ounductivit/es between 

the liquid and gas ~*k~se. The bubble chord length and velocities 

are determined. The derivative is taken of the_ voltage time 

curve, shown in the bottum half of Figure ii. Locating the 

maximum point on the derivative curve, point A for the lo~_r 

probe, single time ~ t s  are stepped off until the 

derivative curve ~ssses through zero. ~nis determines the end of 

the bubble, T3. In a similar fashion, after finding the minimum 

of the curve, point B, the program then steps backwards in time 

until the derivative curve passes through zero ag~_in. T%~is 

establishes the beginning of the bubble, TI. ~ the 

beginning, T2, and end, T4, for the sezor~ channel has been 

determine, f~ir values are calculated, r~D d~=ll tS~-s. D-f, and 

t%~ lag times, LT. 

[El = (T3-TI)/F (3) 

DT2 = (T4-T2)/F (4) 

14 



LTI = (T2-TI)/F (5) 

LT2 = (T4-T3)/F (6) 

w~ere 

F = digitizir~ rate, 1/~ 

The d~=_!l tim~ is the time t_~et a probe ~ a given bubble. T?~ 

lag t~ is tPe time difference of ~ different probes° Frcm 

t_be @?~_ii ar~ lag time~ ~bubb!e v~!cciti~ ~d chord !~_r~hs are 

calculated as fol!~: 

~here 

9~= S(LTi) (7) 

C B = V B (DTI) = S(DYi)/(LTI) (8) 

V B = h4=hble ~._!ccity~ cm/~ 

C B = chord !~_h, cm 

S = distanc~ ha~_n prcbes~ cm 

~_n arbitrary a ccsptar~ to!erar~e of 50% he~==__n d~=__ll times 

~s u-~. ~is large t o ~  is r~_~__~m%_~y because l) ~bles 

do r~ r~==sari!y ri~e ~_.~tic~!!y; different chord l~gths are 

t~i~!!y ~-ver-=~ by tl~ t~ prches~ 2) bubbles are not 

rigid s.u~=--res~ but p/isate~ Ip=isaticns giv~ different ~rd 

ieng~hs~ ar~ 3) buhbles~ ~zrtic/3mrly sin-=!! or~_s, are s!~ 

by ~ probe° Thus; for small bubbles3 LT2 is often grea =tar than 

LTI. Foz this r~--_ccn~ LT! ~-~ DT! are cb~n as being more 

representati~ for ~!cu!ating ~nhb!e valccity ar~ chord length 

15 



l-~r, are LY2 an~ D72. Usinc t~h6 aocve 50~ criterla, t~'£ 

accraisition system accepted ab~at one out of nine bubble traces 

analyzed. The system analyzes about one bubble trac~/second. 

Bowen and Davies 6 have estimated that 1400 chord length samples 

are required to obtain a 10% accuracy of the Sauter mean diameter 

within a 95% confidence limit, which typically takes about 4 

hours. 

For run 81, for example, the chord length sizes ranged fram 

0.02 to 2.3 am using DTI and LTI. If average Dr and LT's were 

used instead, the upper range wc~id have been 8 cm. This affect 

on mean bubble size is very small as only 20 of the 1400 sampled 

bubbles were above 1 cm in chord length. Fitting the first set 

of 1400 bubbles to a gamma function gave a =-13.741 and ~ = 

3.115. This corresponds to a mean bubble chord length, CL, of 

0.252 cm and a mean bubble diameter, riB, of 1.57. A comparison 

between the actual bubble d~ord lengths and that estimated by the 

gan~a function is ~ in Figure 12. Additional work on the 

gamma distribution function ~ yield better agrem~ent between 

observed and calculated distributions. 

The calibration procsdure between photographic and hot film 

anesr~eter techniques is still being finalized. Because, in 

particular, the smaller bubbles are slowed down when they impinge 

upon the anenumeter, it is expected that the bubble chord lengths 

will be reduced by as mx~h as 25% for the ssa!ler bubbles, and 

that no correction will be necessary for the largest bubbl~, in 

order to bring the ~ t e r  readings in line with what is 

~hotogra~hically observed. 

(ii) Slurry Viscosity 

Slurry viscosity affects gas holdup, bubble diameter, and tr~ 

a lesser extent, heat transfer. As solid loading is increased, 

viscosity effects a~n be quite noticeable. For example, at 20 

vol%, a 1-5 ~m iron oxide slurry has a very high (a/az~t 

16 



infinite) vis-~osity- Several literature correlations 1,2,7 

relate viscosity to gas holdup., ~ : 

-0.05 (9) 
=k~sL 

Sin~ viscosity ¢mn ¢~. drma~ti~!iy~ tb=_ eff~ on e 

c~n be as Each as 30%. F~cm t/~ r~cgran~ of sheax stxess var_=us 

shear rate ~ ,  g~_r~-ated for thz~ cold fi~w slurry ~_~ples 

and frcm the literature, t~m fo!l~ing pro:reduce b~_.s ~--_n 

de%m!cped far estimating slurry viscosity in ~ cold fl~ 

simulator. This prccsSu/e will ~ exter~ed to a Fiscber-Trcpsch 

syste~ at any desi~ .tsm~_ratuxe~ ¢~-~e rb~---cgra~s b~v~ ~-=_n 

recei%~d of t/~ ac~! ~ P~ c~ of t~m diesel .~el~-~i%~ 

catalyst, taken over a r~un~ of t_~atUr~o 

T~e data from T~-ex~ (Table 8), c~n ~ correla~ using the 

Ost~-id-de ~_e!e n~_el to yield the fol!~ing co~zelatioD~ for 

t~ 30 wt% 1-5 ~m Fe203, ar~ 98-10~ ~m Fe304 syst=-Ts: 

~SL03 = 0"25070°552 R 2 = 0°957 (i0) 

~SL98 = 0"142~'533 R 2 = 0.996 (!l) 

~re 

~SL03' ~SL98 = siuri-y viscosity, !-5 N/n Fe203 or 

c? 90-10Z t~-304, 1 
~ = mhemr rate~ s 

It is ~ frcm Table 8 that th~ 9~!15 ~ Si0 2 ~ ~ ~  

yielded id~nti~=l va!~ to ~ i~ size iron c~i6~o T~is 

quite ur~-~~ as t~m SiO 2 ~_nsity is or~ half tb=--t of 

Fe304. T~ez-e results %ii! be r~ted. H~:._~%~T~ for ~king 

init'-la! es~tes, it will be asmmmd th%t t~m ~ta is corr.. 

Specifically, it w~s ~ ~t equations !0 ~u-~ l! are also 

appli~ble to t~e 30 wt% silicon c~i~ syst_=mSo 
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To apply equations I0 and ii to a bubble colur~, an estimst÷ 

of the s~hear rate in a bubble column is necessary. From the work 

of Nishikawa, Kato, and Kashimoto 8, who determined bubble 

column &hear rates from deviations from theoretical heat transfer 

coefficients in two phase Newtonian and Non-~ian sysUmm, 

the following two equations were assumed to apply in the cold 

f low simulators: 

= l O O V ~  G v G <4 = V ~ :  (12) 

= 50vV'~--G v G >4 = V ~  (i~) 

where 

V G - gas superficial velocity, ~n/sec 

These equations estimate the range of shear rates from 173 to 

762 s "I for gas velocities of 3 to 15.24 cm/sec used in Task I. 

This is within the range of shear rates measured by Nishikawa and 

coworkers 8 . 

To interpolate to other particle sizes, linear interpolatior: 

will be used until other information is obtained. To estimate 

slurry viscosities at other solid loadings, the w~rk of Sikdar 

and Ore 8 will be used: 

~SL = ~Vs ®/(V s ®-V s) 

,wt-~.re 

(14) 

V s = solid volume fraction 

V s = = solid volume fraction at infinite viscosity 

~L - liquid viscosity, cP 

~SL " slurry viscosity, cP 



Tr~ value of V s = is obtained by solving eqaation (14) for V C_ = 

ar~ inserting ~ interpolated slurry viscosity valu~ into it: 

V = VSU~/(US L - ~L) (15) 
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i~tln 
flo. 

Tahle I 

GAS IIOI.DUP AND SOLID FIIACTII]N: I?" COLD FLN~I SI~IlILATOR 

Solid 
G,is Liq Solid Size A~q 

Dist Velocity Gns lloldup 
Ilole lleat Transfer Slurrr~£. Gas i -  .-"P. ~.~--.1-'-~~A-'~(i~_ 
Irl. Intern,~l s F t~S-Sec T e e  Vol.% 

Solid Fractinn 
~ - - - ~  4 

14t% 

U1 

82 

83 

B4 

85 

B6 

87 

8B 

89 

N 2 Isoparaffln Fe304 2.5 6.8 0.125 

N 2 Isoparaffin Fe304 2.5 6.8 0.125 

N 2 Isoparaffln Fe304 2.5 6.7 0.035 

N 2 Isoparaff|n Fe304 98.0 I I .3 0.125 

N 2 Isoparaffln SiO 2 2.5 29.4 0.125 

N 2 Isoparaffln -- 0.0 O,l 0.500 

N2 Isoparaffin SIO 2 2.5 24.8 0,035 

Air Water SiO 2 49.0 10.9 0.035 

Air Water SiO 2 4g.o 18.4 0.035 

Yes 0.015 0.14 

Yes 0.015 0.14 

Yes 0.0 0.26 

Yes 0.0 0.43 

Yes 0.008 0.16 

No 0.008 0.20 

No 0.000 0.12 

No 0.000 0,40 

~o 0.000 0.15 

9.9 I0.I 10.9 II.4 6.9 6.9 6.9 6.7 

9.4 I0.6 10.6 11.3 6.9 6.9 6.7 6.7 

13.1 18.0 17.7 18.6 6.8 6.8 6.8 6.4 

14.2 21.4 23.4 24.0 20.7 8.0 5.4 3.1 

4.1 6.3 6.3 6.5 29.7 2g.5 29.2 29.4 

11.2 17.0 16.4 16.9 . . . . . . . .  

5.4 6.5 5.9 6.4 24.0 24.7 24.9 24.7 

11.2 15.4 14.8 14,7 22.4 20.8 17.8 14.7 

7.9 6.2 7.5 0.1 21.7 19.9 17.6 14.6 



TABLE 2 

GAS HOLDUP: 12" COL~ FLO~! SIr~ULATOR 

PLAII: HEAT TRA~ISFER IfITERNALS 

SYSTE~X: ~lO PHASE 

GAS- !IITROGE~I 

LIQUID- ISOPARAFFIN 

RUII DIST VELOCITY 
NO. HOLE SLURRY GAS 

IN FT/SEC 

GAS HOLDUP EXPANDED 
I-2 2-3 3-4 AVG BED HEIGHT 

VOL % FT 

78 0.125 0,0 

79 0.125 0.0 

80 0.125 0.0 

0.25 15.5 19.4 19.7 20.3 15.63 

0.25 20.2 . . 20.1 5.13 

0.25 14.8 20.0 19.6 20.2 15.75 
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SHELL~SI DE 

Table 3 

HEAT TRANSFER COEFFICIENTS: 12" COLD FLOH 

PLAIN HEAT TRANSFER INTERNALS 

SIMULATOR 

( . ~  

Run 
NO. 

78 

79* 

80 

81 

82 

83 

84 

85 

Gas 

N2 

N2 

N2 

N2 

N2 

N2 

N2 

N2 

Size Avg 
Liquid Solid .~__~L Wt% 

Isoparaffin - - - 

Isoparaffln - - - 

Isoparaffin - - - 

Isoparaffin Fe304 2,5 6,8 

Isoparaffin Fe304 2,5 6,8 

Isoparaffin Fe304 2,5 6,7 

Isoparaffin Fe304 98,0 11.3 

Isoparaffin SiO 2 2,5 29,4 

Dist Velocity 
Hole Slurry Gas 

In Ft/Sec Cm/Sec 

0.125 0,0 0.25 

0.125 0.0 0.25 

0.125 0.0 0.25 

0.125 0.015 0.14 

0.125 0.015 0.14 

0.125 0.0 0.26 

0.125 0.0 0.43 

0.125 0.008 0.16 

Heat Transfer Coefficient 
A ...... B . . . .  ~ ~ Deckwer 

Btu/Hr/FtC/F 

137,1 1 0 5 , 7  1 6 6 , 5  211,6 

m m ~ 

158.9 1 2 1 , 8  1 7 0 . 9  211,6 

137.4 96,2 1 3 6 , 1  193.5 

134,4 96,9 1 3 7 , 9  195,2 

152,7 1 1 0 , 9  1 5 0 , 1  225,5 

186,4 1 4 5 . 9  1 9 2 , 6  245,7 

99,7 71,7 71,8 270,6 

*fleater not submerged for  th is  run. 



Table 4 

BUBBLE DIAMETER - 12" COLD FLOW SIMULATOR 

Run Dist Internals Solid L1q. Veloclt~ Probe 
No Hole Oxide Size Avg ~ Slurry Gas Loc.* 

i ~  pm wt% ft/sec ~n 

uncorrected** 
Bubble Diameter 

v]~Fv-erage Sauter 
cm cm 

83 0.035 Y Fe 2.5 6.7 Iso 0.000 0.26 2 0.320 1.050 

84 0.125 Y Fe 98 I ] .3  Iso 0.000 0.43 2 O. 280 O. 941 

4~ 

85 0.125 Y SI 2.5 29.4 Iso 0.008 0.16 2 

86 0.500 N . - - Iso 0.008 0.20 

0.364 1.09 

5 0.292 0.765 

3 0.335 0.729 

0 0.374 ].040 

87 0.035 N SI 2.5 24.8 Iso 0.008 0.12 

5 0.497 1.261 

3 0.529 1.162 

0 0.530 1.419 

88 0.035 N Si 49 18.9 WA 0.008 0.50 2 0.353 0.888 

* Distance from column center 

** Diameters not corrected for probe interference. Relative order w i l l  be the same. Absolute values w l l l  be smaller. 



TABLE 5 

RHEINPREUSSEH SIHULATION 
USING DECKWER CORRELATIONS 

Regima 

Catalyst 

inlet gas velocity, ~ /se :  

Gas holdup 

Interfacial area, ~n~/~ ~ 

Temperature, ©C 

Rate Constants: 

Pre-e×ponential factor 
(sac wt% in slurry) 

Activation energy, kJ/~ol 

Inlet ratio, mol CO/mol H2 

Usage ratio, m~l COlmol H2 

Hydrogen conversion, % 

Rel. mass transfer r~sistance 

Space tim~ yield, mol CH2/h~ ~ 

Const)Dts in Case Stu,d2 

Reactor length, ft (~) 

)s~ctGr diameter, in (c~) 

Contraction factor 

Particle diameter, um 

Reactor pressure, psig (bar) 

Weight fraction catalyst in slurry 

S)ecific heat transfer area, c~2/cm s 

Churn Turbulent 

Base Case Catalyst A Catalyst B 

9.00 9.00 9.00 

0.385 0.512 0.526 

32.66 43.44 44.66 

260.2 259.7 260.2 

1.12 X lO s 9.03 X 106 1.15 X l0 T 

70 94.7 94.7 

1.5 1.5 1.98 

1.5 1.5 0.65 

0.S04 0.349 0.498 

0.106 0.021 0.035 

2937 1065 1002 

2 6 . 2 5  (800) ÷ -, 

59 (150 )  -, 

- 0 . 5  ÷ -'- 

50 -+ -+ 

174  (12) ~ 

0 . 2 0  ÷ -"  

0 .10  ~ 
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TABLE 6 

RHEINPREUSSEN $1NULATION 

Regime 

Catalyst 

Inlet gas velocity, c~/sec 

Gas holdup 

Interracial area, an2/ans 

Temperature, °C 

Rate Constants: 

Pre.exponential factor 
(sac wt% in slurry) 

Churn Turbulent 

Base* Catalyst A Catalyst B + Catalyst B + with shift 

9.0 9.0 9.0 9.0 

0.385 0.149 O. 171 0.146 

32.66 36.06 41.43 35.39 

260.2 260.4 260.4 261.1 

1.12 x 10 s 9.03 x 10 ~ 1.15 x 10 ~ 1.15 x 10 ~ 

Activation energy, kJlml 

Inlet ratio, eol C01~I H~ 

Usage ratio, ~¢I CO/mol H= 

Hydrogen conversion, % 

70 94.7 94.7 94.7 

1.5 1.5 1.98 1.98 

1.5 1.5 0.65 1.98 

80.4 55.9 62.9 58.5 

Re1. m~ss t rans fer  res is tance 

Space time y i e l d ,  r~ l  CH2/hm s 

Constants. in Case Study 

Reactor length, f t  (an) 

Reactor diameter, in  (an} 

Contract ion fac tor  

Particle di~neter, um 

Reactor pressure, pslg (bar) 

Weight fraction c a t a l y s t  in slurry 

Specific heat transfer area, an~lc~n m 

0.106 0.043 0.069 0.048 

2937 2042 1273 2135 

26.3 (BOO) ~ ~ 

5 9  ( 1 5 o )  * * - 

174 (12) * - - 

0.20 ~, ~ 

0.10 ~ * 

* Operating condi t ions a t  Rheinpreussen 

Cold flow model gas holdup cor re la t ion  
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Table 7 

RHEINPRZUSSEN SIMULATION 

~gime Churn Turbulent 

Catalyst 

Inl=.t g~s v:Iocity: ~,/sec 

R~tz Con.'-tBnt$ : 
Pr)-e~pon_=ntial factor 

(s~c ~t~ in slurry) 

A:tiv~tiom ~z-rgy~ kJ/~ol 

Inl~t ratio: ~)l CO/~ol N: 

U=~- r~tioo n~i CO/tool H~ 

,:.~l. mzss tr~)sfzr ~ist~nce 

S)~c~ fizz yield., tool CH~/hm ~ 

Co;~ta~t~ i~ C~)~ Stud Z 

R~ctor l~;gth~ i t  (c~) 

Contraction Cactor 

Particl~ di~zt~r~ ~m 
Rz~ctcr 9rs~sur~, psig (bar) 
~ i ) h t  fraction c~t~lyst in slurry 

Sp}:ific h~zt trQnsfer areao a~2/c~ ~ 

Base* 
Catalyst B -i 
with shift 

9.0 

O. 385 

32.65 

260.2 

9.0 

0.123 

29.89 

257.7 

t.12 x 10" 

70 

1.5 

1.5 

80.4 

0.106 

2937 

1.15 x 107 

94.7 

1.98 

1.98 

79.8 
0.141 
29i5 

2 .3 (800) 
59 (1so) 

-0 .5  

50 

174 (12) 

0.20 

0.I0 

.-> 

..> 

-> 

.). 

0.6 
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TABLE 8 

SLURRY VISCOSITY MEASUREMENTS 

30 Wt% Slurries in Isoparaffin 

I-5 um Fe~03 

Shear Shear Viscosity 
rate stress 

s "~ dynes/c~2 cP 

167 8797 5.25 

240 13685 5.71 

343 25024 7.30 

492 44574 9.05 

704 82110 11.68 

1007 142715 14.16 

90-I06 um Fe30= 90-115 um Si02 

Shear Viscosity Shear 
stress stress 

dynes/cm 2 cP dynes/~ 2 

3714 2.22 

6256 2.61 

10752 3.14 

18572 3.77 

32257 4.59 

58650 5.82 

3714 

6256 

10752 

18572 

32257 

58650 

Viscosity 

cP 

2.22 

2.61 

3.14 

3.77 

4.59 

5.82 

Z8 
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