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EXECUTIVE SIMFERY

Two major tasks continued in the twelfth quarter of the Air Praducts and
Chemicals, Inc./U.S. DOE Contract, "Catalyst and Reactor Develomrent for a
Liquid Phase Fischer-Tropsch Process™: (1) Slurry Catalyst Development, and
(2) Slurry Reactor Design Studies.

The second extended slurry test, using a proprietary catalyst was
campleted. The results were not consistent with a previous short term test of
this catalyst where high activity and yields in the diesel fuel region equal
to or greater than the Schulz-Flory maximum were cbserved. The increased
methane production and lower bulk activity over the previous test may have
been the result of a variation in the surface active species of this catalsyt.
The steps in the synthesis procedure canbined with surface amalysis (ESC2,

SIMS, etc.) of the two batches of catalyst are currently underway to determine
the causes.

A short term (21 day) slurry test was carried cut on another "modified
conventional catalyst™. Parametric gas phase screening results were concluded

for four additional catalysts, and the optimmm preparation and activation
methaods for diesel fuel selectivity were chosen.

In the hydrodynamic studies, work in the 12 inch Cold Flow Similator
contirmued. The following cbservations and/or conclusions were cbtained:

o Superficial gas velocity is the major factor for determining gas holdup.
The results of simulations with water and isoparaffin slurries of both
silica and iron axide fell within a margin of error, in the range predicted
by the Akita and Yoshidal and Pilhofer and Bach? correlations.

© The major determining factor of the solids concentration profile in a
slurry bed is particle size. Water and isoparaffin media were studied; the
gradient was most pronounced using the 90-115 ym particles with o
appreciable gradient using the 0.5-5 um particles.
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ransfer ccefficients were cbtained for both two and threc phass
For the tvwo-rhase zscparaffm/h the results were 64t of that

predictad by Decloer's corzelation. For the thres-phase Fe

czerafiin, the results were bestter at 71%.
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=ter measurarents were cbtainad using a2 double hot £ilm prebe.
Toz rzs dats (uncalibrated) fell within a fairly parrow range size, 0.28 -
0.53 o with most of the bukble sizes at the loser erd. Calibrated bubble
profilies ave expectad to shoy literature agrsement.

Tiz 21z Profucts cme holéup correlation w=s n:ccr;ora‘csd into Decloser's
roizl of the thres phass bubble colurn. 2 simalation utilizing kinetic
¢atr from an 2ir Pocducts dieszl fusl sslective catalyst, unfer
Rrainprensssn eonditions; zresulted in Goubling the space time yield of the

Risinprausssa kase cass catalyst. Bassd on the assurption of no mass
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1.0

INTRCDXCTION

Cczl liguefaction will bz an important socurce of transportation fuels in
the future, and can ke accomplished by both a direct routs {hydrcgenzstion of
cc=l in a ¢oror solvent) or by an irdirect route (gasification of ccal
follcs=d by the Fischer-Tropsch reaction).

Tre prcduct sslectivity of the Fischer-Tropsch reaction has been the
fooue of extensive ressarch for meny y‘éars, vet still yemains a prime target
for technicel innovation. Fischer-Tropsch technolegy, as it is currently
practiced cammercially for liguid fuels production, provides a2 bresd rarge of
hydrecarcon products which reguire costly Cownstream refining.

Selectivity can b2 influerced by variaticns in the catalyst compesition
ard preczss cornditions. Yet, in spite of the extensive effort devoted to this
prcblem, & suitable catalyst has not previcusly besen develcred for producing &
nerroy renge hydrccarbon product, such as gasoline or diesel fuel, without the
copreduction of lighter and heavier undesirable preducts.

Tre Fischer-Trcrsch reaction is excthermic, and improved heat trensfer
vould ales ke exzactsd to bhave a mejor beneficial effect on preduct
szlectivity. Slurry phase reactor cperation improves heat transfer and
tesTerature control, and results in greater sslectivity to liquid products,
usuelly throogh loser methane prefuction. However, considerable differences
heve been reported in the scace-time yield, catalyst life ard e=se of
creration of slurry phase reactors.

In afdition to improved product sslectivity, slurry ghase cperation
offers the edventace of exse of zoale—wp and the ability to directly utilize
tts carbon monaide-~rich synthesis gas produced by ccal gasifiers. The full
potentizl of the slurry phase Fischer-Tropsch process has not yet been
realized, ard its further develcorwent is an important part in cur country's
pcgram to establich viable techrolegy for converting coal to hydrecarbos
fuesls.

Rir Prcducts, under contract to [OE, has undertaken a program in catalyst
ard reactor develermant for a slurry phase Fischer-Tropsch precess, and this
reoort Esscribes the work accamplished @aring the eleventh quarter.
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2.0 ORIECTIVE

Tne overall objective of this program is to evaluate catalysts and slurry
reactor systems for the selective conversion of synthesis gas into
transportation fuels via a single stage, liquid phase process.

Task 1 - To establish a detailed Project Work Plan. This task was
campleted in the first quarter.

Task 2 ~ To evaluate and test catalysts for their potential to convert
synthesis gas to gasoline, diesel fuel, or a mixture of transportation fuels
suitable for domestic markets, and to quantify catalyst activity, selectivity,
stability and aging with a target process concept involving a single stage,
liquid phase reactor system.

Task 3 - To evaluate through the use of cold flow reactor simulators, the
flow characteristics and behavior of slurry reactors for the production of
hydrocarbons fram synthesis gas. This includes (1) defining heat, mass and
mmentum transfer parameters which affect the design of slurry reactors, (2)
establishing operating limits for slurry reactors with respect to system
physical parameters, (3) developing or confirming correlations for predicting
the flow characteristics and heat/mass transfer of slurry reactors, and (4)
defining the necessary requirements for the design of larger scale reactors.

Task 4 - To develop a preliminary design for a bench scale slurry phase
Fischer-Tropsch reactor.
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3.1.2
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SIETRY AT QORILUSIONS

Task 2 = Slurry Catalyst Develomment

Sub—-Task 22 ~ BRackgrcund Studies

R corraterized survey of availzble literature and patents éealing
with ths convantional ard slurry gphass Fischer~Trcosch procssses, and
the h:;«'*cc}ymcs of threz phase slurry reaciors, was continusd.

Sub-Tas™ 2¢ = Catalyst Preparation and Slurrv Reactor Testing

Thiz ssction contains potentially patentable material ard has,
tizrefors,; been issued in 2 supplementary rerort macksd ®Rot for
Puhliczticn®.

22k 3 = Slurry Reactor Design Stixdies

== holdup experiments were confuctsd ia the 12 inch Cold Flow
iralztor (CFS) on water and iscparaffin slurries of both silica ard
iron ezicde;, over a range of particle sizes, with and withcut haat

transfer internals. Tre results follow the same pattern as chserved in
the 5§ inch column, with the iren aride slurries giving higher s
holéaps than silica. Overall, the results straddled the trands
pradictsd by the Akita and Yeshids' ard Pilhofer and Bach®
correlaticns.

m

In generzl, gas holdup has bzen fournd to b2 loser in the 12 inch
colimm than in the 5 inch, A test with iscrzraffin in the 12 inch
colurn, at 5 and 15 fest of bed height, show=d no difference in averags
czs holdrp. EButble coalescence Gue to increasing column height is
therefors, rot a factor. Suerficial gzs velocity thus remsins the
mz=jor fector for Cotermining gas holdup.

€01id concentration profiles were measured over several particle
gizes for eilice and ireon axide slurries, in both w=ter arnd iscraraffin
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mecia, with and withoot r=at trensfier anterngls. The mejor determining
factor was particle size with the stallest size ranges (0.5-5 um)
showing no concentraticn gradient and larger sizes (90-115 um)
displaying a considerable gradient.

Heat transfer coefficient measurements were taken for the
two-phase isoparaffin/N, and for the 90-115 ym Fe,0,/
isoparaffin and the 0.5-5 um SiOz/isoparaffin systems. For the
two-phase system, the results were approximately 64% of that predicted
by Deckwer's correlation and for the three-phase iron oxide
approximately 71%. The Si02 slurry gave an unexpected 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
dauble hot film probe, located 10 feet above the gas distributor. A
radial bubble diameter size was found to be fairly marrow (0.28 to 0.53
cmn), with most bubble sizes being at the lower end of the range. The
uncalibrated bubble profiles showed larger bubbles at the edge of the
columnn than at the center, contrary to the literature. Calibrated
profiles are expected to show literature agreement.

Deckwer's gas holdup correlation is valid only for superficial gas
velocities below 4 an/sec. The Air Products cold flow correlation,
while in agreement with Deckwer's in the quiescent regime, does extend
into the churn turbulent regime. The Air Products gas holdup
correlation was incorporated into Deckwer's model of the three phase
bubble column. The simulation of a 1.5 x 8 m column under the
Rheinpreussen canditions, i.e. the churn turbulent regime at 0.3
ft/sec, utilizing kinetic data fram same of the Air Products diesel
fuel selective catalysts, resulted in doubling the space time yield.

Previous camputer simulations of the Rheinpreussen slurry reactor
have indicated that mass transfer is not limiting. It is, therefare,
logical to increase slurry catalyst loading to a practical, suspendable
limit. Various weight loadings were simulated to determine which would




cive space time yields close to those achieved at Rheinpreussen. A 60
wti (22 vol §) slurry of Air Prcducts' catalyst B (with shift) is
predicted to have the same space time yield as that achieved at
Rheinpreussen. Tnus, based on the assurption of no m=ss transfer
liritation, th= [OZ cbiective of egualling Rheinpreusssn space tims
yvields can ks achieved with cur existing catalysts,

To try to account for the effect of viscosity in correlating the
buxhle colum hydrodyramics, viscosity meaasurements were carried cut on
scr: reoresentative slurries ussd in the coold filow medelling, i.e. 30
w3 slurriss of 1-5 um Fe203 ard 90-115 m Si02 in iscoaraffin.

Sr=zar gtress versus shear rate measurerents were cotaimsd. To agply
this data, an estimzte of the shear rate in a thres phase butble colum
¥28 necesEaTy. Using literature corielations of shsar rate versus
suvarficial ges velceity in a buktble colurn, shesr rates of 173-762
g2o7 warz predictsd over the rargs of linsar gas velccities used in
thez cold flor moé=l columns. Tone slurry viscesities are estimated to
vary by @ factor of =2 over ths rance of peramsters studied in the
cold flory mofelling experiments., This aroreach will k2 used in
atteroting to correlate further the effect of slurry viscosity.
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5.1

5.1.1

5.2

5.2.1

RESULTS AND DISCUSSION

Task 2 - Slurry Catzlyst Develomant

Sub~Task Zc -~ Catalyst Preperation and Slurry Reactor Testing

Tnig ssction contains potentially patentable material and has

thersfore been issusd in a susplersntary report marked Mot for
Publication®.

Task 3 - Slurry Reactor Design Studies

12° Cold Flow Simulator

(1)

Gz boldun mzosurerants vaze corfectad this quarter; to
Gstarmirs e effcets of enlids, s0lid size in the presence and
abscermoe of beat tranzfor intsrmals and columm height, in the 12
inch Cold Flcy Similater (GF3).

Toz results of s holdup measurerants for thz 0.5 = 5 um
iren cziés/iscraraffin systsm with heat tyansfer internzls; aze
shown in Table 1 and illustratsd in Pigure 1. FRun 82 is a
receat of run 81, showing ¢ood repredocibility bebween runs for
21l measurerents. Tz ad8diticn of =olids reduced the ¢as holaup
to betemen the Alkita ard Yoshida  and Pilhofer and Bach?
correlations.

Gas holdup measurerents were cbtainzd on the 98 ym izen
cxics/iscearafiin, and 2.5 ym silicon oxide/iscraraffin systers
in the presencs of haat transfer intermals and for the 2.5 m
silicen exicdze/isccaraffin, and 45-53 pm silicon axide/smter
syst=rs vith no heat transfer internels. The results are listed
in Teble 1 ard are illustrated in Figure 2. On a relative
basis, the trends aze similar to those cbtainsd in the 5 inch

~4



CFS. Tne iron oxide runs gave higher gas holdups <han tre
silicon oxide. However, in spite of the wide rang= of variables,
the results did fall within a 20% band predicted by the Akita
and Yoshidal and Pilhofer and Bach® correlations, Figure 2.
These results agree with, or are just slightly lower than, the

gas holdup results of the S inch CFsS.

In the 12 inch CPS, gas holdup has been found, in general,
to be lower than in the 5 inch CFS. While colum diameter does
not appear to affect gas holdupl, there is sare indication
that bubble coalescence with increasing height may lower gas
holdup in taller colums’. Lower gas holdup in the 12 inch
column could also be due to the higher concentration of solids
found at the lower section of this colum. The presence of a
greater concentration of solids at the distributor end could
result in the formation of larger bubbles and thereby a
reduction in gas holdup. To test this hypothesis, three
two-phase runs were conducted. The results of these runs are
listed in Table 2 and illustrated in Figure 3. A two phase
system was chosen to eliminate the effect that a changing solids
concentration profile with height would have on gas holdup. Run
78 and 80 have an expanded bed height of 15 feet. Run 79 has an
expanded bed height of only 5 feet. There was no cbservable
difference in the average gas holdup measured in these three
runs. Thus, it appears that coalescence has no greater
influence in a taller bubble column than in a shorter bubble
column in the range of 5-15 feet.

The above confirms what has been implied by many empirical
correlations that average gas holdup is independent, over a
fairly wide range, of column height and diameter, and is mainly
a function of superficial gas velocity.




(ii)

(iii)

€olid Concentration Profiles

Solid concentration profiles ware messared for the
80-115 ym iren cxids/iscraraffin ard 0.5-5 ym silicen axide/
iscoeraffin systems with h=at transfer internpals and the
0.5-5 um ircn czi@e/iscpareffin, 0.5-5 pm silicon oxide/
iscrarefiin, ard 45-53 ym silicon axide/wmter systems without
hezt transfer internals and are listed in Table 1 ard
illustratsd in Figures 4-8. Tie profiles were similar to those
obtairad in the 8 inch 58, with the major éstermining factor
being perticle size; the swallest perticle size rangs showed no
concantration gradient, ths larger size ehossd & censiderable
gradient.

Hezt Transfer Moasuremants

ezt transfer messurarsnts were cornducted for the two phase

isczzreffin/nitregen systam, and the thres-rhase 90-115 pm iren
caxicz/iscozraffin, ard the 0.5-5 pm silicon exide/iscraraffin
systers ard ars listsd in Table 3. Thres heat transfer
ccefficients are rerortsd. Heater 2 was loctad insids the
center heat transfer intermal abcut 107 above the distributer
plats, or abcut 2/3 of the distance betssen the distributor arg
tr= tcp of the butble column. Two tempozatures veore measured at
thz haster mideoint, 150° ciraarferentially from exch other,
arf their maoter averacsd. Haater B, 107 above the distribater,
w235 lccetad on ooz of the six cutsr tubes, with the surface
trermoocomle orisnted tossrd the colimn center. Beater C, 5°

7z the distributor, =3 lecstad on another of thes six cuter
tures, 2lso with the surface thermecouple orisnted towmrd the
canter colizmi.

For ths tuwo phase system, the results were much losar than
those predictsd by the Decloser correlation; about 64% of the
vales predictad. Ths iren czide gave heat transfer ccefficients
aporosimetely 71% of those predicted by the Decossr correlaticn

w



{iv)

and was in good agreement with the previous res.lte ostained in
this study. The 29.4 wtt 0.5-5 um silicon oxide’/isoparaffin
system gave an unexpected 30t of the value predicted by the
Deckwer correlation. The reason for this unexpected result is
being explored.

Bubble Diameter

A summary of the results of bubble diameter measurements
using a double hot film probe, along with the operating
conditions for each system tested, are listed in Table 4.
Measuraments were taken 10 feet above the gas distributor. The
bubble probe was typically located 2 inches fram the colum

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

The range of operating conditions covered in Table 4 are
the possible extremes of bubble colum operation in this study.
In spite of this wide range of operating conditions, the average
uncalibrated bubble diameter size range was fairly narrow, fram
0.28 to 0.53 am, with most of the bubble sizes being at the
lower end of the range. The malibrated bubble sizes will be
appraximately 10-25% smaller, since bubbles tend to be slowed
down once they strike the hot film probe.

Run 87 gave unexpectedly large average bubble diameters.
In canparison to run 85, it appears that the slightly lower gas
velocity mey have made a large difference.

The two radial bubble profiles, runs 86 and 87, show that
bubble size decreases radially fram the center of the column.
This profile was steeper for the higher gas velocity case of 0.2
ft/sec. This is expected, since in the bubbly flow regime, at a
qas velocity of 0.12 ft/sec, bubbles do not interact, yielding a
more uniform radial profile.




{(v)

Enciresring Evaluation

Trz cold flor meofel's gas holdup correlation:

v=s substitutsd for Dec?:;;ar'sé empirical correlation:

¢ = 0,053 vsl'l ' (2)

Vo= cas valezity, an/ssc
¥ = golid wzicht fraction

¥aile the effest at low cas velecities was nagligible, at S
/s2o, the emace tire yield for an Air Produets promising
cetzlyst B Soubled (s22 Table 5 vs. Table €). Tz Rheinpreussen
tzsz casz 32 not simslated with the nev s holdp correlation
bzmzues it’s conversion ard space time yield were measured
quantities, and thes reacticn kirstics were czlculataed, assuming
tr: Deoloozr cas holdup corzelation. Thws, any changs to the gas
roléup corrzlaticn wruld necessitate a change of the reaction
kirztics in orfer to yield the sawe hydrecen comversion and
greces tims yisld.

Thzre ave ezvaral rezscns for considaring the cold flovw
wofzl corelation ovar the Decossr one, althouch the only true
tzzt will bz that using the achel Fischer-Tropsch catalyst, wex
preduct and correct distributor. Decwer's empirical gas holdup
correlaticn v=s cbtainad in 4.1 an and 10 cm diamster bubble
columns usirg a porcus sintered plate, having a mean pore
dizreter of 75 jm. While Deckwer usad 2 molten w=x, the columm

11



wac only operated at iow gas veliocitieg, 0.75 tc & ox/sec, where
there is good agreement between eguations (1) and (2). Tne form
of the Deckwer correlation clearly cannot be applied above 14.5
cam, 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 econanical since the same space time
yield would be provided in taller, fewer, vessels. While Farley
and Ray” did measure a gas holdup of 44% at 6.8 an/sec in 2
commercial 24.4 on colum, in agreement with Deckwer, this gas
holdup value steadily decreased to as low as 11%, apparently due
to free carbon buildup in the slurry. Thus, over the length of
the camrercial Fischer-Tropsch slurry reactor operation, much
lower gas holdup values mey be obtained than predicted by the
Deckwer correlation.

The lower gas holdup predictions had a desirable effect on
reactor space time yield. This is because the mass transfer
resistance was not predicted to be limiting. Mass transfer
resistance will increase when the cold flow model mass transfer
correlation is substituted for the Deckwer correlation.
However, it is still not expected to markedly change the
results. If mass transfer is npot limiting, it is logical to
increase solid loading up to a practical, suspendable limit.
Various weight loadings were simulated to see which would give
space time yields close to those achieved at Rheinpreussen. As
ghown in Table 7 and illustrated in Figure 9, a 60 wt% (22 vol%)
slurry was predicted to have the same space time yield as that
achieved at Rheinpreussen. Thus, if a 22 volt® iron oxide
loading is suspendable, then the objective of equalling the
Rheinpreussen space time 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 space time
yield that would be expected fram adding shift activity to a

1¢




catalyst that presently has good diessl fuel selectivity bot low

shift activity.




6.0 EXPEFIMENTAL

6.1 Task 2 = Slurry Catalyst Development

6.1.1 Sub-Task 2c - Catalyst Preparation and Slurry Reactor Tests

This section contains potentially patentable material and has

therefore been issued in a supplementary report marked "Not for
Publication”.

6.2 Task 3 - Slurry Reactor Design Studies

(1) Bubble Diameter Measurements

The following is a description of the bubble diameter data
acquisition system now in operation. FPran the double conical
probe (see Figure 10) inserted into the bubble colum, voltage
versus time curves were obtained (e.g. top curve - Figure 1l).
The probes detect the different thermal conductivities between
the liquid and gas phase. The bubble chord length and velocities
are determined. The derivative is taken of the voltage time
curve, shown in the bottam half of Figure 11. Locating the
meximm point on the derivative curve, point A for the lower
probe, single time increments are stepped off until the
derivative curve passes through zero. This determines the end of
the bubble, T3. 1In 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 again. Tais
establighes the beginning of the bubble, Tl. Oncs the
beginning, T2, and end, T4, for the second channzl has been
determinad, four values are alailated, o dwell timss. DT, and
two lag times, LT.

DTl = (T3-T1)/F (3)

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

14
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]

(T2-T1)/F (5}

LT2

(T4-T3)/F (6)

where
= digitizing rate, l/s=c

The &s2ll tire is the time that a probe sses a given bubble., Ths
lag tire is the time difference of ths different prctes. Fram
the &=ll ard lag times, bubtble velecities and chord lengths are
czlculated as folloss:

VB = S{LT1) (7)

CB =Vy (DT1) = s(DT1)/(LTD) (8)

VB = pubtble velerity, c/sec

CB = chord length, am

€ = distance beteen prches, om

An arbitrary acceptance tolerarnce of 503 betesn &well times
wae ussd. This large tolerance is necessary because 1) bubbles
do rot necessarily rise vertically; differsnt chord lengths are
typically transversed by the tuo prcbes; 2) bubbles ars not
rigid stheres, but pulsate; pulsaticns give different chord
lergths, and 3) bubbles, particularly swall ones, are slow=d éom
by the prcte. Thus, for srm=ll bubbles, IT2 is often greater than
LTi. For this reascn, IT1 and DT1 are chcsan as being more
representative for calaiulating barble valercity and chord length

15




(ii)

thar are LT2 and DTZ. Usinc the aocve 50% criteriz, tie
acquisition system accepted aboit one out of nine bubble traces
analyzed. The system amalyzes about one bubble trace/secord.
Bowen and M\ries6 have estimated that 1400 chord length samples
are required to cbtain 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 om using DTl and LT1. 1If average DT and LT's were
used instead, the upper range would have been 8 am. This affect
on mean bubble size is very small as only 20 of the 1400 sampled
bubbles were above 1 am in chord length. FPitting the first set
of 1400 bubbles to a gamme function gave o = -13.741 and £ =
3.115. This corresponds to a mean bubble chord length, CL, of
0.252 an and a mean bubble diameter, dB’ of 1.57. A camparison
between the actual bubble chord lengths and that estimated by the
gamma function is shown in Figure 12. Additional work on the
gamma distribution function should yield better agreement between
observed and calculated distributions.

The calibration procedure between photographic and hot film
anemareter techniques is still being finalized. Because, in
particular, the smaller bubbles are slowed down when they impinge
upon the anemameter, it is expected that the bubble chord lengths
will be reduced by as much as 25% for the smaller bubbles, and
that no correction will be necessary for the largest bubbles, in
order to bring the anemameter readings in line with what is
photographically cbserved.

Slurry Viscosity

Slurry viscosity affects gas holdup, bubble diameter, and tc
a lesser extent, heat transfer. As solid loading is increased,
viscosity effects can be quite noticeable. For example, at 20
volt, a 1-5 um iron oxide slurry has a very high (almost
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infinite) viscosity. Several literature correlations 1,2,7
relate viscosity to gas holdup, o :

a =k pSL-O'OS (9

Since viscosity can charce éramatically, the effect on @
can be as mich as 308. From the rhecgrams of shear stxess versus
chear rate curves, generated for thres cold flcw sluxry earples
ard from the literature, the following procedure has teen
developed for estimating slurry viscosity in the cold ficy
simmlator. This procsdure will be extendsd to @ Pischer-Trcosch
system at any Gesired tamperature, once rhecgrars have teen
received of the actuel wax product of the diesel salective
catalyst, taken over a range of temperatures.

Tre data from Telmer, (Table B), can be correlatsd using ths
Ost=ld~Ge ¥=zle model to yield the following corzelstions for
the 30 wtd 1-5 pm Fe203, and 98-106 m ‘r"eBGé syst=ts:

_ 0.582 2 _
pw3 -— O.ZSGY R - 00987 (10)

_ .533 2 _
Herog = 0.142° B2 = 0.996 (1)

vhare

Pero3r Mgiss = slurry viscosity, 1-5 um Fe 05 or

90-108 u:cfeBO‘%, cP
Y = ghear rate, gt

It is seen frcm Table € that the 90-1315 pm 8i0, measurerents
yieldsd identical valess to tha larce size iron czidz. This w=s
quite unsxgectsd, as the Si0, density is one half that of

Fe304. fnese results will be retssted. Howsver, for making
initisl estimates, it will be assuwrsd that the data is corzect.
Specifically, it was assumad that egeations 10 and 11 are also
applicable to the 30 wtd silicon cide systems.
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To apply eguations 10 and 11 to a bubble column, an estimats
of the shear rate in a bubble column is necessary. Fram the wori
of Nishikawa, Kato, and Bashimoto®, who determined bubble

colunn shear rates fram deviations fram theoretical heat transfer
coefficients in two phase Newtonian and Non-Newtonian systems,
the following two equations were assumed to apply in the cold

flow simulators:

Y = ].00;/'\1G VG <4 ow/sec (12)
Y = 50\/VG VG >4 am/sec (13)
where

VG = gas superficial velocity, am/sec

These equations estimate the range of shear rates fram 173 to
762 8”1 for gas velocities of 3 to 15.24 an/sec used in Task 3.
This is within the range of shear rates measured by Nishikawa and

caaorkerse .

To interpolate to other particle sizes, linear interpolaticr:
will be used until other information is ocbtained. To estirmate
slurry viscosities at other solid loadings, the wark of Sikdar
and Ored will be used:

Mol = MV o/(V_ o =V) (14)
s s
where
Vs = golid volume fraction
Vg o = solid volume fraction at infinite viscosity

By = liquid viscosity, cP
Bg, = slurry viscosity, cP

18




Tre value of Ve is cbtained by solving eguation (14) for V_
- &
ard inserting the interpolated slurry viscosity value into it:

Vsm = VSUS‘J/(USL - uL) » (15)
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Tahle 1

AS HOLDUP AND SOLID FRACTION: 12" COLD FLOW STMULATOR

f;;:)n Gas  ___Lig Solid “S'_lli_o‘M?LV 1 :]'E‘J?; Heat Transfer 5‘1’33‘;1(2:‘3 i-2 gﬁ Holdg?d Mg. i 50?d ch?nn 1
— L N T2 A (Y Internals Ft/Sec t=/Sec —  "“wal.% T T T T
Bl Ny lsoparaffin  Fesdy 2.5 6.8 0.125 Ves 0.015 0.14 9.9 10,1 109 11.4 6.9 6.9 6.9 6.7
82 N2 Isoparaffin Fe304 2.5 6.8 0.125 Yes 0.015 0.14 9.4 10.6 10.6 11.3 6.9 6.9 6.7 6.7
83 N Isoparaffin  Fe304 2.5 6.7 0.036 Yes 0.0 0.26 131 18.0 17,7 186 6.8 6.8 6.8 6.4
86 Ny Isoparaffin  Fe304 98.0 11.3  0.125 Yes 0.0 0.43 14.2 21,4 234 240 287 8.0 5.4 3.1
85  MNp Isoparaffin 510 2.5 29.4  0.125 Ves 0.008 0.16 4.1 6.3 6.3 6.5 29.7 29.5 29.2  29.4
86 Ny Isoparaffin - 0.0 0.1 0.500 No 0.008 0.20 11.2 17.8 164 16.9  ~- - - --
87 My Isoparaffin  S10, 2.5 24,8 0.035 Mo 0.008 0.12 5.4 6.5 5.9 6.4 208 20,7 24.9 24.7
88 Air Water $i0p  49.0 18.9  0.035 No 0.008 0.40 11.2 15.4 148 147 224 208 17.8 14.7

89 Air Water Si0p 49.0 18.4 0.035 tto 0.008 0.15 7.9 6.2 7.5 8.1 21.7 19.9 17.6 14.6




TAELE 2
GAS HOLDUP: 12" COLD FLOV SIMULATOR
PLAIN HEAT TRANSFER IHTERNALS

SYSTEM: TWO PHASE
GAS- NITROGEN
LIQUID- ISOPARAFFIN

RUN DIST  VELOCITY GAS HOLDUP EXPANDED
NO. HOLE SLURRY GAS T-Z2 2-3 3-4 AVG BED HEIGHT
IN FT/SEC VoL % FT

78 0.125 0.0 0.25 15.5 19.4 19.7 20.3 15.63
79 0.125 0.0 0.25 20.2 . . 20,1 5.13
80 0.125

0.0 0.25 14.8 20.0 19.6 20.2 15.75
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Table 3

SHELL~SIDE HEAT TRANSFER COEFFICIENTS:

12" COLD FLOW SIMULATOR

PLAIN HEAT TRANSFER INTERNALS

Dist Velocity Heat Transfer Coefficient
gg? Gas Liquid Solid jiﬁe QX% H?le ;?;ggg,éxﬁgec ! BéL/Hr/Fté>F Deckuer
78 MNp Isoparaffin - - - 0.125 0.0 0.25 137.1 105.7 166.5 211.6
79*  No Isoparaffin ~ - - 0.125 0.0 0.25 - - - -
80 No Isoparaffin - - - 0.125 0.0 0.25 158.9 121.8 170.9 211.6
81 No Isoparaffin  Fe304 2.5 6.8 0.125 0.015 0.14 137.4 96.2 136.1 193.5
82 N Isoparaffin  Fe304 2.5 6.8 0.125 0.015 0.14 134.4 96.9 137.9 195.2
83 No Isoparaffin - Fe304 2.5 6.7 0.125 0.0 0.26 152.7 110.9 150.1 225.5
84 No Isoparaffin Fe30g4 98.0 '11.3 0.125 0.0 0.43 186.4 145.9 192.6 245.7
85  No Isoparaffin  Si0p 2.5 29.4 0.125 0.008 0.16 99.7 71.7 71.8 270.6

*Heater not submerged for this run.



ve

Run
No

83

84

85

86

87

88

*

** Dijameters not corrected for probe interference.

pist
Hole
mn

0.035

0.125

0.125

0.500

0.035

0.035

Distance from column center

BUBBLE DIAMETER - 12" COLD FLOW SIMULATOR

Internals Solid Lig.
Oxide Size Avg Type
um wt?

Y Fe 2.5 6.7 Iso

Y Fe 98 11.3 Iso

Y Si 2.5 29.4 Iso

N - - - Iso

N St 2.5 24.8 Iso

N Si 49 18.9 WA

Velocity
STurry Gas
ft/sec
0.000 0.26
0.000 0.43
0.008 0.16
0.008 0.20
0.008 0.12
0.008 0.50

Relative order will be the same.

uncorrected**

Probe Bubble Diameter
Loc.* Average Sauter

in cm cm
2 0.320 1.050

2 0.280 0.941

2 0.364 1.09
0.292 0.765
3 0.335 0.729
0.374 1.040

0.497 1.261
3 0.529 1.162
0.530 1.419
2 0.353 0.888

Absolute values will be smaller.



TABLE 5

RHEINPREUSSEM SIHULATION

USINE DECKWER CORRELATIONS

Regime Churn Turbulent
Catalyst Base Case Catalyst A Catalyst B
inlet gaz velocity, cm/sec 9.00 9.00 9.00
Gz2s holdup 0.385 0.512 0.528
Interfacial eres, om/cm® 32.66 43.44 44,65
Temperature, °C 260.2 259.7 260.2
Rate Constants:

Pre-exponential factor 1.12 x 10° 9.03 x 10° 1.15 x 107

(sec wt% in slurry)

Activation energy, kd/mol 70 84.7 94.7
Inlet ratic, mol CO/mol Ha 1.5 1.5 1.98
Uszge ratic, mol CO/mol H: 1.5 1.8 0.65
Hydrogen conversion, % 0.804 0.349 0.498
Rel. mzes transfer resistance 0.108 0.021 0.035
Space time yield, mol CH./tm® 2937 1085 1002
Constants in Case Study
Reactor length, ft (om) 26.25 (800) > >
Reactor diameter, in (cm) 59 (150) > +
Contraction factor -0.5 - -
Farticle diameter, um €0 - -
Reactor pressure, psig (bar) 174 (12) - >
Weignt fraction catalyst in slurry 0.20 > >
Specific heat transfer ares, antfem® .10 - >
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TABLE ©

RHEINPREUSSEN SIMULATION

Regime Churn Turbulent
Catalyst Base*  Catalyst A Catalyst 8" S:E;1Z:Efg4
Inlet gas velocity, om/sec 9.0 9.0 8.0 8.0
Gas holdup 0.385 0.149 0.171 0.146
Interfacial area, em?/cm’ 32.66 36.06 41.43 35.39
Temperature, °C 260.2 260.4 260.4 261.1
Rate Constants:

Pre-exponential factor

(sec wt% in slurry) 1.12 x 10° 9.03 x 10° 1.15 x 107  1.15 x 10’

Activation energy, kJ/mol 70 94.7 94.7 94.7
Inlet ratio, mol CO/mol H; 1.5 1.5 1.98 1.98
Usage ratio, mol CO/mol H; 1.5 1.5 0.65 1.98
Hydrogen conversion, % 80.4 55.9 62.9 58.5
Rel. mass transfer resistance 0.106 0.043 0.069 0.048
Space time yield, mol CH,/hm® 2937 2042 1273 2135
Constants in Case Study
Reactor length, ft (cm) 26.3 (800) - -+ -
Reactor diameter, in (cm) 59 (150) -+ - -
Contraction factor -0.5 -+ -+ -
Particle diameter, um 50 - - -
Reactor pressure, psig (bar) 174 (12) - - -
Weight fraction catalyst in slurry 0.20 -+ -+ -+
Specific heat transfer area, on?’/om’ 0.10 - - -

* Operating conditions at Rheinpreussen
* Cold flow model gas holdup correlation

26



Table 7
. RXEINPREUSSEN SIMULATION

Rzgime Churn Turbulent
Catalyst Base* {Sitfg };Shti thl
Inlzz gas valocity, am/sec 8.0 6.0
G2z holdua 0.385 0.123
Intzrfecial arza, am®/em® 32.6% 29.89
Temperaturs, C 260.2 257.7
3%z Constanis:

Prez-exnonential fector

{sz¢ =wt¥ in slurry) 1.12 x 10° 1.15 x 107

A=tivation enzrgy, kd/wol 70 9.7
inlzt retio, mol COJmol H: 1.5 1.98
Usar: ratio, mol CO/mol H: i.5 1.98
Hydrogen eonverzion, & 80.4 79.8
%z, mass transter resistance 0.108 0.141
Spzce time yizld, mol CHp/hm® 2937 2915
Constants in Cases Study
Rzzotor length, 73 {om) 26.3 {800) -
Rzzctor dizmzter, in (om) §9 (150)
Contraction facior -0.5 >
Particle dizmaisr, um - 50 -
Rzactor prassurz, psig (bar) 174 (12) >
Bzight froction catalyst im slurvy g.20 c.6
Spzcific haet transfer area, et fom® 0.10 -
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TABLE 8

SLURRY VISCOSITY MEASUREMENTS

30 Wt% Slurries in Isoparaffin

1-5 um F8203
Shear Viscosity
stress

T u

dynes/cm? cP
8797 5.25
13685 5.71
25024 7.30
44574 9.05
82110 11.68

142715

90-106 um Fei0.

90-115 um Si0;

Shear Viscosity
stress

T v

dynes/cm? cP

3714 2.22

6256 2.61
10752 3.14
18572 3.77
32257 4.59
58650 5.82
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Shear Viscosity
stress

T u

dynes/am? cP

3714 2.22

6256 2.61
10752 3.14
18572 3.77
32257 4.59
58650 5.82
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FIGURE 1
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Figure 2

12 INCH COLD FLOW SIMULATOR

GAS HOLDUP MEASUREMENTS

Pilhofer & Bach?

Hikita & Kikukawal Akita & Voshidaa

Symbo1 Solid Liquid Internals
Oxide Si1ze Avg
9.19 um  wtd
O - - - 150 No
g.05 * S 2.5 29.4 IS0 Ves
+ Si 2.5 24.8 1S0 No
% S1 49 18.6 WA No
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Figure 5

12 INCH COLD FLOW SIMULATOR

PLAIN HEAT TRANSFER INTERNALS
SOLID CONCENTRATION PROFILES
ISOPARAFTIN, 90-115 uM [RON OXIDE, N2
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Figure 6

12 INCH COLD FLOW SIMULATOR

SOLID CONCENTRATION PROFILES
ISOPARAFFIN, 0.5-5 uM SILICON OXIDE, N2
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Figure B

12 INCH COLD FLOW SIMULATOR

NO HEAT TRANSFER INTERNALS
SOLID CONCENTRATION PROFILES
WATER, 45-53 M SILICON OXIDE, AIR

0.30-
.25

0‘80—5 ﬁ-\*

.15

9¢

0.10-

9.05-

ZOM-HODAOM —HIOHME DOV

p.00-___ R
3 5 10 15

COLUMN HEIGHT, FT




BIACE

AT RHEINPREUVSSEN GONDITIONS

Figure 9

= TVIE YIELD

LE

YTAH

e

R

320°C T
180-320°C

40-180°C

by + C2

7.

_

-

21 1
i

7

e i d g
wooow
i Yo,

U oW ten

N e

i

Rheinpreussen

Base Case

Catalyst B
w/ Shift
20 wt%

Catalyst B
w/ Shift
60 wtd

BRI C2G6<-
7] CO=01



FIGURE 10

BUBBLE DIAMETER
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{2 INCH COLD FLOW SIMULATOR
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