At this point, the conversion was in the 35-45 mol %
range and o it was decided to end the run and make modifications
to the unit to help prevent catalyst settling from occcurring
again.

J. Improvment of Catalyst Suspension in
Bubble-Columns Using Upward Slurry

Circulation —_Mathematical Model Calculatiouns

In Runs CT-256-9 and -11, very steep catalyst profiles
developed at about 10-13 days on-stream. These caused low
conversion, nonuniform temperature profiles, and eventually
termination of the runs. Subsequent analysis of the particle
size showed larger particles. Helce, a mathematical settling
model was used to investigate the use of upward slurry
circulation to improve the catalyst suspension.

J.1. A Catalyst Settlinsﬁ“athematical Model

For catalyst distribution with or without slurry
circulation in a whole column, a =mettling model developed by Cova
(1966) was used (a similar model was used in catalyst profile
calculaticns in the final report of our previous Contract; page
121, Kuo, 1983). The catalyst mass balance equations are given
below:

(ucs-ug])dCe/dx + Ecd2Cc/dx2 = 0O (IV-8)
with the boundary conditions: ..

(ueg-ugl)Ce + EcdCc/dx = -ugiCe®; at x = 0O (IV-7a)

ucgCe + EcdCe/dx = 0; at x = L (IV-7b)

The first term of Equation (IV-6) represents the transport of the
catalyst due to convective force, while the second term
represents the transport of the catalyst due to axial eddy
dispersion. Under an additional constraint of a known total
catalyst mass in the column, the linear Equations (IV-8) and
(IV-7) can be easily integrated analytically to give the catalyst
concentration profiles.

The correlations needed to estimate the catalvst
settling velocity ucs, and the axial dispersion coefficient, E.,
are summarized in Table 27 of our previous DOE final report (Kuo,
1983). However, one shall notice that this model contains some
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major assumptions including uniform catalys size. u.g, and Ee
over the whole column Furthermore, the correlations for the
parameters were developed mainly for non F-T mediunms .
Consequently, this model was not used for exact comparison with
the experimental data; rather it is »seful as a tool to evaluate
qualitatively the importasnce of several parameters, such as the
catalyst particle size, ihe slurry circulation velocity, the
slurry return location, on the catalyst concentration profiles.

An upward slurry circulation was already used in the
slurry bubble-column of the BSU for the purpose of circulating
the slurry to a catalyst settling vessel. The circulation was
established between 305 and 610 em abnve the feed-gas distributor
and the circulation velocity is restricted to less than 0.05 em/s
by the pump capacity. The model ijs an ideal tool to investigate
i® it was necessary to relocate the slurry return jlocation to
other places, such as the bottom of the bubble-column, to improve
the catalyst suspension. For this purpose, the following two
auditional conditions were needed:

ug]l = 0; at 0 < x < Lg (Iv-8)

ug1Cc.® + Ecdcc/dleo_ =
(-ug1Ce + EcdCc/dx) |[Lo+; at x = Lo (Iv-9)
Equations (IV-8) to (IV-9) can be solved analytically to give the
catalyst concentration profiles in a bubble-column.

J.2. Effect of Slurry Circulation on
the Catalyst Suspension in Bubble-Columns

It was cssential to find out if a small slurry
circulation significantly affects the catalyst suspeasion in the
bubble-column of the BSU. The slurry pump had a maximum capacity
equivalent to 0.05 cm/s perficial slurry velocity. It was too
time-consuwing to order .:d then install a larger pump.
Furthermore, tco high a slurry circulation velociiy may not be
desirable since it may result in lower synthesis gas conversion
due to shourter residence time of the bubbles in the reactor.
Equations (IV-6) and (IV-7) were solved analytically to estimate
the effect of varying the siurry circulation velocities from O to
0.05 cm/s, and the results are giver in Figure IV-41. The steep
catalyst concentration profile for the noncirculation case was
significantly improvad by raising the slurry velocity to 0.05
cm/s.
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Equations (IV-6) to (IV-9) were used tc judge whether
it was necessary to relocate the slurry return line from 305 cm
above tie feed-gas distributor to a location just above the
distributor. Figure IV-42 shows concentration profiles for three
cases: no slurry cireulation, slurry return to the 305 cm level,
and slurry return to the bottom of the column. The slurry
cir:ulation in the upper section of the column improved the
praofile to a large degree.  However, a significantly more uniform
profile was obtaired by relocating the slurry return line to the
bottom of the column.

J.3. Effect of Catalyst Particle
Size on the Catalyst Suspension

Equations (IV-6) and (IV-7) were used tc evaluate this
effect for the particle size range of 5 to 10 microns. The
results are summarized in Figure IV-43. Within this particle
size range, the catalyst concentration profile deteriorates
drastically with increasing particle size

J.4. Possible Scenario for the Catalyst
Settling Phenomena from Runs CT-256-9 and 11

Fquations (IV-8) to (IV-9) were used to analyze the
catalyst seiLtling phenomena observed during 10-13 DOS of Runs
CT-256-9 and -11. The results for Run 11 are given in Figure
IV-44. Before catalyst settling (10.6 DOS), a 5 micron particle
size is sufficient to match the catalyst concentration profile at
that time. After catalyst settling (17.7 and 21 DOS), a 13
micron particle size is needed to match the steep profile. This
Yuggests a strong possibility that the catalyst may have
increase¢d in size either by agglomeration or by the growth of
heavy polymers on the cutside of the catalyst particles.

K. Bench-Scale Unit
Modifications and Run CT-258-12

K.1. Bench-Scale Unit Modifications and
Start-up of Run CT-256-12

Following Run CT-256-11 and the recurrence of catalyst
settling, several modifications to the pilot plant were made,
along with changes in the operating procedures. These changes
were designed to help minimizing mettling in future runs. They
were

® selting up the slurry circulation (used for the
catalyst/reactor-wax separation) throughout the entize
column. The superficial liquid velocity between the 8
cm and 7.9 m levels would be 0.05 cm/s.

IV-85




B uosopn 2 - %p
%ML -m
i L L | ] | l ov

NOISNIdSNS LSA1VivI NO

NOILVD01 NUNLEH AHUNTS 40 103443 G3VIF1$3
Zy-Al ®anBi4




X4

Q
F

&

% M ‘Buipeon 184e3e)

| | |

NOISN3dSNS 18A1VIVD
NO 3ZIS 3T0ILHVd 40 193443 QILVWILST
€Al inbj4




i | i

11-95Z-1L0 NNY ONINNG ONITLLIS 1SATVAVO
¥i-Al 0anBid

Iv -33



e replacing the single-orifice feed-gas distributor with a
20 micron sintered-metal-plate (SMP), the same type
which was used in Runs CT-256-1 through -6.

Before the start of the rext run, the end-of-run slurry
from Run 11 was used to text the new SMP distributor. The unit
was brought back to synth_sis conditions, witia Ho/LOD as the feed
gas at 5.7 cm/s superficial gas velocity. Slurry samples were
then taken to assess the extent of settling. 4 7.8°C
differential persisted between the bottom and top of thes reactor,
and the 30 and 6800 cm level catalyst concentrations were 29 and
1.0 wt %, respectively. This was clear indication that the new
distributor had no effect on the catalyst settling.

Run CT-256-12 waz then started on June 26, 1985 with
the same objectives as Runs O and 11. A new bateh of Catalyst
I-B was prepared for this run. A lower catalyst loading than
those used in Runs 9 and 11 (1,600 E versus 2,100-2,300 g) was
used. It was expected that lower catalyst loading would minimize
the catalyat settling problem.

K.2. Fisch: c-Tropsch Slurry
Catulyat Loading and fretreatment

The first-stage bubble-column was loaded with 1,600 g
of Catalyst I-B. The initial wax medium was Run CT-256-7
reactor-wax. Pretreatment was then started at the following
conditions:

Tenperature, *C 280
Pregsure, MPa 1.14
Feed Ha/CO, molar 0.7
Space Velocity, NL/gFe-hr 2.0
Superficial Feed-Gas Vel., cm/s 4.4
Initial Catalyst Loading, Wt % 19.3

A plot of the gas volume contraction during
pretreatment im shown in Figure IV-45. The 4.5 hour duration of
the pretreatment was comparable to both Runs © and 11,

K.3. First-Stage Fischer-Tropsch Reactor Operation

Following pretreatwent, the first-stage slurry reactor
temperature was dropped 3.3'C/hour until an average of 257°'C was
reached. The pressure was then incrensed to 1.48 MPa and the
space velocity changed to 2.4 NL/gFe-hr. After about 24 hours,
the H2+CO conversion had lined out at "87 mol % (exactly what was
expected), and the methane + ethane selectivity was 4.1 wt % of
hydrocarbons produced. The slurry circalation and reactor-wax
withdrawal system was started, and Lhe wax yieid was "B0 wt %.
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A plot of the run is shown in Figure IV-46. As is

shown, this excellent level of performance was maintained for 17
days while the operating conditions were held constant. This
period representcd the finest example of low methanre + ethane
mode operation we have ever produced in the pilot plant. Figure
TV-47 shows the accumulation of reactor-wax during this period
and the nearly constant slope verifies the steady operation. The
slope is slightly higher at 2-4 DOS because no wax was removed
the first two days.

Material balances were performed daily and the results
are summarized in Appendix F.

At 17 DOS, however, the unit’s CO monitor system
malfunctioned, causing all power to be shut off, along with
hydrogen and C0. Power was restored an hour later and the CO was
back after six hours. Four hours later the system malfunctioned
a second time and full operation was restored after one hour.
Unfortunately, though, the slurry circulation pump cn the
catalyst/reactor-wax separation system had stopped during the
shutdowns and repeated attempts to reestablish the liquid
circulation failed.

Throughout this period, the catalyst in the
bubble-column reactor was settling, as happened in Runs 9 and 11%.
This was evident from dropping Ho+CD conversion and an
increasingly non-uniform reactor Lemperature profile. Desnite
immediate attempts to resuspend the catalyst with high-velocity
nitrogen, the Ho+CO conversion dropped to ~30 mol %, whiie tie
methane + ethane selectivity rose to 8.0 wt %. Slurry sawmples
from the 3C cm level showed solids in excess of 25 wt %. 1The
pump was taken out and repaired, but the catalyst settling
persisted.

The run was ended on July 28, after 32 total days
on-stream. Modifications were immediately mnde to prevent a
malfunction of the CO monitor system from shutting down the unit,
while maintaining a high level of operational safety.

K.4. Second-Stage 2SN-5 Reactor Operaticn

This run utilized a fresh iocading of ZSM-5 catalyst.
The loading was 300 g, making the gas-hourly space velocity an
average of 1,880 NL per hr/L-cat for this run. Second-stage
material balances also appear in Appendix F. The inlet
temperature was raised from 312 to 330°C over the course of the
run, which kept the severity index (i-C4/(C3™+C4=), molar)
between 2.4 and 3.3, somewhat higher than anticipated. The
severity was be=ing reduced at the time of the catalyst settling
in the first-stage.
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L. Run CT-256-13

Following a short, three-day turnaround, the thirteenth
run of the two-stage pilot plant was sturted on Augus: 2, 1985.
The objective was to repeat the exccllent performance of the
first severteen days of Run 12 and then demonstrate long-term
stability. Operating conditions were therefore identical to Run
12. Highlights of the run were:

e High conversicn, low methane + ethane operation was
maintained for 35 days.

e Catalyst settling in the bubble-column reactor at 35 DOS
caused low conversion, eventually forciny the end of the
run. This occurred despite continuous slurry
circulation (see Subsection IV.K.1).

The run was ended on September 11, after 30 days
on-stream. The major events of this run are summarized in Table
IV-8. MNaterial balances were performed daily and are summarized
in Appendix G.

For ¢ avenience, a summary of various F-T catalysts
used in t .s and the earlisr Contracts are given in Appendix H.
b
L.1. First-Stage Fiacher-Tropach
STurry-Catalyst Loading and Pretreatment

The bubble-column was initially loaded with 1,800 g of
Catalyst I-B, 800 g of which was a new batch. The wax medium was
from Run CT-256-7. Pretreatment was then started at the
following conditicuns:

Temperature, °C 280
Pressure, MPa 1.14
Feed Ha/CO, molar 0.7
Space Velocity, NL/gFe-hr 2.0
Superficial Feed-Gas Vel., cm/s 4.8
Initial Loading, wt % 20.0

Pretreatment lasted 12 hours, nearly thrue times longer
than the pretreatment in Run 12, though the conditions were
jdentical. This was apparently due to the new catalyst batch.

L.2. Pirst-Stage Fischer-Tropsch
Reactor Operation

Following pretrasatment, the temperature was dropped by
5°C/nour until 257-258°C was reached. The pressure was then
increased to 1.48 MPa and the space velocity adjusted to 2.4
NL/gFe-hr. At these conditicnus the initial Ho+CO conversion was
~60 wol %, but climbed to 82 mol % over 6-8 days. This gradual
increase was again unlike Run 12, which showed full catalyst
activation in only one day. The methane + ethane selectivity,
meanwhile, dropped to "2.7 wt K. A plot of the run appears in
Figure 1V-48.
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DOS

-0.5

23

24.
25.
26.
27.

34.
37.

39.

4]

Major Events in Run

Table IV-B

_CT-256-13

(Excluding Reactor-Wax and Slurry Inventory)

!Ejor Events

Started F-T catalyst pretreatment

Started synthesis operation: 1.48 MPa, 257“C, 2.4 NL/gFe-hr

Second-stage inlet temperature ---> 320°C

Second-stage inlet temperature ---> 400°C

1.48 ---> 1.55 MPa; 2.4 ---> 2.5 NL/gFe-hr

1.55 ---> 1.85 MPa; 2.5 ---> 2.7 NL/gFe-hr
2.7 -~--> 2.5 NL/gFe~hr

2.8 ---> 2.4 NL/gFe-hr; New second-stage reactor
on-stream -~ inlet temperature 270°C

Catalyst mettling occurred in first-stage reactor

Installed a new, higher capacity slurry circulation

punp and raised the superficial

from 0.05 to 0.2 cm/s.

Hg treatment; 271°C, 12 hours

End of run
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The ranges of operating conditions and performance for
this run were:

Temperature, *C 257-258
Pressure, MPa 1.48-1 8%
Feed Hy/CO, molar 0.7
Superficial Feed-Gas Vel., cm/s 3.5-6.0
Space Velocity, NL/gFe-hr 2.4-3.8
Ho+C0O Conversion, mol % 23-82
Metliane + Ethane Yield, wt % of HC 2.4-4 2
Reactor-Wax Yield, wt % of HC 50-85

Between 7 and 24 DOS, the H2+C0 conversion remained
around 81 mol %, while the methane + ethane selectivity gradually
increased to 4.2 wt X. This Hp+CD conversion was somewhat lower
than expected; Kun CT-256-12 produced 87 mol % conversion at the
same conditions. Again, the new catalyst batch may have been the
cause. The average reactor-wax Yield over this period was ~80 wt
%, and the continuous reactor-wax removal system was Tunctioning
well with the wax containing less than 0.03 wt & solids on
average. Figure IV-49 is a plot of the accumulated reactor-wax
for the run. The slope of the curve can be seer to gradually
lessen with days-on-stream, indicative of the increasing methane
+ ethane selectivities.

By 24 DOS, the reactor-wax yield had dipped below 55 wt
%. We then increased the pressure over a two-day period to 1.85
MPa to help "nudge" the wax selectivity back over 55 wt %X. The
feed-gas rate was also increased at the same time, so that “he
superficial velocity was held constant. Thie, however, dropped
the conversion to 77 mol %, indicating an adverse pressure
effect. To bring the conversioir back vp, the feed-gam rates was
reduced until, at 27 DOS, the space velocity was nearly the same
as it was before the pressure increuse. In terms of conversion,
this nullified any advantage of increased pressure, but there was
only a slight decrease in methane + ethane selectivity and no
appreciable change in wax make. We decided to hold the
conditions where they were.

Puring the run, our on-line DP-cells provided
information on gas holdup along the bubble-column. Up until 35
DOS, the DP-readings were almost unchanged, indicating stable
operation. Some typical piofiles are shown in Figure IV-5G. The
average gas holdup over the course of the run was -20 vol %. The
higher holdup between th. 3 and 5 m levels has been observed
before in Run CT-25B8-0 (see Figure IV-32), but the lower holdup
at the bottom is in contrast to the higher holdups seen in Run 9.
The difference mav be due in part to the different gas
distributors usecd in the two runs.
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Starting at about 28 pOS, however, the H+CO conversion
started dropping slowly. No explanation for this was apparent,
save for the fact that a new CO supply hed been put on-strean.
1t was immediately analyzed, but no sulfur, oxygen, or COg could
be detected. No significant loss of catalyst could be accounted
for and slurry samples showed the catalyst concentration in the
reactor to be the same as had been recorded earlier in the run.
By 34 DOS, though, the conversion had dropped to 68 mol %. This
decline in conversion may be the prelude for the catalyst
settling described below.

Before any action could be taken to halt the decline,
however, the catalyst suddenly settled in the bubble column at
34 .8 DOS. The characterist.:s of the settling were similar to
that which had been seen in Runs 9, 11, and 12: rapid (2-3
hours) degeneration of temperature and catalyst concentration
profiles in the reactor, producing low Hg+CO conversion (mee
Subsection IV.G.2). All reactor sysiems, including the slurry
circulation pump, were functioning properly at the time of the
settling, so this phenomenon seemingly was not prompted by any
upset or interruption. To try and resuspend the catalyst, the
superficial feed-gas velocity was increased from 3.6 to 10.0 cm/s
for 5 hours, then set at 6.0 cm/s. 30 cm slurry samples taken at
all three veleocities, however, showed molids contents of 25-37 wt
% (over the first 34 days, this conceatration was 15-16 wt %) .

Feeling that increased upward liquid velocity night
help, the slurry circulation pump was replaced by one that had
sr times the capacity. This jncreased the superficial slurry
s~ity from 0.05 to 0.2 cm/a. This, however, did not. reduce
0 cm catalyat concentration or change the Hg+CO conversion.

As a last resort, a hydrogen treatment was tried at 38
DOS. If atalyst particles were being held together by some
heavy po ymers, a hydrogen treatment might remove some of it,
asllowing the particles to resuspend in the reactor. The
conditions were: 1.85 MPa, 271°C, and 3.4 NL/gFe-hr for 12
hours. When synthesis conditions were re-established, however,
no change in conversion was evident, and the catalyst remained
settled. The run was ended soon afterward and slurry samples
were taken for examination by microscone. Photographs comparing
fresh {before pretreatment) catalyst with end-of-run catalyst are
shown in Figure IV-51. The tremendous increase in apparent
particle size is clearly evident. The large particles do appear
to be aggregates, but a mechanism for their formation remains
unknown.
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Figure IV-51
PHOTOGRAPHS OF SLURRY SAMPLES

(RUN CT-256-13)
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L.3. Second-Stage ZSM 5 Reactor Operation

Since the second-stage ZSM-5 catalyst used in Run
CT-256-12 had been on-stream for only 17 days before the
first-stage settling took place, the inlet temperature needed for
proper operation was only 320°C. It was, therefore, decidea to
continue using this catalyst load as long as possible.
Maintaining the severity index (i-C4/(C3°+C4~), molar) as close
to 1.0 as possible, the catalysi was used for the first 27
days-on-stream. By then, the inlet temperature was 430°C and the

outlet was 466°C. The other 2ZSM-5 reactor was then put on-stream
for the duration of the run.
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