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PREFACE

Operations at the Advanced Coal Liquefaction R & D Facility at
Wilsonville, Alabama, are funded by the U. S. Department of
Energy (DOE) and the Electric Power Research Institute (EPRI).
Southern Company Services, Inc. (SCS) manages the Wilsonville
program on behalf of DOE and EPRI. Catalytic, Inc. operates the
facility under a subcontract with SCS.

The Wilsonville R & D Facility combines three process units: a
thermal liquefaction unit (TLU), a Critical Solvent Deashing
(CSD) unit, and a catalytic hydrogenation (HTR) unit. The TLU
was designed by Catalytic, Inc., using technology initially
developed in Germany and later refined by the Pittsburg and
Midway Coal Mining Co. Until November 1985, with the inception
of close-coupled operations, this unit was used for coal dis-
solution. Currently the TLU is used for coal preparation, gas
scrubbing and recompression and solvent distillation. The CSD
unit was designed and developed by the Kerr-McGee Corporation.
The HTR unit uses H-0il® technology, developed by Hydrocarbon
Research, Inc. (HRI), and was constructed by Catalytic, Inc. The
HTR unit has been modified by Catalytic, Inc. to allow close-
coupled operations. The modification primarily consisted of
adding a new reactor in close proximity to the existing HTR
reactor. These close-coupled reactors can be used for both
thermal-catalytic and catalytic~catalytic modes of operation.

The two reactors are commonly referred to the lst and 2nd stage
reactors. The combined three-unit system is generally known as a
Two-Stage Liquefaction (TSL) process.

The TSL process is an advanced coal liquefaction concept, where
the severities in the 1lst and 2nd stages may be independently
varied, allowing for improvement in product slate flexibility as
compared with single-stage liquefaction. Accordingly, a lLeavy
fuel o0il with low sulfur may be produced, or alternatively,
emphasis may be placed on maximum production of low nitrogen
distillate products with efficient hydrogen utilization.
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ABSTRACT

This reports presents the operating results for Run 252 at the
Advanced Coal Liguefaction R & D Facility in Wilsonville,
Alabama. This run operated in the Close-Coupled Integrated
Two-Stage Liquefaction mode (CC-ITSL) using Illinois Jo. 6
bituminous coal. The primary run objective was demonstration of
unit and system operability in the CC-ITSL mode with catalytic-
catalytic reactors and with ash recycle.

Run 252 began on 26 November 1936 and continued through 3
February 1987. During this period 214.4 MF tons of Illinois No.
6 coal were fed in 1250 hours of operation. ‘



1. INTRODUCTION

Run 252 was in the CC-ITSL mode. Prior runs in the CC-ITSL mode
included Run 250 (Ref. 1) and Run 251 (Ref. 2).

In the CC-ITSL mode the product from the first stage reactor is
sent to the second stage reactor without prior fractionation or
deashing. Interstage cooling and gas separation are possible.
The 2nd stage bottoms product is sent to the CSD unit, and the
deashed resid is recycled to the slurry mix tanks along with 2nd
stage distillate solvent. A block flow diagram of CC-ITSL is
shown in Figure 1.

A brief summary of recent and, future Two-Stage Liquefaction (TSL)
runs at Wilsonville is given below:

Run Coal Mode Comments

242 Illinois ITSL scr(1)

243 Illinois ITSL

244 Illinois ITSL

245 Illinois ITSL Continuous HTR catalyst
addition/withdrawal

246  Wyoming prTsL(2) /178L FeS catalyst in TLu(3)

247 Illinois RITSL TLU dissolver tracer study

248 Illinois p1TsL(2)/17sL 1cr(4)

249 Wyoming " RITSL Forced Back-mixed Dissolver

250 Illinois CC-ITSL Thermal-Catalytic

251 Il11l/Wyo. CC~-ITSL Catalytic-Catalytic and
Thermal-Catalytic

252 Illinols CC~-ITSL Catalytic~Catalytic

Future:

253 Illinois CC-ITSL Catalytic—-Catalytic

(1) SCT denotes Short Contact Time Liquefaction. No
dissolver was used.

(2) DITSL is Double Integrated Two-Stage Liquefaction.

(3) Iron oxide and dimethyl disulfide added, which formed
FeS catalyst in TLU.

(4) ICT denotes Low Contact Time Liquefaction. A 5.2" ID
dissolver was used.

(5) In Runs 242-250 the first stage is a thermal lique-
faction stage and the second stage hydrotreater is a
catalytic stage.

Figure 2 shows, in block diagram form, all of the Operating modes
tested at Wilsonville prior to the CC~ITSL mode. Flow diagrams
of each of the operating unics are presented in FPigures 3, 4, 5
and 6.



Objectives
The objectives of Run 252 were:

1) To deterwine the viability of catalyst cascading from
the second stage to the first stage reactor. With
catalyst cascading, fresh catalyst is added to the
secord stage reactor and the catalyst witchdrawn from
the second stage is added to the first stage. The
viability of catalyst cascading can be determined by
determining the catalyst deactivation curve of the
first stage catalyst which was initially aged in the
second stage in prior runs.

2) To evaluate the utilization of pulverized aged catalyst
as a coal slurry additive.

3) To determine the effects on first stage and TSL system
performance with fresh catalyst addition as makeup to
the first stage reactor.

4) | To evaluate unit and TSL performance with Amocat 1C
1/16" catalyst, along with unit and TSL yield struc-
tures in the ash recycle mode of operation.

5) To evaiuate the impact on TSL and second stage catalyst
performance of the close-coupled operation without the
interstage vapor separation.

Objective (3) was studied only briefly (31 January - 3 February)
as Run 252 was ended when the first stage ebullating pump
suddenly stopped running due to overheating and could not be
restarted. Without the flow from the ebullating pump a plug
quickly formed in the reactor. Objectives 2 and 5 were not
achieved but included for Run 253.

A summary of base operating conditions for the lst and 2nd stages
during Run 252 is shown below:



Run no. £52h-C1
Start date 26 Nov 86
End date 3 Feb 87
Coal type I11. 6
Ming Burning Star
Intkerstage neparator Yes

® 1lst stage

Coal feed rate, lb/hr MF 300/350/385
Slurry conc., wt % MF 33
Resid in process solvent, wt % 38
CI in process solvent, wt $ 12
Feed gas flow, scfh 5000
Gas purity, mol % tiy 85
R1235 Hp partial pressure, psi 2500
R123% terget temperature, °F 810
Catalyst type (a) Amocat 1C
Catalyst charge, lbs 340

® 2nd stage
Total gas flow, scfh 7000
Feed gas purity, mol % Ho 94
R12 5 Hp partial pressure, psi 2600
R1236 target temperature, °F 680/750
Catalyst type (a) Amocat 1C
Catalyst charge, ibs 340

(a) The mixed Amocat 1C (2 blend of 37.5 wt % from Run 251-1,
37.5 wt % from Run 250 and 25 wt % fresh sulfided) with an
age of 1500 1b(resid + CI)/1b cat (915 1b MF coal/lb cat)
was charged in the lst stage and a fresh sulfided Amocat 1C
was charged in the 2nd stage. ‘This catalyst age corresponds
to 2 replacement rate of 2 1lb catalyst/ton MF coal. The
addition of a fresh sulfided catalyst in the lst stage
reactor at 2 1lb cat/ton MY coal started on 31 January.

In order to evaluate the catalyst deactivation trend with a mixed
catalyst, Amocat 1A batch deactivation data obtained in Run 251-1
were used for an example calculation. Catalyst age studied was

1500 to 3000 1b {resid+CI)/1lb catalyst. The activity calculated for
the mixel catalyst showed a similar deactivation trend to that for
the patch catalyst, only improving the resid + UC conversion by 1 to
2 wt % feel. This improvement of the mixed catalyst over the batch
catalvst may influence the mixed catalyst activity experimentally
measured in “un 252 with Amocat 1C, although the effect is
considered to be relatively small,



2. CONCLUSIONS AND RECOMMENDATIONS

2.1 Conclusion - Observation

° Process performance in the CC-ITSL catalytic/catalytic
mode using Amocat 1C bimodal catalyst in each stage was

similar to process performance using the Amocat 1A/1C
combination.

» The long term physical integrity of the bimodal
catalyst in the ebullated bed reactors needs to be
further evaluated; the catalyst recovery was only 63%
in the first stage reactor.

° Under batch catalyst aging, the concentration of
preasphaltenes in the CSD feed stream gradually
incr-ased thus the DAS was gradually strengthened to
both reduce energy rejection to the ash concentrate and
improve resid recovery.

° Although the plant operation did not completely
simulate catalyst cascading in Run 252, the first stage
batch deactivation curve with the mixed catalyst showed
similar catalyst activity and deactivation coefficient
values to those batch aging data without having the
mixed catalyst (Run 251-I)., The catalyst age range
studied was 1500 to 2600 1lb resid+CI/lb catalyst. In
addition, the second stage catalyst activity and
deactivation coefficient values are very similar for
both runs with Amocat 1C catalyst (Figures 17, 18, 19
and 20). Note that Amocat 1A catalyst was used in the
first stage for Run 251-1I.

® The above catalyst activity data with the mixed
catalyst in the first stage show that the cascading
catalyst activity from the second stage to the first
stage is significant in the high-low configuration.
The first stage cascaded catalyst has a much higher
activity than the second stage catalyst and similar to
that with Amocat 1A in Run 251-1I.

2.2 Recommendationg

o Test actual catalyst cascading when an addition/withdrawal
system is available on both reactors.



3. OPERATING DATA AND PROCESS PERFORMANCE

Run 252 began on 26 November with Illinois No. 6 bituminous coal
in the CC~ITSL mode of operation. Mixed Amocat 1C (37.5 wt $
from Run 251-I, 37.5 wt % from Run 250 and 25 wt % fresh sul-
fided) with an age of 1500 1lb(resid + CI)/lb cat was charged in
the first stage and fiesh sulfided Amocat 1C catalyst was charged
in the second stage. The amount of each catalysst was 340 1bs.
The ash recycle was contiuaued during Run 252 by using the CSD
unit to purge the ash from the system and to remove distillate
solvent and resid for blending in the recycle process solvent.
The recycled atmospheric bottoms contained the ash and uncon-
verted coal (UC) that were not purged. R1235 reactor was used as
the 1lst stage and P1236 reactor was used as the 2nd stage.

During Run 252, the Close-Coupled Reactor (CCR) unit operated
1,250 hours out of a total of 1,628 hours, for an on-stream
factor of 76.8%.

3.1 TSL System Stability

TSL system stability is judged by evaluating material balance
closure errors, plant operation stability and plant performance
stability. Criteria for selection of stable days includes:

® Mass balance closure errors for TSL, CCR (lst & 2nd),
and CSD must be less than 10 wt % MAF coal.

® The svm of the absolute values of inventory changes
(including drum-outs) must be less than 15 wt % MAF
coal, based on the following locations:

(a) Between the 2nd stage and CSD unit

(b) Between the CSD unit and lst stage

(c) Between the 2nd and lst stages

Twenty-one stable days were selected during Run 252. Elementally
balanced yields were calculated on these stable days for each
unit.and the TSL system. Yields on days with similar operating
conditions were then averaged. For final characteristic yields
for each set of operating conditions, 17 of the 21 stable days
were selected. The operating conditions and the corresponding
days are shown below. A description of the elemental balancing
procedure and a more detailed description of selection criteria
are given in Section 8, Material Balance Methodology.



Run 252 Operating Periods

Number of Element
Operating Selected Balance Days
Period Description Days (1986-87)
252A Transitional 2 Dec 16, 17
Coal feed rate = 300 MF 1lb/hr
1st stage
catalyst = Amocat 1C
temp. = 810°F
WHSV = 2.8 hr~!
2nd stage
catalyst = Amocat 1C
temp. = 680°F
WHSV = 2.7 hr™!
CSD DAS = 4100
Recycle process solvent (wt %)
Solvent = 50, resid = 38
ucC = 4, ash = 8
252B Coal feed rate = 350 MF lb/hr 4 Dec 24, 25, 29, 30
2nd stage
temp. = 750°F
252B1 New coal pile (see page 14) 4 Jan 4, 5, 7, 8
252C Transitional 2 Jan 20, 21
Coal feed rate = 385 MF lb/hr
252C1 New coal pile (see page 14) 5 Jan 26, 27, 28, 29,

Period 252Bl was selected for product quality testing. Samples
vf products from selected days were blended, fractionated and
analyzed by boiling point range. Results from product quality
testing are presented in Section 4, Distilla’.e Product Quality
and Unit Solvents.

3.2 1lst Stage

Run 252 started in the catalytic-catalytic mode of operation.
Mixed Amocat 1C catalyst was used in the lst stage reactor.

Catalyst preconditioning, a "soft start” of the R1235 reactor
catalyst, was completed during 24-26 November.

30



Plant start-up conditions in the lst stage were:
(1) Average reaction temperature of 810°F.
(2) 1Inlet hydrogen partial pressure of 2,500 psia.

(3) Fr2d gas hydrogen purity of 85 mol % at a rate c% 5,000
scfh.

(4) Coal feed rate of 300 MF 1b/hr.
Process adjustments made in the lst stage during Run 252 were:
(1) The coal feed rate was increased from 300 to 350 MF
1b/hr on 21 December to evaluate TSL process perfor-

mance at a higher cpal feed rate.

(2) The coal feed rate was further increased from 350 to
385 MF 1b/hr on 17 January to continue the eval: ation.

Plant operations wer= smooth except for outages to repair .1e lst

stage ebullating pump on two occasions (29 November - 10 December
and 18-20 December), and to clear the 2nd stage ebullating pump
of catalyst carvvover (22-24 January). Run 252 ended on 3

February because of a lst stage reactor plug formed during an
ebullating pump chutdown.

The first several coal batches were mixed with process solvent
produced from Runs 250 and 251-I (bituminous coal runs). The

Q [¢)

vecycle process solvent consisted of 50 wt % solvent, 38 wt %

Q

resid, 4 wt % UC and 8 wt % ash tor the entire period of Run 252.

Solvent quality (by equilibrium test) of the recycle process
solvent (V131RB) for 252A, 252B, 252Bl, and 251~IE was similar,
84-87%, as shown below: '



Run 251-1E 2522 252B 252B1

Catalyst type
1st stage Amocat 1A Amocat 1C Amocat 1C Amocat 1C
2nd stage Amocat 1C Amocat 1C Amocat 1C Amocat 1C

Reaction temp., °F
1st stage 808 811 810 810
2nd stage 758 679 751 750

Catalyst age, 1lb (res+CIl)/lb cat
1st stage 2159-2245 1841-1884 2117-2416 2662-2867
2nd stage 2313-2374 290-319 487-708 893-1043

Catalyst age, 1b MF coal/lb cat :
I1st stage 1254-1298 1090-1112 1232-1386 15113-1619

2nd stage 1519-1560 190-210 320-465 587-¢c 85
Coal feed rate, MF 1lb/hr 301 300 353 347
Resid content in V131B, wt % 40 38 38 38

dydrogen content, wt %

V131B (as-is) 7.74 8.47 8.25 8.15

Resid 7.08 7.64 7.99 7.87

Distillate 9.93 10.34 10.11 10. 20
Solvent quality, % (a) 84 84 87 85

(a) Tests were done with CI-free samples.

In periods 252B and 252Bl at younger catalyst ages in the 2nd
stage compared to Run 251-IE (600-1000 vs 2350), hydrogen
contents of recycle process solvent and resid and distillate
portions of recycle process solvent were significantly higher by
0.4-0.5, 0.8-0.9 and 0.2~0.3 wt %, respectively. The 2nd stage
catalyst age appears to mainly affect the hydrogen content.
Solvent quality slightly increased from 84 to 85-87%.

Figure 7 shows hydrogen contents of resid and distillate of
recycle process solvent and of lst stage reaction products (2nd
stage feed) for Run 252. Detailed discussion on solvent quality
related to hydrogen transfer is reported in Section 3.5 Overall
TSL Yields - Correlations of TSL Hydrogenation.

The total exotherm between the inlet and the outlet of the R1235
reactor was very high during Run 252, due to high catalytic
hydrogenation reactions by Amocat 1C in the lst stage. The
temperature gradient between the bottom (10% volume location; and
the outlet (100% volume location) was also high as similarly
observed in Run 251. Figures 8 and 9 show the relative (actual x
factor) preheater outlet temperature, total exotherm and reactor

temperature gradient trends. The actual exotherm and gradient
are proprietary.



Catalyst Activity Trends in Resid + UC Conversion

Daily resid + UC conversion data for selected days during Run 252

are summarized below.

These data were obtained from Phase 2 results.

Date, 1lst stage Catalyst age WHSY WHSV ResidtUC Rate Constant
1986-87 temp., °F  Tb coal/Tb cat Tblres+[1)/Tb cat hf;‘. 1b coa]/hr-fti3 conv., wt % K, hrol
12/12 812 1018.5 1672 2.76 37.78 37.9 1.648
12/15 810 1081.9 1799 2.75 37.16 36.3 1.567
12/16 811 1103.1 1841 2.75 : 37.03 36.8 1,601
12/17 811 1124.3 1884 2.75 37.16 36.5 1.577
12/23 811 1215.1 2067 3.23 44,07 30.1 1.394
12/24 809 1239.8 2117 3.18 43.21 30.2 1.376
12/25 809 1264.7 2167 3.20 43.58 30.9 1.430
12/29 810 1362.6 2365 3.15 43.46 38.8 1.275
12/30 811 1387.8 2416 3.18 44,07 31.4 1.454
1/1 810 1437.3 2515 3.7 42.84 28.4 1.250
1/4 810 1310.4 2677 3.14 42.72 30.6 1.382
1/5 810 1536.5 2730 3.10 42.59 29.6 1.306
1/7 810 1603.2 2834 3.20 42 .84 28.9 1.286
1/8 812 1627.8 2884 3.21 43.09 30.6 1.412
1/20° 811 1885.3 3337 3.45 46.30 26.3 1.229
1721 811 1912.0 3391 3.48 46.67 25.3 1.181
1/26 811 1991.6 3554 3.50 46.54 26.2 1.239
1/27 811 2018.3 3609 3.47 46.91 27.6 1.320
1728 810 2045.3 3664 3.49 47.28 26.6 1.264
1/29 811 2072.8 3720 3.48 48.15 27.3 1.307
1730 811 2099.2 3775 3.48 40.17 25.5 1.188
2/1 811 1972.2 3678 3.51 46.67 25.0 1.170
2/2 810 1891.8 3533 3.50 46.91 25.9 i.221

The catalyst deactivation coefficient (@) was calculated for two
different groups as shown below and plotted in Figure 17. In Group
I (Run 252a),
activity and high deactivation rate. This may be due to a portion
of the catalyst charge being fresh. Also, in period 252A, the
second stage temperature was very low (679°F), and as a result, the
second stage activity was low which may affect the apparent first

stage activity.

Groun 1T

Group II

the catalyst is at younger ages and exhibit high

(Catalyst age: 1600-2000 1b (resid+CI)/lb cat)

In K
0

In A
r2

In A -(E/R)(1/T) - ot
0.00031 + 0.00013
(E/R)(1/T) = 1.03
0.74

(Catalyst age: 2000-3800 1b (resid+CI)/lb cat)

)
In A
r2

i

0.000077 £0.000019

(E/R)(1/T) = 0.49
0.50

The gradual decrease and the low value of the catalyst deacti
vation coefficient in the range 2000-3800 1b (resid+CI)/lb cat
catalyst age indicates a significant catalyst residual ac ivity.

Catal

yst activity in resid + UC conversion and heterocatom removal
are discussed in detail in thie Overall TSL section and compared
with those for Run 251-1 with Amocat 1A charged in the lst stage.

[
(]



lst Stage Yields

l1st stage yields for operating periods 252A to Cl are summarized
on the following pages. The lst stage yields are averages of
elementally balanced yields from the days listed in Section 3.1
in the table of Run 252 operating periods. A trend plot of lst
stage Cq+ distillate yields is given in Figure 10. Average
operating and performance data are given in Tables 3 and 4. 1lst
stage yields before elemental balancing are presented in Table 5.

11



b

lst Stage Yields

(Phase 3 Data)

Operating Period .
Dates, 1986
Days selected

Coal feed rate, MF 1b/hr

252A

12/16-12/17

b

300

Coal space velocity, MF Ib/hr/cu ft cat 37.0

Coal conc. in slurry, wt % MF
Process solvent, wt %
Resid, wt % (ay)
Cl, wt % ‘
Hydrogen, wt %
H/C atomic ratio

Ist stage
Reaction temp., °F (average)
Inlet Hy part. press., psia
Space velocity, 1b feed/hr/1b cat
Catalyst type
Catalyst age, 1b(res+CI)/1b cat
1b MF coal/1b cat

2nd stage
Reaction temp., °F (average)

Inlet Hp part. press., psia

Space velocity, 1b feed/hr/1b cat

Catalyst type

Catalyst age, 1b(res+CI)/1b cat
b MF coal/1b cat

Hydrogen consumption, wt % MAF

Coal conversion, wt % MAF (b)

Yield, wt % MAF coal
Water
HpS, CO, COp, NH3
€1-C3 gas
Cqt distillate
Cq+ naphtha
Middle distillate
Distillate solvent
Resid
uc

Selectivity of C1-C3 gas to
Cqt distillate yield (X100)

Resid + UC conversion,
wt % feed (¢)

33
38(43)

12
8.47
1.22

811
2560
2.76

Amocat 1C
1841-1884
1103-1124

679
2660
2.69

Amocat 1C
290-319
192-213

4.740.0
91.840.1

.140.
.010.
.010.
59.510.
13.240.

7.240,
39.140.
19.0+0.

8.240.

[SaRN~ Vel

— O WOoOwWwohoC +—Oo

37.110.0(72.8t0.7)

(a) Data in parentheses on CI-free bhasis.

(b) Cresol solubles.

2528

%2/24—12/30

12/29,12/30

353
43.6
33

38(43)
12
8.25
1.20

810
2520
3.18

Amocat 1C
2117-2416
1240-1388

751
2580
3.05

Amocat 1C
487-708
327-476

3.940.3
91.210.8

8.4+0.
2.910.
4.140.
46.8¢1.
10.240.
5.710.
30.9+1.
33.010.
8.810.

NP WNDBND~

29.9+0.7(58.3¢1.4)

(c) MAF coal as 100 wt % UC. Data in parentheses are based on wt % MAF coal.
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1st Stage Yields
{Phase J Data)

Dperating Period 25281(d)
Dates, 1987 1/4-1/8
Days selected ,
. 1/7,1/8

Coal feed rate, W 1b/hr 347
Coal space velocity, MF 1b/hr/cu ft cat 42.8
Coal conc. in sturry, wt & MF 33
Process solvent, wt %

Resid, wt T (a) 38(44)

CI, wt % 12

Hydrogen, wt % ) 8.1%

H/C atomic ratio 1.19
1st stage

Reaction temp., °F (average) 810

Inlet Hp part. press., psia 2500

Space velocity, 1b feed/hr/1b cat 3.15

Catalyst type Amocat 1C

Catalyst age, 1b(res+CI)/1b cat 2662-2867
1b MF coal/1b cat 1510-1628

2nd stage
Reaction temp., °F (average) 750
Inlet Hy part. press., psia 2580
Space velocity, 1b feed/hr/1b cat 3.03
Catalyst type Amocat 1C

Catalyst age, 1b(res+Cl)/1b cat 893-1043
1b MF coal/1b cat 598-697

Hydrogen consumption, wt % MAF 3.810.2
Coal conversion, wt % MAF (b) 91.5¢0.9
Yield, wt % MAF coal
Water 6.8¢1.2
H2S, CO, COp, NH3 3.7t0.2
C1-C3 gas 3.71¢0.0
Cq+ distillate 48.9t2.5
C4+ naphtha 9.1¢1.0
Middle distillate 5.21¢0.5
Distillate solvent 34.7¢2.4
Resid ‘ 32.2¢1.3
uc 8.5¢0.9
Selectivity of C1-C3 gas to
Cat distillate yield (X100) 8
Resid + UC conversion
wt % feed (c) 29.9¢1.0(59.4£1.9)

(a) Data in parentheses on Cl-free basis.
(b) Cresol solubles.

252C 252C1(d)
1/20-1/21 1/26-1/30
1720,1721 1/26,1727,1728
‘ 1/2%,1/30
377 381
46.5 47.0
33 33
38(43) 39(45)
12 12
8.02 7.93
1.17 1.15
811 811
2440 2580
3.46 3.49
Amocat 1C Amocat 1C
3337-3391 3554-377%
1885-1912 1992-2099
749 750
2580 2600
3.32 3.26
Amocat 1C Amocat 1C
1471-15158 : 1662-1792
972-999 1066-1175
3.240.3 3.440.2
89.010.5 93.2+0.6
6.3t0.1 7.3t0.6
2.840.1 3.040.2
3.1£0.1 3.0¢0.2
42.240.4 44.6¢1.4
7.3¢0.7 8.2t0.8
5.3¢0.2 5.1t1.0
29.610.6 31.3t1.5
37.7¢1.3 38.6%1.2
11,0¢0.5 6.810.6
8 7

25.910.5(51.310.8) 27.240.8(54.6¢1.5)

MAF coal as 100 wt % UC. Data in parentheses are based on wt % MAF coal.
(d) Process performance improved without any process variable changes.
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The lst stage elemental balance errors for each operating period
are shown below. These errors are calculated from measured
stream analyses and flow rates for all feed and product streams.
The interstage slurry flow rate was obtained by difference since
it could not be accurately measured. Thus, there is zero overall
mass closure in the lst stage for Run 252.

Operating 1st Stage Elemental Balance Error, Wt % MAF Coal
Period C H N S o Ash
252Aa 2.5 0.9 0.6 0.2 -2.3 -0.1
252B 1.0 -0.1 0.7 0.5 -2.0 -0.1
252B1 0.0 0.2 0.6 0.0 -0.4 -0.3
252C -0.7 -3.5 0.7 1.9 -1.5 0.1
252C1 0.9 -0.4 0.1 0.1 -0.5 -0.3

Yields calculated from measured stream analyses and f[low rates
are ¢given in Table 5.

Analysis of lst Stage Performance

Cyqt distillate yield responses for TSL, lst and 2nd stages due to
process variable changes are plotted in Figure 10. Three different
coal piles were processed during Run 252 and process verformance
improved without any process variable changes on 4 ana 26 January.
Some data suggests that coal piles 1 and 2 may have been partially
oxidized. However, there was an addition of Run 251 catalyst to
the first stage on January 7 that might affect the catalyst activity
(see Section 6.1). At the start of Run 252, 50 tons of coal that
had becen on the ground for 6 months, contained 0.46 wt % sulfate
sulfur and the microautoclave (long) test gave 66-73% coal con-
versions (low). New coal was ordered. The new pile (Pile 1) was
sampled (11/11/86) and contained 0.19 wt % sulfate sulfur which is
marginal, however, when the totebin composite samples were analyzed
latzr (Table 1, »n., 62), the sulfate sulfur was 0.34 wt %. The
second pile, received about 12/4/86, showed 0.14 wt % sulfate sulfur
from the pile and 0.26 wt % sulfate sulfur when tested from the
totebins on 1/9-14/87. Pile 3 received about 12/29/86 and used
after 1/256/87 showed low sulfate sulfur of 0.086 from the totebins.
Microautoclave (long test) results on the pile samples showed Pile 1
was of lower reactivity, however, Piles 2 and 3 were good, The
respective autoclave results for Piles 1, 2 and 3 were 79.8, 85.0,
82% coal conversion. The microautoclave reactivity tests are done
with a 25 wt % Letralin in l-methylnaphthalene mixture at the
conditions stated on page 58.

Good TSL system process performance responses were observed
during Run 252 in the catalytic-catalytic mode of operation. The
lst stage process performance and responses were the main
contributions to the TSL system performance and responses except
for the response due to process variable changes from 252A to
2528, This was due Lo a high catalyst activity of Amocat 1C in
the labt stage reactor.



Because of relatively significant catalyst deactivation of Amocat
IC in the lst stage, the averaged Phase 3 yields previously
presented in this section cannot be used for calculation of
process responses without considering catalyst ages. Estimated
trend lines from experimental data are drawn in Figure 10 in
order to see instant or zero-time process responses due to
process variable changes. Comparisons for TSL, lst and 2nd
stages are summarized and discussed in the Section 3.5, Overall
TSL Yields.

The table below for periods 252A, 252B, 252Bl and 252C shows the
effects of lst stage reaction residence time on lst stage Cyg+
distillate yields. The lst stage reaction temperature was 810°F
and the 2nd stage reaction temperature was 680°F for 252A and
750°F for the other periods.

Period | 252A 252B 25281 252C
Coal feed rate, '
MF ib/hr 300 353 347 377
Space velocity, hr-l 2,76 3.18 3.15 3.46
1 __, hr 0.362 0.314 0.317 ~0.289
Space velocity ‘
(A, % increase) (-13) (-9)

Catalyst age,
lb(res+CI)/1b cat

lst stage (average) 1863 2267 2765 3364
(A) (+404) (+599)

Catalyst age,
lb MF coal/lb cat

lst stage (average) 1101 1309 1566 1874
(A) (+208) (+308)

lst stage
C4t+ dist. yield change,
wt % MAF coal

(A) zero-time (=9) (-3)
(A) avg. Phase 3 ‘ (-13) (=7)

The table shows that the zero-time lst stage Cyt distillate
decreased by 3-9 wt % MAF coal, as the lst stage reaction
residence time decreased by 9-13%,. Larger resporses in averaged
Phase 3 data were observed due to different catalyst ages, that
is, 7-13 wt % MAF coal decreases.

For periods 252Bl and 252C1 (Figure 10) the zero-time lst stage
C4+ distillate increased by 4-7 wt % MAF coal without any process
variable changes. These process performance improvements were
possibly due to the three different coal piles processed.

15



Run 252 Comparison with Run 251

Period 252B (CC-ITSL, catalytic-catalytic mode of operation with
Amocat 1C in both stages) is compared with 251-1E (CC-ITSL,
catalytic-catalytic mode of operation with Amocat 1A lst stage
catalyst and Amocat 1C 2nd stage catalyst) as follows. First
stage catalyst ages for the runs were similar (2100-2400 1b
resid+CI/1b cat)(1224-1373 1b MF coal/lb cat). Period 252B had a
higher coal feed rate (350 vs 300 MF 1b/hr), a slightly lower 2nd
stage reaction temperature (751 vs 758°F) and a lower 2nd stage
catalyst age (500-700 vs 2300-2400 1lb resid + CI1/lb cat) (329-4350
vs 1511-1577 1b MF coal/lb cat). Period 252B showed lower lst
stage process performance with lower Cyg+ distillate by 10 wt %
MAF coal, higher resid by 7 wt % MAF coal, lower hydrogen
consumption by 0.6 wt % MAF coal, lower coal conversion by 2 wt %
MAF coal and lower resid + UC 'conversion by 4 wt % feed (by 9 wt
% MAF coal). The lst stage catalyst activity was similar for
both runs as shown in Figures 17 and 19. A detailed comparison
is shown in the following table:
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Operating Period
Dates, 1986

Operation mode
1st stage
2nd stage

Catalyst type
1st stage

2nd stage

Reaction temperature, °F
1st stage
2nd stage

Inlet Hy part. press., psia
1st stage
2nd stage

Coal space velocity (1st/2nd stage)
MF lb/hr/cu ft cat

Space velocity, lb feed/hr/lb cat
1st stage
2nd stage

Catalyst age, lb(res+CI)/lb cat
1st stage ‘
2nd stage

Catalyst age, lb MF coal/lb cat
1st stage
2nd stage

Coal feed rate, MF lb/hr

Hydrogen consumption , wt % MAF coal

Coal conversion, wt % MAF coal (a)

Yields, wt % MAF coal

Water

HpS, CO, COz, NHj3

Cq1=C3 gas

C4qt distillate
C4+ naphtha
Middle distillate
Distillate solvent

Resid

uc

Selectivity of Cq~C3 gas to
Cq+ distillate yield (X100)

Resid + UC conversion
wt % feed (b)

{a) Cresol solubles.

(b) MAF coal as 100 wt % UC. Data in parentheses are based on wt % MAF coal.

251-1E

€/3-6/5

Catalytic
Catalytic

Amocat 1A
Amocat 1C

808
758

2470
2470

36.3/37.2

2.67
2.28

2159-2245
2313-2374

1077-1119
1483-1525

301
4.5£0.3

92.91+0.7

5.940.1
3.5%0.2
4.710.1
57.2+0.3
12.1%0.9
6.4%1.0
38.7%0.5
26.1+0.7
7.1£0.7

33.840.2(66.840.1)
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252B

12/24-12/30

Catalytic
Catalytic

Amocat 1C
Amocat 1C

810
751

2520
2580

43.6

3.18
3.05

2117-2416
487-708

1240-1388
327-476

353
3.940.3

91.24£0.8

8.410.7
2.910.4
4.110.2
46.8%1.4
10.2£0.7
5.740.3
30.941.4
33.040.5
8.840.8

29.94+0.7(58.3£1.4)



3.3 2nd Stage

The second stage catalyst was 340 1bs of Amocat 1C. Catalyst
samples were not obtained from R1236 during the run because the
reactor does not have a catalyst addition/withdrawal system. See
Section 6 for details of catalyst pretreatments and for the end
of the run catalyst analysis.

From the startup of Run 252 to 18 December the coal feed rate was
300 MF 1b/hr and the second stage t emperature was 680°F. 0On 21
December, the coal feed rate was increased to 350 MF 1lb/hr and
the second stage temperature was increased to 750°F. The coal
feed rate was increased to 385 MF 1b/hr on 17 January 1987.

The feed to the second stage consisted of the interstage sepa-
rator bottoms and the T104 bottoms. T104 is used to fractionate
the overhead stream of the interstage separator.

The flashed distillates from the second stage were fractionated
using T105 and T102. Only distillates from T102 bottoms were
returned to the process solvent. Until 13 January 1987, T102
bottoms diccillate was also returned to the first stage as
withdrawal tube flush; after this time the T104 bottoms was used
as withdrawal tube flush.

Process adjustments made in support of second stage unit ope-
ratiors and upset conditions are summarized below:

Process Adjustments/ Rationale/
Upset Conditions Explanation
® Dilute coal feed at 06:30 on "Soft start".

26 November.

® 33% coal feed at 19:00 on
26 November.

° On solvent circulation at P1222 failure.
01:35 on 29 Novembher.

°® Restarted coal feed on
10 December at 13:35.

. Started operating T102 on
11 December,
° Started first stage solvent
injection on 13 December
at 02:25.
® On solvent at 17:00 on To change P1222,

13 Mecember.

13



On coal feed at 00:01 on
21 December.
Coal feed
R1236 temp.

=

350 MF 1lb/hr
= 750°F

V1082 was down for several
hours 2-3 January 1987. Two
batches of process solvent
were mixed with excess V1067
material.

V1082 was down 11 January.

Unit on solvent at 12:00 on
12 January.

Unit on coal feed at 11:00
on 13 January.

The coal feed rate was in-
creased from 350 to 385 MF
1b/hr at 18:15 on 17 January.

Had power failures on

22 January 1987. P1236 would
not restart after switching
to emergency power at 07:30.

On solvent at 08:50.
On coal feed at 10:15 on
24 January.

V1082 out of service from
04:30 to 08:30 on 28 January.

The level control valve for
the interstage separator
plugged at 10:15 on 28 January.
Out of service until 13:05.

Adjusted the solvent injec-
ticn rate to R1236.

P1222 shutdown and could not
be restarted at 01:50 on

3 February 1987. A plug
formed in R1235.

Disztussion of 2nd Stage Performance

For period 252a,
s5tage temperature was 680°F.

hydrogen.

the coal feed rate

respectively.

19

Dowtherm system problems and
FV6945 failure.

Due to CSD outage.

Due to CSD outage.

To stop negative resid yield.

Off feed to clear catalyst
from P1236.

P1042 problems.

The solvent injection rate
did not equal the T104 bot-
toms rate.

End of Run 252.

was 300 MF 1b/hr and the 2nd

The hydroger contents of the
interstage separator resid and the V131lB resid were 6.9 and 7.6
The V131B distillate contained 10.4 wt %
The resid + UC conversion was very low (7.0 wt %).



For periods 252B and 252Bl, the coal feed rate was 350 MF 1lb/hr
and the 2nd stage temperature was 750°F. The hydrogen contents
of the interstage separator resid and the V131B resid were 7.1

and 8.0 wt %, respectively. The V131B distillate averaged 10.15

wt % hydrogen. The resid + UC conversion averaged 18.0 wt % of
solvent and ash free feed.

For periods 252C and 252Cl, the coal feed rate was 385 MF 1b/hr
and the 2nd stage temperature was 750°F. The hydrogen contents
of the interstage separator resid and the V131B resid were 6.7

and 7.5 wt %, respectively. The V131B distillate contained 10.0

wt % hydrogen. The resid + UC conversion averaged 16.1 wt % of
solvent and ash free feed.

The wt % hydrogen in the process solvent distillate was fairly
constant due to fractionation of the product and the subsequent
recycle of only the heavy fraction. The wt % hydrogen in the
process solvent resid dropped from 8 to 7.5 wt % when the coal
feed rate was increased from 350 to 385 MF 1b/hr. Also, the wt %
hydrogen in the interstage resid decreased slightly when the coal

feed rate was increased from 350 to 385 MF 1lb/hr.

When the coal feed rale was increased from 350 to 385 MF 1lb/hr,
the second stage WHSV increased from 3 to 3.3 hr~!l and was
accompanied by a decrease in resid + UC conversion of 1.8 wt %
of seolvent and ash free feed. The catalyst age was about 500 1b
resid + CI/1b catalyst (329 1lb MF coal 1b cat) higher in 252C
than in 252B1.

The second stage arrhenius constant for Run 252 was 0.8l compared to
0.96 in Run 250FGH. Run 250FGH operated in the thermal/catalytic
mode with ash recycle. The second stage arrhenius constant in

Run 251-IAT (catalytic-catalytic) was similar to the constant

from Run 252, Operation with catalyst in the first stage reactor
reduces second stage reactivity.

20
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2nd Stage Performance Summary for Run 252

Operating Period

Operating conditions

R1235 avyg. temp., °F
R1236 avg. temp., °F

Interstage Separator
Bottoms, wt % solvent
R1236 WHSV, 1b feed/hr/lb cat.
1b MF coal/lb cat

Atmospheric flashed. bottoms,
wt % solvent -

Performance Data

Kesid + UC conversion
wt % solvent & ash-free feed

Hp consumption, wt % MAF

Process solvent (distillate)
wt % hydrogen

Process solvent (resid-CI)
wt % hydrogen

Catalyst age lb(resid+UC+ash)/1lb cat

1b MF coal/lb rat

Elementally balanced yields
wt % solvent & ash-free feed

Ha

co, co,

Hy0

NH 3

HzS

Cq~C3y

Cyt distillate
C4-Cgq
Naphtha
Middle distillate
Distillate solvent

uc

Resid

252A

811
679

48.95
2.69
37.00

51.5

10.4

7.6

304
203

-1.63
0.00
1.1
0.41
0.30
1.85
5.02
0.56
3.04
0.79
0.63
11.79
81.17

o
[

252B

810
751

45,18
3.05
43.60

48.9

18.2

3.00

10.1

598
401

~2.20
0.01
1.71
0.67
" 0.41
1.96
15.67
0.43
5.08
1.58
8.57
11.86
69.92

252B1

810
750

44.53
3.03
42.80

47.1

10.2

7.9

98
648

-2.34
0.00
2.03
0.63
0.40
2.00

14.98
0.44
5.58
1.88
7.07

11.37

70.94

252¢C

g1
749

44.15
3.32
46.50

45.9

7.4

1493
986

~2.14
0.00
2.04
0.60
0.73
2.15
12.51
0.41
5.80
1.93
4.37
10.95
73.16

252c1

811
750

43.44
3.26
47.00

44.0

10.0

1707
1120

-1.87
0.00
1.62
0.69
0.68
1.59
13.44
0.39
5.03
1.59
6.43
11.40
72.45



3.4. CSD Unit

The primary objectives of CSD unit operations during Run 252 were
as follows:

1) To establish and maintain efficient first stage
deashing to produce a low ash containing full range
resid to blend with recycle solvent for coal
slurrying. ’

2) To produce an optimum resid recovery with energy
rejection <25 % of the feed coal heating value in the
ash concentrate.

3) To evaluate CSD operations in the catalytic/catalytic,

CC-ITSL mode of operation with Amocat 1C during batch
aging and also during catalyst addition/withdrawal
operations.

DAS type and first stage operating conditions were adjusted to
produce efficient CSD operations. The CSD feed solvency index,
resid recovery, energy rejection, and resid content of the ash
concentrate were monitored on a frequent basis as performance
indicators.

DAS type 4100 was used from the start of Run 252 until 5 Jan.
Before then, the CSD feed characteristics (solubility in the DAS,
solvent content, and preasphaltene content) did not allow the CSD
operations to be optimized. First and second stage operating
conditions were changed to prevent ash carryover and optimize
resid recovery. Between 5 and 10 Jan, the DAS was gradually
strengthened from 4100 to 2304. During this time, the energy
rejection did not change but the resid recovery improved from
74.0 to 73.9%. Between 14 and 18 Jan, a gradual weakening of the
DAS from type 2304 to 2204 was required to maintain acceptable
deashing performance. After 19 Jan, the feed solvency index was
in A range to increase the strength of the DAS. Thus, the DAS
was gradually strengthened from 2304 to 2504. As expected, the
strongest DAS had the best performance parameters: 82.0% resid

T o

recovery and 16.7% energy rejection on 2 Feb.

Batch catalyst aging effect on the CSD was predicted accurately.
As the catalyst aged, the concentration of preasphaltenes in the
CSh feed stream gradually increased and the feed solvency index
decreased. This response is most clearly shown before the DAS
was changed.

Catalyst addition/witrirawal began on 31 Jan. Since the run

ended on 3 Feb an evaluation of CSD operations was lnappropriate.
Acsummary of CSD unit yields is given in the following table:
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Summary of DAS Changes

The DAS type was changed throughout Run 252 to minimize the
energy rejection to the ash concentrate. The DAS typ is chosen
to allow acceptable first stage deashing while mlnjmlzlng the
energy rejection. A summary of DAS changes for Run 252 is shown
below:

Date DAS Type
28 Nov 86 4100
6 Jan 87 ‘ 2154
7 Jan 2204
83-9 Jan 2254
10 Jan 2304
14 Jan 2254
17 Jan 2204
19 Jan 2304
20 Jan 2354
21 Jan 2404
30 Jan 2504

Observations

During this period of Run 252, the CSD feed solvency index ranged
from 0.68 to 0.84 and the preasphaltene content of the CSD feed
ranged from 0.0 to 11.5 wt % on 2 TI-CI basis. The feed had an
average ash content of 20.1 wt %, an average UC content of

10.2 wt %. The ash concentrate consistency varied from gummy,
grainy, chunky to powdery. The toluene soluble content of the
ash concentrate ranged from 37.5 wt % in December to 11.2 wt %
near the end of the run.

3.5 Overall TSL Yields

Averaged, elementally balanced TSL yields and contributions from
each unit are summarized on the following pages for operatlng
periods 2052A to 252Cl. The TSL yield contributions are also
uhown)soh@matlcally in Material Balance Flow Diagrams (FFigures 11
to 15).

[\$]
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Operating Period

Date, 1986
Days selected

Coal feed rate, MF lb/hr ‘
Coal space velocity, MF coal/hr/cu ft cat 37.0

Overall TSL Yields

(Phase 3 Data)

252A

12/16~-12/17

12/16,12/1

300

Coal conc. in slurry, wt % MF 33
Process solvent, wt &
Resid (a) 38(43)
CcI 12
1st stage
Reaction temp., °F (average) 811
Inlet Hp part. press., psia 2560
Space velocity, 1lb feed/hr/lb cat 2,76
Catalyst type ) Amocat 1C
Catalyst age, lb{resid+CI)/lb cat 1841-1884
1b MF coal/lb cat 1103-1124
2nd stage
Reaction temp., °F (average) 679
Inlet Ay part. press., psia 2660
Space velocity, 1b feed/hr/lb cat 2.69
Catalyst type Amor:at 1C
Catalyst age, lb(resis+CI)/lb cat 290~319
lb MF coal/lb cat 192-213
csp
DAS type 4100
Ho consumption, wt % MAF 6.84£0.2
Enerqgy rejection, % 20.,14£0.2
Yield, wt % MAF coal
Water 10.540.1
H28, CO, CO,, NHy 4.8%0.1
C4-C3 gas 7.3£0.4
Caqt distillate 62.9%1.3
C4+ naphtha 17.6%0.2
Middle distillate 8.2+0.5
Distillate solvent 37.0%2.1
Resid (b) 2.741.3
Ash concentrate 18.7%0.1
Hy efficiency
1b C4+ dist/lb Hp cons 9.3£0.0
Cy1~Cq selectivity (X100)
to C4+ distillate 12.0¢1.0
Coal conversion, wt % MAF (c)
1st stage 91.810.1
tst and 2nd stages 92.9%0.3
TWo stage 92.410.1

Resid + UC conversion,

wt % feed (4)

(a)
(b)
{c)
(d)
(e)

1st stage (e)
2nd stage

37.1%0.0(72.84+0.7)
7.0£0.5(9.110.3)

Data in parertheses on CI-free basis.
Includes TSL system UC accumulation.

Cresol solubles.

Data in parentheses are based on MAF coal.

MAF coal as 100 wt % UC.

7
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2528

12/24-12/30
12/24,12/25
12/29,12/30

353
43.6
33

38(43)
12

810
2520
3.18

Amocat 1C
2117-2416
1240~1388

751
2580
3.05

Amocat 1C
487~-708
327-476

4100
6.940.3

19.9%1.4

10.740.3
4.4£0.2
6.740.3

68.,0£0.9

17.8%£1.0
7.940.1

42.411.8

~0.840.7

17.94¢1.5

9.94£0.3
10.0+0.0

91.2£0.8
92.940.4
92.310.7

29.920.7(58.3%1.4)
18.2£1.8(25.143.1)



Overall TSL Yields
(Phage 3 Data)

Operating Period 252B1(f) 252¢ 252C1(f)
Date, 1987 1/4-1/8 1/20=-1/21 1/26-1/30
Days selected 1/4,1/5 1/20,/21 . 1/26,1/27,1/28
1/7,1/8 1/29,1/30
Coal feed rate, MF lb/hr 347 377 381
Coal space velocity, MF lb/hr/cu ft cat 42.8 46.5 47.0
Coal conc. in slurry, wt % MF 33 33 33
Process solvent, wt % '
Resid (a) 38(44) 38(43) 39(45)
CI 12 12 12
1st stage
Reaction temp., °F (average) 810 811 811
Inlet Hyp part. press., psia 2500 2440 2580
Space velocity, lb feed/hr/1lb cat 3.15 3.46 3.49
Catalyst type Amocat 1C Amocat 1C Amocat 1C
Catalyst age, lb(resid+CI)/1lb cat 2662-2867 3337-3391 3554-3775
lb MF coal/lb cat 1510~-1628 1885-1912 1992-2099
2nd stage :
Reacton temp., °F (average) 750 749 750
Inlet Hp part. press., psia 2580 2580 2600
Space velocity, lb feed/hr/1lb cat 3.03 3.32 3.26
Catalyst type Amocat 1C Amocat. 1C Amocat 1C
Catalyst age, lb(resid+CI)/1lb cat 893-1043 1471-1515 ' 1662-1792
1b MF coal/lb cat 598-697 972-999 1066-1175
C8Dh
DAS type 4100-2204 2354 2404-2504
Ho consumption, wt % MAF 7.110.1 6.3%0.1 ’ ) 6.1£0.3
Energy rejection, % 19.640.3 18.3%1.4 19.0¢1.0

Yield, wt % MAF coal

Water 9.6%0.8 9.310.9 9.740.4
HyS, CO, COy, NH3 5.1£0.1 - 4.7£0.% 5.140.2
4~Cy gas 6.540.2 6.440.3 5.320.3
C4+ distillate 69.412.0 61.7%0.3 64.9¢£1.7

Cy4t naphtha 17.540.9 16.5%0.8 16.240.6

Middle distillate 7.8£0.5 8.1+0.5 7.5%0.6

Distillate solvent 44.1%2.3 37.110.9 41.3%1.9
Resid (b) <1.0%1.7 6.1£0.7 3.342.2
Ash concentrate 17.440.5 18.0t1.8 17.9%¢1.1

Hy efficiency

1b C4+ dist/lbh Hp cons 9.9t0.3 9.810.1 10.640.3

C4-Cqy selactivity (X100)

to Cy4+ distillate 2.0%0.0 11.0%1.0 8,0£1.0
Coal conversion, w. % MAF (c)

ist stage 91.540.9 89.0£0.5 93.,2+0.6

st and 2nd stages 93.410.2 . 92.7%0.5 93.2%0.6

Two stage 93.010.3 91.740, 1 92.240.8

Resid + UC conversion,
wt % feed (d4)
1st stage (ea) 29.9%1,0(59.4%£1.9) 25.940.5(51.310.8) 27.2+0.8(54.6%£1.5)
2nd stage 17.740.9(24,410.9) 15.940.7(24,240.6) 16.2£1.4(23,4121.4)

(a) Data in parentheses on CI-free basis.

(b) 1Includes TSL system UC accumulation.

(c) Cresol solubles.

{(d) Data in parentheses are based on MAF coal.

(e) MAF coal as 100 wt % UC.

(f) TSL protess performance improved without any process variable changes.
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ity iy .

Product Withdrawal Point (a)

252A 252B 252B1 252¢C 252C1
TSL Yield, wt % MAF
Ho -6.75 -6 .89 -7.05 -6.30 .13
CO, CO,p 0.31 0.28 .27 0.51 0.46
Ho0 10.49 10.70 9.64 9.28 9.68
NH3 1.46 1.55 1.62 1.40 1.53
HaS 3.06 2.57 3.22 2.82 3.06
Cq1-C3 . 7.25 6.73 6.52 6.42 5.28
Cyqt distillate 62.81 67.97 69.38 61.65 64.93
Cy~Cq 3.07 2,21 3.27 1,94 1.69
I1BP-350 14.53 15,5% 15.22 14.52 14.46
350-450 8.19 7.85 7.80 8,11 7.46
450 -EP 37.02 42.35 44.10 37.08 41.31
Resid 2.26 ~1.09 -1.21 6.14 3.56
Int. Accum. - UC 0.47 0.27 0.24 0.13 -0.23
Ash Conc. (ash-free) ‘ 18.65 17.92 17.38 17.97 17.85
1st Stage Contribution, wt % MAF
Hy -4.73 ~3.89 -3.79 ~3.15 -3.39
CO, COyp 0.31 0.26 0.27 0.51 0.46
Hy0 ‘ 9. 11 8.36 6.81 6.28 7.32
NH 4 - 0.96 0.63 0.75 0.51 0.52
Hy3 2.69 2.01 2.66 1.75 2.06
Cq4=C» 4.97 4.05 3.73 3,25 2.96
Cqt distillate 5.59 12.07 12,63 7.69 15.03
Cq4~Cg 2.38 1.63 1.65 1.33 1.12
IBP~-350 8.23 7.15 6.89 5,55 6.34
350-450 3.81 3.15 3.33 2.92 2.51
450 ~EP -8.83 0.13 0.76 ~-2.11 5.05
2nd Stage Contribution, wt % MAF
Ho -2.02 -3.00 ~3.26 -3.14 ~2.74
CO, COy 0.00 0.01 0.00 0.00 0.00
H,0 1.38 2.34 2.83 3.00 2.36
NH 13 0.50 0.92 0.87 0.88 1.01
HjyS 0.37 0.56 0.56 1.08 1.00
Cy-C3 2.28 2.68 2,79 3.17 2.32
. C4qt distillate 57.31 56,28 56 .95 53.19 49,48
Cyq-Cg 0.69 0.59 0.62 0.61 0.57
IBP=-350 6.31 8.40 8.33 8.98 8.12
350-450 4.37 4.70 4.47 5.18 4,95
450 -EP 45.94 42,60 43.53 38.41 35.84
Int. Accum. - Resid 3.41 1.68 1.52 0.86 -1.51
Int. Accum. =~ UC 0.47 0.27 0.24 0.13 -0.23
CSD Contribution, wt % MAF
450-EP -0.09 ~0.38 ~0,20 0.78 0.42
Resid ~1.14 -2.77 -2.74 5.28 5.06
Ash Conc. (ash-free) 18.65 17.92 17,38 17.97 17.85

(a) Unit contributions denote where products were withdrawn from the TSL system.



Discussion of TSL Performance

Process conditions were varied during Run 252 to improve TSL
process performance. Major process adjustments are summarized
below:

(1) 2nd stage reaction temperature: 680-750°F
(2) 1st stage space velocity (WHSV): 2.8-3.5 hr-l

(3) 2nd stage space velocity (WHSV): 2.7-3.3 hr-1l
37-47 MF lb/hr/cu ft cat

(4) CSD DAS type: 4100, 2204-2504

(5) Catalyst aging during the run:
lst stage Amocat 1A, 1500-3533 1b (res+CI)/lb cat
964-1892 1b MF coal/lb cat
2nd stage Amocat 1C, 0-1921 1b (res+CI)/lb cat
‘ 35-1255 1b MF coal/lb cat

TSL process performance data varied significantly due to these
process variable changes as shown below:

Range for 252A to 252Cl

Hy efficiency, 1lb Cg+ dist/1lb Hy cons 9.3-10.6
C1-C3 selectivity (X100) to Cg+ dist 8-12
Energy rejection, % 18-20
Coal conversion, wt % MAT coal 93

TSL yield, wt % MAF coal

Ho consumption 6.1-7.1
C1-Cs 5-7

Cq+ distillate 62~69
Resid (a) ~1-+6
Ash concentrate (ash-free) 17-19

(a) Includes TSL system UC accumulation.

As discussed in Section 3.2 lst Stage - Analysis of lst Stage
Performance, good TSL systewn process performance responses were
observed during Run 252 in the catalytic-catalytic mode of
operation. I'igure 10 shows Cgt+ distillate yield responses for
TSL, lst and 2nd stages due to process variable changes. The lst
stage process performance and responses were main contributions
to the TSL system performance and responses except for the
response due to process variable changes from 252A to 252B. This
was due to a high catalyst activity of Amocat 1C in the lst stage
reactor.

Instant or zero-time process responses due to process variable
changes were estimated by extrapolation of trend lines from
experimental data (Figure 10) with consideration of catalyst
ages. This is summarized below:
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Period ‘ 252A 252B 252B1(b) 252C 252C1(b)

Temp., °F
1st stage 811 810 810 811 811
2nd stage 679 751 750 749 750

Coal feed rate ‘
MF 1b/hr 300 353 347 377 . 381

Cyqt+ dist. yield
wt % MAF coal

TSL +11 +9 -2 +6
1st stage -9 +7 -3 +4
2nd stage +20 +2 +1 +2

Yield distribution

wt %
1st stage 95 69 71 68 69
2nd stage 5 31 29 32 31

(a) These yield responses cannot be seen by comparing average Phase 3
yields for each period because of rapid catalyst deactivation trends.
Estimated trend lines are drawn by evaluation of catalyst activity
trends in both reactors, which will be discussed later in the catalyst
activity section.

(b) Process performance was improved for unknown reasons. Several catalyst
adjustments were made in January (see Section 6.1). Three different
coal piles were processed during Run 252:

Pile #1 for 12-30 December
Pile #2 for 31 December - 19 January
Pile #3 for 20 January - 3 February

Comparisons of periods 252A, 252B, 252B1 and 252C were discussed
in the section 3.2 lst Stage - Analysis of lst Stage Performance,
to evaluate the effect of the lst stage reaction residence time
on the lst stage Cygt distillate yield. The effect on the TSL Cg+
distillate yield response is different from the lst stage
response for 252A and 252B, because the 2nd stage recaction
temperature was increased by 72°F at the same time.

The effect of the 2nd stage reaction temperature increase by 72°F
on the TSL Cyg+ distillate yield are summarized below:
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Period 252a 2528

TemE- /) oF
2nd stage - 679 751

(a) (+72)

Catalyst age
lb(res+lI)/1b cat
2nd stage (average) 305 598
(p) (+293)

Catalyst age
lb MF coal/lb cat
2nd stage (average) 200 393
(4) (+193)

Cyqt dist. yield c¢hange
wt % MAF coal

2nd_stage
() zero-time (+20)
(A) avg. Phase 3 (+18)
8L
(4) zero-time (+11)
(A) avg. Phase 3 (+5)

The zero-time TSL Cy+ distillate yield was increased by 11 wt % MAF
coal due to the zero-time lst stage decrease by 9 wt % and the 2nd
stage increasc by 20 wt %. A different response in Phase 3 data was
observed because of different catalyst ages in both lst and 2nd
stages, that is, 5 wt % MAF coal increase.

For 252B1 and 252C the effect on the TSL Cg+ distillate yield
response due to the lst stage reaction residence time change is
similar to the lst stage response because there was no significant
response observed in the 2nd stage.

Periods 252B)1 and 252C1 show the zero-time TSL Cqt distillate
increases by 6-9 wt % MAF coal Cfor unknown reasons. No process
variables werce changed during thesec periods however different coal
piles were processed and several catalyst adjustments were made (sce
Section 6.1). The lst stage responsc (4-7 wt % MAF coal) was the
main contribution Lo the TSL response. The 2nd stage response was
relatively small, 2 wt % MAF coal.

TSL Comparisons - Run 252 and 251

TSL process performance is compared for CC-ITSL, catalytic-catalytic
mode Run 252 and 251-I. Period 252B with Amocat 1C in both stages,
and period 251-IFE with Amncat 1A 1lst stage catalyst and Amocat 1C
2nd stage catalyst were selected for comparison because of similar
st stage catalyst ages (2100-2400 1b resid + CI/1lb cat) (1380-1577
1b MF coal/lb cat). Scveral process operating conditions were
different for thesce runs such as (1) higher coal feed rate for 2528,
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(2) slightly lower 2nd stage reaction temperature for 252B, and (3)
lower 2nd stage catalyst age for 252B. A comparison of the lst and
2nd stage rate constant for the two periods indicates that the
difference in 2nd stage catalyst age was the primary reason for
differences in yields.

® Run 252B with Amocat 1C in the lst stage reactor at
younger catalyst ages in the 2nd stage reactor achieved
an "all-distillate" yield slate while operating with a
coal feed rate 17% higher, compared to Run 251-IE.

° The Cy4+ distillate yield was similar, 68-70 wt % MAF
coal. Run 252B had lower Cg+ naphtha by 2 wt % MAF
coal.

° Run 252B showed higher organic rejection by 3 wt % MAF

coal compared to Run 251-IE, probably due to highly
soluble CSD feed produced during Run 2528. The organic
rejection did not improve throughout the run.

® Run 252B showed lower lst stage resid + UC conversion
by 4 wt % of feed (9 wt % MAF coal), but higher 2nd
stage resid + UC conversion by 4 wt % of feed (6 wt %
MAF coal).

A detailed performance comparison is given below:
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Operating Period 251-1E 2528

Dates, 1986 6/3-6/5 12/24-12/30
Operating mode
1st stage Catalytic Catalytic
2nd stage Catalytic Catalytic

Catalyst type
1st stage Amocat 1A Amocat 1C

2nd stage Amocat 1C Amocat 1C

Reaction temperature, °F
1st stage 808 810
2nd stage 758 751

Inlet H, part. press., psia
1st stage 2470 2520
2nd stage 2470 2580

.val space velocity (1st/2nd stage),
MF 1lb/hr/cu ft cat 36.3/37,2 43,6

Space velocity, lb feed/hr/lb cat .

1st stage 2.67 3.18

.1d stage 2.28 3.05
Catalys* age, lblresid+CI)/lb cat

1st stage 2159~2245% 2117-2416

2nd stage 2313-2374 487-708

Catalyst age 1lb MF coal/lb cat
st stage 1077-1119 1240-1388
Ind stage 1483~1525 327-475

Cavalyst age, 1b MF coal/lb cat

1st stage 1254-1278 1232-1386
2nd stage 1520~-15€0 320-465

~al feed rate, MF 1b/hr 301 353
Ho consumption, @t % MAF coal 6.820.0 5.9¢0.3
Energy re-ection, % 16,530.2 19.911.4
(DAS 2504) (DAS 4100)

Y:ald, wt ¥ MAF -~nal

water 10.3£0.1 10.74¢0.3
428, 20, CUp, NH4 3.610.1 4.410.2
Ty=23 aas 7.4¢0.0 6.7¢0,3
Ta+ distillate 70.210.6 68.010.9
T4+ raphtha 19.610.9 17.831.0
Midle distillate 7.910.7 7.9$0.1
Distillate solvent 32.810.4 42.4%1.8
Pesii {a) -0.7%0.7 ~0.8£0.7
15.120.3 17.9¢1.5
4o,
st/1b Hy cons. 10,3%0.1 2.9£0.3
Cy-T4 selectiviey (X100)
to T4+ distillate 11.04£1.0 10.0£0.0
Coal conversion, wt & MAF (b)
1st stage 92.920.7 91.2¢0.8
st and 2nd stages 93.810.5 92.310.4
Two stage 92.9%0.5 92.3¢0.7
Resid + U7 conversion, wt % feed (c)
st ztage 13 33.810.2(66.810, 1) 29.%1¢0,7(58,3¢1.4)
2nd stage 14,610.7(19.02%.1) 18.2¢1.8(25.143.1)

udes TEL system UT accumulation.

(ni  Cresocl solubles,

(=) Data :n parentheses are based on wt ¥ MAF coal.
(d)  MAF =oal as 100 wt % UC.




Run 252 TSL Hydrogenation of Process Solvent

Figures 7 and 16 are plots of catalyst hydrogenation and process
solvent hydrogen donor activity properties including hydrogen
content of recycle and product resid and distillate, lst and 2nd
stage reactor exotherm, and lst and 2nd stage hydrogen con-
sumption. Hydrogen transfer, hydrogen consumption and exotherm
data are shown below in comparison to data from Run 251-IC and
251-IE. Hydrogen transfer data for the lst stage were approxi-
mated by the hydrogen content differences of resid and distillate
portions of recycle process solvent (V131B) and 2nd stage feed
which relatively indicate net dehydrogenation of recycle process
solvent. This net dehydrogenation is considered to be a result
of the combination of thermal dehydrogenation (hydrogen transfer
from recycle process solvent to coal) and catalytic rehydro-
genation with gaseous hydrogen.

Run 251-1C 251-1E 252A 252B 25281 252C 252C1
Operation mode
18t stage & Catalytic >
2nd stage —» Catalytic >
Catalyst t
18t stage &——— - Amocat 1A - S < Amocat 1C >
b >
2nd stage €——— Amocat 1C —> < Amocat 1C vd

Reaction temp., °F

1at stage 806 808 81t 810 810 811 a1

2nd stage 759 758 679 751 750 749 750
Catalyat age, lb(reaid+Cl)/lb cat

‘st stage 1181-1722 2159-2245% 184 1-1884 2117-2416 2662-2867 3337-3391 3554-3775

2nd stage 1570-1992 2313-2374 290-319 487-1708 893-1043 1471-1515 1662-1792
Coal feed rate, MF lb/hr 482 301 300 353 47 377 ls1

Hydrogen tranaefer
wt % hydrogen
_{V131B=-R1235)
Res {d —

0.6 0.2 Q.6 0.8 0.8 0.7 0.4
Distillate 0.5 0.3 0.5 0.5 0.5 0.3 0.2
Total 1.1 0.5 11 1.3 1.3 1.0 0.6
Hy consumpt ion
wt 8 MAF coal
TSL 6.0 6.8 6.8 6.9 7.1 6.3 6.1
iat stage 3.3 4.5 4.7 3.9 3.8 .2 3.4
2nd stage 2.7 2,3 2.1 3.0 3.3 3.1 2.7
E_xotherm_, *Pla)
]st stage 0.97 0.96 1.0 0.77 0.72 0.62 0.67
2nd stage 3.43 2.48 1.0 3.39 3.30 3.74 3.52

(a) Exotherm is relative to 252A.

Periods 252B, Bl and C compared to 251-IE at younger 2nd stage
catalyst ages (600-1500 vs 2350 1b (res + CI)/lb cat) (394-986 vs
1544 1b MF coal/lb cat) and at a higher coal feed rate (350 vs
300 MF 1b/hr) had higher hydrogen transfer values (1.0-1.34 vs
0.5). This is probably due to higher hydrogen contents of
recycle process solvent (8.01-8.25 vs 7.74 wt %), which appear to
reduce catalytic rehydrogenation in the lst stage. Less hydrogen
consumption and less total exotherm in the lst stage confirmed
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lower catalytic rehydrogenation in the ist stage, while more
hydrogen consumption and more total exotherm in the 2nd stage
confirmed higher catalytic hydrogenation in the 2nd stage.

In period 252C1l at high lst stage catalyst ages (3500-3800 1b
(res+CI)/1b cat) (1944-2099 1b MF coal/lb cat) the hydrogen
transfer value declined to 0.6, indicating a decline of recycle
process solvent quality. During this period process solvent
quality was 81-82% as compared to the early periods of 84-87%.
Further studies are necessary to investigate the effect of this
decline of hydrogen transfer at high catalyst ages on TSL process
performance.

Parity Plots and Steady-State Catalyst Requirement Calculations

Parity plots and catalyst addition/withdrawal requirements are
calculated using a first order kinetics model for the following
conversions:

First stage conversion:

C4~ products (gases + water)
(B1)

Resid+UC
(Al)

C,+ distillate

(Cl)
"I = KCyo= (K, + K)Cy = g +org
Iy = K,.Cy
ey = K|,Cy

In these equations, Kj is the first stage resid + UC conversion
rate constant and K14+ and Kj. are the first stage rate
constants for the production of Cgq+ distillate and Cy4-

products (gases + Hp0) respectively. The various rate
constants can he calculated as follows:

€
Kl = WHSV
Kl+ - flKl
Ye,'
K,, = fWHSV,
(£,C) = Y ')
K. = (1-£,)K,



where Yc1' is the distillate yield (wt % MAF coal/100), f; is
the fraction of Cgq+ distillate produced per pound of resid + UC
converted (experimental value of f1 ranges from 0.515 to
0.719), and C; is a unit conversion factor of resid + UC
conversion from wt % feed to wt % MAF coal (1.948-2.001). For
first stage, correlation of experimental data yields (Run
252B-Cl, Figure 17).

lnK] = 0.49 - 0.000077t

A similar reaction scheme can be formulated for the second stage
+ ROSE-SRSM unit conversion of resid + UC. The reactions and
equations for the second stage are similar to those obtained for
the first stage (substitute subscript 1 by 2 in the above
equations). The constants f; and Cy are in the range
1.041-1.523 and 1.366-1.472 respectively and the correlation of
experimental data for the second stage yields (Figure 18).

InKy = -0.21 - 0.00005t

The overall two-stage Cgq+ distillate yield can be expressed as
a sum of each stage yield:

Yo' = Yo' + Ye,!
f, ¢ K, N £, ¢, K,
(f, WHSV, + K,,) (£, WHSV, + K,,)

Using the rate constant equations obtained by correlating the
experimental data, the distillate yield is calculated and
compared with experimental yield in the following table. A
parity plot involving the distillate yields is given in Figure
21,

The table also compares experimental coal feed rates with those
predicted using the rate constant equations. For & run period,
the feed rate is predicted for the given experimental distillate
yield. The feed rate can be calculated using the above equat ions
and the experimental value for the ratio of WHSV,/WHSVy. A
parity plot involving coal feed rates is given in Figure 21. For
comparison, values obtained from Run 251-I are also plotted in
Figure 21.

The comparisons in the table and the parity plots give an
indication of how well the experimental rate constant data are
correlated using the first order kinetics. Because of large
scatter in data, the errors obtained in correlating rate
constants may not he sufficient to judge the accuracy of the
correlation. Alternatively, the parity plots in Figure 21 and
the errors in distillate yield and coal feed rates reported in
the tahle, suggest that the rate constant correlations are fairly
accarate. Thus, the first order kinetics model is sufficiently
accurate in the range of experimental data.
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The coal feed rates projected to achieve resid extinction with a
common organic rejection of 15 wt % MAF coal are given in the next
table along with mean catalyst ages. The projected coal feed rates
for the given achievable distillate yields are then calculated as
described above. The catalyst addition/withdrawal rates necessary
to maintain catalyst ages at a steady-state at the projected coal
feed rates are also given in the table. For example, for period
252C, the additicon/withdrawal rates necessary to maintain catalyst
ages at 1899 and 986 1b MF coal/lb catalyst in the first and second
stages are 1.03 and 1.94 1b catalyst/ton MF coal, respectively.
With these addition/withdrawal rates and a coal feed rate of 317 1b
MF/hr, the distillate yield will be 69 wt % MAF coal with an
organic rejection of 15 wt % MAF coal and resid extinction. It is
important to note that the addition/withdrawal rates calculated are
only valid for the experimental run conditions of catalyst age
distribution, catalyst activity, and the deactivation rate.

Catalyst ages can be maintained with the addition/withdrawal
rates calculated above, but the catalyst activity is continuously
changing since the age distribution changes with every
addition/withdrawal. For design calculations as well as for
comparison between various runs, it is useful to calculate
addition/withdrawal rates necessary to maintain an equilibrium

activity level. Such calculations take into account an
equilibrium catalyst age distribution and activity levels and
deactivation rates over a wroad range of catalyst ages. If the

experimental data is available over a wide range of catalyst
ages, then addition/withdrawal rates based on equilibrium
activity levels is more accurate and useful in design
calculations. ‘
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TSL Catalyst Selectivity in TSL Hydrogenation and Het eroaton
Removal (Run 251-1 vs 252)
(Amocat 1A vs Amocat 1C) lst Stage

Catalyst selectivities in T3L hydrogenation and heteroaton
removal versus TSL hydrogen consumption, (which is an indication
of T5L process severity) are compared in Figures 22-27 for Runs
251-1I and 252.

process operating conditions for the runs were Aif-

Several pr
ferent, as shown below:

Run 251-1 252
Catalyst type
lst stage AmocAat 1A Amocat 1Z
2nd stage ‘ Annacat 1C Amnmocat 1C

Catalyst age
Ib(res+CI)/1lb cat
lst stage 0~2300 1500-3800(nigh)
2nd stage 0-2800 0-2009{(1low)

Catalyst age
1b MF coal/lb cat

lst stage 0-1584

2nd stage 0-1340
Coal feed rate, MF 1lb/hr 300-430 300-335
Reaction temp., °F

lst stage 775-325 310

2nd stage 760~775 630-759
T105-T102 Col. operation 1o Ves

Major observations in catalyst selectivities at the above oarocess
operating conditions are:

[ Run 252 with highnly agel Anozat 1C in the lst stage
showed a slightly higher selectivity for the potential
Liquid yield (Cg+ resid) nroduction by 1-2 wt % 'IAF
coal, compared £to Run 251-1 with less aged Awocat 1A in
the lst stage.

® There appears to be a breakeven point Ffor hydrogen
efficiency and product quality. TSL uydrogen con-
sumption for the breakeven is approximately 5.5 wt %
MAF coal. Run 252 with highly aged Amocat 1C in the
lst stage showed a slightly lower hydrogen efliciency
in the high severity process conditions with hydrogen
consunption above 7 wt % MAF coal. The opposite is
true in the low severity process conditions with
hydrogen consumption below & wt % MAF coal.
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® Run 252 with highly aged Amocat 1C in the lst stage
showed less C}-C3 gas make in the high severity process
conditions. This indicates that hydrogen was more
efficiently used in the Cy+ distillate make.

L) Run 252 had higher nitrogen removal and lower oxygen
removal activity than 251-I. Sulfur removal activity
was similar for both runs.

Overall heteroatom (N, S, Q) removal was similar for
both runs, or slightly better in Run 251~I.

) Run 252 showed an indication of a catalytic water-gas
- shift reaction processing Illinois No. 6 bituminous
coal (see page 103): ‘

Y
£

HyO + CO

COy + Hyp
Catalyst
® From results of linear regression slope analyses in

relation to the contributions of TSL hydrogen con-
sumption in products as listed below, Run 252 showed a
higher hydrogen consumption contribution in H30 make,
lower in C1-C3 gas and NH3 make and similar in Cg+
distillate and H»S make, compared to Run 251-I.

Hy required

Linear regression slope theoretically Contribution

Run Product (Product/H, Cons) (% MAF co.l) (%)
251-I  Cq-Cj 2,77 0.16 16
Hy0 O0(a) 0 0

Cyqt dist 11.0 0.8(b) 80

HyS 0(a) 0 0

NH 3 0.20 _0.04 4

=1.00 =100

252 Cq-C3 1.33 0.08 8
HoO 0.93 0.1 10

Cyt dist 4.89(c) 0.82(b) 82

HyS 0(a) 0 0

NH3 O(a) _ 0 »..._._Q.

=1.00 =100

TH L

Mor

The slope in the linear regression analysis is assumed to be zero
because of a poor correlation (r? < 0.4).

By difference.

Questionable data because process performance was improved without any
process variable changes during Run 252.

Run 252 with
mineral analysis
1C catalysts are
several catalyst

Amocat 1C catalyst cascading, elemental and
data of fresh and aged lst and 2nd stage Amocat
summarized in the Section 6.0 -~ Catalyst.
physical and chemical properties such as coke
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and carbon deposits, atomic ratios of H/C and S/Mo are plotted in
Figures 28 and 29 in addition to naphthalene activity of aged
catalyst. Coke is defined as (100% - % catalyst) in the THF-

extracted aged catalyst, where % catalyst is defined as (% ash +
% sulfur).

Major observations in characterization of the mixed catalyst used
for the cascading experiment (a batch deactivation test with the
catalyst aged in the 2nd stage) during Run 252 were:

° 2nd stage catalyst had lower carbon deposits by
5-10 wt % of catalyst than lst stage catalyst.

° 2nd stage catalyst showed a higher H/C atomic ratio by
0.5 than lst stage catalyst.

o 2nd stage catalyst showed a lower S/Mo atomic ratio by
0.3 than lst stage catalyst probably due to no DMDS
addition in the 2nd stage during this run.

Note that lst stage catalyst collected after the
reactor plug on 3 February showed a lower S/Mo atomic
ratio by 0.2-0.4 compared to those collected in the
normal operation.

® 2nd stage catalyst showed higher naphthalene'activity
by 40-50 (m gr-mole of Hy consumed) than lst stage
catalyst. ‘

) A good linear correlation was observed between naphtha-

lene activity (Y) of aged catalyst and carbon deposits
(X) on catalyst. ‘

Y = 198.38 - 8,35 X
r (correlation coefficient) = 0.972

A similar trend was observed with Shell 324 processing
Wyodak coal during Run 251-IIT (Ref. 2).

Y = 225.04 - 11.66 ¥
r (correlation coefficient) = 0.921

Run 252 Amocat 1C catalyst showed a slower decline of
the naphthalene activity as the carbon deposits on the
catalyst increased and a higher activity at the same
catalyst age than Run 251-1I1 Shell 324. A similar
result was also observed as the catalyst age increased.
This indicates that Run 252 Amocat 1C catalyst pro-
cessing Illinois No. 6 coal has a lower deactivation
rate and higher catalyst activity in hydrogenation
than Run 251-III Shell 324 catalyst processing Wyodak
coal.

In addition, Run 252 Amocat 1C catalyst showed lower
carbon deposits on the catalyst and a higher atomic
ratio of hydrogen to carbon at the same catalyst age.

NS
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In comparison with Run 251-I (Amocat 1A catalyst in the lst stage
processing Illinois No. 6 coal), Run 252 (Amocat 1C catalyst in
the lst stage) showed similar trends in the carbon deposits on
catalyst and atomic ratio of hydrogen to carbon, as the catalyst
age increases. These results may be affected because of two
different extraction solvents used for catalyst preparation
before analyses (toluene for Run 251-1 and THF for Run 252). Run
252 Amocat 1C showed higher naphthalene activity than Run 251-I
Amocat 1A, indicating thet Amocat 1C has higher catalyst activity
in hydrogenation.

Both Run 251-I and 252 used Amocat 1C in the 2nd stage. Charac-
terization results of the 2nd stage Amocat 1C catalyst are
compared below:

Run 251-1 252
Catalyst age (end-of-run)

1b res+CI/1lb cat 2783 1921
Catalyst age (end-of-run)

1b MF coal/lb cat 1958 1262
Carbon deposits

Wt % of catalyst 13.5 8.4~10.9
H/C atomic ratio 1.04 1.12-1.32
S/Mo atomic ratio 1.96 1.82

Naphthalene activity
m gr-mole of Iy consumed 72 95-114

(Note) FExtraction solvents used in preparation of catalyst
samples for analyses were toluene for Run 251-1 and
THE for Run 252.

Run 252 2nd stage Amocat 1C catalyst at a lower catalyst age
(1921 vs 2783) at the end of the run showed lower carbon
deposits, a higher H/C atomic ratio and higher naphthalene
activity indicating higher catalyst activity in hydrogenation,
compared to that for Run 251-I at a higher catalyst age at the
end of the run.



4. DISTILLATE PRODUCT QUALITY AND UNIT SOLVENTS

The primary products in Run 252 were distillates produced in the
lst and 2nd stages. These distillates were analyzed by gas
chromatography to determine boiling range fractions and by an
elemental analyzer to determine elemental composition such as
carbon, hydrogen, nitrogen, sulfur and oxygen by difference. The
GC boiling range fractions are defined as: naphtha (IBP-350°F),
middle distillate (350-450°F), and distillate solvent (450°F-EP).

The lst stage produces three distillate products: T104 Snlvent
Recovery Column overhead, T104 bottoms, and V182 Slurry Drying
System overhead. The T104 overhead is predominantly IBP-450°F
naphtha, T104 bottoms is 450-850°F, and V182 solvent is a
wide~-boiling range stream.

The 2nd stage produces four distillate products: T105 atmos-
pheric column overhead (V161), T102 vacuum column overhead
(P171), T102 vacuum column tray 3 distillate (V138) and V1074
solvent. The T105 overhead product is mainly a mixed naphtha
product. The T1l02 overhead consists mainly of water in small
gquantity. The tray 3 distillate consists mainly of a wix of
850°F minus products. The V1074 solvent is a 650°F-EP product
from T102 vacuum column bottom, which is a major component of the
process solvent used to slurry the feed coal.

In Run 252 CC-ITSL operations with the distillation system in
operation, the distillate products were:

Wt % of Total

Distil%ate Products Product Streaus
12 - 17 7104 Overhead
-2 - 10 T104 Bottoms
15 T105 Overhead
0.01 T102 Overhead
56 T102 Tray #3
10 T102 Bottoms (V1074)
3 J1072

4.1 Distillate Product Quality

The distillate products from the TSL process were characterized
in two ways:

(1) Each distillate product stream analyzed individually.

(2) Blend of distillate products prepared, fractionated and
analyzed by boiling point range.
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Typical stream analyses are shown below for operating period
252-B1.

H/C Elemental Composition, wt %
Stream Atomic Ratio C H N S O(diff)

T104 Overhead - 84.7 4.2 0.10 0.07 0.9
T104 Bottoms - 88.3 1.1 0.29 0.04 0.3
T105 Overhead 1.88 84.3 3.3 0.23  0.01 2,2
7102 Ovérhead - (all Hp0)

T102 Tray #3 1.52 88.5 1.3 0.20 0.01 0.0
7102 Bottoms (V1074) 1.34 89.4 10.1 0.32 0.01 0.2
v1072 1.39 89.3 10.4 0.27 0.01 0.07

There were [ive (5) operating periods in Run 252: A, B, Bl, C,
and Cl. Operating period 25231 was selected as the represen-
tative period for product grnality evaluation. 1In 252-Bl, the
recycle distillate was fraciionated in a vacuum column to reduce
the light ends in the recycle solvent.

Analyses of Product Rlends

Blends of products were preparel for period 252-Bl in proportion
to thelr elementally bhalanced production rates. These blends
were fractionated into four boiling point cuts, and then each cut
and the hblend were analyzed separately by GC simulated distil-
lation,

For period 252-B1 the blend was:

T104 Overhead 15.8 wt %
T104 Bottoms 0.9 wt %
TLO5 Overhead 14.6 wt %
T102 Tray #3 55.9 wt %
T102 Bottoms (V1074) 9.6 wt %
V1072 Solvent 3.2 wt %

Total Blend 100.0 wt &

The analyses of the 252-BL blend and individual fractions are
given below:



Product Quality Data
Period 252-B1

Calc Actual
Fraction IBP~350°F 350-450°F 450-650°F 650°F~EP Blend Blend
(e¢) (b)
Wt % of blend(a) 20.90 12,50 38.40 28,20 100.00 100.00
GC dist., wt % ‘
IBP-350°F 91.51 2.06 0.00 0.00 - 19,38 22,06
350~450°F 8.49 78.96 0.00 0.00 11.64 14.60
450~-550°F 0.00 18.98 29.12 0.00" 13.55 14.17
550-650°F 0.00 0.00 40.68 , - 0.00 15.62 18.78 "
650=-850°F 0.00 0.00 30.20 78.87 33.84 129.25
850°F-EP 0.00 0.00 0.00 21,13 5,96 1.15
EP, °F (d4) 359.60 484.90 721.90 1000.40(4) 872.30(d)
Specific Gravity 0.803 0.872 0,932 1,002 0.912 0,913
Elem. Comp., wt %
Carbon 85.53 87.16 87.85 89.30 87.69 87.80
Hydrogen 14.22 12.28 11.60 10.38 11.89 1M.77
Nitrogen (e) 0,02 0.08 0.09 0.17 0.10 0.10
Sulfur 0.05 0.03 0.01 0.01 0.02 0.02
Oxygen-by diff. 0.18 ' 0.45 0.45 0.14 0.31 0.31
H/C atomic ratio 1.98 1.68 1.57 1.39 1.62 1.60

TSL products 252-B1 were blended according to Elementally Balanced product
rates for (4) days: 04 January 87, 05 January 87, 07 January 87, 08 January 87

(a) Obtained from lab Oldershaw Fractionation.

(b) Obtained from GC b.p. simulation distillation on blend sample.

(c) Calculated from data generated from GC b.p. simulated distillation on

individual fraction.

(d) EP = Simulated E.F. is defined as the final b.p. at which a cumulative
area count equal to 99.5% of the total area under the chromatogram
is obtained. This routine results in a different end boiling point
for the 650-EP and the total blend. For this particular case only
0.5 wt % of the total blend boils between 872 and 1000°F,

(e) Nitrogen by Kjeldahl.

A comparison of the two distillate product blends from periods
251-1E, and 252-Bl is shown below:
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Product Quality Data
Comparison of Blends

Period 25281 251-1C
lst stage temp., °F 810 808
2nd stage temp., °F 750 758
Coal, MF 1lb/hr 347 300
lst stage WHSV, 1l/hr 3.2 2.7
2nd stage WHSV, 1/hr 3.0 2.3
GC dist., Wt %
IBP-350°F 22.06 25.97
350-450°F ‘ 14.60 11.65
450-650°F 32.95 32.26
650°r-EP 30.40 30.13
EP, °F 872 375
Specific gravity 0.913 0.900
Flem. comp., Wt %
Carbon 37.80 87.18
Hydrogen 11.77 11.62
Nitrogen (1) 0.10 0.16
Sulfur 0.02 0.03
Oxygen-by diféf. 0.31 1.01
H/C atomic ratio 1.60 1.59

Blend composition, wt 3%

T104 overhead 15.76 17.81
T104 bottoms 0.92 22.89
V10783 distillate - 51.64
V1072 solvent 3.24 7.66
T105 overnead 14.50 -
T102 tray 3 55.89 -
Y1074 (T102 bhottom) 9.63 -

(1) “litrogen by Kjeldahl.

“nen coaparing blend product aquality for these periods, the
following observations are nade:

Altoagh snall improvements were noticed with fractionation in
Run 252, there were no major differences between Run 251-1E (no
‘ractionation) and Run 252-31 (with fractionation). This results
indicates that on the whole there was no major shift in the
distribution of the Jdistillation cuts by a simple recycling a
“weavier distillation cut.
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‘o))



However, should distillation system be operated in conjunction
with the changing in the reaction conditions, it is anticipated
that a shift in the distribution of the distillation cuts would
occur.

To simulate the non-distillation mode, a fictious sub period was
created within the 252-Bl period in which it is assumed that the
distillation system is not in operation and the final products
are V1078 and V1072 instead of final products of T102 Tray 3,
T105 overhead and T102 bottoms when the distillation system is
operating.

A comparison of the results with and without fractionation shows
small improvements in product quality with fractionation. The
gas oil was 30% of the blend with fractionation versus 35%
without fractionation. The product end-point was reduced from
910°F without fractionation to 870°F with fractionation. Also,
the API gravity of the gas fraction was higher with frac-
tionation.

A comparison of the properties of the distillate oroducts for
Runs 251-IE, 252 Bl with and without distillation is given below:

Properties of Distillate Products

Wt % of Elemental (wt %)
Distillation Cut crude C H N(1) S O(diff) °API

CC-ITSL (Run 251-1IE (no fractionation, 70% distillate)

Naphtha (IBP-350°F) 26,0 85.90 13.98 0.03 0.05 0.04 50.85
Distillate (350-650°F) 43.9 87.77 11.81 0.13 0.02 0.27 24.17
Gas o0il (650°F+) 30.1 892.64 10.04 0.21 0.03 0.08 9.44

CC-ITSL (Run 252-B1) (with Fractionation, 69% distillate)

Naphtha (IBP-350°F) 32.1 35.53 14.22 0.02 0.05 0.18 44.71
Distillate (350-650°F) 47.6 87.68 11.77 0,09 0.01 0.45 22.81
Gas o0il (650°F+) 30.4 89.30 10.38 0.17 0.01 0.14 9.72

CC-ITSL (Run 252-B1) (without fractionation, 69% distillate)

Naphtha (IBP-350°F) 24.1 85.10 14.26 0,02 0.03 0.5 45.80
Distillate (350-650°F) 40.6 86.97 11.68 0.09 0.00 1.26 18.20
Gas 0il (G50°F+) 35.3 89.45 10.26 0.27 0.00 0.02 2.90

(1) Nitrogen by Kjeldahl.

4.2 Unit Solvents

4,2.1 lst Stage

Run 252 was made with bituminous coal in the ash recycle mode of
operation. The T105/T102 distillation system was in operation.
This system processed the second stage distillates to remove the
distillates lighter than 450°F and then separate under a vacuun
the distillates boiling less than approximately 650°-350°F. The
heavy bottoms from the T105/T102 system (V1074), the atmospheric
flashed bottoms (V1067) and the CSD resid were blended to make
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the process solvent. For Run 252 the process solvent nominally
contained 12% CI and 40 wt % resid. Until 14 January, the V1074
material was also used to help keep the catalyst withdrawal tube
clear. After 14 January, lighter process solvent (V178) was
used,

The elemental analysis of the V1067 material and the CSD resid
are given in Tables 8 and 12. The elemental composition of the
process solvent components are given in Table 10.

4.2.2 gﬂgwﬁgage

The feed to the 2nd stage reactor was the bottoms of the inter-
stage separator plus excess T104 bottoms. Compositions of the
second stage feed are given in Tables 9. The feed contained from
44-45 wt % distillate, 39-41 wt % tresid, and 15.2-16.5 wt % CI in
periods 2528 thru Cl. 1In period 252A the solvent was about 5%
higher and the resid was about 5% lower.

Interstage Separator Bottoms

252a 2523 25281 252¢  252¢l
Resid 35.5 33,7 39,1 39.8 41.4
CI 15.5 16,2 16.4 16.1 15.2

The CSD unit uses proprietary deashing solvents to process ash
containing feed. These deashing solvents are identified by
miinerical designations for reporting purposes. The deashing
solvent typ= was strengthened when possible to optimize resid
recovery and energy rejection to the ash concentrate vet maintain
efficient, stable first stage deashing. Duaring Run 252 the CSD
unit operatel in Mlode 11 of the DAS Recycle Systen. A summary of
DAS losses. thelir distribation, and DAS type employved during the
run follows:

DAS Insses

Operating Total DAS loss Ioss to Products

_period Lb/hr Wt % feed ILh/hr Ut % feed Wt % total loss DAS type
252N 5.7 4.1 0.9 0.8 15.5 4100
2528 5.7 7.8 0.5 0.5 8.1 4100
25211 10.7 10.3 1.0 1.0 1.6 4100/2204/2254
2520 3,2 5.7 1.6 1.1 19.4 2354/2404
25201 2.5 7.0 1.2 1.0 16.9 2404/2504

Fifforts were not dedicated to reducing DAS losses,
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5. FEED COAL

In Run 252, pulverized coal was ground to 95% less than 200 mesh,
mixed with process solvent in a 1 to 2 ratio in V101a Slurry
Blend Tank (Figure 4) and fed to the lst stage. The process
solvent used for slurry preparation was V1074 distillate solvent,
resid from the CSD second stage, and V1067 atmospheric bottoms.
Elemental analyses of Illinois 6 feed coal (Burning Star iine) are
presented in Tables 1 and 6. Detailed analyses such as minerals,
sulfur forms, proximate, and ultimate analyses of selected tote bin
coal composite samples are presented in Table 1. Averaged data for
Run 252 are presented below:

252a-C1
26 Nov=3 Feb

Run
Period, 1986-87

Coal analysis, wt % MF

Carbon 70.10£0.48
Hydrogen 4.82t0.12
Nitrogen 1.40%0.06
Sulfur 3.4010.24
Oxygen (by difference) 8.60+£0.,51
Ash 11.69+0, 31
Water as-is wt % 3.02-3.42
Sulfur forms, wt % MF
Pyritic 1.36
Sulfate 0.26-0.34
Sulfide <0.,01
Organic 1.70-2.,05
Chlorine wt % MF 0.11-0.12
Volatile matter as-is wt % 35.02-35.21

Ferric oxide in ash, % 16.69-17,35

H/C atomic ratio 0.83

The standard deviations of coal analyses show that coal physical
and chemical properties did not vary significantly in Run 252.
The ash content of feed coal was 11.4 to 12.0 wt %, the pyritic
sulfur content was 1.4 wt %, and the total sulfur content was 3.2
to 3.6 wt %,
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6.0 CATALYST

6.1 Analytical Results and Recovery

First Stage Catalyst

The first stage catalyst charge was 340 1lb of a 1500 average age
blend consisting of the following:

25% sulfided Amocat 1C
37.5% 1200 age (1lb resid+CIl/lb cat) Amocat 1C from Run 250
37.5% 2800 age (1b resid+CI/1lb cat) Amocat 1C from Run 251-1

The catalyst from Run 250 was .aged in the sccond stage reactor
with the reactor temperature between 700 and 750°F. The catalyst
from Run 251-1 was initially aged during Run 250 in the second
stage reactor with the reactor temperature bhetween 740 and 760°1;
the catalyst was further aged in the sccond stage during Run
251-I. During 251-1, the second stage temperature ranged from
760 to 775°F. During Run 250 and 251-I, Illinois No. 6 coal was
used.

Since 25% of the catalyst was not aged, it was preconditioned
prior to high temperature operation using the following sequence:

16 hours of operation at 700°F using a heavy solvent
16 hours of operation at 750°F using process solvent
16 hours of operation at 775°F using a 20% coal slurry

After the P1222 failure on 29 November, the R1235 catalyst charge
consisted of 120 1b of the 1500 (915 1b MF coal/lb cat) age blend
and 220 1b of catalyst removed from R1235 after shutdown on 29
Novenmber, The average catalyst age at the e¢nd of the run was
3533 (1961 1L MF coal/lb cat); however, the age of some portions
of the blend was as high as 5400 (2923 1b MF coal/lh cat).

Naphthalene aztivity Lests woerce not regularly performed.  Since
the laboratory activity tests ubtilize a very swmall amount of
catalyst and the catalyst charge was a blend, it was believed
that reprosentative samples could not he obtained. Catalyst
samples were withidrawn from R1235 approximately once per week.
Regular catalyst additions/withdrawals, at a rate of 2 1b
catalyst per ton of MNP coal, were planned, bulbt only two addi-
Lions/withdrawals wer: aade before the run ended.

Catalyst fincs were observed in some withdrawals. The catalyst
Lhat contalned fines was not added back to the reactor; the
browen catalyst was ceplaced.  On 5 January 1987, due to plugging
of the catalyst withdrawal tabe, 23.2 1lbs (dry weight) of
catalyst was reaoved Trom R1235.  Since this catalyst had some
crushed catalyst and tar in it, it was not returned to the
reactor bubt owas replaced with Pun 251-T7 catalyst (age = 1841 1b
oenal/1n catalyst) on 7 January. More withdrawal tube plugging
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on 9 January and 11 January resulted in a loss of another 42 lbs
(dry weight) catalyst which was partially replaced on 15 January
with 22 1lbs of Run 251-I catalyst. On 19 January 36.9 1lbs more
catalyst was returned. On 20 January, 10.4 1lbs of Run 250
catalyst (age = 727 1lb MF/lb catalyst) was added to bring the sum
of additions and withdrawals to an inventory of 340 1lbs in the
reactor. During this period it was observed that the T102
bottoms distillate, used as withdrawal tube flush, contributed to
the plugging problems. On 13 January withdrawal tube flush was
changed to a lighter solvent from V178. The samples sceewmed to
contain fines when actions were taken to clear plugs in the
withdrawal system; however, the catalyst recovery at the end of
the run was only 63%. The high loss of catalyst from the reactor
could be the result of high attrition of the high age catalyst,
since the catalyst is not normally aged as high as 5000 1lb resid
+ CI/lb catalyst (2717 1b MF coal/lb cat). At the end ¢f the
run, 22% of the catalyst in the reactor had an age higher than
5000 1b resid + CI/lb catalyst (2717 1lb MF coal/lb cat).

Four nickel balances during the last month of Run 252 indicate
that the catalyst was gradually lost from R1235. The nickel
balances indicate a loss of 2.6 pounds per day and the actual
loss averaged 2.4 pounds per day. A gradual loss mechanism for
the catalyst is also supported by the catalyst samples, that were
taken from the reactor after shutdown; samples from the upper
portion of the reactor contained more fines. Also, nuclear scans
£ the reactor before the end of Run 252 indicated reduced
densities in the upper portion of the bed.

Four molybdenum balances during the last month of the run gave
inconsistent results. Catalyst losses calculated from molybdenum
balances ranged from 2.2 to 17.5 pounds per day.

Table 17 shows the analyses of various withdrawn catalyst
samples.

Second Stage Catalyst

The scecond stage catalyst charge was 340 1b of fresh sulfided
Amocat 1C. The end of run catalyst age was 1921 (1b resid +
CI/1b cat or 1255 1lb MF coal/lb cat). The catalyst recovery fron
R1236 was 99%. Catalyst samples from R1236 are available only
for the end of the run, since R1236 has no catalyst withdrawal
system,

During the "soft start", effluent from the first stage was fed
through the second stage via the normal flow path. The second
stage temperature was Dbetween 600 and 650°F during this con-
ditioning step.

Table 18 shows the analyses of various catalyst samples.



6.2 Catalyst Sulfiding Procedure

The fresh catalyst was sulfided with dimethyl disulfide (DMDS) at
a l.5 wt % initial concentration in recirculating No. 2 diesel
(fuel) oil. The feed gas rate was maintained at 3,000 scfh, and
catalyst bed ebullation began when the reactor temperature
reached 250°F. The reactor was heated from 250 to 400°F at a
rate of 50°F/hr and held at that temperature until hydrogen
sulfide "breakthrough" occurred, indicating the end point of the
sulfiding procedure. During the sulfiding the hydrogen-rich vent
gas was recycled and DMDS was added (6 lbs/hr) to the diescl oil,
The reactor temperature was then increased by 50°F/hr to 500°F,
600°F and 700°F and held at each level until breakthrough ‘
occurred. The temperature was held at 700°F until analyses of
catalyst samples indicated a sulfur content (wt % S = "as is" wt
% S/wt % ash x 100) of at lecast 7.5 wt % for Amocat 1C. The
reactor was then cooled at a maximum rate of 100°F/hr to <250°F.
The catalyst was withdrawn and stored in drums at ambient
conditions,
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7.0 ENVIRONMENTAL PROTECTION

7.1 Regulatory Compliance

The purpose of the wastewater treatment facilities is to maintain
compliance with permit limitations established by the Alabana
Department of Environmental Management (ADEM). Both the sanitary
and process wastewater treatment facilities are operated under a
National Pollutant Discharge Elimination System (WPDES) pernit.
This permit was issued by ADEN, which was authorized by the
Environmental Protection Agency (EPA) to administer the NWPDES
program in Alabama. This permit was effective on 1 July 1983 and
expires on 30 June 1988. The permit established average and
maximum limits for specific parameters. The performances of the
treatment facilities and the applicable permit limitations, are
shown on the following tables:

Process Wastewater Treatment Facility (Outfall 001)

Allowable Actual Allowable Actual
Daily Daily Daily Daily
Average Average Average Max imum
26 Nov 86 26 Nov 86
to 3 Feb 87 to 3 Feb 87
Flow, gpd - 26,303 - 36, 130
BODg, mg/l 30 <1.4 45 4.8
Suspended solids, mg/l 30 4.2 45 14.0
Phenolics, mg/1l 0.25 <0.063 0.50 0.15
Sulfides, mg/l 0.10 <0.056 0.20 0.13
pH (range) N/A N/a 6~9 7.0-7.9

Sanitary Wastewater Treatment Facility (Outfall 002)

Allowable Actual Actual
Daily Average Daily Average Daily Maximum
and Maximum
26 Nov 86 26 Nov 86
to 3 Feb 87 to 3 Feb 87
Flow, gpd - 644 1800
BODg, mg/l 30 2.1 2.1
Suspended Solids, mg/l 30 13.9 17.5
Fecal Coliforms, N/100 ml 200 4.1 32
Chlorine, mg/l 0.2 <0.1 <0.1
pH (range) 6-9 N/A 7.0-8.0

The above results are based on weekly (or monthly) samples
collected by the plant operators and analyzed by an outside
laboratory. As the tables show, all results were in compliance
with the limitations.

53



The treatment facilities consist of oil removal, checmical
oxidation for removal of sulfide, two-stage activated sludge

(with optional addition of powdered activation carbon), and sand
filtration. A schematic flow diagram is shown below:
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8.0 MATERIAL BALANCE (MB) METHODOLOGY

8.1 Elemental Balancing of Yields (Ref. 3)

The mass and elemental balance around each process unit are
determined from the measured stream flow rates and laboratory
analyses for the following elements in each stream:

° Carbon

e Hydrogen
o Nitrogen
o Sulfur

® Oxygen

® Ash

Elemental analyses (C, H, N, S, 0) are not adjusted. Weighting
factors, based on assumed flow rate errors for each stream and
relative stream flow rate sizes are applied to the process flow
rates. The method minimizes the required adjustments to a stream
flow rate in order to close the mass and elemental balances for
each unit. ' ‘

Since the streams are composed primarily of hydrogen and carbon,
the balance is first developed based on these elements. Next,
sulfur, nitrogen, and oxygen are balanced along with carbon and
hydrogen, primarily by adjusting hydrogen sulfide, ammonia, and
water rates. Finally ash is balanced by adjusting the ash
‘anal{sis of output streams to equal the ash that entered with the
coalt. The adjusted stream flow rates between units are then
corrected for inventory changes to achieve steady-state flow
rates.

The lst and 2nd stage balances are developed with the above
procedure. Since the CSD unit has fewer streams than components,
the measured stream flow rates and elemental analyses are used to
calculate elemental errors. The errors are used as the basis

for adjusting the compositions of the streams to close the
balance.

Two-stage yields are developed by combining the halances of the
three process units.

3.2 MB Methodology

Beginning in Run 247, elementally balanced yields were calculated
for several days each week and were reported within 2 to 5 days.
Elementally balanced yields were calculated for 21 days during
Run 252.

1 During the ash recycle operations the HTR vacuum bottoms rate to
the CSD unit is prorated based on coal ash and HTR vacuum bottoms
ash so that all of the coal ash will be purged in the ash
concentrate (steady-state assumption).
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In prior runs, elementally balanced yields were calculated only
for 8 to 10 selected days each run. These calculations were done
after run completion.

With the advent of the routine element balances in Run 247,
better material balance data is routinely available for plant
monitoring. 1In calculating the final yields, there are two
intermediate stages of data. The as-is material balance data
(Phase 2) uses measured flow rates in calculating yields.
Included with Phase 2 data are the mass closure errors. When
elemental analyses are completed on all input and output streans
for a given day, elementally balanced yields are calculated for
that day (Phase 3). Phase 3 elementally balanced yield data is
averaged for each set of stable operating conditions to obtain
the final yield used throughout this report (Phase 4).

An evaluation of the MB methodology was conducted to assess the
usefulness of the different phases of MB reports for plant
monitoring, daily decision making, and technical accuracy of
yields. Quantitative guidelines were desired to screen the data
as it flowed through the data phase system from Phase 2 to Phase
3 to Pnase 1%.

For the evaluation, a statistical approach was used to assess the
variance of the Run 247 MB data before and after elemental
balancing.

In general, it was found that the Phase 2 and Phase 3 yields were
in good agreement. Thus the Phase 2 yields are considered to be
adequate for plant monitoring and daily decision making. As an
exception to this rule, Phase 3 are used to monitor plant
performance with regard to production of Cyg+ distillate. Daily
comparison of Phase 2 and Phase 3 data proved to be useful in
locating and correcting sources of MB errors.

For final yield characterization, averages of daily Phase 3 data
(Phase 4) are calculated for stable operating periods. These are
the yields that have been used throughout this report.

8.3 MB Data Selection Criteria

Statistical analysis was used to develop selection criteria for
deciding which days to include in Phase 3 and Phase 4 data.

Phase 2-3 Selection Criteria are related to flow closure error,
inventory changes and plant stability. A total of +10 wt $ MAF
flow closure error and 15 wt % MAF inventory changes are
allowed. Both are obtained by summing the contributions fromn
individual units. In addition, days may be eliminated due to
plant upsets or step changes in operating conditions. The
averages and standard deviations of the Phase 2-3 Selection
Criteria are reported in Table 14 for each Operating Period
(Phase 4 Period).



Phase 3-4 Selection criteria are related to element balance
closure errors. 95% confidence intervals are calculated for
element closures for each individual unit and the TSL system.
Yields on days highlighted by excessive element closure errors
are then compared with yields from the other element balance days
in the Phase 4 periods. If important yields on these days are
outside an 80% confidence interval, the days are eliminated from
the Phase 4 yields. The averages and standard deviations of the
Phase 3-4 Selection Criteria are reported in Table 15 for each
Operating Period (Phase 4 Period).

In addition to the selection criteria, changes in Phase 2 or
Phase 3 yields from one day to the next are used to assess TSL
stability. The most sensitive indicators of TSL stability are
the lst and 2nd stage contributions to the TSL distillate solvent
yield. Slow trends in solvent composition in process inventory
can lead to relatively large swings in unit contributions from
day to day. Standard deviations of the distillate solvent unit
contributions from the lst and 2nd stages would thus be much
larger than the standard deviation of the TSL yield of distillate
solvent. This indicates that the TSL system is not truly at
equilibrium, although TSL yields are relatively constant.

To summarize the MB methodology, significant improvements were
implemented in Run 247. The improvements center on routine
elemental balancing of yield data and quantitative guidelines for
screening the material balance data as it flows through the data
phase system from Phase 2 to Phase 3 to Phase 4.
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APPENDIX A
Microautoclave Activity Test Descriptions

Solvent Quality

Solvent quality is determined in the Wilsonville laboratory as
follows:

Standard coal (Indiana V) and solvent are charged to a 30 cc
microautoclave reactor unit to which a mixing ball is added. The
slurry is mixed and heated to a specific temperature (+5°F)
within a two minute period and is maintained for a specific
period of time. The microautoclave is quenched in water and the
ﬁeacgion products are washed and extracted with tetrahydrofuran
THEF') . '

The ratio of the amount of reacted coal to the original sample
weight is expressed as a percentage conversion which is referred
to as "solvent quality".

Two tests are done. They are the kinetic and equilibrium tests.
The conditions used for both tests are listed below:

" Reaction
Temp., Solvent-to—- time,
Test Type °F coal ratio _ mirn.
Kinetic 750 3:1 | 10
Equilibrium 750 2:1 30

The kinetic test gives a relative indication of the hydrogen

transfer rate and hydrogen shuttling ability of the solvent. The
equilibrium test gives a relative indication of the concentration
of donatable hydrogen in the solvent.

Catalyst Activity

Catalyst activity is determined in the Wilsonville laboratory as
follows:

Two grams of 10% naphthalene in hexadecane is catalytically
hydrogenated in a microautoclave reactor at the following
conditions:

Temperature, °F 720

Hydrogen pressure, psig 1,000 (cold)

Agitation, strokes/min 800 (no ball or rod added)
Reaction time, min 15



The reactor is guenched with cold water and the contents are
filtered. The concentrations of tetralin and decalin, which are
the products of naphthalene hydrogenation, and naphthalene are
determined by gas chromatography. The hydrogen consumption is
then determined by stoichiometric calculations.

The test determines hydrogen consumption during the hydrogenation
of a model compound, naphthalene, in the presence of the cata-
lyst. This gives an indication of relative catalyst activity,
independent of reactor and/or TSL systeimm performance. The
activity is based on a fixed volume of catalyst.

The test also may be used for measuring the completeness of
catalyst presulfiding.
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APPENDIX B

Nomenclature and Definitions

Ash

Ash concentrate

Asphaltenes

CC-ITSL

CSD feed solvency index

Deashing solvent (DAS)

Distillate solvent

DITSL

DMDS

Energy rejection

Non-organic material obtained by
muffle furnace burning at 800°C for
4 hours (adapted ASTM D=-482).

A product of the Kerr-ilcGee CSD
unit first stage separator that is
rich in cresol insolubles (ash and
UC) with lesser amounts of residue
and solvent.

‘A benzene-soluble and pentane-

insoluble product of the coal
liguefaction process which 1is
non-distillable at 600°F and 0.1 mm
Hg in the laboratory.

Close Coupled Integrated Two-Stage
Liquefaction.

Laboratory analysis for fraction of
CSD feed soluble in actual deashing
solvent compared to solubility in a
solvent standard.

A solvent used to deash the feed to
the CSD unit.

A coal-derived distillate fraction
boiling above 450°F that is
distillable at 600°F at 0.1 mm Hg
in a laboratory batch distillation
apparatus.

Double Integrated Two-Stage
Liquefaction

Dimethyl disulfide
The heating value lost to the ash

concentrate as a fraction of the
feed coal heating value.
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1T

ITSL

LCT

LTR

MAF

MB Period
MF

Middle distillate

Naphtha

Oils

Preasphaltenes

Process solvent

Resid

APPENDIX B (continued)

Nomenclature and Definitions

Integrated Two-Stage Liquefaction
Low Contact Time

Light Thermal Resid

Moisture and Ash Free

Material Balance Period

Moisture Free

A coal derived distillate fraction
with a boiling range between 350
and 450°F at 760 mm Hg (GC and ASTM
D-86) .

A coal derived distillate fraction
with an IBP-350°F boiling range at
760 mm Hg (GC and ASTM D-86).

A pentane-soluble product of the
coal liquefactiun process which is
non-distillable at 600°F and 0.1 mm
Hg in the laboratory.

A cresol-soluble and benzene-
insoluble product of the coal
ligquefaction process which is
non-distillable at 600°F and 0.1 mm
g in the laboratory.

feed solvent to the TL unit which
is normally a blend of distillate
s0lvent and resid in variable
concentrations.

A cresol~-soluble product of the
coal liquefaction process which is
non-distillable at 600°F and 0.1 mm
Hg in the laboratory.



APPENDIX

R {(continued)

Nomenclature and Definitions

Resid conversion

Percent

Resid recovery

RITSL

TR

T102 Vacuum Column bottoms

Unconverted Coal (UCT)

WHSV

The fraction of the resid feed to
the HTR unit that is converted to
gases and liquids.

, Resid in - resid out
conversion = - - x 100
resid in

The percent of CSD feed resid that
is recovered in the deashed resid

~and is not lost to the ash concen-

trate.

Reconfigureld Integrated Two-Stage
Liquefaction

Thermal Resid

A nonvolatile mixture of resid,
distillate solvent, ash, and UC.

Organic material that is insoluble
in hot cresol.

Weight Hourly Space Velocity, 1lb/hr

feed per lb catalyst.
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Table 1

FEED COAL ANALYSES

Coal S e I1lincis B=m——w=mm—ce—- i
Mine  cee————— Burning Star----==-—we---

Run . 252 252

Date 22-27 Dec 1986 9-14 Jan 1987 .

Proximate analysis, wt %

Volatile matter 35.21 35.02
Fixed carbon 49.94 50.12
Ash 11.43 11.83
Moisture 3.42 © 3.03

Ultimate analysis, wt %

Carbon £9.62 69.25
Hydrogen 5.00 4.96
Nitrogen 1.35 1.25
Sul fur 3.40 3.67
Chlorine 0.11 0.12
Ash 11.83 12.20
Oxygen (by difference) 8.69 8.55
H/C atomic ratio 0.87 0.86
Dry heating value, Btu/lb 12,411 ‘ 12,425

Sulfur forms, wt %

Pyrite 1.36 1. 36
Sulfate 0.34 0.26
Sulfide <0.01 <0.01
Organic 1.70 2.05

Mineral analysis, wt % (ignited basis)

Phos. pentoxide, P,0g 0.08 0.06
Silica, 5i0p 46.64 46 .65
Ferric oxide, Fe 504 16.69 17.35
Alumina, Al,0g 16.94 17.23
Titania, TiO4 0.69 0.72
Lime, CaO 6459 5.41
Magnesia, MqO 0.92 0.87
Sulfur trioxide, SO3 6.92 652
Potass.ium oxide, K0 1.75 1.27
Sodium oxide Na,0 1. 13 0.92
Undetermined 1.65 2.30
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Table 2

COAL CONVERSION (FORCED ASH BALANCE BASIS)

Coal conversion, wt % MAF coal

MB Via Interstage Via CSD
Period sample feed
252A 93.3 93.2
252B 92.7 93.1
252B1 93.0 93.4
252C 91.3 92.5
252C1 93.1 93.0
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Table 4

CCR UNIT OPERATING DATA

T104 Atmospheric Column

Operating Overhead Bottoms Inventory
Period rate, lb/hr rate, 1lb/hr change, lb/hr
252A 38.8 54.5 -4.5
252B 33.0 49.4 0.6
252B1 30.9 48.1 2.4
252C 29.0 46.9 -2.2

6.5

252C1 ‘ 24.6 56.3
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Table 9

CCR UNIT ANALYTICAL DATA

Interstage Sample wt %

CI Free Residue Distillate
Operating Solv Resid uc Agh c H N c H N
. Period % % % % % % % % % %

2527 48.9 35.6 5.1 10.4 89.26 €.92 0.96 88.90 9.82 0.34
252B 45.5 38.5 5.6 10.6 89.18 7.06 1. 14 88.45 9.72 0.37
252B1 44.7 39.0 5.6 10.8 89.71 7.06 0.99 89.37 9.75 0.43
252C 44.2 40.0 6.2 9.8 88.60 6.67 1.27 89.81 9.70 0.49
252C1 43.4 41.5 5.3 9.7 89.22 6.94 1.1 89.24 9.86 0.37
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Teble 10

PROCESS SOLVENT ANALYTICAL DATA

V131R ‘

Operating Residue, wt % Distillate, wt %
Period C H N C H N
252A 90. 35 7.64 0.93 89.41 10. 34 0.45
252B 90. 22 7.99 0.85 89.33 10.11 0.33
252B1 89.91 7.87 0.84 89.28 10.19 0.31
252C 89. 69 7.40 1.03 89.65 9.97 0.39
252C1 89.72 7.35 « 0.95 89.37 10.03 0.36
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Table 12

CSD UNIT ANALYTICAL DATA

RUN 252
Operating Period 252A 252B 252B1 252C 252C1
CSD feed composition
Wt % Ash 20.1 20.9 21.4 18.9 .0
Wt & UC 10. 1 10.7 10.4 10.4 o4
Wt % Solv 7.6 6.5 o1 5.6 .3
Wt % Preasphaltenes
(BI-CI) 0.2 - 3.0 - 6.2
(TI-CI) 0.6 1.5 4.9 7.6 9.6
% Carbon 71.03 71.63 70.02 71.45 71457
% Hydrogen 5.70 5.90 5.72 5. 58 5.51
% Nitrogen 0.71 0.€9° 0.76 0.88 0.90
% Sulfur 1.50 1.60 1.80 175 1.70
% Oxygen (a) 0.96 0.00 0. 30 1. 44 1.32
Soft. Pt. (°F) 153.0 134.3 154.0 160.5 156.4
Fusion Pt. (°F) 165.5 144.3 181.7 174.5 172.4
Ash Cuncentrate Composition
Wt % Ash (b) 43.7 43.8 44.2 43.8 42.8
Wt % UC (b) 22.0 23.5 22.4 25.9 25.7
Wt % Resid (b) 32.5 30.6 31.6 29.9 30.6
Wt % Solv (b) 1.9 2.1 1.9 0.4 0.9
Wt % DAS 0.4 0.3 0.4 1.2 1.2
% Carbon 48.90 48.57 48.48 48,09 49.43
% Hydrogen 3.18 3.17 3.19 2+ 95 2.99
% Nitrogen 0.68 0.64 0.75 0.86 0.91
% Sulfur 3.10 3.2 3.40 3.30 3.42
% Oxygen (a) 0.44 0.61 0.00 1. 00 0.45
Deashed Resid Composition
Wt % Ash (b) 0.70 0.17 0.10 0. 11 0.01
Wt % Solvent (b) 6.75 11.93 8.50 12.50 7.46
Wt % DAS 0.75 0.53 0.98 1. 10 1.00
% Sulfur 0.88 0.71 0.11 0.20 0.23
Soft. Pt. (°F) 128.5 106. 0 113.3 103.0 119.8
Fusion Pt. (°F) 147.5 117.5 150.7 115.0 135.4
% Carbon 90. 58 90.97 90. 31 90.24 9u.07
% Hydrogen 7.70 8.25 8. 06 7.76 7.64
% Nitrogen 0.71 0.05 0.78 0.90 0.92

(a)
(b)

Results calculated by difference.

Results are adjusted to a 'DAS Free' basis.
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Operating Period

CCR1 Unit Data
Carbon
Hydrogen
Nitrogen
Sulfur

Oxygen

Ash

CCR2 Unit Data
Carbon
Hydrogen
Nitrogen
Sulfur

Oxygen

Ash

CSD Unit Data
Carbon
Hydrogen
Nitrogen
Sulfur

Uxygen

Ash

Totaled Data(b)

Carbon
Hydrogen
Nitrogen
Sulfur
Oxygen
Ash

Absolute Sum Data

Carhon
Hydrogen
Nitrogen
Sulfur
Oxygen
Ash

UNIT AND TSL ELEMENTAL CLOSURE ERRORS (a)

252A

2.51%0. 23
~0.87£0.03
0.61£0.01
0.18+0.07
-2.,30£0.48
~0.14%£0.26

~-4.24£0.69
0.2%4£0.02
0+.12£0. 10
0.54£0.07
0.594£0. 13
1.13¢1.04

~-0.28%0.20
~0.1940.06
0.074£0.04
0.30£0.01
~0.52¢£0. 18
0.63%0.27

~2.01£0.71
=0.76%0. 10
0.80%0.05
1.02£0.00
~2.2440.54
1.63£0.50

7.03¢0.25
1.35t0.06
0.80£0.05
1.02£0.00
3.42¢0.79
1.95¢0.96

Table 15

PHASE 3~4 CRITERIA
STATISTICAL SUMMARY

(WT § MAF)

252B

1.01%1. 21
=0.12£0.29
0.68t0. 11
0.504£0.45
~1.95¢£1.05
~0.10¢1.40

-1.56t1.74
0.24£0.19
~0.27£0.08
0.3010.16
~0.04t0.81
0.57¢£0.98

=0.38%£0.25
~0.13£0.10
0.004£0.02
=0.02£0.12
~0+31£0.43
0424£0.27

~0.93%0.71
=-0.01%0.28
0.41£0.04
0.78%£0.36
~1.68%0.52
0.71¢0.84

3.40¢2.45
0.61£0.22
0.96t0. 18
0.90£0.28
2.85%1.63
2.16%t1. 36

25281

-0.03£0.64
0.16%0.16
0.60£0. 10
0.01£0.34

-0.41%1. 16

~0.32¢0.20

0.97£1.12
0.62£0.21
~0.20£0.09
0.36+£0.32
~0+71£1. 30
0.86£0.46

~0.08%0.31
=-0.10£0.08
0.02£0.01
-0.01£0.03
=0.07¢0.17
042410, 31

(G+85£0.85
0.6940.13
0.41£0.03
043740025
-1.19¢£1.49
0.78+0.52

1.66£1.44
0.90£0. 11
0.82£0.19
(+67+£0. 26
2+38t0.66
1.44+0.82

(a) Closure Error sign convention is that losses are negative.
(b} Total is the arithmetic sum of the individual unit errors.

(c) Absolute Total is the sum of the absolute values of the individual unit errors.
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252C

~0.68t0.69
=-0.54£0.26
0.65£0.01
1.88£0. 10
~1.45t0. 26
0.134£0.28

~0.52¢0.71
0.38%0.26
-0.27£0.10
~0.18+0.08
=-0.49+0.91
0.03£0.02

=0.27¢0.22
~0.07£0.01
0.01£0.01
=0.11£0.05
-0.14£0.42
0.60%0415

~1.47%£1.62
‘0-24t0t01
0.39+0.08
1.594£0.08
-2.08t0.23
0.75¢0. 10

1.47¢1.62
0.99£0.51
0.93%0.12
2.18t0.13
2.38%0.23
0.82£0.00

252C1

0.92£1.32
-0.42£0.23
0¢14%£0. 42
0.13£0.47
-0.45£0.48
-0.31£0.70

-0.94%£2.50
0.08+£0. 36
~0.36£0.17
=~037¢£0.21
0.30£0.93
~0.15£0.33

0.02£0.55
~0.01£0.04
0.,01£0.03
~0.02£0.07
~0+214£0.64
0.22£0.23

0.00¢1.15
~0.35¢£0.38
-0.21t0.34
~-0.26£0.45
=0+36£0.45
~-0.24%£0.81

4.02¢1.44
0.7i%0.30
0.66%0.42
0.75%0. 31
16611, 12
1.01£0.32
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e .
Operating Périod

Total Org¢anic Carbon
Kjeldahl Nitrogen
Sulfide Sulfur
Chloride

Phenols

Inorganic Carbon

Total Organic Carbon
Kjeldahl Nitrogen
Sulfide Sulfur
Phenols

Inorganic Carbon

2328

5,306

16,630

18,160

<1

785

904

Table 16

"RUN 252 SOUR WATER ANALYSES (a)

252B 252B1

V105 From First Stage

4,586 17,567

13,711 22,294
19,720 12,120
<1 -
1,167 2,837
958 3,380

V180 From Second Stage

466 3,816
13,048 12,768
13,760 9,400

213 844

88 145

79

252C

34,140
16,020

404

1,891

3,250

769
9,408
8,280

883

158



- €°6L (13- 28°] 9€°0 £€8°0 vZ-Sit - - 6V M/Y¥ IO03 am pug £€SE z6/Za
- - - - - - - b LS € M/¥ 103 QM 3si S1L9€E LE/LO
- Z-LL LL°S vZ-0 £€8°0 €9°S1 - 1°8G Lo a1duwes qel ro03 am SLLE 0E/1L0
- €°8L 0L*S | A1) 88°L [i1300 41 - 165 t°S a1duwes qe1 I03 QM 2662 oL/i0
69 0°LL S9°G LZ*0 Z8°0 t0°S1 - v-eo 6°S o1dwes qe1 103 am v8LT 90/L0
s Z°6L 99°¢ €20 080 LLEL - S°PS S*g ar1duwes qe1 103 am 99ZZ Le/zi
- €°8L 1SS [ Sandi} iv-ti te-sl - £°LS 0% s1dwes qe1 103 QM ZL91 L/
- 9°6L LE°G 8Z°0 82°1 S84 - L°8S |30 4 a1dwes qeT 103 QM 11318 oL/Zt
unx 3IxP3S3x 03
(vG)E9 Ye6L €S°§ 9Z°C 96°0 CLoEL - S°LS o'V pasn a3rsodwo) 009t 50/21
S9 v-8L ve-s 0€°0 GO0t at vt 887 8°LS SLE umopinys I3jje paaowady 8Z9L 10/t
(voL)soL 6718 vi-9 v<c-o 98°0 8€°6 L°LE 565 [ 30a 4 am 3si 006G1 T/LL
€ yo3eg papryInNs
981 8+68 LE*9 L0 9.°0 G592 6°€¢ L°09 vzt 3o @atrsodwop - QWL
Z yd3ieg papryIng
861 {°€6 SL*9 80°0 Z9°0 veE-L L-%e 6073 ¥8°v 30 s3rsoduc) - GLALL
L udljeg pPapriins
181 L°26 6v°9 8L°0 Z9-0 69-1 [l 43 6°09 ST v Jo a3rsoduo) - CLALL
A3tAT30Y ysy S N H ) 110 ysv s a1dues jo 2by £8--9861
suateyjyden % I ‘3IsA{eieD pPa3IdRIIXI~JIHT 3 Im ST-SY uox3draosaq asdiieae)d ‘a3eq
JO STSATeuy abeiaay

LSATYLYD IOVLIS IS¥Id
252 NNy

LL @TdqeL

«9L/1 D1 IYDOWY

80

"

e

o

0w



81

- 19497 ,6 2A0QY

S6 L-v8 LE"S C£2°0 06°0 LL e 0-2Z¢ 8°6S Z0°% uy Jo pud L1264 £1./20
) T2497T ,6 O3 .¥
Vit 9°58 Zv° s tZ-0 ¥8°0 99°¢L S g€ 8°8S £€8°€ uyy 3o pug LZ6L €L/z0
£ Yo3ed PIPTITNS
981 868 tE€°9 ZL°0 9L°0 S9°C 6°€E L°09 vz v 3o a3Tsodwod = |t iy
Z 4yd3ed pIpPTIINS
861 L*€6 SL*9 80°0 Z9°0 reE“L L-vE 6°09 v8-v 30 @3r1sodumop - SL/Ld
| yos3ed papTITIns
18t £°26 ev°3 8L°0 290 69°1 e 6°09 [Tl 4 3o a31sodwop - ZL/L
X3TAT30W ysy s N H 5] 110 ysy s o1dwes 3o sby £8-9861
auaTeyzyden % I "3s&Tele) PaIORIIXI-JHL 3 M ST-SY uot3idraosaq 3si1eled 133ed

Jo stsdieuy
ISXTYIYD IOVIS ANODIS ,91/L DI IYDOWY
ZGT NOY

81 I1qerL

_’ [ o



CC.-ITSL with ash recycle

two-stage liquefaction
close-coupled mode

pulverized coal

|

slurry
——1 preperation

v

liquetaction [¢— hydrogen
soivent/ l

solids ,
hydro- hyd‘::ewn:cﬁon ¢ hydrogen
treated I

ot roeery " | hydrotreated distilate

|

hydrotreatad resid + ash

|

criticel

solvent ash
——p agh concentrate

FIGURE 1. BLOCK FLOW DIAGRAM OF CC-ITSL
OPERATION WITH SOLIDS RECYCLE
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FIGURE 21. PARITY PLOTS OF EXPERIMENTAL VS PREDICTED
C4+ DISTILLATE YIELDS AND COAL FEED RATES
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