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ACRONYMS AND ABBREVIATIONS

AFDU Alternative Fuels Development Unit, LaPorte, Texas
Al O, Alumina

CGCC Coal Gasification Combined Cycle
CSTR Continuous Stirred Tank Reactor
Cco Carbon Monoxide

CO, Carbon Dioxide

Cu Copper

DME Dimethyl Ether

DOE United States Department of Energy
DVR Design Verification Review

GC Gas Chromatograph

°F temperature unit, degrees Fahrenheit
H, Hydrogen

LPDME Liquid Phase Dimethyl-Ether
LPMEOH Liquid Phase Methanol

MeOH Methanol

N, Nitrogen

NDG Nuclear Density Gauge

PFD Process Flow Diagram

ppm parts per million, by volume

psig pressure unit, pound-force per square inch, expressed in gauge
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ABSTRACT

This report documents the engineering, modification, and operations efforts of the demonstration of
dimethyl-ether/methanol coproduction in a slurry-phase reactor. The demonstration was carried out in
a 2 ft diameter bubble column reactor at the U.S. Department of Energy-owned Alternative Fuels
Development Unit (AFDU) in LaPorte, Texas, during April and May of 1991.

Several modifications were made to the existing plant to facilitate this demonstration. Old, unused
equipment was refurbished and commissioned. New equipment and instrumentation were also purchased
and installed. The equipment modifications made it possible to remove the product DME and by-product
CO, from the reactor effluent.

The coproduction of dimethyl-ether (DME) and methanol (MeOH) was accomplished in the slurry
reactor by physically mixing two different catalysts. The catalyst used to produce MeOH from syngas
was manufactured by BASF (type S3-86); the catalyst used to convert MeOH to DME was Catapal y-
alumina. The ratio of MeOH to DME catalysts determined the selectivity towards DME.

The AFDU demonstration sought to study the effect of cocatalyst ratio on product selectivity. Three
different proportions of DME catalyst were examined: 0, 6.6, and 19.3 wt% alumina. At each catalyst
proportion, the plant was operated at two different gas space velocities. Some process variables were
maintained at fixed conditions. The most important of these variables included: reactor temperature
(482°F), reactor pressure (750 psig), and reactor feed gas composition (35% H,, 51% CO, 13% CO,, 1%
other, nominal-molar basis).

The results from this demonstration were consistent with expectations based on prior laboratory work.
It may be concluded that, given a prior understanding of slurry hydrodynamics, the commercial scale-
up of DME technology is relatively straightforward.

(ii)



1. EXECUTIVE SUMMARY

This report documents the engineering, modification, and operations efforts directed towards the
demonstration of dimethylether(DME)/methanol coproduction in a slurry-phase reactor. The
demonstration was carried outin a 2 ftdiameter bubble columnreactor at the U.S. Department of Energy
(DOE) owned Alternative Fuels Development Unit (AFDU) in LaPorte, Texas.

This demonstration, conducted during April and May of 1991, was the first under Contract No. DE-
AC22-91PC90018, “Development of Alternative Fuels from Coal Derived Syngas” between Air
Products and Chemicals, Inc. and the U.S. Department of Energy (DOE), with later participation by the
Electric Power Research Institute (EPRI). The engineering and modifications were part of Task 1; the
actual demonstration was part of Task 2.

Several modifications were made to the existing plant to facilitate this demonstration. Old, unused
equipment wasrefurbished and commissioned. New equipment and instrumentation were also purchased
and installed. The equipment modifications made it possible toremove the product DME and by-product
CO, from the reactor effluent. This, in turn, allowed the unconverted syngas in the reactor effluent to
be recycled, thereby maintaining appropriate circulation rates, as well as maximizing syngas utilization.

The coproduction of DME and methanol (MeOH) was accomplished in the slurry reactor by physically
mixing two different solid catalysts. The catalyst used to produce MeOH from syngas was BASF S3-
86; the catalyst used to convert MeOH to DME was Catapal y-alumina. The ratio of MeOH to DME
catalysts determined the selectivity towards DME.

The AFDU demonstration sought to study the effect of cocatalyst ratio on product selectivity. Three
different proportions of DME catalyst were examined: 0, 6.6, and 19.3 wt% alumina. At each catalyst
proportion, the plant was operated at two different gas space velocities. Some process conditions were
fixed. The most important of these included: reactor temperature (482°F), reactor pressure (750 psig),
and reactor feed gas composition (35% H,, 51% CO, 13% CO,, 1% other, nominal-molar basis). As a
consequence of the demonstration method, less important process variables such as catalyst concentration
in the slurry, and slurry level varied somewhat.

Following plant recommissioning, the MeOH catalyst was activated in-situ with dilute syngas, the usual
technique. After completion of catalyst activation, the plant operated for five days at baseline conditions
making MeOH. Aftera few days the testdata collection period began. Three data “points™ were collected;
one at a space velocity (SV) of 5700 sl/kg-hr and two at SV=8900-9100. The MeOH production rate
was as expected.

Next, a precalculated portion of MeOH catalyst was withdrawn and an equal portion of alumina (by
weight) was added to bring the cocatalyst composition to 6.6 wt% alumina. Four data points were
collected: two at SV=5400 and two at SV=8900. The redundant data points were collected to check for
performance degradation with time on-stream (there was none). The production of DME met expectations
while that of MeOH exceeded expectations somewhat. The selectivity, expressed as the ratio of DME
to MeOH, was approximately 2/3 (by mole) at the lower space velocity and 1/3 at the higher space
velocity.



Once again, more reactor slurry was withdrawn and an equal portion of alumina (by weight) was added
to bring the cocatalyst composition to 19.3 wt% alumina. Three data points were collected at SV=5900,
SV=9500, and again at SV=5900. The production of DME fell slightly short of expectations while that
of MeOH met expectations. The selectivity, expressed as the ratio of DME to MeOH, ranged between
2.6/1 and 1.8/1 at the lower space velocity and 1.2/1 at the higher space velocity.

The results from this demonstration were consistent with expectations based on prior laboratory work.!"
However, there was evidence that the catalyst-blend has a greater tendency to settle-out than the MeOH
catalyst alone. This departure is probably more pronounced at lower gas velocities. Additional work in
this area is warranted. It may be concluded that, given a prior understanding of slurry hydrodynamics,
the commercial scale-up of DME technology is relatively straightforward.




2. INTRODUCTION

As part of the DOE-sponsored contract “Synthesis of Dimethyl Ether and Alternative Fuels in the Liquid
Phase from Coal-Derived Syngas” (Contract No. DE-AC22-90PC89865), the single-step, slurry phase
DME synthesis process was developed. This development involved screening of catalyst systems,
process variable studies and catalyst life studies—all carried out in two 300 ml stirred autoclave reactors.

Conceived as a spin-off from the Liquid Phase Methanol (LPMEOH) process, the new process
significantly improved the syngas conversion tfficiency over that of the LPMEOH process. This
improvement was achieved by replacing a portion of MeOH catalyst with a dehydration catalyst in the
reactor, resulting in the product MeOH being converted to DME, thus avoiding the thermodynamic
equilibrium constraint of the MeOH reaction. A preferred catalyst system, consisting of a physical
mixture of a MeOH catalyst and a y-alumina, was identified. An improvement of about 50% in MeOH
equivalent productivity was achieved compared to the LPMEOH process. The details of the catalyst
development and optimization efforts have been documented elsewhere.!!) Following is an overview of
the current state of Air Products’ slurry-phase DME efforts.

2.1 CHEMISTRY OF DME SYNTHESIS FROM H,/CO SYNGAS

DME can be produced from syngas via a two-step reaction mechanism, In the first step syngas is
converted to MeOH:

2 H, + CO <==>MeOH (step 1)
In the second step MeOH is dehydrated to form DME:
2 MeOH <==> DME + H,0 (step 2)

Both these steps are reversible and exothermic. At equilibrium, the MeOH production step is favored
by higher pressure; the DME step is pressure neutral. Each of these steps is catalyzed by a different
material: MeOH is produced using a mixed metal catalyst such as copper-zinc on alumina, while DME
is produced using an acid dehydration catalyst such as alumina.

The MeOH catalyst used also exhibits activity towards the water-gas shift reaction:
H,0+CO <==>CO, +H, (step 3)

Shiftis necessary toincrease the hydrogen availability when processing CO-rich synthesis gases (typical
of modem efficient coal gasification).

Multistep processes, which use separate reactors for each step, cannot exploit the potential synergy of
the three reactions. If these three reactions are conducted simultaneously, MeOH synthesis drives the
forward shift reaction, and DME synthesis drives both the MeOH and shift reactions. Consequently, a
one-step process is more flexible and can operate under a wider range of conditions than a multistep
process. In addition, multistep processes require separate reactors, heat exchangers, and associated

equipment.



The production of DME has many potentially commercial benefits. First, synthesis of DME can lead to
higher syngas conversion per pass, improving the flexibility of co-producing powerand clean liquid fuels
in Coal Gasification Combined Cycle (CGCC) power plants.®?! Second, mixtures of DME and MeOH
may have potential in the clean-burning oxygenated fuels transportation market. On-board generation
of DME has already been investigated by Karpuk and Cowley! as a means of improving MeOH's cold-
start characteristics. Finally, and perhaps most importantly, DME is a well-known intermediate in
processes for converting synthesis gas to liquid fuels and chemicals.**) Apart from being a precursor in
Mobil’s MTG process, DME offers potential as a chemical building block to mixed ethers, currently
attractive as replacement octane blending agents in the U.S. gasoline pool.

22 LABORATORY RESEARCH-—BASIC PERFORMANCE

For the laboratory work, commercially available catalysts were primarily used, although some novel
catalytic materials were also examined. All catalysts were activated according to the manufacturers’
recommended procedures. They were slurried in either degassed WITCO 70 or degassed DRAKEOL
10, food grade mineral oils which are primarily C,,-C,, paraffins. Slurry concentrations varied from 15
to 30 wt% catalyst (based on the total weight of the slurry).

Initial screening studies were carried out on a number of catalyst pairs to identify the system with the
greatest activity and mutual physical compatibility.!® The prototypical catalyst pair discussed here used
powdered BASF S3-86 to activate the MeOH and shift steps, and Catapal y-alumina for the dehydration
step.

A variety of process variable scans were conducted to characterize performance. Independent variables
included temperature, pressure, space velocity, feed gas composition, and catalyst proportions. The
dependent variables included productivity and selectivity. A summary of the range of process variables
is included in Tables 2.2-1 and 2.2-2,

TABLE 2.2-1
FEED GAS TYPES STUDIED
TYPE COMPOSITION (MOLE %)
H, co N, Co,
DOW 41 41 2 16
SHELL 30 66 1 3
TEXACO 35 51 1 13
H,-RICH 74 15 4 7
BALANCED 50 50 0 0




TABLE 2.2-2
RANGE OF PROCESS VARIABLES

VARIABLE RANGE
Temperature 482-536 °F (250-280°C)
Pressure 750-1450 psig

Space Velocity 1,500-10,000 sl/kg-hr
Catalyst Proportion 0 - 50 (wt% alumina)

The characteristic behavior of Liquid-Phase DME (LPDME) is contrasted with LPMEOH in Figure 2.2-
1, which presents the CO conversion as a function of space velocity. The CO conversion in LPDME is
up totwice as high as thatin LPMEOH and much higherthan the equilibrium conversion achievable from
the MeOH reaction alone. Interestingly, the gap between DME equilibrium and the DME performance
curve indicates that there is still substantial room for catalyst itnprovement.

As one would expect, raising the reactor temperature increases the activity of both catalysts. However,
the rate of dehydration is more strongly affected by temperature, such that overall, DME selectivity
increases. This effect is illustrated in Figure 2.2-2.

Pressure has a pronounced impact on overall productivity. By increasing pressure, the first of the two
sequential steps can be driven forward at a greater rate, resulting in increased productivity for both
components (see Figure 2.2-3). The response of selectivity to increasing pressure is dependent on space
velocity. Atlower space velocity, selectivity to DME increases with increasing pressure; at higher space
velocity, the reverse is true.

The relative proportions of $3-86 and alumina have a profound impact on process performance (see
Figure 2.2-4). As would be expected, increasing the percentage of dehydration catalyst increases
selectivity to DME. In addition, at very low proportions of alumina, increasing its relative amount
significantly increases the overall per-pass equivalent MeOH proauctivity (equivalent prcductivity is
defined as productivity of MeOH plus twice the productivity of DME). If one continues to increase the
proportion of dehydration catalyst, the incremental increase in productivity slows until a maximum is
reached. Beyond this point, continued increases in the alumina proportion result in reduced productivity.
The composition which corresponds to the maximum productivity is a function of pressure, temperature,
catalyst types, and syngas composition. Commercially, one must consider both selectivity and
productivity before deciding on the appropriate catalyst proportion. For the purposes of demonstrating
the scale-up in the AFDU, two particular alumina contents were chosen: one at relatively low alumina
content (6.6 wt%) to produce methanol as the major component, and the other ata higher alumina content
(19.3 wt%) to produce a DME-rich product at the maximum equivalent productivity.

The laboratory screening and process variable studies successfully identified the attractive operating
envelope for DME synthesis. A major question which cannot be resolved in mechanically stirred
autoclaves is whether the dual-catalyst system will remain homogenized when agitated within a bubble
column reactor. Improper mixing and/or stratification of the two catalysts will introduce mass transfer
resistance and reduce productivity. Otherissues which are appropriate to this technology include catalyst
preparation and handling, start-up, and shutdown. Finally, hydrodynamic data such as vapor hold-upand
catalyst agglomeration are important.
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Having established the feasibility of the slurry-phase coproduction of DME and MeOH,!! the next step
towards commercialization is to demonstrate that the technology can be scaled-up from mechanically-

stirred, bench-scale reactors to bubble column slurry reactors. The results of this scale-up effort are the
subject of this report.
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3. PROCESS DEVELOPMENT AND AFDU MODIFICATION

Under previous contracts with DOE, Air Products and Chemicals, Inc. has operated a semi-works scale
high pressure bubble column reactor at DOE’s AFDU in LaPorte, Texas. This facility is capable of
processing syngas of virtually any composition. Most recently, the plant demonstrated LPMEOH
technology at a maximum production rate of 12 tons/day of MeOH.!"

As part of the current contract with DOE, modifications have been made to the plant to facilitate the
demonstration of DME in the slurry phase. Most notably, unit operations were added to allow product
DME and co-product CO, to be removed from the reactor effluent (a refrigerated, partial condensation
process was used).

3.1 PROCESS DESCRIPTION

A schematic of the AFDU flowsheet is shown in Figure 3.1-1. Hydrogen, CO, and CO, are blended and
compressed, then mixed with recycle gas to form the desired syngas composition and flow. This reactor
feed is preheated, then introduced to the bottom of the slurry reactor. The syngas flows upward through
the slurry (catalyst-mix plus mineral oil) and is partially converted to products and by-products. The heat
of reactionis absorbed by the oil and thenrejected to aninternal heat exchanger. The grossreactoreffluent
is passed through a cyclone to remove catalyst fines, then cooled to condense traces of slurry oil. The
resultant vapor is considered to be the net reactor effluent and contains MeOH, DME, CQ,, H,0, and
unreacted reactor feed. This stream is subsequently chilled against cooling water, and introduced to a
separator where the bulk ofthe MeOH and any wateris recovered as aliquid. The remaining vapor portion
iscooledin a series of heatrecovery and refrigerant cachangers, then directed to a second separator where
DME and a portion of CO, is removed as liquid. The vapor from this separator is rewarmed, compressed,
and recycled to the front-end. The DME-bearing liquid is flashed to a lower pressure and vaporized to
reject CO, and partially concentrate the DME.

Flows and composition are measured at various strategic points in the process (indicated in Figure 3.1-
1 by “F, X”). The two key points are reactor feed and reactor effluent. The additional process points are
measured to provide information which can be used to resolve the material balance.

The centerpiece of the plant is the reactor (see Figure 3.1-2). The reactor is approximately 28 ft tall and
can accommodate 20 ft of slurry; the internal diameter is 22.5 inches. A nuclear density gauge (NDG)
is used to determine level and measure vapor holdup. Scans of the reactor are made at predetermined
positions, as indicated. The reactor is equipped with an internal heat exchanger which maintains reactor

temperature.
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FIGURE 3.1-2
27.10 REACTOR

P

MAXIMUM PRESSURE 1000 psig
MAXIMUM TEMPERATURE 600 F
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3.2 PROJECT EXECUTION

The plant, as it existed to demonstrate LPMEOH technology, had no capability to remove CO, or DME
from the reactor effluent. As a result, new and modified equipment was designed and installed. A list
of the major items added is summarized below:

ITEM TYPE OF EQUIPMENT STATUS DESIGN P (psig)
shell tube
21.38 Shell & Tube Exchanger  reactivated 1000 1000
2145 A&B  Hairpin Exchangers new 1000 1000
21.80 Kettle Evaporator new 667 1000
22.14 High Pressure Separator modified 1000 n/a
22.18 Low Pressure Separator modified 1000 n/a
28.40 DME Storage Tank new 250 n/a

The 21.38 was an existing exchanger which had been previously out of service. The 22.14 and 22.18 were
used in 1983 as catalyst guard beds and had been removed from the unit. These two vessels were modified
to accommodate feed nozzles and liquid level instrumentation.

The 21.45 A&B hairpin exchangers and the 21.80 evaporator were purchased under the current contract.
The 21.80 evaporator was designed to utilize an existing liquid CO, supply to provide refrigeration but
also be capable of handling low-pressure freon or propane as a refrigerant in the future, Finally, the 28.40
storage tank was purchased to temporarily store any DME which would be produced during the
subsequent operation.

The initial flowsheet development and major equipment sizing was performed under a previous
contract.* The detailed flowsheet development and piping, valve, and instrumentation design were
carried out under the current contract.

The instrumentation and piping associated with the new/modified equipment is not itemized here but is
displayed in the detailed process flow diagram (PFD) in Figure 3.2-1 (essentially, all valves and
instrumentation on the right half of the PFD are new).

The majority of the design and procurement effort was completed by January 1991. In February, the final
flowsheet review, called the Design Verification Review (DVR), was completed. The documentation
of this review meeting provides a good summary of the potential hazards which were identified and the
steps that were required to address them. The DVR document has been attached as Appendix A.

On-site construction began in January 1991. By early April, the new equipment and instrumentation had

been installed. The final plant check-out was completed in April along with the reactivation of the data
acquisition computers and the analytical devices.
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FIGURE 3.2-1
ALT. FUELS DEVELOPMENT UNIT
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4. DEMONSTRATION AT THE AFDU

Operations were carried out at the LaPorte facility between 29 April and 17 May 1991 to demonstrate
the coproduction of DME and MeOH in a slurry reactor. The approach was to blend in dehydration
catalyst (alumina) with the MeOH catalyst to produce DME and thereby drive the equilibrium-limited
MeOH reaction farther forward, resulting in higher syngas conversion.

Daily reports were issued during the course of the run. A reproduction of the run chronology is attached
as Appendix B. Highlights of the five major tasks are presented here:

+ Calibrate instruments, recommission the data computer, check for system cleanliness (Shakedown)

» Activate MeOH catalyst (Run AF-Al)
+ Baseline MeOH production with BASF S3-86 catalyst (Run AF-R1)

* MeOH/DME production with 93.4% MeOH catalyst and 6.6% dehydration catalyst, Catapal y-
alumina (Run AF-R2)

¢ MeOH/DME production with 80.7% MeOH catalyst and 19.3% dehydration catalyst (Run AF-R3)
4.1 SHAKEDOWN

Because the facility was inactive during the previous two years, all instrumentation was fully
recalibrated. In addition, the Gas Chromatographs (GCs) and data acquisition computer were reactivated.
Some of the electronic equipment associated with the data computer was replaced.

The nuclear density gauge used to determine liquid level and vapor holdup in the reactor was calibrated
on 25 and 29 April. The initial calibration was suspect, 50 a recalibration was also performed following
the run on 20 May. Details of the calibration effort are found in Appendix C.

As an integral part of shakedown activities, syngas is circulated through the plant to remove iron and
nickel carbonyls, known MeOH catalyst poisons. Analysis of the syngas was performed to detect
carbonyls as well as chlorides and sulfides. Documentation of these analyses is attached as Appendix D.
To summarize the findings—all poison levels were quite low.

4.2 CATALYST ACTIVATION

The activation of the MeOH catalyst was undertaken using dilute syngas (3.5 vol% in N,). This operation,
referredto as Run AF-A1, was developed in work completed under a previous DOE contract (DE-AC22-
87PC90005)." Total specific uptake of H, + CO (SCF/Ib catalyst) was lower than expectations (based
on total contained copper-oxide in the catalyst) but the subsequently high catalyst productivity met that
of laboratory catalysts, so activation was undoubtedly successful. Improved measurements of the low
flow of H, and CO used during activation are required. Details of the activation can be found in Appendix

E.
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4.3 SYNGAS CONVERSION DEMONSTRATIONS

There were two major objectives for the run: 1) demonstrate the concept of enhanced syngas conversion,
and 2) map system performance with variation in catalyst proportion.

Although there were a large number of independent process variables open for investigation, it was
elected to fix feed composition, reactor temperature and pressure, and total catalyst load. Catalyst
proportion (ratio), superficial inlet velocity, and slurry level were allowed to vary.

Fixed Process Variables

A Texaco-type reactor feed was used throughout: 35% H,, 51% CO, 13% CO,, and 1% N,. This gas
simulates the once-through operation that was used extensively in previous LPMEOH work. While
operating in the DME-mode, some DME survived in the recycled gas and showed up in the reactor feed
(approximately 1%). To compensate, the CO, content in the feed gas was reduced.

Throughout the run, the reactor was maintained at 482°F and 750 psig. The total catalyst charge was
intended to be constant but, in fact, varied between 450 and 485 1bs.

Adjustable Process Variables
Three catalyst proportions were examined: 0,6.6, and 19.3 wt% alumina. The 0% case served toestablish
the baseline performance of the MeOH catalyst. The 6.6 and 19.3% cases represent methanol-rich and

DME-rich production modes.

At each catalyst proportion, two inlet gas velocities were studied: 0.24 and 0.37 ft/sec. This translates
into space velocities of 5,700 and 9,100 sl/kg-hr (nominal). The reactor level was maintained at 75 or
100% of maximum.

Run Conditions
Ten process conditions were investigated during this demonstration as shown in Table 4.3-1.

18




TABLE 4.3-1
PROCESS CONDITIONS/DESIGNATIONS
RUN # Wt% Space Slurry
Dehydration Velocity Level
Catalyst (sl/kg-hr) (%)
AF-R1.1 0.0 5,700 75
AF-R1.2 0.0 8,900 100
AF-R1.3 0.0 9,100 81-70
AF-R2.1 6.6 5,400 100
AF-R2.2 6.6 8,800 100
AF-R2.3 6.6 5,500 75
AF-R2.4 6.6 9,000 87-79
AF-R3.1 19.3 5,900 100
AF-R3.2 19.3 9,500 100
AF-R3.3 19.3 5,900 75
AF-R1 Operations

Following the MeOH catalyst activation, syngas rates were increased to the conditions corresponding
toRun AF-R1.1. Initially, there appeared to be a temperature stratification in the reactor (the bottom was
8°F hotter than the top). The temperature stratification persisted, so rates were increased to a point
midway between R1.1 and R1.2. The temperature stratification was reduced significantly as mixing
improved, provided by the increased gas velocity. This intermediate condition held and by 07:00 on 2
May, the plant had lined-out sufficiently so that a 4-hour period of data collection was undertaken. The
productivity of the MeOH catalyst was determined to be about 30 gmoles/hr-kg catalyst (oxide); the
corresponding autoclave condition would result in a productivity of 25. The high productivity
experienced during this period was due to a number of factors, the two most important being the inherent
“hyperactivity” of fresh catalyst and the fact that the AFDU reactor behaves as multiple Continuous
Stirred Tank Reactors (CSTRs) in series. At this point it was concluded that the catalyst activation had
been successful and operations could continue.

Still concerned that the slurry was not completely homogenized, the rates were further increased to the
R1.2 condition. This state was maintained while hyperactivity declined and productivity stabilized. By
03:00 on 3 May the MeOH production had stabilized and the first data collection period began. The
reactor slurry level was at 100%.

At 13:00 on 5 May the R1.2 data period was entered and rates were reduced to the R1.1 condition. As
a consequence of this lower gas velocity, the slurry level dropped to 75%. The plant quickly lined-out
at the new condition and the R1.1 data collection period began at 21:00 on 5 May.

At 17:00 on 6 May the R1.1 data period ended and the rates were increased to correspond toR 1.2 (slurry
level was atapproximately 100%). The primary objective at this point was to thicken the slurry by driving
oil out of the reactor (at higher gas throughput the oil loss is increased). By 07:30 on 7 May the slurry
level had fallen to 70%. Though the level had continued to decline, MeOH productivity was stable and
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a supplemental data period, R1.3, was recorded. Methanol productivity for R1.2 and R1.3 was virtually
identical, which indicated no loss of activity with time-on-stream. This point marked the end of the AF-
R1 series of operations.

Nearly 10,000 gallons of MeOH product were collected during this campaign. Approximately 7,000
gallons of “typical LaPorte MeOH" were loaded on a trailer and sent to off-site storage.

The composition of the MeOH product was measured every 12 hours and was steady throughout
operations. Individual measurements can be found in Table F1 in Appendix F. The average composition
is reported below:

Component Concentration
(wt%)
methanol 96.800
ethanol 0.645
propanols 0.244
butanols 0.176
pentanols 0.132
methyl formate 1.084
methyl acetate 0.159
dimethy! ether 0.030
water 0.504
mineral oil 0.226

AF-R2 Operations

While AF-R1 operations were underway, alumina had been charged to the prep tank and heated in oil
under N, purge to drive off water. When R1 operations were completed and the reacter had been cooled
to 250°F, a portion of reactor slurry was withdrawn into a drum (designated drum S1). The remainder
of the reactor slurry was transferred into the prep tank and mixed with the (now dry) alumina slurry. After
several hours of agitation the prep tank slurry was transferred back to the reactor.

The quantity of oil used to slurry and dry the alumina was greater than that driven-off during the
thickening procedure and that drained into drum S1. Therefore, further heating under N, flow was

required to vaporize the excess oil.

At 11:00 on 8 May the plant was back at pressure and under syngas. The first data period, AF-R2.1, began
at 00:00 on 9 May and was completed at 17:00 on 9 May. The selectivity towards DME declined
somewhat during this period. The rates were then increased and at 09:00 on 10 May the R2.2 data period
began. Production and selectivity were stable during this data period. Productivity towards DME was
asexpected, whi!e that towards MeOH was greater than anticipated. The molar selectivity, DME/MeOH,
was 1/2.9. Equivalent productivity exceeded that of MeOH-only by 24%.

At 12:00 on 11 May the R2.2 data period ended and rates were reduced to the R2.3 condition (a R2.1
repeat). Once again productivity and selectivity were steady. Also as before, productivity towards DME
was as expected, while that towards MeOH was greater than anticipated. The molar selectivity, DME/
MeOH, had increased to 1/1.8. Equivalent productivity exceeded that of MeOH-only by 11%.
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At 16:00 on 12 May the R2.3 data period ended and rates were increased to the R2.2 condition. The
primary objective was to thicken the slurry as was done previously. Conditions were stable even though
slurry level was falling, so an additinnal data period, R2.4, was recorded. The results were virtually
identical to those recorded during R2.2,

The redundant data points allowed for a check on perforinance degradation with time on stream—there
was none,

AF-R3 Operations

While the AF-R2 operations were winding down, more alumina had been charged to the prep tank and
heated in oil under nitrogen purge to drive off water. When the R2 operations were completed and the
reactor had been cooled to 250°F, a portion of reactor slurry was withdrawn into a second drum
(designated drum S2). The remainder of the reactor slurry was transferred into the prep tank and mixed
with the (now dry) alumina slurry. After several hours of agitation the prep tank slurry was transferred
back to the reactor.

This time it was not necessary todrive off excess oil and operation under syngas was quickly established.
At 00:00 on 14 May the data period for Run R3.1 began. During this period DME selectivity declined
as experienced during Run R2.1, Given the quantity of catalyst that should have been in the reactor,
overall productivity fell short of expectations, The reason for this observation became clear following
the run,

Post-run inspection of the reactor revealed that some catalyst had settled in the bottom head (below the
inlet gas sparger). It has been postulated that this catalyst settled because *'i¢ inlet gas velocities were
relatively low compared to those used in previous demonstrations. Furthermore, it is expected that much
of this catalyst settled out early on in the last run condition and did not participate in the reaction.
Elemental analysis of this material showed it to be high in alumina. which supports the theory that settling
occurred during R3 operations and not during previous campaigns. (Refer to Appendix F for a detailed
discussion of the catalystinventory calculations.) These calculations indicate that about 9% of the reactor
catalyst had settled out. This “loss" of catalyst resulted in an increased space velocity (in reality).

Given the understanding that space velocities were now higher, productivity during R3.1 wasin line with
expectations. Productivity towards DME was as expected, while that towards MeOH was slightly greater
than anticipated. The molar selectivity, DME/MeOH, was 2.6/1. Equivalent productivity exceeded that
of MeOH-only by well over 30%.

At 16:00 on 14 May the R3.1 data period ended and the rates were increased. The reactor level had been
at 100% during the previous run, sorates had to be increased gradually while oil was allowed to boil off.
At 06:00 on 15 May the higher rates had been attained, the plant was operating steadily, and the R3.2
data period began. Productivity towards DME was slightly less than expected, while that towards MeOH
was as anticipated. The molar selectivity, DME/MeOH, was 1.2/1. Equivalent productivity was virtually
the same as that of MeOH-only.

At08:00 0on 16 May the R3.2 data period had concluded and rates were quickly dropped to those required
for R3.3 (R3.1 repeat). At 12:00 on 16 May the R3.3 data period began and concluded at 09:00 on 17
May. Productivity towards DME was a little less than expected and had declined from R3.1; productivity
towards MeOH was as expected. The molar selectivity, DME/MeOH, had fallen to 1.8/1, and equivalent
productivity exceeded that of MeOH-only by over 28%.
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The reactor level during R3.3 was 75% while that of R3.1 was 100%. There had been concern that the
reduction in productivity between these two runs was a consequence of operating at the lower level (one
might view this as a reduction in the number of effective CSTRs). To address this issue the reactor level
was increased to 100% at the end of R3.3, and between 10:00 and 14:00 on 17 May plant operation was
monitored. There was no significant change in the composition of the reactor etfluent. It was concluded
from this observation that the difference between R3.1 and R3.3 was not a consequence of operating at
the reduced level.

At 14:00 on 17 May operations concluded and plant shutdown began.
4.4 RESULTS

The detailed material balance for each operating case is contained in Appendix G. These
material balances contain compositions and flows at selected points in the plant—the two most
important being the reactor-feed and reactor-out. Also included in these tables are elemental
and molar balances at key process locations.

On average, the overall plant elemental balance closed to within 1.5%, which is quite good.
The material closure of DME was excellent—the DME reportedly produced in the reactor
agreed with the DME measured in the plant exit streams to within 0.2% on average. The
material closure of MeOH was less outstanding but averaged 3.1%. The lack of closure with
methanol suggests some inaccuracies in measured flow and compositions. One may view this
lack of closure as representing uncertainty in the catalyst productivity, which averaged only
1.9% when DME and MeOH were considered together.

A summary of the material balance results from Appendix G is presented in Table 4.4-1. Most
of the information is self explanatory (refer to the nomenclature section of Appendix G for
definitions). Some items will be expanded upon here. The items referring to production,
productivity, and conversion are based on what is happening across the reactor. For example,
DME and MeOH “Makes” do not reflect losses in the purge gases and the like. Also note that
the slurry concentrations varied between 25 wt% and 37 wt% catalyst, depending on the run.
Based on previous experience with the unit, the variation in catalyst concentration within this
range is not expected to affect productivity by introducing a “‘mass transfer resistance”.

Finally, it should be noted that DME was contained in the feed to the reactor. This was
expected since the “cold-end” was not designed to fully remove DME. As expected, the
presence of DME in the feed gas reduces the reactor productivity. One should consider this if a
direct scale-up of the data is attempted.

Plots of the MeOH and DME concentrations in the reactor effluent are attached as Figures F2
(AF-R1), F3 (AF-R2), and F4 (AF-R3) in Appendix F. These figures show that the measured
DME and MeOH concentrations were fairly steady, though subject to some fluctuations. Also
contained in Appendix F are measured liquid compositions (Tables F1, F2, F3), measured
vapor composition of the flash gas (Table F4), measured vapor composition of the DME purge
gas (Table F5), and measured liquid production in the day tank (Figure F5).
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The first campaign (AF-R1) established the base-line productivity of the methanol catalyst.
This series of operations also served as a means of training the new personnel in plant
operation and data acquisition. Catalyst productivity, although only modestly sensitive to
catalyst activity at these space velocities, was as expected. The operation of the plant was
really no different than previous operations.”

The second campaign (AF-R2) demonstrated the concept of the enhanced syngas conversion
which results by adding a relatively small quantity of dehydration catalyst to the methanol
catalyst. At equivalent space velocity, productivity increased by 22% (lower space velocity)
and 11% (higher space velocity) by replacing approximately 7% of the methanol catalyst with
dehydration catalyst. Equivalent productivity was on-target although the selectivity towards
MeOH was higher than expected. Even though the run time was only 88 hours, there was no
indication of catalyst deactivation at this level of dehydration catalyst loading.

The final campaign (AF-R3) was to demonstrate a higher level of DME make. At low space
velocity the improvement in productivity is about 32%, however, at the higher equivalent
space velocity, productivity was about the same as all-MeOH. The operation at roughly 20%
dehydration catalyst fell short of expectations in two areas. First, the selectivity towards DME
was less than expected and declined with time-on-stream. Second, the catalyst settling was
totally unexpected and could not have been anticipated from results in the mechanically stirred
autoclaves. There is also some indication of catalyst deactivation, which was expected from
previous laboratory work."”!

The trends observed with respect to dehydration catalyst loading were as expected. Increasing
the relative amount of dehydration catalyst initially increases the overall productivity by
removing methanol from the system and thereby eliminating the equilibrium constraint of the
syngas-to-methanol reaction step. However, the productivity gain diminishes if the
concentration of dehydration catalyst is increased beyond a certain level. This is illustrated in
Figures 4.4-1 and 4.4-2. These figures compare the individual productivities as a function of
alumina content at the lower (4.4-1) and higher (4.4-2) space velocities. In each plot a
prediction of performance is shown to illustrate expected productivity. Expected performance
was calculated at a representative space velocity using a kinetic model (this model was based
on the laboratory autoclave data and assumes the LaPorte reactor acts as 2 CSTRs in series, an
assumption based on previous experience)./

Figures 4.4-1 and 4.4-2 aptly summarize the results of the entire operation and demonstrate
that the laboratory work can be successfully scaled-up. Even though the selectivity and
productivity were not exactly as predicted, they were close enough that in-the-field
modifications could be effective. In particular, the selectivity towards DME could be easily
adjusted by making slight changes to the relative proportion of dehydration catalyst.

Gas holdup data are presented in Figure 4.4-3 and compared with predictive curves derived
from previous LPMEOH experience. The predictive curves are fits of holdup data taken
previously for MeOH-only.% It is observed that the holdup at 0.3 ft/sec linear velocity agrees
well with prediction while at the lower velocity the holdup is slightly lower. It is interesting to
note that there is no discernible change in holdup with the different alumina proportions.
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5. CONCLUSIONS AND RECOMMENDATIONS

Overall, this demonstration went according to plan and met objectives.

* Under mixed DME/MeOH synthesis conditions, syngas conversions greater than 30% over
all-MeOH were achieved (syngas conversions 1.3 times that obtained for all-MeOH).

+ Water-gas shift activity appeared to be greater than expected (based on laboratory work)."
This is commercially significant since downstream water handling may be downsized and/or
simplified. In addition, the quality of the coproduced methano! product was better than
anticipated.

* The newly-installed CO,/DME removal unit was more effective than predicted and was easy
to operate.

¢ Over 15,000 gallons of MeOH product were collected. Roughly 7,000 gallons of “typical
AFDU methanol” were collected and directed to a tank-trailer and sent off-site for storage;
the remainder, which contained greater proportions of both DME and H,0, was collected in
the underground tank.

¢+ During AF-R3.2 roughly 700 gallons of crude DME product were collected and will be held
for future testing (estimated to be 74 wt% DME with the balance primarily CO, and H,0).
The bulk of DME produced during operations was burned in the flare.

An unexpected event was that some slurry settled in the bottom head of the reactor during the final
run series. This settling was clearly unanticipated since operation at low gas velocity had been
successfully carried out under the previous operations using 100% methanol catalyst. At present, it is
felt that the low velocity through the gas sparger was responsible for the catalyst settling. To review,
the gas sparger is doughnut shaped with holes on the underside. The sparger is currently positioned
approximately 8" off the bottom of the reactor. Vapor exits the sparger and is directed diagonally
downward to sweep slurry from the bottom head. The depth of vapor penetration is a function of gas
flowrate; previous experience with this sparger indicted good performance at superficial gas velocities
as low as 0.1 ft/sec. It is suspected that the addition of alumina caused the slurriability properties of
the catalyst-mix to change such that the low gas velocity was insufficient to fully sweep the catalyst
from the bottom head. One must therefore conclude that the current sparger orientation and
operation is not entirely satisfactory for all types of catalyst slurries.

The future direction of many technology demonstrations at the AFDU will be towards lower space
velocity. Chain building chemistries such as mixed-alcohols and Fischer-Tropsch are favored by low
space velocity (high residence time). Associated with the low space velocity comes low superficial
velocity (and low sparger velocity). Henre, modifications to the sparger system and its operation
appear warranted since slurriability issues cannot always be definitively addressed before the actual

demonstration.

Based on the success of this demonstration, and assuming that it is commercially attractive to
coproduce DME and MeOH, it is worthwhile to carry out additional demonstrations at the LaPorte

AFDU, such as: '
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+ Operation at very low space velocity (1000 to 2000 sL/kg-hr). This would study high CO
conversion as well as high selectivity to DME.

» Operation at higher catalyst loadings (35wt% to 50wt%) and low levels of dehydration catalyst
(less than 10%). This would help identify the operational limits of the dual-catalyst system
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APPENDIX A : DESIGN VERIFICATION REVIEW REPORT

This document is provided to illustrate the types of operational hazards addressed during
the engineering phase.
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I. INTRODUCTION

A Design Verification Review (DVR) meeting was conducted on

14 February 1991 for the Spring '91 DME (dimethyl ether) run of the
Alternative Fuels Development Unit (AFDU) located in LaPorte, Texas. The
Spring '91 run requires modifications and additions to the Liquid Phase
Methano! Process Development Unit which are funded under the Alternative
Fuels I contract. The objective of this run is to demonstrate higher
conversion levels of snygas by coproducing dimethyl ether and methanol.

Verification of R&D lab and simulation results is also desired.

The purpose of the DVR was to ensure that all 1tems relating to the
Preliminary Hazards review (PrHR) have been satisfactorily resolved and
to review any additional safety concerns. The PrHR meeting was conducted
on 16 October 1990. Due to this project’'s relatively short schedule, it
was decided to not conduct a Design Hazards review meeting. The Hazards
review process will be concluded with an on-site Operational Readiness

Inspection (ORI) prior to start-up.

The DVR confirmed that a satisfactory review of most of the PrHR items
has been performed. Those items requiring further review will be
confirmed during the ORI. Furthermore, additional hazard i1tems were
reviewed and are documented in part III B. The matrix attendance to the
ORI was discussed and a meeting will be conducted in approximately two

weeks prior to the ORI to outline the ORI requirements.

A4



11. Scope Changes and Process Modifications

There have been nro significant scope changes or process modifications

since the PrHR was conducted.

I11. Status of Hazard Items

A. The following table (labeled 111 A., Status of PrHR Items) documents

the status of the conclusions and recommendations that were developed

during the Preliminary Hazards Review (PrHR).

B. Table III B., Additional Hazard Xfoms. documents the results and

status of additional hazard items identified following the PrHR.
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IV. Follow-Up Work

The following {tems have been identified as requiring development and

documentation:

Item —Responsibility
A. Process design limitations Process Engr.
B. Process Run-Authorizations Process Engr.
C. Operator Training Documentation Operations
D. Start-up procedures Process/Start-up/Operations
E. ORI check 1ist " Project Engr.
F. ORI planning meeting HR Team
G. ORIl HR Team

A-15

- 12 -



APPENDIX B: RUN CHRONOLOGY

The run chronology covering the period 23 April 1891 to 21 May 1891 is included in this
saction.

Time on stream (TOS) Is assigned 0 hours at 08:00 on 1 May. This is when catalyst
reduction had been completed and syngas was introduced to the reactor.

The activation run and material balance periods cover the following times:

Run # Start of Perlod End of Period
Date Time TOS Date Time TOS
AF-A1 4/29 18:30 51  05:00
AF.-R1.2 §/3 03:00 43 55 13:.00 101
AF-R1.1 5/5 21:00 108 5/6 17:00 129
AF-R1.3 56 21:.00 133 5/7 06:00 142
AF-R2.1 5/8 00:.00 184 5/ 17:00 201
AF-R2.2 5110 08:00 217 511 12:00 244
AF-R2.3 5/11 16:00 248 5/12 16:00 272
AF-R2.4 5§/12 20:00 278 5/13 04:00 284
AF-R3.1 5/14 00:00 304 5/14 16:00 320
AF-R3.2 5/15 06:00 334 5/16 08:00 360
AF-R3.3 5/16 12:00 364 5/17 09:00 385

References to flow rates, gas compositions, and space velocities reflect real-time values
and have not been corrected. This has been done to retain a correspondence with the
operations, start-up, and process log books and data sheets.
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RATE

4/23/91
4/25
4/26

4/28

4/29

4/30

51

16:00

11:40

16:30

08:00
11:00

14:00
15:30

18:30

18:55

19:35

21:00
11:00

22:55

04:00

I08  DRESCRIPTION

Blinds on feedgas swung into position
First NDG calibration with nitrogen.

Introduced syngas to Hegin carbonyl burnout. Operation
is once-through. Samples taken to measure
concentration of carbonyls, sultides, and chlorides.

Began recycling syngas

Syngas backed-out; begin bringing nitrogen into the
plant.

Charged 129 gallons of oil to Prep Tank.

Added 489 Ibs of BASF S3-86 to preheated oll in Prep
Tank.

Transferred slurry from Prep Tank to Reactor.

Fiushed Prep Tank with 87 galions of oll and transferred
to Reactor.

Reduction gas composition lined-up at 1.2% H2, 1.8%
CO., 0.5% CO2 (remainder nitrogen). Reduction begins:
Reactor at 220 F and 100 psig. Reduction gas flow is
15,000 SCFH.

Cut flow momentarily to take an NDG scan. Level at 98"
on the tape.

Reduction gas composition 1.4% H2, 1.8% CO and flow
is 15,000 SCFH. This is fairly typical reactor feed
composition. Reactor temperature is 221.4 F.

Reactor up to 230 F

Reactor temperature at 390.5 F. Temperature ramp
averaged 11 F per hour over the last 14 hours.
Beginning the temperature hold.

Reactor temperature at 391.4 F. Have maintained 391 F
for 12 hours with negligible uptake of syngas. End of
reduction data collection period. Beginning the ramp to
464 F.

Temperature at 464 F, Temperature ramp averaged 15
F per hour. Begin 1 hour temperature hold.
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DATE IME IOS8  DRESCRIPTION

05:00
06:35
07:34

07:45

07:50

08:00

08:03

08:07

08:18

08:42

08:43

08:00

08:07

09:20

09:30

10:02

0:00

0:03

0:07
0:18

0:42

0:43

1:00

1:.07

1:20

1:30

2:.02

Temperature hold period over. Begin reactor cooldown
Reactor at 437 F, 100 psig.

Started the feed/recycle compressor. Begin pressurizing
plant. Nuke reading indicating 80" (gassed).

Zero-flow NDQ scan indicates liquid level at 69" on the
tape. T=430 F, P=419 psig.

Pressure up to 450 psig. Temperature profile in reactor
ranges from 399-434F (average = 425F).

Time zero mark. Beginning regular operations - syngas
into plant

Pressure = 890 psig. Temp profile is 407-450F (avg =
483.4F),

PV-201 opened to 100%.

Pressure = 760 psig. Temp profile is 409.8-468F (avg =
451F).

Etfluent sample from GC shows: H2=26.9 mole%,
COu=54.8, N2u12.9, CH4=0.07, CO245.87, MeOH=0.37.

NDQ scan shows level at 84." FQ241 Initial reading is
34810.2, FT126A=18258.1 SCFH, FT 187A=15061.8
SCFH.

Transfer started from the 27.12 back to the reactor.

Pump discharge pressure at the 27.12 increased to raise
reactor level.

Level detected In the 22.10. Reactor level is 80." Target
is 140."

Pressure = 752 psig. Temp profile is 393.3-463.1F (avg
= 439F).

Reactor Feed is 39% H2, 56% CO, 5% CO2. Reactor

feed is FT187B=20125 SCFH.
Tavg=448 F, P=751 psig
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5/2

10:30

10:35

10:40

10:53
11:58
12:10
12:17

12:40
13:27

15:15

16:59

18:38
22:30

00:00
00:15

2:30

2:35

2:40

2:53
3:58
4:10
4:17

4:40
5:27

7:18

8:59

10:38
14:30

16:00
16:15

RESCRIPTION

Oil drained from flare KO pot = 46 Ibs. A small amount
of clumpy catalyst was removed but oll was relatively
clear.

Reactor effluent is 23.5% H2, 61.3% CO, 7.8% CO2,
10.8% MeOH

Pressure = 748 psig. Temp range is 409.2-468.8F (avg
= 449.8F). Level is at 108", FT126A=17543, FT187A =
4066, FT187B=19400.

Level is at 112.”

Level is at 131."

Recycle flow atarted. Nuke indicating a level of 140."

FT126A = 20139, FT187A=40421, FT187B=40129.
Level = 168."

Oll addition stopped.

Nuke on automatic control, level at 180." Temp range is
444.1-478.9F (avg=478F),

Started raising nuke level to 213."

Started to transfer product from 22.15 to day tank.
FQ241 not registering. 22.15 level is at bottom of 10th
bolt, day tank starting point is 19.5."

Slurry sample taken off reactor.

The 8.5% MeOH standard was suspected of partial
condensation in the oylinder. The 3.8% std will now be
used for the GC calibration. John Wallace correction
factors:

GC1:0.9562 for MeOH > 8%

GC2:0.9375 for MeOH > 8%

Increased recycle to reactor.

Transfer from 22.16 to 28.10. 22.16 readings:
start=43.5," endw=19.5."
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513

04:00

09:00
12:20

12:45

13:35

14:20

18:30

23:20

23:45

03:00
03:10
05:40
10:30

12:00

I0S  DESCRIPTION

20:00

25:00
28:20

28:45

20:35

30:20

3430

38:40

39:40

43.00
43:10
45:40
50:30

52:00

Plant and GCs have been running steady.

Reactor flow =63,000 SCFH

inlet Comp = 38% H2, 48% CO, 13% CO2

Effiuent = 24% H2, 48% CO, 16% CO2, 10% MeOH
Reactor T = 480 F, P = 751 psigQ

Oil addition stopped to let level drop.

Oil sample taken off the 27.14, MeOH sample taken off
the 22.11 (96.7 wt% MeOH).

Fiow to the reactor was increased to 85,000 SCFH to
bring SV to 9000. Will maintain this condition to track
activity reduction and eventually enter the AF-R1.2 data
period. With the Increase in fiow, the bottom four Ti's
in the reactor tightened to within 2F. Previously, these
TI's ranged up to 10F. Better mixing Is noted. Reactor
level Is above nuke, recycle is reduced to bring level
down.

Reactor Tl's started diverging again. Flow had been
dropped to only 83,000 SCFH.

Level Is 211." Temp profile varies 4.5 F between Ti262-
2 and Tl626-5.

First transferred from day tank to tanker (approx. 315
gallons)

The iron carbony! level in reactor feed was measured
with GCs to be 2-3 ppb .

MeOH In reactor effluent is consistent and around 10.7
mole%.

Start of Data Collection Period for AF-R1.2
Began transfer from day tank to trailer.
End of transfer (770 gallons)

Methanol composition in effluent continues to fluctuate.
Blew out sample pots.

Transferred from day tank to trailer. Unloaded about

1480 gals, current production is about 3000 gals. New
tubing Installed which made transfer go quickly.
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5/4

5/5

5/6

12:00

14:00

16:00

23:40
00:30

11:25

12:00

18:00

10:35
12:00

13:00

20:00

00:00

11:00

11:15

JOS  DESCRIPTION

52:00

54:00

56.:00

63:40
64:30

75:25

76:00

82:00

98:35
100:00

101:00

108:00

112:00
123:00

123:15

Oil sample taken off the 27.14, MeOH sample taken off
the 22.11 (96.8 wt% MeOH).

Problem found with LIC 292 on 22.15. The level in the
sight glass must be taken into account when day tank
readings are taken. Began to fill the 21.80 evaporator
with CO2.

Mass balances between 0600-1600 5/3 indicate
productivity to be:

33.2 gmole/kg-hr by GC and flows

28.3 gmole/kg-hr by day tank.

DEC computer did not update from now until 5/4, 0300.
Mass balances between 5/3 1600-5/4 0030 show
productivity to be :

32.6 gmole/kg-hr by GC and flows

27.6 gmole/kg-hr by day tank.
Transferred from day tank to trailer (1710 gal).

Oil sample taken off the 27.14, MeOH sample taken off
the 22.11 (96.7 wt% MeOH).

Needle gauge on CO2 supply was found to be off. CO2
is used with discretion.

Transferred from day tank to trailer (1700 gal).

Oil sample taken off the 27.14, MeOH sample taken off
the 22.11 (96.7 wt% MeOH).

End of AF-R1.2 Data Period. Reactor flow reduced to
46,780 SCFH, SV is nominally 5000.

Plant as lined-out sufficiently to begin AF-R1.1 Data
Period.

Begin to purge-out the DME recovery section.

Charged the prep tank with estimated 110 gallons of oil.
Will begin heating to a target temperature of 180 F.

Transferred from day tank to trailer(1340 gal).
Oscillations in measured methanol composition of
reactor effluent are fairly substantial - time average
composition is stable.
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5/7

12:00

18:00

21:30

0:00

01:10

02:45

07:30

09:15

11:00

11:40

12:25

13:00

14:50

T0S
124:00

130:00

133:30

136:00

137:10

138:45

143:30

145:15

147:00

147:40

148:25

149:00

150:50

DESCRIPTION

Oil sample taken off the 27.14, MeOH sample taken off
the 22.11 (96.1 wt% MeOH).

Mark end of AF-R1.1 Data Period. Begin to increase
rates to the original SV=9000 conditions (AF-R1.2). Will
discontinue oil pump-back from 27.14 to force the slurry
to thicken. Current level at 211" on the tape.

Added 32 Ibs of alumina to oil in the prep tank and
continue heating. The objective is to heat mix in prep
tank at 250 F for 12 hours to drive off water. Prep tank
is under N2 Purge.

Prep tank contents at 256 F. Pressurized then
depressurized three times to aid in getting the water into

the N2 purge.

Down to approx. 157" on tape slurry level. Effluent
MeOH composition has returned to AF-R1.2 levels, as
expected.

Level control for reactor put back on automatic to hold
slurry level at 149" on the tape.

Level set point had been reduced further, level now at
140". Gas-to-reactor is temporarily cut-out and slurry
allowed to degas and settle. After settling, level was 67"
on the tape.

Syngas backed-out and replace with nitrogen (+2% H2) -
End of AF-R1 series. Will begin cooling the reactor in
preparation for the slurry transfer operation.

Drained MeOH out of 22.10 and 22.15 into the day tank.
Dropped plant pressure to 150 psig.

Reactor at 250 F, prep tank at 265 F. Drained 78 Ibs of
reactor slurry to drum S1.

Transferred 1/3 of reactor contents to prep tank,
withdrew a slurry sample from reactor, then transterred
the rest of the reactor contents to prep tank . Begin 2
hour hold in prep tank under agitation to blend alumina
with MeOH catalyst.

Begin transfer of prep tank contents to reactor. To be
followed by flush of prep tank with 35 gallons of oil.
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5/8

5/9

15:30

17:00

20:50

05:15
08:20

08:45
09:45
10:28

11:00

12:41

16:05

17:30
20:20

00:00

J0S
151:30

1563:00

156:50

165:15
168:20

168:45
169:45

170:28

171:00

172:41

176:05

177:30
180:20

184:00

RESCRIPTION

Transfer prep tank rinse to reactor and bring-in N2 purge
flow (+2% H2) to reactor and begin heat-up.

Drained 27.12 and 27.14 to bottom of their respective
sight glasses.

Reactor at 430 F. The new slurry level is too high in the
reactor (above the span of the NDG). Will have to
carefully boil-off oil with nitrogen flow. Continue
increasing reactor temperature towards 450 F.

Emptied day tank into trailer.

Cut-out N2 flow to measure degassed level. Level is
137" degassed (70 psig, 450 F) - sufficient to proceed
with regular operations.

Begin to raise reactor pressure under nitrogen.
Reactor at 756 psig, recycle flow started.

Flow stabilized at 40,000 SCFH. Reactor at 737 psig,
421 F.

Begin to bring-in syngas.

Reactor at 744 psig, 443 F. Reactor flow is approx.
44,000 SCFH. Reactor effluent composition is 21%H2,
41% CO, 8% CO2, 25% N2, 4% MeOH and 2% DME.
The reaction is hot! Will ramp the temperature up
slowly.

Reactor at 756 psig, 470 F. Reactor flow is approx.
48,200 SCFH. Reactor effluent composition is 22%H2,
49% CO, 16% CO2, 3% N2, 5% MeOH and 5% DME.

Levels are building in 22.10 and 22.15

22.10 and 22.15 operating on level control - liquid being
transferred to day tank. Back-end is cooled, 22.18 is at
10 bolts - begin to transfer liquid from 22.14 to 22.18.

Begin data collection period for run AF-R2.1 (SV=5500).
Reactor at 750 psig, 481 F. Reactor feed flow is 40,000
SCFH at 36%H2, 50.5% CO, 1% N2, 11% CO02, 1%
DME. Effluent composition is 22% H2, 46% CO, 1% N2,
19% CO2, 5.8% DME, 6.3% MeOH.

B-8



510

06:30

08:30

11:00

12:15

14:00

15:00

17.00

03:30

09:00

12:00

21:20

JOS
190:30

192:30

185:00

196:15

198:00

199:00

201:00

211:30

217:00

220:00

229:20

DESCRIPTION

Alumina catalyst appears to have initial hyperactivity.
DME concentration in reactor effluent has dropped to
5.7%.

22.11 liquid sample taken at 03:45 contained 9% DME
and degassed considerable. Will attempt to reduce
DME in liquid by increasing 22.10 temperature. To
achieve this, cooling water flow to 21.30 is reduced.

Cooling water temperature exit 21.30 is too hot (150 F)
and has had no effect on 22.10 temperature (21.30 is
oversized and pinched). Cooling water flow is returned
to normal.

DME in effluent continues to decline, now at 5.6%.
MeOH in effluent remains fairly stable. Liquid has been
accumulating in the 22.18 (level at 1 bolt).

Begin to thicken slurry - stop returning oil flow from
27.14,

Completed construction of a special sample bomb for
22.11 liquid. Sample will be taken at 22.11 pressure,
weighed, blown- down to atmospheric pressure, then
weighed again. The weight loss is the quantity of
degassed vapor.

End of AF-R2.1 data period. Final DME concentration in
effluent is 5.4%. Will begin to increase rates and
continue to boil-off oil. Target reactor feed gas flow is
74,500 SCFH.

Reactor feed flow up to 64,500 SCFH. Level continues
to build slowly in 22.18 (now at 3 bolts).

Up to desired rates. Begin data period for run AF-R2.2
(SV=9000). Reactor at 481 F, 750 psig. Reactor feed
flow is 75,600 SCFH at 36% H2, 51% CO, %% N2, 12%
C0O2, 1% DME. Reactor effluent is 24% H2, 48% CO,
¥%% N2, 17% CO2, 3.7% DME, 6.7% MeOH. Levelin
22.18 is now at 5.5 bolts.

Liquid sample from 22.11 shows 3.5% DME, 83.5%
MeOH.

Lost FT187A from 20:45 (loose wire - short), now back
on line.
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5/11

5/12

5/13

0:00

07:15

08:30

12:00

16:00

04:30
10:15

14:15
16:00

20:00

21:30
02:10
04:00

JOS  DESCRIPTION

232:00

239:15

240:30

244:00

248:00

260:30
266:15

270:15
272:00

276:00

277:30
282:10
284:00

Plant has been running steady. No change in MeOH or
DME concentration in reactor effluent. 22.18 level up to
15 bolts.

22.18 is at 21.5 bolts will dump liquid to 28.10 storage
tank.

Transfer complete, level is 2 bolts. Sample from 22.18
indicates 86% MeOH, 9% DME, 3% water.

End of data period for run AF-R2.2. Begin to reduce
rates to for next condition, target flow is 47,000 SCFH.

Plant responded quickly to condition change. Begin
data period for run AF-R2.3 (SV=5400). Reactor at 482
F, 750 psig. Reactor feed flow is 46,900 SCFH at 35%
H2, 62% CO, %% N2, 12% CO2, 1% DME. Reactor
effluent is 21% H2, 48% CO, 2% N2, 19% CO2, 5.1%
DME, 6.5% MeOH. Level in 22.18 is now at 6 bolts.

Plant operation very steady. 22.18 at 10 bolts.

Alumina prep for next campaign underway. Approx. 62
gallons of oil added to prep tank, followed by 67.5 Ib of
alumina, followed by another 25 gallons of oil. Begin
heating prep tank under nitrogen.

Prep tank temperature is at 246 F.

End of data period for AF-R2.3. Increase rates (target is
76,000 SCFH) and begin to thicken slurry (stop oil return
from 27.14).

Are at new conditions and stable. Begin supplemental
data period (run AF-R2.4, SV=9000). Reactor at 481 F,
750 psig. Reactor feed flow is 76,400 SCFH at 36% H2,
51% CO. Yo% N2, 11% COQ, 1% DME. Reactor effluant
is 23% H2, 50% CO. 2% N2. 15% CO2, 3.6% DME,
6.9% MeOH.

Prep tank at 293 F.

Transferred day tank to 28.10.

Operation has been steady and quite similar to run AF-
R2.2. Thickening of the slurry has been going slowly so

will begin to increase rates further - end of data period
for run AF-R2.4.
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514

05:30

06:30
08:40
09:15

11:40

12:05

14:15
14:30

18:00

19:00

20:30

21:15
00:00

04:40

108
285:30

286:30
288:40
289:15

291:40

292:05

294:15
294:30

298:00

299:00

300:30

301:15
304:00

308:40

RESCRIPTION

22,18 liquid transferred to 28.10. Prep tank holding at
290 F.

Feed flow to reactor at 93,700 SCFH.
Begin reactor cooldown. Target temperature 250 F

Reactor at 430 F. Back-out syngas and bring in N2
(+2% H2).

Reactor at 301 F and 504 psig. Temporarily cut-out N2
flow to measure degassed slurry level (54") - OK to
proceed.

Drained 150 Ib of slurry into a drum and took a sample.
Transferred the remainder to prep tank. Will agitate in
prep tank with the fresh alumina until 14:00.

Transferred prep tank contents to reactor.

Rinsed prep tank with 24 gallons of oil and transferred to
reactor. Reactor at 272 F, 42.5 psig - level is 116"
Begin heating slurry in reactor under nitrogen.

Reactor at 400 F, 750 psig. Bring in syngas and operate
once-through to purge N2.

Reactor at 430 F. Reactor flow is 36,000 SCFH
(operating with partial recycle).

Reactor at 460 F. Reactor flow is 48,000 SCFH.
Reactor effluent composition is 24% H2, 48% CO, 8%
N2, 12% CO2, 5% DME, 3% MeOH. Once again, the
catalyst mix is extremely active.

Reactor up to 480 F.

Plant Is pretty well lined-out. Begin data period for run
AF-R3.1 (SV=5400). Reactor at 481 F, 750 psig. Feed
flow is 49,400 SCFH at 36% H2, 51% CO, 1.5 N2,
10.5% CO2, 1% DME. Reactor effluent composition is
23% H2, 46% CO, 1.5% N2, 19.5% CO2, 7.6% DME,
2.4% MeOH.

Levels in 22.10 and 22.15 lined-up - beginning to

transfer to day tank. Levels in 22.14 lined-up; level in
22,18 at 15 bolts.
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5/15

5/16

06:30

12:00

12:45

14:00

16:30

18:00

00:30
05:30
06:00

08:35

18:30

01:45

08:00

09:30

JOS  DESCRIPTION

310:30

316:00

316:45

318:00

320:30

322:00

328:30
333:30
334:00

336:35

346:30

353:45

360:00

361:30

Reactor effluent composition is 23% H2, 46% CO, 1%
N2, 20% CO2, 7.6% DME, 2.4% MeOH

Operation still steady - effluent is 7.5% DME, 2.4%
MeOH. Sample from 2218 shows 8% DME, 89% MeOH.
Level in 22.18 still 15 bolts.

Begin draining 22.18 to the 28.10.

End of data period for run AF-R3.1.  Begin to thicken
slurry in preparation for higher rates.

22.18 drained down to 1 bolt. Begin to increase flow
rate to reactor.

Reactor flow at 55,400 SCFH, will stay here for a while
and continue thickening. Have increased pressure of
22.18 to 170 psig - will now begin draining 22.18 into
28.40.

Reactor flow up to 59,800 SCFH.
Reactor flow at 74,000 SCFH.

Plant is now lined-out. Begin data period for run AF-
R3.2 (SV=8000). Reactor at 482 F, 750 psig. Feed flow
is 74,900 SCFH at 36% H2, 50.5% CO, &% N2, 12%
CO2, 1.5% DME. Reactor effluent composition is 27%
H2, 47% CO, %% N2, 17% C02, 5% DME, 2.9% MeOH.
Blocked 22.18 discharge to allow level in 22.18 to rise as
a means of estimating rates.

Level in 22.18 is up to 16 bolts. Open vaive to allow
liquid to continue to drain into 28.40 (28.40 is currently
25% of max. level).

Level in 28.40 at 46%. Operation is pretty steady with
some small variations in H2 concentration in the loop.

Level in 28.40 is 70%. Biock-in 22.18 discharge line and
drop 22.18 pressure back to 23 psig. Plant operation
largely unatfected.

End of data period for run AF-R3.2. Begin reducing
rates.

Rates are at design flow of 46,400 SCFH.
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517

5/20

12:00

18:00

00:30

09:00

10:00

13:40

14:00

17:30
17:50

07:00

I0S
364:00

370:00

376:30

385:00

386:00

389:40

390:00

393:30
393:50

RESCRIPTION

Temperature oscillating somewhat which is showing up
as +/- 0.2% in DME concentration in reactor effluent.
Currently returning controllers. Average production is
not affected so will mark this as beginning of run AF-
R3.3 data period. Reactor at 480 F, 750 psig. Reactor
feed flow is 46,800 SCFH at 36% H2, 51% CO, %% N2,
11% CO2, 1% DME. Reactor effluent is 25% H2, 47%
CO, ¥2% N2, 15% CO2, 6.9% DME, 2,9% MeOH,

Reactor temperature back under tight control - DME
composition in effluent has stabilized.

Plant running steady.

End of data period for run AF-R3.3. Have been
operating at reduced level. Begin to pump oil from 27.14
to reactor in order to increase level to 100%.

Level up to 100% in reactor. Will take data for 6 hours
to see If productivity/selectivity change.

There Is no significant change in productivity but may be
a slight increase in DME selectivity.

Regular operations end. Begin reactor/plant cooldown.
Syngas out, N2 in

Compressor shut down.

Reactor at 200 F. Shutdown data computer. Begin
draining liquid from reactor. Drain into drums D1-D5.

Plant has been down under nitrogen purge over the
weekend

NDG calibration performed under nitrogen at 198, §5,
and 6.5 psig.

Reactor top and bottom heads removed for vessel
inspection. Top head is very clean, internal heat
exchanger piping has 1/8" of crusted catalyst on
horizontal runs, reactor walls show slight "film" but can
clearly see metal surface. Bottom head and 4" liquid
slurry line are a diiferent story.
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RATE IIME IQS  RESCRIPTION

5/21

Bottom head is filled with slurry up to about 1" below the
bottom of the sparger. Scooped-out 74 Ibs of mixed oll
and catalyst. Most of this material was black with
intermixed brown and red. Some material was very dry
and crumbled when held.

The 4" line between reactor head and block valve was
also filled - 14 Ibs removed.

Bottom plate was removed from 27.14. Inside was clean
with only 3/4" of slurry covering the 12" plate.

The inlet head was removed from the 22.10 exchanger

to inspect tubes. Very clean inside tubes with a little bit
of catalyst on the tubesheet.
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APPENDIX C : NUCLEAR DENSITY GAUGE CALIBRATION

The nuclear density gauge (NDG), which is used to measure the vapor void fraction in the
slurry reactor, was calibrated on 25 and 29 April 1891 and recalibrated on 20 May 1991,
The derivation of operative equations and the details of standard measurement positions
have been praviously documented and discussed In detail (*).

The equation used to determine the vapor holdup Is defined below:

In(l;—’-) = GL((atpe)v + (ape) + (ape)s)

where

lo - radiation intensity of source, corrected for absorptance of the
empty vessel and insulation,

| - radiation intensity as measured at detector
G - geometric factor for the system
- path length the beam travels inside the reactor
a - absorptance of phase |
p - density of phase |
€ = volume fraction of phase |
v,L,s denotes the vapor, liquid, and solid (catalyst) phases

Calibration of the NDG is performed with nitrogen at different densities (pressures). For
the single-phase system, the general equation above reduces to:

In(l) = In(lo) - GL « (op)v

When the natural log of the measured intensity (l) is plotted against the product ap, then
the slope yislds the product GL and the intercept yields the natural log of the corrected

source Intensity, lo.

Callibration is carried out at difterent positions along the height of the reactor. It is found
that small variations In the correctad source intensity, lo, exist at difterent positions, These
variations are due to small differences in wall and insulation thickness as well as the state
of the insulation. It is convenient to define a source intensity at the standard position. los,
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and relate all other intensities through correction factors, Ca. Thus, at any position, the
intensity is given by,

lo=los«Cn

The NDG was Initially calibrated on 25 April. The standard position source intensity, los,
appeared low when compared to the previous calibration (June 12, 1888) while the
geometric factor, GL, was virtually the same. The decline in los with time is to be expected
since the radiation source intensity decays with time (halt-life is 11074 days). However, the
observed decline in los was slightly greater than one would expect from a simple
exponential decay. It was concluded that the insulation was probably not completely dried
out and, as a consequence of water absoption, the apparent source intensity was being
understated.

On 29 April (after the reactor had been heated with syngas and oil for 3 days) a calibration
scan was conducted at low pressure (11.5 psig) and is was observed that, indeed, los had
increased to a level more in-line with expectations. Upon completion of operations a three
pressure calibration was also conducted (on 20 May). Indeed the source intensity
appeared as-expected based on source decay theory. The final calibration to be used for
the subsequent analyses was based on the values of GL and Ca determined during from
the data collected on 20 May. These calibration constants are presented in Table C1 and
compared to the June 12, 1988 and 25 April calibrations.

TABLE C1
CALIBRATION CONSTANTS
Date (m/dly) 6/12/88 4/25/91 5/20/91
los (cps) 456,800 412,800 431,415
GL (cm) 47.23 47.41 47.41
Half Life (days) 11074 11074 11074
Cn Position (inch)
36 1.00 1.00 1.00
54 1.01 1.01 1.01
88 1.00 1.04 0.97
108 0.99 1.05 0.99
120 0.99 1.01 0.99
156 1.01 1.03 1.01
184 1.03 1.07 1.05
213 1.07 1.09 1.08

The raw calibration data is presented in Table C2; a plot of the NDG calibration is
presented in Figure C1. The top line in the figure represents the prior calibration from June
12, 1988; the dashed line represent the calibration from 29 April, 1881.
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in order to properly use the holdup equation, the absorptance and densities of the syngas
(vapor), slurry oil (liquid), and catalyst (solid) are required. The absorptance of the syngas
is calculated from the mass average absorptance of each element (see *); the density is a
function of composition, temperature and pressure. For the condensed phases, at reactor
conditions (482°F), the absorptance (a) and densities are as follows:

Absorptance Density
(emi/g) (g/em?)
Drakeo! 10 Oll 0.08776 0.67
BASF S-386 (reduced) 0.07343 573
Alumina (dried) 0.07618 3.31
Elements;
H 0.15370
N 0.07750
0 0.07750

(°) References:

The detailed description and documentation of the nuclear density
gauge equations as well as the June 12, 1988 calibration data can be
found in - "Liquid Phase Methanol LaPorte Process Development Unit;
Modification, Operation, and Support Studies®, Topical Report: “Task
2.0: Run E-§, Gas MHold-up and Equipment Evaluation Studies, Appendix
A’ 2 January, 1991, No. DE-AC22-87PC90005.
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TABLE C2

CALIBRATION DATA FOR THE NUCLEAR DENSITY GAUGE

Date 26-Apr-91 26-Apr91 26-Apr-91 26.Apr-01
Gas N2 N2 N2 N2
Temp °F ("] 90 90 08
Pressure psig 18 103 310 783
Density g/ecm3 0.0028 0.0080 0.0247 0.0879
Absorptivit em2/g 00778 0.0778 00778 00778
RAW DATA
Number Position | Intensity CR | Intensity CR | Intensity CR | Intensity CR
inon Tapd ¢ps/1000 ¢ps/1000 cps/1000 ¢ps/1000
1 213 arne 1.00 472 100 | 4027 1.00 3800 1.00
2 184 422 107 | 421 1.08 278 107 814 107
3 186 4144 103 | do42 103 3817 103 3379 103
‘ 120 404.7 101 3980 1.01 e 1.0 3290 101
] 108 4193 1.04 4001 1.04 3080 1.04 2420 1.08
¢ (7] 4100 1.04 4000 104 3880 1.04 418 104
7 ™ 4089 101 3984 1.01 344 1.0 1910 1.01
(] % 4018 1.00 3018 1.00 ar.? 1.00 327 1.00
Avo 4168 4087 384.2 3309
Date 20-Apr-91 20-May-91 26-Apr-91 26-Apr-91
Gas N2 N2 N2 N2
Temp °F % /] (") ]
Pressure psig 118 198 (7] as
Density g/cm3 0.0020 0.016? 0.0088 0.0017
Absomtivitcma/g 0.0778 0.0778 0.0778 0.0778
RAW DATA
Number Position | Intensity CR | Intensity CR | Iintensity CR | Intensity CR
in on Tape cps/1000 cps/1000 ¢ps/1000 cps/1000
1 213 4887 1.11 4978 1.08 488.2 1.08 4838 1.08
2 184 43808 1.08 4288 1.08 “10 1,04 “eo 1.08
3 166 4168 102 4008 101 4284 1.00 47 1.01
‘4 120 4084 09 4032 100 | 4194 000 4288 099
(] 108 4 103 3008 0% 418.2 099 433 0w
] (1] 4280 1.04 400.6 090 4108 097 4181 007
7 7] .y 1.01 4009 1.01 Qe 101 4340 1.01
(] » 4000 1.00 4048 1,00 4238 1.00 @0 1.00
AVQ 4231 ana a2re 4339
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APPENDIX D: TRACE COMPONENT ANALYSIS OF SYNGAS

During the carbony! burnout prior to Run No. AF-A1 (4/26/91-16:00 to 4/28/91-16:30),

the syngas was analyzed for trace components such as iron carbonyl, nickel carbonyl,
chloride and H2S. The samples were taken at sample port #5 (hot reactor inlet) as well
as sample port #3A (hot reactor outlet).

The carbonyl results are summarized in Table D1. Two methods were used to test for
the presence of carbonyls: wet chemical analysis and gas chromatography using an
electron capture detector (ECD). The GC analysis indicated 0-5 ppb iron carbony! and
0-7 ppu nickel carbonyl. The wet chemical analysis showed about 6 ppb iron and 2 ppb
nickel carbonyl. These levels are extremely low and very near the detection limits. The
good agreement between these two methods lends credibility to the GC method.

The chloride and HzS results are presented in Table D2. The HzS content of the gas
was < 2 ppb. Colorimetric tests for chloride indicated 1-2 ppb chloride. Wet chemical
analysis was not sufficiently precise. Additional tests for chlorides by NUS Laboratory
Services using NIOSH method P&CAM #115 (ion selective method for chlorine ion)
indicated 3-8 ppm.

CONCLUSION: The trace component analysis indicates insignificant levels of catalyst
poisons in the syngas.
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Date
4/26/91
4/26/91

4/27/91
4/27/91

4/28/91
4/28/91

4/28/91
4/28/91

Date
4/26-27
4/26-27

4/27/91
4/27/91

4/27/91

4/27-28
4/27-28

4/28/91

IRON AND NICKEL CARBONYL ANALYSIS OF SYNGAS

Time
1800-1845
1800-1845

0800-1630
0900-1630

1020-1040
1020-1040

1600-1620
1600-1620

Time
2025-0825
2025-0825

0950-1050
0950-1050

1220-1830

2000-0850
2000-0850

1020-1140

TABLE D1

(Prior to Run No. AF-A1)

Carbonyl Concentration (ppb)

Nickel

0-4

Carbonyl Concentration (ppb)

Results from GC Analysis
Gas Condition Sample
Port Iron
Cold, Once-Thru 5 0-3
Cold, Once-Thru  3A 0-5
Hot, Oi:ce-Thru 5 0-2
Hot, Once-Thru 3A 0-3
Hot, Once-Thru 5 0-3
Hot, Once-Thru 3A 0-2
Hot, Recycle 5 0-2
Hot, Recycle 3A 0-1
Results from Wet Chemical Analysis
Gas Condition Sample
Port iron

Heating, Once-Thru §
Heating, Once-Thru 3A

Hot, Once-Thru
Hot, Once-Thru

Hot, Once-Thru

Hot, Once-Thru
Hot, Once-Thru

Hot, Once-Thru

5
3A

3A

5
3A

3A

D-2

<20
<20

< 5
6

6

<10
<10

<10

Nickel

2
0.8
< 5
< 5
< 2

0.5
0.9

<10



Date
4/26/91
4/26/91

4/26-27
4/26-27

4/27/91
4/27/91

Date
4/27/91
4/27/91

4/28/91
4/28/91

Date
4/27-28
4/27-28

4/28/91
4/28/91

4/28/91

CHLORIDE AND SULFIDE (H2S) ANALYSIS OF SYNGAS

Results f Wet Chemical Analysi
Time Gas Condition Sample Chloride
Port (ppb)
1825-2000 Cold, Once-Thru 5 < 1000
1825-2000 Cold, Once-Thru  3A < 1000
2050-0825 Heating, Once-Thru 5 < 600
2050-0825 Heating, Once-Thru 3A < 250
0930-1130 Hot, Once-Thru 5 < 1500
0930-1130 Hot, Once-Thru 3A < 1500
Besults from Chloride Colorimetric Test
Time Gas Condition Sample Chloride
Port (ppb)
1920-2100 Hot, Once-Thru 5 <10
1920-2100 Hot, Once-Thru 3A <10
1000-1515 Hot, Once-Thru 5 < 2
1000-1515 Hot, Once-Thru 3A 1-2
Results § Chloride lon Selective El o T
Time Gas Condition Sample Chloride
Port (ppb)
2000-0850 Hot, Once-Thru 5 <3
2000-0850 Hot, Once-Thru 3A <3
1000-1630 Hot, Once-Thru 5 <6
1000-1630 Hot, Once-Thru 3A <6
1200-1630 Hot, Once-Thru 5 <8

(Prior to Run No. AF-A1)

TABLE D2

D-3

H2S
(pPb)

<2
<2

<1
<1
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APPENDIX E: CATALYST ACTIVATION

The catalyst activation run, AF-A1, was conducted over the period 29 April 1991 to 1
May 1991.

489 pounds of catalyst was slurried with mineral oil and transferred to the reactor on 29
April. At 18:30 the reduction gas composition was lined-up at a nominal composition

of:
1.2% H2, 1.8% CO, 0.5% COq, 96.5% Nz

The reduction gas flow was approximately 15,000 SCFH. The catalyst activation took
place at 100 psig. The temperature in the reactor was ramped while under reduction

gas In accordance with established procedures.

The initial temperature of the slurry was 220°F. By 11:00 on 30 April the temperature
was at the first hold point of 391-392°F. At this point the uptake of Hz and CO was
complete. The slurry temperature was held at 392°F for 12 hours.

At 23:00 on 30 April the ramp to the second hold temperature (464°F) began. By 04:00
on 1 May the slurry temperature was at 464°F. The temperature was held for one hour
then cooldown began.

The reduction data, which includes: gas composition in-to and out-of the reactor, slurry
temperature, and reduction gas flow, is presented in Table E1.

The compositions were measured using both GCs (GC#1 and CG#2). A comparison of
the agreement between the two GCs is shown in Figures E1 and E2 for inlet and outlet

compositions, respectively.

The instantaneous total-gas uptake is computed as:

Us = FGAS (AYH2+AYCO )/ MCAT

where,
Ui = instantaneous uptake (SCF/lb-hr)
Feas = flow of gas to reactor (SCFH)
AYnz = change in composition of Hz (in-out, mole fraction)
AYco = change in composition of CO (in-out, mole fraction)
Mcar = mass of catalyst, oxide basis (Ib)

The total uptake is computed by integrating the instantaneous uptake over the period of
the activation. The cumulative uptake is displayed in Figure E3 as a function of slurry
temperature. Note that the final uptake was 2.27 SCF/lb oxide which is 80% of the
theoretical maximum (if all the copper in the catalyst were reduced the uptake would be

2.82 SCF/Ib).
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APPENDIX F :
ANALYTICAL DATA / LIQUID PRODUCTION / CATALYST RECONCILIATION

Most of the run data was recorded by tha data acquisition computer and can be retrieved
from tape in the future, If necessary. Some of the data, however, is not. This section
documents such data as well as "corrected” data.

Liquid Samples

Liquid samples were taken from the bottom of the 22.11 flash pot. During methanol-only

operation, this sample Is representative of the methanol collected in the day tank. Table

;1 present the analysis of individual samples taken roughly 12 hours apart during the AF-
1 series.

Table F2 contains the analysis of 22.11 liquid samples taken during the AF-R2 and AF-R3
series. Note that an additional component, called Volatiles, has been added. When
significant quantities of DME are produced and a sample Is taken from the 22.11, gasses
are evolved. A method of determining the quantity of gases evolved was developed
(based on weight differences) and applied to correct the GC analysis of the remaining
liquid. Based on thermodynamic equilibrium calculations it is estimated that the volatiles
contain 60% DME, 20% COa, 20% MeOH (by mole).

Table F3 contains some miscellaneous liquid samples taken during the course of
operations.

Vapor Samples

During the DME runs, the vapors from the 22.11 flash pot and 22.18 DME degasser were
taken at discreet times and not continuously, Table F4 contains the composition data for
the 22.11; Table F§ contains the composition data for the 22.18.

The reactor effluent composition is key to developing accurate mass balances.
Unfortunately, the Karle GCs are nonlinear in the response to methanol. This means that
response factors determined for one methanol composition is not the same for either
higher or lower concentration. The solution to this shortcoming in the GCs is to develop
response factors charts to correct the analyses reported by the GCs.

Procedurally, a 3.82 mole% MeOH standard is used to calibrate the GCs and correction
factors are applied when the measured composition is deviates from 3.82 mole %. The GC
correction curves were developed based on available 1.22 mole% and 3.82 mole%
standards and previously determined curves. A comparison of the previous correction
curves and the "new" correction curves is presented in Figure F1.
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The correction curves presented in Figure F1 were applied to the GC-reported data to
correct the MeOH composition. The actual MeOH and DME concentrations in the reactor
effluent are presented in Figures F2, F4, and F5 for runs AF-R1, R2, and R3, respectively.

Liquid Production

The liquid production is measured by tracking level rise in the 22.16 day tank with time. A
plot of accumulated production with time is presented in Figure F5. The production rate is
calculated from the slope of the production curve (as is reported on the figure).

Catalyst Reconcliiation

Establishing the quantity of catalyst and catalyst proportion within the reactor was
complicated by the fact that catalyst was withdrawn and added on two occasions and by
the occurrence of catalyst settling. Fortunately, the catalyst "material balance" could be

closed with reasonable certainty.

The quantities of catalyst added to the system are easily determined since catalyst was
added by measured weight. The methanol catalyst was added once (489 Ib). Alumina was
added on two occasions (32 Ib and 67.5 Ib). When the methano! catalyst is activated there
i3 @ 25% weight loss; when the alumina is dried there is a 4% weight loss. From this the
nat weight of catalyst added can be calculated. These weights, summarized in Table F6.1,
must be accounted for later.

When catalyst was removed from the plant it was drained into 55 gallon drums along with
an unknown quantity of oll. The weight and volume of each mix was measured and from
this the density of the slurry in each drum could be determined.

There were 12 different lots of catalyst and oil withdrawn from the plant. The weights and
density of each lot is summarized in Table F6.2. To summarize, two drums ware drained
from the reactor during the run (marked S1 and S2), § drums were drained from the reactor
at the end-of-run (denoted D1-D5), 3 drums of “rinse oil* wers drained from plant (marked
as R1-R3, these contained very little catalyst), and 2 lots of concentrated siurry were
physically removed from the bottomn of the reactor following shut-down and rinsing.

The density of the reduced or dried catalyst was known and the density of the oil-alone
was measured. These densities are:

Component Density
Ib/t3
BASF S3-86 357.6
Catapal +-Alumina 206.5
(o] 53.3

If the proportion of alumina is known then the quantities of oil, methanol catalyst and
alumina can be determined for each drum. To determine the alumina proportion the
following sequence of events were assumed to occur:
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a o A WO

8
8

Action

489 b Methanol catalyst was charged to the reactor and fully reduced

The 14 Ib *lodged In piping" lot settled in the 4" piping in the reactor bottom
during activation.

Drum S1 was withdrawn from the reactor at the end of AF-R1,
32 Ib of alumina was dried then added to the remaining methanol catalyst
Drum S2 was withdrawn from the reactor at the end of AF-R2

67.5 Ib of alumina was dried then added to the remaining alumina/methanol
catalyst mix

The 74 |b "settled in reactor head" lot settied out in the bottom head right
before AF-R3 began

Follewing run AF-R3, the slurry in the reactor was drained Into drums D1-D5

Rinse oll was added to the reactor and drained into drums R1-R3

Given this sequence of events it was possible to calculate the proportion of alumina in the
reactor at any point during the run. With this information the quantities of $3-86, alumina
and oll were determined for each lot as summarized in Table F6.2. The weight of alumina
and 53-86 was then summaed for all the lots as indicated by “TOTAL" (In Table 6.2).
These totals must agree with the "TOTAL" from Table F6.1. As can be seen, agreement is
within 1% which Is excellent.

As a check on the consistency of this method, elemental analysis of selected lots was
performed as summarized in Table F7. As shown the agreement is reasonable.

To summarize, the quantity and proportion of catalyst in the reactor for each of the runs Is

presented below:
RUN Mass of Catalyst (Ib, As-Charged Basis) Weight %
BASF §3-86 Alumina Total Alumina
AF-A2 488.0 0.0 489.9 0.0
AF-R1 479.4 0.0 479.4 0.0
AF-R2 452.6 32.0 484.6 6.6
AF-R3 362.6 86.7 449.3 19.3
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TABLE F1
UQUID SAMPLES FROM 22.11 - RUN AF-Rt
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TABLE F6

CATALYST INVENTORY RECONCILIATION

61  Catalyst Added
Waeight As Charged (Ib) Atter Activation/Drying (Ib)
Date 83-86 Al1203 Total 83-86 Al203 Total
4/2001 Initial Charge 489 0 489 387 0 387
§/6/61 1st Alumina Addition 32 32 31 3
8/1281 2nd Alumina Addition 67.5 68 65 85
TOTAL 386.8 98.7 4624
62  Caulyst Recoversd (Catalyst Dats on Post Activation/Drying Basis)
Date Totsl Wt Density Welght Wt% Catalyat Mass (Ib)
Oil+Cat. (Ib/M3) Fraction Al203 8388 Al203 Total
(1b) Catalyst
87781 S1- 18t Drain ™ 68.56 0.2618 0 204 ° 204
8/1381 S2 - 2nd Drain 180 70.32 0.2874 8.31 398 36 431
8/1781 D1 - Post Run Draln 348 83.72 0.1882 2347 528 16.2 69.0
D2 - Post Run Drain 388 63.15 0.1890 2347 86.1 17.2 7.3
D3 - Post Run Drain arn 63.43 0.1938 23.47 86.0 17.2 73.2
D4 - Post Run Drain 402 62.74 0.1824 2347 86.1 17.2 733
D5 - Post Run Drain 323 6261 0.1802 2347 4458 13.7 88.2
8/2081 R1 - Post Run Rinse 385 5417 0.0196 2347 6.8 1.8 768
R2 - Post Run Rinse 380 5308 0.0182 2347 44 14 s8
R3 - Post Run Rinse 206 8348 0.0042 2347 08 0.3 1.2
82101 Lodged in Piping 14 . - 0 74 (] 74
Settied in Reactor Head 74 92,82 0.5188 2347 26,0 8.0 340
TOTAL 3899 984 4684
TABLE F7
ELEMENTAL ANALYSIS OF CATALYST SAMPLES
Elemental Analysis
Cu Zn Al Wit% AI203 * Cu/Zn (IbAb) *
(Wt%) (Wi%) (Wt%) mess sssumed meas vendor
5/1381 S2- 2nd Drain 67.81 2378 844 59 66 286 286
81701 D1 - Post Run Drain 50.54 2061 19.85 206 18.3 289 26
D3 - Post Run Drain 63.18 19.05 N4 30.3 103 27 26
£/21/01 Settied in Reactor Head 54.25 18.55 2120 205 193 292 26
Settlied in Reactor Head 56.06 9.7 24,23 89 19.3 284 26
Settled in Reactor Head 85.99 19.66 24.45 26,2 18.3 286 26

* The *measured® Al203 content of the catalyst mix (oxide/wet basis) was calculated from the elemental analysis

as was the ‘measured” CwZn ratio. The “assumed* Al203 content was based on material charged and/or settied.
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APPENDIX G : MATERIAL BALANCE DATA SHEETS

Detailed material balance sheets are contained here. Table G1 provides definitions and
clarifications. Tables G2-G11 contain the data for each of the runs.
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TABLE G : DEFINITIONS

VARIABLE

Temperature (°F)
Pressure (psig)
Reactor Level (inches on Tape)

Space Velocity (sL/hr-kg oxide)
Catalyst Proportion (% Al203)
Catalyst Weight (Ib)

Slurry Concentration (wt %)
inlet Superficial Vel. (#t/sec)
Outlet Superficial Vel. (f/sac)

Gas Holdup (vo! %)

CO Conversion (%)

Syngas Conversion (%)

Eq. Productivity (gmoles/hr-kg)
MeOH Make (Ton/day)

DME Make (Ton/day)

Stream Designation
Fresh Feed
Recycle
Reactor Feed
Reactor Out
22.10 Sep Vap
22.11 Lig
22.11 Vap
Plant Purge
DME Product

Flow (Ib mole/hr)
MW
Flow (lb/hr)

DEFINIMON

Reactor Temperctute
Reactor Presute
Siurry level in reactor 08 measited on the tape (213° is 100% of max level)

Space velocity of reactor feed gos, catalyst weight is on as-charged bass
The weight % aluming in the alumina/§3-84 mix

Total amount of catalyst in teactor, as-charged bosis

the weight % of cataiyst in the cotalyat/oll mix, as-charged bass

Gaos velochy of reacior feed, based on crom-sectional atea of reactor
Gos velocity of reactor efiuent, based on crom-sectional orea of reactor

The volume % vopor in the durry

The amount of CO In the reactor feed which is corsumed in reaction (%)
The amount of CO+H2 in the reactor feed which s consumed in reaction
Productivity of MeOM pius twice the productivity of DME

Amount of MeOH produced in the teactor

Amount of DME produced In the reactor

Flow of materiol into the piont

The fiow which combines with Fresh Feed to form the Reactor Fem
Recycie fiow plius Fresh Feed flow, Row to reactor

Vopor flow from the 27.14, reactor efiuent less ol

Vapor rom 22,10 seporator, sent to DME/CO2 section

Uquid flow from 22.11 flaah pot, sent to day tank, exits plant

Fiash gas genercted when 22,10 iquid s sent 10 22.11, exits plont

Plant purge. same composition as Recycle, exits plont

Liquid from the 22,14 separator, generally vaporized os rejected os goas

Fow of designated stream in molor units
Moleculor weight of designated siream
Fow of designoted stream in mass units

G-2




LS ozos 1901 moy €0 6052 &I moy 90 Y96 €0E6 mwol
s¥L zo G0 00 zi S50 %60 wsllonnt oz si'o "o usBonm
co- 800 wo ou 1o SE6 74 welldnp 6l ®Ze s9e2 webixo
60 oL o0 HOM io -°472 472 wogmd) s0 9602 012 uoqe)
96 000 000 3ma 60 0698 U] welapiyy e OC 6Y 98y wallowphyy
apeyy ) spegy - ) - o »o 9
o0L.i0-%) 001.0n0-w) 201000
P304 - saling + SII0P0LJ = W URPND WXy WO 0Ny = U IO b1 3ma + 4se + bl HOW » aBmg = pasy
SIWWMTG GORONPaid aampeg 200004 oumeg esa)
{sagom = saom) soumpEg 2N OnO swopy = w Swasy) SEOUNEg U]
000 rLUIEE ”?€0 OLEvE Frq-3¥4 210552 2L0sse 0'9IeL 99289 {nyqu) sot4 _
0oR 5.4 4 ”7eE e 5374 wse W €S o1 mn
000 o5t 100 0308 s968 #1008 x4 SIS oSy (mpaom qg) mogj
00008 00003 00008 00004 00008 00001 00001 00004 00008 IVIOL
000 000 SO0 00 000 000 000 000 000 g3 papawmg
000 009 000 S8 000 610 000 000 000 sawualiixp sp0
000 »00 8y 916 200 2roL 000 00 000 ounpsy
000 000 000 «%o 000 200 100 000 000 sovem
000 %20 %20 000 20 oo a1 20 €00 sumpsn
Q0004 50 Zo 000 1] ®0 &0 %0 910 ualomny
000 i xe 000 Wi 1% ] an wau s ppog vogmD
000 &5 IZee 000 &S oS 0905 €S osor spoucyy ogED)
oo 6192 o€ 000 4 15§ ¥4 0SSE () -3 (7454 uaBoaphyy
PapoLy aBmg dep, - bry dsp "m0 poog P4
E ] g 1y-4 uww dsarw suay  soeey spaloey yssy
11 (ads) uo saPu) e 2080
o0 {Ampmeoc} ) ayeyy 300 oo asag) oA mpgsadas sspng ose (Bysd) ssmssasg
or {Aepyao ) sumgy HOM "o {29en)) ‘A mppedas oy 108y 3.) ssmesadusa)
g2 {Bx-aysmowd) lysgoapoid b3 Z0E {% m) wogeausoun) Lisys 621 % 904 {(m) soi
ri€ (%) vopssaano) saluls 1471 <) nbog 1shpenD ooLL 95 amp a3
Y {%) womssano) 00 o feoTY %) weprodosg mlgned oc02 S5 e s
F4> 3 {% 100) dapoyy sen s (opmo Bu-agnys) ooy, sowis spopad souspeg

G



8
2r¥BR5EE8 |g

1}

{(3ds} Uo SHNPW) Eas) 201083

G4




e flag |22

ew l!H% 22
i 122

w2
&

IS flis e

o

\\\\\

\\\\\'

\\H







o1 8Zyl 86°S1 leio} 90- 1s22p 186L¥ =01 2 €621 1902k %101
991vi 90 ¥00 Z0D 90 9t gee uebBoIIN ee 120 120 uaboaN
0ge- €10 2io ozH 10 ozest 62esi uabixo 9y SL'R v0'82 uabixo
L 09yl 28'st HO®W 1o ¥S'921 1992t uoqued 4> 29ve ir'se uoqued
£9 000 000 3INa 0¢- Wiyl 8S'8El ueBoiphH 60 SE'99 $6'99 ueBoipily
spew ul-ino opepy uj no uj uj no uj
001.{O-W) 001.(ino-uwi) 004.(n0-ul)
pa34 - saBind + s1onpoid = uj uxy-InO uxy INO 101083Y = U} J0)O8IYH b1 Ina + yseld + b HOaW + aBing = paay
aouejeg uojINpoid 9Jusjeg 101383y :edusjeg li8IA0
{sajow = sajows) asuejeg 3oy (1nO suwio)y = uj swWoly) Saaugjeg |SIUIWI)J
000 LE2IE ¥80 S208p 6¥'819€ ¥SOELY ¥SOELY €1°90EE ov'ves (1wqy) moy4
1082 22 SI'8E VrA> w3 rAN "4 212 29 ooyl MK
000 1821 200 88yl rAN: 4 Sh'p9L 19564 S2'9EL 06'8S {ay/ejowt q|) moj
00001 00°00} 00001 00001 00001 00001 00001 00001 00008 JV10L
000 000 000 c00 000 000 000 000 c00 yi3 JAgeung
000 000 000 6E1 000 210 000 000 000 sasuabBAxQ 10
000 2Eo l6€ 69'L6 2€0 18'6 910 ceo 000 jousyjapy
000 000 000 060 000 o1'0 200 00’0 000 1918\
000 620 %20 000 620 920 220 620 800 susyiap
00004 180 120 000 180 2L 190 180 810 uabonN
000 L4 2589 000 yIWa} 88'S1 EEEL L ESY apixolq uoqied
000 2595 ye'€e 000 2595 1L°0S 20'1S 2595 £€58¢ 9p|XOuUol uoqied
000 68v2 S9°E 000 682 ovee S9vE 68'¥e 1996 uaBoipAH
jonpoad ¥Bing dep b dep no padai pavg
3na uejd 1ze e das 0122 lojoeay  Jojoeay apdhoay ysaig4
ovL 010} (adej uo s3ayouy) jaaa J0)38aY
00 (Aepjuoy) axew Ina 2e0 (03sn3) 19N 181oUsadnS BN 1sL (Bisd) aunssaig
1’9 (Aepjuoy) axey HC3W 8E0 (o9s/y) 'JOA IspRjadns 19jY oIy (4.) ssmuiadwiay
O'EE {63-1ysajowb) &jjaponpoid ‘b3 0LEANTVE (% 1) uopesnuaduo) Aunis 2Pi GLEEL (sy) soL
28z (%) uojsiaauo) sebulg 6Ly (q) wBjam 184im180 00:9 L/ olep pu3z
141 (%) uojs1au0) 0D 0 (EOZIV %) uojuodosy 1sAjmed 00:12 9/S AvQ UNS
Ly oi69y {% toa) dnpjoH seD LEL6 (apixo By-ay/s) Lijoojep edsds :popad eousjeg

€'1d-4V NNY HOJ IONVIVE TVIHILVRN

¥ 378Vl

G-5




1°TH-4V NNY HOd JONVIVE TVIHILVAN
$O 378Vl

4 90°El el 10T 2o ve'L52 vL952 jsioL ot 22801 L2601 is104
9v Y3 e8¢ 200 S’y £yl e} uaBoaN £'Ee- 220 020 ueBouN
0y €10 21o OzH 00 6288 eees usBixo 62 €982 ez uabixo
1o 2r's WS HO%W (X1} 91'9L 2oL uoqie) ve 0692 8522 uoqie)
00 18°¢ 98¢ 3na 10 9v'i6 S9°06 ueBoipAy 80 ives 202s uaboipiy
apepy uFinQ Ipep u) no u uf no uj
001.(0-N) 001.(ino-u)) 001.(in0-up)
paa - seBing + s10npoig = uj uxy-InQ uxy INO 101083y = U} 20)083H by 3ana + useld + by HOIW + 3Bind = paey
asusjeg uoponpoid saugjeg J0)1083Yy :30usjeg jIssanQ
(sa3jow = s3jows) Isusjeq oW (1nO swoly = uj SWOlY) sedUL|eg |RUIWII
19€62 89ESE 260 ££'681 528022 12682 12°6Ep2 101851 1858 (awqi) moi4
6L2¥ 10s2 191y 1LEE T A" 1892 ¥8°02 1062 66°G1 MW
98'9 v vl 200 29'S 12v8 6,06 90'LiL 12'€9 89€S (ayseious qi) moj4
00004 00001 00001 0000} 00001 00001 00001 00001 00001 IvioL
SIEY 86’1 2Lve Syo4 18V v9'S L0t 861 000 1ya kyleug
200 000 000 €1l 000 200 000 000 000 s3suabAxp 9410
9E'6 000 86'€ L8 920 96'S 000 000 000 fousyiapn
220 000 800 0072 200 ¥10 000 000 100 FLRLTTY
000 910 800 00 510 €10 o010 910 100 ausylan
Y00 ¥6°0 oL'o 000 180 6.0 850 ¥6'0 610 uabonn
Wy 82’8l rAA: 14 W S0°02 SO'6} 1SL 828l €SE 9pixo0ig uoqied
S5y LSVS 95t 000 121s 0E'LY GE'LS lS¥S £8LY @p|xouol uoqied
24 80've 99t 000 9522 2602 8ESE 80'¥C ey ey uaboipiy
wpnpoid abing dep by dep no padd pasg
3Ina ueyd 1ee e des 0122 iooeay  Jojasay spphdey ysaig4
o2 (adey uo s3yduy) 3437 J0j1083Y
12 (Aepyuo}) e ING 810 (sasny) “19A Iejoysadng 19Un0 1S (Bysd) ssnssaid
12 (Aepuoy) axew HOSN €20 (o9s/4) ‘A 18dedng 194Uy Losy 4.) ammadwaj
(YT {Bx-1ysajowB) Ayananposg ‘b3 eu (% ) uopenuedsuo) Aunis 102 0l ¥81 (m)sotr
06¢ (%) uojssaauo) sebuig gvey {q1) wyBom 18himsD 00:.1 6/S eiep pu3j
982 (%) uojsiaauod 0D 99 (€02Iv %) uojuodoid 1sAjmed 00:0 6/S sieg usIS
e/u {% 10A) dnpjoy se9 60VS (apixo By-1ys) A)jo0eA sduds :poyad eauseg




45

SO'Lve

(44513

®ioL

Z°2H-4V NNH 404 3ONVIVE TVIHILVH

99 318VL

10 ¥S'L1 9511 1m0t 20 8912y 99'02y ol
ov ZEE ovE Z00 Z0 €61 V61 uaBonN 68 S20 120 uaBosyn
9yl- S20 2o OZH 00 6SEVl 19°ERL uabixg ] 9s¥e Lve uabixo
80 LEOL 6201 HOW 00 6E¥2l (A 74 uoqe) Lo 98'2¢ 282¢e uoqied
10 09€E 65E ana L0 LL1SL 0L 051 uabospiy S BEEL 19°LL uaBosphy
opep upHno pen uj no uj uj no u
001.(0O-W) 001,(00-u)} 001.(ino-up)
paag - sebingd + 5190poid = U] UXY-INO uxy InO 101289y = U} J01083Y by 3WQ + useld + bl HOIW + 3Bind = paag
IJuejEg UOHIONPOI Iousieg 01083y :aousjeq [|BI9A0
(s9jow = s3jows) 3oueieg oN {(inQ swoly = U} swWoly) sadugied 1RUNLIAI
vE'8E2 90'22v 9g0 66'85E 00'68SE Ol LL6E 01°126€ 0E'SY62 08'S201 (1y/qi) moi4
8zev sZve LLop vI'EE o8z gy 1802 s2ve 26v MW
¥9'S 1921 100 £8°01 oLvvt 009Gi 28061 Sy'igt 1189 (sysat0us q1) moi4
00004 00001 00001 00004 00001 00001 00001 00001 0000} Ivi0L
pANT €61 SyeS 80L SEE i8€ €2 €61 000 sy iyeung
800 000 000 280 000 %00 000 000 000 sasuabixQg YO
ESEL 000 88’y 1988 SEO 659 000 000 000 lousyion
950 0c0 600 102 €00 vi 0 000 000 200 msm
000 610 600 000 0 910 €10 610 000 susylan
€00 0,0 S0 000 990 290 150 00 o0zo uaBonN
SO'ZE 2591 L6y 6v'L 81l 6191 eriL %9 892 apxoiq uoqie)
iy 8L¥S rovi 000 PO'ES £06¥ 81'iS 8LYS 90'Sy apixouop uoqied
avo 88'S2 oze 000 12'se ovez 2S'SE 8862 002S usBoipAH
wnpoid abind dep b dep no paad paay
ana weid ez ee das 0122 iooeay  Jojydeay ephsey ysazd
0iz (adej uo s3ydU)) 93] J01083Y
02 {(Aepruo}) a%ery ING 0E0 (09sm) “19A 181219dng 1a3pn0 s {Bisd) asnssaid
o (Aepruog) axery HONW FAx1] (oas/m) “PA 1R1d1ednS 131U o8y (4.) asmpmsadway
19€ {Bx-sysajowb) Aaponpoid b3 ot (% m) uopienuaduoc) Aunis pye OLLi2 (y) sod
Lie (%) uojsianuo) sebuig 9v8Y (a1) wbiom 1sdmieD o002l s Si8p pu3l
e (=) uojssaauod 0O 99 (c0zZiv %) uopiodoid 18Ajme) 00:6 04/S aj8q UmS
Vo (% 1oA) dnpjoH $8D 1188 (apixo By-aynys) Aooep sdudg :pojad sausieg

G-7




6y I9E1 1621 moy 10 vV wrise mo} or woviL 19604 oL
(33 P 3 Ive 00 vo 160 160 "uabosN -3 ozo [¥0) uabosnn
Sieg- vi0 20 OZH 1o 0806 v. 06 uaBixo ye 81 CE P62 webBAxp
S2t- 78] 66 HON 10 o rigL voqsed 82 yisc 6ELC uoqiey
1A' e 6E€E 3Ino €0 0616 6516 usBowpiy S'S- 6¥'SS 192S uabopiyy

pep urIno opepy 7] n0 ] ] o u

o0t.{on) 001.0n0-8) 001.0n0-w)
P334 - saling + S190Pald = U] UXY-INO uXY NQ 101083 = Uy 105383Y by} ama + used + by oW + abind = p33d4
3ousiRg UOEINPOId souseg 10083y :20uReg NERAD

{saows = sajows) duseg ION HnO swIolY = U SWOYY) SIDUeEg U]

R2'1¥2 v L6E 8s'y 90962 86 5922 6€ 9652 6€ 969 100991 B8E'9S8 {syyqy) mod
ey PIS2 194y €S £ rL92 L9 9602 "ne 266t MR
59§ 18561 1to PoL 0495 ¥E€6 60613 yZs9 6L €S (nyep0m qf) mopd

00°00} 00001 00001 00 004 00004 00001 00004 00004 00001 IViOL
SEEY ¥ FA% 3 016 gey 66y 90’1 v6'3 000 a3 ygaung
€00 000 000 260 000 00 o000 000 000 sasuabAxQ sa2y0
2001 000 96€ ¥ 98 SYo Zv9 000 000 000 jousyian
szZo 00¢C 800 L S00 €10 000 000 900 2EM
000 810 800 000 J1% ) S0 110 810 100 ausyag
$00 190 o1o 000 eso 250 ivo 190 o uabomyN
EWY 2EBIL. Zvey 8oL &L6t e S X8 08t apixoiq UOQBD
sy SESS %Ki ooe 822s br4: 4 £91S SESS oLy Ipxoucyy uogE)
€0 65 €2 991 000 g2 6L €0'SE 65€2 €88y uabospAn

1npoig ¥bng dep b dep no Py paj
anka wed uw uxw desor2 Jopeay 10508y sphaay ysasg
€54 (9de] uo s PuY) PAIT 01083y
61 {A=ppuoy) ey ING 810 {22s7)) “PA EEsdng 1AN0 (7] (Bisd) amssaid
o4 (Aspuoy) em HOPN €20 (oIsa1) WA EpRYRdng Vot 208y (4.) smusadway
y'92 {By-aysaowb) Aaponpoid b3 oE {2 1) vogeaucVED Aung 2.2 0122 ) sol
g€ (%) ucrssaaun) sebulg g+ey (@) wBam 1sdmed 00:91 215 awp pu3z
892 (%) votssaauo) 0D 99 {eoziv %) vonsodoi g 1simeD 0091 L1/S sjeg LBmIS
1IE (% 1oa] dapioy s29 €055 (epixo Bx-2y18) Ayoogap saeds :popad sousieg

€7H-3¥ NAY HOd4 3ONVIVE TVIHALVYN

49 319vV1L

G-8



LA'a w oviL @0l 1o o' L2V €512V moL vi- L0°SVL L0'EVE mol
3 53 e F7e%) 60 99} 891 —ueBonIN 58 ¥ o 120 usBoniN
8's62- szZo 900 o 00 Fr4= 4% ozTSYi uabixo e 82°9€ 68'SE uaBixo
Vo 2sol 1soL HON 00 5992t S99zt uoqis) - 0EVE 26EE uoqisd
10 6EE 6EE ana 20 Se st Y5 €St uabBosphny 8- AL g62L uaboiphy
apeyy [(TE) apen W no ] uf o u
. B
00i.{0-n) 001.0n0-ul) 003.GnO-H)
paa4 - sabingd + $19npoid = uj UXY-INO Uxy IO 101083y = U} J01083Y by 3Wa + Yse1d + D) HOPW + 9Bing = paad
aousieg uoponpold sousjeg JO1EH :aousieg 85340
{serow = sajow) oueied oM (O swoly = U SWOlY) s3dueieg |aIUawl]
91 €12 6906¥ 08’1 €8 VOE 92'1G9¢E 66 €20¥ 66 €20¥ L5962 £0'6501 {ssyqt) moid
8L zy 092 oy vLEE 13 4 12'se 6902 90¥2 2054 MmN
S0S ovoe ¥00 1041 698Y1L 19651 Ly v6i 7474 1soL (aysatow qi) Moty
00001 00001 00001 00001 00700} 00001 00004 00CSL 00001 IVIOL
LLEY ¥6'1 SY62 80°L 1€ 19¢ r7 A4} 6L 000 1213 peung
600 00¢ 000 280 000 900 000 000 000 sawuabAxp O
oEvt 000 88y 1988 2vo 859 000 000 000 jousyIon
190 000 600 102 »00 y0'0 000 000 100 SBM
000 610 600 000 8l o o ¥ 0 610 100 uBPIN
€00 650 S1°0 000 850 250 €0 650 610 uaBoniN
199E 1168 L6y 6v'L 8291 9¥'Si 601 LS €2 epixoiQ uoqisD
0V ¥£SS yovi 000 6LES 8L 6% ¥9'15 ¥E'SS 9E'Sy Ipixoucyy uoqed
Sv0 119 oz 000 052 8LEe 99'GE 2192 €915 uabospiy
npoid abung dep bn dep no paad P34
ang jueld 1 nwa dasp1zz o8y o83y sphaey ysag
291 01288 (ad8] uo SIYIUY) |3ATF] J0JOBIY
61 {Aepsoy) axent INA 10 (o9asn)) ‘A IBPREsdns 1960 (1.7} (Bisd) amnssaid
oy {Aeppicy) axem HOPN 8E0 {o9sa) A ERYANS 19Ny o8y (3.) smesadwal
2'SE (By-nysspowb) Ayyaponposd ‘b3 EVEO ¥ ZE (% 1) vOpERUDUOD AuniS ¥82 O 92 y)soir
80E {%) uojsiaauo) sebuls 9vey (q1) mibram 1shmed ooy ELS asp pug
6502 {%) uogs13au0d 0D 99 {c0ziv %) voniodoid 15180 00:02 245 a(|q VNS
SEY QI ESY {%% joa) dnpjoy seD 2868 {apmxo Ba-ay/1s) Aooiop easds :popag souseg

9°Z4-4¥ NN HO4 IONVIVE TVIHILVR
89 318vVL

G-9



L0 oS'EL IvEL moy [ 8£292 v0'192 moy Si- €694 3431
1€ 8y S 2ES F7o%) 16 €81 91 a <08 €ro 20 UIDOIN
F4 > 8L o 120 OH Zo 9,88 2688 ualbixo 60 YOEE atee uaBixo
£0 12 812 HON 10 21 wu uoqed € 16 0E 250€ uoqs)
y0- 196 S95 anag St- 89 v6 82c6 ueBosphny L $52S 69iS uaBosph
epen urn0 spewy ] no W u o u
001.(0-W) oot in0-u) 001.0n0-W)
P4 - $38ind + SI9NPOIY = U UXYIND VXY O 0183y = LY JONIEIY byl 3NG + yseid + by HOW + aBind = P34
2ousjeg uvORINPOId Jousieg 01063y ueeg B0
(satows = sajous) aoueeg ION (N0 swory = W] SWOLY) SIVUSjEY [NURLI]
199 oSy e 8099 61 83€2 2029v2 L019%2 180251 0z’ W6 {nyqt) mord
8L EY V7474 6L2¥ LO€EE 0£'92 y99e 2o e SL9 MN
SLO0b Wit 600 002 1806 2926 10644 9929 8y'9s (yerow q1) Mot
00001 0000t 00'001 00003 00001 00001 00001 00001 00001 V104
191 e €86V 5801 2L 174 FAN e 0ne g3 paung
000 000 000 00’} 000 900 000 000 000 saeuabixg W0
€0§ 000 6LE oles SE0 see 000 000 000 ouspan
€20 000 810 152 600 oE0 100 000 600 I Y
oo S10 €00 00C 210 210 010 sio 100 sustponN
200 ' SEO 000 80t 660 oLo 81 120 uaBonn
652y VLl oLLE 052 2o 6668 8011 eril 88€ Ipgxoyq UoqIeD
Spy 8v'es syl 000 S6'9% eSSy 6E1S ar'es 9105 IPXOUOH UOGIED
wo 9592 FrA\ 000 66 €2 80€2 09'SE 95’5 99°sy uaboipiy
Pnpoid abing dep bn dep mno pad4 Py
3ana jueid n= nz dasrzz 010834 o8y apidey ysasj
0i2 {ade}] uo SaYOUY) [aAI] J013683H
I'E {Asppioy) 3xen ING 80 {23sn1) PA mpPgRdes N0 052 {Bysd) amnssauyg
80 {Aspso]) axery HOPN €20 {o3s3) PA EPKIdas jany 9'18p (4,) asmesadway
00E {Ex-sysarowb) Ayanonpoid b3 8ve {% m) uopenuaoue) Aums OZ2E O ¥OE () soL
98t {%) uossaauo) sebuis gery (o oM 1simeD 0091 ¥i/S awmp pu3
0ig {%) uogssaau0d 03 €61 {eozv %) uonsodoi 1shmeD 000 PI/S aeg uns
1'sE (% 104) dnpjoH s ¥E65 {opixo Sx-ayis) AipoopA sdeds :pouad sduseg

1" €3V NNH HO4 3ONVIVE TVILILYR

69318Vl

G-10




4] 1484 2671 |0y yo- oy ey 1512y moL L0 L9VEL 89°€EL oL
€8 733 V3 Z00 70 o'l 191 “ueBonN v 120 620 uaboniN
zse SE0 90 OZH 10 16104 oozrk ueBAxo 9l 06'SE ivoe usBixo
29 rrA 4 oSy HON 00 1S€2L s €zt uoqied £0- e 62 vE uogied
e0 >4 4] Ing £1- 2E951 EEVSL uabospin €2 60'v3 ¥929 uabospAny
epen urno opap u ino uj uj no u
001.{O-W) 001.(In0-ut) 001.(n0-u)
paad - sabiing + sjonpoid = uj uxy-InO UXH IO 101083Y = U} 0108 v—.—wﬁa¢£ﬂuﬁ+5§+&5&u§m
Jaumeg uoINPOId sousjeg 01083y adusjeg 181300
(sajow = sajow) Iousjed JON (10O SwWoY = Uf SWOY) SIIUREE |NUIWI}T
£1°€2¢ 26'6S €82 Sg6vL 8v 6LLE 1€ FEGE LEVEBE 91282 652901 (wai) mop4
IvEy 92€2 6L2% v82¢ 92zve sve 9,02 92 €2 2191 MN
EvL €62 200 Gy 28'SGL 9091 25681 Sy'e2t €L'S9 (syer0w q1) Mot3
00001 00001 00001 00001 00°00% 00008 00001 00001 00001 V1oL
90'95 6£2 £8'6¥ 2901 98y 60 1.1 682 000 sayi3 yaunQ
000 000 000 ¥EO 000 100 000 000 000 saisuabixg suio
60'L 000 64E 186 ¥E0 182 000 000 000 jounpon
810 000 810 oL 800 620 000 000 600 M
000 €10 £00 000 1o 110 00 €0 200 susIon
000 S50 SE0 000 IS0 050 zvo S50 2o uabomN
692E 9S4 oL LE 167} 9891 yE9L SELL L'Sh (A4 opixoiQ uoqsed
SYE 1916 syL 000 60 6% 9Ly 8905 1916 168y 2pIXOUOHy UOGIED
60 9662 yr4! 000 9182 oesL2 16SE 95'62 Sy uaboipiy
wnpoid aBing dep by dep no padj paag
ana weld ux uw daso1zz 01963y J01083H sphosy ysasy
€12 {ads) Vo SaPUYY) P JOOBIAY
62 {Aspmioy) axep 3INQ 1E0 (095113) A IIDIH3dNS PANO A4 {Bysd) sunssaug
Iy {Aepuol) axew HON LEO (o) “PA RPRIIANS 131 128y (4.) smmsadwag
vEE {Bx-sysajowB) Ajaponposd b3 €82 {% 1) uopagUILOD Aunis 03€ OL ¥EE {(sy) soL
892 {%%) uogssaauo) sebuls c6ry {a1) wibam 1sdmic) 008 9IS *|p pul3
902 (%) uoissaauo)d 0D £61 {€0Ziv %) uopsodosd isAmeD 009 SIS i3g UBIS
ooy {% 104) dnpioy} seo SH6 {apixo Bx-syis) oA sdeds :poyad ousEeg

ZtH-4V NNd HO4 3ONVIVE TVIHALVN

019378Vl

G-11




1L- 1921 €52 mo} S0 85 €92 €292 o) g'\- eLviL Sy2il wol
) v S9¥p Z200 60 980 280 ~waBoRnIN r 0c0 120 uaBoin
082" ¥£0 20 OZH 00 0868 £8'68 uaBAxo Lo e 90t ueBixo
6¢- 082 oL HON 00 297 29U uoqied) Lo 68'6¢ 8962 uoqi®)
€0 68y 6% 3ana vi- 2E'S6 €0'v6 weboipiy s2 s 1505 uaboipiy
apen upFIno apen ug no uy uj no u
001.(0-) 001.Gn0-w) 00s.no-ul)
paa4 - sabing + s1onpoid = uj uxy-iInQ uxy INO J0108eY = Uf 101389 gw!a¢§¢5§8#§u§
aougjeg uojlonpold sousisg 101083 :aousieg 18I0
(sajows = s3jowt) Iouejeq PN (inO swory = uj SWolY) SAduRieg (AU
\E'SLE v8'ISY 282 00001 e £€9'9/92 €99V 8EESSH GZ'€26 {sayqi) mopd
9EEY 0v2 W2y 652¢ yg'se 6092 v 02 0% B89 MW
998 st 100 20€ S6'16 16v6 6Ll €5¥9 20'ss (sysarows qp) mopd
00001 00001 00001 00001 00°004 00°001 007004 00001 0000} 1vi0oL
161y e 2ELY 8t 269 199 vl e 000 43 pewig
000 000 000 v90 000 200 000 000 000 sajguabixp U0
106 000 £0E 8ESL LEC 82 000 000 000 jousien
610 000 120 2vol tto 620 100 000 oo ReM
000 10 000 000 rAy) 210 600 o 100 suBIaN
000 €50 100 000 8ro Sro 9€0 €50 610 uabosyN
6Ly FAFAY Loy 8E2 6461 €61 SVt FAy 1% ZY appci] uoqsed
iy £35S 08 000 Y6'LY €2'9¥ 64°1S IE2S 99°'6p @pixouopg uoqIeD
S0 €22 9’1 000 82 rAS 74 9L SE > F 7 18'SY uaboiphyy
wnpoid abing dep by dep no pIsg (7]
ana wed (Y4 1 das 122 010834  10joEaY aphAdey ysaijy
st {eds} uo s3ydUY) AT s0108IH
2 (Aepuot) axew ING 610 (095/4) ‘I9A [81P1s3dnS JopNO F2+74 (Bysd) asnssaig
ol (Aepjuoy) anew HON €20 {a3sn)) A EPRIIdNS W gisy (4.) aanesadwag
622 (Bx-nysagowb) Ayaponpoid b3 562 (2 1m) uopenudV0) Aunis SBE Ol PSE () soiL
L'se {%) uojssanuo) seuig €6y (at) wibtam 1shimied 006 LIS a18p pu3z
zee {%) uoisiaauo) 0D €61 {€02IV %) uojiiodoig 18AmeD 00:21 91/S ejsq UNS
g'ie {% toa) dnpioy s39 1565 (spixo Bxy-syns) oo sdeds :popad sauseg

€ €4-3V NNH HOd IONVIVE TVIHILVN
119378Vl

G-12









