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ABSTRACT

From June 1998 through September 1999, direct process residue (DPR, awaste byproduct) hydrogenolysis
has been studied at alarge Pilot Plant within Dow Corning’s Carrollton, Kentucky, plant. The system reacts
filtered DPR with chlorosilane monomers at high temperature and pressure. The process routinely
demonstrates DPR conversions from 59% to 89% on amonthly basis. The reaction product contains high
concentrations of valuable monomers such as dimethyldichlorosilaneand methyldichlorosilane. An
expansion of the current unit’s capacity is planned to be on-line by the end of 2000. Furthermore, alarger
DPR hydrogenolysis reactor based on these results is being designed for operation in Europe at Dow
Corning s Barry, Wales, site.

PREFACE

The objective of this Dow Corning Corporation and DOE cost-shared project isto develop anovel waste
conversion process for the recovery of valuable chlorosilane intermediates. The project started with Phase
[11A, Engineering development - | ntermediate Scale, which consisted of testing with two systems, termed the
Pilot Plant and Pilot Plant I1, both at Carrollton , KY. Phasell1B, Engineering Development - Full Scale, isthe
development of the commercial system at Barry, Wales. Earlier work isdescribed in report DOE/AL/99566-1,
“Recovery of Valuable Chlorosilane Intermediates by a Novel Waste Conversion Process, Technical Report
for Phase lI1A (Final) and Phase I11B (Progress)”, and is recommended reading as afull technical preface to
material herein. The second year of that development is described in thisreport. Finally, PhaselV,
Demonstration - Full Scale, which start when the development is completed, will conclude the project.
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RECOVERY OF VALUABLE CHLOROSILANE INTERMEDIATESBY A NOVEL
WASTE CONVERSION PROCESS
Technica Report Phase 111B (Progress)
June 98 - September 99

1. INTRODUCTION

1.1 TheDPR Problem

Dow Corning produces dimethyldichlorosilane (Me,SCl,) by the reaction of methyl chloride and
silicon metal in asystem known as the “ direct process’. Although Me,SICl, isthe main desired
product, several other chlorosilane monomers and oligomers are produced in side reactions. The
byproduct monomers include methyltrichlorosilane (MeSiCl5), trimethylchlorosilane (Me;SCl),
methyldichlorosilane (MeHSICl,) and lesser amounts of other monomers. The oligomersinclude a
high boiling mixture of disilanes, silmethylenes, and polysilalkylenes known as “ direct process
residue” or DPR.

Direct processresidueis awaste stream. Selectivity can be improved by manipulating the operating
parameters of the fluidized bed reactor (FBR), but it isimpossible to suppress formation of DPR.

In Barry, DPR is separated from the desirable monomers, then quenched with water and lime slurry
toform solid gels. The gelsarelandfilled on site.

In Carrollton, DPR is separated from the monomers, then further processed. Methylchlorodisilanes
(MCDS) are distilled from the silmethylenes and other higher boiling species. MCDS s shipped to
the Midland thermal cracker process where the material isreacted at high temperature with hydrogen
chloride to form monomers. The cracker product contains arelatively high fraction of low-value
monomers. The cracker process also has a history of poor maintenance reliability, a high frequency
of safety incidents and a number of failures due to corrosion. The cracker cannot process
silmethylenes and higher boiling chlorosilanes. Cracker product is shipped back from Midland to
Carrollton for distillation in the main processtrain. In Carrollton, the bottoms of the MCDS column
are quenched with water and lime slurry, then landfilled asin Barry.

A process which recycles DPR internally and produces a high value product offers significant
economical advantages over the existing cracker process and the various recycle programs. The
benefitsinclude environmental (reduced landfill, reduced quenching costs), raw material
conservation (recovered chloride and silicon), and valuable monomer production.

12 Past Efforts- Literaturesince May 1998

In July 1998, Wood published “The Chemistry of Disilane Hydrogenolysis’ [1]. Init he outlined the
development of anew reaction scheme involving anovel complex intermediate which providesa
better explanation of the experimental data observed both in the laboratory and the plant.
Dehydrocoupling and disproportionation with polymerization also occur under the conditions of the
hydrogenolysis reaction, leading to polysilanes and unwanted solids. Unfortunately, since the
different reaction paths have a conmon intermediate, the reactions may not be conducted
independent of one another. Experimental conditions can be chosen, however, to limit, though not
eliminate, the unwanted reaction pathways.

In November 1998, Bolland reported on the “ Post Start-up Optimization” of the Pilot Plant 1| DPR
Hydrogenolysis unit [2]. Helisted the following significant learnings:



proper monomer co-feed can reduce hydrogen feed requirements, lower the reaction
initiation temperature, and enable the reaction to occur at lower temperatures
aminimum hydrogen-to-chlorosilane feed ratio was demonstrated at four times |ower
than the design feed ratio

no reactor downtime was attributed to solids formation in the reactor

pitting of the reactor lining was observed on the bottom head

very high hydrogen conversion can be obtained viatotal liquid product take-off

In June 1999, Bolland, Coldman and Bellingham reported on a“Filter Start-up” in Barry, Wales[3].
While not part of ahydrogenolysis unit at the time, thefilter’s great success later led Barry
engineersto consider sharing its capacity on a campaign basis with a future hydrogenolysis unit.
Thefilter wasinstalled at the plant as part of a program to enable closure of the site quench pond.
Thefilter cake from thefilter continues to be quenched as before. However, thefiltrateis either
incinerated off-site or recycled back to its originating process for recovery of usable material.
Significant overall reduction in the quantity of material quenched from the process were immediately
achieved. Thereductionswere the result of recycling the filtrate back to the originating processto
recover usable material. Previously the filtrate was used to slurry the solids prior to quenching. Due
to its excess capacity, the potential for using thisfilter as part of the new hydrogenolysis process
being designed for the Barry site was evaluated via atrial.

In August 1999, Brady, Wood, and Payne reported on “Metal Alloy Coupon Testing” [4]. The
Carrollton hydrogenolysis reactor had been inspected twice since it was placed in service October
1997. Both inspections, July 1998 and March 1999, revealed pitting of the reactor cladding. The
pitting could have occurred during normal operations or during periodic caustic soda washing to
remove chlorosilanes and solid residues. Thislaboratory experiment was an effort determine if
pitting of the metal could occur under anhydrous normal operational conditions. Following
exposure of the couponsto the hydrogenolysis chemical environment and high temperature for 408
hours, no weight loss was observed compared to initial coupon weights. All coupons were
evaluated under a 30 power stereo microscope. No pitting was noted on any of the coupons.
Further, the AlSI type 316L stainless steel sample was examined in a Scanning Electron Microscope
and compared to avirgin 316L coupon. No pitting was identified. Previous experience with coupons
in the production scal e reactor shows pitting can be clearly observed with |ess than 50x
magnification. It appears possible that the current aqueous wash techniques employed may be
causing the pitting. The current practice of slow addition of the caustic, not hydraulically filling the
reactor, and the long time that weak acids may bein the system prior to head removal and water
blasting all could contribute to the pitting. A future caustic cleaning strategy was suggested. Metal
alloy coupon testing is discussed further in Section 2.3.

1.3 Process Description of Pilot Plant |1

A sketch of the processisgivenin Figure 1. DPR from the adjoining FBR’sreboiler or from the
site’sDPR tank istransferred to the dirty DPR tank. A DPR pump operates continuously to recycle
material in aloop from the bottom of the dirty DPR tank through a service water cooler and back to
the tank to keep silicon solids suspended and precipitate some aluminum chloride (AlCl ) out of
solution. Methylchlorodisilanes (MCDS) are transferred to the feed tanks as a substitute for DPR,
and used to back-flush the DPR filter.

Toremove silicon solids, DPR is pumped to the filter from the dirty DPR tank. Filtrateisroutedto a
mix tank. Thefilter iscleaned in place with nitrogen and MCDS. Solids are discharged into the
site sDPR tank. After every batch of filtrate is collected, monomer is added to prepare the reactor
feed mixture to be transferred to the feed tank. Chlorosilane monomer istransferred to the mix tank
from aplant header originating in the tank farm.



A positive displacement feed pump pressurizes the mixed chlorosilane feed to reactor pressure.
Chlorosilane feed is heated with hot oil in afinned-tube preheater. Chlorosilanes enter the reactor
on the bottom or the top, depending on valve arrangements. Typically, chlorosilanes are fed to the
bottom of the reactor to help prevent plugging of the bottom nozzles and piping with reaction by-
productsthat are solid.

Hydrogen (H,) is supplied from aliquid hydrogen tank maintained by avendor. Hydrogen liquid
from the tank is compressed beyond reactor pressure with areciprocating piston pump. The high-
pressure liquid hydrogen is then vaporized in an ambient air vaporizer and stored in a tube bank.
From the tube bank, H, is regul ated to supply pressure. A control valvein Pilot Plant 11 regulates
flow at reactor pressure. Hydrogen is preheated with hot oil in ashell and tube preheater. H, enters
the reactor at the bottom or the top, depending on valve arrangements. Typically, H, isfed to the
bottom of the reactor.

The hot oil system uses asilicone heat transfer fluid. Oil from an expansion tank is pumped to the
electric heater. A pair of automatic valves then divert flow to an emergency air fan cooler or directly
to the preheaters and reactor. Typically ~10% of flow is routed through the cooler, keeping its tubes
warm to avoid thermal shock during an emergency that callsfor full cooling. Power input to the
heater is adjusted by means of asilicon controlled rectifier (SCR). A temperature controller for the
oil loop automatically controls power. To adjust reactor temperature, the setpoint to the oil loop is
changed.

Several hoursinto the start-up operation, aliquid level formsin the bottom one-third of the reactor
vessel. H, feed bubbles up through thisreacting liquid. Pressureis controlled in the vapor region
abovetheliquid. When pressure rises in the reactor, the reactor overheads pressure control valve
opensto lower the pressure. Temperature inside the reactor is monitored at three different vertical
heights. Temperature is controlled indirectly by adjusting the power input to the entire oil system at
the heater. Theliquid level in the reactor is monitored by means of weigh cells and anuclear density
meter, but the level is not controlled directly.

Reactor pressure is controlled at the overheads pressure control valve from the reactor. Overhead
product is throttled down from reactor pressure to DPR Column pressure. Unreacted hydrogen and
vapor chlorosilanes are continuously vented to the adjoining FBR’s DPR column. Liquid product
from the reactor is throttled from reactor pressure to DPR Column pressure through alevel-control
valve, and flowsinto the adjoining FBR’s DPR column.

Typically, product is continuously withdrawn overhead from the reactor. Intermittent blowdown of
liquid from the bottom of the reactor is necessary to purge the vessel of unreacted high-boilers and
polymer/solid that is being formed. During blowdown, chlorosilane feeds are directed to the top of
the reactor.

Pilot Plant |1 product recovery occurs viathe adjoining FBR's DPR colurm, where monomers from
Pilot Plant 11 join effluent from the FBR overhead. Any unreacted high-boilers or polymer that are
formed in the reactor exit out the bottom of the DPR column with the rest of adjoining FBR's DPR.



Figure 1: Processschematicfor the Direct Processand Pilot Plant 11
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2. PILOT PLANT I RESULTSAND DISCUSSION

2.1 Operationsand Engineering, May 1998 thr ough September 1999

Carrollton operation was sustained throughout May 1998. On linetime (OLT) for the month was
90%. Thisput year to date OLT at 42%. A failure of avent recovery component in adownstream
process shut down the hydrogenolysis reactor for afew days. Availability was 99% with a brief
shutdown to build some feed inventory due to poor filter performance. Overall conversion to useful
monomers was approximately 62%, including filter cake losses. The stainless stedl filters were not
changed out during the month. However, the filter system could support only two-thirds of the
design capacity when feeding solids-rich slurry. Effort focused on optimizing theliquid rinse. The
chlorosilane preheater showed signs of fouling. Quotes were received for doubling and tripling the
throughput of the high-pressure feed pump. Evaluation of other equipment, specifically preheaters
and hot oil heater, were needed before arigorous "stretch" option could be considered.

Carrollton’sOLT for June 1998 was 37%. This put year to date OLT at 41%. The reactor was shut
down on 13 June. Thisforcedan early shutdown requiring reactor head removal. The subsequent
reactor wash out was completed without incident.

Chlorosilane and hydrogen preheater elimination trials were completed to support Barry scope
reduction. Process operation was demonstrated without either preheater. No changes were
observed when the hydrogen preheater was shut down. The shut down of the chlorosilane
preheater caused some problems as we lost the reaction on several occasions, since the process
becomes much more sensitive to hot oil temperature changes in this mode of operation.

Chlorosilanes were found in the hydrogen preheater during shut down. A Process Change Request
was approved to create avapor lock in the feed line to prevent reoccurrence.

Carrollton 's on-line-time for July 1998 was 0%. This put year to date OLT at 35%. The reactor had
been shutdown on 13 June. A reactor wash out and head removal reveal ed some corrosion to the
vessel internals. Thiscorrosion was repaired and the unit was ready for an August re-start.

The Carrollton process was on total recycle for five days at the end of August 1999. Aluminum
chloride results were pending. The process ran successfully for two weeks without the nuclear
density meter.

Overall onlinetime for August was 47%. This put year to date OLT at 37%. Start-up after the July
shutdown was held up due to delays constructing the new hydrogen feed line and failure of the
nuclear density meter (lost 40.5% OLT). 6.5% OLT waslost due to feed pump failure, 4.5% OLT due
to leak through of bottoms control valve, and 1.5% due to problems getting hydrogen tank pumps
started.

Filter performance improved after shutdown. Two factors may have contributed to the improved
performance: 1) rinse pressure and flow were increased; 2) Filters were left to soak in monomer for
several weeks during the shutdown which may have removed contamination.

Carrollton’s Pilot Plant 11 broke monthly records for capacity (total DPR and MCDS fed) and
reliability (99% OLT) in September 1998. Pilot Plant 11 operated on total recycle for 15 days before
poor filter performance led to changing to MCDS feeds. No DPR column operating issues arose.
Aluminum chloride results were pending.

An aternate reactor configuration trial was run successfully for 10 days. Very high hydrogen
conversion was achieved, but disilane conversion was lower than desired.



In October 1998, results from Carrollton’ stotal recycle trial were obtained and reviewed with key
personnel at Barry and Carrollton. The results, while informative, were inconclusive and an
extended total recycle mode of operation was planned for the end of the year.

The hydrogenolysis reactor broke the capacity record for the second consecutive month, and ran at
a72% on-linetime. During Carrollton's half-site shutdown, the reactor was able to consume all of
the by-product generated by the half of the site that was operational.

Plans for the next Carrollton total recycletrial were reviewed with key personnel at Barry and
Carrollton in November 1998. The plan was to make minor piping and equipment changes so that
thetrial could begin at the first part of January 1999.

The hydrogenolysis reactor operation was interrupted for eleven days during the middle of
November because of amechanical failure. On-linetime for the month was only 48%, dueto the
mechanical failure and repair time.

The Carrollton total recycletrial was delayed in December 1998 due to site vent recovery system
performance problems. The problems were expected to be resolved in January with the trial to start
following aweek later. Preparationsfor thetrial, piping for feeds and sampling, computer control
system changes and data collection programs were completed. Pump repair was also compl eted.

The hydrogenolysis reactor operation was interrupted for fourteen days at the end of December
because of amechanical failure. Urgent attention was required by the manufacturer. On-linetimefor
the month was only 61%, due to the mechanical failure and repair time.

The Carrollton process did not operate in January 1999. Mechanical problems caused the entire
month to belost. Agitator and pump failures and their repair or replacement were the specific
causes.

The Carrollton process did not operate in February 1999. Mechanical problems caused the entire
month to belost. A new feed pump wasinstalled, and leak testing was completed in anticipation of
start-up. However, the pump's motor had been undersized and was unabl e to provide the power
necessary. Theteam planned to re-install the original pump for aMarch start-up.

The Carrollton process was restarted on 07 March 1999 and ran for five days before aprocesstrip in
an adjoining distillation column shut down the process. An attempt to restart the process failed due
to aplugged hydrogenfeed line. Several attemptsto clear the plug failed. The reactor wasthen
washed and disassembled. Inspection found alarge number of cladding pits that were then repaired
using the same welding technique used in July 1998. This pitting indicated that a continuing
problem would exist in that vessel. In parallel to the effort to bring the Carrollton reactor back on
line, longer term process solutions (reactor operational changes, design changes) were investigated.

The Carrollton process was reassembled in April 1999, but did not perform correctly. Following a
week of unsuccessful vendor efforts at the site, an operational plan was developed. The reactor was
then started and, as expected, performance was poor. Solutionsto improve reliability of the process
were developed including block flow diagrams and cost estimates. Process and mechanical research
was in progress to select an alternative by mid-May.

A set of six aternativesfor long term processing in Carrollton were identified and were narrowed to
four flow sheets. These included the extremes of “doing nothing” and operating status quo, to
building a new process at the site similar to the Barry design. A spreadsheet was devel oped to
perform yield and net present value (NPV) cal culations and was used in the analysis. Evaluations
continued with additional support from site engineering. The strategy was to be defined by the end
of May.



Five chemical processindustry (CPI) cleaning service vendors were contacted who could provide
aqueous or chemical cleaning of this and other site reactors. An on-site meeting was held with one.
Others desire process samples to define solvent alternatives.

The Carrollton process operated reliably al of May 1999. Dueto the changesimplemented in April,
wall heat transfer and product composition were different than normal. Significant learning took
place concerning the importance of many process parametersin this new operating mode.

One alternative for long term processing in Carrollton was chosen from the set of six alternatives
identified in April. The agreed strategy was to increase throughput by afactor of four by the end of
year 2000. The NPV of the chosen alternative was high despite significant capital investment.

Samples were sent to three CPI cleaning service vendors for testing. We hoped to identify one that
could provide aqueous or chemical cleaning of site reactors.

A “Stretch and Reliability Improvement” project wasinitiated for the Carrollton processin June
1999. Approval of the scope and plan was obtained from the Technology Center and
Manufacturing. Process Flow Diagrams were completed and reviewed. Preliminary equipment sizing
and Requests For Quotation on heat exchangers, pump, spare hot oil heater and valves were
submitted. Piping & Instrumentation Diagrams for the feed system and reactor modifications were
completed. A Hazards and Operability study was completed. Materials Of Construction testing of
laboratory coupons progressed. See Section 3 for a compl ete discussion of this project.

Design engineering work proceeded on the Carrollton Stretch project in July 1999. The HAZOP
report wasissued. Requests for quotation were issued and received for two heat exchangers, two
pumps and the high pressure valves. Purchase orders wereissued for two heat exchangers and two
pumps. Process pressure analysiswas 99% compl ete pending follow-up on two installed pumps.
The Business Council reviewed the project and its economics. Approval was received for
preliminary funding, with aBoard of Directors application for full funding scheduled for December.

The Carrollton " Stretch/Reliability Project” design effort continued in August 1999 with discipline
engineersin all areas. Instrument and control valve list was generated, sizing and specification work
wasin progress. Detailed layout engineering wasin progress. A Request For Quotation on the
reactor replacement was issued to two firms. Onefirm returned a quote for 42 week delivery. The
Process Pressure Analysis was completed and issued for Phase 1 of the Stretch project. The
Technology Package was held up pending completion of the hot oil system analysis. An analysis of
line sizesfor stretch rates was completed. A report wasissued by a Safety Engineering consultant
concerning the placement of the loop equipment. Plans proceeded for shutdown, inspection and
construction from mid-October through November.

The Carrollton process ran well during August 1999. On-line time was high with small downtime
incurred for hydrogen recovery tie-ins, liquid dump valve replacement and preheater cleanout. A
"total recycle" campaign wasinitiated 12 August. No processing issues arose during the month,

but frequent filter changes were required. A written proposal was received for reactor cleanout from
awaste management company. Another company was compl eting some corrosion testing and
would issue their quote by mid September.

The Carrollton " Stretch/Reliability Project” Technology Package for Phase 1 was completed,
approved and accepted in September 1999. A review of the project selection and scope was
completed during the Technology Center monthly meeting. No changes were identified to the path
of stretching over three phases. The Safety Audit Team chairman held afirst organizational meeting
to review technology and project scope. The detail design and construction packages were over
75% complete. Nine engineersin Plant Engineering were actively working on the project. The
second quote for the reactor replacement was received. The second vendor's quote was 5% higher
than thefirst's. We chose to proceed with the first vendor for reactor vessel fabrication. The



vessel cleaning contractor for the shutdown was selected pending completion of the vendor
qualification package.

The Carrollton process ran well during September 1999. Six days down time were experienced due to
the high pressure feed pump gearbox failure. Good performance of the vapor analyzer was observed

after the capillary column was replaced with a packed column. Good conversion to high-value

product was achieved during the "total recycle" feed campaign, which was planned to continue until
the November shutdown.

2.2 Pilot Plant || Material Balances

Tablel: HydrogenolysisMaterial Balance

Monthl |Month2 [Month3 |Month4 [Month5 [Month6 |Month7 (Month8
Feeds DPR 80 47 33 39 16 41 13 73
MCDS 113 53 73 217 248 129 206 100
Monomer 1 103 51 37 79 41 24 26 133
Monomer 2 29 22 18 34 28 18 24 29
H2 4 1 1 3 5 3 4 4
Products Monomer 1 136 70 59 137 119 25 63 196
Monomer 2 76 50 47 114 147 110 129 1
Monomer 3 15 6 8 13 10 2 4 57
Monomer 4 12 4 6 11 10 2 4 1
Monomer 5 11 5 11 17 22 54 38 14
DPR 61 30 23 67 22 10 30 47
Filter cake 18 11 8 12 8 11 7 15
DPR Conversion 59% 60% 71% 69% 89% 88% 83% 65%

The mass-balance table shown above gives a dimensionless analysis of the Hydrogenolysis
Process performance for eight representative months during May 1998 through September 1999.
Overall conversion of high boiling feed iscalculated as .....

X reactor = 1 = ( Miter cake + unreacted PR/ M feed DPR+ MCDS) -

2.3 Reactor Cladding Pitting I ssues

2.3.1 Introduction

The Carrollton process reactor has been inspected twice since it was placed in service in October
1997. Both inspections, July 1998 and March 1999, revealed pitting of the Inconel 625 reactor
cladding. The pitting was hypothesized to have occurred either during normal operations at high
temperature and with metal chlorides present, or during periodic caustic sodawashing to remove
chlorosilanes and solid residues. A laboratory experiment was thereforeinitiated in effort to
determine if pitting of the cladding could occur under anhydrous normal operational conditions.




The purpose of the experiment was to evaluate the effect of high temperature and hydrogenolysis
chemical environment (hydrogen, disilanes, methyl DPR high boilers and metal chlorides) on metal
coupons and determine if metal pitting will result under these conditions. Metal coupons were
obtained from an exotic metals supplier. The coupons purchased included 316L, Hastelloy C276,
Inconel 625, aVDM Alloy, and Inco 800HT. These selections were made to evaluate afull range of
materials, to include ones that were expected to pit.

2.3.2 Discussion

Following exposure of the coupons to the hydrogenolysis chemical environment at high temperature
for 408 hours, no weight loss was observed compared to initial coupon weights. All coupons were
evaluated under a 30 power stereo microscope. No pitting was noted on any of the coupons. The
316L sample was examined in a Scanning Electron Microscope and compared to avirgin 316L
coupon. No pitting was identified.

Thelack of pitting in the [aboratory after 408 hours of exposure can be contrasted to the severe
pitting in reactor coupon samples that had been in service from October 1997 through July 1998 in
the Carrollton reactor.

When reactor coupons were installed for nine months (Oct97-July98) it has previously been
estimated that the reactor was at process conditions for 3240 hours during that time. Reactor
temperatures commonly employed were mild. During thistime frame there were four reactor
cleanouts that used water and caustic sol ution.

The laboratory system wasin service 408 hours and was maintained at temperatures about 100 degC
higher than the reactor temperature during the nine month period cited above. The intent wasto
subject the laboratory coupons, for a shorter time, to higher temperature than the reactor coupons.

The reactor coupons underwent four cleaning cycles. A typical reactor cleaning cycleisto vent,
cool and drain the reactor to the DPR column. In some cases a polydimethylsiloxane fluid rinseis
completed. A bottoms connection and overhead vent connection to ascrubber areinstalled. The
reactor is slowly filled using a caustic and water solution. In most cases the reactor will not be
completely filled (at times aslittle as 100 gallons was used). The reactor will typically exotherm with
fluid temperatures reaching 100C. The slow addition of the caustic solution isrequired due to the
foaming that occurs upon H, and N, evolution.

Following caustic wash the reactor isfilled with water several times and drained. At thistimethe
reactor head may be removed for maintenance inspection or the reactor returned to service. Head
removal may take more than ten days due to bolt removal problems, equipment scheduling, etc. If
the reactor isreturned to serviceit will first be rinsed with chlorosilane mo nomer to remove all water.

It appears possible that the aqueous wash techniques employed may be causing the pitting. Likely
contributors are
the slow addition of the caustic,
failure to hydraulically fill the reactor,
the long time that weak acids- including non submerged areas, poorly agitated zones
and acids trapped under solids- may bein the system prior to head removal and water
blasting.
Service contractors have been identified that could provide cleaning techniques that supplement
our in-house methods. Their equipment includes pump trucks and tank trucks. They also employ
corrosion inhibitors, surfactants and other additives. One such contractor’s proposal isto



hydraulicaly fill the reactor with alow strength caustic solution, to reduce foaming. The reactor
would be vented back to the tank truck where foaming is controlled (larger diameter pipes and
antifoam agents). The tank will also be cooled with internal coils. Then the caustic solution would
be recirculated at a 600 GPM rate for over 400 volume changes. Caustic strength is monitored and
rejuvenated asrequired. Then use other chemical additives to clean residues (these materials were
identified during lab testing by the vendor on hydrogenolysis solids samples). Finally using a
rotojet type water blaster, enter the top nozzle and jet blast theinterior. Thisisclearly different than
the in-house technique; the vendor would hit the vessel “hard and fast” with caustic with one-
hundred-fold more volume changes that we have in the past. Additionally, Dow Corning
maintenance personnel need to have new toolsin place that will allow for more efficient head
removal to shorten the time requirements significantly.

2.3.3 Coupon Exposure Protocol (Laboratory)

Place metal couponsin 600 ml Parr lab reactor. Coupons held in place vertically around
circumference of reactor by specimen holder. Reactor filled with 126 gm DPR filtrate obtained from
Carrollton Manufacturing. Add an additional 3.5% metal chloride to the reactor to increase the
fraction and the potential effect of metallic salts. Pressurize lab reactor to 40% of plant reactor
pressure at ambient temperature with hydrogen. Heat reactor to high internal temperature. Pressure
increased beyond operating pressure and was bled down. Temperature was maintained for 17 days
(408 hours). Reactor pressure was bled off twice more and was maintained within +/- 50 psig of
normal operating pressure during the course of therun. Vent reactor to dry ice chilled bomb. Allow
reactor to cool and remove from mount [5].

The coupons were then removed. Photos of reactor and coupons rack indicate that significant

solids were present; see Figures 2 and 3. Solids collected weighed 9.2 grams (7% of material added
to reactor). Solidswere also bound to the metal coupons.

Figure?2: Parr Reactor (solidsinside)
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Figure 3: Solidsadhereto Coupon Rack following reactor evaluation

Coupons were placed in 15% KOH solution. A magnetic stirrer was used to agitate the solution.
The bath was replaced three times over afive day period. The coupons were taken to an inspection
firm for weight loss analysis and surface inspection.

2.34 Future Work

The Carrollton plant reactor will be inspected again in November 1999. New alloy coupons had been
placed in the reactor in March 1999. These will be examined by a consulting firm at that time.

2.4 Pilot Plant 11 Safety Incidents

Since the previous technical report, there have been six spills or leaks, two fires or smolderings, two
near-misses, and onerelief valvelifting. Noneresulted in personal injury. Summaries of some of
the incidents follow [6].

24.1 Spill and smolder, 05 April 1998

Technicians were heating up the reactor after maintenance to pressure test the reactor. While
heating up, some removabl e insulation started to smolder. The insulation was found to be
contaminated with oil from aleaking fitting above the insulation. The reactor was cooled down to
replaceinsulation. A leaking fitting caused the spill, resulting in smoldering insul ation when heated
up.

24.2 Spill and near miss, 18 August 1998

A technician was starting up the high-pressure feed pump to provide feeds to the reactor. The
technician started the pump and then moved to the side to observe the discharge pressure gauge.
When the discharge pressure was within 50 psi of the reactor pressure, the gasket on the discharge
flange connection of the pump failed and feed material began to spray from the flange. The
technician immediately shut the pump down and stopped the leak. The technician was not in front
of the gasket failure and was unharmed. It was later discovered that a bolt on the flange was |oose,
which caused the failure. Leak testing the connection prior to start-up had not been completed; this
would have revealed the |oose connection.
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24.3 Spill and near miss, 07 October 1998

The technicians were starting up the high-pressure feed pump after maintenance. The piping was
pressure checked on both suction and discharge sides. When the discharge pressure reached half
the reactor pressure, material began to spray from the check valves on the pump. The outside
technician contacted the control room and the pump was shut down remotely, stopping the leak. No
onein thevicinity of the pump was struck by the material that sprayed out. Mechanical failure was
the proximate cause.

244 Fire, 10 November 1998

The reactor had been isolated and was being prepared for maintenance. The reactor pressure had
been vented down and the next step was to remove ablind flange on the reactor vent line and install
ahose that would allow the reactor to be connected to the venture scrubber so that it could be
purged. The technician loosened the blind flange and allowed the pressure trapped in the three-foot
spool piece downstream of the valve to bleed off. The technician then removed the blind flange.
When the flange was removed a“puff” of fire shot from the end of the pipe and immediately went
out. The technician then notified the Site Supervisor of thefire. The proximate cause of the incident
was the leaking isolation valve, with the presence of the extension spool being a contributing factor.

245 Analyzer relief lifted, 13 December 1998

During normal operations the vent compressors for the hydrogenolysis process, shared with an
adjacent process area, shut down unexpectedly. This event automatically initiates a hydrogenolysis
process shutdown. The overhead analyzer relief on the hydrogenolysis process lifted, causing a
small release to the vent stack. The analyzer was valved out, stopping the release.

24.6 Pump sedl leak, 16 February 1999

A technician was making aroutine process check and found a seal leak on thefilter feed pump. The
pump was shut down and valved out, stopping the spill. M echanical failure was the proximate
cause.

247 Vdve stem legk, 06 September 1999

While making rounds, atechnician discovered aleak on thefilter cake dump valve. Thevave
appeared to be leaking from the stem and had accumulated a ball of gelsthere. The technicians shut
down thefilter and prepared the valve for replacement.

24.8 Hydrogen leak, 14 September 1999

Personnel in the vicinity of the liquid hydrogen tank heard aloud “pop” followed by a high pitched
noise indicating a high pressure leak. A leak was discovered on the hydrogen equipment inside the
vendor-leased fence-enclosed area. The exact source of the leak could not be determined and
emergency shut off for the skid was activated. All employeeswere removed from the area of the skid
and surrounding roads were blocked off. A notification call was placed to the vendor asking them to
respond to the site. Theleak continued for approximately 1.5 hours until the vendor’ s technician
arrived. The pressure from the leak was noticeably decreasing during thistime. When the technician
arrived he entered the fence-enclosed area and shut isolation valves to stop the leak. The source of
the leak was discovered to be a %2 compression fitting on the pump discharge pressure tubing that
had become disconnected. The tubing had blown out of thetee. The leak resulted in almost the
entire contents of the high pressure surge system being released. The technician repaired the tubing
and the system was placed back into service.



3. PILOT PLANT Il STRETCH

3.1 Project Description

The project objectiveisto 'stretch' the capability of the Carrollton hydrogenolysis process four-fold.
Thefocuswill be on feed capability, reactor capability, reliability and future stretches. The reactor
feeds will increase four-fold. The reactor volume will be increased by 90% to accommodate higher
rates. The reactor will be replaced with an alloy clad metal and an external pump loop will be added
to allow the reactor heat input to be from an external heat exchanger. The pump loop will alow
efficient operation and allow for the reactor internal diameter to be increased (by eliminating the
need for ajacket) while remaining in the existing tower structure. A second flow path on the pump
loop will allow for the piloting of aternative reactor designs and provide stretch options.

Due to equipment order lead times the project will be divided into three phases. The phasesare
described below.

Table2: Pilot Plant || Stretch Milestones

Phase Timing Description
1 Oct 99 Replace high-pressure reactor-feed pump and chlorosilane preheater,
modify monomer feed locations, install reactor primary loop and heater
2 Apr 00 Install auxiliary reactor loop
3 Sept 00 Replace reactor, upgrade hot oil system if necessary

3.2 ProcessHazardsAnalysis

321 Introduction

The Hydrogenolysis process contains hazardous material s above the threshold limits set forthin
Dow Corning Corporate Safety Health & L oss Prevention Standard, “ Process Safety Program.” This
section documents the Process Hazard Analysis (PHA) for Pilot Plant |1 Stretch [7]. Steps numbered
1,2,356,7,8,14,15& 16 are part of this study as shown in the figure below. Aswill be discussed
in Sections 3.2.8 and 3.2.10-11, prior work had eliminated the need for duplication of some of the
stepsin the PHA revalidation process. After confirmation by the PHA leader and project
coordinator, these steps were not repeated as part of thiseffort. Theworkflow isreferenced in the
site Process Safety Manual and is shown in the following figure, with single-line strikeouts through the
previously performed steps.
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Figure4: The PHA Revalidation Process
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The Study used the line-by-line Hazard and Operability Study (HAZOP) method of analysis,
reviewing a set of deviationsfor each node. A nodeisgrouping of process lines and/or equipment.
HAZOP software developed in Microsoft Access was used for this PHA Revalidation.

322 Objectives

Ensure that the Project PHA is consistent with the current process configuration and
technology,

Identify known hazards,

Ensure that adequate controls are in place (and being maintained) to help prevent or mitigate
identified accident scenarios,

Consider human factors, facility siting, and the function of the emergency shutdown system,
(Note, human factors, facility siting were studied in the 1996 study and are not being restudied
at thistime)

Meet Dow Corning CSH& L P requirements set forth in “ Process Safety Program” “Hazard
Evaluation Techniques’ standards.

323 Assumptions

Based on experience, the PHA team made several assumptions prior to conducting the revalidation.
These assumptions were not discussed in detail during the revalidation, except as noted below or if
dictated by concerns or legal/insurance requirements. Overall, this allowed the team to focus on
areas with potentially higher levels of risk.
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Electrical and air suppliesto instruments are reliable.
Manual valveswhich meet Dow Corning piping specifications are reliable.
Piping isreliable when it isagreed that the specification is correct.
Where corrosion, erasion, or lining failure is known or expected to occur, the team discussed leak
potential, material selection, and other means of protection.
L eaks are assumed to occur only at piping joints. These leaks could have serious consequences
of spilling or releasing hazardous materials.
The site Emergency Response team will take immediate action to stop spills and releases.
Containment of spillsiswithin appropriately diked areas.
Utilitiesarereliable.
Utilities are discussed only if they are consdered to be critical for process control, such asa dedicated
cooling system on an exothermic reaction process.
The system is dry before process materials are introduced.
Potential process contaminants will be[heat transfer fluids, water, refrigerants, etc.].
Winter bypasses on water/condensate systems are used per the SOP to avoid freezing
problems.
Three levels of protection are required. These levels are:
p Basicinstrumentation with alarm limits that can be set by the [ Technician/Operator].
b A dedicated instrumentation and alarm system for safety interlocks or an Emergency
Shutdown system.
P A Mechanical Integrity program which ensures the integrity of the process. The
process is assumed to contain material during normal operation and during shutdown.
Pressurerelief systemsfor fire exposure venting have been designed and installed properly.
Fires under flammable storage tanks have been addressed in engineering design and pressure
relief system design scenarios.

3.24 Recommendations Management

Recommendations were developed as aresult of thisPHA. Safety and environmental
recommendations were risk ranked by the PHA team based on estimates of probability and severity
using the site Risk Ranking Matrix. Other reconmendations were not risk ranked. The Project
Coordinator ensured that the recommendations were properly entered in the Recommendations
Management System (RMS). The Project Coordinator will manage these recommendations to
resolution in atimely manner and prior to startup of the new facility. In consultation with the
Manufacturing Engineer, the Project Coordinator reviewed the recommendations with personnel
whose jobs may be affected by them.

3.25 Process Description of Changes

The purpose of the Phase 1 Stretch Project is to increase the ability to feed material and address
corrosion problems with the reactor.

The operational philosophy for the stretch process will be to make only minor modificationsto the
filter system. The modificationswill allow for more efficient materials handling in the filtrate tank and
reactor feed tanks but will not change the filter feed tank or the filter. The process will be operated to
filter as much DPR as possible and make up for the remainder of the feed stream with MCDS
overheads. The MCDS column will be operated to control the solids level in the still pot with the
remainder being taken overhead. Thisisachange from the current operation that controls the side
draw at alow level of high boilersin that product stream.
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The Stretch Project will also add arecirculation loop to the reactor. Thiswill allow for heat transfer
to the reactor to occur in a shell and tube exchanger rather than through the vessel walls. This
should reduce corrosion on the vessel walls.

A description of the changes to the process during Phase 1 is as follows.

DPR Tank - No MCDSwill befed to the DPR tank or processed through thefilter.

Filtrate Tank - Filtrate accumulatesin thistank and is mixed with clean MCDS from the tank
farm; no longer will it be mixed with monomer here.

Reactor Feed Tank - During the transfer cycle from the filtrate tank to the reactor feed tank,
monomers are ratio-mixed in a static mixer with the MCDSffiltrate from the filtrate tank. This
mixing provides a completely mixed stream which isready to feed to the reactor.

Pump loop - The Reactor has an auxiliary pump loop where the contents of the reactor are
pumped through a heat exchanger, which provides the make-up heat for the endothermic
reaction, and then back tothe top of the reactor. The pump loop serves two purposes.
First, the fluids are heated outside of the reactor with a heat exchanger instead of inside the
reactor by ajacket. This outside heating maintains the reactor’ swalls at arelatively low
temperature, which prevents corrosive pitting from occurring. Secondly, the pump loop
recircul ates solids, helping keep solids from building up inside the reactor. Periodic liquid
purges allow the suspended solids to be removed from the system.

3.26 Process Hazard |dentification Summary

The study is based on:
- A project addition to the prior total process PHA
A project update of the P& 1Ds
A review of relevant Process Changes and Projects
A review of accident history since the last PHA asrelevant to the project changes
Consideration of incident scenarios with potential off-siteimpacts

3.2.7 ProcessHazard Identification Scope

Details of the various assessments and reviews follow. Based on the results of these efforts, the

overall scope of the study can briefly be stated as follows:

. Only Project changes have been studied in thisHAZOP. Thisis Phase 1 of athree phase
project which will have separate HAZOP studies and reports. An overall HAZOP Revalidation
should be performed in 2001, after the project is completed and piloted for one year. The overall
revalidation can tie all the project changes and the ongoing needs together.

ThisPhase 1 HAZOP is astudy of chlorosilane feed system changes as well as the addition of a
pump and heat exchanger recirculation loop to the reactor.

3.2.8 Assessment of Prior PHAs

Available information from all prior PHAs and mini-HAZOPs was assessed before conducting this
study. A PHA had been conducted in August 1996 on the original installation of the Carrollton
hydrogenolysis process.

It was determined by PHA Leader and the Project Coordinator that a PHA study of the project
changes, rather than a completely new PHA, was sufficient to meet the stated objectives.
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Table3: Table Piping and Instrumentation Diagrams

Drawing ([DrawingTitle

Number
16 FILTRATION
17 FEED SYSTEM

181 REACTOR

182 PREHEATERS
19 HOT OIL SYSTEM
37 ESD LOGIC TABLE
91 RECIRCULATION LOOP
97 PROCESS INTERLOCKS

P& 1Ds used during the Study were clearly marked, showing accident locations, node definitions,
and the endpoints of the study. Blue markswere used on a copy of previously reviewed P& IDsto
indicate equipment that had been removed. These copies were not retained for the record since the
P& IDs studied indicated all removals. Minor errors discovered during the study were also noted on
the P& IDs. These errorswere corrected by the Project Coordinator and were not specifically noted
in the recommendations.

3.29 Reference PHA Studies

The P& 1Dswere also checked to ensure that all process lines and equipment were either covered by
thisPHA or another PHA. Therewere no linesleaving or entering this processto be cross-
referenced with another study.

3210 Process Change Requests

A study of process change requests (PCRs) was not performed with this project HAZOP study,
because all changes due to PCRs were accurately reflected in the P& IDs.

3211 Projects

There have been no projects since the original HAZOP which were not covered by PCRs. Therefore
there was no need to review any prior projects for their contribution toward process hazards.

3212 FiveYear Accident History

A summary of the spills, releases, fires, and injuries that have occurred since the last PHA and
which impact the three nodes under study was reviewed.

3213 Trouble Spots

Discussions with HAZOP Team reveal ed the following trouble spots as aresult of their knowledge
and experience. The conclusions from these discussionsimpact on the scope of the study as
follows:

High Pressure Feed pump Gasket on ball check valvefailed. Near missincident with operator.
Flange failure resulting in near miss with operator. New pump being purchased.

Reactor Noticeable pitting sinceinitial start-up. Reguired welding repairs every 4-6 months. Pitting
seems to be caused by high wall temperature being reacted with settled solids onthe wall. New
material of constructionisneeded. This project will remove heat from the wall of the reactor.
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3.214 Potential for Off-Site Impact

PHA recommendations were risk ranked, with a Very High severity corresponding to the potential for
an off-siteimpact. In essence, the PHA team considered the potential for off-site impacts
throughout the study. Anincident scenarioislike ascript. It may or may not have happened. In
fact, the Process Safety Program is designed to prevent or mitigate the effects of incidents and off-
siteimpacts. The PHA team and the Process Safety Coordinator devel oped two realistic incident
scenarios that could potentially result in off-site impacts, as displayed in Table 4. This discussion
was based on their process knowledge and experience, and the reasonable likelihood of this type of
event. Thislist may be amended during subsequent PHA Revalidations.

Table4: Incident Scenarios With Potential Off-Site | mpact

Scenario Amount Released, Duration, and Area Basisfor Selection Conclusion
Affected
Failure due to corrosion Ladder and Breathing Air required to Postulated probability | Not likely to

in 2" line from reactor to
DPR Column

shut off the flow. Column would have to
vent to atm pressure. Liquid and solid
material contained inside the process
area.

of occurrence, and
severity of off-site
impact

happen and would
have significant off
site impact (vapor
cloud).

Corrosion or mechanical
forcecauses1” line
failure southeast of
Tower

100 gallons of monomer released over
10 minutes. Liquid material contained
inside the process area.

Postulated probability
of occurrence, and
severity of off-site
impact

Not likely to
happen and would
have minimum off
site impact.

3.215 Node Definitions
To meet the objectives and satisfy the scope of the revalidation, nodes were defined as follows.
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Table5: Node Definitions

Subsystem Description Of Change Decision For Study
NDS = Not Deemed Significant
Filtration Added Me2SiCI2 line to flush Filter Node 3
Removed cooler NDS
Feed Added MCDS feed to filtrate tank Allin Node 3
Removed monomer feed from filtrate tank
Added monomer feed to reactor feed tank
Reactor Removed Nuclear Density Meter from reactor NDS
Added hot oil and recirculation connections to drawing
o Node 1
Preheaters Changed chlorosilane preheater to shell & tube and Node 2
added bypass
Added H, connection to chlorosilane feed line. Node 2
Split hot oil suppliesto preheaters & reactor. NDS
Hot Gil Split hot oil suppliesto preheaters & reactor. NDS
ESD Logic Updated ESD Maitrix for project ESD
Recirculation New pump loop Node 1
Loop
CriticLal Interlock | ypdated Interlock Dwg for project ESD
ogic

3216 Recommendations and Follow-up

Twelve recommendations resulted from the three-day study. Two recommendations were the result
of Very High Risk process deviations; five were the result of Medium Risk process deviations; one
was the result of Low Risk process deviations; four stemmed from non-safety-related deviations

which were not risk-ranked. The two Very High Risk deviations and the resultant recommendations
areasfollows.
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Table 6: Very High Risk Process Deviations

Deviation | Cause Consequence Consequence | Recommendation | Responsible

description description person
Thermd loss of cooling pump failure or spill lock open the Manufacturing
shock or torecirculation | flangeleak valve between the | Engineer
expansion | pump, or loop new heat

valve closed exchanger and

with hot oil still reactor

on
Thermal monomer feed on shutdown, spill assure that the Manufacturing
shock or lines are not these lines will monomer linesare | Engineer
expansion | protected for be stressed and blown dry when

thermal leak shutdown to

expansion avoid leaksfrom

thermal expansion

These two “very high risk” recommendations, and all others, will be addressed in atimely manner
prior to the commissioning of the process changes.

3.3 FireAnd Explosion Safety Study

A Fire and Explosion Safety Study was conducted by an outside consultant, specifically for Pilot
Plant Il Stretch[12]. The following topics were investigated, discussed and suggestions made.

3.31 Circulation Pump Location

Part of the stretch project isto change from jacketed heating to an external loop with pump, heat
exchanger, and other necessary accessories. The pump would handle a mixture of combustible
liquids at high pressure and temperatures above the flash points of the components.

Ground floor - installing the pump on the ground floor could create a hazard to the cable trays
and pipe racks overhead, in the event of leakage of the flammable liquid and ignition.
Installation of pumps under cable traysis not recommended.
Second floor - installation and maintenance would be more of a challenge with a second floor
installation. A monorail, trolley and hoist would probably be required. Pump leakage and fire
would be aless serious hazard here, however, than with the ground floor installation. The
second floor installation is recommended.

1

3.3.2 Heat Exchanger Location

The proposed third floor location is appropriate.

3.3.3 Fre-Resistant Clothing

1. Type of clothing - the uniforms presently available for employees and visitorsis reportedly
quite uncomfortable to wear in hot weather. Several alternatives were suggested.
It was suggested that the locations requiring fire-resistant clothing be limited to:
. areasof restricted egress
vicinity of equipment containing hydrogen
vicinity of equipment containing fluids above the autoignition temperature
the top of the reactor

2.




3.34 Other Aspects of the Process

1

Relief discharge piping - at least four relief system discharge pipes vent horizontally from the
top of the processtower. Itisgenerally recommended that discharges be directed vertically to
minimize reaction forces and provide maximum dispersal of toxic and/or flammable materials.
Monitoring of the rupture disk/relief valve space - routine inspection of pressure gauges
installed between rupture disks and relief valvesis considered too infrequent. Installation of
pressure switches that alarm the process control system is recommended.

Hydrogen supply - the liquid hydrogen tank isisolated from the rest of the plant and is unlikely
to cause damage to the plant in the event of fire or explosion. However, better preparedness for
ahydrogen leak emergency is needed. The push button near the hydrogen facility should be
labeled to describe its function, which is to shut off the supply of hydrogen to the process
tower. The hydrogen supplier should periodically test the emergency shutdown system. It may
be advisable to conduct a Process Hazards Analysis on this facility.

Hydrogen leak detection - since hydrogen burns with an invisible flame, providing devicesto
provide early warning of hydrogen releases, identify the location of leakage, and/or aid in
emergency response activities should be discussed.

Protection of heat exchanger shells from over-pressure - the shells of the hot oil-heated
exchangers are not rated for the tube-side pressures. “Dynamic-response” calculations are
recommended to determine if atube rupture would subject the shell to pressures above the
design pressure, asaresult of the“inertia” of the hot oil in the piping to the vented storage
tank.

3.4 ProcessPressure Analysis

Due to the nature and scope of Pilot Plant |1 Stretch, a process pressure analysis (PPA) was required
[8]. A PPA considers each piece of equipment in the system. For each piece of equipment, a“what-
if” scenario is considered to determine potential process upsets and likely consequences to the
equipment. The maximum process pressure is selected from the scenarios considered. The design
pressure is calculated from this maximum as described in Dow Corning’ s Project Design Manual [9].

34.1 Possible Upsetsto Consider

1

2
3
4.
5
6

Improper Ratio of Feeds
Excess Reactants
Dead-heading or plugging
Consider the vapor pressure of al liquids
Pump or Compressor Failure
Utility Loss

6.1. Electrical

6.2. Instrument Air

6.3. Nitrogen

Heat Removal or Addition
Clearing plugged lines

Other pressure scenarios
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34.2 Determining the Equipment Design Pressure

The maximum process pressure (MPP) for the design basisis selected from upsets listed above. The
Maximum Allowable Working Pressure (MAWP) is then cal culated as a function of the MPP. Based
on the value of the MPP, the calculation of the MAWP varies. For example, at an MPP less than 50
psig, MAWP=MPP+ 10 psi. If the MPP is between 1000 and 5000 psig, the MAWP = 1.1 x MPP.

34.3 Conclusions from the PPA

1

Pressure from the monomer supply lines (up to 200 psig) is adequately guarded against by
multiple levelsof overfill/over pressure protection. A lower maximum design pressure of 90 psig
for the reactor feed tank iswarranted.

Protection from high pressure from bottled gas used for clearing plugged lines (or possibly
even from pneumatic leak testing) cannot be designed into the equipment. Adequate

saf eguards have been used in the past and must continue to be provided in operating
procedures and gas delivery system designs.

Thereactor feed tank and the chlorosilane preheater have a potential for over pressure
situations due to their links to the positive displacement pump. They are protected with multiple
relief valves (internal pump, pump discharge and tank) and overfill protections. It was
appropriate that the design basis for the reactor feed tank should be 90 psig (maximum
operating pressure; nitrogen line pressure) and the design basis for the preheater is the pump
internal relief pressure.

Protection against liquid thermal expansion is provided at the chlorosilane preheater in the case
where the heater is manually blocked closed or shut down while operating. The oil flow is
interlocked to shut down with low chlorosilane flow thus preventing thermal expansion or
boiling in the preheater.

Tube rupture of the hydrogen preheater and chlorosilane preheater and wall rupture of the
reactor which allows high pressure fluids to enter the hot oil system is aremote possibility.
Design of the hot oil system pressure alarms, operating procedures, inspections and relief
valves address these scenarios.

Although slightly below the 1.25 x Max pressure guideline, the existing DPR tank, filtrate tank
and reactor feed tank are adequately protected against pressure to allow MAWP of 110 psig
where apotential exists of pressurization from the 90 psig nitrogen supply header due to relief
valvesin the site nitrogen header system.

34.4 Recommendations from the PPA

Thefilter high pressure alarm should be interlocked to turn off MCDS supply valve. If the
MCDS pump operates against a shut-off head, it would activate the filter high pressure alarm
and should be interlocked to shut off the MCDS supply to thefilter.

The pressure rating for the process heaters and reactor are being reduced due to the experience
gained from the first 18 months of Carrollton operation. Therefore the trip points around the
reactor feed pump will be changed. The new pump design will make this possible. Process
interlock pump high pressure will trip at 1.2 x reactor normal operating pressure to close the feed
block valve and shut down the pump. The new reactor feed pump should be specified with an
internal relief inside the pump at 50 psi greater than this. The external relief should be set at yet



another 50 psi higher than the internal relief. Thisrelief is piped back to the pump’s supply
tank. The preheater’srupture disk and relief should be set at 1.5 x normal reactor operating
pressure.

3. Interlock the reactor recirculation pump status to the loop heater hot oil flow. Thiswill ensure
that no oil flow is sent to the loop heater if the pump is not recirculating.

4. Current temperature Emergency Shutdown (hardware) Level 3 System (ESD), Emergency
Shutdown (software) Level 2 System (ESS), and Process Interlock Level 1 System shutdowns
begin at temperatures used in the original hydrogenolysis design. Operating experience has
shown that the reactor can be operated 100 degC cooler than first expected, and the hot oil loop
75 degC cooler than first expected. Therefore the conditions should be changed for aESD
reactor and ail trip.

3.5 Basisof Design / Performance Specification

351 Rate

The Carrollton Hydrogenolysis Stretch was asked to accommodate afour-fold increase in the DPR
feed stream. The assumptionsincluded that the majority feed stream would be an MCDS column
side draw with the column operating with a 30% solids slurry bottoms stream, that the DPR
production rate is 2% of Process A Crude, and that the solids blow over (impacts MCDS column
bottoms solids level) is 1% (i.e., 1% of silicon fed to FBRs s blown past the cyclonesto the DPR
columns).

35.2 Conversions

Conversionsin the Carrollton Hydrogenolysis reactor were assumed to be 92% for disilanes, 50%
for silmethylenes, and 25% for high boilers.

353 Reactor Size

Reactor residence time to meet the required conversions is assumed to be half of the original design.
Thisis based on operational datafrom the existing reactor. An evaluation of the existing structure
was made and it is estimated that the reactor diameter could be increased about 20 percent without
changing the existing steel and about 40 percent if the supporting I-beams were modified. The plan
isto provide the maximum diameter which allows for straight forward installation of the reactor
(considering side mounted manway interference). The vessel length will be increased by about 17
percent. Thereissome uncertainty about the reactor vessel contents density, and maximizing the
vessel volume will ensure that the design rate will be achieved. Theinitial quote request will
increase the volume by 90% over the existing vessel.

354 Feeds

To meet the production rate requirements the stretch will provide areactor feed capacity four times
its current capacity (expected mix is 50% DPR/MCDS and 50% monomers).

355 OnLineTime

The process should maintain an approximate on-line time of 6800 hr/yr. Thisincludesa4 week
shutdown and 85% OLT outside of the shutdown window (average OLT for year 78%).
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3.6 Critical Design Criteria/ Technology |ssues

3.6.1 Reactor Pitting

Reactor pitting has been a significant issue in the current reactor. Two vessel inspections have
been conducted since the process was started up in October 1997. Both inspections showed
pitting. The pitting tended to occur on the vessel bottom and at the liquid/vapor interface under a
solids buildup. The current vessel is clad with Inconel 625 and circulates hot oil through the reactor
jacket. The new reactor will be clad with aVDM Alloy and be outfitted with an external heat
exchanger for supplying heat to the process. Both of these changes could provide reduction or
elimination of vessel pitting. The current vessel reliability is reduced due to frequent inspection
which require removal of the vessel head. Removal and reinstallation of the head has been alengthy
process (> 6 weeks). The new vessel will have amanway which will be easier to remove.

During Phase 1 of the project the current reactor will be modified. The modifications are intended to
assist in maintaining solids in suspension, which then allows the solids to be purged during liquid
dumps.

3.6.2 Pump Loop

The reactor pump loop will provide both agitation and heat transfer (through an external heat
exchanger) for the reactor. Selection of the pump and heater should focus on reliable hardware.

3.6.3 Chlorosilane Preheater

The current preheater supports very low fluid velocities and can tend to foul. The new heater
should be multiple pass and provide higher tube velocities.

3.7 ProcessChemistry

No new mechanisms for molecular-level chemistry have been proposed since the Department of
Energy Technical Annual Report published in October 1998, as described in the Preface of this
report [13].
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4. BARRY FULL-SCALE DESIGN

4.1 Engineering, June 1998 through September 1999

Design efforts for the Barry unit during June 1998 focused on completing the Front End Package and
finalizing the Capital Cost Estimate.

Thefocusin Barry during July 1998 continued to be scope reduction to reduce the capital cost
estimate. Completion of the Front End Package for detailed engineering hand-off was compl eted.
The plan for detailed engineering was that it be managed and completed on-site at the Barry Plant by
Dow Corning and direct-contract design engineers.

In August 1998 it was decided that a Barry engineering team would complete the detailed design.
Many portions of the FEP had been sent to Barry from FE. The design package was being reworked
to reduce capital cost.

At Barry in September 1998 the entire Front End Package was received from Midland. Rework for
scope changes were targeted to be finished by the end of October. A complete temporary design
officewasinstalled for the design engineers. Design team roles and responsibilities were set for the
project team. Procurement, purchasing and scheduling roles were established. A 3D CAD package
was nominated for design modeling. Discussions with an adjoining (non-Dow Corning) facility
regarding joint H, supply were terminated. The partner was not interested in anew steam methane
reformer.

A detailed report outlining Health & Safety Executive (HSE) concerns about the reactor |ocation was
received in September 1998. The mainissue was reactor vessel hypothesized catastrophic failure
rate and its proximity to the DPR column. A draft revision to the failure rate basis was under review.

Meanwhile, further work was being done to identify adesigner for thejet firewall. Siteand project
ESD philosophies were refined to bring them in line with regulatory expectations. Approval
drawings for the reactor were transmitted to the fabricator.

Barry design package changes were completed in October 1998 per the technology-center cost-
cutting meetingsin August. A 5-person design team and ateam leader moved into the new
engineering office. A project kick-off meeting was held to review the project scope.

Manufacturing personnel in Barry questioned three key aspects of the process: likelihood of
plugging, conversion of the reactants to usable product, and reliability of thefilter. Theinability of
the Carrollton process to achieve "steady-state" operation whilein recycle mode cast doubts about
the robustness of the process. The addition of adistillation column to the front end of the process,
to replace filtration, was considered.

The Barry design package was put on hold in November 1998; the detail ed engineering team was
redeployed to work on other projects.

Barry reactor fabrication meanwhile was underway; the cladding was explosion-bonded to the
vessel plate steel. Design and drawing reviews were conducted for auxiliary equipment.

Minor work continued as related to the cost estimate, high pressure equipment vendor
identification, safety and fire reviews, layouts, revised schedule, project workflow and H, supply.
No additional procurement wasiinitiated.

A meeting was held with avendor to review the design of ajet firewall in December 1998. Various
reactor drawings were reviewed. Carrollton maintenance history was reviewed with U.S. personnel.
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Limited meetings were held in Barry and minor design activities were completed in January 1999.
The project leader took on additional responsibilitiesin anticipation of the eight month suspension.

The Barry design basis was agreed to during aprogress review held 17Feb99. The basisfixed the
amount of high-boilers, solids, site rate ramping, and use of other by-products as a solids diluent.
NPV calculations were used to evaluate two process options. Flow sheet models and NPV
calculations estimated the value difference between filtration and distillation column recovery to be
significant. Other effortsincluded a Methyl DPR trial at an adjacent process'sfilter in Barry.

Numerous design/scope alternatives were developed for Barry operationsin March 1999. Utilization
of aprocessfilter was shown to provide the best project Net Present VValues. Some process
reliability risk wasinherent with all the available technology alternatives, and risk was shown to
increase with NPV and processyields. The risks and return potential were shared during meetings
with stakeholders and again during the March Technology Center meeting. This brought about
consensus in favor of the decision to proceed with the filter installation alternative. Business
management asked to bring project timing forward. The Barry design team investigated the use of an
existing filter in Barry as the hydrogenolysis process filter on acampaign basis .

In April 1999, business management decided to proceed with the Barry filter installation alternative,
and asked to bring the project timing forward. Detailed engineering in Barry started back up, having
resolved the prior resource issues. A revised schedule for startup timing was forthcoming.

Various Barry mechanical drawings were reviewed during May 1999. The target was to send them to
the vendor in July pending the results of the testsin the US. The delivery of key components was
scheduled for September 99, but delay was expected as there were still unresolved issues with the
corollary Carrollton components.

The Risk Management Portfolio was nearly complete but there were still some project risks that
needed to be addressed. Thefinal report was to be completed when those were documented. Once
this was done the project risks could be assessed in terms of cost and time impact on the project.

Mechanical tie-ins affecting the adjoining fluid bed reactor (FBR) were being addressed as a priority
before the FBR start up. The most critical tie-in wasinstallation of an automated valve on a
distillation column for the hydrogenolysis product. The actuated valve was duein late September.

It had become apparent that there was aworking filter on-site that was under utilized and had spare
capacity that could be used for this process. Thiswas considered as an alternative to a separate,
stand alonefilter. The hydrogenolysistower layout reserved space for afuture filter.

Use of 3D modeling software began for the reactor assembly. This made the design more efficient
and assisted in layout reviews.

The design team was slowly being built up with one full time Mechanical Designer in May,
increasing to two in June and al so half-time commitment from Instrument Designers.

An order was placed with fire and explosion consultants to carry out Phase Il and I11 of their work
for this process.

The reconfigured hot oil and reactor heating system design for Barry proceeded in June 1999. An
operating philosophy was developed and reviewed internally. Flow diagramswere drawn. P&I1D
revisions were underway. Mass and energy balances were started, but still required significant
effort. HAZOPswere planned for July. Process data sheets were created for the long lead time
instruments. A preliminary equipment list was distributed. Process design resource plans and
schedules were created.
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Plans for the systematic changeover of the existing on-site filter to dual service were underway in
Barry. The change was planned for several phases. Some portions of work were planned for early
completion, to improve existing operability and to conduct methyl DPR filtration trials.

Details on the weld overlay of the Barry reactor were being worked out. Overlaid nozzle fabricators
were named. Design changes based on the Carrollton experiences were reviewed for application to
the Barry design. Barry DC engineers met with the vendor in Germany to review commercial and
technical details of the order. The detailed design proceeded for the internal and external
attachments and instruments on the reactor.

A Barry project kick-off meeting was held with detailed designers and project sponsors in June 1999.
A vendor reviewed high pressure pump alternatives. Meetings were held to review hydrogen
supply alternatives and schedule H, specification development. Calculations for the development
of fire and explosion safety design continued. Plant tie-insto the FBR were almost complete.

The design of the Barry reactor was going through the final stages of rework inJuly 1999. Fina
drawings were due for approval during early August. The Risk Management Portfolio was near
completion, but some project risks were identified during the workshop. Mechanical tie-ins affecting
the adjoining FBR were addressed as a priority to be completed before FBR start up. Thefirst draft
layout of the reactor was reviewed with Safety, Operations and Maintenance. The PMI (Positive
Material Identification) for fabricating and installing exotic steelswas ready to beissued. This
provided the project team with a comprehensive document for identifying, testing, inspecting and
storing these materials and preventing mis-allocation with normal carbon steel piping. The design
team was slowly being built up with one full time Mechanical Designer for the Reactor Area, one
Mechanical Designer for the filter modifications and also two Instrument Designers. The civil design
started with the cal culation of dynamic and static loads. Fire and Explosion consultants were well
into their analysis to determine the most probable causes of an emission from reactor and itsimpact.
Thejet fire scenario at the reactor had been modeled in Phase I1; the next step was to consider the
affects of an explosion resulting from arelease of vapor. Thisinformationwas to be collated with
other saf ety data to demonstrate to the HSE that Dow Corning was considering all safety aspects of
the location of the reactor responsibly and professionally. The scope of work for modifying an
existing filter for our slurry feedswas developed. The plant modifications were to be funded by this
project and a crude estimate for the work based on simple flow diagrams was completed. Tie-insfor
this conversion were planned for the September shutdown.

Barry P& 1Ds were distributed in August 1999, with recent HAZOP action included. Process Flow
Diagram schematics werefinalized. Mass and energy balances were underway. Equipment data
sheetswere being revised. Thermal design simulations had begun. Engineering change notes were
retroactively written for al the significant changes to the scope. Several detailsfor the weld overlay
qualification were reviewed and revised with the fabricators. First revision P& IDsfor the filter
upgrade were reviewed with manufacturing. HAZOPs were postponed to allow further devel opment
of the complete process design.

Consultants completed Barry over-pressure calculations for vapor cloud explosions. Thefirewall
design proposal was iteratively redesigned to balance jet fire saf ety with explosion confinement
problems. Design criteriafor the fire wall were written and were transferred to afire safety engineer
specialist.

Design and supply data were compiled for Barry H, supply in August 1999. Supplierswere
screened. Three companies planned to bid. Drafts of the scope document were underway.

The Barry Risk Management Portfolio was nearly completein September 1999. Mechanical tie-ins
affecting the FBR were addressed as a priority to be completed before the FBR start up. The
process layout, incorporating all the latest process, safety and maintenance requirements, was being
developed for the 20% model review in October. A computer 3D model of the plant was being
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developed and showed the main items of equipment. The design team augmentation continued. It
now included four Process Engineers updating FEP documents for the revised scope of work. There
was also one full time Mechanical Designer for the Reactor Area, one Mechanical Designer for the
filter modifications and three I nstrument Designers.

The Fire And Explosion consultants completed a draft copy of their technical report and the updated
Control of Industrial Major Accident Hazards (CIMAH) Safety case for Barry in September 1999,

4.2 Equipment description

42.1 Filtered DPR and Monomer Feed Pump

Filtered DPR received from atank feeds the high pressure DPR pump via a mass flow instrument
which controls the speed of the pump, and hence, the DPR flow rate. All other feed material flow
rates are set from the DPR flow rate.

Tie-ins to the main supply headers for monomers (from the tank farms) feed separate mass flow
instrumentation before combining to provide the high pressure monomer pump with the mixed
monomers. The total mixed monomer flow rate setpoint is ratioed from the DPR flow rate, and
controls the speed, and thus, throughput of its pump. This, in turn, adjusts the amount of monomer
taken from the supply header.

4.2.2 Hydrogen Supply

Hydrogen is supplied from a vendor-provided bottle rack, which is replenished as required from road
trailers. A hydrogen feed control station has mass flow instrumentation, relief valves, high and low
pressure pre-alarms and high-high and low-low pressuretrips. The hydrogen flow rateis controlled
by aflow control valve whose flow controller’s set point is ratioed from the DPR mass flow rate.

4.2.3 DPR Feed Pre-heater

The DPR feed pre-heater will heat the DPR from ambient temperature using hot oil from the
secondary heat transfer loop. DPR heating will be limited in order to reduce its tendency to
polymerize. The pre-heater is protected by primary and secondary relief valves on the DPR feed line,
and is provided with nitrogen purge and high pressure test points. The DPR is blended with
monomers downstream of the pre-heater, prior to entering the reactor.

424 Monomer Feed Pre-heater

The monomer feed pre-heater will heat the mixed monomers from ambient temperature using hot oil.
The mixed monomers are heated in order to reduce polymerization in the reactor by furnishing the
heat of reaction, and thus, keeping the temperature differential across the reactor wall aslow as
possible. The pre-heater is protected by primary and secondary relief valves on the mixed
monomers feed line, and is provided with nitrogen purge and high pressure test points. The mixed
monomers |leave the pre-heater as a super critical fluid, and then are blended with DPR prior to
entering the reactor.

425 Reactor

The DPR and monomers are reacted with the hydrogen. A higher temperature than normal operation
isrequired to initiate this reaction. The main reaction heat will be contained in the feed monomer.
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The reactor oil jacket will also provide additional heat to promote the reaction and to off-set ambient
losses.

The DPR and monomers are continuously fed to the bottom of the reactor below the liquid level and
intermittently fed to the top of the reactor. Hydrogen isfed to asimple open ended sparger pipe
below theliquid level and is mixed with the DPR/mixed monomers. The product will exit from the top
of thereactor asavapor. A sample of the top product will be drawn-off automatically for analysis
by chromatographic means. Accumulations of high boilers are blown-down on atimed cycle
through the bottom of the reactor. The blow-down procedure includes automatic transfers of the
DPR/mixed monomer feed to the top of the vessel for the duration of the blow-down. During this
time, the liquid feed is directed via automatic valves to feed pipes on the top of the reactor. The
blow-down stream and the vapor top product are combined and fed to a distillation column in an
adjacent process.

426 Hot Oil System

Hot oil, supplied from the main plant heaters, heats a separate hydrogenolysis process “ primary” oil
loop by means of an oil/oil interchanger. The primary oil loop heats the monomer feed pre-heater
and transfers heated oil to a“secondary” |0op operating at alower temperature. The secondary
loop heats the DPR feed pre-heater, the reactor, and liquid trace heating of the reactor vapor lines.
The main plant and hydrogenolysis process hot oil systems are isolated in order to avoid a
shutdown of the main plant process from hot oil contamination caused by chlorosilane leakage from
ahydrogenolysis process pre-heater.

The hot oil heating system is comprised of the following.

An expansion tank, placed at the highest elevation of the il circuit, which allowsinitial filling of
the system, avolume for the oil to expand and contract as heating and cooling occurs, and a
nitrogen blanket.

Two ail re-circulation loops: a primary loop containing the expansion tank, primary ail re-
circulation pump, hot oil / hot oil interchanger and monomer pre-heater; and a secondary loop
containing secondary oil re-circulation pump, reactor oil jacket, DPR pre-heater, trace heating
circuit, and reactor maintenance cooler.

Thetwo circuitsrun at different temperatures.

At start-up the secondary will operate to initiate the reaction, having ramped the reactor up-to
temperature at a controlled rate. A temperature control valve allows hot oil from the primary circuit
to bleed into the secondary loop to maintain the desired operating temperature. The trace heating
and the reactor do not have individual temperature control, but the DPR pre-heater’ s process outlet
temperature controls the flow of hot oil through the pre-heater by avalve on the unit’s hot oil inlet
line.

The primary loop provides process heating for the hydrogenolysis process by obtaining heat from
the main plant hot oil heating system viathe hot oil / hot oil interchanger. The monomer pre-heater
operates on this circuit under temperature control by its process outlet temperature adjusting the
flow of hot oil through the pre-heater by avalve on the unit’s hot oil inlet line.

When maintenance cooling of the reactor is required, the hot oil supply is shut off to the secondary
loop and the secondary loop oil is diverted through an air-cooled exchanger. Maintenance cooling
isamanual operation requiring intervention by the plant technicians to operate several manual
valves.



4.3 Reactor Wash Out

Operation of the reactor will, over time, cause a build up of solids whose removal will be required on
aperiodic basisto maintain efficient heat transfer and to prevent pipe and nozzle blockages.

Theremoval of solids by water or caustic solution boil-outsis as follows.
Cease normal operation
Empty reactor to distillation column
De-pressurize and purge the reactor through with hydrogen
Nitrogen purge the reactor
Fill the reactor with Dow Corning siloxane fluid and agitate
Empty reactor to distillation column
Connect reactor to portable scrubber, fill with water and heat to boiling
Cool and dump reactor contentsto a skip (portable container)
Visually inspect the reactor, water blast if necessary
Purge reactor with nitrogen to ensure complete removal of oxygen
Dry the reactor by flushing with chlorosilane monomer
Empty monomer to distillation column
Purge completely with nitrogen
Disconnect the portable scrubber
Pressure test reactor with helium in steps, conducting leak tests at each step

The washing of the hydrogenolysis reactor will utilize existing washout equipment designed for an
adjacent reactor, asfar asis practical. Thisprocedureisstill under development and optimization by
Carrollton Manufacturing and Process Engineering.

4.4 Computer Simulationsand Results

The stream summary output from a computer process simulator is the basis for the PFD mass and
energy balances. The model has been reviewed and validated by existing knowledge of FBR
recovery operation’s and expected hydrogenolysis performance. The basis and block results for the
model areincluded in arestricted Dow Corning TIS Report [10].

45 Materialsof Construction

Dow Corning Barry has worked with a number of different suppliers and consultantsin an effort to
find the appropriate materials of construction for this process.

Alloy plate and welding wire supplier
Clad plate supplier

Head former

Vessel fabricator

Nozzle subcontractor

This has resulted in specialized weld procedures for the vessel fabricator and nozzle subcontractor.
It has al so required some specialized metallurgical testing for weld dilution at various depthsin the
weld-overlaid portions of the vessel. Special fabrication requirements are demanded in the forming
of the shell, heads and post-weld heat treatment of the vessel to prevent heat sensitization of the
alloy, which could compromise its corrosion resistance. Various standard testswill be applied to
verify the quality of the alloy after different manufacturing stepsin the vessel fabrication.



4.6 Design Operational Objectivesin the Heating Oil and Feed Preheater Systems

46.1 Temperature Differential

The temperature differential across vessel wallswill be minimized where polymerization can occur.
High temperature differential causes polymerization and solids formation. Polymerization causes
corrosion and pitting either indirectly due to aqueous cleaning, or directly through an unknown
corrosion mechanism. Polymerization is expected to occur in the reactor and DPR preheater.

4.6.2 Pre-heating Feeds

The heat of reaction will be input to the system through the stabl e chlorosilane monomers to

prevent fouling of the reactor and DPR preheater. The monomerswill be heated higher than the
normal reactor temperature. This heat will be transferred to the DPR and hydrogen through mixing in
the reactor.

Hydrogen will not be preheated due to low mass flow rate (and therefore low enthalpy). 1t will be fed
to the reactor at ambient temperature.

46.3 Steady-State Operation

Independent temperature set points for the various heat exchange equipment are required during
steady state operation.

Itishighly desirable to have no steady state heating load on the reactor jacket. The reactor wall
temperature will be maintained viathermal insulation and minimal hot oil flow.

The DPR will be preheated in a preheater with oil, not steam.

The chlorosilane monomer will be heated separately from the DPR. The monomer will be heated
above the reactor temperature. The temperature will be set based on the heat of reaction
reguirements so as to minimize energy input to the reactor jacket. The maximum achievable
chlorosilane monomer temperature is limited by the supply oil temperature. Thiswill be anew
preheater.

If the enthal py input to the reactor from the monomer is not sufficient to maintain the reactor
temperature, some steady state heating of the reactor jacket will be required. (Thisis not expected to
be the design case for the reactor; therefore, it is not expected to add any significant cost to the
project.)

DPR and monomer will not be mixed prior to preheat.

464 Feed Supply

A new high pressure feed pump will be required to pump up the monomer separately from the DPR.
A single machine, high pressure, multiple head pump is also feasible and will be evaluated as an
aternative to separate pumps. The selection of the single/dual pumpswill consider the following
issues. complexity, reliability, cost, instrumentation requirements (stroke adjustment, variable speed
drive, etc.) and flexibility.

Additional instrumentation and control equipment will be needed for measuring the flow rates and
temperatures of the various separated feed streams.

The monomer/DPR feed ratio will be increased for design purposes to increase dilution effects and
minimize solids formation in the reactor. The design feed mixture for 2000 until 2002 is different than
the design feed mixture for 2002 onwards.
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Future tie-in flanges will be provided for two other monomers.

465 Transient Conditions

The reactor heating loop must be designed to cope with the following:

Non-steady state heat-up from cold conditions to reaction initiation should be achieved within 12
hours. Due to the high mass of the empty reactor, thiswill probably be the design case for the
reactor heating loop. If thisduty drives up system costs excessively, the heating time might be
reviewed and relaxed somewhat for cost savings. The reactor initiation temperatureis higher than
the steady state operating temperature.

Non-steady state cool-down of the reactor will be accomplished viamanual change over to cooling
through a maintenance cooler already installed in an adjacent process. The cooling timeis expected
to be approximately 12 hours. Cooling calculations are not required. If the cooler does not have
sufficient cooling capacity, afuture modification will be made to the system outside the scope of the
original project.

The maximum heat up and cool down rate of the reactor must avoid thermal shock of thevessel. The
initial heating must not exceed thisrate. The maintenance cooling will allow input of hot oil to the
reactor |oop to temper the cooling if required.

46.6 Safety

Safety isolation is required between the hydrogenolysis process oil and the main plant oil supply
due to the probability of pitting corrosion, which leads to contamination of the high pressure
process fluids with the oil supply. Doubletube “safety” heat exchangers have been discussed, but
will not be used dueto their novelty. Safety isolation requiresinclusion of the following equipment
which was previously deleted from the scope of the project:

oil expansion tank
oil pump

oil/oil interchanger

4.6.7 Hot oil supply

One new pump will provide fluid flow for and intermediate oil loop. It will provide:
oil for reactor during reaction initiation
oil for steady state operation (minimal thermal load, minimal temperature gradient)
oil through cooler for maintenance

continuous flow through oil tracer tubes on reactor product pipe to prevent plugging with
“condensed” metal chlorides

oil for DPR preheater during normal operation
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5. ENERGY AND WASTE BENEFITS

5.1 Current vs. Proposed Technology Calculation

DPRis currently quenched with alime slurry that yields a siloxane gel product and lime salts. No
chlorideionisrecovered by this process. The proposed technology, when fully implemented, will
recover more than 80% of the DPR as usable chlorosilanes. Thesechlorosilaneswill then be further
processed and the chlorideion recycled. Upon commercialization, the proposed technology will
reduce landfill waste by more than 80% and reduce the amount of raw metallurgical grade silicon and
chlorideions needed to produce a specified amount of methyl silicones.

5.2 Market Penetration

Dow Corning conservatively estimates that the methy! silicone market will expand 7% per year
through the year 2010. The global growth rate from 1978 to 1992 was 9% per year, and SRI
International putsthe annual growth rate at 7% per year from 1991 through 1994-95 [11]. The current
global production of dimethyldichlorosilane is approximately 2.7 billion pounds per year. From the
above 7% expansion, the projected dimethyldichlorosilane production will be 6.1 billion pounds per
year in 2010. Silicon makes up 21.7 weight percent of dimethyldichlorosilane. Therefore, the current
siliconeindustry demand for silicon is 586 million pounds plus the inefficiencies caused from the
byproduct formation of DPR.

DPR constitutes about five weight percent of the Direct Process output - about 135 million pounds
per year in today’ s market (305 million pounds per year in 2010). DPR averages about two silicon
atoms per molecule, and has an average molecular weight of 220. Recovering eighty percent of the
DPR as useful chlorosilanes saves about 27.5 million pounds of silicon per year. By the year 2010,
this savings would grow to 62.1 million pounds per year.

Without implementation of thistechnology, the current landfill usage will grow at the samerate, as
will the demand for make-up chlorideions. Dow Corning iswilling to license this technology to
other methyl silicone manufacturers.

5.3 Energy and Waste Savings

The Direct Processis not 100% efficient. As much as 5% more silicon isrequired due to the process
inefficiencies. Asshownin Table7, silicon issmelted from quartz in silicon furnaces that use large
amounts of energy: 109,322 Btu/lb Si. The proposed process for recovering val uable chlorosilanes
from the waste usesrelatively little energy: 7,857 Btu/lb Si. Hence, when compared to silicon
furnaces, the energy savingsislarge and silicon efficiency gets closer to unity. Intoday’s market,
global implementation of thistechnology would save 2.8(10)!2 Btu/yr.



Table7. Energy Savings
A B C D=B-C E F=DxE
Description Current Proposed Energy savings | Poundsof Si | Energy savingsin
Technology Technology per unit, Saved per Y ear 2010 (102
(BTUSIb S) (BTUYb S) current less yearin2010 | BTUS/yr)
proposed
(Btuw/lb Si)
Si02 179 179 62,100,000 0.011
Coke 3,792 3,792 62,100,000 0.235
Coal 13,741 13,741 62,100,000 0.853
Electricity (@ 69,300 7,857 61,443 62,100,000 3.816
10,500
BTUskWh)
Dry wood chip 13,031 13,031 62,100,000 0.809
Electrode 9,280 9,280 62,100,000 0.576
Total 109,322 7,857 101,466 62,100,000 6.301

5.4 Waste Reduction

The DPRis currently quenched with alime slurry and landfilled as silica-like product. The
hydrolyzed DPR has a molecular weight average of about 160. Approximately 1.5 pounds of calcium
chloride salt is produced per pound of DPR hydrolyzed. The proposed technology would reduce
the landfilled amount by the efficiency of the process, which is expected to be about eighty percent.

Table8. Waste Reduction

A B C D=B-C E F=DxE
Description Current Proposed Waste DPR Waste
Technology Technology Reduction per | Recycled in Reduction in
(Tons/ton (Tons/ton unit, current | 2010 (10° Year 2010 (108
DPR) DPR) less proposed | Tons) tons/year)
(Tons/ton
DPR)
Quenched 0.73 0.20 0.53 0.15 0.081
DPR to
landfill
CaCl2 150 0.22 128 0.15 0.195
Total 2.23 042 181 0.15 0.276




6. BUSINESS

6.1

6.2

6.3

6.4

6.5

6.6

Economic Attractiveness

Cost analysis of an existing Direct Process train shows that metallurgical grade silicon contributes
the greatest share toward the variable cost of basic chlorosilane intermediates. High energy costs
associated with the production of silicon metal isthe major manufacturing cost. Another significant
contributor to variable cost isthe loss of chloride due to processinefficiencies, i.e., chloride loss as
salt in the lime quench of DPR. Thereisalso the cost to landfill the solids from the quench.
Reduction or avoidance of these costsisthe prime economic driver.

Policy/Regulatory

Future chlorine emissions, even in the form of inorganic salts, seem likely to be regulated more
severely than they are now. Landfill of even non-hazardous waste (quenched DPR isanon-
hazardous waste) is also likely to become regulated in the near future.

Industrial Competitiveness

All domestic and international silicon producers have the same problems associated with the DPR.
Each producer’s environmental costswill continue to escalate, with further need for landfill space
and potential for escalating environmental regulation. Without the novel waste conversion
technology supported by this agreement, competing producers will be at a cost disadvantage in
manufacturing methy! silicones.

Employment Impact

The construction and production of acommercial plant utilizing this novel waste conversion
technology will have beneficial employment effects. There are four domestic producers of
chlorosilane intermediates. There would be capital spending of approximately $20 million for each
commercial process. Upon completion of the process, each commercial unit would require a staff of
approximately seven permanent positions.

Commer cialization plans

Dow Corning expects the successful completion of the proposed technology will be readily adopted
by the industry under alicensing agreement with Dow Corning. Basic chlorosilanes are
manufactured at four sitesin the United States. Dow Corning expects all of these U.S. producersto
license this technology.

Foreign Trade

About forty percent of all silicones are manufactured in the United States. Implementing this
technology by U.S. manufacturers will give them alower manufacturing cost compared to foreign
producers. The foreign producerswill continue to bear the continued costs of chloride ion loss and
silicon inefficiency. Thelower cost position of U.S. manufacturers may allow them to increase their
market share of the silicone market.



7. PROJECT MANAGMENT

7.1 Research, Engineering and Start-up Plan

Current Activities, FY 1999

PFilot Plant 11 Stretch design, procurement and construction (Phase)

Pilot Plant I Dataanalysis

Full-Scale plant detailed design

Full-Scal e plant procurement

Full-Scale plant construction (initial)

Project management and reporting

Planned Activities, FY 2000

Rilot Plant |1 Stretch procurement and construction (Phases |1 & 111)

Full-Scal e plant construction (completion)

Full-Scale plant start-up

DataAnalysis

Project management and reporting

Planned Activities, FY 2001

Full-Scal e plant commissioning and hand-off to manufacturing

b
b
b
b

Investigate reaction conditions
Investigate feed preparations and compositions
Conduct capacity test

Commission plant for use completely by manufacturing unit

Full-Scale plant data analysis

Project management and reporting

7.2 Discussion

The plan presented in section 7.1 shows alogical progression from activities at an intermediate level
- Pilot Plant 11 - to activities at Full Scale. These activities overlap, and are consistent with our
philosophy to rapidly implement successful, new technology so asto gain competitive advantage.
The plan, however, reveals significant delay, when compared to the plans presented in previous
technical annual reports[13]. Reasons for these delays are numerous.

Dow Corning Corporation isin Chapter 11 bankruptcy status; this began in 1995. Cash flow has
been severely restricted during Chapter 11, even for projects like DPR Hydrogenolysis that
have great benefit.

In 1996, a decision was made to not scale up directly from Pilot Plant to Full Scale, but rather
build and operate Pilot Plant |1 as an intermediate step. The desired outcome of the decision
wasto lower our overall risk due to technical uncertainties.



Pilot Plant |1 operational difficulties delayed the confirmation of thistechnology asfeasible.
These difficulties included poor valve performance, rotating equipment malfunctions, reactor

steel corrosion, and the handling of solid byproducts formed in the reactor.

Table9. Milestone complete dates

Ml AntAnA Nata ~Af Catinmnta [ A ~tiial Pananl abian
Pilnt Plant
Deatailed dednn 10/1AA 1/1/04 12/21/04
DPraciirement and Conectriictinn 10/12/9% ng/21/04 12/21/94
Start-1in n2/22/05 Al20/Q8 N&/21/05
Oneratinn N2/28/08 10/21/08 N2/21/0A/
Nata Analvaic n2/22/05 1N0/21/08 NAR/2N/AAR
Fronamic analveic and commercializatinn nlan N2/28/08 2A21/0A/ 12/21/08
DPilnt Plant 11
Technalnmy nackana A/10/0R/ N2Y11/0A/ N1/21/0A/
Prniect nackane AlI10/0R N2/15/0A N2/22/0A8
Natailed ennn Necinn/nraciire A4/10/0R/ 11/20/0A n1/21/97
Condtriictinn AlI10/9R 12/12/0A N2/21/0R
Qafatv traininn nre-ctart-1in AlI10/0R N1/15/97 n2/21/97
Prnrece ctart-iin A/10/0A Nn2/22/107 Nn2/22/0
Prnrece nntimizatinn AlI10/9R NR/1R/Q7 11/20/0R
Frnn analvcic and commercial nlan A4/10/9R NR/”N/A7 Nn1/21/0R
Prniect mananement and rennrtinn A/10/0R/ NR/”N/Q7 12/20/08
End of Phaca I11A AlI10/0R NR/2N/Q7 11/20/0R
Eull erale
Praliminaryv_anninearinn ng/12/a0 na/2n/aa n1/21/0
Cnat actimate NR/18/00 11/n1/0aQ NR/1/0R
Parmittinn NA/I1N0/OAR nR/I”1/Q7 Nn2U/21/90
Detailed dedinn NR/1R/00 11/15/00
Canctriictinn/nraciirement ng/11/a9 NR/IN7/0N
Start_1in nR/12/00 n/”1/NN
Nata analveaic and nerfarmance 1indate NR/18/00 na/2N/0N
Praiect mananement and rennrtinn ng/12/a9 na/”n/NN
End nf Phace I1IR NR/18/90 na/2RN/NN
Eull erale - demnncatrate reactinn conditinne NR/18/00 11/20/00
Feed nrenaratinn reniiiremente ng/12/a9 n1/21/01
Eeed comnnaitinn NR/18/00 Nn2U/1/01
Canarityv tectinn ng/11/a9 N&/2”1/01
Nata analvcic and nerfarmance 1indate ng/12/a0 N&/21/01
Commiccinning teat: hand nff tn maniifactiirinn NR/18/00 N&/21/01
Praiect mananement and rennrtinn ng/12/a9 na/”n/iNi
End nf Dhace 1\/ NR/1R/00 Na/20/N1
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7.3 Industry/Department of Energy Cooperation

Table 10 shows the sources of funding for this project. The datain thistable are availablein Dow
Corning’s Continuation Application for this project [14]. The Department of Energy isthe only
external funding source for this project. DOE’s contribution to this project is about 6.6% of the total
project cost, and was weighted towards the front-end, high-risk portion of the project.

Table10. Industrial Participation

Partner Cost Sharing, Cost Sharing, Non- Total
Federally Allocated Federally Allocated
Resour ces Resour ces
DOE $1,716,701 $1,716,701
Dow Corning $24,124,533 $24,124,533
Total $25,841,234 $25,841,234




8. SUMMARY

The Pilot Plant 11 hydrogenolysis reactor has demonstrated filtered DPR conversion between 59%
and 89%. Valuable monomer production has been greater than expected. Significant obstacles were
overcome during its operation from May 1998 through September 1999, such as mechanical
malfunctions, high-pressure feed-pump failure, and reactor corrosion. Significant improvements
compared to the previous year' s operation were made in the areas of product value and overall
reliability. A plan isbeing executed to increase the capacity of Pilot Plant |1 four-fold by the end of
2000.

Design efforts for the Full-Scale unit in Barry, Wales are near completion and construction has
begunin earnest. Start-up targeted to be complete by first quarter of 2001.



9. EXPERIMENTAL

9.1 Analytical Methods Used for Feed and Product Samples

9.1.1 Laboratory gas chromatograph

The determination of compositions for the various streamsin the Pilot Plant 11 can be achieved using
gas chromatography (GC). These analyses incorporate an octane internal standard which is added
to each sample analyzed. In general, results are very similar to those obtained from previous runsin
the laboratory and pilot plant in terms of the amount of non-elutable species which were found to
exist asindicated by theinternal standard. Itiscommon for 10 to 15% non-elutabl e speciesto be
found present in feed samples, which were, in turn, assumed to be high boilers. Bottoms product
samples are often less than 50% el utable.

Based on the predictability of non-elutable fractions in the feed and product samples and the
greater need to have timely identification of low boilersin product samples, it was decided that a
dedicated GC wasto beinstalled at Pilot Plant Il as part of the capital project. The on-line analyzer is
used for overhead vapor product samples only. Such an analyzer isreadily monitored by operators
and engineers, contributing to their ability to make good decisions on adaily basis.

9.1.2 Pilot Plant Il gas chromatograph

ThePilot Plant I GC is equipped with acolumn and helium carrier gas.

The capability for on-line, automatic sampling of feed and product streams exist. All runs have
utilized this capability. A method for automatic calculation of stream compositionsis programmed
into the Pilot Plant analyzer PC. All samples analyzed on the Pilot Plant || GC are analyzed without
an internal standard.

ThePilot Plant |1 GCis calibrated periodicaly. In particular, it is calibrated on amonthly basisin
accordance with quality procedures written to comply with SO 9001 standards. Calibrations are
performed by injecting a sample from arefrigerated vial containing a previously prepared standard
solution of methyl chlorosilanes. The results of each calibration run are compared to weight percent
ranges for three key components as determined from historical datafor the standard.

9.2 Other Analytical Methods

Other testing was performed by research analytical (elemental analysis), Carrollton plant QA (%
solids, %0, in reactor head space during pre-startup inerting), Midland analytical (CHN analysis,
solids NMR), or outside personnel (various safety tests) as needed, according to standard methods.
The use of datafrom these various tests is much more limited to specific sections and discussion of
specific topicsrelated to Pilot Plant |1 operation.



10. FUTURE WORK

Future work for Pilot Plant 11 will concentrate on increasing its capacity four-fold by the end of 2000,
asdiscussed in detail in Section 3.

The effects of total DPR recycle will continue to be investigated. For the Pilot Plant |1 system, this
means only feeding the adjoining FBR's DPR to Pilot Plant |1, and never pumping the adjoining
FBR's DPR to any other destination. The intent isto complete ametal chloride and high boiler mass
balance, and determine the effect on filter element life and reactor conversion. The results of thistrial
will confirm the full-scale process’ s design decision to install afilter upstream of the reactor, instead
of aflash still after the reactor to purge the high boilersto a by-product chlorosilane hydrolysis
process.

Corrosion testing will continuein the Pilot Plant |1 reactor. The corrosion coupons inside the Pilot
Plant |1 reactor will be analyzed. Thiswill involve removal of the reactor head. The corrosion
couponsin the reactor will help verify the choice of materialsfor Pilot Plant 1| Stretch Project and the
Barry unit. Non-destructive testing of the Pilot Plant |1 reactor and piping will also be performed.

Evaluating alternative ball valvesto replace the existing valves at Pilot Plant |1 will continue. This
effort began in mid-1997 during the original start-up of Pilot Plant I, and has yet to be resolved.
Valve maintenance and replacement at Pilot Plant I continues to incur unacceptably high expense.
At least four different valves have been installed for testing. Final vendor selection will be
determined by degree of shut-off, cost, delivery time, operability, stem leaks, and body |eaks.

Futurework at the Barry siteisdiscussed in detail in section 4.
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