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3.0 Summary of Pilot Plant Development

The preliminary engineering design of the HYGAS pilot plant was per-
formed by Beachtel Corporation in association with IGT.

The final design and construction of the HYGAS pilot plant was performed
by Procon, Inc., a division of UOP, in association with IGT.

Detailed discussion in Part IIl covers process chemistry, preliminary
plant design, design modifications and construction, and start-up operations.
Problems are delineated as well as their. solutions, and findings and recommen-
dations applicable to other coal hydrogasification plaat designers are informally
presented.

The firs: seven start-up test runs are reported in detail; however, the
limited amount of operational data obtained during the contract period made
it inadvisable to present that material here. Instead, with the consent of
OCR, operational data from the period reported here will be presented in
more meaningful perspective in reports of the subsequent HYGAS contract
sponsored by OCR with the support of the A.G.A. (OCR Contract No.
14-32-0001-1221, now ERDA Contract No. E(49-18)-1221,)

The HYGAS process for the hydrogasification of coal is tailored to maxi-
mize the direct production of methane in the hydrogasification reactor by
the use of high temperature (1200°-1850 °F) and high pressure (1000 psig).
The process can use as feed caking bituminous coals as well as noncaking
lignite and subbituminous coals.

The HYGAS process is based on gasification studies that started in 1944,
By the mid-1950's, two processes to convert coal to synthetic pipeline gas
were being developed: 1) gasification of powdered coal in suspension with
oxygen and steam to produce a mixture of carbon monoxide and hydrogen
(synthesis gas), which was then methanated, and 2) direct hydrogenation
of the coal at elevated temperature and pressure in a fluidized bed. The
present HYGAS process incorporates the principles developed in both of
. these concepts. ,

Of the tctal methane formed in the HYGAS process, 65-70 ¢ is directly
formed in the hydrogasifier. This is a key feature of the process, and con-
tributes significantly to the high overall thermal efficiency of more than 704.

If the process were operated at a lower pressure, more methane would need to
be made indirectly, and losses in efficiency would result.

The second key feature of the process is the use of hydrogen and steam
in hydrogasification. The coal-hydrogen reaction,

coal + 2H, = CH, (1)

is strongly exothermic, while the coal-steam reaction,

coal +H,0 ~CO *H, (2)

3.1



is strongly endothermic. By using a mixture of hydrogen and steam instead
of hydrogen alone, the heat released by Reaction 1 is absorbed in situ by
Reaction 2, resulting in ——

e Built-in temperature control, and
e Internal hydrogen generation.

The raw gas from the hydrogasifier contains carbon monoxide and hydro-
gen. These are converted to methane through Reaction 3,

CO + 3H, » CH, +H,0 (3)

in the catalytic clean-up methanation unit, where the carbon monoxide con-
tent is reduced to the pipeline standard of less than 0. 14, and the heating
value of the product gas is raised to satisfactory SNG levels.

In the pilot plant, the hydrogasifier reactor vessel is 135 feet high; the
outer pressure shell has a 5. 5-foot inside diameter. The slurry is sprayed
into the dryer, a 2. 5-foot-diameter, 10-foot-high fluidized drying bed. The
sensible heat in the gaseous reaction products from the later stages vaporizes
the oil. At this point, the dry coal is heated to about 600°F.

The coal flows by gravity from the drying bed into a 3-inch-diameter,
vertical-lift-line reactor in which the hot gases (1700°F) from the reaction
section below provide the lifting force, the heat to raise the solids tempera -
ture to 1200°F, and hydrogen that reacts with about 20% of the coal to pro-
duce methane. This is the first stage of hydrogasification — the low-
temperature reactor. At the top of the lift line, the gas and coal disengage.
The gas moves up to vaporize the oil in the slurry-drying bed. The partially
reacted coal can be split into two streams; part of it can be transferred to
the base of the lift line to be mixed with the incoming fresh coal. By this
means, IGT believes, raw caking coal can be fed directly to the reactor
without pretreatment. Eliminating pretreatment can reduce gas cost
significantly.

The remainder (or all) of the partially reacted coal flows by gravity to the
second-stage hydrogasifier — the high-temperature reactor. The second-
stage bed is 2. 5 feet in diameter, is lined with refractory, and is 15 feet deep.
Here the solids are heated in a fluidized bed to about 1700°F and further
gasified by the steam and hydrogen-rich gas rising from the steam-~oxygen
gasification* below. (Or, alternatively, the hydrogen-rich gas may flow from
the steam-iron reactor or the electrothermal generator. )

In this second stage of the reactor, the exothermic hydrogen reaction
produces methane, and the endothermic steam reaction produces carbon
monoxide and hydrogen. If the temperature rises, the steam-char reaction
speeds up and prevents the temperature from rising any further. If the
temperature drops, the steam-char reaction slows down and thus provides
an automatic temperature control. About 25% more of the coal is converted
in this reaction stage, making the total about 45% in the two stages.

An electrothermal gasifier was built in the period reported; a steam-
oxygen gasifier was installed after this contract period; a steam-iron
gasifier is under construction in mid-1975,



From this reaction stage, the char goes to the hydrogen-producer gasifier,
where, depending on the process being used, the char undergoes different
degrees of additional gasification, The steam-oxygen gasifier™ being used as
the hydrogen producer in the pilot plant is directly below the high-temperature stage
hydrogasifier. The steam and high-purity oxygen introduced into the gasi-
fier convert char into hydrogen and carbon oxides at 1850°F in a fluidized
bed 2 feet in diameter and 12 feet deep. Ash is discharged from this stage
without being slagged. The ash is discharged into a tank where water is
added to make a slurry, which is then depressurized. The ash is recovered
by filtering and the water is recycled.

The composition of gas synthesized in the two principal reactor stages,
and passed upward through the slurry dryer at the top of the hydrogasification
reactor, depends on the type of hydrogen producer, as shown in the following
table. In addition to these major components, the gas contains the slurry
oil, coal dust, and trace constituents such as ammonia and hydrogen cyanide.

GAS COMPOSITION LEAVING HYGAS REACTOR

Steam-Oxygen Steam-Iron Electrothermal
Component System Sy stem System

CO 18.0 4 21.3
CO;, 18.5 1 14. 4
H, 22.8 22.5 24.2
H,O 24.4 32.9 17.1
CH, 14.1 26.2 19.9
C,H¢ 0.5 1.0 0.8
H,S 0.9 1.5 1.3
Other 0.8 1.4 1.0

Total 100.0 100.0 100.0

The gas mixture delineated is at 600°F; it passes to a baffle tower in which
it is quenched and washed with water. This removes the dust and water-
soluble trace components and condenses the water and light-oil vapors. The
gas then flows tn a conventional, packed-tower acid-gas removal system in
which the carbon dioxide and the hydrogen sulfide are absorbed in a digly-
colamine-water solution. Upon regenerating this solution, the carbon dioxide
and hydrogen sulfide are released and flow to a Claus plant for sulfur re-
covery. The amine purification system used in the pilot plant is not in-
tended as a commercial design because it does not provide for separate
collection of the various constituents. It was selected because it can han-
dle the wide range of acid-gas concentrations arising from the various coals
to be tested.

Installed in the base of the existing HYGAS reactor vessel
after the close of this contract period.




Calculations indicate that the purified gas entering the methanation
section of a commercial plant would typically have the composition tabulated
below. The methanation step has two purposes: One is to raise the heating
value of the gas to near that of methane; the other is to reduce the carbon
monoxide concentration to the requisite 0.1% or less. This is accomplished
by carrying out Reaction 3, given earlier.

GAS COMPOSITION ENTERING THE HYGAS METHANATOR

Steam-Oxygen Steam-Iron Electrothermal
Component System System System

CO 18.0 12.8 16.8
co, 2.0 2.0 2.0
H, 54.0 38.5 50.5
CH, 25.0 45.0 29.5
C,H, 1.0 1.7 1.2

Total 1060.0 100.0 100.0

To obtain nearly complete elimination of carbon monoxide and low
residual hydrogen (pipeline-quality gas) in the methanation section, the
ratio of hydrogen to carbon monoxide is adjusted to slightly above 3*.
High pressure and low temperature favor completion of the methanation
reaction i. e. — in the methanator. Very reactive, high-nickel-content
catalysts are generally preferred to make the reaction proceed rapidly
at the low temperatures employed. The temperature of the catalyst must
be above 450°F to avoid formation of nickel carbonyl, which causes
depletion of the nickel content of the catalyst, and below about 950°F to
avoid carbon deposition and catalyst sintering. The reaction is very
exothermic; therefore, to avoid excessive temperature rises, the HYGAS
process uses a cold-gas recycle system.

3.1 Introduction

Early laboratory and bench-scale research on the hydrogasification
of coal presented in Part II of this report was performed at IGT under
sponsorship of the American Gas Association. By the early 1960's, the
IGT work had reached a stage where expanded facilities were required.
Beginning on July 29, 1964, the program gained momentum under sponsor-
ship of the Office of Coal Research, U.S. Department of Interior, through
OCR Contract No. 14-001-0001-381, with sponsorship participation by
A .G A.

A principal focus of the expanded work was the design, construction,
and start-up of the IIYGAS pilot plant at an IGT facility in Chicago. Only
that portion of funds provided by OCR was used in construction; therefore,
the plant is totally U.S. property. The sections that follow describe the

A water-gas shift section would be installed for this purpose in a

commercial operation. o 4



preliminary engineering design, final design, and construction of the HYGAS
pilot plant by IGT and its principal subcontractors, Bechtel Corporation
(preliminary engineering design), and Procon Inc., a subsidiary of UOP
(final design and construction). The section ends with a description of -
start-up operations and problems. All process flow diagrams and tables

of stream data in this Part III of the Final Report HYGAS 381 represent
Bechtel preliminary design configurations and data. Figures 3-1 through
3-6 represent the plant configuration at the time that start-up tests began.

3.2. HYCGAS Process Considerations

The HYGAS process takes into account the advantages and disadvan-
tages of the six basic coal gasification reactions, and applies contacting
methods best suited for each process situation. The reactions are —

coal + nHz ® mCH; * heat (1)
C(char) + 2H; — CH4 + heat (2)
C(char) + H;O + heat * CO + H; (3)
C + Oz ~ CO; + heat (4)

CO * H;0 ® CO; + H; + heat (5)
CO + 3H; — CHy + H;O + heat (6)

The process and plant design attempted to maximize reactions 1 and
2 in such a manuner that the heat generated from these reactions can be
used to promote reaction 3, Thus, the HYGAS process design incorporates
reaction concepts that enhance reactivity, improve direct methane yield,
conserve energy with built-in thermal controls and, at the same time,
provide optimum system efficiency.

The high methane concentrations in typical HYGAS gas compositions
are a result of the high-pressure operation, in excess of 1000 psi, and
of the staging of gasification steps for the system. For example, because
reaction 1 proceeds rapidly, this operation is carried out in a suspension,
or transport contactor. Because reaction 2 is somewhat slower, and
produces considerable heat, it is carried out in a fluidized-bed contactor
that provides 1) longer residence times for the char — sufficient to undergo
gasification, and 2) ample contacting time between the char and the steam
present in the gas, thus enabling reaction 3 to absorb much of the heat
produced by reaction 2.

The plant is designed to produce about 1.5 million standard cubic
feet per day of pipeline-specification Substitute Natural Gas (SNG) when
the coal feed rate to the hydrogasification section is 3 tons per hour of
bituminous coal, or about 1,0 million standard cubic feet per day of
SNG when the coal feed rate to the hydrogasification section is 3 tons
per hour of lignite,



The design output of by-product char, and of oil and gas streams to
disposal are shown on the material balance and physical properties tables
accompanying various process flow diagrams that appear in this section.

The design is predicated on coal feed consisting of bituminous coal,
such as Pittsburgh No. 8 from the Ireland mine, or of lignite, such as
that from the Savage mine in North Dakota, having the following typical

ultimate analyses:

Components

Carbon
Hydrogen
Sulfur
Nitrogen
Oxygen
Ash

Bituminous
(dry wt/%)

71. 50
.02
.42
.23
.53
.30

= O s

Lignite
(ary wt/7)

65. 60
4.38
0.78
0.92
19.87
8.55

The design is also predicated on the use of natural gas both for

fuel and for hydrogen plant feed.

the following typical analysis:

Components

Carbon Dioxide
Helium
Nitrogen
Methane
Ethane
Propane
n-Butane
iso~Butane
C-5's
C-6's
C-T's

Gross heating value
Specific gravity
Pressure, psig
Temperature

The natural gas is presumed to have

Vol/%

.72
.10
.30
.9

.6

.

.31
.24
11
.02
.02

QO OCOORN~JWOO

1040 Btu/SCF
0.630

30 psig
Ambient

(The odorant level was established as 0.75 1lb of "BP Captans'
per million cubic feet of gas)

In the initial HYGAS pilot plant design, the gases required to support
the second stage of hydrogasification were introduced to the hydrogasifica-

tion section at the base of the main reactor vessel.

These gases were

brought up to system temperature by direct-fired superheaters and through
contact with a heat-exchange bed of partially gasified char at the bottom

of the main reactor vessel.

Gases introduced were hydrogen obtained



by reforming methane and steam. By mid-1974, modifications and addi-
tions available or under construction at the pilot plant included provision
at the site to provide hydrogen by any of three hydrogen-rich gas producing
systems, reported in Part IV: Hydrogen Generation, of this Final Report

HYGAS 381. More detailed information on these innovations is available
in Interim Report No. 1 HYGAS 1221, covering operations between September
1972 and 1974, which was submitted to OCR August 15, 1974,

The preliminary design of the HYGAS pilot plant, described here, was
intended to introduce an optimum selection of the various major design
options available in 1968, when the design work was begun. Note, es-
pecially, that the use of separate reactor stages permits the sequential
employment of different sets of reactions to optimum advantage.

3.3 Preliminary Design: General

The block flow diagram in Figure 3-1 shows the principal original
sections of the HYGAS pilot plant in Chicago.

PRODUCT
GAS
COAL
|
DRYING
COAL COAL. GAS
STORAGE [ | (P8 7| PRETREATMENT -] QUENCH =1 sigipicaion [ METHANATION
»
.
:...-.00.-0...-.0)
NYDROGASIFICATION
NATURAL.
GAS
Y
STEAN-
HYDROGEN HYDROGEN cHar
METHANE |- - - i
REFORMING COMPRESSION SUPERHEATER DISPOSAL
1500 pxig
WATER STEAM
——— s o STEAM foetnd e gud A-44-682
GENERATION SUPERHEATER

Figure 3-1. BLOCK FLOW DIAGRAM OF HYGAS PILOT PLANT AT
START-UP




Brief descriptions of major pilot plant sections follow,

3.3.1. Raw Coal Handling

Coal cars deliver feed to the raw coal handling section (Figure 3-2)
and the coal is dumped and conveyed to storage.

COAL
FROM
CARS

.y \ P
L 7 FEED
T

CONVEYER  COAL PILE  PAYLOADER  CONVEYER
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Figure 3-2. RAW COAL HANDLING IN HYGAS PILOT PLANT AT
START-UP

The coal is dried and crushed to the proper size in the mill. Hot com-

bustion gases and recycle gases are used to dry the coal as received before

it enters the mill system. Air, crushed coal of the required size, and fines,
exit via the separator. The crushed coal is separated from the air and fines

in the cyclone separator. The air and fines leave the system through the fan
and auxiliary collector. If pretreatment is required to eliminate the tendency
of some coals to agglomerate, the coal is conveyed to a coal surge bin, weighed,
and fed into the pretreatment section.

3.3.2. Coal and Char Pretreatment

The pretreatment section (Figure 3-3) is required only if an agglom-
erating coal is being used as feed. Here, crushed, raw coal is weighed
and charged to the pretreater vessel, where it is dried and slightly
oxidized by contact with air. The pretreater is a fluidized-bed reaction
vessel that utilizes an in-line air heater for start-up. In operation,
excess heat is removed from the fluid bed by steam generation coils in
the bed. The pretreated coal or char is discharged into a quench tower,
cooled, and sent to storage. The pretreater off-gas is cooled in the first
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s stage quench system to remove tars, heavy oils, and fines. The off-gas

and oily water go to disposal,
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Figure 3-3. PRETREATMENT SECTION OF HYGAS PILOT PLANT AT
START-UP

3.3.3 Hydrogasification Section

The principal process units of the hydrogasification section are shown
in Figure 3-4. Here, the sized and dried coal (or in the case of agglomer-
ating coal, the pretreated char) is weighed and charged into a slurry mix
tank. The feed is mixed with a light aromatic oil that is a process by~
product, to form a slurry, and is circulated through the intake manifold
of a positive displacement pump. The positive displacement pump feeds
it at process pressure (above 1000 psi) through a slurry heater, to the top
of the 132 -font-high hydrogasifier vessel. Upon entering the top of the
vessel, the slurry is dried by the action of the rising hot gases leaving
the product gas separator using a fluidized-bed contactor. The pretreated,
heated, dried solids then enter the first of two continuous-flow reactors

- located beneath the slurry drying bed.

Solids flowing from the drier into the first-stage reactor enter a
stream of fast-moving, rising gas from the lower, second-stage reactor.
The gas frorn the second stage heats, lifts, and reacts with the dried
feed. The mixture passes upward to the product gas separator where a
rapid expansion of reactor diameter causes the stream velocity to diminish,
and solids drop out and collect for transfer to the second-stage reactor
bed. The rising mixture of solids and gases in the first-stage cocurrent
flow undergoes reactions that directly form approximately one-third of the
methane produced in this process using reaction 1. A recycle stream




of solids also can be returned to the first-stage reactor for process tem-
perature control. The product then rises to the drying section.
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Figure 3-4. HYDROGASIFICATION SECTION OF HYGAS PILOT PLANT AT
START-UP

From the first-stage reactor bed, solids flow downward, assisted by
gravity, into the second-stage reactor where they are reacted with a mix-
ture of hydrogen and steam, directly producing an additional one-~third
of the methane produced in the process, mostly by reaction 2. Additional
hydrogen is generated in this fluidized-bed stage by reaction 3. Char from
the second-stage reactor enters the fluidized-bed heat-exchange char cooler,
where it is cooled by the incoming steam-hydrogen mixture. High-pressure
steam is then used to convey the char to the quench tank. Water injected
into the quench tank cools the char and forms a slurry. The water-slurry
is reduced to atmospheric pressure through a valve, and the slurry passes
to a vacuum filter, or alternatively to a char-settling pond.

3.3.4 Purification Section

The purification section of the HYGAS pilot plant is shown in
Figure 3-5. Here, the hydrogasifier effluent gases are cooled by direct
contact with water to remove water, light oils, and fines. The light
oils and fines are then separated from the circulating quench water.
Carbon dioxide, hydrogen sulfide, some COS, and CS;, are removed from
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Figure 3-5. HYGAS PILOT PLANT PURIFICATION AT
START-UP '

the gas using a diglycolamine scrubbing system. The process gas leav-
ing the absorber is scrubbed with dilute caustic, followed by a water
wash to remove traces of caustic from the gas stream. The gas from
this column is fed to the methanation section.

3.3.5. Methanation

Major elements of the methanation section are sketched in Figure 3-6.
Gas from the purification section is blended, when necessary, with hydro-
gen to the degree required in order to provide the approximately 3:1
hydrogen-to-carbon monoxide ratio needed in methanation. This technique
is used to replace a shift reactor which would achieve the 3:1 ratio through
reaction 5, A portion of this gas is then further blended with recycle gas
to limit the concentration of carbon monoxide. The blended gas is heated
by exchange with effluent gas and fed into the first-stage methanator where
reaction 6 occurs. A heater is provided for start-up.

The balance of the feed gas is also mixed with recycle gas to limit
the concentrations of carbon oxides, These gases are then blended under
temperature control with the hot effluent gas from the first stage tfo
provide preheated feed gas for the second-stage methanator., Both fixed-
bed methanation reactors contain a nickel catalyst., Reactor effluent is
cooled to remove water from the product gas, and to supply cool gas
to the recycle compressor,
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Figure 3—6. METHANATION SECTION OF HYGAS PILOT PLANT
AT START-UP

3.4. Design Elaboration

This section elaborates on design philosophy, and discusses general
practices and safety aspects of the HYGAS pilot plant. Included are
brief explanations of 1) the function of each major piece of equipment

or service, 2) selection criteria, 3) safety procedures where warranted,
and 4) brief discussion of alternatives (if any).

The design specified by IGT and Bechtel was subject to modifications
during detailed engineering by IGT and Procon because many preliminary
engineering design areas were of necessity conceptual. Available equip-
ment and fabrication techniques necessitated redesign or modification of

certain concepts and equipment. These changes are described in later
portions of this discussion.

The major sections of the detailed preliminary design that are dis-
cussed here are —

® Coal preparation, which includes coal storage, particle size, size
reduction, and drying.

® Coal pretreatment, which includes the pretreater reactor, quench,
and pretreated coal handling sections.

. Hydrogasifiéation, which includes the coal slurry feed system, hydro-

gasification reaction section, hydrogen compressor, steam and hydro-
gen superheaters, and the spent char discharge section.

2.12



® DPurification, which includes raw product gas quench, acid gas removal,
caustic and water wash treatment sections.

® Methanation, which includes the methanation reactor, gas recycle, and
product gas coolers.

3.4.1, Coal Pretreatment Section

3.4.1.1, Basis for Design

The coal pretreatment section consists of a pretreater reactor with
support facilities to feed the coal into the reactor, provide air for fluid-
ization and oxidation, cool and condense the off-gas, and cool and trans-
port the char to storage.

This section has been designed to supply 3 tons/hr of pretreated
bituminous c¢oal to the hydrogasification section. A process flow diagram
is presented in Figure 3-7, together with the material balance and stream
physical properties in Table 3-1,

HYGAS-associated laboratory and bench-scale work had determined
that some raw, bituminous coals tend to agglomerate during heating if
they are charged directly into a fluidized-bed hydrogasifier reactor.
Where not neceded, however, as with lignite, pretreatment is undesirable
because approximately 10 percent of the coal charged to the pretreater
is lost as pretreater off-gas, oils, and entrained fines.

3.4,1,2. Pretreater Reactor

The pretreater is a fluidized-bed type reaction vessel whose major
dimensions are 98-inch ID by 16 feet 8 inches seam-to-seam. Air is
compressed to provide the fluidizing medium, and this air is also used
as an in-proncess oxidant. Raw crushed and sized coal is weighed and
charged into a small surge hopper. The coal then enters the reactor
through a star-and-screw feeder that is capable of feeding against a 10-
psig back pressure. The off-gas from the pretreater enters an internal
cyclone where entrained fines are returned to the bed.

The pretreater bed operates at about 800°F and from 1.0 to 10.0
psig. Internal water-cooled coils remove excess heat from the fluidized
bed. Cooling water is vaporized under controlled temperature, and the
steam exhausts to the atmosphere. The direct injection of water or
steam for temperature control is impractical because it would change the
superficial fluidizing velocity and increase the load on the quench system.

The pretreated coal is discharged through a fluidized standpipe and’
a slide valve, Air is distributed through a metallic deck with uniformly-
spaced holes, achieving good fluidization. The holes, about 0.25 inch in
diameter, are designed to provide about l1-psi drop across the deck at
maximum flow conditions. The deck is curved to provide strength, yet
permit expansion. A drain valve provided in the plenum below the deck
permits the periodic removal of solids that have "wept' through the holes
in the deck.
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3.4.1,3., Pretreater Internal Solids Separators (2-T-4)

Internal cyclones, rather than external cyclones, are used in the
design to remove the bulk of fines from the off-gas. Heavy oils and tars
might condense and solidify in an external separator. While a two-stage
cyclone is shown on the PFD (Figure 3-7), a single-stage cyclone might
prove acceptable.

3.4.1.4., Pretreater Cooling Coils (2-E-3)

The reaction of coal with air during pretreatment is exothermic;
part of the energy released heats the incoming coal and air to reaction
temperaturs, and the balance is removed in the cooling coil. A design
duty of 3 million Btu per hour satisfies requirements of the various
coals to be treated over a range of pretreatment severities and operating
temperatures,

3.4.1.5, Pretreater Air Heater (2-F-1)

The air heater unit is intended to heat air by direct combustion with
fuel gas. The unit is fired during start-up only when bituminous coal
is pretreated. The exothermic heat of reaction provides sufficient heat
to more than maintain the pretreatment reaction at more than steady-
state, Design specifications for the unit actually installed are tabulated
below:

Manufacturer: John Zink & Co.

Air Flow Rate: Minimum: 1200 SCF/min
Maximum: 1500 SCF/min

Air Inlet Temperature: 230°F
Air Outlet Temperature: 1200°F
Heat Release: 1,750,000 Btu/hr

Working Pressure: Minimum: 10 psig
' Maximum: 20 psig

Fuel: Natural gas or SNG

3.4,1. 6., Pretreater Combustion Air Compressor (2-K-1)

This compressor was conceived to move 1500 actual cubic feet per
minute (ACFM) of air at a discharge pressure of 20 psig. Normal
process reqguirements would be about 1100 ACFM at an operating pressure
of about 1 psig in the reactor. The pressure in the reactor could be as
high as 10 psig, depending upon the actual pressure drop in the overhead
system. The discharge pressure of 20 psig would accommodate about a
10 psig drop through the air heater. In Figure 3-7, air is shown venting
to the atmosphere downstream of the compressor to control flow., De-
sign specifications for the unit actually installed are tabulated below:




Ingersoll Rand Type "L'" AXI Compressor
Inlet: 1590 CF/min

Inlet Pressure: 14,5 psia

Discharge Pressure: 30 psia

ABS CR: 2.069

Inlet Temperature: 60°F

Discharge Temperature: 245°F

3.4.1.7. DPretreated Char Cooler (2-T-5)

Unit 2-T-5 was conceived to cool pretreated char from 800° down
to 200°F in a closed vessel. Vapors from this cooling are mixed with
the off-gas from the pretreater-reactor and handled with that train.
Cooled char is discharged into the char storage hopper and later sent
to the reactor. The unit actually installed is a direct water -spray quench
chamber of 3 feet ID and is 15 feet 10 inches long.

3.4,1,8. Pretreater Quench System

This quench system consists of a pretreater quench tower with sep-
arator, cooler, and circulation pump. The off-gas is cooled by counter-
current contact with water in the vertical packed tower. Operating
experience on similar type units indicates — when the off-gas is cooled
from 800°F to a minimum of about 150°F — practically all of the heavy
oils and tars are condensed, and that most of the oil can be removed in
the separator. Cooling of the heavy oils and tars to below 150°F tends
to induce high viscosity, greatly increasing the risk of plugging the system.

The separator has an internal overflow weir; the heavy oil layer is
removed through a boot on the bottom of the separator, and oils lighter
than water flow over the weir for removal. This system constantly re-
quires water make-up. The incoming gas vaporizes some of the quench
water so that gas leaving the top of the tower is saturated. In addition,
the overhead stream contains entrained water.

In order to maintain temperature in the tower, the incoming quench
water is under temperature control with a bypass around the cooler.

Water is used as the quench medium rather than oil. The use of
water permits more accurate qualitative and quantitative analyses of the
tars, oils, and other components in the pretreater overhead effluent.

3.4.1.9. Pretreater Quench Tower (2-C-2)

The vessel is 3 feet 6 inches ID by 15 feet 10 inches long with a
5-foot-long section with 2-inch metal pall rings. In actual practice the
packing material in the tower plugged and was replaced by a venturi scrubber
and side-to-side baffles.
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3.4.1,10. Quench Separators (2-C-3)

The quench separator is of 3 feet 0 inches ID by 10 feet long, a
horizontal vessel with a bottom draw-off boot. The elevation of the
tower and separator are fixed to give a 12-inch liquid holdup in the bot-
tom of the tower, to protect the bottom of the tower in case of a total
circulating-quench-water failure.

In preparation of material balance tables, it is assumed that all of
the oil, tars, and fines, etc., leave via the boot on 2-C-3. For design
purposes, a design rate equal to the flow volume shown is assumed for
the overflow.

The purnp suction nozzle is raised 18 inches into the vessel in order
to obtain oil-free quench water.

3.4.1.11 Quench Cooler (2-E-1)

The tube side of the exchanger is designed to permit quick cleaning
because the quench water will contain tars, fines, and oils, Design
specifications of the unit installed are tabulated below:

Shell Side Tube Side
Fluid Circulated Cooling H;O Quench H;O
Total Fluid Entering 17, 800 1b/hr 24,240 1b/hr
Gravity-Liquid (in/out) 0. 995/0. 989 0.971/0. 977
Viscosity CP (in/out) 0.90/0.56 0.36/0.47
Temperature In 75%F 175°F
Temperature Out 120°F 140°F
Operating Pressure (Inlet) 90 psig 25 psig
Pressure Drop (Allowable) 10 psig 10 psig
Fouling Factor 0. 006 0. 006
Heat Exchanged 800, 000 Btu/hr

Manufacturer: Basco Multi-Tube heat exchanger.

3.4.1.12, Quench Circulation Pump (2-G-1)

Vendors were advised that the oily water solution in the pump might
contain heavy fines and viscous tars. Design specifications of the unit
installed are tabulated below:

Manufacturer: Ingersoll-Rand

Type: In-line centrifugal

Horsepower: 5 »

Flow Rate, gpm: 40

Temperature: 173°F

Inlet Pressure: 4.5 psig

Outlet Pressure: 50.5 psig
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3.4.2. Hydrogasification Section

3.4.2.1., Basis for Design

The gasification section utilizes four separate high-pressure fluidized-
bed contacting steps to —

1. Dry the slurry.
2. Afford an initial reaction stage between coal and partly-reacted gas.

3. Provide a final reaction stage between the partly reacted coal (char)
and preheated treating gas.

4. Provide heat-exchange contact between partially gasified char and
feed gas to conserve heat and cool the product solids.

This section consists of a two-stage continuous-flow hydrogasification
reaction section with char cooling, an aromatic-oil-based slurry system
to elevate the pretreated char to operating pressure, a slurry drier to
remove the aromatic carrier and dry feed for processing, and a water
slurry system to return the spent char to atmospheric pressure. The
preliminary design process flow diagram (PFD) for this section is pre-
sented in Figure 3-8, together with the material balance and stream
physical properties in Table 3-2.

The hydrogasification steps operate at a nominal pressure of about
1150 psig; the basic equipment design pressure is 1650 psig. Temper-
atures through the hydrogasification stages range from 1400° to 1800°F.
Design criteria presumed a nominal bulk density of pretreated coal of about

25 pounds per cubic foot, and that of the spent char of about 15 pounds per
cubic foot..

The high temperature and pressures of this section require special
consideration for insulation. For a pilot unit, heat loss must be held
to a minimum. Bechtel recommended that the refractory insulation
material be selected making use of the combined experience of vendors
as well as of IGT.

3.4.2.2. Hydrogasifier Process Flow

In the preliminary hydrogasifier PFD, a coal-benzene slurry is shown
being pumped to high pressure and introduced into a fluidized slurry
drier. Any of the several aromatic oils are suitable for this, but IGT
chose to use toluene, a process by-product. In the drier, at the top of
the main reactor tower, hot gases from the first stage hydrogasifier
evaporate the aromatic oil. A perforated metallic deck is used as a gas
distributor. The dried coal flows into a small mixing chamber where it
contacts hot gases rising from the second-stage hydrogasifier. The gas
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lifts the solids through a wvertical transport section into a spouting-bed
separator; off-gas from the separator enters the slurry drier above. A
recycle stream of solids may be returned to the mixing chamber to help
control temperature. The balance of the solids enters the second stage
hydrogasifier, The principal reactions and direct methane production of
the first-stage hydrogasifier occur during the vertical transport when solids
and gases are in contact while freely rising; see the description of

Stream 313 in Table 3-2 for an indication of off-gas content at this point
in the process.

In the second-stage hydrogasifier, the partially gasified coal is reacted
with a hydrogen and steam feed gas mixture during a solids holding time
of several minutes at a fluidized-bed temperature of about 1800°F, The
spent char is discharged to a heat recovery fluidized bed in the prelim-
inary design reactor configuration. The gases from the second stage rise
into the first-stage reactor.

Spent char from the 1800°F second-stage reactor enters the fluidized
bed heat exchanger where it is cooled to about 1400°F. The heated gas
flows into the second stage reactor., The char is moved from the heat-
exchange bed via a short fluidized standpipe and throttling valve to enter
a riser; here, it is lifted by a flow of high-pressure steam to the spent
char slurry tank. Water is injected into the slurry tank in order to
quench the char and condense the carrier steam. The spent char-slurry
is then let down to atmospheric pressure to facilitate spent char removal.

The fluidized bed of the second-stage reactor is supported on a cer-
amic deck., The pressure drop available for gas distribution here is
small to avoid excessive seal leg height, Too low a differential could
cause unsatisfactory bed fluidization.

3.4.2.3, Coal Feed

A lock-hopper system to introduce coal into the high-pressure reactor
was deemed expensive and bulky and — in 1968 when the design effort
began — valves that must operate hot and seal against high differential
pressure with a solids system were not proved commercial items. For
this reason, a coal slurry feed system was selected.

The size range for coal feed has been specified as 10 to 100 mesh
U.S. sieve. -Coal of this range can be mixed with a light aromatic oil
to form a slurry which can be charged to the high-pressure reaction sys-
tem by a slurry pump. The slurry liquid must be evaporated before the
dried coal enters the actual reaction zone, This drying is done in a
fluidized-bed using effluent gases from the first-stage reactor to provide
the heat,

Feed coal is charged to the plant at a constant rate by means of a
weigh-belt conveyor. Feed is dumped into a hopper, flows down a gravity
chute, and enters a slurry feed mix tank which has about 1 hour surge
capacity., The tank is operated at a few inches of water head; i.e., slightly
above atmospheric pressure. Normally, coal is received at about 200°F,
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the hot coal from the feed preparation section being cooled to that tem-
perature level before flowing to the weight scale. The slurry oil is re-
ceived from storage at about 100%F; the slurry mix is at about 115°F,

A ''trickle valve'' on the coal inlet chute and a 'seal" nitrogen com-
bine to exclude air from the slurry mix tank, preventing the occurrence

of aromatic-o0il and air mixtures at this point.

An agitator in the tank and external circulation pumps serve to mix
the slurry of coal and aromatic oil, and to maintain even consistency through
the system. A centrifugal pump is arranged to circulate directly through
the suction manifold of a mud-pump type reciprocating pump, thus avoid-
ing pockets where solids can settle from the slurry. (A duplicate pumping
system is provided for standby.) All the slurry lines are arranged so
that there are no dead ends.

The plunger pump runs at constant-volume discharge per stroke.
The discharge rate can be manually adjusted through a variable-speed
drive. Makeup aromatic oil is pumped into the mix tank as required to
maintain this slurry surge volume by means of a level control. As a
result of this arrangement, coal feed is deposited in the slurry at the
weight rate set by the weigh belt; the oil-to-coal ratio is determined by
the plunger pump discharge rate.

The plunger pump discharges slurry at high pressure through a
high-pressure steam heat exchanger*and hence to the fluidized drying
bed at the top of the reaction system. In the fluidized bed, hot gases
from the first stage reactor are cooled from 1400° to 600°F. The oil
is vaporized and leaves with the product gases. Dried feed coal at
600°F flows down to the first-stage reactor through a fluidized standpipe
and flow control valve. The slurry exit temperature from the steam
heat exchanger is controlled to maintain the desired temperature in the
drier bed.

Aromatic oil and water in the overhead stream are condensed in a
quench tower. The condensed mixture flows into a horizontal settling
vessel. A weir extends above the oil-water interface level so that the
oil phase overflows. The oil is removed under level control and flows
through an oil cooler to atmospheric pressure storage; there, dissolved
gases are flashed and vented to a flare systern. Water is circulated
through a cooler to the top of the quench tower. Excess water is re-
moved under interface level control and routed to the spent char-water
slurry mix system. Any excess oil from the storage tank is removed
periodically to waste disposal.

A slurry composed of two parts by weight of oil and one part of
coal can be readily pumped. By adjusting the slurry outlet temperature
from the slurry heat exchanger to between ambient and 500%F", sufficient
heat is available from the first stage hydrogasifier off-gases to maintain
the slurry drier bed at 600°F.

This is a specially designed double pipe heat exchanger, not a direct-fired
heater as shown in Figure 3-8.
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Water is not a practical choice for the coal feed slurry in this
HYGAS process system because its heat of vaporization is about five
times that of the usual aromatic oil at the drying bed operating condi-
tions, and heat balance could not be achieved with a slurry of pumpable
consistency. Water is used for the emergency control of drying bed
temperatures, and a quench line with an automatic temperature-control
station was installed.

3.4.2.4. Reaction System Vessel

The combination of high pressures and temperatures with hydrogen
and steam in the reaction system vessels and piping calls for careful
design. The experience and recommendations of the engineering contractor
proved particularly important in these decisions,

Observations at the time the preliminary design was performed
included ~

3.4.2.4.1. Refractory Considerations

—

Cold wall designs have internal refractory and insulation layers, and
usually operate with vessel walls at 250° to 350°F, These temperatures
are below the dew point of the process fluids in the system and would
cause condensation of vapor on the inside of the shell. Refractory pro-
ducers, in fact, were uncertain how ''wet' operation would affect the
refractory. In addition to steam and hydrogen, the process gases con-
tain carbon oxides and sulfur compounds. There appeared to be no
operating experience under comparable conditions to draw on that would
permit selection or rejection of a cold-wall system.

Hot wall designs with the vessel shell metal in direct contact with
the process fluids require alloys adequate for the operating temperatures.
For this application with metal temperatures of 1400° to 1800°F and
1650 psig cdesign pressure, especially considering the corrosive effect of
the steam- and hydrogen-rich environment, as well as the erosive effect
of solids under these conditions, wall thicknesses would be too great to
be practical or economical without refractories.

In addition, a combination of both internal and external insulation
appears to be unattractive. Metal temperature of the vessel could vary
widely from: the desired level, depending on the accuracy of heat flow
calculations, weather conditions, the physical condition of the insulation,
and on how hydrogen affects the conductivity of the internal insulation.
These variables would dictate a costly system of metal temperature mea-~
surement, Even with such a measurement system, hot spots — once
detected — could be corrected only by plant shutdown and repair., Hot
spots not lacated, on the other hand, would constitute a hazard. The
principal advantage promised by internal/external insulation in the pre-
liminary design is avoidance of condensation at the inside surface of the
metal shell,




3.4.2.4.2 Reactor Vessel Design -

A water-jacketed vessel with both internal and external insulation,
operated with water at reaction system pressure, offers advantages for
the ranges of 1400° to 1800°F, and 1000 to 1500 psig operating conditions.
The jacket water absorbs heat transmitted through the internal insulation,
and maintains both inner and outer metal walls of the vessel at substan-
tially the same temperature. Steam generation occurs and the steam
enters the reactor steam separator drum where the steam is condensed
and the water returned to the bottom of the jacket. This drum is con-
nected to the process zone of the vessel through a pressure-balance line.
In this design, then, the jacket water temperature is the equilibrium
temperature of steam, or about 550°F for 1000 psig operation, to 600°F
for 1500 psig. These temperatures are above the dew points of the fluids
in the reaction system, so that no condensation of vapor occurs in the
internal insulation next to the metal vessel shell. These metal temper-
atures, too, are such that an inner jacket shell of carbon one-half
molybdenum steel should provide reasonable protection against hydrogen
attack. The outer strength shell can be carbon steel, because the two
metals have similar coefficients of expansion and present no particular
problems for fabrication as a double-shell assembly. This water-jacketed
vessel contains the high-temperature second-stage hydrogasifier and the
heat-exchange bed,

The first-stage reaction of the process includes a small mixing zone
where 1800°F second-stage off-gas is mixed with 600°F coal feed solids.
There is a coal feed standpipe, a lift-line from the mixing zone to an
upper reaction and separation vessel, and a solids recycle standpipe from
the separator to the mixing zone for temperature control. The feed line
is a fluidized standpipe with a throttling valve, as is the solids recycle
line, Lines, mixing zone, and separator are relatively small, but have
high operating temperatures and pressures. A hot-box design concept
was used for this system in order to provide flexibility in maintenance
and modifications, as well as in cost savings.

Alloy piping and pressure equipment components, capable of with-
standing both the anticipated 1400°F operating temperature, and possible
transient temperatures to 1800°F during operating upsets, are enclosed
in a pressure vessel adequate for the required operating pressure. The
hot internal piping and parts are wrapped with insulation. The void
volume between internals and the pressure enclosure vessel is filled with
nitrogen to balance the pressure inside the process zones. With this
design, the metal of the enclosing vessel is at relatively low temperature y
and presents no special design problems. The internal process com-
ponents operate at quite high temperatures, but have very low operating
pressure differentials.

3.4.2.4.3. Reaction System Vessel Layout

A ''stacked assembly' was considered a probable arrangement of the
various high-pressure sections of the hydrogasification process from the
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beginning of design. In this assembly, the main envelope is a carbon-
steel shell of 5 feet 6 inches inside diameter and 120 feet 0 inch from
tangent line to tangent line. The vessel is supported from grade by an
integral skirt. The lower section accommodates the second-stage reactor
and the product char cooling fluid bed, and utilizes a water jacket to
control metal temperatures, as discussed earlier. Although internal changes
have been incorporated since September 1972, the initial design is described
here.

The upper section of the vessel incorporates the hot-box system. The
upper section contains the slurry feed drying bed, the first-stage reactor
and lift pipe, the recycle pipe, the gas-solids separator, and related piping.
These components are of alonized Incoloy 800 that will provide reasonable
service life under the severe operating conditions described. The alloy
parts are externally insulated and surrounded by a nitrogen atmosphere
maintained :n balance with the reaction system pressure. The pressure
enclosure of the hot box is the main vessel shell with reasonable access
for maintenance work on the alloy internals and insulation. Two manholes
are located on the hot box shell to provide ventilation for maintenance work
during shutdown. The top of the slurry drier vessel operates at reaction
pressure and relatively lower temperature of about 600°F. The slurry
drier vessel does not require internal insulation, but external insulation
is required for upper and lower sections of the vessel,

The operating pressure of the reaction system is a little over 1000 psi
and the design pressure is 1650 psi. The pressure in the nitrogen-filled
shell, is held as close to those in the reaction zone as possible. This is
accomplished by a control system in the case of the nitrogen atmosphere
of the hot bax, and by means of an equalizing line to the reaction system
from the reaction steam separator drum, in the case of the water-jacketed
vessel,

Only small pressure differentials exist during normal operation, but
these differentials can become appreciable during operating upsets. Four
percent of the 1500 psig design pressure — i.e., 60 psig in either direc-
tion — was suggested as a design value for allowable pressure differential
between hot box and upper and lower vessel sections. The inner shell
of the water jacketed lower shell must also withstand this differential as
an external pressure. In connection with the alloy internals of the hot
box, the 60 psig differential is only a transient condition that would re-
sult from an operations upset. The creep stress limits that apply for
continuous loading at elevated temperatures are not applicable, and design
was based on the appropriate elastic modulus.

The 60 psig differential noted above brings the design pressure in-

side the hot box to 1560 psig, corresponding to the requirement of 1500
psig in the actual reaction zones of the equipment.
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Pressure relief protection is required between the different sections
of the reaction system vessel. Two-way safety heads or "rupture disks",
with rupture pressures of 40 to 60 psi, are used. Safety heads are in-

corporated in this rupture range that utilize combination metal and Teflon
elements.

3.4.2.5 Product Char Removal System

Char from the reaction system vessel is discharged through the bottom
solids control valve, and is transferred by carrier steam flow into a char
slurry quench tank., The tank is at system pressure, being connected
by an equalizing line to the reaction vessel. Excess water from the over-
head quench system plus recycled makeup water from the char settling
pond is pumped into the quench tank, cooling the hot char and condensing
the carrier steam. A circulating pump takes suction from the bottom
of the tank and discharges back into the vessel, providing char-water slurry
mixing and maintaining an even slurry consistency. Slurry concentrations
of up to 30 weight percent solids can be readily handled.

3.4.2.6 Reactor System Control

Each of the four fluidized beds of the reaction system is operated
under level control., Feed solids enter at the top and are discharged
from the bottom of the respective bed via a fluidized standpipe in com-
bination with a throttling valve. The following five standpipes require

connections for high-pressure nitrogen, providing blowback to clear the
lines as required:

1. From slurry drier to first-stage mixing chamber.

2. From spouting bed separator to first-stage mixing chamber.
3. From spouting bed separator to second-stage reactor.

4. From second-stage reactor to the heat exchange bed.

5. TFrom the heat-exchange bed to spent-char removal.

All blowback connections must be made directly above the respective solids
valves involved. At the time start-up testing began, the primary element
of the level controller for the char slurry drying bed was of the nuclear
radiation and adsorption type. A pressure differential controller later
came to be relied on exclusively for level-sensing. The remaining bed
levels are controlled by a pressure differential controller operating on the
pressure drop caused by solids level in the fluidized bed.

The recycle stream of solids that is returned to the first-stage mixing
chamber serves as a means to control first-stage reaction conditions.
This recycle stream is controlled by the temperature of the stream leaving
the mixing chamber. Water sprays are used if needed to control reaction
temperature in the spouting bed separator.




Instrument tubing connections to all parts of the reaction system re-
quire blowback gas lines to prevent plugging by the entry of solids.

With the hot box design, instrumentation is required to maintain a
closely balanced pressure between the hot box and the process side of
the reaction system vessel. Balance is maintained by admitting make-up
nitrogen intc the hot box to compensate for pressure increases on the
process side, and by venting nitrogen if process pressure falls. A
split-range differential pressure controller is connected between the hot
box and the upper section of the reaction system vessel, Because there
are no valves in the gas piping between the lower and upper fluid beds
of the reaction system, the lower reaction also is held in pressure bal-
ance with the hot box.

The pressure balance between the hot box and process side can be
upset by — :

1., Severe surges in process operating pressure,
2. Faulty action of the nitrogen injection or vent controls,
3., Blockags of process gas lines in the reaction system vessel,

The internal piping and reaction zones of the vessel sections are adequate
for pressure differential transients up to 60 psi. Protection against
higher pressure differentials is provided by pressure relief devices such
as the Black Sivalls and Bryson 'two-way''-type that combines a Teflon
diaphragm with perforated metal rupture discs. The use of Teflon limits
maximum temperatures that can be tolerated for gases in contact with
the devices. A satisfactory arrangement would be to locate each relief
device in a separate external pressure container connected to the reactor
system by pipes arranged to drain any condensation back into the reac-
tion system.

Protection of the reaction system vessel against pressures in excess
of the 1500 psig design value is provided by downstream pressure relief
valves at the top of the gasifier. Valves for this service are code approved
and pilot operated types, that close accurately after venting when the sys-
tem pressure is not reduced much below the relief pressure setting. This
precaution is needed to avoid excessive surges in the balanced pressure
sections of the reactor, thus keeping rupture discs intact and limiting the
effects of process upsets.

Balanced pressure is inherent in the water-jacketed vessel and piping
designs that are discussed here, because the jackets are connected to
the process side of the reaction system by an equalizing pipe. The pro-
cess gas is pushed out when the jacket water system reaches normal
operating termperature. The steam separator and all piping of the jacket
water circulation system are sized to allow for process pressure surges
that can occur in plant operation under emergency conditions.




3.4.2.7. Solids Flow Control Valves

Solids flow valves that are suitable for the service conditions of the
process have not yet become commercially available, although progress
has been made in this area. Existing valve types must be modified to
meet HYGAS pilot plant duty requirements.

One coal feed valve handles solids at about 600°F; an existing standard
commercial design was considered adequate for this valve body, but seals
proved to be a problem. Three other solids valves operate at a 1400°F
solids temperature in the pilot plant; special valve bodies are required
for this high-temperature, high-pressure service. Although one of these
valves is located in a normally 1400°F environment, it must operate at
1800°F solids temperature. All of the solids valves are in throttling
service, and all handle fluidized solids. Operating differential pressures
are small, and tight shut-off is not required.

Special attention is required to seal valve stems against the solids
content of the reaction system streams. The final valve design for the
hot-box section utilized butterfly pattern valves with high-temperature
alloy bodies, stems, and valve disks.

In the hot box system, master and slave hydraulic operators provide
a solution for the valve operation problem. The slave valve operator
cylinder is located inside the hot box; hydraulic lines lead to the external
master cylinder that is positioned by a control instrument signal. Dif-
ferential pressures move the slaved valve to the same relative position
taken by the master valve. Hydraulic operating pressures on both sides
of the cylinders could be set above the reaction system pressures, so
that any leakage across valve seals are outward. This design avoids the
problem of running valve operating shafts through vessel shells, and all
the attendant problems relative to process pressure, temperature, and
sealing.

The valve that controls solids flow from the second-stage hydrogas-
jfier to the heat-exchange stage is shown in Figure 3-9. The valve that
controls the spent char outlet line below the reaction system vessel is
also shown in Figure 3-10. Because no commercial designs were found
to be adequate, both these valves were designed by HYGAS project en-
gineers; final design was performed by T. D. Itil and Associates, Toledo,
Ohio, in consultation with HYGAS personnel.

Generally, in start-up and subsequent operations, HYGAS engineers
have found that —

e The design used in the Willis* choke flow-control valve, which has
contrarotating tungsten-carbide coated elements for valve trim, has proven
to be satisfactory under high-pressure slurry letdown service for liquids.

e Kel-F, Viton, or Teflon elastomer seal materials are required for
the HYGAS pilot plant aromatic light oil stream valves.

* Willis Oil Tool Corporation, Long Beach, California.
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e Centrifugal char-slurry pumps must run at speeds lower than 1800
rpm, and the casing and impeller should be hard-faced with Stellite or
stainless steel overlays in order to withstand the erosive conditions of
pumping even low concentrations of char slurry.

e The iaitial design of the HYGAS reactor incorporated Type 446 high-
chrome, stainless steel for piping and certain components. This material
was chosen for its excellent resistance to a hydrogen sulfide attack under
reducing conditions. However, its lack of high-temperature tensile strength
caused that material to be rejected after initial trial runs on the HYGAS
reactor. Subsequently, HYGAS engineers have used Incoloy 800 or Type 330
stainless steel exclusively for internal hot transfer piping and reactor wall
materials.

A report on materials and corrosion considerations in the HYGAS
Process is included in Appendix 3-A.

3.4.3 Purification Section

3.4.3.1 Scope

This section is divided into three functional units, namely, 3. 4. 3.2
Hydrogasificr Effluent Quench System, 3.4.3.3 CO, and H;S Removal System,
and 3. 4. 3. 4 Caustic Water Wash Scrubber System. Material balances and
physical properties of streams for the three controlling cases are pre-
sented in Tezble 3-3. Please note that each of the three functional units
within the purification section is designed for the requirements of its in-
dividual controlling case. For example, the design case for carbon dioxide
removal is based on higher carbon dioxide concentrations prevalent in the
lignite syngas from the electrothermal unit. On the other hand, the design
case for the sulfur removal capacity of the system is based on a bituminous
coal that is higher in sulfur content than are the other cases. Figure 3-11
presents the preliminary design PFD for this section.

The effluent quench system is designed for bituminous coal with a
50:50 steam-to-hydrogen ratio., To allow for variations in the heat load
and off-gas rate, the system is designed for 120 to 125 percent of the cal-
culated maximum rate. A controlling case material balance is shown in
Table 3-4,

The carbon dioxide and hydrogen sulfide removal system is designed
to clean up product gas from the gasification of lignite coal with synthesis
gas generated in the electrothermal gasifier. (See Part IV: Hydrogen
Generation of this report for details.) A design case material balance
is provided in Table 3-5, The material balance and stream data for the
controlling case of the MEA reclaimer is shown in Table 3-6.

The caustic and water wash section is designed for bituminous coal
with a 50:50 steam-to-hydrogen ratio. The design caustic rate is based
on the assuraption that 0.3 mole per hour of carbon dioxide and 0.2 mole
per hour of hydrogen sulfide must be removed from the gas. The material
balance and stream physical properties for the caustic and water wash
section is shown for a controlling case in Table 3-7.
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3.4.3.2. Hydrogasifier Effluent Quench System

3.4.3.2.1, Basis for Design

The hydrogasifier effluent quench system consists of a hydrogasifier
effluent quench tower, a quench separator, quench water cooler, and
quench water circulation pump.

The cooling medium is water. The primary functions of this section
are to cool the effluent gases from the hydrogasifier from about 600°
down to about 100°F, and to remove water, light aromatic slurry oil,
tars, oils, and fines that might be in the gas stream. The off-gas from
this tower, which is the feed to the CO: and HzS removal system, is
saturated with water and light aromatic oil. It is important, therefore,
to keep the overhead temperature as low as possible, in order to mini-
mize the possibility of having light aromatic oil condense in the carbon
dioxide and hydrogen sulfide absorber and/or in the caustic and water
wash scrubber.

An interface controller determines the level of water in the settler
and discharges, from the boot in the bottom of the settler, excess water,
oils, and tars that are heavier than water. Light oils and benzene
overflow the internal weir and are drawn off under level control.

Water is condensed in this system; therefore, under normal operat-
ing conditions, no makeup water is required. A makeup line is included
on the pump suction line, however, in the event that it becomes necessary
to add water while the system is at operating pressure.

Temperature of the quench water being returned to the tower is
controlled, As mentioned, under normal operating conditions the tem-
perature of the overhead should be kept as low as possible to minimize
the possibility of benzene condensation.

A control valve on the off-gas line from the quench tower is instru-
mented to shut at high temperature if the cooling or quench water systems
should fail. Simultaneously, the following flows also are stopped:

1. Hydrogen into the hydrogasifier.
2. Steam into the hydrogasifier.

3. Pretreated char into the hydrogasifier.

Steps 1 and 2 may be accomplished by diverting the normal flow of
hydrogen and steam upstream of the superheaters. If normal hydrogen
and steam flows are diverted, the superheater burners must be shut
down. Further, if it is necessary to prevent local overheating in the
firebox of these superheaters, snuffing steam might have to be used to
protect the tubes from local overheating.
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3.4.3.2.2. Hydrogasifier Effluent
Quench Tower (4-C-1)

This effluent quench tower is 2 feet 0 inch ID by 34 feet 10 inches
long. A Centrifix-type separator is located in the top to reduce solid
and liquid entrainment in the overhead gas. After overhead gas enters
the tower, the inlet gas nozzle is turned downward to prevent hot gas
impingement on the tower wall,

The original design of this section included a packed section contain-
ing 1.5-inch pall rings; however, the section proved to be inoperative
following a few runs because coal fines carried overhead with effluent
gases from the hydrogasifier plugged the small spaces available for gas
flow in the packed section. The packed section was taken out and a
section of side-by-side baffle trays was installed in place of the quench-
tower packing.

3.4.3,2.3. Quench Water Circulation Pumps (4-C-1, 1B)

The quench water circulation pumps provide one of the more critical
pump services in the HYGAS pilot plant. All equipment downstream of
this system had to be protected against exposure to the hot hydrogasifier
gases. A spare pump is provided and is instrumented to start automatically
on low quench water circulation flow, In order to avoid thermal shock
or possible freeze-up in the pump that was on standby, provisions were
made to keep the standby warm at all times, Specifications of the pumps
actually installed are tabulated below:

Manufacturer: Ingersoll-Rand
Model Number and Type: 1-1/2 X 8 MHH

Operating Conditions Main Spare
Motor Turbine
Horsepower 20 16,1
GPM 175 175
Temperature, °F 200 200
Inlet Pressure 1465 psig 1465 psig
Outlet Pressure 1525 psig 1525 psig

3.4.3.2.4. Quench Separator (4-C-2)

The quench separator is a horizontal vessel 4 feet 0 inch ID by 19 feet
8 inches long. The elevation of the quench tower and separator are such
that a 24-inch liquid holdup is provided in the bottom of the quench tower.
This liquid level provides protection to the bottom of the tower in case the
entire circulating quench water flow fails.

For materials balance calculations, all of the oil is assumed to leave
via the overflow, with the aromatic slurry oils. '
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3.4.3.2.5. Quench Water Cooler (4-E-1)

The quench water cooler is designed to remove 8 million Btu per hour,
based on cooling the quench water from 200° down to 100°F. For the
three design cases specified, the maximum required cooling duty is slightly
above 6, 5 million Btu per hour. Upset conditions in the hydrogasification
section may put an increased burden on the quench system. Specifications
of the cooler installed are:

Shell Tube
Fluid ‘ Cooling Water Quench Water
Total Fluid Entering 148, 890 1b/hr 67,000 1b/hr
Gravity (in/out) 0.995/0.989 0.965/0.995
Temperature (in/out) 75°/120°F 200°/100°F
Operating Pressure 90 psig 1200 psig
No. Passes 1 4
Velocity -- 2.07 ft/s
Pressure Drop 10.0 4.0
Fouling Factor 0.006 0.006
Heat Exchanged 6, 700, 000 Btu/hr

(8, 000, 000 designed)

3.4.3.3. CO, and H,S Removal System

3.4.3.3.1. Basis for Design

The system described is designed to remove essentially all of the CO,
and H,S in the gas, using either 20 weight percent MEA or DEA. As testing
progressed, the HYGAS plant switched from an MEA/DEA solution mix to
diglycolamine as the absorbing medium, and initially experienced a heavy
foaming of the diglycolamine. After adding an antifoaming agent, the foam-
ing problem was resolved. Normally, amine systems are not used to
remove organic sulfur compounds such as mercaptans, COS, etc.; how-

ever, diglycolamine can be used to remove COS by direct chemical reaction
with amine.

The design case for this section occurs when lignite is used with syn-
thesis gas (CO and H, mixtures), instead of with hydrogen. The synthesis
gas would be generated in the electrothermal gasifier, an item that was
later built and tested.

3.4.3.3.2. CO, and H,S Absorber (4-C-3)

The absorber is a 30-inch I.D. by 69 feet 0 inch long column. The
feed gas entering the absorber is saturated with light aromatic oil which,
if permitted to condense, would cause foaming and maloperation of the
column. To prevent aromatic oil condensation, the lean solution enters
the column under differential temperature control with the incoming gas.
The lean solution, therefore, must always be a minimum of 10°F higher
than the incoming gas.



The column is such that the following packings were considered: 1-inch
metal pall rings, 1-inch Intalox saddles, or l.5-inch carbon Raschig rings;
1-inch polypropylene rings were installed. Subsequently, the pilot plant
standardized on 1.5 or 2.0-inch rings.

The diameter of the column was calculated using the United States
Stoneware Company ''generalized pressure drop correlation'. Column
loading data sheets for this and other packed columns have been compiled.
Packing manufacturers such as Stoneware and Koch were asked to verify
the column diameters, because the pressure drop correlations might not
be applicable at these high pressures.

The absorber has been specified for two 25-foot packed sections, with
a liquid redistributor between the two beds. A 6-inch-thick stainless steel
demister pad is specified to minimize the liquid entrainment in the over-
head vapor.

3.4.3.3.3. Regenerator (4-C-4)

The regenerator is a 60-inch by 48-inch I.D. by 73-foot long column.
The diameter of this column is selected so that the following packings
might be used: 1. 5-inch pall rings, 1-inch pall rings, 1.5-inch Intalox
saddles, or 2-inch carbon Raschig rings. In practice, 1.5-inch 304
stainless steel and 1. 5-inch polypropylene pall rings were installed.

The column diameter and packing listed was verified with the packing
manufacturers. )

The bottom section of the column is enlarged to allow for 20 minutes
holdup, in crder to provide surge for the system. The reboiler must be
so located that liquid from the draw-off pan flows into it by gravity; over-
flow from thie reboiler flows into the column.

3.4.3.3.4. Lean Solution Pump (4-G-2)

If a reciprocating pump were to be used in this service, extreme care
would have to be taken in the design of the circuit to allow for pulsations
caused by the pump. The pump should be at least triplex, and supplied
with pulsation dampeners, etc. Specifications were originally made for
a reciprocating pump ( Bechtel Drawing Number A-4G2-1 ), and for a
multisi):age centrifugal pump (the alternative shown in Bechtel Drawing
A-4G2).#

A centrifugal pump was selected for this service. A 9-stage centrifugal
pump with a control system was installed. NPSH requirements for this
pump deterrnined the required height of the regenerator. Operating char-
acteristics of the pump installed are tabulated below.

¥
These drawings are not included here.




Manufacturer: Ingersoll Rand
Model Number and Type: 3HMTA-9

S/N: 056936
Duty: DGA Solution (50% )
Operating Conditions:

HP 50

GPM 300

Temperature 194°F

Inlet Pressure 65 psig

Outlet Pressure 1600 psig

3.4.3.3.5. Amine Filter (4-T-1)

This filter has a design throughput of 300 gpm with a 20 psi drop allowed.
For the specified flow rate with a clean filter the pressure drop is very low.
As the filter becomes fouled, the pressure drop increases to a maximum of
20 psi for the specified flow rate. It will be necessary to readjust the by-
pass valve to maintain the specified flow as the filter fouls., When the filter

fouling causes a drop of 20 psi, the filter internals must be replaced. Extra
filter elements are stocked for this purpose.

3.4.3.3.6. Lean Solution Cooler (4-E=2)

This exchanger is designed with a hot bypass on the process side for
temperature control of the lean solution entering the absorber. The cooling
water side of the exchanger is protected against the high-pressure process

side with a safety valve. Specifications of the shell and tube heat exchanger
installed are:

Shell Side Tube Side

Fluid Circulated Cooling Water 204 DEA solution
Total Fluid (1b/hr) 214, 000 137, 000
Gravity (in/out) 0.995/0.989 0.989/1.008
Viscosity CP (in/out) 0.90/0.56 0.54/1.30
Temperature in 75°F 194°F
Temperature out 120°F 110°F
Operating Pressure -Inlet

(Max) 90 psig 1600 psig
Fouling Factor 0.006 0.006
Heat Exchanged 9, 650, 000 Btu/hr

3.4.3.3.7 Lean-Rich Solution Exchanger (4-E-3)

The low-pressure shell side of this exchanger is located on the suction
side of the lean-solution pump. The allowable shell-side pressure drop was
specified as 2 psi. Specifications of the shell and tube heat exchanger
actually installed are tabulated below.



Tube Side

Shell Side

Fluid Circulated Lean 20% DEA Rich 20% DEA
Solution Solution

Total Fluid Entering 137,000 lb/hr 141,012 lb/hr
Gravity (in/out) 0.977/0.989 1.001/0.989
Viscosity (in/out) 0.35/0.54 0.94/0. 64
Temperature in 238°F 139°F
Temperature out 194°F 180°F
Operating Pressure-Inlet .

12 psig 1125 psig
Pressure Drop Allowable 2 psi 10 psi
Fouling Factor 0.002 0.002

Heat Exchanged 5, 510, 000 Btu/hr

3.4.3.3.8. Regenerator Reflux Condenser (4-E-5)

This unit was originally specified as a vertical reflux type condenser,
flanged to the top of the regenerator. The exchanger data sheet specified
the cooling water on the shell side. In design refinement, a U-tube
condenser was used with water on the tube side. Operating characteristics
of the U-tube heat exchanger installed are tabulated below.

Shell Side Tube Side
Fluid Circulated Regenerator
Overhead Cooling Water

Fluid Entering

(Vapor 4358; Steam, 6065) 10, 423 1b/hr 133, 000 1b/hr

Gravity (in/out) 0.99 0.945/0.995
Viscosity (in/out) 0.56 0.90/0.56
Temperature in - 215 75
Temperature out 213 to 140 120
Operating Pressure (Inlet) 2 psig . 50 psig
Pressure Drop

Maximum Allowable Min. 10 psi
Fouling Factor 0.001 0.006

Heat Exchanged 6, 000, 000 Btu/hr

3.4.3.3.9. Regenerator Reboiler (4-E-6)

Specifications for this unit require a kettle-type regeneration reboiler
with the liquid overflow being returned to the regenerator. Forty psig
steam at 287°F is the specified heating medium. Higher tube side tempera-
tures will increase the corrosion rate on the amine side of the reboiler.

3.4.3.3.10 MEA-DEA Reclaimer (4-E-4)

MEA-DEA degradation products and contaminants are removed from
this system in the MEA-DEA. reclaimer. The reclaimer may be operated
continuously or intermittently, depending on the condition of the solution
and the results obtained. The purpose of the reclaimer is to boil water and




MFEA-DEA out of the amine solution, thus concentrating the impurities in .
the reclaimer. Amine solutions tend to be more corrosive when they con-
tain degradation products and contaminants. The concentrated sludge is
withdrawn from the system.

3.4.3.4. Caustic and Water Wash Scrubber System

3.4.3.4.1. Basis for Design

The scrubber includes a 10-foot-high packed caustic wash section,
followed by a 5-foot-high water wash section. A trapout tray keeps water
from entering the caustic section. A demister pad is specified to minimize
liguid entrainment in the overhead vapor.

This column is designed to remove CO,; and H,S that have not been
removed from the gas stream in the absorber. Inlet wash water, which
enters at 110°F, is taken from the low-pressure condensate return
through a high-pressure pump.

The caustic injection pump specified is a small, single acting
reciprocating pump with a built-in flow regulator. The caustic circula-

tion pump specified is 2 low-head centrifugal type.

3.4.3.4.2. Caustic and Water Wash Column (4-C-5)

This column is 18 inches I.D. by 31 feet 10 inches long and includes
a 5-foot packed section for water wash and a 10-foot packed section for
caustic wash.

The column diameter accommodates the following packings (although
any suitable 3/4-inch to 1-inch packing may be used):

0.75-inch and 1.0-inch Carbon Raschig Rings

In practice, 1-inch polypropylene rings were installed. The column diameter
and packing shown above were verified with the packing manufacturer.

3.4.3.4.3. Caustic Circulation Pump (4-G-3)

The specified design flow of this pump is 12 gpm, but it operates at
lower flow rates. Characteristics of the pump installed are tabulated
below.

Manufacturer: Ingersoll Rand
Model Number and Type: 1-1/2 inch x 8 MHH -
S/N: 066965
Operating Conditions: -
HP 10 .
GPM 12
Temperature 110°F
Inlet Pressure 1450 psig
Outlet Pressure 1500 psig




3.4,3.4.4 Caustic Injection Pump (4-G-4)

The cauastic injection pump operates continuously at the flow rate shown.,
The pump rate specified was calculated based on an assumed CO, and H,S
concentration in the feed gas; variations in this concentration would change
the caustic make-up requirements. Operational characteristics of the pump
installed are tabulated below.

Manufacturer: Hills-McCanna
Model Number and Type: P/D -1II - 1F
S/N: 32314
Duty: 10% NaOH Solution
Operating Conditions: ) '
HP 2
GPH 35 .
Temperature 110°F
Inlet Pressure Gravity Feed
Outlet Pressure 1550 psig

3.4.4. Methanation Section

3.4.4.1. Basis for Design

Hydrogen gas from the hydrogen compressor is blended as required
with the purified gas to give the proper hydrogen-to-carbon monoxide ratio.

This system consists of two fixed-bed reactors, in series. The gas
normally enters each reactor at about 550°F and exits at about 900°F.
The temperature of gas from the first methanation stage is reduced by
a cold gas quench to achieve the desired inlet temperature for the second
methanation stage. The recycle compressor is oversized to guarantee
that there will be sufficient gas for quench. Surplus gas is by-passed
around the reactors under differential pressure control. Materials
balances and streams data for three cases are presented in Table 3-8.

Figure 3-12 is the methanation section PFD.

The composition of the feed gas to the first stage and the quench is
monitored by infrared analyzers and adjusted as required to control the
carbon monoxide concentration. ’

The hot effluent from the second-stage methanator is partially cooled
in the methanator feed-effluent exchanger. A by-pass on the hot side of
the exchanger facilitates temperature regulation, The gas is then further
cooled prior to entering a knockout drum.

' It may be desirable to locate the trim cooler and knockout drum as
close as possible to the recycle compressor; relocation would tend to
minimize the liquid water in the gas to the compressor. To minimize
condensate carryover into the compressor, the last 10 or 20 feet of
inlet piping should be steam traced.

A high-pressure steam heater was specified for start-up.
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The temperature of each quench stream to the reactors is controlled.
A high temperature shutdown station shown on the total feed is used only
to protect the unit against high temperature runaway. Under normal
operations, the shutdown station will remain 100 percent open and will
not close as long as the compressor and analyzers are working properly.
The knock-cut drum includes a high-level device that will shut down the
compressor if there is a danger of water carryover, and will also stop
the flow of feed gas to the unit,

3.4.4.2. Methanators (5-C-1 and 5-C-2)

The two fixed-bed catalytic methanation reactor vessels have the
same diameter, but different tangent-to-tangent lengths. Dimensions
are 24-inches I.D.; one unit is 9 feet 8 inches long and the other is
14 feet 8 inches long. A deflector plate on the inlet nozzle prevents
direct impingement of incoming gas on the catalyst bed. A 6-inch
layer of alumina balls is included on the top of each catalyst bed to
hold the catalyst down and further distribute the gas over the total
catalyst bed. The catalyst is supported by graded alumina balls of
gradual increasing size. The gas exits via the bottom nozzle; an
internal slotted pipe sleeve covered by 2 mesh screen keeps catalyst
and fines out of the lines. A handhole has been provided near the top
and bottom of each vessel to insert and remove catalyst.

3.4.4.3. Methanator Feed-Effluent Exchanger (5-E-2)

During normal operation, the methanator feed-effluent exchanger
conceived would heat to 550°F. The exchanger was to be designed with
a by-pass line on the hot side. Flow through the exchanger would vary
widely from operation to operation. Operating characteristics of the
exchanger installed are tabulated below.

Shell Side Tube Side

Fluid Circulated Methanator Feed Methanator Effluent
Total Fluid Entering -

(Vapor) 1774 1b/hr 3276 1b/hr
Viscosity - Gas CP

(in/out) 0.0144/0.0133 0.0260/0.0224
M.W. (Vapors) 14.48 15.76
Temperature in 100°F 880°F
Temperature out 550°F 630°F
Operating Pressures

(Inlet - max) 1082 psig 1068 psig
Pressure Drop

(Allowable) 5 psi 5 psi
Fouling Factor 0.001 0.001
Heat Exchanged 600, 000 Btu/hr

3.4.4.4. Methanator Effluent Air Cooler (5-E-3)

The methanator effluent air cooler removes the bulk of the heat from
the system, and it is followed by a trim cooler. This unit is designed for



6.4 million Btu per hour heat removal with an inlet temperature of 900°F
and an outlet temperature of 150°F. Under normal operating conditions,
the inlet temperature would be around 650°F, which is 250°F below the
intended design maximum. During upset conditions, however, this air
cooler would provide the only means to remove the bulk of the heat from
the system. Specifications are presented below.

Tube Side Data

Total Fluid Entering 9954 1b/hr
%Vapor - 8981)
Steam - 973)
Steam Condensed 937
Fouling Factor 0.001
Temperature in 900° F
Temperature out 150°F
Operating Pressure 1068 psig
Gravity (Liquid) 1.0
Viscosity in 0.0224
Viscosity out 0.0136
Allowed Pressure Drop 5 psi
Air Side Data
Temperature in 90°F
Temperature out 180°F

Air Quantity
Air Quantity/Fan
Static Pressure

297, 000 ib/hr
34, 600 ACFM
0.625

3.4.4.5. Methanator Start-up Heater (5-F-1)

This heater is designed for use only during start-up. In the normal
bootstrapping start-up, the load on this unit would gradually decrease
from the specified maximum to zero. Operating characteristics of the
heater installed after final design are presented below.

Tube Side Shell Side

Fluid Steam Methanator Feed
Total Fluid Entering 1100 1b/hr 1774 1b/hr
Steam Condensed 1100 1b/hr
Viscosity Gas 0.0144-0.0133
M.W. - Vapors 14.48
Temperature in 570°F 100-550°F
Temperature out 570°F 550° F
Operating Pressure

(Inlet - max) 1200 psig 1077 psig
Pressure Drop

(Allowable) 10 psi 5 psi
Fouling Factor 0.0005 0.001

Heat Exchanged 600, 000 Btu/hr
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3.4.4.6. Methanator Recycle Compressor (5-K-1)

This compressor is designed to handle 55 ACFM at suction conditions.
The actual raaterial balance suction rate is less than the rating. The 40
ACFM of extra capacity has been added to permit increase of throughput,
and to provide a reserve for quench cooling in an emergency. Operating
characteristics of the compressor installed are:

Gas Handled Product Gas
M.W. 15.80
CF/CV 1.29
MMCFD at 14.7 psia, 60°F 5.184
Suction Temperature v 100°F
Suction Pressure 1027 psia
Discharge 1132 psia
Compression Ratio 1.1

H.P. 40.7
Design Pressure _ 1700 psig
Test 3400 psig

3.4. 5. General

Additioral process flow diagrams presented here include Figure 3-13,
for the washe and blowdown section; Figure 3-14, the steam material
balance; and Figure 3-15, the fuel gas material balance for initial oper-

ations.

Figure 3-16 is the plot plan of the HYGAS pilot plant, and Figure 3-17
is the site plan of the HYGAS pilot plant. Figures 3-18 through 3-22 are
photographs of the early plant from various views.

The balance of this section is devoted to a discussion of the start-up
operations following completion of the initial HYGAS pilot plant.

3.5 Start-up and Initial Test of the HYGAS Pilot Plant

3. 5.1 Introduction

Beginning August 1970, when the HYGAS pilot plant was in its final
stages of construction, engineers and technicians were put on full-time
training. A number of equipment items were shaken down and commisioned.
By December 1970, Procon Inc. closed out its field office and left the site.
The remaining work consisted of insulation, instrument piping, mostly in
the reactor structure, and some electrical work.

Morrison Construction Company was brought in to complete the re-
maining work and to make changes, corrections, and improvements in the
plant as shakedown proceeded. During the first winter in 1970-71, most
of the time was devoted to repairing steam-tracing problems. Construction
of the plant was considered complete in May 1971.

3.5.2 Equipment Commissioning

The plant air and instrument air compressors, the low-pressure boiler,
and the water demineralizer system were commissioned in October 1970. In
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Figure 3-18. THE HYGAS PILOT PLANT: BARREL-SHAPED STRUCTURE
AT LEFT NEAR TALL STACKS IS THE STEAM AND HYDROGEN
PREHEATER SECTION. THE FOUR TALL STRUCTURES STARTING
AT CENTER, AND READING FROM LEFT TO RIGHT ARE THE
PURIFICATION SYSTEMS REGENERATOR, ACID GAS
ABSORBER, PRETREATED,CHAR STORAGE TANKS,
AND THE HYDROGASIFICATION REACTOR
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Figure 3-19. THE HYGAS PILOT PLANT: 1972
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Figure 3-20, THE HYGAS PILOT PLANT: HYDROGASIFICATION UNIT
SHOWING ELEVATOR ENCLOSURE IS AT LEFT BEHIND PILE OF

FEED, TALL STRUCTURE AT RIGHT INCLUDES A CYCLONE
ABOVE THE RAW CRUSHED-COAL HOLD TANK. TALL OB.
JECT IN CENTER INCLUDES BUCKET ELEVATOR TO TOP
DF PRETREATED COAL/CHAR HOLD TANK, F75CE 223C
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Figurce 3-21, THE HYGAS PILOYT PLAN': METIIANATION SECTION
VIEW INCLUDING METHANATION WATER KNOCKOUT DRUM (BE-
HIND STANDING FIGURE), METHANATION TOWERS (TO RIGIH'T
OF KNOCKOUT DRUM), AND HORIZONTAIL TANK FOR STORAGHK
‘ OF PIPELINE-QUALITY SNG.
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Figure 3-22, HYGAS PILOT PLANT: TALLEST TOWER IS
SORBENT REGENERATOR 1MHET AT RIGHT ARE CARBOD
DIOXIDE/HYDROGE! SULFIDE SCRURBING TOWER, AND RE-

BO.LLER TC REMOVE GASES FROM ADSCRBENT.

THE AB-




November 1970, the low-pressure boiler was put on-stream around the clock
to supply tracing steam to the plant. The coal receiving and unloading facili-
ties were commissioned in December, with the receipt of 700 tons of Montana
lignite and 700 tons of Illinois No. 6 bituminous coal. In January 1971, the
package hydrogen plant, based on steam reforming of natural gas, was
commissioned. After 2 weeks of debugging, the plant underwent a success -
ful 48-hour performance test at full capacity and design conditions, producing
2 million standard cubic fe et per day of 957 hydrogen product gas.

In February, the hydrogasifier reactor water jacket was commissioned.
This allowed a slow drying of the refractory lining and also kept the shell
warm during the winter. The pretreater refractory was dried and cured.
The initial charge of diglycolamine (DGA) was charged to the gas purifica-
tion section. In March, the three gas compressors in the plant were put in
service and each showed some problems. The natural gas booster com-
pressor had a vibration problem which was solved when an aluminum piston
was installed. The methanation recycle compressor had to have its piston
rods polished because of mild rusting. The hydrogen compressor showed
severe rusting on the piston rods, and this condition was repaired.

The methanation catalyst was charged in April, 1971, The high-pressure
boiler and superheaters were commissioned in May, 1971,

3.5.3 Early Coal Preparation Tests

The pretreatment section was tested in April 1971. Because of tar-acid
corrosion in the pretreater quench section, ammonia was injected to control
the pH of the quench liquor. In May, the pretreatment section was operated
for 36 hours. The main operating problem was excessive dust carryover which
plugged the quench tower. In June, the packing was removed from this que nch
tower, and the unit converted to a venturi scrubber. The original feeder to
the pretreater was not satisfactory in preventing hot gases leaking from the
pretreater back to the upstream weighbelt; it was later replaced with a
Gemco airlock valve system.

In the coal mill, different sets of dust collector bags were tried to re-
duce pressure drop across the bags from dust collecting on the bags. In
July 1971, the coal mill was adapted to dry and crush lignite. A set of idler
pulleys was installed on the motor to reduce the mill speed. Because of the
high moisture content in lignite, the temperature of the het flue gas from the
furnace to the mill had to be increased. This, ~~mhined with the extremely
reactive nature of lignite — particularly in the forir of fine particles — caused
the dust collector bags to catch fire easily. The mill shutdown logic was
modified to stop all air flow in the mill system when the furnace went down.
The original carbon steel hot duct frem the furnace to the mill was changed
to stainless steel,

3.5.4 Hydrogasifier Heat-up

A natural gas-air burner was used to cure the refractory in the hydro-
gasifier and to bring the temperature up to 1600°F. Before start-up, a
bed of sand was charged to the second-stage gasifier and to the slurry
dryer. Several kinds of coarse material, such as alumina spheres and
grit, were used to prevent weeping of the fine sand through the holes in
the grid during start-up. Once the reactor was heated up, natural gas was
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cut off, and the system was purged with high-pressure nitrogen several
times by pressurization and depressurization until the oxygen content was
below 1 percent. Hydrogen was then introduced,. and if the temperature

in the second-stage sand bed was above 1300°F at this time, high-pressure
air was intrnduced to burn with hydrogen on contact in the fluidized sand
bed. Combustion under reducing conditions continued until the temperature
became high enough to begin the flow of light oil followed by slurry.

The refractory curing of the hydrogasifier was completed in July 1971.
The first heat-up of the reactor occurred in August. After two attempts,
operators weare able to successfully switch from an oxidizing condition to a
reducing condition and then initiate air-hydrogen combustion in the second
stage at high pressure. During the heat-up in September, however, cracks
were detected in the 3-inch diameter coal-feed lines from the slurry dryer
bed to the first-stage mixing pot. Dissimilar metals and poor weld pene-
tration combined to cause this. The defective pipe was made of Type 446
stainless stezel, a material chosen for its high sulfur resistance, but which

tended to become embrittled in hydrogen service. A number of skin thermo-
couples, which had been improperly installed, were relocated. Four addi-
tional aeration taps were installed on the various transfer lines to improve
solids movement. During the initial heat-up tests, the quench water circu-
lation pumps, immediately after the hydrogasifier, were found to be badly
corroded by the dissolved carbon dioxide in the circulating water. This
acidic condition would disappear once natural gas was cut off and combustion
between air and hydrogen commenced. Nevertheless, ammonia injection
was used to control the pH of the water during the heat-up period.

Before getting ready for the first gasification test, the six centrifugal’
pumps involved in slurry or dirty water service were converted to double-
mechanical seals. Clean seal flush fluid was provided to each pump. The
original design of using fluid from the discharge end of the pump through a
hydroclone to serve as seal flush was found to be inadequate, At the same
time, three vertical pumps handling dirty water service were converted from
mechanical seals to packing.

3.5.5 Gasification Test No. 1, October 1971

In October, a used high-pressure air compressor was obtained and
installed to provide additional air to bring the second-stage hydrogasifier
to the necessary temperature prior to starting the coal feed. With this
additional air input, the reactor temperature could be raised to 1700°F.

The first coal to be tested in the HYGAS plant was a Montana lignite
from the Savage mine. The typical analysis is given in Table 3-9. Lignite,
being a noncaking coal, does not require a pretreatment step. After the
lignite tests are completed, HYGAS engineers plan to operate next with
pretreated bituminous coal.
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Table 3-9, THE MONTANA LIGNITE ANALYSES

Proximate Analysis (Net)

% Moisture 9. 32
¢ Ash 34.44
7 Volatile 42.96
% Fixed Carbon 12. 44
% Sulfur 0.84

Ultimate Analysis

4 Carbon 62.58

¢ Hydrogen 4. 00

4 Nitrogen 1.02

4 Chlorine 0.06

% Sulfur 0.94

g Ash 13, 85

» Oxygen (by differen )

# Oxygen (by ce) 17.55 A7506 1552

Heating Values, Btu/lb 9200

The first batch of lignite-toluene slurry was prepared on October 13.
The slurry circulation could not be maintained and the flow stopped, re-
sulting in solids plugging up the lines in the circulation loop. The cir-
culation loss was traced to the following combination of factors:

1) The coal particle size was coarser than originally planned because
of the difficulty in screening lignite,

2) The suction head of the centrifugal circulating pumps was limited.

3) The mi}'iing system in the slurry preparation tank required modifi-
cation,

A size-8 mesh screen was installed in the lignite feed section which
had maximum supplemental vibration to get the lignite through the smaller
screen. An extension to the shaft of the slurry agitator was machined and

installed, because the original shaft was found to be 16 inches shorter than
the supplier's drawings indicated. This evternsion was designed to eliminate
any dead pockets at the bottom of the slurry-mixing iank. A nitrogen sparger
ring was installed at the bottom of the tank to provide <npplemental mixing if
required. A choke used commonly in oil field drilling was installed on the
discharge side of the slurry circulating pumps to create sufficient back-
pressure on the centrifugal pumps to avoid pump cavitation and to control
flow rate. The high-pressure mud pumps were then activated, and pumped
toluene into the hydrogasifier. The slurry preheat exchanger and the quench
system, with its oil-water separator, and their associated controls, were
then activated. Operation was smooth after a faulty instrumentation element
was corrected.
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The feeding of coal to the hydrogasifier was first tested on October 16,
1971. More than 8 tons of coal was fed to the slurry system during this
5-hour test; approximately 4 tons of this coal went into the hydrogasifier.
About 2000 cubic feet of methane was made in the test. The reactor pressure
was at 600 psig. The slurry system performed well, pumping 44% by weight
of lignite slurry without any difficulties. The test was stopped when solids
could not be discharged from the slurry dryer bed.

The results of this test were analyzed and it was concluded that the
heat loss in the nitrogen jacket section of the reactor was much higher than
anticipated. With the dense gas at high pressure, free convection became
the dominant heat transfer mechanism. Also noticed was an increasing
pressure drop across the quench tower, indicating the possibility of coal
dust collecting in the 1-inch Pall ring packing. This situation is similar
to that encountered in the pretreatment quench tower.

When the reactor was brought up in pressure, the hydrogen compressor
was not able to deliver the full design output. This problem was traced to
leaky discharge valves on the first stage of the compressor, as evidenced
by the discharge temperature being higher than design. The discharge
pressure from the first stage dropped off gradually until the compressor
was shut off for 8 hours; all the valves were replaced with a spare set.

The gasifier was then restarted and heating was resumed with high-pressure
air. The problem was partially solved; a 1200-psi discharge pressure

was obtained, compared with the earlier 1000-psi. However, the com-
pressor still did not achieve the design flow. Because of the compressor
problem, the first gasification test was run at 600 psig. After the test, the
hydrogen compressor was shut down and disassembled; piston rod seals
were worn and valve channels were broken. ’

3.5.6 Gasification Test No., 2, December 1971

Before this test, contractors completely revamped the insulation in
the nitrogen jacket portion of the gasifier. The original insulation was not
adequate to limit the hcat losses caused by free convection under the high-
pressure conditions. All of the pipes and vessels inside the nitrogen jacket
were insulated, first with a 1/2-inch layer of high-temperature Kaowool
blanket, followed by two staggered layers of 1. 5-inch pipe insulation, another
0.5 inch of blanket, and then with a complete stainless steel covering.

Calculations showed that the gasifier off-gas quench tower, filled with
l1-inch pall ring packing, had begun to plug because of the coal fines in the
gas. It was then converted from a packed tower to one with side-to-side
baffle trays. The slurry quench drum was also modified from packing to
baffles.

In the hydrogen compressor, the valve seats on the second stage were
replaced. Ingersoll-Rand informed engineers that this compressor, designed
for high-pressure hydrogen service, could not be used with nitrogen. Origi-
nally, the use of nitrogen for initial idling had been suggested by a con-
tractor's service engineer, In accordance with the supplier's new recommen-
dation, the operating procedure and piping were modified. From that time
on, the hydrogen compressor would handle only hydrogen from the hydrogen
plant.




After running the hydrogen compressor for 72 hours, the unit was shut
down for a check. Everything appeared to be in excellent condition, with
no noticeable wear on the valves. All the tolerances on the new rings on the
piston rods held within designated limits. There was no sign of any over-
heating on the discharge of the three stages, and the pressure ratio on each
stage was within design limits. A suction strainer was added to the com-
pressor's first stage to provide further protection.

Additional testing on the coal mill showed that greater drying could be
achieved by adjusting the damper on the primary fan discharge. Additional
insulation on the ductwork to conserve heat, and modified operating proce-
dures permitted the achievement of sustained crushing runs without in-
terruption, and with little pressure-drop buildup in the dust collector. After
installing a 4-mesh screen on the discharge of the 60-ton storage hopper,

a much less oversized recycle was achieved, and plugging of the bag was
stopped. Anticipating winter operation, the 60-ton storage bin was steam
traced and then insulated to prevent the condensation problem that had given
some difficulty the first winter of operation.

The hydrogasifier was heated up and successfully switched to hydrogen
in preparation to feeding coal. However, a number of Grayloc closures,
which should have been exposed but were completely insulated by Procon,
leaked hydrogen, and the heat-up operation had to be discontinued in order
to repair them. During the heat-up, the improved insulation on the internals
of the upper half of the main reactor caused the temperatures on the lift
lines and internal vessels to rise dramatically, to be very close to the
design values. Because of the improved insulation, the temperature in the
nitrogen jacket decreased from more than 300°F to less than 100°F.

After the Grayloc closures had been repaired preparations were made
to heat up the reactor; however, the natural gas burner could not be lighted
and the reactor had to be opened. When the inside of the reactor was
checked, inspectors found that, during the previous heat-up, when a partially
plugged control valve opened up, a surge in the hydrogen flow caused a
pressure surge which partially lifted the refractory grid. Although the
bricks on this arch grid were displaced, the grid was still serviceable and
able to support the sand bed above.

The contractor who originally installed the refractory was brought in
to try to realign and reposition the bricks. The bricks were tightly wedged
against each other, however, and could not be loosened sufficiently to put
them back in their correct positions. Forcing a correct alignment would
probably have cracked some of the bricks. A certain number of the 12-inch-
thick bricks already had 2 to 3 inches cracked off. In consultation with
the refractory installer, it was decided to close up the reactor and use the
grid as it was for the next test.

The hydrogasifier reactor was heated up and successfully transferred
over to operation with hydrogen. The procedure was followed with a smooth
introduction of toluene into the system.

On December 8, 1971, coal was introduced to the gasifier for the second
test. Toluene and a toluene-lignite slurry were pumped in for more than
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9 hours. During this time, the operation of the slurry dryer was checked
and found to be satisfactory., Some difficulty was encountered in initiating
solids flow in the transfer line, which had been standing stagnant for several
days: however, by using the aeration taps engineers were able to clear this
line and start the solids flow. Omnce the solids flow started, the control was
steady. Lignite was successfully introduced into the first-stage lift reactor
for the first time. The operation was good, and observers measured the bed
level with the radiation gage and by the pressure differential measurements.
Some problem was encountered in discharging solids from the top of the, lift
line to the szcond stage because the solids in the line, charged before the test,
were stagnant for several days. The line was cleared with aeration and es-
tablished gond controlled flow of solids into the second stage. The tempera-
ture in the lift line was maintained at 1200° to 1300°F, as planned.

All three differential-pressure transmitters indicated a good bed mea-
surement in the second stage; however, it was difficult to discharge the solids
from it. The discharge valve at the bottom was open, but the line could not
be cleared, even by the use of aeration. One of the two aeration taps installed
before this test was working, and the other was plugged. Because the transfer
valve is counterweighted to close, excessive purging would simply have blown
the valve open., There was no way to close the valve positively and to use
aeration to blow the solids loose in an upward direction. Before shut down,
the operation of the carrier steam line with solids had been checked out
for the first time, Some of the starting bed of sand was injected into the
final heat-exchange bed into the carrier steam, The solids were carried
into the quench drum and because the flow of solids into the carrier steam
was not properly regulated, the discharge slurry loop was plugged.

Overall, this test showed that the slurry-drying bed and the lift line
were operable in a controllable fashion, with none of the gas short-cir-
cuiting of the type encountered in the first test. About 1600 standard cubic
feet of methane per ton of lignite fed was produced, thus demonstrating
that gasification had occurred in the lift line.

While the hydrogasifier reactor was being cooled down, after a run at
a temperature of approximately 200°F, a sudden pressure equalization was
observed between the nitrogen jacket and the reactor side, indicating that
a pipe had ruptured. Upon opening up the reactor, the char recycle line
from the top of the lift pipe to the mixing pot below broke because of tension
at the miterad joint directly below the recycle control valve. This line was
to have been fully extended in the cold position without any cold spring in
the pipe. A l-inch gap resulted at the rupture point, however, indicating
that the pipe had been put under a l-inch cold spring.

The second-stage gasifier was examined to determine why solids
transfer had been impossible during the last test. A large number of
refractory slabs, about 1 inch thick and averaging from 4 to 8 inches
square, were found to have spalled from the refractory lining. Some of
these slabs knocked off the 1/2-inch screen on top of the transfer line,
and refractory chips filled the transfer line and bridged the entire cross
section, thus preventing solids from being discharged. A flanged screen
was installed on top of the pipe to keep the refractory chips from entering
the transfer line. The valve at the end of the transfer line was cut and re-
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positioned to counteract the bow in the line created by the heating and
cooling. A flow test was run at ambient conditions to check the ability
to start and stop flow in this transfer line with Calamo, a coarser re-

fractory material, to be used in place of sand. The results indicated that
the flow of solids could be controlled,

3.5.7 Gasification Test No. 3, January 1972

Hydrogen was switched into the system on December 22, 1971 and
high-pressure air was injected to combust with the hydrogen for the final
heat-up before starting coal feed. However, the slurry high-pressure air
compressor broke down when the head gasket to the third stage failed. This
allowed water to enter the cylinder which, on compression, broke the pis-

ton rod. Without air, the temperature dropped so that the reactor had to be
shut down.

While the system was shut down, the slurry-dryer stage was examined
through the top flange to check how much of the starting bed remained. During
the hcat-up, observers saw some abnormally high differential pressures
across the slurry-dryer bed at the start; these later dropped to zero. In-
spection showed that the removable, metallic slurry-dryer grid had been
lifted by the high-pressure drop across the grid caused by wet sand plugging
some of the distributor holes. Then on a subsequent flow change, during
the combustion »f the natural gas with air, the grid had dropped down, pivoted
about its axis on a retainer ring, and had come to rest in a vertical position.
This dumped all of the starting bed into the lift pipe.

The top closure was removed and the grid and the original hold-down
weights were brought out of the reactor. All of the transfer lines were
cleaned through the top-and bottom. The hold-down device was modified
by installing four jack-bolts to replace a weight formerly placed on top of
the metal grid. Two additional oil-field chokes were received; one was in-
stalled in the discharge slurry circulation loop for flow control, and the other

was installed as a letdown device in the filter house in place of the fixed
orifice,

The original packing of the Wilson- Snyder mud pumps was replaced
with Teflon. The suction and discharge valve seats made of polyurethane
showed signs of initial wear. Investigations indicated that polyurethane
was not compatible with toluene and had to be replaced. Similarly, the
check valve sleeves on these pumps, also made of polyurethane, had become
swollen from contact with the toluene and had to be replaced. Ball check-
valves were installed to replace the sleeve check-valves, and Buna-N rubber
valve seats were inserted to replace the polyurethane seats, Conflicting
data exist on the extent of the effect of toluene on the properties of rubber,

Buna-N rubber is considered to be the best material to use with toluene,
although it is not ideal.

The hydrogen compressor operated satisfactorily on a total recycle

of hydrogen; about 10 to 20 grams of fine black powder was collected every
5 days. The hydrogen compressor was examined while the plant was down;
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the first and second stages were in excellent condition, The third-stage
valves were also in fine condition; however, the piston rods and the packing
rings showed wear, The wear on the packing rings may have been caused

by the use of a bronze-filled Teflon instead of a carbon-filled Teflon on the
first and seccnd stages. The bronze-filled material was originally specified
by Ingersoll-Rand when the unit was purchased. The company later rec-
ommended the carbon-filled material, which was to be installed at the next
opportunity.

The reacktor was heated up over the weekend of December 31 and was
successfully switched over to hydrogen. Toluene was introduced, followed
by the injection of coal slurry on January 3, 1972, for the third gasification
test. The level in the slurry dryer bed was built up, but the transfer of
solids could not be made from this bed into the first-stage gasifier. Two
of the three nitrogen purge taps on the transfer line were partially plugged
and were unable to deliver a blast of nitrogen to initiate the solids flow,
Various means were attempted to induce solids flow. For example, the
reactor pressure was changed to cause a surge of gas flow that might dis-
lodge and move the solids, None of the attempts was successful.

A sub-zero cold spell occurred while a constant temperature was being
maintained at 400-psi pressure with hydrogen and steam being fed into the
reactor. Although all the steam tracing was turned on during this time, a
number of the flanges on the level transmitters, which were not insulated
to provide access to the bolts, froze in the cold. The level transmitter was
indicating a false level, while the level in the quench water separator con-
tinued to rise, and eventually backed up into the quench water tower. When
this occurred, water was carried over with the product gas from the reactor
and accumulated in the flare. The resultant 30-psi increase in back pressure
on the flare stopped the steam flow to the hydrogen plant, which in turn shut
down the hydrogen plant. The run was terminated at this point.

In addition to the above weather-related problems, a number of instru-
ments froze during the cold spell as a result of the water carry-over into
the gas line; the frozen instruments made it difficult to determine pressures
and flows. However, technicians were able to drain the water from the
quench separator, the quench tower, and the flare, in order to clear the
system of liquid and to prevent it from backing into the main gasifier vessel.

During the winter of 1970-1971, HYGAS personnel worked hard to repair
the tracings that were installed but were not in service. During the second
winter, problems concerned with inadequate amounts of tracing were en-
countered; the inadequacy was not apparent during the 1970-71 winter be -~
cause most of these units were not on-stream.

After the reactor had cooled sufficiently, water was found in the top
of the slurry dryer. This water had accumulated from the quench-water
spray, which had been turned on during the test in an effort to control the
off-gas temperature,

The top head was removed and the wetted solids were cleaned out. After
the lines had been cleared, the internals of the slurry dryer bed were re-
assembled; a new distributor grid with larger holes was included.



Upon entry into the manhole on the second-stage gasifier, HYGAS tech-
nicians found that the Calamo, which was used for the starting bed, had fused
in many areas, forming lumps of various sizes. The Calamo is much coarser
than sand and, therefore, does not fluidize as well. It was used, in the HYGAS
plant, instead of sand, in an effort to minimize the weeping of sand through the
grid and the transfer lines, Apparently poor fluidization caused inadequate
mixing of the high-pressure air and hydrogen and resulted in local hot spots
and fused some of the Calamo. All of the starting bed was removed, and
sand was once again used as a starting material for the next run.

While the unit was shut down, the refractory grid was removed and a new
grid of better design — including larger holes — was installed. The size of the
aeration taps on all of the transfer lines was also increased, from 0. 25 to
0.5 inch.

A number of repairs were also performed during the plant shut down.
The natural gas-steam mixer, located before the reformer inlet, had
been plugged during the previous 2 weeks, either with rust or with carbon
dust from the carbon drum; this had resulted in a high-pressure
drop across it. The mixer was disassembled, cleaned, and reinstalled.
Parallel strainers were added ahead of the mixer, to prevent similar
occurrences in the future., The stack damper on the reformer furnace
presented new problems because it could not be moved to adjust the draft
on the stack. A hole was cut in the stack and the damper was solidly welded
to the shaft. A superheated steam connection to the carbon drum was also
installed to provide better regeneration than had been obtained. The lower
yields were caused by the use of dimethyl sulfide as an odorant in the gas,
a component which had not been used until a year earlier, when it was in-
troduced by Peoples Gas Company.

Members of the Ingersoll-Rand staff visited the HYGAS site to study the
hydrogen compressor. They had no reasonable explanation for the scoring
of the third-stage rod. During the last test, 55,000 standard cubic feet per
hour of hydrogen was withdrawn from the plant, and the hydrogen compressor
did not appear to be able to deliver the design capacity.

The valves on the hydrogen compressor were examined; two discharge
valves on the first stage and one discharge valve on the second stage were
found to be badly worn. This was caused by broken retainer clips on the
valve guides. Checking with Ingersoll-Rand, it was learned that this problem
had plagued other hydrogen compressors as well because of the brittle
material used for the valve guides. Ingersoll-Rand ordered replacement
guides made out of heat-treated, higher nickel content steel. The new type
of nickel-steel valve guides were not received in time for the next test.

3. 5.8 Gasification Test No. 4, February, 1972

The reactor was heated in preparation for the fourth gasification test
in February. After switching over to hydrogen, a sudden equalization of
pressure between the reactor side and the nitrogen jacket indicated that
something had ruptured. The heat-up was terminated and the reactor was
cooled. In the nitrogen jacket, workers found that a mitered clbow on the
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solids-transfer line, between the first and second-stage gasifiers, had rup-
tured. The rupture was caused by a combination of the hard Type-446
stainless-steel metal and the inability of the expansion joint to move after

it became filled with solids. The expansion joint and the pipe were replaced.

The initial bed of sand in the second-stage gasifier was also lost. When
the reactor was opened, it was found that the sand had leaked through the
openings in the new grid. A number of gaps existed between the bricks, and
between the bricks and the wall; this increased the opening on the grid so
much that gas flow was not maintained adequately to prevent weeping. The
extraneous openings were filled with mineral wool and mortar. The transfer
pipe was extended above the grid to ensure that a bed of sand would be present

in the second-stage gasifier at all times.

While replacing the 0. 25-inch blast connection with the 0. 5-inch connec-
tion on the transfer line from the second-stage gasifier, workmen found that
14 inches of the transfer line had been burned out in an area directly above
the start-up gas ring burner; this section was replaced. The gas ring burner
had been corapletely filled with a mixture of coke and sand. The coke came
from the cracking of natural gas. The blockage caused most of the gas to
flow out near the burned-out transfer pipe. High local gas concentrations
led to high temperatures, which were directly responsible for the failure of
the pipe. The gas ring burner was cleaned out and reinstalled.

Before the reactor was depressurized, the slurry discharge system was
activated. The flow of solids was not properly controlled, and consequently

the line was plugged,

After replacing the expansion joint and a new section of pipe, which had
a smooth bend, a low-pressure system test was attempted, and another rup-
tured pipe was found — the solids recycle line from the top of the lift line to
the bottom. This rupture was smaller than the other described, which made
detection impossible until the other rupture had been repaired. The rupture
point was at the juncture of the recycle line to the mixing pot at the be-
ginning of the lift line. Because the recycle line was not needed for lignite,
both ends of the line were blanked off for the upcoming test.

On another pressure test on the hydrogasifier vessel, yet another crack
was found.on the solids-transfer line from the slurry dryer bed to the first-
stage lift line. The break, at another mitered joint below the control valve,
was also caused by the inability of the expansion joint to move freely when
it was filled with solids. This particular expansion joint is always filled
with solids hecause the slurry dryer bed is full of solids at the beginning
of each test. However, no trouble had been encountered with this line except
for one previous break, which was attributed to dissimilar metals. A new
replacement expansion joint was installed at a new position below the
control valve, which was raised to a point where sufficient seal leg remained

above the control valve.

The hydrogen plant, which had been operating at one-third capacity
on a standby basis, developed a leak in the quench desuperheater immediately
downstream of the reformer tubes. This is the unit in which the hot effluent
from the reformer is quenched with condensate to bring the temperature
down to approximately 700°F. While workmen were grinding out the crack
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on the stainless steel vessel, more subsurface cracks were detected; these
extended into the parent metal away from the main longitudinal weld. Radio-
graphs showed that additional subsurface cracks were present in an area
well away from the first crack. Upon consultation with Girdler, the manu-
facturer, HYGAS engineers decided to cut out the damaged section of the
vessel and replace it in the field. It was then found that the inner Incoloy
liner was severely cracked and also required replacement. The failure

of the inner liner caused the failure on the outer pressure vessel. After
cutting off the inner liner, no damage was found on this quench vessel.
however, the spray connection for distributing condensate into the hot gas
was not located properly, according to Girdler's drawings. This factor
may have been responsible for improper distribution, and the resultant
splash of liquid on the hot Incoloy plate may have led to its failure. Once
the Incoloy liner had failed, hot gases leaked through the crack and directly
contacted the outer pressure shell, causing it to crack. The distributor
was relocated — again in consultation with Girdler — to prevent a recurrence
of the cracking. Special alloy pieces were rolled and installed. All of the
welds were 100 percent radiographed and found to be satisfactory.

After these repairs, a pressure test on the gasifier showed that the unit
was tight, and the heat-up of the system was begun. The switchover to
hydrogen was successful.

The reactor was brought up to 400 psig pressure, and engineers dis-
covered that a differential pressure could not be maintained between the
reactor side and the nitrogen jacket side, indicating another crack on the
vessel. The reactor temperature was lowered and the pressure was let
down.

The walls of the slurry dryer bed, immediately above the distributor
grid, were eroded through at two spots. The grid was removed and found to
be plugged with wet sand. At the two eroded spots there were clear indi-
cations that gas had flowed around the grid, through the gaskets between
the grid and its support ring. This stream of gas flowing into a bed of
fine sand had created a sandblasting effect that eroded the metal in that
area. The plugged nozzles were cleaned and the nozzle configuration was
modified slightly to minimize plugging. A 0.25-inch-thick Incoloy rein-
forcing pad was welded onto the eroded area. The reactor was reassembled
and pressure-tested to 50 psig without finding any additional leaks. Heat-up
of the reactor was initiated.

The hydrogasifier system was successfully switched over to hydrogen
and brought up to pressure. A defective block valve was detected in the slurry
system, requiring a pressure letdown in the system to make the change and
then to raise system pressure again. Slurry was introduced to the system
on February 21 when the fourth gasification test was begun. After feeding
for a period, a high-pressure surge in the slurry system caused the slurry
pump to be shut down. Slurry feed was started again on February 22 and
continued for 24 hours before another high-pressure surge in the slurry
system stopped the flow. During this 24-hour period, coal was fed through
all four stages of the main gasifier. Solids were discharged out of the
bottom of the reactor through the slurry letdown system. For the first
time, solids were successfully put through from the top to the bottom of
the reactor. ‘



Solids flow was controlled by the solids-control valves on each stage.
The highest methane yield, through the first four shakedown tests, was 8
percent,on a dry nitrogen-free basis,with a heating value of approximately
400 Btu per cubic foot. Increasing knowledge gained in these operations
per mitted constant improvement in control of bed levels and the solids flow
rate to make operations smoother. The reactor pressure was approxi-
mately 450 psig. ‘

A few 0.0625- to 0.125-inch particles in the —4 mesh coal feed had
lodged between the valve and the seat on the Wilson-Snyder slurry pumps.
This resulted in leakage through the valve and inability to build up pressure.
The 4 mesh screen was then replaced with an 8 mesh screen on the feed
vibrator to eliminate the large particles. The 4 mesh screen had been
used earlier to resolve difficulty in screening,

During this pcriod, the screening operation was improved by substi-
tuting a more powerful vibrator, and a steam-traced and heated feed hopper.
In addition, the coal-toluene mixture, which contains the large particles,

was flushed out.

The recurring problem of steam-tracing failures was analyzed and
a basic flaw was detected in the manner in which the tracing system was set
up. According to the published criteria used by construction companies, with
a 40-psig steam supply the condensate should be discharged directly to the
atmosphere. For a system in which condensate is collected, the steam supply
pressure should be much higher, preferably over 100 psig, to push the con-
densate back to the deaerator. The HYGAS pilot plant steam-tracing sys-
tem operates at 40-psig and collects condensate for return. A high back-
pressure had heen experienced consistently on the condensate return line which,
of course, cut down the differential pressure available to push the condensate
out of the tracers. The problem was analyzed from the standpoint of avail-
able water supply, steam balance, and tracing needs, to determine what
fundamental modifications might be required. In the meantime, temporary
drain lines were set up to discharge the condensate to the atmosphere during
the remainder of the second winter of operation. The temporary drain lines
eliminated the tracing problems. All of the frozen tracing lines were re-
paired.

The fourth gasification test continued until February 29, when it was
terminated. Throughout the test, more than 30 tons of coal were fed to the
reactor and more than 100,000 standard cubic feet of methane was produced.
The highest cancentration of methane achieved during this period was 20. 49 -
on a dry, nitrogen-free basis.

The gasifier vessel was cooled down and opened; and was found to be
in excellent condition. The slurry dryer bed was full of very fine coal,
contrary to the indications of the radiation bed-level detector and of the
differential pressure gage. The slurry dryer grid was also found to be
in good condition; there were no signs of erosion in the grid holes.

The piping in the first-stage gasifier remained in good condition. The expan-
sion joint on the solids transfer line between the first- and second-stages was now
modified in the same manner as the expansion joint in the solids line feeding the
riser reactor had been modified; the control valve was raised, and the expansion
joint was moved to a position below the valve. External pressure from the
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