injection gas, and produces a gasifier product gas predicted by the kinetic
and contacting relationships. In addition to the gas feed streams just °
mentioned, another gas stream may be fed at a specified height above the
bottom of the bed. A final optional feed stream slot is available for the
gasifier product gas calculated by the gas-phase equilibrium model block,
a]]owing the product streams predicted by the two different methods to be
compared.

The reactor model convergence routine is set up to calculate the value
of any one of the following variables, with the others held constant:

e carbon conversion

& bed height

¢ bed diameter (or superficial velocity)
® coal rate

Thus, this fourth model block can be used to calculate the gasifier bed size
(height and/or diameter) in the same computer rur with the material and
energy balance. Alternatively, the reactor model block will allow calcula-
tion of the predicted material and energy balance (carbon conversion or coal
rate) for a given reactor size.

Initial validation runs for the overall model showed considerable
savings in computer charges. For example, a run using the new tools to
model a commercial gasifier with an integral steam reformer for heat input
cost only half as much as the same case modeled using the old methods.

In addition, the energy balance model block saved considerable engineering
effort by eliminating development of a complex network of COPE computer
operations to perform energy balance calculations for each different CCG
case. The hand calculiations previously required to complete the solids
enthalpy balance were also eliminated.

This improved CC& reactor system material and energy balance model was
used extensively in the laboratory guidance and process definition studies
under the program. These included gasifier heat input studies and process
variable screening studies. It is expected that the model will eventually
need to be updated to some extent to reflect data from PDU operations and
results from other laboratory and engineering studies.

5.3 Engineering Technology Studies

As part of the CCG Process Development Program, a coordinated set
of engineering technology programs were conducted to develop fundamental
process and equipment technology to support the overall laboratory and
engineering process development effort. The work on these programs is
described below.
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5.3.1 Evaluation of Construction Materials for Catalytic Coal Gasification

The overall cbjective of this engineering technology program was to
assemble a data base on materials performance for those plant sections
which have materials considerations unique to catalytic coal gasification.
A five-part in-situ materials testing/corrasion monitoring program was
devised for the CCG PDU to identify problem areas and to assemdle a data
base for selecting materials for CCG process equipment. The program con-
sisted of corrosion racks, corrosion probes, stream sampling, non-destruc-
tive testing inspection, and component examination. 1In a separate effort,
materials screening tests in alkali-containing gasifier environments were
instituted cooperatively with the Bureau of Mines. These separately-funded
bench-scale tests were conducted at the Bureau of Mines Tuscalcosa Metallurgy
Research Center.

Construction materials for the CCG Commercial Plant Study Besign were
specified conservatively, based heavily on Timited materiais data from
earlier work on thermal gasification processes. Accordingly, materials
test and development work was required for eguipment exposed to conditions
specific to the CCG process. These included equipment items in the gasifi-
cation, raw gas heat exchange, wet scrubbing, sour water, char handling, and
catalyst recovery systems. Potential materials problems identified in these
areas were high temperature sulfidation, chloride and caustic stress corrosion
cracking, sour water corrosion, and erosion in gas/solid and Tiquid/slurry
services.

Materials Evaluation Program for the PHU

The major objective of the PDU materials evaluation program was to
assemble a data base for design and scale-up of CCG equipment, with emphasis
on hostile process environments. Specific objectives are listed belows

(1) Determine corrosion/erosion behavior of selected metals in the POU
via corrosion racks, corrosion probes, and non-destructive testing
(NDT) inspection. Also evaluate chemical and erosion resistance of
refractory specimens in the gasifier. .

(2) Evaluate chloride and/or caustic induced stress corrosion cracking
by means of U-bend specimens in the char digester.

(3) Relate process conditions to corrosion phenomena by chemical
analyses of stream samples.

(4) Determine corrosion/failure mechanisms from analysis cf fajled
equipment components. In addition, perform systematic metallurgical
examination of critical working components to assess in-service
deterioration.

An extensive program for materials evaluation in the PODU was developed.
This program consisted of five interrelated elements:
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e Corrosion racks

e Corrosion probes

¢ Stream sampling

e NOT inspection

¢ Component examination

Table 5.3-1 summarizes the five activities. Results for each activity are
discussed individually below.

Corrosion Racks

Corrosion racks are devices on which small metal specimens (coupons)
are assembled and secured for in-situ exposure inside operating equipment.
Their purpose is to yield time-averaged corrosion rates based on weight loss
measurements. The racks were designed, fabricated and assembled by the ER&E
Corrosion Laboratory at Florham Park, New Jersey, which was responsible for
pre- and post-exposure evaluations of specimens. A1l the racks were mounted
on blind flanges (nozzles) or pipe plugs {couplings).

The locations of corrosion racks are indicated in Figure 5.3-1, a sche-
matic process diagram of the PDU. Note that some of the test sites (TS)
contain corrosion test devices other than racks. Only eight are active cor-
rosion rack sites, as itemized in Table 5.3-2. Test Site 8 could not be
fitted with a corrosion rack because of space limitations during stirrer
operation, and was therefore abandoned. Nominal chemical compositions of
test materials are shown in Table 5.3-3.

Results from the two exposure periods (Series I and Series II) are
tabulated in Table 5.3-4. The corrosion rate of ordinary 18-8 stainless
steel (304 SS) is over 30 mils/year at TS-1 but only about 7 mpy at TS-2.
This lack of agreement cannot be explained on the basis of different environ-
ments since ‘both racks are symmetrically installed at the same elevation.
It may possibly be related to the geometry of the test coupons, since the
disc shaped specimens at TS-1 are more prone to turbulence effects than the
flush cylinder specimens at TS-2. Consequently, erasion may have played a
part in the higher wastage rates measured at TS~2. Interestingly, the
situation is reversed for HK-40 which appears to corrode faster at TS-2.
This suggests that differences between TS-1 and TS~Z2 may not be real, but
merely indicative of experimental error.

Corrosion rates for the sour water system Test Sites 4, 6 and 7 are
Tow and are remarkably similar for both exposure periods. Of significance
are the high corrosion rates observed on carbon steel (68.3 mpy) and 410
stainless steel (14.4 mpy) U-bends in the Char Digester. Visual examination
showed generalized pitting on carbon steel, and localized pitting on 410
stainless steel. No cracking was observed in either case.

- 457 -



~8St-

5360-002GFbw

Activity

Table 5.3-1

PDU MATERIALS EVALUATION PROGRAM

Description

Purpose

Current Scope

Corrosion Racks

Corrosion Probes

Stream Analysis

NDT Inspection

Component
Examination

In-situ corrosion tests
employing weight loss coupons
and U-bend specimens

On-line corrosion monitoring
employing electric resistance
prabes

Quantitative chemical analysis
of aggressive species in pro-
cess streams

Systematic program for measur-
ing wall thickness of pressure
equipment by nen-destructive
techniques

Laboratory examtnation of
failed or deteriorated equip-
ment components

Betermine average corrosion
rates and stress corrosion
cracking susceptibility

Detect fluctuations in corro-
sion rate and supplement data
base from racks

Relate corrosion/erosion
experience to corrosive sub-
stances in environment

Monitor metal loss at critical
locations and validate corre-
sfon/erosion data from racks
and probes

Determine cause and mode of
attack or fatlure and establish
materials related factors

6 rack sites (9 racks);
16 test materials;
4 exposure cycles

1 probe site

8 sampling points;
liquids, gases, solids;
HgS, C1, K, pH

30-40 NDE points;
supplemental visuval inspec-
tion

Metallography; mechanical
testing; chemical analysis




Figure 5.3-~_
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Table 5.3-2

CATALYTIC COAL GASIFICATION PDU
CORROSION RACKS AND PROBES = SERIES I

Test Equipment Type of Specimen
Site Ttem Location Device Tvpe Test Materials{l]
1 gasifier Dense Rack Refrmnr{ Kaiser Lo-Frode{(2),(3}
(5° Level) phase cylindersi3)
2 gasifier Dense Rack Hat2l HK-40, 304 S5, 309 S5
(5° Level) phase discs
3 Gasifier Dense/ Rack Metal ¥K-40, 310 5S, 304 S5,
(55' Level) gilute aises(3) - 309 SS, 304 SS Alonized(3)
phase
8 Sour water Liquid Rack Metal €S, 304 SS, 316 §S, Carpenter
accumylator discs 20Cb3, T, Honel 4L0
5 Sour water Liquid probe(8)  Lire cs
accusulater alement
6 Sour water Packing Rack Hatal 304 ss, 316 85, €S
stripper disss.
7 Sour water Packing Rack HMatal Carpenter 200b3, Manel 420,
stripper dises Ti
g(5) Char slurry Liquid Rack Metal S, 316 S5, Inconel 625
drum dises
9 Char digestor Liquid Rack Metel €S, 316 S5, Monel 400,
U-bends Inconel 600, Allegheny
Ludlum 29-4
10 Cnar digestor  Liquid prabel(d)  Wire s
elerent
11 Evaporator Liquid Rack Hetal €S, 316 SS, &10 S5,
Usbends Monel 400, Inconel £00,
E-Brite 256-1
12 Evaporator Liquid Stean Metal Inconel 600, E-Brite 26-1
coil tubing
Hotess
{1) Abbreviations: CS - carbon steel; SS - stainless.steel.
{2) Kaiser Lo-Erode specimens, with and without 304 SS fiber reinforcement.
{3) During Series I, the racks for TS-1 and TS-3 were fnadvertently interchanged, so that the
metal specimens were exposed at TS-1 and the refractory specimens 3t T5-3.
(4) Kon-retractable electric resistance probe
{5) Test Site 8 covld not be used due to space Timitatioms.
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Alloy Designation

410 Stainless Steel
304 Stainless Steel
309 Stainless Steel
310 Stainless Steel
316 Stainless Steel
HK-40

Carpenter 20Cb3
Incoloy 800

Inconel 600

Monel 400

E-Brite 26-1

Type 29-4

Table 6.3-3

NOMINAL CHEMICAL COMPOSITION
PDU_CORROSION TEST MATERIALS

Manufacturer

Many

Many

Hany

Many

Many

Many

Carpenter Technology
Huntington Alloy
Huntington Alloy
Huntington Alloy
Allegheny Ludlum
Allegheny Ludium

Major Elements, %
Te tr W Mo Cu

Bal. 12 - - -
Bal, 19 9 - -
Bal. 23 ¥ - -
Bal., 25 20 - -
Bal. 17 12 3 -
Bal, 26 . 20 - -
Bal. 20 34 3 4
46 21 33 - -

8 . 16  Bal, - -

1 - Bal, - 32
Bal . 26 - 1 -

Bal. 29 - q -
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Table 5.3-4

CATALYTIC COAL GASIFICATION PDU

CORROSION RACK RESULIS

Expasyre Time (hrs)

Sertes 1Y

4160

3350

3350

<00

Corrosion .Pates{1) (mpy)

Test Material {2) Series I
D8 SS 33.3
308 SS, Alonized 33.4
309 S5 14.6
310 S8 8.8
HR~4D 6.7
304 S5 6.5
309 S5 8.7
HK-40 12.8
Lo-Erode {4}
{ 4.5
304 S8 0.7
316 SS 0.6
Carpanter 20Cb3 0.4
Tt 1.1
¥onel 400 1.1
s 7.8
304 SS 0.8
316 SS 6.8
Carpenter 20Cb3 0.7
3.6
0.8
cs
304 SS
410 SS
¥onel 400 {3}
Inconel 600
E-Brite

A1l

Test Specimen
Site Type Location Series 1
1 Discs gasifier 2000
2 Cylinders Gasifier 2000
Cylinders Gasifier -
Discs Sour water 2000
- accumul ator
6 Dises Sour water 2000
stripper
7 Discs Sour water 2000
stripper
9 U-bends Char -
digester
Notes:
(1) Ko data available for 7S-11 and TS-12.
{2) CS - carbon steel; SS - stainless steel,
{3) Ho data available due to cracking of coupon retainers and subsequent
Toss of coupons.
(4) Rack installed at TS-3 was broken due to mechanical damage.
specimens lost.
{5) Hot removed for evaluation.

- 662 =

Series 11

3

(3)

(3

DOOFOO
T3 et s bt N

oo
[T

.
T s

»

DD bW




Corrosion Probes

Corrosion probes are devices measuring corrosion rates as a function
of increasing electric resistance of corroding wire element. Through their
quick response characterisitcs, they can flag large fluctuations in corrosion
rates which would remain undetected from time-averaged weight loss measure-
ments obtained from coupon specimens.

Two corrosion probes were installed at the PDU, respectively at Test

"~ Sites 5 and 10. Their locations in the unit are indicated in Figure 5.3-1
and Table 5.3-2. Both probes were standard Corrosometer Series 2000 fitted
with 40 mi1 diameter wire elements.

Readings taken indicate that in both locations, the corrosion rate was
minimal. The probe in the evaporator (TS-10) showed zero corrosion. The
probe in the digester (TS-5) registered a corrosion rate of 2.3 mpy. This
is in sharp contrast to the corrosion rack data which showed a 68.3 wpy
corrosion rate on a carbon steel U-bend specimen in the digester. This
is probably related to the different geometries of the two specimens.

Stream Analysis

Chemical analysis of stream samples is an important adjunct to in-situ
materials testing and corrosion monitoring. Identifying the type and
quantity of aggressive constituents in the process environment enables
interpretation and correlation of corrosion and inspection data.

The eight PDU stream samples in this program are tabulated in Table 5.3-5,
together with the species for which analyses are required. Table 5.3-6 shows
a typical analyses of the eight streams. The overall Tow corrosion rates
obtained imply that none of the chemical species were corrosive at the rack
and probe locations. However, there were at least two instances where the
composition of the stream played an important part in major failures. The
first was the metal dusting of E/H-5 preheater coil that 2.d to drastic
thinning and failure of the tube. The carburizing tendency of the gas (74%
Hﬁ and 26% CO) appears to be an important factor in the cause of failure. .
the second was the extensive cracking of the gasifier bottom and the char
withdrawal 1ine due to caustic stress corrosion cracking. The combination
of potassium salts and condensed water formed a highly alkaline phase. This
in combination with stress and elevated temperatures led to severe caustic
cracking of the material. More details on these failures are given in
the Component Examindtion section below.

NDT Inspection

Nondestructive testing (NDT), also called nondestructive examination
(NDE), is a useful inspection techniqua for measuring wall thickness of
equipment. Ultrasonic thickness testing (UT), the technique being employed
at the PDU, may be performed during operation, within the temperature
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Table 5.3-5

CATALYTIC COAL GASIFICATION PDU
STREAM SAMPLING AND ANALYSES

Type of

Location/Service Sample
Gasifier Overhead(2) Gas
Sour Water Accumulator Liquid
Filter Pot Solid
Char Pot Slurry
Char Digester Sturry
Char for Dispocal Solid
Recycle Gas Gas
Evaporator {Conc. Sol'n.) Liquid

Notes:.

Apalyses(1)

HpS, CO02, CO, H2, CHa
pH, €1-, CN-, NH3, H2S, phenol
Ash, K, Na, Ca, SOg, SO3, C1

Liquid: pd, Kt,
Sotid:  ash, K,

Liquid: pH, K,
Solid:  ash, K,

C1-, CN-, NH3, H2S
Na,’Ca, S, C?’ 2

Ci-, CN-, ﬁH;.Ix, H2S
Na, Ca, §, C

Ash, K, Na, Ca, S0z, SO3, Gl

Hp, CO, CO2, H2S
pH, K¥, Cl1-

(1) Sampling frequency to be once per yield period minimum unless otherwise

specified.
(2) Sample taken after water scrubbing.
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Table 5,3-6
TYPICAL PDU STREAM ANALYSES

Char Pot/ - Char foy Evaporator
Gasifier Sour Water Filter Pot Digester Disposal Recycle(2) Concentrated
Overhead Accumul ator (Solid) (Solid) (Solid) Gas Solution
(% dry) (ppm) - (%) (%) (%) (% dry) (%)
Hp - 56 pH - 8.35 Ash - 41.76 Ash - 38.53 Ash - 47,25 Hy - 69 K -11.6
kb -~ 9 C1 - 67 k(1) - 31,02 K =« 35,12 K =-17.57 0 -17 Cl1- 1.8
CHy - 20 CN - 7.7 Nall) - 1.36 Na - 1.17 Na - 0.14 CHy = 9 '
€0 - 15  NH3 - 14,300 call) - o0.02 Ca - 0.02 Ca - 0.46 N - 5
t; HaS - 0.1  HpS - 287 S04 - 0.15 S04 - 0.16 S04 - 0.06
Phenoi - 19 ) - 3,12 S - 1.6 S - 3.8
Cl - 1686 ppm Cl - 2460 ppm C1 - 62 ppm

Notes:

(1) Analysis based on 16-hour reflux. Includes water soluble and acid soluble constituents,

(2) PDU operated-in a once-through mode for a majority of the time during which the gas
composition was 74% Ha and 26% CO.



Timitations of the transducer. The NDT program for the PDU is outlined

in Table 5.3-7. Inspection of the char withdrawal lines was not pursued
because of caustic cracking problems that led to replacement of the original
lines. Alco, the frequency of inspection for all points was reduced to
reflect actual operating time.

Table 5.3-8 presents the inspection results. As expected, high metal
losses ranging from 34 mpy to 86 mpy were observed in the overhead iine
from the gasifier to the cyclone. This is due to the fine erosive solids

that are carried over from the gasifier. Losses at all other locations were
minimal.

Component Examination

Failure analysis of equipment components is an important adjunct to
coupon, probe, and NDT:generated data for assessing materials performance
in catalytic gasification applications. In addition, it is highly instruc-
tive to destructively examine critical equipment components which are still
in working order after extended service exposure. Accordingly, a program
was set up for the PDU, which provides for selected components to be examired
in the ER&E Metallurgical Laboratory at Florham Park. This involved routine
failure analysis of components to determine the cause and mode of failure.
A description of the failures examined is given below.

Steam/Recycle Gas Heater Failure Analysis

Failure of the E/H-5 steam/recycle gas heater coil occurred twice,
each time after approximately six months of opzration. In the first case,
the heater experienced an in-service coil rupture whers the second tube
ruptured during hydrotesting. The failure is attributed to a form of
high temperature deterioration known as metal dusting. Metal dusting is
effectively inhibited by sulfur compounds normally provided in the PDU by
injection of HoS upstream of the heater. However, especially in the first
instance, there were periodic interruptions of HpS injection that could have
led to the coil failure.

E/H-5 is a fluidized sand bath heater preheating a mixture of steam,
CO, and Hp (6:1:3 by volume) from approximately 800°F to 1200°F at a nominal
pressure of 500 psig. The single pass, 120 ft long, 1.5 ft bend radius
helical coil is constructed of 3/4" 0D x 0.065* wall, Type 316-stainless
steel tubing. Normal operation included injection of HpS into the gas
upstream of the heater, at a target level of 300 vppm. '

Visual examination of the ruptured sectiocn of tubing revealed that
the failure occurred as a longitudinal split. The actual fracture surface
was thinned to almost a knife edge, apparently by metal loss on the tube ID.
Wall thickness measurements taken within an inch of the fracture surface
ravealed a minimum remaining wall thickness of 8 mils {65 mils original
thickness). The failure appearance is a typical “thin 1ip® rupture which
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Equipment Item

Gasifier

Gasifier O/H Tine

to cyclone
Cyclone

Cyclone dipleg
Cyclone Tine to
filter

Scrubber

gasifier line to
char pot

Char pot

Char digester

Table 5.3-7

CATALYTIC COAL GASIFICATION PDU

NDT_INSPECTION PROGRAM

Inspection Points

Opposite cyclone inlet, plus
4-6 selected spots

Every 3 feet and at elbows
4-6 selected spots, including
inlet area

Every 2 feet of last 6 feet
at gasifier inlet

Every 20 feet

Bettom 1 foot

Every 4 feet

Bottom head .and lower shell,
plus 4-6 selected spots
Body head and shell
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3 mo interval

3'mo interval
Eack turnaround
Each turnaround

Each turnaround

3 mo interval

Each turnaround
3mo interval

Each turnaround
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Yabla 5,3-8
pOU ULTRASONIC THICKNESS MEASUREMENTS

(1} Dipleg was replaced.
{2) Removed and replaced due to caustic cracking of ¥+ 316 S5 tubes,

03/15/80 07/01/81 04/20/61
Inittal 2000-Hour Opsration 7500-Hour Operation
Thickness Thickness Loss Thickness Loss
Equipment Haterial Location {1n) {in}) {m {1n) (wpy)
Ovevhasd Vine 316 8% 1 ft from gasifier 0.189 0.169 86.2 « -
to cyclone 3 ft from gasifler 0185 0.173 51.7 0.154 3.8
5 ft from gasifier 0.189 0.177 51.7 0.145 50.6
7 ft from gasifier 0.197 0.181 69.0 - -
9 ft from gasifier 0.189 0.173 69.0 - -
11 ft from gasifier 0.193 0.185 ns - .
Cyclone 310 SS At tangent 1.279 1,215 17,2 1,303 -
180 from téngent 1.278 1.275 0 1,303 -
Diplet to gasifier 310 $S 5% from gastfier 0.437
6" shove angle 0.441 (1)
17¢ from transition block 0,431
Product gas Yine -« 316 §§ 10 ft from cyclone 0.197 - . 0.181 18.4
cyclone to filters 20 ft from cyclone 0.é01 . - 0.185 18.4
30 ft from cyclone 0.201 - - 0.193 9.2
40 ft from cyclone 0,205 . ° 0,20} 4.6
60 ft from cyclone 0.197 - - 0.209 -
Before filters 0.201 e - - -
Scrubbar 304 5S Bestde sight glass gutlet 0,366 0,366 0 0.399 k)
1809 from flrst sight 0.362 0,358 17.2 0.33 3L.5
Hithdraval leg 91 316 SS 24" below BY3? 0.598
1.5% below BVI6 0,602
5* Lelow reactor 0.602
24" below BV31 0.598
1.5 belaw V830 0.599 {2)
5% belaw resctor 0.594
Char pot N Incone) 8* below tep S.E, 0.579 0.575 12.2 0,575 4.6
625 9* below taop N.W, 0.591 0.587 17.2 0.575 18.4
6" below nameplate 0.575 0.567 3.5 - .
Char pot #2 Incorel 8" below top N.W, 0.583 0.575 4.5 0,575 9.2
625 9" pelow top S.E, 0,587 0.583 17.2 0.575 13.8
&% below naneplate 0.579 0.579 3.2 - -
hotess




results from overstressing of a ductile material. Metal loss, rapid over-
heating, or overpressuring are all possible processes which cause over-
stressing of the material and result in such a failure. In this case, the
latter two were ruled out by the PDU staff. Therefore, the failure is
believed to be the result of stress rupture of the tube wall which had been
extensively thinned by corrosion on the ID.

Wall thickness measurements were taken at periodic intervals from
the coil inlet to the outlet. These are shown graphically in Figure 5.3-2
and show a distinct metal loss maximum near the middle of the coil. Also
included in Figure 5.3-2 is a calculated tube metal temperature profile
along the coil, based on active heat transfer surfaces contacting hot sand.

In addition to varying from coil inlet to outlet, metal loss also
varied drastically between inner and cuter bends of the coil. At a cross
section close to the failure site, the remaining wall thickness on the
outside radius was below 10 mils, compared to over 50 mils on the inner one.
This is clearly a temperature effect, since the outer bend surface, being
in direct contact with hot fluidized sand, is at a considerably higher tube
metal temperature. However, there are factors other than temperature that
play a significant role in their effect on metal dusting intensity. This
is clearly brought out by Figure 5.3-2 which shows metal loss ranging from
10 to 55 mils at a fixed TMT of 1200°F.

Metallographic examination of the corroded coil showed generalized .
pitting and a carburized layer. In the second case, carburization was
accompanied by some intergranular oxidation and sulfidation, associated
with chromium depletion of carburized metal. However, this intergranular
attack was a secondary effect and is not considered to have contributed
significantly to the failure. Since sulfidation was not detected in the
first coil failure, it is conjectured that there may have been sporadic
overdosing of sulfide during later operations.

In order to minimize future chances of an onstream coil failure,
the following recmrnenqations were made:

® H2S should be injected continuously in the preheater to provide
protection against metal dusting.

e Sulfur levels should be cut back from 300 ppm to 150 ppn. This
change will substantially reduce any chance of sulfidation and
will sti1l provide ample sulfur to be effective in preventing
carburization. ’

e A standdy coil should be fabricated utilizing Incoloy 800 at the
mid-leve]l where heavy thinning has occurred. The as-formed Incoloy
800 should be solution annealed to optimize creep strength.

e Frequent hydrotesting should be continued to forewarn of imminent
failure should severe thinning occur.
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Char Withdrawal Line Failure Analysis

On October 8, 1980, one of the PDU char withdrawal lines (316 SS)
developed a through-wall crack, forcing a shutdown of the umit. Removal
of the line from the gasifier bottom head revealed continuation of the
cracking up into the head (316 SS). Removal of the bottom head and liquid
penetrant inspection of the gasifier revealed cracks extending 14-15* up
into the gasifier. It is noteworthy that this cracking stopped below the
weld neck (316 SS) to gasifier (HK-40) weld. The lower portion of the
gasigier, where the cracking had occurred, is shown schematically in Figure

.3- -

tiquid penetrant inspection of the char withdrawal lines revealed
extensive cracking of 316 SS, moderate cracking of Incoloy 800, and no
cracking of the Inconel 625 Grayloc hubs. Inspection of the disassembled
316 SS char withdrawal valves showed extensive cracking of inlet and outlet
valve necks, spool/seat assewblies, ball inside diameters, spring retainers,
and spring covers.

MetalTurgical examination of sections of the failed char withdrawal
line, both 316 SS and Incoloy 800, revealed extensive transgranular cracking.
Energy dispersive X-ray analysis (EDX) of crack surfaces detected major
quantities of potassium with traces of silicon, sulfur, and chiorine. Based
upon these visual and metallurgical examinations and previous failures on the
PDU, cracking was concluded to be the resuit of caustic stress corrosion
(caustic embrittlement).

Caustic stress corrosion cracking is the result of a combination of
elevated temperature, tensile stress, and a strongly alkaline solution.
Contacting CCG char with water produces a highly alkaline phase (pH 12);
however, the ultimate sequence of events which produced the condensed water
was not positively determined. Two possible causes include a Tack of heat
tracing on the bottom of the gasifier in combination with insufficient
insulation, and the occasional loss of synthesis gas. Interruption of
synthesis gas is directionally detrimental because during these outages,
only steam is fed to the gasifier, thereby raising the dew point. Due to
the severity of the attack, it is felt that "wet® conditions existed during
operation and not just during startup and shutdown periods.

Repair procedures were recommended to ensure vessel integrity and to
minimize downtime. Where possible, higher nickel alloys were utilized for
increased resistance to caustic cracking. Repair of the gasifier weld
neck involved machining approximately 1/2* off the I.D. to crack-free
metal, followed by weld overlaying with Inconel 625 and final remachining.
A similar procedure was followed for the gasifier bottom head, with the
addition of Inconel 625 liners through the head to the exterior socket weld
connections. Char withdrawal piping was replaced with Incoloy 800H. Three
char withdrawal valves were replaced with onsite 316 SS spares, identical to
the original valves. - One of the cracked valves was repaired by machining
and weld overlaying Inconel 625 to obtain the necessary fecurth valve.-
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FIGURE 5.3-3

SCHEMATIC OF GASIFIER BOTTOM WELD-NECK AND FLANGE
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Since the system stiil contains 316 SS and Incoloy 800, both of which
are quite sensitive to caustic stress corrosion cracking, suppiemental equip-
ment modifications and operating precautions were developed to prevent con-
densation. Additional heat tracing and insulation were applied to the :
gasifier bottom weld neck, head, char withdrawal lines, and valves. Further-
more, numerous thermocouples were installed to monitor metal temperatures in
these areas.

gasifier Bottom Char Sample Line Failure Analysis

On August 22, 1980, the 316 SS gasifier bottom char sample line cracked
between the first block valve and the gasifier, forcing a shutdown of the
unit, Metallographic examination revealed branched transgranular cracking;
ciiemical analysis of the crack surface identified the presence of sulfur and
potassiumm. This line, which is in intermittent service, was insulated but
- not heat-traced. It is concluded that temperature excursions below the dew
point produced a highly alkaline condensate by leaching potassium from the
char, which ultimately resulted in caustic stress corrosion cracking.
Replacement with Inconel 600 or 625 was recommended; as an alternative,
adequately heat-traced 304 or 316 SS was also considered. acceptable.

Gasifier Feed Lines Failure Analysis

Two sections of failed flexible metal hoses (300 series stainless
steel) from the gasifier feed lines were metallurgically examined. These
hoses developed cracking onstream and, upon removal, were found to be
filled with wet coal. As in the above described sample Tine failure, the
cause of failure was identified as caustic stress corrosion cracking and
similar corrective measures were recommended.

Materials Screening Tests at Tuscaloosa Metallurgy Research Center

As a result of a joint DOE/BM/ERSE meeting in March, 1979, a materials
test program geared to the CCE process was conducted at the Bureau of Mines
Tuscaloosa Metallurgy Research Center in University, Alabama. Funding for
this program was through modification of the active Interagency Agreement
EX-76A-01-2219 between DOE and the Bureau of Mines. These tests were
conducted in test apparatus already built and used for similar experiments
studying materials for thermal gasification processes.

The objective of the test program was to screen candidate metals and
refractories in simulated CCG enviromments. Specifically, the intent was
to evaluate the effect of potassium hydroxide (gasification catalyst) in
accelerating attack on construction materials, and to elucidate the nature
of such attack. Close attention was given to complex liquid phases com-
posed of alkalis and metal sulfides. Such aggressive slags have: not been
encountered in CCG laboratory units, but are nevertheless possible from
thermodynamic considerations. The detrimental effect of alkali contamina-
tion on refractories was demonstrated at Tuscaloosa in a series of 1978 test
runs simulating thermal gasification enviromments at 1800“F.

- 473 -



Laboratory exposures of 2 wide variety of commercially available
refractory amd metallic materials to CCG environments were initiated with
100-hour screening tests. Following the short-term tests, a 2,000-hr
exposure test was conducted. The candidate metal alloy selection was based
primarily on testing conducted by IIT Research Institute, under the direction
of the Metala Properties Council and DOE sponsorship, on gaseous corrosion
of metal materials in high-Btu gasification atmospheres. The refractories
chosen Tor inclusion in the progran were those identified by the U.S. Bureau
of Mines in a DOE-sponsored program directed toward selection of dry asi
gasifier 1ining materials. The alloys and refractories tested in the CCG
program are listed in Tables 5.3-9 and 5.3-10, respectively.

The simulated CC6 environment was produced by continuously passing
a gas stream at 500 psig having a CCG composition (32X Hp0, 22X CHg, 21% Hp,
14% C0p, 6% CO, 2% N», 2% NH3, 1% H2S) through a heated {1350°F) pressure
vessel containing the test specimens. One specimen of each material under
test was in physical contact with coal char obtained from the PDU. Specimens
of each material were also exposed to the gas phase only which, in addition
to the gaseous species previously mentioned, contained as equilibrium amount
of alkali vapor from the CC6 char.

The full results of this program are contained in process reports
issued by the Tuscaloosa Research Center. A summary of these results
is presented in Table 5.3-11.

Data obtained from the screening tests (50 to 100 hr exposures)
indicated that refractories absorbed considerable vapor-phase-transported
alkali in the simulated CC& exposures. Refractory cold crushing strength
was not adversely affected; however, the gain in hot flexural strength of
the low- and intermediate-alumina concretes normally occurring after expo-
sure to similar, but alkali-free, atmospheres did not occur.

The results of cold crushing strength determinations of the vapor-
exposed refractories after 2,000-hr exposure to the CCG enviromment are
presented in Table 5.3-12. Only five refractories were included in the
2,000-hr test because of Timited space. The data indicate that intermediate-
alumina concrete showed significant improvements in _strength whereas the
strength of high-alumina concrete was reduced by this exposure. Compressive
strengths of the other refractories remained unaffected by the exposure
conditions. Similar trends were cbserved for the abrasion resistance of the
exposed refractories. Chemical analyses (atomic absorption) of the 2,000-hr
CCG vapor-exposed samples indicated that the Kp0 content of the refractories
increased by a factor of four when compared to identical, pre-exposed samples.

The refractory specimens that were exposed in the char mode by sub-
merging them in Ci8 char in the environmental test chamber showed no signs
of deterioration at the 500-hr inspection intervals, but showed obvious
signs of degradation at the end of the 2,000-hr exposure. Examination of
these refractories by means of SEM elem-ntal analyses revealed that large
anounts of potassium had migrated throu:nout the entire specimens.
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Table 5.3-9
CHEMICAL. COMPOSITION OF CATALYTIC COAL GASIFICATION TEST ALLOYS

Composition, Weight Percent

Alloys Tested c Mn St Fe N Cr Co Al Mo Other
304 0,05 1.45 0.54 70.0 9.1 18.8 - - -

310 0.06 1.71 0.68 52.2 20,2 25.0 - - -

310 Aluminized

316 0.05 1.65 0043 6503 1309 17.1 - - 205 -

446 0.10 0.45 0.38 74.6 0.4 24,0 - - - -
Inc-800 Aluminized

Inc-800-H 0,06 0.89 0.22 45.74 31.24 20,22 - 0.52 0 0.50 T1, 0.61 Cu
Inc-600 0,01 0,29 0,2 9.6 76.6. 15,8 - - - 0.35 Cu
Inc-6U1 0.03 0,29 0.19 16.62  60.33 21,88 - 1.3%7 - 0.34 Cv
Inc-617 0.06 0.01 0.11 0.87 53.88 22,23 12.47 1.17 9,20 -
Inc-671 0.056 0.07 0,21 0.32 52,92 46,02 - - - 041 TH
Inc-690 000 0,05 0,10 10,22 61.83 27.27 - 0.17 - 0.25 T{
crutemp 25 0007 105 0»60 4702 24'8 2504 - - 0040 o
HK~40 0.4 2,0 2,0 47.1 20.0 28,0 - - 0.50 -
TX'47 0-38 2'0 2.0 4790 20-0 2800 - - - -
Ste'lite GB 100 104 Ols 109 208 28.1 57.1 - 102 4:8 w
Co-Cr-W No. 1 2.5 - - - - 30,0 55,5 - - 12,0 W
RA 333 0.05 1.6 1.4 15,5 45.0 26.2 2,5 - 3.8 2.7 W
HL-40 0.30 0.86 1.32 45,0 20.5 31.5 - 0.03 0.01 -



Table 5.3-10

REFRACTORY MATERIAL SELECTION FOR CC6 TESTS

Refractory
Brand Name

CASTOLAST &

DOE S0

LOABRADE

MIX 36-C -

H.S. BRIKCAST BF
KAOCRETE D
LITECAST 75-28

BRIKRAM 90-R
HW 23-75
AR-22

ARCO S0
KX-99

Refractory Type

Calcium
Calcium
Calcium
Calcium
Calcium
Calcium

Calcium
RAlL.203

aluminate-bonded dense 95 wtX% Alp03 castable
aluminate-bonded dense 90 wt¥% Al;03 castable
aluminate-bonded dense 55 wtX Alp03 castable
aluminate-bonded dense 50 wt¥% Al,03 castable
aluminate-bonded dense 45 wtX Al;03 castable
aluminate-bonded dense 45 wt% Al;03 castable

aluminate-bonded dense Tightweighted 50 wt%
insulating castable

Phosphate-bonded 30 wtX Alp03 ramming mix

Phosphate-bonded 60 wt% Aiz03 ramming mix

Phosphate-bonded dense 90 wt% Al203 castable

90 wtX AlsG3 brick

45 wt% Alo03 duty fire brick
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Table 5,3-11
SUMMARY OF EXPERIMENTS - TUSCALOOSA RESEARCH CENTER(1)
RUN KO, TEST OBJECTIVES  EXPOSURE  EMVIROwMENT(2) ALLOY_SPECIMENS aemctoal RESULTS/CONCLUSIONS
(VATE) = TIME (WRS) SPECIMENSI3)
1 1. Datermine mode of 100 €CG Gase 304 SS Castolast G (€/95) 1. Vapor phase KOH
{ 8/15/79) fntroducing ) 1. Vapor phase with 310 §S H.S, BrikCast {C/45) caysed onl{ s1ight
tlkall to expo- Injected aquecus 446 S KX-99 (8/45) surface attack of
sure chamber, KOH Incoloy 800 wetals, Aluminum
2, Screen materials 2, K0H/coa) Incoloy 800 (aluminized) toating subject to
for CCG environe 3. HMolten KOH alkall attack from |
went., vapor transported KOM, |
Refractorles sbsorbed
considerable KOH from ‘
vapor phise, ‘
2. Molten KOH/coal mix- |
ture caused severe
attack of 304 and
wodarate attack of
h aluminizing, Refrac-
3 torfes showed no
' obviovs degradation.
3, Mollen KOH caused
. ) severo sttack of
all metals and
refractories,
2 Evaluate mothod of 250 €Ca Qasy Hone DOE 90 (€/90 1. Vapor phase exposure
{10/ 6/79) continuously intro- 1. Vapor phase with . H.S, erikcasz gcm) caggedpmderatg
ducing alkali by injected aqueous Lo-Abrade {C/85) increase in strength
pumping squecus KOH, 36-C (C/50 of low/intermediale
alkali solutfon into 2, Molten KOH (as alumina refractories,
exposure chamber. alkalt source). Refractories doubled

in alka){ content,
2, No specimens were
%ﬂnsed 1n m‘lt'en

3. Aqueous injection of
KOH was problematical
and hence abandoned
as atkali source,
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Table 5.3-11 {(Cont'd)

-8/t~

GUN H0.  TEST OBJECTIVES  EMPOSURE  ENVIRONMENT(2) ALLOY_SPECIMENS REFRACTORY RESULTS/CONCLUSIONS
(oATE)  — IIME (HRS) SPECIHENS(3)
3 Patermine rate of 250 Stean: Holten KCH . None DOE S0 $€IQO) 1. Twa-thirds of the
(10/25/79)  volatiiization of {as alkali source) H.S. BrikCast (C/45) KOH originally
KOH from platinum Lo-Abrade {C/55) charged was
crucibles inside 36-C (C/50 vaparized,
sanple contalner, Kaocrete D (C/45) 2. Condensate levels of
K20 decreased from
' initfal 30 ppm to less
éhan 2 ppm after 30
r,

3, Refractorfes showed
up to a 4-fold
incresse in K30,

4 petermina vate of 50 Hz8-free CCG Gas Hona Castolast G }CIQS) 1, Ho vapor phass transe
{ 1/14/80) volatilization of Molten KOH (as Lo-Abrade (C/55) Eorted alkali absorled
KoY from platinum alkalf source) H.S. BrikCast (C/45) y refractories,
crucibles fnsids ‘ 2. Ho weight change In
veactor. contents of platinum
crucibles,

3, ULarge conversion of
KOH to K2C03 in
crucibles,

4, Very low levels of
alkali in conden-
sate,

5 Determine rate of 50 Steam + argon + Hona Castolast @ 56/95) 1. Complete conversicn
( 1/28/80) volatilization of 1.2% 1S Lo-Abrade (C 65& of KOH to K2S,
KOH from platinum #.5. Brikcast {C/50) 2, High initlal atkait

crocibles {nside
resctor,

levels in condensate
but decreasing to
less than 4 ppm
after 45 br.
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Tabls 5.3-11 (Cont'd)
RUN #0.  TEST UBJECTIVES  ENPOSURE ENVIRONHENT(2) ALLOY SPECIMENS REFRACH}RI RESULTS/CONCLUSIONS
(DATE) o I (WRS) T SPECIMENS(3) -
6 Conduct short dura- 100  CCG Gas 304 5§ . Castolast G (C/95) 1. Refractory samnles
( 3/10/860) tlon screening 1. Vapor phase with 310 S, Alumintzed Lo-Abrade (€/55) showed no evidence of
exposure prior to KOH from molten 316 SS H.S, BrikCast {C/50) chemical atteck or loss
extended exposure KOH fn crucible, 446 SS KX-99 (8/45) of cold crushing
testing of metals 2. KOH/coat Incoloy 800 strength in efther gas
and refractortes. Incoloy 800, AlumInfzed phase or KOH/coal
Incoloy 800H exposure, ,
Inconel) 600 2. In gas phase exposurs,
Inconel 601 Inconel 600 was severely
Inconel 617 attacked. A1l other
Inconel 625 netals wore stightly
Inconel 671 or moderately affected,
incone) 690 3. In KOH/coal exposure,
. Crutemp 25 severe suiffdation corro-
) 1K-40 slon was suffered by
A 1%-47 fnconet 600 {complete
B4 Stellite 68 punetration‘. Inconel
e Stellite No, 1 617, Inconel 625, and
! stelvite No. 1, Al

other metals were
slightly or moderately
attacked (Irconel 671 and
Inconel 690 were least
corroded),
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- Table £.3-11 {Cont'd)

RUN NO.  TEST OBJECTIVES  EXPOSURE ENVIRONMENT(2) ALLOY SPECIMENS asmcmv RESULTS/CONCLUSTONS
(OATE)  — e (wms) T SPECIMENS -
7 fonduct 2000 with €Ca Gas 304 SS Castolast G (€/95) 1. In vapar phase,
(7/1/890) long-term . {nterrupticn 1. Vvapor phase 310 SS, Aluminized H.S. BrikCast {C/55) BrikCast and
screening at 600 hr. with KOH from 316 S§S H.S. BrikCast + BrickCast + SS
exposure moiten KOH in 446 SS SS fibers (C/55) fibers showed
testing of crucible, Incoloy 800 KN-99 (8/45) strength improve-
rotals and 2. KOH/coal Incoloy 800, Aluminized Brickram 90-R (8/40) mants while
refractories. Incoloy B00H , KX-99, Castolast G,
Incone) 601 Brickran 90-R
Inconel 671 showed strength
Inconel 690 reduction,
Crutemp 25 2, Refractory specimens -
HK-40 exposed to the char
- TX-47 phase showed no
- Stellite 68 . deterforation at the
Co-Cr-H Ko, 1 §00 hr mark but
RA-333 showed abvious slgns
HL-40 of degradation after
2000 hr

3, Hith the exception
of tnconet 671, X
which survived toth
cxposures with super-
ficia) corrosion, al)
other alloys suffered
moderate attacks in
the vapor and severe
attack in the char
exposures,

Hotes:

(2) Work perfamed by Tuscaloosa Research Center under Interagency Agreement Contract GE-AI05-800R20686 (Testing and Davelopment of Haterlals
for Catalytic Coal Gasiffcation Process Equipment).,

(2) CC6 gas composition (HolX} - 378 Hgo 22% CHa, 21% Hp, 148 COp, 6% CO, 2% K2, 2% HH3, 1% HpS. Coal - Hllinols Ko, 6, AN} test
runs were conducted at 7300F (1346 FS. 500 psig.

{3) QRefractory code: € - €astable, B - Orick, Homber vefers to percent alomina,

]
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Table 5.3-12

RESULTS OF REFRACTORY EXPOSURE
TO CCG VAPOR FOR 2,000 HOURS

Corpressive Strength, psi

Refractery ‘ Prefired in Air(1l) CCS Exposed(2)
CASTOLOAST & 9,110 4,375(3) -
BRIKCAST - 4,275 10,355(3)
BRIKCAST + SS fibers 4,095 12,025(3)

KX - 99 9,500 7,515
BRIKRAM 90-R 11,585 9,600
Notes:

(1} Prefired in air at 730°C for 24 hours.
(2) Exposed to CCG vapor 2,000 hours, 730°C, 500 psi.
(3) Difference significant at 99% level of confidence.
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Based on the results in this study, refractories suitable for high-Btu

dry ash gasitiers appear to be good candidates for high-Btu catalytic coal
gasification applications.

The major cbservation regarding metal alloys was that aluminized
coatings were very susceptible to alkali attack, in both vapor phase and char
exposures. The char was much more corrosive than vapor phase exposure and,
due to excessive corrosion, several alloys were not included in the long~term
exposure test that followed the screening tests, as indicated in Tabie 5.3-13.
Metallographic examination of the severely corroded metal coupons affected
by the vapor and the char indicated that corrosion occurred primarily by
sulfidation. This resulted in a slagging of the metal surfaces.

Of the alioys exposed to the CCG vapor, as shown in Table 5.3-13, only
the aluminized Incoloy-800 showed signs of advanced corrosion after 500 hours
of exposure. Metallographic examination of the metal alloy cross sections
after 2,000 hours of vapor exposure revealed that an apparent passive layer
was_developed on the surfaces of the remaining metals. Energy dispersive
analysis indicated only low concentrations of potassium on the metal surfaces
and no potassium within the passive scale layer. This would appear to
demonstrate that potassium, in the vapor phase, had little effect on the
corrosion behavior of these alloys. The corrosion mechanism of the alloys
in the vapor phase was primarily by combined oxidation-sulfidation. No
significant internal corrosion was observed for any .of the metal alloys
remaining in the vapor at the conclusion of the 2,000-hr exposure.

It was apparent from the results of the screening tests that exposure
to char is a much more severe test condition than exposure to simulated
CCG vapor. Only 5 of the 21 alloys tested were exposed to char for the full
2,000 hours. The other specimens were severely corroded and removed during
the test when the samples were inspected at 500-hr intervals. Significantiy,
even the most resistant metals suffered some corrosion damage.

Since some of the low-alloyed metals performed nearly as well or better
than some of the higher alloyed metals, no general conclusion can be made
with regard to metal composition. However, for the test conditions employed,
it appears that alloys susceptible to rapid failure by a sulfidation-slagging
mechanism will fail during or after about 100 hours of exposure: this ac-~
counts for the poor showing of high nickel alloys. The notable exception
is Inconel 671 which survived both exposuras with only superficial corrosion.
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Table 5.3-13

CORROSION OF METAL SAMPLES EXPOSED TO CCG VAPOR-CHAR ENVIRONMENTS
(BUREAU OF MINES, TUSCALOOSA RESEARCH CENTER)

Hetal Alloy

304 SS

310 SS

310 SS Aluminized
316 SS

446 SS

Incoloy 800 :
Incoloy 800 Aluminized
Incoloy B00H
Inconel 600
Inconel 601
Inconel 617
Inconel 625 .
Inconel 671
Inconel 690
Crutemp 25

HK-40 -

TX=47 .
Haynes Stellite 6B
CO-CP-? §°° 1
Rl\-33? 1
HL-40(2) -

———————— T ——

Notes:

Extent of Corrosion

in CCG Vapor

Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Severe-surface
Moderate

Severe-surface

Moderate
Moderate-surface
Moderate-surface
Very Tight
Moderate
Moderate
Moderate

© Moderate

Moderate
Moderate-surface
Moderate
Moderate

(1) Added’at the 500-hour break.
(2) -Added at- the 1,000-hour break,

Time of
-Exposure

2,000 hr
2,000 hr
2,000 hr
2,000 hr
2,000 hr
2,000 hr

500 hr
2,000 hr

100 hr
2,000 hr

100 hr

100 hr
2,000 bhr
2,000 hr

2,000 hr .

2,000 hr
2,000 hr
2,000 hr

100 hr
1,600 hr
1,000 hr

Extent of Corrosfion
in CCG Char

Severe-surface
Maderate to severe
Severe-surface
Severe-surface
Moderate to severe
Severe-surface
Severe-surface
Severe-almost complete
Severe-complete
Severe-complete
Severe-surface
Severe-surface
Slight-surface
Severe-almost complete
Moderate
Severe~surface
Severe-surface
Moderate
Severe-surface
Severa=surface
Severe-surface

Time of
Exposure

500 hr
2,000 hr
1,500 hr

§00 hr

2,000 hr

600 hr
1,000 hr
500 hr
100 hr
600 hr
100 hr
100 hr
2,000 hr
600 hr
2,000 hr
1,500 hr
1,000 hr
2,000 hr
100 hr
~ 500 hr
1,000 hr




5.3.2 Vapor-Liguid Equilibria in Sour Water/Catalyst Systems

This program's objective was to develop a vapor-liquid equilibriun (VLE)

mode! applicable to the design of the sour water systems in the CCG Process.
The systems for which such a model would be used include the wet scrubbers

and condensate drums for the gasifier product gas, as well as the spur water
stripping facilities.

A detailed review of the anticipated sour water streams identified the
compositions, temperatures, and pressures of interest. Subcequently, a
Titerature search was conducted to identify the available experimental data

on the volatility of ammonia, carbon dioxide, and hydrogen sulfide in ajueous

solutions, including solutions containing potassium compounds. Pertinent
articles were obtained and analyzed. This analysis led to the conclusion
that additional data on the ammonia-carbon dioxide-hydrogen sulfide-water
system were needed, especially at temperatures above 1000C. Additional data
on the volatility of ammonia, carbon dioxide, and hydrogen sulfide in
aqueous solutions containing potassium compounds were also needed.

Wilco Research Company was contracted to obtain these additional data.
Their experimental measurements are given in Table 5.3-14. Three computer-
ized models for predicting VLE were tested with these data. The three
models were: SURFIMP developed by Edwards et -al. (Edwards, T. J., Maurer,
G., Newman, J. and Prausnitz, J. M., "Vapor-Liquid Equilibria in Multicom-
ponent Aqueous Solutions of Volatile Weak Electrolytes", AIChE Journal,

24(6), 966-976 (1978)), SWEQ developed for the American Petraoleum Institute

(American Petroleum Institute, "A New Correlation of NH3, CO2 and HpS
Volatitity Data from Aqueous Sour Water Systems®, API Publication 855, March,
1978, Washington, D.C.), and a proprietary ERZE model. The tests consisted
of fixing the temperature and the 1iquid phase composition and letting the
computer programs calculate the equilibrium vapor composition. The first
conclusion of these tests was that the values reported for Run 3 are in-
correct. The reported partial pressure of water is high by a factor of two.
Also, for Run 3, 2all three models gave large errors for the other partial
pressures and for the total pressure as well. The other runs reported in
Table 5.3-14 are probably accurate as discussed below.

Runs 1, 2, 2R (Re-run of 2}, 4, 5, and 6§ do not have any potassium pre-
sent. These runs were used to compare the accuracy of the three models. At
the same time, the accuracy of the model predictions was used to judge the
accuracy of the experimental data. The table below gives the percent errors
for the calculated partial pressures for each of these runs for each of the
models, with one exception. The SURFIMP computer program has a logic check
to prevent caiculations above a temperature of 1500C. Therefore, there
are no entries for SURFIMP for Run . The results clearly show that ERSE’s
proprietary model is superior to botn SURFIMP and SWEQ on these new data.

As for the accuracy of the experimental data, the experimental data point
usually lies between the predictions of the three models. Therefore, the
data for Runs 1, 2, 2R, 4, 5, and 6 are assumed to be accurate.
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Table 5.3-14

SUMMARY OF MEASURED VAPOR-LIQUID EQUILIBRIUM DATA
ON NH3-CO2-H2S-H20-KOH MIXTURES

Analysis, Mole X

Run  Temp. Pressure NH3 €0y H2S H20 KOH
No. 9OC psia Lig.  Vap. Lig. Vap. Lig.  Vap. Lig. _ Vap. Lid,
1 120 153.5 22.9 70,5 0 0 3.98 13.9 73.17 15.6 0
2 140 85.0 5.52 36.4 0 0 0.617 5.96 93.86 57.7 0
Re-Run 2 140 86,0 5.42 34.6 0 0 0.572 6.84 94,01 59.6 0
3 50 55.0 3.64 0.052 3.32 71.8 0.454 22,2 92,59 5.97 0
4 130 79.5 . 2,63 10.73 0,530 28.8 0.436 9.26  96.40 51.2 0
5 130 86.3 6.98 32.6 0.433 8,17 1.64 17.6 90.94 41.6 0
6 170 315 4.59 12.4 0.500 33.3 1.00 19.0 93.90 35.3 0
7 130 - 65.5 0 0 . 1.48 27,1  1.52 13.4 94.03 59.5 2.97
Re-Run 7 130 65.0 0 0 1.52 28.1 1.0 10.8 94,01 61.1 2,97
) 8 190 215 0 0 1,50 13.6  1.60 4.2  93.88 82,2 3.00
Re-Run 8 190 219.5 0 0 1.53 14.7 1.53 2.3 93.95 62.9 3.00
9 136 . 50.0 0.93 7.94 2.62 14.2 0 0 93.49 72,9 2.96
10 190 L2025 0.89 5.70 2,70 12.4 0 0 9.4 819 2,98
11 135‘Q§3 47.0 10,96 11.8 0 0 323 519 92,78 83.0 - 3.03

12 190 204 0.79 7.16 0 0 3.3 430 92,77 88.5 3.1




PERCENTAGE ERRORS IN CALCULATED PARTIAL PRESSURES
FOR MIXTURES CONTAINING NO POTASSIUM COMPOUNDS

NH3 C02 H2S
Rumn SURF SWEQ ER&E SURF SWEQ ERZE SURF SWEQD ERRE
1l 53 ~19 9 - - - 226 44 -~56
2 -3 -5 3 - - - 35 231 =22
R -1 -3 5 - - - 22 -31 =30
4 -8 -13 -2 13 35 1 0 12 -5
5 1l «17 -8 37 56 -18 43 41 5
6 - 0 5 - 59 -15 - 12 -20
Mean
Absolute 13% 10% 5% 25% 50% 11% 65% 27% 23%
Errors

For the experimental runs which contain potassium, only two of the
computerized models could be tested. The SURFIMP computer program is not
generalized. It cannot handle any compounds besides S02, HCN, NH3, HsS,
CO2 and water. The table below gives the comparisons of SWEQ and the pro=
prietary ERZE model with Runs 7, 7R, 8, 8R, 9, 10, 1i, and 12. The values
in the table are the ratio of calculated to measure partial pressures.

RATIO CF CALCULATED TO MEASURED PARTIAL PRESSURES
FOR POTASSIUM-CONTAINING MIXTURES

NH3 Co2 HoS
Run SWEQ ER&E SHEQ ER&E SWEQ ERLE
7 - - 1.05 2.33 0.60 . 1.12
R - - 1.56 2.70 1.10 1.59
3 - - 2.94 3.33 1.12 1.33
& - - 1.89 2.44 1.27 1.75
9 0.72 0.36 0.09 1.23 - -
10 0.95 1.28 0.13 1.03 - -
11 0.68 0.69 - - 7.30 5.49
12 0.90 0.77-. - - '7.58 5.95

The COz partial pressures calculated for Runs 9 and 10 by SWEQ are Tower
than the experimental values by a factor of 10. Wilco Research Company,
which actually did the calculations with SWEQ, suggested that these large
errors were due to slight inaccuracies in the measured Tiquid-phase composi-
tion. However, the ERRE model does a good job in predicting partial pres~

sures for Runs 9 and 10. Therefore, the experimental data were accepted as -
accurate.




In general, predictions of SWEQ and the ER&E model agree with the data
as well as they agree with each other. The large discrepancies between the
experimental data and the predictions of the computer models are probabi
due to inaccuracies in the models at the high temperatures (130 or 190°C),
and because of the effects of the potassium compounds. It is clear that
both modeis give unacceptably large errors in scmes cases. Adjustments to
the models, or to model parameters, would be required to calculate VLE 1in
high-temperature, potassium-containing systems typical of the CCG process.
Defining the necessary adjustments should be the goal of future work in this
area. o

5.3.3 Physical and Thermodynamic Properties of Catalyst Recovery Solutions

The equipment in the catalyst recovery section of the CC& process may
include mixing drums, solid-liquid separators, heat exchangers, pumps, eva~
porators, and driers. To design such equipment, physical and thermedynamic
- property data are needed for aqueous solutions containing electrolytes.

The objectives of this program were to review representative operating con-
ditions of the catalyst recovery system, to determine 1ikely data needs,
and then to coliect and evaluate the available data. These data will be
used to guide the design of the catalyst recovery system and to identify
deficiencies in the available data base. These objectives were met and the
results are sumarized here.

A review of the catalyst recovery system identified the important pro-
perties &s: density, enthalpy, viscosity, and boiling point for agueous
solutions containing up to 40 wt% dissolved potassium compounds. Temper-
atures of +interest range from 20 to -150°C {70 to 300°F). Potassium hy-
droxide and potassium carbonete are the potassium compounds of primary
interest. However, future tests on the PDU may identify other important
compounds.

A Titerature search for properties of agueous solutions containing
potassium hydroxide or potassium carbonate was compieted. Pertinent arti-
cles were collected and evaluated. With only two exceptions, the available
data are adequate for calculating the density, enthalpy, viscosity, and
boiling point of agueous potassium hydroxide and aqueous potassium carbonate.
A review of the data base, and graphs of.the properties of aqueous potassium
hydcggxide and aqueous potassium carbonate will be presented later in this
section.

Other potassium compounds are 1ikely to be present in the process
streams of the catalyst recovery section. Therefore, another literature
search was made for properties of aqueous solutions containing potassium
bicarbonate, potassium bisulfide, or potassium sulfide. Unfortunately, the
data base for aqueous solutions of these compounds is sparse and no recom-
mendations can be made for their properties. However, the available data .
are cited later in this work summary.



The process streams in the catalyst recovery section of the CCS pio-
cess are likely to contain many potassium compounds. Therefore, property
data on mixtures of electrolytes are important. Few experimentail data exist
for properties of mixtures of potassium compounds pertinent to the catalyst
recovery section of the CCG process. Therefore, methods for extending data
for single compounds in water to multicomponent mixtures have to be developed.

Simple methods are presented here for predicting the density, enthalpy,
and viscosity of aqueous solutions containing several electrolytes. How-
ever, not enough experimental data on muiticomponent mixtures exist to con-
firm these methods. It is recommended that the next phase of CCG develop-
ment inciude 2 technology study to measure the multicomponent data needed to
test the proposed prediction methods and to support the design of a commer-
cial CCG plant. This technology study should also have an cbjective to de-
velop a model for calculating vapor-liquid equilibria in highly concentrated
electrolyte solutions. This model is needed to predict boiling points of
multicomponent mixtures of agueous electrolytes.

The remainder of this section provides more details on the experimental
data base and the methods for predicting properties of multicomponent mix-
tures. Each cf the four properties: density, enthalpy, viscosity, and
boiling point will be discussed in turn.

-

Density

Mashovets et al. (17)* report extensive data for the density of agueous
potassium hydroxide from 0 to 400°C for concentrations from 0 to above 50 wt¥
potassium hydroxide. These data are supplemented, between 0 and 70°C, by
the data of Akerlof and Bender (1). From these data (1, 17), a graph of
the density of aqueous potassium hydroxide was prepared (Figure 5.3-4). For
data at temperatures below 0°C, the articlie by Kelly et al. is useful {16}.

The density of aqueous potassium carbonate has also been measured exten-
sively. Puchkov et al. (22) report data from 25 to 300°C for concentrations
up to 50 wtX potassium hydroxide. These data are supplemented by data from
the International Critical Tables at 0 to 100°C (27). From these _data (22,
27), Figure 5.3-5 was prepared for the density of aqueous potassium carbonate.

The densities of other aagueous potassium compounds of interest to the
CCG process have not been measured as extensivzly as the densities of potas-
sium hydroxide and potassium carbonate. For potassium bicarbonate, the
International Critical Tables (27) tabulate data from C to 1060°C for concen-
trations up to 4 wtX potassium bicarbonate. Chernen‘kaya and Revenko (7)
graphically and analytically present data at concentrations up to 30 wt%®
potassium bicarbonate for temperatures from 25 to 75°C. For agueocus potas-
sium bisulfide and potassium sulfide, Bock (4) gives data at 18°C for con-
centrations up to 50 wtX of the potassium compound.

* References for Section 5.3.3 are listed at the end of the section
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No calculation method for predicting the density of aqueous mixtures
containing several potassium compounds can be recommended with confidence.
Few experimental data for such mixtures exist to check the reliabiiity of
empirical methods and theoretical -mdels are not accurate at the high elec-
trolyte concentrations of interest in the CCG process. Therefore, a simple
method was developed from two observations. First, at a given temparature
.and weight percent dissolved potassium compound, the density of an aqueous
solution is relatively insensitive to the exact potassium compound present.
For exampie, at 18°C and 30 wt¥ total dissolved electrolyte, the densities
of aqueous potassium hydroxide (Figure 5.3-4), aqueous potassium carbonate y
(Figure 5.3-5), and aqueous potassium bisulfide (4) are 1.29, 1.30, and
1.183 kg/dm3, respectively. The second observation is that the density of a
mixture containing two electrolytas is usually between the two densities of
each single elctrolyte dissolved in water at the same total weight percent.
For example, at 18°C, the density of a solution containing 21 wt¥ potassium
hydroxide and 9 wt¥ potassium bisulfide is 1.233 kg/dm3 (2). This value is
between the density of 1.29 kg/dm3 for 30 wt% potassium hydroxide in water
and 1.183 kg/dm3 for 30 wt% potassium bisulfide in water. Based on these
observations, it is recommended that the density of a multicomponent mixture
be calculated by the following procedure:

(1) Calculate the total weight fraction, w, of electrolyte in the aqueous
mixture by summing the weight fractions, wj, of each electrolyte, i:

w= I w . (Equation 1)
(2) Determine the density, dj, of the aqueous solution that each single
electrolyte would make 'H! it were dissolved in water at the same
temperature and weight fraction, w, of the mixture.
(3) Calculate the mixture density, dpijx, from the following equation:

Z widy

dnix = (Equatior 2)

Ew

For example, with the potassium hydroxide/potassium bisulfide mixture men-
tioned earlier, the calculated density would be (0.21-1.29 + 0.09-1.183)/0.3
= 1.258. This value is 2% higher than the experimental value of 1.233 (4).
Densities of agueous mixtures of potassium hydroxide and potassium carbonate
at 20°C (15) are predicted within 1% by Equation 2.

Enthalpy

Ginzburg (11) has prepared a table of the enthalpies of agueous potas-
sium hydroxide from 25 to 260°C for concentrations from 0 to above 50 wtZ
potassium hydroxide. These data were used to prepare 2 graph of the enthalpy
of aqueous potassium hydroxide (Figure 5.3-6). .
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Ginzburg (12) has also prepared a table of enthalpies for aqueous potas-
sium carbonate. This table is based on the heat capacity data of Ginzburg and
Kochkaida {13) and the 1952 heat of dilution values of Rossini. Unfortunately,
heat of dilution data for potassium carbonate are uncertain. For example, NBS
Circular 500 (23) differs from a more recent KBS publication (26) even on the
sian of the heat of dilution. Therefore, caution must be applied when doing
calculations that are sensitive to the heat of dilution of aqueous potassium
carbonate. Figure 5.3-7 is based on Ginzburg's-tabular data (12).

Few data were found for the enthalpies of aqueous potassium bicarbonate,
potassium disulfide, and potassium sulfide. Chernen'kaya and Bratash (6)
give the heat capacity.of potassium bicarbonate from 25 to 50°C for concen-
trations up to 30 wt¥%. NBS Circular 5G0 (23) provides heat of dilution data
at 25°C for potassium bisulfide and potassium sulfide.

No enthalpy data were found for multicomponent mixtures of potassium
compounds of interest to the CCG process. Until such data are available, it
is recommended that the enthalpy of multicomponent mixtures be calculated by
the following procedure:

(1) Calculate the total weight fraction, w, of electrolyte in the aqueous
mixture by summing the weight fractions, wj, of each electrolyte, i,
using Equation 1.

(2) Determine the enthalpy, hj, of the aqueous solution that each single
electrolyte would make if it were dissolved in water at the same
temperature and weight fraction, w, of the mixture.

(3) Calculate the mixture enthalpy, hgix, from the following equation:
Z wihy

hnix = (Equation 3)
w

It is necessary that a consistent set of base enthalpies be used in these
calculations. ,

Viscosity

Mashovets et al. (19) tabulate the viscosity of aqueous potassium
hydroxide from 0 to 275°C for concentrations up to about 50 wt% potassium
hydroxide. These data, along with data for pure water (3), were used to
construct Figure 5.3-8. For temperatures below 0°C, the article by Kelly
et al. (16) should be consulted. :

For the viscosity of agueous potassium carbonate, the data of Mostinskii
et al. are the most extensive (20). However, these data only range from 30
to 90°C for concentrations of potassium carbonate up to 50 wt%. To extrapo- -
late these data to different temperatures, a viscosity parameter, B, was
calculated for each datum: :
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ENTHALPY OF AQUEQUS POTASSIUM CARBONATE

ENTHALPY, kJ/ka

. fewrm
ey reemeassty =20

10 20 30 %0
WEIGHT PERCENT POTASSIUM CARBONATE

-494-




VISCOSITY, mPa ¢ 8

T 8.0

Figure 5.3-8

VISCOSITY OF AQUEOUS POTASSIUM HYDROXIDE
10.0

9.0 |

7.0
6.0

5.0

2.0

1.0 |-

0.9
0.8

0.7 s
0.6 ==

0.5

0.4 |2

0.3

0.2

0.1

() 100 200
TEMPERATURE, *C

-495-



where v is the solution viscosity at molality m and v, is the viscosity of
pure water at the same temperature as the solution. Equation 4 is similar
to an equation suggested by Harned and Owen {14). The calculated viscosity
parameters seened to be linear in temperature, at a constant molality, and
thus were easily extrapolated. Rearrangement of Equation 4, combined with
viscosity values for pure water {3) allowed for the calculation of the vis-
cosity of aqueous potassium carbonate from 0 to 160°C. These calculated
viscosities are shown in Figure 5.3-9.

For potassium bicarbonate, only the graphical data of Chernen‘kaya and
Revenko were found (7). No data were founrd for potassium bisulfide or potas-
sium sylfide. This is unfortunate since the agueous viscosity of a single
electrolyte is not easily predicted. One complication is the compositienal
dependence of viscosity. Chesnokov (8) reports that, at 20°C, the viscos-
jties of agueous potassium nitrate, potassium chloride and potassium bromide
decrease with increasing electrolyte concentration whereas the viscosities of
-aqueous potassium carbonate and potassium sulfate increase with increasing
electrolyte concentration. Chesnckov (8) also reports that the viscosity of

aqueous potassium iodide goes through a minimum as its concentration is in-
creased at 20°C.

For predicting the viscosity of a multicomponent aqueous mixture of
electroiytes, the following procedure is recommended:

(1) Calculate the total weight fraction, w, of electroiyte in the aqueous

mixture by summing the weight Tractions, w;, of each electrolyte using
Equation 1.

(2) Determine the viscosity, vi, of the aqueous solution that each single
electrolyte would make if it were dissolved in water at the same tem-
perature and weight fraction, w, as the mixture.

(3) Calculate the mixture viscosity, vpix, from the following equation:

ZWivq

Vmix = (Equation 5)

w .

A test of Equation 5 with viscosity data for agueous mixtures of potassium
hydroxide and potassium carbonate, at 20°C and 40°C, showed errors of less
than 5% (15). Larger errors can be anticipated for other electrolyte mix-
tures since aqueous potassium hydroxide and aquenus potassium carbonate

have similar viscosities at the same temperature and weight fraction elec-
trolyte.
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Boiling Point

Mashovets et al. (18) tabulate accurate data on the saturation pressure
of aqueous solutions containing up to 49 wt%X potassium hydroxide in the tem-
perature range of 25 to 350°C. These data were used to construct Figure 5.3-10
for the boiling temperature of agueous potassium hydroxide. For potassium
carbonate, data from two articles (21, 22) were used to construct Figure
5.3-11. Puchkov and Kurochkina (21) tabulate saturation pressures of agueous
solutions containing up to 51 wt¥ potassium carbonate at temperatures from 25
to 90°C, while Puchkov et al. (22) tabulate data from 125 to 300°C.

No data were found for the saturation pressure of agueous potassium
bicarbonate, potassium bisulfide, and potassium suifide. However, unlike
potassium hydroxide and potassium carbonate, the saturated vapor above
aqueous solutions of potassium bicarbonate and potassium bisulfide may not
be essentially pure water. In the case of potassium bicarbonate, most of
the vapor may be carbon dioxide (25). This can occur since potassium bicar-
borate can react to form carbon dioxide (2KHCO3 = K2C03 + €02 + Ho0) and
carbon dioxide is only slightly soluble ir water. For mixtures of potassium
carbonate, potassium bicarbonate, and potassium bisulfide, a significant
fraction of the vapor can be hydrogen sulfide (24). Information about boil-
ing temperature at a given pressure and liquid composition, such as Figures
5.3-10 and 5.3-11, will not be sufficient knowledge for such electrolytes.
The composition in the vapor phase needs to be known in order to accurately
calculate heat and material balences.

Four recent papers have presented models for calculating vapor-liquid
equilibria in 2lectrolyte solutions {2, 5, 9, 10). The madel by Chen et al.
(5) and the model by Cruz and Renon (9) are designed for high, as well as
Tow, concentrations of electrolytes. However, these two models are too
complicated ¥or hand calculations and they contain many parameters which
can only be determined from large amounts of experimental data. 1In general,
‘these experimentai data do not exist. The models, and computer programs, of
Edwards et al. (10) and of the American Petroleum Institute (2) were eval-
uated in a separate program (described in the preceding section of this
report). It was concluded that the computer program furnished by Edwards
et al. (10} was not general enough tc handle potassium-containing electro-
1ytes. Changes in the computer code are required before conclusions can be
reached about this model. The model by the American Petroleum Institute (2)
can handle potassium-containing electrolytes. However, it is not accurate
for predicting the partial pressure of compounds above potassium=-containing
solutions. Calculated partial pressures were off by as much as a factor of

ten. A proprietary ERZE model also gives Targe errors with potassium-con-
taining solutions. ’

It is recommended that the next phase of CCG development include a
technology study to further develop methods for predicting the vapor-liquid
equilibria of aqueous solutions containing up to 40 wt% potassium-containing
electrolytes. Such a study would include the measurement of experimental
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data as well as development of a computer program to calculate vapor-liquid
equilibria. Until such a study is done, the vapor-liquid equilibrium data
developed under the engineering technology program described previously can
be used for guidance.
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5.3.4 Solid-Liquid Separations for Catalyst Recovery

The recovery of potassium catalyst from CCG gasifier char and fines is
accomplished by washing the spent gasifier solids with water. The solids
may be first "digested® by contacting with calcium hydroxide to increase the
proportion of potassium which is water soluble. The soiuble potassium is
then counter-currently leached from the solids. The catalyst recovery system
design depends on the solid-1iquid separation efficiency between leaching
stages. The prime objective of this program is to identify and evaluate

" alternatives for the solid-liquid separations in catalyst recovery and waste
solids disposal.

Summary

This program has identified and evaluated several solid-liquid separa-
tions devices for catalyst recovery and waste solids disposal. Filters
and gravity settlers are viable candidates for the separation based on labor-
atory studies, and larger-scale testing of these devices is recommended.
Hydroclones are unlikely to be suitable because solids particle sizes were
found to be too small for efficient and economical collection. Centrifuges
were rejected as being too expensive.

The primary focus of the program was placed on filtration, especially
on the influence of slurry pretreatment and slurry handling on filterability.
Filter cake washing for potassium recovery was also.studied.

Laboratory batch filtration tests on Fluid. Bed Gasifier (FBG) chars .
showed that filtration rates for the lime “digested" solids were 4-60 gph/ft2,
far below desirable commercial rates, even with the use of flocculants and
filter aids (body feeds). The water-washed, *undigested™ slurry showed
filtration rates of 100-230 gph/ftZ, well within the commercial range. The
use of a flocculant (25 ppm D-25A) further improved the filtration rate of
the undigested solids to 300-600 gph/ft2.
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Filter cake washing oxperiments were conducted to determine how to
recover the most catalyst while using a minimum amount of wash water.
Experiments on flocculated cakes indicated that 40% of the soluble potas-
sium in the residual cake water was recovered with a wash ratio {wash
water/residual cake water) of 1.0. Higher rates increased catalyst recovery
but caused an undesirable dilution of the catalyst.

As slurry passes through pumps and pipes, soiids canm attrit. Since
particle size distribution affects the behavior of filters and other solid-
Tiquid separations devices, a laboratory program was conducted to determine
the attritability of unflocculated PDU bottoms char and slurry {char plus
cyclone fines). These materials were found to attrit slowly at fluid shear
rates 1ikely to be found in a commercial CCG plant. However, the rate of
attrition was sufficiently slow that it would not 1ikely adversely affect
the solid-liquid separation of unflocculated char under ordinary CC6 plant
operating conditions. The attrition of flocculated char was not studied,
nor were tests of the filterability of attrited slurry carried out. Such
tests are recommended.

Filtration Studies

Laboratory batch pressure filtration experiments were run to measure
the filtration rate and the cake resistance of slurries made from Fluid

Bed Basifier solids which were pretreated in different ways (e.g., digested
with lime or undigested). :

Filtration runs were carried cut in one of two filter cells: a 320 ml
cell with a 5 wm fluorocarbon coated filter medium or a 120 m1 cell with a
40 wm (U.S. Filter PZ-40) screen medium. The area of the medium was the same
in both cells; the volume of slurry equaled the cell volume. During a test, a
slurry sample was heated to 190°F in a supply reservoir; it was forced ‘into
the heated filter cell by compressed nitrogen; the valve at the cell bottom
was immediately opened tc withdraw the filtrcte; and the constant pressure

filtration run was begun. Potassiun concentration in the filtrate was measured
with a specific ion electrode.

Table 5.3-15 shows the filtration rate, cake resistance, residual
c3ke water, anud other experimental data for all runs using the 320 ml filter
cell. Slur:y feed data are presented in Table 5.3-16.

The digested char samples 026, D39, and D44 without filter aid showed
a wide variation in filtration rates, but the rates cbserved are generally
4-10 gph/ft2 which is lower thar the desirable threshold level of 100 gph/ft2
for commercial filters. Though body feeds and flocculant improved the fil-
tration rate for most samples, the rates for these digested samples were
still oniy 20-60 gph/ft2. Filtration rates for the water-washed (undigested)
char samples D31 and D32 (100-230 gph/ftZ) are in the typical commercial
range.
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Table 5.3-15
LABORATORY BATCH FILYER RESIATS
(320 m) FILTER CELL)
Averaga
Differential  Filtration Cake Residual Feed Filtrate :
Pressura fate (3; Reslstania Cake Water  Solids (5) Kt {6) Flocculant or Body Feed/
Sample (psig) {gph/fte)  (fFt/1b x 10-10)(10) (wtX) (wt%) (wtX) Body Feed Type Char Ratio
D31 (1,3,8) 15 140 1, - 2.6 39 - 0
031 » 20 197 107 (ll) - 206 309 - 0
[1x] I 25 234 2.6 - 2.6 3.9 - 0
032 {1,3,8) 26 103 9,0 70 3.5 0.74 - 0
D32 ~ 20 66 10.1 (12} 12 3.6 0,78 - 0
D32 ¢ 15 63 9.0 69 .5 0,69 0
026 (1.3'7’ m 3-8 Y 150 61 1104 5-3 - 0
D26 " 50 4.6 260 (13) 68 11.4 5.7 - 0
D26 * 62 6.1 220 63 11.4 6.0 - 0
026 * 71.5 19.9 .21 29 26.1 243 Body Feed A 1.0
D6 ¢ .6 8.3 300 70 6.9 2.2 - 0
026 " 71,6 6.9 120 68 13.2 5.4 Body Feed A 0,16
pz6 71.6 8.5 o 67 7.1 d.6 - 0
026 n.5 14.8 63 65 11.2 3.2 Body Feed A 0,38
026 ™ 50.8 16.0 4 4] 12.3 3.1 Body Feed A 0.36
026 50.8 14.1 46 69 11.6 3,0 Body Feed B 0.36
D26 ¥ 71.5 25,9 2 69 1.7 2.0 Body Feed B 0.38
D26 30.6 8.4 b2 n 1.4 2.6 Body Feed B 0.38
D39 (2,3,7) 50 42 12 63 10.8 2.2 - 0
03g 50 1 5.7 68 10.1 2.3 D-26A/26 ppm 0
P39 ¢ 60 57 6,1 68 12,9 2.6 D-25A/50 ppn 0
p3g v 60 38 10,5 67 12,1 2.3 A-1906K/10 ppm 0
pyy 60 35 13.0 68 12.3 2.3 A-1906N/6 ppm 0
039 50 59 6.2 68 12.4 23 D-25A/25 ppm and 0
A-19068/5 ppm
) N4 (2,3.7,9) ” 5.8 350 64 6.6 6.0 - 0
M4 " * 40 5.8 220 64 6.7 5.6 -t 0
D44 (2,3,7) 40 3.9 260 54 16.8 9.9 - 0
D44 (2,3,7,9) 70 1.8 220 62 8.6 5.8 D-26A/26 ppm 0
Hotes:
1} Temperature = 180°F, (9) Water added to dilute the original sample.
2 Te'nperaturﬁ = 190°F, {10) Ontained from constant pressure filtration equations as described In
3) A1) tests'ilona using a 5 m Fluorocarbon coated medium, Purchas, D. B, Solid/Liguid Separation Equipment Scaleup, Uplands
4) Cell voluma constant at 320 m). Press Ltd., Croydon, tngland, 1977, p. 42 ff,
§) Corrected for K%, 11) Cake compressibilfty 0.77, See note (10).
6) By specific lon electrode, 12) Cake compressibility 0,02, See note (10},
7) Digasted char and fines plus Vime, 13) Cake compressibility 0.65. See note (10},
8) ‘Undigested char and fines.
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Table 5.3-16

SUMMARY OF BATCH FILTRATION SAMPLES(1)

Particle Size
Distribution

W% K*

e Description % <10um

% <44um

D26 22 1bs char, no fines, 71

D31

11 1bs 1ime, 176 1bs of

3.29 wt% K* solution digested
for 1 hr at 300°F wsing old
digester and pump

(2) 30 1bs char, 10 1bs fines, 5
ne lime, 305 1bs 2.39 wt¥%
K* solution, leached with
2.87% K¥ solution, overflow
from leaching tank

p32(2) 5 1bs char, 2 1bs fines, 6

D39

160 1bs water

15 1bs char, 6 1bs fines, 1z
10 1bs Time, 168 1bs 0.58

wt% K* solution digested

for 1 hr at 300°F, no pump,

new digester

D44 20 1bs char, 9.2 1bs 28

fines, 5.3 1bs lime,
158 1bs 9.61 wt% K*
solution digested for
1 hr at 300°F, no pump,
new digester

Note:

(1)

(2

79

16

12

75

57

In Solution_

4.55

Approx. 3.5

Approx. 1

2.72

11.58

Char and fines solids used to make up these samples were obtained from

the Fluid Bed Gasifier (FBG).

Lssumes particie size distribution is the weighted average of the
partizle size distributions for the char and fines used to prepare

sample D44.
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Flocculant and body feed generally increase the filtration rate for
digested solids (Table 5.3-15). The use of D-25A {25 ppm) flocculant
increased the filtration rate by a factor of 1.7 for D39 at 50 psi differen~
tial pressure. The only sample for which flocculant had no effect was D44.
Body feeds had similar effects on filtration rate. However, the use of body
feed is not economically attractive. Subsequent filtration runs concentrated
on the effects of the D-25A flocculant.

Additional filtration studies were carried out in the 120 ml test
cell on undigested char with and without flocculant (Table 5.3-17). These
studies confirmed that undigested char gave much higher filtration rates
than were seen with digested char. Samples filtered with and without
flocculant at equal pressure differences (20.3 psi) gave filtration rates
of about 300 gph/ftZ and 120-180 gph/ft2, respectively, for the period in
which more than 90% of the filtrate volume was collected.

The 120 m1 filter cell filters faster (less than 1 minute) and has
smaller cake thickness (3*) than the 320 ml cell (3-6 minutes and 7%).
Since commercial filters usually have rates and cake thicknesses more like
the 120 m1 cell, the filtration rates in Table 5.3-17 are probably more
typical of what a commercial filter would give.

Larger-scale tests using continuous commercial-type fiiters (e.g.,
vacuum rotary drum, pressure rotary drum, and vacuum horizontal belt filters)
are recommended for confirming filtration rates under opzrating conditions.

Cake MWashing

Additional experiments were carried out to evaluate vacuum belt fil-
tration and cake washing to reduce the filter staging requiraments. The
washing was done by drawing one liter of heated distilled water through
the cake immediately following cake formation with flocculant. Washing was
done only in the 120 ml cell at the same pressure as the initial fiitration
(Table 5.3-17). During the washing experiments, the flocculated cakes
showed a tendency to compress slightly. This was especially true at the
higher pressure differentials.

Samples of the filtrate wash water were collected at intervals and
analyzed for K* concentration with the specific ion electrode. These data
in Figure 5.3-12 indicate that the wash filtrate concentration decreased
sharply up to a wash ratio of N = 1 (N = wash water/residual cake water).
At N greater than 4, the K* concentration leveled out at between 700 ana
900 ppm, and further recovery was slow. The percent soluble Kt recovered
from the cake residual water due to washing (Figure 5.3-13) was obtained
by a mass balance of the Kt concentration in Figure 5.3-12. Figure 5.3-13
shows that 40% of the K* remaining in the residual cake water after filtra-
tion was recovered after only one displacement washing (N = 1). This ratio
is typical of belt filter washing.
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Table §5.3-17

LABORATORY BATCH FILTER RESULTS
(120 m} FILTER CELL)

Differential Average Specific Cake Residual Feed Filtrate
Pressure Filtration Rate  Resistance (?& Cake Moisture Solids Kt
Run{1) (psig) (gph/£t2) (ft/1b x 10-10) (wtX) {wtX) (wtX) Comments
FC34 (2) 10.2 324 0.8 74 11.6 5.4 B-25A/25 ppm
FC39 (2) 20.3 312 (0.2) n . 10.7 5.4 "
FC38 (2) 35.5 510 1.2 n 9,2 4.9 “
FC37 10.2 420 0.6 65 11.9 4,7 "
FC25 20.3 162 2.4 65 11.6 5.3 o Flocculant

fotes:

(1) Two undigested FBG char slurry samples, shipped from Baytown 11/28/79. One sample used for FC34 through FC39.
PZ40 screen filter media vsed. '

(2) Cake washing experiments carried out after these runs (see Figure 5.3-12).

(3) Obtained from constant pressure filtration equations as described in Purchas, D, B., Solid/Liquid Separation
Equipment Scaleup, Uplands Press Ltd., Croydon, England, 1977, p. 42 ff.




Figure 5.3-12

CCG SOLIDS WASHING
FILTRATE K+ CONCENTRATION
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POTASSIUM RECOVERED FROM RESIDUAL
CAKE WATER VARIES WITH WASH RATIO

100 {
90}~ |
Maximum
I Recovery
a
a .
s
e
wi
>
o
<o
w
o
+
¥
.\Q
i 1 i ] ]
3 4 5
- WASH RATIO
(WASHWATER/RESIDUAL CAKE WATER)
Note-:

(1) Based on K*content of residual cake water after filtration, using distilted wash
water.
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These data show that filtration with a displacement wash will recover
significantly more K* than filtration without cake washing. Cake washing
should reduce the number of filtration/reslurry stages in the cataiyst
recovery process.

Farticle Attrition

Particle size distribution has a large effect on the solid-Tiquid
separation of a slurry. Flocculants cause particles to form agglomerates,
increasing the effective particle size and making solid-1iquid separation
easier. On the other nand, attrition of particles due to fluid shear
in pumps and pipes has the opposite effects and is undesirable. In order
to quantify attrition due to fluid shear, PDU and FB& char slurries were
subjected to known shear rates in a small-scale attrition rig. The par-
ticle size distributions of the slurries were measured with wet sieving and
an automated stream scanning device (on the < 44 m material) before and after
attqition. Some of these size distributions were confirmed with an image
analyzer.

The attrition was carried out in a couette flow viscometer in which a
3.8 on diameter armature rotates at speeds up to 1700 RPM inside a 4.2 em
diameter cup. The narrow annulus provides a nearly uniform and known shear
rate. Stagnant zones in the cup have been eliminated as much as possible.
The maximum shear rate of this unit (270 sec~1) corresponds to the average
shear rate of low speed (low shear) centrifugal pumps. Progressive cavity and
piston pumps have generally lower shear rates (about 100 to 400 sec~l and 1
to 20 sec~i respectively).

The results from this attrition study indicate that attrition of
a PDU char and fines slurry occurs at a Tow and uniform rate at highest
shear rate tested (270 seC'l). Particles in tne 300-800 mm range decreased
at the rate of 12 wt¥/hr; particles in the 1-10 mm range increased at the
rate of 5 wt%/hr. These rates should be sufficiently low that no adverse
effect on solids-1iquid separation of unflocculated char is 1ikely under
ordinary CC& plant operating conditions. Slurry from the Fluid Bed Gasifier,
which typically produced more dense chars than the PDU, did not attrit even
after 12 hours at 270 sec-l. The attrition of floccilated char was not
studied, nor were tests of the filterability of attrited slurry carried out.
Such tests will be needed to establish shear stability of flocculated char
and to confirm that attrition does not adversely affect filterability.

Particle size measurements of the PDU slurry, made by an image analyzer

did not indicate any change in particle shape or geometiry, due to attrition.
The particles appeared to break randomly; they did not seem to be eroded.

5.3.5 Envirommental Control: Water and Solids Effluents

The overall objective of this environmental control program was to
collect water and solids effluents data for an assessment of the potential
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envirommental impact of the CCG process on a commercial scale. The sampling
programs which provided effluents data can be divided into a pre-PDU-startup
program and a PDU stream sampling program.

Pre-~PDU-Startup Program

Before the startup of the CCG PDU, Time-~digested and undigested char

samples from bench-scale catalyst recovery experiments were examined to deter-

mine the level of potential environmental hazard. Samples were first leached
according to the U.S. Envirommental Protection Agency (EPA) Extraction Pro-
cedure (EP). The leachates were then analyzed for phenols, halides, sulfur
species, organic and inorganic nitrogen species, cyanides and carboxylic
acids. As indicated by the resuits in Table 5.3-18, the sample leachates
have low levels of contaminants. Both samples are almost identical, sug-
gesting that 1ime digestion of the spent chars does not have an impact on
the leachate pollutant level. Detajled metal analyses in Table 5.3-1S show
that the metal contents are well below 100 times the primary drinking water
standard, which is the EPA‘*s hazardous waste criterion according to the
Resource Conservation and Recovery Act (RCRA). Therefore, based on the
bench-scale samples, the CCG spent chars appear to be non-hazardous and
suitable for disposal in a nmon-hazardous waste handling facility.

PDU Stream Sampling Program

To better characterize the char waste and to begin the characterization
of water effluents generated by the CCG process, a comprehensive PDUJ sampling
program was instituted during the first quarter of 198l.

An important consideratior in developing an effective POU waste strean
sampling plan was to identify ihe PDU waste streams that correspond to
streams expected in commerciai scale coperation. The streams identified in
this study are only the onsites process wastes which comprise about 50% of
the wastewater load from a commercial plant.

In the commercial plant operation, feed coal is dried, catalyzed, and
fed into the gasifier which operates at about 1300°F and 500 psia. Product
gas from the gasifier is scrubbed in a product gcs venturi scrubber. 'The
scrubber slurry enters a sour slurry stripper. The stripped slurry is then
filtered and the filtrate recycled to the catalyst recovery umit (CRU}. The
filter cake is sent to off-site disposal. Gas leaving the product gas
venturi scrubber passes through a series of condensers to remove water and
water-solubie components. The condenser overhead gas is subsequently treated
to remove ammoria in an ammonia scrubber prior to entering the acid gas
removal unit and the cryogenic methane reccvery unit. A1l wastewaters from
the condensers and the ammonia scrubber, which constitute about 95% of the
total process wastewater., are sent to the sour water strippers. The strip-
ped water is discharged at a rate of 2,000 gpm. Gasifier chars are also |
sent to the CRU. Solids, with 70¥ water content, are discharg=d from this
unit as a filter cake at a rate of 8,000 ST/SD (wet basis), based-on Catalyst
Recovery Screening Study Case 2.
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Table 5.3-18
CCG SPENT CHAR LEACHATE ANALYSES

(PRE-PDU-STARTUP)

Digested Char(1) Undigested Char
Leachate Leachate
ppm
Phenols(2) 1.4 _ 0.65
Fluoride <1 <1
Chloride <10 < 10
Bromide <5 <5
Nitrate 15 k|
Phosphate <10 <10
Sulfide(2) <10 - < 10
Sulfate 49 - 29
sulfite(2) < 100 <100
Thiosulfate < 100 < 100
Cyanide (total)(2) 0.70 1.0
Cyanide (free) 0.06 0.07
| Thiocyanate(3) <0.04 <0.04
Amonia(2) <1 <1
Total Nitrogen (Kjeldah1)(2) 2 2
Other Carboxylic Acids(3) < 10 each < 10 each

Notes:
(1) Small aiur. of gelatinous-1ike material present.

(2) No special collection or preservation procedures--values are likely
underestimated.

(3) n-C3, i-Cq, n-C4, i- and/or n-Cs.
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Table 5.3-19
CCG SPENT CHAR LEACHATE METAL ANALYSES BY ICPES

(PRE-PSU-STARTUP)

Digested Char

Undigested Char

Leachate Leachate
ppm

Ag .0116 < .0068
Al «377 1.27
As .0454 < 025
B 1.94 1.05
Ba R 457
Be .0023 .0023
Ca 2760. (3) 123.
Cd .029 0206
Co .0231 .0394
Cr < 0011 < .0011
Cu < .0006 < .0006
Fe .088 1
K 38.2 220. (2)
Li .0379 .0349
Mg 10.2 6.45
Mn .682 541
Mo (.0234) < 012
Na .923 1.33
Ni .168 .208
4 (.0658) < .Ga5
Pb {.034) < 017
Pt < .24 < .28
Sb < .023 < .023
Se- < 058 < .055
Si 43.8 39.4
Sn (.0193) < .016
Sr 1.78 .739
Ti .0213 < .0005
T < 026 < 026
v < .017 < 017
In .82 .963
Hg(1) < .2 ppb < .2 ppb

Notes:

( ) Vvalue may not be significant.

(1) By atomic absorption.

(2) vaiue cut of range, requires further dilution.

(3) Lime addition.
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Figure 5.3-14 shows the flow diagram of the PDU. The feed coal is
treated in a preoxidizer before entering the gasifier which operates at
1300°F and 500 psia. The product gas is first filtered to remove the fines
and then scrubbed in a scrubber (T-2) to remove Hss and remaining entrained

solids. The scrubbed gas is then sen: to the acid gas removal unit (MEA
treating) and the cryogenic methane recovery unit. The scrubber purge enters
a sour water stripper %T—3) at a rate of 22 gal/hr. It is stripped and then -
sent to the refinery wastewater treatment system.

PDU gasifier char and fines are also fed to the CRU as is done in the
commercial plant. &fter the catalyst is extracted by water wash and fil-
tration, the solid waste (filter cake) is shipped off-site for disposal.

Sampling Program Streams

The selection of PDU streams for the sampling program was based on their
relationship to the commercial plant waste streams. Table 5.3-20 presents
the commercial plant waste streams and identifies corresponding PDU streams.

The preoxidizer scrubber (T-1) purge is similar to the commercial plant's
feed coal drier scrubber purge which constitutes less than 5% of the total
process wastewater and has relatively Tittle impact.

The product gas venturi scrubber purge is also of coacern although it
is eventually recycled back to the CRU and dees not leave as wastewater.
"It discharges to a sour slurry stripper at a rate of 370 gpm. The design of
a sour slurry stripper is not as well-developed as that for a sour water
stripper. An analysis of the product gas venturi scrubber purge is necessary
to provide the design information for the sour slurry stripper. Since this
stream has no direct counterpart in the PDU, a sample was simulated by com-
bining the PDU T-2 scrubber effluent and the filter fines collected upstream
of the T-2 scrubber.

The PDU T-2 scrubber purge is similar to the feed to the commercial
plant's sour water strippers and represents the unstripped, untreated CCG
wastewater. PDU's T-3 sour water stripper effluent was selected as being
the stream closest to the commercial plant sour water strippers effluent.

It may have a higher pollutant level than the commercial stream because it is
only steam-stripped once and at low efficiency while the commercial stream
is first stripped of ammonia and then further stripped to a high level of
efficiency in an HpS stripper.

The largest solid waste stream in the commercial plant is from the .
Catalyst Recovery Unit (CRU). The PDU CRU filter cake should be very similar
to the commercial stream. .

Sampling Strategy

An efficient way of obtaining the most useful data is to follow .a staged
sanpling and analysis approach. This approach is outlined in the _l.l:._S.__ E?A
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Table 5.3-20

MAJOR CCG LIQUID AND SOLID WASTE STREAMS

COMMERCIAL PLANT VS. PDU

Commercial Plant Stream

e Liquid Waste Streanms
(% of Process Wastewater(1))

+

Entrained Dryer Flue Gas
Scrubber Purge (5%)

Product Gas Condensates(2):
- Intermediate Separator Sour
Water (330°F)
- Final Separator Sour Water
(120°F)

HpS/NH3 Strippers Effluent (95%)

Product Gas Venturi Scrubber Purge(3)

o Solid Waste Streams
(% of total solid waste)

+ Catalyst Recovery Unit (CRU)

Solids (99%)

Notes:

Closest Corresponding PDU Stream

Precxidizer Effluent Gas
Scrubber (T-1) Purge

T-2 Scrubber Water

T-3 Sour Water Stripper
Effluent

Mixture of:
- Product Gas Filter

Fines
- T-=2 Scrubber Hater

Catalyst Recovery Unit
(CRU) Solids

(1) The total flow of process wastewzter only comprises 50% of the entire
wastewater load from a commercial plant.

(2) Enters HpS/NHg Strippers.

(3) Recycles back to CRU as process water.
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Industrial Environmental Research Laboratory's guide for "Level 1 Environ-
mental Assessment® (“EPA IERL-RTP Procedural Manual: Level 1 Environmental
Assessment®, 2nd ed., October, 1978, EPA-600/7-78-201). The first stage

consists of taking grab samples and time series samples. The grab samples
are analyzed extensively to determine, within a factar of 3, the rates of

pollutant production. The time series sampies, however, are only analyzed
for a few parameters to determine the variability of pollutant production.

Based on results of this first stage sampling and analysis program,
streams containing significant levels of pollutants, and streams having
the Jeast variability, can be selected for an exhaustive analysis during
the second stage sampling program. Particuiar types of pollutants can also
be selected for a cioser examination. Data from the second stage sampling
program provide specific information for a quantitative assessment of the
pollutants resulting from a process such as CCG. In addition, these data
enable laboratory experiments to be designad to identify treatment and dis-
posal processes.

Analytical Methods

Metals were analyzed by Inductively Coupled Plasma Emission Spectroscopy
(ICPES). Detailed organic analyses were done by gas chromatography/mass
spectroscopy (GC/MS). A1l other parameters reported herein were analyzed
according to the fifteenth edition of “Standard Methods®" {®Standard Methods .
for the Examination of Water and Wastewater®, 15th ed., 1980, APHA-AWWA-WPCF). ‘

CRU solids were extracted by both the ASTM Method A procedure and the
EPA'S EP procedure. The EP leachate was only analyzed for metals as this ‘
is the regulatory compliance requirement cutlined in May 19, 1981 Federal |
Register. The ASTM leachate was analyzed for all other parameters as it is

more representative of conditions which would be anticipated at a CRY solids
disposai site.

- Data Analysis

The first stage sampling program was completed at the PDU. Grab samples
of the selected streams were taken. Time series samples were also taken for
the four Tiquid waste streams at two-hour intervals over a twenty-four hour
period.

Comprehensive analyses of the grab samples included physical properties,
inorganic-non-metal parameters, organic parameters, and metals. They are
presented in Table 5.3-21.

ﬂi%sica‘l roperties include pH, alkalinity, total solids (TS), suspended
solids (SS), volatile solids (VS), and 0i1 2nd grease. The pH of all the
waste streams are on the alkaline side ranging from 8 to 9.5. Except for
the preoxidizer scrubber purge, all liquid waste streams are extremely weil
buffered with the alkalinity values ranging from 20,000 to 90,000 ppm. The
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Tadle 5.3-21

CHEMICAL ARALYSES OF PDU WASTE
STREAM COMPOSITE SAMPLES (PPM)

Preoxidizer Simulated T-2 1-3 CRU
Scrubber Product Gas Scrubber Stripper Sotids
Purge Scridber Purge Purge Efflvent Leachate
Physical Properties
pH 9.5 8.6 8.0 9.0 10.8
Alkalinity 1,100 87,400 53,500 20,000 1,550
Ts 1,246 52,206 1,528 756 -
TS 978 20,006 1,192 432 -
TsS 268 32,200 336 328 -
vS 200 22,700 1s 282 -
0i1 & Grease - * - 25 -
Inorganic Non-Metal
5" - - 330 214 -
= - - 20 3 4
3 S - - - - -
S as S - 240 6 4 275
as S - 180 - 10 7
TJotal S - 390 760 480 280
CN-/SCN~ 3 1 1 7 2
- 540 430 280 190 110
MH3 as N - 6,500 7,500 7,200 -
Total N 1 7,200 7,500 7,200 -
400 27,000 24,000 7,100 700
Orqanic
BODg 360== 35 120 .
cob 20 8,750(8,400 1,000**(4,400) 1,900(1,250 -
T0C 400~ 2,500(2,600 1,000*=(1,350 760 (
Phenols 6 3 10 50 -
Naphthalene - 567 519 255 -
Phenanthrene - 128 68 16 -
Total
Extractable * 2,790 1,470 415 -
Organics
Metals
N 0254 0051 ~0051 0051 0051
As -105 o1 228 021 0377
Ba 314 0735 634 0553 548
Ccd 0478 0088 .0095 <0035 - 0119
Cr 0618 004 -0258. 0896 0015
K 53.9 11,700 60 57.4 927
P 105 016 016 017 0233
Se 294 J24 243 145 021
m L . * < - .w1

«: not detectable
*: 0ot analyzed
**: suspect values

( ); calculated value based on GC/MS analysis
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alkalinity normally observed in a refinery wastewater is about 4,000 ppm.
This high alkalinity would present a problem in pH adjustment if not reduced
(i.e., in the sour water stripper). For example, a large acid dose would be
required to bring the pH into the optimum ranges suitabie for variocus treat-
ment processes such as solids removal, biolegical oxidation, and carbon ad-
sorption.

The suspended solids (SS) content in both the T-2 scrubber purge and the
T-3 sour water stripper effluent is about 300 ppm, which is higher than the
expected 50 ppm. This implies that the product gas filter upstream of the
scrubber may have not been functioning properly at the time the samples were
collected. /Fbout half of the suspended solids in all of the liquid waste
streams are volatile solids. Therefore, removing the suspended solids would
remove a considerable amount of organics. The total dissolved solids (TDS)
level for T-2 and T-3 effluent is 1,200 and 400 ppm respectively. They
are close to what is normally observed for refinery wactewater, which
is about 1,000 ppm. CRU solids leachate has a high pH of about 11. This 43
due to the potassium catalyst content. ~

Inorganic non-metal parameters include sulfur species, chloride (C1-),
Cyanide (CN~), and ammonia {NH3). The preoxidizer scrubber purge has a low
level of sulfur and nitrogen compounds, less than 3 ppm and 10 ppm respec-
tively. Most of the nitrogen in the waste streams is in the form of ammonia.
The ammonia level in the simulated product gas scrubber purge, as well as in
T-2 and T-3 effluents is about 7,000 ppm. This level is toxic to biological
activities, and ammonia stripping will be necessary prior to any biglogical"
ireatment of this wastewater. The similar amonia levels in T-2 and T-3,
indicates that the PDU sour water stripper (T-3) has a poor stripping ef-
ficiency. Examination of the T-2 scrubber water analysis shows that it
does not contain any species such as organic acids that would cause diffi-
culties in stripping. Therefore, a better tower design should be able to
strip the amonia and sulfide to desirable levels. The removal of ammonia
may also reduce the alkalinity and alleviate the pH adjustment problem
mentioned earlier. The sulfur compounds in the CRU leachate are about
300 ppm, and. the nitrogen compounds are not detectable.

Organic parameters include biochemical oxygen demand (BOGD), chemical
oxygen cemand (COD), total organic carbons {TGC), phenols, and total extract-
able organics. The last item was analyzed by GC/MS, and further details of
the analyses for the three streams tested are included in Tables 5.3-22,
5.3-23, and 5.3-24. The BODg, COD, and TOC levels of the preoxidizer scrub-
ber purge are suspect. The 0D should be lower than the COD because COD is
a measurement of both the biodegradable and the non-biodegradable organics.
The TOC Tevel should be Tlower than the COD level because for every gram of
caibon oxidized there should be at least 2.5 grams of oxygen. For the same
reasgn, the TOC and COD levels of the T-2 scrubber purge are also suspect.
The inconsistency of the data is due mainly to sample degradation caused by
the long holding time which went beyond the effective period of the sample
preservation methods. Although these data points are not used in the data

analyses, they are presented here as the best available data based on
replicate analyses.
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GC Retention Time
(Minutes)

Table 5.3-22

SIMULATED PRODUCT GAS SCRUBBER PURGE

2.45
5.23
6.98
7.51
9.01
9.16
10.42
11.06
11.77
1z.21

12.66
13.78
13.93
14.62
14.78
16.08
16.31
16.56
17.30
17.46
17.54
17.69
17.76

17.84
18.13
18.39
18.50

18.67
18.81
19.03
19.26
19,44
19.56
19.61

20.08

Compound

Benzene

Toluene

Ethylbenzene?

a dimethylpyridine?
Phenol

Aniline?

Benzofuran

o-Cresol

m+p-Cresol
5-Ethyl-2-methylpyridine
or N-Ethylaniline?

a dimethylphenol?

a dimethylphenol?

a dimethylphenol?
Naphthalene
Benzo[b]Jthiophene
Quinoline

a Cg phenol

Isoguinoline
2-Methylnaphthalene
Indole

a methylbenzo[b]thiophene?
2-Methylquinoline
1-Methylnaphthalene (+ a
methylbenze[b]thiophene)
8-Methylquinoline?
3-Methylquinoline?

a2 methylquinoline?

a methylindolizine or

a methylindole? (CgHgN)
5-Methyiquinoline?

a methylguinoline

a methylindolizine or

a methylindole?

3iphenyl
4-Methylquinoline?

a methylindolizine or

a methylindole?

a methylindolizine or

a methylindoie?

"a dimethylquinoline?

a dimethylquinoline?

a dimethylnaphthalene?
Acenaphthylene

A dimethylindole or

a dimethylindolizine?
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GC Retention Time
(Minutes)

21.49
22.14
23.14
23.60
23.76
23.87
24.01
24.17
24.34
24.51
24.78
25.40
25.63

25.99
26.16
26.83
27.48
27.60
27.75
28.17

28.49
28.73
28.79
29.39
29.50
29.63

29.81

29.93
30.42
30.49

30.75
31.80
32.34

32.79
33.17
34.68
24.95

35.03
35.18

Table 5.3-22 (Cont'd)

Compound

Acenaphthene
Dibenzofuran

CqoHoN?
F}uorene

a me%ﬁ&ﬂbenzofuran?
Xanthene

9 16-D1hydroxphenanthrene
3—Hydroxyb1pheny1?

trans-Stilbene?

a methylfluorene?

Dibenzothiophene

Phenanthrene

Anthracene

Acridine?

C13HoN? (a benzoquinoline?
phenanthridine?)

Carbazole

HgN?
1~gheny1naphtha1ene-
a methylphenanthrene?
a methylphenanthrene?
a methylphenanthrene?

4H-CyclopentaldefIphen-
anthrene?

a methy]phenanthrene
S o et
a tetr ro-
16 14 f]uoranthzge?)
2-Phenyinaphthalene
4,5-Dihydropyrene?
Fluoranthene

C14H) 2Ho?

Pyrene

Benzo[ aJfluorene?
Benzo[b]fiuorene?

a methylpyrene?
2-Benzylnaphthalene
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GC Retention Time
(Minutes)

Table 5.3-22 (Cont*d)

35.35
36.47
37.13

37.30
38.15
38.34
42.39

Compound

CigHia

Cl&“lf .

Benzo[bJnaphtho[l.2-D1di~

c thiophene?
Hya4?

Bégztg]anthracene

Chrysene

a benzofluoranthene?

ngH}z (perylene?)

Total Amount Unidentified

Total
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Table 5.3-23
T-2 SCRUBBER PURGE

GC Retention Time Concentration in Water
{(Minutes) Compound (ppm)
2.44 Benzene 2.4
5.30 Toluene 13.0
7.34 a dimethylpyridine? 0.9
8.90 Phenol 30.8
9.06 Indan? 4.3
10.46 Benzofuran? 6.3
10.97 o-Cresol 5.4
11.64 m & p-Cresol 23.5
13.70 a dimethylphenol? 2.2
13.80 a dimethylphenol? 2.4
14.63 Naphthalene 519
14.77 Benzo[bklthiophene 29.0
15.83 Quinolinz 18.0
16.35 Isoquinoline 4.2
17.28 2-Methylinaphthalene 59.3
17.31 Indole? 5.1
17.66 1-Methylnaphthalene 28.6
18.08 3-Methylquinoline? 1.4
18.57 S«Methylquinoline? 2.7
19.24 Biphenyl 17.0
19.51 a methylindoie or
a methylinodlizine? 3.9
19.75 a dimethylnaphthalene 10.8
20.08 a dimethylnaphthalene 6.6
20.14 a dimethylnaphthalene 4.7
20.69 Acenaphthylene 8.4
21.46 Acenaphthene 6.9
22.11 Dibenzofuran 13.0
23.53 Fluorene 31.3
25.36 9,10-Dihydrophenanthrene 5.8
26.78 Dibenzothiophene 13.8
27.38 Phenanthrene 68.1
\ 27.53 Anthracene 16.2
| 28.37 Carbazole 10.2
29.37 a methylphenanthrene 4.0
29.55 a methylphenanthrene 6.0
30.72 a2 methylbenzothiophene 4.2
32.26 Fiuoranthene 26.6
33.12 Pyrene 29.6
34.64 Benzo[ alflucranthene? 8.0
34.91 Renzo[b Ifiuoranthene? 8.1
38.14 Benzo[ ajanthracene 5.5
38.32 ghrysene 11.1
42.37 20H12 3.3
43.31 C20H12 3.2
: . Total Amount Unidentified 338.3
Totql 1470.0
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Table 5.3-24
T-3 STRIPPER EFFLUENT

GC Retention Time Concentration in Water
(Minutes) Compound (ppm)
- 8.74 - Phenot ' 0.8
10.93 o-Creso] 0.1

11.56 m & p-Cresol 0.6
14.48 Naphthalene 259
14.64 Benzo{bJjthiophene 8.9
17.25 2-Methylnaphthalene 8.3
17 .66 1-Methylnaphthalene ' . 3.5
19,29 Biphenyl 4.6
21.51 Acenaphthene 2.2
.17 Dibenzofuran ' 1.0
23.55 Fluorene 7.1
27.38 Phenanthrene ' 15.6
28.41 Carbazole 0.2
32.31 Fluoranthene 0.1
33.13 Pyrene . 0.2

Total Amount Unidentified "33.6

Total 415
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The GC/MS results indicate that naphthalene constitutes about 20% of the
total organics for the simulated product gas scrubber purge, 30% for the 7-2
scrubber purge, and 65% for the T-3 sour stripper effluent. The second
highest organic compound is phenanthrene which constitutes about 5% of the
total organics for all three waste streams. The theoretical COD and TOC for
these three waste streams are also calculated based on the GC/MS analyses.
They are close to the measured values for the simulated product scrubber
purge. For the critical T-3 stripper effluent, the theoretical values are
from 50% to 65% of the measured values. It should be noted that the level
of organic compounds as measured by GC/MS in T-3 is considerably lower than
that of T-2. This may be due to process variability and not due to strippina.
Therefore, the stripped effluent in the commercial plant could contain higher
organic level than indicated by the analysis. Additional verification of the
organic components will be obtained from th: second stage sampling program.

The BODg to TOC ratios of the waste streams range from 0.12 t070.37,
while the typical values observed for refinery wastewaters are about 2.75
(Eckenfelder, W. W., "Water Quality Engineering for Practicing Engineers,”
Barnes and Noble, New York (1970)). This suggests that the portion of non-
bicdegradable organics is higher in the PDU wastewater than a typical re-
finery wastewater. This may be due largely to the non-biodegradability of
naphthalene although the toxic effect of ammonia may also contribute to the
low BOD. HNaphthalene has been shown tc be biodegradable at low concentra-
tions of up to 5 ppm (Tabak, H. H., et al., "Biodegradability Studies with
Organic Priority Pollutant Compounds" (draft), U. S. EPA MERL Water Research -
Div.; and Treatability of Carcinogenic and Other Hazardous Organic Compounds,
August, 1979, EPK-BUG¥2-7§-G§7S, gut its biodegradability at higher concen-
tration is not well known. The influent to the commercial plant's wastewater
treatment facility, however, may be more biodegradable because the gasifier
wastewater will have been stripped of ammonia and will not contain the
inhibitory level of ammonia found in the PDU wastewater. In addition, the
process wastewater can be diluted by non-process water such as cooling tower
blowdown, boiler blowdown, and storm water run-off, making it more biodegrad-
able. Further BOD analyses during the next sampling program and the future
treatability study will be conductad to clarify this issue. The BOD analyses
will impact on the level of stripping required for the sour water stripper.
For example, at the currently reported wastewater BOD level, very little
ammonia will be converted in the biox unit. Therefore, the sour water
stripper will have to strip the ammonia down to sbout 20 ppm so that the
biox unit discharge will meet the effluent standard. On the other hand, if
a higher wastewater BOD can be obtained, then a higher ammonia level in the
biox unit influent will be acceptable.

The COD to TOC ratios of the waste streams are from 2.5 to 3.5, while
refinery wastewaters are typically around 5.4 (Eckenfelder). This may be
because the inorganic oxygen-demanding refinery wastewater compounds such as
those from sulfur processing are not found in the PDU wastewater.

The CRU solids leachate has a very low Tevel of orgenics which were not
detectable by the GC/MS method.
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The metals content of all the 1liquid streams are below the levels
inhibitory to biological oxidation, except for the simulated product gas
venturi scrubber purge (Wastewater Engineering Treatment/Disposal/Reuse,
Metcalf and Eddy, Inc., 2n . . e potassium level 1n the simu-
lated sample is toxic to biological 1ife. However,-since this stream will
be recyclied back to the CRU, its potassium level is not a concern for the
wastewater treatment design. The metal content of the CRU solids leachate
is below the EPA hazardous waste standard which is 100 times primary drinking
water standard (PDWS). If a more stringent standard of 10 times PDWS is
applied, which might be proposed by EPA in the future, the CRU solids would
sti}1 ?e clasggfied as non-hazardous. Detailed metal analyses are included
in Table 5.3-25.

Waste Load Variability

Parameters measured for the time series samples were pH, total suspendec
selids (TSS), total organic carbon (TOC), total Kjeldahl nitrogen (TKN), and
total sulfur (TOT S). The variability data indicated that aside from pH,
most parameters have log normal distributions. The peak Toad to a treatment
facility is defined as the 95% upper confidence limit (UCL). Table 5.3-26
presents the peaking factor of each stream in terms of the UCL to mean (M)
ratio (Table 5.3-27 contains more of the variability information). However,
these factors are based on 24 hour data, and represent only the 24 hour -
fluctuation. To design treatment processes to function properly under
varying loading conditions, additional data over ‘a longer period must be -
obtained to calculate the sustained peak mass loadings.

Considerable variability of all five parameters was observed for the pre-
oxidizer scrubber purge. The peaking factor of both the TOC and total sulfur
was close to 2.0. The TKN peaking factor was 4.0. Since this stream con-
stitutes a relatively small portion of the CCG wastewater, its variability,
although high, should have 1ittle impact on the wastewater treatment system.

: The variability of the simulated product gas scrubber purge was similar
to the T-2 effluent which makes up 90% of the sample. The total sulfur
content peaking factor of the T-2 scrubber purge is 1.6, which is about the
same as the T-3 stripper effluent.

Normalized CCG PDU Wastewater Pollutant Load

Table 5.3-28 compares the predicted PDU wastewater pollutant load with_
literature values for wastewater from other gasification processes. All waste-
water pollutant levels are normalized to 1b/ton of coal feed and represent the
unstripped, untreated gasifier wastewater. The PDU pollutant load is based on
the analyses of the T-2 scrubber purge.

Since accurate waste stream flow measurements as well as gas stream data

were not available at the time of sampling, a complete material balance could
not be obtained. Because of the material balance problem and the large scale
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Table 5.3-25
DETAILED PDY WASTE SAMPLE METAL ANALYSES (PPM)

Simulated
Preoxidizer Product Gas T-2 Scrubber T=-3 CRU Solids

Scrubber Purge  Scrubber Purge Purage Effiuent Leachate
Ag < .0254 < .0051 < .0051 < .0051 < .0051
Al 3.06 < .011 < 011 .0829 0745
As < .105 262 .228 < .021 {.0377)
B .539 28.8 17.9 8.58 3.67
Ba .0314 .0735 .0634 .0553 .848
Be < .006 (.0033) < .0012 < .0012 < .0012
Ca 2.35 6.18 .186 2.85 123.
Cd < 0474 (.0098) < .0085 < .0085 {.0119)
Co (.0293) .0041 < .0041 < .0041 .109
Cr .0618 (.004) .0258 .08% < .0015
Cu 918 < .0004 < .0004 < .0004 .0248
Fe 2.63 10.4 < .0023 ; .0378 .0593
K 53.9 11,700 60, 57.4 927.
Li < .0015 - .164 < .0003 .0013 .0356
Mg -382 2.42 .082 .195 2.07
Mn 0176 .0237 .0314 .0032 527
Mo (.0424) .554 0262 (.244) < .0083
Na 41.6 93.8 1.74 1.72 11.3
Ni (.198) (.0358) < .013 .0533 3.02
P 1.21 2. .188 .994 .254
Pb < .105 < .016 < .016 (.017) {.0233)
Pt < .379 < .076 < .076 < .076 < 076
Sb (.239) < .031 < 031 < .031 < 031
Se (.294) .124 .243 145 < .021
Si 2.72 24, 2.86 7.48 25.
Sn < .0798 < .016 < .016 < .016 < .016
Sr .011 .287 .0362 .0499 1.55
Ti .0383 2.82 .248 132 < 0011
T < .0489 < .0098 < .0098 .237 < .0098
U (.413) < .029 < .029 < .029 {.0837)
v < .0454 .751 .0091 11 < .0091
W < .289 .309 < .06 < .06 < .06
In 919 .164 11 136 1.38
Hg** * * k4 +* 1 ppb
( ): value may not be significant

*: not analyzed
i

by atomic absorption
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Table 5.3-26
PEAKING FACTORS (UCL/M) OF PDU WASTE LOAD

Stream pH

Preoxidizer Scrubber 1.1
Purge

Simulated Product Gas 1.08

Scrubber -Purge

T-2 Scrubber Pu-ge 1.08

T-3 Sour Water 1.08

Stripper Effluent

Definition of Terms:

_ss
6.9

1.7

3.3
4.9

UCL: 95X upper confidence limit

M: mean
SS: suspended solids
TOC: total organic carbon
TKN: total kjeldahl nitrogen
TOT S:  total sulfur
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Toc
1.7

2.0

2.8
1.6

TKN T0T S
4.0 1.9
1.3 1.5
1.2 1.6
2.5 1.5



Stream

Preoxidizer
Scrubber Purge

Simulated
Product Gas
Scrubber Purge

T-2 Scrubber Purge

T-3 Sour Water
Stripper Effluent

Definition of Terms:

Table 5.3-27

POU WASTE LOAD VARIABILITY

M: mean
UCL:
LCL:

BH

M=7.6
20=0.75

M=9.3
20=1.5

M=7.9
20=0.6

M=9.8
20=0.8

95% upper confidence limit
95% lower confidence limit

SS: suspended solids

TOC:
TKN:
TOT S:

Note:

total organic carbon
total kjeldahl nitrogen
total sulfur

ss

M=304

UCL=2,085

LCL=44

M=60,500
UCL=
89,950
LCL=
35,900

F=15*
UCL=50*
LCL=0*
M=7

UcL=34
LCL=0

T0C

M=13
ucL=20
LCL=8

M=38
UcL=74
LCL=19

M=16
UCL=44

LCL=6
M=12

UCL=19
LCL=8

TKN 70T S
M=3 M=25
UCL=l2  UCL=46
LCL=0  LCL=13
M=7,500  M=380

UCL=9,500 UCL=580
LCL=5,900 LCL=250

M=8,280 M=41%
UcL= UCL=650
10,200

LCL=6,380 LCL=180

M=1,760 M=20
UCL=4,340 UCL=30
LCL=25 LCL=15

*Data do not show any distribution pattern; arithmetic mean is used
for M, highest and lowest values are used as UCL and LCL respectively.
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Table 5.3-28

COMPARISON OF COAL GASIFIER WASTEWATER POLLUTANT(1) (LB/ST CDAL)

Coal
Gasification Process
BOD

coD

TOC

Phenol

0il & Tar
Thiocyanate
Total Sulfur
NH3
Alkalinity

Notes:

Montana Rosebud

Source A(2)
27.1 + 34%
55.5 + 64%
22.1 + 69%
8.7 + 79%
1.8 + 44%
.067 + 105%
449 + 2%
14.0 + 29%
3.95 + 33%

(1) Raw-unstripped, unextracted.

(2) Neufield, R. D. and L. Matson, "Thiocyanate Bio-oxidation
35th Purdue Industrial Waste Conference, May 1980.

(3) Sum of cyanides and thiocyanates.

(4) N.A. = not available.
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Source B

66.5
103
N.A.(4)
21.8
3.2

.08
1.31
72.1
219

I11inois

ces

.42
4.2
1
.04

1
.004(3)
3.2
31.7
222.0

Kinetics",




difference between PDU and the commercial plant {1 T/D vs. 15.000 T/D), the
normalized PDU data are at best a qualitative indication of the CCG pollutant
load. In general, however, CCG wastewater poliutant levels as shown in the
table are Tower than those of the other two processes.

Underestimation of Solid Waste Pollutant Load

Based on the PDU data, the CRU solids are non-hazardous and are suitabie
for land disposal in a non-hazardous facility. However, the commercial plant
solid waste may have a higher pollutant load than estimated. BDuring the time
the CRU solids were sampled, the PDU product gas fines were not sent to the
CRU, while in the commercial plant, the product gas fines would be handied
by the CRU. Since the filter fines are believed to act as an adsorbent for
organics, their absence in the PDU solid waste may result in lower poilutant
levels. However, since RCRA, as currently written, is not concerned with
organics, the CCG solid waste would still be classified as non-hazardous.

Conclusions

Bs a result of the PDU waste sampling and analyses program, the fol-
Towing conclusions were drawn:

e Because of the large throughput difference between the PDU and the
conmercial plant, as well as the incompleteness of the data valid- .
ation, results from the first stage PDU sampling program gave only

qualitative indication of the pollutant load to be expected from the
CCG process.

¢ The pollutant load of the CCG wastewater is generally less than other
gasification processes, according to data found in the literature.

e The PDU wastewater contains a high level of ammonia due to the‘poor

stripping efficiency of the T-3 sour water stripper. In a commercial
design, the ammonia level should be lower.

o The level of organic compounds as measured by GC/MS was considerably
Tower in the sour water siripper effluent than that of the scrubber
water. This may be due to process variability and not due to strip-
ping. Therefore, the stripped effluent in the commercial scale could

contain a higher level of organic compounds than indicated by the
analysis.

o Naphthalene is the predominant organic specie identified in the pro-
cess wastewater.

o The PDU wastewater exhibits low biodegradability which may be caused
by the high proportion of refractory organics as well as the toxic

Tevel of ammonia. The biodegradability of the CCG wastewater is not
vell defined. .




e The hazardous metal content in the leachate of the CC& PDU solid
waste was below the 100 times primary drinking water standard
specified by RCRA. The organic level of the leachate was also Tow. .
Based on these results, the solid waste is non-hazardous and should
be suitable for land disposal in a non-hazardous facility. However,
the solid waste pollutant load of the PDU was probably underestimated
due to the absence of filter fines in the CRU solids. -

e There was considerable 24-hour variability of the suspended solids
(sS), the total organic carbon (TOC), and the nitrogen content of
the CCG PDU wastewater. Additional variability data covering a
longer period are necessary to better define the peak load to the
waste water treatment facility.

e Additional data will be needed to further characterize PDU waste
streams for biotreatability studies. :

Recommendations

The following recommendations were made:

e Acditional time series samples covering a period of two weeks should
be conducted to better define the waste load variability.

e Since the PDU has started sending product gas fines to the CRU, the

CRU waste stream should be resampled to upgrade the waste load
estimation.

® A second stage sampling program should be conducted in the near future
to provide additional information of the CCE wastewater quality and to
provide the basis for the design of a bench-scale treatability experi-
ment. Data to be collected during the sampling program include:

+ Operational data for the feed and effluent of T-1, T-2, and T-3
{(flow rate, temperature, pressure)

+ Gasifier operational data (steam to coal ratio, temperature,
pressure) . : -

+ Gas stream data (composition of product gas at the outlet of
the gasifier, composition of vapor leaving the T-3 -stripper;

+ Analytical data (physical properties, ihorganic analyses,
organic analyses, metal analyses) .

¢ A biotreatability study should be conducted to better define the bio~- )
degradability of the TCG waste water. 1In addition, other treatability
experiments (e.g., activated carbon adsorption, etc.) should also be
conducted to define effluent treatability and waste water treatment
parameters.
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5.3.6 Environmental Control: Atmospheric Emissions

The atmospheric environmental control program for the CCG Process
Development Progrzm identified and quantified potential atmospheric emission
sources for a conceptual commercial CCG plant. The results are presented
below as a preliminary emissiciis inventory. This completes the environmental
air ocontrol efforts for two objectives: +identify potential emission sources
and estimate their emissions quantity. A third objective, assess the air

quality impact and identify control alternatives for a commercial plant, was
not completed. :

Preliminary CCG Commercial Plant Emissions Inventory

The estimated emissions inventory, summarized in Table 5.3-29, was based
on the best available process information from the CCG Predevelopment Progrem
Final Report (FE-2369-24), and on anticipated U.S. regulatory reguirements.
The process and regulatory information is described in Table 5.3-30. Tables
5.3-31, 5.3-32, and 5.3-33 summarize, in order, expected ‘emissions from the
offsite boiler and coval dryers, expected emissions from the steam/recycle gas
preheat fired heaters. and expected fugitive particulate matter emissions.
Expected sulfur dioxide emissions from the sulfur recovery units are described
in Table 5.3-34. Particulate and hydrocarbon emissions from the coal/catalyst
preoxidizer exhaust and the low pressure coal lockhopper vents could not be
estimated since emissions data were not available. Information about these
process emissions should be obtained from tests at the PDU.

Noncriteria Pollutant Emissions

Based on tests conducted by the EPA on other coal gasification
operations, some trace releases are expected of noncriteria pollutants such as
HpS, COS, mercaptans. polynuclear organic matter (POM) and heavy metals from
process-related CCG cperations. However, since the CCG process converts heavy
organics to methane more efficiently than other processes, the quantities of
noncriteria poliutants emitted per ton of coal should be less than emitted by
other gasification processes.

The major sources in a CCG commercial plant which potentially
can release thase pollutants are: flared transient releases due to start-up
and process upsets, flared releases from the low pressure gasifier lockhopper
vents, fugitive emission from flanges, valves, pump seals, and liguid pro-
duct storage tanks, vented emissions from the coal/catalyst preoxidizer, and
emissions associated with spent char from the catalyst recovery unit.

The degree of concern that should be ascociated with these sources
in the CCG process will be determined through tests planned at the PDU. To
develop accurate estimates of nencriteria pollutant emissions for a commer-
cial plant will require testing at a larger sca’
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5360-002GFbs

Table 5.3-29

PRELIMINARY CCG EMISSIONS INVENTORY

SUMMARY OF ESTIMATED EMISSIONS FROM A CCG COMMERCIAL PLANT

Basis:

I11inois No. 6 Ceal

See Table 5.3-30 for assumptions and
operating conditions

Particulate(2)
Contributing(1) Matter s0,(2) NO, (2) Hydrocarbons co
Sources ST/SD ST7SD STIsb ST/SD

Steam Generation 0.95 19.0 16.0 0.45 1.5
Coal Dryers 0.2 4.2 3.7 0.1 0.4
Coal Handling 0.5 none none negligible none
(Fugitive
Emissions)
Lime Handling <0.1 none none rone none
(Fugitive
Emissions)
Waste Solids <0.1 none none negligible negligible
(Fugitive
Emissions)
Coal/Catalyst(3} ? 0.5 ? ? ?
Preoxidizer
Lockhopper Vent(3) ? negligible ; ? ?
and Transient
Emissions
Sulfur Recovery negligibie 7.2 ? negligible negligible
Units
Steam/Recycle Gas negligible negligible 2.0 negligible negligible
Preheat Fired Heaters
Fugitive Gaseous(3) nane negligible negligible 2 ?

Yapor Sources

Notes:

(1) Assumptions and operating conditions are presented in Table 5.3-30.
(2) Where pollutants and sources are likely to be subject to emission reguiations
such as the New Source Performance Standards (40 CFR, Part 60, 6-11-79), the

specified emission limits were applied.

nology (BACT) is assumed to be employed.

expected.

Otherwise Best Available Control Tech-
BACT for each process is described in

the following Tables 5.3-30 through 5.3-34.

No data are currently available describing transient emissions from these sources.

Sampling tests planned for the CCG PDU should indicate what pollutants can be



Table 5.3-30
CCG COMMERCIAL PLANT OPERATING ASSUMPTIONS

Operating assumptions are based on the CCG Predevelopment Program Final
Report (FE-2369-24).

Coal Quantity, Handling and Use

e Normal coal rate of 18,160 ST/SD of which 2,960 ST/SD is for boilers,
710 ST/SD is for dryers, and 14,490 ST/SD is for process.

e 400,000 ST storage in open pile.

e 14,000 ST staorage in each of two silos.

o Conveying operations move coal to silos, dryers {fuel and process coal},
and offsite boilers.

¢ Coal composition is as described in Table 4.2-1 of FE-2369-24.

Lime Quantity, Handling and Use

e 1,000 ST/SD used in catalyst recovery.
e 21,000 ST covered storage.
o Conveying moves the 1ime to catalyst recovery.

Waste Solids for Disposal

e 7,520 ST/SD (wet basis) total waste solids (includes sclids From cata-

1ys§ recovery, sour water stripping, lime softening sludge, anc boiler
ash).

e Ultimate waste disposal is offsite.

Emission Factors Developed from Process Information and Regulatory Standards

¢ Emission factors used are developed from AP-42 and FE-2369-24.
e Best Available Control Technology (BACT) is applied. These are process-
specific and are referenced in the individual tables.

¢ Boiler emissions will comply with proposed New Scurce Performance
Standards (NSPS) for utility boilers.
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Table 5.3-31

PRELTMINARY_EHISSION ESTIMATES FOR OFFSITE BOILERS AND COML DRYING

€CG Maximum

Allowable Emission
R te(sT

€CG Uncontrolled NSPS x.Hring Rate, aﬁﬁﬁﬁ{?gn Expected
Enlsslon Factor eisslonhate e r 2 b/ SR

Pollutant 1h/ST _coal b/sD 1b/50 NSPS % S1/50
Offsite Boilars
Boller Siza = 2,960 ST/SD Coal Fired (2,639 MBtu/hr)
Particutates 128.0 360,000 1,300 99.5 0.95
) 133.0 330,000 38,000 90,0 19
Ny 18.0 53,000 32,000 40.4 | 16
co 1.0 3,000 3,000 nla 1.5
Kydrocarbons - 0.3 %00 900 n/a 0.45
Coal Orying .
Oryer Size = 710-ST/SD Coal Fired {632 MBtu/hr)
Particulates 128.0 90,000 455 $9.5 0.2
502 133.0 95,000 9,500 90.0 4.2
N0k 18.0 13,000 7.500 40.4 .7
) 1.0 Mo 710 o/a 0.4
Hydrocarbons 0.3 | k] 213 n/a .1
Hotes:

(1) Emission Factors are from AP-42, Particulates, 16 x
18.0 1b/ST; €0, 1.0 1b/ST; hydrocarbons, 0.3 1b/ST,

(2) 40 CFR fart 60, 6-11-79, Proposed New Source Performance Standards (NSPS) for utility boilers. Particulates, 0.03 tb/

(% ash in coal) 1b/ST; 502, 38 x (X sulfur in coal) 1b/ST; KOy,

Hotu; SO2 9.6 tb/MBtu.or 90% reduction; KDy, 0.5 1b/MBtu; CO and hydrocarbons are not regulated under NSPS.



Table 5.3-32

PRELIMINARY EMISSIONS ESTIMATES
FOR _STEAM/RECYCLE GAS PREHEAT FIRED HEATERS

Basis: The total firing rate for the four preheat fired heaters is expected
to be abm(t 5% of the product SNG or about 13.5 GBtu/SD (1.35 x 104
MSCF/SD).(1) Ritrogen oxides (NO,) are the only pollutants of con-
cern. Other criteria pollutants should not be emitted in significant
quantities since the fuel is pipeline-quality gas. About 300 1b
NOx/MSCF can be expected with conventional tangently fired boiler
designs.(2 The resulting NOy emissions estimate follows.
Control
Control  Reduction
Emission(2) Emission Emission Stand?r? Required Expected
Factor Factor Feed Estimate  NSPS(3 to mig Emissians
Pollutant 1b/MSCF 1b/MBtu  MBtu/SD ST/SD 1b/MBtu NSPS ST/SD
NO, 300 0.3 13,500 2.0 5.0 None 2.0
Notes:

(1) Assume 1 MBtu/1000 SCF.

(2) Emission factor from AP-42, 1974.

(3) 40 CFR Part 60, 6~11-79, proposed New Source Performance Standards for utility
boilers.
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« Estimated(1)

Table 5.3-33
PRELIMINARY EMISSION ESTIMATES FOR FUGITIVE PARTICULATE MATTER

Estimated
Fugitive Perticulate
Contro1(3) Emissions
Reduction ¥ ST/SD
15 < 0.1
90 0.4
76 < 0.1
75 negligible
75 < 0.1

Total Fugftive Particulate Matter < 0.7 ST/SD

Average Number Matertal
Processing of Transfer Transferred Hateria! Stored
Area . Points Emfssion Factors(2) ST/SD ST
Coal Receipt 8 0.0034 1b/ST-transfer point 18,000 -
Codl Storage - 5.8 1b/5T-yr - 40,000
Coat
Preparation 8 0.0034 1b/SY-transfer point 18,000 -
Lime Receipts
Preparation 0.0034 1b/ST-transfer point 1,000 .
Haste Solids 6 0.0034 1b/ST-transfer point 7,500 (4)
Notes:
(1) The mumber of transfer points 1s. assumed based on an integrated terminaliing/coal preparation area using conveyors,
(2) Blackwaod, et al, federa! contract 68.02-1974,
(3) Emissions can be reduced 75-50% using Bast

4)

vented to baghouses at transfer points.
Waste disposal is not considered to be onsite and fs not included in the fugitive particulate estimate.

Available Control Technology including water sprays on coal storage piles and enclosures



Table 5.3-34

PRELIMINARY EMISSIONS ESTIMATES
FOR THE SULFUR RECOVERY UNITS {SRU)

Basis:

e Only SO is expected to be a major poliutant from this area.
(Other criteria pollutants may be present in trace guantities but
should have a negligible effect on overall plant emission rate.)

o 99% overall efficiency for HpS to elemental sulfur conversion. (1)

e Remaining 1.0% HoS and trace COS is emitted as SO2.

Resulting Sulfur Balance(2):

324 -g- gﬂfur produced = 356.4 -ssg- sulfur produced

356.4 'gsg' recovered X %gp_ = 360.0 %TD- S to SRU and

3.6 35 S to atm = 7.2 . S0p to atm

Notes:

(1) Achievable efficiency for muiti-stage Claus plant with tail gas clean-up.

(2) cCc& Predevelopment Program Final Report (FE-2369-24).

- 540 ~



Fugitive Hydrocarbon Emissions

Fugitive hydrocarbon emissions can occur from flanges, valves, pump
seals, and tank seals tha: are in non-methane hydrocarbon stream service.
It is assumed that at a commerical CCG plant Best Available Control Tech-
nology will be emplioyed for fugitive hydrocarbon control. This should
reduce fugitive hydrocarbon emissions by 75% from uncontrolled fugitive
emissions. .

To complete a fugitive emissions estimate the number of valves, pumps,
flanges and tanks should be known and the appropriate emission factors
applied. At this time, estimating the number of these for a commercial
CCG plant would be purely speculative. Further study should be conducted
when the process design is more clearly defined.

Future Work
Future CCG development work should include estimating emissions from
the coal/catalyst preoxidizer, the low pressure coal lockhopper vents, and

the plant's fugitive emission sources, estimating noncriteria pollutant
emissions, and updating the emissions inventory.

5.3.7 Dynamic Simulation of the CCG Reactor System

The objective of this program was to study the dynamic response,
stability and control requirements for the gasifier reactor and associated
recycle gas system.

The presence of both endothermic and exothermic reactions in the
CCG gasification reactor makes determination of gasifier stability to
temperature and composition upsets difficult. One cause of upsets to
the gasifier could be operating problems in the recycle loop such as
fouling of heat exchangers, pump failure, or recycle gas compressor failure.
In addition, the dynamics of the methane recovery section are not fully
understood.

Dynamic models of the CCG gasification reactor and recycle loop
(Fig. 5.3-15) were developed to gain an understanding of CCE plant dynamics.
These models were programmed in FORTRAN and were tested separately before
linking them. After the models are linked, case studies of specific plant
upsets can be run to determine stability and controllability of the plant.

The gasifier model consists of portions describing the reactor concen-
tration profiles in the emulsion and bubble phases involved integration
over the reactor length of material balance equations containing bulk flow,
reaction, and interphase mass transfer terms. Correlations for ditfusivity,
viscosity, bubble diameter, minimum fluidization velocity, and bubbie
velocity are used to calculate mass transfer coefficients and the fraction
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of gas in the bubble phase. Devolatilization of feed coal is calculated as
a function of feed composition and hydrogen partial pressure and is assumed
to occur instantaneously at the feed entry point.

Reaction rates are calculated from existing steady-state kinetic
relationships. Methanation, gasification, and shift rates are calculated
for the emulsion phase as is the shift reaction rate for the bubble phase.
As the gas holdup in the reactor is much smaller than the solids holdup,
the accumulation term in the gas phase material balance is ignored.

Dynamic solid material balance equations are used to calculate the
concentration of char and fines leaving the reactor. Catalyst coal reac-
tions are assumed to occur instantaneously before the feed enters the
gasifier and the extent of each reaction is determined from the amount of
the 1imiting species in the feed. The unreacted feed and catalyst reaction
products comprise the solid feed to the reactor. Each component (carbon,
hydrogen, oxygen, nitrogen, sulfur, ash, and six catalyst species) is
followed using a dynamic material balance. The amounts of ash and organics
lost in the gas phase and the solids level are also determined. An overall
gasifier energy balance is used to compute the bed temperature. Existing
correiations for the sensible and chemical enthalpy of orgaric, ash, mineral
matter, moisture, and various catalyst compounds in the solids phase are
empioyed. Correlations are also used for the enthalpies of the gas phase -
streams.

The kinetic, solids material balance, and overall enthalpy balance
modules just described allow the calculation of the composition of all
streams leaving the reactor, the reactor temperature, and the reactor
level.

Figure 5.3-16 shows the relationships between the various modules
which comprise the solids heat and material balances, and the kinetic model.
Moduie A analyzes the various catalyst reactions and computes gases evolved
and an adjusted solids composition. Differential equations describing the
dynamic solids, heat, and material balances are solved in Module B to
obtain the char and fines composition and the reactor temperature. In
Module C, correlations are used to calculate the devolatilization of coal
organics. Finally, Module D passes the gases liberated by catalyst reac-
tions and devolatilization, the carbon content of the char, and the catalyst
activity to the gasifier kinetic model which computes the reactor product
gas composition.

The recycle loop model comprises high and low level heat recovery,
acid gas removal, and methane recovery sections as well as the recycle
gas preheat fired heater. An existing preheat fired heater model, modifiad
to include two convection sections, is used to simulate the preheat fired
heater. High level heat recovery is modeled using an existing heat exchanger
routine for the two gas-gas exchangers and high pressure waste heat boiler.
Low level heat recovery, including the ammonia scrubber, is assumed to work
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Figure 5.3-16

SCHEMATIC DIAGRAM OF SOLIDS BALANCE IN GASIFIER
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properly and is modeled very simply. The outlet temperature of this section
is assumed to be the design value. Since the heavy glycol solvent acid gas
removal system is proprietary, that section was also modeled very simply using
assumed absorption functionalities based on solvent regenerator performance.

The majority of time was spent modeling the cryogenic methane recovery
section. An existing tower model was modified to account for non-constant
molal overflow in order to simulate the carbon monoxide (CO) stripper. A
new heat exchanger model was developed to meet the more rigorous simulation
requirements of the cold box. A large amount of testing indicated the
lumped parameter heat exchanger model first developed was inadequate due
to the presence cf incorrect inverse responses to temperature upsets. The
improved model developed to simulate the cold box is a distributed parameter
model, capable of handling up to five multi-component, two-phase streams.
The stripper reboiler is also modeled using the new exchanger model in
conjunction with a dynamic material balance on the boilup stream.

Vapor-liquid equilibrium calculations are performed by a generalized
flash routine developed for this simulation. Equilibrium constants (K
values) were obtained and correlated as functions of temperature and pres-
sure by the Exxon Data Library, an extensive proprietary thermodynamics
package. The above approach was used instead of directly linking the Exxon
Data Library with the recycle loop model because the latter approach was
too costly, reauired too much computer time, and the correlations are
accurate enough.

Preliminary results were obtained for the recycle loop model. The
following results are preliminary because the recycle loop model was run
independently of the gasifier model, which is essentially completed except
for the solids material balance.

Figures 5.3-17 through 5.3-21 show three variables characteristic
of the methane recovery section plotted as functions of time. Figure 5.3-22
is a schematic diagram of the methane recovery section. The three variables
plotted in Figures 5.3-17 through 5.3-2]1 are the feed stream temperature
at points A and B, and the percent methane (CHg) in the product stream at
point C in Figure 5.3-22. These three variables were chosen because the
stream at point C is the CCG plant product, the temperatures at points A and
B directly influence product purity, and the methane recovery section exhibits
the most interesting dynamics in the recycle loop.

Figure 5.3-17 is the base case computer run which shows the methane
recovery section going to steady state from the design point initialization.
This run is included to show that the model's steady state ‘s not exactly
equivalent to the design steady state. All inputs to the model were held
constant in the run that generated the data for Figure 5.3-17. Wien the
recycle loop and gasifier models are run together, the most frequent dis-
turbances introduced into the recycle loop model will be fluctuations in the
gasifier model's output. Therefore, three of the computer runs chosen for
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FIGURE 5.3-22

METHANE RECOVERY VIA LOW PRESSURE CO STRIPPING

80 #

I

r

84%

798-6-12-32

1016 # 164 36%
PRODUCT SNG ‘—-é —r
 RECYCLE GAS ~ewmiil AAMAAAA- -
LTTIE 6°F 390 #
408
~266°F
|l 2330
#:-PSIA L




presentation show the results of disturbances in the gasifier effluent
stream introduced into the recycle loop model. Figures 5.3-18 through
5.3-21 show results generated in response to the following disturbances
respectively: 1) feed stream temperature change to the methane recovery
section from 10° tc 50°F, 2) gasifier effluent flow rate change from 39,768
to 45,000 1b. moles/hr., 3) gasifier effluent carbon monoxide (CO) composi-
tion change from 6% to 4%, and 4) gasifier effluent CO composition change
from 6% to 8%. Disturbances are introduced into the model after steady
state is reached, 16 hours and 40 minutes after initialization. The point
at which disturbances are introduced is taken as zero time in Figures
5.3-18 through 5.3-21.

Virtually no change in the recorded variables is séen in Figure 5.3-13,
the feed temperature change. Product quality remains at 99% CH4 and both
recorded temperatures do not change. )

The gasifier effluent flow rate change resuited in a change in feed
rate to the methane recovery section from 43,532 to 49,054 1b.-moles/hr.

Figure 5.3-19 shows that in response product quality decreased from 99% to
about 96.5% CHg. .

A CO composition change from 6% to 4% in the gasifier effluent stream
leads to a CO composition change from 12% to 8.5% in the methane recovery

section feed stream. Figure 5.3-20 shows that product quality quickly
approachec 100% CHj.

A D composition change in the gasifier effluent from 6% to 8% leads
to a CO composition change in the methane recovery section feed from 12%
to 15.3%. Figure 5.3-21 shows that product quality decreased rapidly
from 99% to 95% CHg and leveled out at about 95.5% CHa.

Figure 5.3-18 demonstrates that the cold box in *he methane recovery
section is sybstantially oversized to absorb temperature disturbances.
The recycle loop is stable to temperature, flow rate and composition upsets.
Recycle loop stability depends on the inclusiocn of "base level”™ controliers
to maintain constant pressures and levels.

In the results shown and in other computer runs not presented, a
strong dependency exists of product quality at point C on the temperatures
at points A and B in Figure 5.3-22. This dependence indicates that a con-
trol strategy to maintain product quality should include controlling the
temperatures at points A and B. Manipulating the pressures of the SNG
streams flowing into the cold box should make it possibie to control the
temperatures at points A and B in Figure 5.3-22.

5.3.8 Catalytic Gasifier Solids Balance Madel

The objective of this program was to adapt DYNAMOD, a proprietary
solids balance computer model developed and validated for other Exxon fluid-
solids processes, to simulate the steady-state loss rates and particle size

- 552 -




distributions both in the catalytic gasifier and in all streams leaving

the vessel. These simulations are needed to provide a base for more defini-
tive process designs through imprecved specifications of fines recovery and
catalyst recovery systems and reliable assessments of design and process
Timitations imposed by solids balance and fines losses.

A single species gasifier solids balance model was developed for a
first pass assessment of the effects of variables such as solids attrition,
particle density and gasification on equilibrium bed size distributions
and fines losses. Validation of the model was carried out using preliminary
data for the Process Development Unit (PDU). A good match of predicted
and measured PDU gasifier distributions and fines losses for the first two
yield periods was obtained by adjusting the char attrition rate constants
and using a tentative entraimment correlation for low superficial velocities.
Simulations of PDU operations with cyclone underflow return predicted finer
bed size distributions and lower bed densities than with no cyclone return
as the PDU currently operates.

A two-solids species model for distinguishing between char and high
conversion “ash® particles was then developed.

Initially, a uniform char particle density was assumed in adapting
DYNAMOD to the CCGE process. Fluidized bed parameters for the gasifier
and process characteristics were first reviewed to define modifications
required for simulating both pilot plant and commercial unit operations.
Data from Fluid Bed Gasifier (FBG) operations during the predevelopment
research phase were used to develop a solids attrition model and assess
the effects of char/ash density differences on their relative entraimment
rates.

The single species DYNAMOD model was used to simulate the CCG Commer-~
cial Study Design case. For this case, the char attrition rate was assumed
to be five times that of coke produced from petroleum. Gasification was
assumed to proceed according to the shrinking core model and a conventional
two-stage cyclone design was considered for the gasifier. Predicted losses
from the gasifier were eight times lower than estimated in the Study Design.
In order to match the Study Design losses, the equilibrium bed size distri-
bution would have to be much finer than assumed in the Study Design. Pre-
dicted losses remained about the same when the more realistic reaction
model of homogeneous reaction throughout the char was employed.

The data base used to validate DYNAMOD for other Exxon fluid solids
processes falls outside the operating superficial velocities (< 0.6 ft/sec)
and pressures (500 psia) of the PDU. Limited entrainment data at lower
than 1 ft/sec superficial velocities and ambient conditions for glass beads
and cat cracking catalysts, available from the Particulate Solids Research
Institute (PSRI) were used to develop a tentative correl:tion for low
velocity entraimment. DYNAMOD predictions with the revised entrainment
correlation matched measured PDU fines losses by assuming a char density
of 42 1b/ft3 , equal to the density of the FBG char, and adjusting the
attrition rate constants.
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The PDU operations corresponding to yield period runs one and two
were simulated with and without a single stage cyclone for assessing the
affect of cyclone underflow return to the gasifier on equilibrium bed size
distributions. In these and subsegquent runs the gasifier cyclone did not
return fines to the bed due to dipleg plugging. These simulations are
shown in Figure 5.3-23. The measured surface/volume average particle size
for the Gasifier Mid Char was about SO um vs. 80 um predicted with no
cyclone underflow return. Including a single cyclone in the simulation
reduced the average size to 55 wm, and resulted in a Tower bed density
(about 90% of the gasifier density without a cyclone).

The basis for a two species model which solid balances both char

and high conversion ash components was developed. The aim was to account
for the separate char and ash attrition in the gasifier bed and cyclones
and to consider particle residence times for different size particles ‘in
calculating char to ash conversion. An efficient integration algorithm
based on the EGEAR method was used to solve the large set of simuitaneous
differential equations representing transient material balances for size
ranges of each species.

Limiting test cases were used to check consistency in results betwasn
the single and two species models. The results of these cases showed the
bed ash concentration to be sensitive to the specificatien of gasification
level at which ash is formed and to the relative char/ash densities and
attritabilities. Validation of the two species model was performed using
early PDU data, assumed char and ash attrition rates, and particile densities
from the FBG aperations.
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DYNAMOD PREDICTIONS OF PDU GASIFIER PARTICLE DISTRIBUTIONS
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