
Allowable confined state local 
compressive stress = 3,500 psi 

Allowable confined state local 
tensile stress 
(adequately reinforced) 

= 3,000 psi 

These stresses are to be based on elastic analyses of the 
uncracked section. An elastic stress of 3000 psi will 
actually be much lower if cracking is considered. These 
values are believed to be conservative and may be modified 
upward after further studies. The design stress criteria 
for the PCPV can therefore be grossly different from values 
currently used for other pressure structures, but the 
basic considerations of safety and proper behavior will 
remain unchanged. 

6 . 4 . 3  FAILURE CHARACTERIS'FICS OF A PCPV 

One of the advantages of using prestressed concrete in the con- 
struction of a high pressure vessel is its benign failure characteristics, in 
that it will not rupture in an explosive manner when subjected to excessive 
internal pressure. Long before the circumferential prestressing tendons reach 
their breaking point, the concrete shell will crack and permit the escape and 
relief of the excessive inside pressure. To some extent, this advantage may 
be inhibited by the steel liner around the inner surface of the PCPV. For 
the excessive pressure to be relieved, Jt is also necessary for the steel 
liner to fail before the circumferential prestressing tendons do. 
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I I ~ ~ I N T  ERNATIONAL 
STI=IUCTUFIAL ENGINEERING 
315 Bsy St., S~n Fpar'~il~o, C~. 94133, 

PROJECT: ~0A I. ~A~IFI~A'I"IOH SHEET: 
1 ITEM: .,.rH~_.~,ll~. ~,~P~,l~ ~ l ~ l l ~ l c ) ~  ~L,u'~[DN OF 4 

78/03/18.  1 7 . 0 3 . 4 2 .  
PROGRAM TRUCYL 

? 200 392 
? 2228 1336.8 150 10 

INT. RADIUS : 200.000 IN 

EXT. RADIUS = 392.000 IN 

INT. PRESS. = 2228.000 PSI 

EXT. PRESS. = 1336.800 PSI 

INT. TDIP. = 150.000 F 

NO. INCRE. = I0 

L, 

a 

# 
/-. 

Figure 6 -25  Thick Walled Cylinder Solutions 
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S T R U C T U R A L  E N G I N E E R I N G  
3 1 5  Bay St., ~ n  Francsco ,  Ca. 94133 .  

i 

F'~O~CT: ~,O,A II ~,'X~l PIOA'1"IOH SHEET: 

OF I1 
D E S I G N  : [~" H ,  REVSlL-' IN: 

,',ATE: ' ' .-I '" I } q ~' 
= 

1 
i 
1 
1 

i 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
4 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

THICK-WALLED CYLINDER SOLUTION FOR LOADING DUE TO PRESSURE ONLY 

* ~  "i-H-P'l- , , . , ,  

R SR(PSI) ST(PSI) SZ(PSI) R.DIS.(IN) R. STRAIN 
I 200.000 -2228.000 181.652 -034390 .000172 
2 219.200 -2026.179 -20.168 .020733 .000095 
3 238.400 -1871.127 -175.221 .008380 .000035 
4 257.600 -1749.435 -296.913 -.002962 -.000011 
5 276.800 -1652.176 -394.172 -.013503 -.000049 
6 296.000 -1573.222 -473.125 -.023398 -.000079 
7 315.200 -1508.252 -538.095 -.032766 -.000]04 
8 334.400 -1454.149 -592.199 -.041697 -.000125 
9 353.600 -1408.617 -637.731 -.050263 -.000142 
I0 372.800 -1369.937 -676.411 -.058520 -.000157 
11 392.000 -1336.800 -709.548 -.066513 -.000170 

+ 

+ 

+ 

+ 

+ + 

+ + 

+ + + 

Figure  6-25 - (Con td )  
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I ~ B  ~~TERN ATI01NAI. ""=S,,:,N : ~ . ~ .  iiO~ 4 FIEVISON: 
STROCTOOALENONE RNO ]I o'TE  J II 315 Bey St;.. Sen F'rsr~isco, ~m. 94133. 

THICK-WALLED CYLINDER SOLUTION FOR LOADING DUE TO TEMPERATURE ONLY 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
+ 

I 
I 
I 
I 
I, 
I 
I 
I 
I 

I 
l 
I 
I 
I 
I 
l 

I 
I 
I 
I 

R SR(PSI) ST(PSI) SZ(PSI) R,DIS.(IN) R. STRAIN 
1 200.000 -.000 -1773.006 -1773.006 .074209 .000371 
2 219.200 -131.381 -1244.990 -1376.371 .092373 .000421 
3 238.400 -203.022 -810.038 -1013.061 .I07011 .000449 
4 257.600 -234.245 -443.663 -677.907 .118712 .000461 
5 276.800 -237,604 -129,255 -366.858 .127917 .000462 
6 296.000 -221.494 144.816 -76.678 .134962 .000456 
7 315.200 -191.662 386.921 195.259 .140111 .000445 
8 334.400 -152.121 603.232 451.111 .143578 .000429 
9 353.600 -105.721 798.396 692.675 .145532 .000412 
I0 372.800 -54.515 975.978 921.463 .146116 .000392 
II 392.000 -.000 i138.759 1138.759 .145450 .000371 

+ 

.-I- 

+ 

+ 

+ 

+ . "k 

+ 

+ 

l 

Figure 6-25 (Contd) 
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• B _ . = . . .  
S T R U C T U R A L  E N G I N E E R I N G  
3 1 5  B a y  St. .  San  Femncksco. Ca, 9 4 1 3 3 .  

~OJECT: 6~At. ~A~I  I~1 (~V['lOIq 

D E S I G N :  ~ ,  i~l " 

DATE:  I"] ," [-' I ) " '  ; '  

SHEET:  

V N 

THICK-WALLED CYLINDER SOLUTION FOR LOADING DUE TO COMBINED PRES + TEMP 

I 
2 
3 
4 
5 
6 

1 7 
l 8 
1 g 

1 t0 
1 11 
1 
[ 

1 
1 
1 
1 
1 
t 
I 
1 
1 
1 
1 
i 
1 
4 

R SR(PSI) ST(PSI) SZ(PSI) R. DIS.(IN) 
200.000 -2228.000 -1591.353 -1773.006 .108599 
219.200 -2157.560 -1265.158 -1376.371 .113106 
238.400 -2074.149 -985.259 -1013.061 .115390 
257.600 -1983.679 -740.576 -677.907 .115750 
276.800 -1889.780 -523.426 -366.858 .114414 
296.000 -1794.717 - -328.309 -76.678 .[11564 
315.200 -1699.915 -151.175 195.259 .107346 
334.400 -1606.270 11.033 451.111 .101880 
353.600 -1514.338 160.665 692.675 .095269 
372.800 -1424.452 299.567 921.463 .087597 
392.000 -1336.800 429.211 1138.759 .078937 

R. STRAIN 
.000543 
.000516 
• 000484 
.000449 
• 000413 
.000377 
.000341 
• O0O3 O5 
• 000269 
.000235 
•000201 

+ 

4- 
÷ 

+ 

4- 

+ 

+ 

-F 

+ 

Figure 6-25 - (Contd) 
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SECTION 7 

FABRICATION AND CONSTRUCTION 

A preliminary definition of preferred procedures for fabrication and 
construction of large PCPVs was developed. The integrated gasifier, 
the most complex of the vessels studied, was selected to illustrate 
the procedures and fabrication/construction sequence. The results are 
summarized in this section. 

7.1 CONCLUSIONS 

Key conclusions are: 

(i) Large, complex PCPVs can be built. Prior commercial experience, 
in the field includes prestressed concrete reactor vessels 
(PCRVs) and reactor secondary containment vessels used 
by the nuclear industry, storage vessels, bridges and buildings. 

(2) Existing commercial methods and equipment cad be used effec- 
tively for the construction of these vessels, 

7.2 FABRICATION AND CONSTRUCTION SEQUENCE 

Figure 7-1 describes the preferred sequence for fabrication/construc- 
tion of the integrated gasifier vessel. The construction sequence was 
developed to minimize interferences between crafts. 

In general~ procedures and scheduling for other PCPVs would be 
similar to the case illustrated, recognizing that they would be less 
complex and the projects could be completed in less time. 

Referring to Figure 7-1, following initial site preparation,~ the 
steel gasifier vessel shell will be fabricated near the erection site. 
The vessel welds will be radiographed and the vessel checked for leaks 
before installation. The exterior cooling fin~, studs, and cooling 
tubes will be installed on the vessels and tested before erection. 
Steps in the fabrication operat'ions are illustrated in Figure 7-2. 

The concrete foundations, complete with vertical tendon,ductwork, 
reinforcing bars, and wire mesh, will be poured prior to vessel erection. 
The concrete foundations will beprepared for vessel erection'by placing 
mats over the concrete where necessary. The concrete will be prepared 
in a batch mix plant located at the construction site. 

Erection of the 320-ton vessel will be done with large crawler 
I cranes as shown in Figure 7-3. The vessel will be attached to the foun- 
dations by anchor bolts through the vessel skirt. 
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After erection of the vessel, the concrete slip form will be installed 
around it. Reinforcing steel and vertical and horizontal tendon ducts 
will be installed. The concrete will be poured in 5-foot lifts with 
each lift pour requiring about 12 hours. The concrete will be placed 
in the vessel structure by use of three concrete pumps located around 
the vessel base. Concrete placing booms will be used to distribute 
the concrete. A week between pours is planned to permit cooling of 
the concrete mass. This part of the operation is illustrated in Figure 7-4. 

The concrete form will use segmental steel construction. It will 
have self-jacking features so that when the concrete has set, it can 
be backed away from the concrete and raised to the next level. An aux- 
iliary platform will be located at the bottom of the form to permit 
finishing operations and installation of nozzles. 

Lightweight platorms will be installed at the top of the concrete 
forms to permit workers to work above the reinforcing steel and concrete. 
It will also serve as a receiving platform for tendon ductwork and other 
supplies.- 

Styrofoam or similar removable material will be installed around 
areas where nozzles penetrate the vessel exterior face. After the concrete 
has cured, the styrofoam will be removed and the nozzle extension~ welded 
on. 

~en concreting has reached a height of 50 feet, the prefabricated 
auxiliary equipment will be installed with the use of large portable 
cranes. The equipment will be supported vertically by the concrete. 
Temporary members will be installed to anchor the vessels in the hori- 
zontal plane, as shown in Figure 7-5. Concrete pouring, along with 
installation of reinforcing steel and vertical and horizontal tendons, 
will then continue until the vessel is topped off. 

The tendon ductwork may be fabricated in the field from strip steel. 
The vertical ducts will be installed in i0- to 20-foot-long segments. 
The horizontal ducts will be formed and installed in 60-foot lengths. 
They will be supported by reinforcing steel prior to concrete pouring. 

The installation of horizontal tendons will be done when the con- 
crete has been suitably cured. The vertical tendons will be installed 
after the concrete pouring has been completed. The tendons consist 
of 55 strands of i/2-inch, 270,000 psi steel cable. There are several 
suppliers and methods of installation of the tendons and the ductwork; 
one method is illustrated in Figures 7 -6 and 7-7. 

Hydrostatic testing of the vessel will be completed prior to instal- 
lation of refractory. 

The internal cooling coils and refractory are next installed; the refrac- 
tory castable is prepared externally and pumped into the vessel interior. 
A large gantry crane is installed to provide for refractory installation 
and repair, closure installation, and other service operations. The 
connection of external piping will be done during the installation of 
refractory. These final operations are illustrated in Figure 7-8. 
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7.3 SCHEDULE 

The schedule for the integrated gasifier PCPV is shown in Figure 
7-9. The predicted time from project initiation to construction comple- 
tion is 61 months. A field construction period of approximately 46 
months is required. A critical path network of the field activities 
is shown in Figure 7-10. 

For comparison, the field erection time for a single-cavity PCPV 
is expected to be about 40 to 42 months. This shorter period results 
from the absence of ancillary vessel installation requirement. 

7.4 DISCUSSION 

The project plan described above incorporates responses to a number 
of design, construction and scheduling objectives which are described 
below. 

7.4.1 SITING AND PLANT LAYOUT 

The siting of the vessels was selected for efficient operations 
in recognition of the locations in relation to adjacent plant and facil- 
ities. Adequate freedom of movement was provided to permit high local 
activity occurring during constructionor operation. The plan used con- 
struction sequences which allow maximum parallel work progress. 

In the PCPV design illustrated, vertical transportation 
is of particular importance before and after completion of construction. 
Top cranes and elevators have been included in the present vessel lay- 
outs. 

7.4.2 CONCRETE SHRINKAGE AND STRAINS DUE TO HEAT OF HYDRATION 

The concrete lift schedules were planned to maximize project 
efficiency recognizing that the heat of hydration of the Portland cement 
concrete will limit the depth, size, ~nd configuration of each concrete 
pour. Successful methods have included casting concrete in a full circum- 
ferential lift using low heat concrete, casting alternate sectors with 
a greater depth, or using chilled water in the concrete mix to prevent 
cracking. It is desirable to avoid discontinuities of section and marked 
variations of thickness and width over the area being cast. 

7.4.3 CONCRETING IN CONGESTED REGIONS 

To ensure that a fully compacted concrete structure is achieved, 
high-workability concrete mixes and careful design/planning is used, 
particularly where there is c'ongestion of embedded components. 
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Figure 7-6 - Stressing Procedure 
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Phase I • Bearing plate with sleeve is at- 
tached to formwork • Either rigid 
tubing without strands or f lexible 
tubing containing strands is placed. 

Phase 2 

": :"'" : '" "" "~'" " J " ~ '  ~ - -  h 

• After curing of concrete, form- 
work is removed from anchorage 
zone • Strands are drawn through 
duct if rigid tubing is used • An- 
chor head and grippers are fitted 
• Center-hole jack is placed over 
strands. 

Phase 3 r : • - . , '  • . - ' . *  . " ' ,  

~:'- . . i ' : . , -  : " . '  : ' i :-:".. p . . .  • • . . . , ,  . .  

~ - ,  _ -, -,-_=.~.'~'-ZT", ..... 

• Pulling head is fitted. If required, 
a load cell can be placed between 
pull ing head and jack piston. 

Phase 4 ; . : . . ~ . . .  -.',.....:.:. 
~ . : ,  " . . :  ". , ° ° . . . ,  . 

: ,  -, , - ~ ,  ~ r - ' ~ ' ~  , ._ . . . . . . . . . . . .~  ~ 

m Tendon is stressed • Pressure 
gauge reading and cable elonga- 
tion are recorded. 

Phase. 5 • Jack piston is retracted • Force 
is t ransferred to the structure 
through anchorage. 

Phase 6 • If required, a shim can be placed 
between anchor head and bearing 
plate to compensate for anchorage 
take-up. 

Phase 7 : " -.. : :.'.:.'.'!;'. ~, -'-..". ,- :; 

• I • r 
=j o=." -. " . ; "  ';.,~- : 'w . ' -  . "  

• Stressing equipment is removed 
• Projecting strands are cut off 
and anchorage sealed • Cable is 
grouted, if required • Anchorage 
is capped with concrete. 

Figure 7-7 - Stress Sequence 
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SECTION 8 

TECHNICAL FEASIBILITY 

This section deals with the ability of PCPVs to meet the process and operational 
requirements of future coal conversion plants. 

8.1 VESSEL SIZE, MATERIALS AND CONSTRUCTION CONSIDERATIONS 

A survey of the steel pressure vessel requirements for the Oil/Gas 
process I for the production of a total of about ii0,000 equivalent BPSD 
,(6 x 106 Btu/bbl) indicates that 16 services are possible candidates for PCPVs. 
~These 16 services require a total of 26 steel pressure vessels with 4-inch 
thick walls. ~his quantity could be reduced to 16 if PCPVs were substituted 
for steel'vessels. 

In the  Oi!/(~as r e p o r t  I t h e r e  a re  S l p r e s s u r e  v e s s e l s .  I f  t he  p l a n t  
c a p a c i t y  i s  i n c r e a s e d  t h r e e f o l d  u s ing  the  same d e s i g n  and s i z e s ,  i t  would r e -  
q u i r e  153 p r e s s u r e  v e s s e l s .  By the  u se  o f  PCPVs in c o n j u n c t i o n  w i th  s t e e l  
v e s s e l s ,  t h i s  ( ~ a n t i t y  could  be r educed  to  a t o t a l  o f  41 p r e s s u r e  v e s s e l s ,  
wi th  15 t o  18 o f  PCPV c o n s t r u c t i o n  and the  remainder  o f  c o n v e n t i o n a l  s t e e l  
c o n s t r u c t i o n .  

The shipment of shop-fabricated steel vessels is limited by crane 
capacities to about 1,000 to 1,200 tons by navigable waterway. If'rail ship- 
ment is required, the vessel outside diameter is limited to about 14 feet. 
There are presently about I0 shops in the United States capable of building 
heavy-walled pressure vessels of i0 to 12 inch wall thickness for all uses - 
n u c l e a r ,  b o i l e r s ,  as we l l  as p r o c e s s  v e s s e l s .  

There is a very limited number of suppliers of heavy-wall pressure vessel 
grade steel plate in the United States. There is one company in the United 
States, one in Europe, and one in Japan with capability to produce 12 to 15 inch 
thick plates with weights of 90,000 to I00,000 pounds. There are a number of 
suppliers of pressure vessel grade steel plate of lesser thickness. 

There is one U. S. firm experienced in the field fabrication of heavy 
walled pressure vessels. At least two other firms have organizations for the 
field erection of such vessels. 

Structural concrete in the desired quantities and quality for the PCPVs 
is widely available in the United States. There are presently four steel 
companies in t he  Un i t ed  S t a t e s  t h a t  supp ly  the  270 ksi strength cable tendons 
with a capacity of 80,000 to I00,000 tons per year. The present consumption 
of this cable is 200,000 to 250,000 tons per year, with about 80% being supplied 
from foreign countries, primarily Japan. Two other major U. S. steel firms 
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have, in the past, produced this cable. There is believed to be a large over- 
capacity to produce these cables in foreign countries. 

The tendon ducts are made of 14 to 18 gauge galvanized steel sheet. Six 
firms in the United States are presently fabricating the ducts. 

A comparison was made of the total weight, including foundations and 
associated structural steelwork, of the PCPVs against steel vessels of about 
the same total capacity. This data is shown in Table 8-1. The PCPVs weighed 
4 to 10 times as much as the steel vessels. Concrete in the PCPVs contributed 
88% to 92% of their total weight. 

A comparison was made of the total steel requirements using PCPVs as 
compared to conventional steel pressure vessels. The results are summarized 
below for reduction (or gain) using PCPV construction. 

• Integrated gasifier - 23% reduction 

• Gasifier only - 33% reduction 

• Dissolver separator - 62% reduction 

• Absorber - 38% gain 

8-2 INSPECTION 

It is a common practice (mandatory in some states) to periodically inspect 
pressure vessels after they are placed in operation to assure that no defects 
have developed. This is necessary to avoid possible injury to personnel, damage 
to other equipment, or unscheduled plant shutdowns. 

In conventional steel pressure vessels this may involve such items as 
visual inspection, thickness measurements, ultrasonic tests, magnetic particle 
inspection, dye penetrant tests, or radiographic tests when the vessel is not 
in service. 

Several monitoring methods are also utilized to give warnings while the 
steel vessels are in operation. These techniques include small weep holes in 
the shell to disclose when the corrosion allowance has been used up; the use 
of temperature sensitive paints, skin thermocouples, infrared sensors, and 
other thermal sensing devices to detect "hot spots" caused by internal refractory 
failures; and acoustic emission devices for determination of crack growth. 

For PCPVs the inspection and monitoring can be divided into two areas. 
The first area covers the internal refractory and refractory anchors (if used], 
the metal membrane wall~ the concrete to membrane wall attachments, and the 
external cooling water tubes (if applicable). 

The second area covers the structural concrete, reinforcing steel, the 
tendon cables, and duct work. 
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In the first area, the internals of the vessels may be visually inspected 
by entering through access plugs in the top heads. For vessels without internal 
refractory, the metal membrane wall thickness may be checked by either taking 
out plug sections of the wall or by ultrasonic techniques. 

For vessels with internal refractory linings the refractory thickness may 
be inspected by visual and physical hand testing and if necessary, by removing 
sections of the refractory lining. Localized inspections of the metal membrane 
wall can be accomplished by first removing the refractory lining over the metal 
membrane. 

No method is presently known for inspection of the structural concrete to 
membrane wall attachments, the insulating concrete, or the cooling water tubes 
within the concrete. 

The monitoring of the integrity of the membrane wall against high tempera- 
tures or for fluid leakage appears possible. High temperatures caused by re- 
fractory failure can be monitored by use of skin thermocouples or other thermal 
sensing devices placed on the exterior surfaces of the metal membrane. A 
second means is the measurement of the differential temperature of the water in 
and out of each cooling tube circuit. 

The leakage of fluid through the membrane wall can be partially monitored 
by the placement of sampling tubes located strategically on or near the external 
surface of the membrane wall. The success of this technique would be highly 
dependent upon the proximity of the sampling tube to the leak, the porosity of t 
the concrete, cracking, and the size of the leak. . f 

As to the second area (structural concrete, reinforcing steel, the tendon 
cables, and ductwork) the common practice is a visual inspection of the external 
surface for spalling and cracking. It may be possible to install strain gauges 
to observe any changes in the stress levels of the concrete, reinforcing steel, 
and the tendons. For unbonded tendon cables, it may be possible to check the 
cable tension loads after the unit had been in operation for an extended time 
period. 

In vessels without an internal refractory lining, it could be possible to 
periodically hydrostatically test a PCPV. In vessels with an internal refractory 
lining, removal of the lining would be required before hydrostatic testing to 
avoid a later failure of the lining due to moisture pickup. 

8.3 MAINTENANCE AND REPAIR .. 

Accessibility to the interior of the PCPVs is provided by nozzle closures 
located on the top of the structures. These large closures are removed with the 
aid of an overhead gantry crane. Access to the bottom sections of the larger 
PCPVs is provided by removal of'external piping spool pieces. 

Certain equipment items such as coal and char eductors for gasifiers are 
designed to be removable for maintenance. The large slide gate valves used for 
solids flow control in the integrated gasifier PCPV are specially designed for 
repair from within. 
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Horizontal piping connections for temperature, pressure, and level connec- 
tions'are designed for rodding-out and repair from the out~ide. 

Repair of the refractory within the smaller connecting piping [32-inch 
and 48-inch inside diameter refractory)of the integrated gasification vessel 
will be difficult at elbows and bends. 

Repair of the membrane metal wall may generally be done by either welding 
a patch slate or overlay welding over the area to be repaired. 

Internal cooling coils for the gasifier vessels are made in segments. 
Major repairs may be made by removing the segment from the vessel, repairing, 
and then reinstalling in the vessel. Minor repairs may be done in place. 

Repair of the external cooling coils embedded in the concrete will be 
difficult. It would require removal of any internal refractory,, metal membrane 
wall, insulating concrete, and the metal connecting plate. For these reasons, 
~'the following precautions would be taken: 

• The piping is designed for a 20-year minimum life. It will be 
fabricated of high-qualiZy pipe material. 

• The piping is inspected and hydrostatically tested before embedding 
in concrete. 

• High-purity water is used in the cooling loop to avoid problems 
with corrosion and scale buildup. 

8.4 CHANGES AND MODIFICATIONS 

The modification of a PCPV after construction would be difficult because 
of the mass of concrete, the locations of reinforcing steel tendons, and tendon 
ductwork; also, the tendons are designed to handle forces at specific locations. 

If additional or larger nozzles are expected to be required at a later 
date, consideration should be given to installing them initially. They could 
be either blanked off or smaller piping installed inside of larger pipes for the 
initial operations. The later additions of nozzles would require removal of 
concrete, reinforcing bars, tensioning cables and ductwork, the metal membrane 
wall in the area, and possibly cooling coils. 

Further, the addition of nozzles may effect the locations of the vertical 
and horizontal tendons. The effect of removal or relocation of the tendons 
would require very careful engineering study to ensure that the vessels struct- 
ural integrity is not compromised. 

The least difficult of the PCPVs to modify would be the single- or two- 
cavity vessels as represented by the absorber and the dissolver-separator 
vessels. The integrated gasifier vessel would be the most difficult to change 
because of the complex internal geometry. 
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The removal of a PCPV would be a major undertaking because of their 
massive weights (24,000 to 13S,O00 tons) and the reinforcing steel. Explosive 
demolition would be required. 

8~5 SAFETY 

The protection of personnel and equipment against a catastrophic failure 
of a large high-pressure vessel is a very important consideration. The primary 
failure would be the rupture of the pressure containing shell. The three 
primary causes of such ruptures would be: 

• Mechanical failure 

• Overp res su re  of shell 

• Overheating of shell 

In the case of a conventional steel vessel in the large sizes and high 
pressures used in this study, a rupture could have serious consequences. For 
conventional steel vessels, the materials and design methods are well estab- 
lished. The internal refractory materials for temperature protection are being 
tested in pilot plants and in various other test programs. Instrumentation and 
safety valves are provided to protect against overpressure. 

In the case of PCPVs the mechanical design will nequire close scrutiny, 
as existing codes are not applicable to these vessels as discussed in Sections 
6.4.2. The indications are that for overpressure, the concrete will crack and 
the tensioning cables will relieve the pressure without a catastrophic failure 
and after the pressure has been relieved, the concrete will again seal by the 
force of the tension cables. Controlling of the maximum feed pressure of the 
inlet streams (coal slurry, oxygen, and steam) to below the maximum design 
pressure will assist in limiting the internal pressures. Safety relief valves 
are also provided to limit the maximum internal pressure. 

Overheating of the PCPV membrane wall can be caused either by refractory 
failure in the case of the gasifier vessels or by external cooling water 
failure. A refractory failure of approximately 63 square feet to within one 
inch of the steel membrane wall will raise the water temperature 5°F in about 
1.2 hours. 

A total failure of cooling water would cause the membrane wall to rise 
to about 900°F in 1 hour and to 1,300°F in about 6-1/2 hours. To protect 
against the effects of a cooling water failure, the following safeguards would 

• be provided: 

• Water circulation pumps would be spared and both motor and steam 
turbine drivers would he,provided. 

• No-flow and high outlet water temperature alarms and switches will 
be provided to stop oxygen and coal flow to the gasifier vessels, 
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APPENDIX A 

REFRACTORY CHARACTERISTICS 

I. STAGE I - HIGH ALUMINA PLASTIC, PHOSPHATE BONDED 

Chemical Analysis (Calcined Basis) 

A1203: 88-92% 

SiO~: 6% (typical) 

P205: 3.4.5% 

Alkalies: 0.5 maximum 

Other oxides: 0.I maximum 

Technical Data 

Service temperature: 3,250°F (1,790°C) 

Material required for 
estimating: 

Thermal conductivity: 

190 Ib/ft 3 

Less than 16 Btu/in./ft2/hr/°F at 2,800°F 

Physical Properties 

After firing and cooling: 

Temperature 
Hours OF OC 

m 

Modulus of Rupture 2 
m! kg/ m 

24 450 230 1,900 133 
5 1,500 815 2,540 178 
5 2,000 . 1,095 3,580 251 

5 2,500 1,400 4,720 320 
5 3,000 1,650 2,570 180 

Linear Change 
(%) 

0.1toO.3S 
0.0to0.2S 
0.Oto0.2E 
0.5toO.2E 
0.OtoO.2E 

Panel sRalling loss: 
3,000-F (1,650°C) preheat: 0-4% 

Average storage life: 4 months 
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II. STAGES I AND II - INSULATING CASTABLE (LOW IRON) 

Chemical Analysis 

Ignition loss: 

SiO2: 

Fe203: 

A1203: 

TiO 2 

MgO: 

CaO: 

Alkalies: 

Technical Data 

Service temperature: 

Material required for 
estimating: 

Predampening water: 

Thermal conductivity: 
(mean temperature) 

500°F (260°C) 
l,O00'°F (540°C) 
1,500°F (815°C) 
2,000°F (I,095°C) 

Physical Properties 

After firing and cooling: 

Temperature 
Hours OF °C 

24 250 
5 1,700 
5 2,000 
5 2,500 
5 2,600 

(Ignited Basis) 

0.7% 

32-38% 

1.0 

52-60% 

1.0 (typical) 

0.2 (typical) 

5-6.5% 

2.0 maximum 

2,600°F 

60-70 ib/ft 3 

I0-15% 

(Btu/in./ft2/hr/°F) 

1.65 (typical) 
1.54 (typical) 
1.84 (typical) 
2.39 (typical) 

Cold Crushing Strength 3 
psi kg/ m 

ii0 300-400 21-28 
925 150-250 10-18 

1,095 100-200 7-14 
1,370 300-400 21-28 
1,425 300-400 21-28 

Linear Change 

0.6 to 0.8 S (typical] 
0.6toO.9S 
0.6to0.9S 
l.OtoO.SS 
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III. STAGE II - WORKYNG LINING, HIGH-PURITY ALUMINUM CASTABLE 

Chemical Analysis (Calcined Basis) 

Si02: 0.1-0.2% 

A12o3: 

Fe203: 

CaO: 

MgO: 

TiO2: 

Alkalies: 

Technical Data 

Service temperature: 

Matezial required for 
estimating: 

Predampening water: 

Maximum grain Size: 

Thermal condition 
(Btu/in./ftZ/hr/°F): 

Physical Properties 

92-96% 

0.3% 

4.3-6% 

0.I 

O. i maximum 

O. 4 maximum 

3,3OO°F minimum 

170 Ib/ft 3 

3-4% 

6 mesh 

Less than Ii at 2,400°F 

After firing and cooling: 

Bulk density (after 200°F drying): 170 Ib/ft 3 (typical) 

Hours 
Temperature 

o F ° C 

24 230 ii0 
5 1,750 995 
5 2,000 1,095 
5 2,500 1,370 
5 2,700 1,480 

Modulus of Ruptur E 
psi kg/cm 

1,400 99 
1,600 113 
1,300 92 
2,290 162 
3,000 212 

CO: disintegration test: 

I00 hr unaffected -- carbon spots 

200 hr unaffected -- carbon spots 

A-3 

Dimensional 
Firing Change, 

Linear (%) 

0.0 to 0.'I S 
0.0 to 0.i E 
0.I to 0.2 E 
0.i to0.5 
0.I to 0.I E 



APPENDIX B 

COOLDOWN RATE 

SUMMARY 

Theoretical calculations of the cooldown rates for the absorber, dissolver, 
gasifier, and the char cyclones have been completed and are attached. 
For ease of calculation it has been assumed in each case that the purge 
gas is at the same temperature as the cooling water (lO0°F). In summary, 
the results are: 

(i) Kbsorber (Figure 3-1)- It will require approximately one 
o 

hour to cool the inside wall of the vessel to Ii0 F from an 
operating temperature of 120°F. It will require about 6-1/2 
days to cool the inner two feet of concrete to ll0°F. 

(2)" Dissolver (Figure 3-2) - The inner shell of the dissolver 
will cool to 125°F from the operating temperature of 850°F 
in approximately i0 hours. It will require about II hours 
for the inner 3 inches (average radius of 203 inches) of insulat- 
ing concrete to cool to 125°F and 14 hours to cool to ll0°F. 

(3) Gasifier (Figure B-3) - The internal refractory wall of the 
upper stage Will cool from 2,50°F to 125°F in about 20 hours. 
It will require about 36 hours for the first 4-1/2 inches 
of refractory (average radius of refractory) to cool to 125°F 

o 
from a normal temperature of about 1,500 F. 

(4) Char cyclones (Figure B-4) - Approximately 5 hours are re- 
quired for the surface of the internal refractory to cool 
to 125°F from an operating temperature of 1,700°F. It wil[ 
require about 8 hours for the first 3-3/4 inches (average 
radius of refractory) to cool to 125°F. Since the hot ducts 
have the same refractory thickness as the char cyclones, these 
results should also be representative of the ducts. 
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COOLING RATES FOR THE VESSELS AND DUCTS IN THE PRESTRESSED CONCRETE COAL 
GASIFICATION SYSTEM 

The rate of cooling or heating for the vessels and ducts contained within the 
prestressed concrete system can be determined theoretically using the initial 
boundary conditions and the heat transfer coefficients at the boundary of each 
cylindrical surface. 

Let the function TCr,t) denote the temperature distribution between the inner 
radius (r = a) and the outer radius (r = b) of the vessel or duct. If f(r) 
denotes the temperature distribution at time t = 0, h a denotes the heat trans- 
fer coefficient at r = a, h b denotes the heat transfer coefficient at r = b, 
T a = temperature of the medium for r less than a, Tb = temperature of the 
medium for r greater than b, and K = thermal conductivity of the vessel, the 
boundary conditions are: 

At r = a K 3T(r,t) h 0 (la) Dr a [T(r't) - Ta] = 

At r = b K ~T(r,t) ~r + hb[T(r't) - Tb] = 0 (ib) 

At t = 0 T(r,O) = f(r) a < r < b (ic) 

The function T(r,t) must also satisfy the time-dependent heat equation: 

~T(r,t) = k ¢~[r 3T(r,t) ] 
~t Dr (2) 

for all r and all t; k is the thermal diffusivity of the vessel wall. 

For simplicity, Equations la and ib may be rewritten as: 

BT(r,t) k2T(r,t) = k3 At r = a kl Dr 

At r=b 
~T(r,t) 

k~ + ksT(r,t) = k 6 
Dr 

For convenience, it will be assumed that T a = T b = T although an exact solu- 
tion can be obtained without this assumption. However, the solution is con- 
siderably more complicated. The solution to these problems involves Bessel 
functions of the first kind, Jn(X), and Bessel functions of the second kind, 

Yn(X), where n = 0,i. 
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The solutions may be summarized by'defining the following functions: 

U 1 = k2Jo(ana ) + anJl(ana) 

U 2 = k s J o ( a n b  ) - a n J l ( a n b  ) 

U 3 = k2Y 0 ( ana )  + any  l ( a n a )  

U 4 = k s J 0 ( a n b  ) - AnJ 1 (anb)  

CO (an,r) = Y0(anr)Ul - J0(anr)U3 

C l ( a n , r )  = Y l ( a n r ) U 1  - J l ( a n r ) U 3  

where it h.as been assumed that k I = k~ = i, k 2 = ha/K, k 5 = hb/K, and k 3 
- haT/K = - k 6. The numerical values a n compose an infinite set of values 
which represent solutions to the equation: 

UIU 2 - U3U 4 = 0 (3) 

where 

an2U Co(an,r)I o - an2t 
T(r,t) T (4) 

n=l ÷ ks)Uo - 

I 
b 

z = r[r- f(r)]Co(an,r) dr 
a 

(s) 

Once f(r) is specified, the inf~gral may be carried out and the roots of Equa- 
" tion 3 may be determined using a computer. 
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ABSORBER 

Since the absorber vessel is not water-cooled, it is the least complicated to 
treat theoretically. It can be assumed that the entire structure is at the 
operating temperature If(r) = T O = 120°F] before cooldown is begun. It is 
also assumed that at the start of the cooldown procedure, the interior of the 
absorber vessel is purged with gas at the same temperature as ambient, and that 
the total heat transfer coefficient {conduction + radiation) at the outside 
surface is the same as that at the inside surface. The numerical value H = 
5.0 Btu/ft2/hr/°F corresponding to a S-mph wind is used in the calculation. 
The thermal diffusivity of the concrete was calculated to be 0.040 (ft2/hr) -I 
corresponding to a specific heat of 0.20 Btu/ib/°F. 

The integral in Equation S is equal to: 

I = 
[bY1 (anb)-aY 1 (ana)  ] U1 - [bJ 1 (anb) - aJ 1 ( ana ) ]  U3 

a 
n 

WhiLe there exists an infinite number of values of a n which satisfy Equation 3, 
each of which is finite, only the first few values are needed in the calcula- 
tions. This is because the exponential term in Equation 4 predominates for 
t > 0 and the higher-order terms (i.e., large an] rapidly decrease to negli- 
gible values. It is only in the case of small t that it is necessary to in- 
clude all roots for proper convergence to T o . 

The s o l u t i o n  has  been c a r r i e d  ou t  t o  t h e  f i r s t  f o u r t e e n  r o o t s  f o r  r = a ,  
r = b, r = a + 1 f t ,  and r = 1 / 2 ( a  + b) u s i n g  a = 11 f t  and b = 22 f t .  Small  
changes  i n  a and b w i l l  n o t  a f f e c t  t h e  r e s u l t s .  The r e s u l t s  a r e  p l o t t e d  in 
F i g u r e  B-1 and t h e  c o e f f i c i e n t s  a r e  t a b u l a t e d  in  Tab le  B-1. 

The r e s u l t s  o f  t h i s  c a l c u l a t i o n  f o r  t h e  a b s o r b e r  v e s s e l  i n d i c a t e  t h a t  i t  w i l l  
t a k e  a p p r o x i m a t e l y  96 h o u r s  f o r  t h e  t e m p e r a t u r e  t o  r e a c h  125°F a t  t h e  i n s i d e  
r a d i u s  p l u s  1 f t  and t h a t  i t  w i l l  t a k e  a p p r o x i m a t e l y  408 h o u r s  (17 d a y s )  f o r  
t h e  t e m p e r a t u r e  t o  drop to  t25°F a t  t h e  a v e r a g e  r a d i u s .  
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T a b l e  B-1 - NumerJ .cal  R e s u l t s  f o r  t h e  A b s o r b e r  

I,et T ( r , t )  = T + cr O .  - T) ~ (;n e-ka2nt 

n=l  

Coeffi- 
cient 

G 1 

G, 

G~ 

G 4 

G 5 

G 6 

G 7 

G 8 

G 9 

GIO 

Gll 

GI2 

GI3 

Gl4 

a 
11 

0.27381 

0.55035 

0 . 8 2 6 4 3  

1.10255 

1 . 5 7 8 7 9  

i. 6553 

1.932 

2.2091 

2.4864 

2.76415 

5.04222 

3.3063 

At r = ii 

0 . 0 8 5 3 5 1 3  

-0 0147896  

q 0 0818,0_ 

-0 0143421 

0 0780583  

-0  0135703  

0 0735311 

-0 0124856  

0 ..0680003 

I 
I 

- 0 . 0 1 1 4 6 6 7  

0. 0619506  

- 0 . 0 1 0 3 9 4 5  

At r= 12 

-i % - , -  
.,4848~. 

- 0 .  079919 

0 . 4 0 4 9  

-0. 622409 

0. 282567 

- 0 .  0377702  

0.147001 

- 0 . 0 1 4 7 8 6 2  

0.0288064 

0. 002829 

-0. 049295 

0.12489 

At r = 16 .5  

O. (](~09583 

O. 01058 

0. 0586,56, 

( / . 012625  

0. 0558845 

O. 00955852 

-) ,-~ 
O. 0 5 . 6 _ 8  

0. 0 0 8 9 1 9 0 2  

0. 0486489  

1).00819319 

0.0442384 

At r = 22 

3.59935 

4. 15794 

0.05b1438 

e 

0.0505031 

- 0 .  078989 

-0.075335 

.... ); .% 

O. 000255 

-0.413112 

0. 00002299  

0.24121 

-0. 00004255 

- 0 . 1 6 7 8 6 4  

-0. 00073468 

0.12559 

i 
i - 0 . 0 0 0 4 9 1  

-0.0979543 

0. 007419(37 ~ -i1.0000437 

I 
i 

0. 0400836 l 0.0789314 ! ! ; 

I ! ,  

0 . 0 5 5 9 9 7 1  - 0 . 0 6 4 8 5 7 5  

I 



DISSOLVER 

In the case of the dissolver vessel it is not possible to make the assumption 
that the initial temperature is constant. The inside surface (a = 200 in.) 
is at 850°F While the outside surface (b = 206 in.) is at no.more than 200°F. 
The medium between a and b is insulating concrete which has a thermal diffusiv- 
ity of 0.0126 and a thermal conductivity of 0.2917. At the start of cooldown 
it is assumed that each surface transmits heat to a medium at 100°F. The heat 
transfer coefficient at the inside surface is taken to be 1.458 while the heat 
transfer coefficient at the outside surface is taken to be 17.5. 

The initial temperature distribution is: 

Tit,  O) = f(r)  -- 
TaLn(b/r) 4 Tbln(r/a) 

In (b/a) 

where 

T a = 850°F, T b = 200°F, a = 200 in., and b = 206 in. 

The integral  of Equation S is :  

I = 
Talnb - Tblna ] [bCl(anb) - aC1 (ana) 

T - ~-~ (~/~j) an 

Ta - Tb [C (anb)blnb - Cl(ana)alna 
+ 

+ In (b/a--) } a n 

C O(anb) - C O (ana)" 
a 2 
n 

The first eight" roots for a n are given in Table B-2. The temperature as a 
function of time has been determined at r = 200 in., 201.5 in., 203 in., and 
204.5 in. The results for r = 200 in. • 8nd r = 203 in. (average radius) are 
shown'in Figure B-2. 

These results indicate that it will have taken approximately I0 hours for the 
inside wall temperature to drop to 125°F and approximately 11 hours for the 
temperature to drop to 125°F at the average radius. 
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Figure B-2 - Cooling Curve for the Dissolver 
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GASIFIER 

With the exception of the numerical values of the parameters, the solution for 
the gasifier is the same as that for the dissolver. The inside radius of the 
gasifier is 138 in. and the outside radius is 147 in. The 9-in. space is 
filled with two types of refractory material. The effective thermal conductiv- 
ity is taken to be 0.2906 and the heat transfer coefficient at the inside sur- 
face is taken to be I0 while that at the outside surface is 1.82. The tem- 
perature of the cooling medium at the inside surface and at the outside surface 
is assumed to be 100°F. 

Referring to the solution given for the dissolver, the solution for the gasifier 
is obtained with setting T = i00, T a = 2,500, T = 500, a = 138/12 ft, b = 
147/12 ft, k 2 = 34.4, k 5 = 6.26, k I = k% =i, and k 3 = k 6. 

The results are tabulated in Table B-3 and are plotted in Figure B-3. These 
results indicate that it will take approximately 36 hours for the temperature 
at the average radius to decrease to 125°F. 
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CHAR CYCLONES 

The solution for the char cyclones is of the same form as that for the dissolver, 

The relevant parameters are: 

T = 1,700°F 
a 

T b = 5 0 0 ° F  

a = 48.5 in. 

b = 56.0 in. 

h = 15 a 

h b = 6.43 

K= 1.12 

T = i00 

'k = 0.033 

The results are: shown in Figure B-4. The calculation indicates that it will 
take approximately 8 hours for the temperature at the average radius to decrease 
from 1,080°F to 125°F and approximately 5 hours for the temperature at the in- 

side wall to decrease from 1,700°F to 125°F. 
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APPENDIX C 

EFFECTS OF REFRACTORY AND COOLING WATER FAILURES 

Calculations of the effects of refractory failure and cooling wa=er 
failure in the gasifier were performed. Three refracting failure cases 
and a complete cooling failure were investigated. The refractory failure 
cases were based on the time to sense a 5 F rise in the cooling water 
differential temperature between the inlet and outlet. The analyses 
are based upon a single vertical tube in the upper (Stage 2) section 
of the gasiEier. These tubes are 70 feet long and are spaced one foot 
apart. Each tube therefore provides cooling for 70 square feet of refrac- 
tory failure cases, the water flow was at the normal velocity of 2.5 
feet per section. 

RESULTS 

.The original refractory lining consists of 5 inches of high density 
94%~alQminum castable and 4 inches of insulating castable refractors. 
The results are: 

Case i: Complete failure of higN density, high alumina refKactory. 
The failure of the 5-inch thick castable for the entire length 
of 70 feet by I foot wide will result in a temperature rise of 
about ~.l°F in about 8 hours after refractory failure. The system 
will reach an equilibrium shortly after this time with about a 
4-3°F temperature rise. Figure C-I illustrates the expected situa- 
tion. The inside metal membrane temperature will be about 566°F. 
This is based upon an internal operating temperature of 2,500°F 
at the lower end of the upper stage. 

Case 2: Complete failure of the high alumina refractory and 2 inches 
of insulating refractory. It will require a 13-1inear foot (13 square 
foot) failure, or about 18% of the refractory for a single tube, 
to raise the water temperature differential 5°F. This will occur 
about 3 hours after refractory ~ailure. The differential water 
temperature will reach equilibrium at slightly over 5°F. This 
is shown in Figure C-2. 

The internal metal temperature will be about 865°F. 

Case 3: Complete failure of high alumina refractory and 3 inches 
of insulating refractory. A 6.3-foot (6.3 square feet) failure 
or a 9% failure, will cause a 5°F temperature rise in about 1.2 
hours after failure. This is shown in Figure C-3. 

The inside metal wall temperature will rise to about 1,240°F. 

Water Flow Failure. A sudden cooling water flow failure will result 
in the metal wall temperature rising from the normal 500°F. to about 
900°F in one hour and to over 1,000VF in two hours. The expected 
metal wall temperatures are shown in Figure C-4. 
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REFRACTORY FAILURES FOR GASIFIER 

In normal operation, the gasifier ~essel (Stage 2) consists of a double 
refractory lining, a metal wail, and the exterior cooling system. In the 
region where the process temperature is 2,500°F, the radius of the vessel is 
138 in. (inside the refractory). The innermost refractory is 5 in. thick 
(from r = 138 to 143 in.) and is 94% AI203 with a density of 170 Ib/ft 3. The 
average thermal conductivity is 1.08 Btu/hr/ft/°F and the diffusivity is 0.03174/ 
ft2/hr. The second refractory is a low-iron lightweight insulating castable 
(70 ib/ft 3) with an average thermal conductivity of 0.1329 Btu/hr/ft/°F. The 
thickness is 4 in. (from r = 143 to 147 in.) in the lower region of Stage 2. 
The thermal diffusivity of this castable is 0.0095/ft2/hr. The thickness of 
the metal liner is 0.5 in. (r = 147 to 147.S in.) and the diffusivity is 
approximately 0.10/ft2/hr. The region between r = 147.5 and r = 152.5 in. 
consists of a combination of insulating concrete and steel fins. The effective 
thermal conductivity is estimated to be 0.82 Btu/ft2/hr/°F and the thermal 
diffusivity is about 0.032/ft2/hr. 

From the numerical values of the thermal diffusivities, the rate of heat flow 
in the unsteady state is controlled by the insulating castable, especially 
when the high-alumina castable is absent. The thickness of the metal wall and 
the cooling system can be expressed in terms of an equivalent thickness of 
insulating castable. Under normal operation (in steady state), the temperature 
at r = 143 is 2;175°F and the temperature at r = 147 is 504.8°F. Thus, for r 
between 143 and 147, the steady-state temperature distribution is given by: 

T in(b/r) + T b in(r/a) 
T(r) = , a in (b/a) (i) 

where 

= = 2,175, and T b = 504.8. b 147, a = 143, T a 

In order to find an equivalent thickness of the metal liner plus the insulating 
concrete, an effective value of b is found by setting T b = 1300F, a = 143 in., 
and T(r) = 504.8°F when r = 147 in. The result is b = 5.0 in. and thus, the 
metal plus the insulating concrete is equivalent to 1 in. of insulating castable. 

The boundary conditions can now be expressed in the following manner: at t = 0-, 
the initial steady-state temperature distribution is given by Equation 1 with 
Ta = 2,175, Tb = 130, a = 143, and b = 148 ~n. At t = 0, it is assumed that 
a refractory failure occurs, ~emoving a length, L, of the inner refractory 
(high alumina) 5 in. thick and 1 ft wide. In addition, a variable thickness 
of the insulating castable (L ft long and 1 ft wide) is also removed, exposing 
the surface of the insulating castable to 2,500°F. Since it is of interest to 
determine the length of failure required to change the water temperature in 
one cooling coil by 5°F, it can'be assumed that the temperature at r : 148 in. 
remains constant over short vertical distances. In addition, it is assumed 
that the surface temperature of the castable assumes its new steady-state value 
instantaneously. The results of the calculations also yield the new heat flow 
rate per vertical foot as a function of time. Subtraction of the original 
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steady-state heat flow per vertical foot gives the increased heat flow per 
vertical foot (QL) over normal. Thus, 

(QL)L = mC (AT) 

where L i s  in  f e e t ,  m i s  t h e  r a t e  of  water  f low in  l b / h r  t h rough  one c o i l ,  and 
c ' i s : t h e  s p e c i f i c  hea t  o f  t h e . c o o l i n g  water .  

The formal boundary conditions may be stated as: 

a<r<b 
T l n ( b / r )  + T b l n ( r / a )  

For t=0-  T ( r , 0 )  = a 
' in ( b / a )  

For t>_0 T ( a , t )  = T 1 

T ( b , t )  = T 2 

where T ( r , t )  must s a t i s f y  t he  hea t  equa t ion .  The g e n e r a l  s o l u t i o n  can be 
expressed  th rough  the  use o~ the  f o l l o w i n g  d e f i n i t i o n s :  

U0 (anr)  = Jo (anr)Yo ( anb )  - J0 (anb)Y0 (anr)  

T ( r ,~ )  = 
T l l n ( b / r  ) + T21n( r /a )  

In {b/a) 

k = thermal  diffusivity 

T In(b)  - Tbln(a)  a 

Dn In (b/a') -- Jo(ana) " JoCanb) 

- . ( T  a - T b) J o ( a n a ) l n ( b )  - Jo (anb) lnCa)  

+ TIJ 0 (anb) T 2 (ana) 

where the values, of a n are defined by the roots of the equation: Uo(ana ) = O. 

The temperature distribution is given by: 

T(r,t) = T(r,~) + ~ 
n=l 

- k a 2 t  
J0 {ana) DnUo (anr) e n 

j2(ana ) - Jo2(an b) 

Table C-I gives the steady-state conditions at the beginning and at the final 
conditions for each of the three refractory failure cases. 
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Condition 
,. ±, 

Case 1 

Table C-I - Steady-State Conditions for 
Various Gasifier Refractory Failures 

Before Failure 
(Normal Operation) 

Surface temp at 
r - 145 in, 

Inside metal temp 
Outside metal temp 
Heat flux at r = a = 

145 in. 

Case 2 

Surface temp at 
r = 143 in. 

Inside metal temp 
Outside metal temp 
Heat flux at r = a - 

145 in. 

Case 3 

Surface temp at 
r = 146 in. 

Inside metal temp 
Outside metal temp 
Heat flux at r = a = 

146 in. 

After Failure 

2,175.0°F (T a) 
504.8°F 
500. O°F 

772 Btu/hr/ft  2 

1,334.2°F (T a) 
504.8°F 
500.O°F 

761Btu/hr/ft 2 

918.I°F (T a) 
504.8°F 
500.O°F 

756 B t u / h r / f t  2 

2,482,3°F (Tt~ 
56S.8OF 
560.7°F 

886 Btu/hr/ft 2 

2,470.5°F (T1) 
865.1°F 
856.4°F 

1,475 Btu/hr/ft 2 

2,455.6°F (T 1) 
1,243.2°F 
1,230.3°F 

2,219 Btu/hr/ft 2 
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WATER FLOW FAILURE IN GASIFIER COOLING SYSTEM 

The theory presented previously (Appendix B) can be applied to the case when 
the rate of water flow ceases in the external cooling system for the gasifier. 
It is assumed that the heat flux is zero for radii greater than that of the 
metal liner. That is, it is assumed that the metal liner is thermally insulated 
at the outside radius. The only means by which heat is transmitted (without 
this assumption) through the liner is by heating the cooling water which re- 
mains in the coils and by heating the insulating and structural concretes. 
While the concrete represents a substantial heat sink, the thermal diffusivity 
is of the same order of magnitude as that of the insulating castable refractory. 

The resulting heating curve (see Figure C-4) represents the maximum rate of 
change of temperature with time, and therefore is the most conservative 
approach. The numerical parameters are K 1 = K A = I, k^ == 34.4, k~ = 0 
(k~ and k~ do not appear in the calculation), ~ = 2,50~, T = 2,424, and 
Tb == 500. ~ As shown in Figure C-4, the results indicate that after I hour 
wlthout any water flow through the cooling coils, the metal temperature is 
over 900°F. 
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APPENDIX D 

BRIEF SPECIFICATIONS FOR THE CONCRETE STRUCTURE OF A PCPV 

GENERAL 

Good quality concrete is imperative to the successful performance of 
a PCPV. Strict quality control measures shall be enforced throughout 
the construction of the vessel. Unless otherwise specified, ACI Code 
318-71 shall be applied for all prestressing work. 

PORTLAND CEMENT 

Types I, II, III, IV, or V, Portland Cement, conforming to the provi- 
sions of "Standard Specificatfons for Portland Cement" ASTM C-150, may 
be used. Each type has its own particular area of application. Gener- 
811y, the applicability of the cement types are as follows. 

Type I - for general construction, when special properties of 
the other types are not required. 

Type II - to be used where moderate sulfate attack may occur. 

Type III'- to be used where rapid strength of concrete is important 
and where the application can tolerate high heat of 
hydration. 

Type IV - for increased resistance against sulfate attack and 
lower heat of hydration than provided by Types II and 
III, and where the application can tolerate prolonged 
periods of curing. 

Type V - for maximum resistance against chemical attack, parti- 
cularly sulfates. 

AGGREGATES 

These should be clean, hard; '~ fine-grained, sand, crushed rock - natural 
sand or washed gravel - conforming to the requirements of ASTM C-33. 
Aggregate types which are likel~y to undergo physical or chemical changes 
and react with the alkalies in the cement shall not be used. Aggregate 
shall be of rough cubic or sp~herical shape and of consistent quality 
and grading. 

WATER 

Water shall be fresh and potable, with a chloride content of less than 
500 ppm and a sulfate content of less than 1,000 ppm. 
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ADMIXTURES 

Calcium chloride and admixtures or pigments containing calcium chloride 
shall not be used. Other admixtures shall be used when approved. 

CONCRETE STRENGTR 

The minimum concrete cylinder strength at 28 days shall be 5,000 psi 
for foundation and 6,000 psi for the vessel proper. Concrete specimens 
shall be tested in accordance with ASTM C-39, "Standard Method of Test 
for Compressive Strength of Molded Concrete Cylinders," at the ages 
of 7 and 28 days. 

MIX DESIGN 

The final selection of aggregate gradations, water-cement ratio, and 
admixtures shall be determined experimentally by a qualified concrete 
laboratory, but subject to the following criteria: 

a. 

b. 

Water-cement ratio shall be 0.45 maximum, preferably 0.4. 

Minimum cement factor shall be 7 sacks per yd 3, preferably 
8 sacks 

C. 

d° 

A small amount of pozzolan, such as good fly ash of calcined 
shale, shall be used as partial replacement of sand in con- 
crete. The amount of pozzolan used shall not exceed 10% by 
weight of cement. 

The use of water-reducing admixture is desirable, but subject 
to laboratory evidence and prior approval. 

e. Air-entraining agents shall not be used. 

f. Concrete coefficient of thermal expansion shall be as compatible 
as practical with the liner material. 

g. Maximum coarse aggregate should not exceed 2 inches. 

h. The experimentally determined composition of concrete shall 
be adhered to strictly by rigidly controlling the production 
procedure, and by ensuring that the materials are supplied 
by the same sources. 

INSULATING PORTLAND CEMENT CONCRETE 

Insulating concrete shall be made with good quality expanded clay aggre- 
gates or crushed fire bricks. The material shall conform to the speci- 
fications of ASTM C-330 for lightweight aggregate. The insulating concrete 
shall have a minimum 28-day compressive strength of 5,000 psi. 
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The shrinkage characteristics of the insulating concrete to be verified 
by trial bat:ches shall be such.that its drying shrinkage:shall not be 
more than 0.04% after 14 days of drying. Insulating concrete shall 
be consolidated with external vibrators against the steel liner. 

MIXING~ PLACING~ AND COMPRESSION OF CONCRETE 

Sufficient raw material shall be stockpiled for several pours. Construc- 
tlon joints shall be prepared strictly in accordance with specifications 
and approved before the new concrete is poured. The pouring sequence 
shall be followed dillgently. 

Extreme care should be exercised in the placement and compaction of 
concrete to avoid causing damage to pipe fittings and cooling system. 
The proper vibrating tools shall be employed to fill and compact concrete 
in all awkward spaces in the concrete wall due to thecongestion of 
steel, fittings, conduits, and equipment. 

Allpersonnel involved in this concreting operation shall be given a 
full understanding of the purpose and the importance of this Operation. 

FORMS AND TOLERANCES 

All formwork shall be taped to prevent mortar leakage. "Specified dimen- 
sional tolerances shall be strictly maintained, particularly tolerance 
on out-of-roundness, to ensure the uniformity of structural thickness 
and shape and minimize stress variation. 

If slipformmethod is used, care should he taken to ensure that the 
tolerance on verticality is maintained throughout the vessel height. 

CURING 

Concrete should be cured immediately after each pour by wetting the 
concrete surfaces with fresh potable water for no less than 5 days. 
Curing may be accomplished by other methods, subject to approval. 

CONCRETE FINISH 

All exposed exterior concrete surfaces shall be finished smooth, dense, 
and free from honeycombing. Any unsatisfactory concrete surfaces shall 
be chipped to sound concrete, and repaired as instructed. 

SURFACE SEAL 

All exposed concrete surfaces shall be sealed with two coats of epoxy 
emulsion. The sealing coat shall be applied in accordance with the 
manufacturer's instructions. The first coat shall be applied approxi- 
mately 6 weeks after the concrete is cast, and the second coat applied 
after the concrete structure is complete and the tendons stressed and 
grouted. 
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REINFORCING STEEL 

Unless otherwise noted on drawings, deformed bars of Grade 60 shall 
be used. Steel reinforcement shall be free from loose rust, grease, 
oil, salt deposits, or other deleterious materials likely to affect 
the durability or the bonding properties of the steel. All steel shall 
be stored in the proper manner, and maintained in good condition at 
all times. 

PRESTRESSING STEEL 

Prestressing tendons, which may be in the form of wires, strands, or 
stranded cables, shall be of 270 K type conforming to ASTM A-416. 

Prestressing strand shall have a nominal diameter of 0.5 inches or 0.6 
inches. 

ANCHORAGES 

All post-tensioned prestressing steel shall be secured at both ends 
by approved permanent-type anchorages. All anchorages shall hold the 
prestressing steel at a load producing a stress of not less than 95% 
of the specified ultimate tensile strength of the prestressing steel. 
The anchoring device shall distribute the load of the concrete such 
that the final unit compressive stress on the concrete directly underneath 
the plate or assembly shall not exceed 3,000 psi. 

K~ere special anchorages are specified or shown in the drawing, they 
shall be made strictly in accordance with specified design requirments; 
e.g., the ring anchor plates around the restraining ledge on top of 
the main plug. 

DUCTS 

Duct enclosure for prestressing steel shall be rigid ferrous metal, 
galvanized, mortar tight, and accurately placed at the designated loca- 
tions. Ducts shall have sufficient strength to maintain their alignment 
and shall not be damaged, dented, or displaced during concreting opera- 
tion. Splices shall be tight fitting sleeves and the spliced joint 
shall be bonded with waterproof tape. Air vents shall be provided at 
all high points in the tendon profile. 

After installation in the forms, the ends of the ducts shall be covered 
as necessary to prevent the entry of water or debris. 

PRESTRESSING 

All prestressing shall be carried out by use of hydraulic jacks to provide 
the forces as specified in the plans. Unless otherwise specified, the 
average working stress in the prestressing steel shall not exceed 60% 
of the specified minimum ultimate tensile strength of the steel. The 
loss in stress in post-tensioned prestressing steel due to creep and 
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shrinkage of concrete, creep of steel, and sequence of stressing shall 
be assumed to be 20,000 psi. The loss in stress due to creep and shrink- 
age of the concrete, creep of steel, and elastic compression of concrete 
shall be assumed to be 35,000 psi. Friction coefficients shall be in 
accordance to values as specified in the Code. 

GROUT 

Grout shall consist of Portland cement fine sand and water and may contain 
an approved admixture. Portland cement shall be Type i or Type II. 
Water shall be of the same quality as used for mixing structural concrete. 
Water content shall be not more than 5 gallons per sack of cement (94 ib). 
Grout shall not be retempered and shall be continuously agitated until 
it is pumped. Grout shall have a minum 28-day strength of 2,500 psi. 
Grouting equipment shall be furnished with a pressure gauge having a 
full scale reading of not more than 300 psi. 

CONCRETE COVER 

Concrete cover to all reinforcing steel and prestressing tendons shall 
be not less than 4 inches and 6 inches, respectively. 

WIRE MESH 

Wire mesh reinforcement shall conform to ASTM A-185. 

STRUCTURAL STEEL 

Structural steel shall conform to ASTM A-36 unless otherwise specified. 
The standard of workmanship shall comply with AISC Manual of Steel Construc- 

tion. 

* U.S. GOVERNMENT PRINTING OFFICE: 19 7 9 -6 4 0 "0 9 2/ 710 REGION NO. 4 
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