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STRUCTURAL INTEGRITY OF VESSELS FOR COAL CONVERSION SYSTEMS* 

D. A. Canonico . 

ABSTRACT 

The integrity of a .coal conversion system need not be 
compromised by material considerations in design or fabrication. 
The ASME and ANSI Codes assure the structural integrity of 
the large pressure vessels and piping when they are placed into 
service. Imposing additional requirements, such as increased 
impact toughness, will further assure the reliability and 
safety of the Code-fabricated vessel. Incorporating in-service. 
surveillance as part of the operational plan will ensure the 
integrity of the pressure-containing components for the 
anticipated service life. 

INTRODUCTION . 

Numerous components in coal conversion systems (CCS) will fail as 

a consequence of service. Failures in some components, such as valves, 

pumps, filters and some piping lines, are anticipated and can be 

accommodated through redundancy (during design) or by replacement during 

scheduled down periods. The cost of extensive downtime (low plant 

availability) may not be economically acceptable and, ideally, will be 

"designed.out" of a commercial coal conversion system. 

The Department of Energy (DOE) has supported a failure analysis 

data gathering task at the National Bureau of Standards (NBS). A 

summary of the information was published 1 in 1976. The importance of 

failure of a component on plant availability is given in Table 1. 

Evidently, failure of a number of the pressure containing components 

will not greatly affect plant availability; however, the failure of a 

pres~mre vessel and its juxtaposed piping will result in a major plant 

outage. 

1 
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A plant failure is often pictured as a catastrophic failure of a 

major component accompanied by damage to nearby facilities. This is 

only one failure mode, admittedly the most dramatic. A leak in a 

primary containment component as well as the detection of rejectable 

indications by nondestructive techniques are also failures. Any event 

Table 1. Effect of Failure of Various Components on Plant Availability 

Components 

Valves and valve seats 

Pressure, temperature, 
and flow controllers 

Lines 

Compressors - reciprocation 

Pumps - centrifugal 

Filters 

Absorption columns 

Steam generators 

Cat~lyot tray.!! 

Pressure vessels and 
piping 

Structural failures 

Failure 

Corrosion, erosion, 
cracking 

Metering errors, 
corrosion 

Fouling, plugging, 
craeking, ~Lress rupture 

Fatigue, erosion, 
corrosion, explosion 

Wear, leakage 

Plugging 

Corrosion 

Boiler-tube failure, 
plugging 

Plugging from eLlLt·alrunent 
solido 

Cracking 

Corrosion, overload, 
vibration-fatigue, 
thermal distortions 

Result 

Loss of efficiency, 
mild upset 

Loss of efficiency 

Major· upset 

Total shutdown 

Mild up~et 

Loss of efficiency 

Major ~hutdo'Wtl 

Major shutdown 

Loss of efficiency 

Major outage 

Major upset 

'·•' 
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that results in a major. outage of a billion dollar coal conversi.on 

facility can be considered a failure, whether or not the event is 

catastrophic. 

In view of the consequences of failure in a pressure vessel, we 

will concentrate on the structural reliability of the gasifier and the 

reaction pressure vessels that are the heart of the CCS. As pointed out 

in Table 1, most of the components in a CCS can be replaced with varying 

degrees of difficulty; however, the failure of a pressure vessel will 

cause a major plant outage. Vessels in the second generation commercial 

CCS concepts will require a five-year lead timel for acquisition. 

Hence, loss of such a unit will incapacitate an entire plant for a long 

time. Several factors affect the structural integrity of a pressure 

vessel: design, material selection, fabrication, and process environ­

ment. We must consider each to assure reliable and safe service. 

DESIGN 

The design of a CCS is influenced by interrelated scientific and 

engineering disciplines. Research chemists, thermochemists, kineticists, 

process chemical engineers, and economists define the required lines, 

temperatures, catalysts, space envelopes, mass velocities, space 

velocities, points for entry and exit of process materials, and 

boundaries between process stages. This information then sets the stage 

for metalh1rgists ~ ceramicists, structural engineers, and mechanical 

engineers to establish the physical and mechanical property requin:!wents 

for internal refractories, pressure boundary metals, internal and 

external structural materials, and external insulation. Layout drafting 

specialists and/or instrumentation and control specialists cooperate to 

define the interconnection routing and sizing of the piping, the 

location of valving and instruments, the mechanical joints, and the 

internal and external supports. The flow of information from these 

design actions establishes moments and loads at vessel nozzles, support 
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reactions, and estimates of temperature and pressure perturbations from 

steady state. Armed with this knowledge and coupled with the selection 

of design codes and the performance of economic analysis, the vessel and 

piping designer and stress analysts may finalize the vessel and piping 

designs. 

Other disciplines (e.g., safety, industrial hygiene, insurance, and 

maintenance) can and should have input into the design of pressure 

vessels and piping systems. Many of the functions may be combined and 

performed by a single individual. Conversely, information flow can 

beLorne ra~het complex if many individuals employed by several independent 

companies or entities [e.g., independent or federally owned research 

laboratories, architect-engineers (A-Es), engineering consultants and/or 

stress analysts, pressure vessel fabricators, energy or utility companies, 

insurance companies or insur~n~P poole, etc.] ~~Lform these functions. 

Consequently, the accomplishment of vessel ann piping oyatem 

function and integrity is a multidisciplinary and frequently a multi­

organizational task necessitating the balance of the various require­

ments. This interaction and cross-checking by multidisciplined technical 

personnel contributes to the excellent service record of pressure vessels 

in the U.S. 

We will only consider design from a materials viewpoint. In 

particular, we will refer to the American Society of Mechanical 

Engineers (ASME) and the American National Standards Institute (ANSI) 

Codes, which dictate both the material and the design allowable stresses 

for the construction of pressure vessels and pipes iu most states in the 

U.S. and a number of provin~P.s in Canada. Table 2 provides a list of 

jurisdictions that mandate the use of the ASME Code. The Codes 

basically provide the engineering requirements for the nnfP. de~igu and 

fabrication of pressure vessels and piping. They give minimum require­

ments for construction. Most reputable companies recognize this and 

impose additional material design criteria, which often go considerably 

beyond those of the Codes. 

The CCS pressure vessels.will be designed in accordance with 

Sect. VIII of the ASME Code, and piping will be designed and fabricated 
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Table 2. U.S. and Canadian Jurisdictionsa Requiring the 
Application of at Least·one Section of the ASME Ebiler 

and Pressure Vessel Code 

Alabama 
Alaska 
Arizona 
Arkansas 
California 
Colorado 
Connect:icuL 
Delaware 
Dist. of Columbia 
Georgia 
Guam 
Hawaii 
Idaho 
Illinois 
Indiana 
Iowa 
Kansas 

Albuquerque, N.M. 
Buffalo, N.Y. 
Chicago, IL. 
Dearborn, MI. 
Denver, CO. 
Des Moines, IA. 
Detroit, MI. 
E. St. Louis, IL. 
Greensboro, N.C. 
Kansas City, MO. 
Los Angeles, CA. 
Memphis, TN. 

Alberta 
British Columbia 
Manitoba 
New Brunswick 

U.S. States and Territories 

Kentucky Oklahoma 
Louisiana . Oregon 
Maine Panama Canal Zone 
Maryland Pennsylvania 
Massachusetts Puerto Rico 
Michigan Rhode Island 
Minnooota South Dakota 
Mississippi Tennessee 
Montana Texas 
Nebraska Utah· 
Nevada .Vermont 
New Hampshire Virginia 
New Jersey Washington 
New York West Virginia 
North Carolina Wisconsin 
North Dakota Wyoming 
Ohio 

U.S. Cities and Counties 

Miami, FL. 
Milwaukee, WI. 
New Orleans, LA. 
New York City, N.Y. 
Oklahoma City, ·oK. 
Omaha, NB. 
Phoenix, AZ. 
St. Joseph, MO. 
St. Louis, MO. 
San Francisco, CA. 
San Jose, CA. 
Seattle, WA. 

Provinces in Canada 

Newfoundland & 
Labrador 

Northwest Terr. 
Nova Scotia 
Ontario 

Spokane, WA. 
Tacoma, WA. 
Tampa, FL. 
Tucson, AZ. 
Tulsa, OK. 
University City, MO. 
White Plains, N.Y. 
Arlington Co., VA. 
Dade Co., VA. 
Fairfax Co., VA. 
Jefferson Parish 
St. Louis Co., MO. 

Prince Edward Is. 
Quebec 
Saskatchewan 
Yukon Territory 

ainformation extracted from: Tabulation of the Boiler and 
Pressure Vessel Laws of the United States and Canada~ Data 
Sheet, Uniform Boiler and Pressure Vessel Laws Society, Inc., 
Hartford, Conn., June 1979. 
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in accordance with ANSI Code B31.3. Economics (usually related .to the 

size of the pressure vessel being considered) will be the primary 

factor dictating whether construction will be to Div. 1 or Div. 2 

specifications of Sect. VIII. The general rules of Sect. VIII, Div. 1, 

limit pressure to 21 MPa (3000 psi), but paragraph U-1(b) does permit 

higher pressure if additional requirements are imposed. Hence, pressure 

alone will not be the controlling factor. Each division of Sect. VIII 

imposes safety factors for permissable design stresses. Table 3 

provides criteria for calculating allowable stresses in ANSI B31.3 and 

the two divisions o.f. Sect. VIII. Note that unly D1v. 1 ;;md ANSI B31.3 

provide allowable stress values for operation in the creep range. The 

allowable stresses in Div. 1 are lnw~r than thnr.::c in Div. 2. Table 4 

permits a comparison between the Div. 1 ~nd 2 allowable stress~~ for 

three grades of steel. We should emphasize that the stresses prnvined 

in Table 4 are based on the minimum values obtained for these steels. 

Usually, the actual strength exhibited by a steel is considerably 

greater than the minimum required in the specification to which it was 

purchased and processed. To some degree the potential cost savings 

afforded by Div, 2 from usP of thinner walled, lighler weight vessels 

is offset by the increased cost of the more rigorous rules of ~n~lysis 

and inspection. Figure l iF: based on SA 387 Grade 22 (2 1/4 Cr-l Mo) 

steel heat-treated to r.1 ;:H;s ? prop!itrtico. At r ... "'l'"'L aLur:oo below 4:,.) "C 

(850°F) the design stress intensities allowed in Div. 2 for 2 1/4 Cr-

1 Mo steel are about 1.3 times those permitted in Div. 1. NntP. that at 

temperatures above 455°C the advantages of Div. 2 quirkly disappear. 

Furthermore, as mentioned previously there are no allowable de~i~n 

stress intensities for temperatures in the creep range. 

Figure 2 emphasizes how the difference in Divs. 1 and 2 allowable 

streos~s and intensity limits, respectively, affects the size of a 

liquefaction pressure vessel. The difference in vessel size can be 

important when considering the competitiveness of a CCS. By designing 

with 300-mm-thick ( r2-in.) plate to the stress intensity limits in 

Div. 2, a vessel with an internal cross section 2.25 times greater than 

that possible in Div. 1 can be constructed. 

·~ 
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Table 3. Criteria for Calculation of Allowable 
(Nonbolting Conditions) 

Fraction 

Standard Ultimate Yield 
Tensile Stress 

ASME Sect. VIII, 1/4 2/3c 
Div. 1 

ASME Sect. VIII, 1/3 2/3d 
Div. 2 

1\blil B31 1 1/3 2/3d 

aTo give 0.01% strain per 1000 h. 

bTo give rupture in 100,000 h. 

Creep 
Stressa 

100% av 

e 

100% av 

of Minimum 

Rupture 
Stressb 

67% av 
80% min 

e 

67% av 
80% min 

Stresses 

Uniaxial Strain 
Cycling Fatigue 

f 

cAbove room temperature these values can be exceeded for some 
materials when the application involves components where greater 
deformation is.not objectionable, but they cannot exceed 90% of minimum 
yield stress at temperature. 

dAbove room temperature this value could be 90% of yield stress at 
temperature for some materials (i.e., austenitic stainless steels and 
certain nickel-base alloys), but it cannot exceed 2/3 of specified 
minimum yield stress at room temperature. 

eCriteria not established. 

!Fatigue properties are not always required. Need for fatigue 
analysis is .determined by designer in accordance with par. AD-160.2 of 
ASME Sect. VIII, Div. 2, rules. 

Table 4. Comparison of the Sect. VIII Maximum Allowable Stress 
in Div. 1 and the Design Stress Intensity Values in Div. 2 

Design Limit, MPa (ksi)a 
Temperature 

55' SA-516 Grade SA-387 Grade 22 Class 2 A 543 Class 1 
(oC) (OF) 

Division 1 Division 2 Division 1 Division 2 Division 1 Division 2 

38 100 94 (13. 7) 126 (18.3) 129 (18.7) 172 (25.0) 181 (26. 3) 241 (35.0) 

204 400 94 (13.7) 119 (17.2) 120 (17.4) 160 (23.2) 179 (26.0) 239 (34.6) 

343 650 Q4 (13.7) 100 (14.5) 119 (17.2) 158 (22.9) 173 (25.1) 231 (33.5) 

aSA ·indicates an ASME Code Sect. II, Part A, specification. A indicates an ASTM 
standard . 
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Seve~al different coal conversion processes are being considered 

for producing synthetic fuels and gases. Of current primary interest 

are processes that will provide high Btu gas or liquid. We can generally 

define the environments in which each process operates as· low tempera­

ture [500°C (900°F)], high pressure [14-28 MPa (2000-4000 psi)] for 

liquefaction and high temperature [1000°C (1800°F)], low pressure 

[10 MPa (1500 psi)] for gasification. In general, we will consider 

these two conditions in our discussion. 

The conditions described above essentially establish the pressure 

vessel sizes that can be contemplated for liquefaction or gasification. 

The liquefaction vessels will be about 3 to 5 m (10 to 15 feet) in 

diameter, while the gasification pressure vessels can range up to 10 to 

12 m (30 to 36 ft) in diameter. Figure 3 provides a relative comparison 
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of pressure vessel diameters that can be considered for the two major 

CCSs. This figure is based on the 345°C (650°F) stress intensity limits 

in Sect. VIII, Div. 2, of the ASME Code for SA 387 Grade 22 Class 2 

steel (2 1/4 Cr-1 Mo). Evidently, the high pressures [163 MPa (4000 psi) 

in the example in Fig. 3] in the liquefaction processes will limit the 

pressure vessel size to about 3m (10 ft). 

Figure 3 establishes the vessel sizes that can be considered for 

the two CCS concepts. In addition to the basic considerations of design, 

material selection~ and process environment, there are other equally 

constraining factors, ThesP. are related to fabrication proceJu·re, whit.:h 

is dictated by component transportation. The pressure-vessels that can 

be transported by railroad are limited3, 4 to about 4. 2 m (14 ft) in 

diameter and 730 t (800 tons) in weight. Lengths of about 31 m (100 ft) 

have been reported.3 Though the shipment of large pressure vessels by 

barge removes the size and weight constraints imposed by railroad 

transportation, it does require that the coal conversion plants be 

sited near navigable waterways. Such siting will tend to eliminate any 

size constraint other than the ability of the general contractor to 

handle the components during erection. HnwPver, navigable waterways 

are restricted mainly to the eastern u.s. Figure 4 shows the waterways 

of the u.s.,2 and evidently, navigable routes do not extend much 

further west than eastern Okl.9homa. ThP.n~fnrP) t"l-le norl;hern Crcnt PlA11':!1 

and the Rocky Mountains coal regions c~n be serviced only by land. In 

summary, the size of pressure vessel that can be shop fabricated is 

dictated by: (1) the coal conversion plant site and/ or (2) the lifting 

capacity of the fabrication shop. If the site is not accessible to a 

navigable waterway, then a choice must be made between the use of 

conversion processes based on a multitrain concept, which would allow 

the· use of pressure vessels no more than 4. 2 m in diameter, or of large 

field-erected vessels. 

As was mentioned, ASME Sect. VIII, Div. 1 or 2, will be used to 

design CCS pressure vessels, and ANSI B31.3 will be used for the piping. 

Responsibility for compliance of the completed- component with Code 

specifications is stated in each Code. The ANSI B31.3 places the 
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overall responsibility (par. 300) with the owner of the completed 

piping installation. Division 2 places the responsibility with the 

manufacturer. The owner (user) has the responsibility for adequately 

specifying the design conditions so that the manufacturer can comply 

with the requirements of the Code. The delegation of responsibility 

for complying with the rules of Div. 1 lies with the manufacturer. Of 

the two Codes ANSI is more lenient; it permits the use of design stress 

values based on the criteria employed for Div. 2, without imposing the 

restrictions found in that document. The bases for allowable st~esses 

below the creep range for malerlals other than bolting [302.3.2(h)) Rr~ 

provided in Table 3. 

Both ASME and ANSl recognize the need Lo <.:ouoluer how environment 

affects the material of construction. They re4uire the designer to 

include allowances for corrosion and erosion in the determination of 

the minimum thickness of a component. Paragraphs 302.4 and 304.1.1 in 

B31.3 address these topics. An entire Appendix (E) is devoted to this 

subject in Div. 1. 

Division 1 of Sect. VIII also recommends that the user he assured 

of the stability of his selected material over the expected life of Lhe 

component. Concern for mechanical properties (UG-5) and for the 

consequent loss of maLe rial toughncGG from extended eJCpoRttre to var lou~:; 

temperatures and environments is specifically cited. Appendix F of 

B31.3-1976 provides precautionary considerations about the deterioration 

of material in service. Specifically it addresses graphitization and 

environmental ettects for SLeels uuL does not conGidcr loss of ductility 

from the metallurgical embrittlement that may occur in some steels at 

these temperatures. 

The B31.3 and SPrt. VIII Codes contain toughness requirements; 

they are given in Figs. 5 and 6, respectively. Based on Charpy V-notch 

tests, these requirements are cited in 323.2.2 and 323.2.3 in B31.3. 

Paragraphs UG-84 of Div. 1 and AM-204 and AM-210 of Div. 2 cover the same 

subject. The requirements are essentially the same in Sect. VIII and 

B31.3. The Codes require that the impact tests be conducted at the 

lowest temperature to which a vessel may be subjected in its operating 
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cycle and that the minimum required Charpy V-notch impact values must be 

attained at these temperatures. The Codes do not require determination 

of Charpy V-notch upper shelf energy values. Furthermore, the Code 

rules do not assure that the toughness properties are greater than the 

20 to 25 J (15 to 20 ft-lb) required. The toughness requirements in the 

Codes are minimal for thick sections. This fact is recognized by 

reputable A-Es, owners, and fabricators. 

The most obvious differences between 831.3 and Sect. VIII, Div. 2, 

lie in the fabrication and inspection procedures for manufacturing compo­

nents. Specifically, the requirements for nondestructive examinations 

Table 323.3.7 Minimum Required Charpy V-Notch Impact Values 

Specified Minimum 
Tensile Strength 

A. Carbon and Low AUoy Steels 

65 ksi (448 MPa) and less 

Over 65 to 75 ksi (to 517 MPa) 

Over 75 but not including 95 ksi 
(656 MPa) 

95 ksi and over• 

B. Steels in P-Numbers 6, 7, and 8 

No. of Specimens' 

Average for 3 specimens 
Minimum for 1 specimen 

Average for 3 specimens 
t-iinimum for 1 specimen 

Average for 3 specimens 
Minimum for 1 specimen 

Minimum for 3 specimens 

Minimum for 3 specimens 

Energy, ft-lbf 1 

---

0

- Other Than 

Fully Fully 
Deoxidized Deoxidized 

Steels Steels 

13 
10 

15 
12 

20' 
15' 

10 
7 

13 
10 

Lateral Expa~sion• 

0.015 in(0.38 mm) 

0.015 in(0.38 mm) 

1 Energy values in this table are for standard-size specimens. For subsize spectmens, these values shall 
be multiplied by the ratio of the actual specimen width of a full-size specimen, 10 mm (0.394 in). To 
convert ft-lbf values to values in joules UJ, multiply by 1.356. 

~See 323.3.7(d) for permissible retests. 

1 In addition to the energy values, the values of lateral expansion opposite the notch, and percent shear 
in the fractwe surface, shall be recorded. These recorded values shall be shown on the certified 
reports for information only. 

4 When the htl'ral ~xpan:;ion crherion is applicable, in addition to a record of lateral expansion values, 
the values of absorbed energy in foot pounds and of the percent shear in the fracture surface shall be 
recorded on the certified report for information only. 

'For bolting of this strength level in sizes 2'' and under, the impact requirrmcnts of ASTM A320 may 
be applied. For bolting over 2'', requirements of this table shall apply. 

Fig. 5. Impact Requirements for ANSI 831.3 - 1976. Reproduced 
from: ANSI Code for Pressw>e Pip1:ng, Ch~mical Plan·!; and Petrolewn 
Refinery Piping, American Society of Mechanical Engineers, N.Y., 
1977, p. 53. 



14 

are minimal in B31.3. Random radiography of 5% of the circumferential 

butt welds is permitted for service above 180°C (360°F) or for pressures 

above 1.03 MPa gage (150 psig) [336.5.1(b)]. No consideration is given 

to environment. Division 1 requires that all butt-welded joints in a 

vessel that is to contain a lethal substance shall be fully ·radiographed. 

The definition of a lethal substance is open to interpretation. For a 

safe installation (basis for all codes) the most liberal interpretation 

should be employed. Moreover, Div. 1 requires full radiographic 

examination of specified thicknesses of butt-welded joints of certain 

* P and group number materials. Note that all thicknesees of 2 1/4 Cr-1 Mn, 

*p numbers provide groupings of base materials that may use the 
same welding process qualification (ASME Sect. IX, par. QW 421). 

TABLE UG-84.1 
MINIMUM CHARPY V-NOTCH IMPACT TESTS REQUIREMENTS 

FOR CARBON AND LOW-ALLOY STEELS LISTED IN TABLE UCS-23 

Specified Minimum 
Tensile Strength 

bS,OOO PSI 

and less 

Over bS.OOO 
to 75.000 pSI IMCIUStve 

t)~tlu 7c;,nnn tn hut nnt 

iMiwdiAg q§,QOO psi 

Average for 3 specimens 
Mimmum for 1 specimen 

Average for 3 specinu~ns 
Minimum for 1 soecimen 

l'l\llllrOIIJIII fnr '\ 'l'•riman' 

MiA•m~o~m fu~ l 'P''imon 

Minimum hn 1 'IIPI.im~u\ 

Charpy V-Notch Impact 
Energy, ft lb 

Fully 
Deoxidized 

st .. l 

13 
10 

15 
12 

1n 

li 

Other Than 
Fully 

Dtoxidiztd 

10 

13 
10 

1."1-~ll'll ~ljllllln.h_nl 

0.015 in. (15 mils) 

NOt£: . of S 
(l) For bolting of this strength level, in diam~ters of 2 in_. and under. t~e impact requ~rements A· 

320 may be applied. For diameters above 2m .. the requirements of th1s Table shall apply. 

TABLE AM-211.1 
MINIMIIM t:HtiR,V V.NnTr.H IMPtor.T T,~T R,QIIIR'M'NT~ 

fOR CARBON AND LDW·ALLOY STEELS 

S~ified Minimu•n 
Tensile Strength 

&S.ooo psi 
and tess 

Over &5.000 
to 75.000 psi inclusive 

Over 7S.OOO psi but not 
1ncluding 95.000 psi 

qs.ooo psi and over 

NOTE: 

Average lor 3 specimens 
Minimum for 1 specimen 

Average for 3 spetimens 
Minimum for 1 specimen 

Average for 3 specimens 
Minimury"~ for 1 specimen 

Minimum 3 spKi!"ens 
(Notr I) 

(1) See AM·21l.b(b)for permissible retests. 

CIIM,y V Nllo~ l111,u1 Valwn 
Ellff9Y, lt~b 

Fully 
Oevaidin\J 

Steels 

I) 

10 

1S 
12 

20 
15 

Olhor Than 
Fully 

Deo<idited 
Sleets 

10 

I) 

10 

Lateral Expansion Values 

0.015 in. 

Fig. 6.. Impact Test Requirements for Sect. VIII, Div. 1 
(Table UG-84.1 and Div. 2 (Table AM-211.1). Reproduced from: ASME 
Boiler and Pressure VesseZ Code, American Society of Mechanical 
Engineers, N.Y., 1977, p. 51 (Div. 1) and p. 27 (Div. 2). 
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3 Cr-1 Mo, 3 Cr-0.9 Mo, 5 Cr-1/2 Mo, 7 Cr-1/2 Mo, and 9 Cr-1 Mo steels 

(P-5 alloys) must be fully radiographed (UCS-57). Because of their 

excellent resistance to coal conversion environments and hydrogen 

attack, these alloy steels are candidate materials for the fabrication 

of pressure vessels and piping for coal conversion systems. The above 

radiographic requirement does not exist in B31.3. 

The fabrication rules are more restrictive in Sect. VIII than in 

B31.3. Division 1 [UCS-5(b)] restricts welding on carbon and low-alloy 

steels to those that contain less than 0.35% carbon. In contrast, 311.1 

in B31.1 permits welded joints in any material for which it is possible 

to qualify welding procedures. [Table ACS-1 of Div. 2 also limits 

(Note 4) the carbon content of some nominal compositions.] Furthermore, 

Div. 2 specifically delineates permissible fabrication procedures in 

its restrictions. 

Before final acceptance of a system, an authorized inspector must 

be satisfied that the pressure vessel or piping installation meets the 

requirements of the Code to which the .component was manufactured. 

Code B31.3 states that the authorized inspector is a representative of 

the owner. Section VIII states that the inspector can be an employee of 

a state or. municipality of the U.S., a Canadian Province, an insurance 

company authorized to underwrite boiler and pressure vessel insurance, 

or the owner (when the owner has purchased the pressure vessel for his 

own use). 

A Sect. VIII inspector is qualified by a written examination under 

the rules of any state of the U.S. or province of Canada. This is in 

contrast to B31.3, which requires that the authorized inspector have a 

minimum of ten years experience in the design, fabrication, or 

inspection of industrial pressure piping. 

Finally, the hydrostatic test required in both divisions of 

Sect. VIII and in ANSI B~1.3 provides the beRt assurance that the 

vessel and/or piping is functionally sound. Section VIII requires that 

the hydrostatic test be conducted at 1.25 times the design pressure. 

The ANSI B31.3 Code requires that the piping be proof tested at 1.5 

times the design pressure. 

In summary, the Codes are formulated to assure the safety of the 

manufactured component. The ASME Sect. VIII, Divs. 1 and 2, and 



16 

ANSI 831.3 Codes provide allowable stress values for pressure vessels 

and piping, respectively. The ASME Code is considerably more restric­

tive than 831.3, even when considering essentially identical materials. 

The ANSI 831.3 Code permits the use of unlisted materials. This is not 

true in the ASME Code. The allowable stresses in ANSI 831.3 are higher 

than those in ASME Sect. VIII, Div. 1, and the examination requirements 

are considerably more lenient. As a result of the above differences in 

requirements, a 831.3 piping installation is correctly less conservative 
- ' 

than a Sect. VIII, Div. 1, vessel. The hydrostatic tt:!sl that the Codes 

require befori. a vessel (or piping) is placed in ser.vict:! a~suree that 

the quality required by the designer has indeed been achieved in the 

fabricated component. 

MATERIAL Sl1LECTT.ON 

Section VIII permits selection of only those materials that are 

listed in Sect. II of the Code. Section II, Part A, provides specifi­

cations for plate and forging steels that are candidates for the 

fabrication of CCS pressure vessels. By mandating that steels be 

obtained in accordance with the requirements of the specifications in 

Sect. II, the materials will eJi:hibit a ll:'vP.l of ljuality commensuratl::' 

with their intended use. Steels that are permitted lu the Code have 

exhibited acceptable properties either through laboratory tests or 

through years of successful use in operating systems. 

The ASME and A!;TM speclflcations do not haVf~ specific requirements 

for qualifying materials for elevated-temperature and associated process 

environmental conditions. However, the material must satisfy both the 

mechanicnl property requirements at room temperature and the other 

requirements of the specification. However, elevated-temperature 

allowable stresses are provided for each Code-approved material, and 

these values are based on tests of heats of that grade and experience. 

Basic to the selection of the materials is consideration of Lhe 

operating conditions. Although the CCS environments are somewhat more 

hostile than those encountered in refining petroleum,5,6. the petroleum 

experience, particularly concerning hydrogen attack, provides an 
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excellent base for considering in-service deterioration. The Nelson 

curves provide the experience necessary for the initial environmental 

consideration when selecting pressure vessel and piping materials. 

These curves, shown in Fig. 7, represent over 25 years of experience 

and are periodically reviewed and updated. This background minimizes 

the potential for in-service problems from hydrogen attack. This 

experience is a major factor when considering vessel reliability, 

particularly for the high-pressure liquefaction reactor vessels and 

piping. 

ORNL-DWG 77-3~41R 
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Fig. 7. The Nelson Curves Show Operating Limits for Steels in 
Hydrogen Service. 

METALLURGICAL CONSIDERATIONS 

The choice of material for fabrication of a component depends on 

the volume (this will determine the vessel's diameter and height) and 

chemical characteristics (corrosivity) of the process stream, the 

required temperature and pressure, and the acceptability of the 

material under the Code. These criteria will dictate whether the 

component will operate in the warm mode [about 340°C (650°F)] 9r hot 

mode (above the temperature at which creep must be considered). 
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Because of their high process temperatures, the pressure vessels. used in 

gasification systems will likely be designed to operate below the creep 

range and above the dew point of the process stream. The limitations 

are selected because at the temperatures for which time-dependent 

properties must be considered, the Code allowable stresses decrease 

rapidly for small increases in design temperature. This loss of 

strength at temperatures of about 500°C (900°F) is evident in Fig. 1 

and is particularly true for the ferrous materials. The high-alloy 

materials (austenitic stainless steels· and high-nickel alloys) maintain 

their strengths to higher temperatures, but generally their allowable 

stress levels are low, and their cost per fabricated pound is compara­

tively high. Hence, economics will probably dictate that gasification 

pressure vessels will be fabricated from carbon or low-alloy steels, 

protected from the high process temperatures by refractory insulation, 

and perhaps overlaid (or clad) to protect them from the process stream. 

Liquefaction pressure vessels may possibly be designed to operate near 

their process temperature [about 500°C (930°F)]. If so, a refractory 

lining may not be required. 

Low-alloy steels will be employed in the fabrication of the CCS 

pressure vessels. These steels, in the thick sections required for 

large vessels, will be quenched and tempered to satisfy the requirements 

of the Sect. II specifications. The Code requires that the tensile 

and toughness requirements be satisfied at the quarter thickness depth 

in the plate (or forging). 

Quenching and tempering of carbon and low-alloy steels results in 

a variation in properties through the plate thickness.7 Such a variation 

caused by quenching is illustrated in Fig. 8. As mentioned above, the 

Codes require that.the minimum requirements of the specification be 

satisfied at the quarter thickness depth. Consequently, quite often the 

properties are not determined at other depths. Note that the minimum 

room temperature yield and ultimate strength for steel in Fig. 8 are 

345 and 550 MPa (50 and 80 ksi), respectively. The heat of steel used 

to develop the data in Fig. 8 actually exhibited yield and tensile 

strengths of 480 and 640 MPa (70 and 92 ksi), respectively. These 

•· 
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enhanced properties are not considered when reviewing the integrity of 

a pressure vessel.· The surface properties are superior to those at the 

quarter thickness depth because of the faster cooling rate there. The 

higher strength and improved toughness provide a degree of conservative­

ness that is not considered in the safety analysis of the pressure 

vessel. For certain applications this increase in strength is beneficial. 

In the case of a CCS, the increase in strength at the surface could 

be detrimental if excessive. A National Association of Corrosion 

Engineers (NACE) Committee reported8 that carbon and l9w-alloy Rteel 

candidates for the fabrication of vessels for coal conversion systems 

are susceptible to sulfide stress cracking when their hardness is about 

Rc22 or greater. For most of the candidate CCS pressure vessel steels 

the Rc22 hardness will not be exceeded. However, the owner should be 

alerted to the fact that these steels may have higher surface strengths 

than reported in a mill certification test. 

From the above discussions the required tensile properties can 

evidently be achiev.ed, even in the extremely thick sections, by 

quenching and tempering. Notch toughness, particularly under thP 

requirements of ANSI B31.1 and Sect. VIII, Divs. 1 and 2, of the ASME Code, 

can be met by the candidate alloys being proposed; however, the adequi:lr:!y 

of these requirements for thick sections is questionable. Most 

disruptive pressure vessel failures reported in the open literature have 

occurred as a result of poor initial toughness9 or because of loss of 

toughness from service.lO The Thompson vessel, which failed in 1966 

during hydrostatic testing, exhibited near 20-J (15-ft-lb) impact 

energy at the failure· temperature [40°C (104°F)]. Experienced 

fabricators!! and/or owner.Rl2 .;:~void this problem by requiring 54- Lu 

68-J (40- to 50-ft-lb) Charpy v~notch impact energi~~ a~ part of their 

internal procurement specifications. Imposing such impact toughness 

requirements assures that the fracture toughness of the containment 

steels is high enough to minimi~e the probability of catastrophic 

failure. High quality steels and their weldments will exhibit toughness 

properties considerably greater than these values. These superior 

toughness properties are not considered in the review of the integrity 
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of a vessel. Figure 9 illustrates this point with Charpy V-notch and 

compact specimen data from A 533 Grade B Class 1 steel. The linear 

elastic fracture toughness (Kic) value for this steel at the 20-J. 

(15-ft-lb) temperature [about -20°C (-40°F)] is about 66 MPa rm 
(60 ksi lin.); whereas, the value is near 220 MPa lin (200 ksi /in.) at 

the 68-J (50-ft-lb) temperature [about 35°C (95°F)]. The degree of 

improvement can also be expressed through the Rolfe-Novak correlation:13 

where 
CVN Charpy V-notch impact toughness in ft-lbs, 

0.2% offset values yield strength. 

By assuming a minimum yield strength of 345 MPa (SO ksi) and toughness 

values of 20 and SO J, the correlation provides Kic values of about 60 

and 120 MPa /:;(55 and 109 ksi lin.), respectively, for the two impact 

energy values. A Kic value of 120 MPa /:; (109 ksi /in.) will provide 

reasonable assurance that leak before break is probable, even for 

thick sectioned (near 150 mm) CCS pressure vessels. This assumes no 

degradation of toughness from operation. Degradation can be determined 

through an in-service surveillance program. 

The CCS vessels and piping are given a mandatory hydrostatic test 

either before shipment for shop fabricated components or before 

acceptance for field fabricated components. The ASME Codes require that 

these tests be conducted at a pressure that is 1.25 times design 

pressure. The piping Code requires that this pressure be 1.5 times the 

operating pressure. The hydrostatic test temperature is usually near 

room temperature, a temperature considerably below that of operation. 

By satisfactorily passing this final test, the vessel being placed into 

service has quality with guaranteed integrity. As was mentioned earlier, 
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in-service degradation of material properties can occur. This ppssi­

bility must be dealt with by maintaining in-service surveillance, which 

will be extremely important during the early years of a demonstration 

facility. During this period the industry is gaining much needed 

experience with the commerial second generation CCS. Stability of 

mechanical properties, particularly toughness, must be emphasized when 

discussing the long-time integrity of the pressure containment in a CCS. 

CONCLUSIONS 

We can expect that large, thick-walled coal conversion pressure 

vessels will exhibit structural integrity if they comply with the 

following considerations: 

1. They are built in accordance with the requirements of the ASME 

and/or ANSI Codes. 

2. The multidisciplined approach to design, material selection, ~nd 

fabrication is adhered to, and communication between these groups is 

maintained. 
' 3. The fracture toughness requirements imposed by experienced and 

reputable companies, which are considerably beyond those required by the 

Code, become the standard for the industry. 

4. The sharing of technological developments is continued and, 

indeed, is increased. 

5. The role of materials in the success of any conversion system 

is emphasized and assumes its rightful place in the development of coal 

conversion technology. There will be no_ industry if process and material 

development are not wed in pilot plant as well as demonstration plant 

facilities. 

6. In-service surveillance programs are included in the operational 

plans for coal conversion systems. 

7. The effect of the process environments on the mechanica~ 

properties of the pressure containment components is adequately 

established. 
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