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SPECIAL NOTES

API publications necessarily address problems of a general nature. With respect to partic-
ular circumstances, local, state, and federal laws and regulations should be reviewed.

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to
warn and properly train and equip their employees, and others exposed, concerning health
and safety risks and precautions, nor undertaking their obligations under local, state, or fed-
eral laws.

Information concerning safety and health risks and proper precautions with respect to par-
ticular materials and conditions should be obtained from the employer, the manufacturer or
supplier of that material, or the material safety data sheet.

Nothing contained in any API publication is to be construed as granting any right, by
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or prod-
uct covered by letters patent. Neither should anything contained in the publication be con-
strued as insuring anyone against liability for infringement of letters patent.

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every
five years. Sometimes a one-time extension of up to two years will be added to this review
cycle. This publication will no longer be in effect five years after its publication date as an
operative API standard or, where an extension has been granted, upon republication. Status
of the publication can be ascertained from the the Exploration and Production Department
[telephone (202) 682-8000]. A catalog of API publications and materials is published annu-
ally and updated quarterly by API, 1220 L Street, N.W., Washington, D.C. 20005.

This document was produced under API standardization procedures that ensure appropri-
ate notification and participation in the developmental process and is designated as an API
standard. Questions concerning the interpretation of the content of this standard or com-
ments and questions concerning the procedures under which this standard was developed
should be directed in writing to the director of the Exploration and Production Department,
American Petroleum Institute, 1220 L Street, N.W., Washington, D.C. 20005. Requests for
permission to reproduce or translate all or any part of the material published herein should
also be addressed to the director.

API standards are published to facilitate the broad availability of proven, sound engineer-
ing and operating practices. These standards are not intended to obviate the need for apply-
ing sound engineering judgment regarding when and where these standards should be
utilized. The formulation and publication of API standards is not intended in any way to
inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking
requirements of an API standard is solely responsible for complying with all the applicable
requirements of that standard. API does not represent, warrant, or guarantee that such prod-
ucts do in fact conform to the applicable API standard.

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or
transmitted by any means, electronic, mechanical, photocopying, recording, or otherwise,
without prior written permission from the publisher. Contact the Publisher,

API Publishing Services, 1220 L Street, N.W., Washington, D.C. 20005.

Copyright © 1998 American Petroleum Institute
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FOREWORD

This Technical Report is under the jurisdiction of the API Subcommittee on Valves and
Wellhead Equipment. The first edition was issued as an AP{ Bulletin in 1991, was reaffirmed
in 1997 with editorial changes, and was reissued as a Technical Report.

American Petroleum Institute (API) Technical Reports are published to provide informa-
tion for which there is broad industry need but which does not constitute either Specifica-
tions or Recommended Practices.

Any Technical Reports may be used by anyone desiring to do so, and a diligent effort has
been make by API to assure the accuracy and reliability of the data contained herein. How-
ever, the Institute makes no representation, warranty or guarantee in connection with the
publication of an Technical Reports and hereby expressly disclaims any liability or responsi-
bility for loss or damage resulting from its use, for any violation of any federal, state, or
municipal regulation with which an API publication may conflict, or for the infringement of
any patent resulting from the use of this population,

Suggested revisions are invited and should be submitted to the director of the Exploration
and Production Department, American Petroleum Institute, 1220 L Street, N.W., Washing-
ton, D.C. 20005.
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Technical Report on Temperature Derating of AP| Flanges
Under Combination of Loading

1 Scope

This report is a continuation to the report on the capabili-
ties of flanges under combined loadings (PRAC 86-21)
which resulted in the publication of API Bulletin 6AF.*
Included herein is an in-depth look into the effect of elevated
temperatures on API flanges.

The results in this report are analytical and assume a tem-
perature gradient across the flange as stated in this report.
When the flange is insulated on the outside surface, the allow-
able loads will be higher.

Additional finite element models of five new flanges in
API 6A, Sixteenth Edition, 1989, which were not in the 1986
Fifteenth Edition, used as a basis for the earlier work, were
developed for the combined loading of bolt makeup, internal
pressure, tension and bending moment. The API materials
were then grouped into four material categories. A thermal
analysis was performed (using all 63 axisymmetric finite ele-
ment models of PRAC 86-212 and the 5 new models) to
determine the temperature gradient and resulting thermal
stresses at steady state for all four material types at design
bore temperatures of 350°F and 650°F.

The post-processor program of PRAC 86-212 (calculating
the maximum moment capacity for various levels of pressure
and tension based on superposition) was partly modified to
include thermal effects and produce separate rating curves on
the same chart, based on the leak or loss of preload (on the
ring joint) criterion and the stress criteria. The stress criteria
used were of two types: a) ASME Section VIII, Division 2,
allowable stress categories for the flange with the basic mem-
brane stress allowable established by AP, and b) allowable
bolt stresses as established by API. The results of this post-
processing are presented in plots of pressure vs. allowable
moment for various tension levels. These new rating charts
were developed at two elevated temperatures for all four
material categories in Appendices A, B, C, and D respectively.

See Section 4 for details of the axisymmetric analysis and
Section 5 for details of the load capacity calculations.

As in the previous report PRAC 86-212, this report does
not address the actual gasket contact loads required to make a
seal. This report utilizes the leak or loss of preload (on the
ring joint) criterion as in Bull 6AF* (PRAC 86-21) and Bull
6AF2° (PRAC 88-21)° and not the leakage criteria in report
PN 90-21.7

2 References

This Technical Report references the following research
reports and publications:

1. Temperature Derating of API Flanges Under Combina-
tions of Loading, PRAC 89-21, by Andreas T. Katsousnas,
Joe R. Fowler, Stress Engineering Services, Inc., Report pre-
pared for AP, December 1989.

2. Capabilities of API Flanges Under Combinations of
Loading, PRAC 86-21, by K. C. Walker, Joe R. Fowler, Stress
Engineering Services, Inc., Report prepared for API, October
1987.

3. API Specification 6A, Specification for Wellhead and
Christmas Tree Equipment, Sixteenth Edition, October 1,
1989.

4. API Bulletin 6AF, Capabilities of API integral Flanges
Under Combination of Load, First Edition, April 1, 1989,

5. API Bulletin 6AF2, Capabilities of API Integral Flanges
Under Combinations of Loading, First Edition, January 1,
1993.

6. Capabilities of API Integral Flanges Under Combina-
tions of Loading, PRAC 88-21, by G. A. Ghoneim, K. H.
Haverty, Veritas Marine Services (USA), Inc., Report pre-
pared for API, December 1990.

7. Sealability of API R, RX, & BX Ring Gaskets, PN 90-21,
by Joe R. Fowler, Stress Engineering Services, Inc., Report
prepared for API, January 1994,

8. ASME Boiler and Pressure Vessel Code, Section VIII.
9. ASME Boiler and Pressure Vessel Code, Section 111,
10. ANSI B1.1, Unified Standard Inch Screw Threads, 1974.

11. Frank Kreith. Principles of Heat Transfer, Scranton,
Pennsylvania, 1965.

3 Introduction to Rating Charts
3.1 INTRODUCTION AND SCOPE

The publication of the API Bulletin 6AF (resulting from
PRAC 86-21) with load ratings corresponding to a combina-
tion of loadings provided an improved method of flange
design as compared to traditional, more conservative meth-
ods, such as designing for pressure loads only. The previous
work, on the determination of rating charts for API 6B and
6BX flanges, did not consider the effects of temperatures
higher than 250°F Determination of the effects of tempera-
tures from 350°F-650°F, on four different flange and bolt
material combinations, is the topic of this Technical Report.
The effects of temperatures on load capacity are primarily in
two areas. First, the yield strength—and thus allowable
stresses—of the flange and bolt materials may change at these
elevated temperatures. Second, thermal gradients across the

flange and between the bolts and ﬂangtfﬂéﬂ%ﬁi S
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2 APl TecHNICAL REPORT 6AF1

stresses, which must be considered when developing allow-
able loads.

Similar to the analysis done on the 69 previous flange
geometries of API Bulletin 6AF, the five new flanges added to
the new API 6A, Sixteenth Edition, were analyzed with four
different load conditions: Makeup, Pressure, Tension, and
Moment. The resulting capacity charts are presented in
Appendix E. The six 30,000 psi 6BX flanges (not currently
used) and the four 6B flanges (2,000 psi 3%, 16%/4, 211/,
3,000 psi 13%/g which did not meet aliowables when subject
to makeup load case only) were excluded from the thermal
analysis. The new 64 flange set was then subjected to thermal
gradients. Two different bore temperatures were selected
(350°F and 650°F) while the outside temperature was
selected to be 32°F.

Heat transfer on the outside surface of the flange was mod-
eled by a convection film with convection coefficient equal to
ten Btw/hr fi? °F with an outside surface temperature of 32°F.

Bolt bending stresses were excluded from consideration
despite being calculated in the previous study. Modeling of
bolts and nuts is such that the bolt as a whole follows the
deflected shape of the flange. The simplicity of this idealation
does not exactly reflect the bending behavior of bolts. The
modeling is sufficient, though, for axial bolt stress which was
considered.

To simplify the results, the yield strength of bolts was der-
ated as if the bolt temperature were the same as the corre-
sponding bore temperature. This is a conservative assumption
since the actual temperature of the bolt will always be lower
than the bore temperature.

There are several limitations to this work which should be
understood. First, no transverse shear or torsion effects were
considered. Second, the results are for static loading only. No
dynamic, fatigue, corrosion, or fretting phenomena were con-
sidered for this Technical Report.

Finally, these charts are not intended to replace a critical
evaluation of any particular connection in an application
where the charts show the flange to be marginal. The charts
are intended to be used only as a general guideline for
design. The conditions under which these flanges may leak
have not been thoroughly defined. If the flanges are not
made up to the bolt loads specified, the resuits will not be as
predicted by the charts.

3.2 MATERIAL CATEGORIES

The material properties required for a thermal analysis are
the thermal conductivity and specific heat. These properties
are temperature-dependent. The material properties used in
the thermal stress analysis (modulus of elasticity and coeffi-
cient of thermal expansion) are also temperature-dependent.

API materials were grouped into a total of four material
categories. The grouping of materials considered, among oth-
ers, the variations in the above material properties. Three dif-

ferent flange materials were combined with two different
bolting materials as shown on Table 1. API minimum yield
strengths were used for flanges; while derating at elevated
temperatures was applied according to Table 1 (derated from
ambient temperature yield at 72°F). The properties for both
bolts and flanges, as well as the yield strength of bolts, were
derated according to the ASME Boiler and Pressure Vessel
Code (see Table 2).

3.3 FLANGE COMBINED LOAD CAPACITIES

The plotted results for the combined load capacity of
each flange analyzed in this project are given in Appendices
A, B, C, and D. The rating charts for each material category
are presented in a separate Appendix. The results for each
category are arranged in the same order as found in API 6A,
first at 350°F and then at 650°F. The 6B flanges are first, fol-
lowed by 6BX flanges. For each flange style the results are
given in order of increasing diameter within each working
pressure rating. (Thus, the 211/4" 2,000 psi 6B flange is
before the 21/16" 3,000 psi 6B flange; and the 11" 5,000 psi
6B flange is before the 263/4" 2,000 psi 6BX flange.)

For the first two material categories (Appendices A and B)
combined load ratings were determined for each flange with
two different bolt makeup stresses. The first rating was deter-
mined for bolts made up to 52.5 ksi, and the second rating
was done for a makeup stress of 40 ksi. The two plots are
given on the same page to help evaluate the effect of a
reduced preload on a flange’s bending capacity. For each of
the first two material categories, two separate sets of plots are
provided at 350°F and at 650°F.

For the last two material categories (Appendices C and D)
combined load ratings were determined for each flange with
only one bolt makeup stress. The rating charts were deter-
mined for bolts made up to 42.5 ksi. Therefore, the charts for
the two temperature ratings are provided in the same plot.
Bolt makeup is taken as half the yield strength of the bolts.

To assist the user in better understanding the rating charts,
a table of controlling criteria has been established (see Table
6). Each identification number corresponds to a separate
stress condition. Also included in the table is ID=11, which
denotes leak/loss of preload. The controlling capacity curve
with ID=11 is shown in the rating charts with a continuous
line. Therefore, only the identification of the controlling
stress criteria will be shown in the rating charts.

When studying these results, one should keep in mind that
for a particular flange the moment capacity based on leak/loss
of preload criteria is assumed to not be affected by temperature
variations; thus no difference exists between material catego-
ries or between temperatures within a material category. This
assumption was made because, in general, the thermal bound-
ary conditions chosen result in the flanged-joint preload
increasing, due to temperature. This increase, if accounted for,

would allow higher moments for the leak cn'tm éwmlehts
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Table 1—List of Materials

Derating Factors

Material Category Flange Bolts 350°F 650°F
A Carbon and Low Alloy Steels 4130 SA 193 B7or 0.85 0.75
CR-'5 Mo SA 193 B7™M
Cr-}5 Mo
B Martensitic, Ferritic and Precipitation 41088 SA 193 B7 or 0.85 0.75
Hardening Stainless Steels 13Cr SA 193 B7TM
Cr-'5 Mo
C Austenitic and Duplex Stainless Steels Ferralium-255 SA 453 Gr 660 0.80 0.73
5-32550 (A286)
26Ni-15Cr-2Ti
D Carbon and Low Alloy Steels 4130 SA 453 Cr 660 0.85 0.75
Cr-15 Mo (A286)

the thermal boundary conditions are not as severe, then
accounting for thermal preload increase is unconservative.

On the other hand, leak/loss of preload is affected by bolt
makeup. In addition, when primary loads (without makeup)
control, the moment capacity—based on stress criteria—is
the same for any material category with the same flange
material (compare material categories A and D at equal tem-
peratures). The latest observation (when primary loads con-
trol) is also true for flanges made up of different flange
material but with the same yield strength derating factors
{compare material categories A and B at equal temperatures).
When reviewing the rating charts, note that the moment
capacity range is kept the same as in API Bulletin 6AF so as
to aid comparison between rating charts.

Material category A was dominated by bolt stresses (con-
trolling condition ID=12), especially at 650°F. No significant
capacity, if any, exists for 6BX flanges larger than 9" in size
(5,000 psi and above) but the same is not true for 6B flanges.
This is because the bolt allowable stress is exceeded by
makeup plus thermal stress alone for several flanges. This is a
direct result of lower bolt stresses on 6B flanges, as compared
to 6BX flanges, due to temperature-loading. The variation is
attributed to differences in geometry and the levels of maxi-
mum working pressure between the two types of flanges.
However, the results for 2,000 psi and 3,000 psi of 6BX
flange at 650°F require some further explanation. An increase
in pressure (at low levels of bore pressure) results in higher
moment capacity. Due to the geometry of these 6BX flanges
and the majority of 6B flanges, pressure-loading results in
some preload loss. The large diameter flanges rotate towards
each other enough under load that bolt stresses due to pres-
sure actually decrease. Therefore, with the preload-reducing,
higher capacity is expected when bolt-stress criteria control.
Also note that a total of six 6B flanges (one 2,000 psi, and one
larger size, 3,000 psi) exhibit higher capacities at lower bolt

26Ni-15Cr-2Ti

makeup at 650°F. Thermal stresses, plus makeup, plus
stresses control (ID=202) for higher bolt makeup; while pres-
sure, tension, and moment control for 40 ksi makeup. At
650°F, the six smaller size 10,000 psi 6B flange rating charts
level off at pressures close to the maximum working pressure.
In all cases, the controlling condition is ID=I for both slopes,
meaning stresses control at section 1.1. No distinction is
made between membrane and membrane-plus-bending con-
trolling. It so happens that for these flanges, membrane and
membrane-plus-bending control at different levels for the
same section.

At 350°F, no significant differences exist between material
categories A and B. At this temperature, the moment capacity
based on stress criteria controls over leak/loss of preload cri-
teria for several flanges. Flange stresses control at smaller
size flanges (10,000 psi up to 7116, 15,000 psi up to 41/,
2,000 psi and 3,000 psi up to 4/;5 and all 5,000 psi 6B
flanges). Stress criteria control for larger flanges when the
controlling stress criteria is the bolt stress criteria. At 650°F,
6BX flanges made up of material categories A and B behave
differently. This is because of lower bolt stress of category B
caused by the lower thermal conductivity of material B,
hence higher moment capacity. When bolt stresses or thermal
gradient do not control, the two materials have exactly the
same capacity (almost all 6B flanges).

Material categories C and D generally exhibit higher
capacity capabilities than categories A and B. The compari-
son between the two sets of categories is better accomplished
through a comparison of material categories A and D since
they have the same flange material. Comparing bolt makeup
of 40 ksi and 42.5 ksi for A and D respectively, leak/loss of
preload gives slightly higher capacity for material D (due to
difference in bolt makeup). Material category D has higher
capacity based on stress criteria, since bolt-stress criteria

almost never control. This was not true b B@Eﬂﬁé’h‘fs
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4 API TECHNICAL REPORT BAF1
Table 2—Derated Values of Material Properties
Martensitic, Ferritic and
Carbon and Low Precipitation Hardening  Austenitic and Duplex Carbon and Low
Alloy Steels Stainless Steel Stainless Steels’ Alloy Steels8
Temperature
°F Flange Bolts Flange Bolts Flange Bolts Flange Bolis
60.0 60.0 60.0 60.0
70 80.0 80.0 85.0 85.0
105.0 105.0
75.0 75.0 75.0 75.0
51.0 51.0 48.0 51.0
Yield Strength? 350¢ 70.7 70.7 81.8 81.8
psi x 103 92.8 92.8
638 63.8 60.0 63.8
45.0 45.0 43.8 45.0
650° 63.1 63.1 80.6 80.6
828 82.8
56.2 56.2 54.8 56.2
Coefficients of 70 242 24.2 15.2 242 7.8 1.5 242 1.5
Thermal Conductivity® 350 240 240 15.7 24.0 9.6 9.0 24.0 9.0
BTU/hr fi2 °F 650 223 223 159 223 11.5 10.4 223 104
70 29.7 29.7 29.2 29.7 30.5 28.3 297 283
; .
g;"j‘;‘;;f Elasticity 350 82 282 276 282 290 268 82 268
650 26.6 26.6 25.8 26.6 27.0 25.1 26.6 25.1
Coefficients of Thermal 70 573 5.73 5.98 5.73 6.10 8.24 5.73 8.24
Expansiond 350 6.59 6.59 6.35 6.59 6.40 8.62 6.59 8.62
in/in. x 10%°F 650 7.40 7.40 6.57 7.40 6.75 9.00 7.40 9.00
Notes:
2APIL

YASME Boiler and Pressure Vessel Code, Sec. VIII, 1986, Table 1.

CASME Boiler and Pressure Vessel Code, Sec. VIII, 1986 Table AMG-2.
dASME Boiler and Pressure Vessel Code, Sec. VIII, 1986 Table AMG-1.

¢API Proposed Change, Table G2.
fCabot Corporation.
8ASME Boiler and Pressure Vessel Code, Sec. I11, App., 1983.

was dominated by bolt stresses. This is evident, considering
the difference in derated bolt yield strength allowables of 52.4
ksi for A and 66.9 ksi for D (0.83 factor also included). The
A286 bolts do not derate as much as the SA193 B7 and
SA193 B7M bolts at elevated temperatures. As noted previ-
ously, bolt temperatures were taken conservatively at 650°F
rather than using their actual temperature. Using the actual
temperatures would definitely improve the capacity capabili-
ties of category A and B flanges.

3.4 USE OF RATING CHARTS

An explanation of the proper use of the plotted results in
Appendices A, B, C and D is given below. Also, a procedure
to use in evaluating a flange for a particular combination of

Full document details: APl TR 6AF1-1998 scan

loads is outlined to aid those who will be using these results.
Figure 1 is reproduced from Appendix A for the 31/1¢" 10,000
psi 6BX flange at 350°F for reference in the discussion below.

The plotted results given in Appendices A, B, C and D
show limiting load combinations of temperature, makeup,
pressure, tension, and moment. The results are based on the
stress criteria (shown with dashed lines) as well as leak crite-
ria (shown with continuous lines) that controls at each load
combination. Some curves have a “knee” in them, when the
controlling criteria changes from a flange-stress limitation to
a bolt-stress limitation, or even within the same flange-stress
limitation. Thus, the minimum capacity of a flange can be
derived, based on both leak control and stress control, if the
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Figure 1—Typical Combined Load Capacity Results
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user is concerned about leakage. Otherwise, the user can base 4. Evaluation

his design only on stress criteria. a. If the Max Tension rating is greater than the required
The steps outlined below are provided to simplify the use tension, the flange is satisfactory for the intended use

of the curves to evaluate a particular flange. based on the axisymmetric analysis.

b. If the Max Tension rating is less than the required ten-
sion, the flange cannot carry the desired load combina-
tion, based on the axisymmetric analysis. The pressure,
tension, or moment will have to be reduced, or in some
cases, increasing the bolt makeup from 40 ksi to 52.5 ksi
will help. If these changes are not acceptable, a more
refined stress analysis will be required.

1. Establish magnitude of each load condition.
a. Bolt makeup stress (52.5, 42.5 or 40 ksi).
b. Pressure (psi).

c. Tension (Ib).
d. Moment (ft-1b).
¢. Bore temperature (°F).

{Remember, the pressure load condition includes the ten-
sion due to the pressure end load, so if no other tensile loads Example 1

are present, the Tension = 0 Ib curve should be used.) Using the 3/;¢" 10,000 psi 6BX flange as an example,

2. Determine appropriate material category. check the load rating for the following combination of loads:
3. Determine fiange load capacity. a. Bolt Makeup Stress = 52.5 ksi.
a. Pick appropriate figure based on material, bore tempera- b. Pressure = 10,000 psi.
ture, and makeup desired. ¢. Tension =01Ib.
b. Determine if leak/loss of preload is of concern. If not d. Moment = 5,000 fi-lb.
ignore continuous line in figures. If leak/loss of preload is , .
of concern, use minimum of continuous and dashed lines. e. Temperature= 350°F.
c. Enter ﬁgu.re from left side'with Pressure. Reading from Figure 2 and considering leak/loss of pre-
d. Move to right to find required Moment. load as well as stress criteria, the Max Tension rating for this
¢. Intersection is point that defines Max Tension rating. Pressure/Moment combination is:
f. Interpolate between lines to get Max Tension rating.

Max Tension rating = 61,000 b
(same as previous report
PRAC 86-212)

3—1/16'"—10,000 PSI APl 6BX—FLANGE
BORE PRESSURE vs BENDING MOMENT WITH TENSION

Bolt Makeup Stress = 52,500 psi T = 350F
0000 —— T y—— v e e fo ey
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Since the required Tension is O 1bs, the flange is okay.
Example 2

For the same flange, check the following combination:

a. Bolt Makeup Stress =52.5 ksi.

b. Pressure =8,000 psi.
c. Tension =80,000 Ib.
d. Moment =15,000 ft-1b.
e. Temperature =350°F.

Reading from Figure 15, the Max Tension rating for this
Pressure/Moment combination is:

Max Tension rating = 0 1b

Since the required Tension is 80,000 Ib, the flange is not
adequate for this application. Possible lower combinations for
this example were recommended in PRAC 86-21.2 Because
of reduced capacity at 350°F, the maximum tension that can
be carried (for Pressure = 0 psi) is:

Max Tension rating = 55,000 1b

Therefore, the moment applied on the flange has to be
reduced at least to 13,000 ft-Ib to be able to carry 80,000 Ib
tension.

Example 3

Reconsider the above flange with the applied moment
equal to 10,000 ft-Ib. Possible lower combinations to satisfy
the tension or the pressure are:

a. Reduced Tension:

P = 8,000 psi, T'= 33,000 Ib, M = 10,000 ft-Ib
b. Reduced Pressure:

P =3,600 psi, T=80,000 Ib, M = 10,000 ft-Ib

4 Axisymmetric Finite Element Analysis
4.1 INTRODUCTION

The task of providing rating charts of conservative pressure
vs. moment with tension for each API flange has been
reduced to a standard analysis procedure which was devel-
oped based on work done in the past by Stress Engineering
Services. The same finite element geometry models used in
PRAC 86-212 have been used here. The flanges were grouped
into nine different geometry groups, each with its own stan-
dardized finite element mesh (element and node numbering).

Similarly to the analysis done on the 69 previous flange
geometries of API Bulletin 6AF?, the five new flanges added in

API 6A, Sixteenth Edition? were then analyzed with four dif-
ferent load conditions: Makeup, Pressure, Tension, and
Moment. The resulting capacity charts are presented in Appen-
dix E. The six 30,000 psi-6BX flanges (not currently used) and
the four 6B flanges (2,000 psi 3%/g, 163/, 211/, 3,000 psi 13%%5
did not meet allowables when subjected to makeup load case
only) were excluded from the thermal analysis.

The new 64 flange set was then subjected to thermal gra-
dients. Two different bore temperatures were selected
(350°F and 650°F) while the outside temperature was
selected to be 32°F. Four different material combinations
were selected. They were comprised of three flange and two
bolting materials.

The effect of thermal gradients on the load capacity of the
complete 64 flange set was then studied. The resulting
stresses were linearized at several cross sections for each load
step. Also, the reaction load at the gasket and the axial
stresses in the bolts were tabulated.

A post processor was written for PRAC 89-211 to automate
this data reduction, and was used herein with no significant
modification. The thermal analysis results were then com-
bined with the results of the previous study, PRAC 89-21,
using linear superposition to determine a maximum moment
rating for each possible combination of pressure and tension.
The resulting data were plotted to aid in their use.

The second post-processing/plotting program, written to
do the many repetitive calculations required, was modified
and used. The details and assumption in the finite element
analysis are detailed in this section. Section 5 has details
of the stress criteria, stress linearization, and load rating
calculations.

4.2 FINITE ELEMENT MODELING

The ANSYS Finite Element Program was used for all the
axisymmetric analysis. The flange geometry was modeled
with the STIF42 element for the makeup, pressure, and ten-
sion load cases. The STIF25 element was used for the bend-
ing solution. These are both isoparametric, quadrilateral
elements with an axisymmetric stiffness formulation. The
STIF25 element provides an option to apply harmonically
varying loads around the circumference of the pipe (which is
how a bending load is best represented). The bolt was mod-
eled with the STIF3 element. This is a uniaxial element with
axial and bending capabilities defined by the area and
moment of inertia.

The thermal model conversion was done by changing the
STIF42 element type to a STIFS5 element. The STIF55 ele-
ment is also an isoparametric quadrilateral element, with a
single temperature degree of freedom at each node. Also, the
beam element for the bolt was changed to a conducting bar
(STIF32). Convection links (STIF34) between the flange and
bolts were used to model the heat transfer of the air gap

between them. In contrast to PRAC 89—26 6c&1ueﬁ||0ém S
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was used to model the heat transfer at the outside surface of
the flange. The thermal analysis was run to determine the
steady-state temperature distribution through the flange. Once
the temperature distribution was established, the results were
input to the thermal stress analysis model (STIF42, STIF3) to
calculate the resulting thermal state of stress.

The surface stresses calculated by the finite element
method will depend on both the size of the stress raiser
(hub/flange radius for example) and the size of the finite
element mesh. The finite element mesh for each model
was fine enough to predict the membrane and bending

stresses required for comparison to stress-allowables. Typ-
ical meshes are shown in Figure 3. No attempt was made
to predict peak stresses that would be used for a fatigue
analysis. (Fatigue analysis is beyond the scope of API
Spec 6A.) The proposed mesh was verified, in PRAC 86-
212, to be sufficiently fine to correctly predict membrane
and bending stresses.

The model was extended from the hub at least 2.5/R¢ to
prevent the end conditions from affecting the results in the
flange, where R is the mean radius of the hub and 7 is the
thickness.

\

Figure 3—Typical Finite Element Meshes
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4.3 ASSUMPTIONS

The assumptions and limitations of the methods used in the
finite element modeling are presented here. For consideration
of bolt makeup, internal pressure, tension, and bending
moment material properties were assumed to be “typical”
values for steel:

Elastic Modulus = 29,000,000 psi
Poisson’s Ratio = 0.3

For the thermal analysis, actual material characteristics
were implemented, a complete list of which appears in 4.4.

The geometry of the 6B flanges was defined using the inte-
gral flange dimensions without a taper from the “X” dimen-
sion on the hub. All flanges used the maximum raised face
thickness. This is conservative, since using a smaller thickness
will increase the bending stress. The ring groove was neglected
to simplify the modeling. See PRAC 86-212 for the compari-
son of results with and without the groove included.

The bolt preload was reacted entirely through the ring gas-
ket. This is correct for 6B flanges with R and RX gaskets
where there is a standoff between the flange faces after
makeup. The 6BX flanges are designed to preload on the
raised face with no standoff. However, there have been
reported cases of 6BX flanges not coming face-to-face due to
strain-hardening in stainless steel gaskets. This assumption is
conservative since it increases the moment arm between the
preload forces, thereby increasing the resulting flange stresses.
Also, this is the only reasonable way to model the boundary
condition and still get linear solutions for each load step that
can be used for superposition of results. The bolt preload was
assumed to be made up to half the bolt yield strength.

The reaction point for the gasket load was set at the O.D. of
the ring groove. It might be argued that a more reasonable
location would be at the center of the gasket. However, a
trade-off was made to correctly apply the pressure load out to
the O.D. of the groove. It was considered more important to
get the pressure-loading correct since the difference in the
two diameters made only a small difference in the length of
the moment arm between the bolts and gasket. The maximum
diameter was used for the flange bore.

The diameters used to calculate the area and moment of
inertia for the beam elements in the model were calculated
from the tensile stress area given by ANSI B1.1-1974,10
Appendices C and D. The bolt sizes used were based on
Appendix D of Specification 6A, Sixteenth Edition, to calcu-
late the recommended flange-bolt tension and makeup torque.

The reduced stiffness of the flange around the bolt holes
was accounted for by reducing the modulus of the material
used for elements in that region. The modulus was reduced by
the percent of material removed by the bolt holes. This varied
from flange to flange, but on the average it was approximately
70% of the elastic modulus given above.

Heat transfer on the outside surface of the flange was mod-
eled by a convection film with a convection coefficient equal
to 10 Btu/hr ft2 °F with an outside surface temperature of
32°F. To establish if this value is conservative for all flanges,
a lower value (1 Bt/hr ft? °F) was applied to the flange with
largest O.D.; in this case, 10,000 psi 135/8 6BX flange. The
results shown in Appendix F indicate that 10 Btu/hr ft2 °F is
indeed a conservative value. The use of 10 Btu/hr fi? °F is
considered conservative since wind speeds in excess of 50
mph are required to achieve it for flange temperatures of
350°F and 650°F. Figure 4 shows the convection coefficient
of air blowing across a 1-ft diameter cylinder as a function of
the wind speed. The following empirical equation (refer to
Principles of Heat Transfer %) used was:

he vV.D,\"
=57

k f Yr
where
h.D,
P = the average Nusselt number,
f
V.D,
y = the Reynolds number,
f

. = the average surface conductance,

h
D, = the outside diameter,

<

V. = the free-stream velocity,
k; = the thermal conductivity,
Y; = the kinematic viscosity.

Both C and n are empirical constants, Therefore, the use of
32°F on the outside surface of the flange is justified since
some moisture would be present in order to reach a convec-
tion coefficient of 10 with a reasonably low wind speed. A
(°F air temperature would not have moisture. In PRAC 89-
211, with analysis to 250°F, the outside flange temperature
was set to 32°F, representing conditions in a cold, driving rain
with an effective external convection coefficient of several
thousands. For this case of cold, driving rain, the resulting
thermal stresses with 350°F and 650°F bore temperatures
were set to 32°F. Thus, an attempt was made to define a ther-
mal boundary condition which is reasonably conservative but
not exceedingly so.

Bolt-bending stresses were excluded from consideration
despite having been calculated in PRAC 89-211, Modeling of
bolts and nuts is such that the bolt as a whole follows the
deflected shape of the flange. The simplicity of this idealiza-
tion does not exactly reflect the bending behavior of bolts.
The modeling is sufficient, though, for axial bolt stresses

which were considered. Doc ume ntS
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Convection Coefficient Btu/hr ft °F

(=)
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+  100°F

L 2 600°F

Figure 4—Convection Coefficients for Air Blowing Across a 1-Ft Diameter Cylinder
as a Function of Wind Speed and Temperature

To simplify the results, the yield strength of bolts was de-
rated as if the bolt temperature was the same as the corre-
sponding bore temperature. This is a conservative assump-
tion, since the actual temperature of the bolt will always be
lower than the bore temperature.

4.4 MATERIAL CATEGORIES

The material properties required for a thermal analysis are
the thermal conductivity and specific heat. These properties
are temperature dependent. The material properties used in
the thermal stress analysis (modulus of elasticity and coeffi-
cient of thermal expansion) are also temperature dependent.

API materials were grouped into a total of four material
categories. The grouping of materials considered among oth-
ers the variations in the above material properties. Three dif-
ferent flange materials were combined with two different
bolting materials as shown on Table 3. APl minimum yield
strengths were used for flanges, while derating at elevated
temperatures was applied according to Table 3 (derated from
ambient temperature yield strength at 72°F). As mentioned in
4.3, bolts were derated as if their temperatures were the same
as the bore temperatures. The properties for both bolts and
flanges, as well as the yield strength of bolts, were derated
according to the ASME Pressure Boiler and Pressure Code

Full document details: APl TR 6AF1-1998 scan

(see Table 4). The material derating data of Table 3 was pro-
vided by the chairman of API 6A Subcommittee Task Group
on Design and Materials.

A material category containing Inconel 718 as flange mate-
rial was excluded from the analysis due to the variability of
the yield strength, attainable by specific heat treatments, cor-
responding to this material.

4.5 LOAD CASES

In the PRAC 86-212 four different unit load cases were run
for each flange geometry. An additional thermal load case
was considered in this study, and was repeated for two bore
temperature conditions. Each thermal load case consists of
two parts, the thermal analysis and the thermal stress analysis.
The applied loads and boundary conditions used for each load
case are fully detailed here. In all five load cases, the flange
was restrained axially at the gasket to model the change in the
gasket load due to that load case. In the makeup load case, a
force condition was used on the end of the bolt. In the other
cases, symmetry boundary conditions were used on the end
of the bolt. This models the flange bolted to an identical
flange. Details of each load case are shown in Figures 5, 6,
and 7.
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Table 3—List of Materials

Derating Factors

Material Category Flange Bolts 350°F 650°F
A Carbon and Low Alloy Steels 4130 SA 193 B7 or 0.85 0.75
CR-Y5Mo SA 193 B7TM
Cr-YsMo
B Martensitic, Ferritic and Precipitation 4108S SA 193 B7or 0.85 0.75
Hardening Stainless Steels 13Cr SA 193 BTM
Cr-'5sMo
C Austenitic and Duplex Stainless Steels Ferralium-255 SA 453 Gr 660 0.80 0.73
$-32550 (A286)
26Ni-15Cr-2Ti
D Carbon and Low Alloy Steels 4130 SA 453 Cr 660 0.85 0.75
Cr-15Mo (A286)

26Ni-15Cr-2Ti

Table 4—Derated Values of Material Propetrties

Martensitic, Ferritic and

Carbon and Low Precipitation Hardening  Austenitic and Duplex Carbon and Low
Alloy Steels Stainless Steel Stainless Steelsf Alloy Steels?
Temperature
°F Flange Bolts Flange Bolts Flange Bolts Flange Bolts
60.0 60.0 60.0 60.0
70 80.0 80.0 85.0 85.0
105.0 105.0
75.0 75.0 750 75.0
51.0 51.0 48.0 51.0
Yield Strength? 350° 70.7 70.7 81.8 81.8
psi x 103 92.8 92.8
63.8 63.8 60.0 63.8
45.0 45.0 43.8 45.0
650¢ 63.1 63.1 80.6 80.6
82.8 82.8
56.2 56.2 54.8 56.2
Thermal Conductivity? 350 24.0 24.0 15.7 24.0 9.6 9.0 24.0 9.0
BTU/r fi °F 650 223 22.3 159 223 L 115 104 223 10.4
70 29.7 29.7 29.2 29.7 30.5 28.3 29.7 28.3
. e
Modall 9f Plasticty 350 82 282 276 282 20 268 282 268
P 650 266 266 25.8 26.6 270 251 26.6 25.1
Coefficients of Thermal 70 573 5.73 5.98 573 6.10 8.24 5.73 8.24
Expansiond 350 6.59 6.59 6.35 6.59 6.40 8.62 6.59 8.62
in.fin. x 10-6/°F 650 7.40 7.40 6.57 7.40 6.75 9.00 7.40 9.00
Notes:
aAPL
YASME Boiler and Pressure Vessel Code, Sec. VIII, 1986, Table 1. ?API Proposed Change, Table G2.
CASME Boiler and Pressure Vessel Code, Sec. VIII, 1986 Table AMG-2. Cabot Corporation.
SASME Borler and Prossure Vessel Code, Sec. VIIL. 1986 Table AMG-1.  BASME Boiler and Pressure Vzss-l CodNQGIMID ©43LS
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Load Case #1 — Makeup

1\

52.5 ksi Stress in Bolt
©

Symmetry

Boundary Condition

D Axial Restraint

Load Case #2 —Pressure

-
Symmetry
Boundary Condition
r ]
w Pt Axial Restraint

Pressure End Load e =l
- - gl
-3

AL EARN

RARARLIAN

1000 psi Bore Pressure

PH

Figure 5—Load Conditions for Makeup and Pressure

The first load case was makeup of the bolts to 52.5 ksi. For
this solution, the required bolt force was applied to the end of
the bolt. The preload force was reacted with the displacement
boundary condition at the ring groove.

The second load case was an internal pressure of 1000 psi
applied along the bore and out to the ring gasket O.D.

Note: No makeup loads were included in this load case.

Note: The pressure end load is included in this load step as tension
on the end of the flange.

The third load case was axial tension with no makeup. The
tension was input as a 10,000 psi axial stress on the end of the
flange.

The fourth load case was a bending moment with no
makeup. The bending moment was input with nodal forces to
give a 10,000 psi stress at the extreme fiber on the end of the
flange.

Finally, the fifth was a thermal load case performed in the
current study. Two different cases were run with bore temper-
ature at 350°F and at 650°F. In both cases the outside temper-
ature was considered to be 32°F. A convection coefficient
equal to 10 Btwhr fi2 °F was used on the outside surface
while no coefficient was used on the inside surface. The ther-

mal distribution resulting from the thermal analysis was used
in the stress analysis to calculate the induced stresses.

4.6 ANALYSIS RESULTS

Each finite element analysis gives displacement and reac-
tion forces at the nodes in addition to the element stresses for
each load step. Those are covered in PRAC 86-21.2 The
results from each pair of thermal and stress analysis solutions
are the nodal temperatures, displacements and element
stresses. Because of the volume of output due to the large

, number of models, material categories and two temperatures

(a total of 1024 solution steps resulting in 396 plots) these
results are not provided in this report. Stress and thermal
results for the 71/;6" 10,000 psi 6BX and 21/,¢" 2,000 psi 6B
flanges are given here to show “typical” flange stress intensity
of a 6BX flange for each load step are shown in Figures 8 and
9, while Figure 10 shows thermal contours and thermal stress
contours. The corresponding contour plots for the typical 6B
flange are shown in Figures 11 through 13. The binary results
on FILEO4 (Thermal analysis) and FILE12 (thermal stress
analysis) were saved for later post-processing as detailed in
Section 5. Also, all output and results files have been saved on
magnetic tape for archival purposes.
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Load Case #3—Tension

<)
Symmetry
Boundary Condition
1 gl
10,000 psi Axial Stress ] ]
_,."‘"’- & Axi R

-— xial Restraint
——

Load Case #4—Bending Moment

Symmetry
Boundary Condition
]
10,000 psi Axial Stress _ 4,”
faened
1T b Axial Restraint

Figure 6—Load Conditions for Tension and Bending Moment

Convection Link
Load Case #5a—Thermal Analysis Saturated ;\t/ater
u
h= 0(327 hr i °F
JERS= 1
1 ! 1
32°F on Quter Surface
kConvecting
h = 10 Btu/hr ft °F ’A1 Bar
pol
gt gl
| a1
-l
o—é—é&a—e—ére—eg-e-é S -O-Sd-dd-d—>b &4 &4
350-650°F on Inside Surface
Load Case #5b—Thermal Stress Analysis
©
Symmetry
Boundary Condition

1\

1\

11
)
\

4

D Axial Restraint

Figure 7—Load Conditions for Thermal and Thermal Stress Analysis
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Load Case #1 — Makeup U
MX = 45,864 psi

5 10 15 25 20 2030 35
y
Load Case #2 — Pressure
MX = 4,058 psi 0.5
MN= 212 pSi . \
10 \____/
1.8
2.0
25
3.0 \ *
3.5 = ——
3.8 a.0 2.5

Figure 8—Typical Stress Intensity Contour Plots for Makeup and Pressure Load Conditions
71/16" 10,000 6BX Flange

Load Case #3 — Tension
MX = 15,751 psi ™
MN = 342 psi
2 N
4
v
“ <
¥_/ 8
~ 16
10 8 6 '
Load Case #4 — Bending Moment
MX = 12,148 psi
MN= 218 psi
S
2
8
10
8 :
6 4

Figure 9—Typical Stress Intensity Contour Plots for Tension and Bending Moment Load Cor@t@@suments
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418 438

M

Load Case #5A—Thermal Analysis
MATERIAL CATEGORY A

Temperature Contours 438 462

MX = 650°F ]

MN = 418°F 462 /-———-‘486
486 510

sI0— {534
558
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606 T 582
630 606
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Load Case #5B — Thermal Stress Analysis 19 13
MATERIAL CATEGORY A 16
Stress Intensity Contours
MX = 31,465 psi
MN= 929 psi
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Figure 10—Typical Contour Plots for Thermal Analysis Load Conditions
71/4¢" 10,000 6BX Flange

13 1619 22 25 28 31 28

Load Case #1 — Makeup ‘
MX = 28,647 psi
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Load Case #3 — Tension
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Figure 12—Typical Stress Intensity Contour Plots for Tension and Bending Moment Load Conditions
21/46" 2,000 6B Flange
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5 Flange Combined Load Capacities
5.1 INTRODUCTION

Once the results from the finite element analysis have
been obtained, several steps are still required to establish a
combined load rating for each flange. First, allowable stress
criteria must be established for the many stress categories
that are defined in the ASME Boiler and Pressure Vessel
Code, Section VIII, Division 2, Appendix 4. Also, leak crite-
ria must be established since this is also a “failure” of the
flange to perform its intended function. Next, the finite ele-
ment results from Section 4 must be reduced to a form that
can be compared to the allowable stress criteria. The stresses
and loads from each load case must then be combined and
checked against this criteria to determine the maximum load
combinations. Finally, the results must be plotted in a usable
form for general use. The stresses and leak criteria must be
presented separately in each rating chart. This process is
fully described below.

5.2 ALLOWABLE STRESS CRITERIA

The allowable stress criteria is based on the ASME Code

stress categories using the basic allowable membrane stress
intensities defined by API 6A. The stress intensity at any
point is twice the maximum shear stress at that point. The
ASME code is based on the maximum shear stress theory of
failure, which is more conservative and easier to apply than
the distortion energy theory.

The basic allowable membrane stress intensity is defined in
API 6A, Section 303 as:

Sm=% Sy,

S,; = design Stress Intensity at rated working pressure,

&
|

= minimum specified yield strength.

The allowable stress intensity for hydrostatic pressure test-
ing is also defined in API Spec 6A3, Section 303 as:
S7=0.83 5,
where

St = General Primary Membrane Stress Intensity at
hydrostatic test pressure.

The allowable tensile stress in the closure bolting is
defined as:

54=0.83 §,,
where
S4 = maximum stress in the bolting for all loads,
S, = specified minimum yield strength of bolting.

___ Full document details: API TR 6AF1-1998 scan

This allowable is applied only to tensile stress since bolt
bending stresses were ignored (see Section 4.3 for discus-
sion). The allowable is compared to combined loading first
with, and then without thermal loads.

To apply the stress categories given by the ASME code, the
linearized membrane and bending stresses at each section
have to be categorized into primary and secondary stresses.
The code established an allowable stress at each point in the
structure by applying different factors to the Design Stress
Intensity depending on the location and category of the stress.
The stress categories for each load case/flange section are dis-
cussed below.

Stresses due to makeup loads only are classified as primary
stresses at all sections. Stresses due to hydrostatic test pres-
sure only are also classified as primary stresses, using the
increased allowable specified for this case: Stress due to
makeup with test pressure is considered to be a primary stress
in flange sections (with the increased allowable), but is con-
sidered a secondary stress in all other sections. Stress due to
any combination of tension, working pressure, and moment is
a primary stress at all sections. In flange sections, makeup
added to pressure, tension, and moment is a primary stress.
However, this is a secondary stress at all other sections.

Note: Stresses due to thermal gradients considered are always
defined as secondary stresses.

Based on this discussion of stress categories, the allowable
stress criteria for each load case/section is given below:

1. Makeup Only—All Sections:
Membrane S. 1. £ §,,
Membrane + Bending S.1. 1.5 §,,

2. Hydrostatic Test Pressure Only—All Sections:
Membrane S.I. £ §;
Membrane + Bending S.I. based on ASME Code
Paragraph AD -151.1

3.a Hydrostatic Test Pressure + Makeup—Flange Section:
Membrane S.I. £ S,
Membrane + Bending S.I. based on ASME Code
Paragraph AD-151.1

b Hydrostatic Test Pressure + Makeup—Hub Section:

Membrane S.1. £1.5 S,
Membrane + Bending S.1. <3.0 5,,

4. Pressure + Tension + Moment—All Sections:
Membrane S.I1.£§,,
Membrane + Bending S.1. < 1.5 S,

Flange Section

Hub Section
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S5.a Makeup + Pressure + Tension + Moment—Flange
Section:
Membrane S.I.<S,,
Membrane + Bending S.I. £ 1.5 S,

5.b Makeup + Pressure + Tension + Moment—Hub
Sections:
Membrane S.1. £ §,,
Membrane + Bending S.I1. £3.0 §,,

6. Makeup + Pressure + Tension + Moment + Tempera-
ture—All Sections:
Membrane SI1.£1.5 S,
Membrane + Bending S.I1. 3.0 §,,

5.3 LEAK CRITERIA

Leakage was assumed to occur when the reaction force at
the gasket due to preload was relieved by the sum of the pres-
sure, tension, and moment load cases. This is a conservative
assumption since it neglects the gasket’s ability to work as a
pressure-energized seal. However, these ring gaskets are also
known to be very sensitive to relative movement between
flanges. For this reason, no attempt was made to establish the
amount of face separation that could be expected before a
leak would occur. These criteria are presented separately
from other criteria (stress criteria). The increase or decrease
in bolt stress due to thermal gradient is ignored.

5.4 STRESS LINEARIZATION

The allowable stress categories given by the ASME code
were organically developed before the finite element method
was available as an analysis tool. Therefore, only brief men-
tion of linearization is given in the code. Appendix 4, Section
4-112 defines an equivalent stress distribution as the linear
stress distribution that has the same net bending moment as
the actual stress distribution.

Linearization is necessary because the finite element
method gives peak stresses due to local fillet radii, etc. How-
ever, the intent of the code allowables, except for peak
stresses considered in a fatigue analysis, is to compare with
the equivalent linear stress distribution. Thus this equivalent
linear stress distribution must be computed from the raw
finite element results.

The correct linear stress distribution is done in a two-step
process on a component-by-component basis. First, the ele-
ment stresses are numerically integrated to get the total force
and moment at a cross-section. Since these are axisymmetric
analysis, the integration includes the “wedge” shape of the
element when calculating the cross-sectional area. With the
force and moment known, calculate an equivalent linear
stress distribution. The stresses at the extreme fibers are the
two unknowns that are determined using the equilibrium
equations for force and moment.

A post-processor was written for PRAC 86-212 to auto-
mate the stress linearization for each flange and load case.
The post-processor linearized stresses at each requested sec-
tion for all five load steps, and then output the membrane,
near side, and far side stress components for later use in the
load rating calculations. The bolt stress and reaction force on
the ring gasket were also output for later use.

5.5 LOAD RATING METHODOLOGY

With the allowable stress categories established and the lin-
earized stresses from the finite element analysis, the calcula-
tions for each flange’s moment capacity at various tensions
and pressures was possible. All stress criteria were based on
material properties specified in API 6A Tables 404.1 and
404.2. This information is given in Table 5 of this report.

A second post-processing program was written for PRAC
86-212 to calculate the load ratings and plot the results in a
standard form for use in flange evaluation. This post-proces-
sor was modified to perform slightly different operations than
the previous use. The post-processor had to sum stress com-
ponents for each load-case combination and perform stress
checks for all the stress criteria above. In addition, the possi-
bility of leak/loss of preload on the tension side of bending
was checked and plotted separately.

The load combinations and stress criteria were checked
according to a series of possible limiting conditions. These
conditions are summarized below:

1. Does the flange meet stress criteria for makeup only?

2. Does the flange meet stress criteria for hydrostatic test
pressure only?

3. Does the flange meet stress criteria for makeup and
hydrostatic test pressure?

4. What is the maximum moment that can be carried with
pressure and tension based on leak criteria?

5. What is the maximum moment that can be carried
(with or without thermal effects) based on bolt stress
criteria?

6. What is the maximum moment that can be carried with
pressure and tension based on stress criteria?

7. What is the maximum moment that can be carried with
makeup, pressure, and tension based on stress criteria?

8. What is the maximum moment that can be carried with
thermal makeup, pressure, and tension based on stress
criteria?

If the flange does not meet the criteria given in items 1-3,
the condition is reported; but the moment capacity is calcu-
lated based on criteria in items 4, 5, 6, 7 and 8. The calculated
moment capacity based on criteria in item 4 (leak/loss of pre-
load) is to be plotted separately from the capacity based on
the stress criteria in items 5, 6, 7 and 8.
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Table 5—AP| Physical Properties and Material Types
From API Spec 6A, Sixteenth Edition, October 1, 1989

Table 404.1, Spec 6A, 16th Edition
AP| Material Property Requirements
Bodies, Bonnets, and End and Qutlet Connections

API Material 0.2%Yield Strength, Tensile Strength, Elongation in 2 in., Reduction in Area,
Designation minimum (psi) minimum (psi) minimum (%) minimum (%)
36K 36,000 70.000 21 No Requirement
45K 45,000 70.000 19 32
60K 60,000 85,000 18 35
75K 75,000 95,000 18 35
Table 404.2, Spec 6A, 16th Edition
AP| Material Applications for Bodles Bonnets, and End and Outlet Connections
Pressure Ratings (psi)
Part 1000 2000 3000 5000 10,000 15,000 20,000
API MATERIAL DESIGNATION
Body, Bonnet? NA 36K, 45K 36K, 45K 36K, 45K 36K, 45K 45K,60K 60K,75K
60K, 75K 60K, 75K 60K, 75K 60K, 75K 75K
Integral End Connection
Flanged NA 60K 60K 60K 60K 75K 75K
Threaded NA 60K 60K 60K NA NA NA
Other b b b b b b b
Independent Screwed 36K, 45K 36K, 45K
Wellhead Equipment 60K, 75K 60K, 75K NA NA NA NA NA
Loose Connectors
Weld Neck NA 45K 45K 45K 60K 75K 75K
Blind NA 60K 60K 60K 60K 75K 75K
Threaded NA 60K 60K 60K NA NA NA
Other b b b b b b b
Notes:

aProvided end connections are of the API material designation indicated, welding is done in accordance with Section 500 and design is
erformed in accordance with Section 300.
As specified by manufacturer.

56 RESULTS

The plotted results for the combined load capacity of
each flange analyzed in this project are given in Appendices
A, B, C, and D. The rating charts for each material category
are presented in a separate Appendix. The results for each
category are arranged in the same order as found in API 6A,
first at 350°F and then at 650°F. The 6B flanges are first, fol-
lowed by 6BX flanges. For each flange style the results are
given in order of increasing diameter within each working

For the first two material categories (Appendices A and B)
combined load ratings were determined for each flange with
two different bolt makeup stresses. The first rating was deter-
mined for bolts made up to 52.5 ksi, and the second was done
for a makeup stress of 40 ksi. The two plots are given on the
same page to help evaluate the effect of a reduced preload on
a flange’s bending capacity. For each of the first two material
categories two separate sets of plots are provided at 350°F
and at 650°F.

Full document details: APl TR 6AF1-1998 scan_

pressure rating. (Thus, the 211/4" 2,000 psi 6B flange is
before the 21/1¢" 3,000 psi 6B flange; and the 11" 5,000 psi
6B flange is before the 263/4" 2,000 psi 6BX flange.)

For the last two material categories (Appendices C and D),
combined load ratings were determined for each flange with

only one bolt makeup stress. The ratini)chans were deteri
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mined for bolts make up to 42.5 ksi. Therefore, the charts for
the two temperature ratings are provided in the same plot.
Bolt makeup is taken as half the yicld strength of the bolts.

To assist the user in better understanding the rating charts,
a table of controlling criteria has been established (see Table
6). Each identification number corresponds to one of the
stress conditions presented in 3.1, Also included in the table is
ID=11 which denotes leak/loss of preload. The controlling
capacity curve with ID=11 is shown in the rating charts with a
continuous line. Therefore, shown in the rating charts will be
only the identification of the controlling stress criteria. ID=1
means that primary stresses control at section 1-1. ID=101
means that secondary stresses (not including thermal stresses)
control at section 1-1 while ID=202 means that secondary
stresses, including thermal stresses, control at section 2-2. A
negative ID number means that the compression side of bend-
ing controls (i.e., ID=-1).

When studying these results, one should keep in mind that
for a particular flange the moment capacity based on leak/
loss of preload criteria is assumed not to be affected by tem-
perature variations, thus no difference exists between mate-
rial categories or between temperatures within a material
category. This assumption was made because, in general, the
thermal boundary conditions chosen result in the flanged
joint preload increasingly due to temperature. This increase,
if accounted for, would allow higher moments for the leak
criterion. However, if the thermal boundary conditions are
not as severe, then accounting for thermal preload increase is
unconservative.

On the other hand, leak/loss of preload is affected by bolt
makeup. In addition, when primary loads (without makeup)
control, the moment capacity based on stress criteria is the
same for any material category with the same flange material
(compare material categories A and D at equal temperatures).
The latest observation (when primary loads control) is also
true for flanges made up of different flange material but with
the same yield strength derating factors (compare material
categories A and B at equal temperatures). When reviewing
the rating charts, note that the moment capacity range is kept
the same as in API Bulletin 6AF4, to aid comparison between
rating charts.

The load-carrying capacity of material category A flanges
was dominated by bolt stresses (controlling condition
ID=12), especially for the bore temperature at 650°F. No sig-
nificant capacity, if any, exists for 6BX flanges larger than 9"
in size (5,000 psi and above) but the same is not true for 6B
flanges. This is because the bolt allowable is exceeded by the
stress of the four loads plus the thermal stress. This is a direct
result of lower bolt stresses on 6B flanges as compared to
6BX flanges, due to temperature-loading. The variation is
attributed to differences in geometry and the level of maxi-
mum working pressure between the two types of flanges.
However, the results for 2,000 psi and 3,000 psi of 6BX
flange at 650°F require some further explanation. An increase

in pressure (at low levels of bore pressure) results in higher
moment capacity. Due to the geometry of the 2,000 psi and
3,000 psi 6BX, and the majority of 6B flanges, pressure load-
ing results in some preload loss. The large diameter flanges
rotate towards each other enough under load that bolt stress
due to pressure actually decreases. Therefore, with the pre-
load reducing higher capacity is expected when bolt-stress
criteria control. Also note that a total of six 6B flanges (11"
2,000 psi and 3,000 psi 7!/;¢" and above) exhibit higher
capacities at lower bolt makeup at 650°F. Thermal stresses,
plus makeup, plus stresses control (see Section 5.2 criteria 5a
for secondary stresses with ID=202) for higher bolt makeup;
while pressure, tension, and moment (primary stresses, ID=2)
control for 40 ksi makeup. At 650°F the 6 smaller-size 10,000
psi 6B flange rating charts level off at pressures close to the
maximum working pressure. In all cases the controlling con-
dition is ID=1 for both slopes, meaning stresses control at
section 1-1. No distinction is made between membrane and
membrane plus bending controlling. It so happens that for
these flanges, membrane and membrane-plus-bending control
at different levels for the same section.

No significant difference exists between material catego-
ries A and B at 350°F. At this temperature, the moment capac-
ity, based on stress criteria, controls over leak/loss of preload
criteria for several small size flanges. Flange stresses control
at smaller six flanges (10,000 psi up to 7!/1¢, 15,000 psi up to
4Y/16, 2,000 psi and 3,000 psi up to 41/;4 and all 5,000 psi 6B
flanges). Stress criteria control for larger flanges, when the
controlling stress criteria is the bolt-stress criteria. At 650°F,
6BX flanges, made up of material categories A and B, behave
differently. This is greatly due to lower bolt-stress of category
B caused by the lower thermal-conductivity of material B,
hence, higher moment capacity. When neither bolt stresses
nor thermal gradient controls, the two materials have exactly
the same capacity (almost all 6B flanges).

Material categories C and D generally exhibit higher
capacity capabilities than categories A and B. The compari-
son between the two sets of categories is better accomplished
through a comparison of material categories A and D, since
they have the same flange material. Comparing bolt makeup
of 40 ksi and 42.5 ksi for A and D respectively, leak/loss of
preload gives slightly higher capacity for material D (due to
difference in bolt makeup). Material category D has higher
capacity based on stress criteria, since bolt-stress criteria
almost never control. This was not true for material A which
was dominated by bolt stresses. This is evident, considering
the difference in derated bolt yield strength allowables of 52.4
ksi for A and 66.9 ksi for D (0.83 factor also included). The
A286 bolts do not derate as much as the SA193 B7 and SA
193 B7M bolts at elevated temperatures. As noted in 4.3, bolt
temperatures were taken conservatively at 650°F rather than
using their actual temperature. Using the actual temperatures
would definitely improve the capacity capabilities of category
A and B flanges.
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Table 6—Controlling Criteria Identification Numbers
(ID Numbers Appear in the Rating Charts)

Controlling Condition

i1

12

101
102
103
104
201
202
203
204

Bolt Siress
Section -1
Section 2-2
Section 3-3
Section 4-4
Section 1-1
Section 2-2
Section 3-3
Section 4-4
Section 1-1
Section 2-2
Section 3-3

Section 4-4

Leak/Loss of Preload?

Tension Side of Bending (Primary Loads)

Tension Side of Bending

Tension Side of Bending

Tension Side of Bending

Tension Side of Bending w/Makeup (Secondary Loads)
Tension Side of Bending w/Makeup

Tension Side of Bending w/Makeup

Tension Side of Bending w/Makeup

Tension Side of Bending w/Makeup + Temperature
Tension Side of Bending w/Makeup + Temperature
Tension Side of Bending w/Makeup + Temperature

Tension Side of Bending w/Makeup + Temperature

Negative ID value represents stress control by the compression side of bending

3] eak is shown with continuous line so no ID is provided in charts.

6B FLANGE
4
1 —4 3
|
I
1
1 2
6BX FLANGE
4
4
1 2 H
[
L=t
1 2 3
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5.7 USE OF RATING CHARTS

An explanation of the proper use of the plotted results in
Appendices A, B, C, and D is given below. Also, a procedure
to use in evaluating a flange for a particular combination of
loads is outlined to aid those who will be using these results.
Figure 14 is reproduced from Appendix A for the 31/;4"
10,000 psi 6BX flange at 350°F for reference in the discus-
sion below.

The plotted results given in Appendices A, B, C, and D
show limiting load combinations of temperature, makeup,
pressure, tension, and moment. The results are based on the
stress criteria (shown with dashed lines) as well as leak crite-
ria (shown with continuous lines) that control at each load
combination. Some curves have a “knee” in them when the
controlling criteria changes from a flange-stress limitation to
a bolt-stress limitation, or even within the same flange-stress
limitation. Thus, the minimum capacity of a flange could be
derived based on both leak control and stress control if the
user is concerned about leakage. Otherwise, the user can base
his design only on stress criteria.

The steps outlined below are provided to simplify the use
of the curves to evaluate a particular flange.

1. Establish magnitude of each load condition:
a. Bolt makeup stress (52.5, 42.5 or 40 ksi).
b. Pressure (psi).
¢. Tension (Ib).
d. Moment (ft-1b).
e. Bore temperature (°F).

(Remember, the pressure load condition includes the tension
due to the pressure-end load, so if no other tensile loads are
present, the Tension = 0 Ib curve should be used.)

2. Determine appropriate material category.
3. Determine flange load capacity:

a. Pick appropriate figure based on material, bore tem-
perature, and makeup desired.

b. Determine if leak/loss of preload is of concern. If
not, ignore continuous line in figures. If leak/loss of
preload is of concern, use minimum of continuous
and dashed lines.

. Enter figure from left side with Pressure.

. Move to right to find required Moment.

. Intersection is point that defines Max Tension rating.
Interpolate between lines to get Max Tension rating.
4. Evaluation:

a. If the Max Tension rating is greater than the
required tension, the flange is satisfactory for the
intended use, based on the axisymmetric analysis.

b. If the Max Tension rating is less than the required
tension, the flange cannot carry the desired load
combination, based on the axisymmetric analyses.
The pressure, tension, or moment will have to be
reduced; or in some cases, increasing the bolt
makeup from 40 ksi to 52.5 ksi will help. If these
changes are not acceptable, a more refined stress
analysis will be required.

-0 o0

Example 1

Using the 31/;6" 10,000 psi 6BX flange as an example,
check the load rating for the following combination of loads:
a. Bolt Makeup Stress = 52.5 ksi.

b. Pressure = 10,000 psi.
c. Tension=01b.

d. Moment = 5,000 fi-1b.
e. Temperature = 350°F,

Reading from Figure 15 and considering leak/loss of pre-
load as well as stress criteria, the Max Tension rating for this
Pressure/Moment combination is:

Max Tension rating = 61,000 1b
(same as PRAC 86-212)

Since the required Tension is 0 Ib, the flange is okay.

Example 2
For the same flange, check the following combination:

a. Bolt Makeup Stress = 52.5 ksi.
b. Pressure = 8,000 psi.

c. Tension = 80,000 1b.

d. Moment = 15,000 ft-1b.

e. Temperature = 350°F.

Reading from Figure 15, the Max Tension rating for this
Pressure/Moment combination is:

Max Tension rating =0 Ib

Since the required Tension is 80,000 Ibs., the flange is not
adequate for this application. Possible lower combinations for
this example were recommended in PRAC 86-21.2 Because
of reduced capacity at 350°F, the maximum tension that can
be carried (for Pressure = 0 psi) is:

Max Tension rating = 55,000 1b

Therefore, the moment applied on the flange has to be
reduced to at least 13,000 ft-1b to be able to carry 80,000 1b
tension.

Example 3

Reconsider the above flange with the applied moment
equal to 10,000 ft-1b. Possible lower combinations to satisfy
the tension or the pressure are:

1. Reduced Tension:

P = 8,000 psi, T= 33,000 Ib, M = 10,000 ft-Ib
2. Reduced Pressure:

P =3,600 psi, T= 80,0010 4 = 16,000 fi-1h
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6 Conclusions and Recommendations
6.1 SUMMARY

The progress attained by the previous report (PRAC 86-
21)2 and API Bulletin 6AF4 established the base of this cur-
rent work. The in depth study of the effects of severe thermal
gradient in the analysis of API 6A flanges has accomplished a
number of important items.

a. The combined load capacity of all 6A flanges for different
materials and elevated bore temperatures of 350°F and 650°F
has been established considering flange stresses, bolt stresses
and gasket leak due to loss of preload.

b. The general method of analysis and evaluation developed
in the previous study and published as API Bulletin 6AF pro-
vided direction for this current work.

c¢. Special post-processing programs have been modified to
ease the data reduction required to evaluate a flange’s com-
bined load capacity.

d. The effect of a severe thermal gradient on the load capac-
ity of a flange has been given extended study.

e. The resultant graphical output provides quick access to
capacity data on API flange designs.
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6.2 CONCLUSION

Several conclusions can be made from the results of the
analysis performed in this project.

a. Thermal stresses due to a severe temperature gradient
(32°F-350°F and 650°F) significantly reduced the load
capacity of two of the four material categories considered.
The outside temperature was taken at 32°F (in lieu of 0°F) in
order to be consistent with a high convection coefficient value
and therefore produce a more conservative load capacity.

b. Bolt stress allowables proved to be important in a number
of flanges. As a result, the derated bolt yield strength proved
to be very important. Makeup torque should be applied at half
the yield strength of the bolts. Users of the charts are advised
that bolt-bending stresses due to flange bending are not
included in this analysis. They should only be of concern
when the flange is subject to cyclic loading.

6.3 RECOMMENDATIONS

This is an analytical work. Other work could be directed at
experimentally validating the findings of this report.

The results herein are specific to temperature gradients across
the flange and should be conservative when elevated tempera-
tures exist, but with the absence of temperature gradients.
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