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FOREWORD

The early research in design and analysis of bolted joints was conducted in the 1930s and 1940s and
this work led to flanged joint design rules, such as the ASME Section VIII, Division 1, Appendix 2
method that was introduced in the 1940s and has remained largely unchanged since that time. The
need for improvement in the design of high temperature flanged joints was identified to ASME and
this project was funded by ASME to examine the requirements for high temperature in the flange

material creep range flange design.

Fstablished in 1880, the American Society of Mechanical Engineers (ASME) is a professional #iqt-
pr-profit organization with more than 127,000 members promoting the art, science and pragctice’of
hechanical and multidisciplinary engineering and allied sciences. ASME develops cades and
tandards that enhance public safety, and provides lifelong learning and technical ~exchange
pportunities benefiting the engineering and technology community. Visit www.asmelorg for more
nformation.

'he ASME Standards Technology, LLC (ASME ST-LLC) is a not-for-profid Limited Liability
fompany, with ASME as the sole member, formed in 2004 to carry out work related to newly
ommercialized technology. The ASME ST-LLC mission includes meeting-the needs of industry and
overnment by providing new standards-related products and services, Which advance the application
f emerging and newly commercialized science and technology, @and providing the research and
echnology development needed to establish and maintain the‘.technical relevance of codes and
tandards. Visit www.stllc.asme.org for more information.
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ABSTRACT

The intent of the project is to examine the requirements for high temperature flange design and
provide guidance for inclusion of design methods into the modern ASME pressure vessel design
codes. While the fundamentals of high temperature flange design using code equations were included
in the assessment, the initial starting point for the project was to formulate guidelines for FEA of the
creep problem, based on comparison with relatively scarce flange creep test data. A literature

research was conducted to review the fundamental study in high temperature flange joints, especially
with respect to papers including experimental verification of results. In addition, the subject of-gasket
creep behavior was examined.
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1 INTRODUCTION

The early research in design and analysis of bolted joints was conducted in the 1930s and 1940s; this
work led to flanged joint design rules, such as the ASME Section VIII, Division 1, Appendix 2
method that was introduced in the 1940s and has remained largely unchanged since that time. Other
international methods of design have been introduced recently, most notably the CEN EN-13555
method. However, none of the current methods address design of a bolted joint in the creep range.

The requirement for the design of high temperature joints was identified during the initig
development of the design methods, but unfortunately a concise design method was~neve
documented in a code or standard. This is somewhat understandable, given the myriad g
complexities involved with analyzing the significance of creep on a bolted joint. In fact;the preser
design methods are also inadequate even when addressing low temperature operation.that involve
creep and relaxation of the components [1]. Unfortunately, even with the more gowerful analysi
methods available today, the researchers of the 1930s actually appeared to be closerto resolving hig
temperature flange design than more recent research efforts.

= D N e+ =h = =-—

—

In part, this lack of advances in the design of high temperature flanges is grobably due to the fact tha
most flanges do not operate in the creep range for the materials of construction and therefore the vas
majority of flanges have given admirable service. In addition, a creep “failure” of a flange is mos
likely to be a relatively small leak which is easily rectified by re-tightening the bolts during operation.
Such “failure” does not often warrant management attention-and’ therefore does not garner industr
attention as an issue requiring resolution. It may also be easily demonstrated that industry, as

whole, has learned to accept bolted joint leakage [2] and therefore relatively little effort has bee
directed towards reducing the frequency of joint leakage.* The need for improvement in the design @
high temperature flanged joints was identified to ASME and this project was funded by ASME
starting in August 2007, to examine the requirements for high temperature (in the flange materig
creep range) flange design.

~t —*

- o D <

The intent of the project is to examine-the requirements for high temperature flange design an
provide guidance for inclusion of desigh methods into the modern ASME pressure vessel desig
codes. Throughout the project, it was-kept in mind that high temperature flange joints are a relativel
small portion of the flange popufation, and that improvements in Finite Element Analysis (FEA) an
computing power are now to.the point where very large non-linear creep problems can be solve
relatively easily. Therefore;\while the fundamentals of high temperature flange design using cod
equations were included.in the assessment, the initial starting point for the project was to formulat]
guidelines for FEA of the creep problem, based on comparison with relatively scarce flange creep teg
data. It is recognized that these guidelines may actually be the most appropriate implementation g
high temperatureflange design, due to the inherently critical nature of most high temperature flanges

=-h ~+ (D (D L O~ o X

The following literature search looked at fundamental research in high temperature flange jointg
especially with respect to papers including experimental verification of results. In addition, the are
of the fechanical effects of temperature on bolted flange was included, as any assessment of flang
creép must be made at the initial operating stress conditions, rather than at the ambient conditions. |
addition, the subject of gasket creep behavior was examined. This subject has had extensive researc
across a variety of gasket types, but there is very little tie-in with actual high temperature (cree

D D -

o o0 2

regime) behavior of the bolted joint.
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2 LITERATURE RESEARCH

2.1 High Temperature Joint Behavior

The primary driver for initial efforts in high temperature flange design came from improvements in
the steam power generation industry that resulted in higher steam temperatures and pressures being
used in the late 1920s and early 1930s. The initial work of Baumann [3] in 1930 looked at the creep

af bolts and flange components of the joint and proposed a joint “life” relationship that accounted for
the relative creep strength and relative flexibility of the bolt and flanges (Figure 1). The concept-of
jpint life was related as a measure of time before flange leakage, rather than flange or bolt mechanical
failure. The figure demonstrates the significant effect of the relative flexibilities on the joint lifg.

14 n
: L+ p
__ flexibility of flange
~ flexibility of bolts
__creep rate of flange
P creep rate of bolts
A. Creep rate — stress relation,
B. Rigid flanges (g = 1}.
C. Flange flexibility equal to bolt flexibility (3 = 2).
D. Flange flexibility four times bolt ﬂexlblhty (g = B).
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Figure 1 — From Baumann [3], page 1336

Baumann <afso made several conclusions from his examination of joint creep characteristics,
including:

o’ That a bolt stress that induced a creep strain rate of less than 10 would give satisfactory life

e That if the steam load alone induced a creep strain rate of greater than 10°®, visible leakage
would occur in less than one year

e That flange flexibility is very desirable. A flange with similar flexibility as compared to the
bolts will double the creep life of the bolt

e That with a rigid flange the life is independent of the bolt length or flange thickness.
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However, as noted by Baumann, his treatment assumed tensile creep in series of the joint
components. In the case of the flange, the creep is in bending and therefore the assumptions made by
Baumann were conservative by comparison to the real case.

The creep of flange joints was further studied by Bailey [4] in 1935 and the concept of stress
relaxation of components in series was developed further using a creep life relationship under a
tensile diminishing stress (Figure 2). By using this relationship and the methods outlined in
Appendix | of the paper, it is possible to determine the remaining stress (f) in each joint component

from an initial stress (fo) for a given time period (t). However, once again this assumed that the bolt
and flange creep were identical in nature, which is not the case, as the flange is predominantly ip
bending and the bolt predominantly in tension.

Taking the law C = Af™ to apply to the material over a time ¢ in
which the stress falls from the imtial value fy to the value\f,
application of equation (9}, Appendix I, p. 234, to the case of simple
tension gives

1 1yt
P= 0 T)EA (})

since 25 = fy/E and ¢y = Afy® and f= d

1
[~ 1)EA{ T

Figure 2 — Early Stress Relaxation Relationship from Bailey [4], page 149

One of the interesting points to come from this analysis was that there was little advantage t
tightening the joint to a value exceeding twice the final stress at “failure.” Similarly to Baumanr
failure of the joint was defined as leakage;rather than mechanical rupture. However, this relationshi
is somewhat misleading due to the limifations regarding the assumptions of similarity of the bolt an
flange creep and also, as detailed by.Bailey, the fact that the actual value is significantly higher tha
two, as there is a reduction in-bplt and flange stress corresponding to the reduction in materig
Young’s modulus and yield strength with increasing temperature. Therefore, the initial stresses at th
start of creep are significantly lower than the initial assembly stress and it is the stress at the start g
creep to which the factor) must be applied. It was also stated in the paper that the sum of th
individual component elastic and creep strains at any given time would be equal to the initial elasti
strain imparted by~the assembly load. Bailey suggested in the paper that a suitable life for a joint
might be 100,000,hrs without maintenance and 10,000 hrs with maintenance (re-tightening).

O

(D =h (D == D L O =

Bailey continued his work in the field of high temperature bolted joint behavior as chairman of th
Institute (0ofy Mechanical Engineers Pipe Flanges Research Committee that studied flange creep fro
1936-t6:12954. The focus of the study was to provide additional flange ratings to the British Standar
BS10+for standard piping flanges in order to accommodate the increasing pressures and temperatur
associated with steam power generation. The first report presented by the committee [5] detailed tes
on a standard BS10: Table T, 8 inch flange at 900°F to 1000°F and 1450 psig steam pressure. Th

flanges were assembled, heated, steam applied internally and held steady at the operating conditions
until noticeable leakage from the joint occurred. The gaskets, when used in these tests, were either
metal or a very thin asbestos fiber (1/64 inch thick) and therefore the influence of the gasket on the
joint behavior was neglected. The paper includes a diagram illustrating the concept of bolt stress
relaxation (Figure 3) where the elastic relaxation of the bolt strain during the test (A-G’) is shown
relative to the creep strain of the bolt and other joint components. Measurements of the bolt lengths
and flange deflections both before and after the tests were used to determine the proportions of the
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creep strain and elastic strain reduction occurring for the joint being tested. The tests indicated that
“Nut Distortion” accounted in general for less than 10% of the overall bolt creep occurring. Nut
Distortion was the term used to describe the embedment and localized creep occurring in the nut to
flange and nut to bolt thread regions. This value was determined as the residual deformation when
the remaining elastic and creep strain at the end of the test was subtracted from the initial assembly
strain of the bolt. The paper also recommends a preliminary soak at temperature and re-tightening of
the bolts after the soak as a way of increasing the life of the joint due to the fact that the majority of

t IT IC:OJ\Qt;UII ululuro ;II thC f;lbt pUIt;UII Uf thc jU;IIt :Ifl:‘

Bailey continued his work on high temperature flange behavior by establishing elastic stress and
geflection relationships for the joint components based on ring theory in Part | of Bailey [6]. In Part1l
af the same paper he examined the high temperature behavior and listed a “Life Factor” for the)joint
(until leakage) that was equal to the ratio of the component sum of the initial elastic strains divided by
the sum of the component creep strains, multiplied by the stress relaxation relationship outlined in
Rigure 2. The method outlined was based on the assumption that the joint life was determined by the
relative component deformation (both elastic and creep). That is, once the creep ‘deformation had
reduced the elastic deformation by an appreciable amount, leakage would occur:ZHe also found that,
depending on the relative flexibility and creep rates of the pipe wall and flahge hub, it may either
reinforce the flange against creep or actually increase the creep deformation of the flange due to
gxcessive diametrical growth of the vessel wall due to creep. Bailey alse assumed that the effect of
greep associated with shear stress was negligible and examined the effect of bolt holes in increasing
the creep of the flange by testing perforated strips of mild steel at various ratios of drilled hole
gpacing. Bailey suggested the use of a factor (1) to adjust forthe effect of bolt holes on the strength
af the flanges. The factor is a basic multiplier on flange deformation and was found, for standard BS
giping flanges, to be approximately 1.17. He points to the-need for creep results on flanges with the
gffect of bolt stress relaxation occurring. Initial results¢presented on C-0.5Mo material indicated that
the 100,000 hr life of a joint corresponded to a similar stress level for a tensile creep test with 0.1%
strain rate in 100,000 hrs.

Fra. 24,—Reloxalion Diagram.
204"
Ly Y
A R\
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15~ \
z - \
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T B
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Figure 3 — Relaxation Diagram from Gough [5], Fig. 24, page 263
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In a 1938 paper, Waters [7], who was one of the original developers of the methods presently used in
the ASME code, developed an assessment of the effect of creep on loose-ring flanges and predicted
that, on an allowable stress basis, the fact that the flange was creeping in bending would mean that the
stress relaxation occurring at extreme fibers of the ring would result in an improvement in stress
distribution (lower peak stresses) and therefore justification could be made that high temperature
flanges could, in fact, be thinner than their low temperature counterparts. However, he also noted that
it was likely that flange deformation and subsequent leakage would limit the life of the joint and it

VVUU:d bC HneLtoodly tU ;IIbICQDC thl: ﬂallyc th;blt\llcbb tU a }Ju;llt VVhUIU thU deUIIIIat;UII dul;llu th
flange life did not result in leakage. The paper outlines a method of assessing the creep of the joint.b
finite time increments and accounting for the stress distribution in the flange ring at each)tim
increment. It is suggested that assessment of the flange behavior may be possible by using
combination of tensile and bending creep tests. The paper also makes the same conclusians regardin
the sum of the elastic and creep strains as the previous papers. However, similarly, to-the previou
papers, the method neglects strain hardening effects in the proposed creep relationship.

N O D D

A similar approach is used by Marin [8] to address creep in a loose-ring flange, however, similarly t
previous papers, the outlined approach neglects the effects of strain hardening? The second report [9
of the Institute of Mechanical Engineers Pipe Flange Research Committe€ was released in 1939 an
contained substantial additional test results on gaskets, stud bolts and.on both actual flanges and o
stacked loose rings. The creep tests on a variety of 0.75 in. diametéer-stud Ni-Cr-Mo and Cr-Mo bo
alloys under constant stress showed that the compression of the 0:125 in. thick mild steel washer wa
less than 0.001 in. in all cases and that the creep/embedment of the nuts contributed between 10% an
20% of the total bolt creep. The Ni-Cr-Mo bolt materials-were also subject to impact test after cree
to examine whether the time at temperature had led to.embrittlement of the material. The result
demonstrated that specimens subject to no stress ‘éxhibited as-new fracture toughness, but thg
stressed specimens subject to creep damage showedsignificant loss of toughness. In addition to th
bolt tests, 0.0156 in. thick and 0.0312 in. thick" asbestos gaskets were tested for both creep an
leakage. The creep tests showed that thereswas initial gasket “flow” with significant reduction i
gasket load until a temperature of 300°ky\but after this temperature, the gasket stabilized and n
further significant creep was witnessed:

O O LI (D ~+ O O LU e~ D Led O

The flange creep tests were conducted on 8 inch BS10 Table T flanges with alloy bolts. The flangg
were tested under similar conditiohs to the first report tests, but in this case the steam leak rate wa
measured and “failure” of the-joint was indicated when the leak rate reached 150 grams/hour.

should be noted that in these tests some leakage was witnessed from the early stages of the test, s
this quantitative measure of “failure” was nominally selected. The tests were conducted at a range g
temperatures and the time to leakage “failure” measured for each case. The flanges were retightene
and re-tested in_arder to generate the effect of successive re-tightening on the time to failure. Th
results of thesetests are shown in Figure 4 and it can be seen that the time to failure increase
significantly.with successive re-tightening of the bolts. In addition, it can be seen that the relationshi
between(life and operating temperature appears adequately represented by a linear (temperature) vs.
log(life) “relationship, enabling short term tests to be extrapolated to determine the 100,000 H
temperature limit. In this case, the temperature limit for a life of 100,000 hrs was determined to be
835°F.

O O D T =h U —~ 0 O
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Figure 4 — Joint Life Diagram from Tapsell [9], Fig. 13;page 448

'he tests did not exhibit a significant difference between dismantling the joint versus simply
ghtening the bolts after leakage for the no gasket and thin gasket cases. In addition, the advantage
f the stress relaxation mode of the joint versus a constantistress test (from which allowable stresses
N the creep range are determined) is demonstrated by comparison between the tensile creep tests on
ne bolt material and joint leakage tests (Figure 5). it-Should be noted that in this test the results are
ot directly comparable, in that the joint leakage test bolts were initially tightened to a higher stress
P1.6 tons/in2 vs. 15 tons/in?) and the tests werg,conducted at 1000°F versus 975°F for the tensile
psts.  This difference in temperature corresponds to approximately a halving of the creep life in
bnsile tests. Therefore, the fact that the>bolt strain associated with the flange leakage tests is
ignificantly lower than the tensile test;demonstrates the advantage of the flange configuration in
reep versus the tensile creep case andthe overly conservative nature of using allowable stress values
ased on a tensile creep test. In addition, it can be seen that the successive re-tightening of the flange
id not contribute to accelerated-creep damage.

O T O N e+ =+~ = e+ = & e~ I

TENSILE CREEP CURVE AT 975 DEG. F
AND CONSTANT STRESS OF —u__|
15 TONS PER 5Q. IN.

[
=]

0015

04020 : : . —F
0010 y /]

ACCUMULATED BOLT
CREEP STRAIN IN
RETIGHTENING TESTS
AT 1,000 DEG, F.

TOTAL CREEP STRAIN

005 - N :
[ TUR! T, T
i |

200

NUMBER OF
TIGHTENINGS

o
&

r
I=T-J S-S

800 T

&

400 600
TIME—HOURS

Fig. 13. Comparison between Retightening-Life
Curve, Accumulated Bolt Creep-Strain
Curve, and Creep-Strain Curve in Tensile
Test '

Figure 5 — Bolt Creep Comparison from Tapsell [9], Fig. 13, page 450
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Unfortunately, after the release of these last papers, the Second World War commenced and advances
in the field of high temperature joint design were delayed until follow-up research occurred in the
early 1950s. The paper by Kerkhof [10] examined a method of analysis for both ambient temperature
and creep design and verified the method versus experimentation on a 44 inch OD flange. Kerkhof
proposed a design based on a load factor (o) that was a multiplier placed on the hydrostatic load
acting on the joint. He determined that, from the conclusions of Bailey [6], if the initial assembly bolt
load was adjusted to account for the relaxation in gasket load, since the stress distribution in the

ﬂallgc ;IIIpIUVCD duc tU CITTY, UII:y thC alllb;cl It tUIIIpUIGtUIC dcb;gll vast IICCdCd tU bC QDDCDDCG‘. S;Ilb
the bolt load is adjusted by the load factor (a), the flange design also becomes heavier with increasing
temperature, which should compensate for the component relaxation (Figure 6). However, the) loaf
factor would change for each joint configuration and so, while this approach appears simpleat firgt
glance, it would require extensive testing of different configurations in order to obtain the-load factgr
relationships.

BOLTLOARD FAGCTOR FQR
PIPE LINES

BOLY LOAD FACTOR o

BOLTLOAD FACTOR FOR COVERS

—r IEMOERATURE DEGREES CEH’I‘;iGRADE

o.‘n. téo ' '

]
200 00 400 500

Fig. 2. Gurves showing the bolt load factor “x" in rela-
tion to the temperature.

Figure-6 — Bolt Load Factor Graph from Kerkhof [10], Fig. 1, page 152

;o= AQf1=1f) . . . . (D)

df  —Bfv
7

where A = B[E?r+1, In the above equations ¢ is time, f 15 stress,
[y being the original stress, E is Young’s modulus, and 4, », B, p,
and N are constants, b = 1—(Eaffy).

Figure 7 — Relaxation Relationships from Johnson [11], page 431
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The third and final report [11] from the Institute of Mechanical Engineers Pipe Flange Research
Committee contained extensive additional testing of the creep of both full size and 0.4 scale model 8
inch carbon steel and C-0.5Mo BS10 Table T flanges. The initial part of the report focused on the
elastic behavior of flanges. It was found that the change in flange stiffness at 575°C was only around
80% to 60% compared to the ambient temperature stiffness.  Since the reduction in Young’s
Modulus is around 65% for this material and temperature, this indicates that either an additional
variation due to the nature of the loading or some error or unaccounted factor in the testing. In the

l.;UIIClI }Jalt Uf thC IC[JUIt, tVVU |c=a1\atiun IC:at;UIIDh;lJD VWCIT UDCd tU curve flt |c=a1\atiun data UTl :UUDC
ng flanges (Figure 7). The first relationship follows a time hardening theory and was used to fit
nost of the test results. The second relationship follows a strain hardening theory and was necessary
n only a few cases tested. The mean curve of the carbon steel flanges was found to fit the. time
ardening equation with the values of [m=0.6 and A=2.5x10° tons*minute]. There af& Stress
plaxation curves for the tested flanges presented in the paper (Figure 8), which will be iseful for
omparison to proposed analysis methods. One interesting aspect of this figure is that, for the time
eriod tested, the results did not show significant convergence between the higher<nitial stress state
nd the lower initial stress states, as might be expected. This means that fer.this configuration,
ssembling to a higher initial stress will result in a significantly longer life.

tress relaxation of the bolted joints examined was not discovered ‘and the focus of the testing
emained on the joint life vs. temperature curves presented in the second report (Figure 4). These test
psults were used to establish the applicable operational tempefature limits for the BS10 Table T
anges. For the alloy flanges in BS10, further testing was not-cenducted, but rather a combination of
xtrapolation from the carbon steel flanges and successful<eperational history of existing joints was
sed to define the allowable pressure-temperature limits) One of the issues in establishing the
elaxation behavior of the joint was that it is dependent’on the load history of the joint and therefore
perational loading variations and the initial stress state of the flange have a significant effect on the
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The final result of the Pipe Flange Committee testing was that a good-relationship describing the
S
(
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relaxation behavior.

h an addendum to the third report [11], R, W. Bailey provided a treatment of the associated theory
sed to estimate the creep relationships_for-the flanged joint. As part of the discussion, the aspects
ffecting deformation at temperature.are discussed, including reduction in Young’s Modulus and
naterial Yield Strength. The effect of the reduction in yield strength is examined as an “advantage,”
N that the extreme stresses in the-flange ring are reduced as the yield decreases with temperature
Figure 9). The path A-B demonstrates the reduction in stress (and therefore creep) as the stress
elaxes from yield and ambient to yield at 450°C. This advantage can be used to explain the need to
nly address design at @mbient temperature (per Kerkhof [10]). However, it will also result in an
nitial loss of bolt lead, and so cannot be considered an advantage from the flange leakage life
erspective. In addition to outlining the theory used in the assessment of the test results, Bailey
resented a relationship for assessing the effect of the bolt holes on the flange ring creep. However,
e also concluded that the effect of the reduction of strength due to the presence of the bolt holes was
mall.

W TOo TS =0 SN Q) =

In thediscussion of the third report [11], J.A. Stafford provided additional stress relaxation test results
(Figure 10) on another material obtained by constant strain test that clearly show a convergence

b - —Forthis test tase;
the conclusion would be that assembling the joint to the highest stress level will not result in a
significant increase in joint leakage life and will, therefore, only lead to additional creep damage with
no advantage. Another interesting fact that can be seen is that there is variability in the test results
regarding re-tightening and that, depending on the initial stress state, re-tightening may or may not
improve the obtained life of the joint. However, it is likely that some or all of these conclusions
(drawn for a simple tensile test) may not be directly applicable to the flange (bending stress) case.
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Figure 10 — Tensile Test Relaxation Graphs from Johnson [11], Fig. 33, page 456

In 1956, Lake et. al. [12] proposed an altérnative design method for flanges and addressed the
Rehavior of the joint at temperatures in-the creep range by applying a relaxation factor to the initial
gssembly stress for the ambient temperature design. The paper lists change in Young’s modulus,
material yield strength, creep and. refative component expansion as contributing to this factor. The
factor used in the paper for carbon steel and low alloy flanges is obtained from empirical (flange
rating) data. There is no additional explanation of the rationale behind using the flange rating data.

Bernhard [13] summarizeg-the application of the previous Pipe Flange Committee findings [11] into
modification of the 'design and ratings for the British Pipe Flange Standard BS10. The paper
giscusses the considerations that went into extending the results across other flange sizes and
raterials than thaose originally tested. The results for determining the required thickness of different
gize flanges. felied on the time to leakage graph produced by testing 8 inch flanges (Figure 4). It was
determined-that a relationship to adapt the test results to other applications was not apparent, with
gven the 0:1%/100,000 hr creep test results originally suggested by Bailey giving overly conservative
results: A comparison of the results of constant stress creep tests on two different types of carbon
teel led to the determination that the creep test results matched the data reasonably well only if offset

by 20°F, which is a significant amount.
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Figure 11 — Comparison of Flange Test Results vs. Cteep Tests from Bernhard [13], Fig. 12,
page 122

The BS10 flange thickness for a given size was-determined by the surface stress on the loose rin
flange, when adjusted for the effects of temperature on material yield. The effect of material yiel
versus temperature was accounted for by-the adjusting the flange deformation based on the flang
ring surface stresses by a factor “c” which accounted for the re-distribution of stress through the loos
ring flange with increasing temperature. For the elastic stress case (linear stress distribution), th
value of “c” was taken as 0467~ W.ith the favorable re-distribution of the stresses at highs
temperatures, the value of “c”.increased to 0.21 at temperatures corresponding to flange creep.

=~ (D (D (0D LT

Downey et. al. [14] rewisits many of the concepts previously discussed regarding creep/streg
relaxation behavior of high temperature joints and also discusses some mechanical failure histor
associated with thesg joints in the steam power industry. The analysis of the failure cases and theor
concludes that the _bolt rupture that occurred was likely a combination of one or more of the followin
factors; material’ embrittlement, notch effects due to the threads, non-uniform bolt temperatur
leading to docalization of the creep strain in the high temperature region or non-uniform bolt cross
section, leading to localization of the creep strain in the higher stressed region of the bolt. Both of th
last twia factors may lead to failure due to the fact that even though the creep strain prior to leakage i
limited to less than the initial elastic strain, these two factors will tend to concentrate the creep strai
ever a small length of the bolt and, therefore, lead to mush higher strain occurring (potentially to th
point of failure) at that localized region. The main conclusion of the paper with regards to flang

1 DA <N O»

D oS O (D

design is that creep relaxation tests at constant total strain in an extensometer may conservatively be
used to determine the reduction in bolt load versus time for a given flange design. However, this
approach neglects the flange bending creep regime (which will make it overly conservative) and also
the effect of nut relaxation (which may make it non-conservative). A tensile test specimen
configuration for the stress relaxation tests that accounts for the bolt and flange creep is outlined in
the paper.

11
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An excellent summary of the difference between creep and relaxation for design of high temperature
bolted joints is provided in Cooper et. al. [15]. The paper details both time-hardening and strain-
hardening relaxation rules in an understandable illustrative figure (Figure 12). In addition, the
different creep characteristics of some commonly used flange and bolt materials are presented in
order to illustrate that any method of analysis of creep or relaxation data must consider the different
material characteristics, such as the significance of primary creep rates (Figure 13). An interesting
conclusion regarding bolt over-stress for elevated temperature joints in that the bolt will relax to

pplUA;lllatC:y tVVU'th;Ida Uf le:d, CTVCTII at UII:y a fCVV hundlcd dCUICCD I': Upclat;lly tCIII}JCIQtUIU, If It ;D
ghtened to a value above that. The paper points to the inadequacy of present design methods in
onsidering creep and also indicates that insufficient bolt stress relaxation data is available\to

O~

facilitate flange design in the creep region.
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Figure 12 — lllustration of Relaxation Rules from,Cooper, et. al. [14], Fig. 3 and Fig. 4, page 133
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—igure 13 — Creep Characteristics of Different Materials from Cooper, et. al. 14), Fig. 5 to Fig.7,

page 133

Fessler et. al. [16] detail an early use of FEA and a Bailey-Norton creep equation to examine the
creep behavior of a 1-1/4 Cr flange material. The bolts in this case were assumed to be the same
material as the flanges. The FEA approach initially used a time hardening relationship for the stress
relaxation, but in the end a strain hardening approach gave better results. The FEA stress results were
compared to a 0.4 scale photo-elastic model of the flange to verify the FEA model. No gasket was

12
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included in the model and a sensitivity analysis was performed on the bolt creep strength (as a
multiple of the flange creep strength) to determine the effect of that on time to leakage. The creep
predictions using FEA appear to be conservative by comparison to the test results presented in
Johnson [11], as leakage is predicted after only 50,000 hrs (Figure 14). This conservative result may
have been due, in part, to the fact that the redistribution of the stresses in the flange ring due to
reduced material yield as temperature increased was neglected in the FEA treatment. The FEA used
in this paper was the first of the references to include the effects of the attached hub and pipe on the

Lol H
LITTY UCTIaviul.

The work of Waters [7] and Fessler [16] was summarized and extended by Kraus, et. al. [17]. Anthi
paper, a relaxation relationship for creep in bending of the flange ring is presented and analyZed usin
set time increments to determine the joint stress relaxation behavior. The effect of ‘fieglectin
hardening and also including strain hardening were compared to both the Waters)Tesults (n
hardening) and the Fesseler FEA results (strain hardening). The approach presented-did not includ
the effect of the attached hub and pipe and so was found to be less conservative than the Water
approach, but about twice as conservative as the Fessler FEA results, which.included the hub an

pipe.
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Figure 14 — FEA Bolt kead Relaxation Results from Fessler, et. al. [16], Fig. 51.4, page 45

In Maile et. al. [18] the stress relaxation behavior of bolts and bolted pipe joints is examined usin
both test and FEA! The creep laws examined include a Garafulo-Blackburn equation with tw
hardening termsvand a Bailey-Norton type equation. The Garafulo-Blackburn equation was used t
try to captdre primary creep effects, however when compared to data on a simple bolt and cylindg
test arrangement, the relationship gave a non-conservative estimate of the remaining bolt load g
longer test times (Figure 15). The use of a Bailey-Norton relationship gave better long term resulf
only~Wwhen it is adjusted for initial relaxation (Figure 16). This is somewhat indicative of th
difficulty in resolving flange joint creep, as it can be seen that the FEA prediction of stress relaxatio

= D O —~ = O O

on a holt and r‘ylindnr arrangement, which is Qimlnlnr than the full bolted Jinint, is not that accurat
without additional adjustment. There are test results (both deformation and strain) presented for creep
tests utilizing standard DIN 2510 flanges (Figure 17), which will provide an excellent point of
comparison for any proposed methods of design. In addition, again they give some insight into the
difficulties involved in accurately predicting flange behavior, as the spread of the results is relatively
large (deformation between 0.7 mm to 0.9 mm), indicating sensitivity to the many variables involved.
The final results presented in the paper are a comparison of FEA and experimental results (Figure 18),
in which it can be seen that the FEA under-estimated the remaining bolt load by almost half.
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However, this is a conservative estimate and therefore such under-estimation would probably be
acceptable in a design procedure, keeping in mind that it is probably unrealistic to expect to
accurately predict the stress relaxation in a flange joint. The final conclusions of this paper point to
the need for greater creep and relaxation test data in order to accurately predict flange behavior.

g

1

Igmm

—
(=]
o

h
(=]

Remaining stress [

(=]

10° 10°*

Soaking time [h]
Fig7: Comparisen of experimental and calculated
remaining stresses in bolting joint model Not;

12Cr-steel (X 19 CrMoVNBN 11 1), 5507°C.

Figure 15 — FEA Bolt Load Relaxation Results from Maile, et. al. [18], Fig. 7, page 156
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Figure 16 — FEA Bolt Load Relaxation Results from Maile, et. al. [18], Fig. 8, page 157
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Fig. 15.\Comparison between calculated remaining stress and
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Figure 18 — FEA’Bolt Load Relaxation Results from Maile, et. al. [18], Fig. 15, page 159

—

Further details'of testing similar to that discussed in [18] are presented in Gengenbach [19]. Teg
results fore00°C, 10,000 hr tests on 9% Cr flanges with Nimonic 80A bolts are presented and it i
showitthat good agreement between the test results and the use of inelastic FEA can be obtained.

[72]

Two papers by Nechache et. al. [20], [21] examine the use of finite time interval analysis similar tp
that used in previous papers to determine the creep behavior of a flange connection, but neglect ong

Ul 111IUITT Uf thC jU;IIt CUITTJUTITI Ita. Thb‘ LICTY pIUpCIt;CD uacd dU IIUt |c=atc tU abtuaj |||atc|ia=a, dU Ill.t
include any account of either strain or time hardening and no experimental verification was
performed.
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2.2 Mechanical Effects of Temperature on Joint Behavior

In early research, there were several noteworthy papers on the subject of high temperature flange
leakage or temperature driven bolt load variations, such as:

e Bickford, et. al. [22] which examines the leakage of a particular reboiler flange.

o Winter, et. al. [23] which details FEA results for transient temperature effects on several

piping flange sizes

e Nau, et. al. [24] which uses FEA to examine the effect of bolt temperature lag during
temperature transients.

e Singh, et. al. [25] which presents an analytic methodology to assess the radial growth;ef the
flanges and tubesheet in a heat exchanger joint.

o Dudley [26] which outlines an analytic approach to solving the stresses and deflections of
flanges due to a temperature difference between the flange ring and vessel,shell.

e Sawa, et. al. [27] uses a finite cylinder heat transfer theory to,examine temperature
distribution in small flanges.

However, in general these papers only address certain aspects of the effects of temperature and none
af them developed a comprehensive method for the assessment of the. distribution of temperature in
the flanged joint. The determination of the component temperatydres must be considered the starting
goint for any method aimed at assessing the effects of temperature on flange joint operation. By
Ruilding on the early work of Wesstrom [28], Brown [29], [307; [31], [32], [33], [34], [35] outlined an
gnalytical method of determining both the temperature and associated bolt load during both steady
state and transient conditions. This work was summarized in a Welding Research Council (WRC)
Bulletin [36]. Using the approaches outlined in thexWRC bulletin, the initial operating state of a
rpised-face type bolted flanged joint can be determined.

.3 Code Status

[he only pressure vessel design code .thatspecifically addresses creep in the context of the design of
olted joints, other than by adjustment of the material allowable stresses in the creep range, is
FN1591-1 and EN13555. However, the creep considerations are only with respect to the gasket
elaxation and therefore do nofiappear to address operation in the flange or bolt material creep range.
h addition, the methods implemented in both of the codes do not effectively describe the effects of
asket creep/relaxation en, the bolted joint behavior [1], [37].

[N

lention of the effeets-of bolt load relaxation and the need to account for the effect in design and
election of assembly bolt load is made in BS 4882:1990 [7]. BS 4882 lists some relaxation data and
nakes reference~to other sources of relaxation data. The previous edition (1973) had graphs of
elaxation data’for common bolting materials, but these have been removed from the current edition.

=N TN = (O == S T T

2.4 _~.Gasket Creep Behavior

Thern’s report [39] is an early paper on the relaxation properties of asbestos sheet gasket materials.

Farnam [40], Smoley, et. al. [41] and Marchand, et. al. [42] examine the relaxation characteristics of
sheet gasket materials, including the effects of elevated temperature. Bazergui [43] presents the
short-term (initial) relaxation of various gaskets and determines a suitable creep expression for
describing the relaxation of the gaskets. Marchand, et. al. [44], Bouzid, et. al. [45], [46], [47], [48]
and Nagy [49], [50] address the relationship of gasket relaxation with respect to joint interaction.
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Nau [51] wrote a general paper on the operational characteristics of gaskets, in which the various
mechanisms of gasket load relaxation versus time are described and a design theory presented.
Kockelmann, et. al. [52] presents relaxation data for flexible graphite and metal insert graphite
gaskets, the effects of temperature on relaxation are also examined. Latte, et. al. [53] and Bouzid [54]
present the relaxation and leakage properties in modified PTFE gasket materials. Vignaud, et. al. [55]
addresses the relaxation characteristics of spiral wound gaskets, including a comparison between two
gaskets made by different manufacturers. Nassar et. al. [56] and Alkelani et. al. [57] examine the

ot ~F el nlm) lLeata 3 H lobaliad 1atat 2l loat: dal +
CHICTLL UT LITTY Ul ODTN YdoRTLO TIT a STTIYIT UUTCU JUTTTU dilu PTUPJUST d- VISLUTTIASULIL LITTU TTTUUCTT U

describe the relaxation behavior.

2.5 Material Relaxation Behavior

There are many different singular sources of relaxation data for different materials under_different teq
conditions; however it is most often the case that the data does not match the cenditions that on
wishes to analyze. It is generally necessary to build an overall picture of the relaxation behavior of
given material across several test conditions in order extrapolate appropriate“material properties fg
the conditions being analyzed. For that purpose, it is obviously easier, toZuse data that has bee
compiled into a standard format. For this project, on such resource used’was ASTM DS 60 [58].
This document has an extensive compilation of data from variouscsources for a large number g
material types.

= = DD D ~

—
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3 CREEP BEHAVIOR

3.1 Definition of Creep Law and Material Properties

One of the common problems mentioned throughout the literature is the lack of material
creep/relaxation data for the determination of the joint behavior. Additionally, there are a multitude
of creep laws that have been used for the evaluation of creep and relaxation behavior. Therefore, the

first step in determining a method of evaluating the creep/relaxation of a joint is the selection of an
ppropriate creep/relaxation relationship and the determination of the availability of the required
haterial data for modeling purposes. Unfortunately, while creep laws such as the Omega method
API 579-1 / ASME FFS-1 [59]) are codified and have published properties for many commaonlypused
haterial types, they may not be appropriate for the determination of the creep/relaxation behavior of a
olted joint, necessitating an alternate approach.

g
1

(

1

H

The second common notable point taken from the literature was the effect of.Strain (or time)
Hardening on the actual behavior of the joint. The omission of this effect leads to,an over-estimation
gf the loss of bolt pre-load when higher bolt loads are compared to lower balt l0oads using the same
greep/relaxation law. This effect is apparent when the Omega method is used to predict the relaxation
in uniaxial stress versus actual measured uniaxial relaxation test data (ASTM DS-60 [58]) for both
Carbon Steel at 842°F (Figure 19) and 932°F (Figure 20). It can be séen‘that for certain combinations
qf stress and temperature the Omega method is a good predictor of residual stress vs. time. However,
if is also evident that the lack of strain hardening leads to over prediction of relaxation from higher
initial stress levels. In addition, at low stress and especially temperatures (572°F for example) where
the test results still show a substantive loss of stress (in.the range of >30% of initial preload), the
(Omega method would predict no relaxation to occur-at*all. Therefore, even if the method were
modified to incorporate a strain hardening term, futther modification would be required to capture
Ipwer temperature relaxation behavior.

CS Relaxation Tests @ 842°F

30

5 s« Omega Results (typ.)

25

est Data (typ.)

Sthess,(ksi)

———
==
L
0 200 400 600 800 1000

Time (hours)

Figure 19 — Uniaxial Carbon Steel Omega Relaxation Results at 842°F
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CS Relaxation Tests @ 932°F

' _~ Omega Results (typ.)

Stress (ksi)
N
wu

v /Test Data (typ.)

Time (hours)

Figure 20 — Uniaxial Carbon Steel Omega Relaxation Results at 932°F

The relaxation of bolt stress at temperatures below.the normal creep range is due to lower temperatur]
mechanisms such as microplasticity (ASTM DS-60 [58] and McMahon [60]). Microplasticity occur
where the nominal cross section of the structtire (bolt and flange in this case) is at a stress level beloy
yield, but there are local regions of thesmicrostructure that undergo yielding. This localized yiel
behavior, at the microstructure level,(leads to a loss of initial stress under relaxation testing. Norma
creep laws do not predict this type-of behavior. Therefore, it is evident that the utilization of a simpl
creep relationship, such as the ‘'ene-term modified Graham-Walles Equation (1), presented in Mailg
et.al. [18] and Bolton [61]tand the use of actual relaxation test data to determine the appropriat]
relationship will be necessary to accurately predict the creep relaxation behavior of a bolted joint.

D =— L << O (D

D

Ae, = Aol el dt )

Where: Agy'is the increment in creep strain over the time increment dt

A, N and m are material constants, with N being temperature dependant

oo and & are the initial stress and initial creep strain at the start of the time increment.

gHato Afe PH-OGH-4 c—HSHIg—a e G H—aH e pleagsHee 0
enable a fit of the equation to the available data from ASTM DS-60 [58] for carbon steel. The fit is
found to be reasonable for some test data (Figure 21 to Figure 24) and more approximate for other
test cases (Figure 25 and Figure 26). In addition, it should be noted that while the trend of the data is
in reasonable agreement, there are relatively few test points going into each fit and the inclusion of
test points at longer test times has a significant effect on the obtained fit. This indicates that it would
be advisable to have controlled test data from conditions that are similar to the expected material
operation. The A and m used in these fits were 5x 10™ and -0.93, respectively with units in ksi,
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in./in. and hours. If the variability of the N factor with temperature is plotted (Figure 27), it can be
seen that the graph has a bi-linear appearance with a transition in the temperature range where creep
effects become significant for this material. There are relatively few data points (from a diverse
variety of test configurations) to support this observation; however, from a mechanistic sense it would
seem appropriate that the presence of a transition from Microplasticity to Creep regimes would
support this observation.
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Figure 21 — Equation (1) Carbhon Steel Relaxation Results at 572°F
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25

20 P
I 5 -
5 e
m S—
i
& 10

5

0

| - - - a0 100

Time (hours)

Figure 22 — Equation (1) Carbon Steel Relaxation Results at 752°F
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CS Relaxation Tests @ 932°F
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Figure 23 — Equation (1) Carbo,z'(@éel Relaxation Results at 932°F
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Figure 24 — Equation (1) Carbon Steel Relaxation Results at 1112°F
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Figure 25 — Equation (1) Carbon@t’@ Relaxation Results at 842°F
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CS Relaxation Tests @ 851°F
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Figure 26 — Equation (1) Carbon Steel Relaxation Results at 851°F
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Figure 27 — Equation (1) Carbon Steel “N” vssJemperature

If a similar approach is taken with Cr-Mo (of similar camposition to ASTM A193-B7 boltin
material) test results, then the data fits at different temperatures are again seen to have the correc
form, while not being exact (Figure 28 to Figure 33)..In these cases, the values of A and m wer|
taken as 1.1x10™? and -0.93, respectively, with units<in’ksi, in./in. and hours. It can be seen that th
value of N versus temperature again appears bilinear (Figure 34), although once again there is
relatively small amount of data to support this,determination. However, the combination of both @
these relationships for carbon steel and CriMig materials allows, in principal, the determination of th
creep/relaxation behavior of a very common flange configuration (SA105 with SA193-B7 bolts) 3
any temperature within the data range.

Cr-Mo Relaxation Tests @ 70°F
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Figure 28 — Equation (1) CrMo Relaxation Results at 70°F
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Cr-Mo Relaxation Tests @ 248°F
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Figure 29 — Equation (1) CrMo Rela& n Results at 248°F
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Figure 30 — Equation (1) CrMo Relaxation Results at 850°F
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Cr-Mo Relaxation Tests @ 900°F
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Figure 31 — Equation (1) CrMo ID\e]hxatlon Results at 900°F
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Figure 32 — Equation (1) CrMo Relaxation Results at 932°F
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Cr-Mo Relaxation Tests @ 1000°F
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Figure 33 — Equation (L) CrMo Relagésbn Results at 1000°F
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Figure 34 — Equation (1) CrMo “N” vs. Temperature
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The flange joint components will see a combination of both creep and relaxation over their lifetime.
Common creep relationships, such as the Omega method, are determined from constant load or
constant strain rate testing (predominantly creep), whereas the data used to establish the relationships
in this project are based on relaxation (constant deformation) testing. It is conceivable that the
relationship used in the calculations may have needed to be modified to become closer to an
“average” between creep and relaxation from a combination of pure creep and pure relaxation test
data. It is expected that the form of the equation used was, however, still appropriate. In addition, the

Cffc‘bt Uf |||u=t;q1\;a= L,ICU}J |||ay bC D;gll;f;bal It ;II thl:' lCDU:tD, hU\IVCVCI D;IIbU thU f:cll IuU thCODCO al
predominantly due to bending of the flange ring due to the bolt load, it may also be appropriate-t
neglect the effects of multiaxiality or apply a simplified adjustment. For this project, the effects arp
neglected.

=)

3.2  Finite Element Modeling

The established relationships from Equation (1) and the test data fits were programmed into a usq
subroutine in the ABAQUS commercial Finite Element Analysis (FEA) software and the results fg
comparison to the uniaxial relaxation test results were found to be identical to the previousl
presented finite difference generated data. However, when applied to the-actual joint arrangemen
the FEA allows for the reduction in bolt load due to the relaxation~of each component, terme
hereafter as the compound relaxation of the joint, rather than the independent relaxation of just th
bolt or just the flange. The results of this FEA prediction can then be used for comparison with a
approximate treatment using the flange code design equations (closed form solutions), followed b
comparison with actual test results. Direct application~0f/the code calculated flange stresses t
determining flange creep strain is not appropriate, due to.the fact that some flange stresses are local i
nature (hub longitudinal stress Sy for example) and<therefore creep/relaxation associated with thg
stress will not have as significant effect on .the> flange deformation (and, therefore, bolt loa
relaxation) as stresses that are closer to a membrane stress (such as the hub/shell junction tangentia
stress St).

< = =

—_— L —+ D O < D (b I

The first application of the FEA method for confirmation against bolt relaxation test results was t
model a 7/8 in. diameter UNC, ASTM-A193-B7 bolt (CrMo) with ASTM A194-2H (carbon stee
nuts tightened on a carbon steel.h@llow cylinder to varying initial stress levels. Two FEA model
were built for this comparison (Figure 35), one with the nut and threads explicitly modeled and on
with a simplified approach where the nut and the bolt shank (with diameter equal to the thread rog
diameter) were modeled-as-solid cylinders tied at the nut-to-bolt interface. Both cases were run 3
50ksi, 75ksi and 100Ksi-initial stress levels for 168 hours at 650°F, with the N factor linearl
interpolated from the previously determined relationship versus temperature. The resulting reductio
of bolt stress versus time for the fully detailed model and the simplified model due to componer
relaxation canvbe’ seen in Figure 36 and Figure 37, respectively. It can be seen, by comparison @
these two figures, that the simplified model appears to adequately describe the relaxation behavior.
The effect of strain hardening is apparent and it can be seen that after 150 hours, the stress level i
still reducing, though at a slower rate. Most of the relaxation is predicted to have occurred within th
first: 200 hours.

—_ = D X~ & (D O — O

D O
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Figure 35 — Bolt/Cylinder FEA Model
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Figure 36 — Bolt/Cylinder Full FEA Model Bolt Stressvs. Time Results
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Figure 37 — Bolt/Cylinder Simple FEA Model Bolt Stress vs. Time Results

Subséquent FEA models of standard ASME B16.5 flange joints were constructed in order to examin
the-expected reduction in bolt stress for an initial assembly bolt stress of 52.5 ksi and a steady stat
uniform operating temperature of 850°F for 217 hours. The selection of the flange size and class fg

each analveic vwac mado with cancidaratinn af tho rolativie cstroanath and failiire made (ar daminan
each—ahatySiWasHHaae-WHA-coRsiaertHoh—-etherelatiye—streRgtiiahRataHtire-hoaeer—aemiat

1
rFy
o0, 105,

150.

~ — (D @D

stress at gross plastic deformation) of the flange, established from previous work [62].

The

importance of selecting flanges with different strength characteristics is to highlight the effect of the
relative strength of the joint components and also the effect of the location of the dominant strength of
the flange itself (flange ring, hub or hub/shell junction). Without consideration of these effects, it is
likely that the methodology may be suitable only for a certain joint configuration and may not be

applicable for other configurations.
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The modeled flanges were as listed below, with the FEA mesh plot and the creep strain after 217
hours plot figures referenced after each joint case. In all cases the modeled gasket was a solid rigid
element, which creates a symmetry plane on the raised face, while allowing portions not in
compression to come away from the plane.

Case 1: NPS 2in., ¢cl.900 Flange — Figure 38
Case 2: NPS 3in., cl. 150 Flange — Figure 39 and Figure 40

Case 3: NPS 3in., cl. 300 Flange — Figure 41 and Figure 42
Case 4: NPS 6in., cl. 150 Flange — Figure 43 and Figure 44

In the cases shown, it can be seen that the effect of relaxation is distributed between the bolt.and the
flange, depending on the relative strength of the bolt to the flange. This is due to the fact that
dlthough the bolt is the most highly stressed component, the CrMo creep strength of the/bolt is better
than the flange.

Figure.38'= NPS 2, cl. 900 FEA Model

Figure 39 — NPS 3, cl. 150 FEA Model
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Figure 40 — NPS 3, cl. 150 Creep Strain @ 217 hrs «Q'
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Igdure 41 — NPS 3, cl. 300 FEA Model
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Figure 42 — NPS 3, cl. 300 Creep Strain @ 217hrs
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Figure 43 — NPS 6, cl. 150 FEA Madel
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Figure 44 — NPS 6, cl. 150 Creep Strain @ 217 hrs

.3 _‘Approximation of Creep/Relaxation Behavior Using Code Stresses

[

The_ application of the code stresses to flange creep is complicated by two things; the fact that the

nda ctraccac ara camnanant diractianal ctraccac and alcn hyv tha fact that tha ctranath af tho flanao tn
Oae-SHESSES EEHOHASHESSESaHaaSE-BytHeatHattHe-SHeRgmnm-o aHge—+e

eSO oo e T ot Tt et

resist rotation is primarily in the bending of the flange ring and distortion of the flange hub. The
directional creep stress results may be used to calculate creep strain rates, but generally it is
considered more accurate for multi-axial stress stats to use the Mises stress distribution. The strength
of the flange being associated with multiple portions of the flange means that creep associated with,
say, the longitudinal stresses on the outer fiber of the hub will not result in a proportional loss of
strength (deformation) of the flange itself.
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However, it is possible to make some simplifying assumptions that enable calculation of the effects of
creep on the joint interaction, without needing new or overly complex sets of equations. This
involves assuming that there is a predominant stress direction in the flange that can be treated as a
uniaxial creep problem that will relate directly to the flange strength. For flange rings without a hub
and not connected to a shell, the predominant stress direction (only one checked by code) is the
tangential stress (hoop direction) in the flange ring. For other flanges, this stress direction is also
associated with much larger portions of the flange ring and hub than other stresses. For example, the

pcak =UI|gitudi||a= Dtl CTooCS L,ah,u:atcd fUI thl: hub arc :Uba: tU thC UutCl bmfau:: (J.IIC!I yyu fIUIII tCIID;UII t
compression across the thickness of the hub. In addition, the radial stress direction is local to\th
region only around the connection between the hub and flange ring, whereas the tangential stréss act
as a bending stress across the entire flange ring and also as a tensile stress in both the hub/flange rin
and hub/shell junction locations. The ASME code calculations only take into account the hub/flang
ring location; however, it has been found that in some cases, for realistic assembly bolt loads, th
hub/shell junction is the controlling location [62]. The method outlined in this document uses th
current code calculated tangential stress (St) but it is recommended that the hubfshell location also b
considered. This may be done by calculating it in accordance with the methods outlined in Brow,
[62] and substituting that stress into the equations if it is initially higher than St.

= (D (D (D (D & O (D

Using the above simplifications it is possible to determine relatively easily the bolt load relaxatio
with time by following an iterative (finite difference) approach witksmall increments of time. Suc
an approach may be achieved using a spreadsheet. The basis of the equations are that of the origing
Wesstrom work [63], which assume that the joint is deflection controlled once assembled, and th
sum of any changes in deformation of components must/he.equal to zero. Therefore, the followin
equation can be found to apply.

TCT (D = D o5

Iljll:!‘l:.;lf +£I“I1':-;'l' +"j'3_f5 + fj'n."fl_ +|'j'|.'195 +|'i'|.ilgr = 'Ijl“;"i;lf +£"‘I1ff +|'i'|.rgf (2)
Where:
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&t e and 9g 4t Ayny )
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Using the above equations, the creep of the flange, bolts and gasket can be calculated for each
increment of time and the residual bolt stress and creep strain at the end of that increment is then the
input to determine the amount of creep strain that will occur in each of the components in the next
increment of time. Care must be taken with this approach that the time steps are sufficiently small,
particularly in the initially highly non-linear time period, such that the creep strain estimates are
accurate.

Using this approach, the equations were input into a spreadsheet and the resulting bolt stress versus

time at 850°C for the SA105/SA193-B7 materials and NPS 3, cl. 150, NPS 3, cl. 300 and NPS 6,
1.150 flanges outlined in the previous section were compared to FEA results for the same
onfigurations. The comparative graphs of bolt stress versus time are shown in Figure 45 to Figure
8. It can be seen that the agreement is remarkably good for the flanges studied.

implified closed-form solution based on ASME code equations appears sound and is relatively easily
mployed. However, comparison with FEA results using the same material properties only proves
hat the method has merit from a calculation perspective. If the material properties are inaccurate,

d
d
4
OQverall, the approach of determining the loss in bolt load, and, therefore, gasket stress;”using a
S
6
t
then neither one of the calculation approaches will predict accurate bolt load lgss.
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Figure 45 — NPS 3, cl. 150 Bolt Stress vs. Time
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Figure 46 — NPS 3, cl. 300 Bolt Stress vs. Time
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4 EXPERIMENTAL METHODS AND RESULTS

4.1 Experimental Methods

In order to examine joint relaxation, two series of tests were conducted. The first involved
measurement of short term bolt load relaxation at relatively low temperatures when tightened on a
hollow steel cylinder. The second tests involved relaxation measurements on the standard flange
sizes listed in the previous section of this report. The purpose of both of these tests was to verify the

gffectiveness of both FEA and closed form calculations in predicting bolt load relaxation.

N

.1.1 Bolt Relaxation

N these tests, a 7/8 inch SA193-B7 studbolt with SA194-2H nuts was assembled to varying preload
alues onto a hollow carbon steel (1020) cylinder. The studbolts were center-drilled at¢each end to
nable ball-bearings to be used to ensure measurement alignment. A hardened washer was used
nder each nut and, in some cases, a single Key Belleville AFB-60 washer was alsoused under each
ut (Figure 49). The arrangement was assembled at a controlled laboratory temperature, heated in an
ven at 650°F for one week, removed, and then allowed to cool back to ambient. “The bolt length was
neasured (Figure 50) in the initial unassembled, initial assembled, post-heating assembled and post-
eating unassembled conditions. By subtracting the unloaded lengths from/the loaded measurements,
ne bolt load relaxation could be determined. In each test run, several unassembled studs were also
ubjected to the same heat treatment and length measurement procedure in order to assess possible
haccuracies in the method, such as oxide build-up on the center<drill surfaces.

—-_n ~+ T 5 0O 5 c D < =

g 2
3y

. I =F | Tep————
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Figure 49 — Bolt Load Relaxation Arrangement

Figure 50 — Length Measurement Arrangement
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4.1.2 Joint Relaxation

In order to examine the effect of joint component interaction on bolt load relaxation, several flanges
of each flange size were subjected to the following testing sequence.

Initial Machining (Figure 51):

1)  Both ends of each stud were skim cut and center drilled.

£ I Flom s viy 20 O 1o N
1 1 Ul

rafRgetgHo loeationswas-—cente
Initial Measurement and Assembly

3)  Flanges were assembled with studs to a torque of 10 ft.Ib. Two of the 3in. cl.150 flange
had additional Bellville washers fitted (one with three washers under one nut Jjoint G-H
and the other with three washers under each nut, for a total of six washers-{joint E-F]).
Nuts and Studs were liberally lubricated with Loctite Nickel anti-seize prigr to assembly.

[72]

Tl

4)  The metal temperatures of the studs and flanges were recorded

5)  The initial length of each stud and initial distance between each pair of flange center-dri
holes was measured.

6)  The joints were assembled to a specified torque.

7)  The metal temperatures of the studs and flanges were recorded.

8)  The final length of each stud and as-assembled distance between each pair of flange centef
drill holes were recorded.

Initial Stage Creep/Relaxation
9)  The joints were stacked in a furnace arid-2 thermocouples were attached.
10) Furnace was heated rapidly and continued steady-state heating at for 12 hrs at 850 + 5°F.

11) Furnace was stopped and.doors opened to allow rapid air cooling with continuefl
thermocouple monitoring:

12) Joints were removed ,from the furnace and, once at room temperature, the metd
temperatures of the studs and flanges were recorded.

13) Any oxide was lightly cleaned from center-drill locations.

14) Length of-each stud and distance between each pair of flange center-drill holes werg
recorded.

Second Stage Creep/Relaxation

15) (Joints were re-stacked in furnace and 2 thermocouples attached.

16)- Furnace was heated rapidly and continued steady-state heating at for 48 hrs at 850 + 5°F.
17) Repeated activities 11 to 14.

Fnl ! Sfoﬂn Croan/Ralavation

g e SrotprmcToATtoT

18) Joints were re-stacked in furnace and 2 thermocouples attached.
19) Furnace was heated rapidly and continued steady-state heating at for 156 hrs at 850 + 5°F.
20) Repeated activities 11 to 14.

Final Measurement
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21) Loosened and then re-tightened to 10 ft.Ib each nut in a circular pattern until the torque
required to loosen is close to 10ft.Ib. for each nut.

22) Length of each stud and distance between pairs of flange center-drill holes was recorded.

Stud Bolt Schematic Flange Schematic

Center-Drill @ 8

locations (both flanges)
i

Center-Drill @ 2
locations (both ends)
A A

Section A-A

Section B-B

Figure 51 — Flange Joint Drilling Arrangement

Figure 52 — Joint Measurement Arrangement
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Figure 54 — Assembled Joint
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4.2 Experimental Results

4.2.1 Bolt Relaxation

The results of the bolt load relaxation tests versus initial bolt load as a percentage of ambient bolt
yield are shown in Figure 55 as a percentage of the initial assembly load and in Figure 56 as a
percentage of ambient nominal bolt yield (105ksi). It can be seen that although the higher loaded
bolts lose a greater percentage of their initial load, in all cases the overall percentage of bolt load

remaining is higher for the higher loaded bolts. This confirms the need to account for strain
Hardening in the assessment of bolt load relaxation. The Belleville washers did not appear to improve
the bolt relaxation, as the results with Belleville washers are comparable to those without' | In
gddition, it can be seen that the load relaxation predicted by the CrMo and CS properties determined
in the previous section both considerably underestimate the bolt relaxation. In theory, the CrMo
galculation results should be directly comparable to the test results, but they underestimate the
relaxation that occurred by more than 20% of the initial bolt load. This is a-significant non-
donservative result that highlights the difficulties in taking relaxation data frem“one source and
gpplying it to flanged joint relaxation. The test results were obtained at 650°F, which is 200°F below
the closest ASTM DS-60 test results used to determine the material creep coefficients. The ASTM
[DS-60 test results are also at a stress level of around half that used in the bolt'load relaxation tests. In
gddition, the results from the obtained coefficients and the DS-60 test results are not very accurate in
the 168 hour timeframe and actually would indicate a significant underestimation of the relaxation is
within this timeframe. Another interesting conclusion is that, as‘expected, when the bolt is re-used,
ifs relaxation is significantly less than when tested in the as-nevy state.

100%
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Figure 55 — Bolt Load Relaxation vs. Assembly Load (% of Assembly Load)
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Figure 56 — Bolt Load Relaxation vs. Assembly_toad (% of Ambient Bolt Yield Stress)

4.2.2 Joint Relaxation

The methods of bolt and flange deformation measurement were only accurate enough to offer an
order of magnitude or directional estimate of the actual deformation occurring. In particular,
measuring the flange deformation «is_rather complex due to the likelihood of relative movemerjt
between the flanges and across~the different quadrants of the flanges. However, a comparisop
between the calculation method-presented in the previous section and the test results will give ap
indication of whether the methods appear applicable. Given the poor relationship between the bolt
load relaxation tests and(the calculation method, it was expected that the bolt load relaxation would
also be underestimated.in these tests as well.

The NPS 2, cl. 900yresults for relaxation tests on three joints are shown in Figure 57 and Figure 58.
The bolt deformation, which indicates the sum of the bolt creep and elastic elongation during the test
and the fipal:bolt creep by comparison between the final unloaded measurement and the initig
measurement, are shown in Figure 57. It can be seen that the test measurements indicate very littl
bolt length change during the test and a final overall bolt elongation due to creep of 0.003 inches. |
this\case, the calculations show poor agreement, with the bolt length expected to decrease durin
operation and the final increase in bolt length due to creep to only be in the order of 0.001 incheg,
three times less than that measured in the test results. It is therefore evident that the analytical resu

=]

T 5 D

—

would not have been a good predictor of the residual load in this case. The flange deformation
results, which show the sum of the creep and elastic deformation of the flange during the test and the
final creep deformation by comparison between the initial measurement and the final, are shown in
Figure 58. It can be seen that test results are very erratic, indicating some sort of measurement error.
In spite of this, it is still apparent that the analytical solution once again under-predicts the level of
relaxation.
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Figure 57 — NPS 2, cl.900 Bolt Deformation. Results
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Figure 58 — NPS 2, ¢1.900 Flange Deformation Results

The NPS 3, ¢l.150 results are shown in Figure 59 and Figure 60. It appears that the bolt elongation is

under-predicted by the analytical results by a factor of about half.

In addition, the presence of

Belleville washers has significantly increased the final bolt creep that occurs, by a factor of 2 to 3,
which means that the additional rebound offered by the washers is offset in part by the additional
increase in bolt length due to their presence. In addition, it can be seen that both of the flanges with
Belleville washers had higher residual deformation than the flanges without Belleville washers,
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