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ABBTRACT

The friciion force at the pipe support has a
significant effect on the behavior of a piping system.
Just like an analysis withont including the restraint
effeci, an analysis without inclading the support
Iriction may be meaningless in Some cases. The
treatment of support frietion in the pipe slress
analysis is not yet well defined in praciice. This
paper will try to outline the procedure io be used in
the analysis. The paper firsi presents a lypieal
problem o show the significance of the support fric-
tion., I then digcusses some itechnigues used in the
inclusion of the friction in a compufer program.
Detailed discussion is given in the arrangement of
the analygsis t6 comply with the piping code reguire-
ments of separaiing the sustained Siress from the
sell-timiting stregs, Special freatment of wind and
earthguake loads are alse discussed, The paper deazls
only will the static aspeel of the analysis,

INTRODUCTION

Support frietion in a piping systern can prevent
the pipe from free expansion thus creating a higher
giress in the pipe and a higher load on the conneciing
equipment. However, In certain instances the Iriciion
can help slabilize the sysiem and reduce darnage.
Even in dealing with pure thermal expansion, ihe
friction can serve as guides thus preveniing a large
load from being transmitted to the rotating eguipment.
Thersfore, there is no rule of thumb as to whether
it is nonconservaiive to ignore the friction. In gene-
ral, when dealing with the dyanamic load, the [riction
tends to reduce the magnitude of both the pipe stress
and the cguipment load, In ihis case, the omission
of the Iriction is conservalive. However, there i8 no
general rule governing the static load, In ihis casze,
the effect of the friction need to be investigsted to
simualate as closely as possible the real gituation,
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The effect of the friction is more irmportant in
some sreas, In the analysis of the long transmission
pipeline {11, it is eniirely the balancing of the friction
force agringt the potential expangion force. Without
including the friction the analysis would have been
meaningless, Another area of importance {8 the
piping connected to the roisting equipmeni. The roia-
ting eguipment i8 netlorious for ifs low allowable
piping losds, Sometimes the frietion al one support
can completely change the acceplability of the piping
sysiem. Take the sysiem shown in Figure I for
instance., The restarint at 26 is installed to protect
the compressor at 10. The effect of the friciion at
25 iz demonsiraled by comparing the analysis resolis
of the czge with friction apainst the case without the
friciion, It is clear that the friction st restraint 25
is significant, By applying API STD-617 [7] eriteria,
oniy the load calculated with the restraind but without
the friction is aceeplable. The API crileris is evala-
sted separately and is not included in this paper.

Pipe Data :323.0mm 0.1, (12" nomiral), $.5mmik
(5td), 150°C, E=1892360 MPa,
2xp rate = 1.53mmim, wi=75.5 kg/m
friction factor at 25= 0.4

Figure 1, Bffect of Fricltion on Compressor Piping



Table 1, Pipe Load at Discharge Nozzle Flange 13

Forces {N) Moments (N-m)

Condition
)4 By Bz Mx My Iz

Ne e .
o 13145 -3%27 3227 -4519 -10152 -1828
FRestralnt
Restraint
Witheout- -1485 -3813 -2883 1143 ~197  «ZO0B8
Friction
Hestraint
With- -4735 -3387 -338 381 206 -7308
Friction

By including the Iriction in the apalysis, the

designer will apprecizte the reqguirement of using low
friction type sliding plates or struis. Some might
think that low friction sliding plates should have been
uged in the {irst place., The frath is that the feictica
ig very often needed for the smooth operation of the
machice. I stabilizes the piping and dampens out the
puientlial vibraiion. Furthermore, the popular low
friction sliding plate zdds a considerable problem in
the operation and maintenznce of the plant,

NOR-LINEAR RBESTRAINTS

In & finite element compuier program the fric-
tior is bandled by the friction eslement., However, fo
make the input more efficient and the inferaction
more direct, the support element sod the [rictiom
element gre often combined irdo one three dimen-
sional interface element |2], In piping it i8 called by
the general ferm, MNon-Linesar Resiraint [3L

The non-linear restraint defines the regiraint
direction which is perpendicnlar fo the sliding surface.
For = non-linear restraint to be able to Include the
frictipn, it has to have the capahility fo perform the
functions as shown in Figure 2, and as deseribed in
the following :

(1y. Create a friction vector in the sliding sur-
face. Normally this is defined by two local muinally
perpendicular veciors which are perpendicalar io the
restraint direction, In o ¥Y-direciion restiraint, the
friction vector is to be determined by the X- and
Z~ vectors.

{2), 1f the potential friction force is sufficient
to siop the pipe from moving along the restraint
surface, the pipe wiill be stopped. The resuliant
friction force coreated is less than the polential fric-
tion force. It is eqgual fo the force required to elas-
tically stop the pipe from moving.

€3}, If the potential friction force is not large
enough 1o stop the plpe from moving zlong the res-
traint surface, the pipe will move, 'The resuliant
friction foree created is the product of the normal
restraint force and the coefficlent of friction. 'The
friction applied io the pipe is direcily opposite to
ihe pipe movement.
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v = Coefficient of friction
T2 d = Pipe displacement

Figure 2, ¥riciion Restrainis

The poientlal friciion force is the product of the
regtraint normal ferce and the coelficient of friction,
In the caleunlation, a smali displacement 13 assumed
to be required io develop the full potentiz]l fyiction.
Thisg displacement i8 taken as 80 small that its exis-
tence will not affect the result of the analysis.

Theoretically both siatic and sliding friction
coefficients have o be used, However, even if the
translational pipe motion is being stopped, the roia-
tion and jerking of the pipe make it difficall to main-
tain the static coeefficient, In practice only the siiding
or dynamic coefficient ig used.

In addifion to the friction handling capability, a
noit-linear resiraint can also handle gap, Initial load,
and plasticity of the restraint glement,

PIPING MOVEMENTS

When & piping sysiem expands, I8 movement
al a given support is not likely o be in a straight
line. Therefore, the friction at the support doee
not maintain the same direction throughout the whole
expension process. The situation ig even more pro-
nounced in a systerm which is restrained by limit
stops. The pipe can siari oul in one direction, then
make & sharp change afier reaching the stop. In this
case, the direciion of the friction would alse have 1o
be adjusted consiantly throughout the expansion pro-
cess. This type of analysis can be done with a
geries of analyses at incremental steps. At each
siep the expansion is incresged by a ceriain incre-
ment with the friction force balanced at the end of
each step, The foree and moment at each slep are
recorded and enveloped io ensure thal the most se-
vere result is obiained,

Althouph it is preferable to perform the incre-

mental analysis fo ensure that neo extreme load is
overlooked, the carrent praciice is ¥o make a one
gtep analysis. The pipe at the support location is

agsumed fo move in a &iraight line fromn the initial



pogition to the final operating position. In this way
the friciion is applied based on {he final displace-
ment, All the irderinediasle displacernents are ignored,
because their existence is temporary in nature. How-
eveyr, sound engineering judgement should be exer-

cigsed fo see if a more elaborated analysis is justified.

COMPUTER [MPLEMENTATION

The concept of the friction element ls clear,
but the computer program lmplementation can hbe
different from one saftware package 1o another. Far
the sake of explaining the implementation detail, a
general discussion on the static problem solution
procedure is in order. The static pipe siress prob-
lem is solved by first assembling the equilibrinm
equation (1),

K] X = ¥ (1)

Where, [K]

Stiffness mairix of the piping sysiem

X = The unknown nodal displacement
vactor
F = The known nodal load vector

The load vector ¥ includes weight, thermal initial
load, pressure, exiernal foree, and so forth, The
gnknown displacernent can be solved by the inversion
of K], or most likely by {he decomposition of [E]
ag in FBauation (2).

[K] = (L] [D] [L1% (2)

Where, [D] = A diagonal mairix

T
LY and [L]” are unit triangular matrices
being each the tramspose of the other,

The equillbrium eguation is then golved by leHing

)t x -y (3)
or [L]D]Y =¥ (4)

Where Y is an intertnediate szolution vector which is
being nsed as a bridge of ihe soluiion, A forward
substiiufion is performed on Equation (4} i¢ solve Y.
Tinis ¥ is then used in Equaition (3} o solve the
displacement X by back substitution. The decomposgi-
tion step in Egquation (2) takes a ot more computier
time than the substitution steps in Bouations (3} and
(4}, This makes the avoidance of the decomposition
step highly desirable,

The computer progran: implementaiion of the
support friction can be categorized into three groups
being discussed in the following, They all use the
imtervative approach, bul each group haes ils strong
and weak points, Bome emphasize the saving of the
compuler iime, while others are more concerned
about the convergence and stability, In the long run,
the idea originally intended to gave Compuier time
might end up using more computer time dne io
unexpecied slowness in convergence. A scheme hag
very liftle praetical value if it does not converge, or

if it is not Stable. The following are the detailed
digcuassion on the chracteristics of each scherme,

{1}, Direct Substitution of Friction Torce

The most simple meihod is the direet substi-
tution of the forces expected from the frietion, The
analysis staris out with no friction to find out the
potential movement of the piping. The fricliion forces
corresponding to these movements are then included
in the load vector, ¥, for & new analysis. The pro-
cedure continues iterastively uniil the convergence is
reached when no significani change occurs bhetween
two consecutive analysss.

This method is straight forward. It requires
no additional decomposition of the stiffness matrix
at each analysis, Therefore, It appears to have ibe
potential of saving some compuler iime. The method
works fine in some rather rigid systems where the
friction does not affect the direction of the movement,
but works very poorly for most practical piping sys-
fems wiich always bhave considerable flexibility te
abzort thermal expansion. Thig scheme does not
have the Capability to stop the pipe when the stop-
ping force required is less than the polenlial friction
force, Instead it keeps applying the same full frie-
tion foree to the system resulting in a back and
forth oscillatory but no ending terations.

This methoed alsoe guickly becomes divergent
when applicd to the system which has considerable
movements in the flexible direction. In this flexible
direction, if the friction force iz aspplied againet the
movement, a very large digplacerment will be creaied
opposite to the original movement. The situation
reverses during the next itersiion with the displace-
ments randonely gelting bigger and bigger in each
subseguent teration.

{2)., PFiwed Stiffness Metihod

I this method, each frictional restraint is ag-
signed two faciitious orthogomnal restrainis laying on
the plane perpendicuylar to the main supporting res-
traint as shown in Figure 3, The gpring rate of
these two restrainis are taken lo be the same as
the initial siope given in Figore 2.
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Restraint i / } Main Suppori
SN Restraint

fatat vnal

Figure 3, Factitious Restraints

When the pipe moves along the support plane,
resistonee forees will be generated on these itwo



factitions resiraints. These forces are the simulation
of the friction effect. When the resultant force from
thege two restraints is less then the potepntial friction
foree, the pipe is being stopped by the friction, The
forces generated aire the actual friction forces acting
in the corresponding directions, ¥ the resuliang force
exceeds the potential friction force, then the pipe is
moving, In this case, since the friction foree gener-
ated i8 greater than the potentizl {riction force, an
adjustment needs o be made. The method applies a
reverse external force back o the system to counter
balance the excessive resistance forcve generaled., The
idea is to make the combined effort, from the resis
tance of {he restraints ond the reverse exiernsal foree
eyuivalent to the Iriciion expected. The iteration con-
tinoes until the combined effect ail each resiraint
maiches the friction expsected.

Each iteration in thig fixed stiffness method
changes ouly the load veetor, ¥, No redecomposition
of the stiffness matrix is required., Yet it has two
factitious stiff springs wihich serve to stabilize
the sysicrn and fto readily stop ihe pipe fromm moving
when it is called for. This method has the advantage
of the first method in preserving the decomposed
gtiffness matriz, buot has less tendsncy in getting into
the doemain of diverpgence, Tt is quite popular in the
finite element analysis [4]. However, the method does
have Some undesirable behaviers. Again these unde-
sirable babaviors are more pronounced in {lexible
systems, Plrst, since the two faciitious restraints
are lalrly stiff in rmost cases, il can tske a larpge
namber of iferation$ to have the pipe moved to the
final destination. The mosi disturbing part, however,
i8 when the movement reverses at o ceriain point in
the next iferation, the reverse external force derived
from: the previcus iteration will fend to reinforce the
reversal, This can offen lead to an instable analysis.
{3), Variable Btiffness Method
The first twe methods discussed are all basged
on the ides of preserving the most computer time
intengive mariix decomposgition process. However, in
piping stress analysis, the use of limit siops, single-
aoting restraints, and other non-lincar festures have
becorme common place, To account for these nonlinear
featyres, the revision and redecornpesiiion of the
gtiffness matriz has becomse a necessity through esach

iteration. Based on this premise the gaving of the
decomposed stifiness mairix has become less impor-
tant of a facter in pipe siress analysis.

Like the fixed stiffness method, ihe varizble
stiffness method also agsigng {wo factitious resiraints
at each restraimd locaiion to simulate the friction.
Only the stiffness or the spring rate of these facti-
tions restraints are not fixed, Depending on the deve-
lopers, Some Schemes start ocut with some stifiness,
while others start ouf with Zero resistance, The
stiffness of these factitious restraints at each itera-
tion is eeiimated from ihe previous ileralion. The
stifness malriz is ihen revised for these updaied
spring rates and for the aclivily changes of other
non-linear resiraints. It is then redecomposed for
the new iteration. A more detailed digcussion on this
method can be found in Refsrence {561

The variable stiffness method normally
converges to the required accuracy much guicker
than the other two methods discusBed. This makes
the total computing effort reguired by this method
not much different from those of the olher methods,
alihough the maitrix decomposition is performed at
gvery iteration. The convergence in ihis method can
aise get guite glow if there are multiple locations
where the pipe is being stopped by the friction in the
system, The solution, however, is always stabls,

EXAMFLE

All the above three methods have been in use
by different pipe siress commputer programs. No
matter which method is adopied, there are refine-
menis that need to be made in the programming.
These include the methods of inrcreasing the conver-
gence rate and the schewmwes for avoiding an insalble
sodution. These refinements are proprietary o the
program developer and are not obvious to the users.
Their effectiveness can only be measured by their
actual performance. The example systetn ghown in
Figare 4 with the partial results tabulated in Table 2
¢can serve as a benchmark, This is a {lexible off-
gite systern with considerable movement in the flex-
ible direction of the system. Tt 18 a iypical sysfem
whose solution can easily become instable when using
some of the less sophisticaied ieration schemes,

Table 3 compares the anslysis resulls of the
case with Iriction against the case withoul friction.
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Pipe : OD=762mm, Thick=6,35mm SN MADS = 22867

5.5, Steel, E = 195120 MPa

Total unit weight = 440, 2 kg/m
Temp=-163°C, exp-rate = -2, T8 mm/m
Friction Coeflicient = 0.3

Figare 4, Example Off-site Pliping System
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Table 2, Partial Results of ithe Example Anglysis
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Takle 3, Comparison of the BExample Analysis

Bend Moment
Anchor Load at 5 ai 100A
Fx () My (N-m) My (N-m}
With 222600 10001 328480
Friction
Without 16746 | 123942 124462
Triction

REFERBENCES {cont.}

8. Building Code Requirements for Minimum Design
Loadg, ASNI Ab#. 1, American Nat, 5td, Inst., N ¥, C,
U7, API Standard 617, Cemrifugal Compressors for
General Belinery Services, American Petroleurs Inst,
Washington, D, C.,
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It is obvipus that without the frietion the axial anchor
load would have been very small, On the other hand,
the [riction tends io prevent the pipe frorm meoving
into the flexible Isteral direciion. This, in essence,
serves as the guide preventing the anchor from
getting the moment creaied by the lateral movement
of the pipe. Because of the resiriction on the lateral
movemeni, the sysiemnm becomes more stiff Thus
resulting in higher hending moment al the bend,

COBE COMPLIANCE ANALYSE

In order to comply with the Piping Code regu-
irements, the analysis hag fo separate the sustained
atress from the eelf-limiting stress., The friction in
a piping systerm ig generally cassed by ithe weight
being pushed by thermal expansion. Weight is susta-
ined lvading but thermal expansion is self-Umiting.
The friction on the other hand is passive which by
itself does not have the damaping potential. For the
convenience of the analysis, the friction can be



treated as self-limiting same as in the case of
thermal expansion. To satisfy the Code requirement
of separaiing the siresscs, separate lead cases for
weight, thermsal and occasional loads have fo be
performed, But without the weight the thermal exp-
ansion will hardly have any friction resistance. That
is, if the siraipht weight or expansion i8 applied to
the corresponding load cases, the Iriction force will
completely disappear from the picture. Therefore,
special arrangements have to be made so the friction
effect can be sccounted for properly.

One method to include the friction yet siill be
able {o separate the susiained siress [rom the seH-
iimiting siress is 10 apply the weight loading under
the mormal operating condition as the imitial support
Ioad. With this method, the weight load under the
normal operating condition Is first determined st each
support. This Joad is then used ag the support initial
load for the anslysis of the fhermal and occasional
load cases, That is, if the aormal operating weight
load iz 2000N, and the thermal expansion load is
10003, then the suppori friction is included based on
the support normal force of J000N. The single-acting
regtraint activity status will alse be checked based on
the premise that the support initial force is there,

The normal operating weight load is the balan-
ced welght load under the operatling condition. Tt is
the weight load calcalated by removing the inactive
restraints at where the pipe is pushed off the support
lry the thermal expansion,

OCCASIONAL LOAD ANALYSIS

The occasional load, by piping code criteria, is
to be combined with the susiained load. In theory it
can be directly added to the weight load for the ana-
lysis. However, because the sustaived load has its
own separale reguiremenis and the occasional load is
always considered se dusl directional, the weight and
vecasional losds are normally analyeed with separaie
load cases in practice,

In the occasional load analysis, the initial wei-
ght load may also be included in the calculation of
the friction effect. Although some may arguae that
the weight initial lead is already included in thermal
expansion analysis amd should not be included again
in the ocecasional load analysis, But the friction due
{o weight is still there fo resist fthe cccasional load
motion wihether the pipe has gone through the expan-
sion process or noi. Neverthelegs, since the Iriction
tends io help the system in resisting ithe occasional
oad, its inclusion io the soccasional load snalysis
requires some justification. The praciice varies due
to the different beliefs in the availability of the initial
weight load during the occagional lowd condition.

The zarihguake and wind load analyses are norm-~
ally done with the eguivalent static method given by
ANB] AB8, 1 [6], In this method the piping is applied
with the horizontal load appropriate for the location
of the piping., The vertical load is not sddressed In
tacit recognition of the adegnacy of the normal sup-
port structure in resisting the load., The wveriical
load may or may not be adequalely sapported by the
normal support structure, but i does have a signi-
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ficant effect on the initial weight load, During the
earthguake, beeczuse of the upward acceleration
existing at & certain instant, the pipe may be lifted
up fully or partially from the suppori leaving very
little weight load on the support, Therefore, ihe
inclosion of the initial load in estimating the friection
will be nonconservative. The same, in a lessger
degree, I8 also true during fthe hurricane condition.
Based on the above consideration, some companies
vequire that the initial weight load, if not the fric-
tion, cannoet be ineluded in earthguake and wind load
analyses, Others have allowed the initinl weight load
in the wind load case, buat not in the sarthoguake load
case, In sny case the magnitude of the cceasional
loads sand itheir method of analysis shall be clearly
defined in the Design Specificaiion.

CONCILUSION

The support friction can have a significant
effect on the pipe lead at the ecomnecting equipment.
I can alze increasge the thermal expansion siress by
several folds in some cases, There are different
methods which can be ased to implement a computer
program in handling the support friciion. Some are
mare effeciive in certain cases, and some may not
give a stable result ander certain conditions. Owing
to the inherent flexibility in a piping system, the
simple direct substitution of fhe friction force scherme
does not work well in the analysis of piping systems,

In order to comply with the ASME B&PV and
ANST B31 Piping Code requirements of separating
the suslained siress frowm the self-limiling siress,
separate load cases are performed for weight, ther-
mal expansion, and occasional ioads., The weight
support lead is includesd in the thermal expansion
analysis for ezlculating the friction effect. However,
the weight suappor! load may or may nwt be included
in the oceasional load analysis depending en the
individusl design specification. While it is generslly
more conservative in including the friction in thermal
expansion auaiysis, a separale sxpansion snslysis
without including the friction i alge recommended
to check the loading condifion after the system has
gone through a long peried of cperation with the
friction effect shaken off. The inclusion of the initigl
weight in the cccasional lead analysia regquires some
serious consideration. The initial weiglt should not
be included if the pipe is likely 1o be lifted off the
support either fully or partially during the occurance
of the. event.
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