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ABSTRACT

A three-dimensional computer program for linear/
non-linear, static/dynamic analyses of reactor-piping
systems under various accident loads is descrided. In
the analysis, the hydrodynamic calculation can be per-
formed in the implicit or semi-implicit manner, The
structure response can be calculited using either a
purely explicit or implicit time-integration scherie,
Coupling between the fluid and structure is achieved
by utilizing either the implicit-explicit or implicit-
implicit link. Thus, a wide ranqe of piping satety
prablems can be analyzed by the suitable choice of
options avwilable in the hydrodynamics and structural
analysis.

In this paper, sevaral salient features are pre-
sented. Sample problems illustrating the versatility
of the program are given. The resuits are discussed in
detail.

INTRODUCT QU

Maintaining the structural integrity of the piping
system of Liquid Metal Fast Breeder Reactors (LMFBRs)
is essential to the safe operation of the reactor and
steam sunply systems. [n the safety analysis various
accident loads can be imposed on the piping systems,
which may pose threats to the integrity of the piping
structure, They are: {l) hydrodynamic loading re-
sulting from pressure-wave propagation due to a hypo-
thetical core-disruptive accident (HCDA) or a sodium-
water reactor (SWR); (2) thermal loading generated by
hot coolant suddenly entering into the piping system;
(3) structural loads due to seismic events; and (3)
loads encountered during normal reactor operational
transients such as internai pressurization, thermal
effects, and creep phenomena. These loads can further
be classified into two categories. The first repre-
sents dynamic loads resulting fram the hydrodynamic
pressure-wave propagation or seismic events, The
second represents static or quasi-dynamic lcads gen=
erated by thermal wave propagation, normal operation
transient, or creep phenomenz. Thus, from a safety
analysis point of view development of comnuter programs
capable of performing linear/nonlincar, static/dynamic
analysis of piping systems is highly desirable.

RECEIVED DY 02T) AR 6 o RO

Piping loads imposed by internal hydrodynamic
forces emanating from a HCDA and a SWR can te the nost
significant loads to be considered in the ::faty anal-
ysis of LMFBR piping systems. One co.rion feature
during such accidents is the propagation ard interace-
tion of pressure pulses around a series of =21nhous and
in line components, which can produce subs<a tial Joads
on a piping system. MNote that the pulse itseif will de
affected by the motion of the piping in tha: it may oe
distorted, reduced, or even amplified a.u2niing on
whether the pipe motion is i1 or out of pha.2 with tne
pulse. As a result, an accurate determinatioan of pipe
13ads requires that the fluid-structurz interiction
(FSI) for the piping system be considered. Furthar-
more, in the constructicn of models to regroesent real-
istic accident situations, the analytical «2thods nAust
be capable of handling problems in three-diaensional
space.

Since 1975 substantial research efforts have been
devoted to the development of numerical techniques for
analyzing pressure-wave transients in rzactor piping
systems. Piping systems subjected to internal hydro-
dynamic loads generally are analyzed either by 3 oane-
dimensional characteristic method or a two=step ap-
proach. The characteristic method partially considers
the effect of FSI thrcugh a weak caupling scheme via
a Joukowski sound-speed modification, but has diffi-
culty in treating large in-line components in wnich the
fluid motion are essentially multi dimensional., The
two~-step approach, though can treat nulti-dimensional
fiuid motions; however, it quite often leads to over-
conservative results since it complet.ly iangres the
FS1 and calculates the piping response separately fron
pressure supplied by a rigid-wall hydrodynamic analy-
sis.

To analyze pressure-wave propagation in an LMFBR
piping system, a multi~dirensional fluid-structure-
interaction method and its associated computer program,
called SHAPS [1-3] (Structural Hydrodynamic Analysis of
Piping §ystem), has Deen develdped at Argonne lational
Laboratory. It utilizes a 2-D implicit finite-
difference hydrodynamics 1in conjunction with a4 3-D
explicit finite-element structural analysis, A 3-D
pipe clement with eight degrees of freedom is employed
to account for the hoop, flexural, axial, and the tor-~



sional modes of the piping systems. This method is
wall suited for analyzing highly nonlinear FSI problems
involving high intensity pressure loadings.

Recently, many improvements have been made which
nhas resulted in a second version of the code, SHAPS-
2. Specifically, we nave introduced several new fea-
tures, including: (1) a pipe-albow hydrodynamic model
for analyzing the effect of global motion on the
pressure-wave propagation, (2} a component hydrod:namic
model for treating fluid motion in the vicinity of
rigld obstacles and baffle plates, (3) the addition of
the implicit time-integration scheme in the structural
analysis, which is designed for piping analysis under
long~duration loadings.

With these improvements the SHAPS-2 code is now
capable of performing lincar/nonlinear, static/dynamic
analysis of piping systems through proper choice of
options in the nydrodynamics and structural analysis.
For 1instance, tor the short transient, nonlinear FfSI
problems, the combination of implicit or semi-implicit
hydrodynamic calculation and explicit structural analy~
sfs is preferred. Ffor the thermal or saismic prodlems
involving long-duration caiculation, implicit hydroay-
namics and structural analysis are generally utilized.

HYDRODYNAMICS QF PIPE-ELBON LOOP

To account for the glibal motion of the pipe-ribow
loop, th2 governing hydrodvnamic equations are written
with coo-dinates fixed to the piping. Let us consider
a contral volume V bounded by a surface S and movina

-y
with arb trary velocity V . The conservation of mass
and momentum of the fluid Tlowing through V are:

Jo )
-+ (oY =0
T ( 1),1' (1)
and
3V
- D
+{pV, V) +p =0 (2)
13,3 »1
where
0 - =0
v =y =Y

is the velocity of the fluid relative to the moving
grids., p is the density; t is the time; p is the pres-
sure. Note that Egqs. (1-2) are written in standard
index notations., These equations indicate that only
the convective terms are modified to accommodate the
motion of the control volume ¥,

The governing differential equations can be de-
ducted from Eqs. (1) and (2). tMote that the fluid and
the finite-difference mesh are moving together in the
transverse direction, one can easily see that such a
motion is equivalent to + case in which the control

volume is fixed in the radial direction, i.e., ub {the

radial velocity component of VG) is zero.

Deriving from the moving control volumes shown in
Fig. 1 the mass and two momentum equations in terms of
the ¢ylindrical coordinates are:
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In the above ecquations X and u are the first and second
coefficients of viscosity of the fluid, respectively, u
and v are the radial and tangential velocity compo-
nents.

The above governing equations ar: similir to the
standard Eulerian Ij1ydrodynamic equations with only one
exception, tnat v“ appears in some of the zonvactive

terms, 1instead of the standard fluid valocity v,
Following the difference scheme of the Implicit
Continuous-fluid Eulerian (ICE) Method [4,5] which

assigns the pressures and densities to tie c¢entar of
the zone and the velocity ccmponents ty the center of
the zaone boundary normal to their direction, the dif-
ferences betwee the above governing equations and the
standard ICE-like equations are reflected anly in -.ie
source terms R1’+1/2,j and 31‘,j+1/2 of the twd nomentum

equations and G; ; of the Poisson equation. Appendix
gives complete ’finite-difference equations for the
elsow region,

COMPONENT FLOW

The in-line components of piping syst=m -uy con-
sist of baffle plates, tube bundle, and ring-shaped
region isolated from the main flow. In the 1nalysis
the flow in the in-line components is assuawe ! to be
two-dimensional, axisymmetric which can b2 character-
ized by the radial {r) and axial (z) coordinatas,
Also, in the basic hydrodynamic technique, riqid obsta-
cles can be introduced in tha computer regiuon to rdel
the isolated flow region, The rastriction i3 that each
ring-shaped region must occupy at least one full
Eulerian cell with its boundaries lncated on the cell
edges [5].

Baffle plates are built into some piping compo-
nents such as valves and heat exchangers, ZIxcept for
the movable gates in valves, the function of most in-
terfor walls is to produce a certain flow pattern or to
support other interior parts like tuhe bhundles. In
general, these baffle plates can deform during the
course of the pressure-wave propagation. However,
deformable baffles would intersect the Efulerian zone
boundaries in various ways and thus create many partial
or 1irregular zones which cause difficulties in the
Eulerian method, To simplify the analysis, we assume
that the orientation of the baffle plate is either
parallel to the radial or axial direction. 4e further
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assume that the baffla plate must be placed on the zone
boundary with its dimension exactly equal to the width
of the Eulerian zone.

Here, a scheme used in Ref., [5] has been adopted
to treat the fluid motion in the vicinity of the baffle
plates, rigid obstacles, ana .ie isolated flow regions.
The approach appropriately adjusts the velocity field
in calculating the source terms of the momentum and
Poisson equations in accordance with the inviscid fluid
_ boundaty conditions. For instance, for the piping com-
ponent with ring-shaped obstacles as given in Fig, 2,
the velacity field is:

=0
Yi+(1/2), 341

(7)

Viel,i+(172) Vi gt

Yisl,-(12) T ViLi-172)

riatmo (12, 5
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In the abave equatious, the tilde quantities are the
dummy values which are different from those computed by
the conservation equations,

STRUCTURAL DYNAMICS

The SHAPS code originally uses an explicit time-
integration scheme for the structural calculation [6],
which is very efficient for highly dynamic problenms
with short time scales. However, it becomes extremely
inefficient for static or quasi-dynamic problems
because of its stability-restricted smali time steps.,

Here, the development of an optional structural
module using the implicit time-integration scheme is
addressed. This implicit scheme is urnconditionally
stable and can be used for long-duration problems in
the LMFBR piping system, We will describe here the
analytical develgpment or the implicit-time-integration
scheme,

Stiffness Matrix

As a first step, w. shali develop the stiffness
matrix of a 3-D pipe element that considers both hoop
and flexural stresses, including bending in both
planes. F1uure 3 shows a typical element of length

L, The x. y. and z coordinates are the co-rotational
coordinates associated with the element. The x, y, and
z coordinates are the global coordinates. First, we

develop a constant element stiffness matrix [K ] so
that in the co-rotational coordinate system we nave

('Y = [ﬁe](d'l or (86"} = [K,1(&"} (8)

using principle of virtue work, one can show that

{¢'} = (J/ B'7 [C'][B'] av)ia') = [i.](d'} (9)
v
where

[x,] =_/r[a'17 10l av (10)
v

is the element stiffness matrix written in the convec-
tive coordinate system; [C'] is the material matrix;
[B'] relates the displacements tao the strains.

By definition, the [B'] matrix has the form

8'] = [8,, 8,1 (11)
where
7=
[BI' [BIA'BIB] (12)
I . . 7
(1) _ -
[] ywl.xx zwI.xx 2
(Bjpd =] O 0 0 0
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0 0 0 (-1) n (12a)
i z¢l.xx -y¢l.xx -n¢l.xx -n°2.xx
[BIB] a 0 0 wllr mlpr
| o 0 0 DR TN

In Eq. (12) ¥ and & are the shape functions [6], r is
the radial coordinate, and prinme denotes partial dif-
ferentiation.

Temporal Integration

ror the convenience of developing the implicit-
integration algorithm, let us rewrite the j'obtal equa-
tions of motion in the form

int t
ber "N )= 7Y

(M1 (an+l n+l '

(13)

whers, understandably, [M1, (s}, IFINt}, and (FeX%}
denote the .global mass matrix, nodal accelzrations,
nodal internal and external forces, respectively, The
subscript n+l denctes the advanced-time step. Thus,
subscript n used subsequently will denote the previous
time cycle, Also, it should be mentioned that the in-

ternal force (FI"t} §s a function of nodal displace-
ments 1n the advanced-timne cycle.
Furthermore, let us assume that

1”) - (a RENCIEE (14)

where superscripts 1+l and i denote the =2cvanced and
previous iteration, respectively.
The equations of motion can then be integrated in

time by an implicit algorithm based on the Hewmark-3
difference formulas,

(an+1} = [(dn+1} - (dn) - At (vn)

- (/2 - 8) &t (an}]/BAtz (15)



The nodal accelerations and velocities corresponding to
the advanced iteration can be written as

i+l i
[an+1} = [(d“+1) + (ag} (dn) at (vn)
2 2
< (172 - 8) st (an}]/BAt (16)
and
W s e - st )
n+l n n
eyae G th (17
n+l

In Eqs. {15-17), 8 and ¥ are the integration constants.
Based on the method of linearization, the nodal inter-
nal farce at the advanced-time {teration can be ex-
pressed as a function of previous iteration values, or

int i+1, ~ _int 1
I (dml}-.r (umln
+ [K(d1 3] fagy + 0, L. {18)
n+l

Substituting Egs. (16) and (18) into Eq. (13)
ylelds, after some rearranging, a set of linear alge-
braic equations in the matrix form

[t}

ext
}

(M) + BAtZ [k)) {ad} aAtZ [{F

int, i
}
{F (dn+1) ]

. i -
[.n[{anﬂ} ()

S atlv Y - (1/2 - 91at(a )] (19)
n n

This equation is compacted by defining the coefficient
aff
of {ad} as [X&FF1 and tne right-hand side as (F '},

thus, we have

ey = ¢°Th (20)

The computational procedure for each time step 1is
described here, The iceration begins with the predic-
ting phase in which the new displacemcnt field, associ-
ated with the eight degrees of freedom per node, is
approximately computed, based on the previous cycle
values in vconjunction with the conventional !lewmark-
Beta formula. This displacement field is utilized to
estimate the nodal internal forces. The incremental
displacement is solved by the equations of equilibrium
expressed by the global stiffness matrix given in fq.
(20). Because of the approximations made in arriving
at Eq. (20), the predicted structural motion will not,
in general, satisfy the dynamic equilibrium shown in
Eq. (13). Under this condition, the incremental dis-
placement is then utilized as a correcto~ to recompute
the displacement, acceleration, and velocity fields,
as well as the nodal internal force. The procedure is
repeated until convergence i attained.

FLUID-STRUCTURE INTERACTION

The treatment of flurid-structure interaction (FSI)
depends on the time-integration scheme wused in the
hydrodynamic and structural calculations. In the past,
the hydrodynamic equations were integrated implicitly,
while the structural equations were inteqrated explic-
itly and an implicit-explicit (I-E) coupling was uti-
1ized. Since, in general, the hydrodynamic time step
s much larger than the stability-governed structural
time step, several structural subcycles must bhe per-
formed to match one hydrodynamic calculation. This [-E
coupling via structural subcycling could hecome time
consuming for problems involving slowly varying pres-
sures where large hydrodynamic time steps can be uti-
lized. following the development of the implicit
structural module, we have introduced an cption which
uses implicit-implicit (I~I) coupliny in the FSI
analysis, with both hydrodynamic and struactural
equations integrated implicitly, This avdidgs the
structural subcycling and yet maintains the nurnierical
stapility.

OTHEK [MPROVEMENTS

As discussed at SMiRT-6 in Paris (11, the SHAPS
code utilizes a thermoviscoplastic constitutive equa-
tion to calculate the thermal stress field. This equa-
tion, though, is general but is slow for temparature-
independent problems due to additional treatment spe-
cifically formulated for thermal effects. Recently, a
fast-running, nor-linear, purely elastic-plastic con-
stitutive madel has been incarporated into GHAPS to
treat temperature-independent problams. The governing
equations are integrated with a tangent predictor
radial return algorithm. Moreaver, impiovaement af
efficiency has been made in evaluating stress at vari-
ous wiussian statiens, which has resulted in a 30-30%
reduction of CPU time in many test calculations.

Fcr the analysis of problems involvins  thermal
shock, the existing SHAPS code has the capability of
generating fluid temperatures for the straight nipes,
Also, an elbow thermal model has recently haen Jeval-
oped. A system energy equation, written i1 terms of
the tangential 2 coordinate, is utilized to calculate
the coolant temperatures inside the elbow region due
mainly to the fluid convection. Such an anialysis cna-
bles the thermal transient analysis of a pipe-elbow
loop to be adequately performed.

SAMPLE PROBLEMS

Because of space limitations, only three sample
problems are presented here. For additional problenms
i1lustrating analyses of three-dimensional piping FSI,
seismic excitation, as well as structural response
under Tlong-duration load, the reader may refer to a
paper presented elsewhere [7],

Experimental VYalidation

Test FP-E-103 of a single-elbow piping system is
one of the simple elastic-plastic piping experiments
performed by SR1 Interpational ([8] for verifying thr
piping analysis programs. This test is analyzed wit:
the SHAPS-2 code. The purposes are: (1) to validate
the hydrodynamic model for treating the global motion
of the pipe-elbow loop; (2} to verify the thermo-
viscoplastic constitutive law for treating the elastic-
plastir response of the piping system; and (3) to esti-
mate the prassure attenuation along the elbow.

Tke experimental setup of Test FP-E-103 is shown
in Fig. 4, where a specially designed and calibrated
pulse gun is directly flanged to a thick-walled stain~



less pipe 304.8 cm (10 ft) long. The pressure history
recorded at gauge Pl was used as input to the SHAPS
madel. A calculation was performed with a uniform
axial zone size of 5.08 cm {2 in), and the elbow region
was divided into three tangential zones.

Near the elbow, the pressure histories for trans-
ducers P8-P10, located upstream from the elbow, and
P14-P16, downstream from the elbow, are compared with
the experimental results in Figs. 5 and 6. The agree-
ment between the calculated and measured results is
quite gaod. Because of the global elbow motion, a drop
of peak pressure is noticed ds the pressure wave
travels from upstream to downsStream,

To study the effect of global elbow motion,
another calculation was performed with SHAPS-2, which
ignores the flaxural motion of the elbow and treats the
albow as a structure rigidly fixed 1n space. The
results show no drop of peak pressure along the elbow.
In other words, the calculated peak pressure at P8-Pl0
upstream is about the same as that observed at Pl4-Pl6
downstream. Therefore, it can be concluded that tne
calculated pressure attenuttion is due to the flexural
motion of tha elbow in response to the internally
propagating pulse.

The goad agreement achieved in this study demon-
strates the degree of accuracy of SHAPS code capabili-
ties in treating elastic-plastic material an' global
elbow motion,

Fluid-Structure-Interactior Analysis

A test problem of 2 straight pipe was used to
check the performance of the newly introduced implicit-
implicit {i-1) hydrodynamic~structural coupling. A 20~
axial 2cne representation of a straight pipe with in-
side radies 21.43 cm and la2ngth 609.6 cm is utilized as
the numerical model, shoun in Fig. 7. A non-reflecting
boundary 1is assumed at tre junction after the pipe,
while a 5-MPa square pulse of 2-ms duration is applied
to the junction before the pipe, The thickness gf the
pipe was 1.428 cm, The yield stress is 6.30 x 107 MPa,

The pressure histories at the non-reflecting junc-
tion [zome (2,21)] are shown in Fig, 8. In this
figure, the solid lines represent the results of the I-
[ analysis, while the dashed lines indicate the soln-
tions of I-E calculation. It can Dbe seen that the
pressare pulse propagates along the pipe with little
change in its shape or its magnitude. Figures 9 and 19
further depict the circumferential strain and stress at
node 10 (see Fig. 7 for its location). Results aof
pressure, strain, and stress histories revealed the
close simiiarity of solutions abtained from the I-I and
I-E couplings.

Response of a Three-Dimensional Pipe-Elhow Loop

To test the performance of the implicit structural
module, a sample problem which couples different nodes
of deformation is presented., This pipe system consists
of three pipes connected through two 90° elbows as
shown in Fig. 11. A1l pipes and elbows have the same
cross~-section dimensions with inside radius and wall
thickness equal to 3.81 and 0,33 cm, respectively.
Both ends of the system are assumed fixed in space,
Each elbow has a radius of curvature of 16.2 cm and is
represented by five pipc 2lements,

A point load parallel to the global X-axis {is
applied at the midpoint of the second pipe as given in
Fig. 11, The load is increased linearly from zero to
2000 N in 50 wuws and then held constant. The problem
was run previously using the explicit time integraticn
scheme [6], and the solutions have been compared with
those obtained from the two well-known programs, SAP-IV
and WHAMSE [9,10]. Referring to Fig, 11, one can see
that pipe 1 is subject to axial and bendin~ loadings,

pipe 2 is subject to bending loading, and pipe 3 is
subject to bending and torsional loadings.

Static analysis. Static analysis cannot be per-
formed with the explicit structural module, However,
it can be obta.ned easily using the implicit structural
module by suppressing the inertia effect. The static
analysis provides a permanent, time-independent solu-
tion for the pipe-elbow 1loop. Figure 12 plots the
piping configuration with an enlarged scale, using a
magnification factor of 50 for easier observation.

Dynamic analysis and its verification. As men-
tioned bpefore, the explicit calculation has bheen com-
pared with those of the SAP-IV and WHHAAS programs.
Thus, its solutions are guite reliadle and can he used
to verify the implicit sotutions, Here, we nresent the
solutions the explicit and implicit timea integration,
respectively. Note that the explicit calculation con-
sists of 10,000 computational cycles with a srall time
step of 2.5 us governed by the stability analysis. n
the other hand, the implicit calculation uses a mediun
time step of 50 us, which 1s twenty times larger than
the explicit time step.

Excellent agreement bLetween the Jjmplicit and ex-
plicit solutions was obtained at all Tlocations. One
example of such comparisons is shown in Fig. 13 1in
which the solid line represents the implicit solution
and the dashed line represents the explicit solution,
It shows the Z-rotation history at node 47 of 2lbow 2,
which represents the twisting rotation at that node.

Effect of time step and computational efficjency.
To study the effect of time step on the solution accu-
racy, we compare the results of <chree implicit calcula-
tions -- Cases A, B, and C -- which use time steps
equivalent to 20, 50, and 100 times the explicit time
step (run 2), respectively. Agiin, gocd agreewent
among the three solutions was obtained, For illustra-
tion, Fig. 14 gives results regarding X-displaceaent at
node 20. it can be seen that the effect of tre time
step on the implicit solution is extremely small.
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APPENDIX

The finite-difference forms of the radial- and
tangential-momentun equations ard the governing Poisson
equation are:

n+l n
P2y, T P, s Ml
3t sr i, i+1,3
1 -¢ /0 n
PRI (A c
7 Prs P P R,y B
and
n+l n
(PV)1'j+(1/2) (DV)i’j+(1/2).j - ¢ ( n+l
st r169 i,]
n+l 1 -¢ .0 n
- - ¥ (p -
Pi,j+1) * r153 ( i,] Pi,j+1)
* 84, r2) (A2)

+ 1
n+l 1 +2¢86t2(—+ 1') - G
1.4 <" 6r2 r266Z L
i,] i
n+l n+l
r p +r p .
+ ¢Bdt2 1+(1/2) i+1,] i-(1/2) i-1,j
r 6r2
i
n+l n+l
P + P
‘ 1,341 i,i-1 (A3)
2.2
r158

In Eqs. (Al=A3), ¢ and 8 are the weighting constants
used in the momentum 2nd mass equations, respectively,
These constants, with values between 0.4 and 1.0,
represent the relative level of time centering of pres-
sure gradient and mass convection respectively., As an
axample, for ¢ = 1,0, the pressure gradient terms is
expressed at the advanced time and the tithnigue is
purely implicit. For ¢ = 0.5, the pressur: gradient
term 1s time-centered and the techniqua 1is semi-
implicit-explicit, The source term for tue radial-
mcnentum equation in the elbow region is:
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The source term for the tangential-momentun equation in
the elbow region is:

r
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Fig. 12. Piping Configuration Obteined from the [mplicit Static Analysis (Multiplication factor = 50)
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