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ABSTRACT

A three-dimensional coniputer program for l inear /
non-l inear, static/dynamic analyses of reactor-piping
systems under various accident loads i s described. In
the analysis, the hydrodynamic ca lcu la t ion can be per-
formed i n the i m p l i c i t or semi- impl ic i t manner. The
structure response can be calculated using either a
purely e x p l i c i t or imp l i c i t t ime- integrat ion scheme.
Coupling between the f lu id and st ructure is achieved
by ut i l iz ing either the impl ic i t -expl ic i t or implicit-
implicit l ink. Thus, a wide range of piping safety
problems can be analyzed by the suitable choice of
options available in the hydrodynamics and structural
analysis.

In this paper, several salient features are pre-
sented. Sample problens i l lustrat ing the versati l i ty
of the program are given. The results are discussed in
detai l .

INTRODUCTION

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 supply systems. In the safety analysis various
accident loads can be imposed on the piping systems,
which may pose threats to the integrity of the pipinq
structure. They are: (1) 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 (A)
loads encountered during normal reactor operational
transients such as internal pressurization, thermal
effects, and creep phenomena. These loads can further
be classified into two categories. The f i r s t repre-
sents dynamic loads resulting from the hydrodynamic
pressure-wave propagation or seismic events. The
second represents static or qua si-dynamic loads gen-
erated by thermal wave propagation, normal operation
transient, or creep phenomena. Thus, froni a safety
analysis point of view development of coi'iuter programs
capable of performing linear/nonlinaar, static/dynamic
analysis of piping systems is highly desirable.

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 j i fa ty anal-
ysis of LMFBR piping systems. One co..ir;on feature
during such accidents is the propagation aid interac-
tion of pressure pulses around a series of '>lho\is and
in line components, which can produce substa t U l loads
on a piping system. Note that the pulse i t s * I f wi l l so
affected by the motion of the piping in t ' - i i i t raay oo
distorted, reduced, or even amplified i i . i in j ing on
whether the pipe motion 1s n or out of pha-.e with tne
pulse. As a result, an accurate determination of pipe
loads requires that the fluid-structure i i te r i c t ion
(FSI) for the piping system be considered. Farther-
more, in the construction of models to represent real-
is t ic accident situations, the analytical n?tho<!s nust
be capable of handling problems in three-dimensional
space.

Since 1975 substantial research efforts have been
devoted to the development of numerical techniques for
analyzing pressure-wave transients in reactor piping
systems. Piping systems subjected to internal hydro-
dynamic loads generally are analyzed either uy a ono-
dimensional characteristic method or a two-step ap-
proach. The characteristic method part ial ly considers
the effect of FSI through a weak couplina schene via
a Joukowski sound-speed modification, but 'ids d i f f i -
culty in treating large In-l ine components in which the
f lu id motion are essentially multi dimensional. The
two-step approach, though can treat nul ti-dimensional
f lu id motions; however, i t quite often leadj to over-
conservative results since i t completely innores the
FSI and calculates the piping response separately fron
pressure supplied by a rigid-wall hydrodynamic analy-
sis.

To analyze pressure-wave propagation \r\ an LMFBR
piping system, a multi -dimensional f luid-structure-
interaction method and i t s associated computer progran,
called SHAPS [1-3] ^Structural ]1ydrodynamic Analysis of
piping jjystem), has been developed at Argonne National
Laboratory. I t u t i l izes a 2-D impl ic i t f i n i t e -
difference hydrodynamics In conjunction with d 3-D
expl ic i t finite-element structural analysis, A 3-0
pipe clement with eight degrees of freedom is employed
to account for the hoop, f lexural, axial , and the tor-



sional modes of the pip ing systems. This method 1s
well suited for analyzing highly nonlinear FSI problems
Involv ing high In tens i ty pressure loadings.

Recently, many Improvements have been made which
has resulted 1n a second version of the code, SHAPS-
2 . Spec i f i ca l l y , we have introduced several new fea-
tu res , inc luding: 11) a pipe-elbow hydradynamic model
for analyzing the e f f e c t of global motion on the
pressure-wave propagation, (2) a component hydrodynamic
model for t reat ing f l u i d notion in the v i c i n i t y of
r ig id obstacles and ba f f l e plates, (3) the addi t ion of
the Impl ic i t , t ime- in tegrat ion scheme in the s t ruc tura l
ana lys is , which i s designed for piping analysis under
long-duration loadings.

With these improvements the SHAPS-2 code is now
capable of performing l inear /nonl inear , static/dynamic
analysis of piping systems through proper choice of
options in the hydrodynamics and structural analys is .
For Instance, for the short t ransient, nonlinear FS!
proDlems, the combination of imp l i c i t or semi- imp! ic i t
hydrodynamic ca lcu la t ion and e x p l i c i t s t ruc tura l analy-
s is 1s preferred. For the thermal or seismic problems
Involving long-duration ca lcu la t ion , i m p l i c i t hydrody-
namics and st ructura l analysis are generally u t i l i z e d .

HYDRODYNAMICS OF PIPE-ELBOW LOOP

To account for the global motion of the pipe-ivibow
loop, thf* governing hydrodvnamic equations are wr i t ten
with coordinates f ixed to the p ip ing. Let us consider
a con t r j l volume V bounded by a surface S and movinq

with arb trary ve loc i ty v . The conservation of mass
and momentum of the f l u i d f lowing through V a re :

•la - 0
— + (9 V ) = 0
3t i ,1

and

3 o v1
(2)

where

-0 - -G
V = V - V

i s the veloci ty of the f l u i d re la t i ve to the moving
g r i d s , p is the dens i ty ; t is the time; p i s the pres-
sure. Note that Eqs. (1-2) are wr i t ten in standard
Index notat ions. These equations indicate that only
the connective terms are modified to accommodate the
motion of the control volume V.

The governing d i f f e r e n t i a l equations can be de-
ducted from Eqs. (1) and (2) . dote that the f l u i d and
the f i n i te -d i f f e rence mesh are moving together in the
transverse d i r ec t i on , one can easily see that such a
motion 1s equivalent to r case in which the control

volume 1s fixed 1n the radial d i rec t ion , i . e . , uG (the

rad ia l veloci ty component of v ) is zero.
Deriving from the moving control volumes shown in

F1g. 1 the mass and two momentum equations in terms of
the cy l indr i ca l coordinates are:

—
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where

0 G
V = V - V

and

i
r 3S

(6)

In the auove equations \ and u are the f i r s t and second
coe f f i c ien ts of v iscosi ty of the f l u i d , respec t ive ly ; u
and v are the radial and tangent ial ve luc i ty conpo-
nents.

The above governing equations ar.1 s i i n i l i r to f i e
standard Eulerian hydrodynamic equations with only one
exception, that vD appears in some of the convoctive
terms, instead of the standard f l u i d ve loc i t y v.
Following the di f ference scliene of the I m p l i c i t
Continuous-f luid Eulerian (ICE) Method [4,G] which
assigns the pressures and densi t ies t i t'ic center of
the zone and the ve loc i ty components to the center af
the zone boundary normal tn the i r d i rec t i on , the d i f -
ferences betwef the above governing equations and the
standard ICE-like equations are ref lected only in •.ie
source terms a n c ' t n e t w 3

equations and Ĝ  j of the Poisson equation. Appendix
gives complete T i n i te - i i i f ferenc>j equations for the
eljow region.

COMPONENT FLOW

The i n - l i n e components of p ip ing syst?n -ay con-
s i s t o f b a f f l e p l a tes , tube bundle, and r i ng-sh.ipeJ
region i so la ted from the main f low. In t'to i n ^ i l y s i s
the f low in the i n - l i n e components i s assjmci to tie
two-dimensional , axi symmetric which can Da c h a r a c t e r -
ized by the rad ia l ( r ) and ax ia l (2) c o o r d i n a t e s .
A lso , i n the basic hydrodynanic technique, r i . ; i j obs ta -
c les can be introduced in the computer region to m.dol
the iso la ted flow region. The res t r i c t i on is th. i t each
ring-shaped region must occupy at least one f u l l
Eulerian ce l l with i t s boundaries located on the ce l l
edges [ 5 ] .

Daff le plates are b u i l t into some piping compo-
nents such as valves and heat exchangers. Excppt for
the movable gates in valves, the function of most i n -
te r i o r wal ls is to produce a cer ta in flow pattern or to
support other i n t e r i o r parts l i ke tub" bundles. In
general, these ba f f le p lates can deform during the
course of the pressure-wave propagation. However,
deformable baff les would i n te rsec t the Eulerian zone
boundaries 1n various ways and thus create many p a r t i a l
or I r regu la r zones which cause d i f f i c u l t i e s in the
Eulerian method. To s imp l i f y the analysis, we assune
that the or ienta t ion of the ba f f l e platp i s e i t n e r
para l l e l to the radial or ax ia l d i rec t i on . We fu r the r



assume that the baffle plate must be placed on the zone
boundary with I ts dimension exactly equal to the width
of the Eulerian zone.

Here, a scheme used in Ref. [5] has been adopted
to treat the f lu id motion in the v ic in i ty of the baffle
plates, r igid obstacles, ana uie isolated flow regions.
The approach appropriately adjusts the velocity f ie ld
In calculating the source terms of the momentum and
Poisson equations in accordance with the inviscid f lu id
boundary conditions. For Instance, for the piping com-
ponent with ring-shaped obstacles as given in Fig, 2,
the velocity f ie ld is :

(7)
i+ l . j+ l l /2 ) 1.J+U/2)

1 r i r i+(3/2)

In the above equations, the t i lde quantities are the
dummy values which are different from those computed by
the conservation equations.

STRUCTURAL DYNAMICS

The SHAPS code or ig ina l ly uses an e x p l i c i t time-
Integration schtme for the st ructura l calculat ion [ 6 ] ,
which is very e f f i c i e n t for highly dynamic problems
with short time scales. However, i t becomes extremely
Ine f f i c ien t for s ta t ic or quasi-dynamic problems
because of i t s s t a b i l i t y - r e s t r i c t e d small time steps.

Here, the development of an optional structural
module using the imp l i c t t t ime- integrat ion scheme is
addressed. This imp l i c i t scheme i s uncondi t ional ly
stable and can be used for long-duration problems in
the LMFBR piping system. We w i l l describe here the
analyt ical development or the imp l i c i t - t i ne - i n teg ra t i on
scheme.

Stif fness Matrix
As a f i r s t 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. Figure 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 [Ke] so
that in the co-rotational coordinate system we have

(fM = [K e ] (d ' l or UfM = [K e ] (M ' } (8)

using principle of virtue work, one can show that

] T [C( f ) = [ j B 1 ] 1 [ C 1 ] [ B 1 ] d V ) ( d ' ) = [ K J ( d ' } (9)

V
where

i ' ] T [C1 ] [B1 ] dV . (10)

Is the element stiffness matrix written 'n 'Che convec-
t1ve coordinate system; [C1] is the material matrix;
[B1] relates the displacements to the strains.

By defini t ion, the [B1] matrix has the form

[B1] = [B,. B,]

where

[V [ W

( in

(12)

- (12a)

" y * I.xx

*,i'r

U2b)

In Eq. (12) * and * are the shape functions [ 6 ] , r is
the radial coordinate, and prime denotes par t ia l d i f -
ferent ia t ion.

Temporal Integration
For the convenience of developing tht imp l i c i t -

integration algorithm, l e t us rewrite the global equa-
tion., of motion in the form

[H] Ca
n+1 n+1

(13)

F i n t twherp, understandably, [M], (a), { F i n t t , and {F e x t }
denote the.global mass matrix, nodal accelerat ions,
nodal internal and external forces, respect ively. The
subscript n+1 denotes the advanced-time step. Thus,
subscript n used subsequently w i l l denote the previous
time cycle. Also, i t should be mentioned that the i n -
ternal force (F^n t) is a function of nodal displace-
ments 1n the advanced-time cycle.

Furthermore, l e t us assume that

d ,
n+1

) + (Ad) (14)

where superscripts 1+1 and i denote the ^.o/anced and
previous i t e r a t i o n , respect ive ly .

The equations of motion can then be integrated in
time by an i m p l i c i t algorithm based on the Uewmark-8
difference formulas,

(a , ) = [ {d , ) - (d ) - At (v }
n+1 n+1 n n

- (1/2 - B) At2 {a ) ] /BAt2

n
(15)



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

[a1+1}
n+1

[ (d ) + (ad) - (d ) - at (v )
n+1 n n

- (1/2 - B) At2 (a )]/BAt2

n
(16)

and

l v 1 + l ) =• (v } + (1 - y) at ta )
n+1 n n

a)
n+1

(17)

In Eqs. (15-17), 9 and "» are the integration constants.
Based on the method of l inear izat ion, the nodal inter-
nal force at the advanced-time i tera t ion can be en-
pressed as a function of previous i te ra t ion values, or

+ [K(d1 , ) ] (ad) + . . . .
n+1

(18)

Substituting Eqs. (16) and (18) into Eq. (13)
yields, after some rearranging, a set of l inear alge-
braic equations in the matrix form

([H] = 3A t
2

- » i>i«:.,' n+1
1 - (d

- a t {v ) - (1/2 - B)At (a
n n

(19)

This equation is compacted by defining the coeff ic ient

of Ud> as [ K e f f ] and the right-hand side as (F6 },

thus, we have

(20)

The computational procedure for each time step is
described here. The i terat ion begins with the predic-
ting phase in which the new displacement f i e l d , associ-
ated with the eight degrees of freedom per node, is
approximately computed, based on the previous cycle
values in conjunction with the conventional llewnark-
Beta formula. This displacement f ie ld is u t i l ized to
estimate the nodal internal forces. The incremental
displacement is solved by the equations of equilibrium
expressed by the global stiffness matrix given in Eq.
(20). Because of the approximations made in arr iv ing
at Eq. (20), the predicted structural motion wi l l not,
In general, sat isfy the dynamic equil ibrium shown in
Eq. (13). Under th is condition, the incremental d is -
placement is then u t i l i zed as a corrector to recompute
the displacement, acceleration, and velocity f ie lds ,
as well as the nodal internal force. The procedure is
repeated unt i l convergence i ; at tained.

FLUID-STRUCTURE INTERACTION

The treatment of f l t ^d-s t ruc ture Interact ion (FSI)
depends on the t ime-Integration scheme used in the
hydrodynamic and structural calculat ions. In the past,
the hydrodynamic equations were integrated i m p l i c i t l y ,
while the structural equations were Integrated expl ic-
i t l y and an i m p l i c i t - e x p l i c i t (I-E) coupling wis u t i -
l i z e d . Since, In general, the hydrodynamic time step
Is much larger than the stabil i ty-governed structural
time step, several structural subcycles must be per-
formed to match one hydrodynamic ca lcu la t ion. This I-E
coupling via structural subcycling could become time
consuming for problems involving slowly varying pres-
sures where large hydrodyndmic time steps can be u t i -
l i z e d , following the development of the imp l i c i t
Structural module, we have introduced an option which
uses Imp l i c i t - imp l i c i t ( I - I ) coupling in the FSI
analysis, with both hydrodynamic and structural
equations integrated i m p l i c i t l y . This jvoios the
structural subcycling and yet maintains the nunoMcal
s t a b i l i t y .

OTHEk IMPROVEMENTS

As discussed at SMiRT-6 in Paris [ 1 1 , the SHAPS
code u t i l i z e s a thermoviscoplast ic c o n s t i t u t i v e equa-
t i on to calculate the thermal stress f i e l d . This equa-
t i o n , though, is general but Is slow for temperature-
Independent problems due to addi t ional treatment spe-
c i f 1 t a l l y formulated for thermal e f f e c t s . Recently, a
fas t - runn ing , non- l inear , purely e l a s t i c - o l a s t i c con-
s t i t u t i v e model has been incorporated i n to GtUPS to
t r e a t temperature-independent problems. The qoverning
equations are in tegra ted with a tangent p red ic to r
rad ia l return a lgo r i thm. Moreover, improvement of
e f f i c i ency has been made i n evaluat ing st ress a t v a r i -
ous Russian s ta t ions , which has resul ted in a 30-50*--;
reduct ion of CPU time i n many test c a l c u l a t i o n s .

Fcr the analysis of problems invo lv ing then.ial
shock, the ex is t ing SHAPS code has the c a p a b i l i t y of
generating f l u i d temperatures for the s t r a i g h t , i i , ies.
A lso, an elbow thermal model has recent ly hoen devel -
oped. A system energy equation, wr i t ten in terms of
the tangent ia l 9 coord ina te , i s u t i l i z e d to ca l cu la te
the coolant temperatures inside the elbow region due
mainly to the f l u i d convect ion. Such an ana lys is ena-
bles the thermal t rans ien t analysis of a pipe-elbow
loop to be adequately performed.

SAMPLE PROBLEMS

Because of space l i m i t a t i o n s , only three sample
problems are presented here. For add i t i ona l problems
I l l u s t r a t i n g analyses of three-dimensional p ip ing FSI,
seismic e x c i t a t i o n , as wel l as s t ruc tu ra l response
under long-duration l oad , the reader may r e f e r to a
paper presented elsewhere [ 7 ] .

Experimental Va l idat ion
Test FP-E-103 of a single-elbow p ip ing system is

one of the simple e l a s t i c - p l a s t i c p ip ing experiments
performed by SRI In te rna t iona l [8 ] for v e r i f y i n g thr
pip ing analysis programs. This test i s analyzed wit",
the SHAPS-2 code. The purposes are: (1) to va l ida te
the hydrodynamic model for t rea t ing the g lobal motion
of the pipe-elbow loop; (2) to ve r i f y the therrao-
viscoplastic const i tut ive law for t reat ing the e l as t i c -
p l a s t i r response of the piping system; and (3) to e s t i -
mate the pressure attenuation along the ell>ow.

Tr.e experimental setup of Test FP-E-103 is shown
1n Fig. 4, where a special ly designed and cal ibrated
pulse gun 1s d i rect ly flanged to a thick-walled sta in-



less pipe 304.8 cm (10 f t ) long. The pressure history
recorded at gauge PI was used as Input to the SHAPS
model. A ca lcu la t ion was performed with a uniform
axial zone size of 5.08 cm (2 1n), and the elbow region
was divided in to three tangential zones.

Hear the elbow, the pressure h i s to r ies for t rans-
ducers P8-P10, located upstream from the elbow, and
PX4-P16, downstream from the elbow, are compared with
the experimental resu l ts 1n Figs. 5 and 6. The agree-
ment between the calculated and measured resul ts i s
quite good. Because of the global elbow motion, a drop
of peak pressure is noticed tis the pressure wave
travels from upstream to downstream.

To study the e f fec t of global elbow motion,
another ca lcu la t ion was performed with SHAPS-2, which
Ignores the f lexura l motion of the elbow and treats the
elbow as a structure r i g id l y f ixed in space. The
resul ts show no drop of peak pressure along the elbow.
In other words, the calculated peak pressure at P8-P10
upstream is about the same as that observed at P14-P16
downstream. Therefore, i t can be concluded that tne
calculated pressure attenuation is due to the f lexural
motion of the elbow in response to the in terna l ly
propagating pulse.

The good agreement achieved in th is study demon-
strates the degree of accuracy of SHAPS code capab i l i -
t ies In t rea t ing e las t i c -p las t i c material an', global
elbow motion.

F lu id-St ructure- In teract ior Analysis
A test problem of i s t ra ight pipe was used to

check the performance of the newly introduced i m p l i c i t -
Imp l i c i f i l - I ) hydrodynamic-structural coupl ing. A 20-
axial zcne representation of a s t ra igh t pipe with i n -
side radius 21.43 cm and l.-ngth 609.6 cm is u t i l i zed as
the numerical model, shown in F ig . 7. A non-ref lect ing
boundary i s assumed at the junct ion a f te r the pipe,
while a 5-MPa square pulse of 2-ms duration is applied
to the junct ion before the pipe. The thickness of the
pipe was 1.428 cm. The y ie ld stress i s 6.30 x 10y MPa.

The pressure h is tor ies at the non-ref lect ing junc-
t ion [zone (2 ,21) ] are shown in F i g . 8. In th is
f i gu re , the so l id l ines represent the resu l ts of the I -
I analysis, while the dashed l ines indicate the solu-
t ions of l-E ca lcu la t i on . I t can be seen that the
pressure pulse propagates along the pipe with l i t t l e
changt in i t s shape or i t s magnitude. Figures 9 and 10
further depict the circumferential s t ra in and stress a t
node 10 (see F ig . 7 for i t s l oca t i on ) . Results of
pressure, s t r a i n , and stress h i s to r ies revealed the
close s im i l a r i t y of solutions obtained from the I-I and
I-E couplings.

Response of a Three-Dimensional Pipe-Elbow Loop
To test the performance of the i m p l i c i t structural

module, a sample problem which couples d i f fe ren t modes
of deformation i s presented. This ^ipe system consists
of three pipes connected through two 90° elbows as
shown In F ig . 11 . A l l pipes and elbows have the same
cross-section dimensions with inside radius and wall
thickness equal to 3.81 and 0.33 cm, respect ively.
Both ends of the system ire assumed f ixed in space.
Each elbow has a radius of curvature of 16.2 cm and is
represented by f i ve pipe elements.

A point load para l le l to the global X-ax1s 1s
applied at the midpoint of the second r ipe as given in
F1g. 11 . The load i s increased l i nea r l y from zero to
2000 N In 50 us and then held constant. The problem
was run previously using the e x p l i c i t time integrat ion
scheme [ 6 ] , and the solutions have been compared with
those obtained from the two well-known programs, SAP-IV
and WHAHSE [ 9 , 1 0 ] . Referring to F ig. 11 , one can see
that pipe 1 Is subject to axial and bending loadings,

pipe 2 1s subject to bending loading, and pipe 3 i s
subject to bending and tors ional loadings.

Stat ic analys is . S ta t ic analysis cannot be per-
formed with the e x p l i c i t s t ructura l module. However,
i t can be obta.ned eas i ly using the I m p l i c i t s t ructura l
module by suppressing the Iner t ia e f f e c t . The s ta t ic
analysis provides a permanent, time-independent solu-
t ion for the pipe-elbow loop. Figure 12 p lo ts the
pip ing conf igurat ion wi th an enlarged scalo, using a
magnif icat ion factor of 50 for easier observat ion.

Dynamic analysis and i t s v e r i f i c a t i o n . As "len-
tioned before, the e x p l i c i t ca lcu lat ion has boon com-
pared with those of the SAP-IV and HHA;-1S programs.
Thus, i t s solutions are qu' te re l i ab le and can lie used
to ver i fy the i m p l i c i t so lu t ions. Here, we present the
solut ions the e x p l i c i t and i m p l i c i t tirae i n teg ra t i on ,
respect ive ly . Note that the e x p l i c i t ca lcu la t ion con-
s is ts of 10,000 computational cycles with a snail time
step of 2.5 us governed by the s t a b i l i t y ana lys is . On
the other hand, the I m p l i c i t ca lcu la t ion uses a meliun
time step of 50 us, which i s twenty times laryer than
the exp l ic i t time step.

Excellent agreement between the i m p l i c i t and ex-
p l i c i t solutions was obtained at a l l l oca t i ons . One
example of such comparisons 1s shown in F i g . 13 in
which the sol id l i ne represents the I m p l i c i t solut ion
and the dashed l i ne represents the e x p l i c i t so lu t ion .
I t shows the Z-rotat1on history at node 47 of elbow 2,
which represents the tw is t i ng ro ta t ion a t that node.

Effect of time step and computational e f f i c i e n c y .
To study the e f fec t of time step on the so lu t ion accu-
racy, we compare the resu l t s of three i m p l i c i t ca lcu la-
t ions — Cases A, B, and C — which use time steps
equivalent to 20, 50, and 100 times the e x p l i c i t time
step (run 2) , respec t i ve ly . Again, good agreement
among the three solut ions was obtained. For i l l u s t r a -
t i o n , Fig. 14 gives resu l t s regarding X~ji splacenen t a t
node 20. i t can be seen that the e f fec t of tt e time
step on the i m p l i c i t so lu t ion is extremely smal l .
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APPENDIX

Pn+1
= "i.j

r i + ( l / 2 ) P 1 + l . j + r i - ( l / 2 ) P i - l . j

r 6r

n+1 n+1
P + P
I.j+l 1.J-1 (A3)

In Eqs. (A1-A3), * and 8 are the weighting constants
used 1n the momentum and mass equations, r espec t i ve l y .
These constants, with values between 0.0 ind 1.0,
represent the re l a t i ve leve l of time centering of pres-
sure gradient and mass convection respect ive ly . As .in
example, for <t> = 1.0, the pressure gradient terns is
expressed at the advanced time and the tt'jMnique Is
purely i m p l i c i t . For 't> = 0 .5 , the pressure grad ient
term 1s time-centered and the techniqi.o is sen i -
impUci t - e x p l i d t . The source term for t.ie r a d i a l -
moientum equation in the elbow region i s :

CR
1+11 /2 ) , j

1+(l/2).j
r i+( l /2) 5 r

r . p .

ri+(l/2)59
(PUV ) .

The f i n i t e - d i f f e r e n c e forms of the r a d i a l - and
tangential-momentum equations and the governing Poisson
equation are:

. .n+1 .n
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The source term for the tangential-momentun equation In
the elbcw region i s:
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The source term for the Poisson equation in the elbow
region is :
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and

(A7)

(A8)

G n , G n
(PV ' u + l / 2 " (PV N

(A9)



ELBOW CONFIGURATION
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Fig. 1. Elbow Configuration and Control Volumes for Derivation of Hydrodynamic Equations
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Fig. 12. Piping Configuration Obtained from the Implicit Static Analysis (Multiplication factor = 50)
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