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PTA- 1 : A COMPUTER PROGRAM FOR ANALYSIS 
OF  PRESSURE TRANSIENTS IN HYDRAULIC NETWORKS, 

INCLUDING THE EFFECT OF  PIPE PLASTICITY 

C. K. Youngdahl and C. A. Kot 

ABSTRACT 

The computer program PTA- 1 performs pressure-  
transient analysis of large piping networks using the one- 
dimensional method of characteristics applied to a fluid- 
hammer formulation. The effect of elastic-plastic deformation 
of piping on pulse propagation i s  included in the computation. 
The program i s  particularly oriented toward the analysis of the 
effects of a sodium/water reaction on the intermediate heat- 
transport system of a liquid-metal-cooled fast breeder reactor,  
but may be applied just as usefully to other pulse sources and 
other piping systems. P'I'A- 1 i s  capable of treating complex 
piping networks and includes a variety of junction types. Pipe 
friction and nonlinear velocity terms a r e  included in the formu- 
lation. The program requires a minimum of input- data prepar a- 
tion and i s  designed to be easily used and modified. This report 
contains the governing equations, program structure,  input 
requirements, program listing, and other information for PTA-1. 

I. INTRODUCTION 

Pres su re  pulses in the intermediate sodium system of a liquid-metal- 
cooled fas t  breeder reactor,  such a s  may originate from a sodium/water r e -  
action in a steam generator, a r e  propagated through the complex sodium piping 
network to system components such as  the pump and intermediate heat ex- 
changer. To assess  the effects of such pulses on continued reliable operation 
of these components and to contribute to system designs which result in the 
mitigation of these effects, P ressure  Transient Analysis (PTA) computer codes 
a r e  being developed for accurately computing the transmission of pressure  
pulses through a complicated fluid-transport system, consisting of piping, 
fittings and junctions, and components. 

P ressure  pulses resulting from sodium/water reactions may plastically 
deform the. thin- walled piping typically used in LMFBR sodium systems. This 

/ 

plastic deformation has a significant effect on pressure -transient propaga- 
t l ~ n ; ' ~ % i n c e  it  limits the peak pressure  transmitted out of a pipe to approx- 
imately i ts  yield pressure  i f  the pipe i s  sufficiently long. PTA- 1 computes the 



effect of plastic deformation of the piping on pressure-transient  propagation 
in complex hydraulic networks. Although it  was developed for predicting the 
propagation of pressure  pulses in the intermediate-heat-transport system of 
a sodium-cooled fas t  breeder reactor,  il; may also be used to analyze transient 
propagation in other hydraulic networks for which fluid-hammer theory i s  
appropriate. The effects of cavitation and pipe-support motion a r e  not in- 
cluded in  the formulation of PTA- 1, but may be incorporated in later codes in 
the PTA ser ies .  

PTA- 1 was constructed by combining the complex-piping- system 
analysis capability of the NATRANSIENT~ ,~  program with the modeling of 
plastic pipe-deformation effects contained in the P L W V " ~  program, which has 
very  limited system capabilily. Thus, PTA- 1 provides an extension of the 
well-accepted and verified fluid-harnmer formulation7 for computing hydraulic 
transients in elastic o r  rigid piping systems to include plastic-deformation 
effects. The accuracy of the modeling of these latter effects on transient 
propagation has been using results of a Stanford R r s e * ~  ~ 1 1  I11st.itute 
experiment . 2 

NATRANSIENT~ '~  applies the one -dimensional method of character is ti.^^ 
to the nonlinear fluid-hammer equations in a fixed time-space grid for each 
pipe of a flo& network. Frictional losses at the pipe walls a r e  coreputed f rom 
the Darcy-Weisback factor,  using correlations for friction factors based on 
local velocity and pipe roughness. The local wave speed is  modified for pipe 
elasticity. NATRANSIENT has good network capability. The variety of junc- 
tions and fittings available i s  important, not only for describing an LMFBR 
intermediate sodium system, but also for isolating subsystems and construct- 
ing mode1.s of complicated comporlents such as  an intermediate heat exchanger. 
Assemblage of the ilow network and evlxlputcrliull u l  IlicLluii factors, local wavc 
speeds, junction losses ,  and fluid properties a r e  carr ied  out within the pro- 
gram, rather than being required inputs a s  they a r e  in some other codes. 
NATRANSIENT1s structure is compatible with. multidimensional programs 
being developcd under ANL1s Large Leak Analysis program for treating fluid 
response inside the steam generator. 

PLWV',~ was de,veloped to tes t  a simple computatiunal ~rruciel  lo^ iil- 
corporating the effect of elastic-plastic deformation of piping bn pressure-  

' 

transient propagation in  a fluid system. The structurai interaction model was 
incorporated into a one-dimensional 111eUrucl-uL-clraracttristic s proecdurc for  
fluid-hammer analysis. PLWV i s  limited to a two-pipe system, since this was 
the arrangement for which experimental data were available.' Computed r e -  
sults were found to be in good agreement with these data. 

PTA- 1 also uses  the one -dimensional method of characteristics applied 
to fluid-harnmer analysis of pressure  transients in large piping systems. Non- 
linear convective t e rms ,  pipe friction, fluid compressibility, and wave-speed 
dependence on pipe deformation a r e  included in  the formulation of the governilL5 



equations. Various types of junctions and fittings may be specified; these 
include closed ends, multibranched tees ,  surge tanks, sudden expansions and 
contractions, dummy junctions, acoustic -impedance discontinuities, nonre - 
flecting far-end boundaries, and simple models for pumps and rupture disks. 

In addition to including the effect of elastic-plastic deformation of 
piping on transient propagation, PTA- 1 differs f rom NATRANSIENT in being 
more  user-oriented. The anticipated use r  he re  i s  a reactor  engineer with 
some experience in basic FORTRAN programming, but not necessari ly expert 
in the construction and manipulation of large computer codes. Since i t  i s  im-  
possible to anticipate al l  use r  needs, PTA-1 i s  structured so as  to be easily 
modified and expanded. Much of the computation i s  car r ied  out in subroutines 
that can be replaced or  altered, and the main program i s  divided into subsec- 
tions that a r e  intended to be readily comprehensible. Programming tr icks to 
minimize the number of instructions o r  conserve storage have been avoided 
to preserve clar i ty and to facilitate alterations to part  of the program with- 
out disrupting other parts .  User input and preliminary computations have 
been minimized. There a r e  no restrictions on pipe and junction numbering 
o r  designation of left and right ends of pipes, and the flow network i s  assembled 
by the pr,ogram. Node spacings, fluid properties,  pipe material  properties,  
pipe flow a r ea s ,  friction factors ,  wave speeds, and junction losses a r e  com- 
puted internally. Some important features of PTA- 1 that differ f rom or a r e  
extensions of those in NATRANSIENT follow. 

a. The effect of plastic deformation of a pipe i s  incorporated through 
a modified fluid wave speed, which varies  with deformation history a t  each 
computational node in a plastically deforming pipe. 

b. Temperature -dependent properties of liquid sodium a r e  computed 
in a subroutine, which can be replaced if the piping network contains a differ- 
ent fluid. 

c. .Pipe mater ia l  properties a r e  computed in a subroutine that can 
t r ea t  six different pipe materials  in the same network. Material character-  
izations contained in the subroutine include temperature -dependent s t r  es  s - 
strain relations for Types 304 and 316 stainless s teels ,  Nickel 200 (which has 
been used in experimental modeling of LMFBR piping2), and functional re la-  
tions that a r e  useful in curve fitting of s t r ess - s t ra in  relations. 

d. Each type of junction i s  t reated in a separate subroutine to make 
i t  easier  to substitute improved versions o r  to add additional types of junctions. 

e. The entire pipe-friction loss t e rm ,  ra ther  than just the friction 
factor,  i s  computed in a subroutine. Consequently, a different friction-loss 
formulation can be readily substituted. 

f .  The source pressure-t ime relation i s  computed in a subroutine. 
In the current  version of PTA- 1, a table of pressure- t ime values i s  input to 



the program, and the subroutine perform's linear interpolation to determine 
source pressure  as  a function of time. This subroutine could be replaced by 
other source models, such as  the Zaker-Salmon sodium/water-reaction 
model8 used in NATRANSIENT. 

g. Pipes and junctions can be numbered arbitrarily; i.e., the num- 
bers  need not be consecutive and can be assigned in any order.  Consequently, 
a subsystem of a large network can be analyzed without requiring any re- .  
numbering, and pipe and junction designations in the computer output can be 
maintained a s  a system i s  modified. 

h. One end of each pipe i s  designated a s  the f i rs t  node end, and the 
other the last  node end, in order to determine a positive coordinate direction 
for fluid velocity in the pipe. However, these designations a r e  arbi t rary  in 
that every junction subroutine can t reat  any combination of pipe ends. For 
example, the ends of the two pipes connected at  a sudden expansion junction 
can bc both first-node ends, both last-node' ends, or  One of each. 

i. All input; data a r e  read illto the inail1 prograin to avoid oinissions 
or  misorderings. 

j. An improved method of determining node spacing i s  used to min- 
imize numerical dispersion in the calculation of transient propagation. 

' 

k. Many diagnostics a r e  used to determine consistency of problem 
input and to ass is t  the user  in detecting input e r r o r s .  

1. An atterript has been made to use consistent and reasonably obvious 
notation throughout the program to facilitate later  modification. 

Sections I1 and 111 contain the assumptions and equations underlying the 
development of PTA- 1, and the structure of the main program and subroutines 
i s  described in Sec. IV. A surnrnary list  of input data i s  presented in Sec. V, 
followed by elaborations on some of the individual input items. Sec,tion VI con- 
tains explanations of diagnostic messages written by the program when it en- 
counters input inconsistencies o r  other difficulties. The alterations to COMMON, 
DlMENSION, and DATA statements needed to reduce o r  enlarge program stor-  
age to conserve core requirements or  t rea t  increased system size and com- 
plexity a r e  given in Sec. ' V ' l l .  A sample problem and a listing ol' PTA- 1 a r e  
contained in the appendixe s . 

U. ASSUMPTIONS 

The standard as  sumptions underlying one -dimensional fluid-hammer 
analysis of pressure  transients in piping systems are:7 



a. The axial velocity u is  the 'only nonzero velocity component. This 
assumption i s  modified slightly here in that one-dimensional flow i s  assumed 
in deriving the governing fluid-motion equations, but fluid movement in the 
radial direction is accounted for in determining wall-deformation effects. 

b. The pressure p and axial velocity u a r e  functions axial posi- 
tion x and time t only. 

c. Changes in fluid d'ens.ity a r e  negligible compared to the density 
itself. In the governing differential equations, the fluid density i s  assumed 
to be a constant and, consequently, independent of position and t ime,  but the 
bulk compressibility of the fluid i s  taken into account in computing 'the wave 
speed c. 

d Viscous losses in the fluid a re  neglected. 

e. Frictional losses at the pipe wall a r e  included through the Darcy- 
W eisback friction coefficient f. 

The above assumptions all  pertain to the treatment of the fluid. To 
these must be added some assumptions on the influence of pipe-wall deforma- 
tion on hydraulic - transient propagation. Various modelings of the pipe de - 
formation a r e  possible, ranging from a rigid pipe-wall model with no structure- 
fluid interaction effects to a detailed modeling of dynamic deformations and 
s t resses  in the piping and the resultant interactions of the s t ress  waves and 
pipe vibrations with the fluid motion. The model used here  i s  essentially the 
simplest pipe- response model that incorporates some influence of plastic wall 
deformation on transients in the fluid. It has the advantages of being readily 
incorporated into standard fluid-hammer analysis procedures and giving re -  
sults that a r e  conceptually plausible and agree well with available experimental 
evidence on plastic wall- deformation interaction with fluid- t r  ansient 
propzigation.596 

The additional assumptions involved in this pipe response model 
include : 

a. The pipe response i s  quasi-static; i .e . ,  the pipe deformation i s  in 
equilibrium with the fluid-pressure distribution, which varies with x and t.  
This eliminates all wavcs traveling through the pipe material.  

b. Bending moments in the pipe wall a r e  neglected, and pipe defor - 
mations a r e  not required to be continuous functions of x. This implies that 
the pipe i s  treated a s  a ser ies  of rings that act independently of each other. 

c. Axial s t resses  and strains in the pipe a r e  neglected. 

, d. The pipe material i s  incom~ress ib ie ;  this i s  the usual assumption 
in plasticity problems. 



. e . , , .  The pipe wall is  thin enough that circumferential s t ress  varia- 
tions across the thickness can be neglected. 

f .  . Circumferential s trains a r e  small. 

The result of these assumptions on pipe response i s  that the only in- 
fluence of pipe deformation on transient propagation in the fluid is  through its 
effect on local wave speed. The wave speed, which i s  equal to the sound speed.  
in the fluid i f  wall-deformation effects a r e  neglected, i s  no longer just a func- , 

tion of fluid properties, but now depends on fluid properties, pipe properties, 
' 

and pipe-deformation history. Consequently, i t  can vary with time and posi- 
tion along the pipe, and provision i s  made in the computational scheme to 
accornrnodate this variation. 

111. EQUATIONS 

The equations governing fluid-hammer analysis of pre ssure-transient 
propagation in rigid or  elastic piping systems using the one-dimensional method 
of characteristics a r e  derived in Refs. 3 and 4, standard texts such as  Ref. 7, 
and elsewhere. Modifications to account for the effect of plastic deformation 
of the piping a r e  derived in Kefs. 1, 5, and 6. These derivations will not be 
repeated here;  only the resulting set of governing equations will be summarized. 

A. Characteristic Equations . 

Applying the one-dimensional method of characteristics to fluid flow 
and continuity relations results in equivalent differential equations that in- 
volve only total derivatives with respect to time and apply only along char - .  
acteristic curves; these a r e  

which holds along the positive characteristic c', given by 

dx = (u + c)dt, 

which holds along the negative characteristic C-, given by 



where p and u a r e  fluid pressure and velocity at position x and 'time t ,  p i s  
fluid density, and c i s  local wave speed. The pipe friction t e r m  g(u) i s  a s -  
sumed here  to be 

where f i s  the Darcy-Weisback friction factor and D i s  the pipe diameter. 

For a rigid pipe wall, the wave speed i s  equal to the speed of sound 
in the fluid and is  given by 

where K i s  the bulk modulus of the fluid. If the pipe is  deforming elastically, 
the wave speed is  given by 

where H is  pipe-wall thickness and E i s  Young's modulus of the pipe mate- 
rial.  If portions of the pipe a r e  undergoing plastic deformation, the wave 

.speed is  then given by 

where B and s ,  a re  circumferential s t r e s s  and strain in the pipe; e i s  related 
to the fluid pressure through 

For rigid or elastic pipe-wall response, the wave speed i s  a constant 

: for each pipe. On the other hand, the wave speed varies along a plastically 
deforming pipe, since p and, consequently, a and d ~ / d s  vary with position 
and time. ' Moreover, dv/dc depends not only on the current value of 0 (and 

,. p through Eq. 9) ,  but also on prior s train history and the sign of dp. If there 
has been plastic deformation at  a pipe c ross  section followed by elastic un- 
loading (path 123 in Fig. l ) ,  the yield s t r e s s ,  which was originally ul, will be 
increased by strain hardening to 0,; s t resses  such a s  a4, which would haye 
produced plastic deformation originally, will now produce elastic deformation 
with its correspondingly higher wave speed. If a pipe c ross  section is  deform- 
ihg plastically (point 2 in Fig. 1); a further pressure increase will produce 
?dditional plastic deformation, corresponding to a low wave speed; on the other 
.hand, a pressure  decrease will produce elastic unloading corresponding to a 
h i g h e r  wave speed. 



Fig. 1 

Stress-Strain Relation. ANL 
Neg. No. 113-5881. 

The maximum s t ress  experienced at each axial node point of a plas - 
fira.Ily deforming pipe i s  monitored. If the previous maximum s t ress  at a 
particular point i s  l ess  than the original yield s t ress  a, ,  the current s t ress  
is compared with g1 to determine whether the corresponding deformation i s  
elastic o r  plastic. If the previous maximum s t ress  i s  G ~ ,  which i s  greater 
than o,, the current  s t ress  i s  compared with Uz to determine whether the 
current  deformation i s  elastic o r  plastic. 

B. Finite-difference Solution along Characteristic Curves 

If the solution for pressure and fluid velocity is  known at a time to  for 
every position x along a pipe, the solution at a later  time to + A t  can be found 
through the relations between du/dt and dp/dt that hold along the characteristic 

t curves. Expressing Eqs. 1 arld 3 in finite-diffcrcncc form for C and C' char- 
acteristic s intersecting at point P (Fig. 2) gives 

and 

t where cA and u k  a re  appropriately averaged values of wave speed and fluid 
velocity along the C+ characteristic,  batweell yoii~ts  A and p, and c k  and uk 

* I-""-Ip. to+ A t  '3, , . . :  
Fig. 2 

Finite-difference Grid for Interior t 
Node. ANL Neg. No. 113-5882. t u A a B S ' 0  



a r e  appropriately averaged values of wave speed and fluid velocity .along 
the C- characteristic between points B and P. 

t Since the frictional losses at the pipe wall a r e  small,  g(uA) and g(u6) 
a r e  conveniently approximated by 

where gA = g(uA) and gg = g(ug) by definition. 

If the pipe wall i s  rigid or i s  deforming elastically, the wave speed 
i s  constant; i.e., 

where c i s  found from Eq. 6 or 7 ,  whichever i s  appropriate. Howeve,r, the 
wave speed can vary significantly along the characteristics i f  the pipe i s  
deforming plastically; for this case, we will take 

and 

where cA, cg, and cp  a r e  the local wave speeds corresponding to conditions 
at nodes A, B, and P, respectively, and a r e  computed f rom Eq. 8. 

C. Determination of Time-Space Grid 

The Courant-Friedrichs-Lewy ( C F L ) ~  criterion for convergence and 
stability of the finite-difference scheme used here  requires that the time 
step At and axial grid spacing Ax for a pipe satisfy 

Ax 2 ( C  + 1 u l ) ~ t .  
4 .  (15) 

Since the time step is  the same for the entire system and the wave 
speed varies from pipe to pipe i f  the pipes deform, Ax must be selected for 
each pipe so a s  to satisfy the above inequality. For strain-hardening mate- 
r ia ls ,  the fluid wave speed corresponding to elastic deformation of the piping 
i s  greater than that corresponding to plastic deformation; consequently, the  
former will be used in determining Ax. We will take 



where 

The constant F1 i s  chosen to allow for the effect of the fluid speed in the CLF 
cri terion,  and F2 i s  chosen to prevent excessive numerical dispersion of the 
transients.  In PTA-1, F1 = 1.03 and F2 = 1.10 areused.  For apipeof lengthL, 
let  n be the closest integer to ~ 1 6 1 ;  i.e.', 

where (} denotes the "greatest-integer function. We will take 

Ax = ~ / n ,  

if inequalities 16 a r e  satisfied thereby. If Ax computed from Eq. 19 i s  less  
than 6,, we will take Ax = 6 1  and compute a revised pipe length L' from 

L' = 17.6 (20) 

Similarly, if Ax computed f rom Eq. 19 i s  greater than 6 2 ,  we will take Ax = k 2  
and compute L' f rom 

If the fluid velocity becomes large enough during a problem computation that 
violation of the CFL criterion i s  imminent, the time step i s  decreased to en- 
sure  stability of the solution. 

D, Interpolation in Fixed Time-Space Grid 

The interpolations required in the fixed time-space grid have two 
aspects: The locations of the intersections of the characteristics with the 
constant time line (points A and B of Fig. 2) must be determined; and 
then values of the desired quantities must be cor~ipuled at these locations 
in t e rms  of their values at the grid points. Let v i  be an appropriately av- 
eraged value of u + c along the C+ characteristic through points A and P; 
vlj  be an appropriately averaged value of u - c along the C- characteristic 
through pointo B and P; and 

Then, 



PA = PQ - vA(PQ - P ~ ) ~ J  

PB = PQ - vfi(pS - pQ)e1 

and 

h For a rigid or elastically deforming the wave speed i s  constant 3 

along the characteristics and, since the fluid velocity is  small compared, to 
the wave .speed, we can take 

where c i s  computed from Eq. 6 or 7 ,  whichever is  appropriate. Simultaneous 
solution of Eqs. 25 and 26 then gives 

and 

For plastically deforming pipe, the wave speed varies significantly 
along.the characteristics. For this case, we will take 

1 ' v ~ A  " 7 ( ~  A +  CA + cP) 

r, and . . 

Since up and cp (which depends on pp) a r e  unknown at time to, an iterative 
oolution is required Letween Eqs. 8, 24, 25, and 28 and equations for u p  and 
pp given in subsequent parts of this section. In the computation of CA and cg, 
the maximum pressures experienced at points A and B must be known up to 
time to; let (P,?)~ and (p ) be these values. Then, using linear inter- max B 
polation, we obtain 



and 

where (pmax)Q, etc., a r e  stored values at the node points. If  pA < (pmax)A, 
the local deformation at point A i s  elastic and CA is  computed from Eq. 7; i f  
pA z (Pmax)A and pA also exceeds the pipe yield pressure,  the deformation 
i s  plastic and CA i s  computed f rom Eq. 8 and the s t ress  - strain relation. An 
analogous procedure i s  used to determine cg. 

E. Interior -node Calculation 

At an interior node, Eqs. 10 and 11 can be solved for up and p p  to 
give, usi~rg E q a .  12 ,  

U p  = [c2(uA - .  g ~ A t )  t c: (ug - ggt)  f (PA - PB)/ P 11 (cX + ~ 6 )  

and 

For  rigid or elastic pipe walls, these equations give explicit closed-form 
t relations for u p  and pp. For plastically deforming pipe walls, c ~ ,  cg, and, 

consequently, the interpolations for PA, pg ,  UA, and u g  depend on u p  and pp. 
Initial t r ial  values for u p ,  pp,  and tlie interpolated quantities a r e  assumed; 

t 
CA, C B ,  and c p  a r e  determined from Eq. 8; VA and vIj a r e  determined from 

) and ( P ~ , ) ~  a r e  computed from Eqs. 24, Eqs. 28; and pA, pg, u ~ ,  ug, (p,, A. 
25,  and 29. New values of eft and ci) a re  then determined and the procedure 
repeated until the values of the interpolated quantities converge. New values 
of u p  and p p  are  then computed from Eqs. 30, and the iterations a r e  continued 
until they converge. 

F. Junction- node C alculativns 

Typical finite-differences grids for boundary nodes a r e  shown in 
Fig. 3 ,  where E'ig. 3a indicates a last-nude pipe erld and Fig. 3b a firot-node 

. : - 
Fig. 3 

. . .  
Finite-difference Grids for Boundary 
Nodes. (a) Last Node at Boundary; 

I" Is 
,: ' , 

@) First Node at Boundary. 



.end. Equations for computing the fluid velocity and pressure at the various 
types of junctions incorporated a s  subroutines in PTA- 1 follow. 

1. Sudden Expansion or  Contraction 

Assume the area- change junction connects the last-node end of 
pipe LN, which has a rea  (A)LN, to the first-node end of pipe L1, which has 
a r ea  (A)L1. The other combinations of pipe-end connections a r e  covered in 
the subroutine, but their equations will not be listed here since they a r e  easily 
deduced f rom the given case. From Ref. 4 and Fig. 3 ,  

(pp), = PA - ~ c f t [ ( ' J p ) ~ ~  - UA + &?AAt], 

and '1 
t where PA, CA, UA, and gA pertain to pipe LN, and pg,  c g ,  and u g  , and gg  

pertain to pipe L1. In the above, 

R =  (A)LN/(A)L1, . 1 
and 

ii 6 = ~ - R ' - K .  

The loss coefficient K i s  given by lo 

K =  (1 -R)',. if R < 1 and U >  0, 

K = -(1 - R)', i f  R > 1 and U < 0, 

K = 0.45R(R - l ) ,  i f  R > - 1  and U > 0, 

K = -0.45(1 - R), ,if R < 1 and U < 0, 



where 

2. Tee - 

Consider a tee junction connecting an arbitrary* number of pipes, 
some of which may be connected a t  their first-node ends and the remainder - , 

at  their last-node ends. The pr.essure i s  the same for .al l  pipe ends conne=ted 
at the tee; i t  i s  given by 

where 1 denotes summation over all last-node pipe ends 'and 1 denbtes 
LN L1 

summation over al l  first-node pipe ends. The fluid velocities a t  a typical 
last-node end and first-node end a re  

and 

3. Pump 

The simple pump model used here  t reats  the pump as  a tee junc- 
tion, with the pump head added to the pressure at the pump end of the pipe 
representing the outlet of the pump. 

. . 

4. Acoustic Impedance Discontinuity with No Area Change 

Consider two pipes with the same flow area  but differing acoustic 
impedances because of different wall thicknesses or material properties. Let 
the last-node end of one pipe, designated LN, be connected to the first-node 
end of the other pipe, designated L1, a t  a juilction. Then 

*PTA-1, like NATRANSIENT, currently handles up to six pipes connected at a tee. This can be easily extended 
by increasing storage designations if more branches are needed in modeling a complex component. 



and 

F . . 
These equations a r e  the same as  those.of Eq. 30 for an interior node, except + that here  the set  uA, pA, g ~ ,  and cA and the se t  u g ,  pg,  gg ,  and c g  refer to 
different pipes. The other pipe-end combinations, i . e . ,  first-node end con- 
nected to first-node end and last-node end connected to last-node end, a r e  
also treated in the subroutine. 

Note that the sudden expansion or contraction case with R = 1 i s  
equivalent to the acoustic-impedance discontinuity case, i.e., Eqs. 31-3.3 with 

. R = 1 reduce to Eq. 37 .  consequently, both cases  could easily be computed 
with the same subroutine. This i s  not done in PTA-1 for two reasons: F i r s t ,  
using the sudden-area-change equations to compute the acoustic-impedance 
discontinuity case is  more awkward and time- consuming than using Eq. 37 
directly. The second, and more important reason, i s  that it  may be desirable 
to revise the modeling of one or  both of these junction types in subsequent 
versions of the program; i t  will be easier  to do this if the cases ark treated 
separately. 

5. Dummv Junction 

For  systems having many short pipes and a few long pipes, input 
of the desired time step may result in violation of the limit on maximum 
nuulLer  of computational nodes per pipe. Rather than ra ise  this limit and 
thereby increase core-  storage requirements, i t  may be expedient to break 
the long pipes into two or more  pipes by inserting dummy junctions. A dummy 

i junction may also be useful for reserving a location for insertion of a tee that 
connects to a subsystem whose effect on the main system will be determined 
later ,  o r  for identifying the location of a pressure  transducer. 

The computations for up and p p  at  the dummy junction are idanti- 
cal'to those a t  the acoustic impedance discontinuity and a r e  performed by the 
same subroutine. 

6 .  Closed End 

For  a pipe w-ill1 iLs first-node end connected to a closed-end 
junction, 



and 

If the last-node end of a pipe i s  closed, 

and 

7. Constant-pressure - .- ...- Boundary -. . 

For a pipe with its first-node end connected to a constant-pressure 
reservoir at pressure p RES' 

and 

It its last-node end i s  connected to the junction, 

PP = PRES 

and (41) 

t 
u p  = UA - eAAL - (pRES - P*)/ (PC*) 

Numerical studies indicate that the effect of compressibility 
in 'a surge tank with a gas space on fluid- transient propagation in piping sys - 
tems of the type considered here is  small. Consequently, surge tanks can he 
modeled as constant-pre s sure boundaries. 

8. Far  -end Boundary 

In the analysis of subsystems of a complex network, it i s  useful 
to have a boundary that transmits pressure waves out of the subsystem with- 
out reflecting them. This is  easily accomplished by putting the fluid velocity 
and pressure at the far-end junction equal to their values at the adjacent node 
pipe; i.e., i f  the first-node end of a pipe i s  connected to a far-end junction, 
then (see Fig. 3)  



and i f  the last-node end i s  connected, then 

9. Rupture Disk 

The simple rupture-disk model used here i s  to t reat  it  as a 
closed-end boundary until the burst pressure p of the disk i s  attained RDB 
and to t reat  it  thereafter as  a constant-pressure boundary at pressure pRDG. 
Let ~ R D  be the time at which the pressure at the disk f i rs t  reaches pRDB; 
then, for the first-node end of a pipe connected to the rupture disk, 

u p  = 0, 

. . t ~ R D  ( ~ p  pRDB) 
~p = PB - pc&(uB - gBAt), 

PP = PRDGJ ; ' l  , . , 

t > tRD 

= U~ - ggAt'+ (PRDG - P ~ ) / ( . P c B )  1 . .  
If the last-node end i s  connected to the disk, 

10. Pressure-Source Junction 

  he pressure-source junction i s  similar to a constant-pressure 
boundary, except that the pressure pSO(t) at the junction i s  time -dependent 
and i s  obtained from the pressure-source subroutine. Up to six pipes may 
be connected at a source junction; this number can be increased by changing 
storage allotments o r  by designating several pressure- source junctions, all 
of which will experience the same pressure -history input. 



For  each first-node pipe end connected to a source junction, 

PP = ps0(t) 

and 

= U~ - gBAtt (pSO - pB)/(pc6) J 
and for each last-node end, 

and 

, G. Pipe Friction Factor 

Frictional losses at the pipe wall a r e  calculated using Eq. 5. The 
friction,factor f i s  found from the Colebrook-White correlation 

and 

where Rf is  the pipe roughness and NRe i s  the Reynolds number, defined by 

with p being the dynamic viscosity of the fluid. The second of Eqs. 48 re -  
quires an iterative solution; initial estimates for f a re  given by 

f - 0.316/NTe for Rf/D s 

and 

f [1.14 - 2 ~ O ~ ~ ~ ( R ~ / D ) ] ' ~  for R ~ / D  > 

H. Sodiurri Properties 

Temperature-dependent properties of liquid sodium a r e  computed f rom 
correlations r ecomrnended by Golden and ~ o k a r  ." , 



The specific weight y of sodium in lb/ft3, calculated f rom Eq. 2.1 of 
Ref. 11, i s  

and the corresponding density p in lb- sec2/ft4 is 

where g .= 32.2 ft/sec2 i s  the acceleration of gravity. 

The dynamic viscosity p in lb-sec/ft2, using Eq. 5.19a of Ref. 11, 
i s  calculated f rom 

where T is  in degrees Fahrenheit. 

Golden and Tokar recommend a linear dependence of sound speed on 
temperature. Based on tabulated values in their Appendix E, co in4ft /sec i s  
calculated from 

I. St ress  -Strain Relations for P i ~ i n g  Materials 

The temperatur'e-dependent s t ress-s t ra in  relations for Types 304 and 
3 16 stainless steels were obtained f rom Ref. 12, which gives equations for 
fitted curves. 

Reference 2 provides a s t ress-s t ra in  curve for Nickel 200. (This 
material  i s  useful for experimental simulation of reactor piping since i ts  
s t ress  - strain characteristics at room temperature a r e  similar to those for 
stainless steels a t  reactor temperatures.) This curve was fitted by linear 
elastic and plastic regions connected by a plastic region that i s  part of an 
ellipse. This may be a useful functional form for fitting other material  data; 
it is given by 

I a = Ec, 0 5 s s s1 (linear elastic); 

C l ( ~ / a 0 ) '  + c2(o/oo) + ~ 3 ( e /  so) + c,(c/ + C5 = ' 0, 

, I (55) 
e l  < e < s2 (elliptic plastic); 

= 00 Ep(s - 60). 6 2  5 r (linear plastic); J 



where 0 and c a r e  s t r e s s  and strain, E and Ep a re  the elastic modulus and 
slope of the linear plastic region, and the point . . (eo, ao) i s  the intersection of 
the extended .linear elastic and plastic regions. The. constants Ci a re  chosen 
so that the curves and their slopes a r e  continuous at the points al) and 
( c 2 ,  a2); they a r e  given by 

and 

C, = (1 - R&JY;(Y2 - l l 2 p  

where 

essentially exact fit to the Nickel 200 data given in Ref. 2 i s  ob- 
tained by taking E = 30 x l o 6  psi  (207 x l o 6  kPa), oo = 29,000 psi (2 x lo5 kPa), 
R, = 0.0135, y l  = 314, and y2 = 514. 



IV. CODE STRUCTURFll 

The PT'A-1 code consis ts  of the MAIN program;  the MTPRP sub- 
routine fo r  computing piping ma te r i a l  proper t ies  and associated fluid wave 
speeds ; the F L P R P  subroutine fo r  computing fluid proper t ies ;  the INTRP 
subroutine fo r  performing interpolations in the t ime-  space gr id ;  the FRCTRM 
subroutine for  computing the frictional loss  t e r m ;  the nine junction subrou- 
t ines AREACH, T E E ,  PUMP, IMPED, CLOSED, CONSTP, FAREND, RUPDSK, 
and PRESSO; and the pulse - source subroutine PTIME. 

Throughout the p rogram,  pipes a r e  r e fe r red  to  by either LPIPE(L) o r  
L ,  where LPIPE is the user-supplied identification number and L i s  the c o r -  
responding program-generated identification number.  Similar ly,  junctions a r e  
r e fe r red  to  by ei ther  JUN(J) o r  J ,  where JUN i s  the user-supplied identifica- 
tion number and J i s  the corresponding program-generated identification num- 
ber .  The user-suppl iednumbers  a r e  a rb i t r a ry ,  while L = 1,  2, 3 ,  . . . , NPIPE,  
and J = 1 ,  2, 3 ,  ..., NOJUN, where NPIPE and NOJUN a r e  the numbers  of 
pipes and junctions in  the sys tem,  respectively.  

A. Main P r o g r a m  

The main  p rogram receives a l l  input data and checks i t s  internal  con- 
sistency, assembles  the piping-network model,  pe r fo rms  manipulations and 
initializations needed to s t a r t  the method of charac ter i s t ics  computations, 
per forms the inter ior  -node computations, cal ls  the appropriate  junction subrou- 
t ines ,  pr ints  output, and r e s e t s  var iab les  for  the next t ime increment .  I t  i s  
composed of the subsections descr ibed below. 

1. Specifications 

This  subsection consis ts  of COMMON, DIMENSION, and DATA 
statements.  The sharings of numbered common blocks ( ~ 1 - ~ 5 )  with sub- 
routines a r e  indicated in Table I. Alterations to  specification s tataments 
needed to  al ter  s torage requirements  o r  network limitations a r e  discussed 
in Sec. VII. 

T A B L E  I. Sha r ing  of Data  in Numbered  C o m m o n  Blocks  

C o m m o n  Block C o m m o n  Block 

Routine R1 R2 R 3  R4 R5 Routine R1 R2 R 3  R4 R 5  

I 
MAIN 
M T P R P  
F L P R P  
IN T R P  
FRCTRM 
AREACH 
T E E  
P U M P  

IMPED X 
CLOSED X 
CONSTP X 
FAREND X 
RUPDSK X 
PRESSO X 
P T I M E  



2. Input 

All  input to the PTA-1 code i s  accomplished in this subsection, . 

and some input diagnostics a r e  performed.  Input data  requirements  a r e  l isted 
in  Sec. V ,  and diagnostic m e s s a g e s  a r e  explained in Sec. VI. 

3. Computation of P rob lem P a r a m e t e r s  

The f luid-propert ies  subroutine F L P R P  i s  called to compute the - 
fluid density,  dynamic viscosi ty ,  and sound speed a t  sys tem' tempera ture .  

P ipe  fr ic t ion i s  based on.pipe diameter  D, and expansion los s  
coefficients a r e  based on flow a r e a  A. In modeling a component a s  an ar range-  
ment of equivalent pipes,  i t  m a y  be desirable  to have A $ , n . ~ ~ / 4  for  some of 
these  equivalent Ijipes; D and A can then be prescr ibed  independently. If 
A = 1 - r ~ ~ / 4 ,  however,  the input for  A can be left .blank and A will be computed 
f r o m  the d iameter ;  this computation is performed in this subsection. 

The mater ia l -proper t ies  subroutine M ' i P K P  is called to currlpute 
yield p r e s s u r e ,  fluid-wave speed corresponding to elast ic  deformation, and 
pre l iminary  m a t e r i a l  information for  each pipe in the system. 

The axial  gr id  spacing fo r  each pipe i s  determined f r o m  Eqs.  16-21 
for  the input t ime step. 

4. P r i n t  Irlpul, PI-ablem P c r r a m c t c r ~ ,  and Network Arrangement. 

The input data  f r o m  subsection 2 ,  computed problem p a r a m e t e r s  
f r o m  subsection 3, and pipe-network-arrangement information, such as j u ~ l c l i u ~ ~  
identification numbers  and types associated with each  pipe,  a r e  printed to 
provide input verification and a record  of the problem statement.  

5. Determination of P ipe  Connections a t  Each  Junction 

The junction identification numbers  for the ends of each pipe a r e  
input data  that  specify the network ar rangement .  The inverse  information is  
determined in  this  subsection; i .e . ,  the pipes connected to each  junction a r e  
determined in o r d e r  to facilitate subsequent junction-node computations. The 
quantity M L ~ ( J )  i s  the number oi  f i rs t -node pipe ends connecled aL ju~lction 
number JUN(J),  and MLN(J) i s  the number of last-node ends connected there.  
The quantity L J ~ ( J  ,M) , 0 s M s MLI (J), implies that pipe number LPIPE(LJI) 
i s  connected at  its first-node end to junction number JuN(J) ;  s imi lar ly ,  
LJN(J ,M) ,  0 M MLN(J) ,  indicates that pipe rlul~~bei- LFIPE(LJN) i3  con- 
nected at  i t s  l a s t  node to  junction number JUN(J) .  The l i s t s  ML1, MLN, LJ1 ,  
and LJN a r e  passed  to the junction subroutines through COMMON. A number 
of diagnostic checks a r e  provided in this  subsection, such a s  verifying that 
each  two-pipe junction has  two pipes connected to  i t .  



6. Conversion of Units 

Input to the problem i s  in customary uilits, e. g . ,  pipe diameters 
in inches and pipe lengths in feet. In this subsection, all  quantities a r e  con- 
verted to the foot/pound-force/second system of units. 

- 7. Initializations a t  TBEG 
. 

The initializations needed to s ta r t  the method of characteri.stics 
computation for the pipe network a t  time TBEG a r e  performed in this sub- 
section. These include initializing the pressure  and velocity matrices P(L,I,K) 

, 
and U(L,I,K), whose elements give the pressure  and velocity at  node I of pipe 
number LPIPE(L) at  time to (K = 1) and to + At ( K  = 2). Another quantity 
that i s  initialized i s  KPLAS(L). If KPLAS(L) = 0, then pipe number LPIPE(L) . 
has not deformed plastically; i f  KPZ,A.S(L) = 1,  then pipe number LPIPE(L) 
is  the f i r s t  pipe to deform plastically; i f  KPLAS(L) = 2 ,  then pipe number 
LPIPE(L) i s  the second pipe to deform plastically; etc. Tests of whether 
KPLAS(L) is  greater  than o r  equal to zero provide a convenient means of 
determining whether an iterative solution i s  required, and positive values of 
KPLAS provide convenient indices for storing data pertaining to plastically 
deforming pipes . 

8. Interior -node calculation 

The fluid velocity and pressure  a t  the interior nodes of each pipe 
a r e  computed in this subsection for a time step At, using Eqs. 30. A once- 
through computation is  used for  each elastically deforming or  rigid pipe, and 
and iterative procedure i s  followed for each plastically deforming pipe. The 
INTRP subroutine i s  called to perform interpolations in the time-space grid,  
and FRCTRM i s  called to compute the frictional loss term. 

. 

, 
If the elastic-Plastic boundary is  close to a computational point 

and the s t ress  - strain curve has a kink a t  the yield point, the numerical 
solution may oscillate rather .than converge. An averaging technique i s  then 
used to break up the oscillatory pattern and encourage convergence of the 
iterative procedure. 

If the computed pressure  somewhere in a pipe that has not pre-  
viously de'formed plastically exceeds i ts  yield pressure ,  the pipe is  designated 
a s  a plastically deforming pipe and i ts  pressure  and velocity distributions 
a r e  recomputed for the time step. A message is  written denoting the inception 
of plastic deformation for the pipe. 

9. Junction- node Calculation 

The fluid velocity and pressure  a t  each junction node a r e  computed 
by calliiig Lhe appropriate junction subroutine. Iteration i s  used i f  one or 



more of the pipes connected at  the junction have undergone plastic deforma- 
tion. An averaging technique similar to that employed in the previous sub- 
section i s  used to disrupt nonconvergent numerical oscillations around the 
solution. The initiation of plastic deformation a t  a junction i s  detected and 
an appropriate message written. Similarly, an announcement i s  printed i f  
a rupture disk bursts  during the time step. 

" Some diagnostic checks a r e  performed. F o r  example, i f  a junc- 
tion i s  specified a s  a rupture disk, bul no disk data a r e  input for that junction, 
an  e r r o r  message i s  written and the computation is  terminated. 

10. Pr int  Results a t  Specified Time Step 

The results of the interior- and junction-node computations a r e  
printed out in this su'bsection. lnpuf data specify Irequency of output (cvery 
time step, every other time step, every third time step, etc.) ,  whether results 
for  all pipes o r  selected pipes are priuled, and printout dctail (every node in  
the selected pipes, every other node, etc.) 

Typical output a t  the end of a time step consists of the time and 
the source pressure  a t  that tim.e, followed by a r rays  giving location, pressure ,  
velocity, and sound speed a t  the specified 11udes of the specified pipes, Each 
a r r a y  i s  identified by pipe number and the numbers of the junctions that the 
pipe connects. The positive velocity direction in a pipe i s  f rom the f i rs t  
node to the last  node. Pressures  a r e  converted to psi before printing. 

11. Initializations for Next Time Step 

Various initializations and updatings a r e  performed in this sub- 
section to prepare fo r  the next time step. An updated record i s  maintained 
of the maximum pressure  experienced by each pipe and the time a t  which it . 
occurs;  this information i s  printed a t  the end of the problem. The numerical- 
stability criterion i s  checked, and At is  shortened if necessary (see Sec. 111. C) .  
The record of maximum pressures  attained a t  each node in a plastically de- 
forming pipe is  updated for use in incorporating history efIecls illto the wavc- 
speed computation (see  Sec. 1II.A). The time i s  incremented by At, and the 
new source pressure  i s  computed. The a r r ays  P(L , I , l )  and U(L,I , l )  a r e  
replaced by corresponding elements f r u ~ u  P(L,I,2) and U(L,1,2). 

12. Printout a t  End of Problem 

After rcsults of the final time step a r e  printed, some additional 
information is  printed by this subsection a t  the end of the problem. This 
includes ( I )  the maximum pressure  experienced by each pipe and the time a t  
which it  occurred, (2 )  the identification numbers of the pipes that have de- 
formed plastically, and ( 3 )  identification of the rupture disks that have burst 
and the corresponding times. 



13. Diagnostic Message P r in t s  

PTA- 1 has  many diagnostic messages  to identify input inconsis - 
tencie s and e r r o r s  and to indicate computational difficulties. These m e s  - 
sages a r e  contained in this subsection of the p rogram and a r e  described in 
detail  in Sec. VI. 

14. Innut-.format Statements 

Format s  for input data a r e  contained in this  subsection. 

15. Output-format Statements 

Output formats ,  except for diagnostic messages ,  a r e  contained in 
this subsection. 

B. Subroutine MTPRP 

The MTPRP subroutine computes fluid wave speed a s  a function of 
p r e s s u r e  for var ious piping ma te r i a l s  with elast ic-plast ic  deformation effects 
included. The version in PTA-1 has  provision for  treating six different piping 
ma te r i a l s ,  which a r e  identified by a ma te r i a l  number MAT. Current ly,  
MAT = 1 i s  Type 304 s tainless  s tee l ;  MAT = 2 i s  Type 316 s tainless  steel'; 
MAT = 3 i s  the functional f o r m  for fitting s t r e s s - s t r a in  curves  descr ibed in 
Eqs .  55-57, with the ma te r i a l  constants fo r  Nickel 200; MAT = 4 and MAT = 5 
a r e  bilinear s t r e s s - s t r a i n  relations; and MAT = 6 i s  a rigid mater ia l .  System 
tempera ture  and fluid proper t ies ,  such a s  sound speed and density, a r e  avail-  
able through COMMON. There  a r e  three  en t ry  points in the MTPRP subroutine: . 

1. Entry ELPRP(MAT, HD, PYLD, CELAS) i s c a l l e d  f rom the 
"Computation of P rob lem P a r a m e t e r  st!  subsection of the main program.  The 
yield p r e s s u r e  PYLD and elast ic  wave speed CELAS a r e  computed fo r  a pipe 
having a thickness -to-diameter rat io  HD and made of ma te r i a l  type h4AT. 
P Y  LD i s  related to the yield s t r e s s  of the ma te r i a l  through Eq. 9 ,  and CELAS 
i s  computed using Eq.  7. Various p a r a m e t e r s ,  such a s  elast ic  modulus,  yield 
s t r e s s ,  and the Ci,of Eqs .  56, a r e  determined fo r  each ma te r i a l  the f i r s t  t ime 
the ma te r i a l  t ype  i s  called, if  KPR(MAT) = 0,  the ma te r i a l  type MAT has  not 
been used in some previous ca l l  of E L P R P ,  and if KPR(MAT) = 1 ,  i t  has  been 
used. 

2. Entry  WRMAT(MAT) i s  called f r o m  the " P r i n t  Input, P rob lem 
P a r a m e t e r s ,  and Network Arrangementt t  subsection of the main pr 'ogram. 
I t  p r in ts  a message  describing ma te r i a l  type MAT. The logic in the main 
p rogram i s  such that a ma te r i a l  message  i s  printed only once, no m a t e r  how 
many pipes a r e  made of the ma te r i a l ,  and messages  for  only the ma te r i a l s  
used in the sys t em a r e  printed. 



3.  Ent ry  WVSPD(MAT, HD, P ,  PX,  C) is called. to calculate the fluid- 
wave speed C a s  a function of p r e s s u r e  P ,  using Eqs.  8 and 9,  a t  a point in a 
pipe where  the previous maximum p r e s s u r e  i s  PX.  he pipe i s  made of m a -  
t e r i a l  MAT and has  a thickness-to-diameter ra t io  HD. 

C. Subroutine FLPRP(SPWT, DENS, VISC , SNDSPD) 

The F L P R P  subroutine computes the specific weight (SPWT), density 
(DENS), dynamic viscocity (VISC) , and sound speed (SNDSPD) of the fluid 
contained in the piping sys tem.  The sys t em tempera ture ,  which i s  a problem 
input, is available f r o m  the main p rogram through COMMON. The cu r ren t  
vers ion  of F L P R P  used in  PTA-1 computes liquid-sodium proper t ies  f r o m  
E q s .  51-54. 

D. Subroutine INTRP(L ,I ,K,U ,P ,c) 

The INTRP subroutine per forms the interpolations desc rihcd in 
Sec. 1II.D. If K = 1 ,  the interpolation i s  along the. C+ charac ter i s t ic ,  and the 
calculated values of fluid velocity U ,  p r e s s u r e  P ,  and wave speed C correspond 
to UA , pA, and c:, respectively.  If K 2, the interpolation i s  along the C- 
charac ter i s t ic ,  and the re turned  values of U, P ,  and C correspond to ug., pB,  
and c k ,  respectively.  ( s e e  Figs .  2 and 3 and Eqs.  1 3 ,  14, and 22-29.) Grid 
point Q of F igs .  2 and 3 .corresponds to  node I of pipe number LPIPE(L). 

If KPLAS(L) = 0 ,  the pipe has  not undergone plastic deformation and 
Eqs .  24, 2 6 ,  and 2 7  a re  used. If KPLAS(L) > 0, the pipe h.a.s had previous plas - 
t ic deformation, and Eqs .  24, 25, 28 and 29 a r e  used in an i terat ive technique. 
If MPX = 0 ,  thc value of the wave speed cp  in Eqs. 28 i s  con~puted f r o m  con- 
ditions a t  point P. If MPX > 0 ,  the i terat ive solution a t  point P performed .in 
the main p r o g r a m  i s  converging poorly and an averaged value of c i s  then P 
passed  f rom the ma in  p r o g r a m  to INTRP through COMMON. 

E. Subroutine FRCTRM(L,U,G) 

The fr ic t ion t e r m  G,  defined in Eq. 5 ,  i s  computed fo r  fluid velocity 
U in pipe number LPIPE(L). Fluid proper t ies ,  pipe roughness,  and pipe di-  ' 
amete r  a r e  passed through COMMON. The pipe friction factor f i s  computed 
as descr ibed in Sec. 1II.G. If KFRIC = 0, f r ic t ional  lo s ses  a r e  neglected and 
the friction t e r m  i s  s e t  to  zero.  

F. Subroutine AREACH(J) 

The AREACH subroutine performs l h e  boundary-nodc calculation at 
the a r e a  change (sudden expansion o r  contraction) a t  junction number JUN(J),  
a s  descr ibed in Sec. I I I .F. l .  The basic  case  t rea ted  i s  a last-node end con- 
nected to a first-node end. The other two c a s e s ,  i .e. ,  two first-node ends 
connected o r  two last-node ends connected, a r e  converted f i r s t  to equivalent 
basic  cases  and then converted back a t  the end of the calculation. 



G. Subroutine TEE(J ,INCOND,PR) 

The T E E  subroutine computes the p r e s s u r e  and fluid velocities a t  
the tee a t  junction number JUN(J) according to the procedure descr ibed in 
Sec. III.F.2. 

H. Subroutine PUMP(J,LLPMP,HEAD) 

The PUMP subroutine computes the p r e s s u r e s  and fluid velocities a t  
the pump a t  junction number JUN(J ) ,  a s  descr ibed 'in Sec. 1II.F. 3. The pump 
head i s  HEAD, and i t s  outlet i s  into pipe number LPIPE(LLPMP) . The pump 

L1 

i s  modeled a s  a t ee ,  with the pump head being subtracted in performing the 
flow balance at  the tee  junction. The head i s  then added on again in computing 
the pr 'essure a t  the outlet pipe. 

I. Subroutine IMPED( J) 

The boundary-node calculation a t  the dummy junction o r  acoustic- 
impedance discontinuity at  junction number JUN(J) i s  performed by the 
IMPED subroutine,  using the procedures  descr ibed in Sec. III.F.4 and III.F.5. 
As in the AREACH subroutine,  the last-node end of one pipe connected to the 
first-node end. of another i s  t reated a s  the basic case .  The other possibil i t ies 
a r e  converted f i r s t  to equivalent basic cases  and then converted back a t ' the  
end of the calculation. 

J.  Subroutine c LOSED( J) 

The CLOSED subroutine per forms the boundary-node calculation a t  
the closed end located a t  junction number JUN(J),  using Eqs .  38 and 39. It 
t r ea t s  either a f i rs t -node pipe end o r  a last-node.end connected to  the junction. 

K. Subroutine CONSTP( J ,PRES) 

The CONSTP subroutine pe r fo rms  the boundary-node calculation a t  
the constant-pres su re  r e se rvo i r  at  p r e s s u r e  PRES located a t  junction number 

; JuN(J) ,  using Eqs .  40 and 41. Ei ther  a first-node pipe end o r  a last-node end 
can be connected to  the junction. 

L. Subroutine FAREND( J) 

The far -end  boundary condition a t  junction JUN(J)  is calculated a s  
descr ibed in Sec. III.F.8. Ei ther  a first-node pipe end o r  a last-node pipe 
end can be a far-end junction. 

M. Subroutine RUPDSK(J, PRDB, PRDG, KRD) 

I The RUPDSK subroutine pe r fo rms  the boundary calculation fo r  the 
rupture disk with burs t  p r e s s u r e  PRDB located a t  junction number JUN(J ) ,  



using E q s .  44 and 45. If KRD = 0 ,  the disk has  not burs t  and the junction i s  
computed as  a closed end. If KRD = 1 ,  the disk has  bu r s t  previously and the 
junction i s  computed a s  a constant-pressure boundary a t  p r e s s u r e  PRDG. If 
KRD = 0 and the calculated p r e s s u r e  exceeds PRDB, KRD i s  s e t  equal to one 
and the computation i s  repeated a s  a burst-disk case ;  the change in KKD i s  
detected in the main  p rogram,  which pr in ts  a message  giving the location of 
the b u r s t  disk and the t ime  of rupture.  The pipe end connected a t  the rupture 
d isk  can  be ei ther  a f i r s t -  o r  last-node end. 

Subroutine PRESSO(J ,PSO) 

The subroutine PRESS0 pe r fo rms  the boundary calculation a t  the p r e s -  
s u r e  source  at p r e s s u r e  PSO and located a t  junction number JUN(J),  using 

' 

E q s .  46  and 47. As rn,any as s ix  pipes can be connected to the p res su re - source  
junction a t  e i ther  node end. 

0. Subroutine PTIME(T ,I-') 

The J?-"'llM.)i: subroutine inlei~polates  l incarly f o r  source prens i i re  P as 
a function of t ime T in a table of values of p r e s s u r e  PTM(K) a t  t ime TIME(K) , 
where  K = 1 ,  2 ,  ..., NOPT. The table i s  input originally to the main program 
and i s  contained in COMMON. F o r  t imes  before the f i r s t  tabulated point 
 TIME(^), the p r e s s u r e  i s  s e t  equal to the f i r s t  tabulatedvalue; i .e . ,  P = P T M ( ~ ) .  
F o r  t imes  g r e a t e r  than the l a s t  tabulated point, i .e . ,  T > TIME(NOPT), the 
p r e s s u r e  i s  s e t  equal to the l a s t  tabulated value; i .e . ,  P = PTM(NOPT). 
PTIME i s  called f r o m  the "Initialization a t  TBEG" and "Initialization for  Next 
T i m e  Step" subsections of the main program.  

V. PTA- 1 INPUT REQUIREMENTS 

C a r d  FORTRAN 
No. - N a m e  F o r m a t  Descr ip t ion  

1 1675 

N P I P E  N u m b e r  of p ipe s .  1 6 N P I P E  5 LMAX = 100. 

NOJUN Number  of junct ions.  1 s NOJUN s JMAX = 100. 

NOTNK Number  of s u r g e  tanks .  0 6 NOTNK NTNKMX = 10. 

I\ICIR.-n 

NOPUMP 

KFRIC 

NOPT 

INC ON D 

firumber nf r ~ ~ p t n r e  disks. 0 s NORD NRDMX = 10.  

Number  of pumps .  0 s NOPUMP s NPMPMX = 10 

KFRIC = 1 ,  p ipe  f r i c t i on  i s  included.  
KFRIC = 0 ,  p ipe  f r i c t i on  is  not included.  

Number  of p r e s s u r e - t i m e  poin ts  specifying p r e s s u r e  s o u r c e .  
0 6 NOPT s NPTMX = 50. 

TNCOND = 1 ,  in i t i a l  ve loc i t i e s  and p r e s s u r e s  a r e  input  indi-  
vidual ly f o r  a l l  p ipes .  
INCOND = 0 ,  in i t i a l  ve loc i t i e s  and p r e s s u r e s  a r e  a l l  s e t  to  UR 
and P R ,  r e spec t i ve ly .  



Card FORTRAN 
NO. Name Format  - Description 

NOPRIN Frequency of printout. If NOPRIN = 1 ,  resul ts  for  every t ime ' 

step a r e  printed; if NOPRIN = 2 ,  resul ts  for every second 
time step a r e  printed; etc. 

IPRIN 

N L P  RN 

DT 

TBEG 

T FIN 

UR 

TEMP 

Detail of printout. Results a r e  printed fo r  every IPRINth node 
of each pipe specified below. 

NLPRN = 0,  results for all  pipes a r e  printed. 
NLPRN = 6, e.g., resul ts  for six pipes a r e  printed (pipe num- 
berg specified on card 5). 0 s NLPRN s NPIPE. 

Time s tep,  seconds. 

Time at  which calculation begins, seconds 

Time a t  which calculation termina.tas, seconds 

Initial velocity, f t / sec .  If INCOND = 0,  initial velocities a r e  
set  to UR in all  pipes. 

Initial p r e s s u r e ,  psi. If INCOND = 0, initial p ressures  a r e  
se t  to P R  in all  pipes. 

Fluid temperature ,  OF. 

415,5E10.5 The set  of ca rds  3a, 3b i s  repeated for L = 1 ,  NPIPE. 

Junction number a t  f i r s t  node of pipe. 

Junction number a t  l a s t  node of pipe. 

Material  number of pipe: 
MAT = 1 ,  Type 304 stainless steel;  
MAT = 2 ,  Type 316 stainless steel;  
MAT = 3, l inear elastic and plastic regions with elliptic 
transition; 
MAT = 4 ,  bilinear s t r ess - s t ra in  relation; 
MAT = 5, same  a s  4 with different mater ia l  constants; 
MAT = 6 ,  regid pipe, wall. 

Inner diameter of pipe, inches. 

Wall thickness of pipe, inches. 

Pipe length ,  feet .  

Wall roughness,  inches. 

Flow a r e a ,  in.' If A = 1 7 ~ ~ 1 4 ,  s e t  A = 0 and i t  will be com- 
puted f rom D. 

Include cards  3b if INCOND = 1; omit if INCOND = 0. 

Initial p ressure  at f i rs t  node of pipe, psi .  

Initial p ressure  a t  1ast.node of pipe, psi .  

Initial velocity a t  f i r s t  node of pipe, f t / sec .  

Initial velocity a t  l a s t  node of pipe, f t / sec .  

J = 1 ; NOJUN (eight junctions pe r  ca'rd). 

Junction number (a rb i t r a ry ) .  



C a r d  FORTRAN 
No. N a m e  F o r m a t  

Junc t i on  type: 
J T Y P E  = 1,  suddcn  expans ion  o r  contrar t . jnn;  
J T Y P E  = 3 ,  t e e  ( t h r e e  to  s i x  b r anches ) ;  
J T Y P E  = 4 ,  pump;  ' 

J T Y P E  = 6 ,  acous t ic - impedance  discontinui ty ( no  a r e a  
change)  o r  d u m m y  junct ion;  
J T Y P E  = 7 ,  c losed  end;  
J T Y P E  = 8,  s u r g e  tank  ( cons t an t -P re s su re  boundary) ;  
J T Y P E  = 9, f a r  end  (nonref lec t ing) ;  
J T Y P E  = 1 0 ,  r up tu r e  d i sk ;  
J T Y P E  = 1 5 ,  p r e s su re -p l i l s e  s o u r c e .  

1615 K = 1 ,  NLPRN;  omi t  if NLPRN = 0.  

LPRIN(K) P i p e  n u m b e r s  f o r  which r e s u l t s  a r e  p r i n t ed .  

Junct ion number  t o  which s u r g e  tank o r  c o n s t a n t - p r e s s u r e  
boundary  is connected. 

PTANK(K) G a s  p r e s s u r e  of s u r g e  t ank  o r  c o n s t a n t - p r e s s u r e  bounda ry ,p s i .  

7 110,2E:10.5 K = 1 ,  NORD; o m i t  if NORD = 0 .  

Junc t ion  nurnber  t o  which rup tu r e  d i sk  i s  connec ted .  

B u r s t  p r e s s u r e  of r u p t u r e  d i sk ,  p s i .  

G a s  p r e s s u r e  behind d i s k ,  p s i .  

215 ,E10.5 K = 1 ,  NOPUMP;  o m i t  if NOPUMP = 0 .  

Junct ion number  t o  which pump  i s  connected.  

P u m p - d i s c h a r g e  p ipe  number .  

P u m p  head ,  p s i .  

8E10.5  K = 1 ,  NOPT;  urr~i l  i1 NOPT = 0.  

T i m e s  f o r  which  sou rce -pu l s e  d a t a  a r e  input ,  s econds .  

8E10.5 K = 1, NOPT;  o m i t  if NOPT = 0. 

Sou rce -pu l s e  p r e s s u r e  a t  t i m e  TIME(K), p s i .  

The values of LMAX, JMAX, NTNKMX, NRDMX, NPMPMX, and 
NPTMX, which a r e  given in prescr ib ing  l imi ts  on input data  on ca rd  1 ,  a r e  
those contained in the l is ted vers ion  of PTA- 1. ( see  Sec. VII f o r  information 
on increasing these l imi ts  to accoxllmodate a l a rge r  pipe network or  decreasing 
them to conserve c o r e  storage.,) 

I f  INCOND = 0 ,  the initial velocities ar~d pr lessures  throughout thc 
sys t em a r e  all se t  to URand P R ,  respectively,  where UR and P R  a r e  input 
on c a r d  2. Ca rds  3b a r e  omitted in this  case .  If INCOND = 1 ,  initial veloc- 
i t i e s  and p r e s s u r e s  a t  the f i r s t  and l a s t  nodes of eachpipe a r c  input on c a r d s  3b. 
Initial velocities and p r e s s u r e s  a1 i~ l le r lnedia te  nodcs a r c  then computed in the 
p r o g r a m ,  using l inear  interpolation between the end-node values. 

Pipe and junction numbers  may  be assigned a rb i t r a r i ly ,  and either 
end of a p i p e  may be designated a s  the f i rs t -node end. 



The diameter  D and flow a r e a  A of each pipe a r e  input independently 
on ca rds  3a to accommodate the modeling of a component where A # r r ~ ' / 4 .  
The d iameter  i s  used in computing deformation response through the ratio 
H/D and pipe-friction los ses ,  and the a r e a  i s  used in computing junction con- 
ditions a t  t e e s ,  pumps,  and sudden expansions o r  contractions.  An input of 
A = 0 will resu l t  in the a r e a  being computed f r o m  A = r r ~ ~ / 4 .  

If KFRIC = 0 on ca rd  1 ,  i .e. ,  pipe friction i s  not included in the prob- 
l e m ,  i t  is not necessary  to input values of pipe roughness RF(L) on c a r d s  3a. 

VI. DIAGNOSTIC MESSAGES 

The diagnostic messages  printed by PTA-1 a r e  l is ted in this section 
along with some ex'p1a.na.t.ion.s of their  implications. 

"ERROR IN NUMBER O F  PIPESi1 

The input value on ca rd  1 of the number of pipes NPIPE in the sys t em 
i s  l e s s  than one o r  g rea te r  than LMAX, where LMAX = 100 in the l is ted 
version of PTA- 1. 

"ERROR IN NUMBER O F  JUNCTIONS" 

The input value on card  1 of the number of junctions NOJUN in  the 
systein i s  l e s s  than one o r  g rea te r  than JMAX, where JMAX = 100 in the 
l isted version of PTA- 1. 

I1ERROR IN NUMBER. O F  TANKS" 

The input value on ca rd  1 of the number of constant-pressure surge 
tanks NOTNK in the sys tem i s  negative o r  g rea te r  than NTNKMX, where 
NTNKMX = 10 in the l isted version of PTA- 1. 

I 
"NOTME: - 0 AND JUNCTION xxx IS A SURGE TANK" 

The input value on card  1 of NOTNK = 0 indicates that there  a r e  no 
surge tanks in the sys tem,  but junction number xxx i s  identified a s  type 8 
(surge-tank junction) on c a r d  4. 

"NO TANK DATA INPUT FOR JUNCTION xxx" 

Junction number xxx i s  identifZed a s  ty-pe 8 (surge-tank junction) on 
card 4 ,  but no surge-tank data  have been input on ca rd  6 fo r  this  junction. 

"ERROR IN NUMBER O F  RUPTURE DISKS" 

The input value on c a r d  1 of the number of rupture disks NORD in  
the sys tem i s  negative o r  g rea te r  than NRDMX, whkre NRDMX = . 10 in the 
l isted version of Y'I'A-I. 



"NORD = 0 AND JUNCTION xxx IS A RUP'I'URE DISK" 

The input value of NORD = 0 on ca rd  1 indicates that there  a r e  no 
rupture  disks in the s y s t e m ,  but junction number xxx i s  type 10 (rupture-disk 
junction) on c a r d  4. 

"NO RUPTURE DISK DATA INPUT FOR JUNCTION xxx" 

Junction nurjnber xxx i s  identified a s  type 10 (rupture-disk junction) on 
c a r d  4 ,  but no rupture-disk data  have been input on ca rd  7 fo r  this junction. 

I1ERROR IN NUMBER O F  PUMPS" 

The input value on ca rd  1 of the number of pumps NOPUMP in the sys-  
t e m  is negative o r  g rea te r  than NPMPMX, where NPMPMX = 10 in the l isted 
ver slvn u l  FTA- 1. 

ItPUMP DISCHARGE P I P E  NUMBER IS INCORRECT JPUMP = xxx, 
LPUMP = yyy" 

On c a r d  8, a pump i s  located a t  junction number xxx having discharge 
pipe number yyy. This  e r r o r  message  resu l t s  if e i ther  (1) no pipe number 
yyy occurs  in the sys t em,  a s  evidenced by the values of LPIPE on ca rds  3a, 
o r  ( 2 )  pipe number yyy is not connected to junction number x q ,  which i s  . 

d i scovered  by comparing junction number xxx with the junction numbers JI (L)  
and JN(L) associated with pipe number LPIPE(L) = yyy on c a r d  3a. 

"NOPUMP = 0 AND JUNC'T'ION xxx IS A PUMP" 

The input value on ca rd  1 of NOPUMP = 0 indicates that thcre  a r e  no 
pumps in the sys t em,  but junction number xxx i s  type 4 (pump junction) on 
c a r d  4. 

"NO PUMP DATA INPUT FOR JUNCTION xxx" 

JGnction number xxx is identified a s  type 4 (pump junction) on ca rd  4,  
but no primp data on c a r d  8 have been input for  this junction. 

llERROR IN NUMBER O F  PRESSURE SOURCE DATA POINTS" 

The input value on c a r d  1 of the number of p res su re - source  data points 
NOPT i~ negative o r  g rea te r  than NPTMX, where NPTMX = 50 in the l isted 
ve r s ion  of PTA-  1.  

Q 

"NO INPUT PRESSURE PULSE (NOPT = 0) AT SOURCE JUNCTION xxx" 

The input. value on c a r d  1 of NOPT = 0 indicates that t he re  i s  no 
p res su re -pu l se  source  in the sys t em,  but junction number xxx i s  type 15 
(pressure-pulse  source)  on card  4. 



"INCORRECT P I P E  ARRANGEMENT AT JUNCTION xxx, JTYPE = yyy" 

This  message  is  printed when the number of pipes connected a t  junc- 
tion number xxx i s  inappropriate for  the associated junction type yyy given on. 
c a r d  4.  In par t icu lar ,  i t  occurs  when m o r e  o r  l e s s  than one pipe i s  connected 
to a single pipe boundary; m o r e  o r  l e s s  than two pipes a r e  connected at  a two- 
pipe junction; o r  m o r e  than NBRMX pipes a r e  connected a t  a multipipe junction, 
where NBRMX = 6 in the l isted version of PTA-1. 

"INVALID JUNCTION TYPE, JUN = xxx, JTYPE = yyy" 

The junction type yyy associated with junction number xxx on card  4 
1 

does not correspond to a permiss ib le  junction type. 

"PIPES CONNECTED AT JUNCTION xxx HAVE DIFFEKENT AREAS, 
JTYPE = 6" 

According to card  4 ,  junction number xxx i s  junction type 6 (acoust ic-  
impedance discontinuity o r  dummy junction), but the pipes connected the re  
have different a reas .  The junction probably should be type 1 (sudden expan- 
sion o r  contraction junction). 

ItNNODE.GT.IMAX FOR PIPE NO. xxx--RESET DT = yyy TO DT = zzz" 

F o r  the input t ime s tep of DT = yyy on ca rd  2, the computed number 
of nodes NNODE for  pipe number xxx exceeds IMAX, where IMAX = 100 in 
the listed version of PTA- 1. The t ime s tep has  been increased to DT = zzz ,  
and problem execution i s  continued. 

ltCUMX = xxx IS GREATER THAN FACT2" 

CUMX > F2 ( see  Sec. 111. c), where CUMX i s  the maximum value of 
( c  + lul)/c occurr ing in  the system. s ince  numerical  instability i s  likelv 
to resu l t ,  the end-of-problem printouts a r e  writ ten and execution i s  
terminated. 

1 

*****DT IS DECREASED TO xxx*****If 

F1 5 CUMX 6 F2 ( s e e  Sec. III.C), where  CUMX i s  the maximum value 
of ( c  + Ll) /c  occurr ing in the system. Since the Courant-Friedrichs-Lewy 
cr i te r ion  may  be violated if the cu r ren t  t ime s tep i s  used for  subsequent 
computations, DT i s  decreased  to xxx and execution i s  continued. 

"NUMBER O F  P'LASTIC PTPFS EXCEEDS NPLMX" 

The number of pipes in the sys tem that have experienced some plast ic  
deformation exceeds NPLMX, where NPLMX = 10 in the l isted version of 
PTA-1. Since the s torage allocations for  plasticity-related quantities a r e  
consistent with NPLMX , end-of -problem printouts a r e  writ ten and execution 
i s  terminated. 



"NO CONVERGENCE IN PLASTIC ITERATION FOR P I P E  NO. xxx,  I = yyy, 
TIME = zzz SEC" 

The i terat ive procedure fo r  calculating p r e s s u r e  and velocity in a 
plast ical ly  deforming pipe does not converge at  nnde number yyy of pipe num- 
be r  LPIPE = xxx a t  t ime zzz. End-of-problem printouts a r e  wri t ten,  and 
execution is  terminated.  

llNO CONVERGENCE IN PLASTIC ITERATION AT JUNCTION xxx, 
TIME = yyy SEC" 

The i te ra t ive  procedure  for  calculating p r e s s u r e  and velocity in a 
plastically deforming pipe does not converge a t  junction number xxx at t ime 

yyy. End-of -problem printouts a r e  wri t ten,  and execution i s  terminated.  

IIINCORRECT MATERIAL NUMBER, MAT - xxx" 

Thio message  is wri t ten by the mater ia l s -proper ty  subroutine MTPRP 
and indicates that m a t e r i a l  type number xxx i s  outside the permiss ib le  
range 1-6.  

"NO CONVERGENCE IN INTRP ITERATION LPIPE = xxx, I = yyy, K = z" 

This message  i s  writ ten by the interpolation subroutine INTRP and 
indicates that the interpolation procedure at  node number yyy of plastically '  
deforming pipe number xxx does not converge. If K = 1 ,  the interpolation 
i s  along the C+ charac ter i s t ic  (point A of Figs .  1 and 2); if K = 2, the in t e r -  
polation i s  along the C- charac ter i s t ic  (point B of F igs .  1 and 2).  

"NO CONVERGENCE IN FRICTION TERM FOR LPIPE = xxx, VELOCITY = yyy" 

This  message  i s  writ ten by the f r ic t ion- te rm subroutine FRCTRM and 
indicates that t he re  i s  no convergence in the i terat ive computation of the pipe 
fr ic t ion factor for  pipe number xxx a t  velocity yyy. 

"AREACH SUBROUTINE--SQUAKE ROOT HAS NEGATIVE ARGUMEN.T AT ( 

JUNCTION xxx" 

This  message  i s  printed b y  the area-change junction slibroutine and 
indicates that the square- root  t e r m  IYI E y s .  31 llas a i~cgat ivo argument f n r  

junction number xxx. 

VII. ALTERATIONS TO PROGRAM STORAGE 

The s lorage allotments in the l is ted version of PTA-1 a r e  consistent 
with l imitations given in Table I1 and determine the complexity of the piping 
network which can  be analyzed. The values of LMAX, JMAX , e tc . ,  given in 
Table 11, a r e  prescr ibed  in DATA statements  in the main program;  and a r r a y s  
in COMMON and DIMENSION statements  i n  the main p rogram and subroutines 
a r e  sized in accordance with them. 



TABLE 11. Storage Limits  

Name Description Value 

L U X ,  Maximum number of pipes . 100 

JMAX Maximum number of junctions 100 

IMAX Maximum number of nodes per  pipe 100 

NBRMX Maximumnumberofpipesconnectedatamulti- 
branch junction 6 

NP.LMX Maximum number of plastically deforming pipes 10 

NPTMX Maximum number of p res su re -  t ime input points 5 0 

NTNKMX Maximum number of constant- p r e s  s u r e  surge  tanks 10 

. NRDMX Maximum number of rupture disks 10 

NPMPMX Maximum number of pumps 10 

A r r a y  s izes  can be a l te red  ei ther  to increase  the complexity and s ize ' .  
of the piping network being analyzed o r  to reduce core-  s torage requirements .  
The changes in  COMMON and DIMENSION storage allocations compatible with 
changes in  the l imits L U X ,  JMAX, e tc . ,  a r e  discussed below. 

A. A r r a y  Sizes  in COMMON Statements 

: The sharings of numbered common blocks between the main p rogram 
and subroutine a r e  l is ted in Table I. The COMMON statements ,  with l imit  
names substituted for  numerical  values in the s torage alloca.tions, a r e :  

B. A r r a y  Sizes  in  DIMENSION Statements 

The DIMENSION statements  in the main p rogram and subroutines a r e  
a s  follows, with l imit  names  substituted fo r  numerical  values in  the s torage 
allocations. 



1 .  M a i n  P r o g r a m  

DIMENSION PLNGTH(LMAX) ,H(LMAX) 

DIMENSION LPRIN(LMAX)  , PMAX(LMAX) , TMAX(LMAX) 

DIMENSION PO~(LMAX),PON(LMAX),UO~(LMAX),UON(LMAX) 

DIMENSION J T Y  P E (  JMAX) , J1 (LMAX) , JN(LMAX)  

DIMENSION L P L P ( N P L M X ) ,  P P I J ( N P L M X )  ,UP1  J ( N P L M X )  

DIMENSION PTANK(NTNKMx),  JTANK(NTNKMX) 

2. S u b r o u t i n e  M T P K P  

DIMENSION E ( 6 )  , S Y ( ~ )  ,KPR(6)  ,EPSY (6)  (Compat; ible  w i t h  n u m b e r  
of material r e p r e s e n t a t i o n s )  

3. S u b r o u t i n e  F L P R P  

None.  

4. S u b r o u t i n e  I N T R P  

None .  

5. S u b r o u t i n e  F R C T R M  
~- p~~ 

None.  

6. S u h ~ r o ~ i t i n c  A R E A C H  

None.  

7, S u b r o u t i n e  . T E E  -_- ..- .-_- 

8. S u b r o u t i n e  PUMP 

DIMENSION UA(NBRMX) ,UB(NBRMX) ,PA(NBRMX) , P B ( N B R M X )  3 

CA(NBRMX) ,CB(NBRMX) ,GA(NBRMX) ,GB(NBRMX) 



9. Subroutine IMPED 

None. 

10. Subroutine CLOSED 

1 1. Subroutine CONSTP 

None; 

12. Subroutine FAREND 

None. 

1 3 .  Subroutine RUPDSK 

None. 

14. Subroutine PRESS.0 

None. 

15. Subroutine PTIME 

None. 



APPENDIX A 

S a m ~ l e  Problem 

The following sample problem i s  included to i l lustrate  input requi re-  
men t s  for  PTA-1 and to demonstrate  the effect of plastic deformation on 
pulse  propagation. 

Consider the s imple piping network shown in  Fig. 4. Encircled numbers  
a r e  the pipe identification numbers ;  the notation 18",  50' means that the pipe i s  
18 in. in diameter  and 50 ft  long; and the notation (10,3) indicates that junction 
number 10 is type 3 ,  i . e . ,  a t ee  junction. Junctions 1 and 2 could have. been 

RUPTURE DISK 
(11,IO) 

SOURCE TEE (10,3) 
18",50' 

assigned the s a m e  number since 
they a r e  both connected to the 
oource. The 1 8 - i n  pipes have a 
0.438 -in. wall  thickness,  and the 
wall of the 24-in. pipe i s  0.562 in. 
thick. All pipes a r e  made of 
Type 304 s tainless  s tee l  (MAT = 

TEE @ FAREND 
I )  and have a wall roughness. of 

(30.3) 24",25' (3.9) 0.005 in. The sodium coolant i s  

SOURCE 
(2,151 18", 5 0 '  

CLOSED END 

at 700°F a..n.d i s  inj.ti.al1.y a t  r e s t  
under 100-psi p res su re .  The 
rupture disk a t  junction 11 has  
a burs t  p res su re  of 300 psi ,  with 
a 15-psi r e se rvo i r  behind it. 

121.7) 
Figure 5 shows the input 

Fig. 4. Piping Network for Sample Problem data for  the sample problenl: 
A tr iangular  p r e s s u r e  pulse having 

a r i s e  to 1100 ps i  in  10 msec ,  followed by a decay to 100 ps i  in  an additional 
40 m s e c ,  is specified. The t ime  s tep i s  O.S.msec, and the t ransient  i s  initiated 
a t  t =.  0 and followed to t = 75 msec .  Results for  every  other  axial  node of 
each  pipe a r e  printed for  every  fifth t ime step. Cross-sect ional  a r e a s  of the 
pipes a r e  not input since they can be calculated from the diarrle,Lers. Ca.rc1.s 3b 
are omitted because init ial  velocities and p r e s s u r e s  a r e  the same  for  a l l  pipes;  
Card  5 i s  omitted because r e su l t s  a r e  printed for  a l l  pipes;  and Cards  6 and 8 
a r e  omitted because the re  a're no surge tanks o r  pumps in the system. 

The computation indicates that the rupture disk bur s t  a t  12 m s e c  and 
pipes 1,  4 ,  5,  and 6 deformed plastically during the transient.  F igures  6 and 7 
give the p r e s s u r e  h is tor ies  a t  the t ee  a t  junction 20 and.the nonreflecting end 
at, jilnction 3 ,  respectively.  The source pulse i s  a lso shown on Fig. 6. 

To demonstrate  the effect of plast ic  deformation on t ransient  response ,  
the same problem was  run  with a l l  pipes made of ma te r i a l  5, which has  the 
s a m e  elast ic  modulus a s  Type 304 s tainless  s tee l  but does not deform plas-  
t ically at  sys t em p ressu res .  The dashed curves on the f igures  show the r e -  
sulting elast ic  r e  sponse. 
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JUNCTION 2 0  - 

- 
MAT = I (TYPE 3 0 4  SS) . 

- 

- 

- 

- 

7 

I \ / 
I I I 1 I 

- 
100 

0 .010 . .020 .030 .040 , .050 .060 ' .070 

TIME, sec 

Fig. 6 .  Pressure History a t  Junction 20 and Source Pulse a t  Junctions 1 and 2 

I I I I I 

- - 
MAT = I (TYPE 304 SS) 

- - 
- - 
- - 

0.0 1 0.02 0.03 0.04 0.05 0.06 0.07 

T I M E ,  sec 

Fig. 7. pressure History at Junctivn 3 



The departure  f r o m  linearity of the s t r e s s - s t r a i n  curve for Type 304 
s tainless  s tee l  occurs  a t  p r e s s u r e s  of about 500 psi  for  pipes of the given 
dimensions. The leading edge of the pulse up to  this  p r e s s u r e  i s  consequently 
unaffected by plastic deformation. Since the burs t  p r e s s u r e  of the rupt;re 
disk i s  l e s s  than the yield p r e s s u r e ,  the disk burs t s  a t  the same  t ime fo r  both 
problems. The effect of plast ic  deformation i s  to lower the peak p r e s s u r e  a t  
junction 20 by about 300 psi and to  lower the peak p r e s s u r e  a t  junction 3 by 
about 200 psi.  ' The peaks a r e  a l so  delayed. 

Note that negative p r e s s u r e s  a r e  computed a t  la te r  t imes ,  indicating 
that cavitation would occur in the system. Subsequent versions of the PTA code 
will t r e a t  the effects of cavitation on t ransient  propagation. 



A P P E N D I X  B 

List ing of P T A -  1 

C 
C 
C ****t*C************4***4*****4*********4***4**4**************4****4*4****** 
C * PTA-1  PROGRAM 4  
C * PRESSURE TRANSIENT ANALYSIS  * 
C 0 THE METHOD OF CHARACTFRIST ICS  I S  USED FOR PRESSURE TRANSIENT * 
C 0 AhALYS I S  I N  HYDRAULIC NETWORKS FOR ARBITRARY PRESSURE SOURCE. 4  
C 4: THE PROGRAM CONSIDERS CUMPLETE ORE-DIMENSIONAL EQUATIONS 9: 

C * I N C L U D I N G  NONL IhEAR CONVECTIVE TERMS AS I N  THE PROGRAM * 
C 4 NATKANSIFNT ( V o w .  SHIN,  ANL -8049 ) .  T H t  EFFECT OF P L A S T I C  * 
C 0 P I P E  DEFUKMATION ON PULSE PROPAGATION I N  THE F L U I D  I S  * 
C * ACCOUNTED FOR AS I N  THE PROGRAM PLWV (C.K. YOUNGDAHL AND * 
C * CoA-  KOT, ANL-75-51.  * 
C 8 C.K. YOUNGDAHL - OCTOBER 1976 * 
C ***t*******************************C*4******~**4*******************4**4***4 
C 
C 
C * f * f * 4 * * + 9 8 * * * * * * 0 0 8 * 4 4 * * I O 4 : * *  M A I N  PROGRAM 4****+*4*4*+***6**4*4*4**4:***49:0* 

C 
C 
c +***$**+********** P A R T I A L  L I S T I N G  OF I N P U T  DATA * * *4* * *+* * * * * * * *4* *6 : * * * * * *  
C * N P I P E  - NUMBER OF P I P E S  4  

C * NOJUN - NUMBER OF JUNCTIONS 4  
C * NbTNK - NUMBER OF CONSTANT PPESSURE TANKS * 
C * NORD - NUMBER OF RUPTURE D I S K S  * 
C * NOPUMP - NUMBER OF PUMPS 4  
C * K F H I C  - I F  K F R I C  = 0, I N V I S C I D  ANALYSIS  8 

C * I F  K F K I C  = 1, P I P E  F R I C T I O N  I S  INCLUDED 4 
C * NOPT - NUMBER OF DATA POINTS FOR PRESCRIBED PRESSURE SOUKCE 9 
C * INCOND - I F  INCOND = 1, I N I T I A L  CONDIT IONS ARE INPUT I N D I V I D U A L L Y  4  

C * NOPRIbl - FKkPUENCY OF P H  INTOUT 4  
C * I P R I N  - PARAMETER S P E C I F Y I N G  D E T A I L  OF PRINTOUT FOR EACH P I P E  * 
C 8 N L P k N  - NUMBER OF P I P E S  FOR WHICH RESULTS ARE PR INTED * 
C * I F  NLIJKN = 0, RESULTS ARE P R I N T E D  FOR A L L  P I P E S  * 
C * DT - T I M E  STEP I N  SECONDS * 
C * TBEG - T I M E  AT WHICH CALCULATION BEGINS, SECONDS 4  
C * T F I N  - F I N A L  T IME  AT WHICH CALCULATION TERMINATES, SECONDS * 
C * UR - I N I T C A L  VELOCITY  I N  FT/SEC * 
C * PR - I N I T I A L  PRESSURE I N  P S I  * 
C 8 TEMP - SYSTEM TEMPERATURE I N  DEGREES FAHRENHEIT * 
C 4 JTANK - JUNCTION TO WHICH TANK I S  CflNNECTED 16 
c * 1 ' 1  ANK - CONSTANT PRFSTIllRC AT TANK, P S I  4  

C * JRD - JUNCTION TO WHICH RUPTURE D I S K  I S  CONNECTED 4  
C * PKDB - BURST PRESSURE OF RUPTURF D I S K I  P S I  4  
C * PRDG - GAS PRESSURE BEHIND D I S K *  P S I  * 
C * JPUMP - PUMP JUNCTION NUMBER * 
C * LPUMP - PUMP DISCHARGE P I P E  NUMBER * 
C 4 HEAD - PUMP HEAUv P S I  * 
c **************t*****4**********4****************4~*************~*4**4**44** 
C 
c ****************t* D t F I N I T I O N S  OF JUhCT[ON TYPE NUMBERS * * * * * * * * * * * * * * *44* *  
C * 1 - SUOOEN EXPANSION OR C1)NTPACTION * 
C * 3 - TEE JUNCTION (3 TO 6 BRANCHES), NO LOSSES * 



C t: 4 . .  . - -  PUMP .JUr#CTI ON. . ,a - .  , . . . . * 
C t: 6 - ACOUST IC-IMPEDANCE DISCONTINUITY (NO AREA CHANGE) . * 
C 8 6 - DUMMY JUNCTION . . :  4: 
C * 7 - GLCISED -END 0 
C * 8 - CONSTANT PRESSURE BOUNDARY I S I ~ P L E  SURGE TANK) P 
C 8 9 - FAR END (NONREFLECTING') , * 
c * 10. - RUPTURE DI sc ( INSTANTAN,EOUS-CONSTANT PRESSURE , * 
C * 1 5  - PRESSURE SOURCE JUNCTION * 
c 8**~*++o+r******e88***0*#4**~f.********rp.*4*,***********%#84*?*.******8*#****** 
C 

COMMON / H I /  A1 l O O ) r C ( l O O ) r D Z (  1 0 0 )  r ~ ( 1 0 0 ) ~ ~ ~ 1 0 0 ~ 1 0 0 ~ ~ 2 ~ ~  
1 U (  1009 1 0 0 , 2 ) r L J l . (  1 0 0 r , 6 ) r L J N ( . l O O r 6 )  r M L 1 ( 1 0 0 ) r M L ~ ( l ' O O ) r  
2 L P 1 P E ( 1 0 0 ) ~ J . U N ~ 1 0 0 ) r N N O D E ( 1 O O J ~ D E N S ~ D T ,  

COMb\ON / R 2 /  R F ( 1 0 0 ) r V I S C r K F R I C  . . .  - .  . . 
COMMON / R 3 /  TEMPrCO 
COMMON / R f + /  P ~ ~ ( 1 0 ~ 1 0 0 )  9KPLAS ( 1 0 0 )  ~ H D 0 ( 1 0 0 )  ,MAT( 1 0 0 ) P Y l O O  , . 

1 C P X 1 1 0 )  i M P X (  1 0 )  
COMHON / R 5 /  NOPT,TIME(SO) rPTMt .50 )  . ,., . . 

C 
DIMENSION P L N C T H ( ~ . O O ) ~ H ( ~ O O ) '  . &  . . 
D I M E N S I U N  L P H I N ( 1 0 0 ) ~ P M A X ~ 1 0 0 ~ . ~ T M A X ~ 1 0 0 )  . 
D IMENSION P 0 1 ~ 1 0 0 ) ~ P 0 N ~ 1 0 0 ) ~ U 0 1 ~ ( 1 0 0 ) r U O N ( 1 0 0 ~  . . 
D IMENSION J T Y P E ~ 1 0 0 ) r 3 1 1 1 0 0 ) r J N ( 1 0 ~  , 
D IMENSION LPLP(10)~PPIJ(lO)rUPIJ(lO) . .. , ~ . 2 

DIMENSION PTANK( 1 0 )  ( J T A N K t  1 0 )  
D IMENSION PRDB(LO)rPHDG~IO)~KRD(10)1JRD(lO)~TRD(lO~ 
DIMENSION J P U M P ( ~ O ) ~ L P U M P ( ~ O ) ~ H E A D ( ~ O ~ ~ L L P M P ~ ~ O )  

C .. .. : ,-. ;. . ., , ,. .:: . . . .: . .* .:. _ - '  . ~ . ' . '  . - .  . . . 

DATA . JMAX/ 1 0 0 / ,  L M A X / ~ O O / ~  I M A X / ~ O O / , N P T M X / ~ O /  
DATA NTNK:MX/.l.O/,r NRDMX[1O/rNPLtMX/ l O / t N B H M X / 6 /  rNPMP.MX/lO/ 
DATA K I N ~ K O U T / 5 ~ 6 / r K l r K 2 / 1 ~ 2 / ~ E P S I / O o O 0 0 1 /  
DATA FACTl~FACT2/1.03rl.lO/rAFACrXFAC,/144oOrl2.0/. 

C 
C 
C ~ * t : + t * C * t $ 9 8 8 f + 8 ~ * 8 8 * + 8 9 * ~ * * 9 : 4 8 8 * *  I N P U T  *4**+*t*****88***4*888*?***8*98*I(r*** 

C 
I 

C****  READ .P!K.OBLEM AND CONTROL :CONSTANTS . . 
READ('KIN.~OO) N P I P E ~ N G J U N ~ N O T N K ~ N O R D ~ ' N O P U M P ~ K F R I C . N O P T ~  

X INCQND,NOPRINvIPRINrNLPRN 
I F  (NPIPEIGT.LMAXoOK.NPIPE.LTol) : .GO TO 8 0 0  . 
I F  (NOJUN.GToJMAX,OR.NOJUN-LT-1) GO TO 8 0 5  

C**** READ PRORL.EM PAK.4PETEP.S' . . .  . . 
K E A D ( K I N , 9 0 1 )  DTITBEG,TFIN,URIPR,TE~P 

C**** READ P I P E  DESCKIPT IONS 
DO 5 L - l r N P I P E  
R E A D ( K I N r 9 0 5 )  . LPIPE(L)rJl(L)rJN(L)rMAT(L)rD(L)rH(LL) , P L N G T L  . 

X R F ( L ) r A ( L )  
IF( INCUND.EQ.1)  R E A O ( K I N p 9 0 . 1 )  P O ~ ( L ) , P O N I L ) ~ U O ~ ( L ) ; U O N ( L )  

5 CONTINUE . . 
C*+**  READ JUNC-TION D E S C K l P T I O N S - .  . . , _  . . .  ' . 

R E A D ( K I N , ~ O O ~ ( J U N ( J ) ~ J T Y P E ( J ) ~ J = ~ ~ N O J U N )  
C**** KEAO P l P t  NUMHERS FOF WHICH RESULTS APE PP INTED 

I F  (NLPRN.GT.0) R E A 0 1 ~ l M ~ 9 0 0 )  ( L P R I N ( K ) , K = ~ ~ N L P K N I  . . 
C**** READ CONDITIONS F O R  CONSTANT PRESSURE TANKS 

IF(NO1Nk.GT.NTNKMX.OR.NDTNK-LT.0) GO TO 8 1 0  



1FLNOTNK.GT.O) R k A D ( K I N . 9 1 0 )  ( J T A N K ( K ) . P T A N K ~ K ~ ~ K = ~ , ~ O T N K )  
C * * * +  KEAD CONDITIONS FOR RUPTURE D I S K S  

I F (  hOKD.GT .NKDMX. OR.NOKD.LT.0) GO TO 8 1 5  
IF(NOPD.EQ.0) GO TO 1 5  
DO 1 0  K=l ,NORD 
R E A D ( K I N . 9 1 1 )  J H D ( K ) . P R D B ( K ) r P R D G ( K )  

10 K P D ( K ) = O  
C**** READ DATA FOR PUMPS 

15 IF(NOPUMP,GToNPMPMX .OR. NOPUMPoLT-0)  GO TO 8 2 0  
IF(hGPUMP.EQ.0) GO TO 25 
DO i 9  K=  1, NOPUMP 
R E A U ( K I N . 9 1 2 )  JPUMP(KI,LPUMP(K)rHEAD(K) 
DO 16 L = l . N P I P E  
I F ( L P 1 P E  ( L )  .EQ.LPUHP ( K )  GO TO 17 

1 6  CONTINUE 
GO TO 822 

17 L L P M P ( K ) = L  
I F ( J l ( L ) . N E . J P U M P ( K )  .AND. JN (L ) .NE .JPU#P(K ) )  GO TO 8 2 2  

1 4  COI\ITINUE 
C**** READ PRESSURE SOURCE DATA 

25  I F ( N C l P T . G T . N P T M X ~ O R . N O P T ~ L T ~ 0 )  GO TO 8 2 8  
Ik(NOPT.EQ.0)  GO TO 2 6  
R E A D ( K I N * 9 0 1 )  ( T I M E ( K ) r K = l r N O P T )  
R E A D ( K I N . 9 0 1 )  ( P T M ( K ) r K = l r N O P T )  

2 6  CONTINUE 
C 

C 
C**** CALCULATE S P E C I F I C  WEIGHT, DENSITY  I V I  SCOSITYI SOUND SPEED 

C A L L  F L P R P ( S P W T I D E N S , V I S C ~ C O )  
C**** COMPUTE AREAS NOT G I V E N  AS I N P U T  

DO 1 0 0  h = l  . MPI  PE 
I F ( A ( L )  .GT. 0 . 00011  GO TO 1 0 0  
~ ( ~ ) = 3 . 1 4 ' 1 5 9 2 6 5 ~ ~ ( 1 ~ 2 / 4 , 0  

1 0 0  CONTINUE 
C**** WAVE SPEED FOR E L A S T I C  P I P E  DEFORMATION AND P I P E  . Y I E L D  PRESSURE 

DO 1 0 5  L = l , N P I P E  
H O D ( L ) = H ( L ) / D ( L )  
CALL ELPRPIMAT(L)rHOD(L).PY(L),C(L)) 

1 0 5  CONTINUE 
C****  DETERMINE D Z ( L )  AND NNODE(L) I N  EACH P I P E  

110 DO 114 L= . l .NP IPE  
ZMl.=FACTl*C ( L  ) *DT  
ZM2=FACT2*C ( L ) * D T  
NIH=PLNGTH(L) /ZM~+O.~  
I F ( N I M  .EQ.  0 )  N I M = l  
NNODE(L)=NIM+l . ' .  , . 
I ~~NNoLJE(L ) . LE ,~MAX)  GO I U  1 1 2  

C**** RECALCULATE DT TO S A T I S F Y  N N O D E t L )  .LEO IMAX 
DTT=2.*DT 
GO TO 8 7 0  

111 UT-DTT 
1 

GO T O  110 
. . C*+** CALCULATE D Z I L )  



1 1 2  DZ(L)=PLNGTH(L)/NIM 
I F  I D Z ( L )  . L T i  Z M l )  D Z ( L ) = Z M l  
I F  ( D Z ( L )  .GT.' ZMZJ D Z i L ) = Z H 2  

1 1 4  P L N G T H ( L ) = N I M * D Z I L )  
C  
C 
C++*+*+** PR INT  I N P U T *  PROBLEM PARAMETERS* AND NETCiDRK ARRA&GE,WENT ***********; 
C .. 

WRITE ( K O U T * 9 3 0 1  NPIPErNOJUN*NOTNK*NORDD~N0PUMPrKFRI IC*NOPT~  
x INCOND.NOPRIN*IPRIN*NLPRN 

W R I T f l K O U T r 9 3 2 )  D T ~ T B E G ~ T F I N I U R ~ P R ~ T E M P ~ S P W T ~ V I S C * C C O  
IF(NOTNK.EQ.0) GO TO 1 5 0  
W R I T f ( K O U T * 9 3 4 )  
WRI ,TE (KOUT*935 )  (JTANK(K)rPTANK(K)*K=lrNOTNK) 

1 5 0  IF(NORDoEO.0)  GO TO 1 5 5  
WRITE ( K O U T * 9 3 7 )  
W R I T E ( K O U T r 9 3 8 )  (JRD(K)vPRDB(K)rPRDG(K)tK=1*NORD) 

1 5 5  IF(NOPUMP.EQ.0) GO TO 160 
W R I T E ( K O U T * 9 4 0 )  
 RITE ( ~ 0 ~ l y 9 4 . 1 )  I JPUf lP (K  r L P U M P ( K 1  ,HEAD( K ) : r K = l  *NOPUMP), 

160 W R I T E ( K O U T I ~ ~ ~ )  
DO 166 L = l  r N P I P E  
DO 1 6 2  J = l r . N O J U N  
I F ( J U N ( J 1  .EQ .J l ( L ) ' )  J T l = J T Y P E (  J )  
IF( J U N ( J 1  .EQ.JN(L) JT2=JTYPE(  J) 

162 CONT I NU'€ 
IF('INCOND.EQ.I) GO T O  164 
WRLTE(KOUTr946 )  LPIPE(C)vJl(L)pJTl*JN(L);JTZtPR~PR*UR*UR 
GO TO 1 6 6  

1 6 4  W R I T E ( K O U T r 9 4 6 )  LPIPE(L)rJl(LIrJTlrJN(L)sJT2* 
X P O l ( L ) r P O N ( L ) r U O l ( L ] r U O N ( L )  

1 6 6  CONTI  NUE 
W R I T E ( K O U T r 9 5 0 )  

-WRITE(KOUT,9511  ( L P I P E ( L ) ~ D ( L ) . H I L I ~ A ( L ) * P L N G T H ( L ) * D Z ( L )  
X NNODE(L1 r L = l r N P I P E )  

L iRI l 'E ( K O U T r Y 5 3 )  
DO 1 7 0  L = l r N P I P E  
PYX=PY ( L )  /AFAC 

1 7 0  W R I T E ( K U U T I ~ ~ ~ )  LPIPE(L) * H A T ( L  * P Y X ~ C ( L )  r ~ ~ ( L )  
CALL WRMAT(MAT(1 ) )  
DO 1 7 4  L = Z v N P I P E  
L f l = L - 1  
DO i 7 2  ' LL=~ ,LM 

. .  I F ( M A T I L ) * E Q * M A T ( L L ) ?  .. .GQ - T0 , , . 174  ! . ,.. . . . 
1 7 2 '  CONT I NU€ 

CALL WRMAT (MA'T( L.) 
1 7 4  CONTINUE 

IF(NOPT.EQ.0)  GO TO 1 8 0  
W H I T E ( K O U T v 9 5 6 )  

. . 

WR11C(#OUT9957 )  ( T I N E ( K ~ * P T M ( K ) ~ K = ~ , N ~ P T )  
1 8 0  CONTINUE 

C 
L 

C**********+ DETEKMINAT I O N  OF P IPE 'CONNECTIONS AT EACH JUNCTION *+*****a******' 



DO 2 4 0  J= l ,NOJUN 
J T = J T Y P E (  J )  
M l = O  
MN=O 
DO 2 0 2  K z l . 6  
L J l (  J .K)=O 

, 2 0 2  L J N ( J * K ) = O  
DO 2 0 6  L = l r M P I P E  
I F ( J U N ( J ) . N E . J l ( L ) )  GO TO 2 0 4  
M 1=M 1 + 1  
L J l (  J v M l  ) = L  

2 0 4  I F I J U N ( J ) . N E . J N ( L ) I  GO TO 206 .  
MN=MN+l 
L J N (  J v M N ) = L  

206 CONTINUE 
MLlt JJ-Ml 
MLN( J )=MN 

c***+ T E S T  CORRECTNESS OF PIPE ARRANGEMENTS 
IF (Ml+MN.LE.OI  GO TO 830 
IF ( JT .EQ.11  GO TO 2 2 5  
I F I J T o E Q . 3 1  GO TO 2 3 0  
i F t J . r . w . 4 )  GU TU 234  
IF ( JT .EQ.6 )  GO TO 2 2 6  
IF ( JT .EQ.7 )  GO TO 2 1 0  
IF'(JT.EU.~) GO TO 215 
IF(JT.EQ.9)  GO TO 2 1 0  
I F ( J T . E Q . 1 0 )  GO TO 220 
IF(JT.EQ.Z.5)  GO TO 2 3 2  
GO ,TO 835 

C * * * *  S I N G L E  P I P E . E N D S  
2 1 0  I F ( M 1 t M N  .NE. 1 )  GO TO 8 3 0  

G O  TO 2 4 0  
C + * * *  CONSTANT PRESSURE JUNCTION (SURGE TANK) 

2 1 5  I F ( M l + M N  .NE. 1 )  GO TO 8 3 0  
IF(NOTNK.EQ.0) GO TO 812 
~ i )  TO 2 4 0  

C** *+  RUPTURE D I S K  
2 2 0  I F / M l + M N  ONE. 1 )  GO TO 8 3 0  

IF(NORD.EQ.0) GO TO 8 1 7  : 

GO TO 2 4 0  
C****  TWO P I P E  JUNCTIONS 

2 2 5  I F ( M l + M N  .NE. 2 )  GO TO 830 
G O  TO 240 

C**** DlJMMY JUNCTION OK ACOUSTIC 1.MPEDANCE D I S C O N T I N U I T Y  
2 2 6  I F ( M l + M N  ONE. 2 )  GO TO 8 3 0  

IF (Ml .GE.1)  L l ' = L J l ( J , l )  
IF(MN.GE.1) L N = L J N ( J . l )  
IF(Ml ;EQ' .2J L N = L J l ( J . 2 )  
IF IMN.EU.2)  L ~ = L J N ( J , ~ )  
IFIABS(AILl)/A(LN)-1.OI.GT-EPSII GO TO 83,7 
GO TO ' 2 4 0  

C**** TEE JUNCTI'ON 
2 3 0  I F ( M l . G T . N B R M X . O K . M N . ~ G T ~ N B R M X )  GO TO 8 3 0  

GO T O  240 
C**** SOURCE JUNCTION 



- 2 3 2  IF(Ml.GT.NBRMX*UR-MNoGToNBRMXJ GO TO 830 
.IFINOPT.EQ.O) GO 10 8 4 0  
GO TO 2 4 0  

C**** PUMP JUNCTION . 
2 3 4  1FtHl.GT.NBRMX.OR-MN-GT-NBRMX) GO TO 830 

IFINOPUMP.EQ.O) GO TO 82+ 
GO TO 24'0 

24.0 CONTINUE 
C . . 
C 
C r + * * a % * + * * * * s a * * w  CONVERSION OF U N I T S  - INCHES TO FEET  ..................... 
C 

PR=PR*AFAC 
0 0  2 5 0  L = l r N P I P E  
A I L ) = A ( L ) / A F A C  
D I L ) = D ( L ) / X F ' A C  
RF(L)=RFIL)/XFAC 
IFI INCOND.NE.1)  GO TO 2 5 0  
I ? O l ( L ) = P O l ( L I * A F A C  
P O N I L ) = P O N I L ) * A F A C  

2 5 0  CONT.INUE 
IFINOTNK.EQ.O) GO TO 2 6 0  
DO 2 5 5  K= l *NOTNK 

2 5 5  PTANKIK )=PTANKI  K )  *AFAC 
2 6 0  IFINOHO.EQ.0) GO TO 2 6 5  

DO 2 6 2  K = L  ,NOR0 
PRDB(K )=PRDRIK ) *AFAC . 

262.PRDG(K)=PRDG(K)*AFAC 
2 6 5  IFINOPUPIP.EQ.0) GC TO 2 7 0  

DO 2 6 6  K = l  rNOPUMP 
266 HEAD( K )=HEADIK ) *AFAC 
2 7 0  IF(Nt iPT.EO.0)  GO T;O 2 7 2  . 

DO 2 7 1 .  K = ~ ~ N C I P T  
271  PTM(K)=PTM(K) *AFAC . . 
2 7 2  LONTINUE . . . 

C  
C \ 

C+9+*+$**a****+*** . * *8****  [ N [ T [ A L I Z A T l O N S  AT TBEG ***4**4*4**t*lo;*******&****** 

C 
NSTEP=O 
TT=THEG 
DO 3 0 2  L m 1 9 N P I P E  
TMAXt L I = T B E G  

3 0 2  PMAXLL)=O.O 
C**** I N I T I A L  VALUES OF UOr  PO*  U AND P 

, . DO 315 L = l r N P i P , E  .. . 
N I = N N O D E ( L )  
IF I INCUNU. tQ .1 )  GO TO 3 0 7  
DO 3 0 5  I = l r N I  
DO 305 K.= ls2  
P ( L r  I vK)-=PR, 

3 0 5  U ( L v  1 rK )=UK  
GO TO 315 

3 0 7  M I M = N I - 1  
DELP=(PCN(L)-POl(L))/NIM 



DELU=(UON(L)-UOl(L))/NIM 
DO 3 0 9  I = l * N I  
I M = I - 1  
DO 3 0 9  K=1,2 
P ( L r I t K ) = P O l ( L ) + I M * D E L P  

3 0 9  U ( L . I I K ) = U O L ( L ) + I M * D E L U  
3 1 5  CONTINUE 

IF(NOPT.GT.0) C A L L  P T I M E ( T T r P S O )  
C+***  I N I T I A L I Z E  CONSTANTS FOR P L A S T I C  DEFORMATION 

NPLP=O 
* DO 3 2 2  K P L = l r l O  

3 2 2  MPXLKPL)=O 
DO 3 2 4  L = l r N P I P E  

3 2 4  K P L A S ( L ) = O  
WRITE (KOUT.960)  
GO TO 7 0 0  

C  
C 
Cs**e***** * *o***** * * * *qr**  INTERIOR NODE CALCULATION ********+***************** 
C  

4 0 0  DO 475  L = l . N P I P E  
N I=NNODE ( L  ) 
N  [ M = N I - 1  
I F  ( N I e L E . 2 )  GO TO 4 7 5  
IF (KPLAS(L ) .GT .O)  GO TO 4 3 0  

C**** E L A S T I C  P I P E  DEFORMATION 
DO 4 1 0  I = Z t N I M  
C A L L  I N T R P  ( L p I v K l . U A r P A , C A )  
CALL FKCTRM ( L v U A t G A )  
CALL  I N T K P  (L.1 I K Z ~ U B ~ P B I C B )  
CALL FRCTRM ( LI UB,GB 
U ( L T I  9 2 ) -  ( C A * ( U A - D T * G A J + L H * t U B - U I  ~ G B I + I : P A - P B ) / O E N S ) / ( C A + C B )  
P ( L , l . 2 ) =  (DENS* (UA-UB+DT* (GB-GA) ) *CA*CO+PA*CB+PB*CA) / (CA+CB)  
I F ( A B S ( U ( L ~ I ~ 2 ) - U ( L , I t 1 ) ~ ~ L T ~ O ~ O O O O l )  U ( L r 1 1 2 ) = U ( L t I r l )  
I F I P R C I P I I , 1 ~ 7 ) - P i I ~ ~ ~ ~ ) ) m ~ T . O m 1 ~  P ( L r I r Z ) = P ( L v I , l !  

C CHECK FUK P L A S T I C  DEFORMATION I N  E L A S T I C  P I P E  
I F ( P ( L . I t 2 ) . G T . B Y ( L J )  GO TO 4 2 0  

410 CONTINUE 
GO TO 4 7 5  

C * * * *  P I P E  L  BECOMES P L A S T I C  
4 2 0  NPLP=NPLP+ l  

IF (NPLP.GTeNPLMX)  GO TO 8 5 0  
K P L A S ( L l = N P L P  
K P L = K P L A S ( L )  
L P L P ( N P L P ) = L  

/ 

W P I T E ( K O U T r 9 7 0 1  LPIPE(L)tNSTEP,(LPIPE(LPLP(KK))tKK=l,NPLP) 
DO 4 2 2  I P = l t N I  

4 2 2  PMX(KPL9 I P ) = P ( L .  I P r 1 )  
C****  P L A S T I C  PIPE DEFORMATIOh 
C+*** P L A S T I C  P I P E  DEFORMATION 

4 3 0  K P L = K P L A S ( L )  
00 4 6 5  I = 2 t N I M  
P P l = P ( L ,  1 .1 )  
U P l = U ( L , I , l )  
P M X Q = P M X ( K P L t I )  



K  IT=O 
P ( L 1  I , Z ) = P P l  
.U(L ,  I * Z ) = U P l  

C  CALCULAT ION AT POINT  P  
4 3 2  CALL I N T R P  ( L T I  ~ K L ~ U A I P A I C A )  

CALL  FHCTRM ( L e U A t G A )  
CALL I N T K P  (L .1  ~K~,UBI .PBICB)  
CALL  FRCTRM (LIUBIGB) 
U ( L , I 1 2 ) =  ( C A + ( U A - D T * G A ) + C B * ( U B - D T * G B ) + ( P A - P B ) / y E N S l / ( C A + C B )  
P ( L 9 1 9 2 ) =  (DENS*(UA-UB+DT*(GB-GA))*CA*CB+PA*Ct3+PB*.CA)/ (CA+CB) 
I F ( A B S ( l ~ ( L ~ I ~ 2 ) - U ( L ~ I ~ l ) ) ~ L T ~ O ~ O O O O l )  U ( L 1 1 1 2 ) = U ~ L v l r l )  
I F ( A B S ( P ( L I I ~ ~ ) - P ( L ; I ~ ~ ) ) * L T I O . ~ )  P(L I I , Z )=P (L I I I L )  
PPZ=P(L .  1 1 2 )  
U P 2 = U ( L * , I  1 2 )  
J F ( A B S ( P P 2 - P P l ) * L E . A B S ( E P S I * P P 2 ) )  . . G O  TO 460 
IF (K IT .EQ.20 )  GO TO 4 4 0  
GO TO 4 5 5  

C POOR CONVERGENCE OF I T E R A T I O N  
440 M P X ( K P L ) = l .  

CALL  W V S P D ( M A T ( L ) r H O D ( L ) , P P l * P P r X Q v C P l )  
CALL W V S P D ( M A T ( L ) r H O D ( L ) v P P 2 9 P M X Q , C P Z )  
C P X ( K P L ) = ( C P l + C P 2 ) / 2 . 0 .  

4 5 5  K I T=K I T i 1  
IF (K IT .GT .30 )  U ( L I I ~ ~ ) = ( U P ~ + U P ~ ) / ~ - O  
I F ( K I T . G T . 4 0 )  GO TO 8 5 5  
P P l = P P 2  
U P l = U ( L t  1 1 ' 2 )  
GO TO. 4 3 2  

460 MPX(KPL)=O 
4 6 5  CON1 I NUE 
4 7 5  CONTINUE , 

C  
C  
C4*44*+*4* *4 * *4 * *444*9*9*  JUNCTION NODE CALCULATION *4****44444****444444**444 

C  
DO. 5 9 9  J = l p N O J U N  
K I T = O  
J T = J T Y P E (  J )  
N N l = M L l  ( J )  
NNN=MLN( J 
NT=NNl+NNN 

5 0 2  C ON1 l MlJF 
IF(JT.EQ.1)  GO 'TO, 5 0 5  
IF(JT.EQ.3)  GO TO 5 1 0  

, I F ( J 1  .EQ.4) GO TO 5 1 1  
IF(JT.EQ.61 GO TO 5 1 5  
IF IJT .EQ.7)  GO TO 5 2 0  
I F t J T - E Q . 8 )  GO TO 5 2 5  
IF (JT .EQ.9)  GO TO 5 3 0  
IF (JT .EQ.10)  GO TO 535 
I F ( J T o E Q . 1 5 )  GO TO 5 4 0  
GO TO 8 3 5  

5 0 5  CALL  AREACH(J1  
GO TO 5 7 5  

5 1 0  CALL TEE(JIINCON.DIPH) 



GO TO 5 7 5  
5 1 1  DO 5 1 2  K= l rNOPUMP 

KK=K 
I F ( J P U M P ( K ) . E Q e J U N ( J ) )  GO TO 5 1 3  

5 1 2  CONTINUE 
GO TO 8 4 7  

5 1 3  CALL PUMP( J ,LLPMP(KK)  r H E A D ( K K )  ) 
GO TO 5 7 5  

5 1 5  CALL I M P E D l J )  
GO TO 5 7 5  

5 2 0  C A L L  C L O S E D ( J 1  
GO TO 5 7 5  

5 2 5  DO 5 2 6  K = l r  NOTNK 
KK=K 
I F ( J T A N K ( K 1 - F Q . J U N ( J ) )  GO TO 5 2 7  

526 CQblTI  hlUE 
GO T O  843  

5 2 7  CALL  CUNSTP( J r P T A N K ( K K 1  
G O  TO 5 7 5  

5 3 0  CALL  FAREND( J)  
GO TO 5 7 5  

5 3 5  DO 536 K - l r N O R D  
KK=K 
I F ( J R D ( K ) , E Q . J U N l J ) )  GO 10 5 3 7  

5 3 6  CONTINUE 
G O  TO 845 

5 3 7  KKRD=KRD(KK)  
CALL RUPDSK (JrPRDB(KK)rPRDG(KK)rKKRDI 
IF (KKD(KKI .EQ.0  .AND. KKRD.EQ.1) GO TO 5 3 8  
GO TO 5 7 5  

538 W P I T E ( K O U T t 9 6 6 )  J U N t J I r N S T E P r T T  
T R U ( K K ) = I I  
K R D ( K K ) = l  
GO T O  5 7 5  

5 4 0  C A L L  PRESSOI J t P S U )  
GO TO 5 7 5  

5 7 5  CONTINUE 
C++** CHECK FOR P L A S T I C  DEFORMATION AT JUNCTION 

KPIND=O 
0 0  590 K = l v N T  
IF(K.GT.NN1) GO T O  5 7 8  
L = L J l (  J r K )  
1 = 1  
GO TO 5 8 0  

578  KM=K-NN1 
L - L J N I  J I K M )  
I = N N O D E ( L )  

5 8 0  K P L = K P L A S ( L  
IF (KPL.EQ.0)  GO I U  5UL 
I F ( K I T . E Q . 0 )  P P I J ( K P L ) = P ( L r I v l )  
P P Z = P ( L , I r Z )  
P P l = P P I  J ( K P L )  
P P I J ( K P L ) = P P Z  
IF(ABS(PP2-PPl).LE.ABS(EPSI*PPZ)) GO TO 5 9 0  
K P I N D = l  



I F (K IT .EQ.20 )  GO TO 5 8 2  
GO TI1 5 9 0  

C POOR CONVERGENCE AT P L A S T I C  JUNCTION 
5 8 2  PMXQ=PMXIKPL r I  

CALL WVSPD(MAT( L I  r H O D ( L )  v P P l v P M X Q * C P l )  
C A L L . W V S P D ( M A T ( L ) r H O D ( L ) ~ P P 2 ~ P M X Q * C P 2 )  
M P X L K P L ) = l  
CPX( K P L ) = ( C P l + C P 2 ) / 2 * 0  
GO TO 5 9 0  

5 8 6  I F ( P ( L T I ~ ~ ) . L E I P Y ( L ) )  GO TO 5 9 0  
C***+ P I P E  BECOMES P L A S T I C  AT JUNCTION 

K P I N D = l  
NPLP=NPLP+ l  
IF(NPLP.GT.NPLMX) GO TO 8 5 0  
KPLAS ( L ) = N P L P  
KPL=KPLAS (C 1 
L P L P ( K P L ) = L  
k 4 R l l t ( K O l J T ~ 9 7 0 )  L P I P E ( L ) r N S T E P r ( L P I P F ( L P L P ( K K ) ) r K K = l r N P L P l  
N I=NNUDE ( L  
DO 5 8 8  I P = l * N I  

5 8 8  P M X ( K P L * I P ) = P ( L I I P I L )  
P P I J ( K P L ) = P ( L T I ~ ~ )  

5 9 0  CONTINUE 
IF lKP IND.EQ.0 )  GO TO 5 9 2  
K I T = K I T + l  
I F ( K I T . G T + 3 0 )  U ( L . 1  T ~ ) = ( U ( I - * I * ~ ) + U P I J ( K P L )  ) / 2 . 0  
U P I J ( K P L ) = U I L I I V Z )  
I F ( K I T . G T . 4 0 )  GO TO 8 6 0  
GO TO 5 0 2  

5 9 2  IF (K IT .EO.0 )  GO TO 5 9 9  
DO 5 9 4  K P L = l r N P L P  

5 9 4  MPX( K P L )  =O 
5 9 9  CON1 INUE 

C 
C 
C**a** * t * * * *+** * * *+  P R I N T  RESULTS AT S P E C I F I E D  T I M E  STEP ***************a***** 
C 

IF(KPKIN.EQ.NOPRIN) GO TO 7 0 0  
K P K I N = K P K I N + l  
GO TO 7 2 5  

7 0 0  K P K I  N = l  
WRITE ( K O U T * 9 6 1 )  TT,NSTEP 
IF(NUPT.EQ.0) GO TO 7 0 1  
PSOh=PSO/AFAC 
W R I T E ( K O U T r Y b 5 )  PSOW 

1 0 1  DO 7 1 0  L = l r N P I P E  
I F  (NLPRN.fQ.0) GO TO 7 0 4  
D O  7 0 2  K Z l r N L P R N  
I F ( L P I P E ( L ) . E Q . L P R I N ( K ) )  GO TO 704 

7 0 2  CONTINUE 
GO 10 7 1 0  

7 0 4  W R I T E ( K O U T T ~ ~ ~ )  L P l P E ( L ) r J l ( L ) r J N ( L )  
hIM=NN00E ( L ) - 1  
COUT=C ( L  
00 7 0 6  I = l r N I M r I P R I N  



I F (KPLAS(L ) .GT .O)  C A L L  W V S P D ( M A T ( L ) r H O D I L )  ~ P I L T I T ~ ) ~  
X  PMXLKPLAS(L )  TI) rCOUT)  

Z = ( I - l ) * D Z ( L )  
P P W = P ( L r I r 2 ) / A F A C  , . 
W H I T E I K O U T r 9 6 3 )  Z v P P W r U ( L v I v 2 j r C O k ? T  

7 0 6  CONTINUE 
Z-PLNGTHI L 
I = N N O O E ( L l  
P P W = P ( L v I , Z ) / A F A C  
IF . IKPLAS(L ) .GT .O)  C A L L  W V S P D ( M A T ( L ) ~ H O D ( L ) ~ P ( . L , I , ~ ) ~  

x PMX(KPLAS(L ) , I )TCOU~)  
W R I T E ( K O U T I ~ ~ ~ )  Zr ,PPW,U(Lr IvZ . )  rCOUT 

7 1 0  CONTINUE 
IF (NSTEP-EQ.0 )  GO TO 7 5 0  

C 
L 
C * 4 * * * 4 * * 9 * * 4 4 * 4 4 9 4 *  I N I T I A L I Z A r I O N S  FOR N E X r  T I M E  STEP ******4***4**+*******& 
C 
C**4* DETERMINE MAXIMUM PRESSURE AND VELOCITY  I N  EACH P I P E  

7 2 5  UMX=O. 
CUMX=O. 
DO 7 2 9  L = l r N P I P E  
N I=NNUDE ( L  
PPX= PMAX (L  1 
DO 7 2 7  I = l r N I  
U M X = A M A X l I U M X t A B S ( U ( L r  1 9 2 )  1 )  

7 2 7  PMAXIL)=AMAXl(PMAX(L),P(LvIrZ)) 
I F  (PMAX ( L )  .GToPPX) TMAX(L )=TT  
CUP=l .+UMX/C(L)  

7 2 9  CUMX=AMAXl(CUPvCUMXl 
C4** *  REDETERMINE DT FOR NUMERICAL S T A B I L I T Y  

I t  (CUMX .LT. F A C T 1 1  GO TO 7 3 5  
I F  (CUMX .GT. F A C T 2 1  GO TO 8 7 5  
FACT=l .Ol*CUMX 
OT=DT*FACT l /FACT  
FACT l = F A C T  
FACTZ=FACTZ+FACT-1. 
GO TO 8 7 7  

7 3 5  CONT INUE 
C44* *  DETERMINE PMAX I N  P L A S T I C  P I P E S  

IF(NPLP.EQ.0)  GO TO 750 
DO 740 K P L = l r N P L P  
L = L I J L P ( K P L I  
N I=NNODE ( L  

, 00 7 4 U  I P = 1  , N I  
P H X I K P L r  I P l = A M A X l ( P H X [ K P L ,  I P )  ,P (L ,  I P 9 2 ) )  

7 4 0  CONTINUE 
C*4**  INCREASE TT AND NSTEP 

750 TT-TT+UT 
IF (TT .GT .TF IN1  GO TO 7 7 5  
NSTEP=NSTEP+l  

C 4 4 * *  I N I T I A L I Z E  P AND U 
DO 7 6 0  L = l v N P I P E  
NI=NNODE ( L )  
0 0  7 6 0  I = l v N I  



u ( L ~ I * l ) = U ~ L t I , 2 )  
760 P ( L r I r l ) = P ( L r I r Z I  

C****  C O M P U T t  SOURCE PRESSURE 
I F ( N 0 P T - G T - 0 )  C A L L  P T I M E ( T T r P S 0 )  
GO TO 400 

C  
C  
C***+****************** P R I N T O U T S  A T  END OF PROBLEM ****************+***a***** 
C  

7 7 5  WRITE I K O U T r 9 7 5 )  
W R I T E ( K O U T r 9 7 7 )  
DO 7 8 0  L - l r  N P I P E  
PMM=PMAX ( L  1  /AFAC 

7 8 0  k R I T E ( K O U T t 9 7 8 1  L P I P E ( L ) r P M M r T M A X ( L )  
I F I N P L P - G T - 0 )  H R I T E ( K O U T r 9 7 1 )  (LPIPE(LPLP(K))rK=lrNPLP) 
I F ( N O R D . E Q - 0 )  GO T O  799 
DO 7 8 2  K = 1  .NOR0 
I F ( K R O ( K ) - E Q . 1 1  W R I T F ( K O U T r 9 7 9 1  J R D ( K ) r T R D ( K )  

7 8 2  CON7 I NUE 
799 STOP 

C 
C  
C** * * * * * * * *+ * * * * * * * * * * * *  D I A G N O S T I C  MESSAGE P R I N T S  ****a*********+************ 
C 

8 0 0  W R I T E ( K O U T r B O 1 )  
A O l  FORMAT ( / r l O X r e E R P O R  I N  NUHBER OF P I P E S ' )  

S  TOP 
8 0 5  W R I T E ( K O U T * 8 0 6 )  
806 FORMAT ( / r l O X r l E R R O R  I N  NUMBER' O F  J U N C T I O N S ' )  

STOP 
8 1 0  W R I T E ( K O U T v 8 1 1 )  
811 F O R M A T ( / r l O X r ' E U R O R  I h  NUMBER OF T A N K S ' )  

STOP 
8 1 2  WR. lT t lK0UT1813)  J U N ( J )  
8 1 3  F O R M A T ( / r l O X r e N O T N K = O  AND J U N C T I O N 1 r 1 5 r '  I S  A  SURGE T A N K ' )  

STOP 
8 1 5  W R I T E  ( K O U T r 8 1 6 )  
816 F O R M A T ( / r l O X ~ ' E R R U R  I N  NUMBER OF RUPTURE D I S K S ' )  

STOP 
8 1 7  W R I T E ( K O U T r 8 1 8 )  J U N ( J 1  
816 F O R M A T ( / r l O X r ' N U R D = O  AND J U N C T I O N e r 1 5 r '  I S  A  RUPTURE D I S K ' )  

STOP 
820 W R I T E ( K O U T r 8 2 1 )  
8 2 1  F O R M A T ( / r l O X r ' E R R O R  I N  NUMBER OF PUMPS' )  

STOP 
8 2 2  W R I T E ( K O U T r 8 2 3 )  J P U M P ( K ) r L P U M P ( K )  
8 2 3  F O K M A T ( / r l O X * ' P U M P  D I S C H A R G E  P I P E  NUMBER I S  I N C 0 R R E C T e r / t  

X  1 0 X r l J P U M P  = * r 1 5 r e r  LPUMP = ' r 1 5 )  
STOP 

824 W P I T E ( K O U T , 8 2 5 )  J U N ( J )  
8 2 5  F O R M A T l / r l O X ~ ' M O P U M P = O  AND J U N C T I O N ' r 1 5 e e  I S  A  P U M P ' )  

STOP 
8 2 8  M R l T E ( K O U T r 8 2 9 )  
8 2 9  F O R H A T ( / r l O X * ' E R R O R  I N  NUMBER OF PRESSURE SOURCE D A T A  P O I N T S ' )  

STOP 



8 3 0  W R I l E ( K O U T r 8 3 1 )  J U N (  J)  r J T Y P E (  J)  
8 3 1  F O U M A T ( / / ~ O X T ' I N C O R R E C T  P I P E  ARRANGEMENT A T  J U N C T I O N ' r  

X  4 J T Y P E  ~ ' ~ 1 4 )  
STOP 

8 3 5  W R I T E ( K O U T r 8 3 6 )  J U N ( J ) , J T Y P E ( J )  
8 3 6  F O R M A T ( / / l O X r ' I N V A L I D  J U N C T I O N  TYPE.  J U N  = ' r I 4 r ' r  J T Y P F  = ' r I 4 )  

STOP 
8 3 7  W R I T E ( K O U T r 8 3 8 )  J U N ( J ) r J T Y P E I J )  
8 3 8  F O R M A T ( / / r l O X r ' P I P E S  CONNECTED AT  J U N C T I O N ' r I 4 r  

X  ' H A V E  D I F F E R E N T  AREAS*  J T Y P E  = ' * I 4 1  
STOP 

8 4 0  W R I T E ( K O U T r 8 4 1 )  J U N ( J )  
8 4 1  F O R M A T ( / r l O X v ' N O  I N P U T  PRESSURE P U L S E  ( N O P T = O )  A T  SOURCE' r  

X  ' J U N C T I O N '  r 1 4 )  
STOP 

8 4 3  W R I T E ( K O U T v 8 4 4 )  JI.INI J )  
8 4 4  F O K H A T ( / r l O X r ' N O  T A N K  DATA I N P U T  FOR J U N C T I O N S r I 4 )  

STOP 
8 4 5  W R I T E I K O U T r 8 4 6 )  J U N ( J )  
8 4 6  F O R M A t ( / r l O X r t N O  RUPTURE D I S K  DATA I N P U T  FUR J U N C T l O N ' 9 1 4 )  

STOP 
8 4 7  W R I T E  ( K O U T  ,848) J U N I  J)  
8 4 8  F O R M A T ( / r l O X r S N O  PUMP DATA I N P U T  FOR J U N C T I O N ' r I 5 )  

STOP 
8 5 0  N P L P = N P L P - 1  

W R I T E ( K O U T r 9 7 0 )  LPIPE(L)pNSTEP~(LPIPE(LPLP(KK))rKK=l~NPLP) 
W R I T E ( K O U T r 8 5 1 )  

8 5 1  F U R M A T ( L H L T / / / / ~ ~ O X ~ ' N U M B E R  OF P L A S T I C  P I P E S  EXCEEDS N P L M X ' )  
GO TO 7 7 5  

855 W R I T E ( K O U T r 8 5 6 )  L P I P E ( L ) r I r T T  
8 5 6  F O R M A T ( ~ H L T / / / / ~ ~ O X ~ ' N O  CONVERGENCE I M  P L A S T I C  I T E R A T I O N  F O R ' r  

X  ' P I  N U 4  1 = '  4 '  l l M E  = ' r E L L I S p '  S E C ' )  
GO T O  7 7 5  

8 6 0  h R I T E ( K O U T r 8 6 1 )  J U N (  J )  ,TT 
061 F O R M A f ( l H l r / / / / r l O X , ' N O  C O N V f R G t N C E  I N  P L A S I I C  I T E R A T I O N  A T ' *  

X  ' J U N C T I O N r r 1 4 r '  r T I M E  = ' r E 1 2 . 5 r '  S E C ' )  
GO TO 7 7 5  

8 7 0  W R I T E  ( K O U T r 8 7 1 )  L P I  P E I L )  r O T r O T T  
8 7 1  F f l R M A T ( / / / / r l O X r ' N N O D E  .GT. I M A X  FOR P I P E  N O a r 1 4 r  

X ' - R E S E T  DT = ' r E 1 2 . 5 r S  TO D T  = ' r E 1 2 . 5 )  
GO TO 111 

8 7 5  W R I T E ( K O U T r 8 7 6 )  CUMX 
8 7 6  F O R M A T ( / / / /  r 1 0 X r 8 C U M X  = '  r E 1 2 . 5 9 '  I S  GREATER THAN F A C T Z '  1 

GO TO 7 7 5  
8 7 7  W K I  I E ( K U U 1  9 8 7 8 )  D T  
8 7 8  FORMAT ( 5 X r / r ' * * * * *  OT I S  D E C R E A S E 0  TO ' r E 1 2 - 5 r '  * * * * * ' r / )  

GO TO 7 3 5  
C  
C 
C+***********d:****4*rb48169: INPU 'T  FORMAT STATEMENTS *********08+****trb********** 

C  
900 F O R M A T ( 1 6 1 . 5 )  
901 FORMAT ( 8 E  10.5)  
905 FORMAT ( 4 1 5 9 5 E 1 0 . 5 )  
910 F O R M A T ( I L O ~ E I O . ~ )  



911 F O R M A T (  1 1 0 1 2 E l O o 5 )  
912 F O R M A T ( 2 1 5 r E l O o 5 )  

C  
C  
C************4********10:*  OUTPUT FORMAT S T A T E M E N T S  **4****4+10:**********10:******* 

C  
930 FORMAT ( l H l * / / r 3 0 X , ' - - - - - -  PROBLEM PARAMETERS AND D E S C R I P T I O N *  , 

1 ' OF NETWORK ARRANGEMENT ------' s / / / / r 5 X , ' N P I P E  =' r I 5 r 7 X f  
2  ' N O J U N  = ' , 1 5 r 7 X * ' N O T N K  = ' r I 5 * 7 X p ' N O R D  = ' , 1 5 * 7 X 1 ' N O P U M P  =', 
3  I ~ * ~ X I ' K F R I C  = ' r I S r / * 5 X , ' N O P T  = @ r I S r 7 X * ' I N C O N D  = ' r I 5 *  
4 7 X , ' N D P R I N  = ' ~ I ~ ~ ~ X I ' I P R I N  = ' * 1 5 , 7 X , * N L P R N  = * * 1 5 , / / / )  

932 F O R M A T ( 5 X v ' D T  = ' r E l 2 0 5 r 8  S E C S r l 2 X * * T B E G  = * r E 1 2 0 5 r 1  S E C ' r  
1 1 3 X s ' T F I N  =' ~ E 1 2 . 5 , '  SEC', /*  
2  5 X * ' U K  = ' r F 1 2 . 4 , '  F T / S E C 8 r 9 X , ' P R  ='  r F 1 4 - 3 , '  P S I '  913x1 
3 ' T E M P  = * , F l O o 3 , *  D E G o F a 7 / / * 5 X * ' S P  W E I G H T  f ' r F 8 . 3 , '  L B S / F T 3 ' *  
/I 5 X v ' V I S C  = ' r E 1 2 . 5 , '  L B S - S E C / F T 2 ' , 5 X * ' S O U N D  S P E E D  = * , F 1 O o Z 1  
5  * F T / S E C ' * / / / l  

934 F O R M A T ( / / / /  * 3 8 X 1 ' - - -  CONSTANT PRESSURE T A N K S  ---' 9 / / , 41X ,  
X  ' J U N C T I O N  N O S r 4 X , * G A S  P R E S S U R E ' r / )  

9 3 5  F O R M A T ( 4 4 X I 1 5 r 7 X , F 1 2 0 3 )  
9 3 7  FORMATT/ / / / , 43X , ' - - -  RUPTURE D I S K S  ---* r / / ,  3 5 x 1  

X  ' J U N C T I O N  N O S r 3 X , ' B U R S T  P R E S S U R E * , 3 X * * G A S  P R E S S U R E ' * / )  
938 F O R M A T ( ~ ~ X I I ~ , ~ X I F ~ ~ ~ ~ , ~ X ~ F ~ ~ ~ ~ I  
940 FORMAT ( / / / / , 4 7 X p * - - -  PUMPS --' r / / r 3 2 X 1  

X  ' J U N C T I O N  N O ' , 3 X , * D I S C H A R G E  P I P E  N 0 ' * 4 X p ' H E A D ,  P S I ' * / )  
941 F U H M A T ( 3 5 X ,  1 5 r 1 2 X 1 1 5 ~ 8 X , F 1 2 . 3 )  
9 4 5  F O R M A T ( ~ H ~ , / / ~ ~ X T ' P I P E ' ~  1 3 X * ' J U N C T i O N  N O ( T Y P E ) * r l 4 X ,  

1 ' P R E S  U K E  - P S I ' ~ ~ ~ X I * V E L O C I T Y  - F T / S E C * r / , 7 X , ' N O ' ,  
2 1 2 x 9 ' 1  = l ' r l l X 1 ' 1  = N ' , ~ X L * ' F I R S T  N O D E ' * S X * ' L A S T  N O D E ' *  
3 4 X , ' F I R S T  N O D E a r 5 X , ' L A S T  N O D E s * / )  

946 FORMAT (5X~I4r9X~I4r'('rI2~')'~8X~I4~r('~I2~')'~3X~2Fl4~3~2Fl4o4) 
9 5 0  FORMAT ( ~ H L ~ / / ~ ~ X I ' P I P E ' ~  ~ X I ' D I A M ~ T E K * ~ ~ X I * T H I C K N E S S * * ~ ~ X *  

1 ' A R E A * ~ 1 3 X ~ ' L E N G T H ' ~ Y X ~ * I N T E R N O D A L * ~ 7 X t ' N  O F * * / , ~ X I  
2 * N O * ~ ~ ~ X I ' ~ N C H * , ~ ~ X , ' I N C H *  g l l X 1 ' S Q R  I N C H ' r l 2 X , ' F E E T * r l l X *  
3 ' D I S T *  F T ' * B X , ' N O D E S ' I / J  

951 FORMAT (5X*14,1X*F17o4rF17o5v2F17o3rF17o4,9X*I4) 
9 5 3  FOKMAT ( l H l r / / r 6 X v ' P I P E ' r  S X * ' M A T E R I A L ' , ~ X I * Y I E L D  P R E S S U R E ' r 5 X I  

1 ' € L o  W A V t  SPEEDS*8X*'ROUGHNESS'r/r 
2 7X~'NO*rlOX~'NU*rl4X~'PSI*~14X~'FT/SEL'rl4X~'INCH*~/) 

9 5 4  FORMAT ( 5 X ~ I 4 * l O X ~ I 2 r 5 X ~ F l 7 o 2 ~ 2 X ~ F 1 7 o 2 ~ 2 X ~ E 1 7 o 4 )  
9 5 6  FORMAT ( l H l r / / / / r 4 0 X , ' - - - - -  I N P U T  D A T A  F O R  PRESSURE - T I M E * ,  

X * H I  STORY ----- * * / / / , 5 2 X , ' T I M E ,  S E C ' r 6 X * ' P R E S S U R E ,  P S I s * / )  
9 5 7  F O R H A T ( 5 0 X *  E l 2 0  5 , 5 X , F 1 2 0 3 )  
960 FORMAT ( l H l , / /  ,40X,  '------ R E S U L T S  OF PRESSURE T R A N S I E N T ' ,  

X  ' C A L C U L A T I O N  ------ ' 1 
961 F O R M A T ( / / / / r 5 X y e * * * *  T I M E  = ' r E 1 5 o 5 r *  S E C ' r 5 X * ' ( ' r I 4 * '  S T E P S  1 ' )  
962 F O K M A T ( / r 3 X v ' P I P E  N O ' , 1 5 r a r  J L  = ' ,14r ' *  J N  = ' * I4 , / ,  

1 ~ ~ X I ' D I S T A N C E I  F T * ~ ~ ~ X I ' P R E S S U R E I  P s I ' r l l X ~  
2 ' V E L O C I  T Y *  F T / S k C *  r l l X , ' W A V E  SPD, F T / S E C '  1 

9 6 3  FORMAT ( 1 9 X , F ~ ~ o 4 ~ l O X ~ F 1 5 . 2 ~ 1 0 X ~ F 1 5 ~ 3 ~ ~ O X r F 1 5 ~ 2 )  
9 6 5  F O R M A T ( / * l S X , * S O U R C E  PRESSURE = ' r F 1 0 0 2 * '  P S I ' )  
9 6 6  F O R M A T ( / / / / ~ ~ O X T * * * ~ *  RUPTURE D I S K  AT J U N C T I O N ' r I 4 r  

X * H A S  BURST I N  T I M E  S T E P  N U o ' ,  15,*  , T  = ' r F 1 2 0 5 )  
9 7 0  F O K M A T ( / / / / , l O X , ' * * * *  P I P t  N U M B E R ' , 1 4 r m  H A S  BECOME P L A S T I C  I N * ,  

1 * T I M E  S T E P  N O o * * 1 4 * / / , 1 5 X , * P I P E S  W H I C H  H A V E  H A D  S O M E * *  



2 ' P L A S T I C  D E F O R M A T I O N  ARE N U # B E R S ' ~ 1 0 1 4 ~ / ~ ( 2 0 X ~ 2 0 1 4 ~ / 1 )  
971 F O R M A T ( / / / / r l S X , ' P I P E S  H H I C H  H A V E  H A D  S O M E 8 *  

X - ' P L A S T I C  D E F O R M A T I O N  ARE NUMBERS' l O I 4 r / t  ( 2 0 X t 2 0 1 4 * / ) )  
975 FORMAT ( / / , 45Xs9- - - - - -  END OF C A L C U L A T I O N  ------ ' 1 
977 FORMAT ( lH1, / / ,30X, ' - - - - - -  MAXIMUM PRESSURES I N  E A C H  P I P E ' ,  

X ' D U R I N G  C A L C U L A T I O N  ------' 9 1 )  
978 FOHMAT ( 2 5 X 1 ' M A X I M U #  PRESSURE i N  P I P E ' *  1 5 9 '  = ' r F 1 2 . 2 *  

X ' P S I  OCCURRED A T  ' r E 1 2 . 5 , '  S E C ' )  
979 F O R M A T ( / / / ,  15x1 ' R U P T U R E  D I S K  A T  JUNCTION@* 14;' BURST A T '  , 

X E12.59 @ SEC '  
END 



S U D K O U T I N E  MTPRP 
C+*** S U B R O U T I N E  W H I C H  C O M P U T k S  WAVE S P E E D  A S  F U N C T I O N  O F  P R E S S U R E  
C****  F O R  V A R I O U S  M A T E R I A L S  
C  M A T = 1  - 304 S T A I N L E S S  S T E E L  
C  M A T = 2  - 316 S T A I N L E S S  S T E E L  

' C  H A T = 3  - L I N E A R  E L A S T I C  A N D  P L A S T I C  R E G I O N S  W I T H  E L L I P T I C  
C  T R A N S  I T  1 ON 
C  M A T = 4  - B I L I N E A R  S T R E S S - S T R A I N  R E L A T I O N  
C  M A T = 5  - B I L I N E A R  S T R E S S - S T R A I N  R E L A T I O N  
C  M A T = 6  - R I G I D  P I P E  W A L L  

COMMON / R 1 /  A ( 1 0 0 )  r C ( 1 0 0 ) * D Z 1  100) , D ( l O O ) t P (  1009 10092)9 
1 U ~ l 0 0 ~ 1 0 0 ~ 2 ) ~ L J 1 ( 1 0 0 ( b ) r L J N ~ 1 0 0 1 6 ) r M L l l l O O ~ ~ M L N ~ l O O ~ ~  
2 L P I P E ~ 1 0 0 I ~ J U N ~ 1 0 0 ) v N N O D E ~ l O O ~ v D E N S ~ D T  

COMMON / R 3 /  T R v C O  
C  

D I M E N S I O N  E ( 6 )  v S Y ( 6 )  9 K P R ( 6 ) v f P S Y ( 6 )  
L 

D A T A  K O U T / ~ / ~ R R R / ~ ~ ~ ~ ~ ~ / ~ P F A C / ~ ~ ~ ~ ~ / ~ K P R / ~ * O / ~ P L A R / ~ ~ O E + O ~ /  
C  
C * * * *  COMPUTES Y I E L O  P R E S S U R E  AND E L A S T I C  WAVE S P E E D  

E N T R Y  E L P R P ( M ~ H O ~ P Y L D I C E L A S I  
I F ( K P R ( M ) . G T - 0 )  GO T O  5 
GO T O  ( 1 0 ~ 2 0 v 3 0 v 4 0 ~ 5 0 r 6 0 ) r M  

1 W R I T E  ( K O U T T ~ )  M 
2 F O R M A T ( l H O ~ S X , ' I N C O R R E C T  M A T E R I A L  N U M B E R *  M A T  = ' . I 4 1  

S T O P  
5 P Y L 0 = 2 . 0 4 S Y ( M I * H O  

C E L A S = C O / S Q H T  ( l . O + C O * * 2 * D E N S / H D / E  ( M I  
R E T U R N  

C * * 4 *  3 0 4  S T A I N L E S S  S T E E L  P R O P E R T I E S  F R O M  L M F B R  M A T E R I A L S  HANDRflOK 
C  M = l  

D A T A  ASl~AS2~AS3rAS4/llo29E+03t1o23v27~5E+O3~lOo7/r 
1 AFlrAF2vAF3/3.OE-06~5~03E-O6~0oO143/, 
2  A F 4 ~ A F 5 r A F 6 / 9 . 3 E - 0 6 v 7 o 2 3 E - O 5 9 0 o 1 8 7 7 /  

C  COMPUTE M A T E R I A L  P R O P E R T I E S  
10 S Y I l ) = ( A S l - A S 2 * T R ) * P F A C  

S A l = ( A S 3 - A S 4 * T R ) * P F A C  
A l l = A E l / P F A C  
A  1 2 = A F Z * T R - A F 3  
A  1 3 = A F 4 / P F A C  
A  1 4 = A F S * T R - A F 6  
F ( l ) = S Y (  l ) / ( A l l * S Y (  l ) + A 1 2 1 * * ?  
€ P L Y (  l ) = S Y ( I I / E ( l )  
K P K (  1)=1 
GO TO 5 

C*** *  316 S T A I N L E S S  S T E E L  P R O P E R T I E S  F R O M  L M F B R  M A T E R I A L S  HANDBOOK 
C  M = 2  

D A T A  BSl~BS~~BS3~BS4/10~27E+03r2.784E+O6~13~373E+O3~3o616E+O6/~ 
1 B F l v  B F 2 , f 3 F 3 / 1 0 8 E - 0 6 v 3 0  8 0 2 9 3 . 9 E - O 3 / r  
2  BF4vBFSrBF6 /8 .2E-O6r26 .945v0 .0817 /  

2 0  S Y ( Z ) = ( B S l + B S 2 / T R ) * P F A C  
S A 2 = ( B S 3 + 8 S 4 / T R ) * P F A C  
A 2 1 = B F l  / P F A C '  



A 2 2 = B F 3 - B F 2 / T R  
A 2 3 = H F 4 / l J F A C  
A 2 4 = - B F 5 / T R - B F 6  
E(2)=SY(2)/(AZl*SY(2)+A22)**2 
EPSY ( 2 ) = S Y ( 2 ) / E ( 2 )  
K P R ( L I = l  
GO 10 5 

C**** L I N E A R  E L A S T I C  AND P L A S T I C  R E G I O N S  W I T H  E L L I P T I C  T R A N S I T I O N  
C  M = 3  
C  D A T A  FOR N I C K E L  200 

OATA EE3/30.0€+06/rEPL3/0-405E+06/ e S O 3 / 2 9 o O E * 0 3 /  9 

1 G M Y 3 / 0 - 7 5 / r G M A 3 / 1 . 2 5 /  
3 0  E  ( 3 ) = E E 3 * P F A C  

E P 3 = E P L 3 * P F A C  
S G 0 3 - S 0 3 * P F A C  
R # 3 = t ~ j / t t 3 )  
S Y ( 3 ) = S G 0 3 * G M Y 3  
S A 3 = S G 0 3 * G M A 3  
E P S Y ( 3 ) = S Y ( 3 l / E ( 3 )  
RY3=1 .0 -GMY3 
D A 3 z G M A 3 - 1  0 
A 3 1 = D A 3 + R M 3 * D Y 3  
A32=OA3-RM3*DY3 
A 3 3 = D A 3 * G M Y 3 - R M 3 * D Y 3 * G M A 3  
A34=GMA3-GMY3 
A 3 5 = D A 3 * D Y 3 + R M 3 * ( l . O - G M Y 3 * G M A 3 )  
A 3 6 = D Y 3 - D A 3  
A37=GMY3**2*(1.0-RM3**2)*DA3**2 
K P K ( 3 ) = 1  
GO TO 5  

C* * * *  B I L I N E A R  S T R E S S - S T R A I N  R F L A T I O M  
e M = 4  
C  B I L I N E A R  A P P R O X I M A T I O N  FOR N I C K E L  2 0 0  

D A T A  E E 4 / 3 0 - O E + O 6 / r € P L 4 / 4 ~ 0 5 E + 0 5 / 1 S Y 4 / 2 9 ~ O f + O 3 /  
40 E ( 4 ) = E E 4 * P F A C  , 

F P 4 = E P L 4 * P F A C  
S Y ( 4 J = S Y 4 * P F A C  
R M 4 = E P 4 / E ( 4 )  
E P S Y ( 4 ) = S Y ( 4 l / E ( 4 )  
K P K ( 4 ) = 1  
GO TO 5  

C**+tr  B I L I N E A K  S T R E S S - S T R A I N  R E L A T I O N  
L r l - 5  

D A T A  E E S / ~ ~ . ~ E + O ~ / ~ € P L ~ / ~ , ~ ~ E + O ~ / ~ S Y ~ / ~ O ~ O E + U ~ /  
> U  E ( S ) = E E 5 * P F A C  

E P S = E P L S * P F A C  
SY ( 5 ) = S Y 5 * P F A C  
R M 5 = E P 5 / E (  5 )  
f P S Y I 5 l = b Y I 5 ) / E ( 5 J  
K P K ( 5 ) = 1  
GO TU 5 

C**+* R I G I D  P I P E  WALL 
C  M = 6  

60 P Y L O = P L A R * P F A C  
CELAS=CO 



E P S Y  (6J=O.O  
R E T U R N  :. ..: . :  i I 

L 

L+***  P P I N T O U T S  D E S C R I B I N G  M A T E R I A L S  
E N T K Y  W R M A T ( M 1  
GO 10(210,22Or230~240r250~260)~M 
G O  TO 1 

C M =  1 
2 1 0  EOUT=E (1  J / P F A C  

S Y O U T = S Y  (1  / P F A C  
W R I T E ( K O U T , 2 1 2 )  TR,EOUTISYOUT 

2 1 2  F O K M A T ( / / / / , 5 X , ' M A T E R I A L  1 I S  304 S T A I N L E S S  S T F E L  A T ' r F 1 2 . 3 ,  I- 

1' OEG- F ' , / r L O X , ' t L A S T I C  MODULUS =',E13.6, '  P s i ,  Y I E L D  S T R E S S  =', 
2 E 1 3 . 6 , '  P S I ' )  

R E T U R N  
C M = 2  

2 2 0  €OUT=€  ( 2  / P F A C  
S Y O U T = S Y  (2) / V t  AC 
W K I T E ( K O U T r 2 2 2 )  T R I E O U T ~ S Y O U T  

2 2 2  F O K M A T ( / / / / t 5 X , ' M A T E R I A L  2  I S  316 S T A I N L E S S  S T E E L  A T ' r F 1 2 . 3 ,  
1' UEG. F ' t / , l O X , ' E L A S T I C  MODULUS = ' r E 1 3 . 6 , '  P S I ,  Y I E L D  S T R E S S  ='. 
2 E 1 3 - 6 , '  P S I  ' 1  

R E T U R N  
C  M = 3  

2 3 0  E O U T = E (  3 ) / P F A C  
S Y O U T = S Y ( 3 ) / P F A C  
W K l l E ( K O U T , 2 3 2 1  EGUTISYOUT 

2 3 2  F O R H A T ( / / / / r 5 X , ' M A T E R I A L  3 I S  k I C K E L  2009 U S I N G  F I T T E D  
1' FUR S T R E S S - S T R A I N  RELATION'r/rlOX,*ELASTIC MODULUS = ' 9 € 1 3 . 6 ,  
2 '  P S I ,  Y I E L D  S T R E S S  =' ,E13.6, '  P S I ' )  

R E  TURN 
C M = 4  

2 4 0  E C J U T = E ( 4 ) / P F A C  
S Y O U T = S Y ( 4 ) / P F A C  
E P O U T = E P 4 / P F  AC 
W R I T E ( K O U T , 2 4 2 1  E O U T , S Y O U T t E P O U T  

2 4 2  F O R M A T ( / / / / , 5 X , ' M A T E R l A L  4 I S  B I L I N E A P  A P P R O X [ M A T I O N  T O  N I C K E L '  . 
1' 2 0 0 ' r / r l O X , ' E L A S T I C  MODULUS = ' rE13 .6 , '  P S I ,  Y I E L D  S T R E S S  = ' (  
2 E 1 3 . 6 , '  P S I ,  P L A S T I C  MODULUS = ' r E 1 3 . 6 ~ '  P S I ' )  

R E T U R N  
C M = 5  

2 5 0  E O U  J=E ( 5  1 / P F A C  
S Y O U T = S Y ( 5 ) / P F A C  
E P O U T = E P S / P F A C  
W R I T E ( K O U T v 2 5 2 )  E O U T , S Y O U T t E P O U T  

2 5 2  FOKMAT(////,5X,'MATERIAL 5 H A S  A B I L I N E A R  S T R E S S - S T R A I N  R E L A T I O N ' .  
l / , l O X , * E L A S T I C  MODULUS = ' r E l 3 . 6 r 8  P S I *  Y I E L D  S T R E S S  = ' r E 1 3 . 6 ,  
2 '  P S I ,  P L A S T I C  MODULUS = ' r E 1 3 . 6 , '  P S I ' )  

R E T U R N  
C M = 6  

2 b 0  W H I T E I K O U T r 2 6 2 )  
2 6 2  F O R M A T ( / / / / , S X , ' M A T E R I A L ,  6 I S  R I G I D ' ~ / ~ ~ O X I ' E L A S T I C  MODULUS AND',  

1' Y I k L D  S T R E S S  ARC I N F I N I T E ' r / , l O X . m W A V E  S P E E D  I S  E Q U A L  T O  ' 9  

2 '  SOUND S P E E D '  1 
R E T U R N  \ 



E N T R Y  WVSPD(M~HDIPP IPX ICC)  
C*** *  C A L C U L A T I O N  OF WAVE S P E E D  A S  F U N C T I O N  OF P R E S S U R E  A N D ' P R E V I O U S  
C+** *  H A X I M U M  P R E S S U R E  

SS=PP/HD/2 .0  
S X = P X / H D / Z . O  
B C = C O * * 2 * D E N S / H D  
GO T d '  ( 5 1 0 9  5 2 0 9  5 3 0 r 5 4 0 . 1 5 5 0 1 5 6 0 )  rP9 
GO T O  1 

C*+** M = 1 
5 1 0  IF(SS.GT.SX/RRR.AND.SS.GT.SY~L~J G O  TO 512 

C  D E F O R M A T I O N  I S  E L A S T I C  
E E E = E ( l )  
GO TO 5 1 8  

C  D E F O R M A T I O N  I S  P L A S T I C  
512 I F ( S S . G T . S A 1 )  GO T O  514 

C S T R E S S  I S  BS' lbr 'EEN SY  AND S A  
EEE=O.5/All/(All*SS+A12) 
G O  T O  5 1 8  

C STRESS I S  G P E A T F R  T H A N  SA 
514 EfE=O.S/A13/(Al3*SS+A14) 
518 C C = t O / S Q R T ( l . O + R C / ( E E F : - 2 ~ O * S S ~ )  

R E T U R N  
C 
C** * *  M = 2  

520 I F ( S S . G T . S X / R R R . A N D & G T . S Y ( Z ) J  GO T O  5 2 2  
c .  D E F O R M A T I O N  I S  E L A S T I C  

E E E = E ( 2 )  
GO TO 5 2 8  

C D E F O K M A T I O N  I S  P L A S T I C  
5 2 2  I F ( S S . G T . S A 2 )  GO T O  5 2 4  

C S T R E S S  I S  BETWEEN SY  A N D  S A  
E E E = 0 . 5 / A 2 1 /  ( A 2 l * S S + A A 2 2 J  
GO TO 5 2 8  

C S T K E S S  I S  GR'EATER T H A N  SA 
524 E E E = 0 . 5 / A 2 3 / ( A 2 3 * S S + A 2 4 J  
5 2 8  C C = C O / S Q R T ~  l.O+&C/( E E E - 2 . 0 * 5 5 1  J 

R E T U R N  
C  
C(*(* M = 3  

5 3 0  I F  ( S S o G l ' . S X / R F . R . A N D . S S . G T - S Y ( 3  1 )  GO T O  5 3 2  
C D E F C l R M A T l O N  1  S  E L A S T I C  

E E E = E (  3 )  
G O  T O  538 

C  DEFORMAT ION  I S  P L A S T I C  
532 I F I S S . L T . S A 3 )  GO TO 5 3 4  

C  S T H f S S  I S  I N  LINEAR P L A S T I C  R E G I O N  
, E E E = E P 3  

GO T O  5 3 8  
C 'J,llcl:55 . I S  I C i  E L L I P T I C  7 ' R A ~ J T . I  T l n N  R E G I O N  

534 S R A T = S S / S G O 3  
A R G = l . O - ( A 3 7 + A 3 1 * ( A 3 2 * S R A T * * 2 - 2 . O * A 3 3 * S R A T ) ) * A 3 6 / A 3 4 / A 3 5 * * 2  
E E E = E P 3 g A 3 4 + A 3 5 * S Q R T  ( A R G  I / A 3 1 /  ( A 3 2 * S R A T - A 3 3 1  

5 3 8  CC=CO/SQKT(l.O+BC/(EEE-2~0*5SJI 
H E T U R N  

C 



. . . .  C * t * *  p# = 4 
5 4 0  I F ( S S . G T . S X / R R R . ' A M D ~ ~ S S . G T . S Y ( ~ )  J GO 1.0 542 . . 

C D E F O R M A T I O N  I S  E L A S T I C  . .  
E E E = E ( 4 )  
GO TO 5 4 8  , . 

C DEFORMATION I S  P L A S T I C  
5 4 2  E E E = E P ~  
5 4 8  CC=CO/SQKT ( loO+BC' / (  E E E - 2 o O * S S )  

RETURN 
C . . . I C** * *  M = 5' 

5 5 0  I F ( ' s s . . G T . " s x ~ R R R . A N D . s s . G T ~ . S Y L ~ ) )  >GO TO 552 
C . D E F O R M A T I O N  I S  E L A S T I C  . . 

E E E = E  ( 5 )  
* .  GO TO 5 5 8  "' " 

C OEFORMATION I S  P L A S T I C  
5 5 2  EEE=EPS 
5 5 8  C C = C U / S Q R t (  l . O + B C / ( E E E - 2 ~ O * S S l  J 

RETURN 
C 
C++**  # = 6 

5 6 0  ' C C = C U  
RETURN 
END 



SUi3ROUT.INE FLPRP(SPWTtDENSvVISCtSNDSPD1 
C** *+  D E T E R M I N E S  F L U I D  P R O P E R T I E S .  A T , T E M P E R A T U R E  TRI  0EG.F 
C**** SPW'T - S . P E C I F I C ' W E I G H T t  L B S / F T 3  
C* * *+  DENS - D E N S I T Y ,  L B S - S E C Z / F T 4  
C * * * *  V I S C  - V I S C O S I T Y t  L B S - S E C / F T Z  
C**** SNDSPD - ' S O U N D  S P E E D *  FTISEC 
C 
C** * *  S O D I U M  P R O P E R T I E S  
C 

COmHON / R 3 / .  TR 9 CO 
DATA DL0/59.566/~DL1/-0~79504E-O2/,DL2/-0;2872E-O6/~ 

1 ~ ~ 3 / 0 . 6 0 3 5 0 ~ - 1 0 / ~ ~ ~ l / 8 2 8 5 ~ / ~ ~ ~ 2 / - 2 1 8 7 ~ / ( ~ ~ . 3 / 2 2 9 0 - / t ~ C / 3 2 ~  t73/ 
S P # T = D L O + D L ~ * T R + D L ~ * , T R * * ~ + D L L ~ * T R * * ~  
DENS=SPWT/GC 
AMu=EXP( 2*.303*( 1 , 0 2 0 3 + 3 9 7 , 2 7 /  ( TR+460+) -0 *4925*ALOGlO ( . T R + 4 6 0 . 1 )  1  / 

1 3600'. 0 
V I SC=AMU/GC 
S N D S P D = C L l + C L 2 * ( T R - 2 1 0 -  ) / C L 3  
RETi lRN 
END 



S U B R O U T I N E  I N T R P ( L r I r K r U C , P C , 9 C C )  
C****  I N T E R P O L A T 1  ON FOR P R E S S U R E *  V E L O C I T Y I  AND W,AVE'.SPEED 

COMMON / R 1 /  A ~ 1 0 0 ~ r C ~ 1 0 0 ~ ~ D Z ( 1 0 0 ~ D ~ l O O ~ ~ P ~ 1 0 0 ~ 1 0 0 ~ 2 ~ ~  
1 U ( 1 0 0 9 1 0 0 9 2 )  rLJ1( 10096) v ' L J N ( 1 . 0 0 ~ 6 )  r M ~ l (  ~ O O ) ~ ~ M L N ~ ~ O O )  9 

2 L P I P E ( l O ~ ) ~ J U ~ ( l O O ) ~ N N I ] D E ~ 1 0 0 J ~ D E N S i D T  
COMMON / R 4 /  PMX(10r100)rKPLAS(100)rHOD(100)~MAT~l00J~PY(100),i 

1 . C P X (  10) 9MPX(  10) . . 

0AT.A K K U U T / 6 / 9 E P S I / O . 0 0 ' 0 1 /  . 

T H T A = D T / D Z  L L 
. .  . P Q = P ( L , I , l )  _ U Q = U ( L I I I L )  ' . . ,. . ,  , 

. K P L = K P L A S ( C  1 . . 
M=MAT ( L 
H D = H O D I L )  
IF (K .EQ.2 )  GO 10 10 

.. . 

U R = U [ L * I - 1 . 1 )  
P R = P ( L t I - 1 . 1 )  . . 
I F  I K P L )  2 ' 0 , 2 0 r 1 0 0  

10 U S = U ( L r I . + l r l )  
, P S = P ( L , I + l . l )  

I F ( K P L )  3 0 9 3 0 9 2 0 0  
c**$*  E L A S T I C  RESPONSE 

20 CC=C ( L )  
uC=(UQ-CC*THTA*(UQ-UR))/(l*O+THTA*[UQ-UH)) 
PC=PQ-THTA*(CC+UCJ*LPQ-PR) 
K E T U K N  

3 0  C C = C ( L )  
U C = L U Q + C C * T H T A * ( U S - U Q H / ( l * O + T H T A * ( U S - s U Q ) )  
PC=PQ+THTA*(CC-UCI*IPS-PQ) 
R E  TURN 

c**** PLASTIC RESPONSE , 

C I T E R A T I O N '  A T  P.OINT A 
100 P M X Q = P M X ( K P L p  I )  

P M X H = P M X ( K P L 9  1 - 1 1  
. . 

P P = P I L , I  9 2 )  
U P = U ' ( L , I  9 2 )  
C A L L  WVSPD (M,HD,PQ,PMXQ,CQ) 
C A L L  W V S P D ( M . H D , P R ~ P M X R ~ C R )  ' 

C A L L  W V S P D ( M * H D r P P r P . M X Q r C P !  
IF (MPX(KPL) ' .GT .O)  C P = C P X ( K P L )  
CA=CR 
VP&= (CP+CR+UP+IJR 1 
KCA=O 

110 K C A = K C A + l  
I F ( K C A * G T - 2 0 )  GO T O  1 8 0  
V P L l = V P L  ' 
UA=UQ-THTA*VPL* (UQ-UR)  
P A = P P - T H T A * V P L * I P Q - P R )  ' 

IF(ABSI(CR-CQ)/CR).LT-€PSI) GO T O  113 
I F ( K C A . G T . 1 0 )  GO TO 1'13 
C A l = C A  

, P  MXAZPMXQ-THTA*V PL * i PMXQ-PHXR 1 
C A L L  W V S P D ( H , ~ + D I P A ~ P M X A ' ~ C A )  



I F ( K C A . E Q . 1 0 )  C A = ( C A + C A 1 ) / ' 2 . 0  
113 V P L = ( C A + C ' P + I J A + U P ) / Z . O  .. 

I F ( A E S (  ( V P L - V P L l . ) / V P L )  .LT.EP-S.1 .GO T O  114 
G O  T O  110 

114 P C = P A  
IJC =u A 
C C = ( C A + C P ) / Z , O  
R E  T U R N  

180 W R I T E ( K O U T . 1 8 1 )  L P I P E ( L J r l 9 K  
181 F O R M A T ( l H l ~ 1 O X ~ ' N O  C O N V E R G E N C E  I N  I N T R P  I T E R A T I O N ' 9 / t l O X *  

X  ' L P I P E  = ' ,14r ' ,  I ='  9 1 4 . ' .  K  ='*I21 
S T O P  

C  I T E R A T I O N  A T  P O I N T  B 
2 0 0  P H X U = P M X ( K P L . I )  

P M X S = P M X f  K P L . I + l )  
P P = P ( L . I  , 2 )  
U P = U ( L . I  9 2 )  

C A L L  W V S P U ( H y H D t  PQIPMXQICQ) 
C A L L  W V S Y D ( M I H D I P S ~ P M X S , C S )  
C A L L  WVSPD(M,HD;PP.PMXQpCP)  
I F t M P X I K P I .  1.GT.O) C P = C P X ( K P L  
C B = C S  
V H I = I U S + U P - C 5 - C P ) / Z . O  
K C B = O  

210 K C B = K C B + l  
I F ( K C B , G T . Z O l  GO T O  180 
V M I  l = V M I  

, U B = U Q - T H T A * V M I * (  U S - U Q )  
P B = P Q - l ' H T A * V M  I* ( P S - P Q )  
IF(AHS((CS-CQ)/CS).LT.EPSI) GO 'TO 213 
I F ( K C B . G T . 1 0 )  GO T O  213 
C H l = C B  
PMXB=PMXQ-THTAWMI + ( PMXS-PMXB) 
C A L L  W V S P D ( M . H D q P B 9 P M X B . C B )  
I F , ( K C B . E Q . l O )  C B = ( C B + C R l ) / Z . O  

2 1 3  V M I = ( U B + U P - C B - C P ) / 2 * O  
' IF(ABS((VM1-VMIl)/VMI).LT.EPSI) G O  T O  214 

G O  7 ' 0  210 
2 1 4  P C = P B  

U C = U B  
C G = ( C B + C P ) / Z . O  
R E T U R N  
END 



S U B R O U T I N E ,  FRCTRM (L ,V ,G)  
C* * * *  S U B R O U T I N E  W H I C H  COMPUTES ' W E I S B A C H '  F R I C T I O N  F A C T O R  F U S I N G  
C*** *  ' C U L E B P O O K - W H I T E "  C O R R . E L A T I O N  AND R E T U R N S  F R I C T I O N  TERM G I  
c**** . C = F t V * A B S  ( V ) . / Z / . D .  . 

COMMON / R l /  ~ ( 1 0 0 )  r ~ ( l O O ) i ~ ~ . ( ~ l O O ~ ~ ~ ( l O O ~ ~ ~ (  1 0 0 v . l O O r 2 ) r  
1 ~ ( 1 0 0 ~ 1 0 0 , 2 1 ~ ~ ~ 1 ~ 1 0 0 ( 6 ) r ~ ~ ~ ~ ~ 6 ) ~ ~ ~ l ( l 0 0 ~ ~ ~ ~ ~ ~ ~ 0 0 ~ ~  
2 L P I P E ~ 1 0 0 ) ~ J U N ~ l 0 0 ) ' ~ N N O O E ~ 1 0 0 ) ~ D E N S ~ D T '  

COMMON / R 2 /  R F ( l O O ) r V I 5 C , K F R I C  
D A T A  K O U T / 6 /  
N= 0 
F=O. 
G=O. 
Q = A H S (  V )  

~ * * * s  IF K F K [ C = O ,  FRICTION IS NEGLECTED' ********++***************8************** 

I F ( K F P . I C . E Q . 0 )  R E T U R N  
RR=RF ( L ) / D ( L J  
RE=DENS*Q*DIL)/VISC 
I F  I K E . L E o O . 1 )  R E T U R N  
I F  (KE.G.T.3000.)  GO T O  5 

c***4 LAMINAR FLOW. *************+o**qr*****Q**9:**4:*****************************9:* 

F = 6 4 . / R E  
GO T O  70 

5 IF(KR.GT. l . .E-4)  GO T O  10 
C * * * *  1 N I T I A L . E S T I M A T E  F D H  SMOOTH P I P E  B Y  ' R L A S I U S '  E Q U A T i O N  ?***********-******* ,+ 

F = 0 . 3 1 6 / R E * * . 2 5  
G O  CO 2 .5  

Go*++ I N  I T  [ A L  E S T I M A T E  F(3R ROUGH P . I P  E B Y  ' V O N  K A R H A N '  E Q U A T I O N  ***************** 
10 ~=l./(-2.*ALOGlOlRR)+1~14)**2 

C 4 * f  8 ,F X'S U E T E K M I N E D  I T E R A T  I V f  L Y  BY  * C O L E B R O O K - W H I T E !  C O R R E L A . T I O N  ************* 
25 S F - S Q R T I F )  

60  T O  35 
3 0  SF=FF 
3 5  D D = 1 . 1 4 - 2 . * A L 0 6 1 0 (  R R + 9 . 3 5 / ( R E * S F )  1 

F F = l . / D D  
IF I ( A B S ( F F - S F ) / S F ) . L E . O . O ~ )  GCI T O  50 
I F  (N.GE.50) GO T O  4 5  
N=N+ 1 
GO T O  30 

4 5  WRITE' ( K O U T * l O O )  L P I P E ( L l , V  
100 . F O R M A T ( / / / / , l O X * ' N O  CONVERGENCE I N  F R I C T I O N  TERM F O R  L P I P E  = ' r  

X 1 4  V E L O C I T Y  = ' . E 1 2 . 5 * '  F T / S E C 9 )  
SO F = F . F * * 2  
70 G = F * V * Q / Z . / D ( L )  

R E T U R N  
E N D  



SUBROUTINE AREACHt J) 
C**** SUDDtN  EXPANSION UH CONTRACTION **** 

COMMON / R 1 /  A( 1 0 0 ) . C ( 1 0 0 ) 9 D Z (  1001 .D( lOO) .P(  100 .100 .2 I9  
1 U ( 1 0 0 ~ 1 0 0 ~ 2 ) 1 L J 1 ( 1 0 0 1 6 ) r L J N ~ 1 0 0 1 6 ) r M L l ~ l O O J ~ M L N ~ l O O ~ ~  
2  L P I P E ( 1 0 0 l ~ J U N ( l 0 0 ) ~ N N O D E ( 1 0 0 1 ~ D € N S ~ D T  

DATA KOUT,K l rK2 /6 .1 .2 /  
I F ( M L l ( J ) . E Q o n )  GO TO 2  

C**** AT CEA5T ONE P I P E  I S  CONNECTED AT F I R S T  NODE 
L l = L J l (  J.1) 
1 1 = 1  
S l = l . O  
C A L L  I N T R P ( L ~ . I ~ ~ K ~ ~ U B I P B ~ C B )  
U l = U ( L 1 , 2 . 1 )  
I F ( M L l ( J ) . E Q . E )  GO TO 4  

C+*** A T  LEAST ONE P I P E  I S  CONNECTED AT LAST NODE 
2  L N = L J N ( J . l )  
I N=NNODE L N  1 
SN=l.O 
UMmU ( LN. I N - 1  1 )  
CALL  I ~ T R P ( L N * I N I K ~ ~ U A I P A I C A )  
I F (MLN(J ) .EQ .1 )  GO TO 6 

C**** BOTH P I P E S  ARE CONNECTED AT L A S T  NODE 
L l = L J N ( J . Z )  
I l=NNODt  ( L  1 
S  1=-1  .o 
U l = - U ( L l . 1  1-1.11 
CALL  I N T R P ( L 1 . I  1 . K l r U B M . P B l t O )  
UB=-UBM 
GO TO 6 

C**** BOTH P I P E S  ARE CONNECTED AT F I R S T  NODE 
4 L N = L J l (  J.2)  

I N = 1  
SN=-1.0 
U N = - U ( L N , Z r l )  
C A L L  I N 1  K P ( L N . I N I K ~ ~ U A M I P A I C A )  
UA=-UAM 

C**** JUNCTION CALCULAT ION 
6 K = A ( L N ) / A ( L l )  

FK=O.O 
UU=(R*UN+U l  )/Z.O 
IF(R.NC.1.0) GI1 TO 8 

C**+ *  NO ARkA D I S C O N T I N U I T Y  
UD=O.O 
GO TO 2 0  

C****  LXPANSION CASE 
O I F  (K.LT,l.O.AND.UU.GT,0.) FK= ( l . -R ) * *2  

I F  (ROGT.l.O.AND.UU.LT,0,) FK=-(R-1.)**2 
C*+**  CONTRACTION CASE 

11 ( I t r b I  .L.O.A~UD.UU-CT.O. 1 r I(-m45*R*(P.- l .)  
I F  (H.LT.l.O.AND.UU.LT.0.) FK=-.45*(1.-H) 
DD=L .-R+*2-FK 

2 0  CALL  FRCIRM(LN,UA,GA) 
CALL  F R C T R M ( L l r U B , G B )  



.BB=CA'+CB*R 
C C = Z . * ~ C A * U A + C B . * U B + ~ P A - P B ) / D E N S - O T * ~ C A * G A + C B * G B ~ ~  . . 

CARG=BB**2-CC*OD. . . . 
I F ( C A R G . L T . O o 0 )  GO T O  55  - . . . . 

. UP=CC/  ( B B + S Q R T ( C A R G )  1 ' ..: 
. ,  . U ( L N ; I N I Z ) = S N * U , P .  . ' . . 

1 .  U ( L l r l l r Z ) = S l * U P * R  
PILNrIN*21=PA-DENS*CA*(UP-UA+DT*GA) 
P (L l r I l r 2 )=PB+DENS*CB* (UPp*R-UB+DT*GB)  
R E T U R N  

55  W R I T E ( K O U T r 5 6 )  J U N ( 3 )  
56 FORMAT(  lHOr5X; 'AREACH S U B R O U T I N E  - SQUARE ROOT .HAS N E G A T I V E '  9 

X ARGUMENT AT J U N C T I O N m r 1 4 1  . 
STOP 
E N D  

8 I 



SUBROUTINE T E E ( J T I C T P R )  
C**** TEE JUNCTION J O I N I N G  U P  TO 6 BRANCHES **** 

COMMON / R 1 /  A (  1 0 0 ) r C (  1UO) r D Z (  1 0 0 )  S D ( ~ O O ) T P (  1 0 0 1 1 0 0 ~ 2 ) ~  
1 U ( ~ 0 0 , 1 0 0 ~ 2 ) ~ L J 1 ( 1 0 0 1 6 ) r L J N ( 1 0 0 ~ 6 ) ~ ~ L ~ ( 1 o o ) ~ M L N ~ ~ o o ) ~  
2 L P I P E ( ~ ~ ~ ~ T J U N ~ ~ ~ ~ ~ ~ N N O D E ~ ~ ~ ~ ) ~ D E N S ~ D T  

D I M E N S I U N  U A ( ~ ) , U B ( ~ ~ ~ P A ( ~ ) T P B ( ~ ) , C A ( ~ ) ~ ~ ~ ( ~ ) ~ G A ( ~ ) T G B ~ ~ )  
DATA K l . K 2 / l r 2 /  
N N l = M L l (  J 
NNN=MLN( J 
NT=NNl+NNN 
SUMl=O*O 
SUMZ=O.O 
DO 10 K = l r N T  
I F  ( K o G T o N N l )  GO TO 5 
L = L J l (  J T K )  
f A i l  INTRP ( L , K l 1 K 2 , U B I K ) r P B ( K ) r C R ( K ) )  
CALL FKCTRM ( I  T U B ( K )  * G B ( K )  
S U M ~ = S U M ~ + A ( L ) * ( D E N S * ~ - U B ~ K ) + D T * G B ( K ~ ) + P B ~ K ~ / C B ~ K ~ ~  
SUM2=SUM2+b ( I  I / C R  ( K )  
GO TU 1 0  

5 M=K-NNL 
L = L J N (  JIM) 
CALL  I N T R P ( L T N N O U E ( L ) T K ~ ~ U A ( M ) ~ ~ A ( H ) ~ C A ( M ) )  
C A L L  FRCTRM (L ,UA(M)  r G A ( M 1  1 
SUMl=SUMl+A(L)*(DENS*(UA(M)-DT*GA(M)I+PA(M)/CA(M)) 
SUMZ=SUMZ+A(L) /CA(M)  

1 0  CONTINUE 
I F  ( I C o E Q - 1 )  GO TO 13 

C**** I F  U=O AND P=PR I N  EVERY BRANCHI SET U=O AND PP=PR 
DO 1 2  K = l r N T  
I F  (K.GT.NN1) GU TO 11 
IF (UB(K) .EQ.O.O.AND.PB(K) .EQ.PP)  GO rn 1 2  
GO TO 13 

11 M=K-NN1 
I F  (UA(M).EQ.O.O.ANDoPA(M).EQ-PR) GO TO 1 2  
GO TO 1 3  

1 2  CONr  INUF  
PP=PR 
GO TO 1 4  

1 3  PP=SUMl/SUMZ 
1 4  DO 20 K = l q N T  

I F  (K.GT.NN1) GO TO 1 5  
L = L J l ( J , K I  
U(L11,2)=UB(K)+(PP-PB(K))/DENS/CB(K)-DT*GBlK) 
P ( L 1 1 , 2 ) - P P  
G O  TO 2 0  

1 5  M=K-NNl 
L = L J N (  JIM) 
NL-NNODE ( L  
U ( L T N L ~ ~ ) = U A ( M ) - ( P P - P A ( M ) ) / D E N S / C A ( M ) - D T * G A ( M )  
P ( L T N L T Z ) = P P  

2 0  CONTINUE 
RE TURN 
END 



'SUBROUTINE PUMP,tJ i L L P M P l H E A D )  
C**4* PUMP JUNCTION .- .TREATED; AS. TEE WIT'H HEAD. ADDED T O :  PRESSURE 
C*+* *  I N  P I P E  'LLPMP. : .: 

COMMQN / R 1 /  ~ ( 1 0 0 )  ~ c . ( o o . ) ~ D z (  1 0 0 ) r ~ ~ 1 ~ ~ ) l ~ ( 1 ~ ~ 1 1 0 ~ ~ 2 ~ j  
1 U(  1 0 0 1 1 0 0 1 Z ~ l L J 1 ( , 1 0 0 1 6 ~  ~ L ; I N ( l 0 O t 6 I  l M L l ( ' l O O )  *MLN( 100) r 
2 L P I P E ~ ~ ~ ~ ) ~ J U N ~ ~ ~ ~ ) ~ N N O D E I ~ O ~ ~ ~ D E N S ~ D T  

DIMENSION U A ( ~ ) ~ U B ( ~ ) ~ P A ( ~ ) ~ P B ( ~ ) ~ C A ( ~ ~ ; C B ( ~ ) ~ G A ( ~ ~ ~ G B ~ ~ )  
DATA K l  t K 2 / 1 1 2 /  
NN l=ML  1 ( J 
NNN=MLN( J 1 
NT=NNl+NNN 
SUM1=0.0 
SUMZ=O'. 0 
SUP=HE AD*A ( L L P H P ~  / C  ( LLPMP) . . 
DO 10 K = l i N T  
I F  (K.GT.NN1) GO TO 5 
L = L J ~ . (  J *  K') 
CALL  INTRP ( L ~ K ~ ~ K Z ~ U B ( K ) ~ P B ~ K ) ~ C B ( K ) ~ .  
C A L L  FRCTRM ( L t U B ( K 1  i G B ( K )  
S U M ~ = S U M ~ + A ( L ) * ( D E N S * ( - U B ( K ) + D T * G B ( K ) . ? , + P B ( K I / C B ( K ) ~  
SUMZ=SUMZ+A(.L)/CBI K )  
GO TO 10 , '  

5 M=K-NN1 
L = L J N (  JI M I  . . . , ,  

CALL INTRP. (L iNNOD 'E (L )  i K l i U A ( M )  iPA(IYI1 t C A ( M )  J 
CALL FRCTRM ( L i U A ( M )  i G A I M )  
S U M ~ = S U W ~ + A ( L J * ( D E N S ~ ( U A ( M ) - D T ~ * . G A ( M ) . ) + P A ( M ) / C A ( M ) )  
SUMZ=SUMZ+A(L ) /CA(M) .  

10' C ONT I N.UE 
PP=(  SUM1-SUP) /SUM2 
no 2 0  K = l t N T  
PJC=PP 
I F  (K.GT.NN1) GO TO 1 5  
L = L J l (  J t K )  - .. 
IF(L.EQ.LLPMP1 PJC=PJC+HEAD 
U ( L t l t Z ) = U B ( K ) + ( P J C - ? B ( K ) ) / D E N S / C B ( K ) - D T *  . . 
P ( L i  1 i 2 ) = P J C  
GO TO 2 0  . . 

1 5  M=K-NNl 
L = L J N (  Jt M I  
NL=NNODE(L)  
IF(L.EQ.LLPMP) PJC=PJC+HEAD 
U ( L ~ N L , , ~ ) = U A ~ M ) - ( P J C - P A ( M ) ! / D E N S / C A ( M ) - D T * G A ( M I  
P ( L i N L i Z ) = P J C  

2 0  CONTINUE 
RE TURN 
END' 



SUBROUTINE IMPED(  J )  
C * * * *  DUMMY JUNCTION  AN^ ACOUSTIC IMPEDANCE D I S C O N T I N U I T Y  ,**** 

COMMON / R 1 /  A(100)rC(100)rDZ(1001rD~l,00),rP(100r10Or2)~ 
1 ~ ( 1 0 0 ~ 1 0 0 ~ Z ' ~ ~ L J 1 ( 1 0 0 ~ 6 ) ~ L d N ~ 1 0 0 ~ 6 ) r M L l ~ l O O ~ ~ M L N ~ l O O ~ r  
2 'CPIPE(lOO)rJUN(100)rNNODE~100)~DENS~DT 

DATA K l  r K 2 / 1 r 2 /  . . 
I F I M L l ( J ) . E Q . O )  60 TO 10 

C**** A T  LEAST ONE P I P E  I S  CONNECTED AT F I R S T  NOUE, 
L ' ~ = L J ~ ( J , ~ I  
I l=1 
s1=1.0 
CALL INTRP(LlrIlrK2,UBrPBtCB) 
I F ( M L l ( J ) - E Q . Z )  GO T O  2 5  

L a * * *  AT LEAST ONE P I P E  I S  CONNECTED AT LAST N O D E '  
10 L N = L J N ( J r l J  

I N=NNODE L N  
SN= l .  0 
CALL  I N T K P ( L N r I N p K l r U A r P A 1 C A )  
I F ( M L . . N ! . I ) . . F Q ~ l )  GO T O  5 0  i 

c*&** BOTH PI'PES ARE CONNECTED AT L A S T  NODE . 

L l = L J N ( J , 2 )  
1 1 - N N U D E I L l )  
S t= -1 .o  
CALL I N T R P ( ~ ~ ~ I ~ ~ K ~ ~ U B M ~ P B ~ C H )  
UB=-UBM 
GO TO 5 0  

C**** BOTH P I P E S  ARE CONNECTED AT F I R S 7  NODE . 
25 L N = L J l ( J , 2 )  

I N = l  
SN=-1 .O 
CALL I N T R P ( L N 9  I N r K 2 r U A M r P A , C A )  
UAL-UAM 

C.**** JUNCTION CALCULAT ION 
5 0  CALL  F R C T R M [ L l , U B r G B I  

CALL FKCTRM(LN9UAvGAI  
P ( L N l r N , 2 ~ = { B f N S * ( U A - ~ t ) + ~ ~ ~ * L G 6 ~ I ; C I ) 1 4 C : A * C O ~ ~ P A * C B ~ P B * G A ) / ~ C A + C B )  
P ( L L I I ~ , Z I = P ( L N I I N I ~ )  
U P = ( C A * ( U A - D T * G A ) + C B * ( U B - D T * G B ) + ( P A - P B ) / D E N S ) ' / ( C A + C B )  
U ( L N p I N , 2 ) = S N * U P  
l J ( L 1 r  l l , Z ) = S l * U P  
PETURN 
E NO 



SUBROUTINE CLOSED( J )  
. . . . 

i _: . . 
. . . . 

,C**** CLOSED END JUNCTIONS **** 
COMMON 1 A ( 1 0 0 )  r C . (  100l , ;DZ( 1 0 0 1  90(100) , P 1 1 0 0 , 1 0 0 r 2 ) r  . :  

1: .; . . U ( l O O r  1 0 0 9 2 )  r L J l (  l O O r b ~ ) r L J N ( l O O r 6 ~ ~ i M L l . ~  100) r M L N ( l 0 0 )  r ' . 
2 L P ~ P E ( ~ ~ ~ ) ~ J u N ( ~ ~ ~ ~ ~ N N O O E ~ ~ ~ ~ ) ~ D E N S ~ ~ O T  

DATA K l r K 2 / 1 , 2 /  . . . . . 
IF(.MLN(JJ.EQ.L) ~ 0 . ~ ~ 0  10 

C***d: F I R S T  ' P I P E  NODE CONNECTED TO 'JUNCTION +**4 "i' 

L = L J l (  J .1 )  
CALL I N T f l P ( L , K l , K Z , U B , P B , C B ) '  
CALL FKCTRM(L ,UB,GB) 
U ( L , 1 9 2 ) = 0 . 0  . r P ( L ,  l r2 )=P 'U+DENSfC8*  ( -UB+Df*GB 1 
R E  TURN 8 . , a .  . 

. . 

C**** L A S T  P I P E  NODE CONNECTED TO JUNCTION **** 
% ,  '. . 10 L = L J N ( J , 1 )  

I =NNODE ( L  1 . .. 
. . 

. .*.. 

CALL I N T K P ( L r 1 , K l r U A t P A r C A )  . . 
.. . . . CALL FHCTRM(L rUArGA1  . . 

U ( L ,  1 ,2 )=0 .0  . , 

I' ( L 9 . I  9 2  J=PA+DENS*CA* (UA-DT*GA) . I . 
RETURN .. . 
END , 



SUBROUTINE CONSTP( J T  PRESI  
C**** CONSTANT PRESSURE JUNCTIONS AND RESERVOIRS ******** 

COMMON / R 1 /  A ( 1 0 0 ) r C ( 1 0 0 ) r ~ ~ ( 1 0 0 ) ~ ~ ~ 1 0 0 ) ~ P ~ ~ o o ~ ~ o o ~ 2 ~ ~  
1 U ( 1 0 0 ~ 1 0 0 ~ 2 ) , L J l (  1 0 0 ~ 6 l ~ L ~ N ( 1 0 0 ~ 6 )  r M L 1 (  1.001 r M L N ( l 0 0 1 ~  
2 L P I P E ~ ~ ~ ~ I ~ J U N ( ~ ~ ~ ) ~ N ~ O D E ~ ~ ~ ~ ) T D E N S I D T  

DATA K l r K 2 / 1 1 2 /  
I F ( M L l ( J 1 - E Q . 1 )  GO TO 10 

C**+*  L A S T  P I P E  NUDE CONNECTED TO JUNCTION **** ' 

L = L J N (  JI 1 )  
I =NNODE( L 
P ( L ,  I ,Z)=PRES 
C A L L  I N T R P L L T I T K ~ ~ U A T P A T C A )  
CALL  F R C T R M ( L r U A r G A )  
U (L ;  I s 2 )  =UA- (PRES-PA) /DENS/CA-DT*GA 
RETURN 

r.88** F I R S T  P I P E  NODE CONNECTED TO JUNCTION **** 
10 L = L J l ( J r l )  

P ( L r l r Z ) = P R E S  
CALL  I N T H P { I  r K l  r K 2 r U 6 r P 6 s C 6 )  
CALL  FRCTRMfL  rU6t-GBJ 
U I L ,  1 , 2 )=UB+  (PHES-PB)/DENS/CB-01-B 
RETURN 
END 



SUBKOUTI N f  FAREND( J 
La** *  NONKEFLECTING FAR END JUNCTION **** 

COMMON '/R1/; A ( l 0 0 )  r C (  1 0 0 1  r D Z (  1 0 0 )  ,D (~OOJ . IP (  1009 1 0 0 , Z l . i  
.1 U ( 1 0 0 ~ 1 0 0 ~ 2 ) ~ L J 1 ( 1 0 0 ~ 6 J 1 L J N ( 1 0 0 t 6 ~ ~ M L l ~ l O O . ~ 1 M L N ~ l O O ~ ~  
2 L P I P E ( ~ ~ ~ ) ~ J U N ( . ~ ~ ~ ) ~ N N O D E ~ ~ O O ~ I O E N S ~ ~ T  

I F ( M L l ( J I . E Q . 1 )  GO T O  1 0  
c r * * *  L A S T ,  PIPE' NODE CONNECTED T O .  JUNCTX,ON ***a 

L = L J N (  JI 1 )  
I =NNODE ( L 
P ( L , 1 , 2 ) = P ~ L . I - l , 2 )  s .  

U ( L I  I , 2 1 = U ' ( L I I - 1 , 2 )  
RETURN 

C***'* F I R S T  P I P E  NCIDE CONNECTED 'TO J lJNCTION **** 
1 0  L = L J l (  JI 1 )  , . 

P ( L , l r 2 ) = P ( L , 2 , 2 )  
U ~ L , l , 2 ) = U ~ L , 2 * 2 ~  
RETURN 
END . 



SUBROUTINE F U P O S K ( J v P E 3 U R v P R E S v K P D I  
C****  RUPTUKF O I S K  SUBROUTINE **** 
C**** TREATED A S  A CLOSED END U N T I L  PRESSURE EXCEEDS PBUR **** 
C****  TKEATED AS A  RESERVOIR AT PRES THEREAFTER **** 

COMMON / K 1 /  A(  1 0 0 )  r C (  1 0 0 )  vDZ(  1 0 0 )  vD(1OOJ v P ( 1 0 0 9 1 0 0 9 2 )  v 

1 U ( 1 0 0 ~ 1 0 0 ~ 2 ) ~ L J 1 ~ 1 0 0 1 6 ) r L J N ~ 1 0 0 ~ 6 ~ v M L l ( l O O ~ ~ M L N ~ l O O J r  
2  L P I P E ( 1 0 0 ) ~ J U N ( 1 0 0 ) ~ N N O D ~ ~ 1 O O ~ ~ D E N S ~ T  

DATA K L t K Z / l r Z /  
I F ( M L l ( J ) . E Q . l )  GO TO 5 0  

C**** LAST  P I P E  NODE CONNECTED TO JUNCTION **** 
L = L J N (  J r  1 )  
I = N N U D E ( L )  
IF(KRD.EQ.1)  GO TO LO 

C****  O I S K  HAS NUT BEEN RUPTURED PREVIOUSLY **** 
CALL I N T H P I L v I  v K I v U A v P A v C A )  
CALL FRCTRM ( L r U A v G A )  
U ( L ,  I ' r2 )=O.O 
P ( L ~ I ~ ~ ) = P A + D E N S * C A * ( U A - D T * G A )  
I F ( P l l  v l r%) .GT.PBUR)  GO TO 8 
K E  TURN 

C * * 4 *  D I S K  HAS KUPTURED **** 
8 K P D - 1  

1 0  P ( L v I r Z ) = P K E S  
CALL  I N T K P ( L v  1  r K l r U A r P A r C A )  
C A L L  FRCTRM(LvUArGA)  
U ( L v I r 2 ) = U A - I P R E S - P A ) / D E N S / C A - D T 9 G A  
RETURN 

C * + * +  F I K S T  P I P E  NODE CONNECTED TO JUNCTION **** 
5 0  L = L J l ( J v l )  

IF (KKD.EQ.1)  GO TO 60  
C * * * *  I S K  HAS /NOT BEEN RUPTURFD PREVIOUSLY **** 

CALL  I N T R P ( L v K 1 1 K Z ~ U D 9 P R ( C R )  
C A L L  FKCTRMILpUBrGB)  
U ( L , l , z ) = O . o  
P ( L v l , Z ) = P R + D k N S * C B *  (-UB+P1T*GB J  
I F ( P ( L v l r 2 ) . G T . P B U R )  GO T O  58 
RETURN 

C****  9 I S K  WAS RUPTURED **** 
58 K R D = l  
60 P ( L v  l r Z ) = P K E S  

CALL  I N T R P ( L v K l r K 2 v U B v P B v C B )  
C A L L  FRCTKM(LvUI3vGB) 
U(Lplr2)-UB+(PRES-PRl/DENS/C$-DT*GB 
RETURN 
END 



SUBROUTINE PRESSO(JT,PSO) 
C**** COMPUTAT,I,ON, OF ,PRESSURE SOURCE JUNCTION **8* . ; a 

COMMON. 1 A( 1 0 0 )  *.Ci 1 0 0 1  r D Z (  100) ,D( 1 0 0 1  , ~ i i 0 0 , 1 0 0 , ~ 2 ~ ~  
1 U ~ 1 0 0 v 1 0 0 ~ 2 1 r L J 1 ~ 1 0 0 ~ b ~ ~ L J N ~ 1 0 0 1 6 ) r M L l ( l O O ~ ~ M L N ~ l O O ~ ~  
2 L P I  PE ('100) r JUN( 1 0 0 )  TNNODE<(.~OO) r0EN.SrOT ., . . 

0-ATA. K l , K 2 / 1 ~ 2 /  
N N l = M L l (  J T 3  . . 
NNN=MLN( J T )  

, ,  . . .  . .  
IFINN~.E'Q.O) GO TO 25 . . . . 

C*+** COMPUTE P I P E S  J O I N E D  W I T H  F1RS.T NODE **** 
DO 20 K = l , N N l  
L = L J l ( J T , K )  
CALL.  I N T K P ( L  r K l , K 2 r U B , P B r C B )  
CALL FRCTRM(L rUBvGB1  
U(L,1~21=UB+(PSO-PR)/DENSlCB-DT*GB 

2 0  P ( L T ~ , ~ ' ) = P S O , .  . . 
25 IF(NNN.EQ.0) GO ~ 0 ' 3 5  : 

C**** COMPUTE P I P E S  JOINED WITH  LAST  NODE **.** . . 
DO 3 0  K = l r N N N  
L = L J N (  J T p K )  , * 

1=NNODEtL 1 
CALL INTRP(LTI T K ~ . ~ U A ~ P A , C A )  
CALL  FRCTRM(LrUA,GA) 
U(LII,21=UA-(PSO-PA)/DENS/CA-DT*GA 

3 0  9 ( L r  1 , ~ ) = P s o -  
35 R.ETURN 

END 



S U H K O U T I N E  P T I # E ( T v P )  
C+***  C A L C U L A T E S  SOURCE P R E S S U R E  P A T  T I M E  T B Y  L I N E A R  I N T E R P O L A T I O N  
C * * * *  O F  V A L U E S  I N  COMMON ' 

DO 10  K.=2;NUPT 
I F ( T . . E Q . T I M E ( K )  ) G O  T O  1.5 
I F ( T . L T . T I M E ( K ) )  GO T O  2 0  

10 C O N T I N U E  
P = P T M ( N O P T )  
R E T U R N  

15  P = P T M ( K )  
R E T U R N  

2 0  KM=K-1 
P = P T M ( K M ) + ( P T M ( K ) - P T M ( K M )  ) * ( T - T I M E ( K M )  I / ( T I M E ( K I - T I M F ( , K M )  I 
R E T U R N  

30 P = P T M ( l I  
RETURN 
E N D  
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