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AN INVESTIGATION OF PRESSURE TRANSIENT
PROPAGATION IN PRESSURIZED WATER

i

REACTOR FEEDWATER LINES

Abstract

This document reports thg tesults
of a study for the Nuclear Regulatory
Commission (NRC) to provide a general
understanding of pfessure transient
(water hammer) propagation in pres-
surized water reactor (FWR) steam
generator feedwater piping systems.
A typical feedwater network is
defined, and pressure transient
initiation is discussed, as well as
the plausible pulse shapes reported.
The analysis is performed by using

the computer codes PTA and WHAM.
Forces are calculated at elbows and
velves by using momentum principles,
The effects of pipe yielding, pipe
wall friction, and elbow and value
lceses are included. Pipe yielding
and elbow/valve effects are found to
be important, and pressure magnitudes
and forces are substantially reduced
when these effects are included in
the analysis. Typical pressure aad

force time hlstories are alsc given.

Section 1
Introduction

&

This report discﬁseas results of
the first phase of a one-year
contréct* with the Nuclear Regulatory
Commission, Division of Operating

. Reactors -(NRC/DOR), for a generic
investigation of the effezt of
lydraulic shock ot water hammer on
the feedwater piping network of
nressur;zef wg;er’reactors (PUR}.

A02070 ¢

e

* . .
fontract No. B&R 20 19 04 02 FIN

I3

0f the (at least) twenty—qup sﬁeaﬁ
generator related water hammerrinci—
dences1 reported to date, the most
significant one oceurred {n 1973 in
steam generator No. 22 of the Indian
Point No. 2 Nuclear Power Pléﬂt.z

The water hammer caused bulging of

. the feedwater pipe nedr the steam

C -

. o
B

generator, and failure of the pipe at
Evidence indi-

cated that the water hammer was caused

the containment wall.

e



en E . ) at s ’ e Tt ’ vllv .
Y T : . . .
by the formation and subsequent sudden 1) Select appropriate'- water hammer

P collapse of a" steam bubb le in the . ;,;_- pulses, resulting from steam

feedwater line near its inlet to the we bubble col’lapse, for use as

i steam generatbr. .Since then,, .' ' inpuc to a propagation analysiq.

tional severe water hammers have ST 2) Sutrvey ‘4nd select appropriate

Lot

occured. In particular, 2 water ham— T prcpagation schemes. for use in
e mer. occured‘ at tne Calvert Cliffs - o g i the analysis, Include acquired
. Nuclear Power P_Lant No. '.? which % and develéped <omputer software .
:;. C ‘caused fa:llure of~two feedwater b alves - to' predict lcads that the water
upstream of‘the tsteam generatnr. - “_ - hammer places on the system.

It ig in responee to these: - . -~ ’ 'Also investipate effects that.
:Luc:l.dances t.xat NRC/DOR fundeu this ,; .. the plping system has on the
study to investigate ne effects of ' 3 pressure pulse, i.e,; elbow

i water hammer on the ‘feedwater netwnrk _ Cte 1oas, pipe yielding, wafl

friction.

) Calcnlate loads om, the Piping
system: due to the pressure

A transient, and use the results

£ Items 1 and "2 (above) in

this analysia. In con:]x_nction

" with .NRC/DOR’ personn¢l, select
a repreéentative piping system

i fof use in this generie study.

-

occurred. At least . two - of these have .

'cause.i seVEre damage to’ the piping



*

feedring.
is injected through the feedwater line

Subsequently, "cold" water

to restore the steam generator water
level. At some point in time, a steam
bubble 1s trapped ih the horizontal
section of pipe adjacent to the ste.m
generator. Collapse of this bubble,
from condens- tion, causes an impact of
water surfaces and éenepates-ghe
_severe pressvﬂe'pulses experienced.

In conjunction with NRC bersonnel,
we defined a basis feedwatef piping
network. It consists of approximately

300 ft of 16~in.-o.d. pipe.
1s made of SA-106, Class C sisel and
has a wall thickness of 0.844 in. The

pipe section contains fifteen elbows,

The pipe

. a flow element, check valve, and plug
valve. We obtained properties of the
pipe material at elevated tempera‘ures
so that its stress-—strain curve could

be recomstructed.

We found two pressure pulse shapes
to be plausible and refer t. these as
the "Westinghouse" and "Tih:nge" pulse
forms. Both are characterized by a
gradual depressurization (approx-
imately 20 ms) and a long dw=ll period
(approiimately 40 ms).
surization time is assoclated with

The depres-

steam condensation, creating a com-
parative vacuum. The dwell period
"is associated with thé time it takes
the wééer surfgces‘to impact. The
elevated pressure portion of the
"Westinghouse' form is a single spike

of approximately 1.5 mc duration and

-3-

vof multiple spikes.

is used in two forms: square and
triangular. The evelvated pressure
portion of the "Tihange" form consists
: Each has a
duration of approximately 2.5 ms and
is triangular in shape.

In addition to variaticus in pulse
shape, we also found justification
for varjations in pulse magnitude,
Both damaging as well as benign water
hammers have occurred. 1In our
analysis, we consider peak pressure
magnitudes of 3000 and 6000 psi. The
lower value is well below the yield
point of the pipe while the upper
value is well above the yield limit.

The two computer codes used in our
analysis — PTA aund WHAM -- wece placed
on the LLL computer network. We
modified them Lo extract forces at
specified pipe components, account for
elbow/valve losses, and produce spacial
and time plots of pressure in the
niping network. Forces were cal-
culated by using comservation of mo-
mentum principles in a pipe component.
Elbow/valve losses are accounted f{or
through use of a lunped friction. 1In
our study, we use a lumping factor
several ornders of.magnitude greater
than the steady-state value. 1In
addition, during depressurizatiom,
the lumped factor is made a function
of the pressure gradient.  This
recoénjzeb that losses are 1likely o
be lower in relatively low-pressure

gradient situations. Pipe yielding
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propagation velocity nf. the pressure

wave when’the lbcel pressur
i than the yield pressurn. '

We performed a series of verifd.-

o cation calculations “to’ check the cor-

rectness of ‘the computer codes” and

our 1oss models., '].‘h¢=l first séries,

w duplicating a’ sdddenly closing valve,

were calculated by using PTA,. WHAM
“and the coupled Eulerien/Lagrangian

. CHAMP computer ‘code, Calculations".
were perfo "eu for both ‘rigid and
\elastic w&Tls: ‘The PTA and WHAM

calculations ‘comparé. to within 0.1Z

S *f the theoretlcal answer.
calc"lations, ‘which demonstrated the

- oscillatory beh' vior of the pipe wall,

compared to wi"h:.n 4% of the
theoretical answer.

o In addition, we pérformed test -

- calculations to test the plasticity

, ‘and elbow models.
’ '. ve compared our calculation with

_ experiments. - The plasticity calcu—

: lation demonstrated the reason—- ’

ableness ‘of the m del used in I’TA

In the elbow-loss test probl, we '

found that ‘u '
71450

. reSulz.a.

‘ basis feedwater for. five cases. h

"Wes cinghouSe" pu

; ield 1im:l.t), with no elbow
loases included. E e

counted for by reducing the~ :

The CHAMP

E the piping network.
% 105 1b.

In both situations )

of a lumping factor of
104 repx duced tne experimental

Calculation ' were performed on éur

'with 8, pea‘k
ressure of 3000 psi (below

2. "Westinghouse" ,pulse with a peak
'pressure of 3006 psi (below :
’ yield liru.it), with elbow losses .
“included. .

‘3._"."Westingnouse" pulse w1th a peak
~'pressure 0£-6000 psi (above
"yield lim.it), with elbow losses

included. ) o

4. "Tihange"” pulse with a. peak
.‘.‘pressure of 3000 psi (below

yleld limit), with elbow 1osses

. included.

5

"Tihange" pulse with a peak
presaure of 6000 psi (above

" yield limit), with elbow losses
included.

. For Case’l, which included no losses,

the pressure was a corstant throughout
At all 90° elbows,
the maximum total for:e was 6,89

&

For Cases 2 and 4, elhow and ValVe

losses reduced the peak pressure to

- roughly 45% of its origimal value.

The forces were correspondingly L

reduced. The depressurization portion

- of the curve was doly slightly
',affected since the 1oss factor form
‘was chosen to minimize losses in this

region.

For Cases 3 and 5, pipe yielding

,reduced the peak pressu—e to the pipe

yield pressure (4500 psi) by the time”
the wAve traveled 11 ft, which is well
before the first: lo.>s elbow. ~In the
case of the T:Lhange pulse, the plas-’
ticity effect also filled In the



valieys betveen spikes. Befare the
pulse reached the first elbow, the

", minimum pressure in the spike portion
of the curve was very neafly the

. operating pressure of the steam gen—

erator. -This served to reduce the

force tand'in the splke portion. 4s

with Caééu 2 and 4, the inclusion of

losses at eibows and valves served to
subétantially reducé thé pressure and
force magnitudes duting the spike

portion of the_ pulse,

Section 3
Water Hammer Phenomenon

To set the scene for pressuve tran-
slent peneration, a small portion of

a typical feedwater system is shown

in Fig. 1. A detail of the short
. Feedwater
L manifold

l[ll

Control — m
vglve :]\

Fig. 1.

7

Containment

_horizonial pipe coanecting to the
feedring is given in Fig, 2.
When a valve upstream in the

feedwater syutem 1s closed, the flow

*

v -

Steam
generator
Swirl
'/ seperators

ﬁ!x.

v

¥

wall

Feedring

Feedwater
line

Layout of PWR feednater line.

-.5_



Fi'g. 2.

. ¥ the feedwster line is stopped.

, . Subsequent boiling in the gteanm
generator causes .the water level to.
drop, uncovering “the’ feedring and
draining the short horizontal pipe

time,A faold™ !

»'in'ieeted through

section. g At a"latn

,*’ the feedwster line to restore the
At this

stemm generator ‘water 1 ,el.

time when the. pipe is partially filled, :

two types of water slugs are possible.
"short" or' "long r '.*', -
: The short-slug formation is o
represented :In” Fig. 3,. At. some paint
An, time, a surface perturbation at

‘the feedring tee cauaes formation of

a waterslug
bub'ble.
stoam yithin the bubble, and the
) 'resulting pressure \diffe'rent‘ial

P

Subsequent condensation of

o

Thermial slgeve

Steam g_nerator feedring

v Feedwater

d.solation of a stean

. Fig, 3.

/'A\‘I- '

Tee connection.

© 251 — 3f4-in.-diam _ .

flow hoies

causes accelera_tion of the slug down

the pipe, i Impact of this slug on the

. downstream water surface and pipe

elbow causes the severe pressure
N «

waves -experienced.

éj\\

Steam
generator

"Representation of “Ehort"
_.slug formation. .



The formationfd% long slugs,5 as
illustrated in Fig., 4, occurs as the
water level in the steam generator ‘is
testored and the outlet holes in the
bottom of the feedring are covered,
which traps steam in the feedring and
horizontal .pipe. Subsequeﬁt conden-
sation of this steam "bubble" cnuges
water to be‘dré?n into the feedring
The -
i
impact of this slug against the

_and»down'the horizontal ripe.

elbow and water surface causes the
severe pressure pulsé.

Both of these "models" appear to
be supported by observed phenomenon.
For,exemple, Block et all have
generated short slugs iﬁ scale model
tests. An Indian Point incident
repoft6 mentions that the water hammer
occurred at the time the feedring

began to be covered, accompanied by a

Steam -
generator

-Fig. 4.
slug formation.

Representation of "long"

sudden drop in water level in the

steam generator. This. would seem toc

_ support the long-slug concept where

water is drawn back into the feedring

from thé steam generator.

Section 4 :

Basis PWR Feedwater Piping Network

FEEDWATER LINE DEFINITION

In consultation with NRC, we have
defined a "typlcal” PWR feedwater
,systeﬁ for use in our an'alysis.7 A
‘schematic of the piping system is
shown in Figs. 5 and 6 and character-

istics of the piping network are given

-

in Table 1. Properties of the pipe
material aﬁd water are diseussed Jn
Appendik A, At the time of water
hammer, we estimate the fluid and pipe
This is

roughly the mean betweén the piaut

temperature to be 300°F,

operating temperature and the cold

auxiliary water temperature.-



%

~Steam
- nerator
| generaior y

Containment’
liner plate

- Fig. 5‘. " Schematic of basis feedwater piping network — inside containment.

T .ble 1. Summary of represeucative
: i piping ‘ystem.
\ F_ 4 -?ipe Matetial Typ,g . SA-106, Type C,
. Main feedwater- -~ = o
"‘ " pipe diameter : .. 16.0 1n. o.d.
Main feedwater |
pipkwall e
: _»thickness : 0.844 in.
" . 'Length of /p:lpe in N
analysis (from; ; R
0. . .
| ~288 ft

2 J



7.75 ft—

Fig.lﬁl Schematic ef basis feedwater piping network — outside containment.
‘ Section 5
Pulse Selection
BACKGROUND e 1If possible, be consistent with.
i _present theories. Simple models
The first major aspeet~of this have been proposed to provide
contract was to select water hammer magnitude estimates of this
pulses, refrepeeting pressure condi~- phenomenog.l’5 V
tions ié}the‘immediete vicieity of the e Cover thé/bfoadest possible

steam bebble, for use as boundary
eonditippe~in’the propagation analysis.
As criterian for selectiﬂereprésen;
tative pulses, we conclude that candi--
should.

date pirlses "
Be consistent with observed
‘phenomenon. Pressure measure~

. ments have been made on the full
size Tihange Feedwater System8
ag well ée‘spale mbael
e'xper:lments.1

=g-

range of shape and magnitude.
Observations in operational
steam generator systems indicete*
that very benign water hammers i

1n a223itica ES T
4duiiica Lo the

more violent type that concerns

: 2
- us in this study.
CANDIDATE PULSE SHAPES

Our study revealed that there are

-beeically two acceptablejbulse ehapes:
f?ingle" and "multiple" spikes .-




is used in two basic ahapes. tha

' solid—line or square pulse, typically

or triangular pu 5y observed xn the

{‘Block et sl. expen.ments.l

and hsa some. experimental basis in
the‘experiments conducted at the
Tihange Nuclear Facility in Belg:(um.8

_The experimental trdces recorded at

Tihange are given in Fig. 8s -
Both pulses ‘are characterized by

e the gradual depressurization (tl) and

) " E3 rather long dwell period (t ).
These aspects are associated with the
VEry rapid ccndensation of steam in

;f - thé bubble which creates a comparative

‘Vacuum. The total depressurization

‘Tune )
Westlnghouse class

T e

Fig. 7..

" Pressure

a

" time (t; + ¢ ) ie ‘the time the slug

'(whether finite ‘or - Long) takes to
traverse the original bubble length. 1.5
'Beyond this p01nt,‘the two pulses are’
marmedly~different. In both instances.

Aﬂthe’préssure increases suddenly (as

1':compared to the depressurization rate)

o a magnitude ¥, a8 the water slug

impacta ‘the- "stationary surface. In

¥ the available literature, the single

spike pulse is.associated with the
* short-slug situation. The pulse
duration is the time it takes the
- impact pressure to transit the slug,
reflect at the back end, and for the
~resulting rarefactibn»to return to
_.the impact surface. Thus, this time

‘ mai'be described as

At

P

1 (TYP)

Pt 3 - - _r N
[ -
Time A
b. -Tiha'ng'e class

e

Candidate pulse ‘shapes.
_10_
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@ - At steam generator b
§ 200/ outlet ![ I
| 0L ——= T - - m—-d,
o 400F 5
=1 2 | t
g 2o ;
& of—-- Act
IR N N S B N
20 40 60 80 100
Time — ms '

Fig., B8, Pressure histories from
Tihange tests. :

In addition, V.eeland recently asso-
ciated the multipie spike pulse with
the long ¢« g situation.

The ‘time parameters (tl and :2)
are difficult to accurately predict.
The depressurizﬁﬁiﬁn rate depends on
the bubble condensation rate. This
is highly influenced by steam/water
interface conditions, water tempera-
ture, and water flow rate. T1n turn,
the "dwell" time (tz) and pressure
.pagnitude (rm) are dependent upon the
pressure difference between the bubble
and steam generator (Po), and the siug
length and slug growth rate. For this

Argason, a simple theory has yet to
evolve that will ﬁrovide.complete
definition of the water hammer pres-
sure pulse. o .

We also concludé that in addition
to variationé in pulse shape, pulse
magnitude must also Bevconsidered a
variable.
Indian Péint?, the pulse -magnitude

~ wds small enough that no discernaﬁle

In several instances at,

‘pipe damage was evidenced, However, .

. R 2 B .
in another instance,” the-water

“are described in Table 2.

hammer pulse was of a magnitude
sufficient to cause pipe yielding
near the steam gemerator. To the
first order, thke yield pressure of -

the pipe is given by thin-wall pipe

-theory:
OyH
Po= e 2
y = (2)

The parameters used in our analysia
Bucause
available tﬁeorias fail to comgletély
predict a reasonable pulse, our -
selections are combinations of theory,
expetiment, and recommendations found
in the literature. The depressuri-
zation timés (tl and t2) are based on
the Tihange trace characteristics and
are appropriate for this aaalysis
since the length of the horizontal

‘pire entering the steam generator at

Tihange is comparable to that in our

Table 2, Pressure puiée parameters. .

Depressurization e

time (tl) .20 ms
Dwell time'(tz) ) - 40 ms
"Westinghouse" ' .

pulse duration (ta) 1.5 ms
"Tihange" T SN

.pulse duration (th) 2.5 ms
Steam generator’ .

base pressure (Po)- . 900 psi
Minimum pressure (Ps) ’ 67 ﬁsi
Maximum pressure (Pm)

- elastic case 3000 psi

yield case 6000 psi

S -11-
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below the pipe vield 1imit as well. as
’ o shove the pipe yleld Linmit,
' Finally, it should be noted that, -
Time tl“_ of the: .- _; the pulse shapes, as shown in Figure 7

'

erved “in the Tihange : The definative study investina\:ing the

Tests o The peak—-pressure range was h.itiation phenomenon has yet to be

s selected to include pressures wd.l .~ pexformed. . -

e Sectlon6 o -
Computatlon Schemes for Pressure Propagatw.." )

b'ehavior_ as it transits the pipe net-

3,“."“-; ¢ T worke’ This requires modeling the *

The purpose of this task wds to - " va‘rio'us mechanisms that alter pulse .
? determine the most appropriate method snape and magnitude which necessitated
] ‘for propagating '~t \e pressure transient using a fluid-mechanics calculation

- fv through the piping system.' A typical in our analysis. Among the loss

approach applied to. propagating a’ 'mechanisms deemed. important are plas-
pressure pulse through a PWR feedwater .ticit:y effect:s (pipe yid.ding), elbow/
piping system hasx been merd.y o . valve ‘loss; and pipe friction. - By

Y spply the specified pressure pu.l.se at - considering lose mechanisms, we are

y the elbows where forces are desired.8 ‘v,in effect investlgating the conserv= -
' Forces are obtained by integratihg “atism ‘in the analytical approaches
the pressure over th":" elbow surface R ‘where no’ losses are considered. ) ’
area. A besic assumption in this " . . Appreciable work has \)eeu

type-‘of analysis is thdt the pressure ' performed iﬂ analyzing the. pressure

. puls,e msintains the same shape a~1d ', ) . surge caused by sudden closire of a
: i i 19 -
s magnitude throughout th piping i valve in pipelines. . 11 However, few
s nemork,. 2In addition, the structure ’ of’ the techniques discussed consider

is rngarded &5 per ctly rigid. . Thus,’ . loss mechanisms. In particular,

, ©

pressure chsnges asso‘cisted with ’ elbow losses sre generally ignored
glohal pipe motion are neglect as? v < since either the systems under ..

o In performing a bedt—estimate b consideratmn 1nvolve long stmight

o e

. ggeneric r‘sua.l.ysis. we felt that it. is“_ sections of pipe with few elnows and

j-portant to predict .realistic pulse : valves or the presence of lu.ners o¥ i
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orifices‘c‘onfplgtely overpower the SOLUTLON SCHEMES

effect of elbows and valves.

Virtually all of these studies use To perform this ai.ilysis, we
- gome form'ofb,;h‘;a method ;¥ wave super- obtained two computer codes; PTA]'{' »
position,i'.vr_as il;l.scus:s'ed by Parm:f.{.kian,ll-; and WHAM.15 Both codes are operating
to solve ‘the"t:'r’ansie‘rgé water hammer 6}1 the Lewrence Livermore Laboratory .
equations: . e T ~DC 760N computer system. Both
. R ccmﬁuter codes assume that rhe piping
g_z = -0 % (momentum) , - (3) 1':at€aork is rigidly fix.ed.in space. - ..
. Thus, the pressure changes assoclated

" with motion of the pipe caused by

—g% =-pc o (continuity) - @ hanger deflection cannot be '
considered, The details of each of

Equation 3 is a form of the Navier- these computer codes are discussed

Stckes equation for cne-dimensional below. o

flow where the advection and friction .
terms are neglected. When considering PTA Computer Code

* friction in the flow, it is common " Below i1s,~ brief summary of the '
practice to Include the advection’ ‘features of the PTA computer code ag’
terms "éo'that tﬁe one~dimensional used in our amalysis. Iriiuded are '
equat:iohs take the fom,12’13 ’ the original features as well as ‘

' features we ha\;e added, T‘I:e: version.
du du P ) . of the PTA we obtaimed:
(ac tu a_x') * e
] e Is applicabl_e to complex three—~
+ fotleul = 0 (momentum) , (5) dimgnsional networks of
: . ' one~dimensional pipes, and :
. accounts. for junctions, elbows,
pc* %& + % ) - pﬁmps, deadend pipe sec;tions,
. and rupture discs,
¥ u % rJ'G (t.;ontinuity). S . @ Uses method of chafasteri;tics'.
to solve Egqs. 5 and 6,
i R . ® Treats continuous -pipe' fric'tion )
These equations are typically solved by using steady flow f"ict:ion

by using the method of characteris~ factors: _— o

tics. More wi]:l be .sald on these e Calculates veloclity argd " .
solution ‘teqﬁniyqués'late‘r. . ' pressure at all nodal p-)'il_}"i:,g; .

- - .




:"‘.

R ‘.:, sumﬁas el'bows. Yo

. Galculate t'ime-dependent fbrces
ar. spu:'.\iied eomponem‘_e.

[ 3 Produce special plots of

pressux

_ The imple:mﬂntation of PTA on the :
! ’LI.L computer network and the addition
‘7 of new capabilities were performed
“’f&completely under this contract! - A

: summaty of~the ETA solurion scheme

14 Appendix B. .

i

low 487 a brief summary of-the « -
es of the WHAM code as used 1{\

our study.

A features as we 1 as features}we ‘have -
added. The version o‘f WHAM we
obtaiped. T ”": RN

‘e, Is applicable o comple.x three—

SR dimensiohal netwoiks of - :
‘»onE-dimenBional pipes): and

B accounts for }unctions,- elbaws,

'-,pumps‘ and deadend pipe *
sections. s

>
o .

. Q'his feature is- highly cnmputer- .
e)iatem dependent.
capability added is-a feature ‘of -the’

" gystim. and is . not 'tra ferable to '«7_‘ ’
“other, computer ayste .

™ lAccody’,its “for ,,‘I,delaetzic ‘behavior ~
- R b . . .

and time-hir,tory plots :

' * .4 Produce special plots of -,

-

The graphics R

‘I.aurepce Livemore fl,a”boratory computet .

-« o Usges tf\e':inethod of wave supex:—
o position to solve Eqs. 3 and 4.
“'»- Accounts for pipe friction -

' by uéling distrete orifi_ces‘..
. Caleulates velocity and
S ‘pressure at all nédal points.
. Accounts for el stic bchavior

‘af pipe material.

In"addition, we added the capability
to:

e Account for high loss. components
such as elbows. ' ’
. 'Calc.xlate time dependent forces
: a.t specified- componerts.,
essure and time history ‘plots

'of pressure.

‘The iﬁlpementation 6f WHAM on the LLL
.:comp"l:iter‘nel:_work".'e‘nd the addition of
. mew capabilities were performed com=
Included are the ariginal o

pletely under this’contract. 4 sum~
mary of the WHAM solution method is

given in Append:Lx B.

' FORGE CAi.(Jb‘IATiONS -

The goal of the flu:.d analysis

work done in this contract was to

provide force input for Phase I of '
he contract (structuxal analysis).
F-.We elected to calculate forcns within
‘ the pipe network using the standard

application of Newtnns sez.ond 1aw.l6
34 f ichin an-arbi-
rai‘yv comifbl vol’ume“(Ei s '9),‘.the s

force wh:{.ch dcts on the’ fluid is gzven .




Control surface (C.5.") - Equation 8 is the basic force
equation used in poth PTA and WHAM.,

Control surface (C.5.) . Wa should note that Fw is a vector

with magnitude and direction. The-
/ best method to resolve the direction
: of this vector in an orthogonal
cooydirate systeénm is to det:erm.._:le the

three vector components of Ew' Let

~

k_/ : us consider ﬁl",ﬁz, and 33 to be the
) three unit vectors for the orthogonal
Coritrol volume (C'V') . 1, 2, 3, coordinate system. Thus,

Fig. 9. Pipe component control we may say:

Jvolume
— — - £ ——
= « fi = = ) o &
Fo=F -f jj P(dA + &)

Fe fj V(pv.‘d;)
Y LT AR

c.V. . .
x oV edddv 1=1,2,3: (9)
We may cons:.der the total force F to p i A

be composed of forces which act on ) .

the SOlld boundarles of the contra. Equation 9 is applied at all

" volume (friction forces, pressure) eleme'nts where the fluid imposes a

and forces which éct over the inlet force on the pipe network (elbows,
and o’utlet‘:, planes to the control valves, etc.) For example, let us

’volu.me. Now, if we define C. S. to consider an elbow, as showp in

be that portion of the control surface Figs. ,lOa and 10p having an elbow -

represented by the inlet and outlet angle 0, radius of curvature R, and

planes, we may write the forces acting pipe radive r ia an.X,Y,Z coprdinate
on thercontrol volume walls as system. In Fig. 10b each of the large
: : "dots" represents a nodal point in -

K .
'i"w =~ ff PdA + f[ V (pV « dA) . the calculation, and th;zf"""*c_ed lines_'_. |
. : Y e

b C.Sf denote boundaries of tk, .;»o,l ’
volumes that surround’ the\u.udes. The *
" surface integrals are-applied at the _
[ f f Vdv  (8) elbow entranne and‘exit planes. _‘g;.i?'l"ze ’
c.V, 'volume integratlon and’ time o

_15-



LOSS MECHANISMS

As mentioned earlier, wa consider
pipeufriction, pip€ yielding, and
elbow/valve losses as candidate loss-
mechanisms which are discussed in
detail below.‘

Pige‘ﬁriction
' It‘isfgensralli regared that wall

- friction effecrs are small in systeums
involving relatively inviseid flulds

like water. Several numerical studies,

. ",-Plpez I
'~lon; Elbow orientation o

using ateady-state friction factors
‘to model transient effects, have demon—
strtted the small effect that this
: friction model has on pressure “tran-
sients in’ water—filled pipes 17,18
More advanced work has‘been performed
‘which caléulates transient friction
fectors by relating the wall shear
stress in transient pipe flow to the
instantaneous mean velocity and past
velocity changes.19 However, this type
of- analysis is 1mpract1cal in most
) . numerical applications because of
large storage requirements necessary
. to capture ‘the past veloclty history.
e Thus, investigators still rely on the
rce simple steady—state friction ‘factor
to model’ this effect 14,15
We continue with: this approach 1n

4

our study. In PTA, which solves
Eqs. 5 and 6 ‘we account for pipe
'“frictinn through use. .of the steady-
state"ﬁrictiou factor that is




proportional to the square of the
fluid velocity. WHAM, however,
accounts for frictiomal effects
through use of Bernoulli's equation
‘where we can say that the pressure

loss is given by

@2

ap = g

. B (10)
As with PTA, f is the steady-state
velocity;squared friction factor.
Typically, the factor f is Jetermined
from a correlation equation such as
the Darcy-Weisbach friction faérJr

‘relation.

Pipe Yielding .

In systems where pressure magni-
tudes may cause the pipe wall
stresses to exceed the material yield
point, plastic behavior causes sub-
stantial erergy loss. In essence,
pipe wall yielding causes the pres—
sure transients magnitude to decrease
to the yield pressure. , Ve define
yield pressure to be the preSsdre
required to cause yield stresses in
the.pipe. This effect has been dem—
onstrated  in éeveral experiments.
These effects Have;been modeled by
severai researchers including two-
dimgnsipnal modeling by Changz_3 and
one:dihensional modeling by Fox.

:The method discussed by Foxz4 is
used’ by. Youngdahl in ETA.12’14
Basically, the appéoach in one~

dimensional f£low is to modify the wave

20-22

velocity. In a deformable pipe, we

can write the wave velocity Cw
as12,14,24

-1/2
c=_;_+_a_&._'.__ .
¥ole HQ;‘“ 2@ ,

{5

(11)

For an elastic state in the pipe
material, the elastic modulus is

typically very much carger than the

circumferential stress. Thus, Eq. 11
reduces to
- ~1/2
I -
CW 2 + HE ’ (12)
C
or
_. =-1/2
oo B/p
CW 1 + (BD/HE) : as

This is the classical elastic propa-
gation velocity discussed by
Streeter.9

Inherent in ‘this type 6f model are

the following assumptions:

® Pipe yielding is small, i.é.,
there is negligible change in
the pipe diameter.

® Equilibrium exists betwéen the
fluid and the pipe wall.

® The p}pg is treated as having
a thin wéll, e.g.y Ehere is
negligiblc variation in
circunferential stress acress

the thickness of the pipe.

b -17-



In most pradtical applications
where p1pe failure is not expected
‘the first’ assumption poses no restric—
tion.. The setond assumption probably

sults in an overprediction in the
A attenuation since the wall stress o

state,w111 typically 1ag the .luid
pressure state. In PWk reedwater R
pipe netwolks, the pipe thicknesa iu'

h generally about 5%’ ofr the pipe !
- diameter. Thus, the. essumption of .

,,; thin wall—pipe ‘behavior’ is reasonable.

C

Elbow and Valve Losses

) In steady—state £lov situations,

W

elbows and valves produce signifi-

can ,y larger pressure Josses. than

. “a straight section of pipe of. the same
. length.

viscous, and result from boundary

The effects are primarily

L layer separatiOn initiating'recircu—

Adation regions_ sacking is a complete

understanding of the mechanisms

valve lésses dn |

most probably a combinatiog of - viscoua-

effects and shock 1eflection.%§

R In most previous applications, it ’
e 1

has been assu _d that elbow and valve

', has°

- work of_Romander‘et al.

“not insignifcant.
' confirmed by-the work of Swaffield.

k "haye suggested.thet in*transient

been demonétrated that in situations
whefe ‘the only substantial loss

mechanism Present’ is elbow losses,
22 25

. the effect can .be subs‘antial.

lcular interest is the recent
22

They
demonstrate'that in a 90° elbow with

~Qf parc

a, pipe radius of 1. 5 in. and a radius

of curvature of 4.5 in. that the

" pressure loss may be as great as 15%.

For application to feedwater. systems,

where we deal with long ‘sections of

constant area pipe, this is'clearly

These results are
25

Neither of ‘these papers can be con-

sldered a definitive treatise om the

subject of elbow losses.
work to determine if the loss 1s

*Lacking 1s

strongly-dependent upon pulse shape.
of particular interest to us would

be infdrmation on loss as a function
of the tatio of pulse length to elbow
length as well as pulse—pressure rise
.rate,

Few: people will deay that the flow
associlatéd with propagation of a
pressure transient through an elbow
“or-d valve is: highly. three—dimensional
Since the two computer codes used in

.this analysis are one—dimensional

" we'are. faced with the task of modeling

-8 three—dimensionai phenomenon one~.

d1mensiona11y.. Several investigators
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26,2’ .
situations. »27 In essence, the

approach is to replace the factor £
in Fgs. 8 and 15 by £(1+K) whéfe K
is the lumped effect. In steady
state, it'is~thougﬁt of as the
‘equivaiént-lgngth of st1 . .ght pipe
requirgd‘to cause the' same pressure
"loss. - They suggest using the steady—
state value for K in transient
applicétions which leads one again
to the conclusion that elbow and
valve losses are small.

Although we have»fqllﬁ@ed the same
modeling approach, we depart from
past approaches in several ways:

e Since for our force calculations
we recogniéed the existence of
several nodes within the ‘elbow’
or valve (Fig. 10b), we dis~
tributed the lumped facteor over
several nodes on the basis of

volume fraction.

@ We used a lumping several orders '

of magnitude larger than
steady—state flow to reproduce
the effects of Romander et a1.22
Specif}c uqtails are given in

Appen&ix D and Section 6. -

For the portion of the pilse above
the steam generator base pressire,
the full lumped facqé; is used. Tor
that portion bealow the base pressure,
the loss factor is a.function of the
pressure gradient. This recognizes:
that the locses are 1ike1y4t$ be f
larger ia the presence of very rapid’

pressure changes than in more gradual
’ * T

transients.

CODE, VERIFICATION CALCULATIONS

To verify tHe-caiEulational.cor—
rectness>of the LLL versions of PTA
and WHAM, we performed a series.of
benchmark calcalations.’ Included were
problems to test the basic computa-
tional scheme, elbow loss mo&eling, 
and the'plasticity mbdeling in PTA.
Details of this analysis are;given

in Appendix D.

_*___' 3

This subject is briefly discussed
in comments ‘at the end of the
Swafiield paper.

’
.t

o ‘ ' o Sectlon7
Press unzed Water Reactor (PWR) Feedwater Line Analysns o

DEFINITION OF PWR CALCUATZONS

+.In lipe with the pulse variations

discussed in Séctipn:§, five ba;ié

=19- 0 T L .

PWR problems were-consi&efed.‘ a7
employ the basisAfeedwatet pipihg
network 11lustrated in Figs. 5 and 6{

vawever, variationS'in pulae shape i




- and pulse magnitude are included. . ' CLn (abox.re yield ,-limit)‘ and with .-

E R N elboév losses Included.

. "Westinghouse pulse (Fig. 7a) " ln our analysis, ‘we included lUmped .

“ with a peak pressure of 3000 psi 1osses and calculated;forces at.16 b
(below yield llmit) and with locaLions :‘.n the basis: piping network.

bﬁ,’ N elbow” lusses excluded K

0 "Westinghouse" pulse ﬁFig. 7a) id and 12, A summary of these loss

The five problems are: "

These locations are slown in Figs. 11

with a peak pressure of 3000 psi : and force components are g:.ven in L
(belo’ yield limit) ard with . Table 3,

elhow 1osses included.

CALCULATION OF LOSS FACTORS_

Wy

N "Hestinghouse pulse (F )
.xwith a peak pressure of 6000 psi L Having verified that the increased

(above yield limit) and with - lumped: friction factor 1s a reasonable
e.'l.bcw 1osses inclnded. Yo ‘ s?prdscl: to modeling dynamic losses
‘ofta snock wave iz an elbow (Section [
] - and Appe.ud:[x D), we were left with

5 . (below yield limit) and wit‘r ° the task of. selecting appropriate

- losses includeu.m'v‘; o . - factors for the elbows and valves. )
B "Ti‘lang pulse (Fig. 7b) with We use; the elbow doss calculation

of .Appendix D as code calibration.

a: peak pressure of 6000 psi

ﬁ-

. s

i

= Containment
liner. plate
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75

.80 ft 56.70 ft

i’iping network loss and force locations — outside containment.

N
12.50 ft | 535 ft
Fig. 12.
Table 3. Force ,and loss component
summary.
C_cmljpnent. Description
1 90° elbow, R/r = 3.35
2 -37° elbow, R/r = 3.35
3 23° elbow, R/r = 3.35
T4 30° elbow, R/r = 3.35
5 90° elbow, R/r = 3.35
6 90°. elbow, R/r = 3.35
7 Check valve, tilting
disc type ]
73° elbow, R/r = 3.35
90° elbow, vR/r = 3,35
. 10" 90° elbow, R/r = 3.35
) 11 Valjv_e," plug type
12 90° elbow, B/ = 3,35
13 90° elbow, R/r = 3.35
14 90° elbow, R/r = 3.35
15 90° elbow, R/r =.3.35
16 - “90° elbow, R/r = 3,35

it

28 .
From the Crane Data Rook, th? ‘over-
all steady-state loss factor for a

bend is given by
KB ='= (n—l)(0251r—

+ 0.5 K9o)'+ K : (14)5

90
- where

. bend angle
. 900

For a'bend of 90° with R/x = 3.16:
(Romander Elbow); ’

Kgo = 15.37 . (,15_).
. Thus, compared to the value of C
. 1.5 x 1¢" ysed in the elbow loss..

calculation of Apps.ndix D the dynamic
,lumping is- 976 times the steady—state




v

iumping fa.ctor., This magnification - will result in. greater :Eorces on the

factor of 976 was used to generate ) Adownstream components because atten-

dynam:l.c lumping fectors from teady—" uation will be lowest :Ln the fully

. state factors “for’ the other ,open configuration. '1'he other pos— .

. Lon §

., components. s T il sible '_,Ytreme vould be to ccnsider
The £lbows :Ln our basis piping o B the check valve‘ as fully closed. This
” network have R/r1= 3. 35._ From the ',: would maximize loads on the upstream
“ Ctane Data’ ‘Book,. - 28 a 90° elbow of . :‘section of plane. However, this would

this type has R R ,eliminate loading on ‘the downstream
. C ' o portion., 'l‘his is not consistent with

= ‘= 14.58 i L " observed phenomenon. In at least ome
. ' ‘ ‘v . _‘irfstance3 severe damage occurred

«Steady—state loss factOrs for the beyond the check valve. We conclude
other e.lbows are caiculated:_.y using that‘ the_ fully .open configuration is
Eq.-—llu ,""1e modeling of the check t_he‘ more correct approximation. The

’ valve is muth more difficult.r In the . steady—state 1oss' factor for the plug
presence of a: pressure transient, the . va.‘lve ‘was obtained from the Crane
disk position may vary from fully " . Data Book.28 “The steady-state factor
crosed to fully open;* The exact fo'r.. this valve is given;by '
behavior of; therckeck valve during , o b ’

a pr.essure transient i.‘ not wcll under—' Vo *‘ <

: ’ stood. In particular, the dynamic . -_- K; i’i_[Q.B(l-Bz) +“2:.6(‘1_B’2~)2] sin £

: 2,
2 B“

l,oss characteristics have not been, ]
characterized. It is anticipated R L

. that the more restrictive ‘the valve\ . . (1.6) .

is, ‘the more’ important reflections

are as an attenuation mechanism."

:‘be consistent with thn ‘losg modeling
devploped for this study,xwhich i

. based on vicous .losg theory, we: haveu' =

"y elected to treat’ the check. valv= as

fully en? In .this configuration, 1” -11. 7-5 in., '< ‘.(. o .
reflec ion effects are negligi’ble il.,-in:,,,-and Y.=9. 27 degrees.

'l‘his stébdy—atate loss: factor of 135 - " Since f, is approximately.,‘k.013; or )
:’Pr the“fully lopen’check valve was . o .a 14,31-1n.=1.d.;pipe, the stead-state
cﬂwtaineﬂofrom NRC personnel 29

aﬂnuld b fated t:hat this

BRIy
.

%
v.ak

factor is . .

-




Thus, K = 25.

‘A summary of the steady—state loss
factors and their dynamic counterparts
. uééd 11 our analysis are given in

Tablé 4. ' '

Table 4. Loss factors.

Steady state

loss factor Dynamic =

Component’ (X) loss factor
90° elbow 14.58 1.42 x 104
73°-elbow 12.95 1.26 x 10°
37° elbow *9.51 . 9.28 x 10?
30° elbow | 8.84  8.63 x 10°
Gate valve 24,96 2.44 x 104
Check valve 135, ~ 1318 x 10°

DISCUSSION OF CALCULATION RESULTS
i

To discuss the five cases, we will
présent pressure and force traces a*
key locations. The key pressure
locations ﬁre'the source junctioﬁ,
and downstream .of Junction 16,. We
will also discuss the forces at
Junctions 1 and 16.

Results for Brpblem'i-are given
-in Figs. 13 and 14. In Fig. 13, the
pulse applied at the source is given,
Since Case 1 is a no loss case, the -
pressure traée remains ﬁnaltered as
it transits the.piplng network., The
forces applled to the piping network
at Location 1 are given in Fig.‘lk.

CIE SN

The dowmsteam side of a junction
is’ the side farthest from the steam
"’ .generator,’ .

"X~ and Y-directions.

1] r 1 . ] AJ ‘ ) ] -

3000 [~ —

2 2000 4
e F ]
‘:-, - -
g - R
i: 1000 [— -

0 Ll
0 ouv2 004 005 008 01
Time — s
~ Fig. 13. Case 1~ Pressure pulse

applied at source junctionm.

The peak total forée is 6.9 x 105 lb,
being equally distributed between the
‘Because of the
ef%ow orienta;ion;ithe Z-direétion
force is zero. This same'totalvforcp
will be seen at all other 90° elbous
in the system.

Results for Case 2 are éiven in
Figs. 15 through 17 and Table 5. In
Fig. 15, we see the effect that our
elbow énd valve loss model has on the
pressure pulse. After transiting the
plping system, the peak pressure is
reduced to 46%.of its original magpi—
‘tude. This represents an average
pressure loss of 5% at each loss com-
ponent, A detailed look at pressure
values:at'several,of rhe system compo-
nents (Table 5) shovs that the loss
is highest at the first elbow, and
tapérs‘offvas the pulse changes magni-

tude aﬁd shape (top becomes rounded}.

- ' -é3- L T o ‘Ay
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Case 1 —-forcea at Junction
(note. z force equals zero). PR

: tion of .

. ‘I—‘_,

'
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In addition, it is important to note
that the 1ndividual osses experienced
in this calculation aré’ not as 1arge
as in’ the calcuiation of the Romander
eﬁperinent. Poéeibie'explanations
“for thig are v ’
s In our elbow/valve loes model
the’ losses are basically viscous.
. Since the basis network temper-'
" ature is 230°F greater than the
'temperature of the Romander
experiments{.the friction factor -
will be lower in the basic
o network'calculatious.
o'”In compercial pipe, the surface
roughnees is relatively insen~
sitive to pipe diameter. Thue,"
the surface roughness to pipe .
vdiameter is greater for the
Romander pipe than our basis
- pipe, :and the friction~factor
© " will thersfore be greater in
the Romander pipe.

In addition, based on Swaffield s

work 25 the losses can be expected

to be lower for an elbow with a

greaLer rndius ratio (R/r).» It- should

"also be noted that the pressure during

'"'the ep essurization ‘and dwell periods
) was ‘only sligh ly affected by the

g.lumped friction since in: these regions

,the loss factor was taken ‘asta fune~

pressure gradient. Another

onsideration is: the_

»:Te ection phenomenon produced by our
. 1umped fric ion»model.

As the pulse :




Fig. 15. Case 2 —

w
N

Ing
S
i

e

Pressure — 103 psi
A P
|

representative pressure
traces.

4
.Q -]

0.4 0.6
Time — 1071

Pressure at source junction

2 o 7 T

k= 8fF

1 4l

g 0Ly

32 0 64 8090110120130
[

a . Time — 1072 5

Pressure downstream of location 16

°

tranéits an elbdq, a reflected wave
. is sent baek through the piping net-
work (qraveling in a direction op~
posite the main‘wave).  These
refiected waves appear quite vividly
on tﬁe preséure traces of Fig. 15.
This behavior seems quite piausible
to us since sdme sort of reflection
might be exfegréﬁ wheh a wave moves
through a COmpéient that represents-
either an area change or a difection
thange. The forces at Locations 1
ind 16 ‘axe given in Fig. 16 and 17,
respectively. As,with the pressure,
fhe peék'total force is significantly
:educed through the inclusion of -

elbowlvalve losses. In:Eig. 16, the

peak magnitude of the Y force tparal— '
lel to entrance leg) 13 notably greafer
than the magnitﬁde of the X
' Thia-force

force
(parallel to exit leg). )
change is Eaused by the pressurelloss
through the elbow.
is observed in the forces at Loca-
tion 16, v

.Results for Case 3 are given in
Figs. 18 through.20 and Table 5. In.
Fig. 18, we have additionalix given
the pressure trace midway betweert the
source. junctién-and Loca;ion 1.‘ By
this point, the’ peak pressure has been
reduced to the yield _Pressure.
The remainder of the results are”

qualitatively the same as fpr Case 2

=25-7

The same behavior ~
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Table 5.

: a
ot . Peak presstre downstreaim of junction

Peak pressure summary.

Junction '_Caée 2 Case 3 Case 4 (PTK)F Cage 4 (WHAM) Qaee 5
1 2735 3694 2657 2755 3997
2, "2601 3400 2455 2518 ) 3396 -
3 2456 3108 2309 12358 3102
4 2362 2926 2207 13253 2921
5 2206 2643 2050 2088 2632
6 2082 2437 1938 1958 2418
‘8. 1639 1799 | 1564 1460 1839
9 1602 1762. 1523 1429 J1802
10 1561 1677 - 1517 1412 ~1766
12 . 1481 1578 1455 1346 " 1647
13 *145C 1544 . 1413 1320 1576 .

“14 1431 1512 1398 1308 1548
15- . 1409 1484 1369 1283 1498
16 1385 1456 1347 1268 1467

%The downstream side of a junctien is the side farthest from the steam generator

+

However, at the same locations, the The PTA and WHAM calculations‘compare
The WHAM calculation

shows slightly more loss than the PTA

pressures and forces in Case 3 are very Zavorably.

gredter because the pressure pulse

geing into the elbow at Location 1’ calculation (3% more) but this dif-

is significantly greater in Case 3. ference cverall is quite mlnor.
Results for Case 5 are given in
Figs. 27 through 29 and .Table 5. The

resnLts for this case are qualita-

Results for CaSe 4 are given in
Figs. 21 through 26 and Table 5. It
is here that we presentncqmparative
results for PTA (Figs. 21 tﬁrough 23)
and WHAM (Figs. 24 through 26). 1In

tively very similar to Case 3. 'qu—

ever, from the pressure trace at tﬁe

both instances, the results for this
“triple spike case are qualitatively

very similar to the eingle spike '

Case 2, Agaln, we see thé presence

of” reercted waves. However, in this

case they.come in triplee since there

‘.Ere“three'spikes in the main wave.

'locatlon midway - between the souLce and

Location 1, the third Splke ‘of the )
pressure pulse has not yet dropped be—
low the yield pressure. Thus, one’
would expect minor bulging of’the'pipé;:

up to this location. As -with Cases"2

‘and 3, the pressure and force.

¥277
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PTA calculation (note:
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Z force

-31~

PTA calculation (note: Y force
equals zero).
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) Sectmn 8
Conclusmns

Valve and elbow losses can be
significant in reducing pressure :
force and momentum values
T A associated with the -spike or-‘
L are both ressonabl conpu— ) P P
. fe Lions of the pressure pulse.
- tational tools, ‘to une in this TR

I th e id red, th
type of analysis, and reaults* o the cas 3 conaidere v Roe

kr 1111:
from the codes compare favor-- ' pea ? easure eve:.going nto

Location 1 (Fig. 11) was reduced

[

ably. ‘ -Ag e L
he AR : Lt L ] to at least 45% of its value -,
,.o Use'of an: increased lumped S Tf ‘after passing tbrough‘tbevl6
friction, ‘several ordera of o T :' '1o§s éoﬁpoﬁenta of the system.
f~magnitude larger than the- steady- e In addition, we should point out
Toos state value, appears -to be: a f'V h:that the importance of’ including loss

reasonable method to* model elbow - mechanisms cannot be fully assessed

) and valve 1osaes in dyw_mic until’ the;qompletion-of the dynamic

'structurallahalyeis ‘(Phase IT).




S Appendix A :
" Feedwater Line Material and Water Properties at Elevated Temperatures

FEEDWATER LINE MATERIAL PROPERTIES

As mentioned in Tﬁble 1 (Section 4), our typical fcedwater piﬁe is made
of SA-106, Class C steel, A comﬁlete stress-strain curve f this matcrial at
elevated temperatufes was unavallable. Data that wa were able to obtain on the
behavior of this material at elevated temperatures are given in Table A-1. 1In
addition, in 1971, personnel at the Lawrence Livermore Laboratory (LLL)
performed room temperature tensile tests of SA-106, Class B steel.32 The
stress-strain curve resulting from their test is givenbiﬁ Fig. A-1. Based oid
these broperties, we have constfﬁéted an estimate of the stress-strain curve
for SA-106, Class ¢ steel at 300°F as shown in Fig. &2, The ideal represen-

tation as used in e PTA calculations 1s also given.

Table A-1. Property variation of SA106 Class C steel with tempera‘ure.

Temperature, °F

: . 80 200 - 300 400 500 600

Elastic modulus (106 psi)'30 -29.9 29.5 29.0 28.3 2704 I26.7
Poisson's ratio 0.30 - - - - -
Yield strength (10° ps)>°  40.  36.5  35.4  34.3  32.3  29.6-
(Ref. 31) 42.0 - 38.0 - 24,0 -
Tensile stfengg? (103 psi)31 72.0 - 80.5 - 75.5 -

Elongation (%) 31.0 - 24,0 - 22.0 -

WATER PRbPERTIES
! A knowledge of the properties 6waater at elevated temperatures and
‘ pressures 1s necessary to provide proper input to the corputer codes {described
in Section 6). Extensive water pfoperty data were obtéiﬁéd,33 and pclynomial
functions were-fit to it. The data for density and sound ‘relocity are shown
in Fig. A-3. The data cover a temperature range from 50 to 500°F ‘and a pressure: -,
range from 14.7 to 1500 psia. These properties, particularly deﬁsity, are »
relatively insensitivé to'pressure. We are thus justified in neglecting pressure

37~
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In these exbressions, the temperatﬁre (T) is in uniﬁs of degrees farenheit,

density is in units of 1bm/ft , and sound speed is in units of ft/s.

For viscosity, we have takeén the expression34

U [ib-s/fe?] =

1.0225 x 10
(T-32.)

-3

—_—

. (a-3)

In our pressure/temperature region of ini:e_res’t, the error in this simple fit

is less than 7% which 1s sufficiciently accurate for use in the computer ‘<

calculations,

;39:



R TR Y somnon METHOD J_‘
LA brief: stmmary of the solut:ion scheme ased .m PTA is given below, with
further d&tails. found 1n. Refs. 12 14, and-35. ‘{:.(
.PTA ploys the nethad of characteristics to sowe the one-dimensional

. incompressibie flaw equatiarn . {* -
P )
L (B-1)
) (B-2)
Y (2-3)
2

Equa/‘ iona 5-and, 6 are the forma —V
fot wh:[ch chai‘acteristic solutions exist. S -

d 1n P‘I‘A. I They are of the hyperbolic f.}pe

v~ In the theory of the method of characteristics a solt.tion can be defmed,

alogg a characte;iétic q;lrection.v A linear combinat:l.on of Eqs. 5 and 6 produces -
35 - . : - '

thg compatability equat:L

R~
»

Lo .'«""""’d{. 1 Cap fulul g e
A, dg+pc dt+ 7 R I G4




= (u + c)dt , ) ) (B-5)

and
Tdu 1 dp fulu ’
S8 =5 = . . —
dt pe dt = 2D 0 : . (2-6)
along the C  characteriatic . e

dx = (u - c)dt . R (B-7)

A combination of Egs. B-4 and B-6 produces the solution at an adjoining

point at the next time step. In finite differernce forms we have

-l on ‘ntl n\) £ UX|UZ|A::
- R - + —_— =

UP UA + o PP 2, 55 o, (B-8)
c /. .
A

and
ntl 0 £U_|U|at ' '
1 fontl -on B''B = _
U U _(PP PB) e o, (B~9)

P B pat
CB

which can be solved explicitly for U, and Pyt

0+l +{n ’ - {n v n 5\ + - N
= - - -~ P + (B~
L'P [C (UA B At) + C}3 (UB gBAt) + (PA- . B)/p] / (C CB)' (B~10a)

ntl + ~ n
= + + - - + +
Py [PA(CA PB/CB_ p (UX g, At ‘ L gBAt)] cA cB / (cA c ) (B-10b)
Subscripts A and B denote characteristic "waves" starting at locations A and
B and converging on location P at the end of the time step. Equations B-10a°
and B-10b are used at all interior nodes. The alternate forms of thg_se equations’

used at the junctions of two or more pipes are discussed in Refs. 12 and 14,
- WHAM SOLUTION _METHOD

A brief summary of the solution method used in the WHLM computer code is
given below with- further details found in Ref. 15.
WHAM employs the method of wave superposition. to solve the one—dimensional '

. incomp,:_rejs'sible, flow equations

-41- . :
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.,\\Qc §x+ + ax .o < , (6)

T

“ If we take the déhsity to be constant, we can then say

: - 1 _om L
ia?d_ il A S (B-11)

. Thuo, Eqs. 8 and 9 become

) ,/ 3u E u|u] ’ » ) -
. 3t 3x+3x w0 (8-12)

_.A=',‘o-_. SR o (B-13)

= o % -

1\'1'1’=e developrnent of Eq. 6,15‘ gl in the previoius-discussion pf the. PTA
TxbiQIf m'ethod. NN e P , o R .- L

ae
v




The solution of these equdtions represent two waves traveling with the

velocity of sound in opposite directions. Thus,

u13+1 _ 1-‘o g (Fr?+l _ fr'1+l) , . (8-18)
i o C 1 i .
and
ntl o _  fntl | o) - ‘
P - pf = : - ,
1 P p\Fi + £ ) (B~19)

The wave traveling in the negative x~direction is noted by f while the wave
traveling in the positive x-direction is denoted by F.
Since friction is neglected, the wave ddvances through space unaltered.

That is to say:

ntl _ o0 Co ) 5

Fi = Fi*lA ’ ‘ (B-20)
and

gl gt - (B-21)

i i+l

If pipe friction is to be used, the concept of a ficititious orifice at
each internal mnodal point ds used (Fig. B-1). From Bernoulli's equation, about

node i we can say

u2 u2 u2
1 i_ 1 i e
= + === + =+ = Y
o Bt ottt g (8-22)
.Application of Eqs. B-18 through B~21 in Eq. B-22 provides the quantities un+;,
n+l . ) i
Pi 1 in terms of the old wave values; ind the new wave values anl, fn+l in

: n+.
terms of old wave values ard the new velocity u 1

|

® i—...i+ ®
| | i
i-1 i i+1

Fig. B-1. Discrete orifice
configuration,

~
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K Appéndix C
Development of the Force Equations Used in PTA and WHAM

f

The >asic equation used to caleulate the three force components in an

orthogonal 1, 2 3, (X ¥,2), coordinate system is

. F,-w‘ r —.'. /{ .
Ky f, P(dA ﬁ ) + f[ .(V ﬁi) (pV gA)
T C.st , ©UC.8T ;
R : _ )
A . fffp(v-ﬁ)dv 1=1,2,3
c.V. '
That is to say, Eq., 12 can be rewritten

We evaluat2 forces at midtime step.

as
_nHl/2 i-a+1/2 Pl
T e ff_———l - 1))

[ S
-n+1 C i+l T
G +¥) ), & (Citinit R 0 ST
+ p-I:I. mi _ 2 .dA
C.S7

+ fff@“*‘l-vn)-ﬁidv . (D)

C.V.

o
} In’ our study we, consider two types of. force elements' curved pipe segmeut
\elbow) ar 4 straight pipe segment (valves, restrictors, etc.). Detailis on

theiapplication of Eq..C-l to each of these elements are now given below.

ELBOW SEGMENT

Shown is an elbow of

"Det. ils of .an elbow segment are given in Fig. C-1.
adius of curvature R, and pipe radius r. Each of the large "dots"

angle 6 .

~bty . .




Fig. C-1. Elbow configura-
tion. b

Pipe 2

represents a nodal point in the calculation, and the dotted lines represent
boundaries of control volumes that surround the ncodes. P

' For our analysis we assume, as in PTA and WHAM, that the flow ié.one—
dimensional.: That 1s to say, variétions in velocity and pressure exisf only
in the axial direction. There is none across the pipe cross section. Thus,
it is easler to wfite all velocity and pressure componrents within the elbow in

terms of the three dﬁit vectors kl, k2, and £ where we defire

@ + {32)/2

e e wreal (2.
and
L4
. axf)xf :
k, = ———— , (c-2b)
. f@ =) = 2l '

Note that kl, and kz»as defined in Eq. C-2b are unit vectors and that
kz = -ki; From Fig. C-1, we can see that for pipe 1, the velocity.atyany
given angle ¢ (measured from the vector ) is given by

—45~



RO ="—(v sin ¢) z-';»’ v, ﬁqs'¢) f‘l' . g ' (C-3a)

»

—:('\’.T-Z‘é.:'l.n ) ﬁ+."(v cos &) K, 5 - (C-3h}

- whraz:e V represents the magnitude of the velocity along the axis of pipe 1 (in'

= the nl direct::l.on) and V2 represents che magnitude of the velocity along the
axis of pipe 1 {{n Lhe n, direction). )

N .

2 .
+ - Thus, keeping in m:md that the f.Low is one-dimensional, we have from

Eq. C—l ’

n+l nj.
=_Z_____1A (ﬁ 'ﬁ)+pZ'v_'2_—tL.‘ @, - 8)

SR . S

I . & '.ﬂ'i‘l ")) K dé
- Vi) ein ¢ (R _x‘ni)‘+ (Vl - Vl) cos ¢ (i, kl)] 1

T ST - (c-4)

: Within each control volume, we assume a linear variation in velocity. Referring

to-Flg. C-2, we hav'é_ between 9y q 30d &2

(C~5a)

_(C-5b)




Fig. «C-2. Elbow nodal point control
volume nomenci:ure.

b1

For example, if we apply these rations to one of the integral terms in Eq. C~4,

for a single control volume as shown in Fig. C-2:
¢k

@“ - v‘l‘) cos ¢ (@, +.K) do, = @, + &) {[(vﬁ"l - v‘;)

o bt - o) ot - seog) + it - o)

(°°S¢k - cos¢k1 + d)k sind)k - ¢k1 sin¢kl)} R © (C~6a)

f¢ku .
+1  .n ~ LD a0 4  n
(V; - Vl) cos ¢ &y kl) dd)l (mi kl){[(vi - Vk)
ku ke

1 n o+l .
- dDk (an+ - v u)] (Sind)ku - Sin¢k) * Gvku - dvll:u)

(cos¢ku - cos¢k + ¢ku simpl'm -0y sin¢k} ', (c—ebj
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1/2. rrl-l/Z n+l 5
‘F"<=F Z.—-—_-—lA(ﬂ.i)

dvl} i k k~1 ) av n k‘l‘l 'k 3 o . " c-7

: . UKL Gy e ¢k+1 %

Py 7 Y . o ..
L

STRAIGHT PIPE SEGMENT

Wt T e

~\.

T As shown zn Figure C-3, we consider a straight pipe force segment to

c:onsist of thtee nodal points and their surrounding control volumes.

Equation C—l thus takes the form, '

st
S M

k|

- ' 1 .
o -, ﬂ& . n+l oo
: -:‘ﬁj fi,) py: f v, " - V)@, - ) dx
L 5
Ly - _ .
pA [ ol  onoa o
+ At L, v,) @, - @) dX . (c-8)

" S S “,Pipe1 "+ Pipe 2

§
— v o

i ;
| g
X Xierr: Xit2

C Fig. C—3. ,Sttqféhf oipé 'aegjwne‘t‘it,coti.figurat‘ion.*.

“4 - ’:'( o i . e ) »",‘»‘.




As with the elbow element, we assume a linear velocity variation. Thus,
. between Xk—l and Xk: :

v, -V . . : '
V=Vk+(k k-1 ®-x) . (9

X ™ %-1f
§im11an1y, bétw;en Xk~an& xk+1:

v -V .
k+l k : i
vy +{ =) @X~x) . (c-10)
kg ™ % "
Applying these relations to one of the integrals in Eq. C-8, we have for example,
o R ol
2 .
vV, +2V. -+ V
oA 1Vn+1_vn(tA1 .ﬁ)dx=p_A_|'{k et ¥ Vo)
ar, Jo\1 B ¥ A S M Atl_\ 2
L] »

o . B . .

) <vk +2v_, + Vk—z)
e e

x- Xl @ -8y .7 (e

40—~



To verify the calculational correctness of t:he LLL versions of PTA and

WHAM, we performed a series of benchmark calculaLions. ! Included are problems
to test the basic computational scheme, elbow loss modeling, and the plasticity
modeling in’ PTA. < . : W

. ' i =l . '

o + "\ ,BASIC COMPUTATIONAL METHOD TEST ‘PROBLEMS
. * . Vv : A

v . . [ .

o

The'geometr:fes fof “the. first. set of problems, which we will dénote aa

* test proble.ms Tl 1 and , -are given in Fig. D-1. These problems model the

i situation of uniform flow in a pipe in the presence of an instantaneously -

closing vaive. ) In our, calculation we model the ‘very rapid valve closure by
-~having . the flow impact against a rigid ‘end 'wall.' Problem' T1. 1 is the rigid
wall case and probIem Tl¢2 is ‘the flexible ,or elastic pipe case.' We selected

these problems since they have simple analytical solutions. As discussed by

‘ "?,Str:eeter:,9 the magnitude of the step—type ptessure wave that propagates back
. into the fluid from the rigid end is- given By

'"PV—P - p c HIA N (1)

" The yave ptopagation ve‘l.ocity9 12 14, 24 is given by
T J\U Rigi_ wall Cw C (fluid sonic velocity) ‘ L (D-2a)
v Ly o . ) ) -1/2 . .
- U “."'-. e T 1 _]29" ! o
Flex#ble Walls: .C.. = C_ (eldsti¢ wave velocity) = == % (D-2b)
. , WoOUE g - ) EH| -
. S

L e

For these problenis‘ k he initial pressure (P‘) to be 14.5 psia, the..
o linitial velocity (V ) to be 60 4 fps 'the water density (p) to be 62.4 lbm/ft
'f, and ithe speed“of sound in water (C ) ‘to be’ 4990 fps. In the flexible wall .
probl, ‘the pipe outside diameter. (D) was 2,61 in., and the pipe wall .

thickness (H) was 0. 13 in.- The’ material properties used for the pipe wall in~
test' probl e T1. 2 are given “in Table D-l. ‘The detailed material properties
i given in {a’ble D—l dare not required for the simple PTA and WHAM calculations.

. b s o : .
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Rigid wall
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C
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0.0¢8 ft

e

T

Vo-—iaF'
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N

1 - .
ANNNANNNNNN NN NN \' Water at p,, B, Co-
|

3.28 ft _ {Eulerian)
Problem T1.1 — Rigid wall
fron wall. {Lagrangian} 0.0108 ft
' |
/ , 4
! “ I
v [ 0.098 ft
]
- |
i - [, Rigid end wall
4 g nqQ wal
v ?//— 9 :

Water at p, P, C,
{Eulerian) -

3.28 ft

Problem T1.2 — Flexible wall

¥ig. D-1. Geometries for test problems Tl.1 and T1.2.

.

Table D-1. Pipe material properties
For Prublem T1.2.

Density
Bqlk Modulus

Shear Modulus’

Elastic medulus
Poisson ratic .

Yield strength

486.5 ;lb/fts
27.3 x 106'951
11.3 x 10°% psi
29.8 x 10% pst
0.32

Infinite

=51~
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To investigate the effect of rad:lal -pipe motion. on, the flow, ‘we also calculated
fhis probl by us:l.ng the CHAMP computer code,3s -38 which requires detailed
pipe material properties. CW 15 an LLL-developed Eulerian/Lagrangian coupled

the Euln.r:l.an frame and the structure (pipe wall)

-
mo‘tion in the Lsgrang:Lan frame. Results of these calculations are given in
‘Figs. -2 and D=3, . In Fig '}D—Z, -results for the rigid wall problem T1.1l are

) shown Wii:h respect £0 pr ssure magnitude, the PTA and WH.AM calculations .

> predict on. The. WHAM'.calculation exhibits a: very sharp front, characteristic )

of the” Wave superposition solution method. “The: PTA calculatiou sxhibits a
slightly, mor= gradual rise, which is a result’of a slight amount of numerical

s dispersioﬁ n the sclutiOn approach. The CHAMP calculation exhibits an even

"l;nore gradual rise because of the artificial viscosity in the solution scheme
j which, ~for numerical purposes, smears the shock front over several cells.

' N flexible elastie wall problem 18 given in Fig. D—3. Again,
with respect to pressure magnitude, the PTA . and WHAM calculations -comparg to

Results for t'r

= within 0 l% of the theoretical 3878—psi pressure jump obtained from Eqs. D-1

el

'.':‘4000'.~ Tt

l|‘| LT !.,I LIDE B S S

—
[ACTE R T I

| AT TSN |
'Dlsta'nt:e from open end — .

PTA, WHAM and cHAMP

’

Fig. D—Z.' Pra; ‘WHAM arrd CHAMP X
resu].ts fox test! problem T1. ...
at 320 us.. X : .

£




and D-2b. Note how the pressure wave in the CHAMP calculation has an increasing
tail. At the time plotted the maximum pressure is still well below the -
theoretical value because of pipe wall oscillation. Figure D-4 is a plot of '
inner bou1dary radial displacement near thé end wall. Note how the motion
appears. to oscillate. As this motion damps out, the pressure at that location

rises to w1thin 3% of tne theoretical value.«

16 T l T l Ll L] T ' l‘ I' T
‘ e .
r | — —— Projected 1
Wl 77
£ ‘
e 12 -[.
| -
I N
E 10
3 ]
&:
g 8 -
© 5
E -
B 6 .
@
:-rg 14 p
3 4F' 4
1 ]
E .
_ 2l -
ol— | TS SR N T IR AR . .
0 1 2 3 4 5 6" Fig. D~4.  Time history of radial.
: R : displacement at the inner boundary
Time — X100 us (representative).

ELBOW LOSS TEST PROBLEM

To verify the elbow loss model discuesed in Sectlon 6 we calculated the
elbow loss experiment conducted by Romander.22 Figure b—S describes the
experiment configuration, including the relationship of rhe elbow to the pulse

" gun. By the time the pulse reaches the elbow, yielding of the £lexible pipe
has Eeduced the pulse magnitude to the yield point. Thus, reduction in the ~’A:,

pulse magnitude as it transits the elbow fs caused either by the impedence M

te

«53-
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‘_disc ntinulty or viscous" Xosses. In this instance, -the discontinuity is
caiised by both material—property and wall—thickness différences. The pipe
inside diameter is 2. 85 in. The" fleXLnle pipe has an elastic modulus of

o 27 x- lO6 psi and a wall thickness of 0.040 in. For water at 70°F, the sonic

wgf velocity is 4990 fps.’ Thus, ‘from. Eq. D—2 the flexible pipe has an elastic

;wave velocity of' 3979 fps while the rigid pipe (elbow) has a wave velocity of

,,“ 4990 fps. ;'The experimental pressure trace at Location 1 is shown in Fig. D-6.
The dashed line is, the idealization used as a boundary condition in the

ai ”~

S calculations .

.l \ . The first of this’ set. of problems, which we shall denote as problem T2.1,

. "‘is ‘a demonstration of tha effect of the impedence discontinuities. The predicted

- trace at Location 2 along with the experimental trace at Locaticn 2 are given in

.,; 1"13 Dr7. Note that the impedence diecontinuity causes little loss. In PTA,
'however,’ it produces a shewing of the pulse peak. Results for problem T2.2
.are given 1n Fig. D-18. In this instance we have added a2 lumped friction of

RIS oo T 3—|n erxnble Ni 200 pipe. 3-in
= . :Pulse gun’ ‘. rugld elbow

Py

AT s S—m rigid pipe do
B e 10 ft - 'i 5ft i

Experiment configuration

B-in, flexible—f | 5 ft
Ni 200 pipe

=

L

iy " y .

*An impedence discontinuity exists where there is a discontinuous change in
the wave velocity.: For example, it results ‘at the junction of two pipes of
'either different elastic and- plastic properties area (diameter) or wall
'thickness. 2 . .

3,

.' 4 S —.Sll;":



2

" 400 |

Préssure — psi

500

300

200

100 -

" 500

‘Pressure — psi

600 FLENN B Bt P I L R R B BN A
L 4
400 -
300 — —
2001 Experimental * * _+
) =—0—— WHAM code prediction 4
100 k- — === PTA code prediction |
0 'l-‘ 1 L 1 I — PR | It L
0 1 ' 2
Time — ms

600 -

Experimental ]

= == — — |deaiized

Fig. D-6. Pressure pulse
at Location 1 (Fig. D-5).
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) OO-TT'l 1; ¥ R R . é — ‘jFig. D-8. Elbow loss calcula~

- IR ; » tion results — pressure at
S - Sont o Time —ms . Location 2.

1 5x lO4 to the calculation. This factor is epproximately three orders of
magnitude greater than steady-state loss factors for a 90 elbow. Necte that

the- comparlson between the experimentel trace and the numerical prediction is

remarkably good. The serves ‘to demonstrate the dsefulness of an increased

1umped friction factor in modeling elbow losses.

~PTA r_r.gsnc:w TEST ‘PR'OBLEM

Since we selected initial pulse magni rudes that are sufficient to cause

yield:mg of the pipe, we performed a test calculation Problem 73 to verify the

plaeticityi model in the PTA comuuter code, tl.his problem is an independent

; calculat:ion of the problem discussed by Youngdahl and” I(ot:,l2 which is from the

experimental results of Florence and Abrahamson.zo The experimental configu-

» ration 18 given 1n Fig. D=9, The stress srrain curve for the. pipe material is

shown in Fig. D—lO. The idealized input pulae, 1pplied at Location 1, is shown
:I.n Fig. D—ll., Con;parisona of the experimental and numerically predicted pres-
sure pu],ses at Location 2 is shown in Fig. D—12 Our calculation reproduces

tld results given by Youngdal‘l and l(ot .’12.

Lot




Location 1 Location 2 50 T  R—

1'1.5 in.
19.0in. 40— -
3 - Linegr
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L ] . o, 30} -~
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=
]

Fig. D=9, Plasticity test—problem o Linear

configuration, .
10— elastic —
0 . | 1 |
0 0.01 0.02 0.03 0.04
Strain — in./in.
Fig. D-10. Pipe stress-strair
curve for problem T3.
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