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ABSTRACT.
esign Optimization and Performance Evaluation
" of a Gravity Check Valve

. for Gas Service.

3

e ‘
Enzo M, Cavazzoni “

' The objective of this thesis is io optimize the design

parameters and to evaluate the performance of a wafer check
valve, when used for gas service. '
y , . :
/

The wafer valve 1is a g}av1ty swing check vaive

(Chap. 1), widely used in 1iquid ‘lines. When used with

gaseous fluids, the valve“designuoptimization requirgs the
minfmization of a to£31 cost function (Chap. 2), considering
1t§ energy effihiéncy» and dynamic performance, and its
mutual regction with the p1p1ngnsystem. L ‘
‘The valve énergy efficiency is investigated (Chap. 3),
using the copcept of availability destruction.' Formulae for

flow torgue, acting on the valve disc, ;re derived (Chap. 4)

and used'in a valve dynamic model (Chap. 5). A valve for a

typical application (courtesy of RITEPRO Inc.) "is designed

u§1ng energy efficiéncy aqd dynamic performance concepts.
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Basic formulae of unsteady, Elmpressible flow in a b1pe ’

are developed aﬁd the‘characteristjcnofyyn ideal numerical

model established (Chap.” 6). -The experimenta]‘testiﬁg of a
piping merl is regegted because it 1is too expéns1ye
-(Chap. 7).  As an a]terﬁative, a comparison “with the

solution of a te§p case with the Method of Characteristics .

i{s proposed. The continuous, unsteady, Eompressib1é flow

thfough a pipe is then modelled in lumped elements (Chap. 8)

and solved with three numerical techniques: Finite Volumes,

Finite Elements and Finite Differences. The test case is

solved and results favourably compared with ‘the Method of‘

- Characteristics solution (Chap. .9). _I@e valve closing is

' thesis have been successfully \dsed. to select valves for

represented as a sudﬁén closure (Chap. 10). A travelling
shock is modelfed, and the 1influence of delayed sudden

closures on the shock strength is discussed.

Finally. in Chapt; 11, the: wafer check valve is

£

evaluated as befng suitable for gas service.

4 ) , -
A1l concepts” and computer programs, presented in this

difficult - applications. A 1list of . the most significadf

cases (Courtesy of RITEPRO Inc.)-is shown in Appendix 1. .
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gas model.

CHAPTER 1
u .
INTRODUCTION

1.1 SUMMARY

[N ! v .

. P3p1ﬁg systems need protection from flow reversals.'  A

cheﬁk valve is’ a flow activated device for 1ntercept1ng the

fluid flow, when a reversa] occurs,

. "
1
‘ AN

Many types of ‘check valves have been deve]oped and are

currently wused. The gravity swing check valve is.the most

"commonly used 1n 1ndustr1a1 lines over 2" diameter. A

A

Gas lines operate in a uidécrange fof pipe sizes and

fluid . propertiet, but may be ¢lassified based on the ideal '

4

1

1

A‘particular type of swing check, the wafer valve, has;‘

already been 1investigated, when used with 11qufds, the

eya]uatioh of its performance'in gaseousl1jne§ is the main

[ A e - b o
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objective‘of this report.

1.2 CHECK VALVES IN GAS LINES

1.2.1 RATIONALE.  ~ . . o T ,
A ‘pipfng‘ systém 1;:} combinationfdf p}ping components - /C

(o nifh _ the’ objeciive'/wqf acar%ying incompress?ble.: nr\f

‘/' " compressible fluids to one or several users.

[ ' I e 3 "

The - fluid s bnought 1nto the system by pumps or
compressors and its flow is gu1ded through a desired path by
sequencing strategica]]y placed shut off valves.

An 1ndustnia1 piping system mny be cons1dereq, for most
of its‘opera;ing time, torbe in the steady"stafe, ‘as ;they;

'ostilla;ions of  the flow parameters’ abouf their'averagen
.vnlues are of small amplitude. Transients, results of pump

and ‘conpnessor pulsations, nininé shape and geometry may,

nevertheless, trigger effects, like the spinning .of discs

and c1appers: This” can reduce the life of certain p1p1ng

s

-components. Opening or c1osing valves or compressors - ahd
accidents, such as pump malfunctiqns or -pipe ruptures,: .
create upsteady flow conditions and reversed flows. Thjs"

b

-2
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may generate damage to pumps and compressors or spill system

fluid into the environment.

)

-
-

. » - .
The check valve is a flow activated device, which 1s

designed to _protect " the systeh,',by ‘preventing flow

reversals.’ o=,
' -ﬁf!f"“‘.’s ’

4 34\"' .

A_\_)/

1.2.2 TYPES OF CHECK' VALVES. _ - - e

Some of the most Eommon1y useg check .velves - are

elassified here according to operating .principle. .-Ball.
Check Valves (Fig..'F 1.2.2.1) consist of a ball; Tnserteﬁ_

into the f]ow to permit essentially unrestr:cted flow in the
preferred~d1rection. Flow in the reverse d1rect10n carries

the ball to seat, 1ﬁhediateﬂy blocking the line. The valve

may be spring or grav1ty 1daded so that “the mlnimum flow per"

'operaton is contro]lab]e The ball check valve 1s used for

high viscos1ty 11qu1ds, in-small size (max. _2“) tranport

1ines and - in hydrau11c and pneumatic power systems

A Piston Check Valve (Fig. F 1.2.2.2) consists-of a

. piston similar to 3”391obe valve disc, which, "ip normal

operation, is kept suspended by the flow forces. The piston

falls by gravity when the flow forces become insufficient or-

negative. This type may also be spring or gravity loaded.
The piston check valve is widely'used for liquids and gases
\ el %ﬁ
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FIG. F 1.22.5 Tilting Disc. FIG. F 1.22.6 Double Door.:

‘ gnd is particularly effective for high' pressure- é%gdm

( o .
* geryice. High manufacturing costs and heavy pressure losses
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1imit the use of piston check valves té‘powér piant systehs

and to a maximum of 12" pipe diameter.

A Swing Check Valve (Fig.- F'1.2.1.3) consists of a
disc inserted into the 1line and rotating about a pivot
shaft. In normal opefation, the disc or clapper is kédt
open by the flow forces. The clapper ‘ncloses” by /gfévity
when the fluid forces become insufficient. Couﬁterweights;
dashpots, orUSprings, may be added -to control the disc
closin§ characteristics. The swing check fis the type most
commonly uged for liquid and gaseoﬁs pipelines, in ‘aa wide

range of pipe dimensions (from 2" to over 48" diameter) and

operating pressures. Subclasses of swing.c eck valves are:

Conventional bore or reduced orifice swigg

check valves for power T/nes,
:' Full bore swing check valves for pipe lines;

Wafer swiﬂg check alvesakFig. F 1.22.4),

wh1qh are essentia ly conventional bore

types, with reduc d length and weight and R
favourable econymic and installat1on
chawacteristics. / _ .
The disc of the swing check valve can reach dimensions over ;

40" diamefer and weights overhz tons, where counterweights ' % )

-5 - - . ',;/fi:>//




- . ! .
becomyg necesSary to open the valve in normal operating

. conditions and dampers are required to reduce the dynamic

forces. . When . cpunterwe}ghts ‘and dashpots are addFd,
torsional stresses are induced on the pi&ét shaft and the
clos.inyg timé is 1ncreased Therefore, disc weight‘anﬁ ’
diémete( reprégent an upper 1#§1t for an effective

§Pp1{cation of swing check valves. :

~
1

The Tilting Disc Swing Check Valve (Fig. F 1.2.2.5) is
a successfull attempt tq reduce the 'regular -swing check
dyna&ic forces with&ht worsening the closjing charafteri§tics
and 1ncreasing tUE energy dissipation through the valve.
The disk, still used as a closing device, rotates about a
pivot shafé which is po;itioned inside the . valve orifice.
Its 4hape approximateé, as much as possible, an airfoil and
1ts gravity center is close to the shaft' axis, which is
posit?ﬁhed to 1€t the disc ~open by rotation inside the
conica]ly shaped seat. Low opening forces aqg,quick closing

H
times ame the main characteristics of the tilting-disc check -

P
valves, bug;zhfse are‘achleved by keeping 'the .disc and shaft

)3nside the fluid stre;m. Neverthe]ess, the pressure losses \

e

are not much higher then those of a standard swing check
valve of the same size.-
+ A relatively new+development qf the tilting disc check

- ~ \ .
valve is the "Tricenter"‘.valve, which 1is.an interesting

- A

.
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attempt . to use the same design (not the same unif)/gsb
shut-off an2 check valve. ,. | . N .
Another attempt to reduce the amount of. flow reqdired‘
}\ . -
to open the valve is made with the "Door" Swing Check Valve, >
, ‘ . " .
essentially a swing check valve with vertical pivot shaft,

and with the "Double Door" Check Valve (Fig. F 1:2.2.6),

; . ' N
which uses as closing devices two semidiscs, rotating about
a vertical inot shaft, relying heavily on two springs for
correct closing movement. ' ' ' .o ro
| |
) |
1.2.3 GAS LINES.
Excluding pneumatfc powér systems, .industrial gas lines .
may be classifiéd . » {
Pipelines for long distance transportation™of o
gaseous fuels, . .
~ 2 ' - | . . .
-\ .t Blowing systems, where low pressure and high
/J/// velocity gases (mostly air) are transported 2
' for short distances, R S
¢ Process systgms where gaseous ‘process fluids : ?
_ are transported to various stations, %
<7 - .
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Utility systems, whe:}ﬁ»dustria] Fluids. are

tfaﬁsported‘to using stations,

w

3

Fuel systems, where gaseous fuels arei'a
transbqrteé to burning units, - g
Steam systems, divided ‘in: . ' .
¢ Low pressure heating systems,

; i ¢ Medium pressure service systems,

. W s W o . )
.~ ¢ High pressure: power systems.

ef

P .

From a diﬁfergnt-ﬁoﬁnt of -view, another classification:

~may be madg, usinb’the Ideal Gas Property Relation: -

The following caiegkries may be defined:

§ .

&

pry = I*R*T

K

s

i), Gases - - with . such pressure-density '

charabterfst%cs,that thé Ideal Gas Relation:

oevemr :

. :may(Bé'con§idered valid.

i) Gases with such pressure-denéity'Valués that

.
o e e e T MY T T

‘the Gas Property Relatfon: '
p*v. = Z*R*T | ‘

*
! i -« 8 -

1
3
v




. can be applied providing. Z is - properly
. ‘l - 4 ' M
assumed according to the line parameters.

7

iii)Saturated stg&ﬁ, when - water steam mixtures’
must be considered. : &
- . * k . ~ .

"The first category is typical of flowsl1n low pressure 'j

avr b10w1n§ 1ines and in medium pressure high temperatu;er
» ‘ﬁ m

steam and process lines. }ypical«of &Qﬁxsecond category are

matural gas pipelines and modeﬁate]y superheated s%éam

-

b

lines. The‘third categdry is* typicallhof flows in steam

service systems.

.

}

Unless otherwise specified, ohiy the (i) category of

fluids will be taken into consideration.

' ' \ i
L4




1.3 THE WAFER CHECK VALVE T

"1.3.1 DESGRIPTION. {

As - already mentioned,

the Wafer Check Valve (Fig. F
'1??.1.1) is a swing check valve with a
clapper. An additional’ spring system reduces ;he clapper
clasing time. ‘

_FI6. F 1.3.1.1 Typical Wafer Check Valve.

& .

' The wide open clapper angle is usua11y-about 60 deg.,.
and in this position ‘the Floy forces must’ be greater than

the combined effect ofvg1apppr,wetght and spring load.

1 L

~ i ~ b} . , ‘
The valve cage is set in

'line between two
wefded

- flanges
to the main pipe, and its 1ength is that required to
- contain seat, €4apper and hinge

Therefore, tha“ c1apper

B

- 10 -

gravity ‘activated
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moves inside \the»main pipe, énd'a'reduced seat diémeter is . : -
required to allow valve opening.
|

“As already ment'ioned, the reduced dimensions of the
valve cage. permit’ significant\ cost{savings in comparison
with swing check valves of the same diameter.  Furthermore,
the low weight makes the valve attractive when Ehelline
total weight - is a factor.

The reduced’ seat diameter s résponsiGIe for the
greater opressure losses ofﬁthe wafer'tyPé, wheé cémpared,to
the full bore'(API 60) swing eheck, valves. Like all the
gfavity Nsying check valves, this type requires considerable
Jass flow into the line to réach the maximum opén1ng angle.
) Hence? with gaseous fluid, complete Valve opening is not.

aﬁwajs possible. . | o '
° Dashpats, counterweights, soft seats and a]l the other
possible additions to a check'vélvé may be’1ﬁstafled‘on the

' wafer check.

Typical wafer cﬁeck,va]ves‘ are manufactured in cast

i

' 1roh, cast steel, cagt al]oys; fabricateq steél. andffroml

"steel and alloy bars, - o ;'.'“




1.3.2 REVIEW OF PREVIOUS WORK.

Investigation of check valve dynamids and check valve

related -pressure surges ’have\ been conducted by POOL and

"PORWIT, CARLTON and POOL (1,2). ‘It was found that the water

hammer cduid be prédicted,‘ knowing' the basic desigh of a

check va1vek

| . . \
L.l

KRANE and CHO (3) examined the design parameters:
aff;cting pressure drop, flow reversal and pressure surge.
In their experimental results the pressure | loss was

expressed as a function of disc angle. A  method of

calculating fluid torque on a mbving disc was descrihed It

X was shown that the fluid torque was mainly dependent on the

»

R pressure drop across the valve.

4

URAM (4) presented an analysis and interpretation of‘
the'~va1ve disc dynamics and steam hammer effesfs that allow
a rapid estimate of . the disé impact . speed. Simple .
relationshihs “a sed to represent the nature of the va]ve

\

pressure drop during c1osure. .

WEAVER, ADUBI and KOUWEN (5) studied the flow 1induced.

vibrations 6f a check va1ve,u1th a spring damper to.prevent

slamming. As the discharge-displacement characteristics of

the valve are' dependent on its geometry, modifications: of

Co

<12 -
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this geometry were examined and one found which eliminated

the vibrations. IR N

Design . outlines and rules for an optimum design\pf the

wafer check valve have been estabilished by SVOBODA, KATZ

“and FITCH (6). Analytic and experimental work was done to

" minimize the pressure loss (14) for liquid flow; the basic

.concepts and methodology may be expected to be valid also

for gaseous media. - .
. [

LEE (7) investigated the valve physical'systeﬁ with and

dithout the addition of counterweights and dampers, then

made and .tested a numerical simulation model.

\

Experimental work has been done by HONG (13) to .

'determine flow .. forces at different opening anglés. Its

)

" extension to compressible fluids seems, at least in

. brinciple, possible. =

HONG and SVOBODA (8) presented the computer modeT of a.

swing check valve suitable for use in’ lumped parameter.

piping network -simulition._ The valve s viewed as a

~ variable resistor with a resistance being the function of

the disc ﬂangfé. The fluid is considered 1ﬁcompressib1e.
This model, not yet confirmed with an eiperimental'&na]ys1s,

4

. does not apply to.gaseous fluids.’

- 13 -
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"CHAPTER 2 _
‘CONCEPTS OF OPTIMIZATION

2.1 SUMMARY.

{

A design procedure involves several ;teps. 'incJuding1
identification of:désign requirements and thé formulatian of
al;grna§1ve'design qonfigunatibns. The optimal désign will,
" be ‘the configuration Ch{ch; satisfies perfdrmapég
requirements and minimizes total costs. It can be - stated
that the gptimal design of .a check valve depends 6n both

operating conditions and piping system 1ayout;

A Valve Cost Function (9) may be obtained as the sum of
annualized present weighted costs, using the .concepts of
\ ' .

. Weighted Costs, Present Worth Factor and Capital Recovery

e

Factor.  Direct -and Indirect 'Capital; Operating and

Maintenance "costs-contribute to the Valve Cost Function. .

N

— [

- 14 -
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An engineering analysis 1is ‘required to define the

: \

acceptable valve configurations and the amount of the Valve

Cost - Function factors. A study of the valve efficiency,
dynamic behaviour and life and safety are required to ensure

its acceptability from all view po}nfs.\

Cost Function Factors énd Independent Variables of the
. . - [ .

valve system are defined and the determination of the-

.. * ¢ 4 ) - . , .
relationships petween factors and variables is established
-as  the 'objectivé of the design‘ proCedure( 60nceptua1
‘Minim{zation of Valve Cost Function . and a Design

Optimization Procedure are proposed.

* 2.2 DESIGN. PARAMETERS

©2.2,1 DESTGN REQUIREMENTS.

S

~

cbntradictoryffequ1rements, D

- T

The main purpose - of - a check valve 1{s to pﬁotect

upstream‘equipment from Backfloys. A sudden valve closure.'"

'fullﬁiliS' this fequjrement; howeyér; it can result in seat
damages. . o }. ’ iy .

-~

An ideal check valyve shohlq satisf} several, sometimes




‘.

In steady operation, 'the pressure' ldsses throuéh the
- valve should be kept as 1low as bossible. The major portion

of the pressure loss occurs in the clapper zone (Qﬁsoi) (6)
and depends heavily. on the clapper opening angle. The
clapper is kept open by flow forces (1ift and drag) which
depend on the opening angle. Insufficient flow forces will
a]lo%‘the‘c1apper to oscillate in a semi-open position. 1
With the system Ilow damping factor, the oscillations
continue for several cyc1e§' and, when their fequency is
\Elose' to (the system's natural frequency, the disc opening
aﬁgle can reabh its minimum and maximum allowable values.
As the order of magnitude of a medium size valve natural .7
frequency is 1 cycle/sec., the ﬂumbe} of disc impacts oh the
valve seat .and cage can exceed the fatigue limit in a
re]ativel} short time and mechanical failures can occur in’a
few months of operating life.

fn gas lines the pipe size maj feach 72", The dynamj;
forces of a swinging clapper ma} smash the seat as well as
the clapper ‘contact surfaces. Dashpots' slow doyn the
clapber“moyement but increase torsional’ stresses in the

' ;cfitical c]appetfpﬂvot shaft.




o

>

Yq

2.2.2 DESIGN SOLUTIONS. .

“operating Eo;ts.

\)-" PR

To cope with these contradictory requirements several
design alternatives were explored.

2

The addition of springs and counterweights modifies the
/ -

"~ dynamic behaviour of the valve system. - The use« of springs

>

decreases the closing time, but requires  greater flow forces

to keep the valve open, while tHe use of .counterweights'
allows modifications 10f the closing and opening

characteri§t1cs, but, acting on the "system inertia,

increases torsional st?esses in the clapper shaft.

1

A minimum flow velocity is required to 1ift the c]appeﬁ ‘ -

+ to full open and stable poé1tion~(10).‘-$1zing a check valve

for gas to thé mjnimum velogity requirement often leads to
smali size valves or to reduced plapper‘ maximum opening
angles. Smaller valves and reduced opening angle mean

redu¢ed or” similar capital expenditures but . greater

-,

o N ~

The stabilization. of .fluttering valves .can_also
achieved with a dashpot_ arrangement, but, again, the shaft.

torsion stresses must be taken into consideration. ra

‘
. . T
. * :
B . Lt N
B,
&
-
. - . -%
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. ) ' 8
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2.3 ECONOMIC QPTIMiZATION

2.3.1 THE VALVE COST FUNCTION. .

The swin§ check valve, as part of the complete piping

system, may be represented by a cost function. The " cost
function includes all direct and indirect costs genérated by
the présence of the valve in the piping system. When ‘these
costs are cgléul§ted with reference-:to a’Suff1c1gnt number
of'Compatib]e‘Valves, the design optimization «consists of
choosing the:CompatiB]e Valve with the lowest value of Cost
Funcfion‘at given Operating Conditjons. A Compat1b1g Va1§e

4 . N
is atba]ve of the same type and pipe size as the basic valve

under consideration and. with operating ° characteristics‘

ful]fil11n§ the piping system main requirément, i.e. able .
(J \ @

to intercept, with acceptable .efficiency, line' backflows.
Compatible Valves differ in design sdlutions and in energy

and dynamic performance.
. <

The Cost Fug§tion of a device, particularly that of a

.

wafer check valve is the sum &f:

\

L4

$1 Tnve t Costs, 1including standard valve

.purchase price, idditions and modifications
) AN

pufchase‘biigg,-tnstal]ation costsﬂ\
. ' v

N b S .
. Ad '
)
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A .

$M

$0

$R

~ §$11

$IM

< \ o ]
v

Maintenance Costs, including preventitive and

tow

break-down valve maintenance cosfs and

break-down operating costs;

Operating Costs,- including energy degradation .
’ g@& .

and 'energy consumption (if any) costs; .

Recovery Costs, the residual value at the

valve 11fe~enda(negat16e);

Indirect Investment Costs, the additional
investment cost to be sustained in the piping

system, with reference to the standard valve.

»

+

Indirect Maintenance Costs,  the additional,
maintenance and .repair costs anticipated in
the /pipe system compared ‘to a s}stem with

standard valves. .

~

C

.. Some of these costs are incurred at the time of _valve

insta]]ation;\/ others are distributed over the system

operatihg life. Some of thé future costs WILL'be 1incurred,

some COULD be incurred. ., Some future costs may be constant,

énd ahnualized.

while others vary year to year., All these costs, to be

properly introduced into the cost function, must be weighted

G4




"~ the ‘time vaTue of money. . ' \

~ n annua¥ interest periods is:
2 .

ﬂeighted Costs are? costs that could ue incurred,

weighted with their statistic probability of- occud¥ende (N)

) Their unweighted magnitude may be found by engineering and

cost analysis. Their occurrence statistic probability may

often be found-only with good“engineering judgment.

4

Annuuiized (Levelized) Costs (9) are required to assign[

. the same cost figure to each year of the asset (valve) life.

The sum of(;ngzannual costs is the total cost associated

"wig@- the asset .(valve) over its life, taking into accouut

-

A . i :
Beforev designing an . annua]izhtion procedure

buyilding the cost function, some additional ‘definitions are
. . \ c7 .
v‘equired.’\,,j o

-~

-3

¢ - D . 5%

%resent No‘th Factor (PWF). Given an original sum of monéy
t N * . .

$P, at gn??hnual interest rate of $i, the v}lue, $Y, after

k]

;ef . °

t L 4

. . a
S . [ J ) . -

-

SY s ser(LSi® L (2.3.1.1)

‘A

éonverseiy, a future sum $Y has a present worth $P:

D - . y

- $P= _3Y - g (2.3.1.2)
~ . (1+$7)™ -

Id

»

The ‘present worth of a given future sum $Y diminishesvby a

-

A 20 -
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\ a ‘ B . ‘. ' = ' .,“
- A '
‘ ﬁ\«\ : y
¥ ' ‘\’ ) ' o e
factor (1*51) -for each year\in the future. . '
The: Present Worth Factor PNF($1 n) is; e }
L- n '\ " . o '.
” " PWF($i,n) = (I+$9)™ (2.3.1.3 )
A . \\\L\
Capita1' Recovery Factor (CRF). i
g )

Given n amounts *($Y ,‘$Y .
...f. $¥hf7\ here SY is the amount 'to be paid at the end
of"year m (;f;?\..., n),the Present Worth.of Y is: : -
1) . : !

o ‘ ——L—Y—m_—
‘ (1+$i)™

and. the Present Worth of the total amount to be paid in -
the peﬁgod is: ’ '

ST

« * n d )
L8P = L $Ym . C(2.3.1.4)
. mwl (1+ 1"""{ . .
For' the particu1ar case of equa1 anffuail amount the -fotal
*Present worth becomes- . ' :
A‘ih m N
= %* - )
JSP $.Y md(1+$i)
or: .
L Sew sYR(1-(248iT ™) (2.3.1.5 ) o
. W : $1 K _ . o o
. . . ‘ ° :;
' _ b N N Y — B
The term: ; . , B ;
b -~ -8
‘ ' -
- 21 - s
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pursued.

’

8 C(2.3.1.6 )
(1-(148i7™ ) R

1s'ca11qd CapitalvRecovery Factor " (CRF).

L4 ' [}

The Annualized Cdst over n years of a cost $E, inéhrred

at the year m, is given by: -

J
. L

N $Y = SEX(PWF)*(CRF) , (2.3.1.7)

Cost Function is the  sum of all the positive and

negative weighted and annualized costs+——

C($/year) =  C *(PHF) *(.CRF) (2.5’.'1.8 ) &

\ ' Y
» + 1 .

2.3.2 ENGINEERING ANALYSIS. -

Each factor of each. Valve Cost ‘Puﬁfif?n must be

)

‘determined as quantitative (dollar) yalue and as® dependent

variable of certain design parameters. Therefore, a
complete engineering analysis of >ach Compatible Valve, as

dynamic structure 1interacting with a piping system must be e

o

The engineer1hg analysis of a check valve reqﬁires

-

Co- 22 -
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, 3
" Turbi
' ning
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FIG. F 2.3,2.1 Design Optimization. : i
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*

(Fig. F 2,3.2.1¢ IR L
:z ’ . ..‘3‘ | ‘ | |

1) . a study of the valve energy efficiency,

i1) a‘study~of the valve dynamic behaviour,

"~ ii1) a valve components stress analysis.

4

: . :
The ‘study of the‘valve energy efficiency determines: . r"’}?

N ' } the valve pressure. losses under the full B

range of operating conditions “and “for all

possible clapper opening positions.
- ] ‘ |
: " the amount of éngtgy degradation due to ' ‘k, B
pressure losses. " \

- The sfudy of the .vafjé dynamics will determing the
valve }esponse lto' the liﬁeléteady andiunsteady'operat1ng
conditioﬁs and aiért~pn possible abnorma] Behavigurs pf Sotﬁ .
va]ve. and piping system. In fact, cgrtgin combinations of
valve dynamic characteristics, ﬁipihg—systém' cqpfigurétions

and operating conditions may yleld:” = . ' o .

. LI
' . . H

e e e

"+ the clapper partial opening’ and its

5
-~ : i
oscillation with possible -mechanical failure. a gb
I ' ’ N ' - | | E:
%
- . , . :g
f - 24 "4 N ' ' Co- ‘::f\:s
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: \'the clapper spinning (tuEb1niﬁg) with its

possible detachment.
: ©

[N

Furthermore, the combinatiqn . .of valve dynamic
. characteristics, piping system configuration and emergency

* .

conditions determine:
the amount of -pressure surge (gas. hammer)

downstream of the valve,

"g ' - i the valQe clasing time and.disc impact on the
e * K - yaTve seats, '

3 . ) .

The stress analysis of the valve, in additﬁgp to being
a requirement for-a.reliable design, will He]p to determineé .

", . .the vé]ve life éxpectancy.

- 25 -
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'2.3.3 COST FUNCTION MINIMIZATION.

The piping system layout ;nd/or operating conditions
may influence fhe value of a Valve Cosf' Function.
Therefore, a Valve Co;t Function can assume . a ‘pafticular
dollar value for each possible combination of piping system

layout and operating conditions:

" THE OPTIMAL DESIGN OF A CHECK VALVE DEPENDS ON
BOTH OPERATING CONDITIONS AND PIPING ‘SYSTEM LAYOUT.

{ .

The Cost Function Factors may be classified as:
. 1y . N , - ‘\’“
\ 4

i) Costs “"internal" to valve (IC):

Investment costs ($1)
o \ '

: Recovery costs s 13)

: Operating costs ' ($0)
Majntenance.cbst§ ' ($M)

“

'1i)'Qosts "external® to valve (EC):

i Indirect investment costs (s

f

Indirect-mafntenancé costs ($IM)

For given. operating conditions and piping system

" Tayout, the Cost Function major 1ndependent variables are:

. 26 - T
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_ »

Valve nominal size (vs)

: ' Valve dynamic regulators (VR)

: Vaive/opening angle - (VA)

. Valve orifice diameter ' (V0)
Valve stress level ‘ (VL)

A

The'Valve Cost Function can now be written:

C ($/year)=$1*(PWF g1 *(CRF)4:‘+$M*bL$u*(PHFfsn*(CRF);n :
+$0% (PWF )go *(CRF )$o +$R* (PWF )§r *(CRF 4R+ &
7 4STI*(PWF )gqr* (CRF Jgzr+$ IM* (PWF )gzp* (CRF g1y -

4

Table T 2.3.3.1 shows the independent.and dependent
" variables. The relation between independent (va1ve“factor;)

and dependent (cost items) v%riab]es will be obtained (Chap.

11) as'fhe 10§ica1 sum of the partial relations of each-

‘analysis block (Fig.. F 2.3.2.1). This is are the subject

»

of the following topics.
The Project Cost Function is the domain of all the
Compatibie Valve Cost LFunctions;for a ' specified piping

system .layout and given operating conditions '(Fig.y F

2.3.3.2). Its minimum 1s the Design Optimal Solution.

If a 'set of operating conditions is given, 'a Project’

Cost Function for-each operating condition must be obtained

- 27 -
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TABLE T 2.3.3.1 Independent and Dependent . -

Variables. ‘
********************************************************

* ¥ VS * VR * VA * y0 * YL *
********************************************************
* $1 : Tnvestment costs * * * * * %
* $R : Recovery costs * * * * * *
* $0 : Operating costs * * * * * *
* $M : Maintenance costs * * * * * *
* ‘ ‘ * * * * * *
* $11: Ind. Invest. costs * * * * * *
* $IM: Ind. Maint. costs * * * * * *
***t****************************************************

$4 . ‘ ,

1 2 3 4 68 6 .7 8 9 10"'JCom—plt.-VF’v“ L
"FI1G. F 2.3.3;2‘Pro’§&t Cost -Function.

+

and the Design Optimal Solution obtained as the minimum - of

all minimums.

Finally, a Design Optimization procedure can be

outlined:

1 A

1) Seld

~.§%MM$5WW
e, 0T,
T

Pt

i
3



i) Analysis, for each Compatib]e Valve, of eachg
| b]ock of the three main design steps:
1 Dynamic Study
Energy Study
Stress Analysis “ .
o » : -
111)Def1n1tidﬁ,' for each block, of a relation
, Qgtween dependent variables ($I, $R, $0’ $M,
fII, $Im) and independent variables (VS, VR,:
'VA,'VO, VL) (Partial Cost Functions).

iv) Definition of the Va]Qg Cost Function for

each Compatible Valve:

VCF = IIPCF , Y

'v) Selection of . the Compatible -Valye with

-

minimum value of Valve Cdst Function (Design

Optimal Solution)

«

“

{
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2.4 CONCLUSIONS

[

The basic ~ concepts of Ehgihéering'Economics provide a

commaon sénse approach to optimizing a valve 'Qesign by

-

forcing the designer to determine the cost of all the design
factors. Although in most cases imperfect, the anticipated
cost is in fact the only efféqtive basis by which to compare

possible alternatives.

5
1

In many fnstances, some ‘of the design blocks of Fig. F

2.3.2.1 .do not require 1nvestigation, as their influence on

«

the cost function fis negl1gib1e

—— B <

If high velocity and density flows keep the élapper
well open, the "oscillation" effect can be ignored. ﬁ§w

phéssure pipelines are somewhat less affected by gas hammer.

In this case gas hammer and consequent indirect investment

and indirect maintenance costs may be neglected.

In the next sections the vérious design analysi§ blocks

. will be examined, The blocks:

: Turbining

v Stress Analysis

will not be covered, assuming an adequate mechanical design.

. - s :
The design analysis block:

- 30 -
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| : Slamming o
will be examined only indirectly; thus 1§nor1pg poss151e,
and fbr large valves important, damage of the seat-clapper
s' . ~ contact surfaces. |

Experimental tests are not economically feasible to

support some of thé‘block'analyses.

-

!
-
i
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CHAPTER 3~

_ENERGY STUDY - 4

ar

3.1 SUMMARY .

kg

] ' .
“
v

o

In this chapter fhe blo;ks “Prgssuré losses" and

“énergy Degradation* (Fig. F 2.3.2.1) will be 1nv§st1gg£ed.'.

>

tremendous emphasis was put-on energy conservation in all

aspects of our society. An effective and systematic method,

based on first and second pfinc1p1es of thermodynamics, was

+

.developed forv the ﬁerformance analysis of energy systems.

This method (9) is called "availability analysis” or "exergy
analysis".
o ‘ N N N
uIn this section the basic concepts of “availability”,

- . "flow availability" and “availability désfructiod” are

~.
.,

summarized. and used to ?Qplement an analysis of the energy‘

&

<33 -

.

\
. . .

( @ v . ti

. -
R .

. f

[ - - [

In the Tast decade, with sky rocketing oil prices, .
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performance of a wafer check va1ve, which' is considered _a

’ h perfectly 1nsulated system
A f]uid dynamic analysis of the wafer check valve (6)
. has been made fOr 1iquids. -.This analys1s is proven to be 1n'
full agreement with the equivalént length of pipe approach
(10) in wh1ch flow losses through a valyve are assumed to be
similar to those that would Tesult from a fixed Tength of

pipe. N o i u ///?

e 3

S ~ The wafer valve characteristic pipe’: length s
- calculated and procedures established for: computingvthe

" pressure ]osges and the availability destruction, in

’ » Kwh/year . and in $/year, for given operating conditions and

mi_;;/' '°oompress1b]e fluids,

A computeﬁ program, COMPR, is then presented ., to

alculate the energy efficiency of a check valve. Results

for various sizes and operating conditions are shown.

‘ . 4 bl . v v *
* Through the analysis of some typical, cases, the
importance . of "availability destruction" as a design
* :
/ parameter 1{is demonstrated, and- shown to be a more

comprehensive approach °than simple pressure drop

-
-

cdnsiderations.

®

o
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‘ 3.2 AVAILABILITY AND PRESSURE LOSSES

\
3.2.1 ENERGY DEGRADATION.

g
It is common practice to coﬁi:;er compressible fluid
This ¥

flow 'tﬁrough a valvg- assy an adjabatic process.

. \
assumption .is quite justified for fluid temperatures close

' 4
to the environment temperature, otherwise a good insulation L

. S
is required.

I3 - -

Undef these assumptions, the flow through a valve

<

&

becomes a closed system of flow through a control volume
without work and heat exchange with the environment (Fig. F

3.2.1.1) (9)

n
3 ‘ ©
Vt A\. ) ' ) IVI v .
FIG. F 3.2.1.1 Valve Control Volume. .
& ¢ B
. ' : >~ -
- 35 -
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] ; N The "Energy Equation, applied to the valve control
volume for a steady flow, gives: .-
)
. -*
dE = (h, +y§ ~i* (h, +y_a) (3.2.1.1 )
. dt
Fi
' \ - [ X -
' . Therefore, no energy losses are experienced for an adiabatic \Q{F
B flow through a valve. What is lost (9) through the valve is’
not a certain QUANTITY, but another energy aspect: its.
POTENTIAL .or QUALITY. The energy quality is measured- by a
"+ - property called AVAILABILITY. o
A v
. AVAILABILITY is the maximum work that can be extracted
from .the combined system of control mass and environment as
the control mass passes from a given state to the dead i
+ state. /" ‘ . I
) ) I i
k3
‘ \ : Some definitions are required: .
/ . . ENVIRONMENT 4s that part of the system ( the valve)
.surnoundiﬁg, the intensive properties (p, v, h, s,
étc ) of - which do not change s1gn1f1cant1y as a .
result of the process under consideration.
, RESTRICTED DEAD STATE is the state in which a control
. . , b
mass 1is 1in thermal.and mechanical equilibrium with
the enviponment. .
- - b

. . ) )
— x\.m [P - e 4 e mape - - - b ,‘W P { - -
. . -



~

‘ THERMOMECHANICAL FLOW AVAILABILITY at  the® valve

entering and exiting side is defined as:

| | . | a"‘=‘ab+€bL‘PsM)*VL (3.2.1.2)

[

Applying the Control Volume Availability Equation (9)
to the steady flow through a valve, it may be written for an

‘adiabatic process: -

| d Ay =0 = h*(ay -age )-1  (3.2.1.3 )
. \ ‘
~\ where the term I account§;?6r destruction of availability
withinlthe valve, due to internal irreversibilities. The I

. diménsidns are Jjoule/s, since‘ I is a rate of energy and
represents the loss of work per second, extractable from theé
fluid under consideration, due to energy degradation through

the valve.

The steady flow, control volume, avaifﬁbﬂlity equation

becomes:
4' ) -
i = ﬁ\*(a,s -age )
( o
\ [} . . a F ] s ,
I.= m*((h{ ~hp)-Ten *(sy =sp )+ (Va-Ve)) (3.2.1.4 )
) ' 2 '

L
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3.2.2 PRESSURE LOSSES THROUGH A VALVE.

¢

For an ideal ‘gas and an adiabatic flow and the control .

-volume of Fig. 3.2.1,1 it is:

N

A I

o= Q¥ %A, (i = 1,2) Continuity  (3.2.2.1)
hy -hy = -(f -Vt ) Energy - (3.2.2.2 )
P = Q¥RAT . State (3.2.2.3 )
dh, = ¢, *dT ‘ . Enthalpy (3.2.2.4)
S -5 /_th - ;;_]r_ dp Entropy (3.2.2.5 )
1 -pa'-F' = Q'_*V‘ 2 *Vf | Momentum . (3.%.2.6 )

The term Fe represents the ‘pressure  loss  due 'too

irreversibilities.
| / . .
For an 1ncompress1b1e viscous flow through a straight

pipe the momentum equation reduces to:

’

| 2 ‘ |
Ap -/—f*q*..l:* dx (3.2.2.7 )
/| 2%D ‘

whiéh is the well known Darcy equation. For a compressible

viscous flow through a straight pipe thé'%kmentum equation

bec??es:
%l'., -d! (gt )-frgr vt (3.2.2.8 )
y X dx 2*D ~
Jﬁg

»
- 38 -
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Trearay L

KEENAN and NEUMANN ( 1) measured friction coefficients

” 'for turbulent flows in| smooth pipes over a range of Mach
‘Numbers between 'zero an‘ nearly unity. For a fully
'deve10ped profile, no significamt effect of Mach Number was
obsérved, i.e. ‘the relation between friction coeffic1ént

and pipe Reyno]d' Number),ﬁor subsonic flows, was found to

| agrée with the well known Kafman-Nikﬁradsé formu]# for 7

incompressible flows:

“W‘i'f" - -0.8+2%10g (RWVIFT)  (3.2.2.9 )
Tﬁﬁ;éfdrg i1t may be assumed that_thé Moody d%agram is ygTid
also for compressible.fluids; ‘
& St o _
" The numerical 1ntegratipn of the moment um equation&
' (3.2.2.8 ) gives: ‘ ’ '

»

.- 2 ] " L. '
=P, = Qu*Vy =Q*V, +f*L*x(Qg *Vo +0a *Vi ) (3.2.2.10.a)
7R 7 Q™™ U D L

B =Py = f*a,*m *(z*"% D-280+1+ o1 (3.2.2.10.b)
Lo Q* frL 2 Z*Qa C -
pt-"' z*D m __11 " . (302-2010‘)

% with: ) - S

. % - (3.*(9&_1).’.1.*(11-“)) (3.2-2-11)
‘ K o 2 . @ . : '

an;: -“'v'y .‘- | - L I
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Using the (3.2.2.10, 3.2.2.11, '3.2.2.12) the Darcy |

>
» N

formula for straight pipe, and compressible f1u'ds, becomes:

i =_e%;(,,*'2*ws:p4=q.t C(3.2)2.13)

.Y, is called "net expansion factor" (12).and maX be
calculated soTVing‘ tne cbntinuity, ndmentum “and’ ener

equations.
\

‘Exneriments have shown'(IO) that the pressure loss due
' to valves and fittings is proportional to a constant power
v of the flow veloc1ty. For all practical purposes, 1n the
turbulent range,‘the exponent may be assumed to be 2. 'The
pressure  loss “through a valve or fitting may be expressed
&\\nlth the same type of equation used for straight pipe - with '
thee addition of a coefficient K, representing the pressune
‘ losses through the va)ne. Assuming L as length. of a pipe ofi
1nside diameter D and f a yet undefined friction factor, the

g
¢ Darcy formula for a valve becomes:

.80 -
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h o= ARY*VIF A 5Rq (3.2.2.1‘4)
T gl A
with: .
‘ * K ='valve Coefficient of Resistance,
or: 2 S L C
Vi = (*A*(VZF A prq,  (3.2.2.15) .
éssumfng:
K : o S »
K = - .2.2.16)-
ST ~ (3.2.2.16)
and; . m = CRA*Y*VZ¥ A prq, (3.2.2.17) v~

'

with:
C,= CyrV2#a® . - (3.2.2.18)

Qe

The Coefficient of Resistance (10) K represents an l

‘equivalent 1ength} in pipe diameter of straight pipe, thgt

wWill cause the same pressure drop as the valve uhder ‘the
same flow conditions multiplied by a fabt@r'f:u

v
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J s
,
:

i

K = fxl <fK, (3.2.2.18)
| D

T

o Experfments"have shown (10) that, with an acceptable

approximation, a typical value of L/D exists for each type .

of valve of‘a:given diameter.

The Qoefficient of Resistance, K, would theoretically

{ . [ , ~
‘be a constant for all sizes of.a given design or 1line of

valves and fittings if all sizes were geometrically similar.
The geemetrical similarity 1is never, or. very seldom,

achieved,

The K coefficient for a number of lines of valves and

fittings have been p]otted against size (10) and 1t has been

~ found that the Coefficient of Resistance, for a given line

of valves or fittings, tends-to vary with size as does the

friction factor, f, for straight <clean commereial steel -
+ pipe, and that the equ1va1ent length L/D tends toward a

.constant for the various sizes of a given line of valves or

fittings.

/Typieal values of Equivalent Length for. various ‘types

"of valves are shown in taple T 3.2.2.1.

A

o i et e




TABLE T 3.2.2.1 Typical values of Ko

************************************************

* TYPE. OF VALVE , * Ko *
************************************************ .

B * %*

*  Gate _ * g8 _ *

* Globe Vertical * 340 *

* Globe Inclined * 25 *

*  Swing Check * 50 *

* Check Tilting Disc * 9Q** *

* . * *

* ** gizes 10"-14" * ok

o **************************************#*********

" 3.3 AVAILABILITY DESTRUCTION .

3.3.1 COEFFICIENT OF RESISTANCE OF A WAFER VALVE.

SVOBODA - and KATZ (6) studied the. pressure Tosses ©

éhrbugh a wafer va}ve, usin§ water . as fluid, and found
excellent correspondence\onﬁvalues obtained with an origina\
modei approach. The check valve is modelled és two orifices
in series anJ a cumulative coefficlents of discharge is
cal;ulate&. For anglgs over 30 deg. .and an incompressible

fluid, it is: (Fig. F 4.21:1): T

with: - T i -

- 43 -

T = ST

Cv = cvy,*c@ T (3.3.1.1)
. £+n ’ ..




. o 9.
= Cv -(3.3.1.2 )
S AL* (K1+ /cn) “TI) e
A ct = Cva = Fo (3.3.1.3 )
MA[Z (G+(Fo-IF )
Qe

Fo = 1-(d3/dg) *cos8-4*Ao/ (X*d} ) (3.3.1,4)

wﬁeré Ao is the pfojected area of clapper and clapper .arm.

b

Its value can be calculated as:

3

Ao = x(( d1/2)’-x§)+(du2)2*sin"(z*x/di)’ (3 3.1.5 )
-(Q(d;/zf -xEy2+{ds/2ft *sii{2*x/ds) ) *cosd
-2*13*Q(l-cose)+2fq;x;51n9

where x,and lyare the half width and total length of the
'clapper arm and d,the disc shaft d1sp1acement wi%h respect

to the seat plane

For an incompressible fluid aﬁd'using'thé (3.2.2.17) it

is: .

c’;«m Wﬁ“"ﬂr—m—mr“““
3
| TL' | (3317 )
g - |

with:




U

" IThRGen . |

»
... . Sekrns b ey

K= _0.08 _(42.1.4 )
- {de/dp )4 , R
o Kp = (1-(da/dg) )2 (3.3.1.8 )
. (da/dy)e o
: Ks = (1-d3/dg )2 *Vsin(90-8) (4.2.1.8 )
L . (ds /dy )¢ ‘ o
K¢ = (1-Fo)? C(3.3.1.9)
Fo2 )
o \, . . L
and: ‘ ‘ . ‘ YL e
.K = K{"'K&"’Kz"’Ka_/, , : “ : (3.3.1-10)
Ko = Kof +Koz2+Ko3+Ko4 , (3.3.1.11)

with K and Ko Coefficient of .Resistance and Equivalent
Length of the valve. '

Values of Equivalent Length for wafer check wyalves,

.calculated with the Svoboda-Katz procedure for various sizes

and clapper opening angles, are shown in Table T 3.3.151.

‘- 45 -




o« TABLE T 8.3.1.1 Values of Ko

> ’ L
Fkdhkkkdhhkhdhhhkkhkkhkihkdekkdkdhhhdhhddiikhkhdhhkhidis

* * CLAPPER ANGLE » *
* NOM. SIZE *******************************
* * 30 * 45 * 60 * MAX.* 0 *
kkhhkhkkfhkhkhhihkhhhhhhikkkhkkkhhhkkrrkrhkhhkhhir
* 2" *1455 * 496 * 163 * 84 * 70 *

* 4" *1452 * 471 * 144 * 72 * §9 *

- * g *1018 * 384 * 131 * 66 * 70 * .
% ge * 748 * 313 *-119 * 82 * 66 *
* 10" ' * 960 * 366 * 125 * 67 * 69 *
* ]12¢ ' * 752 * 316 * 119 * 87 * 65 *
S oko18n | * 797 * 348-* 144 * 111 * 60 *
* 36" * 942 * 435 * 176 * 130 * 65 °*
kT * * * * * *
*

*******************************************

-
R

fhe desién of sizes 36" aﬁd 18" 1is not optimized
accord1ng the Svoboda Katz rules.
For a wide open valve, th? Characterist1c Equivalent

Length of a wafer check va1ve can be apProximatedﬁi

Ko = 76 (3.3.1,12)

> bt

when the optimization .procedure s applied, while

significant discrepancies result for -the non 'optimized

sizes. ' , ) (’J

L

¥
L ]
The Coefficient of Resistance of a wafer check valve,

for clapper angles greater then 30 deg., may be predicted

. using the quadratic relationship:




4

. Lo : e
a*Kp +b*@xKo+6' +c -=0 (3.3.1.13)
Values of coefficients a, b, c are shown in Table T 3.3.1.2.

o',

. t

TABLE T 3.3.1.2 Quadratic Coefficients.

<X SRR
L hkhkhhhhhhhkhhhhkhhdhhhkhhkikkkfhkkhkhkkhhdkhiid N
N v
* SIZE * a * b * ¢ * .'

e % e e de o e Je e o do e de de Jo de do Je e Je e de o de e A de ke I de Kede K do ke de de K gk K ke

* 20 * -0.0010 * 0.1436 * -4981 *
* Qg - * -0.0011 * 0.1432 * -4817 *
*. <6V - * -0.0015 * 0.1887 * -5080 *
* 8" * -0.0021 * 0.2523 * -5376 *-
* 10" * -0.0017 * 0.1970 * ~5053 *
*‘Iéi * -0.0020 * 0.2454 * -5316 *
‘ * *.-0.0018 * 0.2491 * -5710
* 36" * «<0.0007 * 0,1877 * -5565 *

************************t***************** ;

* '\\

The Characteristic Equivalent Length may be used to }
compare the wafer check valve with other types of 'checki

t—

valves -(Table T 3.3.1.3), remembering thatithe Coefficient

of Resistance, for a "given mass flow, is directly

proportional tb the pressure drop.

TABLE T 3.3.1.3 Ko for Various Types, of

\ Check Valves. Small Sizes. -.
*************#‘*********************************

-l

k4

- 47 - .

* TYPE OF VALVE * Ko * Ko *,
**********r*************************************,
*  Wafer check . * 76 % - *
*  Swing check full bore * 50 * .34% +*
‘*  Tilting disc 2q’5 deg.)<§i\ 40 * . 47X *
* Ti{lting disc (q=15 deg.)®\ 120 . * +58% *
*  (dq = angle of attack) * - * w*
********g******f‘*****************ﬁ!**f*********

B N
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When a compressible fluid is taken into consideration,
the pressure drop for each elémenthry contragtion or

expansion becomes (see also Chapt. - 4):

Iy

I .

AT T ﬁhty.* ' (3.3:1.14)
‘ - Ay *Yd oy, ;///} T '
’ , ' e ‘

P . . 1

>
&
1]

Greater section area of contraction (expansién) i,

&
"

Qu = Entering dénéity of contraction (expansion) i.

=
"

Coefficient of Re§1stance of element i, referred

to the ELEMENT greater section area

cor: ‘ .
. ‘
| - Doy = Kix___ ik (3.3.1.15)
o g ‘ ' TFAT *¥Ewgy; ' .
‘ ‘ L e T ‘ :
" with: 7 ‘ s . ’
v ko= 4b KL (3.3.1.16)
. A ST .
and: - ’ )
. , .
’ % T ‘ o
o Ky = Coefficient of Resistance of element 1 , referred
K ' to the PIPE section area. |
Lo : - 48 -
b . = .. ¢
Q 4 .
- ~ -

Net Expansion Factor of contraction (expansion) i.

~

& . . .
k) ’ - I
e - T R A N N T T ey gy
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The total pressure drdp becomes:
\ " :

4 s - g

= = .a / ’

Ap ZLA% __m.__Zb CKp (33,107
' : [

A similar relat1onsh1p may be derived with reference to

the downstream flow parametefs:

‘ (WA . | .
- . A by = _Kki*h (3.3.1.18)
: 2%A] *¥i*qai '
: :
~ BAp= i F(__k_) (3.3.).19)
- 2*At*qy (% Q3L *Yp .
- : Q@
with .
LS

v

1 = (2%(l-gab)+1*(1+qat)) - (3.3.1.20)
WK e 27 eu |

: ‘ N / o N1
3.3.2 EVALUATION OF AVAILABIRITY DESTRUCTION.

-

2

Taking into ‘consideration the limited valve body

surface, compared, to {1ts ° equivalent 1length, as well as

effective valve insulation at ﬁigh tempeéature, an adiabatic

. N Process can be assumed. Tﬁeréfore, with reference to

g ??3\?.1.4) and using (3.2.2.2),lthe availab111;y destruction, _

. due to the flow through the valve, is:

49 -+

.




I = fi*Tgy *(sy-s2) (3.

model, the entropy

Accepting the ideal gas
R
/

'(3.2.2.5) becomes:
Sy =Sy = cp*lniTz{ R*In(p2)
LT
sz-si = R;(( Y )*1n(Tz)-1anL))

R
5 'Si = R*ln((Pi pi=Dp)Yrd*(a2) VL) ¢
p{ “ N Q\ i *

b

The energy, equation of

throbgh a vahye ¥s:.

3.2.1 )

equation

s
3.‘3.2.2 )

“an adﬁabatic, ~steady, flow

.y dp,s
-1 i AL SR A PR AL TRLH
. & K
or . y ¢ o ;
”*((.EJ*(;"'_:;.l.)* ))- Q*(P )- ((?-1) 2) =0
92 i 2*% B 2"1Pg TR
wh{ch gives: : ' | Lo
Ba+4* +(1-4)* i )% ((f=1) %) -
. Q3 = \/“ ('E‘i q{TA,‘f U'_*7 J (3.3.2.4 )
| _BL. 'l)' _ﬂl_)' _ ;
f , . q.' ﬂx: %W . \
. '/
-+50 - " .

- ~~.‘:-_..1,.__.-.—v-»7. .- TR AR T LT




z%,;\‘
with: ‘
BT pi'Ap
Hence: S ' -
Qa = Qa(py s »Ap.M,4) (3.3.2.5 )
- Sy =8 =45 -As(pl.qi,qa,Ra) N : (3.3.2.6 )
and: ‘ ,
I =-*T,, *As(pl,gi,qz,lg) joule/s (3:3.2.7)
or: " .
i = ‘24*355!*‘?”&*‘[‘" h*A'S KVh/year (3-'30’208 )’ ’
O ' -
- With
N . 'd . 'A A.» ) "' ‘
€ = Standard Yearly Operating Hours S
Calendar Hours . '
} 7 r
" | ’
. N .
» - 51 -




3.3.3 COMPUTER PROGRAM “COMPR" .~

The FORTRAN coded Program COMPR (Appendix 2) allow

**  calculation of the energy efficiency of a valve, given its

géometr1c parameters and operating
"“\?COMPR configuration is:
" Input:
Valve size.
P Operating ~ « pressure,
veloci;y. i
Gas:lgnktant.

v,

Walve geometric parameters D1, D2,

conditions.  Program

o

R

-/

density and

DIS, ALA, TETAF (Fig. F 3.3.3.1). .

: - ‘Environment temperature.

ax

Tt

)

p
. k) Cost per Kwh.
'Dlél
) 8¢,
Sup
- \*Q!Q§5
H._ . ‘:’g : N
<t
=
"~ FIG. F 3.3.3.1 Valve Geometric Parameters.
' A
- 52 - |

flow




Output:

: At disc angle 30°, 457, 60° and full open:
='C0eff1c1ent of Resistance. §«~

g

: Pressure drop..

! 3 : Availability destruction in Kwh/year.
: Availability destruction in $/year.'
- z i .’)
' The quadratic formulae are of the form:
' x‘¥i;e*x4b*e‘+c =0 ¢ (3.3.3.1)

o 8 = clapper angle
" X = .unknown parameter’
\ .
Structure: , c . -
The program structdne 15"Shown‘ in ?1@. CF |
" 3.3.3. z ;
. Results for ﬁalve éizes,lOf, 18",- 36" and three typicals
.operating conditiopé are- shown- in Tables T 3.3.3.1, 2, 3 at.
the énd of this chapter, -and the availgb111ty variation with'
flow- velocity s b]otted in Diagrams D .3.3.3.1, 2, 3'andx"
' with pressure in Diagrams D 3.3.3.4, 5, 6. a

i
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- /7 ﬁﬁAD DATe/(

. Calculate : Ko

For:
TETA
TETA
TETA

30
45
60

Calculate
Ko
Quadratic .coeff.

L

For: o
TETA = 30
TETA = 45
. TETA = 60
Calculate :
Y
tAp
I | }
by iteration.
Calculate :

: availability
destruction,

SUBROUT. GAUSS
Solution of a
linear gystem
‘by Gaussian
Elimination.

Calculate
availability
Quadratic coeff.

+

E ,-.54 ]

'FIG. F 3.3.3.2 Program COMPR .
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~ 9000 |~ 90 :
et * N
i
8000 }— 80 f
. 7000 | 70 Sv = 30m/s
1 kwh = 0.01 $ -
D =.36"
6000 . |

5000

¢
4000 . o |
& |
3000
ke
2000 D= 18"
1000 f N
p = 10"
L S
‘0 .10 20° 30 40 50 60 bar
Diagram D 3.3%3.4 Availability Destruction vs. Air' L
' Pressure. ( .
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3.3.4 PARTIAL COST FUNCTION. o o

R
/
P

- The dollar form .of the Availab%]ityﬂ~Destruction

Equation: :~ ERT .
’52 PN '¢ ‘ . ’
; it vareritbrdl o = 0 (3.4.1.1 )
i S ' : ‘

is é]sg§the valve Partijl}Cost Function of the bldack Energy

J/ , .
" Degradation. The-- independent dependent variables

relationship is shown in Table T 3.3.4.1.

. o . . .
TABLE T 3.3.4.1 Energy Degradation Partial

€ost Function. )
****************************** *****************#**

* - | RYSKYREVARYORYL*
****************************************************
* $1 : Investment Costs g kKM X k k%X K
* $R : Recovery Costs kXN k k Kk ko k
.* $0 : Operating Costs _ kmk kMAWR ok
* $M : Maintenance._fosts’ * * * * k *
* $I1 : Indirect Invesdment Costs * *> * * & &
* $IM & Indirect Maintenance Costs * * * * "% *
************i***************************************

i ”

*
<

L

The function domain fis:. ,
Opening angle 8 : 30 - 70, deg.

Vg]ve size T 2" - 12¢

The valve size domain can be extended to¥any dimension, .

if prdper values of Ko are known. The validity of the

' . s - ' ' Coe v NN - -
" e 61 - ’ -~ v -
‘ . .- . ’
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A Vo : ) Y

i \\\ &
! > b o, )
Orjfice' Sequence Model for large va]veékis-likely, but not C e
v N . ( . ° f"
. supported by.experimﬁptal tests (Se;\gsipter 4). | *

- \

% -
LI } . :

- N 3.4 CONCLUSIONS

~ L
Installing a chéqk'vafve ina piping system is Tlike
. buying insurance | against damage to expensive piping
ik éomponenté for ﬁnwaLted flow revé}sa]sl The avai]abi}ity - ®
‘destruction ‘repiésehts the }ear]y‘cést, aftef'fdvestments,l‘ ‘
’%ﬁ ofléhis protection. dk, .‘ o o <
E J' - K - ' B B
;o Co- e os : N ’ ‘ .
o High pressure and high ve1oct§¥ fluids f]owing through . b
'-Vk;. ' 'é check valve, may waste "good energy" at an 1@pressive ‘
<y 'raFe; .espe;;ql1i for large diameter piping. aAssuming o
| ,lcbﬁp]éfé ‘gtﬁeoretik§1)} line utili;@tion and ﬁn indicative ]';é;
'- ': .cbsg‘wé: - K ' '-Jv. B co .
T ot 0.0L $/Kwh |
e wf%p;airng;: - " S ; '0 ‘ e
LTI | .-ﬁtv # m/s | ( Ligd:ft/s? ;h‘ “A 15-} Ly
e pr sooo KPa,. .. 750 psia). |

A

T . A '
(14 ‘ [N :
someﬂtxp1ca1 figqres‘gﬁ\avqilability destruction are: .
Tl gge Q91a,' ..5,060:000 a Kwh/ydar .or 60 000 S/year BN

- "(

18" dia. L, 1;&06.000v= . Kwh/year or . 18 000 t;year

R L . :
) . L . N h4 AN ~ 0 . lﬂ

e

1 ) .
N L3 ’ > " N (4
1 - - - ¢ .

P Cdigeeel Lo
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Frres—

a

¥

((’

10" dia. . 320,000 KWwh/year or 3,200 $/year
Low pressure, ambient temperature and high velocity
fluids (air blowers) still have significant availability
# ' ’ Lo
. destruction, but at a much less impressive rate. For:’

'} 30 m/s | ( 100 ft/s)

n

- . p ‘- 149 hpa‘ ( "22-psia) ‘\

—_—

‘some typicai figures of avaiiabtiity destruction are:

L 4 . . . . .
36" dia. . 116,000 Kwh/year or 1,160 $/year
18" dia. . 34,000 Kwh/year of 360  $/year

To gia: - 6,000 Kwh/year or 60 $/year
In the seiection of check valves for high pressure and
- high’ veiocity pipelines a- iow coefficient of resistance is a
primary requirement. For high pressure service, reducing -
the: opening angle of a 36" check valve from 65 to 60 dgg;
will cost: | S ' .

2,000,000 Kwh/yéar or 20,000 -$/year

* » '
N . ) o bz

For iQw pressure high felocity lines the ‘avaiiabiiity
destruction is/fgss important Low pressure fiows often do
not generate(enough force (Chapters 4 and 5) _to  keep the
va:ve fuiiy open. The quest for valve dynamic stabiiity may

yie]d a drastic reduction of the ciapper maximum opening
. %

-

-4

'f.53 -

-
- R

* ' : L : ' : o
[ S R




™

S

angle. Fey an 18" valve and low prgssufe service, reducHng

the maximum opening angle from 60 tq~45 deg. "will increase

the operating costs of:

LY

49,000  Kwh/year or 490 §/year’

bringing the total cost of energy degradation to:

83,000 Kwh/year or 830 S/yeaf

,\‘ A | l |
5 \ In conclusion, while the avai]ability destruction is a

most important parameter for evaluating a check valve for.
. o | , | e

high pressure and high velocity operating conditions, its

weight is lower for less severe Qperating'condifions. '

Vgl

A

V-
. .
N o s M
’ ' . R W
~ . - . - -
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© TABLE T.3.3.3.1 Energy Efficiency. Low Pressure Line.

*********************************************************:;

* PROGRAM COMPR : VALVE ENERGY EFFICIENCY *-
dkdkdhkhkkkhhkhkhhkhkkhdhhhkhkhkhkkkhkhhkhhkkhkhkhkrrhhhhkhhRkh kbl kkkhkiki
Operating pressure : 149 " KPa. *
Operating density : 1.43 Kg/m3
Operating velocity : 30 m/s
Gas : air
nvironment temp. :, 20 C
Cost of Mwh : 10 $/Mwh *

ERERREARRRIRENARRARAARARARRRRRRA IR AR R AR R AR IRk kT hkhhhhdhh
VALVE SIZE : 10" * U * 30° * 45° *' §0° * '69* *

KkkhhkhhkhRRkRAkkhkhkkkkhkkhkhkhhhkdohhkik

Equiv. length * /D * 940 * 367 * 125 * 67 *
Pressure drop * kPa * 8.17 * 3,18 * 1.09 * 0.58 *
Availab. destruction * Myh/y* 89 * 34 * 12 * § *

e dedede e do e dede e Je e e e d de de e de de e de de de e de e e ok e o o e e ok

**********************************************************
VALVE SIZE : 18" * Y * 30% % 45¢ * (O * gQ° *

. 12222 2322322222822 22228 X822 2 X 2522 2
Equiv. length *.L/D * 777 * 348 * 144 . * 144 *
Pressure drop . * kPa * 6.00 * 2.68 * 1,11 * 1,11 »*
Availab. destruction * Mwh/y* .188 * 83 * 34 * 34 *
Availab. destruction * $/y * 1877 * 830 * -341 * 341 *

*******************#@***************

************************************************* ¢ 7 %k ko kK k
VALVE SIZE : 36" * U * 30° * 45° * g0* * §{5° *

Khhkhkhkhkdekhhhkhhhhhhihihhkihkgkikikkih
Equiv. length * L/D * 932 .,% 435 * 177 * 131 ¥
Pressure drog . * kPa * 6.59 * 3.08 * 1.25 * 0,92 *
Availab. destruction * Mwh/y* 842 * 388 * 156 * 116 *
Availab. de'struction * $/y * 8415 * 3881 * 1564 * 1158 *

W ok % % Ok % % % % ok ok % ok % % % % k% R Nk A Rk k kA E AN N

**************************************t********************

* o % *

Availab. destruction * $/y * 894 * 342 * 116 * 62 *

Friction factorz 0.0135 A I J
X =L/D X -0.001555*X*8+0, 1957*6 -5045 = 0 *
X = Mwh/Y X -0.185100*X*9+2.0918*6? -5031 = 0 *
X = $/y X'-0.001850*X*9+0.2092*6*-5031 = 0 .o*

Friction factor ©0.0120 *
X = L/D x -0.001556*X*8+0.2456*%0* -5684 = 0 *
X = Mwh/Y x -0.292100*X*0+1.0306*0* -5673 = 0 - *
X = $/y X*-0.000292*X*8+0.1031*8* -5673 = *

*******************j****************‘

Friction factor "0.011 *
X =L/ X -0.0006355X*%6+0.1862*8" -5550 = 0 *
X = Mwh/Y x‘-o 000896*X*8+0. zoaa*e' 5538 = 0. *
X = $/y X -0.000009*X*8+0.0209*0*-5538 = 0 *

-




» : / |
TABLE T 3.3.3.2 Energy Effic[ency. Mgdium Pressure Line.
***f********************;***************;******************
* PROGRAM COMPR : VALVE ENERGY EFFICIENCY y  *
Je g Je de g Ae I & % g I g e e de e de 3 e g de e e e e e e e e ok o e vk e ke ke e e ek ok e e ek ke ke Sk ke ke e -
* Operating pressure - : 1000 KPa. *
* Operating density : 12 Kg/m3 *
* Operating velocity : 30 m/s *
- % Gas ' : - air ' *
* Environment temp. H 20 C *
* Cost of Mwh : 10 $/Mwh *
khkkkhkdhhkhhdhdddkhkihkkdhkdkhkdhiikhkidhihkihkhhikhihkhidkikkk
* VYALVE SIZE : 10" * U ~* 30° * 45° * §{0®* * 69° *
ﬁ*“‘ ) Je e Je e ¢ de e e I Je d g e o g de ke ke de dede e ke K ke k ok ke ok ok ok ke k
* Equiv. length * L/D * 940 * 367-* 125 * .67 *
* Pressure drop .* kPa *68.58 *26,71 * 9./11 * 4.85 *
* Availab. destruction * MWh/y* 943 * 359 * 12,2 * 65 *
* Availab. destruction * §/y * 9430 * 3594 * 1216 * 645 *
* ' e ot de d % o de Je & d de J e Je de gk de ok do de g dedk de de ok e e K ke ke de ke ke
* Friction factor 0.0135 N *
* . X =L/D X <0.001555%*X*@+0.1957*%-5045 = 0 *
* X = Mwh/Y X¢ -0.001696*X*6+0.1992*8* -5028 = 0 *
* X =$/y X -0.,000017*X*6+0.0199*6*-5028 = 0 *
-***t*****ﬁ*************************************************
* VALVE SIZE : 18" * U % 30° * 45° * §0° * §0°°*
* . t*****************f&***t*******}****
* Equive length k LJD * 777 * 348 *' 144 * 144 *
* Pressure drop * kPa *50.36 *22.54 * 9.29 * 9.29 *
* Availab. destruction * Mwh/y* 1975 * 870 * 357 * 357 * R
* Availab, destruction.* §$/y *19750 * 8705 * 3570 * 3570 * ' :
* ‘***************************ﬁ******** ' %
% Frittion factor; 0.0120 ¢ _ : * Lo L.
* - X =L/D X°-0.001556*X*08+0.2456%0 -5684 = ( Lo
* X = MWh/Y X} -0.000270*X*8+0.0983*8*-5670 = 0 *
* X = $/y X*-0.000003*X*8+0.0098%8* -5670 = 0. * . .
******************t**********?*************************{***
* VALVE SIZE : 36" * U * 30° * 45° * §£0° * §5° * :
* Ihkhhhhhhkhkidhhhhhhhhkhhdddihihehkbik ' . E
* Equiv. length * L/D * 932 * 435 * 177 * 131 * ,‘;
* Pressure drop * kPa *55.30 *25.81 *10.46 *'7.75 * f
* Availab. destruction * Mwh/y* 8860 * 4073 * 1639 * 1213 *
* Availab. destruction * §/y *88608 *40730 *16.386*12126 * N
* - ' ° dededededdedededdedede R dededhefede R ik kk e dokdedodekkhd-— ,
' * Friction factor, 0.011 : : - .o
* X =L/D X -0.0006355X*0+0.1862*8 -55560 = 0 _ *
* X = Mwh/Y X3-0.000008*X*8+0.0199*8%-5534 = 0 * . “
* X = $/y X*-8.35%*10 *X*0+0,0020*8°-5534 = 0 Lok .
*

**********************%*****;’ﬂ****ﬁ**********************

[ |




TABLE T 3;3.3.3 Energy Efficiency. High Pressure Line.

B «
khkkhkkkAhdhhhhkhkhrhkhdhhhkhhdhhhdkhhiddohhdhhdkihihddkhkhikkhihk

* PROGRAM COMPR : VALVE ENERGY EFFICIENCY *
***********************f***********************************
* Operating pressure ¢ 5000 KPa. ¥
Operating density : 7 60 Kg/m3 *
Operating velocity .o 30 - m/s *

‘Gas T air *
Environment temp. : 20 c : .

. Cost of Mwh : 10 $/Mwh *

**********************************************************

. Y *****************************ﬁ*f****
Equiv. length * L/D * 940 * 367 * 125 * 67 *
Pressure drop * kPa * 342 * 133 * 46 * 0240 *

Availab. destruction * §/y *47750 *17921 * 6078 * 3225 *

**************************ﬁﬁ********

“ Friction factor 0.0135 « *
X =-L/D X -0.001555%X*g+0.196¥*g* -5045 = 0 *
X = Mwh/Y X -0.000068*X*0+0.3984*8%-5028 = 0 *
X =8/y X2 -6.78%10 *X*0+0.0040*0%-5028 = Q . *

e e e Je e e e de de de K Ko g de de de o d do e de dodt e de e e de e Je Je de e Je de Je de e T I e e d Je de I K I e e de e I de dr g ek

"VALVE SIZE % 18" * U * 30° * 450 * Q9 * (Q° *

© el dedede ok de e e e de o e e o e de e de ok ok ok ok ke e e e e de e e ke ok

Pressure drop * kPa * 252 * 113 * 46 * 35 *
Availab, destruction * MWh/y* 3875 * 4353 * 1785 * 1785 *
Availab. destruct1on * '§/y *98750 *43528 %]17848 *17848 *

,************************************
Friction factor S 0.0120 *

% ¥ % ¥ % O R % * ¥ % X ¥ F % % ¥ ¥ % ¥ F * * H ¥ ¥ ¥ ¥ *

X = L/D Xz -0.001556*X*0+0" 2456*6 5684 = 0 *
X = Mwh7/Y X ~0.000108*X*8+0. 0197*9 -5670 = 0. L *
X = $/y X -1.08*10 *X*0+0.0020*6*-5670 = 0 *

_***********************************************************

* VALVE SIZE : 36" * U * 309 * 45° * @0® * §50 *

* whkdkhkhhkdkdkhhkhkkhhkkkkhkkihkdhddhhiddidi
* Equiv. ‘Tength * /D * 932 * 435 * 177 * 131 *
* Pressure-drop. * kPa- * 276 * 129 * 52 * 39 «*
* Availab. déstruction * MWh/y*44300 *20365 * 8193 * 6063 *
* Availab. destruction * $/y *443006*203650%81930 *60632 *
* kkkdekhkhhhkhhkhhhhkhhhhhhhkkkhhhhRrrkhk
* Friction factor 0.011 . *
* X =L/D Xz -0,0006355X*08+0. 1862*8 -5550 = 0 *
* X = Mwh/Y X3 -3734*10 *X*8+0.0040*6*-5534 = 0 *
* X,= $/y X3-3,34*10 *X*0+0,0004*0*-5334 = 0 *
***********r***********************************************

VALVE SIZE : 10" * ‘U % 30° * 45° * §Oo *x §g° * °

Availab. destruction * Mwh/y* 4715 * 1797 *. 607 * 323 *

Equiv. length * L/D * 777 * 348. % 144 * 144 *°

A

&
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CHAPTER'4 - J
“VALVE DYNAMICS

4.1 SUMMARY

- In this chapter -the theoretical background for\\the
L “analysis of blocks *Valve -Opening" and “05c1]1at1ons”\bf

'

— Fig. F F 2.3.2.1 s developed. | S \\
Qressure drop, and flow forces are of primary 1mportance

)
“in determining valve dynamic behaviour.‘

L]

An Orifice Sequence Mode is developed and matched to f

experimental results, in order to predict the pressure drOp

N~

’*f . through a valve as a functiqn of plapper angle, for both

J

direct and.reverse flows.. Coefficients of . Resistance for

T WA R T g

valve uud for clapper alone are developed.—

G g e

&
“The clapper j?lew torque s investigated .and . some

':experimenta1 results ure used to deterqﬁne a relationehip‘

S e o ., "
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e p e ke

v

N A

béiween drag forces. and total tordue. An Equivalent forque_

Arm énd é Torque Arm Coeffjciént are introduced to determine

the clapper torque which depends on Coeff{cient ofI

Résistanceland flow conditions.

The valve dynamic system is represented by a second
order, non k]inear, differential equation. Additional

elements such as counterweights pnd.springs are examined and

'1nfroduced, ‘as additional :terms{ “into  the xgéneral

differential equation. - Finally, a siﬁp]e and effective

dashpot is presented. = ,

4.2 DYNAMIC FORCES o

3

4.2.1 FORWARD PRESSURE-DROP.

“Pres§ure' d50p -and ‘mass flow through _an elementary -

cpntractibn or expansion are related by the Darcy Formulé

(3.3.1,14). T S

A wafer check valve (Fig. "F4.2.1.1 ‘(a)). may 5e~
' ! Byd . . ¢

'modelie& as a sequence.of -orifices and the valve Coefficient

. of Resistance assumed as coﬁbination Qf.the Qoeffiéténts of

" Resistance of the elémentary contractions and exﬁinsfods.

R IR f e

= et b <5 P Dy T
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‘FIG,'F 4.2:i.1 Orifice Seduence Modgl L

(a) ‘Tilve geometry _
(b) ‘piappef idealization -
{c) Sequence of orifices,
The valve's, internal geometry (Fig. F 4.2.1.1 (b)) may
be 1dealizéd as an or1f1c§, the,seat,aréa. and a circular -

disc, the vertical projécfion of clapper . and hinge. (the

. 3 . N "
clappe? arm) - area.. -Four characteristic surfaces can be .

1dent1f1éd (Fig. F-4.2.1.1 (c)) and their area assumed -to '

be the surface. area of four orifices in sequence. -

\

. Using Fig. 'F 4.2,1.1 notafibns, {t,is:-

Y \

'l

- 70 «




T

"'®s = _ 0,004 o . ‘(smooth contr.):(4.2.1.3 ) -

- bigger valves should be:confirneq by experimentation.:

te

VY = 0.7 (form coeff.)’

do = 'la*‘\y'*tgﬂ
S = MrFRd] o C dp = VFEG}
Sy =wrprdy ' dgy = VA*Syfy
| dy = VOf-d¢

The elementary Ceefficientsbef Resistance are (10):

Ke = ((1-(dist /di )2 )*Vsin{90-8) (contraction)” ‘(4.2.1.1')
(dget /de )t ) , ‘

e = (1-(dg/dies )2 (expansion) (4.2.1:.2 )
ECYCT - T

(deyg /dg )t - . o , . -

\, ~

‘The_ totai pressuyre drop through a -check valve,

considered a sequence of congraction and expansions, is:- "

<).

LR R R

* The Coefficient of Resistance for a pipe contraction is

empiricaliy defined by Crane Co. as:
K o= 0.5(1-(dguldp) )VET(p/2)/ (dewt /dL)

Cwith:, - T , . L iy

-Y“! angie of totai contraction : ' ‘ .

‘ The Coefficient of Resistance used for clappef contraetion,-

allows’ for en.irreguler shape and is in good agreement with
experimental results for “a '4*i valve and 'incompressibie\

fluids | Its: genera]ization to compressibles fluids and

-

N i c , ‘y B P

:', 71 -




; (Ki) 3.3.1.1
A\p i ., _*m ti"_&*ya (3.3. 6)

-

7/

with the Coefficients- of _ Resista'npe for each elementary
' Loy

contraction and expansion: . v
kide =.__0.08 . S " (4.2.1.4)
. (d‘! /di )f ) '
kede = (1-(da/ds® ¥(dy/dse )4 ; (4.2.1.5 )
(de/dst )4 ' ' L

" Kede = 0.5*(1-{dsg/d2)?)*(d Lda)i S ‘(4.2.‘1'.6 j
’ stt /de )4 A . -

Ksde = ((1+(dp/dsi )2)*V'—T——Sin 90-0 f*(dt[dst) (4.2.1.7 )

(de/dst )¢ -

-, . R éﬁ-' ) ‘\
and: ‘ ) - T '

R P N L |

The comparison with e.xperim‘eptali- ~results, for ' water '
A{Yi=1l) and a 4“ vaTveﬂ,’ sugge{/ts a validity of the Orifice ‘

" Sequence Model for: -

1% e gt

Ty e

&

> )l ' '
) .
- - 72
s * . i
o . . N ‘:
.

For clspper angles undef 15. deg. the Co'efbficie'nt,gf‘

L.

kede = (1-(dr/di)2 ) . | (4.2.1.8)
F/dgjt L

AT IR -




* % % % % N * ¥ X N ¥

Resistance may' be considered as one entity and.calculdted

‘using:

0 . ]

| , ' K = 15%Ko8) (4.2.1.9 )

L ’ ] deg- N \ )
L : , : P

Table T 4.2.1.,1 -shows a comparison of  model and

-

experimental re§u1ts :

TABLE T 4.2.1.1 _Forbhrd Coefficient of Resistance:
‘ ' Comparison of Theoretical and’
Experimental Results for4"* Valve. -
****************************************************************

P CLAPPER ANGLES (DEG.) | *

'****************************************************************

* * 10 * 15 * 20 * 30 * 45 * 60 - * §9 ¥

****************************************************************

Kdc* - * % 0972 * ,0972 * ,0972 * .0972 * ,0972
K de * * * * L0846 * .3127 * .3127 * .3127
K cc* - *2.6671 *1.0659 * * . * *
K .dc * * 17.00 * 16.52 * 10.55 * 4.34 * 1,25 * 0.53
K de * * 25.65 * 20.42 * 10.87 * 3.33 * 0.85 * (.32
I * * ok I * * .
Kd~ * 67.5 * 45,41 * 38.10 * 21.61 * 7.933 * 2.501 * 1.268
Kel, * 67.5 * 45,00 * 37.70 * 21.20 * 7.523 * 2,091 * 0,859
- . * * * ‘ %* * *
Kclex* 59 . * 42  * 33  * 23,7 * 7,93, * 2.19 * 0.86
vk o o* * K * T L
*AKcl * +8.5 * +3,0. * +4.7 * -2.5 * -0.41 * -0,10'* -0.00
*AKCTN*+18.4 * +7.2° *+14.2 *-10.6 * -5.1. * -4.5 * -0.2 *
* * * ’ x

*****************************?**********************************'

) ok i

* o ¥ X N X ¥ * A ¥




4.2.2 FORWARD FLOW. TORQUE. St

.

With the pipeline in normal operating conditions, f1low

forces act on the clapper surface, keeping it 1in the open

pbsition. These flow forces -are a combination of 11ft and
drag’effects. The magnitude and point of application of -

1ift forces depend on the aerodynamic characteristics of

clapper and hinge and on the angle of attack (¢ = 90-0).

The 1ift force increases with the opening angle (12) and

reaches a maximum for Openfng angles greater than 70 degf.
Magnitude, direct1oﬁ and point of application‘of 1ift forces
depend on the pressure distribution on the upper and 1owe§
surfaces of the clapper-hinge systems. Their true values
could be'predicted with a refihed finite elements analysis

combined with wind tunnel experiments. . &‘~\\

The magnitude of the drag force& may be deterﬁ?ned
knowing the valve s total pressure losses, The contro]

volume of Fig. F 4.2.2.1 encloses a pipe element of length

'L, representing an e1ementa;; contraction or expehsdon,‘ of

pressure drop . , ¢ . ?ﬂ

L/\ Ap-p.‘

. The 1mpu]se theorenm, applied to the todtrd? volpme; give§:53

l

R S 7

i
4
‘.
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FIG. F 4.22.1 Control Volume. S

kY

>

| 4 R : U

withs - - E - \\i\\ L

Fd = net thrust produced by' the stream between
f .

4
.i"

section 1 and section 2.

e
-

or for the contraction (expansion) i, using (3.2.2.10), ‘ .

'(3.2.2.10.a), (3.2.2.10.b) and (3.3.1.12)3

’ ‘ . 4 ‘ . | e 4 e s ' . ' ..; . - | (
L o Fhiz A,,*K-,*(qa*-\ék*gw*lth)r R

‘.. ‘and, remembering (3.2.2.11): ; , jﬁ?fz‘
: A : :

v
e o e iAo oSk ot i B




. Introducing the Orifice Sequence Model,

( ! L 4 g ’,¢°___'._
CFdy =tk *(L 2.+ ))*(g4) (4.2.2.3 )
o Z*Ar*e, MK [T
.o b ) e . . . ‘
o Rd = xish _mi_;_. - Ki*HIRRE _ *(gh) (4.2.2.4 )
. - Z*Ai Q’i ’ Z*A‘.*Q‘. QL
& ) \ ' , 1, .
with: ‘
H1 = {1(9: 9’ﬂ2 ( , £4.g.2.5 ) .
H may be

called "Drag Compressibi]ity Coefficient" and 1s
equa1 to unity for an 1ncompress1ble fluid.

~

i

SN

w.can be seen as the sum of five

eTementany components
'correSponding to the five

: contractions " and expansions of
. figure F 3.2.1.1.

S B Fd,_+Fd,_+Fd3+Ed4 *Fd;_
S |

The drag force

'(4.2.2.6 )

7 .
due to clapper. alone can be obtained
(13) by deducting from the total drag force the.

- drag force
due to the orifice alone»

.
. C .
| | .+ . Fcl = Fd - Fdo .’ - (4.2.2.7)

.76 -

the drag force .

..
cLo . g e 8 S I
G oai { TR et




2 B —r -
’ .

4 . ]

_ Fel = drag force due to c]apper a]one . oA

Fdo .. drag force due to seat a]one. . ‘ .
.0 . . v -

HONG (13) qbtaingd' experimental values “*of clappef
torque for all opening angles of . a 4" valve.  This
expe;imental dhta has been used to determine an Equivalent
Torque Arm ETA) (Table T 4.2. 2 1)

[

ETA = Experimental Clapper Torqge (4.2.2.8 )
: Fel

3 h
..

"> and a Torque Arm Coefficient (TAC):

TAC = ETA - > f8.2.2.9)
"hinge length o

TABLE T 4.7.2.1 Equivalent Torque Arm and o

* Torque Arm Coefficient for
¥ a 4" Valve.
*** ****************************************** ***************** .
Redrdkdhek ok kok CLAPPER ANGLES (DEG ) . *
*********************************************** Skkkdkkkkhhikkhkid

Fhrhkhkkkrkhkher 10 * 15 * 20 ¥ 30 * 45. % 60 * §9 *
**********iﬁ*************************************tg************** T

* Q ( 3 S) © * ,0015* .0015* .0015* .0015* .0288* .0288* .0288* - ./ |
* Exp- (N*m)* 21.92* 14.63* 12.17*, 9.04* 22,91*- 9.04* 4,06* % }
* chl (N) 541 *- 360 * 302 * 170 * 365 * 102 * 42 * 4
* Hinge Te. (m4$ .0548* .0548* .054B* ,0548* .0548* .0548* .0548* :
* O * ETA (m) * ,0405* .0406* 03*. .0532* .0628* .0886* .0965*
« ® TAC * 7391* .74 .7354* ,9708* 1,145% 1,617+ 1.762*

************************** **t**********************************
f

An accepiable algebraic™expressfon of TAC is:

- ‘ 2 it e




{
¢ j
v ‘ . -
~ 0% e 20° TAC = 0,74° ' " (8.2.2.10)
20X 0< 70° _ TAC = 0.0209%0+0.3220 (4:2.2:11) .- ..
' ; g * 'y . !
‘.’ - Iheréfore;.the clapper torque for forward flow 'éanu be
" obtained using: ‘ ‘§: -
TFd = TACHla*Fdc . - . .(4.2.2.12)
‘ with:
' / p
v . la = hinge length | o ;

K
If TAC is assumed 1nvar1$ﬁt with the valwe\zxge; thé clapper
forqug can be predicteq for any valve s1éé, clapper position
and flow condifion. 'These ‘assumptiéns are likely, but
should bé pnoved‘by experimentation. . .

@

i

- The static clapper torque formula can also be used in

dynamic conditions, introducing a Relative Mass Flow:

P

*

-

m, = Qu*A*(Vy -Vp*cos8) . (4.2.2.13)

.

/ . )
\ . center. ARy

with the clapper closing velocity Vg, c;lculatedkat itsy




; Y \ t. - . . R *
4.2.3 REVERSE PRESSURE DROP.

§
\ .
AN

- Using the same'pptaiions of sugparagraph_4.2}1 hnd‘F1g.
F 4, 2.\.1 the elementary Coefficients of Resistance for a

reversed flow are:

Kyre = (1-(da/dt Ot o (4.2.3.1)
a/di : , !
CKyre = (1-(dst /og 2 Rt *(di /)t (4.2.3.2 )

(dsi/ds )¢

. © Karc'= Q.5%(1-(da/dst 1 )*(ds/dst ¥ . - (4.2.3.3 )
R o da/dss )¢ SRR

Kyre = (1-(de/dss 2 P (dat /doL 4 (4.2.3.3)

¢

- | ~ (de/de P
| Kerc = 1-§d55a, 0 L (e 7
) 2 . '
w;th: ‘
db <1
d: ‘ . \ °
‘ “ ' o dg <4y

\ ) Tt

-and the total pressure drop

. : 5
y - ,‘A,p’. ;iAp'.' 2*A1*q, i(g ; (4235)

rgcbhparison‘ with eipeftmenta! ‘results ; for water .
- 79 -
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O

(Ydi = 1) and "a 4" size vajve suggests a validity of the

Orifice Sequence Model, for reversed f1ow, For:

’

10 < 0 £ 70°

-

1

For clapper angles under 10 deg., the _Coetf{c1eﬁt of

Resisfance may be calculated withs
7’ © e

‘. K = 10%KQ0) . - (4.2.3.6 )
8 (deg.) -

Table T  4.2,3.1 compares calculated and  experimental

-
.

results,

4

TABLE T 4.2}5.1 Reverse Coefficfent of Resistance.
Comparison of Theoretical and

Experimental Results for 4" Valve.
**********************t**********************ﬁ******************

bhdedobdd b CLAPPER ANGLES (DEG.) o
dekdedekhkkhkhdhhhhkfehkhhhhhhhdeekhhhhihkhkhhkhdhhkhhhrkhihhkhhikik
* * 10 * 15 * 20 * 30 * 45 *x 60 * GY. *
****************************************************************
* K re * * * 3127 * .3127 * .3127 * ,3127 * 3127 *
*K re* * 2,748 * 7661 * .0104 * * * *
* K rc *8.1255 * * * * * X * *
* K re * * 7.93 * 9.53 * 6,96 * 3,33 * 0.84 * 0.32 *
* K re * * 40.96 * 34.80 * 20.70 * B8.49 * 2,61 * 1,22 *
* * . * * * * o % * o *
* Kr  * 51,76% 41.78 * 35.55 * 21,45 *-9,243 * 3,360 * 1,966 *
* Krcl * 51,01* 40.95 *-34.80 * 20.70 * 8.492 * 2.612 * 1,218 *
% * * * * * * : * .
*Krclex* 44 * 33  * 31  * 22,5 % 8,40 * 2,60 * 1,11 *
* * - * * i * * * * *
* AKrcl* +6.6 * +7.9 * +3.8 * -1.8 * +0.09 * +0.01 * +0.11 *
*Axrclx*+14 8 *+23.9 *+12.0 ¥ -8.0 * 1.1 * +.5 * 497 *
. * * *
****t***********************************************************

b
jf
]
%




elementary contraction or expansion, is: K

. 4.2,4 REVERSE FLOW TORQUE.

' The net thrust, produced ﬁy ;ﬁe reversed stream on an

1

0

Fri = m *Kri*( _1_*(;;»;-;;)) (4.2.4.1 )
- E?K[?EET Y& Kri \

N
\

with: TP R
I YRR 1 (4.2.4.2 )
Coa : (2_ *(9in-1)+0.5%(1+qiut)) -
' ' . ® Kl‘i % . % ' " , .
HEe 1 -1 *(am-at) (4.2.4.3 )

Y*ri Kri Q% 5

' and, introducing‘/the Orifice Sequence Model, ‘the total

thrust is:

_Fr --Fri#Frz&Fra+Fp¢+Frg’

pr——

with Fro the reverse drag force of ‘the seat alone.

An ‘Equivaleht Torque Armv (ETA) and a Torque Arm
Coefficient (TAC) for reverse flow can be calculated (Table

T 4.2.4, 1) and an algebraic expression of TAC 'defined, R

An acceptable algebraic éxpression of TAC is:

¥

Co. 0 {4.2.4.8)
Fcl= Fr- Fro ' ' (4.2.4.5 )




with:

CTABLE T 4.2.4.1 Equivalent Torgue Arm and |

Torque Arm Coefficient for:

a 4" Valve, Z
****************************************** ***************** *
HRARERIKIRIR ANk CLAPPER ANGLES (DEG.)
********************************************************** L2
**************** 10 * 15 * * 3& * 60 * 69 *

j**************************************ﬂ*************************

*Q (m3/s) * .0015* * ,0015* ".0015* ,0288* .0288* .0288*
* Exp. T ' (N*m)* 13,15* * -9.,5 * * 21 * 12.2*% 8 *
* Frcl (N) * 409 * '* 273 * /166 * 405 * 125 * 58 *
* Hinge le.- (m)* .0548* ,0548*. .0548* /.0548* ,0548* .0548* ,0548*
* ETA (m) ..0330% * .0348%/.0422* ,0519* .0976* ,1379*
* TAC * L6111% * .6444% .7851* ,961l* 1.781% 2. 554 *
*

*********************************** ****************************(

0°< 9 < 20° TAC =/0.65 : . (4.2.46 )
© . 20°C 8 < 45° TAC = 0.0117*%8+0, 4160 (4.2.4,7 )
| 45°¢ B <700 TAC// 0. osas*e 1.6820 (4.2.4.8 )

and the clappef torque for s ati; flow' can be calculated
k

fr = TAC*la*Frc = (4.2.4.9))

.
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i 4.3 DYNAMIC MODEL
N

[
N
FE T e

* 4.3.1 CIRCUIT REPRESENTATION. : . o

While the .simple clapper arm system 1is a pendulum
‘oscillator, the addition.of a counterweight, springs and a

dashpot leads to the circuit reﬁrésentatidn,shoun in Fig. F

Vd

-—_— ]

4.3.1.1, with:

T¢= torque : (through variable)
& = angular velocity (across vhriable)

T o : Wi U‘ . ’ . :
. ' 1 . o
B
\ d ;
K “ ramg—— z

Wy @ We

FIG. F. 4.31.1 -Circuit Representation '

o

_ ‘The Capacitor represents the total system inertia,
clapper, hinge, 'cohnterwejghts and all other moving parts;

“in many applications only the 1nért1a of c]appér, hinge and

- 83 -




R

| ‘
counterweigts are taken into consideration.

\)

The Inductance represents the spri@gs effect and the-
elasticity of all mechanic§1 components; only spring ef%ect

is usually taken into consideration.

A . N o
4 \ . : -
%

_ AN
T‘ The Resistor repreéents the damping (effect of the
/ clapper moving into the fluid and of dashpots. For gaseous

fluids the disc daéping ef%egt may be neg]ected

y
\

The torque sogice represents the combined effect of all

weight and flow forces.

The generic second order differential equation

of the
valve physical system is (Fig. F 4.3.1.1): -
. s : C | ‘
. C G o (de)+l* +/w*at = T4, (4.3.1.1)
- it R 4T E -
or: .
C *(- d"e +1% ( __)+ (1*( yrdt = T,+T (4 3.1.2 )
o dm\R dt T) f
with:. , .
h ‘l:' = d0 : . S -~

- | dt _

Tyt combined weight torque
1} = flow torque

n Ara i st e T T N
53 SR

! K
-,84 - o
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' 4.3.2 COUNTERWEIGHTS., O S '

s -
A counterweight is an auxiliary, external device, used

-to modify the static and dynamic characteristics of the

e

clapper-hinge system. It may be used: - g i

to reduce the weight torque 1in open position, -
:  to modify the weight terque in closed .

. position,

: to increase the system inertia..

The-counterweight basic design rule is that the total

weight torque must be on .the clapper closing direction.forab,

all clapper positions. Lo
B . a‘ | ) -
The main disadvantages of a counterweight application

are; -

q

a requirement‘ of .rigid connection between
: c]apper-andfﬁouﬂtérwejght;

4 1

r
i)

: ‘the,bossibiiity of leakage where the rotating

§1yot'shaft_gxiféAthe valve body.

. The counte#ﬁeight dynamic equation is:

« 85 -
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,/1‘
S | S (b)
» ~
// . - ,
- FIG. F 4.3.2.1 Counté}weiggi FIG. F 4.3,2;2 “Kinehatjc.
N /. oo a) valve‘c165ed
// - ' ~b) valve open

w'*lc*( 48 ) = W%l ¥sinpse) " (4.3.2.1)

4.3.3 SPRINGS. e . -

~Adding 'spr{ngs (Fig. F 4.3.3) fis the most qomhon way

‘of reducing the check valve c10$1n§ time.

- used to 1ncrease, or to generate, a c1osing torque, when the

clapper 1s in near-closed position.

Springs, used in check valves, are ‘usually Qf ltwo

,'.

types.

- 86 -
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‘changed without r

| JFIG F 4.3.3.1 -Springs, . . -
j , f a) cylindrical héliqal bending spring. .
B)'oylindrital helical torsional spring.

»

- "c) kinematic of torsional .spring.

*
i ]

R tylinﬂrigal.helichl'spr}ng§|subject to bending.

-

: Cy]indfita] hﬁ]ical springs subject to torsioﬁi

Helical springs subject to bendidg do notf require rigid

pivot connections, o?} external devices,. yet cannot be

ving: the clapper. The bending spring

tonpribution to the valve differential equatioen is:

KS*(0-6) =T, . <4.3.3.1).

Y

o ot ety et A g s # A a2




.:He}ica] springs Subject tg tor'si‘oh» have: a“'lil" Qih‘e'

&

cou,nt‘e'rweight disadVantages,- but they can be easiTy

. <
inspected and cha‘nged The torsional spring contribution to-

the valve qifferentia} equations (Fig. F.4.3¢.1) is: .
. . &
S ) k | . . |
. ‘l N ‘ . KS*(]S-ISO)*]QS*Sins’. = TS R (4-3‘.;.2‘ )
with . » , /,_
/ “_15 ='(1,5 +13$ 2*1is*lzs*cos(6+&))y&
. & -cos "lzsﬂ’i Tis) ‘ P
‘ 2% lge* l2g " .
and’ ‘ g ‘
C e bo
KS = spring constant ! .
, - g0 = spring length
O‘. ﬁ -~ .
‘0 \
v \ ' .
» .
. _. v -
. ' *
= - 88 - -

v . — ~ -
: '-.. ol | " R
. [ "‘ , _“' . ‘.l
] > . &" ‘, Ce ) | . . - '
rd ' ' . '

KS= spring constant o |
)‘k ‘ R * Do Spring angu]ar pre]oad o ',._ i°'~ ’

g ) o Tg= spriug torqueh A S P

A . o v J | IS

T

—— »~<{\~u.}a’m Eite}
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; \ - . : \ b X
- oo % : ) o . -
| . Y s . af . . - | ~ }*',l'. %
; \ . ) ‘J{ T/ , »{
1 . D 4 . [
| : A
v Y . . 7 4.3.4 DASHPOT., - . L -
~ r/l\ . h ' 1 . 4 ::r,
§ , ' " A dashpot°is a device used to damp the clapper system. - - . ’
5. “1n priaciple, the}'das‘hpot is a hydraulfc, double L éffect,
. cy]?nder with upper and ‘bott‘o‘m'KLchambers‘ connegted by a
. c hydraulic circuit of variable Coefficient of Resistancel. ’ ’
1 ' = . . ' $
/o | |
) Loe L An _'extensi\}e dyn_amic&ana]ysis of high pressure dampers o
o had  been performed by L?'E; (7). A single effect, low B ~>
pressure, damper (Fig. F'ﬂ,..‘i.a.l)T is discussed here.
N L)
L4 3
W, - ~ { < - ’
— v _. & ’ | i H
- ; . F“ . ‘
N ¥ i ) l . L]
n ' ] A - . ’ /
. L - »
v , ‘ . ’ (b)’
' . [ L. v
’ - TH : . ) , P
- Nt : ’ . I—‘ :
L -y FIGF 4,3.4.1 Single effect dashpot. ;
~ . SR - 'a) Genera'lt assemb]y(. - i
» S S - ‘ ‘
N . L 'b) 'Single effect circuit. o o
. . N - . I3 . . 3
A N . : \ c)aKinematic.
Pt : N : ' :
I §o. . , ‘ . L ‘ _ ., . N . . i . -
: BN b : I -
A s o N ,
. . - " In many low pressure gas lines a damper can be used to
; decree;se the 'ampli'tgu&e of the ~disc oscillations wunder .
s ) A L, n“.\. L - . - 89 - Ny
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oA

', .

CoN

reduced flow co

While the
depending in

char;cteristic,

.'shbrt ' dependi

characteristic,

conceptual rese

An attemp

easily generate

_plivot: «shaft.

d@mping effect

single ‘effect.

accordingly.

la il

y t o
Neglecting

viscous forces

nditions. . . -

valve -opening time is relatively long,
.- . S
most cases on. the compressor start-up .
the required valve closing time may be very
ng not only on the. compressor shut dohn'-
but alsa oWf~the distance between " valve+ and.
rvoir (manifpld). | ° - e %
t to -slow the clapper, when it closes, m;; |
unacceptable toq;ion;étﬁesges in the’ valve
Therefore, it is always advisable to have the
only on the disc opehing direction The
damper 10f‘~Fig, F 4.3.4.1_ is designed
.
” . \
all Coulomb friction"forces and the Tow

geyerated when the vaive opens, the dashpot

differentiai eqwdtion 1s.
& ’ . b ' R /' ’ . ™~ \ -

o . . . ’

| hwzﬂ%+a¢v'= Fo *p (4.3.4.1,)
with: o . '

. jf‘\ !yﬁ‘,.
A .
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% 3 ’ |
- \
y - k' ' . ° - , . e i ‘ /
T B¥v= . . with” B= 0 for.v<0
Fg = Py*Acy =P * (Agy ~Ag) .‘ o , ' -
B, = b+ Q2*ao*Ke ' S
YR T, S i
| a7, Ay oo * (Aer 1Ay .
‘ « 2 . Ag N -
) BY = Pa *Ag +-V*Qo:*K¢*(AcY)*Ac:‘yw )
.- 'V . " . ? 7;;— o
- . ¢ &
L - and: '
K
. . } .
\ Mey ~= cylinder mass . ;
B, = cylinder Viscous dainping'coeffiuent/:,j'
, E T | s iston linear velocit _‘ | | C
L ety _ ~
| . F4 .=" damper react1% L _ | o o R
‘ "+ -Fy = damper weight force component
) Py, = lower chamber presure ° ' " o ‘ 7
" N ~—— [T . . . R
. py - =. atmospheric pressite _
ot " P ‘ Q =0« \f]'ow ‘ra_te' fhr{ough hydrauli‘c co‘nnectigm |
Aey~= cylinder area o
Ao = hydraulic piping area .
Ap = ro‘d. section area R I
SRR o Ko - = hydraulic system Coefficient. of: Re"sistilnce R
L Qe: = 01l density ¢ \ l .
o ; . . '. T K r 7 -
‘The damper length is (Fig.  F 4.3.4,1): Lt T
" 4 } y‘. " i . ‘
L , ) Y. - “ ) - 91_ . ‘ - N .",
S ' ' B “‘ /\ . . j_——i‘»—. "“"‘_*":"“' i . - . . ”
t ¢ " . @ 1] ” ’ ' . N 'US
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4%

-k

with:.

The damper torque is: Z

A e

- cN

2- 3 ' a.
. 1g = (1 *lgg ~2%14g *1ad*cos (f+8)) 2

. .and the piston velocity:

\

v =W+l *sinSersin(Pro):

'Isin(fl,*e)l‘

-

_/

RN

and the weight. torque: -

The ‘ dashpot differential equation, in terms

becomes:

K

]
.,

L)

A .

.
- o
e
1

L)

Mq*w*sin?{*%-a*ud*s-in'a‘(*v STy (83.8.4)

"2

: o 1
. .-St"' cos jlulgé-i-l%d )
T CoL T 2y

-

N

2

waa Fd *']ad‘*S‘" 8}

-

"

&

a

1

n

s ’(4'3.4‘02 )

3

?

‘_'T v' = wb*(ladl*sin( 46)-’1,4 *sin(B+8+8)) (4.3.4.3 )
D\ P 1 :

~

"of torque,

L
4
*
- f
o 7
. ) B
>
» } ~ )
~ ] .
- - . F i
L 1
-~ . ' .
- L4
i
»
. - , .
. .
" . N :
. L -
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4.3.5 VALVE DIFFERENTIAL EQUATION.

The wafer check valve differential equation (4.3.1.1)

* may be rewritten as: o,

TL+T° +Tg 4T, = Tow v Tou T . (4.3.5.1")
. with:
Ty = valve inertial torque T = ctwght. inértial torque

Ts = spriﬁg torqué Tp = dashpot torque

K

= clapper weight torque Tew= ctwght weight torque

Tow
Tpw= damper weight torque _TF = flow torque
or. :
Qw’ ' (]
T \= J,,*dze (4.5.'5.2 ) Te = wcﬂc*&ne" .(#.5.5.3‘)
/J 'EEZ ‘ dte
Te = KS*(8+68,) (4.3.3.1 ) Tew = Wo*l *sin(p+8)(4.3.2.1 )
Tos= Wela*cos8  (4.5.5.4 ) Tr = (TAC)*la*Fpc (4.2.2.12)
. t s (4.2-408 )
Tow = Wp*(lad *sin(B+B)-Tpd*sin(B+0+6y))  (4.3.4.11)
To = My *lad*sin8 gl 0+B*10d *sin8*de.  (4.3.4.10)
| dtx dt

and:

.93 -




o= 0(t) S

as only variable,

4.4 CONCLUSIONS

[y
°

The valve dynamiés can be represented~ with a set :-of"~

}ordinary'differﬁntial equétions‘, which can be solved (Chap.

5) using numerical techniques.

3 Y

Many asSumbtiphs have been made, since the validity of

"the model was experimentaly verified for only one valve size

and one fluid, water.

“

While the extension to compressible . fiows - seems

acceptable, at least for moderate pressure drops (14), the

" validity of the models for large sizes {(over 12* diametér)is.

still fo be proven.

Numerical results, obta1ngdvfrom deeT‘ﬁpplicatidns to

large sizes (over 16"), should ~be considered more . a

qualita;ive'than a qudntitative descript1on>of fécté.

S
2

- . . . . , i .
e e T ¢ R AR R




CHAPTER 5 v

s

NUMERICAL}MODEL AND APPLICATION .o

. .
PR N M
. . <.

- 5,1 SUMMARY

.
J
v
Ay

In  this chapfgr blocks: “Valve Opening" and -

A :
"Oscillations* of Fig.” F 2.3.2.1 are investigated. '///

An experimental fnvestigation of . the - va1ve 'dyn/ﬁ3c .
behaviour would be very expens1nve and in the case of/iarge Lo
valves, both difficu}t and time consuming. A numerica]

., ‘model 1is . ualuab1e substitute. The complete Kumerical

| model consists of the combination of a valve dynamics modef

i with a model -of the piping system in uhsteady f1ow
conditions. While ‘the. ‘p1p1ng system model Wil be .
1nsttigate4-'in Part 2, in th1s Chapter the valve numerica] , ;
.model»is developed. The RUNGE KUTTA method is used to so]ve,' |
'[th? 'second order d1fferent1ul \equation; represent1ng a .
ggnéral vaive system uperafing unge} unsteady cunu1tidhsi

The resulting computer program, ' DYNA, is presented and’

. - ‘
- 95 .-
[
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)

discussed.

i ’ -
4 - ' R

A field case (courtesy of RITEPRO Inc.) 1is . used to

. develop a dynamic analysis procedure. A "valve

Specification,Form“ is 'probosed to rate a check valve

'thrdugh its energ} efficiency and'dynamic:characteristics.

For the 'f1e1d case, three compatible solutions -are

defined and a cost.supported decision made.

C

- 5.2 NUMERICAL MODEL

5.2.1 INTERACTION WITH THE PIPING.

4

and ' interacts with the piping Eystem:fiéw parameters. AS

will be seen in Part‘Z, the unsteady flow through : a ‘pfpihg~

system can be‘numerich]1ywdescr1béq'aﬁd the flow paramefers‘

known at successive time levels. At each .time level, the

flow barametérs are known at any'point[of the pip1ng syétem

and tn particular upstrear -and downstream of .the check’

valve.

4 o : - N ‘ - ’- . b -

Approaching _the numerical solution of ‘the valve-piping
. : ' "/

S

- 96 -
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‘compjned“system, a tiﬁe level "n",  where all the floy‘
parameters are known and. already 1nf5uenced by-the yalVe

* dynamic behaviour at time level “n-1" ig c&nsiaeré@@#- The .
valve dynaﬁic behaviour and its Equivalent Length, at time -
Ievelg"n", can be numerica11y calculated and introduced Rnto
the piping model, ‘to influence the flow parametersiat™time

" level “n+1",

T
|
|
| SOLUTION OF
! PIPING MODEL AT T
|
- !
l 'ﬁ
! SOLUTION OF
‘ I VALVE MODEL AT T-
N=N+1 ! -
( | 4
|
I NEW EQUIVALENT
|- LENGTH
) ” ]
FIG. F 5.2.1.1. Valve Piping Interactive

- ' Solution.

Infroducing the valve Equivgleﬁ; Length into the- pipe
t . model means _représenting the val®e with a pipe element.
"Nh11e unsteady flow coqditions exist - and are considered

along " all ‘the piping system, this additional element is

. N
considered in steady state at each time level. -. ,

‘1

i

4

N

%

H

@

,’; N
4

h
Ly
§

& i
i

g:‘
-
3

2,

o5
! AL
&N

- The Equivalent Length represents the pressure loss

- 97 -

S T TR —— : < -



" through the . valve . or tne valve resistance, but does’not
"represent the valve capac1tance and inductance Since . both
capacitance and‘ 1nductance are affected by the valve
effective viength, neglecting their influence is an
acceptabie approximation ' |
Steady flow through the.valve also means negiecting the time'
variation of the fluid density, or accounting for it in the
Drag Compressibiiity Coefficient of subparagraph 4.2.2.
A rigopous iterative solution (Fig. F 5.21.1 dotted
" 1ine) requires plugging the new eqivalent lenoth) into -the

piping model at.time level "n* and iterating to convergence.

For 1sma11 "vaiues of. timg increment between two
. consecutive time levels, the faster method (Fig. F '5.21.1

‘

continuous 1ine) can be used.

In order to compare different valve specifications, it'l
is necessary to estabiish Standard Testing Conditions The‘
most logical choice, aithough unrealistif, is to ignore the
influence of the valveron the piping, f.e. —to ‘assume tne.
‘fiow parameters independently of the clapper pOSition and of'

valve and piping system interaction.

T
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5.2.2 SONIC CONDITIONS.

o | - 99 -

-

In subparagraph: 5.2.1 1t has been seen that the
pre'sure drop across a check valve can be represénted by
that of an Equivalent Length of pipe. Therefore, the check

Qq]ve'may' be 1introduced into the pipind‘ system as an

Aadditioﬁa]' pipe’ sejment of variable length. The only/

pécp]jarity\of thjs pipe segment is that the t;me'dgr1vqt1ve_

terms of the Navier-Stoke equitions will be negiecte&.
A!ong» a«pi;e segmént thé.three governing equations for

a ;teé&y, unidimensidnal,-ad?%bat1c flow (Fanno fjow) are

(15):

e

m = const. ' + (continuity)  (3.§.2.1 )
- .z “ ' ’ .
P -p. = _K*m . - (momentum) - ~(3.2.2.10)
L2 g R o ‘
pr(¥-1)*(__at ) = const. (energy) .- (5.2.2.1 )

Q¢ 2ff QAT

An.,or1g1nal1y, subsonic F;nno .flow, with proper pipe

‘éxit‘breisure‘conditions, will increase 1in veélocity -until

" reaching sonic conditions. When a valve dis . taken in

con§iqérat1on,.a, targe: Equivalent Pipe Length, 1i.e. a
suBstanpiél pressure &rop. is required tb‘ reach sonic

conditions. The Orifice quuence_Model (Chap. 4) indicates

(2]




.Vw

»

that the valve Coefficient of Resistance is the effect of a

seduence of elementary contractions and expansions. A pipe

"contraction may - result .in development of -local §on1b

conditions. Sonic conditions are most likely to occur in
the case of smaller equivalent orjfices.' The .global’

Coefficient; < .of Resistance s affected nét only 'by

' contractioniﬁﬁﬁt also by successive expansion. Therefore, a

coqtréction sonic -condition will most praobably occur before

reaching the Equivalent Length reduired for Fanno flow

- critical conditions.

v 13

When sonic conditions occur jn\an“qrifice,;it.is:

m = m L S (5,2.2.2)
-, Cos _z’ L

Pq =Yg ) = pet(d=l)*(_me ) - (5.2.2.3 )

Q1 Q%F? 3??%3f Qe MY g s

Pe * Ps | S (5.2.2.4 )

QX Qe¥ : ' R

with:

- Ag = minimum orifice area
Pg = orifite upstream stagnation pressure:-
"Qs = orifice upstream stagnation density




’/“T'i'f

~ AK12

5.2.3 THE RUNGE KUTTA NUMERICAL SOLUTION. ‘ E
| o Q\ |
.. The solution of a second order opd1nary differential :
- equation, with known initial conditions, is obtainable with .f
‘a fourth ‘order RUNGE- KUTTA algorithm (1), reducing the f
L second qfder'”eQuat1on to a system of two first order
equations: |
N = da =f(t! 9d )Aslf\‘ t,J.Y'iu).
T ogp) = fltaysu)
iy'l = dy sy . N T
. dt‘ .‘ ‘ ' ' ‘:
. L
-
oy ey (AK1142%AK214+2%AK314AK A1) /6. Yy Vo
y' Ok yOe(ak1242%AK22+2%AK32+AKA2) /6 T Upg® U = (‘_51{}/‘_),,,‘> :
: A A
~ ' | o ' ). g
: . s . . . .
AK11 = t*(y!(n-")) S : \ . "
= A t*(f(tlm-l) y@d) yu(ln-i)))

AK2L = A t*(y’ ((t("“‘)+0.5}*ﬂ t),_(yf""hO.S*Akll) , (y'&-0+0.5%AK12)))

TAK22 =B gx(f (('t&-!g+o._'5*At);(y<«-4)+of.5tAK'11),(y'(m-9+o.§*m<12)))
- AK3L =4 t(y! ((ttﬂj‘)+o;,5*A t),(y(ﬂ-f)+0.5*AK21).(y'o(M)JfO;'S*AKZZ))),

AK32 =y t*(f ((tO™D+0.5¥A L), (yin-)+0.5%AK21), (y'(n-0+0.5%AK22)))
AKSL = A tx(y' ((tDs A L), (yOD+AK3L), (v @DraK32)))

AKSZ = A tx(F ((HDEA'L), [yD+ak3L), (v (*=V+AK32)))
‘l.. - }“r’ oo ‘.‘
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The overall .differential equation _6f‘ a's;ing chegk ~

valve may be written:

o ard e = F(t,8,0)
dte ' )

where:
Yoy

A = system total moment of inertia

4 {

F o= angular velocity, opening angle, time,

depending terms.. ) . T

8 = clapper opening angle

. W = ‘clapper angular velocity

The system tota) moment of inertia is the sum of the

maments of -inertia .of all moving parts,  clapper,

counterweight, damper, etc.

- TN ‘
he F terms are not, represented by an algebraic.

are a set of mixed (méthematjc arid logical)

e&uag %n but

relations describing: ‘ .

N

N o . .
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.
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e

.t

- o -
T o ' o
. ' : Operating condftions‘
.z Clapper Coeff1c1ent of Resistance . .
; .

: Valve ‘subsonic (sonic) conditions

- : Flow torque - e
K o Counterweight -effect
. .\': Spring effect ?”
‘ Lo Damper effect
': Valve geometric and dynamic paramefers .
b The Runge Kutt&’fourth order :algorithm can still bé
.applied, as& mlng l : .: T ‘0 '
. OZ . ) , * L W
« ' o ‘ u .oq v y=© i 4‘ ;ﬁ
and.knowing:./’ki - 0 et
.o ' | " ., < : \,I N
7 & (t=0) =W, " 8(te0) =80

N . ‘J'
e N ’ﬁg

: ‘ o - . Pt
The JAKL; ’coefficient§ are  COMPUTED solving all -the

o matheﬁgftii17and _1o§1c expressions, 1.e. the -numgrjbalu
- R

Fe ‘I:IIOde‘l,

A}
o

.
L
. ( \
-, -

P ARCe RIS

o (&40, S*At.) (9""")+o 5*AK11), (w Z~o 5*AK12)

| 0@@'")4«0 5¥At), (8™Ds0,5%AK12), (™o, 5*aK22)
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% 5.3 THE COMPUTER PROGRAN "DYNA® - . /.};/’Jj
©5.3.1 FLON.CHART. . IR

v
’ «

e A FORTRAN Program, DYNA, has been coded” (Appepdix 3) to-’

. sdlve\‘the:chéck valye~dynaﬁ1cxmbdell_ The grogram_is‘sef to
be wused for .\nﬂ‘ve'~ eval§§t10&f uﬁder Stgﬁd&ﬁdd Testing =
‘Conditions,'-bhf can:be'modjfied“gasfly to accepf q;y;biﬁingf'  ,
daramete} and to .be 1h£orpo;ated ]hto: a generaf. pipiég " |

system model.- The prdgrgm DYNA schematic flow chart is

- showpiin Fig. F 5.3.1.1.

v
7

\: ’ . ‘ 4

’ «,/‘ —_— - ' ‘:’ ) ! . N

© 5.3.2 PROGRAM DESCRIPTION. ' .-

gnpqt: T ) _ ‘
. : Operating upstream pressure and dgnsﬂtg,. . N B
| : Surroundigg ﬁressurecand delfity,"; - ‘X; ..A/"
" : Unsteady .operating pahameteq;: I \L;,//f
| 't Oscillation anplitude o ,\\i*'
2 Oscjilation qnguiaﬁ velocifygl g

4

» L

: Yalve geometry,

- : 6ouﬁterweight geometr&. Weiqhi and 1neﬁtié,‘-

-
.

T8 . v




"/ READ -/
./ INPUT -

[

L I CALL . Sub - Sub.

" RUNGE [~ DIFF

Sub.

.CRIT

et

9
|7 | imrTs
- ' _‘ —3
PRINT . |
| ESULTS [
‘ » l " )
AA ’

N . FIG. F 5.3.1:1

TSPR
DAMP |

Program DYNA .

.. Sub:

EXPAND




g
N . [
: Bending spring constant and preload, .
s ~ -i{ Torsional spring geometry- and constaet,
. | SRl A
“‘r . : " » g ) : N ,
* - - "‘

H Damper geometry and weight
'5 : Damper oil density,

: Damper hydraulic cyrcuit Coeff. of Resistancé,

Y Initial value of clapper angle, , 3 e
" Initial value of clapper angular velucity,

} Time intenval,

:.Time tao reach full operating conditions;

: Maximum time,

: Elasticity of clapper stop, - SR

: E1asticity of seat.

[

¢

Dutput: _. " , A T

: Claﬁper dpening angle at.each ‘time increment,

s : C1apper'angu1ar velocity at each time 1eve1

2

E1apsed time.

—‘d"“ . 3

'Othér‘parametérs like differential‘preésqre,'céefficient of
Resistance, flow torque, etc. may be obtained, at.each time

. ¥ - ) )
level, with minor program modifications.

'The Main Program, DYNA:

- 106-—', B S
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reads all inputs,

.
(X ]

r

organizes, for each time Hévé)t Jhe'ca1culation
of : . |
: opeping angle, ?
: angular velocity, -
~using Subroutine RUNGE, «

introduces the upper and.]oﬁer angﬂ]ar limits,

: sets the ‘'bouncing" value qf'c1abper angular

:veloé1ty. o

. Subroutine RUNGE calculates, for each time level, the

" Runge-Kutta -coefficients and computes updated values of

Y

.clapper opening éng}é, ARgular velocity , Qsingi Subroutine‘,
zDIEFEQ..‘ L ' h SR ’
Subroutine “ DIFFEQ ‘calculates values of the,E;funcfiBn
and thelsystem total- moment of dinertia. The mﬁméng‘ of-
inertia andltorq&e-contribution of each systgmp;omponeng to
”;he F,function are obtained callingé | o
Subroutine OPE,
: Subroutiqg ORSE, '
shﬁrohtiﬁg VALVE; Lo

I

.o . - ‘:,Subroutfﬁe.GHT, U ::F' S

~ © V¢ subroutine BSPR, |
¢ o< "% subroutine TSPR,

L X /' ¢ Subroutine Dhﬁézf | o

.- 107 -
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These calculations arg.repéated four times for each time-

level, each time with values of opening angle, angular
velocity and time level ~modified according ' to the

Runge-Kutta a]gérithm requirements.

Subfoﬁtine OPE calculates Upéiream bressure; mass flow

. and density line pérameteh§, acéording to a predetérhined

’tige depenp&nt_relation. Subrohtine‘OPE ‘must be eliminated
when DYNA is Tinked to the line unsteady flow simulation.
OPE is“sét to simu]até Standard Test Conditions.

Sugroutiﬁe ORSE calculates: , .

| flow rate, reiative,td clapper velocity,

:- elementary COefficints'of Reéistance,“
elementary and’totai pressure drop, calling Sub.
"CRIT, . B

: seat aléne pressure drop,
glaﬁper flow torque.. .

When .DYNA {is linked to the T1ne ,u&steédy flow simulation,

~the préssuré drop beCOmék for DYNA an input data.

_Subrout{ne VALVE ca}cu]ates:-
:’clappquweijht torque; .
: valve contribution to éotal_?nertia.
v»Subroutiné CTW calchlates:

couriterweight weight torque, ~

/- 108 -
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\\ .- i counterweight contribution to total inertia. °

Subroutine BSPR calculates:

: bending sprinp torque,

" Subroutine TSPR calculates: .

.
a

torsional spring torque.

2 Subroutine DAMP ca1cu1ates.

»
.

Subroutine  CRIT .checks'-whether‘ souje

‘conditions occur. When sonic-conditions ~océur,

damper viscous torque,:.

damper weight tqrque,

CRIT calculates

— i . 4

pressure drop,

: upstream pressure and density,\

—t

sonie—mass f1ow (adiabatic flow)

or

subsonic

subroutine<

Hhen subsonic cond1t1ons occur. CRIT calculates the pressure

'drop, cal]ing Su“ﬁ%utine EXPAND.

“"Subroutine EXPAND calculates, by iteration:

L]
.
'

» »

pressure drop,

: net expansion factor, o

drag compressibility coefficient..

. 109 -
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alternatives. =~ -~ {

&alve  (EC) (Subparagraph 2.3.3)£‘ This assumption is always.

-

for each elementary component of the priffce Seqdénce,Modelm

A

5.4 FIELD CASE

5.4.1 OBJECTIVE. . - . e

Using StandaFd‘Tesfjng-Condittons; Program COMPR and

Program DYNA can be used to setldynamic specificatioﬁé of ‘a

réqujred check valve, or to .combare . different engfineering
— !

The  Standard Testing Conditions- limit the physical

meaning of the procedure to. casesf where. the line-valve

" acceptable for low pressure piping _Systems and valid for

valve rating.

-

“The broce@ure for using 'Programs COMPR and b!NA as

) ' . AY -
- support for an engineering analysis, will be demonstrated-

using. a ffé]d'caﬁé.‘

- 110 -.
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% 5.4.2 THE FIELD PROBLEN.
Two turbo-blowers feéd a pipe system with a1p; 'Aichegku
valve is installed downstream of each turbo-blower and the",
‘.lineAnormal operating conditions are: 4
p'= 21.65 psia (149255 Pa)
Q = 1.427 Kg/m3 -
m = 840  1b/min (6.35 Kg/s)
T=197  F (366.8 K )

A minimum flow rate operating condition is also gtvéh:

p = 149255  Pa | o .
Q = 1.427 -Kg/m3 \
m=2.6 Kg/s T

The line geqmetr191d1mens1ons are:
D = 18" ' pipe nominal diameter, L | T . ' ’;j
, D ='0.431 pipe inside diametér. i o T
" It must be decided . whether a cuscg'kxxg wafér check
valve (Fig. F 3.3.3.1) is suitable for the ipplicatjon.
5£  - The valve geomefric dimensions are: o
| D, = 0.4310 m . -
b = 0.3302 w. : |
. DCL = 0.3715 m
X, ='0.0381 m® |
Dy = 00125 @ . . o~
LA =0.2190 " m |




Other valve characteristics are: .- ,_x’”’\\-—/”z/‘

N

WV = 129 N ' disc weight
 JVI = 0.?7 ' Kg*m2 . disc-hinge mom. . of ‘inertia
GY - = 0.0 om0 coord. of éenger of grav.
‘GX' = 0.014 m . X cookd. of center of gra?. -
"8 =60 deg. - ‘ﬁaximum ppghiné'angle.
5.4.3 DYNAMIC ANALISYS OF STD. VALVE. = o “\f*
; : . ¥

?irsf, the program DYNA is -used to investigate the
\ . / . L
standard valve behaviour, under the. following operating

conditjons:'

Condition A: -
| p = 149255  Pa
g = 1.427 Kg/m3
) oW 6.4 Kg/s
‘ Interiai Aéﬁl T , _\" B -

: steady Qpergting'conditjons,"
o .:‘jnitiaI opening angle: 10 .
“fnterval B: \ | I
u : sinusoidal mass flow variation,
Amplitude = 0.2*m |
' Frequency =6.28 r;d/s'
.ﬂintervaf C: L

: steady operatiné éonditfﬁﬁs L,
. v - . "~' ., .

“

) - 112 -

H
0 B . L}




o tg—— v o e et - .-

Intervaf D: .
: zero mass flow.
_ ‘Cdndition B: |
as Condition A but-with m = 2.6 Kg/s

- Diagram D 5.4.3.1 (lines 1,2) shows the time variation
" of the clapper opening angle. Excessive oscillations for
}ow - flow ra%e may be observedé an increase of the‘valve

stabi1ity.¥% low flow rates is reduired.

e With -the  same operat%ng conditions ., the clapber
f0pening is now liﬁ1ted to'45 deg.. ODiagram D 5.4.3.2 (lines
1,2) shows the clapper angle variation. The valve is stable

at full operating conditions, while damped osciL}&t%ons

.occur at minimum flow rate. <
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5.4.4 MODIFICATIONS. -

The dynamic diagrams of the standard valve show that,

limiting the opening angle 'ta 45 deg., the dlapper"stilh

oscillates at minimum fTow. To  increase ’stabi]ity, a -

"further reduction, of the max i mum open1ng angle cou]d be

made, as the pressure_drop would still- ;be negligible, * but

this is not strictly necessar}.

fherefore,'?gx§?tandend_ CHECK™ RITE' wafér, valve with. .
' reduced opening angle (B = 45 deg) dis am acceptable

aso]ut1on.

*

Nevertheless, a  better - sysfem ‘stability may® be

desirable for flow rates lower than the m1n1mum specified. K

v
-\ . : -
Systemﬁ;tabi]ity at low “flow rates with the clapper in

l;em1c1osed position may be increased adding the s1ngle

"eét1ng dashpot of subpanagnaph 4.3.2, with damping effecg .
_1imited \;o opening ‘motion. A weak spring and e_
caun\erweight are a]so added, the’ spring to reduce the

. balancing effects of the damper weight and CDulomb friction,

;Ee counterweight to help the valve opening (Fig. F
4

4. 1) With the new conditions. the c1apper is sta91e to

approximatly 50% of the maximum operating f1ow. while, ‘at‘

- 116 - - =
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4

: miniqﬁm flow (40%), the osciliations have a lower frequency

" and are damped more- effectively (Dfagr. [0 5.4.4.1). A

» g¢significany “reduction of the disc maximum angu]a; velocity -

&

is also obtaine&: ‘ v
The auxiliary equﬁpmﬁht”parameters are: .“;‘ ;j!
‘ Dqghégt: ) . v
—= DCY = = 0.080 m cylinder inside diameter,
& RO = 0.025 m rog diameter..
‘ VAMD -~ = 3 Kg‘ piston-rod mass. -
- ;" (ﬁD = 30' N piston-rod weight.
... AL = 418 " damper f1ixed arm.
/\;/;n AL2D - = .102 m “damper mobile arm. -
‘ "ALRD = ,320 m . rod length..
(- ":ABETA = 112.5 arms anglg (c]oséd pos.).
. = Koo  ='0.4 Coeff. - of Resistance.
T DOV =0.005 m hydr. piping dia:
. DENOIL = 900 Kg/m3 ofl density. S
Counte}we1ght£ .. - ‘
- MC =12 N weight.:
o ” 1°'ALC = .320 m arm.- |
. ’ AGAMMA = 157.5 - ¢ -ang]e,1n~éﬂoseq §o$1t1Qn.'w .
A o L
.~ Torsional spring:
R T |
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AKTS . = 1383

ek .
.= 5.076. m

ALSO = .320 m

ADELTA = 67.5 . ™

spring fi xed. apm~

spring freelength. -

e

spriﬁg mobiIe arm.

N/m.spring factor
ALlS' = .418 m
CAL2S

Y

arms angle (c1osedjpbsf .
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5.2.5 VALVE SPECIFICATIONS:  °
) Using Programs- DYNA and ,COM‘PR', the ‘val‘vev- dynamic
specifications have been ‘defined (Table T 5.45.1 end of .
'-I'c’napter-). These specifications include: '
’ TYPE OF VALVE. o \ o
: PIPING SYSTEM OPERATING CONDITIONS. . - . . ~
.t STANDARD TEST CONDITIONS OF THE NUMERICAL "MODEL.
: SIMULATED FLOW RATE VALUES. o N
, s | . | )
| _ ¢ VALVE ENGINEERING ALTERNATIVES, SUCH AS:
: STANDARD VALVE, "
N ~+ “: STANDARD -VALVE WITH LIMITED CLAPPER ANGLE, -
| : VALVE WITH ADD;TIbN~0F-AUXILIARY DEVICES. i
2 VALVE AND AUXILIARY DEVICES BASIC DIMENSIONS.
: ENERGY EFFICIENCY;PARAMETERS AT OPER. _COND,, AS: .
.+ : EQUIVALENT PIPE LENGTH, -
: PhESSURE.LOSSES,
. : AVAILABILITY DESTRUCTION,
! |

PRI - - -

. » : DYNAMIC BEHAMlﬂuR_AT.ORERAILgﬁwﬁonDlILDM#TLSUQH—A§%::;f~—-—f%————’

| : CLAPPER OPEN ANGLE, A4
" AMPLITUDE  OF GLAPPER OSCILLATION,

: FREQUENCY OF CLAPPER OSCILLATION,

?
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: VALVE -CLOSING TIME.

5.4.6 AN ALTERNATIVE SOLUTION.

For the field case, the piping system was already

designéﬁ and the valve diameter was fixed. Otherwise, it

would have been‘\adviéabIe to investigate whether an 18"

valve was the most convenient solutjon. ' » -

h

Programs COMPR and DYNA have been used to investigate _
\ : .

an. alternative! with a 14" valve and reducers (Fig. F

‘5.4.P.1), . giving proper considerafion to the reducers

- additional Coefficieni'of Resistance. Pro
. . N , N . N ‘
” . T—
18" |- 14" S
’18"
|
L) J WL
’ . ;

H .

FIG. F 5.4.6.1 14" valve with Reducers.

[T N

. While Diagram D 5.4.6.1  shows the 14" ‘valve dynamic

0 . s * toa -
. . B oo, . 1
,

c - 122 -




behaviour, Table T 5.4.6.1 gfves_the'cdmparison‘of the most

signifiéant parameters with an 18" valve.

TABLE T 5.4.6.1 Energy Efficiency Comparison:
‘ - 18" Valve with 45 deg. max. opening,

14" Valve plus reducers. »
******************t******************3***********************

“H* - . e & I&n *- 14" *
*************************************************************
* * * * *

. Pressure losses at full flow. ~ * KPa * 2,683 * 3,609
. Availab. destr. at full flow. * Mwh/y * 83 * 112
*

* *
* *
* Availab. destr. at full flow. * $/y 830 * 1119 *
* : * * *
*************************************************************

e

-

The Jynamic behaviour of the \14“ valve p1d§ reducer -
Rsystem' 1s‘ excellep%: stabi[fty.is:comp]eye far almost all
.Rflow rate rénge (Qiagr./ D 5;4.6.1)‘-§ﬁﬂ fﬁt is obtained ‘
without" addition of external devicés or disc opening |
Ulimitatfqns.” o ' | '
, e ,

Meanwhile, the energy operating costs care less for the

-

18" valve solution. L A o ' | S

'Aﬂ-»~-:iii‘ - TS . L
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5.5 CONCLUSIONS

Three acceptable solutions Have been, obtained; 511 in

principle suitable for. the Field Case blowing system.
i) an 18" check valve with limited disc opening,
dashpot, spring, counterweight
ii1) an 18" check valve with 11mited disc open1ng,

Yl

111)a 14" va1ve with reducers. N

‘In Table T 5.5.0.1 the {ndependent-dependent variables

relationship 1is "shown for the Partial Cost Fdnction,

relative to "valve opening* and "oscillation" blocks ‘of Fig.:

F 2.3.2.1 andkfor the three acceptable solutions domafin..

-«

The operating costs of swlutions {): and i1) ( 8" valve) -,
" are identical, and 290 ?/yeac‘jess expensﬂve,than the 14

valve solution i11).

The “Tofai ‘Preseﬁt Value* ‘(pacagrcph 2.3) of the -

. dberafiﬁg cost increase, for a 14' va]ve, assuming 15 years

of plant life and 10% interests,lilz

Bk i
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TABLE T 5.5.0.1 Part1a1 Chst ‘Function.

**************************************************************

* ©o . * VS K YR YA K YO * YL *

**************************************************************
* $I : Ipvestmeént costs ' * y ok ko * *
* : Recovery costs . PE I *, x - % *
* SO : Operating costs S *¥ * * *
* M Maintenance costs * N O * WMk X * * *
*. . * * * * * *
* $IT' : Indirect investment costs * * * * e *
* $IM : Indlrect maintenancq costs * * * * ok *
**************************************************************

4

" $P = 280*(1- 1+0.1) ) =2129 $

L]
-

The 18" sfandard ya]ve; with 45 deg. . opening .engle
SLIE (1) and. the 14" valve with reducer - are fully
acceptable solutions, therefore, if we were stil] in’ the
design stage, the best choice of the two would have been the
. least‘expensive, considering: h . N
: the purchasing cost of each valve; . |
: for the -18%valve:

-3 two 18“f1anges w1th bo1t1ng,
18" pipe for a length of both_reduqersﬁ

valve: : ’ Y

.

for the 14

A AAR I s sl o

y X [
a—double-reducer; ' .

ae

. 2100 § of additional operet1ng~cpsts;‘\
2 SN _ | ' }
For the Field Case the 18* valve IS the best choice.
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Solution (i), ‘the valve with external auxiliary

‘devices, allows a "smoother" valve operation and a lower

disc angular yeloéity,and thus a longef fatique 1ife may be

expected. The additional investment cost represents what
must be paid to decrease the probability _of incurring

maintenance costs.

oL
) ¥
i
I ‘ !
‘l. j
C B i-
~ » ’ . ?
!
7.
14
3
‘ ¢
|
. '




X M ok M o ok Ok 3k ok ATk % O ok % R % b ¥ o ¥ % ¥ d ok ok ok b H F % % % ¥ O b Ok *

TABLE T 5. 4.5.1 Standard Test Conditions Form.

**h*************************************************************

. VALVE SPECIFICATION .
TYPE :  Wafer check

SIZE 18".

CLASS ANSI 150. o : '

"AUXILIARY DEVICES : Torsional spring, Counterweight,

ﬂ . dashpot. Max. opening angle Timited
to 45 deg.

**************************************************************

" OPERATING CONDITIONS
PRESSURE . : 149,200 Pa

DENSITY e 1.427 Kg/m3 .
MASS FLOW e 6.4 Kg/s® .
MASS FLOW (MIN) : 2.6 - Kg/s 3

GAS air, a £
OTHER CONDITIONS : none.

**************************************************************
\

STANDARD TEST CONDITIONS o »

INTERVAL A ; Disc is open 10 deg.. Suddenly, full pressure
‘ and mass flow are introduced.

o ' Then all parameters are constant fot 5§ s.

INTERVAL B : Mass flow oscillates for 5§ s with:
Amplitude: 0,20 of avera%e value,
Frequency: 1 cycle/s (value close-to -

S ; valve natural frequency)
"INTERVAL C  : A}l parameters constant for § s at same value
' of A. -

INTERVAL D : Suddenly flow rate falls to zero.
**************************************************************

- TEST PARAMETERS
1 : Operating pressure and density. Operating mass flow
2 : Operating pressure and density. Minimum mass f1ow

3 : Operating pressure and density. 60% of oper. mass flow
**************************************************************

¥ Ok N % W N N W N AN X X X H ¥ NN ¥ H * * Sk Ok ok ok % % Ok Sk Ok % % % % % % % % %




) P ‘ D
. .

{************************************#**************************

* . . *

* ALTERNATIVES: *

* x

R | : Valve with spring, counterweight dashpot. e

* JI : Standard valve with full disc opening (60 deg.) *

* III : Standard valve with 45 deg. opening. * .
*

e e e e e 2 T e e dede e Je o de e de-de o fefe de e e de Fede e de I de I g o g Ko g Jo ok de e ek gk de de ke de K ke e ke de ke e ke de de ok ko de
“ .

EE IR I I I I N ‘ LR IR B 2R R AR SR IR 25 B BE BN BE ER A Bk N R BE R J

) *
GEOMETRY |, " *
Kkhkkhkhkdekdhkkhkdhhhhhkhhihihiihhikk
* U ox 1 % I * [II *
. e % de 3 do Je ok de Fe s de de de Fgf de Fe e de e o e de e Fe de e e ke e e
VALVE * * LA *
NOMINAL DIAMETER * ifnch * 18 * -18 * 18 *
PIPE I.D. * inch * 17 * 17 * 17 «*
SEAT DIAMETER * fpch * 13 * 13 *° 13 =
~ MAXIMUM DISC ANGLE * deg. * 45 * 60 * 45 *
COUNTERWEIGHT * * * * o
WEIGHT * 1ps * 25 * * *
ARM LENGTH - * inch *  12.6% * *
ANGLE - TO VERT. (CLSD. CTRCL.)* deg. * 157.5*% * LI
DASHPOT * * * * Sk
CYKINDER INSIDE DIA * mom * 80 * * *
MAXIMUM STROKE * inch * 4 . * *
VERTICAL ARM * inch *  16.5* " *
MOBILE ARM : . * {inch * 4 * * *
ANGLE TO VERT.- (CLSD. CTRCL.)* deg. * 112.5* * *
HYDR. CIRC. COEFF. RESIST. * * 0.4* * *
HYDR. CIRC. INSIDE DIA. - * om * 5 * * *
MAXIMUM ALLOW. HYDR. PRESSURE* psig * 150 * * *
TORSIONAL SPRING * . * * * *
SPRING FACTOR * N/m * 1380 = * *
VERTICAL ARM * jpch *  16.5*% * *
MOBILE ARM * inch * 3 * *
SPRING FREE LENGTH * inch *  11,75* * *
FREE LENGTH. SPRING ALONE ~ * inch * 9  * * *
ANGLE TO VERT. .(cLsD. CTRCL&)* deg. * 67.5 * * * "
=T * * *
*************************************************************** -

t

é;
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o5

N “
*******************************t********************************

* y .

* ENERGY - DEGRADATION | .
* & Je J¢ de d e & de de K e K ok dr g e e de ik e K gk de de gk ek e ek
* # Uy .x T x I * JII *
* ' Fedededeiededeke ek iedekkihkihhidhkkk
* EQUIV. LENGT AT MAX. ANGLE

* EQUIV. LENGTH AT OPER. ANGLE
*
*
*
*
*
*

* L/D * 348 X 143 * 348 *

* %{ﬂ * 348 143 * 348  *

PRESSURE DROP AT OPER. COND. * * 2284 * 1108 * 2684 *

PRESSURE DROP AT MIN. FLOW  * * 177 * 430

AVAILAB. DESTR. AT .MAX. FLOW * Mwh/ * * 34 % gy
AVAILAB. DESTR. AT MIN. FLON * Mwh/y* IR M

. " * COST OF KWH * S/Kwh* 0.01 * 0.01 * 0,01 *
DOLLAR LOSSES AT MAX. FLOW. *.$/y *- 830, *~ 340 * 830 *

* . "% * * * *

. : . ****************J*************4***********g:*****************ﬁ*£
* *

* DYNAMICS / ’ *

* ************y*******************

* . * U % [ *x— I} % LI *

* . © dede Ak AR AR IR Rk kA k kR Aok ko k

* .DISC ANGLE AT OPER. COND. * deg. * 45 *. 60 * 45 *

* DISC ANGLE AT MIN. FLOW RATE * deg. * 35 * 40 * 40 *

* AMPLIT. OF OSCILL.. OP. COND.* * * * *

* AFTER § S - * deg. * g 0 . (0 ~*

. * AFTER 10 S * deg. * o 0 * 0 *
* AFTER 15 S . * deg. * 0 * 0 * Db

* AMPLIT. OF OSCILL.. MIN. FLOW* * * * *

* AFTER &5 S ) * deg. * 2 * 11 =* 3 *

* AFTER 10 S~ * deg * 22 * 22 * 16 *

* AFTER 15 S * deg., * 2 * 3 * 3 *.

* FREQ. OF OSCILL.. OP. COND. = * * * *
' * AFTER 15 S *cycl/s* 0 * 0o » 0- *.
* FREQ. OF OSCILL.. MIN. FLOW * * * * *

* AFTER 15 S ) *cycl/s* 0.75* 1.5 * 1.5 *

* CLOSING TIME FROM-FULL OPEN * s- * 0.40:‘ 0. 28* 0.28*"

* : . * * *
*****ﬁ**************%**********iw*******************************

* .
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CHAPTER 6 RS L

- FAST TRAMSTENTS o
R
6.1 SUMMARY oy

T

The most 51§n1f1Cant exféfna] (Chap. 2)  effect of a-

" check valve closing is its influence on the downstream flow

- '- ’ l4 .
. effects. o . S , : (::;5?

~.mith the valve dynamic model (Chap.5), is required.

and for moving@shock are.}royided‘based‘on‘a&sumption'of‘one

parameters. When a check valve closes, a pressure surge or

"gas hammer" may be généraﬁed énd additional investment and

expgndityré may be' required for devices to countgract its

An  dinvestigation of the valve-piping combined systemV. -

may’>give useful information . to “ﬁetermine; ‘when possible,

~valve parameters minimizing gis' hammer. For a,complete‘

“Z‘ijﬁvestigation, a model of the piping system, to be combined

' *’\v

Basic equatfons for unsteady continuous flow in a pipe

-

-

. e -13"2 ‘-




dimensional flow.
‘In addition to the clagsic coptinuity, momentum and . '
statgfeQUétigns, a fourth eddatidn-is der1ved.éomb1n1ng the

-

energy and entropy equations. % o : | ./{1.

The basic elements of shock thebry and the most-

significant equations are provided but not derived.

Y ‘ . fe
A1l these Eﬁgations are used (Chap. .8) to build the
numerical model of a piping systep. - - S v ' 4 o
. Ct ;/) . ' * ! e ’
. .
.
R
) -.1 ; !
"\ '
+ A .‘ u
. " i'
! ‘.'& - ,‘
\ B

. ‘ |




I

6.2 PRESSURE GRADIENTS IN A PIPING SYSTEM

@

6.2.1 0RIG§” OF PRESSURE GRADIENTS.

Most piping systems operate fbf extended periods of

., time in industrially steady conditions i.e. with very smalf

variation of the flow parameters abdut their average value.

~Furthermore, when changes are requested, pressure . and mass

flow gradients are controlled and, in general, amplificatin
\

effects Evoided. Typical of these conditions are the gas

dist+1bution pipelines where slow changes are originated by

request variations of a number of users. _Small gradients in

' pipelines have been investigated by STREETER and WYLIE (17)
| and by STOPER (18) also with respect to the stock in motion

‘or "gas pack" of long pipelines. . . '

I

In process piping systems, lpfassdre and mass flow

gradients are most usually caused by malfunctions or

s

unavoidable condi;ions.

Breakdown of compressors . and pfpigg'ruptbfes are the
most. obvious, although not the most frequent, of a number of
possible malfunctions, all with the common characteristic of

producing a sudden pressure drop at a peint in the pipeline

and a consequent downstream flow inversion. In fluid

A S
- 134 -
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dynamic terms an expansion wave travels, upstream of the -

troubled point and may be reflected and inverted at “any -

‘discontinuity in the piping system.

MJFE\fpdéuenfi élthpugh less devastating but still

dangerous causes of swift pressure gradients are careless-

opefat1on of shut off valves or valving and major varigtions
in. flow ‘supply, like switching of compressors, culprits of
many check valves failures. ' Fast downstream throtfling or

upstream dincrease of the gas stream can activate unstable

1ine conditions.:

' When fast gradients are 1nvéstigated theoretically, ‘it.

~1is common bractice to assume that the duét flow is ane

dimensional, to avoid mathematical Compijéations (14): This

aSSumtioh fmplies “that all fluid properties are cénsidered

“unifaorm over ampipe section.

Furthermore, elbows, valve§, contractions~ and,
expans1ons" may be considered as équ1va1ent to pipe elements

of proper length (Chap.4), where a succeigion of steady but

'varied motions occur (Hiscrete changes hﬁ%othes1s).

6.2.2 UNSTEADY ONE DIMENSIONAL CONTINOUS FLOW. |

o= w/ .
-~ '~

~"Bne dimensional, “shock fre{{ flow through a pipe is’

-
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governed by: '

: th€ Ebhtinqity‘equatiqn; . 7\~\;~\

the momentum equation, - o .

the. entropy Equation,'
: theﬂﬁnergy equation,’ e

i the stﬁte equation.

. . ' . : r

The pr1ncfp1e of conservétion of ﬁaés:may Bé expressed
- » o O ,

: . ; R . ) b ( *V*Aj*dx-_ ( *A*dx) . ‘ s
o e dX 3 . : %E ? S

e

P
Sl

‘ or,’ after:sjmpjification:
s A

, S © b _gtQr(d_V)+V*(d g)=0 | ©(6.2.2.1 )
L = A oAb o

’ _: . i .n s .\ ' . R .
« o To write the momentum equation we shall assume that the

friction effects are exppessed*in tefms of - pipé' fr?ction :}

“ factor 'f”. The momentum equation-may be written as: f
o o V+V*(Q V)+1%(d p)+F=0 ~ ' (6.2.2.2) 4
, o L - o | . |
; . where F, is . the wall friction term deffned.by: o ;'{
H i _ : ' . (‘.\"‘.' *
: b <136 - * \d )




oL . " ‘ ‘ ,. ‘ - . a,’ ,o- ) . ' PR
v , / . F=g*f*y x|yl - N (6.2:2.3 )
4 L ‘ DR 2%y , )

v- -

» . .
¥ | #

The First Law bf Thermodynamﬁc,'applied:to~the control
volume (dotted line) of Fig. F 6.2.2.1 gives (14): - =

oo i[ﬂ“(wi»%? )+ad;[/m (w+‘,2l°)j
L= f——‘*’_,—;>“[°4.*§;t:q,ta“]
T [
ﬁﬂ, l . A o o - ) ‘ 3 , :
( ) K - (A9 d- (A %—f—}dx
/7/f%ﬁ077//7/7////////7/ ‘

s

- FTB. F 5.2.2.1 : ‘Energy andlEntropy Ba1ancef

;o

{
\

N, -

((q*A*dx)*(ut\é_))s-g_((o\*A*V)*(u:r_p_vr%_))*dx-A*(z_g*dm?*A*dx

D
o q

with:

o IR :'ax= Putd conductiQe-heailfIUx.

& . R

:'&“; time rate of heat through wall ﬁer uhjﬂ,

fength.

-137 -
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3

-

'

¢ . . 2
-and expanding and using the continuity equation (6.2.2.1 ):-

v+ (3p )-p* (V)
T 3(5%)%\.(57)

The term bplﬁx may be eliminated us1ng the momentum equation \

(6 2.2.2 ):
D (u)+ *(Q V) al*g 1*0 V*F.
ot %: x ¥A Q9 x :
with:
D =) +V*)
D :O t b x

(6.2.2.4 )

The equation of state fqr'afreql gas is given by:

. p= *T*T, ':
EN

yfth:
For anm ideal gas (Z-l) 1t reduces to.
o . p= *T-

]
R S PO

or in differential form:

+ y ‘ - “
R . ', . N

Z-compressibility.,

"(602.2.4.) v;

(6.2.2.5.) .

>R

gt B LT

IR g




‘where: .

or:

—.23

xﬂp
HL%

For the control vo]ume (dotted 11ne) of F1g 6.2.2.1

the entropy balance is given by (14):

>

d (5) =-3'(A*de)*dx+ () *dx- 3 ((QHARV )5 ) *dxebmakdx -
T T ax , -

Pﬁ “ 3%

R (A% ) x4 *dx+TRAKX
N A

P

- Simplifying and using the continuity equation (6,?;251 ): -

1

/
/

I L SN

: thé‘f1'§£JTdSVGQUation gives:

B < T I

(6.2.2.6 )

- Jo=time rate pfuentropy production -per unit of - .~
o voTume. o - L .

s*(3 (q*A*d u*A*d~* . J*Afe' *x(Q. -.;;l*' ;A*v )-
AT ? )R (2 g)=- (qFASE) H (4 g)-svex (3(arhru)-

LIPS

L L Ty




R SV,

<
Trds=du+p*d(1) (6.2.2.8 ) .
q .
| L
T*ds=du-RiT*dq (6.2.2.9 )
q S

Using the (6.2.2.9 ) the (6.2.2.7 ) becomed:

“

B A g_ - (;s))*' () -dw = &
S A T Dt BL x T L A*T
and, using the energy equdtion 66.2;2.4 ):

=q* (1*(. 1*(d VXF-p*(d V 3
Q%S'(T (a$1 3 (__§;+ ,% (o x)) g?( 39J)+ax(%x) gn;

R VAE-15( By ) B _p*(8 V)-R§ Da
A R

Fao*VRE-RFQ* (D V)RF( Da)+g*(D T) . (6.2.2.10).
B s LA S AT kol = U ~
' Using the. (6.2.2.10), the entropy balance (6.2.2.7 ) may be

written:

“”—3%"%-7'“ (gwg_(m - 1% iuhm-.a*(g_)-w_m
q*( us)= *v*n -1 ggl) q*R*(g__u R,*(__QJ R’“’*‘r‘“

Dt

and, using the continuity equation (6.2.2.1 )

- 140 -




© .
R

" ';Q§=1:F_+mw_1__*<%é;) O (6:2.2.11)
t T A¥p T*q 0Ox - o

For a 'pefr'fect gas" (6.2.2.4 ) an,d lntroducing the Tds B
equation (6 2.2.9 ), the (6.2.2.11) -becomesT

/ ‘ .
¥ [ "y /“\'
A*(cy*( DT))-Re( Da)=V*F+R¢aqu-R¢( 3 A
T(f*('ﬁ”%‘(ﬁ%? Ral i

3
'

_or, using the diﬁferéntia}] form of the state equation

(6.2.2.6 ): |

" !

c,,_f(_l_f( g%))-iagcv *(1*( ITg.)) <VAE+R*§ _;( %g,)

) By _m)-_nc_!lr*(_*( ,qu)) v*rag;g.,-_f( aﬂx)

and by 1ntegration for the same particle
' b

| ;anL’) (V*F+ R ¥ydt
e o

or.:

R lJ?(V*Ft&f(ﬂnr aAz))dt
(pn) (g*)*e b _
' ~

t

. (6.2.2.12)

-The (6.2.2.1‘2) for an adiaba’tic process becomes:

k]
:‘?'-SWWW""’T”” v

1 .
’ - 141‘ =
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.L_._\__“__

bt ate et gy o

e

N

- particle, a ﬂgct that must be taken. 1nto consideration 'when

‘1h . . N . - . . . .
. t . 3 2 “ - .
. ’ . .
. with: . o l , : : :
N - . - 4 . 5 {
B . M
e -

L . A ta
. . -0 (V;‘F)*dt | ) |
S (.Eg_) (pg)*e k;?, ' . (6.2.2.13) .
' o Q.Y QJ ~ ‘ S

and, for an isentropic process (inviscid flow):

. .- A ~/ e
o : ‘ﬁﬁ') (%'I)f _ - (6.2.2,14)
. 2

L4

Vad

These equations are all va?id only for a given

' 1ntegrat10n 13, performed. For limited time increment, dt,‘

and always for an isentropic process, point and particle may

be consiﬂeréd'cofncident.

The polytropic coefficient can now be-calculated:

e

°(*1ns. 2 ({*M&g_)h@

q:x@ﬂn(%i) : ‘(6.2‘.2..'15') N

. [ « . B ' PO -
T ‘ ! - B .
. ELES . . .
N . . . . .
s . . . v
. . . .
. - . . , . B
B
"
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'6.3.1 VALVE CLOSING AND SUDDEN PRESSURE RISE.

N ,
@ :Q’%*J(V*F+Bf(_h— _a_gs))dt
A

6.3 PRESSURE RISE IN A PIPING SYSTEM - "«

-
An unsteady ene ‘dimensional continuous flow can be
described using | '
P the continuity and. momentum equat1ons,
. the state, energy and/or entropy equations,
the aSSumptIO? that a]l flow properties may

be considered continuous.

_Compression and ,expansion continuous waves 22111 be the

result.of a controlled valve closing.

o

(14) "A sudden closure of a valve against a fast moving

‘ ;"fluid. generates a 'steep compression wave with a steep.

pressure f gradient in ﬂwspace. Travelling, continuous

od

compression waves- becofe. continuously  steeper until
h1t1mate1y a vertical §1ope forms at some point of the wave.
As - the wave ’steepens: toward a vertical tangent, ~the
longitudinai veloctty and temperature grad%ents, appropch

infinity. Hence, no matter how small the coefficients of

- 143 - o
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P ’

'viscdsity aﬁ¢ thermal conductivity hre “‘longitudinal viscdgg’—i
stressésl ang long1tud1nal "heat conduction, postulate$\\
negligible, must ultimately become of the  same _order of
mggnjtude ‘as the other Fenms in the dynamic and eneréy
equations. Aﬁhordingly, the‘type qfvilow‘origini11y assumed

is severely modified. The vertical tangent to the wave is_.
never formed, because of the "spreading® of “smod;hing-out“
gffects oflfzisgosity and heat conduction. fQ§tead, a zone
of'rapidly changing fluid prOp;rt1es is formed, within which ".
viscous streaées and heaf cpnduction,play ?ontrelljng roles.

As time progresses, more and more of.. the compressive wave
merges into this zone, thus increasing the amplitude of the
pressure change within the zone. The part of wave with a-
nearly 1vertica1 tangentfis called a shock wave, compression}

shock, or shock front. The existence of -iscous stresses

and ‘heat transfer wfthin the zone of shock leads in general

o -

"to non isentropic changes of state for a fluid particle.

a
-
¢

Within the shock wéve, ail ‘f]uid‘ properties change.
continuoﬁély« From a péacticanpoipt of view, it 1s~a1ﬁost
never necessary to %ake into account conditions “within‘ th%:
shock wave. Theoretical ,analyses indicate that shock wave
thickness 1s of the order of only a few mean free .molecular

path 1engths. Therefore, it can be assumed'szr the purpose e
‘oﬁ calculatiom, that’ Ehe shock wave iswso thin that it~ may
be replaced by a simp]e_mpaéﬁ in which all fluid properties

¢ . 8 L
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negiigibly small. .

' ! N
‘~M.-—»-—-_.\.‘-.-‘v N

4
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change discontinuously across. a mathematical line. This

4 . .
line is called the shock wave." : b
-/

I . . ! $

6.3.2 ONE-DIMENSIONAL MOVING snijt/ymyﬁs. B
. . ‘ , s

In making calculations according to the shock model, we

need consider only conditions before and after the shock

~wave. Although viscous “stresses and heat tFansfer are

-~ gignificant within the wave, and in fact determine the force

of the’wave, the Ehange from the initial to final conditions
of ihe discontinuity may bed treated as occurring withqut
external frictiop and heat transfer, . because the shock éone~
is so thin tﬁat heat transfer and friction- from bodies

external to the gas stream (such as the walls of a duct) are

up
| . Y |
In the special case where a shock of constant pressure
rise travels ™ into a zoneJof'consta;t fluid properties, the
shock will travel with. constant speed and all.” fluid’
properies after'thé shock 1ine will bécconstant. JThenefore,
b& 1m591njng!}hat the observef. travels with the uniform
linear spééd of‘the'shock, the phenomenon may be reduced‘to
one of steady flow. ~¢. | ! " . .
In the more general case where the shock is of variable

pressure‘ rise "and is’travelling into a region of variable

Pl 4s -

. . o,
’ 2 . ' ¢ . N
'f‘ ¢ : . . e . \ rd
. . a{ . .

~

T R R " —r
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‘:Continuify:'J

fluid properties, the shock will trav%J with yariable speed
and the fluid propertigi after the shock will also bé
_varjable from instant to instant. The shock may be tregtéd
with good accuracyl as a discontinuity. ﬁence, if the
observer moves with fhe sbock, and if continuity, momentum
and energy equations argfaritten for a control surface which
encloses only the shock, the unsteady flow terms relative to
the time rates ;of change of mass, momentum, aﬁd internal
plus kinetic energy within the cantro1 volume, arq\equa] to
zero. From., this it follows' that the steady flow relatigns
are applicable to the states of the  two sides of td:
variable shock. Therefore, the flow. through’ a shpck‘
discontinuity may be considered as quasi-steady (steady at
each 1n§tant of time) in terms of properties, sgeniby an

observer to whom the shock is statiopary.

The governing equations for a moving shock with respect’

to moving coordinates. are (upper -sign rtght travelling

/

'waves) (Fig. F 6.3.2.1):

Q=g * (N (V =¥y ) - (6.3.2.1)
' _Momentum: ' - : .
rq W =By o (He(y Vg ) 6.3.2.2
. pi %t . pa qz ( (1- 2) ( . . . )’
’ “
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Energy:

hug’ shy+(HE(Y4-v3)®  (6.3.2.3 )
YA P * :
o - . 7
Perfect gas (6.2\5;5 ) and:
A | | |
hzf'hj,:Cp*(Ta'TL) ' ( ”“('5.,3.2.4

B | . © Ccp-Cy=Rg - (6.3.2.5
B ayrR T  6.3.2.6

cp= : \ (6.3,2.7
Cv v . CT E

)
).

) Lo
)

\
L/
o~

(a) .. . L)

TS ‘ (@ ot
~ FIG. F 6.3.2.1 : Moving shock.

a-b right travelling c-d left travelling . .-
a-c stationary coord. . b-d moving coond.

‘Assuming: - ; | | ‘ 4 , )

. \ S Mo . (6.3.2.9 )
v L ) . : i i : .

as Tndebendent variable. 1t'caﬁ.be‘wr1tten:

‘147? ' ' .-n
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Va-Vizt 2 *(Mx-1 ) (6.3.2.10)
Cy W Mx

, \ .

C 2]42% (¥ -1)*(Y*M, -1 -(y-1 .3.2.11

(] +gﬂ%<xxﬁ}(y ) (6.3.2.11)
w ‘ - S

&Q;}’l ( }*(1 D) (6.3.2.12)

fl BTG ‘
9 ) ,

( =2]+2*%Y* (Me-1) (6.3.2.13)

& ¥I

4

Only values of Mx greater than unity must be considered, in
accordance with the entropy redu1rement' that the gas
entering the shock must be travelling at supersonic speed
relative hd.the shock. .
) . '

' For values of My close to unity, or, mathematically,
for (Myg-1)<1 it may be shown (14) that the shock formulae
bec&me equivalent io those for continuous flow. Therefore,
very k-shocks aré approximately equivalent to . gontinuous

.Jsentropic compression waves and may be treated as such.

Usually, shock waves propagate in an already unsteady
flow. As a genera] rule, thé shock waves always’ overtak
éontinuoﬁs waves of the same famtly (direction) imthe
" region ahead of the shock, and are always oavertaken by

continuous waves of the same family in the regﬁon behind the
, P A

{

shock.
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" 'waves.

— . -~
—

o The apsolute velgcity of propagation 'of . a shgck- is’
(Fig. F 6.3.2.1): - |
(Vy+H) for right trdvelling | (6.3.2.14)
(N;VL) for left travelling (6.3.2.15)

-
o

When the reverse flow velocity approaches the sound

velocity, or: o . o .

Vs C T /

a weak shock will be'quasi-sta%ioﬁary. | Further shocksl or
compressive waves will overtake -the étatioﬁary shock,

gradually incréysing its strength and absolute velocity.

¥

6.4 CONCLUSIONS

B O
i

Pipe ruptures, compresso} breakdowns . and va191hg o ce

generate -continuous waves and flow inversion. The closure

'f of a check valve may originate a travelling Shotk.

If the v%\vb)c\oses when thé reverge flow vg]o;ity ?has R
‘alreidy reached"values close to the locg\ speed of‘sound,

shocf éond1t1on§ are 1mmed1;t1y or{gihated. no ‘matfer‘ ﬁow ‘
gradual the valve closure is. The shock will gain'égrengfh

\ »
and velocity as it is overtaken . by Ssuccessive compression

-
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Unsteady, continuous flow'th}ough a—ﬁipe is gqverned'by
! . classic fluid dynamics and thermodyhamics equations. When
possible, the flow properties should be caléulated using:
| : continuity equation
":* “momentum eduation ’ AR J
. ¢ state equation ‘ '
' i Ki
entropy derived equation p
®  QOne dimensional shock waves are, in ‘general,
) represented by a specific: set of equatjonS'land"their
| solution requ{hes ;\bpéc1a1 appraach. . . Z/k// |
‘.\' N ‘
. .Af‘ K
. Lt \
S S
7 T ¢
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' time being, discardéd as too expensive. An alternative

)

 CHAPTER 7
‘CONTINUOUS FLOW
" TEST CASE AND REFERENCE ALGORLTHM

»

7.1 SUMMARY - : //;

A- solution of the unstgady flpw.iﬁ a piping s&stemvis‘
required to determine the mutual influence of a che;k valve -

and - piping. A 'numeriqal model s the Togica]lchbite; '

Sufficient accuracy, adapiabilify to chanjes, simplicity of

results and reasonable computer use .are the nealis@ic

r .

requirements 6f an ideal model,

Experimental testing of the numerical model. is, for the

comparison method of the model results for a’ selected tﬁse =

with the solution being obtained by a commonly iccepted

. . method, is proposed.

ot P At e A a2

Thé test case, a steady flowfto a. reservoir pertﬁrbéd

T e

- ; ‘ T T . Y
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N

by a pipe}.ruptufe, and the test algorithm are discussed. N

‘Basic concepts’ of the theory of characteristics  are

pre§gnted and a numerical model base’ _on the Méethod of °

Characteristics applied to the test case.

An analysis of the agreement -between the Method of

‘Characteristics and the ideal modallrequirements 1ndicdte§

the areas where neW‘a1gof1thmg‘§ré justified. ©
7.2 NUMERICAL -MODELLING N
| OF I ¥

"UNSTEADY CONTINUOUS FLOWS (-

7.2.1 IDEAL MODEL CHARACTERISTICS.

Unsteady flow through aﬂpipihg systém'1s defined: when
three flow properties are known at any time and -pvint- of the

domain wetted'by,the‘fluid,i An .unidimensional assumption,

as in our case, redyces the problem to'a time-space 2-D

solution domain, as the ~ fluid properties are considered

constant in all'poinx§-of any pipe section.

“

A wide rangg'of possibilities exists arid has been. used - -

,to. select the dynanic and thermodynamié _ properties

de§Crib1ng a comprpssib[eu flow through -a pipe. h.H."

Cas2 - .

. N
«
.

N
- Qe i g~ o g




SHA?&RO (14) suggésts and  ushs flow ve?ocity. " sound

" velocity and density, E.B. WYLIE and V.L. STREETER a7 .

_ use pressuré, density' &nd mass flow for*‘ln 1sotherma1l~ '
PR ana1y§1§ of slow tran51ents, and M.A. STONER ((18) chooses
» ".pressure dens1ty and flow ve1oc1ty for 1ts éloﬁ tréhsients
. general solution. "Riemannn“ variables, a combination of

'normalized flow ve10c1ty and speed of sound are used by 'G

S RUDINGER (19). - J.M. " KIRSHNER and 5. KATZ (20) use mass
| f]ow and mechanic&]'potential for their analysis of fluidic
" circuits.  An ideal choice of variables for fés; transients
‘analysis in industrial piping systems s the ong‘,whiéh
‘énab]es 'a piping -engineer  to 1mmed1$telyivisua1izg wﬁat;

happens in the pipe. QTranélatidnﬂ from comﬁ1ex C fluid |

QafiapleS' is a]wajs a,solution'bdt decreases thé simplicity

: 'of‘numerical model,
S , . ‘ ‘ R

The isentropic assumption s, in many {nstances,

.
S e b S ML e Ko g e

accéptable for an anaiys1§ of ‘gaseous filows. _Adiabatic non

1senfro§1c (viscous) flgws of reql ﬂgasesi,or' more ,compiex ,

conditions, méy, not- Bel- somgtimes; gimplffied to':an‘
+ - -isentropic process. An ideal moddel should be  éas11y

-adaptable to non 1§entrop1c ;6nd1tionsﬁ

A so1yt16n with a numerical modei' wil] consist of . =

“slicing" the 2-D space-time domain (Fig. F 7. 2 1. 1)1n ing'
- : S ' S
directions ~and ‘finding ‘three  chpsen properties',at‘each

- - corner point.

S T T IR <

. . Ve
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FIG. F 7.2. 1.1 Solution'Domann.'

'a} ‘controlled orthogonal subdivision 1?
b) non orthogonal subdivision '

An adjustabTe subdlvision is required te o tain ,in"depiil-

, particular portions of the - time spa e domain. An
"understandable ﬁrint -out 1is also a major requirement

'Hence, a controlled orthogonal domain subdivis1on is a most

dgéireble requirement.

Fast transients require.high-iteration rates’ as majnr

pressure “and mass flow variations ”may occur in a few .

.‘mil](il%ec:g;nds._~ As the ultimate objective 1is to determine

what can be done in terms of valve dynamics to avoid major

_presﬁure rises into the piping system, the model accuracy*”
‘must comply with this practical requirement rather than with

‘la highly preqise‘description‘of the flow.parameters. )

The numerical model will be used“‘to‘ simulate many

<
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alterﬁativé qonfiguratidns of the sameipipeline, in aorder to
find the best valve position and dynamfco characteristics.
Components may"be addgd to the piping systém,-removed or

changed in .position. A good model s .expected to handle

several bipjng ~system configurations withouf—‘requiring,

. * \ .
" extensive or complex modifications.

Combufer time and sﬁacé are also factors, although fast

computers. allow implicit and iterative solutions not easily

affordable only a few years ago.

Summarizing, an 1ideal numerical model for ° fast

‘ transients should have:

L . ‘ )
~¢ .understandable -physical variables.

v T adapfabilityl © to non  isgntropic

‘ conditiqns.

4

of magnifying chosen domain zones.

. . sufficient accuracy to ‘determine_l

sigﬁificant pressurg.and mass flow chanjes.

. ) r
} the . possibility - of  accepting
' modifications.
( —
- 165.-
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: .a reasonable use of computer time and-space.

: a f
'7.2.2 EXPERIMENTAL ANALYSIS.
9 ,
A'numertcal model shouid always be -tested .on typical
cases and and”its results compared with experimental data.
| _An acceptable experimental analysis of fast transients -
requires; ' ‘ '
. Y f :.an ekperimént{] pipeline at least 100 m long
] ‘and 4" wide. ' | o
\ . ;
“: flow velocities .up to 30 m/s :
L 4 pressures of at Teast 300 KPa ' e
- ) : " . ‘n; : ‘ v

o X’ .
v available Jqompressiwg power of at least 100

e An‘often used practice is to 1install .sensors 1in an
'fndustrial bjpipg system and collect data fﬁoh routine apd

simulated emérgeﬁcy‘ conditions. In  West' Germany an

o+ 156 - - ) S S




abandoﬁed coal coking plant had been wused for similhr\'

purposes..

Close .cooperation with major industries is a necessary Iy
ncondjt1bn_and pre]iminary results are a primary 'requirementc

o Yyl - :
to cdpture their interést. =

8

7.2.3 AN ALTERNATIVE APPROACH.

4
-

The ~un1dﬁmensional,) 1sentropfc flaw of an ideal gas
tﬁrougﬁ a constant section pipe has been graphically and
ﬁumeﬁica1ly soIVed~ with the Method of Characteristics.
Résults‘obtained with this method have been proven to. be
very close to .reality 1in many simple as Qe]l“as complex

cases (14). . , : _ ¥ &\

’ g

, , . J  '/*””‘\\ :
, - “Applying the Method. of Characteristics to -a simple
piping system, the test c;;e; where only.gontinuouscwaves
6§éur, tbé éoqputeq results may bé\ ;sguméd very close to
reality and used to eJJluate the accuracf of other numerical

' simulatioﬁs.

(I

. As a test case , (Fig. F 7.2.3.1) a straight pipe

connected with. a ‘reservoir 1in constant known conditions

L R . '
~.(1111"1n11§e reservoir) has been chosen. ‘ , Y o v

/ T ’
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FIG. F 7.2.3

® -

.1 Test Case.

1

(8)

;f’. Prrse.

“(d)

/

2

.
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P16, F7.2.3.2 Test Case: Flow Sequencei -
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’/ ‘ , . .
/ . - ' ) \. .
‘ * 3 e
a j,' . ""
!
:'}' * N :
~ 4 - 4
, Unsteady f1ow 1s obtained simuTat1ng a pipe rupture at
Sy e ' the 1eft end of -the system. The "time sequefce s
HEN R ‘ ' \ ) ¢ " :
) ot at t1nteut<t, (Fig F 7. 2.3.2 a) a steady flow
‘ ‘ ; of invisci gas ‘enters the reservoir'
( . :- at. time to(Fig. F 7.2.3.2 b) a sudden
. " decrease  of pressure begins at point A
I..< . / » R
a4 X ¢(rupture); | ,
. ‘ % ' B 'the‘pressure b!(Fig. F 7.2.3.2 c) decreases
' L urgeil it reachés the atmospheric value;
‘_' ¢ at time\"ti(Fig.' F 7.2.3.2 d)the pressures at
. T . '.points B,}and A aﬁ/equal.
» ! .
oy / . o
v o ,‘ Three typicaIpoperating conditions have - been .-selected
C . d “perfect” air aséumed as gas: . g
RN S“(A). p=149000 Pa ~ q=1.43 kg/m - V=30 m/s
5 . i o (B)] p=300000 Pa @e3.60 kg/m V=30 /s
| ‘(c) p-5oooon Pa . @=5.81.kg/m * V=30 m/s
. :,, - R v . = ‘ . ' .
! i ' ’ Yo LT . - L
‘; o ./ . L .
| L N 5
.‘E w ',‘\ \ : ".;‘ . * ~ 'l‘; . :‘ \ ﬂ' ¥
,;‘ ) L" . ) A \ ' ‘l . ) ""-
& ’{ U ‘ : ' . ,' ! ,*
”ﬁ; : ..- "' -;. . \'- ", "‘ ’ ¢
Y . * - 189 - . )
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7.3.1 THE METHOD OF CHARACTERISTICS.

7.3 NUMERICAL SOLUTION OF THE TEST CASE . .
o/ ‘ IR - BY ; h
METHOD OF CHARACTERISTICS

8

The goVefning equations for a one dimens¥pnal, shock

" free, isentropic, flow through the control surface of Fig.

FlZ.3,1.1 are:

///////[444444444;J////1///A

) qi‘f “““““ }g+%3dx ]
! o P
‘ P s - Il“i-_h dx
Y V+?Vox
I
) | ’ :
. - A . A : _
L | .
‘ ///////77777777777777777
. N
_FIG. F 7.3.1.1 Flow Through a Control Sqrf?ce.
. : ,~ "‘ S\ ‘ ‘ '
: Y . ' i . ,.~' {
%jo}A*V)s-%{q$A). (continuity) . (7.3.1:1.) .
TR g ;, o . S . . !
¢ s .h-‘ " L. '.’“ . * ‘
QV+V*( bV) -1%( D © (momentum) ° To(7.3.1.2)
K ' - . v—- ‘. A N ,.‘ .
- p. =const. . . \\*ent?opy) o (73013 )
LW A
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Let us define a velocity botéﬁtialii (x, t) through the

"felation
s
,/1 '
[ . . ) )
T V’.%!f Ox
I X y - ’
, g N
which, used " with the governing- equations and after
-rearranging, gives: \
g 2 2 . K
€ =g - (LoD - (-1l S (7.3.1.4)
| | ,
.a‘- a * - * *~-0 - ) - .
() Y 2,:3,70 o (7.3.1.5 )

' "chorcﬁng' to the .& of characteristics, 1if a
~ differential equation has rm: S L

U SR E S AT R

4

’ whege ‘A,B *and C aré'fUnctions of x, t,Q ,'and.l},ﬁthen the
chﬁifcteristic cuﬁves‘afé.dgfjned by: ; '

?

-

)
F i
4

-

dx LI A

“. i‘ B : S l%‘g&@izgﬁglﬁizzza' - (723&1;7 )
4 o N ) o

- In our:case.it is:  ° Coe L e
!
- ' ’
=161 = :
- - ~ g B —— -

/

o S ) = B ECARC . (7.3.16)




PV T ey

A= -V B=-y C=-1 0 T

Then, the characterisic curves are defined by:

A

' dt).= 1 dt (7.3.1.8, 9
- (ge)= L (_d_;),rvl_ ( )

al,hv -c); (%sg)n (V+c) (7.3.1._10."11)';

A
v
4

“

The -characteristics are lines of'possibie discontinuity
in the fifst derivatives of V and c, and the vélocity of
propagation of such discontinuities is (V+c). ‘ This means
thaej/khe velocity of ~ propagation relative to the fluid

.itsejf is the local speed of sound, ¢, (l4). Interpreting

- the discontinuify 1lines as waves.‘a sign pius,indicates a >
wave travelling to the rigﬁt.and';\minus a waye traveliin§

" to the left, each with réspéct to a fluid particle. §

|

Difierentiating the (7.3.1.4 ) with respegt to V and

\-‘ ’ .
x rearranging, it is:
A,
( dc '-(Y_z__) (_&s;)uﬂ(l'_l) (7.3. 1 12, 13)
L .
The six remankabiy simpig équationé‘ (?.3.1.8,‘ 9, 10,
R , o

_9'11. 12, 13) are -the fundamental relitions’of the popular -

R
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, ’ , . o
~Method of Characteristics and. are.valid under the assumption

of: | ' ' 3

perfect gqs‘

: adiabatic isentropic process’

.

constant duct area B

8 : the absence of friction
Heat exchanges, area changes ard friction can  be
1ntroduced and other complex and interlocked ' relationships

‘between fluid properties may be devised.
4 -

7.3.2 TEST CASE : BOUNDARY CONDITIONS, .
[ AT . ! , B . ]

The point of rupfure(1n the pipe will be referred to as
‘left boundary and the. pipe -resarvoir common section as right

‘boundary,

On the left boundary, at time tgt, (Fig. F 7.2.3.2 a) ..

the flow parameters are:
. »

J ’ . - )

p(1l)=p, (init+al pressure) L .
~i V(1l)=V, (1n1t1a1 flow yelocity, poSitive to 4
’" ‘ reservoir) .
Aﬁd: . “ -~ - "
(. §<r)-c, 01n1t\a1.§ound veTodﬁty)‘
,At‘time~i>§,.'p(1)'dégreases accor&jﬁg to: . . ' . NS
. : C : : oy
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e

p(1)=p, = (p, ~101325)*(t-t,)/TO.

:with 10 adjustable ind set as; ‘

©T0=0.05 s

‘

When:

p(1)=ppy=101325 Pa

\ thé'bodndary‘pressure stays constant until the 1local flow

¢
velocity equalizes the 1local speed of sound. From this

instant point , the boundary condition becomes:

» 4
V(L e @ ‘

" The left Boundary flow parameters may be computed splving by

iteratfon (Fig. F 7.3.2.1):

| ; | ‘
(dth=_1 . (7.3.1.9 )
; gl |
(dey=t=1 . - (7.3.1.8))
) c fei%%jt'conSt- (6.2.2.14)
0 q ‘. -
© p(1)=p, -(p, ~101325)*(t-£,)/TO  (7.3.2.1 )

4 ;he“ “first’. two' suitably discretized ~along the  II

char&cter1st1c 1ine and for points (x(1), ﬁ*‘Y- and (x(2f‘,
' . - D ke,

[

tm)o o ' ) f » 'V “?y
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FIG. F 7.3.2.1. Left Bound. FIG. F7.3.2.2. Right Bound.

On the right boundary at t'i_me' tgt thewflu'id}lows - to

the reservoir at pressure: = | SN
p(NNO'D,E)'%\ ' . T

fhej\flow p{essure‘rgma1ns constant unti}‘the expansion wave-
reachgs »the -boundary, 1i.e. the ‘flow., velacity changes
direction (from positive to negative).. From that.}nstant
. point on, according to a commonly accepigd .bhactice ~(14),
the time 'dependent relations 1nvo[y1ng'boundéry values are®
approximated .to the corresponding steqdy ones, éhus
considering the unsteady ?1ow as a;succession of steady
‘s;ate‘conditionsl The flow parameters of the right boundary

dre computed solv ng by fteration (f}g. F 7.3, 2.§§f

' .
[N ' N a . Ay

o B 3 N N
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N g e g e amaneeT

T

o™

TN,
L o !
j , -
VAR
| (dth=_L_ IR (7.3.1.8 )
Tdx . Ve S
(el =ox-1 (7.3.1.12)
. & Hv)l 2 ' . , : . -
. NNODE )=const. | ) , (6.2.2.14)
oiﬂﬂﬁﬁE;' o , v
‘2 ) ; . ‘ ’
‘&a(cqmooe) f +(-x* T (7.3.1.2)

v

_the first two suitably discretized along the I

chgracteristkc line and for poihtsﬂ (x(NNODE), €"3
. b ‘ p
(x(NNODE)™, t™). : .

‘ N . v

-7.3.3 METHOD OF CHﬁRACTER}STICS: NUMERICAL ALGORITHN.
° 3 .

In genera],_the fundamentg} operat1gn of the Method p?

Characteristics is to find the location of a third Qoint

using - data. o% tﬁb . already known. ﬁoints. . Repeated

application of - this procedure yié]dé. the complete

characteristics net (Fig. FI7.3.3.1). ‘The integration of

(7 3.1.12, 13, 8, 9) give5° -
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FIG, F 7.3.3.1. Characteristics Points.

o PN
v Lty
. =

j:(r_%%)r = g -cy == () (-1 )
= Ca'.'ca "’(L‘Z'-l-)*(vs Vo)

Xy -xy=( (Vs +cg )+ (Vg e ))*(ta-tL)

X =X -( V3 -c3)+(Vh-ca))*(tz-ta)

m
%Lg s
[{ Y

’

0

.
. f\g‘
‘

%




| E
‘ta=2*(Xz xt)- (tz*Ka £ 4RL) - (7.3.3.1) ol
L R -Ry : Cd
% _“xs‘=x1+'K1*(t~3§t{) . (7.3.3.2 ) :
c3=AL*+AR. S . (7.3.3.3) -
“,(v- 4 . ' ¢ ! ,l < o . °
Vs=_AL-AR e (1.3.3.8 ) ‘
2% ,-1 ] - . B .
: with:) " -
) X . v i ’
: Kl N " “o. ;\ . ) * "
A =(Vavcs)+(Vites) A =(VE-ca)+(Vi-cL)
v AL=2xgu+(Y-1}*V1 . AR=R¥ga-(y-1)*Ve ,
. 4 Iy A

If thelpibe is. divided in equal length eTements, ‘and .:

e eeee e $a

ihe ‘iﬁ1£iel’ conditions gere known;; 1t is possible 'to
determtne a network of points in ‘the (x= t) domain where the

- characteristic dependent variables c and V are known.

Program TESTAL (Appendix 4) gives solutions of the test- v o

A 'fm' ‘case with the Method of Characteristics. i Typica] results | .
/) are - shown in dfagrans 0°7.3.3.15 2, 3, and D 7.3.3.4, 5, 6. .

3\ t&pica] net«pf'cherecteristic'i{nee‘ie shqwniin diagreﬁ [ ‘V',

7-303,-7‘0 "j‘ n ’ B o ‘ . Lo P .
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7.3.4 ANALYSIS OF NUMERICAL ALGORITHM.

The accuracy of the Method of Characteristics is
recognized excellent (14) for reasonab]y dense nets of

characteristic lines. In its simpieSt version, an O(tp.ctm)

{

approximation is nchievpd on the time derivatives. An .

additional’ error is introduced by averaging V and c-aiong‘

'the characteristic lines. ],' | ;

The'expiicit numerical solution is fast and simple and
the handiing”of the boundary conditions relatively straight

forward.

<

e

' TFansiatibn of-physica] narameters,.pressure, mass’ fiow
variables is required. -

‘The net of characteristic lines *(Djagr. D 7.3.3.7)

gives exceiient information fon SOME points irregularly .

distributed on the (x-t) domain, while significant domain

high initial pressure, acceierate the. network distortion to

_a.point that information along the pipeline is not available

e

after the fiow inversion.

When the' left boundary reaches the localJ sound

4

' velocity, the T characteristic originating on ‘the boundary

@

i
N
.

-

’

and density to andeafrom the characteristig dépendent

portions are neglected. Severe initial conditions, like a~

.




d
AT TP LI 12 o g w
.

point, beoomes vertical and the closest internal point

‘“dies" at the next time level, as it 1is moved to the

ooundary 11ng (Diagr. D 7.3.3.7). Eventya]ly, all the
tnﬁernal“'points are concentrated on the ]efg bounda(y line
and unable to “communicate" with the right bqundary.
. ."- A
Each netwonk point is p1acéd»at a panticuldr time lével

and space locationil Information along .all the pipeline  at 2

" given Jime'level or, ‘forﬁ 1nterna1 points, -at a given

location for -a Period of time, are not directly available

. and must_ be obtained by 1nterpolat10n combined with proper

adjustments of the network.

\

In comp1ek p1p1ng systems, the ‘Method . of

Charapterisfics must be spec1fioo11y\ adjusted to  each

branch. The treatment of branch oonnections 1s'cumbersone,

Tnﬁ flow parameters of each branch depend on the past values -

inside the branch and on the boundary conditions.- For an
P ) v

incompressible flow and an equal sybdivision of contiguods

prénches’the boundary values at the connecting.points can be
found at each time 1eve1 so1v1ng in sequence all branches.

A similar procedure can be used also for myulti-branch

connections. When  an unequal oubdivision of contigUous

branches is desired and a]nays with a compressib]e flow, the ,

boundary values must be found with numerical i

and 1terat1vg methods.
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System modifications and introduction of additional . //,2

i , :

piping components, require substantial modifiEgiﬁbns of the ' ‘
numerical model ' a . -

The simple adiabatic isentropic model cannot be A

e el R s

o m—

“%‘t‘% S '

£
-

gitended'to different ‘thérmodynamic-,conditions.

isentropic

must'beﬂintroduced.

’

For non

flows, ‘at each net point an .iterative procedure

.
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" piping .systems may be tested . by compar1?

" 7.4.CONCLUSIONS ‘ /

=y,

Numerical solutions "of unsteady contiyéﬁus flow in
(] results for a

typical case with the Method of Character1j7Hcs.

" The Method of Characterisics, although accurate, does

‘.\nof“gomply with many practical requiremedts; mainly, it does

not allow a regular analysis of the ph sical system by a

proper 6}thogot}1 cross sectioning of the time-space domatin.

'] 1

-ethod must be considered

The ;qut Case and Algorithm
an acceptﬁb]e alternative for an .hinitial” evg]uatiod of .
numerical model, a nécéssary but not sufficient condition.
A numerical model should always ‘be"experimentally tested.
Sbccessful éoﬁparison with the/Method of Character1;t1cs‘hay
be usefq1 o g;fn 1ndu§try co fideﬁbe and , cooperation for

further-developdﬁﬁys.

. 1L
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’ : " CHAPTER 8 |
UNSTEADY CONTINUOUS FLON IN-A PIPE
LUMPED ELEMENT METHODS

Y

LR 2

8.1, SUMMARY

T

' The continuity and momentum equations of an unsteady

‘ ,flow. of a compfessible ‘fluid in a pipe element are.

éepresgnted by‘an'elementary"cfrcq1t.v Pressure and mass

flow are assumed as acrass 'and througﬁ variables

' frespeétively. The third unknown dens1ty, requires ‘a2 third

| relation' the entropy energy equation.

An 1terative sqution, for density,.of the diéhretized

; circuit 1ntegra1 equations is proposed. A second iteration,

for mass flow, due to the non-linear convective tern of the
momentum equation, is réqu1red,35ut‘pa&\be performéd at - the

same time as‘the first .one.

Ry
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N

Three numerical schemes are proposed and derived:

2

Linear conforming approximatléga.fqnctiéns
mith  weighting function equal to dnity‘
(Finite Volumes Method).

Linear conforming apprbximating functions
with  Galerkin héighfing fun;tion (Finite
Element Method).

Lipear %:onfor,mug and non-éonforining
‘approxfmating functions with weighting
function equa) to uhity (Finite Differences
MAC Method). (21) '

13

,_For' a - generic piping network- and for each numerical

{
approach, a global pseudolinear matrix, .valid at a ‘giyen

time 1e§e1, is nbta1ned,~,P1pfngﬂe1ements, other than pipes,

are ‘addeﬂ"as additional ‘pipe .sectians, and  boundary

e

”condjt16ns' introduced aé,adqftional or substitutional nodal

_relations.

-

b
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F 8.2.1.1).

8.2 CIRCULIT MODEL

" 8.2.1 UNSTEADY FLOW IN,A PIPE.

Fid

(4=

Let osAcons1de% an infinitesimal element of pipe (Fig.

//////////4/////0//////// j "

///////7/i77 /77//////

0
| { ,
‘ L
) m— mam
| x
| : Py= °f?LB
Lo

_FI6.

F8.2.1.1.

: P{pe infinitesimaI Element.

Using the (6 2.2.1), (6.2.2.2) and (6 242 15),

TheA continuity,

written as::

R

momentum

‘and‘ entropy equations "may be

o182 -
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4
'\
X '
RENNE

4
A

~
b
1]
¢
R

» ' . * 7 ’ b
dx*( dm)=-d (A*dx*p) . - (8.2.1.1 ) 5
R | | ;
. , ' L _<,(
S 3 (m )+ i *d (_m )+l*( dp)+F=0 (8.2.1.2 ) . ¢
3t p*A %A dx *A p Ox , A
o u:‘t . / " ?
(p ) «(p ) (8.2.1.3 ) ;
g¢ particle "qu partic]e K o :
’ ‘ / Y il
with: .
CFa((arf)*(__bd )*hal) - o -
D Z;Ql;n: m o A T
/ 1
. ' |
Y 7 d= polytropic coefficient f
for a viscous -flow of an {deal gas. For an isentropic
process the entropy equation becomes: | g - i

p_= const. 16.2.2.14) .~
'] S

/

Therefore,density can always be obtained:

’\ | (q)';“Q(q)‘ *%’:i';i' ; (8.2.1.4 )

‘

t s o . ’ X .
. Using a Taylor_expansion the time derivative may be

rewritten and the‘(a.z.l.l) Snd (8.2.1.2) become:

S
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ware o v i ——
"

. - . : ‘4 mﬁ o ",‘
| ' ‘ 3'il"-/\*((%i -9, )-Rq)- LT,
4 - ' T3 St . ' P

P (G, FRE ! 2"...-.:—0‘»7) Rq)+_m..*(3 (8 JEL*( Bp)+F=0

Q*A dx q# q Ox
with:
VL Re= Atr(Ra)+ AR+ (P )+
- N i T 1 ,%_&t}

or, neglecting all residuals, 1i.e. 1nt;~oduc1ng 0(At) .

errors: .

6 ~.-A*‘ m“- " - '
. 1 (A - i
' (o om " 1* Fug
Fh mzr','7"') m( At (x“q—r”+ (32“

Expanding and combining,we obtain at each pp1nt‘ of . the 20

L 4

aomain;

-

W+ A *1 -p )J=0  (8.2.1.5)
ox al*RAt 'z«

—

%’%*F*q-m*(( *( %Q))*.L*(L_Es_))ﬂ*(m L )'0 (8.2.1.6 )

. 184 -
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8.2.2 CIRCUIT APPROACH."
e ( , ) "

Let us con51derﬁanpinfinites1ma1 circuit with m and p

. ‘%{'as through and across variables*(Fig. F 8.2.2.1).

v
4

” . N . ‘ . ..
PPy DYy /L///'/J//'//‘// P
1 ‘ : ~ == T, ,
- . . - m, | 503 . 'vm m, + 20 3'"’
# v ' . "\ Tl/' . . C - I )

B ‘ s r‘f“{ o T IR RT

< .
| l A:‘T.\\‘-\:
i L
. L
TP 77 7777777777777/
FIG. F 8.2.2.1. Circuit Representation.
‘ i * ' :"\ L
. The circuit equations are: *’
- - | ; .

. : - mH ’ﬂ N | . i
g C o m -m,_ =C*(d )Q!C* ) . (8.2.2.1 )
. | t 32 t o e

Lo | . p:"-p:*l-x*(g%m#w1*_(@"‘“;::."‘)«5;!*}» (8.2.2.2)

g C - 185 -
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N
<

. o assumnrg"\ < oo .
{» ¢ ' e .
IR ) > ,
Y 2 ) CaA_*dx . . ., (8:/2.2.3 )
_w\ (S at . . o
m-‘é‘ ' ‘—; ) . I:-d%.‘ (8-2_02.4
. '):)";’ﬂ \ /c'e ' ) i N
S N S .R-RJ;R +F*9*dx (8.2.2.5 )
R , with: J .
. 5
4 '. . ) ']
R S o, /'} ©
N - M . »
; e v ‘ R‘-"\ -~ *(.b )*dx ‘(802‘0206 )
R gt*ﬁ T?z'
oL '
. ‘ g == Y*dx (8.2.2.7 )
* R 9'2'\‘.'9' '
S ' . s
. N .t '2" . ' ” \ o
. Hence, the pipe element of Fig. F 8.2.2.2 a has, the
N circuit representati/on of Fig. F 8.2.2.2 b and the element
y .
;o \ continu1t& and- momentum equations can be. written as:
P . ‘
{ . . 1‘ ) & .
FN ) .
‘ " ‘. LYY ) C .
s . ™ .
. o {% - \'J ' 3 y) C )
‘ )\ - | _ ! '
s o N
/. N\ . ‘ .
{'P M ’ s O - 186 - .
’ gg C . ’ ‘ | ‘ <

" /
. »
N d
-
L]
~ 7
~ * '//‘
v
® i
. u
L4

' W S J
‘ k& ' * These equations mqy represenpcontinuity

~and momentum

~-
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\ . . ' . Jx . . '
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L i TV 77 77777777 .
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o
| 777777
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FIG. F8.2.2.2. Pipe) element. .

- .. . b ¢
) * SR . m (’ "
G #
) . Mo, =My = %»cf’(.ﬂ% =Pv)
I ,

s e s M i mae e i

e e s e e o R Y e .

o “J Ef : I= 177 ; R= (8.2.2.10,11,12) -
g T Ry Gz

The fluid compressibility 1is  represented by~ two

-

. . . . ' “ o~ &
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. t{( SOLUTION BY ITERATION. L
- N . . )
' . 4 ~

N
variable resiétors, depending on the density time and space
dérivatives. ,The‘sbace‘derivat{ve resistor depends also on
the local mass flow and.is the non-linear factbr~tof the

system equations. B - .3

4 -~

¢ , T g

’ The ‘circuit representation and the numerical

’

approximation of the time dericatives has reduced the

continu1ty and momentum e&hations to two space integral

eqﬂations in p, m, Q. " The discretized entropy equation

—— L

gives the third relation. -

i
A ]

o Us%ng equation (8;2'1'7 ) as density rélatioq, aﬁ

iterative procedure (F1g F 8.3.1.1) can be used to .-solve

i A4

' for p, m, Q the set of equations at a given time Tevel,

using the known va]ues of pressure, mass flow and density of

the preceding time level. C .
¢ - . . L . . .

© . s <




8.3.2 LINEAR APPROXIMATING FUNCTIONS.

(8.2.2.7): n o

~|  Solve momentum :
N ) and .
dpntinuity equations.| -

a=atl | |

calculate (q”"a+ﬂ

. FIG. F 8.31.1. Density iteration.

The type Oof discretizﬁtton' of the continuity and
moméntum integral eqﬁatiohs ‘charactqrizes‘ the type of

algorithm to be solved at éacN&j;&ration.

- =
-

o«

p ) ;o

1

qu us consider the pipe element of Fig. F 8.3.2.1 and

its continuity “and momentum gquatibns (8.2.2.6) and

L3

»
w

Inside the element,C and I may .be considered constant

»

aanur1t§en as:

PN
1

te o a




- b
\ . ] L 5
m': :'
4_#““‘ ® i
R | !
:H’-1 (
L A% ]
1= —
-~ FIG. F 8.3.2.1 Linear approximating Functions.
SR ™ gty ;0 ToeL 2)
(a;+ai’ . A :
Remembering the (8.,2.2.3)7and (8.2.2.10) the resistance %
Ry can be discretized as: | , , [
R,= (-m"f)‘*;%ag TeR *m (8.3.2.3 ) R
,(Aqq\tzpuﬂ X o i
: /
7 . i i . ¢ '\.

the rlesistance Ea as:

‘Ez‘ ~4*(Qiu+ . ;,'+ in] (8.3.2.4 l ’
‘Fﬂ%—qn’q&w At }, L

.and the viscous‘féctor as:

——

[

QUFrlaisape(eni™ e a®l ) Fyri™ - (8.3.2.5 )
‘ . 19, % )T . o
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P

The continuity and momentum equation$ become:

Kuﬂ
mw| -m, =Cm/ )dx
Ty
Xin ; Xis xﬁ%
S L Py " “@ t
—~p. =l f(m m dx#ﬁ m *dx+R/(m *dx
B~ f:m—’ ( ) ( )
Xm
(m””)*dx .
x

Inside the element, pressure and mass

approximated with linear functions:

@)’N«Lp +N‘, ) *pL,N

- mm-N‘;,"*mi, +NQ *hpy

—

with the "shape" functions:

CoNPxs x5 MR- xoxi o ((8.3.2.10, 11)

Xt = X4 Xin =X}

‘Then, continuity and momentum equations become:

(8.3.2;6 )

(8.3.2.7 )

. % " I e P TN :
B e R T U L C N I,

flow maytbe

(8.3.2.8) |
(8.3.2.9 )

4\




\\
TR

e . Xuﬂ )
my’ -mmc ((Ng *p; +N;yy m)A(N»*pm«w*pm)ﬁ)*dx (8.3.2.12) "
( i ) ) ' 1
) Aigs '
pt"‘-p?:.'= MU PR (Nt Nt i) )4 (8.3.2..13)

&

+§?/((Nl*mb+Nyﬁ*mg+|) ) *dx -
+R2/(N.*m.+um*mc+.)*dx o

"'E?{.( Ni*my +Niw *n'm.;)'*dx \

1

Ny eedrbibe ke

and, for an isentropic flow‘('§3=0):
‘ —=® " . , .
(my=mi )™ = (T X A *((py +p0 ™ - (p+p)™)  (8:3:2.14)

; ' oy . AN - f
'(p;-p;,!)"“=(%,;£A§__:ﬁ)*((‘mn+m»:) = (mg +Mmie) ‘). | '(8.2.*!,_2-15) | /
Ry * Ax*i(i_‘;fﬁ% ) % (@i ) i .

- - *Ra A x*(mp4mpp)™ IR ' a./,
} ! . . /

or in matrix form: L . , o

»
S e i e o gt B e

ky ki ki ™ (TR Ax) *(py+p )|

' (8.3.2.16) -
.(Fﬁ%mwmm 320000

kay, kzz ka; ' _

o=2v 3

-

' o " With: _ . . ) A




W

/ - ,k“v =-]1

K = (% Ax)

kis ==k oo
M"hz |
=( 5)+R.*Ax*5_1_ _rri_cfa)MﬁfﬁL*Ax
T 2% At - 3 6 -
Kaz =Ky ' . o ‘
Ky =T A )+ * (mitmen oA x
| * At 6.3 .
kaq =1 - |

"8.3.3 FINITE ELEMENTS.

&
@ f -

In numerical terms what has been done’ 1n"subpaF 8.3.1

can be defined as an application of the Finite Volumes

,Mgthod (22), 1.e. a-weighted residual method with wgight1ng

function equal to ~un1ty\ within the element and zero

elsewhere. As the basic different(aL_eQuation. expresses a

‘balance over an 1nffnités1m&1 .control volume, the finite
vo1ume equation is sTmp1y the finite: counterpart .of 4the'

, differential equation.

Along ‘this line, an‘app}itatidn of the Galérkin'methgd
represents a logical a1;ernat+ve.(23),.(24). The Galerkin

f . . * R ¢ N
methdd, a ‘weighted residual non variational finite element

, b , [
B N :
.= 193 -
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v -~

approach, is based, as are all the finfte element methods,

.on the concept of approximating a'qonfiquous function by a

discrete model, composed of a set of piecéwise "continu6us®
functions which are defined over a finite number -Bf

subdomains called elements.

l
|
l
i
e

[ T8 i

|
|
!
A
i

rae

" FIG. F 8.3.3.1 Finite Elements.

The most popularﬁform_of'element,funct{on is the polynomial.

For a ‘linear element (Fig. F 8.3.3.1):

. AW
§2.800,

~ which, as function of the unknown hodal\values. becomes:

"

i ~’N:),g *i‘b_("'N‘. *3'0

with:
»
.N'b.‘-&!. “&l ;.N ‘;-Xﬂ (8-3.108" 9)

i D HIYY © Xy = Xj-L
R R 2N

called “§hape* fuhctipns.
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The application of "the weighted residual method to a
differential equation gives: '

. -
7

N . . Lt -

wa;(ot)*d§=o
0x ‘

where 0 is the assumed distribution of 0 in terms of nodal
values, and W is the weighting function. The integration is

ﬁerformed over the whole calculation domain; hoﬁever, if W

s zero over -most of the domain, only_ a small domain portion

remains active into the integral equation. If we choose the

~ shape functions . (i=1,2) as the weight1ng functions, we

get the Galerkin- method equations, 1n this case two for each

~element

This. procedure applied fo:.

¥

.'- d=C*( ““-‘*) ' (continuity) (842.2.1*5
. ¥ .BirifL ) '
- T (™ m')+n*ﬁ'“ (momentum)"(s.z.é;z )
and to the element (e) of Fig. F 8.32.1, gives: '
Lo . -
- ,
4!
‘{t,“ | < >
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’ ¢ 0

*NH*dxsc (g -p" ) *Nj*dx (8.3.3.1)

/':-l "Xl At
-f3

i) N, *dx=5<y(g - )*Np*dx O (8.3.3.2 )
X3 ' Xi~l : '

H LHd
[‘ PR, dxaTIR™ L ) oo *dct /R0 ™ N p*dx (s. 3.3.3 )
xg Zt X .
, . . S, /’

vl
i Qﬂ. -l‘
( E)"" =TT o, *dx+/R wi ™ dx (8.3.3.4 )
j[ xXi ZSE v ‘ !
. For an isentropic flow (R =0), with the same nqtations /

3 of subpaP;B 32, and 1ntroduc1ng a

/ “ ‘ o)

P=NL*Py N * Py
O, i, W A

a - * I ) )

equations (8.3.3.1, 2, 3, 4) become: R =

’(-_lf)*l-l.ll*’m.' -f‘n*(%)tg)*f%,%i* LA --E"‘*(%\z)*t%_.u*'p;]

o (DML, ] T (AN LL o ] -~E"*<A 3L L1 [ \
7 | mia At 63 |pm)| , Pt

for the cbﬁtinuity, and:

)

r = 196 - "




B e s g %

-(1"’*( L\x)*(/mrza
. At
[N ;:5‘. L
VT

&7 =

(7 "*(A&)*u,m *Ax*u,nm‘*Ax*uT% .r_‘n_.t)"."zmi:lgif“lf[m'a] |

for the momentum.

In matrix form it fs:

kag o ks2 ks3 ks

with:

BI(O*(

Pkit kis  kix kel

Tkt ke ka kaa

LW kee ka2 kg

( 1)*[ 1, 1]* P, |-
. 1P

Ax*(.l 1J+R“‘*Ax*[ 5"[”‘?""““%?%” 5 [m ]
. il

=] *(_K&)*[_l_,l ]*[m» ]
Ny (22

-_1)*[ -1, 1]*[p,] -

4

Pisy
12 12 4
)*[1 11* m» :
A

6 3 m-u.

./.'

- ' ',_E':O*\A' * i,'; \ 4\ o ‘
fiyme ¢=C v(_A, t) (%*%w-) n. o
’ - Na bt .
T A
4& = ~('ﬁ)',(l;-”%w 3
"l« % Ax)*(py +pin) |-
At 6 3
\R k-f“’*(%)*(%}f%ﬂ?/

Y-




e e i

- kis ='--0'.5‘

kn 0.5
ke *C(Bx)
. 5 At

e

kg *(ﬁ'e”#* AxiF *Ax*(mu#)'"")

ks =0. ‘5
.'-(-1'2"(_4_)5,)+Ri°*Ax+%*Ax*(m‘.+mm) )

fca=-0 5

ksq 0.5 N

kaa *kis ‘

kia =-0.5 O

,kﬁ.’kua‘ " J .

.k« =kea |

ket 20.5 '

::: -:_g_ AT)+R?*Ax+R?‘~ Ax*(}gmm ) )
, | BeKi . x . ¢

L e

9.3.4 FINITE DIFF'ERfNCES .

'y

z

_The shape functions; Ni, are constructed, for pracf1ta1

‘_réﬁéons. fn a piecewise.-manner (23), {.e. usfng a different

5

definition . within each element of given iength. The -

question of 1nte‘r-'element continuity is important in their -

cho{ge. Continuity of approximating functions must/ befosu;h

o
.
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FIG. ,8.334.15Conform1ng and Non Conforming Functions.
' N R

that the element 1integrals can ‘be evaluated diré}tly, '

without any contribution arising at the éLSmenf interfaces.
Alternatively, suﬁh inter-element contribﬁtion must be of 5
kind ‘that decrease'continy&hfly with the(fiﬁgne§s of element
subdivisions.”  The c]ass'offfugztions satisfying the First
cond{iionnshall be called conforming and the Qﬁes satisfy1ng’

the second non-conforming (but usuaTQy compatible).

(' Many non-conforming elements have been implemented in

practibe@/hd convergence proof obtained. Sometime, these

'nog\'conf rming felements have provenlto‘pr6duce results of

higher accuracy than’ correép&nding conforming ones. , The
Eéason for these apparently disconcerting results has .beén
explained by 0.C. ZIENKIEWICZ " and used by IRONS .and
REZZAQUE (25). . - \

A . ‘
In ow case, the continuity and momentum equations
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] - - » N S, '
[} F(‘ ° % &\ ® (X
~ . ” P v . ’ :
N j b P S .
‘ } ’ o . - ' - . ”
§ ‘ L .(8.3.2.6) and (8.3.2.7) day be discretized and soived _ ‘f

. o a;suming the ‘weighting function equal to-unity and choosing

- as approximating functions: ' ' N P
v »? ' } P ;
L N , ﬁ=NL*ﬁt+Nbﬂ*@yu for the mass flow space
N . : )
. derivative.(conforming)
RN B - - . .
PNy xpy +NiH*pisy for the  pressure space
/: s ' . ‘ ' ‘ _dérivative. (conforming)
. i » for the mass - flow time
- - derivative and R~ term.(hon ) -
- ' .. [}
47‘ ' conforming) . ) .
r 1Al « - : : ) *
P=py - for the * , pressure  time
| B -~ . derivative, (non conforming)
[ N N
- c . . y o
o L For an isentropic flow and a generic element équations I
. v . , . . . . \ . |
fl I (8.3.2.?4 and (8.3.2.7) become:: © , ) "
J. : '4\ B L e ’ o
. " . .
“ ! 4 . L —0) nel
poo L mem TN A () >
o ;. .

- ) (Vs Y A . : Lo é
C Lo : . ] - = med
L Meepi) T _%%)*('“3'- - )+ (REH AxeRP Axr (my ) * (mpp ! s
H ! ) | ‘ " ’ ) ;
] ) ’ . . v
‘ / ,Jﬁ which, reorganized and in matrix form, give a pseudolinear
1 | finite difference scheme: . .

K ¥ 3
T« K : .
i - - 4 8 .

’ ‘ ﬁ; : ' ) Fb" \ ' . M
| [ | ,
s o Y . - 'y

. / ' | - 200 -
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- - -—-—~ ’ ] ‘ - .‘ T * ¢
. " I
l\ T ' . - - ' N ) a . ' ’ ’ [’- . gl
':' o ‘_ ) ‘ B L ) §
,’ . L . ak *: m B -
- -1 ke 1 ((A)/(l}t)) &8341‘) / ¢
S R S I (A0Ka
. with: T . . o v, '
" ke =C“*(Ax)/(At) g T — . H
’ kg3=l *((Ax)/(At))+Rg*Ax+RL*Ax*(mM) R
. ' 1’ [ 2 “ . ‘ )
: '8.4 GLOBAL MATRICES ‘
“ N
. - 8.8.1 LINEAR ELEMENT MATRIX. ’
" ‘Let us consider a piping netw0rk'd1wided 1nto N pipe :
elements (Figf F 8.4.1. 1), with correSponding NNODE nodes
. : . & f
N , |
- i
‘ t | 2
' D)
L ‘
\ \\ . ;I"IG‘. F 8.4.1.1 Piping Netwdrk_ Divided in Pipe Eleme‘rits;
The colnt"t’nuity'and moment um eqyations for a ;genér1C'e1emgnt
- 201"‘ o ' . ) 7
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s e Ak gt Ao my =
. A

arg given by: .. . _ Q),j

hl

v . .' ’ ’ . ) M -n o .
i ke~ kn ke ke (] [CT*(Ax)*(p +py)
R ku ‘- - el %m*(-f)*(- . {8.3.2.16)
’ € , . -.- X . +m
2

°
.
. -

A pipe branching (nodes 3, 9) may- be represented by the

steady flow relations. ' " e
. n§’=rh§’+|§;’ (8.4.1:1 )
, m' w . . - . . .
e 14 | p‘ p3 - ‘ (8-4.1..2?)
o v (8.4.1.3)

and these rslations introduced into the pseudolinear system
as additional relations. Similarly, elbows, obstructions,,

valves, etc. and other %ipe components may also be

,represented in matrix ?orm by their steady state momentum

and continuity equations, i.e. considered as .addititonal'
-

_piping elements of prOper length (their equivaient length)_

in quasi-steady conditions.,ﬂ

At boundarieéh\i .. at the ‘entering and exiting ‘ends-

of the piping system, pressure OR mass flow are known, in

general, as ;ime dependent variables.:

\ The eiement pseudoiinear equations withlthe addition of
branching and piping additional ‘elements steady eq ttons,.

. . o e .
’ ‘ .'-,202',- a . .
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-give the momentum and . continuity pseudolinear system of

equatiops for the entire nétwork at a §1ven instant time.

In matrix form- it is: D —_— v o
) A
s .% N
. my
- N Rie L (84T
) . : ; ' i =‘ |-i ’ : ‘ *
Ry R L A MR O R
' ‘ © \Psnoss . {
’ \ T .
where: A/> - e
.+ the -matrix [ kg], of  dimension

Z*NNdDExz*NNbDE; is function of the element’

p‘aranie/ters E“’,ijﬂﬁx‘f’ and. of the time

fncrement A t.

the vector oMy  ycontains all the unknowns.

.

-‘Di'u
e

pne /-

. st
DA - *
i

i the vectdr~{H} is a function of the element
i parameters, of the time 1ncremént, of the

preceding - time Tevel pressure and mass flow

nodal valhes and ofﬁthe'boundahy_cnnditioni.

- aen et e e o




v i ] ". ' ". . ' ‘ ./ "

N . ) 'fo ‘
A1l the -piping system equations must be cénsidered,
. . | .

combined and ordered according t? an prbitﬂary, node

numeration system,

8.4.2 .FINITE ELEMENT MATRIX.

o . With reference to the deiwork.of'Fig. F 8.4.1.1 the

continuity and homentum equations, apbfoximated'according to.

the Finite Element Method, give’, for a generic element:

) . , {M ' m
: ki ki o ke kdlm] [-€%(2x)*(pitpy )] |
v ' ot .o ‘ 3 ;;Ef N -EJ .
@ lkat - ke kes - ked|pi| J-T*( x) (mi+my)[
. E ’k; R’ '%‘@( o 2 ) (8.3.3.2 )
. ¢t k2 .. ka myl = x)*(p} +p; : ~
R " ‘%'«)AE%’
. <o ket ket . ‘ *(mi+m
o R ket L EB\ | ?ﬂ (jlf)( v l)
)
) v The combination “of all the pipe element matrices or
b ,E]ément Stiffness Matrices, gi#es the p1ﬁ1ng system gioﬁaf

matrix or global stiffness matrix,wand a representation of

the piping e1ements by a pseudolinear system

Su. B R \[K';,]. = fa} . (8.8.2.1 )

I,




Branches gan‘benintroduced as additional vconditfbné;
additional piping elements as additionai pipe sections and
“the b&undary conditions considered by ‘subst1tut1ng their
eduatiohs or values to corresponding global matrix nodal
unkndwn'11nes. Automatic techniques as Payne Irons Method‘ g

s or Line and Column Substitution can be used.

After these modifications ﬂthe.piping network will be

represented by a pseudolingar system of equations:

r

O SRR v
FE | '.“t’ " | . N ¢ d
[Kee] R (W . (s.4.2.2)
" _ | Moot .
. ~ o pirook
/ ‘ |
. ' .

.—‘5.423 FINITE DIFFERENCES MATRIX.

- Still with reference to the nétwork of Fjgi F.8.4.1.1,

the continuity -and momentum equagions, approximated for each

piping element qc;ordihg to subpar.' 8.3.4 procedure, givé; :

L1 o%( ': CERRTERY B e k!
0. -1 . T(°*(.%%)+3F°Ax 1 E: . Tw*(-_%%)*' -
. o A o

~ This“finite differences matrix has been obtained as- a

.
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‘subcase 4f the weightel residual method of “ subpar. 8.3.2,
‘thus, applying the same procedure qf‘subpar. 8.4.1, agq{n a
.pseudo11near matrix representing the netﬁork, can  be -
obtained: \ |

N
: [ %] m‘m = {u} (8.3.4.1)

—_— p

with [KNJ' comprehending all the element§ and additional

pseudolinear equations.

This finite differences procedure yields a numerical
scheme 1dent1cal to fthg one obtained with the ,one‘
'dimensional application of the MAC method (Marker and Cell)
of HARLOW and WELCH (21),. a classic solution of fluid

dynamic problems in primitive variab]es.

The tridiagonallmatrix has trqmendoﬁs ~advant;ges 1n’
computer - time. For the particylar c&ﬁe of a single pipe
(F*g. F 8.4.3.1), the’ finite " difference scheme can be
structured to obtain‘gigg trfdiagonal.

L.
b

To: preserve the tridiagonal characterist1c~ of , the :‘

network, particu]ar care must be taken 1h 1ntroduc1ng the

boundary cond1t10ns, as only D1r1chlet types can be used -
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FIG. - F 8.4.3.1 Single Pipe Network

8.5 CONCLUSIONS

The circuit representation of the unsteadylf1ow of a

‘compressible fluid in an infinitesimal pipe element and its

approximate  integration ’anng~ a pipe finite e]ément,

performed w3th proper approximatiqg and weighting functions,

gives, at each time level and when extended to a piping

©, -system, a pséudo11nearj§ysmem'of équations]with-bﬁessure and”
-mass flow as variables. t \

-

The flow density is buried in the system coefficients

__and some system coefficients are dependant on the unknown

k!

mass flow. The ‘entropy éqdation| gives, for eéach pipe

relgmént, thé third necessary relationship.

o e

The entropy relation ‘is’ obtajhed, in geheral, by
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integrati‘n along a p;th line of the entsopy equation. For
each elgpént, a polytropic coefffﬁient‘is then derived and
used to form the circuit equations. ‘
The pseddo]inear system may be solved at each time

level by fteration both for dewsity and mass flow.

~ Three- numerical ' integration methods , give dffferént:
'system matrices and right hand side vectors. All matrices
| aré banded and for a single pipe network a finite'dffference
_scheme can be‘reducéd to a tridiagonal solver.
Piping ' elements other than pipé elements, can be -added
as additional piping elements of proper length and"in
quast-steady condition. e . L

Boun&qry conditions can also be added as additional

.

_ * nodal relationships, as in typical ‘finite Volumeé,.'finite

o b m— e R B - .

O vy 4 8o vy e -

T Y s

-
|

elements or finite differences algorithms.

A piping network 1is now represente¢, at a g1vgn time
“lgveT;‘by a numeri§a1 mode giv1n§, by iferation, the. value
.0f the physical variables pressure, density and mass floﬁ at
arbitrary nodes of the network. - '

- -

The density of the node distribution. over the- .

-'208 - Y ‘
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Jéngth,_Ax, and/or time increment At need not be held
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time-space . domain ‘can be adjusted as ‘necessary, as element
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CHAPTER 9 . - o f

LUMPED ELEMENTS METHOD g ' §

NUMERICAL MODEL ‘ !

'y ' 3

H

9.1 SUMMARY

An iterativé model is presented, discussed and used 'to. . i°

“solve the Test Case in selected qperating'conditions~and its

“results presented in form of wave diagrams.

The comparison between the three basic Luﬁpeq Element
.Méthods‘ algorithms does not give conclusive preference for
any one of them,. while the. comparison with Charactéristics

Method results shows encouraging perfomance of all three. o L .

The 1nf1uence f grid fineness is then explored, with
A

Tt}resdlts showing heavier weight of the ' time coordinate

., discretization i d, finally, the Lumped ElementnMethods )

. performance is rated, with pos1t1ve results, compared to théi
Idga] Model (Chap. 7) requirements. : - ' -

Q




»
8

' ;ncrements. .

.
.
ey \)

MODELLING OF THE TEST CASE

'9,2.1 MIXED ITERATIVE SOLUTION. S

» N o
ATl Tumped element procedures Jlead to solving a

pseudolinear system of equations, i.e. a system witere the

1
matrix terms depend on the unknown variables. .Specificatty,—_ ~

the non'linear parts of the momentum equation, convective
and friction terms, are represented by circuit resistors,

which are quadratically dependant on the mass flow ~ variable

“(subparagraphs 8.3.2, 8.3.3, 8.3.4).

§

A matrix solution of  the discretized continuity and
momentum -equations means usipg an "implicit® numerical

scheme (sUbbaragraph 9.3.3), - with significant stabi]jty

'adyantageé and consequent greater freedom of choosing the

time increment between two quasi;steady solutions.

-~
3 .

The non-linear matrix terms may be 11near12ed, assumi ]

for their evaluation at time level (n) the mass flow values

at time level (n- 1) (sem1 -implicit solution), and acceptable ,

resqlts are obtained for reasonable values of time
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A ‘ J%u

“h

Alterfatively, the non-linear matrix terms can be

PR

sol

by a mass flow iteration.” For a compressible flow

[ Vic= XY

.

this diteration can be peformed using the density iteration
"(mixed 1teratfon) with no significant increase 1in - computer

time. This procedure will be used to solve the test case. L
- . | L .

9.2.2 RUPTURE BOUNDARY CONDITION.
\\ ° 7 x
The test case Teft boundary (subparagraph 7.3.2),0r

‘rupture' boundary, consists of:

4
P

" A time interval of sudden pressure drop from

. - operating to atmospheric values;

’ , L A time 1interval of constant pressure ending T
when the reverse mass f]ow reaches the local

critical value, ’ * o —- i

’

~A _time dinterval of pressure increase with
mass flow at 1local critical value, ‘ending
,;. ' ~uhe§* the flow rate reaches the reservoir

critical values. i o

- ' \
. \
-

g -

. During the first time interval, the boundary pressure

'Hecreases, from operating to ~atmospheric value i} 0.05

o

e~ | - 212 -
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seconds. Provision is'made to limit the pressure drog when

local sound veloEity is reachéd;during“the steep pressure
'-‘ ~ o
. - gradient, '

3l

/ [

- When the reversed mass flow exceeds the 10ca1 crit;cal

ualue. the bound@ry pressure is adjusted and 1ncreased to ‘
v ' the value for which the computeu mass. flow becomes cr1t1cal ' (
14): ’ - ' ’
. (1) o

g

p(1)= ((m(l)/A)**Z/(X*Q, )**(Y/(1+1)) (9 2. 2‘1\)

with ? 1nd1cating the stagnation density and (1) var1ab1es

values at pipe left end. , . ' :

o

ettt e .
———

e .

This "rupture® boundary condition is adequétg for the’
purpose of checking the algorithms efficiency by comparison .

with the Chéracteristics Method test model' solution. ° More

-

theoretical and experimenta] work is required for a rigorous

and general formu]ation of the “rupture" model.

N f
)
A ~
“ .
° a

: 9.2.3 ,Raseavm\alaouuumv CONDITION.

;q ' ' T;a\\est case right boundary (subparagraph 7.3. 2), or

%‘*V_TM N
{ L 'reservoi““bonndary, consists of : : o

hed -

/ : ) : ‘ 2
“

i :t . A time perjod of steady;pressure, ending uﬁen‘ e

-

* ' b ‘v, ‘.

‘ -

}

4 »
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. - < mass flow inverts. . oo "
- ) é R B

. ] ¢ . Astime period of decreasing pressure, -where

the boundary flow parameters épproach the
. | .. reservoir critical values. L . N

] . -
. ¢ 3
4 * te
L] ' ’
" Y
. , .
. ° ' . ‘

: . . 3 , .
. The ChaFacteristics Method - (subparagraph’ 7.3.2)
. approximates the pressure decreasing period to a sequence of .
. i
3 steady conditions satisfyjng the basic:, adiabatic and

1sentrop1c gond1t1%n§;

E{ ; g{nnone;+ (x-1) *( (uuooga } : - e
) 2* . : o
. . g{ﬁl = p(NNODE) ' -
L [ pURIIF (ofNNGDE o _
Sy | \ |

. with (R) indiqat?nﬁ the reservoir and (NNODE)the.end of.pipe'

conditions. ¥ . R
™ v - ' J ' : ' :

A similar bdundary condition 1is simulated .for the

Lumped Elements Meﬁhgg§;evaluat1ng the -~ boundary pressure: .-
- //_‘,; - N

- from: ‘ v
s -~

< - N ' " - ~
. Lo R ¢
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(;(Nyoos)) ‘;g}R}ﬂkq(NNODE)) -(2;§)?(§$(N20§E);f)* ,~};. 1 :

2(5%%%3%?)3&%7 | /

To compute p(NNODE), a Newton Raphsor procedure may be

used for most of the field where M (NNODE ) m(NNODE) . For = o
values of- m(NNODE) closer to. c?ﬁtica1 mass flow a Bysegtion
Coa . . . ‘ -
procedure is 1ntroaﬁuq\. ' ' ) T
>

"Alsd\' this  boundaty cprocedure must be considered
adequate for {%he limited purpose ‘of‘ model analysis.

Undoubtedl&, further, Epeoretical and experimental anaIyses

-

. would lead to a more acceptable boundary mode\ s

—
¢

-t - o
I'd

9.2.4 'SOUND VELOCITY INSTABILITY.

. * . ..
.ba, ' : ‘

‘For given stagnation cquitions, pressure and mass flow ..
of dq isentropic flow  are related by a curve of the type

-~

_showh in Fig. F 9.2.4.1 (15). L -
For'ﬁass flow values close to critical conditions, the

- mode] 1tg{ations may PH,” some pressure nodal values to the

" left side.of the - diagram.  When - it happens, “the moded

‘detériorates dntil'conyergence fails. for negative values of

s, L : N
dquity.° ‘ oo o '

! .

o
N
i

i
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“Adequate protection must be
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. 9.3 NUMERICAL MODEL

) / - ) ]
9.3.1 MODEL STRUCTURE. = S -

A schematic repreﬁentation of the numerical ﬁodel
$imulating the unsteady continuous flow part of the Test
. L Case (Program PIPING) is shown in Fig. F 9.3.1.1.
. * . ’ . ’ . . )
- . S At each time step thé quasi-steady continutty;momentum

aﬁd entropy equatfons  are -numgricélly solved: first;
continuity and .momentum;‘"solvdng a pseudolinear sy;tem,
fhgn. entroﬁy and non‘11ﬁeartty,by'1teration. Aftér‘sd1vimg
a ’time level, the ﬁodel adv&nces-by a time éteﬁ and répeats

the solution procedure.

Program PIPING inputs are: .
: pipe diameter, IR
: number‘of.pibeﬁelements, S

ot Aaximum time,

time interval of bressure d;créase,
fineness of discretization, .

element coordinates,

initial pressure density and velocity.

”.
.Program PIPING outputs for -each time level are:. _
o stime step, - -~ o o
¥ | ‘ J ‘ .
L= 217 - .

b s e

. -
TR R R L Y




NRBV
BISEC

subr.

ubr.

subr. GAUSS

subr. TRIDIAq

W

T P

L \4’
read: ‘
initial conditions
: piping discretization
set data and calculate initial
. valuyes and first time step.
, [set boundary conditions subr. BC1
' - set boundary conditions
- ) subr.BC2
solve linear system subr. CENTR 7
subr, CENTR
/ N\
subr. SYST |-
a [l "
density updating subr. DENIT1
first péde crit. cond. subr. FEL
~{1ast node crit. cond. | —
int. node crit. cond. subr. MASS
J Y
— .
print results
new gime step E ' .
exchange - °
update left b.c.
|
AN FIG. F 9.3.1.1 Program PIPING
— ’ ’*
’ : - 218 -. :
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: elapsed tiﬁe,

: “for each node: S
, : pressure - Pa,
: mass flow "Kg/s,
- "t density:- - Kg/m3,
velocity . . m/é,. ‘
“~ T : . )
- " : local sound vell “m/s.

Main program PIPING sets flow initial values and the
time step procedure. o r -
Iﬁsidk the time loop:

: .1 ) boundary conditions  are set through
. subroutines BCl (left bounda}x);génd BC2

- (ridhf boundary);

" 11 ) density and mass flow iteration is performed
and the time level flow paraméters computed} :

111) a néw‘time stepvis.caiéplated. The time step
>f’\\*;\js determined "as the time required by a
p?e§sure signal to.travel through the average

element. when movipg‘ at  the dqma1n‘average:

speed of.soynd (any reasonable tdme'étep cﬁn
‘be used  instead). Time is then updated ang

the procedure ended when maximum time 1s

" reached; : - L =
;' . o - fv ) last ‘time leQéI-pqraméters’valueé_h;é assumed
g , _ . ,‘, - . 219F < o .

 ——a e - . . PRIV
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1 G s

v )

Inside the density and mass flow iterative loop:’

i)

- - . PR
as known parameters for the. new time step
(exchange); '

a new time step is requested.

©

the linearized system is solved using: a

[+Y)

finite volumes method (subroutine CENTR),
finite element method (subroutine CENTR2),

[+

; .
fiinite differences method (subroutine SYST);

density is calculated, calJinQ suproutine

—

DENITY;

local sound velocity conditions at the first

.node are qontrblled, calliqg'subroutine FEL.
Subroutine - FEL {s not allowed to interfere,

when sound conditions are resched- during the

- pressure decrease;

\a;t ‘node critical condition is controiled,

P,

.setting p(NNODE) equal to resfrvoir dfscharge"‘

critical pressure, wher the ‘mass flow at last

¥

node becomes greater then - the reservoir

‘discharge critical mass flow;

internal .nodes critical conditions are

cdntrol]ed calling subroutine MASS.

2

Subroutine BClicalcﬁlates the Ieft boundary . pressure

R 1 T T ———— s T SIS e

p(1) for ,each”'time level. Simulating a bﬁpg rupture, the’

boundary pressure is linearly decreased from its initial_ to

N
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) 1ter5tioh,iﬁ

| cqgffidients;

.an-atmospheric vaiue and- then kept constant. At each time
ﬂlevel; the nodal pressure cannot be lower then the ‘critical'

- pressure, referred to the boundary stagnation conditions of

the previous one.

Subroutiné BC2 calcu]ates'thq right  boundary pressure
p(NNODE) for eachl time level.: As long as the mass flow
enters the reservoir (positive "“mass flow), the boundary
pressure :is kept equal to ;he.resefvoir 1eug]. As the gus“

N

stream changes direction, the boundary ‘pressure is
K

- calculated solving the " adiabatic and 1sentrop1c relatibns

(subp ragrapH 3) through subroutine NRBY (Newton Raphson
Method y oOr, ‘f LOW(NNODE) 8 0.9*FLOH(NNODE)l ’ through
subroutine BISEC (Hisection Method).-

|

At each times/ level- and for each density-mass fiow

ubroutine  CENTR ca]culates the matr{x,

2 S

:ging to the Linear Approximation Method .

(sub aragrapf 8.3. 2), 1ntroduces the boundary equations and

’calls‘s'Qrputine GAUSS to solve the pseudolinear system.

At each time level and for each density mass . flow

itefation, _ subroutine CENTR2 calculates: the matrix

" coefficients, acdording to. the Finite Element Method
‘ (subparagraph 8.3.3), 1ntroduces the boundary conditions,

according to the Payne Irons Method, and calls subroutine.

-\
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GAUSS to,solye the pseudol1near'sysfem.

At each time level and for each densitmeass flow
jteration, subroutine SYST calculates the matrix

coefficients, according to the Finite Differences Method

"“(subparagraph 8.3.4).‘1ntroduces.the boundary eqﬁations,and

calls subroutine TRIDIAG to solve the pseudodlinear system.

- At each time level and for each density-mass flow.

;'~iteratioh, density at each node 1{s updated by sqbroutiqe,

" and the nodal density is given~by

DENIT1, wusing syéfem results and proper nodal pardmeters of
the previous one.. For an adiabatic 1isentropic flow the

edtrOpy equation is:

™t

_(q'(t)i"’ '-(9(1))‘.'19‘"){1};_"“ },‘f -

For a non-adfqbatic _ flow the entropy equation is

'(subparagraph 6.2.2):

-
~

"“";!{rﬁ'}," RO

D
p(J) )™

-~
-3
P
”n

Since these reIatiopv ?”ETVa11d for an individual particle .

‘(subparagraph 6.2.2), - the time level (n) nodal properti

T : - 222 -
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" must be chgsen at the proper node, - according to the flow

gt e -

- velocity indications. .For small z&t and low velocities (low

,Mi@h numbers) the particle position at time Tevel (n) can be

LR T RPN

/// ‘t@nfu;ed . with the - space coordinate of the node 1in ] .

&\_ consideration. ' ‘ : . o -
- 1 - . o . ‘- - .
v At each time increment and for each density-mass flow

T it eration, subroutine FEL controls the first node mass flow
J 'and when its value is greater then the local critical mass
flow, increases the Jeft -boundary pressure to the local
critital level. Subroutine FEL also does .not permit the

'boundary mass flow absolute value of 'ever passing the

vk e aa ws

meximum flow obtainable,at the neservojn-discharge.

‘As tne flow velocity epproachee sonic ve]ogjty, tne
numericalbapproximet{on may give. flow rates*slnghtly'greater
than critical and: the numerical scheme degenerates. To
avoidm this degeneration, which seems unavoidable, at 1east
for 1sentrop1c flows, subroutine MASS 1mposes critical mass
1ow va1ues to,all noda] mass f1ows exceedingiehis Timit.

I |
.© | Subroutine GAUSS and TRIDIAG are_ the.Tinear system
solvers. Subroutine TRIDIAG, the .fastest known direct

solver, can be ”needﬁ_enly—nenen the system matrix is -
, tridiagonal, a condition‘reached with the finite d1€?§rences

scheme and for. §~s1ng1e pipe system. Sgbroht1ne GAUSS is
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used as solver " for all other matrix conditions. Its
.velocity 1is limifed and its application is justified only
for the present model analysis. For industrial applications

faster solvers should be developed and used.

RS L D ek

©9.3.2 COMPARISON OF DIFFERENT ALGORITHMS. .

L4 e

Diagrams\ D 9.3.2.1 and D 9.3.2.2 show typical nodal

values of pressure and mass flow, obtained sélvipg the test‘ >
case with the three numerical algorithms, while typical wave
shapes at selected times are shown in diagrams D 9.3.2,3 and
D 9.3.2.4. , | ;
R < N 4 ' i
The Test Case characteristics and initial conditions ;
. ~ ' b
are.j’ o <"~. _ | | : ’. 1% . ;
: pipg qqmina] diameter ' '(’t' 18"
: pipe length ' : 100 m §
: initial pressure : 300000 "Pa |
‘1 initial density ) ¢ 3.6 Kg/m3 -
: initial velocity . ¢ 30 -m/s
: numbér of equal elements = - : 10 ‘
: "rypture® time 5 - | ——0-05 8

i

The pressure nodal- values, obtained with the three

different afgo%ithms, are é{gflar'to such-.an extent that is

- 224 -




difficult gé differentiate most “of the@. .The mass flow -

hodal values are very clbse for +the Linear Element and.

Finite . Element  Methods, while some digcrep;néies
< ' (ant&cipations) can be observed for the'values\oﬁtained wfth

the Finite Differences Method. These d1§crepanc1es are more

o3

pronounced 1in proximity to the 1left boundary and are:
brobab1y due to the mass flow boundary condition adjustment,

introduced to obtain a tridiagonal matrix.

The Linear Element Method and, to a lesser degree, the
Finite Element Method seems mare éensitive to critical flow
o conditions and degenerates . faster gat €he second‘ noﬁe
\//l ‘ (resu1t§ from runs not shown). Hhethe;\ this degeneration,
common to all three algorithms, is an effect of an imperfect

bouﬁdaty condition or s unavoidable, at least for inviscid

flows, 1s left to future investigation. Difficulties in

signal transmission from downstream at close to- gritical

"conditions may also play a role.

‘Computer - times (CYBER 127) for 0.63 seconds of

simulation eiaﬁ?ed time are:

O\
/\;

e : Linear Element Method 27.066 s -

: Finite Element Method 21.646 s
: Finite Differences.Method ' 1.627 " s o ;

\X N N ]

ohrant” Y e e - R ——— T T . L

-]
'y
gt ;ﬁW ot




—\“‘"
E

° Thé great advantage of the Fﬁnité Difﬁerencgs Method is
“all due to the tridiagonal form of the® linear system matrix,
whicﬁe allows the use of a' particularly fast solver.
Therefore, it is limited to the sihp]e cases where this
(particu1§r ﬁatrix may be maiﬁtained. ’ ; 
\ i ; \
‘The computer time'requ{red by.the slower methods can be
" significantly reduced using iterativeu'solvers " (ADI, SOR,
etc.) and t§k1ng fﬁ]f‘advantage of the matrices bafded form.
Matrix partition solvers (CROUT, CHOLESKY, etc.) ‘can
probably be used advantageously, concentrating on the right
hand Qfde vector the density and mass flow dependant 'matrix. .
terms and, then, af each iteration, sweeping ?yo triangular

linear systems with constant matrix ‘coefficients at each

" time Tevel.

.~

To reduce computer time, the Finite Differences Method
will be assumed,{from now oﬁ,_aé representative of the three

o : T % :
numerical techniques.. density and mass flow depending

»
matrix terms.

C o 17

For complex cases, the Finite Eleﬁeg$4"M£thod“ with a
fast solver would be preferred, mainly for its efficient

handling of- boundary conditions,

S TR - —
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9.3.3 COMPARISON WITH TEST ALGORITHMa

Diagrams D 978.3.1, D 9.3.3.2, D 9.3.3.3, D 2.3.3.4. D

9.3.3.5, D 9.3.3.6, show a‘'comparison of pressure and mass
flow nodal values obtained at X=20 m~and' X=80 m with the
Method of Characteristics and the Lumped Element Methods for

the Test Case at the operating conditions: N
N . ‘
: p = 149000 Pa Q= 1l.4" Kg/m3 V= 30
-
‘ :.p = 300000 Pa- Q= 3.6 Kg/m3 -V = 30
: p= 500000 Pa . Q= 5.8 Kg/m3 v = 30

t
i

The values of ;he Method of Characteristics are the closest

available to nodal time-space grid values obtdtned with the

Lumped Element Methods.

Results obtained with the Lumped Element Methods show a
smoother trend, gnd field points far from the front wave are
shown perturbed before the perturbation signal can reach
them.. Nevertheless, the dominant\ perturﬁation Velocity,

ca]cu}ated where the pressure gradient 1is greater, shows

excellent agreement with the perturbation velocity given by

A
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' close to reality.

. the Method of Characteristics and commonly accepted~a5 very

‘ .
\ A
A1l lumped methods equations have been solved ds1ng

"implicit" methods (p5¥agraps 8.3 and 8.4). Numerical

- schemes are called “"explicit" when only known values at time

level (6), (n-1), ... are needed to advance the calculatien
to time level (n+l) (21), and "implicit® when advanced
values are used 1in the spatial derivatives, thereby
requiring the simu]taneous solution of dequations at the

-»

(n+1l) level in order to advance the calculation.

Implicit methods, applied to space derivativés of

continuity and momentum equations, ‘result 1in an infin{te

' prépagation speed of the perturbation signal, but the sign;l

"{ntensity decreases with the distance from the. maximum

@
gradient. - Furthermore, 'a proper discretization of density’

depending terms (the deﬁsity depending resistors of the

~ Lumped EIementJ Sgheme of subparagraps 8.3.2, 8.3., 8.3.%4)

allows a fine Qelf regulation of the.trivel]ing velocity of

]
. \Jd

\ >

The comparison of pr&ssur; values shows the lumped

the smooth wave fronts.

systems perturbations always 1n( advance of ‘those ‘of the

Characteristics Method, result of the infinfte vedocity

effect aliﬁ%dyAexam{ned. The pressure top and bo;tom values .

B

,
-

.= 232 -




L

‘ﬁgre’generally in good agreement. Diagram 0 9.3.3.1 shows an

unusual discrepancy -of peak values, due to the combined
. : : A\

effect of high frequency of perturbation, small pressure
. b 4

variations and “rupture" boundary proximity. - A drastic

reduction of the time interval (from 0.02 to 0.002) (dotted

%

1ine) ! reduces much of the difference and seems to indicate

-

the boundary 'prox1Mﬁty as the only . remaining , left
differentiating factor. Whether  the Method of
Characteristics or the Lumped Methods are the most realistic
in this 'case, may be a matter for discussion gnd only
&egtded by experimental analysik. o

‘The Fomharison of mass flow values sﬁows ‘the same

trend, - with better agreement , and without the discrepancies

. gbserved in diagram D 9.3.3.1.
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" 9.3.4 MODEL ANALYSIS. o ;

2

a
O

b

Diagrams D 9.3.4.1 and D 9.3.4.2 show a comparison of -
pressure and mass flow nodal values obtained solving the
Test Case for the operating conditions: '
»
p= 300,000 Pa q= 3.6 Kg/m3 V= 30 m/s

. wjth geometric characteristics:

D = 18"
S 3. .
L = 00 'm

©- T NEL= 10

_but with three different time steps:

&

“Af = 0.0125 s

- T At-s 0.0250 s
. - . At * 0.0500 s . '
& e

Presdure/ and mass_flow nodql values are sensitive, in a

significant  but
fineness, with better accuracy for smaller A t. It s

worthwhile to notice that reducing tﬁé time step by half

- 240 -

determinant degree,to the time step -
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_does not .necessarily mean dqugling,fmachinei time, as

significanpr reductions can be expected in the number of

iterations required to converge at each time level,

Diagrams D 9.3.4.3 %Qd D 9.3.4.4 show a comparison of
: i ’ ' Lt :
Lumped <« Element Mkthods pressure and mass flow values

obﬁeined solving the Test Case at the same operating

"conditions, with a constant time step of:’ ' ,
: . /Z\ . s >
e -
F
,_‘zp 0.025 s - , B
. b ‘ -
but with different element lengths: "
= 5 m
, = 10 m .
, b . X = 20 m K
‘ ‘ 'Tf Under- the ts of varfation, pressure and mass flow
values don't seem to be affected by the element size.
- ' z ' ’
By .
B . L]
/ L}
't ' ~ )
by 4 .
= -
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An 199‘4 * numerical modcl (subparagraph 7.2.1) should

have: . ”

meaningful physical variables’

adaptability sto non-j;entroo1c
conditions,

T easily readable,resu1ts,

- sufficient accuracy,

- R ' . >
- : : \1§he poss1b111ty ~of  accepting

: modifications,
: reasonable computer requ1rements.
, .

»

- dependent variib]es. Nodal density vector 1s available

-

- ond nodal velocities are easily obtained when required

-

Viscous,f1ons can be handledlintroducing‘an aoditional

non linear resistor ,to be solved by the al?cady'neceésary

,é L qensity fteration. Non-adiabatic flows 'can be . solved

{n) time level parometers, according'the concepts and‘\the

formulae of subparagraphs 6.2.2 and 8.2.1.

’,

. 246 -
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The Lumped Element Methods use oressure and mass flow

. \* .calculating ' the (n+l) time level nodal density using proper‘

Results are. obtained, as a succession of strings of o




s

" nodal values of constant time level (Appeqdix ‘5)? and the'
‘orthogondl grid dimensions c;n be modi%ied uniformly or in
selected zones in both space and time dimensiong. |

4 \

Accuracy is, in general, acceptable, when values are

compared witﬁ Methbd of Characteristics results, and mogt

discrepancies are time shiftings more than differéﬁges in

- ' peak values. Accﬁracy’ can be improvediwith finer gridsj
®epecially in time. ‘ |

' Médificatiohs o;\;he' basic’ néfwork and addition of

~ .piping équipmenf can be handled, add1ng tb 4the bastc

' ,qqas111near,;ystem groups of steady 'state equations, each

"group representing §teady state continuity and momentum:
equatjons.of,addjtional’pipe éaeﬁ;ntSa Branches éan‘also be . i

introduced and tréated as an additional group'of equations.

- Computer time - for Linear ‘lement and Finite Element
4 : . '
Methods, referred to the Test Case is much higher than that

rgquired using thef'Methbd of'Characteristics,<buf éan be

——greatly improved using solvers faster thén the Gaussian

»

{
. Elinination.




9,4 CONCLUSIONS

¢

Id

‘The Lumped F]ement' Methods, . based on the.numerica1
solution of continu1ty, momentum and energy -entropy

equations, gives reasonable values of the flow variab]es of

"the unstesdy, coptinuous flow of .real gases 1in piping

-7
systems.

The Lumped Element Methods solutions, when compared

with results. obtained with commonly accepted methods, /show

smoother wave fronts, travelling at ;ea1istic velocity, with

realistic bottom and iop values.

The smoother shape of the front wave is mainly due to

the "intrinsic approximation of the numer1ca1 methods used,

all of  order (Ax, z&t), | therefore, .ignoring errors

bropbrtional to Ax , At and to:the second order.time and

space derivafives.' These appreximations are équiva\ent'(zs)

- (27) (28) to introducing, at Jeast fof'-ihe ‘mass flow
"derivatives. an artific1a1 viscosity. In other words. the
© smooth wave fronts may represent to a.certain extent, the

behaviour of a fluid of higher viscosity' tnan the fluid’

undeglcons1deration.\ o A L .

Only additional- theoretical analys1§'end experimental

work will- allow an accurate efficiency rating of the Lumped

-8 L
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51Ement Methods which now, can be considered promising but

not fully tested means of investigation of continuous

&
unsteady flows in pip1ng systems. P : L . %'

N
E s

Whether and how these models can be adapted to. shock

-

or TR T

conditions is the subject of the next chapter. :
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CHAPTER. 10
GAS HAMMER

S IO'I;SUMTfEI’V;Vi . a

In this chapter the block “gas hammer" of Fig. F -

' 2.3.2.1 is investigated.

T

The amics of a gravity check valve, blpsfpg in a

" Vine under the effect of a sudden flow reversal, is examined

“and its §1m11arity to an instantaneous clo§qrenjust1f1ed.

The travelling shock, generated by a valve sudden

" closure is analyzed, modelled and integrated in the

continuous, unsteady flow numerical model (Program SHOCK).

Program SHOCK 1s applied to the Test Case, completed

with the instantaneous closure of the pipe 1left end. - The

influence ' of delayed instantaneous closqres on the,bas'

hammer strength is then studied and the benefits of a ‘fast’

- 250 -
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- wide range of. va1ues, depending on the valve size, on the

'compoqndjng the valve dynamics (Prbgram‘DYNA) and the flows
“instantaneous characteristics . of the pibing systeﬁ. In

. subparagraph 5 2.1 general guidelines have been given for a

mechaqicc] effect of valve, .counterweigh;, springs and

- system friction, and/or'bressdre~d1fferent1a1s§, Sudden flow

-

closing valve demonstrated.

. Negative side effects ‘of slow clappér closings ar ,
'~ discussed and Partiak Cost Functions indicated for both f::§\\\\

closing and slow closing check valves.

10.2 VALVE CLOSING

-

\

10.2.1 SUDDEN VALVE CLOSURE. . | B 2N

-

~rr

The closind time of a check valve ﬁaf vary‘thﬁcugh a

. auxiliary equipments, springs, councerwe1ghts'and}dampers.

and on the flow conditions. . ' : e .

A complete analysis :of valve closing requ1rés o

complete numerical solution.
. ) vl ' l Y’ | '
The closure of. a check valve 1s generated by a mass

flow reduction below the 1imit required to ba1ance the total

a

f'251 -




o gt A = e s e
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inversions and downstream pressure. build-ups increase the
vajvé closing velbcity. When a va1ve‘gloses in reverse flow

conditions, a pressure build-up occurs at the entrance side

"and, therefore, a reduction 1n,yélve\clos1ng time may be

expected.

Pressure build-up at high reverse flow 'wvelocities  is

“transmitted against the flow d!rection;ét reduced speed and °

the transmission velocity becomes zero when the‘reverse flow

- reache§ IBCal sonic cond%tions. At sonic cond1tions a shock

must occur to transmit a pressure s1gna] against the flow

direction,

~ Compression waves, -generated behind the shock front,
gjlg tend to overtake the shock to generate a reinforced

ﬁock front (14) while, in non shock conditions, compression

waves will tend to overtake preceéding. waves of the Sape -

[al

- family. to " generate 'steeper and slhonger waves, until,

eventually, shock occurs.
‘ o : ' -
TG

A sudden,valve closufe (zero closing time), located at

the tail ‘end. of the real.closing time, will be a

conservative but realistic approximation of the valve real

.c10sure, sufficient to- obtain information on valve closing,

effects before or without using the complete dynamic model

P
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10.2.2 TRAVELLING SHOCK.

AN
Let us 1nt}oduce\a sudden valve closure  ‘at the left end,
“rdptdre" side, of the piping system assumed as Test Case

(Fig. F 10.2.2.1).

méo)(; . PN W .. .«B Y

. Fig. F 10.22.1 Sudden Valve Closure.

>

L3

}udden‘valve'clbsure for low operating pressure or;"jn

general, at low reverse flow will generate a relatively

~ ‘moderate cbﬁpressipn' wave and non shock; conditions. -

.o - X | .
Therefore, the continuous flow models of program PIPING can

st111 be used to obtain flow and pressure information.

numbe}s’chser to unity, a suddén”closure generates a sﬁock.

§ ' o ] ’ . - . " '
For reverse- flow pighgr velocities, j<e;‘? for " Mach-

.. ‘ . N .
e “"*“\*‘ﬂﬁ% A bl

& oL -

i s s
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Va J.WM ‘ XL WiV, w
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s &8 :
[ [
. y k
' @ M ! () st
: a) Stationa?y coord. b) Moving coord.
,’

ng F 10.2.2.2 Trave]ling shock.

With reference to Fig. F 10.2.2.1 and Fig. £ 1o;z.g.2
it is: , ' : ‘ B _ |
. : Shock is possible if /(V':-Vf,,_)70<\
, shock is right travelling if™ %! <|Viul,
If shock 1s right trave]ing, it may be assumed:

: vi =V;,,.1 ) . c‘_ Y*pwi /91
2 Vg =V -
If shock is left traveling,'it may be assumed:
. PV Y o R/
tVp Vi

~

Let us consider the sudden closure, at time t™, of the

yalve at node i1 of Fig. F 10.2.2.1. At time t™it is

’
»
- . @
/

- 254 - :

»




.
T s o e s N RIS TR PN, RN e e g e

v

v w -
&
4 y."
(subparagraph 6.3.2, and Fig. F 10.2.2.3):
PO MxSUDIFF*‘ ‘m +4 . (60302010) ”.‘.-
. 7 | :
oy ~
- with: | e - :
' . 'y M -, . .
UDIFFa (Y1) * (Ve Vs )
aatiary
Mo - ,
Ci )

Vg2V,  (zero at node 1)
W= absoiute value ‘of shock velocity relative
-* to the gas into which moves (i.e. the gas

in staté 1)

’ (9)'.___.
-_J. __—.——'
/ 1
|
1
I
GO S QEQ IT TS QO PN LIS EBDES LR \"...rl....ﬁ(.')ﬁﬂﬂ - -
1
{
j ‘
I
|
H
‘o
| p—
{ R (o3
‘“ . Fig. 10.22.3 Shock at time t

[y

, . ‘
Weak shocks ((My-1)¢1l) may be treated as continuous

, .
compression waves, For strong shocks it is (14): *

<
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3 HE VS =Yy +W for right shock (10.2.2.1)

' VS = vy -W (10.2.2.2)

\ .
v ‘.

o f ‘
| or Jeft sﬂpcg

© VS =.absolute ghock velocity

/ . :
: 7.

N

" The ,node— is given

\
by (subparagraph 6.3.2):
1 Lo i -
porle2etaMk -1)
+ )

1 pressure, behind the shock front,

L4

re

(6.3.2.13)

and density:
T
‘\ ”."
~ L
G “1tuh' - | =
.. &y - , . - - ,
1 . ‘ \.7 : R ' . «. . .
‘—) ) l". .(: - q .&,'. Q‘ .Q"t" | ’ " | ’ L
SN T T ™ o
Y A ' [ . wo T R T
- N W /\q . '
IR Therafore, at ‘time tY, the sudden closure of the ch&hk
%
xﬂlve at node 1 has qencrated at the sanu node 1, a shock
(. ) o
frout, with known prcssurc. dlnsity and flow vclocity behind
-’ « . . - ' ' L I o ‘ .'--‘.
. N J 3 \ . . . ‘. ., ._" :
' . /“ , M ,.‘ = : ‘1/: . "!’ ‘o . ’ B .
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it, moving at velocity VS toward node (i+1).

Assuming the traze]ing shock yelocity coﬁstant on
glemgnt (%) the shock front will reach.node (i+1) at time:
| t™ St AL - -
- with:

b _ Af*Ax/YS %, \

‘At tinme t™ _ the flow parameters, pressure, density and

| velocity? -of node '(1+11,‘,before the arrival of the shock

front, are not yet affected by the shock conditions and . may

- be--known as ‘results. of the application of the continuous

f?oy'modgl'tq the subdomain A (F%g. F 10.2.2.3).

t
K4
v

At the same time increment, the flow parameters of node

(f;l),'non updated but after the arrival of the shock front,
. P . 3

may be assumed known, translating to node (i+l) the after.

shock pressure, density and flow velocity of node 1. .

\
14

It +s\Jnow possible ‘to dgtérminé tﬁe‘_aftbrz’shock

pafgmeters of node (i+l) at .time t'“;aknowing: -

s
f .. .
] “

KLY

L

~ U
UDIFF= (P+l)*(W-wt) * . - -

Fom A o S o e wd s Y o




.“)

Ve = Vi

Vi= Vi

and using the already femembeféd (6.3:2.10, 12, 13).

"Thé‘shpbk.front, caused by the valve closing,: has moved

- - from node 1 to node (i+1) at a velocity an its strengfhﬂ
Repeating this procedure, the shock front will travel along

_ the pipe with a sbqed proportional to its nodal strengthé.

o

. ' l ) ' . ‘ I .
The shock front',dfyides the space domqin in  two

subdomains, where, a§$uming that additional shock conditions

will °~ not occur, thé‘funsteady ‘flow parameters may be

separately dgtérmined qécbr {0 the continuoué‘ fldw :

_ theory and models applied to each of them.
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10.3.1 NUMERICAL MODEL. :
: £
(? .
@ subroutine FRONT, added to proéram PIPING (Appendix 6: §
' ~ PROGRAM SHOCK), introduces the shock front calculations "and. g

the subdomain boundary conditions as comp]emeﬁqé to the

regular coptinuous flow models.

*. Subroutine FRONT 1svautomat1ca1ly activated” when M , -

calculated between contiguous nodes, reaches a value greater ' :2 *
‘than é given constaqf, close to gﬁ1ty, thus excluding weak i‘
shocks, which are treated as continuous compression waves .
| (14). C '
Diagram i0.3.1.l‘shows pressure valu@s,‘ obtained with
an 'applicatién‘-of‘ nr&gram SBOCK to the te;tvcase for the - ‘ N
‘usua1~op§rating conditions: - ~ i | ; f
\ J ( A} "
o | p= 300,000 ~  Pa. ot
. Q= 3.6 "~ Kg/m3. S |
L e s
‘ \ \ R . :
"and for: 5 - *’CE?‘ # l
: . b 18% ¢
B . .o .
jL= 100 m T o

« ’ - C, .
VR ' . N . *

»
.t Bt o bbb o e 2k o o e e —

et G v am A tmy
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when a valve suddenly closes after 0.4 second of a "?upture“

;occurred at the pipe left end with pressure dropping from |

operating to atmospheric values in 0.05 seconds.

ki

The sudden valve closure activates "a swift pressure

rise, the shock, which‘ is followed by, a further, gradual

pressure increase. The. gradual pressure increase 1is the

v

result of flow entering the system from the reservoir which

is at higher piessure since the rupture expansion wave has

reached the pipe right end..
Whea

-

4 ' Lo \ ' . .
Mhen the shock front reaches the pipe right end the -

pipe right.end assumes a pressure value htghef than the
reserybir and; 'therefore, thé flow changes direction, The
flow Anversion spreads all aldﬁg the pipe and a pressure

L4

decréase occurs until a new flow inversion starts.

A5 a result, at each pipe section,the pressure
oscillates with a decreasing amplitude, as \the‘ pipe net
energy balance 1is negative, gﬁd with a consééQt\:requen;y,

Suntil, eventu§lly,‘ the steady state 1s -<reached. : The

pressure viriatton at the valve point, the left p{pe end, is
what is shown in Diagram D.-10.3.1.1. i )

(4 A SR AR :
\ s v

\\ This shock model, althouéh giving realistic “and

-
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acceptable results, can only be considgred a first, simple j
attempt at npprééenting a moving shock front along a pipe :
. systefi, The model 1is hot-yét experimentally tested and- is L
- 1imited to being able to handle only oﬁe shock front. ' £
This limitation and others can be eliminated with
. further theoretical work, which should be subordinated to an :
exberimental confirmation of the accuracy of the simpl@ one 3
front model.. : : ' , IR
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10.3.2 EFFECTS OF CLOSING TIME.

typical operatiﬁb pressures:

Diagrams, D 10.3.2.1, 0 10.3.2.2, and D 10.3.2.3 show -
the pressure variation at the pipe rjght end of the test
case for a sudden valve closure with the'uSUa1 geametric

conditions and pressure drop assumptions, but for three

[

p = 149,000  Pa.

" p = 300,000 Pa.
p = 3,000,000 Pa.

and_for differen; sudden closure times.

indicate that at all pressures .the gas ‘hammer effect

-increase with the time delay of the 1nstaﬁtaneous c105ure;

Although' an accurate ’quantitafive answer requires a

combinatfon of the valve dynamic model with the shock model

a—

by inspection At may be asserted that a flow activated check”;
va]ve increase its c1osing veloc1ty%uhen a flow 1nversibn: o
occurs 1n a short time. Therefore, sudden closures from 0.2 \
to 0.4 s:ggnds after rupture nay conservattvely represcnt A.
real line ;IFsurcs of wafer check vuﬁves to’ 3@',p?pu

: [
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“All  readings, and dfagram D 10.3.2.4. synthesis, '
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A flow activated check valve, of fast response, and of 4
1ight -construction, 1is an excellent protection against
back-flow and naturally approaches the ideal conditions for
_limfting gas hammer effects.
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10.3.3 MODEL ANALYSIS.®
- AN

® ‘ e

As already mentioned, the‘prbgra@ SHOCK can.handle.only .

one shack front and, therefore, only a sudden valve . closure
» . —

~

can be considered. © 3 . o
) « i, § v

Y

The amplitude of the cont}nuous waves . (Diagram D

110.3.1.1}, which are subsequent to the travéTling shock,  is

undoubtedly " decreased . by “the artificial viscosity,
1ntroduced with the nuggrical " solver -« of \tﬁe‘ figd
Jiffefential lgguations. How ﬁudh of f%; damping, shown in
the pipe presgure oscillaiions: is Que' &o ar‘aficiaT

viscosity, and how. much to the right boundary energy

.outflow, can -be dgtermined with further analytigal and

experiméntal work.
(

-~

.« *
A . <
. ~
. . °

-

demanding applications (subparagraph 9.2.3). which require

additional investigation, and can ' generate model

fnstabiljties for finér shace ﬂ1scretf5gtions. S

¢
' .

The reservoir boundary ‘cond1i10n is 1{nadequate for.
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10.4 CONCLUSIONS

——

The shock model and the , omputer program SHOCK, 1in

~§sp1te of their 11m1tat10ns, al]ow valuabIe qua11tat1ve and,
sometimes. quantitative consjderations about gas hammer and

3 - how it is influenced by the type of valve closing.

: - _Gas hammer . 1s undoubtedly less “devastating férgiping
than water hammer, 1ts equiva]ent in 11qu1d W piping
‘ . systems, and may become negligible for low pressure density

flq;s, Its strength always increases with the increase of

o

.~ the timé delay of an instantaneous pipe interception.

? , . . )

« 'y . When’'the intercepting device is a gravity check valve,

i

\ R . there is a "natural® adjustment to conditions minimizing the.

pressure surge.

- "_‘ . ) [
While a de1aj/;;alhe first part of the closing cyc?e.
\
equivalent to a delj&ed sudden closure, ‘must be avoided, the

F-
addition of springs and the contafnment of the valve nominal{

‘, : - " size are beneficial On the contrary, high inertia

- counterweights have a slightly‘ﬁ%gative effect.

4 ’

BT s et st

! B * - Summarizing, the Partial Cost Funct1on of block "Gas -
; - . hammer* of figure F 2.3.2.1 for. a fast closing Xya+ve\\
/' .shown'in Table T 10.4.0.1. . | ' ‘
/ - . * 3 < N
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TABLE T 10.4.0.1

Valves.

Partial 6ost Function for
. Fast Closing

**************************************k***********************

*
*
*
L%
*
*
%

*

* . * VS * VR ¥ VA ¥ V0 * VL *
*****************************t*r******************************
* $I. : Investment costs ‘ AP SEES * *
* $R -: Recovery costs * X *x, LR *
‘% $0 : Operating costs R * * * *
* §M : Maintenance costs * * ¥ * *
* _ ) i , * Tk * * *
* $I1 : Indirect investment costs * X * X * M x °  * .
* §I Indirect maintenange costs * * LA S
Yol &k ************************************3******************
'
H
It {is known; and confirmed by program SHOCK. in non

reported numerical experiments, that. a partial closure,

similar to a

noticeably reduce{;the gas hamﬁer or, for liduids, the water

hammer. -

While the partia)] closure effect can be used to deve1op

‘ 1nterest1ng 11ne mufflers, the s]ow1ng of the Tast part
the d1sc closing cycle, also benef1c}al for slamming
cpntrol, “ffas  serious limitatfons in its practical
application. ’ : ‘ : .
" First of all, the disc slowing effect must be limited,

to avoid excessive amount of fluid flowing back upstream of
check valve, then), also assuming that the amount of non

the

the.
1ntercepted f1u1d does not damage upstream ,equipment.

Y o ' . ’
' - 271 -
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; backf[oy.’can_ generate a'pressure drop; and a flow tdrque.

which, at small gjsc angles, results 1in excessive torsion

stresses on -the clapper pivot shaft. ) N o

- Table T 10.4.0.2 shows the “Gas ‘hammer' Pirtiul Cost K
. Function’ for a slowed valve closipg.~ ' -t : ‘L-

- A . ~ B «

~

f

TABLE-T 10.4.0.2° Partial Cost Function fo% -

Slowed Valve Closing.
4 *************************************************************#V

L * J % JS ® YR * YA * VO * VL *
.**************************************************************
* $1 : Investment costs * X x X * * * X *x
* $R : Recovery costs . * Xk  * * * *
* $0 : Operating costs : * * * * * *
* §M : Maintenance costs - * * * * * X ¥
%* “ N . * * K * *
* $II : Indirect investment costs Jf X * X'* _I * * X
* $IM : Indirect maintenance costs/ * * * * * *

**************************************************************. i

» L4 !
! v
4 i

o /
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'11.1.1 TOTAL COST FUNCTION.

‘ %
© CHAPTER 11 -
CONCLUSIONS
oA
SUGBESTED FURTHER WORK
! .

v

L

“"11.1 .CONCLUSIONS
R

A9

N

-

n;u‘

I$b1e T 11.1.1.1 shows the inflyence of the wafer valve

: , .o®
independent variables: . \
VS : valve size, - .‘
< VR : auxiliary devices, '
/

VA': cfapper max. opening angle,

v YA val§¢ orifice,

. VL : material stress,

-

o

[4

on the cost factors of the Total Cost Function.

B c“
- 273 -
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shown in Table T 11.1.1.2, with:

-TAsLé T 11.1.1.1 Global Cost Function for

Fast closing Valves.
**************************************************************

* .k YS kYR % VA * VO *. YL *
**************************************************************
* $1 : Investment costs * X * X * * * *
* $R : Recovery costs * X * * * * *
* $0 -: Operating costs Y SE TR SRS SE *
* §M : Maintenance costs * X Ok X * * * *
* R * * *. *  *
* $11 : Indirect investment costs * X * X * M * *
* $IM : Indirect maintenance costs * = * o * * *
* *

khkhhhkhhhkkdkhhhhhhhkhhkdhdhhhhhhhhhhhhrhhhhhkdhhhhdhhhhhhhhhiih

The Total Cost Function is obtained combining the Partial

Cost Functions of. the blocks of Fig. F 2.3.2.1, examined in

the prevjdu§ chapters:
-

Pressure losses, ' a

Energy degradation,
: ~Valve opening,
: Osc111ations,

o= : Gas hammer, -

The influence of these blocks on\the cost faéto;s is

[

AV = “Pressure losses" and "energy degradation”,
00 = “Valve opening® and "Oscillatjons*®,

. GH = “gas hammer".

- 274 -
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TABLE T 11.1.1.2 . Influence on Dependent Vbriables

of Design Blocks.
****************************************************

* s * AV * 00 * GH * .
******************‘*********************************'
* $§1 : Investment costs - : X kT kM K
* §R : Recovery costs * X Oy kXK
* $0 :.Operating costs * X * * *

_ -*$M : Maintenance costs * X *x *
* : ) * * * * .
* $II : Indirect investment costs * * * R o*
* $IM : Indirect maintenance costs * * * *
****************************************************

b

In gas 11nes,'energy degradation, while significant for

“high pressure-density fluids, 1is. a  factor of much le;s

1mportance;fcompared to water hammer in Tiquid lines.

3

Tnere fs a~qualitative uniformity between liquid ‘and

* gases on the inf1uence of energy degradation and other

2

design parameters, while their weight fs related to fluid
density, directly for the energy degradation, 1nverse1y for

some other parameters. A liquid may be considered, with the

exception of "the shock theory, a gas with high density ang

Tow compressibility and a quu19 line treated with the  same
numerical algorithms, wused for .gas; with very .little

mod1f1cations; simply ignoring the shock. algorithm.

A3

‘In this case, negative vaiues of ~ pressure- indicate -

areas of fiiow ﬁiscontinuity, wﬁere'cavitation can occur.

- 275 -
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_ As a consequence, a Tow 1nérti§, fast closiné check
falve’ is suitable for protecting a Yine and in containing
. pressure rises for éqth gases and 11q¢5ds, while the energy
efficiency requ1rgment becomes jf;e important . with; IV

increase of fluid density,

-

{

L
«

A“fa;t c1bsing valve 1is benef<c1a1 from most points of
‘ view, but, when fast cloSur;/ is obtained with high disc
veiocity, this character1st1c;qay be in conflict with thg
necessity of ﬁrevent{ng "s1 6m1ng“ of the disc on the-seat

[
surface.

A]so! without perfq'ming any investigation into
stamming, it can be s74d, without doubt, that slowing the .
disc in the last’part of its closing. cycle, is a way of
protecting the valve sgat, as long as this practice dges not
.allow too much flow 9 rough the valve and the pivot shaft

torsion stresses are kept at an hcceptable-level.

As an ord74/'of magnitude, a pressure drop of one psi

o _thrpugh a 36" Zgﬁve generates more than 1500 ft.lb. of
torque, acti on th disc pivot shaft. .In a semicloied

positjon, ong psi pressure drop‘may be reached witr a very

R limited rﬁy rse mass flow. ' L
L

afe slamming reduction, . although :only partially

- 276 - . :
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effective, s possfble wusing pneumatic shock adsorbers,

/ f
instead of hydraulic dampers, which may easily .become a

I3
- <

danger to the valve integrity.

N\
- .

- The really sound way of controlling the disc stamming

is to use a valve with low 1nert1; anq'minimum.closing arc.

-

L)
’

11.1.2 gVALUATION OF THE WAFER CHECK VALVE..

L
S

Using the conclusions of the previous chapters, the:’
wafer check valve can be comparéed and rated against other

popular types of check valves.

from the energy degradation goint of . view, 1t had | }
already been seen (subparagrabh 3.2.2) fhaf the !afer check o
is inferior only to the full bore API 6D graQity swing check
valve and, may be, to the Tafge} sizes of the low angle-- e

ti1ting disc check (10).

\

s

The dynamic analysis of the wafer check, used for gas
" lines, shows that thé only real drawback is the difficulty
to reach the fully open position with Tlow &ensity flows;
This 1nab1lity, shared with all gravity swing check vaives,
, cin be overcome either by reducing the disc maxtmuﬁ opening °*
(Chap. 5), ér by reducing the valve nominal size, with
}1tt1e a to the energy dissipation costs.

- 277"
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JOn' the other hand, the wafer check is not heavily dependant
on closing springs, as is. the case with the double door
check, . and, without internal springs, ¢an oscillate at Tow

fibws with no danger of internal ruptures.
')

" The closing time of the wafer check, and, therefore,

its ogas hammer efficiency, 1s good anh, when helped with

lexternal springs, this‘valve response 1s second oniy~to the
_tilting disc chetk. Very f;st closing times are required
hainly wheﬁzseveral'compressing_ units are connected Qith

very short branches to a manifold or 1n some special

applications.

The,relafively high 1nertia'g$ the wafer and all other
swing check valves, while beneficial to their stability at
very low flows, penalizes these valves, when slamming fis
takqn into consideration.

{
The traditional swing check valve has only aone
advantage over the wafer check,-but that s an 1important
. one, It is possible to chanae‘clapper, without taking the
valve out of the line. Since the wafer chgck must be taken
out of the line, this precludes its utilization for-high

\ .

temperature steam services.
One 1mportént advantage'of-the wafer check, partially

- 278 -
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- shared with the double door check, 1s the compaétness of its
longitudinal and transversal dimensions, ' which makes cost

and. weight of this (@1ve very attractive.

Id

" 3

Summarizing, the wafer check is an excellent investment

and performance compromise for all gas services, excluding

high temperature (steam) lines and services whereaverydsmall

closing times are required.

’
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« s 1l.2 SUGGESTIONS -
. \ FOR ' ) \ [
' FURTHER WORK Lo
11.2.1 IMPROVEMENT IN VALVE DESIGN. U

/

An ideal check yalve'for gas is a gr§v1ty type which.

combines the economical and dimensional advdntages of fhe
wafer check with the 1low closing time and 1inertia
characteristics of the tilting disc check, and with the

additional possibility of using its core, seat and _disc

£

"system, 1in a conventional body to allow disc replacement in

»

11ne. *

The combination of all these design characteristics

will result in a low investment, fast closfng and non .

slamming swing check valve, adaptable to any pressure and
- i l
temperature gaseous sérvice. The . same valve would be

excellent also for all cléan,u non  corrosive, 1iquid

. services, providing that good energy efficiency would. also

be obtained. -

/
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. promising area of investigation. - ' @;

N . . ., ’ . [
11.2.2 IMPROVEMENT IN SIMULATION MODELS. -
P ] . . ‘
\ o -
An experimental analysis of the Orifice Sequence Model

(Chap. 4) is the mandatory requirement, before starting any
further médelling work %h programs ‘<COMPR_ (Availability
destruction) and DYNA (Valve ‘dynamic). ‘ .

-

Experimental }uhjng; with gaseous fluids, is also necessary

a/ — : N
for programs 'PIPING and SHOCK, before starting further

theoretical and modelling work on unsteady floﬁ in.piping.

¢ 4,
~
<

A major area of 1ﬁproveméﬂt fs open for the unsteady
flow numerical mod$1s and programs PIPING and SHOCK.
ki ‘The shock wave aigorithm (Progf&m SHOCK) needs toibe
modified, to h;hdle more than one shock wave at a time, to |
§1mu1ate finite Velécitiés of clapper closyre. In physical
terms, it means t0 reproduce ‘shock waves, travelling at

different speeds «aﬁd overtaking -each 6ther: A subdivision

_of the pipe 1length domain 1in.a number of continuous

sdbdomains, each limited by two shock fronts, with all’

fronts travelling at a specific velocity, séems"to be a

-
4
A

fﬁEﬂcontfnupus‘waves model (Program PIPING) needs to be

modified -to aufomatica11y handle complex networks, in

- 281 -




. | 11‘:,
" piping networks, di]owiné the optimization oﬁ,thefentire

"the introduction of va_faster matrix sol

' 1nvestigat10n, in 2-D or in partial 3-D seems to be the most

promising approach,.

~ valving system and the development of hnidifectﬂdnal -

¢ ehergy dissipation.

[

particuiar m61t1branéhes. The conéeptual'approq;h is clear,
it requires ,thé introduction, of additional submatrices )
‘(pgragfaph 8.4). However, tgq actpal develgpment shows some %
nuperica]‘difficulf{gs: of much less d1¥#1cu1ty ’shoul? _be |

ver -(subparagraph
I

~ ~
9.3.5). i < ~ . 1ﬁ7,\. ,
iJ ’ : ' : ) \
& e . * < . ) < 'y '
S ) e ) , :
- _ Where the Orifice Sequence Model ‘proved to be not , \:
satisfdctory for all valve §i;es,\it_h0uld be necessary to A

find a new algorithm to"determ1ne the flow }orque.

transmitted to the valve clapper. A finite element:

-

Pal

-

1

. , L ¢ oS e
" Since all concepts and most algorithms can be easily

Jdapted to handle incompressible fldws, the dynamic  and o
unsteady flow model$<should be combined in a general model,
valid for complex piping systems in unsteédy condition, for . .

both gases and liquids. )

a

With such a magpl available, the interaction between

valves and piping cqgﬁd be simulated for complex 1nddstr1a]*$

mufflers to further reduce’ the pressure surge with less

< .

S - 282 - o (f;/a :




-

_ .
e, Y

RS Pool, E.B. Porw#/KJAqJ rand tarlton; J. L., “Prediction

///ra ' valves for Nuclear Loops", Paﬁer GZ}HA-ZZO, American

. 4
- b L] r \
-~ M .
4 ‘ ’
x ‘ . . p
\. . - \ . B Jf‘. r/ L g -_ ) a
. ~ \; "/ (3 , N ,'4’ ~
» ' + TN — ) . i’
S . . REFERENCES ' o - :
- ) » ‘. , i .
N S ' -~

of Surge &ressure from Eheck Valves for: Nuclear L00ps"

& ‘Pape? 62-WA- 219; American Society of Mechanicaw :
. “1Engineers, October 1962; ’
£ : Y .
2. Pool, E.B., "Minimization of Surge Pressure from Check s v

“".  Society of Meehanical Engineers.
N . B . '\

J N &
/3. Krane, R.S. and Cho, SsM., “Hydrau]ic Performance of . N
' ‘Tilting Disc Check Valves" ASME Journal of Hydraulic

—

D1vsion, Vol., 102, No. 1, pp. 57 -62, January‘1976. .
! P ‘ : ’ a . » '

~4;"Ur~h E.M. -“A'Methoqy "éstimating Steam hummer
Effects on Swing- Check Valves During Closure s ASME T

. Jdurna) of quineering for .Power, pp. 437 440, July
~ BN » )

!

R 1977. o SR ) - o

V. o
5. Neawer;’D.S” Adubi; F.A. and Kouwen, N.,?Flow'lnddced

Vibrations of a Hydraulic Valve and their Elimination™,
ASME Journal of Fluid Eggineeriﬁg,’Vol. 100, pp. 239-
- 245, June 1978. '

~

b
6. Svobofsr\q katz,. S.;)Fftch,zw., “Minimizing the i
, fPresgyndeos in wafer Swiné-Dis Check Vafve;", Paper -%E
" 79 WA/NE-5. A SME Winter ‘Annual Meeting, New York, i
e Decembe5&1979 ) |
oA b |




N

CLENLe -

13.

McGraw-H111"Ing,, 1975. .

Lee, R.S., lDynamic Performance of Hydrau11ca11y Damp

.Sning-D1sc Check Valve",’ a“Master of Engineering

Research Thesis in the Faculty of)Engineeringt‘
Congord1a‘Universi{¥, Montneal,IQnebec,jfanada, March
1981. | S

r
Hong, H. and Svoboda, Jd., "Mgdel of Swing- Disc Check
Valve Suitab]d‘for anped Parameter Piping Network
SimuTation“ Renort, Concondia University, Montrea1,

Quebec, Canada; Navember 1981.

Moran, M. J., “Avaﬁlabi]ity Ana]ysiS° ‘A Guide to
Effi;ientcEnergy Use” Prentice Hall. Inc.; Englewood
Cliffs, New Jersey 07632, 1982, '~

. Crane Co., “Flow of Fluids‘throngh Valves, Fittings and

Pipe"y Technical nger 410 C,.Chicago, Il1linois|, 1957.
. ' ol . :

Keenan, J.H.,.and Neuman, E. PL, "Measurements of
Friction in a. Pipe for Subsonic F1ow of Air“ ASME
Journal qf Applied Mgchanics, Vol. 13 No. 2 (1946)

-7
Streeter, V.L., and Wylie, B.E., “E]uidgMechanics",

e

D
Hong; H:, "The Qesign;of Wafer Swing-Disc Chéek VaTves

. fo ptfmal Performance", a Master of Engineering

Resf%rch The%is in the Facu1ty of Engineering,

,Concordia University, yontreal Quebec, Canada,'

September "1983. o . o
. 284 -




14,

]5'

16.

7.
. Natural Gas Hiping Systems®, Ph.0. Thesis (Civil

19,
20.

21,

A]buquerque, N. H., Hermosa Pub]isher,,1972

. ) o . §
Shapiro, A.H., "The Dynamics and Thermodynamics of

Compressible ﬁiuiq Flow", the Rond]d‘Pness'COMpany, New .

iork 1954,

. . - ~ Rt

Yuan, S.W., "Foundations of Fluid Mechanics", Cgvilu
Engineering and Me'chanical Series, Prentice-Ha]I*Inc”
lenoni-Cliffe, New Jersey, 1967. '

—

Bourrden, RiL., Faires, J.D., ind Reynolds, A.C.,

YNumerical

. &
'

Massachusetts 1981. . ;

}

Streeten, Vil Wyiie, B. E..~“F1uid Transients"
McGraw-Hi1l Iﬁternational/aonk Company'¥978.

- Stoner, M. A “Anaiysis'and Controi’of Unsteady Flow in

, Engineering). the Unjversity of Michigan Ann Arbor,
1968. ‘ . i o

e

Rudinger, 6., “Nonsteady Duct Flow; Wave-Diagram:

ﬁnaiysis“, New York, Dover Publications;, 1969.

®

Company, New York, 1966. _ '“,'. e .

]

ﬁRoache;'P’J.,,"Cdmputational Fluid Dynamics

L4

e - 285 -i.

el A -

nalysis", Prindle, Weber & Shmidt, Boston,

v i i i g Tt e 2 s et o S Mo bt o e e e g wa
]
. N
<

‘ Y .
Kirshner, J.M., "Fluid Amplifiers"”, McGraw-Hi11 -

72




W

[N

[N

S

22.

23.

24,

25.

A

26.

27.

1

T

'quodhyani, S. and Patankar, S.V., “Solution of the

Poisson Equation: Comparison o¥“Ehé~GaiErkin Eethod and
Coo£r01‘Volumé Method"./’Short"Communication,
Interpational Journal for NumericaTjMexhods in
Engineering, Vol. 15, 1395-1418 (1980).

anckiewici, 0.c., ”#he.Fihite Element'Methoo“, McGraw-
Hi11 Book Company (UK) Limited, Maidenhead Berkshire
England, 1982. ‘ : i

-
v * . H

:Brebbia, C.A., Conndrs, J.J., "Finite Element Technique

for Flufd Flow*, Editor Butterworth 197jj7? -

Irons, B.M. a ngazzaque,A.,“Shaqe.Funct1on Formuﬁa-

tian for Elements pther than Displacement Modeis",

L] . N
. Symposium on Variationql Methods, University. of
:$outhamptoo 1972, o ’

1

Bristeau, ﬁ.o., “Appiication of a Finite Element Method

to Transonjc Flow Problems Usfng;an Ootima] Contro]

Approach®, from Kollmann, W., "Computational Fluid

Dynamics"”, Hemisphere Publishing Corporation, 1980.

[

Hafez, M., South,}J.Jand Murman, E. "Artificial
Comp}essibiiity Methods for Numerica)l Solution o;
Transonic Full Potential Equation™, AIAA Journal, Vol.
17, No. 8 pp. 838-844 August 1975, o }(\$‘

P

3 ( A
SRS

kS
>



I3
v o £ At S S e oo

/.

[

wem

T

28..

.

Jameson, A. and Caughey, D.A., "Finite Volume Method
%or Transonic Full Potential

Praceedings, AIAA Third Computational Fluid Dynamics

Calculations",

»

S L 2 F st AR RSN gl e

Conference, New Mexico, June 1977, pp» 33-59. &

L

Ry
. 0

- 287-



3
x
o
R

’

o
v

IR T M S i e e R

’

¢

o e BT e bt T DL REL e

N

APPENDIX 1

CFIELD CASES!

?‘\\,g ‘r”h.

(1) . .
‘ Couﬁteg;y of RITEPRO Inc.

e e et e =~



' APPENDIX 1
. Programs "COMPR", "PIPING" and "SHOCK" have been

adapted and used to select check valves for_seQeraT

_ industrial applications. The most significant are:

1) Three air J:;;;rs in parallel serve an air Tine in a

.natural gas processing plant. Three hydraulically

cushioned and balanced 12" x 16" CHECK RITE valves

have been designed.

2) A-water pumping station supplies cooling water to 2
steel plant. This 36" CHECK RITE valve, w1t@/
hydropneumatic cushion and control]ed c]osing time, Eﬂ
been designed.. B . s /

//
| , . 3 //

3)

An air line supplies solid catalyst to a petro cﬁem1ca1

J 8
piant A*36" CHECK RITE valve that: 1w’ab1e to

1ntercept the solid parts in all emergency conditions
has .been desigded.

S
/
i

4) A low pressure line-supplies an explosive mix of gases
and a solid ca;alyst to a processing unit in a coal

- ’ gaéificatibn plant., The behaviour and the service life

of a CHECK RITE valve has-been predicted.. Actual

results confirmed the numerical C:Tzaﬁatiqns.
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o APPENDIX 2
¢ PROGRAM COMPR(INPUT OUTPUT) '

"THIS PROGRAM CALCULATES:
-COEFFICIENT OF RESISTANCE ‘ )
o : PRESSURE DROP : . .
: AVAILABILITY DESTRUCTION
OF A HAFER CHECK VALVE.
THE PROGRAM IS SET TO HANDLE:
: VALVE ALONE
: VALVE WITH REDUCER (CASE 5)
VARIABLE CASE IS EXTERNAL.

oooonncwno-

DIMENSION AKO(5), BKAA( ),XVAR( ) AY(4),
"1 ADELP(4), ADENSE(4) AVADES(4),ACOS 5(4)
© 11 ,AKMAT(6, 6)
GAMMA=1.4

900 FORMAT('l',21X,'PIPE EQIVALENT LENGTH AVILABILITY'/
: 22X, 'PARTIAL COST FUNCTIONS'//// ’
4X,'VALVE SIZE',20X,': ',F10.7,8X,'M'/ e C ’

4X,'PRESSURE ',ZOX,': ',F10.4,6X,'KPA'/ o :

4X, 'DENSITY ',20X,': ',F10.8,4X,'KG/M3'/

4X,"VELOCITY ',20X,': ',F10.4,6X,'M/S'/ .

4X,'ENVIRON. TEMP.",16X,': ',F10.4,8X,'C*'/

4X,'COST OF KNH‘,19X,': ',F10.6,4X,'$/MWH"'/

4X,'CASE',26X,':',2X,F10.8/////

32X *CLAPPER OPENING ANGLE ( DEGREE )'//

39X,'30',5X,'45',5X,*60',5X,F3.0,4X//) -

FORMAT(4X 'FRICTION FACTOR' 29X, F7. 5//

4X,"'PIPE EQIV LENGTH' ,8X, DIA® 4X 4F7.2//

4X, KO QUADRATIC FACTORS') - 'f .

910 FORMAT§14X 'KOF',I1,25X,F14.7) '

915 FORMAT(4X, 'NET EXPANSION FACTOR',12X,4F7.3/ -

4X, 'PRESSURE DROP',12X,'KPA',4X, 4F7.3/

4X,'EXIT DENSITY ',12X,'KG/M3',2X,4F7.3//

4X, 'AVAILABILITY DESTRUCTION *','MWH/Y',2%,4F7.3/

\ 4X,'AVAILABILITY DESTRUCTION ','$/Y',4X,4F7.0//
4X,'AVAILABILITY QUADRATIC FACTORS') C

916 FORMAT(14X,'MAF',I1,25X,F14.7) '

917 FORMAT(/) ) - '

918 FORMAT(14X,'$AF',I1,25X,F14.7) !

905

k3
b bt b e et et et e el e e

= e et

3
©

C READ OPERATING CONDITIONS

PRINT*,' ENTER VALVE SIZE (M):’ \
READ*,VD - :
PRINT*,VD’ : L
PRINT*,'  ENTER OPER. PRESS. (KPA):'

- READ* P ’

 PRINT*,P , ' ‘ .
PRINT*,'  ENTER 'OPER. DENSITY (KG/M3):' .\
READ*, DENS ~ ' |
<2 -
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PRINT*,DENS . .
PRINT*, ENTER VELOCITY (M/S)

READ* ,VEL - | C ,
PRINT*,VEL . ' /
- . . : D, ‘:/«'

C ENTER GAS CONSTANT ’ |
4 {

PRINT™*, 'ENTER GAS STANT'
| READ* R . o
: PRINT* R . .
% , : . o
» \’A i

C READ VALVE DIMENSIONS
| PRINT*,® ENTER/D1,D2, DCL X,DIS, ALA (ALL M) ,
READ*, Dl 02,D0CLk, X, DIS ALA '
PRINT* Dl 02 CL X DIS ALA !

PRINT* v

, '.I\ / v
INT*, 'ENTER COEFFICTENT OF RESISTANCE OF EXPANSION"
READ* , AKRE | , ~ '

PRINT* »AKRE -
PRINT*,'ENTER PIPE DIAMETER'

EAD*, DP
PRINT*,DP wd

,C ;LAF/KVAILABILITY REFERENCE PARAMETERS

J PRINT*,® ENTER ENVIRONMENT -TEMP (C):°

READ*,TRIF

PRINT* TRIF ' . '
PRINT*,' ~ ENTER COST OF KWH ($/1000KWH):'

READ*,CA’ L
 PRINT#,CA , .

¢ REDUCER
"PRINT*,'FOR REBUCER ENTER 5' -

READ*, CASE
PRINT* CASE

. PRINT HEADERS ‘
: PRINT QOO,VD,P,DENS,VEL;TRIF.CA,CASE,fETAF _

.. C CALCULATION OF PIPE EQUIVQLENT LENGTH.

ey

g o3
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TETA =30
DO 99 I=1,4
DO 99 J=1,4
AKMAT (I, J)=0
99  CONTINUE

TAAaX*((D1/2)**2-X**2)** 5
AVAL1=2*X/D1
AVAL2=2*X/DCL

L

AA=AA+((D1/2)**2*ASIN(AVALL)) -
__AA=AA- COSD(TETA)*(X*((DCL/Z)**Z X¥Z)hx, 5 ,

A 4+ (DCL/2)**2¥ASIN(AVALZ) ).

~AA=AA-(1-COSD(TETA))*2*ALA*X

HAK=pA+2*DIS*X*SIND(TETA)
AA 4%AA/(3.14%D1**2)

-{DCL/D1)**2*COSD(TETA)-AA

IF 1.LE.0.054)FFA=0.019

7

1 CVl= (02/01)**2/( 05+((DZ/DI)**2 1)**2)**0 5

IF(DY.GT.0.054.AND.D1.LE.0. 105}FFA=0 ours

IF(D}.6T.0.105.AND.D1.LE.0.160

FFA=0.015

IF(D:.GT.0.160.AND.D1.LE.0.210)FFA=0.014

IR(D1.6T.0.600)FFA=0.011
DO=0.7*ALA*TAND(TETA)
DF=(FF*D1¥*2) ~

- DFaSQRT(DF)

. D3aSQRT(D1**2-DF**2)
S1=3,14*D2*D0
IF(SL.LT.0.001)S1=0.001
DS1=SQRT(4*$S1/3.14)
IF(DS1.GT,D1)DS1=D1

S2=3. 14*§(Bl ~D3)**2+D0**2)**(, 5*(DI+D3)/2 )

DS2sSQRT (4*S52/3.14)
IF(DS2.6%.D1) 052-91
. AK1s0.04/(D2/D1)**4
BETA!{DZ/DSlg*&?
AK2=({1-BETA
BETA=1/BETA

IF(D1.67.0.260.AND.D1.LE.0.310
IF(D1.6GT.0.310.AND.D1,LE.0.600

FFA=0.013
FFA=0 012

»

IF(D1.67.0.210.AND.D1.LE.O. 260$FFA=0 .0135

**2/BETA**2)/(DSl/Dl)**4

IF(BETA LT. 1)AK2-((1 BETA)/BETA**2)

1 7(D2/D1)**4
BETA=(DF/DS2)**2
GAMMAA=90-TETA
'GAMMAA=S IND( GAMMAA )

p l‘

AK4=(1-FF)**2/FF**2
C PROVISION FOR REDUGER

\ * IF(CASE.EQ.5)THER s
‘ . AKR=AKRC+AKRE -,
ALPHA=D1/DP
ALPHA=ALPHA**4

»

AK3=((1- BETA)QSQRT(GAMMAA)/BETA**Z)/(DSZ/DI)**4

APPENDMX 2°
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ELSE . °

. ALPHA=1 - «

AKR=0 o
END IF : e

~C TOTAL COEFFICIENT OF RESISTANCE

AK=AK1+AK2+AK 3+AK4+AKR*ALPHA
KsK+1l )
AKMAT (K,1)=AKRC/FFA
AKMAT (K, 2 Y=AK1/(FFAXALPHA)
. AKMAT (K, ) =AK2/(FFA*ALPHA)
AKMAT (K ,@)=AK3/(FFA*ALPHA)
AKMAT (K, 5N=AK4/(FFA*ALPHA
AKMAT (K, 6)=AKRE/FFA
AKO(K)-AK/(FFA*ALPHA)
TETA=TETA+15
IF(TETA.GE. 73)TETA-TETAF
IF(K.LT.4)GO TO 1
PRINT905,FFA, (AKO(I),I=1 ,4)

*.C CALCULATION.OF QUADRATIC FAGTORS

TETA =30
iAiI l;-AKO{ ;**z
BKAA(I,2)=AKO(I)*TETA,

BKAA(I,3)al '
BKAA(T.4)=-TETA**2 v
TETA=TETA+15
" . IF(TETA.GE.73)TETA=TETAF
2 CONTINUE
. CALL GAUS$S(BKAA,XVAR) .
DO 3'I=1,3 4
' PRINT 9l0,I, XVAR(I) -
. 3 CONTINUE

C CALCULATION OF NET EXPANSION FACTOR
C ANDPRESSUR DROP N

P=1000*P ‘
TETA=30 ,
DO 4 }’1;4 . ' ’
DERIF=DENS

* PRIR=p
SUM=0 - ) ~

- DO 50 JJ=2,5°
IF (TETA.EQ.30)AK=AKMAT(1, dJ
IF(TETA.EQ.45 )AK=AKMAT(2,J
IF TETA.EQ 60)AK=AKMAT(3,Jd
IF TETA.GT.B0)AK=AKMAT(4,JJ

4

TA. EQ 30)AKKK=AKO(1) =/
SR IF(TET ;AKKK-AKO(Z)
.’ o - -5 -
, AL

"APPENDIX 2
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IF(TETA.EQ.60 AKKK-AKO§3) )
, IF{TETA.GT.GO AKKK=AKO(4) . - L
e, .- . ~D0 5 J=1,100 ' '
£ . DELTAP= FFA*AK*DENS*VEL**Z/(Z*Y**Z)
? PE=P-DELTAP
~ IF(PE.LE.PCR)THEN
PE=PCR
DELTAP=P-PCR
. - END IF
" - DENSE= PE**2+4*(P/DE NS+ ((GAMMA l)A(Z*GAMMA))
*VEL**2)*( (GAMMA-1)/(2*GAMMA))
*(VEL*DENS)**2 - )
DENSE=PE+SQRT(DENSE)
, ) DENSE=DENSE/(2*(P/DENS+((GAMMA 1)/(2*GAMMA))
1 *VEL**2))
REF=(DENS/DENSE- 1)*2/AK*FFA+(1+DENS/DENSE)/2
REF=SQRT (1/REF) _
ERROR=ABS (REF-Y) ~ N
IF (ERROR.LE.0.00001)G0 TO 6 ‘ -
-7 Y=REF , . S ,
o 5 * CONTINUE ‘
“~!  PRINT*,'EXCESSIVE Y ERROR' -
6 DENS=DENSE & Q
- p=pPE ' « o
SUM=SUM+DELTAP - . N
50 CONTINUE .
‘ - , AY(I% ay . - .
' : | ADENSE(I)=DENSE ‘
o . ADELP(I)=SUM/1000 : :
S © TETA=TETA+15 . L L
' ' DENS=DERIF "
P=PRIF \
4 CONTINUE o . '

CALCULATION OF AVAILABILITY DESTRUCTION .
AND DOLLAR LOSSES- o

—

TETA=39

\v_/wu-(? 1000*ADELNL))/‘P o
A AL2=DENS/ADENSE (1) ~—-"

£ DELS=(1/(GAMMA- I;g*ALOG(AVALl Ly .
g +(GAMMA/ (GAMMA=-1) ) *ALOG (AVAL2 ) »
; UAVADES(I)-TRIF*O 785%D1**2*DENS*VEL*DELS K
b : "AVADES(1)=R*AVADES(1)*24*365/(1000000)

“ o ACOS(I)=CA*AVADES(I)

: * TETA=TETA+15 _ ° , -

é ; IF (TETA.GE.73) TETA=TETAF N

, -7 CONTINUE
L PRINT
915, (AY(I)y1=1,4), (ADELP(I), 11, 4) (ADENSE(I) 1-1 ),

TRIF=273718+4TRIF . . . . oy

-
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c; (AVADES(I) 1=1,4),(ACOS(I), I=134) - !

C CALCULATION OE AVAILABILITY FUNCTION
C QUADRATIC FACTORS

TETA=30 | : . S
D0 8 I=1,3 - 3
- BKAA(1,1)=AYADES(1)**2
BKAA(I1,2)=A¥ADES(I)*TETA
BKAA(1,3)=1
BKAA(L,4)=-TETA**2
/" TETA=TETA+15
IF(TETA.GE.73) TETA=TETAF
. 8 ' CONTINUE i
| CALL GAUSS (BKAA,XVAR) a a
00 11 1=1,3
PRINT 916,1 XVAR(I) |
11 CONTINUE } v

C CALCULATION OF COST FUNCTION | L
C QUADRATEC FACTORS . : S

~ TETA=30 ! " y o
. D0 9 I=1,3 Lo ‘ N
| BKAA(I, 1;=AC05§ g**z, . .
‘ BKAA(1,2)=ACOS(I)*TETA ,
- BKAA{I ,»3)=1 . I .
BKAA{I,4)=-TETA**2 E ,
TETA=TETA+15 M , S
. IF(TETA.GE.73)TETA=TETAF . - : é
9 CONTINUE , o o ;
CALL .GAUSS(BKAA,XVAR) . - , '
( . <PRINT 917 . - -
7 DO 12 1=1,3 S o
; PRINT 913 I,XVAR(I) « 4 ; \
12 CONTINUE ~
.« STOP * : ‘ . N
7END _

2

C SUBROUTINE GAUSS -SOLUTION DF A LINEAR SYSTEM
C/ BY GAUSSIAN ELIM!NATION-

' SUBROUTINE GAUSS{A,X) e E

DIMENSION A(3, 4) X(3)
%, N=3 e
s M=N+1 1 .
I \L.N"l .,‘
: : . N .
4 - D0 12 K=1,L. °* | | '
“KPlaK+1 _ . o "

D0 11 I=KP1l,N




’
. Crate 4 N . . .
e I iy 2 e S S N e ee v Y e e mes e e
v .

wo- w540 T

11

Y o 12

" . 13
14

RETURN N
END . -

)

QUOT=A(I,K)/A(K,K)-
- D0 11 J=KP1 M

A(I,3)=A(1.0)- QUGT*A(K a)
00 12 I=kP1,N
A(I,K)=0
X(NJ=A(N, M)/A(N N)
DO 14 NN=1,L
SUM=0 -
T=N=-NN
IPY=1+1
00 13 J<IP1L,N
SUM=SUM+A(I,J

JRX (3]
X(I)=(A(I, M) SUM)

( .
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'PROGRAM DYNA(INPUT,OUTPUT)" ‘
L _ COMMON/AL/DENSE , DELTAF , PS, PE,PA, DENSA, P, FLOW, .DENS,
1 PO,FLOWO, DENSO, OMEGA, AMPL .
-~ COMMON/A2/ VD, 01 D2,DCL,XD,0IS,ALA, TETAF,WV,AJV,ALG
1 ,ATETAV . .
" COMMON/A3/ ALC,WC,AGAMMA,AKS ATafis AKTS,ALSO,AL1S
-1 ,AL2S,AQELTA .
_ - COMMON/A%/ AMD,WD,DCY,DRO, DENOIL, 'CRR,DOV,AL1D,
A - 1 AL2D,LPD,ABETA - C
"7 C THIS PROGRAM ALLOWS TO COMPUTE THE VALVE
¥ C DIFFERENTIAL EQUATION. THE FOLLOWING DE-"
C* VICES CAN BE ADDED:
. , c : BENDING SPRING - : ‘ K
C : TORSIONAL SPRING S Y
C. : COUNTERWEIGHT -
- : c : DAMPE PO
C EACH AUXILIARY MAY BE IGNORED SETTING AT
C ZERO_ITS WEIGHT OR, FOR SPTINGS, THE SPRING -
C CONSTANT.. . . &
- C READ STEADY ,DOWNSTREAY OPERATING CONDITIONS
, READ*,P0,FLOWO,DENSO,PA,DENSA,OMEGA, AMPL
PRINT 501,P0,FLOWO,DENSO,PA,DENSA,OMEGA, AMPL N
501° FORMAT('1',2X, INPUT'//4X, 'STEADY " )
1 ,' OPERATING CONDITIONS.'/4X,'DOWNSTREAM CONDITONS' |
1 ,' ARE SET IN:OPE'/5X,'PO ',F10.3/ “
: 1 5X,'FLOWO ',F10.3/5X, 'DENSO ',F10.3/° -
1 5X,'PA F10.3/5X, 'DENSA ' F10.3/
1 5X,'OMEGA * F10 3/5X,'AMPL  *,F10.3)
C READ VALVE 'GEOMETRY, NEIGHT AND INERTIA
READ*,vD,D1,D2,DCL,XD, DIS,ALA, TETAF,WV,AJV
1 ,ALG,ATETAV o )
" PRINT 502,VD,01402,0CL,XD,DIS,ALA,TETAF WV,AJV
/.1 ,ALG,ATETAV ". ,
. 5p2 FORMAT@//4X "VALVE .GEQMETRY WEIGHT AND INERTIA®
e 1 /5x VD ,F1:0.3/5X,'D1 ',F10.3/ «
1 gg ', F10.3/5X,'DCL  ',F10.3° . S
1 /5x ',F10.3/5X%,'DIS  *,F10.3 .. .- - - . '¢
"1 /5X,"ALA  ',F10.3/5X,'TETAF ',F10.3 T ,
.1 /5X.'WY. '.F10.3/5X.'AJV  '.F10.3. , : o
1 /5X,"ALG ',F10.3/5X,'ATETAV'.F10.3) . R %-
. C READ COUNTERWEIGHT GEOMETRY AND WEIGHT : v ]
READ* JALC,WC ,AGAMMA _ 1
, , . PRINT 503.ALC,WC,AGAMMA
N ) 503 FORMAT (// X, 'COUNTBBNEIGHT GEOMETRY AND NEIGHT'/ ;
.\: ‘ '. ! e . . 2' - " o ' ) é .
Y R ) . \ !
- A TR TR r’).




——

e e ' : T TR

- ‘ - "APPENDIX 3

1 5X,'ALC  ',F10.3/5X,'WC "', F10.3/ :
’ .1 5X,'AGAMMA", "F10. 3) .
C READ BENDING SPRING DATA (
S
READ*,AKS,ATETAS :

PRINT 504,AKS,ATETAS P
" 504 FORMAT(//4X,'BENDING SPRING DATA'/
1 5X,'AKS ',F10.3/5X,'ATETAS',F10.3)

¢ READ TORSIONAL SPRING DATA

READ* ,AKTS,ALSO,AL1S,AL2S,ADELTA
.PRINT 505,AKTS,ALSO,AL1S,AL2S,ADELTA
505 FORMAT(//4X,'TORSIONAL SPRING DATA'/
: 1 5X,'AKTS ',F10.3/5X,'ALSO ',F10.3/
1l 5X,'AL1S ',F10.3/5X,'AL2S ',F10.3/
1 5X,'ADELTA',F10.3) . .

Vot

‘C READ DAMPER DATA ‘ ,
READ*,AMD,WD,DCY,DRO, DENOIL CRR,DOV,AL1D, ALZD

1 ALPD,ABETA - \
o PRINT 506, AMD , WD OCY, RO, DENOIL oov AL10,AL2D,
© i ALPD,ABETA *
506 . FORMAT (//4X,'DAMPER DATA"/
.1 5X,'AMD  ',F10.3/5X,'WD ' F10.3/
1 5X.'DCY  ',F10.3/5X.'DRO  ',F10.3/° .
1 5X.'DENOIL'.F10.3/5X,'D0OV . '.F10.3/
1 SX.'AL1D *,F10.3/5X,'AL20¥ '.F10.3/
1 5X,'ALPD *,F10.3/5X,'ABETA ',F10.3)

o READ INITIAL CONDITIONS,TIME INTERVAL,END..OF. INITIAL

c CONDITIONS TIME INTERVAL AND ELASTICITY FACTORS.

' READ* TETAO,OMEOQ,DT,TIN, TMAX ELS, ELB 1
. PRINT 507, TETAO OMEO 0T, JTIN TMAX ELS,ELB

507  FORMAT(//4X, ' INITIAL conoxTxous'/4x o L
1 'TIME INTERVAL'/4X, . N
1 'END OF INITIAL CONDITIONS /84X, "MAX. TIME'/ o
1 4X,'ELASTICITY FACTORS.'/ : /
1 5X,'TETAQ ',F10.3/5X,'0ME0 ',F10.3/
1 5X,'0T F10,3/5%,'TIN  ',F10.3/
1 5X.'TMAX '',F10.3/5X,'ELS  *,F10.3/
'1-5X,'ELB _ ',F10.3) o o
TETASTETAO s T
. , OME=0MEQ- - : 3 :
¢ . TIME=0O ,
PRINT 200 -

200 FORMAT('1',30X, 'RESULTS'////14X '0ISC ANGLE',
1 3X,'FLOW TORQUE' 3X,'ANG. VELOC. ',
IIBX 'TIME'/17X 'DEG.?,1};,'NM',11X,'RAD/S‘,

&G
o/




C SYSTEM SOLUTION :jLuﬁGE KUTTA -

1

CALL RUNGE(TIME,TETA,OME,DT,TIN)

C  GEOMETRIC LIMITS

-

C PRINT RESULTS .

IF(TETA.GE.TETAF ) THEN
TETA=TETAF
OME=-ELB*OME

END IF

"IF(TETA.LE.O)THEN

TETA=0 .
OME=-ELS*OME
END IF

C 'EXCESS TORQUE IS WITH FLOW TORQUE SIGN

PRINT 100,TETA,DELTAF,0ME,TIME

APPENDIX 3

FORMAT(14X,F10.5,4X,F10.3,4X,F10.5,4X,F6.3)

IF(TIME.LT.TMAX)GO TO 1
RETURN

- END | . )

/

~C SUBROUTINE RUNGE

.l /-

SUBROUTINE RUNGE(TIME TETA,OME, DT TIN)

COMMON/A1/DENSE,DELTAF,PS,PE,PA,DENSA,P, FLON DENS, .\

" PO,FLOWO,DENSO, OMEGA AMPL

COMMON/AZ/ VD, Dl D2, DCL XD,DIS,ALA,TETAF,WV, AJV ALG

LATETAV

COMMON/A3/ ALC,HC,AGAMMA,AKS.ATETAS,AKTS.ALSO,ALIS

,AL2S,ADELTA -

AL2D,LPD,ABETA

RTETA=TETA*(3.14/180)

F1=0

F2=0

CALL DIFFEQ(TIME,TIN,TETA,OME,F1, F2)
AK11=DT*F1 N
AK12=DT*F2 2
TIMER=TIME+0. 5%DT
RTETAR=RTETA+0.5%AK11

" TETAR=(180/3.14)*RTETAR

OMER=QOME+0.5%AK12
CALL DIFFEQ(TIMER,TIN,TETAR, OMER Fl F2)
AK21=DT*F1

. AK22=DT*F2

TIMER=TIME+0.5%DT

RTETAR=RTETA+0.5*AK21
. 2

° COMMON/A4/ AMD,WD,DCY,DRO,DENOIL,CRR,DOV,AL1D,.

4
EH
'
%
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TETAR=(180/3.14)*RTETAR - :
OMER=OME+0. 5%AK22
CALL DIFFEQ(TIMER,TIN,TETAROMER JFLaF2)
AK31=DT*F1
AK32=DT*F 2
TIMER=TIME+DT
RTETAR=RTETA+AK31
TETAR=(180/3.14)*RTETAR
OMER=OME+AK 32
CALL DIFFEQ(TIMER,TIN,TETAR,OMER,F1,F2).
AK41=DT*F1 .
AK42=DT*F 2 .
RTETA=RTETA+(AKLL+2*AK21+2*%AK31+AK41) /6 : ~
TETA=RTETA*(180/3.14) - . _
OME=OME+ (AK12+2%AK22+2%AK32+AK42) /6
TIME =TIME+DT

RETURN

* END

C DIFFERENTIAL EQUATION.SUBROUTINE DIFFEQ.
* SUBROUTINE DIFFEQ(TIME,TIN,TETA,OMé,Fl,FZ)

COMMON/AL/DENSE , DELTAF ,PS,PE,PA,DENSA,P,FLOW, DENS,
PO,FLOWO, DENSO,OMEGA, AMPL
cﬁ???:GAZ/ vD,D1,D2,0CL,XD,DIS,ALA, TETAF ,WV,AJV,ALG
COMMON/A3/ .ALC,WC ,AGAMMA, AKS, ATETAS AKTS,ALSO,AL1S
JAL2S,ADELTA .
COMMON/A4/ AMD,WD,DCY,DRO,DENOIL,CRR,DOV,AL1D,
AL2D,LPD,ABETA . :
pC=0 - ¢ . " o ‘ s
AC=0
IF (WC.NE.O)CALL cru(Ac DC,TETA)
DSB=0 |
IgéAgS -NE.0)CALLBSPR(DSB, TETA) \ '
DSTa .
TF (AKTS.NE.O)CALL TSPR(DST,TETA)
AD=0 -
DD=0 .
IF (WD O)CALL DAMP (TETA, OME, AD D) -
CALL OPE(TIME,TIN) :
CALL ORSE(TOF,TETA,
1 DELTAP,OME,TIME)
"~ CALL. VALVE (TETA,AV,DV)
A=AC+AD+AV - :
IF (TIME.GT.15)TOF=0 - 3
D=-DV-DC-DSB-DST- DD+TOF o .
F2=0/A e SR
F1=0ME c
RETURN

T et —t [y —




s ' * APPENDIX 3,
END ’ “

C OPERATING CONDITIONS .

'SUBROUTINE OPE(TIME,TIN) ‘ o
PO = STEADY OPERATING PRESSURE S
DENSO = STEADY- OPERATING DENSITY ‘
FLOHO = STEADY OPERATING MASS FLOW
TIN = LINE START UP TIME (TO REACH STEADY OPERATING COND )
: FLOH FLOW RATE
P.= UPSTREAM PRESSURE ~
PE = DOWNSTREAM PRESSURE ‘

UPSTREAM PRESSURE IS THE PRESSURE AT THE UPSTREAM

SIDE (STEADY FLOW) OF THE VALVE.

UPSTREAM AND DOWN STREAM PRESSURES BECOME INPUTS

WHEN THE MODEL IS INTEGRATED INTO THE PIPING SI-
. MULATION.

OUTPUTS ARE:

’ : COEFFICIENT OF RESISTANCE IN .SUBSONIC CONDITIONS,
: MASS FLOW IN SONIC CONDITIONS.

COMMON/AI/DENSE DELTAF,PS,PE,PA,DENSA,P,FLOW, DENS

4

OO0 OO0

"1 PO,FLOWO,DENSO, OMEGA AMPL
COMMON/AZ/ vo, Dl oz, DCL XD,0IS,ALA,TETAF ,WV,AJV,ALG
1 ,ATETAV
COMMON/A3/ ALC,WC,AGAMMA,AKS, ATETAS AKTS,ALSO,AL1S
1 ,AL25,ADELTA .
COMMON/A4/ AMD,WD,DCY,DRO, DENOIL CRR, DOV AL1D,
.1 AL2D,LPD,ABETA <’
GAMMA=1.4 .

- ST=PO/DENSO+( (GAMMA=1) /(2%GAMMA) ) * (FLOWO/ (0. 7854*D1%*2
.1 *DENSD))**2 _ :

C START UP CONDITIONS

IF(TIN.GT.TIME.AND.TIN.NE.Q. ) THEN
P=(TIME/TIN)*(PO-PA)+PA
FLOH={TIME[TIN;* FLOW0-0.00001)+0.00001 -
DENS=(TIME/TIN)*(DENSO-DENSA)+DENSA
ELSE ' ‘

C STEADY CONDITIONS \

TIS=TIN+5
TIR=TIS+5 ¢ ,
_ IF(TIME.LT.TIS.OR.TIME.GT. TIR)THEN e
P=PQ | ' .
_ DENS=DENSO. ' '
" FLOW=FLOWO
ELSE

g
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ALPHA=OMEGA*TIME -
;L83=FLON0+AMPL*FLOHO*SIN(ALPHA).‘
eg = ((GAMMA-1)/(2*GANMA) )* (FLOWO/ (0. 7854%D1x%2)) **2
.
CC=-ST Ve
X=(-BC+SQRT (BCH*2~ 4*AC*CC))/(2*AC)
DENS=1/X
END IF
END IF

DOWN STREAM PRESSURE IS SET EQUAL TO UPSTREAM PRESSURE.
THEY BECOME INPUTS WHEN DYNA IS INTEGRATED WITH THE
PIPING MODEL.

IF(TIME.EQ.O)THEN

PE=P

DENSE=DENS . ’

END IF .

RETURN *

END

SUBROUTINE ORSE. - ORIFICE SEQUENCE MODEL -

SUBROUTINE ORSE(TOF,TETA,
1 DELTAP,OME,TIME) L -
DIMENSION AKPAR(4)
COMMON/A1/DENSE ,DELTAF,PS,PE,PA,DENSA,P,FLON, DENS
PO,FLOWO,DENSO, OMEGA AMPL :
CO?E?NéAZ/ VD, Dl D2, DCL XD,DIS,ALA,TETAF,WV,AJV,ALG
ATETA
COMMON/A3/ ALC,WC,AGAMMA ,AKS ,ATETAS,AKTS,ALSO,ALLS
JAL2S,ADELTA
COMMON/A4/ AMD ,WD,DCY,DRO,DENOIL ,CRR,DOV,ALLD,
AL2D,LPD,ABETA .
GAMMA=1. 4 .
FLOWR=FLOW )
D1=D1 |
FLOW=FLOW-DENS*O. 7854*Dl**2*0ME*ALA*COSD(TETA)

CALCULATION OF COEFFICIENTS OF RESISTANCE
FOR TETA=15 AND TETA=10 :

10 IF(INDEX.EQ.O.)THEN
TETAN=TETA
- TETA=15
“INDEX=1
END IF

A) CALCULATION OF GEOMETRIC PAkAMETFRS ' Y

20  AVAL1=2*XD/D1 -~ '. ‘ , -,

pud  ped b b

o/




.....

- RA=AA+

"IF(INDEX.EQ.2)GO TO 30

APPENDIX

AVAL2=2%*XD/DCL ~
AA=XD*$§DI/2§**2 XD**2)%%(.5
D1/2)**2*ASIN(AVALL))
AA=AA-COSD(TETA)*(XD* ((DCL/2)**2-XD**2)**Q 5
+(DCL/2)**2*ASTN(AVAL2))
AA=AA-(1-COSD(TETA))*2*ALA*XD
AA=AA+2*DIS*XD*SIND(TETA)
AA=4*AA/(3.14*D1%*2)
FF=1-(DCL/D1)**2*COSD(TETA)-AA
IF(D1.LE.0.054)FFA=0.019
IF(Dl.GT;0.054.AND.D1.LE.O.105}FFA=0.0175
IF(D1.6T.0.105.AND.D1:LE.0.160)FFA=0.015
IF(Dl.GT.O.160.AND.Dl.LE.O.210§FFA=0.014
IFiDl.GT.O.210.AND‘DI.LE.0.260 FFA=0.0135
F(D1.6T.0.260.AND.D1.LE.0.310)FFA=0.013
IF(D1.6T.0.013.AND.D1.LE.0.600)FFA=0.012
IF(D1.GT.0.600)FFA=0.011 - .

- D0=0.7*ALA*TAND (TETA)
DF = (FF*D1%*2] | .

DF=SQRT(DF)

D3=SQRT(D1%**2-DF**2)

$1=3.14%D2*00

IF(S1.LT.0.001)S1=0.001
DSI=SQRT(4*S1/3.14)

IF(DS1.GT.D1)DS1=D1

5223, 14%((D1-D3) +*24D0%*2)**0.5%(D1+D3)/2
DS2=SQRT(4*52/3.14)

IF(DS2.GT.D1)DS2=01

C B) DIRECT FLOW.

IF(FLOW.GE.0.OR.INDEX.EQ.1)THEN
IF(TETA.LT.15)THEN

TETAD=TETA

IF (TETAD.LT.3)TETAD=3
END IF .
AK120.04/(D2/D1)**4

BETA=(D2/DS1)**2
AK2=((1-BETA)**2/BETA**2)/(DS1/D1)*+4
BETA=1/BETA

IF (BETA.LT.1)AK2=((1-BETA)/BETA**2)
/(D2/D1)**4

" BETA=(DF/DS2)**2

P Uy U AN VN

GAMMAA=90LTETA
- GAMMAA=SIND(GAMMAA )
AK3=§(1 BETA)*SQRT(GAMMAA)/BETA**Z)/(DSZ/DI)**4
AK4=(1-FF )**2 /FF**2
AK=+AK1+AK2+AK3+AK4
IF(INDEX.EQ.1)THEN
AKD15=AK c ,

TETA=10 = . e

INDEX=2

"y

i
i
:
'




LARRERLEEL B SR R N I Lo i
. -

:

APPENDIX 3 .

60 TO"20 . L o
END IF . h :
AKO=AK /FFA - .
"END IF oo , :
30 IF(FLOW.LT.0.0R.INDEX.EQ. 2)THEN

{

] | 'l \A ’ N ‘ N
C ) REVERSE FLOW | : ‘ N ;///l

IF(TETA.LT. 10)THEN
TETAR=TETA L
IF(TETAR.LT.3)TETAR=3 . . SN
END IF : C
BETA= (D2/D1)**2
AK1=(1-BETA)**2/BETA*2
« BETA=(DSL/D2)**2
AK2=( (1-BETA)**2/BETA**2)/(D2/D1)**4
BETA=1/BETA
IF (BETA.LT. 1)AK2=((1 BETA)/BETA**2)/ :
1 (DS1/D1)*~4 | :
. BETAaéDF/DSZ x4 S
- " AK3=((1-BETA)**2/BETA**2)/(DS2/D1)**4
BETA=1/BETA .
IF (BETA.LT.1)AK3=((1-BETA)/BETA**2)/(DF/D1)**4 -
AK4=(1-FF)/FF#*2
AK=AK1+AK2+AKS1+AK3+AK4 o :
IF (INDEX.EQ.2) THEN -
TETA=TETAN .
AKR10 =AK | | | , -
INDEX=3 | T
“G0 TO 20 A , o
END IF ' ‘
AK0=AK /FFA .
END IF

C D) SMALL ANGLES

IF (TETAD.NE.O ) THEN T
AK=AKD15%15 /TETAD - o
AKO=AK /FFA
TETAD=0 | o

- END IF e '

IF (TETAR.NE.O)THEN B o 25‘ ‘
AK=AKR10*10/TETAR - ° . 2 - ‘
AKQ=AK /FFA T ; o
TETAR=0 o
END IF 1
C CRITICAL MASS FLOW | . . . o

IF(FLOW.GE,Q)THEN

AKMC=AK1

000=D2

IF.(0DS1.LE.D2.AND.DS1.LE. UF)THEN

0,

T NIDO W
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'~ AKMC=AK2 \\,//) :
D00=DS1

.END IF

-~ IF(DF.LE.D2. AND DF.LE. DSl)THEN
AKMC=AK3 :

DQO=0F

"END_IF . ~

IF(TETA.LT.15)THEN
AKMC=AK 2
'D00=DS1
- END IF
ELSE
AKMC=AK4 _ |
DOO=DF ; L
v IF(DS1.LEvDZ.AND.OSI.LE.DF)THEN  °
: AKMC=AKS1 '
© DO0=DS1 e ,
END IF .
IF (D2.LE.DS1.AND,D2.LE. DF)THEN
AKMC=AK 2 »
| o opoo=D2 . . -
= ' END IF : : N
, IF(TETA.LT.10) THEN v oo
AKMC2AK3 . e L
. D00=DS1
| END IF
END IF
TF (AKMC. 6T : AK ) AKMC=AK

C ORAG FORCES

IF(FLOW.LT.0)THEN. -
. AKPAR(1)=AK& <
AKPAR (2)=AK3 _ '
AKPAR(3)=AK2 -
AKPAR(4)=AK1 s
. ELSE ; IR
AKPAR{I)-AKI A
s ' AKPAR(2)=AK2
. AKPAR(3)=AK3
o AKPAR(4)=AK4 = =
END IF - S
IND=0* = -

CALL CRIT(IND, AKPAR FDT,AK, AKMC GAMMA DOO

.1 ,PU,FLOWU, DENSU DELTAP)
IF(FLOH EQ O)THEN , .
FDT=0 W . . ’ " g
G0 TO 13 ) . ; ;
END IF ot

\d

C' EQUIVALENT TORQUE ARM -

- 10 -~

FOTT=FDT . T R
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1

“ Y 14  IF(FLOW.GE.OQ)THEN ~ _~ - =
. L TAC=0.74 .
//4//f// o IF (TETA. GE.30) TAC=0.0209*TETA+0. 3220
- ELSE c
© TAC=0.65 B

% T TR R A
. .

= IF(TETA.GE.20)TAC=0.0117*TETA+0.4160
. IE(TETA .GE. 45)TAC=0 0583*TETA 1.6820 -
END I

C ORIFIC NET EFFECT

o IF(FLOW.GE.0.AND.TETA.LE.15)THEN
~ FDOT=0 , L
GO TO 90 : -
END IF : .
IF(FLOW.LT.0.AND. TETA. LE. 10)THEN
FDT=0
G0 TO, 90
END IF
IND=1 .
CALL CRIT(IND,AKPAR,FDT, AK Axme GAMMA DOO
.1 ,PU,FLOWU, DENSU DELTAP)
90 FDTT=FDTT FOT

»

c POSITIVE

e . TOF=TAC*ALA*FDTT ‘ ¢ S
‘ FLOW=FLOWR ) :
RETURN

END '

C DYNAMIC TORQPE TORQUE IS POSITIVE WHEN FLOW IS «

C COUNTERWEIGHT -
SUBROUTINE CTW(AC,DC,TETA) 2

COMMON/AI/DENSE DELTAF,PS,PE,PA,DENSA,P,FLOW, DENS
~ 1 P0,FLOWO,DENSO, OMEGA AMPL
) CO?EON/AZ/ Vo, Dl 02 DCL XD DIS ALA TETAF, NV ,AJV,ALG
ATETAV
; COMMON/A3/ ALC,WC, AGAMMA AKS, ATETAS AKTS ALSO ALlS
% : ‘ AL2S ,ADELTA
. - *EOMMON/A4/ AMD,WD,DCY,DRO,DENOIL, CRR DOV,AL1D,
1 AL2D0,LPD,ABETA
AC-HC*ALC**2/9 81

MR s e T et wo it e

; \ ASUM= (AGAMMA+TETA) . -
- “ . DC=ALC*WC*SIND(ASUM) : :
. RETURN : R
. END ~

C BENDING SPRING . - P j;?'
o : e

&

+  APPENDIX 3

ey
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" - )
SUBROUTINE BSPR(DSB TETA) é. o

COMMON/A1/DENSE, DELTAF PS ,PE,PA,DENSA, P FLOW,DENS,

1 PO,FLOWO, DENSO, OMEGA, AMPL ~-
- COMMON/A2/ vD,D1,02, DCL XD,DIS,ALA, TETAF,WV, AJV,ALG
1 ,ATETAV
COMMON/A3/ ALC,NWC, AGAMMA AKS, ATETAS AKTS,ALSO, AL1S
1 Agﬁs ADELTA
. . ON/A4/ .AMD,WD,DCY,DRO, DENOIL, CRR DOV,AL1D,
g 1 AL2D,LPD,ABETA . 7
. “°  ASUM=ATETAS+TETA - ) o
T DSB=AKS*ASUM S _ : . ,x/>
. RETURN R :
T END : , o : R
c TORSIONAL SPRING L N , P y
' ) ‘/,‘T\/\_/ - . .

SUBROUTINE TSPR (DST TETA)

COMMON/AL/DENSE | DELTAF ,PS,PE,PA, DENSA P, FLow DEN
PO,FLOWO, DENSO, OMEGA , AMPL
c0MM0N6A2/ Vo, D1,02,0CL,XD,DIS,ALA, TETAF WV, AJV,ALG
ATETA u
COMMON/A3/ ALC,WC,AGAMMA,AKS,ATETAS ,AKTS . ALSO, ALIS
,AL2S,ADELTA
COMMON/A4/ AMD,WD,DCY,DRO,DENOIL,CRR,00V,AL1D,
AL20,LPD,ABETA
ASUM=TETA+ADELTA
, §&§=(2LIS**Z+ALZS**2 Z*ALIS*ALZS*COSD(ASUM)
0
FACT=(AL2S**2+ALS**2- Ale**Z)/(Z*ALS*ALZS) -
ADEL1=ACOS(FACT) '
DST=AKTS* (ALS- ALSO)*ALZS*SIN(ADELI) - K
RETURN _ , v
END

P pad ek peea

c DASHPGW
’ SUBROUTINE DAMP (TETA,OME, AD ,DD)
OMMON/AI/DEuSE DELTAF,PS,PE, PA DENSA P,FLOW, DENS

1\¥o FLOWO, DENSO, OMEGA , AMPL -
COMMON/A2/ 0, 01,02, 0CL,XD, bIs, ALA,TETAF ,WV,AJV,ALG

"'\ 1 ,ATETAV
COMMON/A3/ ALC WC,AGAMMA, AKS ATETAS AKTS ALSO,AL1S

1 L2S,ADELTA .
MON/A4/ AMD WD, DCY DRO,DENOIL’, CRR DO’V AL1D,
1-AL2D,LPD,ABETA
ASUM=(ABETA -TETA) ;
ALD-?ALID**ZMLZD**Z Z*ALID*ALZD*
2 1 COSD

CT - 12 -

s
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. FACT= (ALD**2+AL20**2 ALID**Z)/(Z*ALD*ALZD)
{ ADEL1=ACOS(FACT) 2
VEL=OME*AL2D*SIN(ADEL1) -
. ADEL2=ABETA+TETA+ADEL1*180/3. 14 .
) ' TWD=WD*(AL2D*SIND(ASUM)- LPD*SIND(ADELZ))
AD=AMD*SIN(ADEL1)*AL 2D
s B=(CRR*DENOIL/Z)* (VEL¥DCY**2/D0V*%2)**2 .
1 *0.7854*DCY**2 . '
BREF=B/(0.7854*%pCY**2)

” B=B*AL2D*SIN(ADEL1) "

“C DAMPER DOWNSTREAM e N

B=-B T - o ] ‘ "’

| TWD=-THD T R / '

C—YIMITED DAMPING IN DISC CLOSING' DIRECTION 2
S IF (OME.LT.0.0.AND.BREF.6T.100000) - C .
d * 1 B=-100000¥(0.7854*DCY*+2) ¥AL20*SIN(ADEL1), ' .
1 3 Y o “"

c GENFRAL RELIEF VALVE

. IF(BREF.6T. 900000)B=-900000*(0 7854*DCY**2) ‘
.1 *AL2D*SIN(ADEL1) \ o . .
IF(OME.EQ.0)THEN . g , R
DD=Tng n o D .
60 TO.10 o : Lo ST
“\_~ END IF - O A
| DD=TWD-B*OME/ABS (OME).. S : : SN
10  RETURN p o S . T
/. END . ‘_ I I

o
"

C VACVE CLOSING SYSTEM ~, '~ ST o T
». ¥ SUBROUTINE VALVE(TETA,AV,DV) .. , B

-COMMON/AI/DENSE DELTAF,PS,PE,PA, DENSA P, FLQW DENS
_PO,FLOWO,DENSO, OMEGA AMPL
'COMMON/AZ/ VD, Dl D2, DQL XD,DIS,ALA TgTAF NV AJV ALG.
+ATETAY
COMMON/A3/ ALC, HC AGAMMA AKS, ATETAS AKTS, ALSO ALlS
AL2S ,ADELTA
EOMMO“/A4/ AMD, WD, DCY DRO DENOIL CRR DOV AL]D |
AL2D,LPD,ABETA .. . . .
ADIFF'TETA ATETAV : . _ ",
. X -DV'HV*ALG*SIND(ADIFF) . : ' ,
e - AV=AgV. . - - N . o <
i RETURN ~ - K . T 0 ) e
. _ END . o - ' o oy

— - et -
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C THIS SUBROUTINE CALCULATES THE FLOW TORQUE AND IN.
C *SONIC CONDITIONS. CORRECTS THE MASS FLOM.

- SUBROUTINE CRIT(IND,AKPAR,FDT,AK,AKMC, Ghnnﬁ‘noo R PR
1 ,PU,FLOWU,DENSU,DELTAP) : i

DIMENSION AKPAR(4) ~  * -
COMMON/A1/DENSE , DELTAF,PS,PE,PA,DENSA P ,FLOW, DENS,
1 PO,FLOWO,DENSO, OMEGA4AMPL .
~*" COMMON/A2/ VD,D1,D2,0CL, XD, DIS,ALA, TETAF, WV, AV ALe ,
1 ,ATETAV. o
" COMMON/A3/ ALC,WC, AGAMMA, AKS ,ATETAS, AKTS ,ALSO, ALlS ‘ ;
1 ,AL2S,ADELTA
COMMON/A4/ AMD-,WD,DCY, DRO DENOIL,CRR,DOV,AL1D, —
1 AL2D,LPD,ABETA . L
. ' g1=s§72A/(eAMMA‘T) ‘ : ot
‘ .. C2=-1/GAMMA . .
' C3=1/C1 T 7 e
IF(FLOW.LE. O)THEN ' o . .
PU=PE .
.. DENSU® penss
ELSE -
_PUsP .
DENSU=DENS SR “ .
_ END IF 1 - SR ‘ o
L 000=pPU ' - L
N DENS00=DENSU S T
' & o o . .
.+ C' STAGNATQN CON
SR 7 KOUNT=D o
22 PS=(PU**C3+PU**C2*(C3/2)*FL0H**2/J'

1 (DENSU*(0.7854*D1**2)**2))#*(C]
. DENSS=DENSU*(PS/PU)**(C2 '

P

-~

KOUNT=KOUNT+1 .. .
- %F (KOUNT.GT.100)THEN S L.
PRINT*,*PROGRAM DIVERGES. STOP AND SEE CRIT"

a END IF ' ' o

3

c. SONIC VELOCITY

I VCsSQRT((2*GAMMA/(GAMMA+1))*PS/DENSS) o
. FLOWU=FLOW AT R

" 'C SUBSONIC CONDITIONS

: _— ' SUM=0 - . ' : N . 8
- N I (IND.EQ70)THEN ' , - q :
. © o Ilsl e e
12=4 - S ,
| , END IF
: L, TR, BQ.1. dﬁn FLOW.LT. O)THEN ; “

- 14 - ) [

¥
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113 . = - RN ;
12=4 . - : o -
END IF. . , . ¥
IF(IND.EQ.1.AND.FLOW.GE.O)THEN ' : :
I1=1 . . -
IZ=2 . . - ~_'
END IF , ‘
D0 50 I=I1,I2.
AK=AKPAR (1)
. CALL EXPANU (Py, FLONU DENSU,Y,DELTAP, AH GAMMA , AK
T 1 ,PD3DENSD,TETA)
? opsum DPSUM+AK*FLONU**2/(2*(0.7854
1 *D1%*2%Y )**2%DENSU)
] DTSUM=DTSUM+AK*XAH**2*xFLOWU**3/ (2%
71 0.7854*D1**2*DENSU*ABS (FLOWU))
IF (AK.NE.AKMC)GO TO 23

e Pbssrsf\irv OF SONIC CONDITIONS R

VEL1=FLOW/(0.7854*D1**2*DENS00) —
~ ., VEL1=ABS(VELL)
o " VEL=FLOW/ (0,7854%D00**2+DENSD)
VEL=ABS(VEL)
IF(VEL.GT.VC)THEN
- PRINT*,'SONIC CONDITIONS'

D020 K=1,50 a8
PE=PO0-DPSUM=DENSD*VC**2% (1- VELl/VC)*(DOO/Dl)**2 ~
DENSC=DENSO0*(VEL1/VC)*(D1/D00)**2
AMC=VC*0.7854*D00**2*DENSC
AM=ABS (FLOW)
ERROR=(AM-AMC) C ’
\ ERROR=ABS (ERROR) * ' S
IF (ERROR.LT.0.01)G0 TO 21 '
' ] S AC=(PS/DENSS) .
L _ BC=-P0O .
‘ CC=-(MC/ (DENS00*0. 7854*01**2))**2*C3/2
.. DENSO0=(-BC+SQRT(BC**2-4*AC*(CC))/(2*AC)
; P00=PC*(DENSOO/DENSC)+(CB/?2~£!E}*2 {AMC/
1  (DENSQO*Q.7854%D1%*2) )¥*2)
VEL1=MC/(DENSQO0*0,7854%D1%*2)
20 CONTINUE *
o PRINT*,'ECCESSIVE ERROR IN SONIC COND.'
ST 21 ERROR=P00-PU — . ,
e ERROR=ABS (ERROR ) <> , ‘ \ r
- . PU=PQ0 , >, ) © S b
| - * DENSU=DENSO0 l : ™~
e FLOW=AMC*FLOW/ABS (FLOW) . - :
IF (ERROR.GT.10)G0 TO 22 - : :
END IF -
23 DENSU=DENSD | .4 | :
i , PU’P,\D,/\ | . l . - 1
T 50 CONTINUE : SR o
' DELTAP=DTSUM

§
1

‘ . "1,5"' _ : v




o " LB APPENDIX 3 i
FDT=DTSUM o ' \ '
14  FLOW=FLOWU - - : BN - A
. IF(FLOW.LE.O. )THEN : o . , R
PE=PU . 1 . b
DENSE=DENSU e
P=PD . _— , L
DENS=DENSD
L ELSE _ : : o ‘ : :
P=p( ‘ : : v , S
DENS=DENSU Co- : 4
PE=PD A : o !
DENSE=DENSD
" END IF
45  RETURN
: ‘END

M
LN
-
2wl £

. , , o ‘
C CALCULATION OF NET EXPANSION FACTOR AND
C DRAG 'COMPRESSIBILITY COEFFICIENT. '
C UPSTREAM PARAMETERS -

SUBROUTINE EXPANU (PU FLOWU DENSU,AY,DELTAP,AH, GAMMA AK ;
1 PD,DENSD,TETA) . . v

COMMON/A1/DENSE , DELTAF ,PS,PE, PA,DENSA, P ,FLOW, DENS, o
1 PO,FLOWO,DENSO, OMEGA, AMPL !
COMMON/A2/ ¥D,D1,02,0CL,X0D,D1S,ALA, TETAF,WV,AJV, ALG *
1 ,ATETAV :
| MON/A3/ ALC,WC,AGAMMA,AKS,ATETAS,AKTS,ALSO,ALLS
1 ,AL2S,ADELTA
COMMON /A4/ AMD,WD,DCY,DRO,DENOIL,CRR, DOV,AL1D,
1 AL2D,LPD,ABETA .
AY=1 ‘
VEL=FLOMU/ (0. 7854*%D1%*2*DENSU)
, C1=GAMMA/ (GAMMA-1) :
| C2=-1/GAMMA
.. -C3=1/C1 : '
PS-(PU**CB+PU**CZ*(C3/2)*FLON**Z/ L .
(DYNSU*(0.7854%DI*%2)*#2))#xC] : )
DENSS*DENSU*(PS/PU)**CZ - : o
STaPS/DENSS : | ,
D0 2 I=1,20 '
DELTAP=AK*DENSU*VEL* %2/ (2*AY**2) o
PD=PU-DELTAP
AC=( (GAMMA~1)/ (2*GAMMA) )* (FLOWU/ (0.7854*D1%*2))**2
BC=PD

CC==ST . [
X=(~BC+SQRT (BC**2-4*AC*CC) )/ (2*AC) : ‘
DENSD=1/X

REF=(DENSU/DENSD-1)*2/AK+(1+DENSU/DENSD)/2
REF=SQRT(1/REF)
ERROR=ABS (REF-AY) : : _
IF(ERROR.LE.0.001)69 TO6 . - \ \

Fi6 -
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Ay

4 .

s
b
5
)
H
o
‘
.
w
)
i
s
i
. ¢
Y
i
+
\ /\
3
"
i

15

AY=REF
CONTINUE- o
PRINT*,' EXCESSIVE Y ERROR

AHsSQRT(AH)

. RETURN
END - .

..;"_‘

AAH=(1/AY**2 -2%(1- DENSD/DENSU)/AK)
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PROGRAYM TESTAL (INPUT,OUTPUT)

PROGRAM TESTAL COMPUTES UNSTEADY FLON PARAMETERS
AT NODAL POINTS OF A STRAIGHT PIPE ENTERING A

- RESERVOIR, THE PIPE IS DEVIDED IN EQUAL LENGTH

ELEMENTS AS INITIAL CONDITION. BOUNDARY CONDITIONS

ARE®D
@D "RUPTURE"
@D INFINITE RESERVOIR
THE PROCESS IS CONSIDERED ISENTROPIC AND THE FLUID
AN IDEAL GAS.
THE SOLVING ALGORITHM IS BASED ON THE METHOD OF
CHARACTERISTICS.
DIMENSION XLONG(40), PREF(40) INDEX(80),
1 GVEL(40,0Z(40), X(80)
" COMMON/AL/ N,A,DX(40),AS(40),DT,P(40),
% FLOW(40),DENS(40),DENS1(40) '

1 FLOCRR AGAM 40)
COMMON/BI/HI 10,40),r0,70, DTO - .

READ EXTERNAL DATA '
@D PIPE INSIDE DIAMETER
‘ 8D NUMBER OF INTERVALS ;
@D MAXIMUM TIME
@D PRESSURE .DROP TIME INTERVAL
7" MULTIPLIER "OF NUMBER'OF INTERVALS.
N
. .
READ* ,DIA N, TMAX,TO0,KD,CLO
DO 1 I=2,N+1
READ* XLONG(I)
DX(I- 1)=XLONG(I) XLONG(I- 1)
1 CONTANUE ‘
© XTOT=XLONG(N+1) ' -
D0 19 I"l.N . °
D0 20 J=1,KD :
CJJ=KD=J

DZ(KD*]- JJ)=DX(I)/KD

. 20 CONTINUE -

19  CONTINUE
" NOO=N
N=N*KD
.DO 21 I=1,N
DX{1)=DZ(1)

21 CONTINUE R

‘D0 22 Is1,N : S
. , A

22 CONTINUE ,
C READ FLOW INITIAL CONDITIONS.

READ*,P0,DENSO

APPENDIX 4

. ) )
’,PR,DENSR PE,DENSE,POLD(40), FLOLD(40) FLOWC(40),KD,GAMMA,PEO,PCRR

e
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g 778

987

. 989

. - .C5x(GAMMA-1)

1.4X,'DIAMETER OF PIPE

Pt et ok et b b ol Pk b b

——— Comt b rm ey Ay o

READ* ,VELO
PRINT 987,DIA,XTOT,N,PO, DENSO VELO,CLO

APPENDIX 4

FORMAT (' 1‘ 2X, 'STRAIGHT PIPE RESERVOIR PROBLEM '////3X
1 "INPUT'//

=' F10.5,"
=' Flo0.2,'
=' 110/°

=! Fl0.0,"'
=! F10.5,'
! F10.3,'

4X,'PIPE LENGTH
4X,'NUMBER OF INTERVALS
4X, 'PRESSURE
4. ' DENSITY
4X,'VELOCITY
//////////////
3X, 'OUTPUT///
aX, ' PRESSURE
4%, MASS FLOW
4X, ' DENSITY
ax,'VELOCITY
4X ;' SOUND VEL.
PRINT 939
FORMAT('1

//
/

/
KG/S'/
KG/M3'/
M/S'/
M/S'/) %

'//1/50X,'R E S U g TS ////)

" C INITIAL CONDITIONS

‘N=N+1 .
A=3.14*%(DIA**2)/4

© GAMMA=1.4

TETA=1/(GAMMA-1) .
Cl=1/GAMMA

C2=(GAMMA-1)/ (2*GAMMA)
C3=GAMMA/ (GAMMA- 1& )
C4=(GAMMA+1)/(2*(GAMMA-1))

.

C6=1/(GAMMA-1)

.~ Cl1=GAMMA/ (GAMMA+1)
< PR=PO .

DENSR=DENSO

'FLONO*A*DENSO*VELO

DO 2 I=1,N

P(I)=P0

POLD(I)=PO .
FLON(I)’FLOHO
PREF(1)=P0 :
FLOLD(I)=FLOWO

CONTINUE . _
ASO*SQRI(GAMMA*PO/DENSO)

.00 3

AS(I)=A50
DENS(I) DENSO

DENSI(I) DENSO
CONTINUE

QHC(I)t-SQRT(GAMMA*P(I)/DENS(ITT*UENSTIT*A

MY/
M'/

PA'/
KG/M3' /.
M/S'/ .

DENSE=(DENSO**C5+(DENSO**GAMMA/PO)*C2*VELQ**2)**(§
* PE=P0*(DENSE/DENSO)**GAMMA

PPE=P0

-3 -
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. : PEOLD=PE
‘ DTO=0. ; - ‘ _
PEO=PO - | : 3

s , C CRITICAL CONDITIONS WITH RESPECT TO RESERVOIR

PCRR=PR*(2/ (GAMMA+1) }**C3
FLOCRR=A*SQRT(GAMMA*PR*DENSR ) *(2/(GAMMA+1))**C4

C SET INITIAL VALUES FOR CHARACTERISICS METHOD - : ‘

WI(1,1)=0
D0 8 ,I=2,N ‘
WI(1.1)=XLONG(I).
8 CONTINUE
DO 16 I=1,N
WI(2,1)=0
: WI(3,1)=AS(1) . . ,
. " WI(4,1)=FLOW I;/(A?DENS(I)) T . , p
C WI(5)I)=DENS(I . , , A
WI(6,1)=P(I)
WI({7,1)=FLOW(I) -\

WI(8.1)=0 e ,
16  CONTINUE | n :
KOUNT =0 , . ~ -

‘ ¢ ;ﬁIN LOOP - ONE LOOP FOR EACH TIME INCREMENT - ~ - . . . .
. - » T:o . )
’ DT=.1 .
. 5 CONTINUE :
. KOUNT'KOUNT+{H/i‘!

C SOLUTION

IF(KOUNT EQ. 3)THEN - oo
PRINT 989. -
KOUNT=1
END IF
. CALL "CHAR( INDEX, x)
Dro-ul(z 1)
T=DTO
IF(T.GT.THAX)GO T0 10 ,
DTO=DTO+DT \ oo
: } PEOLD=PE o - i
- - RHOLD=DENSE : :
‘ PE=PPE-((PPE-101325.)/T0)*DT0

= —-JF{PE.LE+ 101325, )PEx101325,
'  DENSE=RHOLD* ( (PE/PEOLD)**C1)

PE}-'
L 00y ,2%N+1
- i, 20

11 conrrnue

PEBEEE cin . e e A e e A ————
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“ : \‘ L ‘
K . " APPENDIX 4
- G0 T0O5 : - o
10  sTOP . , x
END

. C SUBROUTINE CHARACTERISTICS

SUBROUTINE CHAR(INDEX,X)

DIMENSTION INDEX(80), X(80) W(10,40) |

COMMON/AI/N,A,DX(40) AS(AO) DT,; 40),
% FLOW('40),DENS(40), DENSl (40) :

[3

,PR,DENSR,PE,DENSE,POLD(40),FLOLD(40),FLOHC(40),KD,GAMMA,PEO,PCRR

oo 1 ,FLOCRR,AGAM{40)

COMMON/B1/WI(10,40),P0,T0,DTO
GAMMA=1.4"
Cl=2/(GAMMA-1)
C2=1/GAMMA N
C4=(GAMMA/ (GAMMA-1)) - ‘ -
C5= GAMMA+1)/(2*(GAMMA 1)). :
NNODE=N
g NELEM=NNODE-1"

C CRITICAL CONDITIONS
PCRR=PR*(2/(GAMMA+1))**C4 '
FLOCRRsA*SQRT(GAMMA*PR*DENSR)*(Z/(GAMMA+1))**CS

, . DCR=DENSR*(PCRR/PR)**C2 .
. , " UCR=FLOQCRR/(A*DCR) '
} C SET PARAMETERS MATRIX
C W SECOND ROW @D TIME
~_ ¢ W THIRD ROW @D SOUND VELOCITY
- C W FORTH ROW @D VELOCITY Y
C W FIFTH ROW. - @D DENSITY

c W SIXTH ROW @D PRESSURE

C W SEVENTH ROW @D MASS FLOW

¢ - W

EIGTH ROW @D ITERATIONS

T C INTERWAL. 601NT$

200 4 1= =2, NNODE

_ AL=2*WI(3, (GAMMA - 1;*w1 4,(1- 1) e
AR-z*ur 3, 1+1 (GAMMA-1)*WI 1+1) L
W(3,1)=(AL+AR : e
R *( AMMA-1))’

IF(AW4I,GT.W(3,
CAAAL=(W(4,1)+H(
AAZ-(H(4,I)-H(

W(4,1)=W(3,1)*W(4, I)/AH4I
;)+(w1(4 (I 1))+w1(3 (I-1

1

;)
‘ "
- W4, AL-A 2
Y AN4I£&BS (W(4 éi)
3,1 ))
3’1 )+(HI(4a(I+1))'HI(3’(I+1))

)
)

. ’ -5 .-
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APPENDIX 4 1
W(2,1)=(2*(WI(1,(I+1))- WI(l (I-1)))-(WI(2,(I+1))*AA2- -

1 WI(2,(I-1))*AA1l))/(AA1-AA2)

, W(1,I)=WwI(1,(I-1 )+AA1*(N(2,I) -WI(2,(I-1)))/2
W(5,1)=WI(5,(I-1))*(W(3,1)/WI(3,(I-1)))%*C1
W(6,1)=WI(6,(I-1))*(W(5,1)/WI(5,(I-1)))**GAMMA
W(7,1)=W(5,I)*A*W(4,1) -

- W(B8,I)=WI(8,I)+1 \

P(I)=W(6,1)

FLOW(I)=W(7,1)

AS(I)=N(3,I)

DENS(1)=4W(5,1) .

4 CONTINUE

IFgAw41 .GT.UCR)THEN

W(6,1)=PCRR

W 4,I;=UCR

W(5,1)=DCR

N(3,I)=(PCRR/DCR)*GAMMA .

\ w(3,1)=SQRT(w(3 1)) : g
W(7,1)=FLOCRR o >
END IF ' .
. C LEFT BOUNDARY CONITION ,

C3=(GAMMA-1)/(2*GAMMA) - ¢
DO 5 I=1,20 . C.

W(3, i)zﬂ%i?,l)*(P(l)/wI(6,1))**C3 .

W(6, »

— W s,r%swrés,1;*(u(3,1)/w1(3,1))**c1
. W(1,1)=WI(1,1

W(4,1)=(W(3,1)-WI(3,2))*C1+WI(4,2) ,
AW41=ABS(W(4,1)) )
IF(AW41.GT.W(3,1))W(4,T)=W(3,1)*W(4,1)/AN4]1 '
N(2.1)=(N(1,1)-NI(1,2))*2/((w(4.1)#N(3,1))+(wI(4,2),

1 -WI(3,2)))+WI(2,2) ‘
PE=PO-((P0-101325.)/TO)*W(2,1) \
IF(PE.LT,101325..AND.AW41.LT.W(3,1))PE=101325
PLI=AWA1**2%W(5,1)/GAMMA
IF(PL1.GE.PE)PE=PL]

ERROR=ABS(PE-P (1)) ‘

. IF(ERROR.LT.10.)G0 TO 6 ‘ .

5 CONTINUE
PRINT*, ' ERROR OF LEFT BOUNARRY ', ERROR. .
6 W(7, 1)-w(4 1)*W(5,1)*A i

"+ ¢ RIGHT BOUNDARY CONDITION

I ‘I‘(‘?"Nﬂﬁﬁf‘)—ﬁf—ﬁ'ﬁﬁﬁn : . ' Ty
P$NNODE )=PR ‘ i
W(3,NNODE -NI$3,NNODE; 2P(NNODE)/NI(6 NNODE))**C3
W(5,NNODE)=WI(5,NNODE PR/WI(6,NNODE))**C2

'H§6 NNODE;*P(NNODE) = 1

W(1,NNODE)=WI(1 NNODE) L -

S

T QRN QU T
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N
: APPENDIX 4 .
W(a, NNODE)--(N(B NNODE ) -WI{(3, (NNODE- 1)))*C1+
1 WI(4,(NNODE-1))
W(2,NNODE)= (W(1,NNODE)-WI(1, (NNODE- 1)))*2/((w(4,NNooE)
1 +u(3,nuons))+(w1 4, (NNODE-1))+WI(3, (NNODE-1))))+
1 +WI(2,(NNODE-1
. IF(W(4,NNODE).LT.0)60 TO 9
END IF |
‘9 IF(WI{7,NNODE).LT.0.OR.W(4,NNODE).LT.O)THEN
D0 7 I=1,20
PRIF=P (NNODE)
ué3,nuone§=u1(3 ,NNODE)* (PRIF/WI(6,NNODE))**C3
W(6,NNODE)=PRIF
W(5,NNODE)=WI(5,NNODE)* (PRIF/WI (6,NNODE))**C2
W(1,NNODE)=WI(1,NNODE)
W(4,NNODE)=~(W(3,NNODE)-WI(3,(NNODE-1)))*C1+WI (4, (NNODE-1))
AWAN=ABS(W(4,NNODE))
W(2,NNODE)=(W{1,NNODE)-WI(L, (NNODE-1)))*2/((W (4, NNODE)
1 +W(3,NNODE))
1 +2w1(4 , (NNODE-1))+WI(3, (NNODE-1))))+WI(2, (NNODE- 1;)
. W{3,NNODE)=SQRT{(PR/DENSR)*GAMMA-W(4,NNODE )**2/C1
P(NNODE)=W(3,NNGDE ) **2*W(5,NNODE ) /GAMMA  ~ -
 ERROR=ABS(PRIF-P(NNODE))
' IF(ERROR.LT.10.)G0 TO 8 s
7 CONTINUE , )
8" IF (AN .GT.UCR ) THEN e
: ués ,NNODE )=PCRR -
. W(4,NNODE)=UCR
- W(5,NNODE)=DCR
. W(3 NNODE)=SQRT((PCRR/DCR)*GAMMA)
* W(7,NNODE)=FLOCRR
'END IF
END IF
W(7,NNODE)=W (4, NNODE)*N(S NNODE)*A ' :
' - .
C EXCHANGE :
DO 11 I=1,8 o
DO 12 J=1,NNODE : '
WI(I,d)=W(I,J) 5

¢ PRINT RESULTS

12 CONTINUE .
11= CONTINUE

© PRINT 100,W(2,1),PE
100 FORMAT(3X//F8.5,2X,F8.0//)
" PRINT200,{(W(I,J),J=1,NNODE;KD),1=1,8)
200 FORMAT(1X,11F10.3)
RETURN , 3 .
END <. | S
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: SR APPENDIX 5

PROGRAM PIPING (INPUT, OUTPUT)

_PROGRAM PIPING COMPUTES UMSTEADY FLOW PARAMETERS .
*AT NODAL POINTS OF A STREIGHT PIPE ENTERING A ,
RESERVOIR. THE PIPE IS DEVIDED IN ‘EQUAL LENGTH
ELEMENTS. BOUNDARY CONDITIONS ARE , ‘
. MRUPTURE"
INFINITE RESERVOIR '
THE PROCESS IS CONSIDERED ISENTROPIC AND THE
FLUID AN IDEAL GAS.
SOLVING ALGORITHMS ARE .
FINITE VOLUMES : ,&
FINITE ELEMENTS o
FINITE DIFFERENCES. &

DIMENSION XLONG(40),PREF(40),INDEX(80),
GVEL(40),DZ(40),%(80) '
COMMON/AL/ N,A,DX(40),AS(40), 0T,P(40), P
FLOW(40),DENS(40), DENSI§40;
,PR,DENSR,PE,DENSE,POLD(40 FLOLD(40),
FLOWC(40).KD,GAMMA.PEO, PCRR v
,FLOCRR,AGAM(40) - .
COMMON/B1/WI(10,40),P0,T0,DTO - -

READ EXTERNAL DATA
PIPE" INSIDE DIAMETER
NUMBER OF INTERVALS ’
. MAXIMUM TIME '
* PRESSURE DROP TIME INTERVAL °
MULTIPLIER OF NUMBER OF INTERVALS

-

et Pk ok Pt -

A

’

L]

READ*,DIA,N,TMAX,T0,KD, CLO - L
D0 1 [=2,N+1 : .-
READ*,XLONG(I) :
DX (I-1)=XLONG(I)-¥LONG(I-1)
1" "~ CONTINUE |
XTOT=XLONG (N+1)
. DO 19 I=1,N - .
00 20 J=1,KkD - . » -

JJ=KD-J- ‘ ‘ v

DZ(KD*]- JJ)=DX(I)/KD

"'20 - CONTINUE

¢ READ B s Co T o

" 19 CONTINUE

NOO=N
N=N*KD
. 00 21-I=1,N " S 3
s ox(pepz{ny . - L
21" CONTINUE | o o o
DO 22°1=1,N | » | :
22 CONTINUE : S

- "%{tﬁ‘ﬁ;

3
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SET SQLVING® ALGORIT

READ* PO, DENSO
READ* ,VELO
‘READ*, TREG
READ*, ICASE .

FLOW INITIAL CONDITIONS
TIME INCREMENT REGULATOR

., A FOR FINITE DIFFERENCES
3 FOR FINITE VOLUMES.” ~
4 FOR FINITE ELEMENTS

APPENDIX' 5

987

989

Y=t e et b b fad Pk ek P b et Pk fed Pt

PRINT 987,DIA, XTOT N,PO,DENSO,VELO
FORMAT (' 1' 2X, 'STRAIGHT PIPE RESERV IR PROBLEM ‘////3X

"ENPUT' // _
=',F10.5,' M'/ l

4, 'DIAMETER OF PIPE
4X.'PIPE. LENGTH = pF10.2.0 Mi/
L1107 :
PA'/ /k/’;

4X,'NUMBER OF INTERVALS

s 'PRESSURE =' F10.0,°'

4X *DENSITY © o=t F10 §,' . KG/M3'/
4X,'VELOCITY * y =! F10.3,' “MISY,
JITIIITIII 1] { .
3X,'outeut'////
4%, 'PRESSURE
4X,'MASS FLOW
4X,'DENSLTY |
4X,'VELOCITY M7St/
4X,'SOUND VEL. M/S'/////)
PRINT 989

FORMAT('1'////50X,'R E S U L T st ////)‘

‘Ke/s'/ | o
KG/M3'/ Lo : T

C INITIAL CONDITIONS e -/
'-'N=N+1

" PR=PO

- C6=1/(GAMMA-1)

A=3. 14*(DIA**2)/4

,GAMMA=1.4

TETA=1/(GAMMA-1)
Cl=1/GAMMA

C2=(GAMMA- 1)/(2*GAMMA) .
C3=GAMMA/ { GAMMA-1) w
Ca=(GAM (GAMMA-1))
C5=(GAMMA-1)

C112GAMMA/ (GAMMA+L)

DENSR=DENSO ' ,
FLOWO=A*DENSO*VELO
00 2 I=1,N ] ‘
P(I)=P0 ’ o : . Lot ) reg
POLD I;#PO ‘ ~ : P :
FLOW(I)=FLOWO v ‘ S
PREF(1)=P0O _ ‘ N
FLOLD(I)=FLOWO T , - '
CONTINUE . ! '

Phr ol

b ave el
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C s

2

520 pec ™)

Teae 3o

DENS(1)=DENSO - ! |
FLOHC(I)--SQRT(GAMMA*PLI)/DENS(I))*DENS(I)*A
DENSY(1)=DENSO .
"3 . CONTINUE
. DENSE=(DENSO**C5+ (DENSOX+GAMNA/PO) ¥C2*VELO*2)*4C6
PE=PO* (DENSE /DENSO ) **GAMMA

) APPENDIX 5 5

ASO= QRT (GAMMA*PO/DENSO) . - } " J;%’
no 3 =1. N ~ : > . . - 4
“AS(1)=ASO . . \ ;
¢

. ng PO" . . )
i l P LDP .. . . v
... DT0=0. /ﬁf o .
A n"PEO PO .
C CRITI - CONDITIONS\WITH RESPECT TO RESERVOIR
o PCRRsPR*(Z/(GAMMA+1))**C3 N

FLOCRR=A*SQRT(GAMMA*PR*DENSR)*(Z/(GAMMA+1))**Cm
. KOUNT=Q " =

S

L ¢ MAIN LOOP - ONE LOOP FOR EACH TIME INCREMENT -

T=0 , . N j
) DT=.1 , i
5. CONTINUE - L
+ KOUNT=KGUNT+1 . :
P . . of z .
c BouNDARv CONDITIONS o |
’ ' CALL sc1§1uoex X, IFLAG, ICASE) o (‘ - |
CALL BC2(INDEX,X,IFLAG,ICASE) : i
g : YA
C' SYSTEM SOLUTION 8 - ) . A
9 " IF(TCASE.EQ.1)CALL SYST{INDEX,X) '
IF (ICASE.EQ. 3§CALL CENTR(INDEX,X)
IF (ICASE.EQ.4)CALL CENTR2(INDEX:X)
ERROR=0.
DO 15 I=1,N ,
| ERROR1=ABS(P(1)-PREF(1)) s |
15  ERROR=AMAXI(ERROR,ERROR1) . | C o
IF(ERROR.GT.10:)THEN - )
C DENSITY UPDATING
CALL DENITI . S
DO 6 I=1,N : . . '
PREF (I)=P (1) .
FLOHC(I)--SQRT(GAMMA*P(I)/DENS(I))*DENS(I)*A
6 CONTINUE
¢ .PIPE Rgprum-: PRE,SSURE pnop LIMITAT‘ION. .

—~  -a-

°
v
1 - .
(»
. ~ 9
N '
N




'APPENDIX 5

.o AFLOW=ABS(FLOW(1))
\ ~ AFLOCR=ABS(FLOWC(1))
: TREF=TO+DT
+ IF(AFLOW,GT.AFLOCR.AND.T.LT. TREF)THEN
. PRIF=(P( 1)/DENS{1)+((GAMMA ~1)/(2*GAMMA))
1 *(FLOW(1)/(DENS(1)*A))**2) -
AEX=1/GAMMA ‘ .
BEX= GAMMA/(GAMMA 1) . *
~ ' PRIF=(DENS(1)/P(1)**AEX)*PRIF S
v , PRIF=PRIF**BEX
. CEX=GAMMA/tGAMMA+1)"
DENRIF=DENS(1)*(PRIF/P(1
' © PER=((FLOW(1)/A)**2*pRIF
. . X(2)=X(2)+0.3*(PER-X(2))
. GO TO 9
END IF , "

- C CRITICAL CONDITIONS - FIRST-ELEMENT -
Yoo cALL. FEL(INDEX,X, ICASE) )
' C CRITICAL CONDITIONS -INTERNAL NODES - - v
CALL MASS(INDEX,X)
C CRITICAL CONDITIONS - LAST ELEMENT- =

) J**AEX
**AEX/(GAMMA*DENRIF))**CEx

ACOMP=ABS (FLOW(N)) v
BCOMP=A*SQRT ( GAMMA*POLD (N )*DENS1
IF (ACOMP.GT.BCOMP )P (N)=POLD (N)*(
o n GO TO 9 .

- END IF |

. T € PRINT RESULTS

DO 62 IND=1,N
GVEL (IND)=FLOW(IND)/(A*DENS(IND))
62 CONPINUE .
© 1F(KOUNT.EQ.3) THEN

PRINT 989 .
: - KOUNT=1 * s
: . . END IF
; " PRINT 1004Q7,T,(XLONG(I),I=2,N00+1), - ° . :
: . , 1 (P(I) 1-1 KDY, (FLOW(IY,I=1,N,KD) : g
A , 1 DENSE ,KD), (GVEL(1),I=1,N,KD), (AS(I) I=1,N,KD) - - ¢
¢ 100 FORMAT ///4x "XIM REASED OF = F8.4," '/
' ,'ELAPSED TIM o
1 4sx 'DISTANCE FROM RUPTUR
sx,' 0 ',10F8.0/// N ,
1, 1X,'PRESS. ' ',11F8.0//1X, 'MASSYT ,11F8.2// ’ ;
G;lx 'DENS.  '.11F8.5//1X,'GAS VEL.",11F8.1// o

(N))*(2/(GAMMA+1))**C4
2/ (GAMMA+1) ) **C3

hd !

¥ a 1
' 1
[ SOUND V. 11F8.1//7)

AR S
\ ~ .




, APPENDIX 5
C UPDATE TIME | ~ '

SUM=0, -
D0 7. I=1,N
SUM=SUM+SQRT(GAMMA*P(I)/DENS(I)) ,

7 CONTINUE \\ﬁ
ASM=SUM/N ;
DT=XLONG((N- 1)/KD)/(((N 1)/KD)*ASM)

DT=0T/TREG

'QC'UPDATEIFARAMETERS

D0 25 I=1,N - , :
DENSL(I)=DENS 3 | :
FLOLD(I)=FLOW(I
POLD(1)=P(I) | .

25  CONTINUE o y

T=T+DT )

IF(T.GT.TMAX)GO TO 10 |

DTO=DT0+DT

PEOLD=PE

_RHOLD=DENSE

\ pE=pPE-((PPE-101325.)/TO}*DTO
" IF(PE.LE.101325,)PE=101325. , , | ,
: DENSE =RHOLD*( (PE/PEOLD)**C1) ' f
- PEQ=PE , S
| DO 11 Is1,2%N+l . . : : . |
© . INDEX(I)=0 . -
11 CONTINUE : C .

GD TO § - '

10 STOP

END

4

et et Leone L 2t el g

C SUBROUTINE SYSTEM SOLUTION

SUBROUTINE SYST(INDEX,X) e
. DIMENSION INDEX(80),X(80),AB(80), BE(80),D(80),RHS(80) "
;? 1 ,R1(80),R2(80)
M

MON/AL/N,A,DX(40),AS(40),0T,P(40),FLOW(40),DENS(40), , DENSI(40)

>

FLOW{40),DENS{40) ,DENS1{40 _ o

1
1 ,PR,DENSR,PE,DENSE,POLD 403 FLOLD(40),
1 FLOWC(40).K0 GAMMA.PEO,PCRR
1 ,FLOCRR,AGAM{40) )
| NN= 2*N+1 .
c snsxc MATRIX
DO 1 I=3,NN-2,2
R1(I)= (4*DX((I+1)/2)/(A*DT))*(DENS((I+1)/2)
—DENSl((I+1)/2)) :

1
L6 -

- - . Py




APPENDIX 5

1 (DENS((I+1)/2)+DENS1((I+1)
R2(1)=-FLOW((I+1)/2)*(DENS
1 ((I+1)/2))**2
D(I)=0X((1+1)/2)/(A*DT)
RHS(1)=D(1)*FLOLD((1+1)/2)
1 0(1)-?(1) -R1(I)+R2(I)
1)=
y NN*I) =] ‘
RHS&I) =1
¢ RHS(NN+])=1 _
DO 2 I=2,NN,2 N -
D(1)=A*DX((I+2)/2)/(DT*AS((1)/2)*ABS(AS((I)/2))) i§
- 2 RHS(I)=D(I)*POLD(I/2) S
: DO 3 I=1,NN+1 |
AB(I)=1 ~
3 BE(I)=-1 :
AB(1)=0 .
AB(NN)=0 : ,
: D(NN)=1
s BE(NN+1)=0

o C BOUNDARY CONDITIONS

DO 5 I=1,NN+2 . ~
IF(INDEX(I1).EQ.0)GO TO 5 , : 4
D(I)=1 , , :
RHS(1)=X(I)

AB(1)=0
BE(I1)=0
5  CONTINUE
NN=NN+1 ,
CALL TRIDIAG(AB,BE,RHS,D NN) ,
NN=NN-1 : 4 '
, D6 6 I=2,NN, |
S8 P((1)/2)= RHS(I)
DO 7 I=1,NN,2 |
7 FLOH((I+1;/2)=RHS(I) . | |

“ IF (FLOW(1).EQ.O)THEN N .

Ehgw(l)-FLON(Z) . :

TF (FLOW(N).EQ.O)FLON{N)=FLOW(N-1) -

RETURN : .

END | . - ,

/2)) , -~ .
((1+1)/2)-DENS((I-1)/2))/(A*DENS

C SUBROUTINE CENTRAL ~-CENTRAL POINTS ¢ -

SUBROUTINE CENTR(INDEX X)
é _ DIMENSION BKAA(80,80), INDEX(BO),X(80) NODE(40,2), R1(80) o
: ' - 1 ,R2(80),RHS(80), STIFF(4 4) . : '
: .7 . COMMON/AI/ N,A DX(40) AS(40) 0T, P(40)‘€LOH(40),
. R 1 FLOW(40), DENS(40) DENSI£40;

%' PR, DENSR PE,DENSE,POLD(40 LOLD(40). 5

-7 -
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» S ~ APPENDIX 5
1 5LOH0(40) ,KD,GAMMA,PEOQ, PCRR )
1 §FLOCRR AGAM(40)

NNODE=N ' ) . . : ‘
K NELEM=N-1 _ N
‘ NDPEREL=2 A \ .

- NN=2*NNODE .

.C NODE ELEMENT RELATINSHIP

% . D01 IE=1,NELEM
DO 2 I=1,NDPEREL
Lo NODE(IE,I1)=IE-1+] o oo .
2 CONTINUE - S S
1 CONTINUE ' '

€ ASSEMBLING OF GLOBAL INFLUENCE MATRIX

00 3 IE=1,NELEM
RHO= DENS(NO%E(IE 1))+DENS(NODE(IE,2))
RHOLD=DENS1(NODE(IE,1))+DENS1(NODE (IE, 2))
: . RL(IE)=-2%(RHO-RHOLD)/(RHO*A*DT)
' * RZ(IE)=-4*(DENS(NODE(IE,2))- DENS(NODE(IE 1)))/(DX(IE)*
: 1 éA*RHO)**Z)
V=(AS(NODE(TE,1))+AS(NODE(IE,2)))/2
STIFF(1,1)=1
- STIFF(1,2)=-(A*DX(IE)/(2*SV*ABS(SV)*DT))
: STIFF(1,3)=-STIFF(1,1) '
B © STIFF(1,8)=STIFF(1,2) /
, STIFF(2, 1)=-(DX(IE)/(2*A*DT)+R1(IE)*DX(IE)/2+
-4 R2(IE)*DX(IE)* 2
o1 (FLOH(NODE(IE 1§)+FLON(NODE (1E,2))/2)/3) /
~ STIFF L
: . STIFF§2 3)==(DX(IE)/(2*A*DT)+R1(IE)*DX (IE)/2+
a1 Rz(xez*ox(xs)*
1 (FLOW(NODE(IE,1))/2+FLOW(NODE(IE,2)))/3)
STIFF(2,4)=-STIFF(2,2)
RHS(Z*NODE(IS 1))=STIFE(1, 2)*(POLD(NODE(IE 1))
, 1 +POLD(NODE(IE,2)))
o RHS(Z*NODE&IE 1 +1)=-(DX(IE)/(2*A*DT)) (FLOLD(NODE(IE 1))
: 1 +FLOLD(NODE(IE,2)))
© DO 4 K=1,2 ‘
, NROW=2*NODE (IE,1)-1+K , : <
p D0 5 J=l, NDPEREL - .
'y . D0 6 KK=1,2 ~ C
RS NCOL=2*NODE (IE,d)=2+KK °
© BKAA(NROW,NCOL J=STIFF(K,2%J-24KK)
. CONTINUE
CONTINUE
CONTINUES ,
CONTINUE , ,
. \ BKAA&I,I)'])- T ' : . .
BKAA(NN,NN)=1 Lo [~ L
C DO0. 10 I=2,NN-1. - . _

- .

WPt

5
i
i
&
2
H
!




4
i
i
i
i
s

B s e M T Ao T s

A

10

C ENTER BOUNDARY CONDITIONS
W F(INDEX(2).EQ. 1) THEN

20

13

}
BKAA(I,NN+1)=RHS(I)
CONTINUE
BKAA(1,NN+1)=1
BKAA(NN,NN+1)=1

..
w“w
&

00 20 I=1,2*NNODE+]
BKAA(1,I)=BKAA(2,I)
CONTINUE
END IF
00 13 I=1, 2*NNODE
IF(INDEX(I) EQ.0)G0 TO 13
00 14 J=1,7
rJJd=]+4-J
IF(JJ3.LT.1)dJd=1
IF(JJ.6T.NN)JJ=NN
BKAA(1,JJ)=0
CONTINUE
BKAAéI y1)=1
BKAA (1 NN+1)=X(I)
CONTINUE

C SOLVE MATRIX

y

CALL GAUSS(BKAA,NN) .

C UNLOAD RESULTS

15

16

DO 15 I=2,NN,2
P(I/2)=BKAA(I NN+1)

CONTINUE

DO 16 I=1,NN,2
FLOH((I+1)/2)=BKAA(I NN+1)

CONTINUE

C CLEAR MATRIX

18
17

C SUBROUTINE CENTR2 - FINITE ELEMENTS -

DO 17 I=1,NN
RHS(1)=0 |
DD 18 J=1,NN+1-

BKAA(I, Ji-o
CONTINUE

CONTENUB

RETURN

END

SUBROUTINE CENTR2(INDEX,X)

-9 -
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- STIFF(3,2)=STIFF(1

APPENDIX 5..

DIMENSION BKAA(80,80), INDEX(BO) X(80),NODE(40,2),R1(80),

1 R2(80), RHS(BO) STIFF(4,4)
COMMON/AL/ N,A.DX(40),AS(40),0T,p(40), >
1 FLOW(40),DENS(40),DENS1(40) -
1 ,PR,DENSR,PE,DENSE,POLD(40), FLOKD(40),
1 FLOWC(40).KD,GAMMA,PEO,PCRR
1 ,FLOCRR,AGAM(40)
NNODE=N \
NELEM=N-1
NDPEREL =2 | /

NN=2*NNODE ’
C NODE ELEMNT RELATIONSHIP |
DO 1 IEal,NELEM

DO 2 I=1,NDPEREL
NODE(IE,I)=IE-1+I

2 CONTINUE
1 CONTINUE o
C STIFFNESS MATRIX PER ELEMENT - EACH ELEMENT IN ;EQUENCE‘-

c ASSEMBLING OF GLOBAL INFLUENCE MATRIX ‘ .

DO 3 IE=1,NELEM
RHO=DENS{NODE(IE,1))+DENS(NODE(IE,2)) .
RHOLD=DENS1 (NODE { TE, 1) )+DENS1 (NODE (IE, 2))
R1(IE --z*&nno -RHOLD)/ (RHO*A*DT)
R2(1E)=-4*(DENS(NODE(IE,2))- DENS(NODE(IE 1)))
/ (DX (IE)*(ARHO)

**2

SV=(AS(NODE(IE,1))+AS(NODE(IE,2)))/2
STIFF(2,1)=.5
STIFF(2.2)==(A*DX(IE)/(3*SV*ABS(SV)*DT))
STIFF{2.3)=-STIFF(2,1

STIFF(2,4)=STIFF(2, 2)/2

STIFF(1,1 --(DX(IE)/(3*A*DT)+R1(IE)*DX(IE)/3+
R2(IE)*DX(IE)

*(FLON(NODE(IE 1))+FLOH(NODE(IE 2))/3)/4)
STIFF{I 2g
STIFF(1.3)==(DX(IE)/(6*A*DT)+R1(IE)*DX(IE)/6+
R2(1E)*DX (IE)

*{FLOW(NODE (IE, 1))+FLOH(NODE(IE 2)))/12)
STIFF(I,4)=-STIFF(1,2)

STIFF ,li-STIFF 2,1

Pl

L4
b b b i

-h-h

STIFF(4,2)=STIFF(2, 2;/2
STIFF(4.3)=STIFF(2,3)
STIFF(4,4)=2*STIFF(2,4)
STIFF(3,1)=STIFF 1.3

STIFF(3,3 --(DX(IE)/(3*A*DT)+R1(IE)*DX(IE)/3+
RZ(IE)*DX(IE)* - "
(FLON&NODE(IE ,1))/3+FLOW(NODE(IE, 2)))/4)
STIFF(3 4)=STIFF(1,4)

.
Pt ek
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c ENTER'BOUNDARY CONDITIONS

14

13

I Y = Y

APPENDIX 5

RHS(2*NODE(IE,1
(IE,1))+POLD(N
RHS(2*NODE(IE,1
EDX IE)/(3*A*DT) )*(FLOLD
NODE(IE,1))+FLOLD(NODE(IE,2))/2)
RHS(Z*NODE(IE,Z))=RHS(2*NODE(IE 2))+STIFF(2 2)*(POLD(NODE

g%?RHS(Z*Ng?E(IE J1))+STIFF (2, 2)*(POLD(NODE
;;1)=RHS(2*NODE(IE ,1)-1)-
0

- (IE,1))/2+POLD(NODE(IE,2))) .

RHS(Z*NODE(IE 2)-1)=RHS(2*NODE(IE 2)-1)-
(DX(IE)/(3*A*DT))*(FLOLD
(NODE(IE,1))/2+FLOLD(NODE(IE,2)))
D0 4*1=1,NDPEREL
DO 5 K=1,2
NRW=2*NODE ( 1E,1)-2+K
DO 6 J=1,NDPEREL
DO 7 KK=1,2
NCOL=2*NODE(IE J)-2+KK
BKAA (NRW, NCOL)=BKAA(NRW, NCOL)+STIFF(2*I -24K,2%J- 2+KK)
CONTINUE , ]
CONTINUE '
CONTINUE
CONTINUE

.CONTINUE

D0 10 I=1,NN
BKAA(I, NN+1)=RHS(I)
CONTINUE

DO 13 I=1,2*NNODE
[F (INDEX(I).EQ. 0)60 T0 13 o
'D0 14 J=1,7
JJal+4-J
IF(33.LT.1)dJ=1
IF(JJ.6T.NN)JJaNN
BKAA(I,J)=0
CONTINUE . |
BKAA(I,I)=1
BKAA(I,NN+1)zX(1)
CONTINUE

C SOLVE MATRIX'

.- 100

C 'UNLOAD RESULTS

L A

" END IF

KKK=0 -
IF(KKK.EQ.1)THEN - .
PRINT 1oo.£$sKAA$r,ag,a-1 KTIN uu}
PRINT 100, ({BKAA(I,Jd),J=NN+1, uu+1S I=1,NN)

FORMAT (2X, 11F10. 3)’
CALL GAUSS(BKAA, NN)

00 15 I=2,NN,2 S

- 11 -
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‘ P(I/2)=BKAA{I, NN+1)
. 15 . CONTINUE
00 16 I=1,NN,
_ FLON((I+1)/2)=BKAA(I;NN+1)
16 CONTINUE -

C CLEAR MATRIX

DO 17 I=

RHS(I)=

DO 18 J

BKAA(L

18 CONTINU

17 CONTINUE
* RETURN

END

mv

C BQUNDARY CONDITION - RUPTURE -

SUBROUTINE BC1(INDEX,X,IFLAG,]CASE) yd
DIMENSION INDEX(80),X(80) L
COMMON/AL/* N,A,DX(40),AS(40),0T,P(40),
FLOW(40),DENS(40), DENSI$40 |
,PR,DENSR,PE,DENSE,POLD(40),FLOLD(40), ,

FLONC (40) ,KD,GAMMA, PEQ, PCRR | S
,FLOCRR,AGAM(40) - ,
COMMON/B1/WI(10,40),P0,T0,DTO.

P(1)=PEO : S
INDEX(2)=1 , , .
 X(2)=P(1) ‘ PO
INDEX{1)=1
X(1)=0 :
IF{ICASE .EQ. 3gxnnsx(1)=o )
IF(ICASE.EQ.4) INDEX(1)=0 ,
RETURN

END

C BOUNDARY CONDITION - RESERVOIR -
SUBROUTINE BCZ(INDEX X,IFLAG, ICASE)

DIMENSION INDEX(80), X(80) . L
COMMON/ALl/ ‘ .

b b et

:‘ N,A, DX(40) AS(40),0T,P(40),FLOW(40),DENS(40), DEN51(40)

-

JPR, oensn PE,DENSE,POLD(40), FLOLD(AO) FLOWC(40),KD,GAMMA,PEO, PCRR
"1 ,FLOCRR,AGANM(40) -

COMMON/B1/W1(10,40),P0,T0,0T0
“IF(FLOW(N).LT.0)THEN -
AMASS=FLOW(N) S |
PRIFaP(N)/PR~ A 5 ‘
REF=0. 9*FLOCRR - ; S oy
- AMASS=ABS (AMASS) . -

L d
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IF(AMASS LT.REF)CALL NRBV(PRIF, AMASS PR,DENSR,A)
IF (AMASS.GE . REF )CALL BISEC(PRIF,AMASS,PR,DENSR,A)
P{N)=PRIF*PR
INDEX (2*N)=1 oo -
X(2*N)=P(N)
ELSE :
P(N)=PR
INDEX (2*N)=1
X(2*N)=P(N)
END IF
RETURN L N ‘
END / )

C SUBROUTINE DENI?L DENSITY UPDATING - ADIABATIC
c ‘ . ISENTROPIC CASE - -

SUBROUTINE DENIT1
COMMON/AL/ N,A, DX(40),AS(40),0T,P(40),"

‘1 FLOW(40),DENS(40),ENS1(40)
1 ,PR,DENSR,PE,DENSE,POLD(40)/FLOLD(40),
1 FLOWC(40).KD,GAMMA.PEO,PCRR: ,
1 ,FLOCRR,AGAM{40)
COMMONYB1/WI(10,40), P0O,T0,DTO .
Cl=1/GAMMA
DO 1 I=1,N

DENS(I)= DENSl(I)*(P(I)/POLD(I))**CI
C2=1/(GAMMA-1) , : |
AS{I; GAMMA*P (1)/DENS(1)) , , i

: AS{1)=SQRT(AS(I)) - - :

1 CONTINUE : L S i
RETURN . . : SR
END

C CRITICAL CONDITIONS - FIRST ELEMENT -

SUBROUTINE FEL (INDEX,X,ICASE)
DIMENSION INDEX(BO) X(802
COMMON/ALl/ N,A,DX(40),AS(40),0T 9(40),
1°FLOW(40), DENS(40), DEN51$40;
,PR,DENSR,PE,DENSE,POLD(40),FLOLD(40), - : -~
FLOWC(40) KD, GAMMA, PEO, PCRR \ ‘
LFLOCRR , AGAM( 40)
COMMON/B1/WI(10,40),PO0, TO DTO
C3=GAMMA/ (GAMMA-1)
. C11=GAMMA/ (GAMMA+1)
Cl=1/GAMMA
AA=ABS(FLON(1))
8B=ABS(FLOWC(]
PRIF= (P 1)/DENS{ ;+(§GAMMA ~1)/(2*GAMMA))
1 *(FLOW(1)/(DENS{1)*A))**2)
AEX=1/GAMMA
BEX=GAMMA/ (GAMMA-1 S |
PRIF=(DENS(1)/P(1)**AEX)*PRIF ' .

[ Sy

- 13.-
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! ' ) ~ PRIF=PRIF**BEX =
- ' CEX=GAMMA/ (GAMMA+1)
DENRIF=DENS(1)*(PRIF/P(1))**AEX
: IF(AA.GT.BB.AND.PE.EQ.101325)THEN
FLOW(1)=(BB+1.3*(AA-BB))*FLOW(1)/AA

2 PER-((FLON(1)/A)**Z*PRIF**CI/(GAMMA*DENRIF))**Cll
X(2)=X(2)+0.3*(PER- X(Z))
INDEX(2)=1
, INDEX(1)=1 ' , N \
. IF(ICASE.EQ.2 INDEX{lgzl‘ - -
¥ s IF(ICASE.EQ.3)INDEX(1)=0 / .
- §?1§CSSE -EQ.4) INDEX(1)=0 P
IF{X(Z) .GT.PCRR)THEN ° - u .
Xx{2)=PCRR 5 .
INDEX(1)=1 : . : .
A T X(1)=-FLOCRR .
. ‘END IF ' . . .
. END IF : : .
; o , RETURN Cea .

¢ SUBROUTiNE CRITICAL MASS FLOW

™ SUBROUTINE MASS(INDEX,X)
DIMENSION 'INDEX(80) XX(40) IINDEX(BO) X(80)
COMMON/AL/N,A DX(40$ AS;405 ,0T,P(40)

-1 FLOW(40), DENS(40% ,DENS1(40
1 ,PR,DENSR,PE,DENSE,POLD(40 FLOL0(40),‘
y 1 FLONC(40) KD,GAMMA,PEO,PCRR
1 ,FLOCRR AGAM(40)
’ ‘ NN=2*N
- GAMMA=1 .4

- C3=6AMMAL(GAMMA-1)
~  C4=(GAMMA+1)/(2*(GAMMA-1))
PCR=PR*(2/ (GAMMA- 1))**cs
IFLAG=0 . =
00 2 I=2,N
TINDEX(I)=0
. XX(1)=0. :
2 CONTINUE . ' .
DO 1 I=2,N oo Kk
XX(I)=ABS(FLONC(I))
ABX=ABS(FLOW(I)) ‘
ABFLOC=ABS(FLOWC(I)) i
, , XX(1)=ABFLOC+0.5%(ABX<ABFLOC)
B »  IF(ABX.GT,ABFLOC)THEN.
! S SR TINDEX(I)=1 |
! : ' . PRIF«(P(TI)/0ENS(I)+((GAMMA- 1)/(2*GAMMA)) Co
1 *(FLOW(I)/{DENS(I)*A))**2) x ‘
‘ AEX=1/GAMMA ‘ S .
'BEX=GAMMA/ (GAMMA-1) - - K

B pamsMu e e - -
4
4

e pn — . : - P
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- b

R .ot i

PRIF=(DENS(I)/P(L)**AEX)*PRIF

— PRIF=PRIF**BEX

CEX=GAMMA/ (GAMMA+1)
DENRIFsDENS(I)*{PRIELP(I))**AE%

APPENDIX 5

PER*((XX(I)/A)**Z*PRIF**AEX/(GAMMA*DENRIF))**CEX

XX(I)= XX(I)*FLOH(I)/ABS(FLON(I))
END IF
1 CONTINUE
DO 3 J=3,NN-2,2
IF(IINDEX((J+1)/2).EQ.1)THEN-
X(J)=XX((Jd+1)/2) ~
)+(PER-X{J+1))
DEX( (

X{(J+1)=X(J+1
J+1)/2)

b INDEX(J)=IIN
INDEX(J+1)=1
- END IF
3 . CONTINUE
RETURN
- END

SUBROUTINE GAUSS(A,N)
C SOLUTION OF CAPACITANCE AND INERTANCE SYSTEM

.c GAUSSIAN 'ELIMINATION

DIMENSTON A(80,80), RHS(80)

M=N+1

LaN-1

DO 12 K=1,L {

JJ=K \
BIG=ABS(A(K,K)) “ )7
KP1sK+1

C SEARCH FOR LARGEST POSSIBLE PIVOT ELEMENT

LLL=1 .
IF(LLL.EQ.I)GO T0 10

DO 7 I=KP1,N .
ABB=ABS(A(I, K))

IF(B16-ABB)6,7 ' ", >

‘6. BIG=ABB -
Ji=1 .
7 CONTINUE R . T
C DECISION OF NECESSITY OF ROW INTERCHANGE !
T g .

IF(JJ -K)8, 10 8
C ROW INTERCHANGE

8 DO 9 J=K,M
TEMP*A(JJ J)

- -
AR el L
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. . A(J3, J)=A(K J)
A 9 A(K J)=TEMP

C CALCULATION OF ELEMENTS -0
- 10' 06 11 I=KP1 N , * ‘ . ..
« QUOT=A(T,K)/A(K,K) A - g

‘ DO 11 J=KP1,M
- 11 g(l ,J)=A(1, J) QUOT*A(K J)

~ . : 0:i2 12kP1,N . :
. \ N 12 A(I K) 0 - ' 32.—(' ’ . .‘ ,

' ' : . . , . - Lt
- - C FIRST'STEP IN- BACK SUBSTLTUTION T

W RHS(N)=A(N;M)ZA(N,N) o
.- C REMAINDER OF BACK SUBSTITUTION- . . . |
) DO 20 I=1,N - . e -

" 20 CONTINUE - : -
. 14 NN=1,L : = L
, SUMZ0 I .

B IITENC AT

EW MATRIX

oot Fef W

R S s f gt DR L o

‘
MR S

I=N-NN
1plal+l

DO 13 J=IP1,N |

13 SUMsSUM+A{I,J *RHS (3 |
13 RESID)=(ALILM)-SUN)JACI, . :
| DO 15 I=1,N -
% 15, A(I,N+1)=RHS(I) SR 3
RETORN - - | AR
. , END . o : ’ A '

- )
O VRN, AT PR

[l ¢ SUBROUTINE TRIDIAG

SUBROUTINE® TRIDIAG(A,B,C,D,N) ‘
DIMENSION A(80),B(80 ) 80}, D(BO)‘ - -
‘ ?EE.BF ) | g
. REF.GT.10)THEN . -
- . < \Lp6 1 I=IIN¥2 ~ : . <
! : PRINT*, I« ',B(I),' ',D(I),' ‘',A(I),' ‘',C(1).. - =
i , 1 CONTINUE . o e
‘ . END IF *~ . - :
- D0 10 I=2 ¢
RATIO-B(IY/D(I 1) .
e ‘ . D(I)-g%l) RATIO*@% g " . ‘
r : 0 =C(I)-RATIO* .' - , ,
o C(NJ=CN 7D (M) SN T
4 ' DO 20 I=2,M s .
. JeN¥I+1 L ‘
20 . C(J) (cxar A(J)*Cﬁd+1))/D(J) S .

. ~
I > c ( .
H N ’ - 4 . ~ bl i
I3 . . C e
i ° ¢ A T, N
f Q . . .
, - 16 -
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. .
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END '
C’ NEWTON RAPHSON METHOD - BOUNDARY. VALUES .

. SUBROUTINE NRBY(PRIF,AMASS,PR,DENSR,A)
- GAMMA=1, 48 _ :
’ " C2=GAMMA/(GAMMA-1) . | .
C4=GAMMA-1 ° - *
1 'C5=GAMHA-2

C7=(GAMMA-1) /GAMMA L
C8=-2/GAMMA . ‘
C9=-1/GAMMA -

C10=- ( GAMMA+2 ) / GAMMA
x " D01 I=1,30 L
FX= PRIF**C7+(C7/2)*(AMASS/A)** APRIF**C8/ (PR*DENSR)-1

DFX=C7*PRIF**CQ+(C7/2)*C8*(AMASS/A)**Z*PRIE**CIO/(PR*DENSR)
REF=PRIF-FX/DF
ERROR=ABS(REF~PRIF)
IF(ERROR.LT.O. 0001)60 TO 2
1 PRIF=REF :
* PRINT=*,® BOUNDARY SPECIFIC PRESSURE ERROR ',ERROR L
PRINT*,' REF ‘,REF,' PRIF ',PRIF,'AMASS',AMASS,' PR ',PR
2 RETURN . '
TEND

SUBROUTINE BISECTION =~

SUBROUTINE BISEC(PRIF,AMASS, PR DENSR A)
. GAMMA=1.4
, C3=GAMMA/ (GAMMA-1)
- © C7=(GAMMA-1)/GAMMA .,
. C8=-2/GAMMA o
C9=-1/GAMMA B
, ~ClO--(GAMMA+2)/GAMMA

EVALUATE FX FOR PSEUDO CRITICAL CONDITIONS

' AO=(2/(GAMMA+1))**(C3
v FX1=A0**C7+(C7/2)*(AMASS/A)**Z*AO**CS/(PR*DENSR) 1

-

o

(o)

§ C BYSECTION
}

™ IF(FXL.LT.0)THEN S | o .
KOUNT=0" : :
Al=AO ' .

A2=PRIF  * S \

1 KOUNT=KOPNT+1 - . B

' ‘ FX1-A0**C7+(C7/2)*(AMASS/A)**Z*AO**C&/(PR*DENSR) 1
oo ' P=A1+(A2-A1)/2
.FXZ-P**C7+(C7/2)*(AMASS/A)**Z*P**CB/(PR*DENSR) -1
. AFX2=ABS(FX2)

RV W - R A

IF(KOUNT.GT.20)G0 TO 3 : ;//
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IF(AFX2.LT.0.0001)G0 TO 2 o
REF=FX1*FX2 , : : T ,
IF (REF.GT.O0)THEN - p o ,
Alsp , )
60 TO 1 P L . s ,
_EWSE : : . -
A2=p . ‘ - . | . e
GO TO 1, \ : . ©
END IF Co ;
O ‘ ELSE L : : .
o ' P=(2/(GAMMA+1))**C3
: * END IF . Co : !
PRINT*,' BYSECXION ERROR ',AFX2  — N .
PRIF=P ' ' . N
RETURN ‘ , ' -
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APPENDIX 6

PR&@RAM SHOCK (INPUT,OUTPUT)

THIS PRDGRAM COMPUTES FLOW PARAMETERS IN A

STRAIGHT PIPE WHEN A VALVE SUDDENDLY CLOSES.

THE CLOSING INSTANT IS GIVEN BY VARIABLE “CLO"

IN SECONDS FROM INITIAL TIME. SEVERAL SOLU

TIONS ARE PROCESSED INCREASING CLO OF 0.2 S

EACH TIME UNTILL 1 'SEC IS REACHED.

SUBROUTINE "FRONT" IS BURIED IN THE MAIN

PROGRAM,

. DIMENSION
XLONG(40), PsﬁF(43) , INDEX(80), GVEL(40) DZ(40),X(80)

COMM ;

N,A, D§(40) ,AS(80),DT,P(40),FLOW(40),DENS(40),DENSL(40)

YOO OOOOO

»PR, DENSR PE,DENSE, $0L0(40) FLOLD(40), FLONC(40) KD,GAMMA,PEO,PCRR

FLOCRR AGAM(4 )
éOMMON/Bl/NI(lO 40),P0,70,0T0

C READ EXTERNAL DATA o -

READ*,DIA,N,TMAX,TO,KD,CLO\
DO 1 I=2,N+1
READ*, XLONG(I)
DX(1I- 1)-XLONG(I) XLONG(I 1)
1 CONTINUE .,
XTOT=XLONG(N+1) : :
D0 19 I=1,N
00 20 J=1,KD ' '
JJ=KD-J "
DZ(KD*[- JJ)=DX(I)/KD
20. CONTINUE
, .19 CONTINUE
: NOO=N |
N=N*KD , ‘ -
D0 21 I=1,N - “ .
DX(I)=DZ(1I)
.21  CONTINUE o .
) DX{N+1 =DX N; ' _ ' . ,
DX(N+2)=DX(N . o
: ‘DO 22 I=1,N
22 CONTINUE
READ*,P0,DENSO
READ*™, VELO
READ* ,ICASE
- 778 PRINT 987 ,DIA,XTOT,N, PO, DENSO VELO,CLO
987 FORMAT(' r*\ZX 'STRAIGHT PIPE RESERVOIR PROBLEM '11113%,

1 'INPUT'// ,

1 4%,'DIAMETER OF PIPE . =' F10.5,' M'/

1 4X,'PIPE LENGYM =',F10.2,"' M'/

1 4X,'NUMBER OF INTERVALS =' 110/, :

1 4X,'PRESSURE =',F10.0,' PA'/ ”
1 4X *DENSITY =' F10.5,' KG/M3' /

1 4X.'VELOCITY K ‘ =',F10:3,' M/5'/
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4X,"VALVE CLOSES ‘AT TIME  =',F10.3,' S'//

1 §
.1 10X, 'NOTE@D IT IS ASSUMED A VALVE SUDDEN CLOSURE'//// .
13X, OUTPUT'// A
1 4X,'PRESSU PA'/ p
1 4X,'MASS FLOW  KG/S'/ 3
1 4X,'DENSITY KG/M3'/ H
1 4X,'VELOCITY M/S*t/ :
1 4X,'SOUND VEL. M/S'/) i
PRINT 989 - '
] 989 FORMAT('1',50X,'RE S U LT S'///) :
C INITIAL CONDITIONS v o, :
,““ﬁ. . j/ R , :
N=N+1
' : A=3,14*%(DIA**2) /4 )
GAMMA=1.4 * // .
TETA=1/(GAMMA-1) : . . C
Cl=1/GAMMA ‘

C2=(GAMMA-1)/ (2*GAMMA)
C3=GAMMA/ (GAMMA-1) 1
C4=(GAMMA+1)/(2*(GAMMA-1))
C5= (GAMMA-1) . :
C6=1%(GAMMA-1) , )
C11=GAMMA/ (GAMMA+1)
* RT= PO/DENSO+C2*VELO**2 . -
PR=PQ / e
DENSR=DENSO : :
FLOWO=A*DENSO*VELO
.- D02 Isl,N+l | -
. P(1)=P0 :
. . POLD(1)=PO
’ FLOW(I)=FLOWO
PREF(I)=PO
LOLD (1)=FLOWO \ | .
2 CONTINUE ' ~ .
. SO'SQRT(GAMMA*PO/DENSO) ’ . C : . BN
3 I=1,N+1
A (I)'ASO . iy
DENS (I)=DENSO
FLONC(I)'-SQRT(GAMMA*P(I)/DEN%;}))*DENS(I)*A
© DENSI1(I)=DENSO- . .
3 CONTINUE
. DENS?‘(DENSO**CS+(DENSO**GAMMA/PO)*CZ*VELO**Z)**CG
' EEEPg*(DENSE/DENSO)**GAMMA

- PEOLD=PE
DTO=0.
REO=PO ,
C CRITICAL CONDITIONS WITH RESPECT TO RESERVOIR

‘ PCRR-PR*(Z/(GAMMA+1))**C3 - ‘
FLOCRR-A*SQRT(GAMMA*PR*DENSR)*(Z/(GAMMA+1))**C4 ) ,

5

-}

-3 -
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C MAIN LOOP - ONE LOOP FOR EACH TIME INCREMENT -

T=0 < ¢
DT=.1 .

. CONTINUE

C SHOCK GENERATION @D
C  VALVE CLOSURE @D. SUDDEN CLOSURE

82
.81

IF(T.GT.CLO)THEN
DO 83 I=1,N
POLO(I)=P (1)
FLOLD{I =FLON$I; _ oo
DENS1(I)=DENS(I ,
CONTINUE o 3
DO 84 I=1,2%N+1 -
INDEX(I)=0 -
CONTINUE
INDEX(1)=1 L
X(1)=-1 - -
FLOW(1)=X(1)
1ISE=2 ,
IF(IISE.EQ.1)GO0 TO 79

{ ' . C .ITERATION TO DETERMINE PRESSURE AT CLOSING POINT

80

60

e e, O U

IF(ISIG.EQ.O)THEN
Ul=FLOLD(1)/(DENS1(1)*A)
UZ-UI*FLOH(I)/FLOLD(I)

UREF=U2

. SC-SQRT(GAMMA*P(2;/DENS(Z))
UDIFF= (GAMMA+1;/2 ¥(U2-U1)/5C
UDIFF=ABS(UDIFF
AMACH=(UDIFF+SQRT(UDIFF**2+4))/2
DENS(I)-DENSI(I)*(I/(I (2/(GAMMA+1))*(1 (l/AMACH**Z))))
U2=FLOW(1)/{DENSLL)*A)

ERROR=ABS(U2-URE “
IF (ERROR.GT..1)G0 TO 80 :
SC=SQRT (GAMMA*P (2)/DENS(2))
SW=AMACH*SC
VS=U1+SW
ISIG-I
P(1)'POLD(I)*(1+(2*GAMMA/(GAMMA+1))*(AMACH*IZ 1))
AS(l)-SQRT(GAMMA*(P(I)/DENS(I)))
T=T-0T
DO 60 IND=1,N
GVEL(IND)-FLON(IND)/(A*DENS(IND))
CONTINUE
PRINT 100,T,DT,
(P(1),I=1,N,KD), (FLOW(I),I=1,N,KD)
GO TO 81 ) .

END IF ,
INDEX(2)=0

q

-4 - . s .
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GO TO 17
END IF- ‘ : )
C SHOCK SEARCH - EXISTENCE AND DIRECTION
¢ SW= FLUID VELOCITY RELATIVE TO SHOCK
c VS= SHOCK VELOCITY RELATIVE TO FIXED COORDINATES
17 D$R78 [=1,N-1

Ul=FLOW(I)/(A*DENS(I))
U2=FLOW(I+1)/(A*DENS(I+1))
, . UlLU2s=ul-u2
) . AU1=ABS(U1)
AU2=ABS(U2)
: FiUlLUZ.LT.O;GO TO 70 .
Af% IF(AU1.LT.AU2)THEN
: Ul=u2
uz=FLow§1)/(A*oENs§1))
- SC=SQRT(GAMMA*P (I+1)/DENS(I+1))
UDIFF=((GAMMA+1)/2)*(U :
UDIFF=ABS(UDIFF

2-U1)/sC
¥ AMACH=(UD§FF+SQ T(UDIFF**2+4))/2’
IF (AMACH.GT.1.1)THEN | |
SWsAMACH*SC u
VSaUl+SW
ELSE
0. TO 70
END IF o o
: TR=1 ‘ )
4, ELSE ‘
SC=SQRT (GAMMA*P (I)/DENS(I))
UDIFF=((GAMMA+1)/2)*(U2-U1)/SC
UDIFF=ABS(UDIFF) :
? IFFf*2+4))/2

mc: —

AMACH=(UDIFF+SQ
- IF(AMACH.GT.1.1
SW=AMACH*SC
VS=U1-SW B
ELSE ' !
GO T0 70 - .
END IF :
TR=2
N 1 END IF
- C IF(TR.EQ. 1)II=I+1
L ‘ IF(TR.EQ.2)1I=1-1

C SYSTEM MODIFICATION FOR ENTERING THE SHOCK. FIRST ATYEMPT
. . \ q‘ .
! | | DT=DX(I)/VS | . .
3 } DT=ABS(DT)
; , IF(ISIG.EQ.0)CALL BCl(INDEX X,IFLAG, ICASE)
i e CALL BC2(INDEX,X,IFLAG,ICASE) - .
: IF (TR.EQ. 1zrusu
INDEX(2*1)=1
INDEX(2*1+1)s1

N

R e

.

I

o -
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c fMODIFIED SYSTEM SOLUTION.FIRST'ATTEMPT

73
71

72

INDEX(Z*(I+1)) 1
{2*I+1)=FLOLD(I+1)
X(2*1)=POLD(I)
X(2%(1+1))=POLD({I+1)
END IF
IF (TR.EQ.2)THEN o
INDEX (2*1)=1 ‘
INDEX(2*1-1)=1
INDEX{2*(1-1))=1
X(2*1)=POLD(1)

S X(2*I-1)=FLOLD(I)

APPENDIX 6

X (2*(1- 1))-POLD( -1) : -

END 'IF

DO 71 J=1,N

. PREF(J)=P(Jj

CONTINUE

CALL SYST(INDEX, X)

CALL DENIT1

ERROR=0 "' ™

DO 72 J=1,N
ERROR1=ABS (P (J)-PREF(J))
ERROR=AMAX1(ERROR ,ERROR1)

, - IF(ERROR.LT.10)GO TO 74

CONTINUE
GO TQ.73

C SYSTEM MODIFICATION FOR ENTERING SHOCK.FINAL

Y ga

‘ IFzTR .EQ.1)THEN

1)=P(I)+(P(I-1)-POLD(I-1))/2
P(I+1)-P(I+1)+(P(I+2) POLD(I+2))/2
X(2*1)=p(1)

X(2*(I+1))-P(I+1) “ﬂ,

END IF

IF TR.EQ.2)THEN - ,
1) (I)+(P(I+1)-POLD(I+1))/2
I-1)=P(I-1)+(P(1-2)-POLO(I-2))/2

h—lvv 'U
Tt P

« . ' ¢ g,
C SOLUTION OF MODIFIED SYSTEM.FINAL ATTEMPT

78

75 -

D0 75 J=1,N

PREF(J)-?(J) .
CONTINUE | -
CALL SYST(INDEX,X)

CALL DENITI1

ERROR=0 3

DO 76 J=1,N




R A s g A= o o

76

77

* 26

‘ AUI=ABS$U1

. APPENDIX 6

ERROR1=ABS (P (J)-PREF(J))

ERROR=AMAX1(ERROR /ERROR1)

IF (ERROR.LT.10)60 .T0 77
CONTINUE

IF(ISI6.EQ.0)CALL FEL(INDEX X, IFLAG, ICASE)
GO TO 78
IFiTR .EQ. Z;THEN
U FLowt (A*DENS(I%
U2=FLOW{I+1)/(A*DENS{I+1))
UILU2=U1-U2

AU2=ABS (U2
SC=SQRT (GAMMA*P (1) /DENS(I)) -
UDIFF=( (GAMMAX1)/2)*(U2- u1)/sc
UDIFF=ABS (UDIFF
AMACH-(UDIFF+SQRT(UDIFF**2+4))/2
IF(AMACH.LE.1.1)THEN
D0 26 JJd=1,N
P(JJ)=POLD(JJ) : Lt
FLOW JJ;-FLOLD{JJ; ‘ .
DENS(JJ)=DENS1{JJ , Lo
CONTINUE
GO TO 70
END IF
SW=AMACH*SC
VS=Ul-SW°
Ul=y2
DENS(I)=DENS{I)*(1/(1- (2/(6AMMA+1)) (1- (1/AMACH**2))))
P(I)tP(I)*(1+(2*GAMMA/(GAMMA+1))*(AMACH**Z -1)) -
FLOW(I)=U1*DENS(I)*A
CCaP(I)/POLD(I), .
oo-nens%x)/osnska) L :
cCco=ABS{1-CC) -
DDD=ABS(1-DD) o
IF(CCD.LT.0.001,0R.DDD.LT. o 0004 )THEN | -
AGAM(I)sAGAM(I)
ELSE
ACOMP=ALOG(CC)/ALOG(DD)
IF(ACOMP.LE.Q)THEN
AGAM(I)-AGAM(I) -
ELSE .
AGAM(1)=ACOMP
END IF
END IF . -
ELSE
UlsFLOW(I+1)/(A*DENS(I+1))
U2=FLOW(T)/(A*DENS(I))
UlLUZ=U1-U2
AU1=ABS(ULl) . .
AU2=ABS(U2) . ' .
SC=SQRT GAMMA*P(I+1)/DENS(I+1)) _
UDIFF=( (GAMMA+1)/2)*(U2-U1)/SC
UDIFF=ABS(UDIFF

-7 -
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AMACH={UDIFF+SQRT(UDIFF**2+4))/2
IF (AMACH.LE.1.1)THEN
DO 27 JJ=1,N :
P(J3)=POLD(JJ) S
FLON{JJ =FLOLD JJ} .
DENS(JJ)=DENS1(JJ

27 CONTINUE : .
: 60 TO 70- : ,
£ If :
"~ SW=AMACH*SC . L .
VS=UT+SH ,
UlaU2
« DENS(I+1)=DENS(I+1)* (1/(1 (2/(GAMMA+1))
1 {1- (1/AMACH**2))))
, © P{I+1)sP(I+1)*(1+{2*GAMMA/ (GAMMA+1))* (AMACH**2- 1))
FLOW(I+1 =U1*DENS(I+1)*A
CC=P (1+1 /POLDéI+1)
DD=DENS(I+1)/DENS1{I+1)
CCD=ABS(1-CC .
DDD=ABS{1-DD 1?
IF(CCD,LT,0.00.0R.0DD.LT.00.00004) THEN
AGAM(I+1)=AGAM(I+1)
ELSE : ‘
. ACOMP=ALOG(CC)/ALOG (DD) e .
IF (ACOMP.LT.0)THEN
AGAM(1+1) =AGAM(1+1)
ELSE
AGAM(I+1)=ACOMP
END IF
END IF
END IF
DT=DX(1)/VS
DT=ABS (0T)
TaT+0T
DO 86 KK=1,N
FLOHC(KK)-SQRT(GAMMA*P(KK)/DENS(KK))*A*DENS(KK)
.1 *FLOW(KK)/ABS{FLOW(KK))
86  CONTINUE
DO 61 IND=1,N
GVEL(IND)-FLON(IND)/(A*DENS(IND))
61-  CONTINUE .
PRINT 100,T,DT,
1 (P(J),Jd=1.N.KD}, (FLOH(J) Jal,N KD)
GOTO 82 ‘ :
70 CONTINUE . A

C- UPDATE PARAMETERS AND UPDATE.TIME

IFSISIG .EQ.1)THEN

00 87 I=1,N.

o DENSI(I)-DENS(I)
FLOLD{1)=FLOW(I)
POLD(I)'P(I) )

R o BT e e
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87  CONTINUE
SUMKD .
DO 88 I=1,N
| SUNSSUN+SQRT (GAMMARP (1) /DENS (1)}
B8  CONTINUE
ASM=SUM/ (N{1
. DT=XLONG({(Ne1)/KD)/(((N=1)/KD)*ASM)
IF(T.GE.0.AND.T.LT.20)DT=0T ~
TaT+DT
IF (T. GE. THAX)B0 T0 10
60 T0~79
END IF

C BOUNDARY CONDITIONS

CALL BCI(INDEX,X,IFLAG, ICASE)
79 CALL BC2(INDEX,X,IFLAG, ICASE)

C SYSTEM SOLUTION

9 - IF(ICASE.EQ.1)CALL'SYST(INDEX,X)
IF(ICASE.EQ.3)CALL CENTR(INDEX,X)
IF(ICASE.EQ.4)CALL CENTR2(INDEX,X)
ERROR=0.

DO 15 .Ial,N
ERROR1=ABS (P (1)-P

15  ERROR=AMAXI(ERROR,

IF (ERROR.GT.10.) TH

R

>

EF(I))
ERROR1)
EN

¢ DENSITY UPDATING

CALL DENIT1
D0 6 I=1,N Co
PREF(I)-P(I)
FLONC(I)S-SQRT(GAMMA*P(I)/DENS(I))*DENS(I)*A
6 CONTINUE '

C PIPE RUPTURE PRESSURE DRbP LIMITATON

e

AFLOHtABS(FLOH(l)) '
AFLOCR-ABS(FLONC(I)) \
TREF=TOQ+DT

IF( AFLOH GT.AFLOCR, AND.T.LT.TREF)THEN
‘PRIF 1)/DENS$ } £§GAMMA 1)/(2*GAMMA))

1 *(FLO )/ (DENS(1 )**2)
AEX=1/GAMMA , a
BEX-GAMMA/{GAMMA
PRIF=(DENS 1)/P(1)**AEX)*PRIF

o PRIF=PRIF**BEX

CEX=GAMMA/ (GAMMA+1)

DENRIFaDENS(1)*(PRIF/P (1))**AEX
PER-((FLON(1)/A)**Z*PRIF**AEX/(GAMMA*DENRIF))**CEX'
x(z)-x(z)+o 3*(PER X(2))

»

-9-




& e

[ 2

pu

APPENDIX 6

GO TO 9
END IF

CRITICAL CONDITIONS - FIRST ELEMENT -

CALL FEL(INDEX,X,ICASE)

" CRITICAL CONDITIONS -INTEﬁNAL NODES -

CALL MASS{INDEX,X)

CRITICAL CONDITIONS - LAST ELEMENT=-

PRINT RESULTS

62

UPDATE TIME

7

. ACOMP=ABS(FLOW(N)) -

- BCOMP=A*SQRT (GAMMA*POLD (N)*DENST(N))*(2/(GAMMA+1))**C4
IF{ACOMP.GT.BCOMP)P(N)=POLD(N)*(2/(GAMMA+1))**C3
GO T0 9

END IF

‘B0 62 IND=1 N
GVEL(IND)= FLON(IND)/(A*DENS IND))
CONTINUE
PRINT 100,T,0T, :
1 (P(I), 1=1 KD) (FLOH(I) I1=1,N,KD)

" 100 FORMAT{

1 1X,2F5.3,1X,'PR. ' 11F10 0/12X,'FLOMW.',11F10. 2/)

”

IF(I1SIG.EQ.1)GO TO 82

SUM=0,

DO 7 I=1,N

SUM=SUM+SQRT (GAMMA*P (1) /DENS(I)).

CONTINUE

ASM=SUM/(N-1) ° ,
 DT=XLONG({N=-1)/KD)/(((N- 1)/KD)*ASM) x .

IF(T.6E.0.AND.T.LT.20.)0T=DT "

" UPDATE PARkMETERS

DO 25 I=1,N
DENSI$I =DENS§I;
FLOLD(I)=FLOW(I
POLD(I)=P(I) .
CONTINUE - = -
' TaT40T
IF (T.6T.THAX)GO TO 10
0T0=DTQ+DT
PEOLD=PE -~
RHOLD=DENSE
.- PE=PPE- ( (PPE-101325. )/TO)*DTO ,

«'10 -

.

e e e e R A ey

= .
Aipee e b



b e et W T T AR P a4 T NS A il it oy e

: APPENDIX 6
IF(PE.LE.101325.)PE=101325. ~ -t
DENSE=RHOLD* ( (PE/PEOLD)**C1) A
PEO=PE - _
DO 11 I=1,2%N+1
INDEX(1)=0
11 CONTINUE .
GO TO 5
10 CLO=CLO+0.2 i
ISIG=0 - ~ : Co
. , ‘Nl ¢ ' « - .
" TMAX=TMAX -.3 . .
IF(CLO.GT.TTMAX)GO TO 777 -
GO TO 778 ' , ‘
777 STOP ' .
END ‘ '

v,
“
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'C SUBROUTINE SYSTEM SOLUTION, =~ -

= SUBROUTINE SYST(INDEX,X).
DIMENSION INDEX(BO) X (80),AB(80),BE(80), 0(30) RHS(BO)
1 ,R1(80),R2(80)

COMMON/AL/N A, DX(40),AS(40),DT,P(40),FLOK(40),DENS(407,DENS1(40) -
FLOW(40) ,DENS {40), DENSI{40;
PR, DENSR , PE , DENSE,, POLD(40 FLO;S“hO),

. FLOWC(40) ;KD GAMNA ,PEG, PCRR

JFLOCRR AGAM(40) © ‘ ) py
» © T AN=2%N+1 . s : ‘

C BASIC MATRIX

D01 I= 3,NNE
R1(I)= 4%DX
1--DENS1((I+1
.1 (DENS((I+1)
R2(I)=-FLOW
*

+

)

R

Pt fd b b
>
# n‘-*ﬁ%f;‘"n‘om-&.-«-nm" B ne

,
[ S TR N

[ VA

A*DT))*kDENS((I#l)/zi

1+1)/2))
DENS((I+1)/2) DENS((I 1)/2))/(A*DENs

e s

3 s e e g,

1 (2**1)/2))

P e B

)72y

D(1)=1
i -
R =
RHS (NN+1)31 > .
.00.2 I=2,NN,2 '
D(I)=A*Dx((1+2 T*AS((I)/2)*ABS(AS((1)/2)))
‘2 © RHS(I)=D(I)*POLD - .
D0 3 I=1,NN+l , - L
AB I;-l 3 '
| 37 BE(I)=-1 \ . .
o, o
' k,BE(NN+1)=0
C BGUNDARY couorrxons '

. D05 1=1 NN+2 « . L .
IR(INDEX(I).EQ. 0)60 0 5 C C - .
D(I)=1 : ~ : |
RHS(I)=X(1) o . . - .
AB(I.)=0 : -
BE(I)’O . . Y )

5  CONTINUE -
o NN=NN+1

CALL TRIDIAG(AB BE,RHS,D N“)

NN=NN-1

D0 6 I=2,NN,2 . :
.. B P((I)/2)=RHS(I) o o

. -12 - - ,f o j(»\N
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D0 7 I=1,NN ‘
FLou((1+1;/é)-RHS(1)
IF(FLOW(1).EQ.0)THEN :
FLOW(1)=FLOW(2) o
END IF . :
IF (FLOW(N).EQ. O)FLON(N) FLow(N;\B\
S b | N

1

RETURN
END

‘jC "SUBROUTINE «CENTRAL -CENTRAL POINTS -

7

b b et

C NODE ELEMENT RELATI&VHIP . . '

f

2.
1

|, SUBROUTINE CENTR(INDEX,X)

DIMENSION BKAA(80,80),INDEX(80),X(80),NODE(40,2),R1(80)
,R2(80).,RHS (80), STIFF(4,4 : ~

COMMON/AL/ N,A,DX(40),A%(40),DT,P(40), FLOW(40)

FLOW(40),DENS(40),DENS] 403
,PR,DENSR,PE,DENSE,POLD(40),FLOLD(40),

FLOWC (40) KD, GAMMA. PEQ, PCRR

'NNOSEEE ,AGAM(40) ‘ . e o

NELEM=N-1 ~ .
PEREL=2"
=2*NNO0E

DO 1 IE=I,NELEM : PR
00 2 I=1,NDPEREL . Ay
NODE(IE,I)=IE-1+1 , L Lo
CONTINUE® - * : g . o
CONTINUE : S -

- - o

C ASSEﬁBLING of GLOBAL INFLWENCE MATRIX - o |

©. " STIFF

N

DO 3 IE=1,NELEM '
RHO*&ENS(NODE(IE 1))+DENS(NODE(IE 2))
RHOLD-DENSI(NDDE(IE 1))+DEN51(NODE(IE 2))
R1(IE)=-2%(RHO- RHOLD)/(RHO*A*DT)

_ R2£IE)=-4*(DENS(NODE(iE b2))- DEﬁS(NODE(IE 1)))/(D§(IE)* B

A*RHQ 2**2 7
sv-(As NODE ( IE, 1))+AS (NODE (1E,2) ) 2 SRR 4
STIFF;% %§ ! A*DX (IE /(Z*SV*ABS(SV)*DT)) ] :
STIFF(1,3 --§TIFF{1 l i
STIFFil ,4)=STIFF (1 /
STIFquf --(DX(IES/(Z*A*DT)+R1(IE)*DX(IE)/2+ |
R2(TEY*DX(1E)* . :
'(FLOH(MODE(IE 1))+FLOH(NODE(IE 2))/2)/3f

. STIFF(2,2)=

STIFF(2,3 --1ox(IE)/(z*A*oT)+a1(xs)*ox(15)/z+‘
R2(TE)*DX(IE)* ¢ )
(rLou(nouE(lz 1))/2+FLou(u005(1£ 2)))/3) o




'
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1 +POLD(NODE(IE,2

C- SOLVE "MATRIX |
" .iCALL GAUSS(BKAR,NN) R

¢ (UNLOAD RESULTS .

DO 15 I=2,NN,

15

STIFF(2,4)=-STIFF(2,2)

RHS (2XNODE (IE, 1 )=STIFF(1,2)*(POLD(NODE(IE,1))  =. |

ll)=-(DX(IE)/(2*A*DT))* FLOLD(NODE;}E 1)) '
1 +FLOLD(NODE(IE,2)))

RHS(Z*NODE(IE 1

D0 4 K=1,2
NROW=2*NODE (IE,1)-14K
DO 5 J=1,NDPEREL
DO 6 KK=1,2 -
NCOL=2*NODE (IE,J)-2+KK
' BKAA (NROW, NCOL ) =STIFF (K, 2%J- 24KK)
-CONTINUE
CONTINUE
CONTINUE
CONTINUE
BKAA(1,1)=1
BKAA (NN, NN)=1
DO 10 I=2,NN-1
BKAA(I,NN+1)= RHS(I)
CONTINUE
BKAA{1,NN+1)=1
BKAA(NN,NN+1)=1

¢ ENTER BOUNDARY CONDITIONS
IF (INDEX(2).EQ.1NTHEN

DO 20 I=1,2*NNODE+1
BKAA(1,I)=BKAA(2,I)

" CONTINUE Lol

END IF
D0 13 I=1,2*NNODE
IF(INDEX(I) EQ.0)GO T0 13
DO ‘14 J=1,7
JJ t[+4-J o
SJJ LT.1)dd=1
F(JJ.GT.NN)JJ=NN
BKAA(I,JJ)=0
CONTINUE -
BKAA(I,I)=1 :
BKAA(I NN+1)=X(I) .
CONTINUE ‘ '

«* [N

P(1/2)=BKAAYI NN+1)

CONTINUE
D0 16 I=1,fN,2

FLOH((I+1 /2)-BKAA(I MN*I)

-14-
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%
16 CONTINUE
C CLEAR MATRIX

L A DO 17 I=1,NN"
o RHS(1)=0
DO 18 J=1,NN+1
BKAA(I,d)=0 °
18  CONTINUE Ce : . . |
17 CONTINUE - L _ :
RETURN : :
END . L

. %
o . b4
2

C SUBROUTINE CENTR2 - FINITE ELEMENTS -

SUBROUTINE CENTRZ(INDEX X) .
"DIMENSION BKAA(80,80), INDEX(80),X(80),NODE (40, 2) R1(80), .
R2(80),RHS(80), STIFFS4 42

COMMON/A1/ N,A,DX(40 40),0T,P(40),
FLOW(40),DENS(40), DENS1(40)

,PR,DENSR, PE , DENSE ,POLD(40),FLOLD(40), 5
FLOWC(40).KD,GAMMA,PEQ, PCRR ' ,
5 ,FLOCRR ,AGAM(40) \
cod NNODE =N _ . :
e . NELEM=N-1 : : \ .

“ : NDPEREL=2 . -

' . NN=2*NNODE

S ', C .NODE 'ELEANT RELATIONSHIP-

DO 1 IE=1,NELEM ‘ , _ .
DO 2 Is1,NDPEREL * - - , =
NODE(IE,I)=IE-1+I &
L2 CONTINUE -
4 1 CONTINUE

C, STIFFNESS MATRIX PER ELEMENT - EACH ELEMENT IN SEQUENCE -
\\\\E ASSEMBLING OF GLOBAL INFLUENCE MATRIX ‘ -

et -

0 3 IE=1,NELEM | SR
RHO=DENS(NOD (1E,1))+DENS(NODE(IE,2)) N
RHOLD=DENS1 (NRDE(IE,1) }+DENS1(NODE(IE,2)) oy
R1(IE)=-2%(RHO-RHOLD)/ (RHO*A*DT) '

. R2(1E)=-4%(DENS(NODE(IE,2))-DENS (NODE (IE, 1)))4
t { /(D§(IE)*(ARHO)

SV=(AS(NODE(IE, 1))+AS(NODE(IE 2)))/2
STIFF(2,1
. - srrrsiz 2;--(A*DX(IE)/(3*SV*ABS(SV)*DT))
‘ , ’ STIFF(2,3)=-STIFF(2,1)
' ‘ STIFF(2 4)-ST!FF(2 2)/2

N . N - : .
' N ' . N * .
iy . , - 1 - .
i L4 N . . .
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STIFF(1,1)=-(DX(IE)/(3*A*DT)+R1(IE)*DX(IE)/3+
R2(IE)*DX(IE)
*(FLOW(NODE(1E,1))+FLOW(NODE(IE;2))/3)/4)
STIFF(1,2)=.5

STIFF(1,3)=-(DX( IE)/(6*A*DT)+R1(IE)*DX(IE)/6+
R2(IE)*DX(IE)
*(FLOW(NODE(IE,1))+FLOW(NODE(IE, 2)))/12)
STIFF&I 4;=-STIFF(1 ,2)

STIFF(4,1)=STIFF(2,1) \
STIFF(4.,2)=STIFF(2.2)/2 '
STIFF§4,3; STIFF(2,3)

STIFF(4,4)=2*STIFF(2,4) -

STIFFE3,1$ STIFF(1,3

STIFF(3,2)=STIFF(1,2 :
STIFF(3,3 =-(DX(IES/(3*A*DT)+R1(IE)*DX(IE)/3+
R2(IE)*DX.(IE)*
(FLON&NODE(IE,l))/3+FLOH(NODE(IE »2)))/4)
STIFF(3,4)=STIFF(1,4)

APPENDIX 6

f’\/

RHS(Z*NODE(IE,l))=RHS(2*NODE(IE 1))+STIFF(2,2)* (POLD(NODE

1) )+POLD(NODE(IE,2))/2)
RHS(Z*NODE(IE,I) 1)=RHS{2*NODE(1E,1)-1)-
(DX(IE)/(3*A*DT))*(FLOLD

2%)/2)

. ODE(IE,2)-1)-
A*DT))*(FLOLD

(r

*
))/2+FLOLD(NODE(IE,2)))
gPEREL \

NRW=2*NQPE (IE,1)-2+K
00.6 J=1,NDPEREL
DO 7 KK=1,2
NCOL=2*NODE (1€, J) - 2+KK

E(IE,2))+STIFF(2,2)*(POLD{NODE

BKAA (NRW, NCOL)tBKAA(NRN NCOL)+STIFF(2*I 2+K 2*J-@+KK)

CONTINUE
CONTINUE | e
CONTINUE :
CONTINUE |
CONTINUE _ .
DO 10 I=1,NN
BKAA(T,NR+1)=RHS(T)
CONTINUE

C . ENTER BOUNDARY CONDITIONS ’ -

DO 13 I=1,2*NNODE
IF (INDEX{I).EQ.0)GO TO 135
00 14 J=1,7
Ji=1+4-J
IF(JJ.LT.1)dd=1
IF(JJ.GT.NN)JJ=NN | |
BKAA(I,30)=0 - »

; oo
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"¢ SOLVE MATRIX

APPENDIX 6

14 CONTINUE
BKAA(I,l)=1
BKAA(I NN+1)=X(I)

13 CONTINUE

KKK=0 -
IF(KKK.EQ.1)THEN  *
PRINT 100, ((BKAA(I,Jd),d=1,NN),I=1,NN)
PRINT 100, ({BKAA{I,d),Jd=NN+1,NN+1),I=1,NN)
100 FORMAT(2X,11F10.3)
END IF
CALL GAUSS(BKAA,NN)

C UNLOAD RESULTS

DO 15 I=2,NN,2 .
P(1/2)=BKAA(I,NN+1) :
15  CONTINUE
D0 16°I=1,NN,2
FLOW((I+1)/2)=BKAA(I,NN+1)
16  CONTINUE -

¢ CLEAR MATRIX o -

DO 17 I=1,NN R
RHS(1)=0

DO 18 J=1,NN+1
BKAA(I,Jd}=0,

CONTINUE

CONTINUE

RETURN

END

C .BOUNDARY CONDITION - RUPTURE-- . L S

[ORF ey
~o

SUBROUTINE BCI(INDEX X,IFLAG,ICASE) ' ,

DIMENSION INDEX(80),X(80) :

COMMON/AL/ N,A ox(40) AS(40),0T,P(40),

FLOW(40), DENS(40) DENS1(40

,PR,DENSR,PE,DENSE,POLD(40),FLOLD(40), .

FLOWC (40) .KD,GAMMA. PEO PCRR . -

JFLOCRR, AGAN 40) . :

COMMON/B1/WI{10 ,40), po T0,0%0 e

BT

X(2)=P (1)~

. (- INDEX(1)=1l

. X(1)=0 ‘ . :

IF(ICASE.EQ.3 Iunsxilg-o
IF(ICASE.EQ.4)INDEX(1

b b pd Pt

L - 17 - ‘
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RETURN
END

C BOUNDARY CONDITION - RESERVOIR -

SUBROUTINE BC2(INDEX,X,IFLAG, ICASE)
DIMENSION INDEX(80), X(BO) ) .
COMMON/A1/

N,A DX(40) AS(40),DT,P(40),FLOW(40), DENS(40) DENS1(40)

4PR, DENSR PE,DENSE,POLD(40),FLOLD(40),FLOWC(40),KD,GAMMA,PEQ, PCRR
1 ,FLOCRR,AGAM(40)
. COMMON/B1/WI (10,40),P0,T0,0T0
1F (FLOW(N).LT.0) THEN :
: AMASS=FLOW(N)

\ vj: PRIF=P(N)/PR . , .
o REF=0.9*FLOCRR |
— AMASS=ABS (AMASS) L
_ IF(AMASS.LT.REF)CALL NRBV(PRLF,AMASS,PR, DENSR JA) :

IF (AMASS.GE.REF )CALL BISEC(PRIF,AMASS,RR,DENSR,A)
-  P(N)=PRIF*PR &
INDEX (2*N)=1 ‘
X(2%*N)=P(N) ,
ELSE . | , r
. P(N)=PR '
: . INDEX(2*N)al
X(2*N)=P(N)
END IF
RETURN '
END ,
C SUBROUTINE DENIT1  DENSITY UPDATING - ADIABATIC
c "+ ISENTROPIC CASE -

, SUBROUTINE DENIT1 )

. COMMON/AL1/ N,A,DX(40),AS(40),DT,P(40),"

© FLOW(40),DENS(40),ENS1(40)
,PR,DENSR,PE,DENSE,POLD(40),FLOLD(40),

FLOWC(40) .KD.GAMMA . PEO, PCRR

,FLOCRR, AGAM§40) S

connou/al/ur,10,40).90,701070 . 4

Cl=1/GAMMA - |

00 1 1-1,u C I ‘
oeusi -DENSI{I)*(P(I)/POLD(I))**CI A )
C2=1/(GAMMA-1) : « -

; (GAMMA*P(I;/DENS(I))
-SQRT(AS(I

Pb it ek o

SR | cou IN . §
. ,.RETURN ) g , .
CEND : | e

C CRITECAL abqggtious - FIRST ELEMENT - =~ . .

s R * e
L] ' . . N

.18 -
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SUBROUTINE FEL(INDEX X, ICASE)
'DIMENSION -INDEX(80),X
COMMON/AL/ N,A,DX(40) AS(40) DT,P (40),
FLOW(40),DENS(40), Dgﬂ 1(40)
PR, DENSR, PE , DENSE 0LD(40) FLOLD(40),
FLOWC (40) .KD.GAMMA . PEQ, PCRR
,FLOCRR,AGAM(40) \
COMMON/B1/WI(10,40),P0,T0,0TO
C3=GAMMA/ (GAMMAZ1)
s C11=GAMMA/ (GAMMA+1)
C1=1/GAMMA
AA=ABS (FLOW(1))
BB=ABS(FLOWC (1))
PRIF=(P£1)/DENS ;+( GAMMA- 1)/(2*GAMMA))
1 *(FLOW(1)/(DENS(1)*A])%**2)
AEX=1/GAMMA
BEX=GAMMA/§GAMMA 1)
PRIF=(DENS(1)/P (1) **AEX)*PRIF
L PRIF=PRIF**BEX
E CEX=GAMMA/ (GAMMA+1)
DENRIF=DENS(1)*(PRIF/P(1))**AEX _ .
IF(AA.GT.BB.AND.PE.EQ.101325 ) THEN
FLOW(1)=(BB+1.3%(AA-BB))*FLOW(L)/AA
PER=( (FLOW(1)/A)**2#*PRIF**C1/(GAMMA*DENRIF))**C1]
X(2)=X(2)+0.3*(PER-X(2))
INDEX (2)=1 :
K INDEX(1)=1 .
‘ . lF;ICASE.EQ.ZEINDEX§1§=J

s

o IF(ICASE.EQ.3)INDEX(1)=0
\ o IF(ICASE.EQ.4)INDEX(1)=0
Xél =0
1 2x 2).GT.PCRR)THEN
S X(2)=PCRR ‘
3 INDEX(1)=1
™ X(1)=-FLOCRR
END IF
END IF

* - RETURN
: END

to ‘ . R v

- C SUBROUTINE CﬁITICAL MASS FLOH

i X SUBROUTINE MASS INDEX,X)

! ‘ DIMENSION INDEX(80), XX(40) IINDEX(SO) X(80)
’ COMMON/A1/N,A,D (40) AS(40),D0T,P(40),
FLOH(40) DENS(40) DENS1(40
1 ,PR, DENSR PE, DENSE PoLD(40),FLOLD(40),
1 FLOHC(40) KD,GAMMA PEOuPCRR .

1 ,FLOCRR AGAM(QO) ’
. NN=2*N

GAMMA=1.4

C3-GAMMA/(GAMHA 1)

~ !
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C4=(GAMMA+1)/(2*(GAMMA-1))
PCR=PR*(2/ (GAMMA=-1))**(3
IFLAG=0
D0 2 I=2,N C
IINDEX(1)=0
XX(I)=0
2 CONTINUE
DO 1 I=2,N
XX (1)=ABS (FLOWC(I))
ABX=ABS(FLOW(I))
ABFLOC=ABS(FLOWC(I)) .
XX(I)=ABFLOC+0.5*(ABX-ABFLOC)
IF (ABX.GT.ABFLOC)THEN
TINDEX(1)=1
PRIF=(P(I)/DENS(I)+((GAMMA- 1)/(2*GAMMA))
1 *(FLOW(I)/(DENS(I)*A))**2)
° AEX=1/GAMMA .
- BEX=GAMMA/ (GAMMA-1)
PRIF= (DENS(I)/P(I)**AEX)*PRIF
PRIF=PRIF**BEX
CEX=GAMMA/ (GAMMA+1)
DENRIF*DENS(I%*(PRIF/P(I))**AEX
PER= g/A **Z*PRIF**AEX/QGAMMA*DENRIF))**CEX
XX(I =XX(I)*FLOW(I)/ABS(FLON(I))
END
1 CONTINUE :
DO 3 J=3,NN-2,2
IF(TINDEX((J+1)/2).EQ.1)THEN
X J)-XX(§J+13/Z)
X(J+1)=X(Jd+1)+(PER-X(J+1))
INDEXéJ)-IINDEX((J+1)/2)
INDEX(J+1)=1 “ .
" END IF . )
"3 . CONTINUE
. RETURN
END  ©

SUBROUTINE GAUSS(A,N)

C SOLUTION OF CAPACITANCE AND INERTANCE SYSTEM BY
c GAUSSIAN ELIMINATION

DIMENSION A(80,80),RHS(80)
M=N+1
LaN-1
\ D0 12 K=1,L
JJ=K
BIG‘ABS(A(K K))
KPl=K+]

C "SEARCH FOR LARGESTJPOSSIBLErPIVO? ELEMENT

- 20 - . v
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LLL=1 :
IF(LLL.EQ.1)GO TO 10
s DO 7 I=KP1,N , " .
. ABB=ABS{A(I, K)) n
IF(B1G-ABB)6,7 '
6  BIG=ABB
Jd=1
7 CONTINUE

'§  , | .C DECISION OF NECESSITY OF ROW INTERCHANGE
v o IF(J3-K)8,10,8
R . C ROW INTERCHANGE
8. 009 J=K ,M
TEMP-A§JJ

A(3J,d)=A(K,d) S
#9,. . A(K J)’TEMP . ) ] «

- . arr

C CALCULATION OF ELEMENTS OF NEW MATRIX T

10 DO 11 I=KP1,N
QUOT=A(I,K)/A(K,K)
00 11 JtKPl Mo

11 A(I,9)=A(I, J) QUOT*A(K J)

!

20 CONTINUE
DO 14 NN=1,L —. %
SUM=0 : o ’ v
I‘N‘NN ’ ‘ ) . ’ . ° A
: 3 IP1=1+1 ' :
e 0 DO 13 J=IP1,N . : , e,
5 13 SUM=SUM+A(I, J?*RHS(J) t . x
' S 14, RHS{I) (A(1,;H)-SUM)/A(1,T)
DO WN ,
15  A(I, N+1)-RHS(I)
“ RETURN

L~ M." ' END ~: * g\ .

y p0 12 1skpi,N o
o 12 A(TK)=0 SRR
¢ FIRST STEP IN'BACK SUBSTITUTION ,
RﬂS(N)tA(N,M)/A(N,N)‘
C REMAINDER OF BACK SUBSTITUTION | .
- DO 20 I=1,N ' ,

* . C SUBROUTINE TRIDJAG L JLJ 
. , . } - j P ~ -
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SUBROUTINE TRIDIAG(A,B,C,0,N)
DIMENSION A(80),B(80),C(80),D(80)
REF=3
IF (REF.GT.10)THEN
DO 1 I=1,N+2 ] , : :
PRINT*,I,* ',B(I),! ',D(I)," ‘,A(I),* *,C(I)
1 conrrnus ; , ‘
END IF
D0 10 I=2,N ‘
RATIO=B(1)/D(I-1) «
©© D(1)=D(I)<RATIO*A 1-1; N
10 C(I)=C(I)-RATIO*C(I-1 s .
© C(N)=C(N)/D(N) f .
D0 20 I=2,N
JaN-T+1
20 C(J)=(C(J)-A(3)*C(3+1))/D(I)
RETURN
END

;C NEWTON RAPHSON METHOD - BOUNDARY VALUES

SUBROUTINE NRBV(PRIF AMASS ;PR,DENSR ,A)

GAMMA=1. 4 R

C2=GAMMA/ (GAMMA-1) '

C4=GAMMA-1 - : N

C5=GAMMA-2 -

C7=(GAMMA-1) /GAMMA
C8=-2/GAMMA ‘

C9=-1/GAMMA , .

C10=- (GAMMA+2)/GAMMA

i DO 1 I=1,30

X-PRIF**C7+(C7/2)*(AMASS/A)**Z‘PRIF**C8/(PR*DENSR) 1

DFX=C7*PRIF**C9+(C7/2)*C8*(AMASS/A)**Z*PRIF**CIO/(PR*DENSR)
REF=PRIF-FX/DFX.
ERROR=ABS (REF-PRIF) o
IF(ERROR.LT,.0.0001)G0 TO 2 . :

3 PRIF=REF
‘ PRINT*,* BOUNDARY SPECIFIC PRESSURE" ERROR ',ERROR

-

PRINT*,' REF ',REF,' PRIF ',PRIF 'AMASS"AMASS ‘' PR PR

2. RETURN
END

C  SUBROUTINE BISECTION , -

© SUBROUTINE BISEC(PRIF,AMASS, PR LDENSR ,A)
© GAMMA=1.4 - o
~ . C3=GAMMA/(GAMMA-1) o
3 C7=(GAMMA-1)/GAMMA ' ‘
: CB=-2/GAMMA - A
- C9=<1/GAMMA sl
-~ C10=- (GAMMA+2) /GANNA -

&
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| APPENDIX 6
EVALUATE FX FOR PSEUDO CRITICAL CONDITIONS

AO=(2/(GAMMA+1))**C3
FX1=AQ**C7+(C7/2)* (AMASS/A)**Z*AO**CS/(PR*DENSR) 1

BYSECTION

IF (FX1.LT.0)THEN
KOUNT=0
Al=A0 - - :
AZ2=PRIF- .
KOUNT=KOUNT+1
IF (KOUNT.6T.20)G0 TO 3
FX1=A0**C7+(C7/2)*(AMASS/A)**Z*AO**CS/(PR*DENSR) 1
P=Al+(A2-A1)/2
FX23P**C7+(C7/2)*(AMASS/A) **2*p**C8/ (PR*DENSR)-1
AFX2=ABS(FX2)
IF (AFX2.LT.0.0001)60 TO 2
REF=FX1*FX2
iF(REF .GT.0)THEN-
G0 TO1 -
ELSE ‘
A22p
- 60 T? 1
END IF
ELSE
P=(2/(GAMMA+1))**C3 .
END IF
“ PRINT*, ' BYSECTION ERROR ',AFX2
PRIF=P
RETURN -
END




