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"+ Whereas there exigts a procedure for detecting‘excessive leakage )
" .

1n‘a brakEpipe, the‘methoos employed in -actually 1oeating ‘thé leaks are

Such nethods are ihvariab]y'labour 1ntens1ve and time

7
4

consuming, requiring rallway personnel to walk a1ongs1de the train to

hear for audible leaks either by unaided ear, ‘dr sometimes with a sonic: . -

meter.

. This thesis proposes analyzes and tests some methods of 1ocat1ng

-

(possibly localized at the front-end or the rear end of the tra1n)
The nethods are cal]ed he Difference method, the Ratio method. and the

i

Transformation;method They are developed by” treatxng a brakepipe w1$h

e1ectrical ladder network and npn]inear pneumatic
The va]idity

leakage as
network cénsisting of in-hne and shunt fluid ﬁlstances.

of‘the analytical methods are confirmed by experiment on & scaled mode]
.- /
of the bsakepipe B . )
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i CHAPTER 1

!
INTROPUCTION
i

1.1 HISTORICAL BACKGROUND OF “AIR BRAKES IN FREIGHT TRAINS

Leekage and leakage'deteetion'in pneumatic brakepipes ef long
trains are a major ‘concern in the rai]road irdustry. - Excessive leakage
affects the safety. of the train by transmitt1ng fa]se signals to the
brake cylinder as well as overloading the compressor un1ts in the
locomotives. Thus emcessive brakep1pev1eakage is one of the major’
contributors to poor train handiing, high cost ef operating and maintaining
air compressors on locomotives and production of shocks due to slack ection
during the ordinar& serviceQbraking ofﬁlong trains.,

Since the inception of compnessed air brakes of the automatic air

,\: » brake type in 1870's, numerous changes have taken p]ace in valve equipment,
auxiliagy systems and pipe f1tt1ngs in the air brake although essentially
.\ the system has remained the same : \
| Tracing back the air brake history brief]y,'automatic air Srakee
. were ftnst introduced in f?eibht‘cars in 1870's . At that time, the aii
brake cnnsisted bf a compressor unit, .braking cylinders and brake ;hoes
*In 1886 the automatic air brake was provided with an emergency feature, -

the H-trip]e valve equipment Improvements in the air brake equipment

_-were made along with the introduction of the K-type triple valve. The

3
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"' brakepipe; an important feature of the airbrake also underwent many

changes. Because of the leakage resulting from broken pipes which had
developed fractures, in the threaded area, threadless fitting employing
a rubber compression grip and seal were developed “Although this

virtually el1m1nated pipe breakage, it created leakage problems This

" problem was more acute in cold weather due to insuff1c1ent tightening

_of qland nuts. This has lead to the use of welded brakepipe and~welded

flahged fittings which has reduced leakage to some extent. _

-As the need for biggerdand heavier cars and longer trains
increased, a more efficient and dependable brake was required. lhis'
culminated in the development of "AB" type brake. An improved “ABD"
type brake was~1ntroduced in 1965. Since then a number of modificatlons‘

have been made to enhance the dependability and efficiency of air brakes.
[ ' . »

L] 3

]

1.2 DESCRIPTION OF THE BRAKEPIPE

Each car of the train is equipped with a 3.175%10°4 n diameter

brakepipe and separate braking equipment. The pipe is not always stralght

through its ent1re length and generdlly has at least one cross over ‘in

each car. ' S ' f ’ N ¢
The brakep1pe (also called the train line) plays a vltal dual role

of being the alimentary canal and the nerve-line of the air brake system

As the alImentary canal, it supplies the necessary fluid power in the form

of pressur1zcd air, to the control valves and brake Cylinders at each and

every car and as the nerve-llne, it transmits the braking signal from the




Iy}

loéomotive to the individual cars in-correct magnitudes and proper timing.
The brakepipe is madk\:Y of sections running underneath each car,
with adjacent sections connected by flexible hoses and coup11ngs. At
some point or points along each section of the brakepipe, control valves
(the AB-the ABD valves, etc.), reduction relay valves'and quick.service

v51ves‘are installed by using.tee-branch pipes. As a result brakepipe

" leakage is q?é;oidabie and primarily occurs at these 1oeations. Also, 7

it has been estimated [1] that, for a typica} freight ‘car, there exist
some 100 joints.and seals in the various coﬁtrol valvés and braking
cylinder arrangement. As a result of this quantity and compiex of

“plumbing", leakage becomes an unavoidable feature in train operatfon

nd train handling, something which in practice cannot be totally estimated .

but which has to be controlled so that it can be képt within established

1.3 BRIEF DESCRIPTION OF AIR BRAKE OPERATION

A sch at1c1111ustrq;ion of a train air brake.system is shown in
figure (1). *

For service pplication the ccmpressor provided in the locomotive

units charges the air brake system with compressed air when the locomotive. )
N .

brake valve is in re]ease\bq\ft1on Compressed air is stored in

reservoirs on each car as directed by the control valve in each car. The
" car reservoir has two separate-sections. One section is called the

auxi]iegx_(eservoir voAume. and the other is called the emergency reservoir

PR



/Vo]ume. To activate the brakes, the brakepipe prgssure is reduced at a
_//seryicp rateﬁ when the control valve on eaEh car responds by directing air
" to flow from the auxiliary resErvo1r to the brake cylinder. The pressure'
thus acting or the brake c}]jnder piston creates a force which acts
through a system of levers and rods to press the brake shoe against the
wheels and thus creates the retarding force for braginq. The amount ot
brakepipe reduction determines the relative amount ef brake tylinder
( pressure (ranging from a m1n1mum of approx1mate]y 68 kPa to full seryice

» 552 kRa-to 758 kPa) which equalizes the pressure between cylinder
and aux111ary reservoir. N - }{

To release the brakes, the brakepipe pressure is increased by
. placing the locomotive brakepipe valve in "release" position. This will
°cause the contrq] valve on each vehicle to again assume release position,

-«

exhausting the brake cylinder pressure and recharging the reservoir.

1.4 EFFECTS OF BRAKEPIPE LEAKAGE S

!

——

\ The effects of brakepipe leakage are well documented inl1), (2], [3].

The brakepipe leakage tends to accentuate the dffference in pressure

between thé front and rear end of the train which is called "pressure

e

gradient“ The.brakepipe leakage also makes it longer to fully charge or K

'

recharge the system thereby shortening “the brakepipe exhaust time. When / }_3~
excess leakage has de6eloped within a certain section of the brakepipe. 7o
fau]ty signals may be created therehy causing undesirable braking action. -

In view of these and other effects of leakage in brakepipe, a



leakage test js’'mandatory at the. train yards to ascertain that theoieakede

‘stays(beiow e maximum established by reguietions. Horever, nhereas \
such ;‘groeedure or test may from time to‘time establish that']eakage ‘
of the gi@en trein is excessive (thet is, ,above the established limits),
the:;/ig no systematic methdd available to heib locate where such -}
excegssive 1eaﬁage actually exists a]ong the’brakepipe. The present
practice of engaging railroad workers to walk along the entire length ofﬁ
__'  the train'iooking for (ogyrather listening), for ‘the excessive leak(s) S
' - can at best be described as tedious and time consuming. Even the "
, occasional use of a sonic meter does not a]ter the fact that there is'a
need for a quick and efficient method to locate excessive 1eakage when

!
it exists| This should be based on agood analytical understanding of the

C

Jinterplay between pressure gradient in a brakepipe and the leakage in

question (in magnitude location and distribution).

Based on this understanding a methdd should evolve which relies on

o N

a small number of_ measurements preferably localized to eliminate nece551ty

h

- - of travelling up and down the train, sometimes for Jhours and even days

. ,.'an end in severe climatic and env1ronmentai conditions

Before proceeding any further, it is necessary to define some >

“ terminology that will be used in the rest of the thesis. A no fault

. ' brakepipe‘is one which has an acceptable amount of 1eakage, evenly
distributed through every section of the brakepipe (on every car). )

- . ) ’This is represented by each section having a leakage hole of an identica]

P | i/'nominal area. A single fault is safd to exist in the brakepipe when one’

of these holes assumes an area which is‘significantiy'different-from the

:’/ -
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’ nominal value. * For practical reasodshthis s taken to be significantly

, ‘\larger.

b

o . o k o . T , : .. “
" 1.5 REVIEW OF PREVIOUS- WORK . )
N d . (\\ ! ‘ N . .

Although there exist two different methods, -namely "leakage flow"

"and "leakage drop" to measure the brakep{ﬁe lgakage’on'a siﬁgle small car,
no Qefinite methods are available tof?oca;é fhe excessive leaks 1n a |
multicar train, ]

In the former'method the flow supplied from the 1ocomofiVe is
measuredJ?y’?hQ\:ressure drop across an orifice plate betwéen ﬁhe locomotive
and brak pipe. his méasures the "leakage flow" directly. In the lpfter

'method the time rate of‘pressure,change in ‘the brakepipekis measured with
AIIGVa1ves,c!osedu Thé pressure drop that océurs in one minute is éhe.

' . actual méasurement. This is a dynamic measurement and is termed

“Teakage drpp". (n, |

However, substantial work has beén doné in fault detection and

analysis 1q”e]ectr1ca1.ne%works. Many of the'advgnces are summarized in

the.proceeding§ og'the Qtate-o}-the-art sympos {um gdited‘by Saeksaand

gibérty {4]. In ;b1s volume, Raﬁlt, Garzia and éedrosian (5] prbvide a’ )

///} " bibliography of 193 papers that deal with fault detection and location in’ V

e

analog circuits, Also Berkowitz [6], Shekel (7], Geffer%h[S] and"Tqick
and Chien {9] have made sidnificant contributions . towards fault diagnosis.
Berkowitz [6] has deMived.conditions for single-element-kind

' netw&rk solvability. If those conditions were applied to ladder networké,




partially accessible.

)

. the network could be spec1fﬁed with potent1a1 measyrements on each node

This presumes that ‘there is one accessible node and other nodes. are

For a single fault in a network Shekel [7] and Gefferth (8] have
shown that it may be located by formulating two network functions. ' For
a ladder network_this means that the fault may be isolated with one
accessible node and two partially accessible nodes.

Trick and Chien [9]1 have proved that the potential at the feu1t
nodé'of any positive resistor network has the maximum deviation from the
potential‘ét the same node when the circuit has no fault. When this
fact is used to 1ocate the fault in the 1adder network, several measure-
ments may be required te. isolate the fau]t However it is a potentially
valuable approach when dealing with non- -linear resistors.

Katz and Cheng [1] have suggested a network approach to study

the effects of leakages in brakepipe models and déveloped mathematical

eduations for generating pressure distribution for the model. This ‘ ¥

offers the possibility of using network theory to detect léaks in

¢

brakepipes.

4

Katz, Cheng and Aula [ 10] have derived an apa1ytica11y exact formula

. for a single shunt fault location in a recurrent ladder network. The

. approach suggested by Shekel [7] and Gefferth [9] was.fo]lowed_to obtain

two functions from which the formula wasvderived

) Katz;“Aula and Cheng [11] have investigated and developed several .°
methods for locating a single fault in the brakepipe model proposed in [1].
The applicability of these methods was demonstrated through computer
simulatioo. | /{
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1.6 _SCOPE OF THE THESIS o

Aulaﬁ Cheng and Katz [ 12] have discussed the methods h}opdsedwin ,
the 1ight of the experimental results. They have confirmed the validity
of-the analyiica1 methods by experiments on a small scale model of the
brahepipe.‘ |

Chun-Tat kwan [13] proposed network models for b(ekepipe Teakage
and classified them eccohding toktheir treatment of leakage flow. He o
demonstrated that the ‘effects of leakage on pressure gredient and brake-

pipe taper depended oh the position of the fault and that)]eakage at

" the.rear had larger effect on the pressure gradient than leakage at front.

As stated earlier, no definite methods exist to locate the position
of gge fault in the brakepipe of a train. This research concerns with
deve10p12§ methods to locate a single fedlt in the: brakepipe.

( The problem may be stated as follows:
Definite methods have to be formulated to locate fault position in the
brakepipe from a number of pressure measuremehts. The measurements‘would
be preferably localized to e]iminate the tedious and time consuming features
that aré*bresent inthe existing methods . The methods so developed should

be based on a sound theory and backed up by experimentation on brakepipe

models. Subsequent}y, the proposed methods would have to be tested

extensively on actual brakepipes. This thesigfis confined only to ?
developing and verifying the broposed.methods on a small scate model of

the brakepipe. . . .



gt

This thesis is divided into four chaﬁiers. The first chapter
briefiy introduces the air brake‘of the freight train, its operation and
EOE reviews the previous work-that hes been‘dene in the area of fault detection

l'and 1ocation‘in'e1ectrica] and ppeumatic circuits. < -
! * The second chapter begins with the 1ihear model (1adder network)
‘/’ ) o¥ the brakepipe Three metbegs of fault location, the Direct method,
the Difference method and the,Rat1o method are developed.
\ o . In the Direct.method an ana]yt1ca]1y exact equation is deve]bped
| for fau1£ location requiring only tﬁo nodel‘measurements. They are
verified by perform1ng experiments o the computer and the electrical
' ‘ rig shown in fgéure (24) '
The difference method 1s based on the idea proposed by Trick and ‘
Chien where1n they show that maximum difference between no fault and
‘sipgle fault voltage distribution occurs where'the fault exist. This <
hes been demonstrated to be app1ieab1 to tﬂé linear model of the brakepipe
both by eompute simuletion and‘experi ents; '

\
Ratio method, the fault is replaced by a voltage source.

The'ﬁo fault and %au]t voltage distributions are méasured and the ratio '
of any phodal potentiel to lest nodal potential is calculated. The fault
is léqiied by calculeting the difference of (etios‘from the rear. Zero
h 'difference 1pdicates that the fault is eiiher at or-precedee the ﬁeasure-
ment node. ;
f ‘The third chapter deals with formulation of the nonlinear model

« of the brakepipe, developing a formula for ‘pressure distribution and the

« .. three fault location methods. The Difference aﬁd Ratio methods were
) ' ° AN '
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'.demonstrated to be applicable_to the nonlinear brakepipe model both by
simulation and experiments on small scale brakepipe 'modél‘.

The Transformation method is developed by linearizing the:non-
linear ladder netv‘t:ork gsing .t!}e %ressure squared as.potential variable
and flow squanred as current variable. 'The network, is transformed to
compeﬁsate for violating Kirchoff's current law. The\equatidn devel/oped (
for Direct method is used here with modﬂ"icat‘tons to locate. the faultd

e

The last chapter briefly  summarizes the previous chapters,

concludes .the discussion and preseh'ts some suggestions for further work.
s g .
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) : _' CHAPTER 2

i ¢ : \

a

2.1 LINEAR MODEL
~

&

4-—-'-\.

It has been shpwn'py Katz'ano Cheng [1] that the brekepipe may be

~_modelled as a ladder network with Tinear shunt resistors and nonYVigear

Al

SINGLE FAULT LOCAFTION N LINEAR MODEL °
- 4 . v

. series resistors as shown in figure (2). Since it is very difficult to

olast rnode pressure P the ladder network with linear resistors only are

obtain an anafy;ica11y exact relationship between the source Po and the

considered first. The voltage source models the compressor unit in the

locomotive, }me Tinear series resistors "R" represent the resistance of

the brakepipe to air flow and the linear shunt resistor RS models the

L4

Teakage in brakepipe at each section of the network.

Thus we have a

Iadder network ‘with all series res1stors equal and all but one shunt

‘resistor equa] The objeétive is to locate- the. fau1ty shunt resistor

potentia],measureme ts . : D\Q ¢

Voo

A

: 4;_@ ANALYSIS OF THE LINEAR MODEL *

(1.e., ekcessive le kF]% brakepipe) with the m1n1mum number of nodal

S{nce the“object{ve of this analysis is to oevelop a method that

. would 1dentify the faﬁlt with minimum measurements, the approach suggesfed '

» by Sheké] (71. and Gefferth [8] is: followed The procedure’would be to
* ¢

11
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derive two functidns for the recurrent 1adder network with a 51ng1e fault.

Iy 4
1 - P

From theSe the fau]t can be 1ocated ]
" The ladder network,gnder-consideration figure (2a), consists ot
in-]fneresistorsand sh:{t resistors. A{I ofthgin—]ine resistors are .
“equal and have a resistahce R. Thelshunt resistors are al] equal except.
for one resistor which has a resistance\ R which jis referred to as. the
't&ul . The dr1v1ng potential 15 1odated at the input to the ladder >
network and is des1gnated as e0 A1l the subsequent dodes are numbered
'consecut1ve1y from 1 to n. The in- line current ik is the current lea

g

node k ang the current 1 ‘leaves node n and 3 node at the potent1al e,

:These variab1e§ are 1nc1uded to provide a boundary cond1tion on the

equat1on developed. For the network considered here the boypdary cond1t1ons
are i equals zero-and therefore e 4] =&, o , ) e

Cheng [ 14] shows that Wﬁen there is a recurrence of_structure
i.e., when all in-line resistor equals R and al] shunt reststors equals Co
Rs,°the "Zﬁ transform may be used to obtain a relationship between the

noda] potentia]s.and‘the source potential ofathe form: - 43
) . - )

. . . e .
ey = eplosh bk - Ksinh bk . .- . ' e (1)

o~

°
o

where ey is the potential at node Kk, ep is the source potential, K is a
constant that must be fvaluated from the‘poundary conditions, k refers
to the noda1 position and ‘b = cosh™ [1+R/2R ].

The complete derivation of the relationship between the nodal and

source potent/al is shown in Appendix_ I 1 ‘ ‘,/“\\\\&
é .
Since equation‘(1)~app11es only to a recurrent structure, the. fault
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shunt; R is replaced by a para11e1 combination as shown-%n figore (2a)-

One of the resistors in the combination is R, and the other is RSRm/RS-Rm
The ]adder network is now separaqed 1nto two parts which hage recurrént
structure The part from the fault rearward “is shown in figure (3a) and

the portion from ‘the fault forward is shown 1n figure (3b). In the forwand
par}, figure (3b), we use the substitution theorem to rep]ace the resistance
RsBm/RS Rm by a f1ow source is’ Scott [15]. In this way the recurrent

structure of the forward part is maintained justifying the application of |

the relationship developed-by Cheng (14).

Equation (1) isiFirst app]ied to,the rear part figure (3a) with the
result that L. A}f ) st

e, = e cosh(bk - bm) - Kosinh(bk - bm), kom e (2)

where the constant KR refers to the rear part This constant may be

evaluatgd from equation (2) by using the no current boundary L .

i-e., ‘ ’ ‘ ‘l‘ N

[;osh(bn - bm + b) - cosh(bn - bm) : : ‘

‘ KR’ - ...(3)

h(bn - bm + b) - s1nh(bn - bm)_J

»

(p1ease refer to Appendix 1.2) D
VN
‘If equation (3) 15 substituted in equation (2) the resu1t1ng

: ‘expression simplifies

ex coshix - bk) ” ‘ . ‘

= » k>m and x = bn+b/2 T8
e, "cosh(x - bm) - L3 . " )
(refer to Appendix 1.2) = S l*i%vx

a

1
S P NS S

R
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" at node m, which yields

PO T e
v uE

s - '

Now applying equation (1) to the forward part figure (3b), we obtain

.
’
©

s e.coshbk - K

,8y 0 Fs‘]nhbk‘, k<m ) | ...(5) ”

* where K, refers to the. forwai'd¥part.

Ta evaluate K¢, the condition provided by Kirchoff's current law Is used

v PR

. ’ \
1‘“-] = im + em/Rm - : N s i .1..(?6) o
. ¢ a o
or i . g c . - K
Y a(e o R .- 7 :
(em_] - em) ‘ (em ,em_'_-l) v—rm' em . .o a(Sb)v

If equation (5) is used to evaluate the Teft side of equation (6b)
and equaiion (4) is used to evaluate thé right hand side, the result is:

: 4 Ae"i [coshbm - cosh(bm - b) E .
KF Ty —l ' : \ ”(7.)
oL_ginhbm - sinh(bm - b) L
- 9 - ’[ R ‘ . A:
where | . ‘
A.‘1+_%_f_-cosh[x-bm+m ' . <

(refer to Appendix 1.2) -

- cosh{.x - bm] ] C \

The substitution of equation (7) in equation (5) yields

e, « (14 A‘) éinh(bm - bk) '~ sinh(bm - bk - b) k<m (@)
e, (1 .+7\) s Tnhbm - §’inh(bm - b) » ki

‘ i *.
~Equation (8) relates’ the potential at thg nodes (upto and including

the fault node) to the driving potent1a1 To re]ate .the nodes after the
fault to the driving potential we spec1fy k = m in equation (8) and

° .




. ’ « substitute the'result'in equation~(4). -The result is:

4 ¥

| " & / " “cosh(x - bk) sinhbk L em ...(9)

=
e, .cpshix = bm) !\ (1 + A) sinhbm - ‘sinh(bm - b)]

(for equation (8) and /é; please refer to Appendix I. 2)

reouire measurements at nodes 1‘and‘n, As an example for a_10 section
Tadder network, figure (4)\shOWS’the resu]ts.of plotting e,/e, from
equation (8) against e]O/e from equation (9); 'The relation ts plotted with -
fau1t location and magnitude as parameters . For any particular fault. -
location the re]ation between e /e and e 0/e0 are straight lines. This
is/in accordance wfth the findings of Gefferth [8]. The slope of ‘the 1tnes1
a different for edch fault position but all the 11nes intersect at a
dnmon'point The point of intersection represents the va]ues of: the
variables when thére is. no fault (Rm/R = 1). The loci “for various vdlues
| of the fault to shunt resistance, ratio R /R , are also shown on'figure (4).
. As the difference between the fault and shunt resistances increases, . the.
circuit operating point jE]. E ) moves further away from the point of .
intersection.’ Thus the tolerance for the measurement errors in E] and E
' 1ncreases as the fault becomes significant]y different than other shunts

In addition the potentia1 measurement at'node. 1 must be extremely accurate

.
.
- N v -
e, + *
o B . . -
e e - \
- . ¢ . . v
N . . . . ' .
e N
N . ! 1t
.
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when the fault {é in the rear of ladder. This may be observed by selecting

. . )
a value of !-Z]0 and-noticing that: the distance between fault lines decreases

© as the fault position moves toward the rear.

Since node 1 requ{res very precise measurements and ;he accuracy

requirement$ reduces if the measurements are made nearer the fault, a

. slightly different approach is adopted. Node n is sti111 used in conjunction N

with equat1on‘(9) to ensure a measurement after the fault. However, an
arbitrary node, k, (gre;umably before the fault) is used in equatio& (8).¥
For the case when k is not before the fault (i.e., when k;m) will be
considered later in the analysis.

v

Now by eliminating A from equations (8) and (9) yields:

E, ‘ Eksinﬁbm - sthh(bm - bk) . ,
- = . » k<m e e 11}
coshb/2 cosh(x - bm) sinhbk \

» * ~ "

whére the measurementé en'and e, are given in normalized form

.

"B, = e g and E = e eg (refer Appendix 1.2).
' -
Thus equation (10) has been gbtained which has only one unknown,

m, the fault jocation. The equation (10) fs solved for m by expanding the

%

i

multiple érgﬁments of the hyperbolic functions, so' that

sinhbk coshb/2 - € coshx sinhbk
coshb/2 - E sinhx sinhbk

Ckem L (1)

tanh bm =

-

_coshbk- coshb/2 - E,

o
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Trigonometric manipulation yields .o :
1 rs - sinhbk - coshbk’ coshb/2 + E_sinhbk rsinhx + coshx | :
me— Ingt = D ...(12)
2b E + sinhbk - eoshbk coshb/2 + E sinhbk Ls’mhx\- coshx X
«
<" where k:m ‘4? '

, Equation (12) gives ghe fault location as a funﬁtion of'two pofential-
measdrgments.' One measurement is at.node n and the other at'a node k .
which must be befor; or-at the fault node. Since the fault node is unknown,
m would pe calculated from qauation (12) when the measuring node selectad
is-actually after the fault. [Eft is, how is it to be recognized whether

- the arbitrarily selected position, k, violates the condition that k<m?

To determine this we substitute into equation (11) values of E, and E

_that are obtained from equation (9) alone. The result is:

\ o tanh bm = tanh bk - | .13
. ) .
- " ) . or ‘
i [ m = k ] kim ’
B 1

(refer to Appendix I1).

This means that whenever the selected measuring node is behind the
fault, equation (12) will predict the measuring node location and not the
_fau1t location, ' | , ,

It 1s.1nterest1ng to note that equation (13) is not a function of \gig_

potential measurements. ‘This is due to an exact cancellation of terms in

AN

enay \
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equation (12). This fact is illustrated in figure (5) and (6) where
E2 (ez/eo) and E7 (e7/e ) are plotted against E, (eh/gb). Thekgraphs :
are similar to figure (4) except—for the difference that for k>m (i.e.,

when the selected méasuring node is after the fault), the lines for

‘‘'m= 1 in former case and m = 1, 24 3, ...'.;.'6 do not appear at all

thereby illustrating the above fact. In actual case an exact cancellation

-

" may not be achieved. The results suggest, however, that the measurements

made after the fault will be 1ess sensitize to measuring errors.

_ Figure 7 shows in normalized form the effect of measuring position
on‘the predicted fault.location. The true fault location is a parameter
on the graph.; Tﬁis in an ideé]ized fepresentation under the Q§sumpt10h

of exact potential measurements and exact components values. The figure

' ghows t?ﬁffﬁggaafhe measurement posit{bn is anywhere in front of the

f&ult positioﬁais predfcted accurately. But if %he measurement position

is after the fault, then the bosition of measurement is predicted. This .

~y

fact is made use of in identifying and locating the fault.

2.2.1 SENSITIVITY ANALYSIS

In theory {equation (12)}, potential measurements at nédes 1 and

d

n are all that is reduired to locate a fault in any .pasition. This

.presumes the source voltage is known. However, inaccuracy in measuring

potentials may produce a large discrepancy between the predicted (mpY
and the actual (m) fault position. Since it-1§ also possible to calculate
the fault location from measurement made'at other nodes, it is essential

to determine the nodes whicq w{li produce the minimum fault'error. To

-

A4
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~ obtain this information a modified sensitivity function, Szis defined,

s & . \
as: N '

4

¢ = agf- E, = am/(AE/E,) | : ...(14)

=m -m, is the fault or. This f '
where A@ mp m, is t au po&jﬁjyn er}or his function is chosen

rather than th% conventfoga] sensitivity function because the fault
bositiow error is important no matter where the fault is located.
‘The sensitivity of the nodes before the fault (k<m) is first

,§onsdd§red. The derivative in eq&ation (14) is obtained by différentiating

equation (8). The reason equation (8), is chosen rather thah equation (12).

is that in equation (8), the fault location is a funct1on of one normalized
pﬁtential (Ek) and the fault magnitude. If the fau]t magnitude is held )
constant figure (4) shows that the sensft1v1ty obtained is 1arger than the
sensitivityiat cons;ant E . Thus, the sensitivity calculated from equation

(8) produces conservative results.

[

Intuitively, the 1argest errors should occur when the measuring.
positign is further fr;m the fault. To place an upper bound on the error,
the fa&lt is placed in the last section (node n). Figure’(s) ;how§ the
sensitivity plotted against me§suring position for ladder networ%s with
10, 20, 50 and 100 sections. As expected, the sensitivity is largest yhen
the measurement is made at node 1. The sensitivity decreases monotonica]iy

as the measuring position approacheé the fault location. It is also noted

that as the nymber of nodes increases the sensitivity anreases at the

forward nodes but decreases at the rear nodes. A sensitivity value of

4 prodqces a position error of one node if the measuring error

. Te b

g et g g 5T

N,
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(Ae /E ) is 10° 4

The sensitivity of nodes after the fault (k>m) is obtained through .
the use of equaticm (9)./ The sensitivity function for these nodes is’
independent of measurement pusition. It is also much less than. the
sensitivity measured before the’ fault For example when the fault is at i

3

node 1, the sensitivity is less than 0.12*10° for any number of sections.

\

From thig it appears that the error magnitide will depend on the accuracy

_ of the measurements before the fault. ) [~
Another important factor in fault detection is the magnitude uf .

the'fault. [t {s expected that (figure 3) as the ratio of fault resistance
to shunt resistance'(Rm/Rs) approaches unity, the fault will become more .
difficult to locate.  Figure 9 shows the sensitivity of measurements made
at the last node, for various values of R/Rg. These sensitivities
represent the smallest values that are possible simce the measurements are

made at the fauli. If the measuring accuracy of AEn/En is 10'4

.'the
fault of Rm/Rs = 0.1 can be located within one uode. Faults with
Rm/Rs = 0.3 could be replaced wifmin one node if the number of nodes
exceeded 14, The nearer R /R approaches unity, the more accuracy for the
measurements are required. ‘ .

The parameter R/Rs in the ladder network is also a factor in the
fault position error. Figure (10) shows the sensitivity plotted against
R/R, for various values cf Ry/Rg+ Here the seﬁ!{tﬁfii;y is based on
measurements at the fault locatidn and the location is at the .1ast node
of a 100 node ladder. As the ratio R/R increases, the sensitivity

decreases for a given value of Rm/Rs. -Thus fault discrimination improves
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with an increase in R/RS. However it must be recognized that"—when'Rs
becomes small, the end of ladder networks with a 1ar§é number of_ nodes
may have vanishingly small potentia}s. This could make fault detection

) very Hiff1cu{t,‘:¥ not jmbossjb]e. As a practical matter such networks (

are rare.since they do not perform useful functigns. N

B ’

2.3 OTHER SINGLE FAULT DETECTEON METHODS

- 2.3.1. DIFFERENCE METHOD ' . \ -

”

¢

’ In any positive resistor circuit with a s1ngle fault Trick and
Chien (9] have proved that maximum ‘difference in the absolute value of
the potential with and without fault occurs at the node with thel>éu1tf
resjstor. For example consider figure (22) wherein there is no fault
in ;he';etwork. A11 the voltages s s teeenn e, are noted. This N
is the no faylt distribution. Now consider one of the resistors to have
'ch;ngeq'from the rest. 'TQe circuit now contains a féult. Again the y
'vo1t§ges eé. e}, ....... el are noted. This is the fault distribution
;of voltages. The corresponding difference in voltages are ca]culated
i.e., e6 - eé, e - e} and so on. The fault occurs where the maximum
y. difference in voltages taﬁes place. Th1s fagt is made use of in 1dent1fying
.,the fault in the linear ladder resistor network under consideration
This procedure is verified by simu]ating it on the computer. "The
voltages are generated by using the basic matrix e1ement relating two

4

' adjacent nodes of the ladder network which is:
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(refer Appendix III) .
4 - .

where R, is the shunt resistance at node-k. The nodal potentials for any

number of nodes are calculated by multiplying the individual matrix elements

together end applying the appropriate boundary conditions (eO and 1n).

Figures (11), (12), and (1;) illustrate thiszmethbd._ The values are n = 10,
20, 50, ey = 10 volts, R = 1 ohm, R_ = 1000 ohms and R, = 1000hms. It is

!

observed that the re]afionship'is almost linear through zero. for nodes
in front of the faulé position and,almest horizontal for nodes after the |
fault position for n = 10 and 20. For n = 50, tne relationsnip droops -

. down considerably after the fault position indicating a considerable decrease
in flow of current after the fault. The point at which it starts dropping

. 1indicates the position of the fault. That is, at this position the

- difference 1n‘no fault and fault voltages is maximum. Figures (14), (15)
and (16) f1lustrate the same method but with R = 333 ohms It is noted

‘. that the difference in voltages reduce considerably (i.e., 1072 to 10 3)

- - necessitating accurate nodal measurements tq identify the fau1t

e

2.3.2 RATIO METHOD o .
: [

"The mesistor 1adder network may be 1nterpreted-1n a diffenent‘manner
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by apblying'the theofem of supstitution in netgork theory [15]. It may

be'considered to have two "sources" a voltage source a; the head end~#

(1i.e., node 0), and a current or flow source which replaces the fault

(see ftﬁure 17). In this method, the ratio of voltage at the

node,

e, to that of the last node n (en) is evaluated for the single fault

situation and the so-called no-fault situatipn. The d1f¥erence between

' the two ratios is then plotted as shown in figures (18), (19) and '(20)

for different locations of the fault and when n = 10, 20, 50 respectively.

, The valuye of the fault is Rm = 1OQ<wms and .that of other parameters,

Ry = 1000 ohms, R =1 ohm and éo = 10 voits. It is observed that the

point at which the graph cuts the abscissa is the location at which the

fault lies. This is because the difference of the pressure ratios at

and after the fault t§|zero. It is noted that the graphs are inclined

at an angle approximately 30° with respect to the-abscissa. This fact

may be made use of in locating the fault with few measurements and'

e

"R

xtrapolating.

¥

Figures (21), (22) and (23) illustrate the above method but with_

m

= 333’ohms. As in the case of the difference method, it is noted that

the value of the difference of ratios become small and hence requiring

d

fficult to identify the fault.

| e
/4 EXPERIMENTS ON THE LINEAR MODEL

/

To test the validity of the theory derived (section 2.2.1 and ~

Q

accurate measurements to locate the fault. %hus as the value\gz

i ses 1.e., as the size of fault decreases, it becomes incr

Rm'

singly

I
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' / s 2.2, 2) and the methods fonnulated (section 2.3.1 an¢ 2. 3%,- o
P .

»r

fault locat1on two /types of experiment are’ performed In one, the
‘ 1
ladder network is simulated on the computer. In- the other, an electric

ladder network model shown figure (24) is used.

2.4.17 SIMULATION ON THE COMPUTER FOR THE DIRECT METHOD

- The basic matrix element relating two adjacent nodes of the ladder
network is as shown in equation (15). (Refer to Appendix 11:3) for )
derivation), where Rk is the sl!unt reslstance at nodeak. The nodal
potenti“als for any number of nodes may be calcul'ated by multiplying the

individual matrix elements together end applying “the appropriate boundary I

_conditions (e0 and in). If required for a particular )laqder network, each

matrix element may contain different values of shunt and serles resistance.

For the case under consideration‘ only one matrix element is very different.

L} 5 0

However, it is possible with the -computer simulation to vary sach serles

“and shunt re51stance withln its tolerance range - Nevertheless, the effect

. of the component tolerance ls left to the electrical model tests. -Instead,

the computer is used to demonstrate the effect of measurement errors. ‘
‘The procedure for computer testlng is to calculate "the nodal
potentials with one matrix element different from all others. These
calculated 'vmalues' which are accurate to seven dec'jllmal places are then
multiplied by a fixed pércentage error‘. The resulting error potentlals.
are then used in conjunctlon,v{itheouation (lé) to predict the fault
location 5 N , ‘ ‘ o v

Flgure (25) shows some typ1dal reSults of the computer testlng




s

s ' . : v
Tﬁe predicted fault node is pidtted against the'measuring node position
for the éi}uation,ﬁhere the feulx is actuaHy"at‘SOth nade of a 100 node
ladder network. The in-line resistances are one ohm and the normal
enfeultee shunt res3stancde e;e ]OQﬁths~ The faulted shunt resistanees
is varied and has a value of either.10, 50 or 90 ohms. The assumed |
measurement errof is #0.1 percentﬂ§AE = :10'3) and is applied to bgth

potential measurements Ek and E The resu]ts show that the sign of

- the error, the fault magpitude and the measuring node are a]l s1gn1f1cant

factors in detect1ng the fault. When the error’is pps1t1ve,.there is a

P

region of nodes extending from the source for which no solution is
.o . . e N 4 !

z

obtained. For Rm/Rs = 0.1, the region whe}e the measuring node is from

11 to-21 predutes no result As R /R 1ncreases, the nqmper of unproduct1ve

nodes 1ncreases The rea§on for this is that the errdr potential cause

&

negat1ve arguments for the natural 1ogar1thm in equation (12). When

-

-

the error is negative each node yields a finite pred1ct1on The

predictions 1mprove as the fault is approached. - As expected the ut11iza-

tion of measuring nodes after the fault gave a]most exact pred1ct10ns of

'ueasurfng node rather than the fault node.

<

2.4.2 TESTS ON THE EXPERIMENTAL MODEL

k4
-

; Inﬂthe ExperimentaI 1addeh network the iﬁ 1ine resistances were oo fy

1. :0 01 ohms and the unfaulted resistances ‘were 1000.110 ohms. The ;

in-line resistors were so1dered to the measuring node$ but the shunt -

gg:tstorsawere mounteéd on removable plugs. This facilitated the moving - g

, .
o ' ' g a °
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of the fanit from one position to another or vary the size of the fault.

i) The set up was fabricated s0 that’it couid accomodate up to 100 nodes’,

. . - v -
. v !
.

"2.4.2.1 DIRECT METHOD . L C.

v ‘ A A
Tt L YR >

whiie conducting a test the potentiaJ at the sgurce was maintained

“at 10 vdﬁts by a reguiated fower supply. The faulted shunt resistances

. '#\w

was either 100 or 333 ohms and its location was varied For each fault

. location potential measuremfnts were made at-all the_nodes. A predicted

»

fault ]ocation was ca]culated from'equation (12) by using the potential-
rat the last node and the potential at one other“hode. Some of the typical
& ‘test resuits are shown in figures (26)., (27) and (28).

" For i ]adder network of twenty §ections, figures (26).and (27) show

the .results when the faut is Tocated at nod’es 4, 6, 8, 12, 16 and 20.

!

Ve The faulted shunt reSistor is 100 ohms in figure (26) and 3 ;}3 ohne/in 9

figure (27) In both the cases the discrepancy between the predicted‘
1

P 7 and the actual fault 1ocation is generally largest when the first node

— »

" 15 used in the calculations The discrepancy is ledst when the measuring

node coincides with the fault location. In addition the\results show

;

that the discrepancy increases, when the faulted shunt resistor approachgs‘

-
’ the magnitude of the unfauited shunt resistors.. Thus, there are larger
errors for a 333 phm fault than for a 100 ohm fault. ‘
Figuré (28) ghows the relation between the predicted fault node ,

" and the measurement ode when there are 50 sections. Here again the

prediction generaliy improves as the -measurement node approaches the fault
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location. ~ Of course once the measurement node exceeds the fault Tocation,

s ,toe QredictionﬂoohreSpoods'to the measurement location andrnot the'fouit
loéation. 'Again as the magnitude of the fault decreases i.e., as the
- resistigoe increases, larger errors in prediction occurs.
P It 1s aiso noted that the faults located nearer the source are

- * H

"more difficult to Tocate.’ "

4 \ 4

»

» . 2.4.2.2. DIFFERENCE METHOD

. - Figores (29), (30) and (31) shoo the-graphs obtained by plottinyg
- W N ihe\differenoo in normalized ratios beﬁween‘no fault and fdult potential
distribution again;st the measurement po'sitiori, k with the fault posiwion
as the parameter. The values of n are 10, 20, and 50 and that of R, and
PO , 100 ohms and 1000 ohms respectively. By comparing those to the
. figures obtained by theory {figures (11), (12)‘and (13)} it is observed
that they/verify the theoretical predictions both quaiitativeiy and

t

o quantitativeiy. ' o -
‘'

“ ; ) For the case'when Rm = 333 ohms i.e., when the size ' of the fault is

o

wmaller, the resulting plots are shown in figures (32), (33) and (34).
For n = 10 dnd:20 it is observed that they correspand very well with
theory {figurés (14), (15)} both qualitatively and quantitatively. But

_ when n = 50, quontitatiye discrepancies are observed although qualitatively -
,they, are satisfactory. This leads ws to conclude that as the size of the -

fault decreases and the number of sections increases accurate measurements

‘”- . - , ' % s \
are necessary®to fdentify the fault. L. o
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" conditions are‘calchlated‘and their difference is plotted againt the

2.4.2.3- RATIO METHOD

‘ Figures (35), (36) and (37) show the graphs obtained when the o
ratio method is applied®to the data obtained from the ejedtrical model..

"~

The ratio of the.first to the last node for both fault and no fault
]

measurement position, k with the fault position as the paéameter; The
values of n are 10, 20 and 50 that of R, and R, 100 ohms and 1000 ohms
respectively. ' ' | _

These graphs correspond very well with those/gf the theory for
similar values {figures (18), 519) and (20)} both qualitatively and "
quantitatively. | |

‘The 'same reasons may be given for the correspondence between

, figures (38), (39), (40) and figures (21), (22), (23) when Rs = 333 ohms.

H
kY

hy

v
( . . . -
& -



CHAPTER 3 ; .

SINGLE FAULT LOCATION IN NONLINEAR MODEL

‘3.1, NONLINEAR BRAKEPIPE MODEL

. In an assembled train, the physical configuration of the brakepipe

i

- is é'comb1nation of a series of lengths of pipes and other accessories.
- For the purpose of modelling, the brakepipe is simplified into a form
" conststing of a sé}ies of piﬁesiwifh feakage holes.
' ‘A constant supply of air is prov1ded by an air compressor in the
. locomotive at the head end of the train Because of leaks and friction N

of brak?pipe to air floy. the pressure decreases monotonically from

———
L
€

the head end pressure (pb, which is constant) toward the rear of the
/ «

train. - ' e k
To model this condition, each car is aﬁsﬁmed.tp be represented by

 a stngle pressure -(p) and a 1umped_réstrictiggris chosen to rebresent
R ‘ 3

the pipe flow resistance KF. This restriction is assumed to follow the
, : \

standard form$ {13] 'and [14] for isothermal pipe flow:

- . - . e

“a B 2 2 . .'2‘ ) . l’
e Py = Pyyy = KFymy : ...(16)

.

where p is the absolute ptgssure m 1s the f]ow and KF is a constant that
characterizes the f]ow resistance For.a train with cars of equa1 1ength
the value of KF will be approximately equal for each car. The\subscripts
C L o . : .

3 ‘ 29 : . .



refer to the car posiiion with n as the total number of cars in train.

A leakage is flow that passes from the brakepipe/to the atmosphere. Thus

.leakége is modelled as a shuﬁt component from the pipe to the atmosphere.
" The shunt elements are linear resistances R, which are used to model

a chogéd oﬁiffce leak. The brakepipe ﬁressurés are always sufficient

to ensure choked flow gondition§ through leakage apertures.

* The circuit representation of tpe model ‘'is shown in figu;é (41).

© 3.2 ANALYSIS OF THE MODEL

e

{

The objective of this analysis is to obtain a relationship between

fhg source Po and the pressuretin the last car Pn with.intermediate

+ pressure terms not appearing. If this was possible an analytically exact

formula could be neveloped for the“1oéat10n,of the fault. But since_

.the circuit is nonlinear, 1} is very difficult to obtain éucH a direct

and exact rg]ationship. ‘

Hence a recu}sive‘fonmﬁla is developed from which normalized'
pressures at each of the nodes (i.e., the pressure.&istributibn) mayv‘
be obtained. |

' ‘/

The constant pressure'p0 at the head end monotonicaﬁly-decreases

‘as we proceed towards the last car due tg leakage and resistance of the

~brakepipe. The shunt carries the leakage mass flow mL Thus the .

1th

1n-line flow in the car (my) s equal to the sum>of the leakage flows

in all the’cars that come after:

% : n .
= | i : ‘ Tl (17
a sz i ~ o)

L}




- where j is-the summationoindex.

]

 where R s a reference resistance'that may be arbitrarily selected to

31

1

P .

. Pl
The shunt resistances R ﬁay be assumed to be linear, because of

the sonic condition of leakage flow. Thus leakage flows may be expressed-

as:

'

e m‘71 = pi/R1 ‘ i< i ;pma\’ . ...(18)

" From equations (16);°(17) and (18) a pressure relation between

the (i- 1) th car and jth car is given as p '
r -2 . - ,
pé_y - p2'= KF | p./R ” (19)
i-1 i- c j“J ‘ e
' L. -

// ) " ’., -
The pressyre dependenc& of the leakage flows suggests the use of
ratios to calculate the pressure distribution. If a variabie, Bi’ is

defined as the ratio of pressures of adjacent cars equat1on (19) becomes

o2 “ - ~2 :
B = -1?—-1+T L TISL .+ (20)
Pi = Py Ry S
’ L o

-

-

nbrmnlize the equations.

~—

.The variable Bi’ can only be calculated from the rear of the train

movjng forward because it depends on all values of B that come after the

. p ,
IR A, T - "
For example B, =1+ —Ez ‘ ... (21a)
. — R * .
' . ©R _Ll\ n g



“locomotive is given by: . . ;;Eg

. 3.3.1 DIFFERENCE METHOD

o RAET e T RET e e

’ - .. 32
- / -
. KF R T . : ‘
B2 . a it ——my. —R 4 R . -...(21b)
n-1 R Ry B R ‘ ' ~
R el n n ’
B " s

' - 3
KK R, n=i §j 1 =~ R
By =1+—5 —R +] (T ~R _ .ee(22) .
Re Ry I kRl By Ry
L ' J

and the ratio of the pressures between the ™" car and that of the '

‘ P 1 L ‘
) A . ﬁ |
" L. ronl O L(23)
P B
0 ey d o -
. / _— . .
(refer to Appendix IV). L \

3.3 SINGLE FAULT LOCATION METHODS FOR_THE NONL INEAR BRAKEPIPE MODEL

.

|

Trick and Chien {9] have proved that in case of a single fault in
a bositive resistor cir¢uit the absolute potential chaﬁge across the '
faulty resistor is greater than or equal to_the potential change across

any resistor in the circuit. o ' . .‘ \




That tﬁis phenome;on also exists in the nonlinear model of the
brekepipe is demonstrated by calculating the pressure differences for
a ‘few particular cases of single shunt fault, R.. In this case the
pressures are obtained using equations (22) and (23). Figures (42) and
(43) shows the difference between the no fault pressure and single fault

pressure at each section of the brakepipe, for various locations and

\

.~ two sizes (R./R, = 0.465 and 0.3) of the fault. Similar to the linear

case, EQe maxifum pressure difference is seen to occur at the single -
fault o% the brakepipef~'Proceeding from the head end, ‘the pressure
difference increases monotonically and reaches a haximum,ae the fault
after that the pressure differenee decreases slowly. As the size of
the fault increases, the curve droops more steeply after the fault’ |
thereby clearly identifying the fault position. Thus to locate a fault,
one needs to measure the pressures at several positions and- calculate the
pressure difference betwe€n the no fault and single fault situation. The

-« .
fault occurs at the position where this difference is the ‘maximum.

3.3.2 RATIO METHOD ’

As in the case of the linear model, the nonlinear ladder resistor
networ} can be considered to have two sougses one?being the applied
sourcé at the head end (i.e., at node 0), and the other one beiﬁ; the
flow/source replacing iﬁe fault. The flow source is in peralle] with‘

other shunt elements {figure (44)} This means that the network model
/

“contains no sources from the fault position rearward

* . .
- .
\ a
—~ s
N .
; .
. A .
.
vo e

4
!
o
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Consequently the ratio of any nodal potential measurements made

at or to the rear of the fault is not a function of the fault. Simulation

‘with equations (22) and (23) confirm this conclusion. The difference in

the ratio of.potgntials will therefore be zero where there fs no fault
between the nodes.b.To demonstrate this, the ratio of pressures at node
1 to node n is selected because this permit; elimination from the rear.
'Figures (45) and (46) shows the djfference in the pressure ratio
as a function of mea;Erement position for‘various fault positions agd
also when Rf/RR = 0.465 and 0.3 respectively. The other parameters have '
the same values as in the Digference method. When the difference in
pressures ratios_is used; the fault occurs whgré each curveyintersects
the abscissa. Thus in locating a s1ﬁgle fault by this method, a zero
difference indicates that the fault is either at or precedes the
measurement node. This eliminate; locations to the rear of the measure-
ment nodecand ofé;rg the possibility 6f fault location uifh fewer nodal

\ * . /—
measurements. . . - —

>

~

/ .
© 3.3.3 TRANSFORMATION METHOD ]

/

/

In this novel methéd,/the nonlinear model is transformed in to a
linear,one by linearizing. figure (40) using the square of the pressure
(pz) as the potential variable and square of the flow as the current

Ltes Kirchoff's‘

variable. Except at the last node, the'linearizat!pn &10]
current law at each node. To compensate for the violation the model

is” transformed (or stretched) by 1nsert1ng~addiijon31,sections which are

34
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' adqé& bétwéen hodes. These are galcu1ated by-matching the nonlinear
"no-fault pressure distribution {equations (22).(23)} with linea; no-
fault distribution developed in (section 2.2). .-

In terms of the square of the potentials the Tinear distribution

i)
- *

is given by i . .

\"i
—pg cosh b(N +*) ,

cosh b(N - I + %)

...(28)

: Qhere N and I are tﬁansform;d values correspoﬁding ton and 1 in the
nonlinear model an& b= cosh™ [1+ KF/(ZRé)f. The equivalent values *
for 1 and I are shown in table I below for KF/RZ = 0.00077 and n = 10.

Thé transformation is obtained by inserting the nonlinear network
calculation equdtion (22) and (23) in to equation (24) beginnjn§ at the
last section apd work1n§ backyards.towards the source.

, Since.Kirchof?‘s law is not violaged in the last section, the -

transformed ﬁi%ference between the 1ast-;w6 nodes is Bnly'1 (i.e.,
27.07 - 26.07). The.transformatﬁon of the nonlinear model to a linear

modgl penqits the application of the linear fau]t‘location formula .

35
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TABLE I T e
>
[\ , Correspondence between the Number of | ' R
: R Nonlinear Sections and the Number ' ’
of Linear Sections
Nonlinear i Lo Linear [
. ) o 3.8
o
2 . 7.44
5 ' 10.88
. 4 1431
s | L .09
6, - L 19.82
7 , N 7 ¥
T o 28.37. :
9 ' ' : 26.09
.10 ) 27.07
- . \
- - .In terms of transformed’ values the fault location I is:—" -
1 ”,—m , - t
1 (p?- - sinhbl - coshbl)coshb/2 + stinhbl(sinhx ¢ coshx) .
I - ]ﬂ——z }L ...(25) -
. 2b (P + sinhbl - coshbl)coshwz + PNsinth(sinhx - coshx) %
)  where If_If , , ' | 5 | _ \S:JJ
- o ' ,"x‘ e o '
L3 - . " ~'(: -g



' Pr . Py - '
where P = —L p o M b =cosh™M(1 + KF/(2R2) and x = by + b/2
. po ) NO po R . - N -

Equation (25) gives the transforméd fault location as a function
of two pressure measurements. One requirsd measurement is always at
hode n (transformed to N in equ;tion (10)) and the sther at a node i
Brhich must be at or before the fault node if (transformed to Lglf in
equation (10) where thé arbitrarily selected measurement node (PI) is
after the fault, equation (25) will predict the measurement node
(i.e., If = ). Thss occurs for the same reason as in the ratio method:
That is, the pressure measurement made at or to the rear of the fault .
does not depend on the fault. "\

Figures (47) and (48) show the predicted location of the fault
may vary y1th position at which measurements are made according to

L

équation (25). Al11 the positions inlthe.figure have been trénsformed

37

back to their true positions in the nonlinear ladder network. For example,

L4

when tﬁe fault is in the last node 1f = 10) and the measurement- is made

in the first node (i = 1), equation (25) will predict a fault at‘if

As the measurement node gets closgr lo fault, the prediction improves.

Also when the size of the fault 1ncreases (1 e., d4s -R_ decreases) we

f
observe improved fault pred1ct1ons ”

L

«

3.4 EXPERIMENTS

3.4.1 DESCRIPTION OF THE TEST SET UP e . -

i

Figure (49) is a picture of the scaled-down brakepipe model'along

. \
-

. ; . - Es“
#\

= 6.8.

-
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A

with some'measur1ng eqﬂipmen£ The brakepipe essentia]ly consists of
ten ghlvanized pipes of internal diameter 6.35%10 3m and each 3.05 m
long. This arrangemgnt gives an approximate Scalq,down ratio of 5:1.
The pipe§ are connected fo each other by lgngthéoof flexible plastic“
tubing each 2.54+107 m in length. The value of KF as defined in
equétion (16), charactérizing the pipe resistance, is taken to be’ ‘
approximately 2.21*10]3 (kPa) .S /kg2 m4, as suggested by Kwan (101,
a]thoug@-it was pointed out in the same réference that KF is not constant
for every pipe and tends to vary over a range of values. The leak in
each pipe is simulated by an orifice A cross is }1tted at the end of
each pipe s& that a toggle. valve and an orifice may be located. The .

purpose of the toggle is to permit the measurement of static -pressure at

i

._._————l\
i,

each node. E | ’ 5 \
A.regu!ated supply of air (600 kPag) 1§ provided at the head

end of the brakepipe. A surge tank is used to reduceapressur; fluctua-/
tion at the supply. A differential transducer (0-150 kPa) -is used to
provfde the pressure reading. Anotheﬁ transducer (0-600 kPa) 1s used

to monitor the supply pressure. TheQEFQnaucers Ei§e an accuracy of 0.5%
and a digital multimeter of 0.04% accuracy is employed to provide easy
.read out. The transducers are calibrated against a Bourdon gage
(accﬁracy 0.1%) and the digital ‘multimeter is set to provide 0-10,volt

."reading to cover the w&rking range of }he tran§ducen in both cases.

o,




3.4.2 TEST PROCEDURE AND TEST DATA

]

First, the no-fadF! s1tuation is s1mu1ated by .using ten orifices
. .~ of each diameter 5:72%1Q" m, at cross f1tt1ngs ‘located. between pipes Bl
Coas described in section 3.4.1. An orifice of this s1ze is equ1va1ent . ) L
“‘ tb a fluid resistance value R of 1. 687*108 kPa. sﬁkg mz. The differen-
| ‘tial pressure transducer is connected across ‘the air supply line and ’
each cross in. turn, so as*to estab]isb the pressure'dis%ribution for
the‘no-feult s%tuation | ' -
v ' " : Next to simu]ate a smgle fault situation, a larger or1f1c(
used bo,replace,one of the ten identical orifices. The resistance value = -
Rf of this fault is chosen arbitrari]y (e.g., Rf/R = 0 465 and 0. 3)

For each case, the corresponding single fault pressure distribution is

i "established, one for each size, and for different positions of the T

o

"

2 : J ’ N !
t fault. The results arg shown in figure (50) (fordB = 0.465) and .

te figure. (51) (for B$/R = 0.3); It 'is noted that in both graphs, the no- -

e 3 : fault. corresponding to minimum leakage, is above the other curves, “ ) -

o . indicating least pressure drop ‘at each node. As the fault is located .

\‘“towards the rear end of the brakepipeﬂ the corresponding pressure drop
Jbecomes moreuserious. This coincides at least qualitat%ve]y with the
observabibns made for-rea1—si;ed brakepipes as contained in reference (1.

' :BecauseQOf the small amount qf pressure QropS«occuring at the front'

RO . end of the brakepipe in eVery cade, it becomes somewhat difficult to

e

s
-ite

distinguish between the curves for Bne fault'Tocation from the other,

H

'even thoug precautions have been taken to use a differential transducer
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to obtein the data. - | o '

| 'The data op figures (50)-and (51) have been proqessed ;ccord%ng
to each bf these fault location methods described in section 3.5 (refgr
to the data given in the-table ?1). ,

i

: .-3.5 EXPERIMENTAL RESULTS OBTAINED BY APPLYING THE S?NGLE FAULT DETECTION
. : ‘ . # '
- METHODS )

! 3.5.1° DIFFERENCE METHOD

F%gure (52) shows the normalized Jifference between the no-fault
pfessure and the corresgphding single’faa]t presgqre for ‘each gosition
\/“ along the #rakepipe. By compa}jng it with correspondiné thebretical curve
in figure (42) two observa;ions can be made. First, because of extreme1y
small pressure differences resulting frmn Teakage, it has been d1ff1cu?t
| to obtain with the nqcessary number of significswi figures to produce
better curves ' ‘
Lo It s for this reason there 1sqaﬁdisc?épancy between figuféf(SZ)
and f1gurel(42);of about 30%'-.46% quantitatively at prqﬁ%&&ally every .
. point. T B ‘ o
: The second but more important observation is that in spite of .
the difficulty in measurement aﬁa somewhat dubious value of the brakepipe
parameter‘xF/R2 (since KF s not constant throughout the pipe as assumeﬁ),
1t 1s very evident that'the maximum difference accurs at the location,
of the fault itself. This is more obvtous in figure (53) where R /RR = (. 3,

A
due to a larger orifice.diameter representing the fault.

-




%% " Hence 1t cap be established that the difference method, based on .

pressure measurements is a viable method for 1ocat1ng a single fau]t

g R N |
.
\ 2 L

3.5.2 RATIO METHOD

g

8y comparing the ‘experimental curves in figure (53) for difference
‘'of ratios as’ def ned in section 3.3.2, with the theoretical curves of |
figure (45), observations similar to Difference method may also be made
for the Ratio method. [t is observed that each line meets the abscissa
:' A\ iat the location of the fault.‘However, the method seems to work less
" well whﬁn the fault is located at- the front. Q"This is because of 1imita-‘
tions 1in measuring accurately small differences in pressures. The
situation 1s much improved when the fault consists of a 1ar9er~orifice/
as is demonstrated in figure (5557 . Hence the validity of the Ratio
method 1s established : o -

As in the linear fase, a practical approach may also be developed

, rquining a small number of pressure measurenents at the front ‘pnd of the

brakepipe only;’ provided one can establish the curvilinear line se Rent

. sufficiently accurately.

\

o ' ,ByJaoplying the test data in figdre (50) to equation (25).Mfigure .
(Slilis obtained. It is observed-that if the points are taken individually,
~ the prediction is somewhat unsatisfactory. unless the-measurement position

R happens to be close to.the position-of the fault itself. If the

3.5.3 TRANSFORMATION METHOD ' L L e

AT e s
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meésﬂr\‘emeng’:s are taken to the rear of the fault, the predicted value
1f i ;erly to l1ie on tﬁe éfrai'ght line 1f = §, As an illustration ’
andjreferring to figure '(56), 1%f the fault is, iocated at i = 6, then

‘the predicted i_ is 4.5'(say"5) when the measurement is at i = 1 the

predicted i isf howﬂevier,\ 6 if the'measurement is carried out at i ='6. -

However if the measurement is qarried outr at 1 = 8, the predicted 1, /

turns out to be ~7.8 (or 8) ly.i’ng on the line 1f =‘1. . -
Consequently the transformation method can be utilized fb

advantage in the following manner:

. a) if the predicted i, is found to be the same as the position of the

measurement i, it may be concluded that the fault has to. Heﬂe"ither at

or before i .' o . \

b) when the méasurempt ’positipn i is before ki g 2 reiierat‘ive approach

may be pursuedv liy taking a second mkasurement at the ‘pc':sﬁ:"ion predicted

by the pu:evious method and so on. This carries on until convergence,

-’
\ .

i.e., predicted o= 1.



Vo CHAPTER 4
CONCLUSION

4.1 SUMMARY AND DISCUSSION

’ Single fault location methods for linear and nenlinear ladder -
resistor networks have been investigated. -The objective of this study '
was to locate the féult with minimum number of nodal potential elements.
The'ﬂinear network consisted of tn-]ine serios and shunt resistors.
The in-line resistors were all equal. The unfaulted shunt resistors were
also.equal but in general had larger resistance values than the in-line
resistors.. The faulty shunt resistor differed from other shunts and
could be positioned at any node.
Circuit analysis showed that the network with 2 single fault
. could be separated into two networks with redurrent structure. One .
‘network was before the fault and the other after the fault. From the
_theory of recurrent structure networks ,’ two re'lations were developed
between nodal potentials,‘fauft location and fault magnitude. One of
these reiations were valid on each side of the fault Thus a nodal
potential measurement before and after the fault y1e1d two equations in
. the two unknowns, the fault position and the fau]t magnitude. The

equations were then solved for‘fault position. To'ensure that there-



[

|

4

-was one measuring node before and after the fault, the first and the 1ast

nodes were initially selected. Although theoretically these twp

potentials were sufficient the first node was very sensitive to measure-

pent error. Ana]yeis showed that.the measuring node Befofe’the fault

became much less sensitive as it neared the fault. Thus for practical ‘
reasons the first node was not the most appropriate node with which to -
begin the search for the fault. It then became necessary to determine

the effect of using another measuring node that might occur after the

_fau]t It has been proved that if the equation valid before the fault.

was used incorrectly with measurements after the fault the resulting
prediction yielded the measurement position instead of the fault '
lTocation. This was significant because it providéd\the basis for
recognizing possible erroneous fault-predictions when\less sensitive

»

measuring nodes were used. ’ . ‘ . QQ%E

A sensitivity analysis indicated that the sensitivity was°1arqest '

when the front measuring node was furthest from the fault. _The rear

than the forward nodes. In general, fault identification improves for
smaller hm/Rs and larger R/Rs. ‘ ' }
Experiments were made with a computer simulation and with an

electrical network model. The experiments confirm the equations

developed for the fault location A study of tﬁe experimental results
suggested that the search procedure for the fault should begin with a

measurement at the last node and a measurement at about 0.3 n. If the
predicted fault value calculated from these ‘measurements is larger than

-

by r
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‘measuring node (the last node) was an order of magnitude less sensitive — —
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0.3 n, another measurement node‘is }Eﬂfcted rearnard but slightly before
the first prediction. Then the second prediction is calculated using

a new measuring node and the last node (n). Comparison of the two

‘fau]ts should uncover the fault or indicate the appropriate position for

another measurement nodes If however, the first predicted fault location

occurs at the measuring node (0.3 n), the fault is either as predicted or

before 0.3 n. In this case another measurement node is chosen at about

L .
0.09 n. The second prediction is calculated from the node at 0.09 n

-and the last node (n). The second prediction is then examiped in a .

similar manner and should suggest whether it is correct or where to

make another measurement. Thus, although in ‘theory only two potential

measurements, are_needed, the measurement errors and component tolerances

-

( N

-,

may require afditional measurements. .
The Dinerence method was -based on the theory deve]oped by Trick
and Chien [9] They proved that for a single fault in a positive
resistor cireuit{/the maximum difference in no-fault and fault potentia]s
indicated the location of the fault. This was verified by computer
simulation and experjmentS\on the electrical model. In this method a
number of measurements are required to identify the fau]f. But for
praetieal purposes a location proceddre ne& be'developed along the
following lines. ,Referr1ng to.ffgure (11) each curve may be considered
to eons1st of two 1ine segments meeting at the position where the fault

exists. Hence by taking a2 small number of voltage readings at the front

end of the network, the first line segment may be established assuming 13” ‘

to be a straight line. Similarly by taking a small number of readings at

. / . : )\:
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_rear end, the second segment of the curve may be constructed. The point

where they meet is a very good 1ndicatiop of the neighbourhood of the
fault. It should be pointed out here that as the number of sections
increase, the second segmenf becémes more curvilinear and thi; should
be taken into consideration when.locating the fault byothe.practicaljt
method suggested. ' ’

The Ratio method was based on the theory that the fault could be
substituted for by the current sdurcg in parallel with the unfaulted
resistors. As a result/%hé ratio of any nodal potential measurements
made at or to the rear of the fault is not a function of the fault. This.
was demonstrated both by computer simulation and experiments.. Iﬁ both
cages the no-fault and fault distributions were obtained and the ratio of
potentials at node i to node n were calculated. The differences in the
ratio of potentials identified the fault by a process.of eliminating from
the rear. ' ! )

A practica1‘1ocation procadure can‘also Be suggested for this
method. Referring to figureé (18) and (é]) we observe that the curves
are parallel to each othér an§ are inclined at an angle of approximately
60°. Thus a few potential measu}ements ai the front end of the section
are plotted and extended to cut the abscissa at approximately 60°. This
should give a veéy good indication of the fault ﬁosition.

For the nonlinear resistor ladder network model of the brakepipe,
it was demonstrated without any doubt that the Difference and Ratio
methods developed for the linear model were equally applicable heré.

They were done so both by computer simulation and experiments on the-scaled
4 ) .

14



. may also be applied hert
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down model of the brakepipe. But it has to be pointed out that the

. experimental results were not in good agreement because of difficulties

in peasuring small differences in potentials. These errors were magnified

when plotted, thereby making fault identification a difficult task. The
same practical fault location procedure suggested earlier may be applied
here, although with some modifications. . It is important to take into

consideration the cufvi]inear or nonlinear aspect of the curve when »

\trying to identify the fault. {. ' \

The Transformation method was a novel one because it is thought
that an entirely new concept was applied’in locating a fault in the non-
1inear model of the brakepipe. ' The non]!near network was transqumed
into a jinear—one“by Tnserting_fhe required number of linear recurreﬁt‘
sections. This number was calculated by matching the nonlinear unfaulted
distribution {equations (22) and (23)} w1th the linear unfaulted- '
distribution {equation (15)}. | 1

. These‘numbers were then made use of in the‘equationu(ZS) along
wifh the squared potentials to calculate tﬁe fault location. The practical
fault location procedu’ ‘as stated for the Direct‘method (Vinear casg)
Ezrzjthough more number of trials would have to be
undertaken to identify the -fault. |
It is to be remembered that the final goal.of all this work is

to able to identify the fault in the brakepipe of the freight train

- consisting of 100 to 150 fr&ight car of'unequal tonnage and unequal .
fdistribqtjqp of leaks and_fiylts. This'worklis felt to be a first stép
- forward in achieving the final goal. When that goal is achieved ft is

Y
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hoped that the difficulties of the railworker.may cbnsiderably be
alleviated and save significant time and money for the rail companies in )

North America and elsewhere. ¢

4.2 SUGGESTIONS FOR FURTHER WORK o«

Three analytical appﬁoééhes were developed for lonating a single
fault in both linear and nonlinear model of the brakepipe.
' Test results were satisfactory for the linear case. But the
results obtained by applying the 3 methods developed for the nonlinear
mode1 indicated that further work was sarranted. _The following

P !

suggestions may be given serious considerat1on.
.

(1) extensive testing for more number of sections (ranging from 50 to

100) on the scaled model of the prakepipe and.a greater range of those

physical parameters representing pipe resistnnce, nominal 1eakage‘and

fault leakage. - | ‘

(ii?* exfension of single %auIt location:methods to multiple fault

locntion . )

(iii) finally, test should be carried out 1n brakepipe test racks and

utlimately on typical train consists,
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Appendix I.1 i,

Derivation of the relationship between th:_ggga] and source

6otentia1
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‘where y = 2 + R/R R )
S | . :
z transforms of the above yie]ds ) "

e(z) - yZ(e(2) - e(0)) + 1%(e(2) - e(0)) - Ze(1) = O

T
[

“ ~

e(Z) . e(O) 2(Z - y) +2e(1)
Z2 - yl+1

L

- a(0) is. kﬁﬂbm but e(1) is not.

s

e(Z) - _.5.0.1___(.2. - y72) , _{e(l) - e(0) y/2)2

A R R
A "
e(i) = e(0)coshbi - I (e(0)y/2 - e(])) sihhbi .
. cosh®b - 1 )
§ [ - ‘ a2 T
where b = cosh™'y/2 or y = 2coshb
. |— 1
o e(1) = e(0)coshbi < —2 1' e(Oy . e(1)} sinhbi
R V2 -, 2 P )
. Aoal kL,
o L5 o
. L )

- To deteruﬂne e(l), let it be recognized that e(n) = e(n+1) i.e., there is

, ho flow from the rear car. o L -

| e(n) = e(O)coshbn} K sinhbn - ¥ . v
ke —2— &) _ gy o o
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.. lppendix 1.2

shunt fault in a linear model

\

o

1

—
=

Derivation of an analygicany"exact equation for 1o¢at1\\g a s1ngl§‘

‘/\/\'v

S5

S

'_From‘m.,nam'ardit is known: '

% e coshb(n <1 +.3)

f o ’ b ]
. CL ey coshb(n - m + i)
. . e N R N v
s Y N .
- T 1Y
' - B . ! 4 e ’ ‘
e T e o
e - s . I
’l;.’a\‘ N "f . B (..,n DY I
L « A , N P v
[N . s;‘\ :‘“l s
> - . s - o & e,
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v
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» where 4>m an

d'b = cosh™

A

2 + R/R
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‘ e -e ’
Now the current i = Ll
C " R .
\ “ e coshb(n - m - %)
CH coshb(n - m +y) "
r- M
i = 1 coshb{n - m -k) N
m “ coshb(n - m + i)
o L 1 (
. r . A
et . A « 1. .coshb(n -'m-3)
: _ coshb(n - m + %) J .
- L ’ o -
“
. Re
J 1 - 4 m -
m R N
when i< m the relation between e,-and ec; is :/‘) o
T R s \ { v
- e; = eycoshbi - Ksinhbi, i<m
K may be evaluated using the*boundary condition that .
. . 4
.- ’ ! - ‘Em-] a’ 1“" + 1 \\
. < €n1.” eocoshb(m-i) - Ksinhb(m=1)
%é . ' ‘- . ’
{ ‘e, = e coshbm - Ksinhbm CT
e -e i . : ' )
' 1m‘] Bl m o, e { coshb(m=1) - coshbm]... :
. R { . ) . \
ce. +X [sinhbm - sinhb(me1)] N
L - . *
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\ 1“‘L = e /Ry \ Thus from 1, = e + L
obtain g

eq [ coshb(m-1) - coshbm] + K [ sinhbm - sinhb(m-1)
’ R

Let‘ym = R/Rm then K equals - |

-
.
;i '

3 .(A+ ym)em;#’ e, Ecc;shbm - Ncoshb(m—l )::

K=

r ‘ l
! ' l_sﬁnhbm - sinhb(m-'l)__j

Let A1~ A+ ‘ym; s = sinhbm + sinhb(m-])

and ¢ ='coshbm - coshb(m-1)

\

Ae_ + ce
S K= 1"m 0_

S e

s

Thus

‘ Ae_+ ce ' 4
1o 0 sinhbi A<m-

e, = eocoshb'i -

Solving for e for the case when ¥ = 1’ N

e

se, * -sgocoshbm - A]emﬁjnhbm - ceosin_hbm

RN
e.(scoshbm - csinhbm
e = ._Q( . )

s + A]sinhbm
B ) : '_Sscoshbm - csinhbm
e’ - Al + Aysin te
‘- s ® coshbi - :

o R TN

¢

. "
"

. we

L

. sinhbi  for igm

T
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. . . r * ‘ . ‘-’

e, coshb(n - 1 + k) scohbm - csinhbm

® e " T coshb(n -m+ %) s + A sinhbm for em

0‘ L ) y.

s = sinhbm - sinhp(m-1) - > g

¢ = coshbm - coshb(m-1) . y
A coshb(n » m - %) ’

1 " Ym+1 " Tcoshb(n - m + %)
Substituting

-

scoshbm - csinhbm = sinhbmcoshbm - sinhb(m-1)coshbm - sinhbmcoshbm . ..
ce. % coshb(mq\mhbm |

-
t

scoshbm - csinhbm = coshb(m-1)sinhbm -  sinhb(m-1)coshm
. or
scoshbm - csinhbm = sinh(bm - bm + b)
i.e., scoshbm - csinhbm = sinhb o >
- s , _ coshb(n - m - »
S + Asinhbm = sinhbn - sinhb(m-1) + (y; + 1 - SRR R = iy innb .
For i<m
' - | , T
35 A]SCOShbm - A]csinhbm + cs + Ajcsinhbm
coshbi - <

; > sinhbi-

e, : “s(s + A,sinhbm) . ,
0 L ' 1 " e
. .
e, T ; Aycoshbm + ¢ S
~——— = coshbi sinhbt
e A;sinhbm + s e, :
0 1 ,
‘ J
e q

. .
N g’
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. e, (A, *+ 1)(sinhb(m - 1)) - sinhb(m - § - 1) T
LI 1 , 1<m ...(A)
e, ' (A1 + 1)sinhbm - sinhb(m-1) T~
' n o co%gb(n - 1+ %)sinhb , 1>m ...(8)
ey coshb(n - m+ ) (A + 1)sinhbm - sinhb(m-l)J \

" Both these equations are-used to solve the unknowns Yo and m

To ensure that the equations hold true for all locations of

L

the fault, 1 = 1 and i = n are chosen respectively in equat1ons (A) and

.. .(B). Thus S .
- & (Ay + 1)sinhB(n-1) - sinhb(m-2) -
\ re— s‘R]- . — ...(C)
e , (Ay + 1)sinhbm - sinhb(m-1) '
. T L coshb/2sinhb (D)
, ey " coshb(n - m +J) (A + l)sinhbm - s1nhb(m-l)
' Considering (®),and solving for (A1 +1)
S R,sinhb(m-1) - sinhb(m-2) ' ¢
k Aol kil :
L R‘sinhbm - sinhb(m=1)
.Constidering (D)
R } § 1 - :
e n s S - - = ' 2 . .-ﬁ..(E)
iy ow coshb/2sinhb © goshb(n - m +‘g)‘_(A‘ + 1)sinhbm - sinhb(m~1)J
, S : o . o . . | ‘

.0




, Suﬁtituting for (A] +1)

R, Co -Rysinh(bm) - sinh(bm < b)

. T ' S

coshb/2sinhb cosh(bn - bm + b/2) Lsinh (bm - b) -<sinh(bm)sinh(bm - Zb)_‘

ﬂ ' N ‘ . v noo(F)

Let x = bm; R = R; Q = R - coshb;K = sinhy
i R’ ’
C W= D~ ; y = bn + b/2;M = sinhb; L coshy
coshb/2sinhb - )

Combining. (€) and (F)

- P i b et e Sl b R iaat o D o T S P
1

i . - (R - coshb)sinhx + coshxsinhb

g . W= o lal : —y=
% -T:coshx coshy - sinhx sinhy || cosh®xsinh? - s1nhxsinh%b -

(R - coshb)sinhx + coshxsinhb

~
(coshx coshy - sinhx sinhy)-{:(coshz“x -, sinhzx)sinhzb} ‘

i

Q sinhx + M coshx S | |

= £
; _ _ . Mchoshx - Mzksinhx

W

(W2 - M)coshx = (Q - WMZk)sinnx .

' < WL - M

tanhx = ——
Q + M CT

\



o Ce T T
s ,' . ‘: -l - . o . i
Cow tan (LM 0 |

T o ‘r0+m2k+mz|.-n‘°' : | ‘
' 4 x = &in ' .
Q + Wk - WL - M . »

: . bk : Jd. P

ST 1 (Ri - sinhbi - coshbi)coshb/2 + Rnsinhbi(sinhy + coshy)
’ o Q ‘
M * 725 "R, ¥ STARbT - CoshbT)coshb/Z + R sTRRBT(sTnhy - coshy)
‘ , - ‘ o~
- ' . ‘ . ! _ .
, g S . ' ‘
}\ . . . b . ' [4
. R -’ - ¥ ¢ \
T . S N .
) . . * ’ N A3 . /l ’
. - ' ‘ . ' _ | .
[ N ’ L - '
. R T S -7 ‘
. o ,," ‘ ' N | E
x" . N ’
. ‘.i,: :\ a <t
a0 ’ " i " .', )
A

Tmslalec KL
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APPENDIX 1T
~
Analytical proof to show that the selected measuring node if "
behind thg fault, predicts the measuring node location.
le., for ism 5 Moredicted ~ Mactual
and . for i>m: ,  the measurement position i is predicted °
Considering the following equation
.8 LGcosh(Z) - LFsinh(Z) - ‘ < /
Ve T(r-xoEe - (T - K)OCF + LESG - LDEF | :
where
y = bn +b/2 v A= bmyctial I s
L = sinhb R Z=b1 T-A]4~J
'K = coshb , D =sinhA, E = coshA

F=sinhy o , G = coshy, H = coshb/2 ‘ b
' b ’ ~ ‘




/ . . P .
" | - ) 63
- - ~ LH S
| " T - k)EG - (T - K)OPF + LEG - LDEF] v
Let. c , )
_ DENO = (T -'K)DEG - (T - k)O%F + LE%G - LoEF] . . '
.Considering the equation ,
- tanh (x) = ——--2—-—"‘MZL - M o e ’
N - ! Q + M ku ? ) . R i
Substituting and simplyfing _ . T ;
, . ) LGH cosh(Z). < LHFsinhZ - H.DENO cosh(Z) + LHFsinh(Z)
~N ~ :
. o . f . .
\ _ . tanh (x) = ‘siph(Z)[ LGH - H.DENO] - . ' . .
.- . cosh(Z)[ LHG .- H.DENO] ] . -
1 tanh (x) = tanh (2) \ _ '
- B bm =bi \ o
reem ow g ) . ) . '
1 h [ '3 - - * ‘ ) >
) L ’ D C
= 3
N P ’ jf;‘
‘e A ; , i
L - . N . vy R B




APPENDIX III

Generalized matrix representation of the‘ lad&Er network

e R : =P
— . AAANA - ' ] —-
. — L,
i %
® ‘ l' »
, R é |
L) \ ’!
v * R
e, - & =\Ri] and e -e2=R12+-—R-;e2
i] = i2 + eZ/RS o
.Representing in a matrix‘fdrm ’
"oy 7 T (ermr) . r] "e,
= i s . )
.1 AR, o
LTI R T T
,Generalizing
- ”
oo ., A TR DA .
. L (1 +R/RR’ T R ek. . -
1 (I/RR) | E : 1 ' 1k \
L - L Tod L "
\ ‘
w» , . : 3
’ . 1 ‘, ‘Q
- , 1,-.' S
. e o

B -



APPENDIX 4V

Formulation of equations for generating pressure distribution
in a‘honlinear iodel

INLINE  ResisTaNCE KF

?/r b, ,;ij X ;_1{:~'

A

\_

CURRENT Sour

~

2.2 e
Pi = Pigy ™ KFMy

-

(1)

r

where.p 'is the absolute pressure m 1s the mass f1ow and KF 15 the constant -

that ‘depends on the restrict1on between cars,

i

1 = car position

« N ® number of cars

o apnoErON S SR

AL R e, kst e e YT



Ao,

T

)
t n . N

m T gy | o B

»

From (1) and (3)

N T A
Py - Piyy = KF jZ“]ij’ . ...(4)
‘ L |
2 2 m o -
Pj - Pjyy . = KF jzipj/Rj . 4 ... (5)
N 4 :

z ) (-

If a variable Bi-is defined as the ratio of adjoining pressures equatton
t A . o ﬁ{

(5) becomes 5 | N ” R"' 5 . d
. Pi. F Tn p ]
Bf = —2",1 1 . 1+—TR .)_:] (——1)(&3-) . -
pi ° R J= pi j
- - -

where RR is a reference resistance that is arbitrarily selected to
normalize tbe’equationSa

The variable B, can now be calcutated from thé rear since it

depends on all B's that come after o , : }
. . . . Y
. "S | 2 . A v
. ] ,‘ . KF r\ R _l . ¢ -
B2 =1+ —R
, " R R
. - - "R - -
T N 7 - ]
2 F roo e
p K R .1 R ,
i BZ . = ,n'g = ] + - R * . zR !
o n-1e 2 2 .
Pn-1 R




/1nteger steps

4

¢ ""’1

L]
. . N “ A
. .
] “:‘
\ Uy . .
- L
P . ‘
v . Lt B ' . .
¥ 4 ©
U . . »
PR e -] -
e ont el . A

N 1 .
e’ 'f- N

A

,'car to the locomotive pressure may be detemined as

. - .
® &
- B> pt21-3 KT Rp 5n-1 Re Pn "%R
s n“2 = —T—-Q = ] 't 2 + 4 + .
R g R R p R P R
n-2 R n=2 n-2 n-1 n-2 n
L K
» . ) 4
. ’ \
~ e o : ,
. I KF . RR ., Ppe1 RR \ pn-l] P, ] Ry
¢ .;2' i R X s R - ) : R
R n-2 Prh-2 - Fped pn-z Pn-1 n
v 3
, L ] .
\t"‘—"“ - - , ’ ' \
- p Py P .
because —0- = N-} L -
Pp-2 . "pn-Z Pr-1 .
) & 0/ g
. 3 , = s
1. - K R 1 _ 1
B . 82 s | +- _B. + R +
-2 T2 T B B B
T - R Ta=-2 n-1 n-1 n-1 n
§ o
g
Therefore by recursion ‘ { _
¥
', K TRy ned g Re + ‘
By = 1+ T — + 7 —-§-—-— . —_— L
L : - d -
- , A ) b . X

~

: where the calculations must proceed form i= n‘toward i = 1 in consecutive
L N S

3

r

' “ After all B{:xre detennined, the ratio of the pressure in any *

t

(frém reference 1)
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N e © density at section e kg/m

density at section 0
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® =

. )
) e T = absolute temperature at section in °K

. . Ty = absolute temperature at section 0 in°k °

*e
=
]

«‘ .
Machnumber at section e. and is equal to 1
. 'y 2 ’
. \ . A =Area at section e % e de in m and-

. ‘ Ag in m™

s Y ‘= ]'54 [

, Py = absolute pressure Iggf/mz'
.o R_ = gas constant . ’ VoL
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. : T 9%k

Mm
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SEERRERLERRLERELNLRRRRRERRRREETARRARR AR X AR SRR KRARARARRAALL
SIRATIO METHOD FOR THE ELECTRICAL MODEL %1% .
!ttltlttllltllltlllltttl!tltllltltllltlllttlttttlttltlttttttl .

PROGRAM LINDIFF (INPUT,OUTPUT)  °
ltlltlltllltttltttttllt!tl‘ltttllttllttttlttltttlttttttttl!tt
XEN IS THE NUMBER OF SECTIONSs R IS THE INLINE RESISTANCE ' .
RL I8 THE SHUNT RESISTANCE» RF IS THE FAULTs, PO-IS THE . > .
SOURCE » P IS PREBSURE OR VOLTAGEs PD IS THE NORMALIZED . - -
PRESSURE, DELTP 18 THE DIFFERENCE IN THE NORMALIZEDPRESSURES
AND LEAK AND GREAT' ARE DUMMY VARIABLES. :
T L T e e L T e

DIMENSION P(10)+0(10)yDELTP(10),PD(10),QD(10),PRA(10),PRDIF{10)
nxnnnnnnuun:untununnnuntunnnnnuuu

28 DATARRR

nnnnn:n:nnnnnnnntnnuuunnunnuxunnn

, . N=10 s
» Rw=i, \ ) .
< RL=1000, A
. ° RD=RL 4 ..
~ ) PO=10. -
C,Q\ 'tltlllltltt!l!!llllltlt!llllltl!llllttlllllttllttltltlllttlttt '
PRINT 25,RL . .
' v 25 FORMAT(15X»2N0 FAULT DISTRIBUTIONS ¢ SX e XRL=RD*X¢F7,2¢//) . t. N
' ND=1

000 onosnon 0on
-~/

[ 4 EEERREERRRRRERARRARRRS K RRRRARRARESEERRR AR RXAERER KR ARNRRERKRRRALK
[ 22 INVOKING THE SUBROUTINE THAT GENERATES THE NO FAULT
[ %% PRESSURE DISTRIBUTION
[ SASAREREBEBEXRRRRAEEXREAKKERRRERRREEBERERERNERRR XX K XRIRE RN KRRXRK - A
’ ’ ‘CALL PRESURE(RsRLsRDyNsND/P,Q) . .
| DO 35 KL=1sN : i
' POAKL) =P (KLY /P(N) ~
! , QDKL) =0 (KL} : .
. PRINY 100,KL /KL PD(KL) L
100 FOR”AT(?OX!IJ'SX”P(‘:l!!‘)/P(N)II'F1007) < Ce
35 CONTINUE
“.."’.'."‘.‘l.’l’."l“"l!l‘.!,tl‘l“tl‘.‘t"“‘l""“ll"'
#% READING THE SIZE OF THE FAULTAR o _
- c "‘.“i'.".‘."l‘t‘l'i""‘.*“l".,"““".‘*“l"“t““‘l‘* !
DD AS LO=1/MN . . ‘ ‘
READRIRD . ;
. P A PRINT 200+RD/RL ‘ L ,
! ™ : : 200 FORMAY(10Xs/s# THE Sg OF THE FAULT IS =K,F6.2,2X:$0HMSH,2 ) :
‘. . +9RAND THE REST ARE=% 37 )%y BOHNSE) . - !
. DO 1 ND=1,N '
coL PRINY 400'ND : :
. . 400 FORMATC/+SX+8THE FAULT IS IN-POSITION...%:13,/) .
c ““““"‘.“'..‘."*“.“‘.‘"‘.“.“"t‘.“t“*l"‘*‘3"““. v
. / [ 288 GENERATING FAULT PRESSURE DISTRIBUTION AND CALCULATING THE
s c
[

an

SSDIFFERENCE BETWEEN NO FAULT AND FAULY PRESSBURES ) Lo
. ERRSRRRRLRARIRAREEREARRRRRRARRRLRLENA KX RRRRREXRR XXX EXRERRRRRR
° CALL PRESURE(R,RL,RDsN»NDsP»Q) u
. ) , DO 88 Lu=i,N . s :
o " PRACLUI P (LU /PLN) . . .
’l'IF(LU)-ﬂ.S(Pﬂﬂ(LU)—Pn(LU)) , Jﬁ/
: 35 CONTINUE y o
- ’ . i “.“‘.““‘"““‘.“l.‘.“.'."."'““'"“‘.“"“““..“
. “c 888 PROGRAM FOR FORMATTING THE OUTPUT
) c ',‘;;‘?’;lu:'l“"tll‘”“l‘t'l‘”!"““l‘m”‘“t‘t“l‘ll '
t R Y 8 !

¢

| LFaN~JZ41 ~ ™ )
i . . IF(PRDIF(LF) -.67, 1.E-12) GO TO 90 ‘
— .- 23 CONTIMUE . 1
. y Jlug .
. . N \\ AD TO X4




- .
r .
A
. . ) )
i v t
*7 o
‘e f
90  IF(LF .EQ. 1) GO TO 41 ‘
& R ‘. JA=LF+1 et
60 TO 34
. o Ja=LF+1
- 34 DO 52 JO=1,NM .
, \ IF(J0 .EQ.5) GO TO 60 :
PRINT4009J0 PRACJIOD) » JOyPRDIF CJO)
600 roamnzxnrn-xq.t)/mm--.1x.no.a-2x-tm1ru.x:.nlmm-t
4:£10.8)
80 TO 32 . .
80  PRINT 700,.0,PRA(J0)»JOPRDIF(J0)sJI0
700  FORMATC(2X,8P (X, E3,%)/P(N)=Bs1XsF10,892Xs SDELTP(2, 13,
$8)/P(N)8+F10.802X ¢ KTHE PREDICTED FAULT POSITION IS..%s13)
52  CONTINUE
1 CONTINUE - .
s . A5 CONTINUE . .
. ‘ STOP
a END
o . - a’ -
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SEREREEIRTRRLALARRALAAAL IR RRRAESARREREAARRRBRRAERARLRNNEAL
SERATIO METHOD APPLIED PNEUMATIC MODEL OF THE BRAKEPIPEXR
lll‘ttlltllllltlltttlllll!!lttllltltlllttttltttttlttlt!ttllttt
PROGRAM RATIO(INPUT,OUTPUT)

REAL X

DIMENSION P(20)vl(20)vﬂ(20)v?k(20)nPRA(ZO)vPN(ZO)vPRDIF(ZO)
PRINT 28 .

FORMAT(%12)
EEEANSEREARINRRRRLRRLRENERARRAEERTARNEER R R AR EXRARLAXRRRAARE
DATA="K* IS THE IN-LINE RESISTANCE,.’DIARR® IS THE SIZE OF THE
REFERENCE LEAK.*DIARD® IS THE DIAMETER OF THE LEAK.°RR® I8 THE
RESISBTANCE OF THE REFERENCE LEAK.°RD® IS THE RESESTANCE OF THE
DIFFERENT LEAK.°®BD* 1S DIMENSIONLESS QUANTITY, g
SEZRREEEREEESAERREATRARRARXRRARBAERARLXARARLBERARXARRRARRLAKRR
N=10

K=2,21E413

DIARR=0.5715 .

RR=1,48E+408 -
‘DIARD=0,838 .

RD=7 ,84¥E+07 ’ ,
BD=K/(RRERR)
t:xtttattttttattnttttt:tt:ttttt:t:tttta::ta:tnt:tttt:n::ntttt:
INTIALIZING THE INDICES
BEEREEAEEATLMRIRXLRALELAERARRKRARRARARSERRARR AR AR KRR S RRARAR

JR=0 ‘

NP=O E —~

IM=0 -

'."“““"'.".““"“““..".“.“."""‘.'.‘1*“““*‘
INITIALIZING THE LEAKS TO HAVE EQUAL RESISTANCES

s l!l""lllllll!lllllllll!lllllllltltlttttttttttt“!t!!l*ttll!t

DO 25 JNs1.N

RCJM)ERR

JREIREL

IF(UR.EQ. 1) GO TO 35S

IL=SN-JR#$2
R(IL)=RD
‘.“l‘l.'.l‘l‘tlllﬁt“"lt.‘l““iltl!l‘lt‘t‘l!i‘tﬂl*Il*'*l“‘ll
CALLING SUBROUTINE WHICH GENERATES B’S
"“."'.‘."""“"“""‘..“““"‘t"““"“““"““..
CALL PRESGEN(BD»RRsNsR+B) N
NP=NP+1

IF(NP.NE.1) GO TO 48

PRINT 333

FORMAT (15X ¢ #ALL LEAKS ARE EQUALX+//)
EESRERERBEXTERREAXRRRARRARRERERNXRARARXRNAREAERER KA KK AR AR RARK °
CALCULATING THE PRESSURE RATINS FOR UNIFDRM DISTRIBUTION
.““.‘“‘ﬁ““““l"”l'*ltl’ltl#‘*l‘l‘.‘t#ll‘*“‘*lﬁ‘l"l‘ll
CALL PRERAT(BsN»PyFN)

PRINTY 201.DIARD+DIARR

FORMAT(// ¢ 310Xy 8IZE OF THE FAULT I8 =XsF7.39 kHME,2Xy

+8THE REST ARE OF DIAMETER =2yF7,3s2HNK+//)

60 T0 321
PRINT 444,1IL
FORMAT(// v 32X9 BTHE LEAK POQITION I8..%213) .
SEERRERERNRRRERRLRRRNANARAEEERARRRTLRRERE A BN AL R XRRER L L AEXXLER
CALL PRRATID(BsPsN+PR:PN:PRA»PRDIF)
‘““““‘“u".““t‘..‘ll“‘.“"”"‘.“”"“ll“l“l‘.‘
DO 23 JZ=1,N . ,
LF=N-JZ41 . -

", IF(PRDIF{LF) BT, 1.6-12) GO 10D 4
CONTINUE

Sy
90 10 34~
IFCLF .FR. 1) RN TN 41

.




. n
t
_ »
JO=LF4L, ;
80 TO 34 ‘ .
41 UOsLF+1 ’

34 DO 32 JO=1.N .
IF¢(I0 .EQ. S) 60 7O 80O )
PRINT 222,005B(J0)»J0PRCJO) v JO+PRACIO) PRDIF ( JO)
222 FORMAT(2Xs2B(RyI2+8)wnsFL10.8+s2XsBP(Rr12+8)/POmEyF10.8»2Xs
48P (22 I2¢ %) /P (NI 3XsF10.8r4XsRDELTP/P(N)=Rs1X+vF10.8)
80 T0 52 B
’ 80  PRINT 224+ J30:B(J0)»J0:PR(J0)» JOsPRA(JO) » PRDIF (JO) v JO
. 224 FORMAT(2XrRB(RsI2s8)uBsF10.8:2Xs 8P (8 12¢8)/PO=%yF10.8¢2X»
+SP(Er12:8) /P (M) =89 IXsF10,824X s EDELTP/PI(N)w8»1X2F10.0»
+2X9sSTHE PREDICTED FAULT POSITION IS 2912)
‘52 CONTINUVE
321 IN=INt1
JUnNtL
IFCINGNE, JV) GO TO 44
STOP B . ¢
END ;
SUBROUTINE PREBGEN(BDsRRsNsR»B)
3.“”‘”"l‘.’l”“3“““‘!“"3““”“‘l‘l“.ll'““l
SSTHIS SUBPROGRAN GENERATES THE °B°S2s '
.”l.“‘ll.“‘l.‘l.“l’ll"ltttl"‘t‘..‘l.l“".lln““‘
! DINENGION R(20),B(20)
B(N)=BORT (1, +BDIRRIRR/ (R(NISR(N))) ,
MM=N-1
DO 2 J=1:MN
LL=N-)
: SUM=RR/R(LL) .
‘ PROD=1.0 ‘ . 4
PO 3 KeirJ
PROD=PROD/B (LL4K)
, SUN=SUN+PRODSRR/R(LLHK) ’
3 CONTINUE .
. . B(LL)=S0RT (1 .+BDESUNESUN)
2 CONT INUE
RETURN ?
END
BUBROUTINE PRERAT(B)N:PN) -
- RRERRPSERRARRARITRERARAR R SRR EELRTRR B RN LR AR RASKELLBED
SRTHIS SUBPROGRAN GENERATES THE RATIO OF PRESSURES P(1)/P0
SEEPSEREREAREERREEENEARERBRSRERELEREREREREBERAERENELE AR
DIMENSION B(20),P(20)PN(20)
PRO=1, ' =
DO 6 M=isN
* PRO=PRO/B(N)
P (M)»PRO
] CONTINUE . ) o
DO &6 MxisN y
‘ PH(IK)I=P(IK) /P(N)
PRINT 1o..x.u.m..x.r(.m..mﬁm.m .
10 FORNATC2X o RBC(E»I2¢ 8389 3X1F10.002XoSP (89 12¢8) /POn8s2X»F10.8y
42X 2BP (B I2vK) /P (N)=Be2XvF10,8) .

©

ann

aonn

66  CONTIME ‘
RETURN TR : Iy
. SUBROUTINE PRRATIO(B»P¢N»PRsPNsPRAPRDIF)
.C BERSESEEILRNANLLLREANRRRERESLRISRARRRLISERRSLTRAIINIREEL
c ASTHIS SUDPROGRAN CALCULATES THE DI IN NORWALIZED
C  PRESSURESSS
c SEXSIEERSRRSRERILEIRARENINLSRASRASILEEREILS
DINENSION B(20),PR(20),PRDIF(20)+P(20) sPRA(20) +PN(20)
| PRESUR=1, 0
. DO 27 LP=1oN - . -
: PRESUR=PRESUR/B(LD) . _
. U PRILBIPREBUR
: -
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27 CONTINUE .
v DO 70 LJ=1.N . . .
. : PRACIJI«PR(LJ)/PR(N) ;
) . 70 CONTINUE : .
N DO 14 JAwIoN, N . v
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SERISARARRNRAERRARARABREARESIRARAREBASRESNARSRARRARASERARAANS

SSTRANSFORMATION METHOD APPLIED TO PNEUMATIC MODEL 88
P T e e T

PROGRAN TRANMET ¢ INPUT , QUTPUT)

REAL KrN1sMD

DINENSION, P(20) » B(20) sR(20) +PEA(20) yEQI(20)

PRINT 20

FORMAT (81%)

SESESASSNNSRRAESERN RS RRRESREANREERSASNRASRREAASERRSARABEILARSE
DATA=*K® I8 THE IN-LINE RESISTANCE.°DIARR® I8 THE BIZE OF THE
REFERENCE LEAK, *DIARD® IS THE DIAMETER OF THE LEAK.°RR® 18 THE
RESISTANCE OF THE REFERENCE LEAK.'RD* IS THE RESISTANCE OF THE

DIFFERENT LEAK.*BD* IS DINENSIONLESS QUANTITY..
SESBESISNIBSEESESSIRRSNESIIISIRRSORRSRASRNSSAMSEROIESSINILY

N=10 .

K=2,21E413 - .

DIARR=0.5715 N

RR=1.,48BE4+08 -

DIARD=0,838

RD=7.849E407

BD=K/{RRERR)
ERRETRTREENSALERARESAAREALBERAARNSEEALEILERELSRALARABRRABARARY
LALLING SUPPROGRAM WHICH CALCULATES THE EQUIVALENT LINEAR .
VALUES (N) FOR THE CORRESPONDING NONLINEAR VALUES
SERRIELINEERARE SRR MR EARSIERAN RN R AR SRIRRERRRESRERINNLE

CALL EOTRANCN:K»RRyRD»BD:T+EQID)

t:uunuuuuuuuuuuuuutnnnuuttunxuuuu:

DO 25 J=1,N )

R{M)=RR -
SEEREEETRRSSARARENBEASEARUSRAEASURBEEREENRLAERLILRAS R SREXERSE
CALLING SUBROUTINE WHICH GENERATES B’S
P T T I T T Tt L P B 2 e
CALL PRESGEN(BDsRR»NsR»B)
SRRERERFRSEFRSRRRAREARRAERSEERABRERABARERAXERRREARRBEERRRERKAR
CALCULATING THE PRESSURE RATIOS FOR UNIFORM DISTRIBUTION
SREREINEREISUREARERRURRIEREEIRASARARSRARRRSEALLAETRERRRERENLL

CALL PRERAT(BsN¢P+PSQ)

“ DO 43 LB=isN

DO 56 JNs1/N
R(JN)=RR
KBeN-LB+1 . -
R{KP)=RD '
EEXRETERRRILTABEEILS t‘litlllltlll'“ltt!ttlltt‘lltt”lttltttl
CALL PRESGEMN(BDsRRINrR,D)
CALL PRERAT(BsN,P:PBQ)
EEESEAARERASILRLRNLERETRASLLE ‘tt‘tl”illitttllttt‘tt’lulllltl
PRINT. 486 -

FORMAT (/771 3X » BNONLINEAR Nl'ZX-IEGUIVALENTthXv"RiDICTED FARLTEy

+/523Xr SLINEAR ‘NS89 2XrSPOSITION IN LINEAR N&»/v34(3-%)):

FESUERRIEEELIRBRERELEREIRIEREREIRRLESRESAEREBLLIREB AR ERARE XS

THIS PART OF THE PROGRAM CALCULATES THE FAULT POBITION IN LINEAR

TERMB. THEY HAVE TO BE RETRANSFORMED TO EQUIVALENY NONLINEAR
VALUES BYU INTERPOLATION.

tll.l”“ll‘”‘t‘lUl“t‘tl”t‘tllmtttl””l'll‘”‘”tl"t!lt

DO 700 KL=1¢M .
RCKL) =PSOCKL)

!

B RA=PSA{N) 0

AR=TSEQI(KL) . N . -

ARR=( (TSEQI (NI I$(Y/2.))

B1=(R(KL)-GINH (AR)I-COSH(AR) YSCOSH(T/2.)

B2=(R(KL)+SINHCAR) ~COSH(AR) ) SCOBH(T/2.) ~N
C1=RNSSINH(AR) B (SINHCARR) $COBH(ARR) )
C2=RNEGINH(AR ) B CSINHCARR) ~COSH(ARR) )

Di=(B14C1)/(B24CD) R !

. o
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‘™ ‘DO 3 K=1eJ

3

ND=1.7(2.8%)8ALOG(D1) S )
aunuantntnnt::t:nnnt:tnuuunn-unnnnnntnn
PRINT 804s KLEOI(KL)sNDsKB -
FORMAT(/ » 10X+ 137X+ F10, 60 7XeF105 8:7X> 13)
CONTINUE .
CONTINUE .
STOP - S , |

END
SUBROUTINE PRESGEN(BD¢RR'NsRsB) k*
""”“."‘.““‘.ﬂ”“‘.“l“‘l"‘lI.“‘.lll".ll!l.lll
22THIB SUBPROORAN GENERATES THE °"B°Bik» .
SEXRRRRRELLALARERRRR LR REXRRARNEEE R KRN BRIEERA R KA RLEARAR R
DIMENSION R(20)»B¢(20)
P(N)=BORT (1. +BDXRRERR/ (R(NIBR(N) )} ’
MH=NN-1 B
DO 2 J=ioeM
LisN-J
SUN=RR/R(LL)
PROD=1,0

PROD=PROD/B(LLK) .
SUN=SUM+PRODIRR/R (LL4K)
CONTINUE
I‘LL‘)-NRT“ +DD‘5UH‘8UH) !
CONTINUE

RETURN . .
END ) ‘ .
SUBROUTINE PRERAT(B+N.P,PE0) - s .
‘l“‘ll“l#ll‘l‘t!t“ltl'tll‘lll‘l“‘l‘l"“”‘t‘lll“‘“
SETHI® SUBPROGRAM OGENERATES THE RATIO OF PRESBURES P(I)/PO
SERQAAER RN A ERR RN AR RASALEERRBAERARRARARELERRE XX KR EEKE
DINENSION B(20),P(20),P8Q(20) -
PRO=1. v
PO 8 M=1,N
. PRU=PRO/B(M)
P(M)=PRO
PEA(N) =P (N)SP(M)
CONTINUE ’
RETURN - , 7
END ' “
SUBROUTINE EQTRAN(NsRsRRoRDsBDs T9EQI)
DINENSION P(20) uR(?Ohl(?O) +EQI1¢(20),P80(20)
REAL KoN1 7
“(20*’0)/20
r-u.w(mumnmumm—x.n * o
DO 23 JM=1,N . .
RN =RR .
CONTINUE Y
CALL PRESOEN(BD:RR+N»P»B)
CALL EQUIVACN+BD»PSQArEQI) L .
DO 2350 KKJ=1.N * ! ! '
EQL (KK ) =EQT (KKJI) ' o, -
CONTINUE
RETURN . ‘,

SUBROUTIMNE EQUIVA(NBDPSAEQT) ) : N
DIMENSION PSA(20) ,ECTT20) - . :
REAL M1

Uud2. 48D /2, o
PI=ALOGCUSSORT (USU~1,)) .

. XX=COBM(BR/2.) s b

YY=XX/PBG(N) ' , o - .
ZZeALOBL YY4SORT(YYSYY-1.) ] ‘»
Ni=(Z2-BB/2.)/08 .

ARD=(BUBN138/2. ) . L ‘
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