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‘Abstract
. ¥ : -
Thi@ research work is divided into two parts. 1In

Part One, experiments and theoretical investigatlions are
[ 4 L4 .

"

. A 4
o carried out to study ‘the behaviour of a train-line with.

leakag'e_. A mathematical model is introduced 'to simulate the
train-line. Two numerical schemes are proposed to provide
the solution. The implicit scheme is found to be better
- ghan‘ the e’xpl~icit for 'pr'ovidir;g'an accurate and faster
so’lution. The investigations show that the steady-state and
transi\ent behaviour of the train-line is dependent on the
, /) .'L.’e;akage size dnd léakage location au;o,ngﬁ other factors. 1In
Part Twojs two methods are formulated for fault location.
One method is known as the pressure~ratio method for
"multiple faults, the viability. of which is e”stabiished by é
theorem. 'The oi:her met'hod is known as tl;e

pressure-‘difference method, fo¥ which a theorem is
L4 ‘ /

formulated onlif for a single fault. However, experiments -

"~ show tha‘t this method can be applied to multi-faults alsa.
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. . CHAPTER 1. BERPA

" Tt INTRODUCTION ,
" 1.1 Train-Line (Brake Pipe) . y

_—

Pneumatic transmission lines havefbeen usedr for

L3 " \ * v
h . transmlttlng braklng 31gn§ls in trains for over 100 years.
Wi
“ They are known as the brake pipe or thestrain-line of a
b .
o , train. . ' .
s') e ’ . -

4

'A schematic illustration of a train brake system is
sHown'in Fig. 1.1. The system consists of a locémotive
control unit situated at the head-end of the train and car
control uniz locaéed at each car. The locomotive control

unit consists of the compressor which supplies the working

.y .medium of the entire brake system at a suitable pressure,

v A brake valve assembly incorporates the control level, and

the brake cylinders which are responsible for/ actuating the

brake rigging and shoes at the locomotive only. The

.eontrol car'unit,_similarly consists of AB

" Y

viwith its combined emergency and auxiliar

brake valve,
rgservoir, as
well as the braks}ri;ging and shoes of tha particuiar car,
khe locomotive control umit and tﬁe‘car ontrol unit'a}e
épnnected toéether in a'chéin like manner by the

-~ t a}n-line.;

"
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The train-liné, is connected by hoses at the end\of -

5

each car -and locomotive unit in the train, and furnishes

the means of npe?ating the automatic air brake syétém. The
‘ i

’

train-line provides the functions of a conduit through
which the engineer“communicates his commands for various

degrees of brake operations to all cérs in the train.

{

?he air brake system is charged with compressed air
by means of the train-line when the logomotive brake valve
is in "release" position. Combressed air is stored in the
reservoirs on each car. When braking is Fequired, the
locomotdive control valve at the head-eﬁd of the train ls
opened to reduce the pressure by a controlled amount, Tﬁis
negati&e step change in pressure travels down the
train-line, causing the control valve of each car to épply
b\ the brakes in succession. ) ,

\ ‘ .

A
\

\ . -
\ . , .
\ Very often alr brake systems have leaﬁage to some

dkgree. Leakage‘occurs primarily at fhe various pipe
" joints and fittings, gaskets and seals in devices, as well
'S ' '
as at the hoses and hose couplings. A typical freight'car
\

has k(om 40 to as many as 100 joints and seals [1].
‘ \

t ' .

1 -

\%eakage existing throughth the train reduces

" ¢

train-line pressure as the distance from the locomotive

\
increases. The difference in pressure in the train-line at

Y

the rear-éCd point of the train and that at thgwlocomofive

2

‘o
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r

(feed valve or regulating Xalve setting) or the head-end is

called train-line pressure gradient,
1.2 Serial Action, 'Pressure Gradienk' éhd Leakage

Iw practice leakage‘is unavoidable, standards of
acééptable aﬁoqnt of leakage are provided by the AAR Rules
£33. .For a train to be satisfactory for road movement at
an initial terminal, the AAR Rules specify that "all cars
have 6perative brakes and that the train-line leakage not
exceed:- 5., psi/min (34. kPa/min). Rear end train-line
. pressure must be within 15 psi (103 kPa).of the locomotive
feed valve train-line setting (but not less than 515 kPa
60 bs}g))". . - \

LN

It has to be understood théﬁ the train-line playsq
the vital role of supplying pneumatic power to operate the
brake cylinders; and to transmit the control signal (brake
signal) from the locomotive all the way to the last car of
the train. This 1is known as ;serial action". As a reswult
of that, the brakes on each vechile apply .in succession as

the train-line reduction progresses through the train.

9

]

‘Brake action transmission speed (which will be
referred to as propagation speed, V) is faster than 400
‘ft/s (130 m/s) [1). In service application, this is

accomplished by the initial quick service. Initial quick

£y
-

" e e B W S — - - -
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"

service action travels thfough the train at speed of

o

approximately 130 to 200 m/s (400 to 600 ft/s). In
emergenéy, rapid venting of the train-line pressure at each
car results in trénsmiSsion speed of 300 to 315 m/s (900 to
950 ft/s). 1In all cases the speed is less than~the acoustie
speed, i.e.sub-acoustic. Noruma et al [2] argue that this
sub-aceoustic speed is due to attenuation of the pressure
signal, the relation between propagation speed ;nd the
several contributing factors has not been developed into a
usable closed-form. The important factors are however the
direction of the pressure step at theahead—end (discharging
or charging) and the mimimum pressufe change detectable By
the' sensory portion of the brake valve, before braking
action can take place (in other words, the threshold '
sensitivity of the transducer). But, one of the most
significant factor is‘the presencé of the leakage (size and
distributipn). A train-line leakage over 344 kPa/min (S
psi/min) or pressure graaient over 103 kPa(15 psi) on a
train can cauée erratic brake response, because this may
éxceed the ability of the brake valve to maintain control of
the traiq-line pressure, undesired applications and releases

. &
may result or brakes may not respond satisfactory.

If leakage is concentrated toward the rear of the

train, the effect on gradient will be significantly greater,

e




v

There 138 a need for a mathematical modél for the

train-line to quantify the relationships between léakage

size, leakage distribution, charging, discharging, threshold

sehsitivity of the brake vaive, propagation speed, peak

velocity flow raﬁe, peak time, air supply and pressure

gradient., These relationships may ve established by
studying the transient behaviour and the steady st;te
behaviour of fhe train-line. 1In this research, the
prgpagation speed, peak velocity and peak time are used ‘to
study the transient behaviour of the train-line, whereas
the pressure gradient and the air supply'glow rate ére used
to study the steady state béhqvidgr of the train-line,
There is also a need for a quick ané efficient method to
locate excessive leakages, wherever they exist, which is
based on an analytical understanding of the'interplay
between pressure grad%;nt in a train-line and the traintline

leakages.

#

It is important at this juncture to define tge terms
"no-fault" and "fgu%&f: In the context of this research, a
train-line that exhibits an acceptable amount of leakage is,
in a "no-fault"™ condition ﬁo begin with. Subsequently, a
faulty situation, which developes additiopal.leaks or if

some existing leaks become more severe, arises as a result

of either normal usage or mishandling of the train.

v
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1.3 Review of Previous Work

‘\‘ ¢
This Section reviews the previous research work-don

on the transient behavioﬁr of fluid transmissiopn lines anE

the fault detection i%~networks. \ h

i

i.3.1 Transient Behavior of Fluid Tranirission Lines x
‘The transient behavioug of %luid Fransmission lines
has been the subject of many investigations. One of the
earlig§t investigations into transient res;onse is that qf
Schuder and Binder [HH. “They develfpped a theory and

perforged experiments for the step response of long

pneumatic lines terminated by volume or blockage. Their

. theory does not consider heat transfer effects and "assumes

change of th@”laminar~iélocigxwgquligmébqu_yigp

a constant laminar friction. The experimental results laé

behind the theoretical and showed more attenuation.

Nichols [5] included the effects of heat transfer and the

o

frequency, to derive a frequeqqy dependent propagation

function. Simultaneously, Brown [6, 7], developed the

propagation operator in terms of Lapface transforms. The

propagation operator given by Nichols and Brown has been

yerified by numerous experimenfs with frequency signals.

However, the transient reéponse of a blocked }ine is quite

, . (o=
a complicated function of the propagation woperator, Cheng,

- -— . (RIS e R SR
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Katz and Abdol-Hamid ([8] sﬂ%ped that the semi-infinite
line solutions can be used to predict the transieﬁt
response of the blocked line. They also modeled the

' bﬁékepipe as a blocked pneu;atic RLGC (Registance,
. Inductance, bonductance, éapacitance) transmission line to
demonstrate that the propagationXof the Brakini"sighal is
caused by cuttiﬁg of f the high-frequengy components of the
’ﬂﬂgzgnal, égg\to predict the propagation’speed for varibus
»’/Pipe p;rameters and wprking conditions. A complete
description of Refl'.[8] can be‘féund in Appendices F, G

and H. This analysis is only applicabie if thgzl;akage is
bl

cgncentrated at-the rear-end. '

5 4
For a matchéd line (semi-infinite™line) several
p solutions have been presented, Kant&la [9] obtained J%

h\\\\\\ infinite series repres&ntation fOr the 1mpulsq «/P step

rejbonse and Karam (10] tranéformed a simplified frequency

do ain model into the time doma;n. Brown ang Nelson [11]

‘found the step rqsponsg salution of 1£;uid lines from the

frequency response.ﬂvKatz [12] developed the direct
p

conversion of the ekxaci frequency response for terminated

v
»~

transmission lines into transient response.

The method of characteristics has also been ysed by\ :
“many researchers to solve the transienﬁk in fluid
transmission linés, Zielke [13] and Brown [14] havq

presentéd a quaéi-methgd of characteristics that takes into

., ‘ N ' ‘
\, 2. ) }

.
————— b e maumnow e e e

My
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account frequency dependent shear and heat transfer. This

method. has been applied by Krishner and Katz T45] to find

) ¢
¢
the ste d pulse response of blocked lined. Hq-[16
p apd pulse P k }\}]
applied this method to find the transient behaviour of the

train-line, ' v

It is difficult to empl&y any of the fmethods
mentioned above to predict éhe transient behéQiour of the
train-line with leakage, because of the complex boundary
condition (the p:esence ofvleakage).

«, |

Funk\;hd Robe [17ladeveloped the méthod of lines for
solving tbﬁ governing, one-dimensional partial differential
equations. ‘They used the finite difference techHnique in
the space eog;ainate,‘iﬁ to reduce the goverdﬂng

- 3
one-dimentional partial differentia§ equations to a set of

differential-difference‘equations which are solved using a

.Kutta-Fehlberg algorithm. Their méthematical'mogel takes™

into account the changing of the wall shear sfress and the:
flow is assumed to be quasi-steady for the purpose of
estimating frietion pressﬁre losses. Calculations were
performed to compare wi£h the data and analytical results

presented by Schuder and Binder [4]. The calculations are

in good agreement with these data as well as with their

data. It is more convenient to use the finite difference -

technique to sodve the Rrain-line prob}em, because the ease

in fofﬁulating’the leakage boundary condition. The method

. -

N T
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of lines has been used by Ho [16]. He assumed that .the

R
-~

friction factor is constant during the entire transienf,

' dut 3u
that the influence of the acceleration term ¢ .* U 3% can

be neglected.. Because of these’asSumptions, he found that
° A . .

the percentage error-bet!}en the experimental and'

theoretical result, is within 10%. In this thesis; the
mathematical model takes into-acetount the change of the
friction factor, f, during the entire transient and

contains the accqgeration term 34 + u‘ﬁﬂ.
’ \“, » 3t BX

- U

S

~ These considerations reduce the percentage grnp}

between the experimental and the theoretical result to a

~

value of 3%.

-

»

1.3.2 Fault Diagnosis of Networks

) : S
Substantial work has been done in fault detection
and analysis in ladder networks. In 1977, Katz and Cheng
A[18]1first proposed a ladder network mo&el-for the
train-line for tﬁelpurpose qj studying the pressure
distribution in steady state conditions with”the ﬁead-end
(locomotive) of thid 1ine held at arcpﬁstaqt pressure level.
Tpe network consists® of a number of‘c;nqatenaped'Sections,
each made up of an in-line nonlinear flow resiséance, and

shyunt resistance.’ In-1979, Katz, Cheng and Aula published

their work irn" connection with the faﬁlt-locétion in linear

resisto} network [j9] and d&h-finéaf network (201,

v -
N . . ’ b

o R L T S . P
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ceulminating iq;an ASME paper in the same yeér desceribing a

number of methods of fault locating for a train-line

5 " provided that there is only one fault leak [21].

°©

While considerable progress has been made in the

<

area of fault diagnosis of networks, many of the papers
congenkrate on general p;inciples‘and do not consider
tspecific networks. The readers may refer to such work as
_’Saeks and Liberty [22]. The bibliography by Rault et akias
[53]‘review the 193 papers of fault detection and location

of ana;og\circuitsl Other researchers, includiqg Berkowitz

' “[247, ekel [2Sj, Ggfferth [26), and Trick and Chien [27],

' make significant contribution to different types of

networks.
i

',ﬁggrkowité [24] derives the copnditions for the
- )

single~-fault solwability. When applied to ladder networks,
this implies completely specifying the network by

4 . measuremenf of the pétential variable at each l;dder

train-line, by preésure readings at the\indivfﬁual cars, or
\ J

groups thereof. _Shekel [25], Gefferth [26] suggest using

two network functions to locate the single fdult, a

\
. technique which proves to be worthnpursuing. Trick and

Chien [27] take a more quantitative approach; Stating
categoricaliy that in a single-fault network, the potential

\ﬁhange at the faulty impedance is almost as high in

.
. ’
s , - @
L " : Lo .
. ,'!.w pey - -.f,u\x.nﬂﬂ*‘m'% oo T ’ ' : . : s
N - .

segtion or nodé, or, in'“the case of the pneumatic

S
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magnitude as éptﬁny other circuit element.:

~

In the specific area of location of faulty leéks of

a train-line, Aula, Cheng and Katz [20] proposeﬁfbeyeral

meﬁﬁods, which are applicaple to single faults, and ghere

is no rigorous proof given. They suggeéted the extension

of single fault location methods to multiple fault
. . '

location, Developement of a method to lgcate multiple

faulty leaks however is a rather complicated ‘task.
1.4 Scope.of thé Thesis

. This research is divided into two farts. The First

part (Cha%}ersvz, 3 3nd 4) is an investigative and
theoretical analysis ofgé train-line model in the Fluid
Control (Center of this University to study the transient
behaviour and the steady-state Behav;Bur~of the train-=line
with. leakage. Two schemes are developed to so}ﬁe the
govefning éne-dimensional partia} differential equations.

The Second part’' (Chapter 5) deals with the development of 2

methods to locate multiple faulty leaks in the train-line.

A proof is provided for each méthod to substantiate its

viability. .

Y

This entire thesis is divided into six chapters.

The first Chapter briefly introduces the trafggline, the

air brake of the freight train and its operation. It-also
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reviews the previous work has been done iq‘the area of

transient response of fluid transmission lines as well as

, deﬁeciion and location of fault in ‘pneumatic train-liners

model.

b

The second Chapter gives a description of the

train-line laboratory model and formulation oOf the
train-line mathematical model.
schemes are completely developed.

Firstly, the method of

linés (explicit scheme), which is proposed by Funk and Robe
[17]. But,they apply this model for no leakage along the
train-line. Secondly, the implicit schéme is formulated in
such a way that the requiremenf‘to maintain a certain
'rglationship between the time incremént‘t aﬂd\the length
increment x 1is relaxed This feature offers the

opportunity .for a more flexible rscheme than the é,gvious

method, Finally, the computatlonal results, usipg both
finite difference schemes are perfbrmed to compare With the
data and analytical resylts presented by Funk and dbe (171

e .
as well as the train-line laboratory model experimental

results., The calculations are in better agreement with

.their data than their analytical results (the method of

l;ges) and the computation time is more or less half their

computation time,
| o
laboratory results. gecawse of these reasons the implicit

scheme is preferred for solving the train-line mathematical

model.

Then, two finite difference

[4
same observations are made to the -

-

N
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"In the éhird Chapter, ?wo test set-ups are d;scriped

+ to investigate the effects of the leakage location an size

LN

on the train-line behaviour. In this Chapter, t steady
state behaviour of the train-line is disdﬁssed 1 detail.
The inlet velocity and the pressure gradient are chosen tg
represent the @rain-line. |

In the fourth Chapter, three experimental tests are
employed to study t%e transient behaviour of the
train-ling,'adding three more factors to the leakage
factor. The peak velocity and peak time as well as the

propagation speed are chosen to represent the train-line in

this study. The mathematical and the laboratory models

have been used to quantify the relationships between,

leakage distribution, leakage size, and the directions of

the pressure step applied at the head-end (charging and

discharging), sen§1tivity of the train-line’controf ﬁalves
6.9; 13.8 or 20.7 kPa (1,2 or 3 psi), peak veloecity and
peak time as well as propagation speed. A dgscussion, and
comparison between, éhe experimental aqd analytical results

are also lntroduced[in the same Chapter.

{

4 "

The fifth Chapter deals with formﬁlation,ai‘%he
nohlinear model of the t;gin-line, and £wo methods are
developéd for locating multiple faulty leaks. Théorem 1
(the ratio method) has been formulated with rigorous proof.

Similarly, Theorem 2 (the difference method) is fprmulated

«
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CHAPTER 2
NUMERICAL SOLUTIONS
OF
. 'v'r’m: TRAIN-LINE MATHEMATICAL MODEL

4 »

2.1 ‘ Introduction

‘ The ®ransient reSponsé of fluid transpission lines has
béen 'intenéively studied by many researchers during‘ the past
twenty years and more. Liquid transmission lines have been
studied by. Brown {6] and Kantola [9] [a;c_mg others. Pneumatic
“transmission lines have been studied by Schuder and &igder
(41, Nichols (5], Karam (101, Katz [12], Funk and Robe [17],

Shute, Wrigh, Taft and Banister [28] and others.
B ]

In many of the analytical descriptions of trans ient
gas flow in tubes, lnvestlgators normaléy make certain
simplif‘ying approximations in order to obtain linear
equations. Usually these involve neglectlng the convective
acceleration term 1n the Momentum Pquation [4] & [ 10] and the
spatial variation of density in the Contlnglty Equation [4] &
[5]. In these analyses the friction losses are often
described by Poiseuille's .L.aw which im;;lies a quasi-steady
flow approximation. In fact frictional losses dep‘end on the

velocity gradient at the wall which, in turn, depends on the

transient radial velocity distribution, and may be properly

- 16 -
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accounted for with a two—dimens’ionél problem of the transient

[

flow [6]. In this study, the train-line can be treated as

one-dimensional flow problem as suggested by Chené, Katz and

. Abdol-Hamid [8], Ho [16], and Funk and Robe [177.

o

Sec., (2.2) generally describes the train-line
13

laboratory model. -"Different arrangements for this model will

be used in the subsequent section. Then, the one-

dimensional equations describing the unsteady flow and

pressure in a traﬂin-— line mathematical model (as suggeqsted by
[81, [16] & [17]) are formulated in Sec. (2.3). The
train-line governing equations are a \syfstem of nonlinear

hyperbolic partial differential equations. In Sec. (2.4),

two finite difference schemes:- are 'employed to solve these

- equations. Those schemes are the explicit scheme, referred

to as method of lines,|and the implicit scheme. The method

of lines has been used by Funk and Robe [17] for predicting

the transient response of no-‘leaka‘ge pne:xmatic £ransmission
line. The broadest o e jimplicit scheme applicatioﬁs is in
unsteédy flow calculations [29 because it 1is more stable
than any other finite difference scheme. - Finally, in
Sec. (2.5), the implicit scheme, the method of lines and the
experimental results are compared with one another. These
comparisons demonstratg the validity of the implicit schenme
over the method of lines for solving the t‘r'ain-li.ne

mathematical model, Sec., (2.6) briefly sumuarizes the result

- »
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2.2 Train-Line Laboratory Model
» The train-line laboratory model is shown in Fig. 2.1.

This model consists of a number of sections of steel pipes
approximately 17.2 m (56 .4 ft) 'in,«length. Each of the
sections is made up by “five pipes of 3.05 m (10 ft) 1r11
length and 6.4 mm (1/4 4in) inside diameter, connected
together by plastic tubes of 1/2 m (1.5 ft) in length, each
bent into _a semi-circle. The leakage in ‘each section is
simulated by an orifice of »known siie.' A cross is titted at
the end of each section 80 that a toggle valve and an
orifice may be loccated. The purpose of ‘the toggle valve is

to permit the measurement of transient or steady state

pressure at each node.

A regulated supply air 608 kPag (88 psig) is provided
at the head-end of-the model. The pressure transducers have
an accuracy of 0.5%. A digital multimeter of 0.04% accuracy
is used to provide the steady state pressure read out. A

storage oscilloscope is used to obtain the transient

pressure output of the transducers. A solenoid valve is°’

used to change the pressure level at the head~-end (Charging
or Discharging).

3 -
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Héad-end, H.E. . - .

Rear-end, R.E. : -

Regulator -

H.E. Transduce‘r . .
R.B Transducer

Digital Multimeter

Storage Oscilloscope

\

Fig. 2.1  Train-1ine Laboratory Model /
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\ ‘
2.3 Train-Line Mathematical Model _ | f \/
v ' _

The laws of Conservation of Mass, Momentum and Ehergy '
prgcede the governing equations (the deri\;ation _of tk'xese
equations 1is available in Ref. 30 as well as in Appendix A).
The governing equations , ¢ombined with an.Equation of State
for the train-line ;‘atheéaticaljmodel with mass flow rémoved

per unit length (leakage flow wu ) are described as follows:

»~

Gontinuity Equation

it

BB en=0 (2.1)
where

| p < p (’x,t),is the air densi'ty inside the

- train,-i-lin.e (kg/m3 ) as a function of
distar;ce x (m) and time t (s). where x

ls measured from the head-end of the
train=1line.

u (x,t) is the air velocity inside the -

=
([

line as a fuhction of distance x, and ’

time t, m/s. ’

\

A = cross—sectional area of the train-1ine,m2

: 4 = leakage flow per unit length, kg/{s.m).

}/ —)

bbb st e




VAis the kinematic Viscosity of the air m2/3

AN =21 -

Y ,
Conservatiop of Momentum

lar
Sl

+
v:r;,

vhere, /j ' v , . ' \

I

p = p(x,t) is the\air pressure_ inside the
/ Id -

line as a function of distancé x, time

(d

t,kPa

—

Where T is the wall shear stress, which is defined

in a number of standard texts [31] & [32] as:

o 2 ) , . . -
~x - Ce ) e '
where f is the wall friction factor. T_u_l.in Eqn. (2.3) is

included to account for the "opposing motion™ qual ity of‘

fr'ic'cion. dp issthe internal diameter of the train-line.

A

. . [ : .
_But the friction factor f is a function of the
Reynoldﬁa’umber Re. ' /

[ C
where,

ud '
Re = —;E L0 . ’ ) '(204)

\

i
l

]
i

L 10 R . 2.2y
}\ ”pdp .ox. (2.2),
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Therefore . - - o
£f=F (‘p,ju,dp-) . ' - (R.5)
¢ . (See Appendix B for the relationship betwéen,the"
friction factor f and the Reynolds Number Re ) b
' ,W‘ l . - K
Eﬁxabion of gtate (for perfect gaay . :
'S : ' ' T ,': '
. i | o = FP—G I's \ ' . . "‘ ot ) ¢ (2'6)
. . g , 4 - , .
where - - *
o , « . .
Rg = gas constant, kJ/(kg.°K)
8 3 local temperature (assumed constant for '
! , - . N -‘ ’ d
. /isothermal flow), °K. o -
) "\’ . ' <0 - s “
? ' - . R ' w mv’f
b : ' The governing equations are nondimensionalized by
A means of the following definitions.
'.\\’
= U - s oo
U=< P= L ° ¥ o= \
> Pa = . 0 W (2.7)
: S . °
“ where, - '
Ld j'
a = the .local speed of sound, m/s.- . .
1 = train-line total length, m,. RS
coo\ : ; e
» h . ua - (pa a- A)/l - ’ . ,-L';?Es/mns.-

o e e S T
L B

g t .
) . :
- . .
. .
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’ i . Vv
( : S . . =23 - !
— o ) : ‘
) B = local wtmospheric pressure,” kPa. o
- L]
ER ' ". ~

4
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The final nondimensional equatiﬁgﬁ are obtained after
‘eliminating p from Eqns. (2.1) and (2.2), using Eqn. (2.6),
\ v 3 > : «

_and T from Egqn. (2.2), using Eqn. (2.3), may be rewritten

- as : - ’ ! N
f1a @.
i 3P P 90U _ .
) —3—'—1‘\+ UTX- + P "a"'i + ‘y -A‘O /(2-8)
} R B v 4 ) . *
- 33U 3U 1 3P 1 . U ez
ﬁ*UT*('é%”Fa—*l:?d_“"}U 0 (2.9)
) p |U|
( N
% .

©

The/Continuiiy Eq. (2.8) and Momentunm Eq. (2.9) form,
a pair of nonlinqar'parpial differential equations in terms

;bf*two dependent variébies, velocity U and pressure P, and

-
- * .

two independent variables, distance along the pipe line X

and time T. ' L ,

o . —

, At this point, let us describe the train-line
mathematical model as ;hown’in‘ﬁig. 2.2.//&he traih-line is
a.continuoys 'network model, consistihgtof N gections of -

_equal lengths (A..X).‘ Létg?i’j“ and Uy 4 be defined as the

nondimensionalized dependent variable P and U at grid points

]

X=X, (0S$X; $1) and T:Tj,(O S’Tj S @) (see Jec. (2.4)).

3 \Po "~
> EB;\ESndimensionalized‘leakgge ffow langy be ab;ent from

néde 1 ‘ . ‘ . .

+

I
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\ L T | . (2.10)"
J: ¥1,i ¥ X : B : o

and ¢i,j is a function of the leakage pressure at the

1B noge Pi j'and the leakage size Ay for subsonic flow, and
, \ e .
a function of the leakage size only for ‘sonic flow (see S IR
! Appendix C). ' _ ; ;

. . . ¢ . [
* - -
4+ - A +
¢

Funk and Robe [17]'hqvé used the method of lines to

. . )
'solve the mathematical model Eqns. (2.8) and (2.9) =-this
method is gompletely described in Sec. (2.4.1)- but the

‘description of their mathematical model does not include, . | o

H

* 1- leakages along the pneumatic transmission

line, | ' e

[N

2- THT’ which is used in this study to account ' .
U .

for the "opposing motion". However, Funk and

Robe might have included it in the computer

program. S 4

-

- 1
.

Ho [16] has also used the method of lines toisolye

i
*  thé mathematical model equations.’ But he assumed that,

[ R
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1= the friction factor, f, i3 constant during the

entire transient period,

2= the influence of the acceleration tern

u _3__1-_1_ 7 '
3 * U9y in Eqn. (2.;) can be neglected.

.

Because of these assﬁmptions, he found thag the perced%age
error between the experimental and theoretical résults was
within 10%. In this study, the effects of the friction
factor by not assuming f to be constant during the entire

transient period, and the acceleration term %% +u %% , are

- taken into account to reduce the.discrepancy between the

experimental and theorétical Fesults. "The frietion factor

is evaluated at each time step, using Eqn. (2.5).

%

) : ‘ 3
Appendix F describes an analyéiéal model for blgckéd

phneumatic RLC transmission line with leakage concentrated at

the rear-end, which was previously proposed by Cheng, KatzC

and Abdol-Hamid {8]. Jhe relation between the semi-infinite

line and the blocked line is shown in Appendix G

2.4 Numerical Method Solution of Equations (2.8) and|‘2.9)

)

f ® '

As mentioned in Sec. (1.4.1) finite difference method
is the most appropriate method which can bé'used to solve

Eqns. (2.8) and (2.9). The two finite difference schemes

.

o

7=

)
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commonly used are the é\ﬂiicit scheme kreferrehnto as method
of lines hereafter) and the implicit scgeme. Both schemes
prgvide a stable and accurate solution (the accuracy isv

‘ estaglished in Sec. 12.5)). These schemes will ‘be compared
with one another (refer Sec. (2.5)) and the impl&cit scheme
'will be shown to be the most appropri#te.

" In-order to approxiﬁate the solution of Eqns. (2.8)
and (2.9) by thé finite difference techniques, a network of
grid points is first established throughout the region of
08X, $1and0 3T, s © /,as shown in Fig. 2.3 with grid
spacing A X;and,A T. whete ’

{
* \ ¥ ) .-/
{ ~

. . . o
AX = the(n%rmalize distance step size.
= /N ‘ . .
AT = thg:noﬁmalized time i?gp size.
N = the nkmber of train-line sections.

Reférring te Fig. 2.3 the line X = Xi and

T = TJ are called the grid linespfnd'their intersections are

called the grid points (mesh points).

+  Before proceeding to solve Eqns. (2.8) and (2.9), it

is very important to consider the followiné:
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(a) Differential Equation

0

Boundary Condition

P (0,T) = P (0).H (T)

1(b)Difference Equation \

Grid

L

point *

(X=X; -
T=Tj)

< Grid

1

/
Boundary Condition
U (I.T)=UN j=0 ]

[

'

¥ %
AT
Ry ¥ 7 -
T < X - | / J -
, Initial Condition
U (X;0)=0 .
- P (X,0)=1
~ - (
X
Fig. 2.3 Numerical Simulation of Eqns. (2.8) and (2.9)

O!
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~ 1

1

1« the finite difference in spécé has to be
either backwardvdifférence or central
difference [29]. Because, the pressure
inforﬁatioq is always transmitted from the '

head-end to the rear-end of the train-line. ' . //,

2- the highest time intrement AT which may be

chosen to speed-up the computational time is

a

AT = AX

1 (2.11)
N

’
L]

‘becauée the information of the pfess;re
"disturbance in the train-line are transmitted
with the local speed of sound [29]. The
effect - of the continuum speed U(X,T) on the
information speed may be neglected during the
entire transient (U(X,T) « 1, T > 1)- see

~

Sec. 2.4. . :

Before proceeding any £urther, it islnecessary to
deseribe the boundary and initial conditions for the
train-line préblem. The boundary conditions of this problem
are the pressure at the head-end P(0,T) and the ve;ocity at

the rear-end U(1,T) during the entire transient period. .




30 -
P (0,T) = P (0) H(T \ ' ) " -
(©,) ) ) > (2.12) -
U (i,T) = 0 - J :
» where, H (T) =1 - T20 )
> (2.13)

“

= 0 T<0 o)

Any simulation procedure will assuming the following ipitial

conditions 1;
Ui-1,0,= 0 ‘ 1 sisN

(2.14)

i,0

2.4.1 Method of Lines

Ve

Funk and Robe [17] have proposed the mgthod of lines
to solve equations (2.8) and (2.9) for pipe line without
leakages ( ¥ = 0.0f.

)

The method of lines consist of approximating a set of

L Y e P T Y ’

! Note that any computational simulation always starts from

these fictitious initial condiiions,for the pressure and the

velocity. Pressure boundary conditicn is applied at the-

head-end P(0,T) till the train-line reaches its steady-stat&

» P(X,To ) & U(X,T0 ) (actual intial conditions). Then the

actual simulation 1is started from T = To .

T
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partial differential equétions by a systém of ordinary '

differential equations. This 1s achieved .by keepfng one
coordinate ‘continuous (T) and approximating the derivatives
in the oﬁher coord}nate,(x) by finite difference. The
approximate solutions to the partial differential equations
are thus obtained along lines parallel to the axis of the
continuous coordinate,-using the backward difference in

space (as suggested in this chapter) for the

P q 9U , T .\
terms D and X ffom Egns. (2.8) and (2.9) as follows:
4 ' -
" 9P, . P, ., - P, . )
~— 1 . _1,d 1-1,J
a - ;] Ax 2 (2'15)

au, - U, U. . -
i . 1,7 i-1,]
__Bihl - Y (2.16)

Substituting Eqns. (2.15) and (2.16) into Eqns. (2.8)

and (2.9), and ¥; , by i%:{-l “from Eqn. (2.10) (the
3

relationship between ¢, and Pi,j is described in appendix

- 1y . ‘
Cc as ¢i,j = Ki,j(dp) Pisi ) leads to the 2N first-ordgr'

ordinary differential difference equations as follows:

i

i,j .4 ' 3
= ahb I USSP ICHR NS

- K (dif P } 1sisN (2.17)
i:j dp‘ 1:3. ’ ) . ',.

-
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a U, e a
i-1 .1 G
T - H <[Ui-’1 . (U"‘l o-U- v) + 1 D
AT 5. (l?i-l,J' F1,j)
ij -,
2 ’ .
- Cv2 Ui‘l,J AX }> 1 '§ i S‘N (2.18)
where, '
R 8 B Ui-1,j ’ Fi,* i1, (2.19a)
Gy ==r - G = 3g b Pyt 2 T
. P U, |
1i-1,] " .
(2 EEEARE S A
M 1Y - Y .
{{pP. : - P, .
K, ; = /2< E'}*JJ Zip g (2.130)
1.9 , Yy -1
\“ ' /

The Boundary Condition Eqaations.

b ‘
for 1'% 1 Eqn. (2.17) will be x -
’ -

dp

: d
%Q_i_ sy 1]+pU > 2.20)
' - AX Pl:j ‘:Uonj 2U1:J KI:J(d ) 071, (
for 1 = N Eqn. (2.18) will be >
du ’ Gq
N-1 . 1 |y b= P )P 2.21)
T 3% {UN—l,j( =G, AX)-+PN (PN-%ﬁJ PN,J% \(
’ (
Before proceeding to integrate Eqns. (2.,17) and

(2.18), it is important to consider the stability limitation

of the method of lines as an explicit method. Based on the

analysis which is suggested by Ref-33, the typical stability .
limitation for Eqn. (2.18) without taking the friction term

into account is the Courant number restriction, P

© e v o SO T SO

e ———————

N N .
[y e e b oS M) Lo i s e Eleabf A
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(0] + 1) %% $ 1 | (2.22)

-

where |U| + 1 is the information speéd which carries the

information in each computational time step; U is the

AX
AT

computional information speed. Bﬁt the maximum value for

maximum in-line velocity U(X,T) , and 'is the

U(X,T) is close to unity, which means the best integration

time step for the stability of the solution is, f
' {
» é@ 1 ! re
X s 3 . ) (2.?3)

 The differential Equnsi (2.17) and (2.18) may be
numeribally integrated py using a Kutta-Fehlberg algorithm.
The Kutta~Fehlberg is one of the numerical integration
schemes [30] employed to solve the simultaneous first order
differential equations . This is a fourth-order
integration scheme with provision to adjust the integration

step size automatically to an optimum size according to

specified error tolerance ¢. e 13 the relative error of

the dependent variables between the Runge-Kutta fourth and '

fifth order solution methods. The method of lines has
local *truncation error 0(AX+AT“) where AT is the
integration step size and AX is the normalized length of

the section. ] '

et s e - e ——— v e
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2.8.2 ilplicit Scheme |
] ‘ . | ‘ T - -

The finite difference procedure consists of
approximating a set of partial differential Eqns. (2.8) and

(2.9) by a system of nonlinear algebraic equations, each

. equation containing four unknowns. 'This is achieved by'

taking the finite difference in the X and T coordinates. In
-this train-line problem (30. m S 1 S 260 m), to reduce the

number of unknowns frdm four to three and avoid the

~nonlinearity of these equations, the terms of Eqns.‘(zls)

and (2.9) may be formulated as follows:

P

3P, . . ... =P, . |
St s it L C (2.248)
AU, . Us g ospa=Us, & . T
X 1-%%g+1 _ i 1,J+1T 1 },J : _ (2.24b)
30, ... Us oun=Us o s ' '
i,j+1 _ i,j+1 “i-1,j+1 - ,ob.
Pi,j TTBX Fi,j T (2.28¢)
1 %5 341 1 Pilge17Pio1, 441 (2250
5. . X P, . AX ‘
Pi,i 1,] v . N
aP- . P- « - Pt .
SR T S U B o T (2.
U5-1,5 3% ° Yi-1,5 T (2.25¢)
aU- N U~ -"U- . '
1,J . i,J i-1,J \ . .
Ui, 73" ° Ui, 7l - . (2.258)
ut = U ] | (2.25g)

i=-1,j+1 i-1,j+1 “i-1,j

LT T TS ——
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For a limited number of experimental -data, ﬁhis
sqheme gives a better result in comparison with the method
of lines result (see Sec. (2.5)). The time increment AT is

chosen to be equal to aX (as sug est?d earlier in this

Section) and it}does not affect the\stability of the

| solution. This time increment (AT AX=\%) decreases the

codgpteq time in the same way as the|above mentioned scheme
does. A complete analysis for twe validation of the

implicit schemg}/for a wide rande of the train~line
. \ :

dimensions (1, dp) and working conditions, was not

necessary in the}prgzeqt investigatién. Such an anéiysis

. would be very cqpbiex“aﬁd cumbersome. A similar analysis

for the method of lines has not been ane yet to the best of.

the author's kn&wieqée. ;Neverthg}ess, the validation éf the
implicit scheme .is p;ovided, for a particular set-up
(1 = 206 m and dp = 6.4/mm) and different working
conditions by experimental work caﬁrieg out in this

University (see Chapters 3 and 4).

However, it is necessary to uée a simultaneous

,:§9lution—forfall the unknown (P and U) at each time step.

By substituting Eqn. (2.24) into Eqns. (2.8) and (2.9) the.

follo;ing equations completely describe the train-line

+

mathematical model,

b =b

. N e+ . .
®n,1 Pi-i,541% Pn,2 Yi-1,541 ¥ Pn,3 Pa, 51 7 On

' v

2

S S

(2.25a)
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and Eqn, (2.25a) will be

"and for i=N Eqn. (2.25b) will be

- 36 -

‘ : . ‘ PR . s =h ’
bga Uim1,3+70E,2 P1,541%%,3 V1,542 O,
A} 2 A ,

«

where, n= 21i-1

and £=z21

o
"
'

o
]
1

a

n,1

b

"
L]
o
n
]
e

£,1.

n

[N
+
[}
[y

('_1
| >
3

.2 2°7i-1, ]

=1 ' ' .
bg:z , ' )

. |
- . : 13 s T U . )+UL .
Or,u  Uim, 505,570,504 00, 5

='U (P,

[
%, 4 TR 1,570,507F1,5 (1% )

The Boundary Condition Equations

for i=1

bi’u =

‘ Col . )
°1,2 Uo,j41 * Pi,3 ?%:j+1’, Piy

%
'

£

b

' ' &
b 2N, 2 PN,j+1'T

2N,1 UN-1,j+1 * P

N, 4 - T

. (2.25Db)

(2.26a) :
(2.26b)
. .

(2.2%¢)

(2.26d)

("2_0 263)

(2.26¢) .

(2.28)

Eqn. .(2.25) is an 1mplicit algebraic equation set and can

be represented in a matrix form as :

—— . : Tt

o e e

[ VPSR
?

s —— e
.
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PO R,

»

SR RN VPR O - (2.29]

where {B} is tridiagonal.ﬁatrix

( 1
by , bl;B 0. « « .0 0 0
by 3 by 5 by g 0 {J 0
o . . . * . .
{B}a‘—k‘ . ‘o . ~ . . . >
‘ - ] .' L] * 1] L[]
. . - :’l ., u‘-, M Q
» |0 0 Ov v o v PoNeg;r Pon-1,2 Pan-2,3
o ] /’ ! ‘ .
0 0 ., . . .0 C Bons O, 2
- ' o (2-30)
and R oy ‘
. ' \ 8 '
- \ ‘ T
_— . 'y
{Q} "<[b1’u,b2,u’ . Y L3 '\' L] ‘- F] sz_i,u’ bzr\]’u}
- o - (2.31)
Y543 "{Ug,j+1’91,j+1’,,“1,j+1",' ‘ T
S e e Uy e PN,j+1]>
S ‘ AN (2.32)

Now the coefficient matrix {B} on the left hand side

of Eqn."(2.29) is a tridiagonal matrix, whose n%nvanishing

e

/0

"elements form a band of three elemgnts wide along the

diagonak., This particular set of equations ca% be solved by

3 LY

u@iﬂg Gaussian elimination method as described in

Appendix D.
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> The- computational process is split into two parts.

The& first p&alrt consists of generating“the coe‘fficient matrix
{B}. The #ecdn.ci part is done by the Gaussian Elimination
meéﬁod to éje'nerate the solutians of tile next time step
(T5+1)'. T‘Pe finite dif’feren‘c: ‘implicit scheme has local

truncation jerror of order 0 [AX+AT]. '

) / ' ,» °
2.5 CoE\Ba ison between Experimental and Computational

Results 243 . . '

a“

FGnk and Robe ‘[17]' proposed the method of lines to
solve Equs. (2.8) and (2.9) for pneumatic transmission lines
ter‘mina/#ed bylvolumes or with blocked ldad (withg'ut
leakage). The method of lines calculations were perfgrm:ed
to comp/f;are with the data and analyti?al results prl'e.sented by

H

Schuder and Binder [4] for pneumatid transmission lines with

" no bl?cked load. ;hé calculations were in good agreement

with /Schuder and Binder's data. ‘&

t [}
N L3

? % ‘
In this sectjon, the implicib{scheme calculations are

b

. : . . ,
performed to compare with cal®wlations of the method of

mmmm——— ™~

2Al]. computations were carried out dn the CDC CYBER 170/552
s * [y cu

t the computer center, GConcordia Un -ersity.

5
/3The method o} lines is éeprogramed (on the CDC CYBER
7 170/552) by the author of this t‘h»esis,, based on the

description of Funk and Robe [f71. | ’

f

T

* app—
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lines, Funk and Robe's.[17] data and the following two) sets

"of laboratory data. ‘Firstly the data reported in Ref.17

were obtained at the Westinghouse Air Brake Company using a

pneumatic line of 30.5 m (100 ft) length and 4.3 mm (0.17
S . v
in) diameter. Secondly the author's data were obtained from

-

two different arrangements of apparatu8 at the Fluid Control

‘Center of Concor@ia.University Thé .first arrangemeﬁﬁ
L

~ consists of fourteen sections, each;with 17.2 m (56.3 ft) in

length, 6:4 mm (1/4 in) bore, wi%hout leakage. In the
second arrangement, each section-contains only one leakage

orifice of\o.u mm (.016 in) in diameter. .

Figs. 2.4a and 2.4b show the comparisons4be§ween'the
nume;ical calculations (implicit scheme and method éf lines)
;;d Funk and Robe [17] dath for cbargigg and discharging
processes, respéctively. These Figs. . show ﬁhat the
implicit scheme solution is in better agreement with Ref-17
data than the method of lines séldtion (especially fbr the
discharging process'data).. Fig._ 2.5a shows the comparison
betweenvthe two numerical cal;ulations aﬁ% the no-lei}age

arrangement, whereas Fig. 2.5b shows the comparison for the

leakage arrangement. Both'Figs. show-that the method of

b o

lines solution as well as the implicit solution are in'good
agreement with the laboratory model data. Therefore, the

validity of the implicit schempg is established.
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The computer time required for the implicit scheme

~ "solution and the method of line solution, presented in

—

7,‘.L

- qﬁ -

Fiés. 2.4 and 2.5 are summarized in Table 2.1.

the implicit scheme takes half the computer time required by

the method of lines.

Computer Solution Time (Seconds)

Method of Lines

Implicit Scheme |

2T .7

12.7
e ¥

Table ,2.1

The implicit scheme has two attractive features which

/

rd

Typically

~ / ’
Computer Time required by The Methed of Lines

and The. Implicit Scheme

are not found in the method of lines.

Firstly,the implicit

scheme requires less compdter_time than other solution.

Secondly, it is more accurate than the other solution.

.

G e ———. 12
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-
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:

As a conclusion, the implicit scheme is preferred and
employed exclusively for solving the train line maphematical

model in this study.

2.6 Summary

o

In this chapter, two finite differeace schemes
(Sec. (2.4)) were broposed to providé a solution for the
train-ligenmathematical model (Section (2.3)). First scheme
was the explicit scheme (referred to as the method of
lineé). This method has been used before, by Funk and Robe
(171, and Ho [16]. The pther method was the implicit
scheme., Then, the computational results using both schemes
and the -experimental results, from the train-line laboratory
model (Sec. (2.2)) and Westinghouse model, are compa}ed with
one another (Section (2.5)). The computational solution,
using the implicit schéme, is found to be more accurate than
the explicit scheme solution, and it requires less computer
time because its time increment ( AT) is.larger than the
explicit scheme time increment. As a result bf‘these
Eomparisons, the pértial validation of the implicit schene
was established (Section (2.5)), theﬁ the ihplicit scheme 1is
chosen to provi%e the solution for the train-line
mathematical model in the sybsequent chapters, The
validation of the implicit schemé will bg'cazried out for

the various conditions of tests.

§or—
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CHAPTER 3
STEADY-STATE BEHAVIOUR
OF
THE TRAIN-LINE

3.1 Introduction

In Chapter 2, two finite difference schemes are
developed viz. the implicit scheme and the method of lines
(explicit scheme). The computational results are compareci
with the experimental results, and the validation of the
implicit scheme over the method of lines is established in
Sec., (2.5). Some 6f‘the experimental results are obtained
from the train-line laboratory model, and.the rest are taken

from Funk axgd Robe's [17] experiments,.

In this Chapter and the subs;quent Chapter, the
experimental and theorétical investigations of the
train-line model are carried out to demonstrate the effects
of leakage (size and location) among other fac’tors
(discussed in Chapter U4), on the steady-state behaviour;
Sec. (3.3), as well as the tran~sier‘1t behaviour (Secs. (4.3),
(4.4) and (4.5)). The train-line laboratory model is
employed to provide the experimental re’sults and the
implicit scheme is utilized to provide'thé theoretical

results,
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!

Sec. (3.2) describes the train-line set-ups, which
are used for investigating the train-line behaviour. Then,
the effects of the size and location of feakage on the
sfeady-stéte pressure and velqcity distribution are
discussed in Sec. (3.3). In the same section, the effects
of the leakage (size and location) on the the "predsure
gradient” and the steady-state inlet velocity are

investigated for a wide range of leakage size, rélying only

.on the train-line mathematical model. Finally, in

Sec. (3.4) the experimental and theoretical results are

summarized.

4
- ¢

3.2 Description of /the Test Set-Ups

]

-

The trgin-line mathematycal'model (Fig. 2.2i and
Laboratory model (Fig. 2.1), which consist of twelve
sections, each of 57.15 m (56.25 ft), are used to study the
effects of leakage (location and size) on the train-line-
behaviour (steady-state and transiéﬁt). To perform this -
task, two set-ups are chosen. In order to investigate the

¢

effects of the leakage location on the train-line model,

3

first test set-up is used, having a fixed leakage size with

g different leakage locations as follows:=-"

1= ~ The head-end region (I) of the train-line

(nodes 1, 2, 3 and 4).
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2- The middle region (II) of the train-line

(riodes~®—6, 7 and 8).

4

3- The rear-end region (III) of the train-line
- 1 .
‘ (nodes 9, 10, 11 and 12). ‘ -

- a

where, each local leakage is expressed as a percentage of

the total leakage area within these regions with respect to
‘ J

the train-line cross-sectional area A, .and it may be defin?d

as: . i

d. "/ ‘ \

8= () _ (3.1)

by p ' v.
In order to investigate the effects of the Teakage size on\'\
' \

the train-line mo@el, another set-up is used. In this
set-up, there are four assemblies, each one containing Ifour

ldentical sub-leakages d,, with a fixed leakage location

(rear-end regioh). These assemblies have the following

d; and s%
d; mm S%
1= | .3 : .9
. 2= U 1.6 ‘
3- .5 2.5
- 4= 6 3.57

B G e R R - e sy St i s e ek st b A e L T




- 47 -

3.3 Steady-State Pressure and Air Velocity of the Train-Line
&N this_section, the_two set—ups'are used to study

the effects of the leakage location and size on the

Steady-state pressure Py and velocity U; of the train-line.
The head=end pressure P(0) is maintained at 580 kPa (70
psig) and 480 kPa (55 ps_ig). P; and U, are calculated for
each node (mati'lematical model), wh’qréas, the experixyental
result of the pressure at each nodé':!:‘s recorded by usidg the
pressure transducers and the digital mtil,ltimeter (as
explained in Sec. (2.2)). In the course of the

experimentation the pressure ratio —}T— is always less
' i
than two., This follows.the AAR rules for the rail-road

;

]

applicatidn (see Sec.- (1.2).

The experimeﬁtal and theoretical results of the
Steady-state pressur\te are plotted against the node location
i (measurement location) as shown in Fig. 3.1, From this
Fig., it can be concluded that the theoretical pressure
P‘i ag‘rees within 3% with t\he experimental pressur’e
measurement. Thus, the validation of the' mathematical model '
for discribing the tra@nevfé established. Now, the
mathematical model will be used to explain some of the.

steady-state pressure and velocity p/henomena. o
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(a) Different Le'akage' Location (S = 2.5%) ‘
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— _ .
Fig. 3.la shows.-the following phenomenon

1= If there is a leakage in region III only, the
pressure in this region will be lower than the
pressure in the same region if the leakage was,

located in region/ II.

2= If the leakage is located in refpion III, the '

)
pressure in region I will be higher than the

pressure in the same region if the leakage was
located at region II.
The same phenomenon has been observed by Ho [16], but there
is no explanation given, Howe’v.er, the fczllow‘ing
mathematical treatment provides the éxplanation f this

phenomenon.
N .
It may be assumed that the leakages in regions II and

3

II, can be represented as one leakage in each region'"

<

located at distances X, equal to one third and two third of

the total length of the train-line respectively.. In the
case of steady-state conditions, Eqns. (5.3) and (5.4) can
be used to completely describe the relations between the

&

in=line pressure and flgw

e _ 2 2 ’ . :
Fiog " H T RN, i (3.2)
Mi-1 = Pi/ri » ' (303)

PSSR
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Ry 4 the ih-linq flow resistance . e
] l:xflax"l/2
dp B
. i’~
ri,é the leakage flow re;istance, 
B d . \' ‘ i
= 4 (ERf- oot ' . -
i i '/ . \“c\“"j '
P ' A
But Mi - Me-1 - M0= F‘e" _0 S i < e (3.“) )

From Eqn. C,3, it can be seen that
’ 4 : .

£ = (M) ' - (i/ L i

Therefore R, = Ry . 0si<e - (3-53

In ‘the course of this experiment, it has been noted that for

any value of My, shown in Fig. 3.2, the flow is always

o

turbulgnt; Therefore
' . A

e z 2 . 1.86 . ] .t
where ' Q = 0,077AX <H;0786 ap’lu‘ . : ) )
Eqno (3‘.2/)’ (3.1")' (305) and (3.6) above, YiEId ’. B 9
2 _ o2 _ it 1.86 ) L D
P? = Py - - P 0sise G.7y 7

e 2

Becdause Pi'(OS i SN)is greater than the critigél

-

pressure Latio for the air, the flow through the orifices-is - -

’ . Y/ y=-1
always sonie. The critical ratio is equal to (I;E_l) e
For air (y=1.4), this ratio is eqﬁal'to 1.8. This means

that the value of re 1s always constant for the same d

e * ,
) ' . p? Q.. ,1.86_ . e o
Now fOl’" i= e,q Pe + (-I-';) e PE = PO - (3.8) .

/ 4

.}
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It can be seen from Eqn. (3.8) that the pressure Pe varies

-

inversely with the value of e. This explains the first part

i

of the pressure phenomenon.

A

It can be seen from Eqn. (3;.7) that the pressure Pi

at any node 1 (05 i s e) varies dirgetly with e. This
‘exp;a}n; the second part o.f the pressure phenomenon. ;
" The theoretical resultS of the veloe ity are plotted
against the section locatién in Figs. 3.2a and 3.2b, for
different ?.eakage location and leakage size rjespectiirely.
The veloc{ty is n.ot.reeorded experi‘qent.ally b)ecause the
~introduction of sensors. in this pi'pé '(dp = 6.fmm) could
-disturb the floy: characteristic. However, an attempt is

’

made to predict the velocity transient response U(l—.-iﬁ, T). as

described in Appendix E.
Fig. 3;2 shows the following velocity phenomenon

. ’ LI .

-~ If there is a leakage at a distance X, , the velocity
U'i slightly i\%reé-sqs as the distance Xy (05X 5%, )
‘increases. Furthermore, the velocity Ui sharply decreases
to zero as the distance }(1 ( xé < xi s xf) increases, If

‘there is no leakage at a distance greater than xi; .

|
|

"The following matpen'xatioal t:r'.eatm‘ent provides the

N,

)

-
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(a) Different Leakage Location (S = 2. 5%)
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A

explanation for this phenomenon. . P

r

Recalling Eqn. (2.17) and droping tl;e dynamic term

dP. .
”E'%d , the relatienship between Ui y and Uy is,
N P._ . )
U- =U.(2_ ) +K (-—-—-) 0<1SN (309)
i-1 i
. 17‘ . .p Q

A ‘
If there is no leakage within the region 0s5X;sX,

d; =70 ‘ , 0sise (3.10)

Since in the context of this theeis, relating to a

train-line has T :
- ! i )J v
Piv1 . 5 ' Deisn  (3.11)
1 < - << <isg .
i oL ;
*

Eqns. (3.9); (3.10) and (3.11) above, yleld

i~1 1

U, , < U, T " 0si<e (3.12)

\
This éxpla;ns the reason for the increase of the velocity
Uy With the increase of the distance X, . '

in the region xe < xi SX

3
b

If there 1s a leakage

For X; 2Xpy Uy = 0 (no leakage flow)
In particular Uf = 0 "

A

‘Hencer from’ (3.9) .




, Upq =
! But ,
I a.
. K. (%)
%
Thewrefore,
: Us-1

Eqns. (3;9), (3.11) and (3.16) above fields

7,
U,

>

i-1

= Ui(2-

U,
i,

Piaa
P.
1l

) + Const.

]

\

(3.14)

X, 8 i< X, (3.15) )
! 4

(3.16)

Z
»

Xe<isxf (3.17)

This explains the reason for the decrease of, the veloéity

with the increase of the distance Xi_

One can also observe from Fig.

g

3.2 that as the

head-end pressure P(0,T) increases from U4.74 to 5.76, the

; . inlet velocity U(O) also increases (not _more than 10% from

its previous value). For a fixed ledkage location (III),

!

thqéincrease\of the leakage size causes the increase in the .

‘AP =P(0) -*P(1)

inlet velocity (Fig. 3.1b).

of the train-line as follows:

.

- Let A P be defined as the difference between the
pressure at the head-end P(0) and that at the rear-end P(1)

[

L

(3.18)

.
M et o e i o i v



- 55 -

In the case of the railroad application, the pressuré
gradient represents the fbrce required to apply the prakes
‘on the wheel in the train. On the'pthef“hand, the inlet
velocity represents the amount of the air‘to be supplied b;
the compressor to maintain the pressure inside the

|
train-line. Hence, the train-line mathematical model is

used to quantitatiyely investigate.the eg?ecta of leakage on « >f\v
the inlet velocity U(O) and the pressure gradient of the
train-line'(for d_/1 = .003%). This investigation is
applicable only if the train-line godel can be treated as %
one-dimensional flow problem. ,mf/
T ) 12
- /

Early in this segtion, different leakage locations

are used to study their effect; 6n the steady;state pressure

e and velocity distribution. 1In addition to this, two léakage
locations ére chosen to complete this task, and'to predict -
the limitations of the pressure gradient’ ( & P) as well as N

the inlet, velocity. These additional locations are

£l

1 leakage is concentrated at the rear-end, and

-
2 leakage.is concentﬁhted at the head-end.

AY

~ -

N . ) &
v - ¥ /

?ig..3.3 shows a plot of the train-line pressure
gradient and the inlif velocity versus leakage size, for

4

different leakagé locations. This figure also shows the

. : { ‘

-
s - & o mmnam o - A " —
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railroad application zone as specified by the AAR [ One

.of the rules is that, "for a train to‘P fit for \road

movemeat, the rear-end pressure must not be less t? n 515
"kPa.(60 psi) ". for this investigation, it means ghat the
pressure gradient must not  be greater than 0.68 (69. kPa

or 10. psi)é This figure also shows the train-line

application zone which is bounded by the two extreme cases.

If leakage size is less than 2.0%, Fig. 3.3 shows
that the inlet velocity varies insignifidantly with the
change in the leakage locations, whereas it varies
gignificantly with’the change\of the leakage size? In the
case of the train-line application zone (S = 20%), the flow
varies significantly as the location of leakage 1is chang;d.
As the location of the leakage is moved towards the front of
the train-line, the pressure gradient decréases and the
inlet velocity increases. Whereas if the leakage location
is moved towards the qear-end, the pressure gradient
ingreases, and the inlet veiocity decreaies. This is

L
at

'
beéause of the fact that when the leakage is c&hcentrated
the rear-end, the increase in the in-line resistance (Ri)
causes a large pressure drop which further causes‘dec\ease
in the inlet flgw rate U(Q). This phenomenon is disc&g@gd
early in this sectiqn. For a fixed leakage location, as
leakage size increases, the pressure gradient and the inlet

velocity ‘also increases. In the case of the railroad

application, the pressure gradient is constant and equal to
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68. Therefore to fix the pressure gradient at‘a certain
value, as the leakage moves towards the head-end, the
liakage siag has to increase which causes the increase in
the Inlet velocity U(0). As a result, if the leakage is
located in section 1, region I, region ;;{fregion III or
section 12, the leakage size has to be equal to 2.1, 2.2,

L

3.0, 5.9 or 8.3 respectively,.

' 3.4 Summary

&

In this Chapter, two test set-ups are used to Study
the effects of the leakage size (S 53.57%) and leakage
location (}egions I, II and III) on the steady-state
pressure and velocity of the train-line. In section (2.3),
train-line laboratory and mathematical model are employed to
accomplish this task. Sec. (3.3) provides the validation of
the mathematical model after comparing the theoretical
results with the experimental results. Then{f he
’mathematical model was used exclusively to study the effects
of the leakage (location and size) on the pressure gradient
( A P) and the steady-state inlet velbcity (UCo)). Fig. 3.3
shows the steady-state characteristics of the train-line,
for a particularwdp/l value (.003%). This figure 3hows that
the train-line pressure gradient and inlet velocity vary
with the change of the ieakage location as well as the
leakage size. But, for a small leakage size (S s 2.0%), the

inlet velocity d&és not vary with the leakage location, but

2

(S

\
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it varies with the leakage size. For further research work,

ﬁhe author suggests that Fig. 3.3 may be usedlto predict the

location of the leakage Qf this particular train-line by

Qeasuring the pressure gradjient and the inlet velocity. In

Sec. 3.3 an attempt is made to explain the pressure and
.

velocity distribution® phenomenon. The pressure distribution

phenomenon is

1= If the leakage is located in region-III, the
~ /

pressure in this region will be lower than the

pressure in the same region if the leakage 1is

‘located in region II.

2- If the leakage is located in region III, the
pressure in region I will be higher than the
pressure in the same region when the leakage

is located in region II.

‘On the other hand, the velocity distribution phenomenon is

If there is a leakage at a disfance X_ ,
4

Uj; slightly increases as the distance X, ( 0 % X; S X, )

the velocity

N

increases. Furtheremore, the velocity Ui sharply decreases
to zero as the distance x1 (Xe < Xi s Xf) increases, If

there is no leakage at a distance greater than Xe o

.
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CHAPTER 4
. TRANSIENT BEHAVIOUR
oF,
THE TRAIN-LINE

4.1 Introduction ﬁ}

| . . P
In chapter 2, two numerical schemes are proposed
(Sec. (2.4)) to provide a solution to‘%he train-line
mathematical model (Sec. (2.3)). Then, in Chapter 3, part
of the Study was carried out to invpstigate the éffects of
the leakage size and location on the steédy-state pressure
and velocity behaviour of the train-line. This Chapter

investigates the effects\qf the -leakage and other factors on

- the 'transient behaviour of the train-line. ¢~

[}

Sec. (4.2),describes.three test cases, w%ich are used
to study the effect of the leakage among other facéors, on
the transient behaviour of the train-line. Sec. (4.3)
describes thé transient behaviour of the pressure and the
velocity\ﬁue to step'changes‘kn the head-end pressa}e and
for different initiai conditions (pressure and velocity).
Then, in Sec. (4.4), the mathematical model is exclusively
used to study the effec; of the leakage on the velocity
transient behaviour of the last section in the train-line.

Finally, in Sectin (4.5), the effects of some more factors

i
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on the transient ‘behaviour of'the rear-end of the train-line -

are studied. These factors are the threshold sensitivity of
the transducer (D) and the changes of the pressure amplitude
at the head-end (Pr(O)). On the other hand Yhis Section
explores the relationships between the propagation speed of
the head-end pressure signal and the above mentioned
factors. Sec. (4.6) summarizes the result of the transient
behaviour of the pressure and the velocity of the

train-line.

4.2 Test Cases

This Section describes thee test cases for
investigating the effects of the leakage location and
leakage size on the pressure and velocity transient
behaviour of the train-line of the test (utilizing the test
set-ups desribed in Sec. (3.2)).. The first test is
performed with the atmospheric pressure along the whole
train-line (P(X,0)= 1.0 for all X). Then, a positive
pﬁessure step idlépplied at the head-end (P(0,T) = 5.76)
while the pressure and the velocity "(P(X,T) and U(X,T))

results are calculated. This is known as the dry charginé

test. Then, a negative pressure step is applied at the

head-end (from 5.76 to 4.74), when the in-line pressure
reaches steady-state (P(X,T)= P(X, ® )= P(X)). This is

known as the discharging’test. Finally, a positive pressure

Germ a0 e c e e et o ————— T n = % e tma mm——— =

4 ’
N L ,‘f\\meu cv——
\
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step is applied at the head-end (from L.TH to H.T76). This
~ is known as the recharging test.

At this‘point, let us define the fgllowing parameters IS
as illustrated in Fig. 4.1.

s

o)
1>

gain coefficient.

i

the ratio between the change of the pressure

level at the rear-end Pr(1) and the pressure

step size at the head-end Pr(o).

Up &4 the peak value of the last node in-line
velocity, U (X, T) during the entire

transient.

Tp & the peak time. .
g b steady-state time.

. A time requfred for the last node pressure to

reach its steady-state condition.

]

Vv 4 propagation speed with respect to the
et

acoustic speed

[ ) §
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Fig. 4.1 Illustration for the Rear-end Transient
» _ Behaviours of the Trajg-line
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T, 4 time required for the pressure signal to
{ . :
reach the threshold sensitivity of the

transducer (D)

ﬁ .

4.3 Pressure and Velocity Transient Response

The experimental and theoretical results of the

rear-end pressure transient response P(1,T) are plotted
against time, T, in Fig. 4,2. This figure show; that for
T 2 4, the discrepancy between the theoreticgl result &nd
the experimental result goes as low as 3%. But, for T $ .4,
the discﬁepancy goes up Fo 10%. This provides the
validation of the imblicit scheme to solve the train-line
mathematical model. Hence, the mathematical model can be
utilized to complete the 1nvestiéétion for a wide }apge of

leakage size and different working conﬂptions'(see Secs. 4.4
and 4.5).

In the case of tﬁe dry charging, it has been observed
that as the leakage location goes towards the rear-end
(Fig. '4.2a) or as the leakage size increases (Figigﬂanj.

‘1- the gain coefficient decreases '

2- the steady-stafe time increases

¢
.
3 - L]
., . . ‘
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(a) Different Leakage Location (5=2.5%)
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(a) Different Leakage Location (S = 2.5%)
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) 3= the difference between PN,j+1 and the
\xﬁPN,J decreases -
One can also make the same observations for the discharging
and the recharging tests. For the same pressure amplitude
at e;e head-end and the same leakage size and location, the o
recharging test result is compared with the discharging test

result. This comparison shows that the recharging

steady-staté'}ime is greater than the discharging time.

Fig. U4.5b shows tﬂe transient response of the in=line
velocity of the last section, U (1-é,'P),'for the
discharging teet. It 1s noticed that the direction of L
velocity changes (opposing motion) only if tpe leakage size |
is less than a certain minimum yalue. This minimup leakage
size for the model under study is 1.6%. This phenomenon may

have some effect on the propagation speed , V , which is

discussed in Sec. (4.5). ‘ 8
\ - | ‘
The theoretical result of the Jeloéity is verified , !

experimentally on the train-line laboratory model as shown
in Fig. 4.63 But, due to the difficulty in measuring
velocity inside the pipe of 6.4 mm (1/4 in) diameter, the
pressure betwe n two neigTboring points along the last
section was pe sured to determine the velocity, assuming
phﬁtlthe flow throughg&&e rear-end of the line to be
laminar. The relation between velocity and pressure

difference § is U (1-—N, Tj) = 0.3786 ’ (4, 1)
. )
*
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(2) Different Leakage Location (S = 2.5%)
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(a) Different Leakage Location (S = 2.5%)
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where, & = P - P (4,2)

N-isj st

\ L
A full derivation of this relationship is desc¢ribed in
Appendix E. 4
At this point, the mathematical model is exclusively
used to calculate the pressure P(X,T) -Figs. 4.8A and 4.9A-
and the velocity U(X,T) -Figs. 4.8B and 4.9B- (for all X).

Fig. 4.8 (a) shows the transient response of the no 1eakage;

train-line, whereas Fig. 4.8 (b, ¢ & d) show the transient

response for a fixed leakéée size (S = 2.5% or d; = .5 mm)

and different leakage locations (I, II and III). Fig. 8.9 .~

(a, b, ¢ &d) show the transient response for a fixed leakage

et

o location (III) and different leakage sizes (S = .9, 1.6, 2.5 c

and 3.57% or d; = .3, .4, .5 and .6 mm).

&

. . These three dimensional repr'eaentations show the wave 7

-

effects in the train-line pressure or velocity response

(especially, the results shown in Fig. 4.9 for different

i

leakage locations). R r &

or

c L 4

' From the in-line velocity.transient response U(X,Ti
shown in Fig. 4.9, it can be concluded that for any leakage
iocation (I, IIor I1I), the velocity of the part of the

~ © train-line in front of the region (k/3 2X21.0) will

approach its steady-state condition faster than the veloc'ity_
of this ::egion (0z X 2k/3)? where k = 1, 2, 3 dépen;is on

>

. s *
, L3
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legend 1 for Figs. 4.8 and 4.9 >

P

(2) H.E. Head-end of the Train-line

R.E. Rear-end of the Train-line

(3) + ve Step Pressure (1 to 5.76) at T =0

A

(4) - ve Step Presswre (5~.76 to 4.74) at T = 60

(for all cases, except for S = 3.57% or d; = 0.6 m)
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the leakage location in region I, II or EI/KI.. From
N 3

Fig. 4.9B, it has been observed that the r verse flow

v

phenoxﬁenon in the last region III does not occur for S g 1.6%.

i

>

k.4 Peak Velocir.)} and Peak Time

The peak velocity and tﬁe peak time can represent the
velocity transient behaviour of the last section in the
train-line. The discussion on this section is valid for any
train-line with l/dp = .003% as well as the train-line
problém can be described as one-diménsional: Thehpeak
velocity and the peak time will be dependent on the leakage
size and location, and the kind of’test applied on the
train-line. In Sec. (4.3), three tests are conduc,ted to
stugy the effect of these factors on the train-line

transient response.

For dry c;harging test, Fig. 4.10 shows a plot of the
péék velocity and the peak time versus the leakage size (S)
and for different leakage locations (I, II and III). For a

fixed leakage size, the maximum peak velocity occurs if the

leakage 1is located in region III, and the minimum peak . /
velocity occurs if the leakage is located in region .II. As :

the leakage goes towards the rear-end of the line, the peak

time increases. If the leakage is located in region I or

II, the increase in the leakage 81.53 causes the decrease in

; \
: e
.

o s bt ¢ e it el
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the peak vélocity and the change in taf peak time is
insignificant. But if the leakage is located in region III,
the inctease in the leakage size causes the increase. in the-

peak time as well as gﬁeﬂpeak velocity.

.The peak velocity and time ovotained from the

discharging test are shown in Fig. 4.11. For S5 2% and t‘or"b

leakage size independent of .the location of the leakage
\ .

(regign T or II or II)." However, the peak time decreases if

the leakage 13 located in'region‘I or II and increases if the

leakage is located in region III.  For a fixed leakage size,‘

N 4 8 ! * -
as the leakage gégs towards the rear-end, the peak velocity

incrgases and the peak time decreases. From Eqﬁ.i(2,20a),
the steady-state velodity of the Iast section of the

[

train.lina. can be writjen as follows, u

o -

U --U<1-1)-'x<dN> | n(u3>
N-1 ~ N’Na; _ B .

But the peak velocity is the maximum change-of velocity of’

the last section frOom its initial value. Fig. 4:11a shows if

/
the leakage is located ip region III, as the leakage.size

increases, the peak velocity. increases which m;gﬁt cause the

occurrerce of the reverse flow phenomena. But as, the,leakage
Pl |

size becomes greater than 2%, the initial value of the

"

velocity of last section also incﬁeases, while the peak

velocity decreases. Because of this reason, the oécqrrence
. . Bl

i

‘fixed leakage location, the peak velocity increases #ith the’

oo e o 2 L ot At

A RS
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us SS.$6$, for a fixed leakage location, as the léeakage size P K

'increases. There is an exception when the leakage is

. test (recharging :

. In .
decreases till the leakage size reaches a certain value and

3

:3. .' ., . . -
. , - 82 - ¥
» . . « &‘
of the reverse flow phdﬂomena becomes impossible. If ) f]
¥ ’ ]

increases; the peak velocity decnﬁasés_and the‘peak time
. .,t | \'

located in region f. For a fixed leakage size,'as t%e

.,‘ *

leakage goes towards the rear- eng, the peak veéﬁcity . -

decreases and the peak time increases. . - )

. IS c K
In general, from the presult of the dry charging or

discharging test, one can’ state that the peak velocity and ~
tne peak time will decrease with the dincrease in the leakage

size. The peak velocity will decrease and the peak time .

will Increase, as the leakage goes towards the rear-end of

a

the train-line.”

)

'ﬁinallv, i}g. 4,12 shows the ngsults of the third. ' , "
e

. . ’
st). For a fixed leakage location, as L

the leakage size increases, initially the peak velocity

! d N ) I /

then. it increages. If the leakage 1is located in region II

or III, the peak time increases with the increase in leakage *

‘siqg. However, if the leakage is lodated in region I ~ ”

instead, the varia&ion in peak bime(is insignificant For

s s 54 and for a fixeq leakage size, as the leakage goes.

towards the rear-end, the peak velocity decreases and peak° $

time increases.’ | ' o
)

v~ B
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4.5 Propdgation Speed -
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The propégationuspeed représen"t.}' the tran;ient
f)-ressure behaviour of the r:ear-enrci ;:f the ti*ain-l;ine: 'The'
discussion on this séctio;; 'i.s‘\only valid for a train-lj':ng\
with dp'/l.= .003%. The train-lk‘ine playg the |e.§sential paxtt'-
of supply'ing f:neumatic power to operate the brake cylionder,
and to‘}.ransmit the cc;ntr'ql signais (brake sigiza‘ls from the

locomotive to the last car.,of-theé train). The resuit of

©

"’/this action is thg'g, the brakes on each car are applied in
sequence as the brake-bipe pressure reduc;ioh- prog‘résses
through the train. In this study the propagation of ‘this

action is refered t6 as the pr‘opagati\on speed, ~In train

handiing, th{s speed must be at least 136 mps (400 fps) [1]
Different operating factors are introduced in this ssection
to accomplish this invé;tigation. These factors p_grr be

.summarized as :,

S

! . s,

1- leakage size and location.
, ¢

2- the change in direction.of the Ppressure step
4 '

applied at the head-end (+ve pressure step or
-ve pressure step).:® ‘ .

3= * threshold sensitivity of the transducer,
¢ ¢ ‘ e -

]
e et PR
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D, .2, -13 and .068 , which.iS eguivalent to -

20.7, 13.8 and’ 6.9 kPa' or 3., 2. .and 1.

-

. \ . : .
psi , respectively. h o /J’ -

4- amplitude of thg'pressurc,applied at the

head-end 1.02, .68 and .34, which is
. equivaler;t to 103, 69 and 34.5 kPa gr‘ 15,
10 °a'nd 5 psi resp'ective'ly..

The theory deiel;opéd in Chapter 2 is dependeni} on the.
direction of the pressure 3tep. -In the eiperiments, to

produce a negative change s-ixixulating a ;;re'ssure reductign in

‘ 'brake appllj:cati'on, a valve at the head-epnd is .suddenly

6peried to change the airns-uppl‘y from one regulator valve

—(P{0Y= 5.76) to another (P(0)= 4.74). The time delay, T
*” . " .

D
is obtained experimentally by displaying the output of the 2'.

. A
pr@essur'e transducers on a storageé oscilloscope. 'The time is
scaled'di'rect'ly‘ from the oscllloscope for different

thresholds D as mentiored above, with an accuracy of 101;

¢

'The“propa,éat‘ion speed ;s then calculated f‘rom the definition’

}

+ . of the time variable Tp: - —— -
“{‘ : o | , . T
v! = 1 H 1 ‘ A ' " ' . (4.4)
T3 T - S

» o
.,
P
.. - \ -
P . .
o
.

Figs. lt-.13,“34.1ll' and- 4.15 show the ex"ppriment;al and'

theorétical results of the normalized propagation speed,

Pl , bw : '
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V/a, versus the leakage size,S ,' for different %Leakage
locations (I, IT and III) and threshold sensitivity (1, 2
and 3 psi).' The experimental regults of the propagation
speed are in good agreement with the corresponding

theoretical results as shown in Figs. 4.13, 4.1% and 4.15.

" The di‘lscr'epancy between the theoretical and experimental

results goes as low as, 10%. When the leakage is located in

region II or III, as the leakage size increases, the

propagati/on speed also increases and- then decreases as it

reaches a certain leakage size (1.% or 1.5%). In case of
leakage located in region I, with the 1ncr'easeiof' leakage
size, the prop'aga’tion'speed increases. For a fixed leakage
size,S , and if S is greater than 2%, as the leakage goes

toward the rear-énd, thé propagation spe\ed decreases,

whereas for Aa leakage size less than 2%, as the ]:'eakage goes

towards the rear-end ﬁhe propaéatton speed increases., For
fixed -leakage .size and location, as the threshold
senaitivi‘t-y increases the propagation speed decreases as
shown in Figs.' 4.17, 4.18 and ‘419, o v

’\

If the leakage is not located in region I, it has

\

been observed in the course of this study that the
- R C.
propagation speed depends on the initial conditions of the
AN
in-line pressure and the velocity or the characteristic

resistance , Rc. The characteristic resistance may ‘be

defined as:
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Fig. 4.16 shows that, as the charaééeristic regsistance
‘increases,  the propégation'speéd qecreaqés.' The result
shown ;n th}s{figure may be dsed as a basis fdr%a fitress
test for the train-line. As an e}ag;?ET'the propagation
speed will be greater than 130 mps (V/a; .4), as suggested

by the Ref. -1, only if R, has the following values -for

L

different D. - — ¢
D-(psi) . R,
’ E 5 \ N
‘ 1 54 .4 (
° 2 '68.8
3 "76.0

L

Table 4.1 Maximum Characteristic Resistance values
for ‘a Fixed Propagation. Speed (V?p =..§).

”,
4

Fig. 4.17 shows the difference between the

-

prOpagation speed due to the discharging and recharging

tests. In the case/gf the recharging test (Fig. 4.17), as

- the leakage s}ze increases, the propagation speed decreases.

In the case of the dischapging test, as the leakage size -

increases, the propagation speed initially increases and

then decreases (S 2 1.0%). A similar observation has been

made for the peak velocity,

-2

, .
‘ - v
A : .
- -

-
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In Sec. (4.3), it is menpioned that as the leakage

size increases, the gain coefficient decreases umtil it
reaches a value which 1% less thah the threshold sensitivity
in this study ( 2,~.13 and p67). [The corresponding values .

of the leakage sizes are 161 20% and 23% respectively as

~ - -
'

'shown in Fig. 4.17. R

4 * ~
Finally, Fig. 4.20 shows the effect of change of the '

pressure amplitude. at the_head end, P (0) on the
propagation speed (1.02, 6802, and .3@&. It is obeerved

from this figure that as P (0) increases,\the:prgpaga;ion

‘speed also increases.' This figure also shows three

different cases (1, 2 and 3). Each of these cases presents
a train-line naving the same relative threshold sensitivity
(0. = .2), buf ifferent P. (O) It has been noted that, as
the leakage size incrqﬁ%es the discrepancy between the
propagation speed for second.and third cases becomes less,
Therefore, the train-line can be linearized, as suggested by

Cheng, Katz and Abdol-Hamid [8]. This approach can. be

applied only if the lealkage is located at the last car. The

"

train line mathematical model is ‘linearized and solved
) - ' {3 . . :

analytically in Appendixes F and G. This approach reduces
~ R ™ .

the number of train-line parameﬁer (1, dp, di) to onky one

parameter NK (Appendixex F and G3. In Appendix H, the

mathematical model and the train-lipe laboratory model, are

enployed to ccrrelate the propagation speed with the

rélative threshold sensitivity (D. = .001 P(0)) and the

‘

\
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non-dimensional characteristic number NK» which in‘oorpor-ates

! the physical and fluid dyhamic(properties of the lines /r\
. | “ ’/': | .
5.6 Summary P2 . ‘ : . '
- t, - . . ,
. fhis Chapter‘1qveatigate§’tﬁ%'effegts‘of léakage and oy,
othejy, parameters oﬁ the rear-end preSsunp and veldcity
trandient behavipur of the train-line. These factors were b
: BT . | o= B BN
f ' /
; : . o ’ ' -8,
1= }eakagé sdze and location {8 $3.57% for the ~
' 'experiment.al investigation, and 3 s 20% for the
. %theoretical investigation). o
‘?', the changq in direction or'thg"pressure
applied at the head-end (#ve pressure step or
-ve pressure step). '
/ . b I
’ 3= threshg}d sensitiWty of the transducer 2y .
.13 and .067 , which ‘is equivalest to 20.7,
13.8 and 6.9 kPa or 3., 2. apnd 1. psi.
= / respecpively. .
®
4- amplitudé of the pressure applied at the o,
head-end 1.02, .68'and .34 , whigh is |
-~ - ,Lquivalent to 103, 69 and 34.5 kPa or. 15,

(only for the
/ , . /

1

10 and 5 psi respectivel

¢

- B ’ - - [P P D & . N s . il g A —
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theoretical investigation) ¢
Sec. (M.ZT described thpee.testﬁ which were used to

investigate the effects of the leakage on the transient
. » .

J

behaviour of the tfain-lige. Sec, (4.3) discussed in

1gené}al‘the effects of the leakage size and the {eakage

location on the.pressure and velocity tfangieng response.
The discussion concluded that for any of the tgpts as the
leakage size increases or the leakage goes  -towards the
rear-end, the steédy-étate time increaseé and the gain
coefficient decrxases. Then, Sec. (4.4) discussed in detail
the effects of the leakage size, leakage location and the

change bf the pregjsure step direction applied at the

‘ ﬁead-end—on tﬁe'tfanEient béhaviour of the last section

veloci}y (U (1--l T)) of the tiiin -line which was refered

as the peak time, TP' and peak qvelocity, UP' Finally,_in

" Sec. (4.5), the effects of these -Ractors on the transient

pressure behaviour at the rear-end pressure have been

discussed in detail. In general, one can conclude that the

o p—— o e

L)

decrease of the propagatlon speed may be caused by the N

<xistence of one™of the following terms:-

1= The inir?ase of the leakage size, S.
2- The Pre;ence of ,the leakage at the rear-~end.
3- ‘The increase of tphe threshold sensitivity, D.
4- fhe decrease of the head-end preséure
amplitude, . ~
This study shows the effects of the leakage onakhe

propagation speed. However, instedd of attempting to

il i i i e e et s
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- achlieve the virtually ilmpossible task of eliminating the .

\ . K]
leakige absolutely, trains are allowed to leave. the yard
even }f they‘aré known to be 1ea5ing, provided.hhat they
o ‘ [

pass s Eingent leak tests beforehand (Shute, Wright., Taft

. ~ ! : .
/ and Bqn‘:ter (28], and Blaine and Hengel [1]). SR
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CHAPTER 5 » -
MULTI-LEAK LOCATING METHODS
\\\\\APPLIED TO A TRAIN-LINE
=

5.1 Introduction , |

"

Chapter 1 describes how the train-line‘pla&s the

vital role 4of subplying pneumatic power to operate the brake

cylinders, and to transmit the control signal (brake signal)
from the locomotive all the way to the last car of the
train. Whereas Chapters 3 and 4 show how the train-line

chtaracteristics do depend on, among a large number of

parameters and working factors, the existence of the

leakage. Howeéer, in the case of the brake pipe

.application, because of the numerous number of joints and

fittings found in each control valve that is connected to

the train-line, "plumbing leakage" is unavoidable. Instead

of attempting to achieve . the virtually impossible task of"

'eliminatinggphe leakage absolutely, trains are allowed to

leave the yard even if they are known to be leaking,
provided that they pass the leakage testg. A brake system
which pass®s these tests can be described as "faultless" ajs

v
far as leakage''is concerned.

In‘thé specific area of location of faulty leaks of a

tfainLline, while Aula, Cheng and Katz [21] proposed several

- 100 -~
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metheds, those methods are applicable to a single fault, and

there is no rigorous proof given. On the other hand this

Chapter proposes two methods, each of which is suitable for

locating multiple faulty leaks. Sec. (5.2) describes the

séeedy state model of the train-line. This develepment of
this model is extracted from the train-line mathematical
model which is described in Sec. (2.2). Then, a complete
proof of the pressure-ratio method for multiple leakage
location (Theorem 1) is provided in Sec (5.3). Whereas
Sec. (5.4) presents a formal proof of the pressure-difference
method (Theorem 2) for’a single faulty leak. Then thf;
method is extended to multiple leakage locations, without

proof. Sec. (5.5) summarizes the result of this chapter.’

It is important at this juncture to define the terms
"no-fault" and "fault". A ﬁrain-line that exhibits an acce-
ptable amount of leakage is: in the context of this'reeearoh,
15 a no-fault condition to begin with. Subsequently, a
faulty situétibﬁ;*lf'ié develops additional leaks, or if sone
existing leaks Secome more .seve e, Qgiees as a result of
either normal usage or mishandl ng of the train. The two
multiple-leak detection methods as proposed {n this Chapter
make use of some comparisons of pressure measurement of this
train-line between the no-fault and the faulty condition of
the train-line iq question. Thus, by regularly monitoring
the train-line, it is possible to detect and locate the

existence of the faﬁlﬁy leaks as soon as they develop.
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5.2 Steady State Mathematical Model for the Train-Line

\ . -

The leakage location methods as proposed in this
Chapter are to be épplied during ate,ady“st'ate, \q/onditions of
the train-line. Fok.the steady state conditions, one can
apply Eqns. (2.8) and (2.9) after droping the Gna-teady

state terms from these equations (%—g = g% = 0). Thus
4
Eqns. (2.8) and (2.9) can be rewritten in the form:_
. y N
o : .
Sl (5.1)
« '

3Pz _ fi '
By = -y = M? (5.2)

. ‘ 4
Co P (N
where, . .

M A the normalized in-line mass flow rate.
-\ ) - . Al

oom - ~
pa Aa ‘ ) ]
m. A the in-line mass flow rate. *
»
" =‘ p u A-‘ . ‘ '
- . /' > ~
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When applying the backward finite difteﬂence'scheme
in th’e.space "X" in Eqns. (5.1) and (5.2). Now these
equations can be written in the form:- ‘

( s 1T
3 My = Myg = ¥y 0K = 0y .
- d. 2 E
- - 1 L
o= Kl T Pl ! > . (5.3)
. P,
s : ‘= - il_, ’
‘ i J .
-~
2 . fl ’» 2 3
P Pi—%‘JYE—AXM:L-l .
D (5.4)
H
= =Ry My 4 J - N
e s
% where,
o R4
o g £ The normalized in-line flow resiéta_nee of
. dedtion (13{. ,
j . Ty 4 The",norm'alized leakage flow resistance at .
i p . N ! ’
g- the node (1i). )
% I = A . - !}/
% . Y 4X = The normalized leakage flow from section
P ¢ - (1).
R . 'Pi "4 The normalized'air pressure at
- the 18 node. : ‘1,




N .
the train-line, and a leakage resistance ry . Let .

.*. . ‘ | ’

+ and that,

- .ot v

1 .-1_0‘4-(‘
.

My , 2 The normalized in-line airflow through
the 1*P section of the train-line. ,

‘ .
- N
!

4 +

'From Eq%s. (5.3) and- (5.4), the train-line may be

non-linear resistance to air g‘low‘Ri through that section of

2

P, ' S , \
i-1. ' :
Bl A ( P- ) . 1\\ °
1 \‘ v .
Ry ) e
Cl A r %N > (505)
l .
R.
i+1 ”
7Di -A- R. » ) ___"' \
. 1 J
3
\ “

It may be shown from Eqns. (5.3), (5.4) and (5.5) that’

By #oy (Byygs C3) g : o
‘ . > (5.6a)
1 : e )1/2~/” -
=1 + — 1--8--—- iE C
Dl i+l ) 1 . )
v
By = 92 (Cy) e
S (5.60)
=1 +C AN ) ‘
2y N_ . = ‘
i P

et mantan M e Igmn
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. ﬁxpé'tﬁat the following quantities are all positive

in magnitude:-

™

1
~ 3 Bi _ 3 04
¥ ’ >

asi ) Bgi

PBivi 9 Piag J

}nd, h
‘ 3 By _ 3 o5

) CN 2 CN

It may further be shown that
N ~ 1§

et

L4

where P, = Head-end pressure and that,

—al

where,

e s e

A

E. A s
1l gi

1

1/

"
U= R ol

-

tP,/Py)
3 ) &
(Pi/Pp)

i B'.i/z
T ()
J=1 7J
/.

\‘\

L}

~7

v

(5472)

(5.7b)

(5.8)°

\

. '- Dt anaier- ou Tt
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Piv Pl z the pressure measurements of the same

 sectioh of train-line with no-fault initial condition and in

the faulty_cenditioﬁ, respectively. > . o

All othén,variables and parameters are aimilarly‘

Qifferentiated from each other (priped for faulty and
unprimed -for no=-fault. initial conditionb).

Let r be the total number of faulty leaks in the
tralin-line, and let them. be identified by t?ﬁ numbers
1, 2, cesy I 80 that leak 1 is closest to the head~end of

the train-line, and leak r closest to the rear-end. Also,

let leak j be located- in section KJ of the train~line.
) 4
Obviously 1 sSXK;isN, 1sjsr. (5.10)

J

v

5.3 Pressure-Ratio Method forMultiple-Leak Location

v
.
. .
B » » .
* +

AN

__Theorem 1° .
" In a faulty train-line, the ratio between
‘ .the no-fault pressure reading at a section and
theffaulty pressure readiﬁg of the same
section is smaller than, or at most equak to, .
Lo~ _ the pressure-ratio of any other section
n downstream of it ...“
R ¥ )
<
3
; S
™~

‘, ) . . reras—— e ,‘\ et e v s P [
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Ekpresséd-mathematically, Theoreﬁ 1 may be simply

g )

Ei-i‘s Ei . 1 5 }~§‘N A

> While.TheoFem 1 stipulated that E; is a monotonic function

M

of 1 (ﬁﬁat is, one that never decreases with increasing i),

by itself it is not, very useful for formulating a leak

" f
location method.

1
»

. -
e

_ However, by examining Fig. 5.2 which shows the’

function Eifor_altradn-iine with different number and

distribution of major leaks, it is evident that whereas the

curve E vs.li 15 pefceiyabl& continuousfthroughout, at tﬁe

section where a'féulty leak occhrs, there is a noticeable

'beﬁﬁj Signifying‘a discontinuty of the first derivatiye of

the function at that section of

P! r

P

the train-line.

Thus a second part may be addended to Theorem 1:

\
¢ (v g . ] 4
*....Furthermore, the curve E; exhibits an abrupt

change in slope (a bend) at a section of the

" train-line where there exists a faulty leak."

. 1 ‘ \

. ' ® )
The proof of Theorem 1 consists of 3 parts :-

t
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a- to prove that s'i 2 B; for all i . , ‘
— " . : .
e b= to prove that(E§ 100 § Eg . ' ’

" where (E;_y)g 1s the value of Ei 1 provided that there is no
faulty leak at section L.

1

-~

»

¢c- ' to prove that ,<Ei-.1)1‘ < (E

(E{_y); is the value of E, , if there is a

i-1)6 y Where .

faulty leak at section 1. T -

v
hd .

3

Proof (a) . .

&
2

Aocording to Eqn (5.6) By = 0,(Bs,4, C3) 7] 1s a
recursive fuhction of B .

Consequently L . .

X B, = B (3'14_1', Bipor +»e5.By Ciy ?i-'-l’ ’.'.'.,, CN) (5.11)

Suppose that the,'J_.ast; faulty leak occurs at.

-

se.ction K!‘ ) w}iepe Kl" <

.

I- Consider the case of Kr'<‘N.

a0\
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then Cj ‘= Cy . Simee 8 = 0,(Cy)therefore
t . ~ , : N
BN - BN. ‘ . ( ) ‘
Similarly, provides that X, <N-1 (i.e.Cﬁ_i = Cyoq )

3

— )

v v 7 ' o! v \
BN_di - 01 (BN ! N"'l)
= 0, (By "CN-i.) , C >' (5.12)
» o PN-1 )

.Thus, prpceeding upstream up Fo and before Kr'
~J - By =By | o (5.13)

‘,', /

However at Kr" rkr <Tg. and referring to the

»

’ definitiop of ‘Ci in Eqn (5.5),

Cx = ;‘IS S '
’ - K e o
Therefore CI'{r.v > ‘C»Kr S - . f
. s;cr 2oy (Bgags Ok .
D = 0, (‘BKrﬁl”f cKr) - .
. , |
L andy By =0y (By yge Cg) "
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\

Since, according to (5.7ﬁ) above,-an increase in

* C; in the function o, leads to an increase in the value

of Bi» therefore

‘ AN
N ! ] .' . | ’ ( ‘ .”1)4
Bk, ” Br ' ,, (5.14)
' - U t
Now, - BKr'i =99 ( KI', CEKr"i)
’ . ] _ . i _ . _ .
Even:.fCKr_1 = CKT-I’ 1.e..n9 fiult at section Kp.-1 o L
. . -
4 / .
© By - . (5.1
BKP-11‘> er-l 1 ' (5 5)
becauseBE > BK - from (5.14) ab&ﬁé.
B SRS \ '
N
! 4 ‘ . N : .
S o - ¢
. - '\ o]
| : . y ‘
_then, BKr-l will be further greater than BKP-i' 4 ‘
Thus, B, > B and so on. '
.’ K.-1 Kp~2 ? . .
ﬁence, B; Z'Bi ~_ for allli . (5.16)
" 4 s [‘ r, -~

w ‘ =

‘II- In case the last fault falls on'the last -

sectidn of the train-line, . L
) . 7
K, = N. . o

1 ' . 4 r- , Z

Then, BN =, UQ(CN‘)’ with CN > CN' U -
According to .(5.7b), 5 > O. ‘ ' : S ‘
= N - e . ;

x\

v—'\‘_ .
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1 L
Hence, BN > BN - ‘ ,
] .//"
/"/‘/ . ) ) .,
" Thus, By 28, for all i 5 . . (5.17)
Proof (b)
P . : '». )
/ .
According to the definition, of E in Eqn (5.9) '
) i,8£1/2‘ . 31/2
“ ¢ : . \
.When there is no fault in section i,Cj'_ ="c;, -Therefore,
. . By /e .
(Bj.gdo = B P
1/2 )
ide, (8 iloy -81+1’C
~ Since from (5.16) .
. ’ .
8] 2 B; for all i, therefore (E; 1)0 sE - (519

b

'rhis completes the firat part of Theorem 1, that the

presSur‘e-ratio at any section of a fault.y train-line is at
!
least as greater as that at any section upstream of 1it.

4

~e

"

,,,,,
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Proof-(¢) .

When a t"ault is located at section i, ci'> ci ;s then

91 (Bipgs O3) >0y (Byyys G) CoL (50
Consequenf}y y , ¢
e 1/2
f (E;_), = Ey |2 (8?*1’ C%)
i-171 1loy4 (Bi+1’ Cij -
A (] 1/2 \ el
cg |92 Bive O)
ijog Bliygs Clp

%

This together with (5.14) and (5.15) 'a.boVe, yields;

(Byq), € (Byq) S B o : (5.21)

4

/

Hence a bend of the E-curve occurs-at section i where

there is a faulty leak, completing the proof for the seccnd

-part of Theorem 1. L L __—
Sk )‘

A ratio-method for locating faulty’ leak of a

train-line may be formulated as follows:=

)

l'Compare the pressure -readings of the train-line,
- section by aection, berore and after the faulty situation
has developed, i.e. comput.e Ei for each 1. Onh a plot

of B; vs.i, where there exists a sudden change of slope, a

4

:
4
)
¢
i
{
{
:
b

I et st ot aps g3 ms = ol & s
-y .
.

E‘
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fault leak exista". ’ : | : ' -
° ) Note that with this method,

o

: ~N
1= knowled-ge of the physical parameters of the

h ' ~ “train-line is not required.

)

S 2- there is no limit to the‘/(umber of faults that

¥

cﬁn be detected and located.

Fig. . 5‘.2 shows 2 exam'ples of 'a train-line -wiAth .
* / ' .
leakages with the following charactéristics

’ R - &

Example I: C, = 0; in other words, no initial

leakage. Faults are located at sections 3, 6

. and 9.

B o~
-

L4

Example II: Some ingt,iél 'Leakage. Faults are .

R R s g

[ s
located at sections 3, 5 and 9.

In each case,- the‘digital computer model using the
theory outlined in section. (5.2) successfully locates the

position of the faults. Using a laboratory train-line

©
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model, the details of which are given in section (3.2), ghe
1lts

author has also been able to logate the position of’

with adequate accuracy.

The values of R,, as defined in Eqm (5.3),
characterizing the pipe resist;ance, are determined
¢ 18 ngsi- 5.3. For a
- computer calculations, an average of R*: 12.8 is assumed.

e;cper'imen:ally. \The values are shown

:

It has been observéd in the course.of experimentation‘

- that difficulties do arise when prgs:éure changeé are too
smal} compared to the sensitivity of';:.he transdqucers
available (typic’ally at 0.05%). For this reason, it 1is
J recommended that a finite difference method be app]iied to
the test data to obtain the 2nd order difference. This is
based on the fact.that since the E-curves; are bent at the

lgcation of a fault, there is a discontinuity of 'the first
differential (or difference) at these iocations. Fig. 5.11

shows that applying this method to the data in Fig. 5.2
»  <ylelds amplified "leaks" at.the:locations of faulty leaks.
The second difference is formulated accérding to the

fqllbwing scheme:

G, = 0.0 -
} 2 _ _ . ) *
Gy '(51 = 2.E; [El_l + Ei+1] ., 1,sisN
) GN=EN-EN-1 4 ‘ i=N
‘ N
A\, " i
. N . i
B e e

o amlcled atemean e
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5.4 Pressure-Difference Method for Hultiple-kgak Location
. /

i 0
\
A

Trick and Chien [27] proved £hat for any positive
rg;istor network, i}\one and only‘Pna/resistor changes its
value for the nominal one,’ éﬁen the voltage changes across
that resistor will be greatgr than or:equal to the voltagé

changes across any other resistor in the circuit.

s

- o . ‘ } b
' i " - 5'73 ¢

4
e A theorem may be similarly'formulate& for a
' Vi
v : e
train-line~with leakage, even though the train-line is a

nonlinear ladder netzprk:-

Ly
N

Theorem 2 , ' " Co
o ' . . [ ' .
? /" In a train-line with leakagé, if one and
only fault &evelops, then the change in the

pressure reading at the faulty section is

» - universally greater than the pressure change
. .at any other section".
t
, ¥
" .
. Previpusly, Aula et al [21] successfully applied this

~

thecrem, without proof,&for a single .fault location in a

train-line with leakage. Fig. 5.5 is an excerpt of the

. result from Ref. 21, showing 2 examples of a train-line

with a fault in section 2 in one case,-and in section 8 in

K2 /\\
—the other, L - . .

B
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: * - :
his section presents a formal proof of this theorem

“for a‘si gle faulty leakage. Further on, the concept of .

preSﬁure-difterence is exfended to multiple-leakage

locations, without proof.

Proof

v
I !
. . + »
- . o 3 AN
- . . . , N
<+
. Let

4 be defined as the pressure difference,

4

A, A* P, -P] o * (5.22)

/ Let the singlexfaulty leak be located in section K.

Retracting the argument leading to Eqn (5.19),

<

E = E. Ksic<h . (5.23)

Py _ f$ e
P Pl ) _

and so,,
» ¢ ,'
Py = Py By -‘Pi‘ n *
= . T . (5-2’4)
fPi ‘li o
X 4

_\,E?om Equation (5.6a)




+
. .
. . .
) p————— . L ‘ r - .
- - A
(3 N , . . .
- . ) ’ R .
. -
M R N " v -nl 2 - g
B
M v
. N

o e =ag(Bhuep)

i

. - . ‘1 1’ 1/2 bk
A =1 + [—— (1"‘1“"—) + C-]
D,i ) Bi-«-q, .k

The second term of thé right-hand side of the equation is

positive. Therefore,

e i ¥
. i

&i > ~for all i
' : e 1 : t ’ . .\ . r/ . '
| ) i.e. Pi_1 > Pi L by definition of Bi for all i
; '
Thus, ’
‘ R h Py > Py + as long as N ek +1
. e eeat e s .
Substituting this into (5.24) ‘
‘J 4
" p,-P's P, - P! T ik
'S SR T . ‘
: © In other words, <
«
Ay > Ay K+1sisN - (5.25)
Stated i{n words, the pressure difference 4 at the
" faulty section is larger than that at any section downstream
S . . [
"of 1t. ;
1, .l ' ‘ )
It remains to prove that this preésure change is also |
o * ' s |
;- . < * B

N byt T N . oo
Eomis sy g b\« PRSPPI SRR S e A
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’

larger than that Qt any section upstreald of it as well,

1050 AK>AK"1 > -nol>4 A1>A0.

0 X v [}

It has been proven.in Theorem 1 that

;
A

B <B . T N C R
as long‘as i is upstream of the fault. .
For’i=1
Ey < By | (5.26) g

J
Since the head-end pressure reFan:(:'nstant, ,

! i
-t . 3

LYY PO = PO ~ f
Therefore; W : :
. ¥ y g
P . »
Eg 4 =¢ = 1 ’
= Py g it
> (5.27)
— . ‘ .
bg APy -By =0 ,
, y J
.
Hence, from Eqn (5.26), ' ~ .t
) E, >1 3
(5.28) *
. ] .
i.e. P1 > P1




‘ &
FN— . . . ‘
. ) y ' ,
, . ;
1 - 12’4 - ,
. Also 4, >0 S : 'A (5.29a)
( or A, > e i
1 0 B o ;
1 1] "t
i.e. P, =P, >Py=- P : (5.29b)p ;.
N . L
In general, from (5.21) . &
_ ‘ o N *
Ei,>EO 15151{-10 ’ N r
Therefore,
E; > 1, since Ej = 1 from (5.27).
I ~ Therefore, ’ “ o .
. 1 ° .
}‘; _ Pi > Pi e - 55‘030) "
Similarly,
) ' o
Pieg 7 Fiog ' | '

’

. *Adding these.fwo inequalities,

o
(RIS CE UGS S B

Rearranging the terms of Eqn (5.29b)

. o
P, - P, > Pi,— P0

1 0

and multiplying with Eqn:(5.31) for. 1= 1, -
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' 2'_ 2 tve _ (p'y2 ' '
Py = By > ()P - (Bg), ‘ .
. ' 18 N2 o, z'_ 2 e
o . " s VR : ‘ . *
Now upstream of the single fault located at section K, // :
. % ) ‘
- ’ ' v s I -
Ci - ci “\ . < 1 s‘l s K 1
Recalling'(5‘3$) ‘
1 ] t
B; > Py
therefore’ W
) LN . . ¥ .
Ca ?i > Cy By - ‘ (5.33)
Let us now reexamine Eqn (5.6a)
B A (,Pl"l)z «
i= VTP,
1 —~
\\ Y
1 , 12 ]2
=1 + (1 - -B——-) + C,
ﬁz i+l :
L S E
This can be re-arranged to become,
o L 1 v . -
[Pi - Pi+1:‘ : [Pi-l - Pi] -0y By (5.308)

. Compare this with its "faulty" counterpart,

"'l A
TERWTTY vy

e WP




© e

i i+l

, [ P 7] ‘ ‘ -
[ - 7] [N IR )

T

It is seen that the right-hand side of each eqﬁation

is made up of the differencé of 2 terms. Reiterating them

for’i =1
i 4
i ' 1/2 1/2
¢ 2 2 I - .
[Pl - Pél = [PO Pl] C1 Pl ‘(5,-353)
PRI LLN FIE ST S CLURS "~ (5.35b)
[(Pl)-(P2ﬂ’ - [(Po) - (Pl)‘] - Cl 1 , o . \ ’

| fhe first term of the RHS of Eqn (5735a) is 'smaller =
than that of Eqn (5.35b), as prévious proven in
Eqn (5.32), while theféecond term is largér according}to
BEqn (5.33). 'Hence the difference of thes¢ two terms of

Eqn (5.35a) is smaller than that of Eqn (5. 5b). 1In other

words,
)- -
e 2 2 .,'2" 'V 2° : ‘6
2 - By < (B)) - (2, - (5.36)
But,
P +‘P2 > Pi + Pé , according to (S.Bi).

1

Dividing the smaller -LHS of Eqn (5.36) by the larger -

LHS of Egqn (3.37) and so on, results in ‘again a smaller

N !

. - o . - . "o . . -
b g rmee ) - . © e e s mesiempe g e s . e . P



ity

sl we v

1(1 < K-1), ylelds

.-~

-12':{-

,
LHS: -
v
P1-192<I’1--P2 ‘
Rearranging this-
LA - p! .
Py =P, > ?1 P, | . S
(5.38)
132>A1

v

- Repeating the proof for the highgr values‘of i

@

Be > Bg_qs woes By > By > Ag (5.39)
.,

thus compléting’the proof of Theorem 2.

At this point, there is no theorem available for
pressure difference for a train-line with multiple faulty
leaks. However, It is/ worth noﬁing tﬁaf by merely plotting
A for all i in the case of a multiple71eaks train-line, one
can obtain resdlts similar to those fllustrated in Fig.
5.6. The curve Ai is sim{lar in appearance to the E-curve
in Fig. 5.2. It rises monotonically from i =0 opwi?dé}"/'
exhibiting sharp changes in slope at sections where # faulty © .
leak is known to be located. |

[}

Thus a pressure-difference method for locating
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multiple faulty leaks may be formulated.

5.5 Summary

*
-.

In this chapter, two theorems have been formulated.

Theorem 1 (Sec. 5.3) explains the behaviour of the ratio

between the no-fault pressure reading at%a section and the

" faulty pressure reading for a train-line with multiple

leaks. This Theorem can be stated as:

. .
. In a fault}{ train—line, the ratio between the .

| ‘no-fault pressure reading at a section and the
faulty pressure reading of the same section,
' E; ,is smaller than, or at most equal to, the
pressure-ratilo of any other section downstream
’or it. ‘Furthemore, the curve Ei exhibits an
abrupt change in slope (a bend) at.a section
of the train-line ;ghé;g\i:ﬁért{*ex:ists a faulty
“leak."

* Theorem 2 (Sec. 5.4) explains the behaviour of the

4

pressure-difference for a train-line with a single faulty

leakage only. This theory can be stated as:

(e g

- .-




N4

- ‘ ’ ?
' - 130 -

" In a train-line with leakage, if only one : )
fault develops, then the change in the
pressure reading at,the\faulty section is
universally greater than ‘the pressure change

at any other section”.

1

Both theorems- have been utilized as the basis of
determining the location of the fau}ty' leaks in a
train-line. Both methods show similar characteristic when
the pressure-ratid or the pressure-~difference ié ploted
against tthe section number: name}?, the plot rises
monotonicélly and exhibits sharp Jchanges in slope where
there is a }‘aulty leak. k

It has been observed in the course ‘of experimentation " A
that t;.rf"e difficulties arise when the pressure changes are
too small eompared‘ with the sensitivity of the transducers
‘ayailable (typically at .05%). For this reason, the finit;
difference is applied to thé test data to obtain the 2nd

order difference (Sec. 5.3). \’

In copclusion, the two methods proposed “in this
chapter have been,shown to be satisfactory in achieving °
their goal of fault-location. However, vin case of limited - | ]
aceuracy from the transducerss thg differet-'xce dethod seems \\/

to offer some slight advantage over the ratio method. : T {
A : . . '

‘ . R
, / , _ i
- » W - P e e el e




\‘  CHAPTER 6
CONCLUSIO

X

/l 6.1 Introduc}io?

‘ké’mentioned in Chapter 1, this thesis haslbeen
divided 1n£o two wa;ts.°nPart ne has described‘the
train-line mathematical model. Then, two finite difference
schemes were proposed to provide the solution for the
: mathematical model. Finally, the ef(ects of the leakage and
othervfactors on the train- line\behaviour have been
investigated. Then, two methods for ‘locating multiple'
faulty leaks hate been:developed in Pﬁrt Two. ,The summary
in this chapter is alJo divided into two parts. Part One
- (Sec. (6 2)) summarizes and discuss; the effects of the
leakage and some other factors on the rain-line behavio;r.
\\ This section contains two topics, the =irs£ one deals with

\ the steady-stéte behaviour, whereas the| other deals with the
\\ | )

. i »
transient behaviour. Part Two (Sec. (§.3)) summarizes the
multi-leak methods. F;nally, Sece. (6.4) gives

sugges ions for further work.

¥
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. ' ‘
PART ONE ' ) , ~
. N\
. . o
6.2 Train-Line Behaviour-Summary and Discussion .

A

a

In ChapteF'g, the train-line mathematical model has

[

been developed to simulate-the physical model. Then, qﬁo
Afinite difigrence schemeg (Sec. (2.4)) have been proposed to
provide ; solution for this mathematical model (sec (2.3)).
First scheme was the explicit scheme (refered as the method
of lines), which has been used before by Funk and Rébe (177, ,
and Ho [16]. The other method was the implicit_schéme.
Then, the computational results using these two schemes énd
éhe experimental results, using éhe train-ljne faboratorY‘
model (Sec. (2.2)) and Westinéhouse”model‘(2.52} were
compared with one another (sec (2.5{). The comparison .ha;4°
shown that the implicit scheme is mpré'aeeuratg than the
éxplicit écheme solution, and it requires less computer time
because'its_time increment (AT) is larger,thanothat for th
explicit scheme time incremént. As a result of these

comparisons, the implicit scheme i;lchosen to provide the

solution for the mathématical model,

]

!

-
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6.2.1 Train-Line Steady-State Behaviour

;nﬁChapter 3, two test set-ups havé been chosen to.
study‘thehef ects of the leakage size (S $3.57%) and leakage
location (régions;l, ITI and III) on the_;teadyFstate
pressure and velocity of the train-liné. In Sec. (5.3)\

both train-line laboratory and mathematical model have been

~ ~

L ~ .
* 'employed to accomplish this task. The theoretical pressure
[ 'y -

reiults agreed with the correspbﬁding experimental results.
-The‘discrepancy between these results goes as low as 3%.

This agreement proved that the train-line mathematical model

~,§an be suceessfﬁlly used to simuiate~the phyéical mpdel.

. Then, .thé mathematical model has been exclusively used }o

explain the two steady-state phenomena. The first one is

. ‘the pressure distribution phenomenon, which may be described

3

*

as‘follows:a

o 1= If there.is a leakége in Eeé;on III only, the .
pressure in this region will be lower than the
pressure .in the same region'if the 1eakag§ was -
located in regfon II. ’

- ' »

i 2; “If the leakage 1s located in region III, the

| pressure in‘regibn I will.be higher than the

) ‘k ‘ presgure in. the same region if the leakage was

located in region II.

. . .
B e e 1 4o Pl e S

P e e 2% memF e e w2 Fa * .o .
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On the dther hand, the veloc

[l

if; distribution phenomenon may

be described as follows:

4

Lk '
If there ;s a leakage at a distance Xe » thg velocity~

Ui slightly increases as the distance X4 (0« X; s X )

increases: Furihermore, the vglocitr'Ui sharply decreases

. to zero as the distance’{é‘ (X, < X s.Xp) increases, if

there is no leakage at a distance greater than xf .
\

Finally, the mathematical model was‘ﬁsed to study the
effects’ of the leakage (location and size) on the pressure
gradient ( A P) §3? the steady-state inlet velocity (U(0)).
This study can only be applied to a train-line With
dp/l équél to .003%, provided that the flow inside this line
can be treated as one-dimensional problem. 'Fig. 3.3 shows
that the train-line pressure gradieht and inlet vélocit} are
sensitive to the change of the leakage location as well as
the leakage Piz%,'whereas, for a émall leakaée size
(s 5 2.0%), the inlet veloqity does not vary with the
1eak§ge location,but it v?riés with the lehkagg sEzeih of

. ..
leakage location, but it 13 sensitive to the leakage-size.

» l -
(‘
6.2.2 Train-Line Transient Behaviour

N ! \J

1\
» . : A
-Chapter 4 has proven that the train-line mathematical

model can be Successfu§?§ used to study the transient

response of the train-line. This chapter has also

F—
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investigated the effects of ;eakage among other parameters
on the rear-end pressure and velocity transient behaviour of
the train-l1ine. These fectors were leakage size and
location, the changes in the direction p:“Uhe pressure step
applied at the head-end, threshold sensitivity of\the
transducer D, and the amplitude of the pressure applied at
the head-end P.(0). Sec. (4.2) has describedr three test
cases. The tests were the dry charging test, the
discharging test' and the rechar&ing test. Sec. (M 3) has
digscussed in general the effects of the leakage size and
- location on the pressure ana\velocity transient response.
It has been observed that for any one of the test cases as
the leakage size increases or the leakage goes Epward the
reer-end, the steady-state time increasee and the gain
coefficient decreases. ;Len, See. (4.4) has discussed in
detail the effects of the leakage and the threshold
sensitivity on the traneient behaviour of the lést section
velocity (U(1-1, T) ) of the train-line which was refered
as the peak time Tp, and peaL velocity Up. In general, 1;%
can be concluded that the peak velocity and the peak time

-

decreases with the increase of the leakage size, and the
peak velogity increases dhiie tne péek ;ime decreasés, as
the leakage goes towards the rear-end of the train-line. In.
Sec. (4.5), the theoretical resulte are compeyed’with the
-experimental results, and the discrepancy be{neen these

results is found to be less than 10%. Then, the

mathematieﬁ} model has %een exclusively used to study the

L
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effects of the above mentioned factors on the rear-end
pressure transient behaviour, which was refered as the
propagatlon speed V. In this section, the discussion showed
that the train-line may be linearized and simulated as a
blocked transmission line provided

,\ -~

1= fhe leakage is concentrated at the rear-end.
~
2~ large pressure amplitude applied at the

head-end of the 1ine (P £(0) 2 .68 or 10 psi)
‘o

Howevef, Appendix F has desribe& the linearized model while

Appendix G has provided the analytical solution for thisk
model. This linearization approach did reduce the number.of
parametere affecting the propagation speed (1, dp;

di)’ to

only one parameter (Ng). S

In general, one can conclude that the decrease of the

ropagation speed may be caused by the existence of one of

—

the following possibilities: : "
oW '

. « |

1= The increase of the leakage size, S. -

‘2= The leakage is located at the rear-end

.

3- The increase of théithreshold sewsitivity, D.

.

18
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4~ The decreasé/of the head-end pressure
" amplitude, Pr(O). |
~ This analysis showf the effects of the leakage on the
propagation sbeegl, and points out that the leakage is the
v Al %ﬁivimportant factor .among the others. Because of ‘thi.:s
o reason, it is very importang to develope a method for \

locating this leakage and eliminate it if po's.g,_ible. ) i
PART TWO B -
6.3 Multi-ank Location Hetb;:ds—Smary' and Discussion

\ B .Based’on 1adder>network model groposéd for a
trakin-lir-xe with leakage in Sec. (5.2), Theorem 1 hde Seen
f‘drniulated with rig.orous proof in Sec. (5.3). Theorem 1 C
(the ratio method) can be stated as,

t

. .In a faulty train-line, the ratio Betueen the

r

‘no—?ault pressure readins at a section and the

- . faulty pressure reading of the same section,
- ' Ei‘ ,13 smaller than, or at most equal to, the - _ Q‘.

pressure-ratio -of any’ bther section downstream

™ : r 8 4
of it. Furthermore, the curve E; exhibity an ‘ o
L ’ abrupt/c\hjhge in slope (a bend) af a section ™
of the traln-line where there exists a faulty - RO EET
. leak." ‘ I
‘ ~
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Theorem 2 (Sec. 5.4) explains the behaviour of the
pressure-difference for a train-line with a'single faulty

‘leakage only. 'Theorem 2 can be stated as:

+ " In a train-line with leakage} if ome and only
one fault develops, then tﬂe-change in
pressure reading at the fault séction is

. universally greater than the pressure change

. at any other section”. -

o /”-’\J
{
‘ ) }

Both theorems: have been utilized as the basis of
determining the location -of the faulty \leaks in a
train-line,” Both methods show similar characteristic when
the pressure-ratio (bop pressure-difference as'tﬁe case may
bel‘is plotted against the section number, nam§l§, the plot
rises monotonically and exhibts sharp changes’ in slope where
there is a faulty leak. Hence both methods can-be utilized
to advantage, provided the trhin-lihé’i§ acce;Jble for
pressure measurements at all points or at points that are

sufficiently close.

»

It has been observed in the course of experimentation
that difficulties do arise when the pressure changes are too
small compared to the sensibivity of the transducers

available (typically at .05%). For this reason, it was

' .
N .
. \ .
. -
' .
.
p e e e e v ket 5 b
K f
5 .
- -



- 3/’-/'}

N
\~

- 139 -

recommended that a finite difference method could be applied

to the test data, the E- or A~ curves are bent at the

locations of a fault, there is a discontinuity of the first’

differential (or difference) at these locations. Figure
' o

(5.3) shows that applying this method .to the data in figure

(5.2) ylelds amplified "leaks™ at the locations of faulty

leaks. .‘

-9

In conclué\ion, the two methods proposed in this’

thesis have been ;hown to be satisfactory in achieving their

goal of fault-loecation, . )

However, in case of limiting accuracy attained from

the transducers, the difference method (subtraetion) seems

'to offer a slight advantage lwer the ratio method.

6.4 Suggestions for Further Work
»

\

PART ONE- = _ \/

In Part One of this research thesis, é mathematical
model for the train-line was proposed using the finite

\\ ,
difference in the space. Then, t{{ko finlte difference

-schemes were developed to provide the solution ;‘o'r this

model. However, there is a discrepancy between the

calculated and observed pressure (especially at the

beginning of the transient response period) which indicated .

(S S
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that further .work is required to be done. The following

suggestion should be given serious consideration:

= to include the heat transfer effects in the

formulatiod of the mathematical model. ' | /

- 2- to account for the temporal variation in
density by thé truncation of ‘the full

tiansient qne-dime_ntional energy equation.

3- to assume that the flow is isoentropic at the
beginningng of the transient period. Then, it

is i;othermal for tl:xe rest of the tr;ansient

( period.

k- tq.apply the matﬁxematica‘al. model to real
R\\ﬁ line of a freight train (different
tra&kn-line dimensions).

Finallyg‘ the author also suggests that the e
linearization t\bchnique may be used to stuay and explain the

transient behavéour‘ of the train-line.
\ .
\fl a

PART TWO - |

[
i

In Pért Two ‘ot this thesis, two methods were
developed for locating multiple-leak in the : train-line.

-
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Test results were fovund satisfactory for the train-line
laboratory model. .

-

Further applications for these methods could

@

l& ihdluze 'the following. .

o .

4 1- To extend the test for different numbers of
lé7kage, different numbers of secti:ons, and
different. leakage sizes. |

2~ Final;y, tests should be carried out 411}
train-line racks and ultimately on typleal

train.

- -
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APPENDIX A

'A.1 The Continuity Equation

The Continuity Equation shows the"principle of mass

conservation, Fcnsider a volume elegent of the duct Adx
(shaded area in Fig. A.l1a). Fluid. is entering and leaving
this eleﬁenf aéa also may leave the'duct through qg:ﬂwalls.
Where Y is the mass flow leaving the element through the
walls per uqit length. The mass which is\enteripg and
leaviﬁg the élément dﬁring tﬁe time interval dt as shown in
Fig.A.1a. During this time, the mass éonta;ned in the

, . dpu h
element increases from P Adx to P Adx +‘§%‘dtdx, where o 1is

the density. 1In Phis case, the area of the duct can Le
taken out-of the differentfation brocess since it is not
varied with the time or the distance. The excess of the
inflow over the outflow must be' equal to the increase of'ﬁhe

mass contained in the element and the continuity equation-

thus becomes.

X

9
d

™

3 Bpxu fuos 0 J ) (A1)

ct

A.2 The Momentum Equation

‘The Momentum Equation expresses Newton's Law, that is

=145 - _—
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’ acting on it divided by its mass.

; ' - 147 -
the acceleration of a particle equals the sum of *the forces

Copsider a fluid elemept

between two adjacent sec;i(ons {shadged in Fig. A.1b). The

mass of‘ this element is equal to, pAdx and the f‘orces acting s

‘on it are indic’a}ted n the figure. - Where t is the wall
shear stress per unit area, Ihe acceleration of the
partiéle is given by the substantial derivative y- , and the
momeritum equation can be written in this form: '

Du' .’ 3u 3u _ . 1“§ﬁ .
bt "3t TV T de (h.2)
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L+
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'
v

2 . l A .
B.1 Relationships between the Friction Factor, f, and

the Reynolds Number Re.

In‘tqn. (2.5), f has taken a different form, for each

of three conditions on the value of the Reynolds number,Re.

- |

1- Re S 2000 (laminar). in this region the flow

A is assumed to be laminar. From tge Poiseuiﬁ}e
Law i
64 64 B C
” f = ewm—— O prmves (B'.l) ’
Re  pebyu , :
M L
where,
ad ~ a
Re' = . —L ~ (B.2)
Va ' .

2- Re > K000 (Turbulent). From Eqn. (5.4), f is
¢

related td" the pressures (Pi and P, _, ) at two

neighboring nodes (i, and i-1) aa‘

2 2

R - P
= i-1 dp
j £ = ( 1M;_1 GTEY

B o

Fig. B.1 shows the experimental results from
“the laboratory train-line model for different

lengths (1a x)vusldk Eqn. (B.3). Assuming
. » A

- 148 -
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f ' that the @ata is exponentially related in ape

. ' . form as:

t
e '

?

PO

f = a Re (B.4)

. Using the least squares method, one can f?\e

the exponential relation as follows: !

~ '
. £z 0,15 Re 01 C | (B.5)
| . ‘ .
; ,
;) ~ 3- 2000 < Re s 4000 (Transit{on)s
£=3.8 x 107" RO | © (B.6)
\ :

e P T T 6. -

7R e B -
v‘i}dﬁa‘%"{%_:” T
“’
.
°

Thi?relation is obtained by connecting the
- friction factor f at Re = 2000 to that at.

Re = 4000, with a straight line on the log-log
scale (FIig. B.1).

Fig. B.1 shows the agreement between the experimental

3 .
data and the result from Eqn. (B.5), whereas Fig. B.2 shows

. ‘
.

&

v"”l

q®

BT
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L tl, & ? ' . .
.06 ki. Laminar Transition .Turbule t
k -4 -
‘ a =64 . a=3.75x10 a =,154
// b= -1~ b=.58 b = -.1403
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Fig. B.2 Theqretiéa'l Values of the Friction Factor f (Laminar -

Transition - Turbulent) -
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the result of f from Eqns. (B.1), (B.5) and.(B.6).

4 B.2 Relationahips/%etween the Pressure and the Mass
Flow Through Section i

n

Thg relétionships betweeﬂ/ e pressure at the two

neighboring nodes (i and i-1) and the rmalized mass flow

through the ith section. It may be shown from Eqn. (5.4)
that, ’ 2 '
‘zi“ﬁn ‘ ..
Mi'—i = -?— . &(Bn?)
where, L. = (}z - P2)( : ) | (B.8)
’ i~ Yi-1 i‘'y 1AX ’

It may be shown from Eqn. (B.1) above that.

1- Re 5 2000 (Laminar) or Z, 5 1.6 x 1072 "

Mioq

1.69 x 1077 Z, ~ (B.9)

2-2000 < Re S 2000 -(Transition) or 107°<Z,56.6x107
&

(B.10)

=
"

i

0.386
i1 ]

E3.02 Z
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3- Re > §000 (Turbulent) or 2; > 6.6 x 107°
v Ya)
:"{ d 0.538 ,
A P [32.98 zi] ‘ ' (B.11)
: i-1 . ;
| ‘ - |
i ‘\‘ , ‘ ' 1
| Fig. B.3 shows the experimental result-and the résult
using Eqn. (B.11), whereas Fig. B.4 shows the resylt of
| 4
| . Zjy using Eqn. (B.9), (B.10) and (B.11) vs. the normalized
mass flow Mi through the :lth section.,
v e
\ \
o] ji ¢ v
/.
N 4
: r= .
}:'fl'
(S
\ : ' '

"
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When air flows through an orifice o

APPENDIX

DERIVATION OF EQUATION (2.19b)

. \
e

!

:\giaﬁeter de to

atmosphere Pg , and upstream pressure is p,. From to the

continuity Eqn. (5.3), the inflow n; equals the outflow ne

as follows:

1>

1>

the density of exit e, Kg/m3.

/
v

the velocity through exit e, m/s.

-155..

b

i

4

(C.1)
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A, L the cross-sectional area of exit e, m2,

L

- -

and,

(€.2)

The air flow through the orifice is assumed to be
L

adiabatic, and the relation between the mach number Mg at
exit e and the pressure ratio gi , can be‘written in this
form: .
1/2
py Lt ‘
M, = o< [(33) T 1} Y—f—l- (.3)
© *
It m;y be shown from (C.1) abéVe that '
. . y#1 1/2'
Vs v “-’7 G T p e

Eqn. (C.4) is nondimensionalized by means of the following

definitions
n: Ps
- 1 2 =
¢l pa ‘Ea’ Pl - pa! pa

i

- (c.5) "

-
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. -

w.
where,
)
o
N g A The density at the atmospheric condition,
Kg/m
X
Py A The atmospheric pressure, kPa ' *

¢

Now, the relation between the normalized mass

flow ¢; and pressure #1 can bé& expressed in this form

(C.6)

]
d
~
e

where'ri is the orifice or leakage resistance, the relation

between r,, Ky and the normalized pressure P; can be shown

from Eqn. (C.6) and above as, in the case of subsonic flow
;- )

LY

(Pe = ﬁa)

+1 1/2

2 .
K = V31 Py V- 7 (C.7a)

and in the case of sonic flow (pg 'z ,5283 py )

K; = 0.579 . . (C.7b)

" *
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APPENDIX D c \

l Equation (2.301r§presents tridiagonal system,
, H §

L

.
(B} - o © LYy o= {Q)
S ¢
| b, .0 0 - 0 Myt ) (o 1"
b1,2 b1’3 OU‘I..OI g yi\' .j’.,u
. 5 '
. ¥ '
2,1 2,2 .Pp,3--0 0 C B2 | [|%2,u
R : . : =
A : : < : :
0 0 Oueeeeeboyg,1 Pon-1,2  Pon-1,3||Yon-1] [Pan-1,4
0 . 0 « Oo'oocio b2N,1 b2N’2 1 y2N 2N u
~ : JU

A ) | - I ‘ o (DQ\m

] ) , . B L
and the matrix {B} is called tridiagonal matrix, lwhose J

'unoq-vanihhing elements' form a band of three elements wide

along the diagonal. Ih;g particular set ot'cquations‘can be
solved bj using Gaussian eliminatibn method. Aecording to

this method,\by multiplying the second’ equation in (D. {) by

1 2 and the first by b2 1 and, then by é%king the difference

of the tly'equations to eliminate y1. The resulting
Jéuatioqq (] '

RN e
o ‘,-"“»-. ‘ﬂ.:ﬂv".,, .
DR, SIS LA, TR € N
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o

e

Y - ’ . B

o .7
“In this equation, the coéfficient of ya is called b2 2 and
. \ 1

of Y3 is called by 3 “the group in the right hand side is
. P ¢ g

called bz'u , and Eﬁ::£}h31 {quation is used to replace the
second equation in (b.1). The form %f’Eqn. .1) will

£

remain unéuapged except that b2,1 is rbpf\;ed by zero. The
. - hd hY
same process is repeated until bzu'1 ; is eliminated. In &
=1y
J summary, the elimination processes are achieved'by

A

sqccessively renaming the coeffgcients according\to the

. "\ ) . !
following assignments: :
by, o = (x5 b% 1,2 " Bg,1%-1,3) | K= 2322
. ' - @ .
. O, 3 (°x,3%-1,2 > s (D.3)
s | - , | ", _
by, 5= (g | b5~ Pg 1 Pgq,4) ,
J "
' . At this stage all the equations in (D.1) are in the
AE ' simple form of having only two terms on the left hand siée,
.f The v&lu? of YoN can be immediately found by‘solving.
" ; »
f[ simultaneously the last two equations in [(D.1). °
f; ‘ Therefore - ‘”‘?X; i
éﬁ | v _ e, "
\ ' _ Pon,u Pon-1,2 = Pon,1 Pon-1,n " .
? ) " ya - b b - b b (Dcu) N ¢
T T2N,2 T2N-1,2 - T2N,1 72N-1,3 . . L
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. ‘It can easily be verified that the remaining unknowns can be :
cdlculated in a backward order, from the following
3 " . ot . ‘
recurrence formula: . ‘ :
b - Db -
g = Kal~ K3 YK+1 | Voo (D.5) .
G K o ' .
K,?2
r ¢ '
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. APPENDIX E
A METHOD TO PREDICT THE VELOCITIxTRAHSIEHT@BESPONSE
USING
Tﬂé R&ESSURE DIFFER;NCE
g This méthod is applied for the last section of the
trai}x-line. The equation describing the veloclty at the

time level T, , may be written in this form (see
Eqn. (2.25)). ‘

5,

7

; .
o1, 54102 02 Oy g o%) +;}f:]‘- (Py,j+1 " Pyaq,je1’
vl :
' = U;M,j tUyq,; (E.1)
1}
' The theoretical results of the velocity AUN-1,j+1 n

Fig. 4.5, show that ‘the value of the velocity U does

not exceed .006, that means the flow 1is always laminar in

2

the last sectiont‘\\sased on this fict, the term Uy _, ; can
3 1

be neglected in comparison with the’other terms ‘in

Eqn. (E.1). The difference between the-sterms Un-1 j+1 2nd
' c B -1y

UN-MJ can also be neglected. Now Eqn. .(E.1) may be

rewritten in this form#&

- : -
. o) . ®
1 N N
UN-1\‘6 = —— ' - (E.2)

,J": Gy 84X ~ ~

i
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... and from Eqn. (B.1)

iy difference & between two neighbouring nodes N and N-1, one

i

) 3 - 164 -
But from Eqn (2.19) ’
24d
g; Y (E.3)
2 ‘l £

- 64 ) : (E.4)
Ré PN’J. Up-1,3 o
g ) -

1 )
Subsgituting 55 from Eqn. (E.3) to (E.2) and f from
Eqn. (E.4) to (E.2) leads to

U 3 ¢ (E‘QS)

7301 = [Pue1, e T BN, gea)

‘
i
4

'wh,er‘e,
y d_ Re ‘ e
Yy = —B C (E.6)
32 14X .
dr .
ur
’ -1,3+1 N-1,j+1 ~ 1 | |
N s [P 2d sd ] (E.7)
» - 6 ! i
y \ Fele

That mean by measuring the pressure-

odn be able to,predict the velocity tr?nsiant response of ’

o
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the last section of the train~line from Eqn.

oo

(E.5). The

value of Y for this train-line model is equal to .367.
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APPENDIX F -
LINEARIZED TRAIN-LINE MATHEMATICAL MODEL

I
F.1 Transmission Line Model

If the leakage 1is concentrated towards the rear-end

of the line, the train-line may be linearized and simulated

as RLC blocked transmission line [8], assuming that the
influence of the leakage does only affsct the in-line
res»isﬁance. Fig. F.?’ps?lows an infinitisimal section of the
line, the parameters are 2 in-~line impedance, Z, nand the
shunt aduittance, Y. The in-line parameters are the
qistributed resistance per unit length R, and the inductance
per unit length L. The sﬁuht pargmetet* is the capacitance

per unit length C.

In the Laplace domain s, the ins1ine impedahce -Z and

,the shunt admittance Y of the linearized train<.line model

4

.~

are: . o \ . t
Z(s) = R + Ls, R C ’ ‘\

Cs

H

- where, /
‘ . .

. "
s =zcomplex number s
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An important parameter is the propagation function

per unit length, defined as

1 ) 1/2
E[s(mrm)]

- where, . i

a2
. r(s) A [Z(s)- Y(s)] - (F.2)

A
« -

L) 3

a zacoustic speed (adiabatic)

»
’ v
2 1 '
v /I | : :
and where ue 13 defined as the friction characteristic '
‘ frequency (=R/L). For convenience the following
non-dimensional characteristic number is defined as:
. .a
Yt e 1
i
For a semi-infinite line, the ratio between the’
pressure at the head-end P(0,s) and the pressure at the
g rear-end P(l,s) is
P(1,s) = eTH{s) (F.3)
. A%87 | semi-infinite
N AV
On the other .hand, the blocked line preserzts a
. different situation as can be se'en\below
v / T -ﬂv"‘yp(l % / sosh (11'7) e | (F.4)
dT '3/ |Blocked Line - 1 / fosh U(s) '
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. F.2 Line Parameters

The most appropriate signal variables for
compressible flow lines are pressure difference (4 p) and
mass flow (m). With these variables the time dependent
parameters per unit length, inertance and ca‘pac\itance may be

expressed as:

[y

fd .1 : . . hTY i

YR, © - /(F.6)

1y

where A is the cross-sectional area qf’ she line, RS is the
gas _consta'nt, 6 is the absolute temperature, and y 4is the
ratio of specific heats, assuming that ntbe polytropic
exponent has ‘a.coustant value during the signal propagation

period. In terms of these parameters the acoustic

' propagation speed is:

. 1 _ : . ) ‘ » !
K YR as ) (F.7)

2 .

0

The in-line resistance parameter is the .most crucial one in
gausing this délay. An expression for the ‘turbulen't
resistance.can be obtained from the Drééy—weisbach equation
(151 -and the equation of stat;. A small preussure‘change

(4 p) along an infinitesimal section of the line ( A-x) has,

P

the form:

[}

@

——rn —— e

IO £ o b




F Ax m?2 .

= 3y

whe‘re, F= -f-dﬁf-;, f is the friction t‘a‘ctor, d is the li\ne
diameter, 1 is the total ;ength of the transmission line and
p(x) 1is the pressure at the section 6“{‘ line, There 1is a
cont inuous mass flow thrqugh the line. The in-1l1line
resistance will depend on the magnitude of the through-flow.
The pressure along the line may be expressed in terms of a
constant supply pressure at the entrance of the line p(0)

and the mass flow as follows:-

1/2
p(x) = [p(D) - Fx mz] ' (F.9)

%
o

Now the resistance per unit length along the line is

defined as:

L%

=1 dap - ,
R:H. m - , . : (Fcio)

If Eqns. (F.8) and (F.9) are used in conjunection with
-Eqn. (F.10), the resistance per unit 1éngth may be written
‘as:
© R L1 o1 | o) -
Fa/p(0) ~ 2 [ﬁm] " [%&T] - - (Fa11)

. 13
’ v ot
v , ‘o

Fig. F.2 is a schematic drawing showing the typical
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'y relation between unit resistance and posifion along the

line, The resistance increases monotonically from the front

\ to the rear of the line as the pressure decreases, “An .
average unit resistance, R, may be defined as: .
- “ /S ° .
1 ‘
R=1 I R dx | ~ (F.12) :

0

~

If Eqns. (F.9), and (F.11) are substituted into

Eqn. (F.12), the vintegraxion yields: h
Fﬁ7§767 = {?7‘% ' . (F.13)
or * -
e i
A= EIE:O); g(a) , ‘
' . &
where p(l) is the pressp/re at the end of the line. The )
;‘ average value of the resistance is shown in F‘ig. F.2. ‘Tl-ii:
was an.attempt to linea.raize the train-line mathen;aticavl |
:,r model, if the leakage 1s concentrated towards the rear-end.
F.3 Experimental\Detemination of Line Resistance
3 * - i | |
\In the experiments the head-end pressuref,’is
maintained/ constant, while the valve 3t the rear-end is
! adjusted in discrete increments to provi;de in‘c}'easing flow.‘
\ ' &hfough the line. At each valve setting the rotax;:eter and
‘\\ ' - the rear-end pressure transducer readings are recorded. It

i ‘ . . N '
g -
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should be emphasxzed tbat the generation of the through-flow

in the llne is only used to nbtain a highly xesistive line.

. In addition, the velogity of the throughfgow is always leas

_ tHan 15 percent of the.acoustic velocity. (7

* : . . f

a

éghe resistance tests are performed at three head-end

pressure levels, 575, 508 and 440 kPa abs. At each level®

L

l

the resgstance could be determined from the §1ope of “‘the

least-square'yressure difference~flow characteristic
calculated from'thb'data. Howeve} it seemed more systemétdc
to use the data points,difectly fﬁ Eqn. (F.10). For the
lower flows the difference in the two methods is not

appreciable. However, there is a con51d9rable discrepancy at

>

the higher flows where the slope;of the characteristic is
quite steep. b

\ ! » . .
<

N -

L3 -
Fig. F.3 shols the average unit resistance versus:}

mass flow for the 257 m line. At all head-end pressures, .

the resi;tahce increases with the increase of the mass flow,,

For %he higher flows the pressure setting has an inverse

effect on the resistance. As the head-end pressure

'increases the resistance decreases. This is the consequence

of the increase in density with pressdre. The right hand
ordinate of Fig. F.3 }ﬁ the charécteristic friciion
frequency. This is related to résigtance by an area scale

H
factor (mf = R A). The friction frequencies are all larger

"than the viscous characteristic frequency (laminar flow, for

"
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The step respohse'of a semi-infinite tra
- » I
in [34].. It can

pre§éure at a 100% of th

A

i

L]

' h

-APPENDIX G
ICAL SOLUTION
" OF

(BLOCKED TRANSMISSION LINE)

’ .ol .
I .
[ ? ‘;' ~\'\
o=
- ‘( )
\\'
-
Pt T~
w
w - .
' (1,T)
9215
"
Jﬂ _where,,
7=
r
- v =
L/
[ 4 T =
"1
. ¢
) ':L' J - "h_m.

SI

-
s T D P
Ju N - - -

P(1,m) = P(1)

]

-

- ° 1
= H(T-1) [; N + A
[ ’ . - i&
1 [ e Tk Il(v)dé]
? .
MNK‘ v
¢

line has begn very.weli\dééuqented by Chirla

THE LINEARIZED TRAIN-LINE MATHEMATICAL MODEL

be derived by taking the Laplace inverse of Eqn. (F}3)u
From this solution, tbé final steadyfsthtg vaiue

total length‘down the line

]

The step’responae.solutidn may be written

. A

"of the

nsmission -

SN\

ls,

' < (G.1) -

.
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T = ratio of time to acoustic.delay.

(S -
. HtT)=1 =+ - for, T>O0 i
N = 0 for T £ 0
| 2 ',
! Il(v)z modified Bessel function of the first kind
1 '*{ . -
' and of order 1. ' , -, -
) w . .
{ .
! . . v 's" ‘

" For cases where Ny - 0.1 and smaller, Eqn. (G.2) is
illlustrated in Fig. G.1. 1In all cases acoustic delay is
expérienced, after b‘lhich pressure begins to ;'ise more or
less lj.nea}rly_ with ‘T. , ,However, this resp‘ons.e&‘w'ill: be
observed eXpeEitpentally only'ilf a given transducer is
infinitely sensitive.  In practice, ap in the case of the S

i

As,ensi?g) part of a pneumatic brake valve, the transducer

thtgshold (Dr) «is finite (i.ﬁe. not. infinitesimal). The “
result is that the pressure at point x =1 is opServed to »
.have a delay grelater than the acoustic dglay‘("r = 1). In
fact, as Gseen from Fig. G.1, t"he greater the threshocld, the

7 '=iarger the oper’ative de]:ay; Simi];arly, it is also larger

“ for a s'maller‘ll/alue of Nk' Analyticaliy, ‘ﬂthis delay.is
obtained by solving for TD' such, that

o P(laTD) = 1?, . - D, = TN : 3 (G.3) ‘

A similar representation of the step response' can be

b
ad




developed for a blocked lide 'starting from Eqn. (F.4). s
However, by applying the Taylor expansion to tﬁiw
expre331on, and taking th% inverse Laplace brapsformatﬂga-\
term by term. It can be shown. that as the fisst term m
contains H(T-1) the following terms contain H(T- 3), HtT=5),
and so on., Since the objective is to investigate tho

propagation delay,réther”than the entipfe transient, it is

quite suffickent to include in the solution the first term

o%}y, while lgnorlng the rest of the series solution whieh -~

commences only to take effect after 3 times the acoustic

< e
-*delay. This yields a rather convenient solution which can
4 ' .
» be shown to be, .
P(LT| |, p,D| . U ey
ptl) g P g 0 -
¥ | ‘ ‘ 4 ?
S ~ o . . ) ) -
On the other hand, in the present context, it {s
quite sufficient to study a semi-infinite line to
énalytically predict the propagation speed (V) of the
blocked line (Linearized train-line). The propagation speed
is defined as: o : | ‘ T RS
N i
\E 1 © . |
. .- A —_— . K - - (G.S) .o i
‘ ‘ a TD . - . .
" with respect to a transducer threshold of D., where Ty 1is
obtained by solving; X | "
p(1,7))  p(1,T,) = e
p_(l) =2 p(1) ST — Dr . . ) .. (@.6) '

o
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The solution is 1mplicit ta T, D» ‘and hgn:oe- best'"

-handled either by numeric'al re-iteration or grpphieally.

4

Fig. G.2 shows the relatiom of the propagatien sp/q_d’

-

Iy

,ea”ch case, the propagation qpeed 1ncréases with N

and Nk for various values of the relative transducer

'thresh/olld sensitivities D. of 0.001, 0.002 and 0. 01.~ In-

k*
Furthermore it approaches accustic speed in the’ limit.
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APPENDIX H ' oo
EXPERIMENTAL DETERMINATION OF PROPAGATION SPEED
FOR BLOCKED TRANSMISSION LINE

' y
The theory developed in Appendix (G) ", is independent

of the direction of the si‘.ep change. 'See"Eqns.' (G.3) and

(G.6)). Nevertheless,.in' the exper me}nts both types of
changes are’ invésti'gated. To ‘produce a negative change

simulating a pressure reduction in bra&g application, a

.valve at the head-end is suddenly opened to vent the line to

P .
atmosphere. To produce a positive step, similar-to a
recharge signal in brake release, the head-end is suddenly

switched to a8 source of higher preésure by means of a.3=-way

- 4
valve. The result is that a compression wave travels down'

the line,

Experimentally, the time delay is obtained by
displayihg’the output of the 2“ pre;sure trahsddcers, one is
located at the head-end and the other is located at the
rear-end, on a storage oscilloscope. The head-end pressure
rises sharply, and so the response 'is independent- of tt;e
sensitivity threshold of the transdycer. The rear-end
tranducer responds slowly; The d'elaSr is’ strongly influenced

by the sensitivity threshold. In the expériments, a

threshold of D. = 0.001 is assumed., The time delay is

scaled directly from the gscilloscope. The propagation is-

e
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I

/4 5 * -

- 183 - -
. 3 o f

v

_ then calculated accordingly. ) .

The results are shown in Fig. H.1 for a .pressure

reduction (discharging) from different initial pressures;

and Fig. H.2 for charging and discharging frod the same
. X ' -

initial pressure. In a}l cases, the propagation

”

Speed V/a is plotted against N . The values of N, used are

determined from the experimental measureménts and some
theoretical consideration that are developed in Appendix.G.

The solid line in Fig.”"H.1 and H.2 represents the

theoretical values of Dr = 0.001 for a blocked line (See

Appendix G). There is qonsiderable spread amonyg the data
poidts, ag&‘discrepancy with the theory probably goes as
high}as 30$.Vf1t may even be oEserQed from Fig. H.2 Epat the
results from the charging tests are in better agreement with
the solid line. Nevertheless, the trend-is firmly

established by the theoretical curve in all the cases.

rd
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