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ABSTRACT

— Network models for brake pipe leakage ar; presented in this.‘
thesis. The models are classified accérding to their treatment
of leakage.flow. The models sho& that the effects of leakage on
the pressure gradient and brake pipe téper depend on the position

of the leak. Rear ieakage has larger effect than front leakage. .

Leakage detection and leakage mzasurements which are used as

safe road pperation criteria are élsb analytically discussed.

The modelg are compared to an electrical experimental circuit
and a gzaled down brake pipe eXperimental model. The agreement
bztween the anaiytical and experimental.fesults ars good. The
largest wuiscrepancies in the sxperiment on the scaled down brake
pipe model occﬁr in the rear end are less than i? peréent of the

brake pipe tapers.
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HOMENCLATURE

. . s . 2
-effective cross section area of orifices, in ..

N ——

T

cross section area of the brake pipe, hg .
dlscharge coeff1c1ent

fhametor of the orake pipe, in.

oriflce.dlameter, in.

diameter of the leakage orlflce at the 1*th car, in.

frlctlon factor.

gravitation constaﬁt. 3806 lbm—in/lbf~5ec2.

/jj%s of static nressure heau due to fluid flow, ft.

electrical current, amp. = | R

cal number ( position in n car train ).
. o I :
constant in nozzle flow formula, R/sec.

resistance constant for laminar-incompressible

flow in the pipe, lbf—;ec/ﬁnz—lbm.

‘resistance constant for turbulent~compressible

flow in the pipe, lbfz—seczfinq—lbm%

prescribed leakage flow from a flow 
sink elzment, lbm/sec.
length of car and connecting hose, in.

mass fiow rate, lbm/sec.

‘the in-line leakag= flow at the

i th car, lbm/sec.

the leakage flow through the flow éink element

N
|

iX
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op

at the 1 th car, lbm/sec.

‘gas constant, lbf~in/lbm—oR.

mass, lbm. . ' - -4
totéi numoer of cars in a tréin.

pressure in the orake pipe. after 15 psl pressure

reduction is made in thé'pfessure darop | o

measurement, psia. ' -

brake pips pressure in the i th car, psia.

.absolutz  pressure in the Totomotive, psia.

.,

© Reynolu number.- - ‘W

leakage resistance in the. 1 th car, lbf~sec/in2—lbm.

leakage resistance for the whole train,

‘lbf-sec/in%lbm.

time, sec:
. o
absolute temperature, R.
voltage, volt.’
volume, "in .
|

mean velocity of fluid, ft/sec.
ratio of‘specific heat af constant pressure'to
specific heat al constan® volime.

uensity, lbm/hé.

viscosify,-lbf—sec/iﬁ .

179, 1 is the numier of cars, n is the total,

.number of cars in a train.

pressure urop, psi,.

/*i;
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CHAPTER |
o
INTRODUCT ION _

. FREIGHT TRAIN PNEUMATIC BRAKING SYSTEM DESIGN AND
OPERATION

-

The automatic air ‘brake system was introduced to freight
trains over 100 years ago. During the train operation, the:
application and release of the train brake is controlled by

means of the changes in brake system pressure.

In thé locombtive. there is a manually opfrated device
called an Mautomatic Qréke valve", The engineman can
position the handle of the valve to control the flow of air
into and out of the systém as braking power or to genetgte a

control signal for braking activities.
’ ' .

T
A brake pipe, used\tﬁnkonnect the air brake equipment on
the locomotive units to\those on the cars, is designed for

supplying braking power as well as transmitting control

signal +to the cars. . . Cor

""Every car  in the train is equippeu with friction brake
shoesﬂ The retarqatfon force is developea when a normal
force to the frictional surface is produced by admitting
pressufizéd air into a 10c§l brake cylinder. The valve that
admits air to the car bfake cylinders is designated as an AB

or ABD valve. The feature of this valve is that it causes



-

~the brakes to‘bpérate in service or emergency applications
in r?sponse to the rate of brake pipe pressure reduction. A
complete description of the train operation is given in (1)

and (2).
1.2 BRAKE PIPE AND ;TS LEAKAGE

The brake pipe..an imporcant part of an automatic air
- ‘brake system, consists of a - series of lengths of 1.25
in. pipes, branch pipes, angle chks, cutout gocks. dirt
collectors, and hose. couplings used for connecting the

locomotive and the cars.

Bécause of numerous joining points, shock action dite to
train ' movement and contraction of metal fittings at low
temperature, all‘cars and locomotive air brake system have-
uqavoidabie leakage to\sdmé degree.. It occurs primarily at
the varioﬁs pipé joints, fittings, gaskets, and seals in

deﬁices} as well as at hoses and hose couplings (3)(4)Y(5).
EEA .

1]

I

Leakage has existed since the creation of air brake

systems in spite of continuing efforts that have been maae
-to reduce it. It_ will cqntinue to exist into the
foreseeanle future. The}efore,-it "is important that the
effects of leakgge. are understood sé as to establish
effective operating_prééedureé for safe brake operation.

W .

} .3 MEASUREMENT OF LEAKAGE



» Since the entire g?aking system of a freight train is-
operated with' compressed air, information tegardiné ﬁhe
leakage in the system 1s an indication of braking capability
é?) (7). Thus there are two exiéﬁing methods of determining _
ladkage in the system, , the "PRESSURE DROP" and
"PRESSURE FLOW" measurements. -
PRESSURE DROP MEASUREMENT
v

AL ahy initial terminal, there are rules requiring to
examine the condition of the braking system of a - made-up
train. This procedure is called "initial terminal tes£“.
{Ine criterion associated with brake pipe leakéqe mefsurement
is included in the test. Thé Upressure drop® meaéur?mgnt,
expressed as psi/min, 1is tﬁe measuremnent of the rate of
pressure drop when. the compressed air supply is cut off.
This criterion requires that the train is?Charged to. within
t5 psi of the setpang of the feed ’valve anq also the
pressure at the last cér‘is not less than 60 psi. A 15 psi
brake pipe reduction is made from the locomotive and the
subseguent pressurs drop in the brake.pipe must not exceed 5
psi/min. It is noted that the expression, psi/min, has been
conventionally used to represent the aegree of brake pipe

leakaje in the previous document.
LEAKAGE FLOW MEASUREMENT

Th

D

i;?fg;e measurement, expressed as CFM ( cubic fe=t

per minucg’ ), is a steady state measurement of the amount of
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air flow into the whole system reqiired to maintain a fixed
pressure in the presence of leakage. Since 'many
shortcomings have been found with the: spressure drop
criterion sucﬁ as delays occured onlshort and medium length
train, it 1is believed that the leakage flow measuremtnt
provides better information of hrake'éénoitions as well as
simplifies the tésting procedure. A';ew‘criterion has beén
suggested but it is still in the expérimental stage. This
requires that the differential pressure between locomotive
and the last car ( i.e. taper of the brake pipe ) should nét
exceea 15 psi and the leakage flow indicated in Kthe

flowneter mounted in the locomotive should not excesd 60 CFM

for any train length.

Leakage existing throughout the tzain reduce; brake pipe-
pressure as aistances from the locomotive incFease. The
differencé in brake pipe-pressure in the locomotive and that
at any point in the train is called brake pipe gradient.
The difference in brake pipe preséure betwéenlthe'locomotive

and the last car of the train is called taper (8) (9).

The brake pipe gradient curve, usually used by bhrake .
system engineer to represent informations of leakage
candition, is believeu to be caused by factors s?ch as
location anda magnitude ‘of leaks, train length, a%d feed
valve setting (10). In the following, two figures which are
normally usea for braking system stguies are introduced. It

1s noted that in these reproJuced fiqures,’ the degree of

N
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leakage 1is exprnqsau' in% terms of psi/min becauso stich
leékage is determinﬁvfby thp "pressure drop" measurement and
these units are conventionally Used in this manner in all

relevant documents.

Figure I.I,.rebrouuced from ref(23 is the’ prnssare
dgradient curves of a train with leakagp of 5 p51}m1n. When
the lpakage is evenly dlqtrlbuted thfough the train, the
gradlient in brake presgure on a 100-car train i$ 2.5 psi and
on the tréin of 150 cars results in 7 psi gradiemt, - When
the leakage is concentratpd in the rear third of the train,
the same 5 psi/min leakaqa reqults in larger gradients as
snown in three dotted curves for thr;; different car
lengths. Although-the 56=c®™train is not affected very
much, the taper-for 190 and 150-car train are approximately
aouble. The 10Q-car train has increased to 6 psi taper and
the 150-car traln to 13 psi. The figure showe/; wnll known .
‘pPhenomenon that the effect of leakage at the rear of the
.traln i1s more significant to the brake plpP gradient than

leakage in the front.

Figure 1.2, reproduced from ref(?{, shows how the train
length .and braksé .Pipe leakage affect the taper.‘ L=akage
evenly  distributed rthroughout a train of 150 cars (
aoproximate 9000.0 ft. ) wi'th brake pipe leakage 5 psi/min
and 3 psi/min are shown in two Solld +lines, while leakage
concontrated at rear th}rd are shown in dotted lines. The

figure stows that the Laper for a 150-car train with 3
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psi/min wuniformly distributed leakagé‘is 6 psi. With the
leakage concentrated at the rear third, the taper is © psi.
The ‘tapér becomes double when "the same leakage '1is
concentrated at the rear third éﬁd it would not satisfy Lﬂe
criterion which requires allowable taper 6f less than 15
psi. It is evident tﬁat leakage location affects thé' train

brake taper significantly.
1.4 LEAKAGE EFFECTS ON TRAIN OEERATION

During the train operation, a great amount of compresseg
air is wasted in maintaining the leékage in the system.
Besides economical considerations, leakage has siqhificant
effect on the braking performance'(ll)(}Z). The locations .
and sizes of leakages affect the pressure distribution ana
gradient. The concentration of leakage at the rear end 1is
more serious and can proJuce twice the.qradient in the
_train. Experience has shown that the practical limit for
satisfactory brake control on trains depends on leakage or
gradient. Too much leakage on a traln causes erratic brake
response because this may reduce the ability of the brake
valve to maintain contro.l of the brake pipe pressure.
Unuesired applicaﬁion and release may result or brakes may
not respond. Also, a sudden increase in leakage can cause a
pressure drop inducing cars to apply their brakes. This, 1n

Tarn, incre?ses the trailn drag and snergy required.



Sinée many oflthe inadequacies in the operation of the
system ,are caUs;d-by ekcessive leakaéé, it ig'necessary to
raetect and correct effeciently the ma jor leaké thﬁh are
randomly distributed. Many tests have been conducted by the
Air Brake Association in an effort to investigate the

location and causes of leakage on cars. The following is a

brief review of the tests.

’

In 1925, a series of "“SOAP SUDS TEST" were made .on -
trains. The location and degree of leakage were recorded
for each car (3). .In 1950, the same conventional‘ leakage
teéts were made anu the pipe thoroughly soapéd and the
leakage location recorded. These tests were conducted -on
approximately 500 cars ¢10). 'The most recent leakage test.
wWas made in the winter of 1975 and was performed b;
listening for the leaks. The test was conducted by crews of
man walkingvalong the train and recording all the audible
leaks, their locations and causes. Figure 1.3, reproduced
from ref (IO), summarizes the finuaings of the three tests.
The figures gi#en in the right-hand colums show the
percentage of total cars checked that had leakage. The
specific location of leakage is categorized. For example,
in 1925; 71 % of all cars checked haa leakage around the
hose or hose gasket. In 1950, 16.7% did, and in the recent
cold weatherrtests in 1975, 71.1% haa audible leaks in this
location. The three left—hand columns show what percentage

of leaks were located at the various points and the total



number of leaks. For example, in 1925, 17% of the,10634'
leaks found were at the hose- and hose gasket, 1In 1950, 19.8

psrcent were at this location, ana the recent test shows

>

31.8%.

Thé.table shovs that-results from the three tests are

different. It is believed to be the consequence of the

following facts:

1. The brake pipe ‘assembly of the tests were different.
In the last 50 vyears, the braking system has been

continually improved and the leakage has been reduced.

2. There may be difference in Interpretation for
lrakage. Soaping each car will certainly detect more
leakage because some leaks are too small to detect by noise

-
*

detectors. ' ‘

3. Due to contractidn of metal, conducting the test in .

winter will detect more leaks.
1.5 OBJECTIVES OF THE THESIS

The acquiréd knowledge appearing in the sfudies of brake
pipe 1s of a pfatical nature. A lot is known abont leakage
thfough experimental investigation. This has been applied
to the establishment of criteria for safe road operation.
There has been no attempf to approach the brake pipe lzakage
problem qnalytically which 1is essential to the thorough

unaerstanding of the phenomena. The purpose of this thesis
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is to suqggest several time iﬁdependent network modesls for
brake pipe leakade. Some éxperiménts régarding these models
ard also 1illustated. The detgqtion ana the measurement of
“leakage are also analytically discussed in accordance with

the network model. It is believed that these models provide

a valuable supplenent to- existing practical know-how.
?

This'theéis is devided into six chapters. In the first

ana this present chapter, an introduction on train operation

~and leakage in:the air'brake system is given. The second
Qhaﬁfer-contgins a briéf discussion of fluid circuit thebry.

_ﬁith this ‘as a background the thiroﬁchapter ‘is devoted to
'the;;introduction ‘of the resistance-type network models for

EErake pipe leakage and - also 1its solution- with numerical
tzchnique. The application of the analyfical‘models to

leakage detection énd leakag? measurement is intrpguced in

* chapter four.l'“In the fifth chéﬁter, :the éxberimental.
investigation conducted on the ele;trical’neéwork model ana

laboratory brake pipe model are éompared.to its thezorectical

predictions. In the last chapter, the conclusion and 'soﬁe‘

suggestions for -further work are given. : \



CHAPTER | 2 -

-

SIGNAL VARIABLES AND BASIC' ELEMENTS FOR BWAKE PIPE. NETWORK
MODELS - - )
o [ . .

The physical configuratioqﬁ of tﬁe brake pipg is a
combination of a series of l?n%ths of 1.25 in. pipes, branch
pipes, aﬁéle gocks, cutgut coq&s,'dirt collectors, hoses and
hose couplinés. When the.ﬁbréke .pipe is charged with
| coﬁpressed air, 'the leakage ﬁill generate a leakage flow in
the pipes and resistance fﬁo the fldw causes the pressure
gfadient. For the burpose Jf cénvenience, the brake p¥pe
confithation is'simplifieé into a form which consists of a
series of, pipes with.legkagé holes in between ( see figure
2.l.a ). This new physical model can pro?ide‘a‘means for
analysis-of the brake pipe:with circuit theory. In this
thzsis, the brake pipe will be modellad under diffe?ent flow
conditions ( turbulent or laminar flow ) and different
leakage 6onditions ( resistance leakage or flow sink leakage
). To develop such network models, one must first relate
thz +» physical system to an equivalent circuit anu determine
the signal variables. The next sgection shows how to choose
the through variable and across varlable of the zquivalent

circuit.
2.1 SIGNAt VARIABLES OF THE 8RAKE PIPE HETWORK MODEL

A. THE THROUGH VARIABLE
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Since in any kind of cfrcuit theory, the flow into a
node must  equal to the flow out. I£ is apparent that the
through ﬂariable must obey the continuity eguation, and
therefore the mass flow rate has been chosen as through

+ variable for this analysis.

B. THE ACR0OSS VARIABLE

There are many waxﬁ’to choose the across variable in

fluid ‘system under various conditions (13) (14). In our

case, absolute 5tat;g,preSsure is taken as fluid potential,

because’;jfpfabides the ease of measurement and availability

P

_.—6¥ well known functional relations between the pressure and
mass flow for pipe flow (15) (16). Sometimes when there are
‘significant changes in sectional area,'largé amount of heat
exchanges, or Mach Mumber betyeen terminals, the choice of
stafic pressure may lead to large errors. But iIn case of
the brake pipe, these changes are so small that their

effects are negligible.
2.2 BASIC ELEMENTS OF BRAKE PIPE NETWORK MODELS

In fdrmulating tha eduations that describe a physical
circuit model , itj is necessary to specify the
characteristics of the elements expressed as the relation
betwean the across variable and through variable. Since the
steady slate flow 1s dealt with in these brake pipe models,
the basic 2lements are -restricted to résistive type

components only. The resistive models, for fluid
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components, are nEQTElicated by the effect of lamina% of
turbuiént flow and ;ncompréssibre or compressible flow
thréudh the pipes.‘ Actually, the behavior of the flow in
brake pipes 1Is m&re. turbulent—éompressible than laminaf—
incompressible. However, both modéls_ are applied to
gemonstrate the extreme conditions. There are four basic
elements used in the brakeipipe network models for various

physical configurations and these are introduced as "follows -

( see figure 2.1.b and 2.1.¢c )¢

1. RESISTIVE ELEMENT FOR BRAKE PIPE #ITH LAMINAR-
INCOMPRESSIBLE FLOW | '

In the case of laminar incompressible flow through a
uniform auct, the pressure drop aldng a line is proportional
to the mass flow. Thus, the resistive element for brake

pipe has the following functional form (17): ( see appendix

i for derivation )

- .

- Py = KT | : | (2.

anu P{ ' P1+l are the braks pipe pressure’ 1in the ith

... th . . . . . .
and 1+1 car, in psia, ¥ is wviscosity 1n 1bf—sec/1n2,
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1 is the lehqth of’ pipe and. connecting hose, »p is.
uensity in lbm/in3 . and - d is diameter of brake nipe in

inch.

rd

2. RESISTIVE ELEMENT FOR BRAKE PIPE TURBULENT-
COMPRESSIBLE FLOW . |

L o 5
In the case of turbulent-compressible flow through a
.uniform duct, the differéhce in the sduare of the pressures
of two points varies apprOXmQte}y as the square of the mass
flow. Thus, the turbu{?nt—compressible elemental model for a

brake pipe has the following form (13) (19): ( see appendix

I for derivation )

- ' | 2:2
ﬁ'-‘ P,EJ-I_“K'ZM ‘ (2:2)

/6]f442'r

where f(z = 2 5
T o g
=
. -
and f is friction factor, 6X is gas constant in
lof~in/lom—- %R, T is temperature in R, and 9. is the
gravitation constant in 386 lbm~in/lbf—se§ . f

.For practical purposes, when the difference betweaen P

ana p,.; 1s less than 3 psi, eoquation 2.2  can  be

anproximated as:



K2 2 | ‘ '
; . . ﬁq . (2.2.a)
B : \”2/?é+i ' -

|
1
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3. RESISTIVE ELEMENT FOR CHOKED ORIFICE

The mass flow rate of a choked flow through an orffice
to atmosphere is proportional to the: Up-stream pressurea.
The elémental model for this resistance leakage flow can be

. éXpressed as: ( see appenaix 2 for derivation )
Ry

where __ 4.«# T

0.5327 Co ol

- ana p; 1s the absolute  pressure h1theith.car, s 1is the
discharge coefficient, dy; is the leakage nozzle diameter at

th'

the 1 car., : . ‘ )

4. IDEAL FLOW SINK FOR LEAKAGE

In our 1leakage flow in each brake pipe , another

elemental mouel called ideal flow sink 1is chosen. The

. expression is (20):
M=K, ' 2

.~

wheré K3 1s a prescribed constant independent of ‘brake



pipe pressure in lbm/ssc.
. J -
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CHAPTER 3

BRAKE PIPE LEAKAGE #ODELS

3.1 INTRODUCTION

in uﬁis'chépter, the brake pipe leakage nstwork will be
modelled by using the basic elements menfioned previoﬁsly.
The éection of pipe and the tqtal leakage'in'each indi*idual
car provide a convenient lump. Thus, the ‘numbér of. lumps
rzpresents the numnber of cars. Each ;ump containg tﬁo
network elements. They are the shunt élement' to ground
rapresenting the leakage and the series element répresenting

the piping and the connecting hose in each car.

4
According to the leakage condition, the models are

classifies into two types. They are the leakage resistance
type and flow sink leakage type. The laminar-
incompressible, and turbulent-compressible in—line- flow
relation are also applied to eacH type. Therefore, there
are four configurations of the orake pipe model to be

introduced in this chapter.

At the end of this chapter, an iterative computer

techniques is also introducea for the solutions of the model

EN
k=

in accordance with the mathematical expression.

3.2 FLON SINK LEAKAGE MODELS
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Figure 3.1 shows the flow sink leakage lumped model.  In
this case, the- network is modszlled by uSinq the flow sink
shunt elements ( equation 2.4 )} and th resistive series
elements ( equation 2.1 and equation 2.2 ). When =auation
2.1 is used to model the series element, the flow in the
brake- pipe has the laminar-incompressible relation. The
network is linear and easlily treated analytically. fhen
equation 2.2 is used, the " flow has the turbulent-
compressiole relation, and the netwérk is non-linear. In
general, most non-linear analyses of fluid network are
performeu by computational meéns (21) (22). As mentioned
before, the flow sink leakag; is a-'prescribed constant and
is assumad‘independent of brake pipe pressure. It is not’
necessary to consiuer how this might ©be accomplished
physically in the brake pipe system. As a ‘concept, it is

useful in the analysis.

3.2.1 MODEL WITH FLOW SIMK LEAKAGE, LAMINAR-
THCOMPRESSIBLE FLOW -

When the series resistance is modelled by the laminar-

incompressible relation, ons2 may specify equation 2.1 for

the . i th "lump as:

ufl - 7§}+1 = K, 2447 - 3.

vwhere the subscript i refers to the car position alony an n
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caf train. The continuity at each node of the model may be

written as:

M, = M.+ m N (3.2)

A+ LCA+1)

The total flow in the 1th car is eaqual to the sum of

the 1leakage flows in all the cars that come after. Thus

equation 3.1, can be expressed as:

'L(i+u) L (A+2)

and in summation form, this can be written as:

ﬁ" 7i‘+|= K'Z 7721.(.{43_') | | ‘.(3.4)

"where j is a summation index.

If n sections are summed up together, the locomotive-

- ! 1
rear "end pressure difference can be expressed as?

. : nh n-1 ‘
fom P =K Z mz_cxﬂ—.&i)Jr Z mLCh«ry-—O—er“"
I 3=
/ . ‘ - ,
+ ) .ml—('nﬂ-ai) | (3.5)

}=l
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. . th
where p0 =lcocomotive pressure,‘pn =local pressure at n

car. -

Equation 3.% may also be wrirtten in a more compact form .

Pm Po= K, T g 8

Also, the relation betwsen the pressure at any location

and the locomotive pressure for specified "leakage in each

car can be written as:

n-4 . n-.c~

-P =Kk M- am, .. (3.7)
AP LJ;J J%.J Lede)

This equation can now be applied to obtain the pressure

gradient for specified leakage distributions.

A« UNIFORM LEAKAGE

In this case all the flow from the flow sink element

are  equal ( i.e.m=p

LT Mipmeerermerenennns, m o )y e2quation 3.7 is

-
simplified as:



- A M .
P bk | L L (2.

The summations in equation 3.8 are merely the sums of a
number of consecutive integers. Th&s, it can be

algerbraically expressed as:

£ (27 -q+1)

700 - 721, - Kr mL
2 (3.9)

o

This equation may also be~ﬁ$iFessau in non-dimensional
form. some of the terms considered insignificant are
omitted during the normalization. For example, terms

like‘]ﬂgand 1/n3 are omitted from the right hand side of the

following normalized equations.

An approximate normalized form of this equation is:

Po- P x(2-9)

(3.9.a)

. %
K, m, n* 2 |

where a =1i/n, i = number of car, n = total number of

cars. "
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B.. LEAKAGE DISTRIBUTED IN REAR HALF

The total leakage from the pipe is made the same as in
the uniform case. However, it is distriouted -equally’ only

in the rear half of the brake pipe. The leakage

_specification s M= Mg ceennnnriecrunnanenen. mLUU2)==O.and
mLUU2+1f:mLUV2+2f577'377'”2mU The equation 3.7 is again
used to determine thespressure gradient of train.

‘ n n
7ﬁdﬂ.72f =~ 2 Fﬂ hzh E: (}‘Ui)‘ E:
‘:" .:n +1
&= 4 4
0 ¢ £ & fé . | (3.10.1)
and
n n
kB-F: 72K, Z(\?"‘)"‘ Z\ 71
: 1= A+! _n
d AL
n A n -
/2 L 4 & , (3.10.2}

Again, this equation can be simplified to an algebraical

form as:



. . !
ﬂ-a-:}(,mtn/f,, 0L X 4 (3.11.1)

4

A K,mL[ % ( %fu)—(n—JiJ(m—,{ﬂ)J

n :
<A £
4§ {3.11.2)

Y

An approximate normalized form of equation 3.11 is:

4 :

A 0dAk£ )
2 7 (3.11.1.a)
k/?ﬁL)z
fo- 7 »
- = Y + Ci-e)?
K,m n N
lé; LA < 1 | (3.11.2.a)

C. LEAKAGE DISTRIBUTED IN REAR THIRD

In this case, M (2n/3)" =vrvmemrrmnenn. Mp =3M . Equation

3.7 is applied and after simplification, one gats:
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bo- pPoo= K mon £ 0K < £ 2 (3.12.1)
b C - Sn, | . .
T n( /3“)-3(71—4)(91—444).
750 - 79,(— a k[ mL .
. 2
ARy o (3a2.2)

An approximate normalized form of this equation is:

Z%_- PAZ —_— 0L ol & 2/5 (3.12.1.a)
Mk :
oL

2
Pom P Y 43 )
K, 7, n’
2/3 oA % . (3.12.2.2)

Figure 3.2 shows some typical results obtained from
equations 3.9, 3.11, and 3.12 for 50, InM and 150 car
trains. The value of KImL . is somewhat arbitrarily

\
selected as 0.001 psi. This valne is believed to represant
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the order of magnitude that might be expected in an actual
brake pipe. Figure 3.2.a shows the curves of normalized
equations 3.9.a, 3.10.a, and 3.12.a. These two figures show

the following phenomenat

»

A fhe leakage concentrated in the rear producef larger
pressure drops. This is a consequance of the fact that the
pressure drop In a pipe is proportional to the in-line massg
Tflow and this in-line floy is larger in cars in front of the

concentrated leakage.

B. There is no difference in the pressure drop of front
cars when leakage is concentrated in cars further back. For
example, the 50 th car 1in an 150 car train has the same
pressure drop whether the leakage 1s concentratea in the
rear half or in the rear_third. Thus, if the total l=akage
is not cnanged, any arbitrary concentration of leakage in
rear position does not affect any 'cars in front of the

leakage.

3.2.2 MODEL WITH FLOW SINK LEAKAGE, TURBULENT-

COLPRESSIBLE FLOW

In this case, the series resistance is moderllead by the
turbulenct-compressible relation. Equation 2.2 can be.

.th
written for the 1 hamp as:

20 2
P Fevir = Kz, | | (3.13)
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- .th
Mow the total flow in the 1h car is equal Lo rthe sim
of the leakage flows in all the cars that come after. Thus,

equation 3.13 becomes:

, 2
2 2 [
ﬁ' _2}’-‘_ KZ ml_(,c'+:)+}771.({+2)+ MUI
(3.14)
Ihis equation may be put into stummation form as:
. 2
. 2k : |
e k| Y m ‘
- b, = . L (3.15)
E P 20 L(HO—I) -
J:’ . .

/

By summing up n sections of the type given in equation

3.15, the locomotive-rear pressure relation is:

2 -,J- h : ' 2 )z"l ) 2

6P = K, (Z mL(M_J))f—( Y miml_(]_) -

I

/ % ,

d
q !

Equation 3.16 can be written in a compact form as:

r

L(?z+l—07-) ) | (3.16)

P .

‘ 7 4
7‘3_ /On ) k""JZ! ( Z }781.‘(?1 +/-R) | (3.17)
= £=1

J
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where k Is a summation inudeX.

After some factoring,, the relation between the pressure

at any car and the locomotive pressure can be expressed as:

B

2 2 : n 3 ‘ 2 71-.{. ? ‘ 2
FD“ PA ékz _ ( mL(?H,r-ﬁ)) —Z [ Z mLC}['f‘,{_-_.k))
J:' R=1 . dh R .

é‘.
(3.18)

Now, one may consider the case of uniform or

concentrated leakage by specializing equation 3.18.

. A. UNIFOR. LEAKAGE

;

[f all the leakage flow aredthe same, equation 3.18 can
be simplified as: -

4 * "

ﬁ" 7:1 = K, 7}7/_2" Jg‘ J.lﬂ JZ:' 3-2 ‘ (3-1.9)

Equation 3.19 can also be expressed alqebraf&ally as:t

2 2 /{a. m;[n(”‘f‘l)(’?”"")"(ﬁ"zé)(-)l-.,c-.;.])Cth_g_&'.Hv)J

hF "

4

(3.20)



27

An approximate normalized form of equation 3.20 is:

1 z

- I ) 3 : *

P, - 7‘1 _ j— (/= <) (3.20.a)
3 o 3

./<2 " n -

B.. LEAKAGE DISTRIBUTED IN REAR HALF S

" When the same total leakage is dlstrlbutea/'rrn‘iformly
over the rear half .of the train, equatlon 3 17 may be

applieu, and after some manipulation’yields:

‘1 V 2 i

_ foa E = 4K2}?)7L |:(n/2)2/(:j|' ol £, (?;..21.1)

F P 4K,m | (%Y, )31- ‘i/‘z C75+1) (- (M=) (n-L 1) C2H-2041)
X [ - |

»

| (3.22.2) |

- An approximate normalle form of equation 3.21 is:

o 0 < & £ 1/2 ‘ : (3.21.1.5‘1’)‘

o 2

. Kz_M:-/lS
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2

2 2 . |
2B = 9kgm? C’/gnl.),i'J 0L ALY
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LEAKAGE CONCENTRATED IN REAR THIRD * e

In thls case, the total leakage isg dlStflbUth unlformly.

thD rear thlrd UT the traln. and equatlon 3.18 becomes=

/

vt

BB TR B U (ubsaiezn sy

/P: B ﬁt‘z

6
'2”73 e < o . (3.22.2)

An approximate normalizey form of equation 3.22 is:

= o i o ¢ \< _2/3 (3.22.1.a) _’
,‘sz,_ }2‘3 J .
A _ 4 . 3
= 9/6 147__2_(/—::4) 2/ ¢ < |
/(2 h? )23 , . ; 3

1 . ‘ - . (3.22.2.a)

Figure 3.3 shows the Pressure drop versus car position

for the flow sink shunt, turbglent—compressible Tlow model.
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b

The  figure was calculated from equations. 3,20, 3.21, qu
3.22 with Py .= 80 psig andl}l%mf = o.34c|oi4psi. For the
‘nonlinear model leakage -concentrated in rear is even:more
heavily welighted than in the lineéar in-line resistance
‘model. It also /ShOWS that there is no difference in the
preésure drap in front cars when leékage.is cdncenprated in

cars further, back. Figure 3.3.a shows the curves plotted

with the same normalized,equations.

L3

3.3 RESISTANCE LEAKAGE MODELS

Figure_3.4 shows a network model in which the shunt
element is a° linear resistance, Ri . In this model, the
leakage flow depends on the car "Pressure and the _shunt
resisfance._ From a physical point of view each;Shunt
reéistance represents a particular hole and such .holé size
may be treated as the total lesakage area of an individual

car in relation to the actual brake pipe.

It should be noteu that the absolute pressure must be
used in the fblldwing mouels since the leakage resistance

linearity' is based on absolute pressure,

The laminaq—incompressiple and turbulent-compressible

in-line relations are also applied in the following models.

3. 3.1 MODEL WITH RESISTANCE LEAKAGE, LAMINAR-
INCOMPRESSIBLE FLOW
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In this case, equation 3.1 and 3.2 are still valid to

model the linear resistance, that is:

72 - szr; - /<l 27.[ . (3.23)

Mme = My * L (3.24)

However, the leakage flow in equation 3.24 must be
rﬂlated to car pressure, so that equation 3.24 becomes:

ﬂ‘w
7”27 = ZYAL+; * ;g“f“ (3.25)
A+ h
# ”

Where the-subscripted registance, Ri" refers to the
shunt resistance of a car*in position i. Because both the
series and shunt elements are linear resistances, the moael
can be treated as an nlectrlcal network with resistances. in

ladder arrangement as shown in appendlx 3 ( figure ag.l ).

By

eans of z transformation tachnique for sloving linear

syste®™, one can come up with an exact solution in which

!
potential between series resistances are related to the
Inlet potential ( see-appendix 3 )o With this convenience,
one  can easily obtain _the pressure gradient of the brake

Pipe model with di fferent leakage distributions.

A« UNIFORMY LEAKAGE RESISTANCE
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In this case, all the shunt Yesistances in the moda]l are
the same. This Is equivalent to plac1ng a.fixed blert hoje
i

in each car RT'RZ R -------------- R, - "~ From the relation

aerived in appenuix 3,

B Cosh b Chesa,
AT 0s -4 o) (3.26)
ﬂ Cosh b Clz+’/2)

where

Since’ the déHBmin tor in Bquation 3.26 is a constant,

the pressure gradlpnt CUrve will be of hyporbollc nature,
B. LEAKAGE RESISTANCE IN REAR HALF

" The condition here is Rf=R2 ARREEE RPN =f%/2=‘” and the
rear half resistances Rc are 1/2 of those in the brevioug
case, With this leakéqge disfribution, another exact
solution for the equivalent electrical Circnit isg given in
”figu}e a.z. Referring the notations to the circuit, one

getss:

f = i ?YA'K,) 0L & 1y, (3.27.1)

(3.27.2)

. ?Vz cosh b [7?/2_(4'_.11/2){# ,/2}
ﬁ:. C,oﬁéé[%_f_‘,/z] -

<N

N
™~
o
/N



(=)

P, = ‘

m_.

-

Cosh b( 75+ )h)= Cosh b(’l/z%)}

+ Yon
/ /2[ - cosh b (%t )

Pay cosh 6 (7 /2)- cosh S ’/2)}
—K,{ Cosh b (% + Y5)

, Ky

%, 472k, Rem R

) c

= Cosk

C. LEAKAGE RESISTANCE IN REAR THIRD

The condition here is RI= R2 ........ RZn/§=m and the rear

third resistance Rd are 1/3 of those in uniform resisténce

case. Thus one has:

h
‘ : : .28.1
= P - 74 K, | 0L 4 < /3 (3.28.1)

P-’-% Cosh b[ %“C"-‘%”)*J/z]-
cosh b (Jzn+ V) ,

(3.28.2)
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Ps

coshb (% +4)-Cosh b( "3 -Y2)
T ek b0 )

ﬁ%z

/‘1'2'1/5

Pun, [ Cosh b (Wt 1p)- coshb(B-14)
K Cosh 6 (- '5)

77Z =

-1 . ’ K .
b= cosk dp | Y = 2+ JR4, Rd=J5RS

Figure 3.5 shows,the pressure drop-versus car position
for the linear resistance leakage network. The figure was
calculated from equations 3.26, 3.27 and 3.28 with K]ﬂﬂ =
16 2and Py = 80 psig. The trend of the results are similar
_ to those shown in figure 3.2. .

3.3.2 MODEL WITH RESISTANCE LEAKAGE, TURBULENT-
' COMPRESSIBLE FLOW

An analytical solution is difficult to obtain for this
case.- However, thé prdblem is simpler if eguation 2.2.a is

anpliea te model the series nonlinear resistances.

ol

-

Kz 2 o ' (3.29)
ﬁ' B 73,{4[ B . '

2B
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"the mass flow m. is the sum of all ieakage flow occurring

after ith car, that is:

L. NI : ‘
m. = Y _7)‘]_15_ (3.30)
= R |

If equation 3.30 1is substituted into equation 3.29,

aftef some factoring, the result isE

Aot ﬂ}g‘ﬂ Rt (2

[+

o g'=! /?c}f K 4“‘“5 iy

(3.31)
as a shorthanu notation, BiH is defined as:
B, = 7 (3.32)
A+

P4'+:

"Equation 3.32 can be useu to express the ratios of non-

ad jacent car- pressure as the proauct of terms.‘_For example:

?«Hz}l _ 3 /

P t=1 .B-t'*év“/

{3.33)
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| .
Applying equation 3.32 and 3.33 to equation 3.31, one

gets:

<

n-Lel -2

™ 1% et [’*Z(rr e

4 oy k= .{ A /Q,('+J‘+.l }

{3.34)

The value of Bi can be calculated from Bn to BI if
one specializes Ry from R. to R . For example, from
equation 3.34, one gets:

K
Zgﬁ = [+ ;
) . QR)Z
2
K 2 . { Fe -1
ﬂ ~ = /7'- 3 l+ B
2R n Rn
h-t
B Kz ' Ka 2 / / Rp.z
n-z = 1+ 3 “LB_ -
2er_‘z n R/?—I B/l Bf;_, an
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Then the pressuré at “any car can bz related to the

initial pressure as:

ﬁ - —]ir ! | (3;36)

Po 4o Ba

Froﬁ the knowledge of the series resistance K2 and the
shunt resistance Ri . Bi can be calculated from B
to Bi . Then the pressure distribution along the train can
be computea by applying equations 3.34 to 3.36. If one
specifies the value of Ri these equations can also be
anpliey to the cases of different leakage distribution. In
general, the ratio KZ/ZRE ) will be very small, and as a
result, the powers of i%/2R? will be second order small.
If this approximation is méde, eqiation 3.34 and 3.35 can bhe
reduced to a simplified function pafticularly in the case of

uniform leakage distribution.

, 2 . ‘ L
If Kzlﬂg =0, ;nq R]--R2 N R , factoring on
equation 3.35 gives:

: K,
= J4F T
z%l -2/2;

Bﬁ-z -/ _"__z— [ 3] | | (3.37)
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3/

Substituting 2quation 3.37 into 3.33 and relating

. th th

Lhe 1 car and n €ar to the last car, one gels:

[k Ka o NI
Pnr [HZ-EEJ[HEE{(‘?JJ [/ PyS: (L]J
| (3.38)
Po /

7’&‘ [/+ E%J[N &?(Zﬂ [/r ;f;;_ MZJ

: . (3.39)
A;Ein, the same approximation is applied, and equation

3.37, 3.38 are comoined.

,fl- /-f 2@; [(&~A)(h:{+0(2&~94+4%gj
7bo'- ﬁ(é ‘ o
]+ ER-Z [h(m-/)(z/zw)/g} ,
| (3:40)
AN approximate normalized form of this equation js:
. i 3
fo - 7o - o=
7% 22 — _:i ‘ (3.40.a)
Kz /Lj 2 ‘
%ol 27 |
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Figure 3.6 shows the results for 50, 100, anu 150 cars
in diffarent leakage distribution with a spacific value
of K2/2R$ =10"7. The figure is calculated from equations
3.33 and  3.35. Th2 results are sim{lar in trend to those
préviougly shown for the other three models, but thara is
one major difference. In this case, as the leakage is
toﬁcentrateé in the rear of the train, the pregsure droﬁ in
the front becomes smaller. This is a consequence of the

fact that the tots] leakage flow becomes smaller,
4

Figure 3.7 shows the difference between equation 3.34
andg  3.30 anu its simplified equation J.40. It is seen that
with the specific value of K2 =6M09.0 lbf2 ~secq /lbm2 ~in2
anq Ri =175000.0 lbf~sec/in2 ~1lbm, the maximum error is not
more than 5%. Figure 3.7.a shows the approximate normalized
form of  equation 3.40. This figure apparently-shows that
the differential pressures at the cars near the rear of the

train are very close tor each other.
3.4 NUMERICAL TECHNIQUE FOR SOLVING THE MODELS

In  this -section, a re-iterative computer technique is
Introducea for the solution of brake pipe models. This
technique is valia - for all the  four analytical models

mentioneua in this chapter.
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The idea of the scheme is that if the leakage 'and pipe

resistance  are known, with a guessed value P, for the end

car pressure providﬂd the 'pressure gradient can be
calculated  backward from Ph-1 to Py - Satisfactory
approximation can be made by,continuinq the iteration with

-

new  value of P, and checking with the known locomotive
presstre PO‘ The computer results are almosL the same as
those obtained analytically 1fathe iteration steps ars made
small enough. The computer :program also provides the

ability of calculating pressure gradient for dlfferont train

lengths, leakage dlstributlons, and pipe rQSLStances.

‘The flow chart far this algorithm js given An appendix

4.
3.5 .SUMMARY

‘Toe analytical results for all the models mentioned were

shown in figures 3.2, 3.3, 3.5, 3.6. These figures are

presented 1in the same form as figure 1.1 to provide a look

at the trends of the curves for similar leakaqg -conditions.
However, we cannot make a direct comparison without using

actual values Of- brake Pipe resistance and leakage.

The four cases illustrated in this chapter are possible
models * for the brake pipe resistance network. It is

be lleved that. the resistance leakaqge, turbulent-compreqqiblD

~in-line flow model 1s the best mouel of the actual brake

pipe. Tnis is primarily because, in the actual system, . the



40

flow source leakage model is- inappropriate. In addition,
except for the last few cars, the in-line flow ﬁqll he in

the turbulent conaition.

Figure 3t8 shows- the reiation between ﬁhe train length,
Laper and and brake pipe leakage of this model. The figure

is calculated from equation 2.2 and 2.3 by using re-

iteration computer technique, ana presented in the same form

as figure 1.2 for comparison in trend. The curves are
calculated with  the ~specific . values K2 = 6000 .0
lbf2~5ec2/in4*lbm2. : Ri _ 105000.0 and 175000.0
lbf—sec/inz—lbm, and Pg =80 psig. ~ These values are

arbitrarily chosen as in previous figures.

€
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CHAPTER 4

-

LEAKAGE DETECTION AND LEAKAGE MEASUREMENTS

4.1 LEAKAGE DETECTION'

" In chapter 3, it.has been analytically shown that the
location of leakage is one of the factors that influence the -
prpssure gradient and the taper. -Thus, to improve the
braking capacity or to keep the train satisfying tha

. .

operational criteria; it is necessary to detect and remove

the major leaks which occur- from train to traln.

F

In the existing leakage dotectidn.'mﬂthod in which a
noise detector is%_used thpre is a ‘shortcoming in that it
only deterts the leaks, to some degree. It dbes.not indicate
quantitatively the leakage size, and the amount of- leak'agc '
flow. In this - chapter, the resistance shunt, turbulent—‘
compressible flow model | is applied for leakage detection

corresponding to a given pressure gradient. -

From equation 2.2,

7b?41:= - ?%(jj .

.o TR Y

o f<2 _
Where m, is the in-lipe flow in ith car, Py~ and P, are
brake 'pipe pressure in ith and 'H4 th car. Refering to

figure 3;4 ‘the loakaga flow at any leakage p01nt is equal

N
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- to  the difference in the iA-line flows of two adjacent «

pipes. Thus _ -

77’(/%:)7]-};7 ‘ o

LA-
/ < 4 {2 ; 5. | | (4.2) '

and

Ka

- (4.3)

To illustrate hoy équatiohs‘4.2 and 4.3 may be wutilized
to detect leakage, the Pressure gradient curves in figure
4. 1.a are reproduced from flgure 3.6 for a lSO—car train

with K2 =6000..0 Lbrz- ~sec 2/in4-lbm2 ana " -p

o . =80 psig. The

. . | | 7 ‘
three curves shown in flgure 4.1.b are the corresponlng

~

- leakage '?low curves obtained by- aoplylnq gquations 4.2 ‘and

4. 3. Slmllarly ulth the same equatlon applled to a brake
plpe with ramdon leaLage dlstrlbutlon, the' largest leaks can

be determlneu 1n terms of mass flow rate. This will . be

EE

" shown later in chapter 5 ( figune 5.12 anuﬁfigure.5.13 ).

4.2 PRESSURE DROP HEASUREMENT
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The leakage measurement introduced ‘in the ‘first chapter
has been vexpressed in terms of '"pressure drop" in psi ber
minute, or "leakage flow" fn-cubip feet per minute ( CFM ).
These two quantities can be analyticélly rélated.to the
leakéqe condition for a -given brake system. In the
"leakage drop" meaSurement,. a lb psi‘pressure reduction is
firs£ made‘in order ta isolate the car braking units from
tﬁé bfake pipe before measuring the rate of preésure drop.
Thus, this measurement only deals with the leakage in the
brake pipe.l The actual behavior of this measurement is
complicated by the fact that duriné.a test 1like this, the
pressure is not uniform throughout the brake pipe. However,
the analysis can somewhat be simplifigd if one assumes that
a uniform pressure exists throughout the pibe a few seconds
after the 15 psi reduction. The brake pipe can ‘thpn be

treated mathematically as a volume, rather than a pipe with

significant aistributed properties.

Form the. ideal gas law

M RT

V—

one gets,

dp g T of M

= — (4.4)
A A 14 Ax

where v 1is the total volume of the brake pipe and where




. —

44

isothermal condition are assumed to prevail. According to
the above-mentloned assumption, v = nAl, whsre n is the
number of cars 1is a train, A is the cross—section area of
theAbrake pipe, 1 is the car -length, plus an additional 10

ft. of couping hose.

From section 2.2, equation 2.3 gives the coefficient of

. t
resistance for the leakage of the 1 h car as-

4 4T (4.5)

rd
0.532m Cq Ao;

R: =

where d,; 1is a.given value of the equivalent diameter of

the leakage 1in each car. If all the cars have the same

leakage area, iumping all  the leakage together and

representing the resistance for the total leakage of a train

by RT '

%2 ‘1'J3: (4.6)
T 2

05321 Cy 2 %,

-

equation 2.2 can be written as?
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Where is a total leakage flow of a train and

mtotal

;,in psia, is the ( uniform )- pressure in the brake pipe at

time t. Hence for a discharging process eaguation 4.4
becomes:
' 4.8)
G(fD 0BT d £ (

P Ky
After integration, thes equation becoamas:
- BT
— A&
' R (4.9)
Aﬁ,:ﬁ (/ - e T ) -

r

where p is thespressure in the brake pipe immediately

arter the 15 psi reduction is successfully made.

J
i

From the definition of v anu equation 4.6, one gets,

44T Ay

| 2
0.532 T Cy a{o

I3

xPF{T

It is noted that R is indapandent of n and dependent
upon 1 .anud Py * If one assumes that the value of Py to
be constant for esach car independent of the length ( since
leakage occurs mainly at the joints of the ends of the brake
pipe, and at the valve brackets leauing to the car control

. valﬁe, this assumption is considzred to be valid ), equation

4,9 can be written as:
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Ap = 7b'C/—~ e (4.10)

The value of ¢, according to the assumption mentioned
above, is constant for all trains with any number of cars
and with the same leakage per car uniformly distributed

throughout the train.

Based on equation 4.9, one can plot the pressure drdp in

I minute ( t=60 ) for different value of RT for a train
‘ .

made up of all 50 ft. cars, and p =65 psig. The result is

shown 1in . figure "4.2. Using this curve, one can estimate
approximately the valuye RT = 2470.0 lbf—sec/iéz—lbm for 5

psi per minute pressure drop. : i .

Mote that the wusefulness of equation 4.10 lies in it
emphasié on the pressure urop ( per minute f as a function
of 1, the length of each cér. ?he purpose of this equation
is to establish whether a single pressure drop figure .
stipulatad by the train hanuling regulation on the industry
( namely 5 psi per minute ) ds universally auequats for all
trQ}ns made up of cars of different lengths. Thus, equation
ﬁ.loris plotted as shown in figure 4,3, which shows fhe
pressure drop for trains of identical number of cars but of
aifferent car’lenqth. It shows that the pressure drop
dzcreases siqnificantl} as‘ the length of cars increases.

This means that, for example, if a 150-car train mads up of
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50 ft. cars has 5 psi/minspressure drop, while a 150-car
train made up of 100 ft. cars has only approx{aately 2.5 psi
per min.pressure drop. It shows that if a t;ain made up of
shorter cars satisfies the 5 psi per miﬁ criterién, ~than a
train with longer cars but otherwise similar setup will
satisfy "lesser pressure drop rates. Thus a stipulation of a
sindie pressure figure ( 5 psi/min ) tends to bhe lgnient for
trains with larger cars, and too severe on tﬁose with
shorter cars. The leakage criterion should take figure 4.3

into consideration.
4,3 LEAKAGE FLOW HMEASUREMENT

As for the ‘"leakage fiow", it is a steady state
measurement of the flow into the entirs braking system. to
compensate for the system leakage. This flow 1is inuicated
on a flow. inuicatgr equippea on the pipe bracket in the
locomotive. The resistance shunt, turbulent—incompressiple

analytical model provides a mathematical means to relate

- this leakage flow to the leakage condition of the system.

Equation 3.30 shows that the total leakage flow of ' the
whole system equals to the in-line flow through the first

pipe,

o
75.
m, = ) A_ (4.11)
, |

where n is the total car number, pi is the pressure
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at it car, psi. Ry is the coefficient for resistence
[ F:; .

leakage flow at;ith car as indicated in mquation 2.3.

i

The pressure dradient of the . brake pipe is given by

equation 3.36%

A / | (4.12)

where Bk is as given in equation 3.32, Po is the inlet

pressure, psia, P; is the pressure at 1th car, psia.

If one assumas that the leakage area of each-car is the
same, ( 1l.e. R1= R2:=R3 ................. Rn e Substituting
equation 4.11 inte 4.12, the total mass fiow rate, lbm/sec,

is given by: '

Po M4 17
YT —/ (4.13)

m olaf

Figure 4.4 shows how the total.leakage flow varies with
the car number.  The specific values are arbitrarily chosen
so that K, = 6000.0 1bf2—sec2/in4~1bm2, Py =80.0 psig. it
is seen that any train less thap 150 cars with leakage R;
—I60000 0 lbf- sec/1n2—lbm has a total leakage of 'less than
60 CFM ( see curve a ). also, the same is true for a’ train

with 70 cars eventhough its leakage is twice that of the 150

caf traln. . ( see curve b ) this clearly shows that for a
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al fferent number of cars in a train, one needs a different

indicaled flow to ensure that the leakage is to the same

degree. <

Figure 4.5 1is plotted pased on the assumption that the

leakage ( value of . R1 ) in each car 1is - the same for

aifferent car length. It is recalled from section 2.2 tHat

the pipe resistance: constant Kz‘ is proportional to .car

2 - for 50
. 2 2 ,. 4 2
feet cars and 10 fe=st hoses is 60200.0 1bf -sec”/in ~1bwm° and

length. For example, in this figure, the value K

for 100 feet cars and I0 feet hoses 1is 1100.0
1bf 2~sed /iﬁl—lbﬁz. The three lines on the figure shows
that the leakage flow rate for three train length varies
slightly with the car length. In an extreme case for a 150~
car train, the difference in the leakage flows between a
train made up of 50 ft. cars and 100 ft. car is
abproximately 5% . Thus, in contrast to the "leakage drop!
measurement, the "flow measurement" is wvalid for a train
made up Qf different car length, as long as they have the
same ﬁumber of cars each. Moreover, the lsakage flow is
approximately p;oportional to the total number of cars in a
train. Thus a similar conclusion can be drawn as for the
pressure drop criterion. A single leakage flow indication

cannot be utilized as a universal criterion for all trains.

4.4 CORRELATION BETWEEN THE TWO LEAKAGE MEASUREMENTS

)
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The train taper can be Used to correlatn the flow
measdurement ang the Pressure Jdrop meas Urement. It can be -

obtained by substituting i=n into equation 3.36,
- no '
for Fo poCr-Tm L a1

where k is a function of n, R. and K2 are as given in

a

“equation 3.36.

Figure 4.6, displays, for various car numbar, the
relationship between the "Dressure drop* ( psi per minute ),
the taper ¢ pPsi ), and the leakege flow ( CFM ). The curves
on ths left-hand portion of the figure show how the air flow

varies with the tapsar for 4 different train lengths. They
are calculated fron equations 4.13 and 4.14  with specific

2

values K, =6000.0 1lof2-sec /it =1bn 2, P, =30.0 psig, and

the Ri as g parameter varying from 2000.0 to 160n0.0
lbf—sec/inz—lbm. The curves on the right- hand portion show
how the taper varies with the spressure drop rate. The

Curves are calculatad from equations 4.9 and 4.14 with

Specific - values p' =65 ~ psig, t=40 sec,

.12520cﬁ , 03\ =640.0 1bf~sec/1bn-"R for the same range ef

values of the parameter R . The figure shows, for example
Il psi/min preqsure Urop prodices g fully charge gradient of
12 psi on 150 cars and to maintain this level of gradient g

Tlow of approximately 67 CFi ig required. ( see the chain-
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Jot curve ABCD )

~Note that figure 4.6 is_a_somewhat simplificafion bf the
r2al situation since it is not possible at this’  stage to
inc%ude leakage due to car conltrol valves ( n. g, IABD
vales, quick servic valves, etc. ). This consideration (
called the system leakage ) tenas to increase the total

leakage flow rate.
4.5 SUMMARY

In the leakage detection scheme introduced in the first
section, e2quation 2.2 was used to calculate the leakage flow
of each car. One should téke into . consideration that the
in-line flow in the last few cars of a real train may be in
laminar condition. In the case like that, the appiication
of equation 2.I_,&n stead of 2.2 for those rear cars would

improve the whole leakage detection scheme.

In section 2 and 3, it _showeé. that 1in the "pressure
drop! and "leakage flow" measurements, a single indication
of pressure drop rate anu lezakage flow éah not be
universally wutilizea for all trains.:.To ensure that-the
train is operating under proper leakage condition, one
should take into consideration the effects of the car length
and total number of car respectively in fhe first and second-

measuremant.



CHAPTER 5

EXPERIMENT INVESTIGATION

-

5.1 INTRODUCTION TO EXPERIMENTAL MODELS
Due to the wunfeasibility of testing the actual brake
pipe bzcause of its huge size, a scaled down model is

designed for the experimental laboratory set-up.

In the Ist and 3rd analytfcal modals, it was assumed
that the in-line flow of the bfake pipe 1is in a laminar-
incompressible conaition. In order to maihtain the brake
pipe to perform as a linear resistance ( Reynolds Number
should be less than 2900 ), the brake pipe leakage has to be
.very small. This results in a slight pressure éradient
“wﬁich brings difficulties in the measurementation. Since
the mathematical models in this thesis were formulated by
using circuit theory, they can be proven by electrical
circuit rather than fluid models. In electrical circuits,
electrical ‘ components provide good liﬁearity in
comparatively large current flow and are easlly measured.
An  equivalent electrical circuit is therefore designed to

dgemonstrate these two models.

Thus, in this chapter, two types of experiment are.

introduced to Jemonstrate the theory. They are the

electrical experimants anu brake pipe experiments on scakd down model

52

o~
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b.2 EXPERIMENTS ON ELECTRICAL MODEL

-l

In tihis experimental model, series resistances are useq
Lo model the resistive elements for brake pipe with laminar—
incpmpressible flow. Other resistances are used to model
the reslstive elements for choked orifice in the first
apalytical model, while adjustable shunt resistances arel
used to model the flow sink for legkage flow in 'the second

analytical moael.

Figure 5.1.a shows the photograph of the electrical
panel; It consists of IOd cne-ohm resistances in series but
deviued into ten aqual sections. The shunt resistances are
made by inserting them across the terminal-pairs labelled
AA.F The arrangement of the resistances are shown in figure
5.l.b. Each section can be connected or q{sconnected to the
next one by flipping a switch located at | the top of ‘the
panel. Below eaeh section, there is a 10~position selector
( labelled as S5 ) to enable one to measure the voltége
uifference across any series resi;tance in the section by
placing the switch ih the required position and by applying

a voltmeter to the terminals ( labelled as TT ).

5.2.1 TESTS ON ELECTRICAL EXPERIMENTAL MODEL

r

Two different types of test are prrformed:

t

I. Uconstant shunt resistance tesgtn
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2. Vconstant flow sink testM

In the constant shunt résistance test, 100 shunt
resistances’each 1000.0 ohms are inserted and the supply
voltage is 10.0 volts. Voltage readings are taken from

every |Cth series resistance.

In tha constant flow sink test, 10 adjustaéle shunt
resiétancés with range from 510.0 Fo 1N0N0.0  ohms are
inserted in the first s;ction of the ‘model. The supply
voltage 1is 10.0 volts. Before taking any readings, an
ammeter is connected across thé shunt resistances and they
are ' adjusted In such a way that all the currents are the
same ( 0.70635 amps ). Data is taken from every measuring

peint.
5.2.2 RESULTS OF EXPERIMENTS ON ELECTRICAL MODEL

Figure 5.2 and 5.3 show the experimental results in
comparison with the theorectical results ' which are
calculated_ by refering the electrical notations and
parameters to equation 3.8 aﬁd 3.26. All the experimentalj
results from the éléctrical model are in excellent agreement
with analytical gredictions. The-figures show that the data

exactly fall on the theoretical curves.
5.3 EXBERIMENT ON BRAKE PIPE MODEL

This brake pipe experimental set up is desigﬁed for the

2nd ana 4th analyticai models. It consists of 10" pipe-bend



combinations and 10 same diameter .orifices or adjustable ‘

orifices. . Before assembly of the cqmpiete test set up, two
types of experiment weré run.' Thgse cémpared the pressure-
Ilaw characteflstics- of the babic elements in accordacne
with the: nathematlcal dascription given _ in" ‘mquations 2.2,
2 3 and. -2.4. The test set-up anau r;suLts for pipe—bend

combinations and orifices, as well as the whole brake plpe

experiment are given separatély in the follow1ng sections.

-

5. 3.1 TEbT th up FORHPRESSUQE—FLON CHARﬂCTERIDTIC
ON THE PIPE —~BEND COMBINATION

o
Figure 5.4 shows the schematic drawirg of the set  ups

In this experiment, ! the air is passed through a flowmeter

. and then to an individual pipe-bena comblnatlon. Tn° pioe—'

bnnd conblnatlon con51sts of a galvanized pipe and a plastic
tublng with a cross. The galvanized pipe is i0 ft. long and
0.25 in. inside diameter. It is. connectea”by an 18 in:
- length of Plastic tubing in an-lBO.drgree bend with a créss
placed aovn stream of the band. The flow through the plpp—
bend is varied by a valve placed at the end. pf ~the whole
unit.  The volume flow measurement is maue with an FP—I/4426
‘"rotameter and ig subsequently convertgd to mass; flow. The

pressure Jdifference between = the héad end pressure and the

pressure at the cross is measured with' a differential

manomecer.

5.3.2 ‘PIPE-BEND COMBINATION TEST AND RESULTS
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Duriﬁg the test, the head end bréssure is'maintained at

60$psi.- The flow throdgh the combination is varied by the

" valve. ; The pressure drop due to different flow can be tread

on the manometer. Figure 5.5 shows the difference in the

square -of the absolute pressures before and after the pipe-

bend combination. Data from 10 *different pipes are shown.
The data are presented in this form to démonstrate the
agreément of thg pipe-bend combination tér equation 2.2.
With the geometric parametérs of the line, friction factor
£=0.052, and neglecting the curvatufe of the bend, K2 may be

calculated from equation 2.2 as 10.5¢10) &

lbfz—secz/in4—Hxn% The experiments were performea on ten

-

of the data falls close to a value of KX

‘ - X .
different pipe—be%d sections. The experimental dgta.varied

from one pipe—bend combiﬁation to another. The smallest

experimental value of K2 is 9.1(!0)6 1bf2;sec2/in4—lbma
and the largest is about 13.0(10) 1bf2~sec2)in4~lbm2. Most

» equral to 9.2(10)

lb2 -seg 2/in 4—lbm2 .

5.3.3 TEST SET UP FOR PRESSURE-FLOW CHARACTERISTIC

Ol THE ORJFICE

Figure 5.6 ‘'shows the schemafic drawing-f6r>the set up.
. f o " )
During the test, the air suppliea from the regulator is

passed through a FP~1/4-20 rotameter ana to 'é Cross. The

openings of the cross, ﬁerpéndicular to the, flow direction

are used-to mount a pressure gauge and an orifice. The

opening opposite to the flow direction is blocked by a plug.

-
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The flow into the set up can be varied By the regulatO( and
the pressure inside the cross is indicated on the prassure
gauge: Two types of orifice which are’ used to model the
résistance leakagel and the flow sink leakage are tésted or
ad justed before experiments. They aré the same diameters

orifices drilled in pipe plugs and valves used as adjustable

orifices. -
5.3.4 ORIFICE TEST AND RESULTS

During the test, the head pressure can be varied by the
regulator and the leakage'flow.from the orifice is inuicated
on the flowmeter. In the case of the resistance leakagé
éxperiment[ all drificés Of. the same diameter yielded'
pressure~flow characteristics only marginally different.
Figure 5.7 shows some typical expefimental pressure—flow
chéracteristics of the orificés; The | rtheoretical
characteristic calculated from equ;tion 2.3 with Qj = 1.0
are superimposed oh figure 5.7. These characteristics ére
shown dotted below 30 -psia because the equation is valid
only for choked flow. Theory and éxperfment are 1in good
agreement in this case. Thus, the leakage resistancé of the
0.023 orifice is 10.43¢10)%1bf-sec/inf~1bm and of the 0.033

4lbf~sec/i§'—lbm%' In the case of

in. orifice 1is 5.07(10)
the flow %ihk leakage experiment, using the same set-up,.thé
section area of the orifices are adjusted so that.all the
_Tlow are the same under different head :pressures obtained

from corresponding analytical moaels. .
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5.3.5 TEST SET-UP FOR THE -BRAKE PIPE SCALED DOWN MODEL

Figures 5.B and 5.9 showr a schemétic drawing and
photograph of the brake pipe expe}imenal model. The model
consists of 10 pipe-bend combinations. They are connected
ana mounted parallel to one anotﬁer 12 1inches apart. The
openings in each cross, perpendicular to fhe flow direction,
are used to mount‘a quick disconnect fitting for static
pressure measurements and an orifice ‘to simulate flow
leakage. Same diameter orifices will be used for the case
of resistance leakage while adjusted orifices are used for
the case.of fiow sink leakage. If no leakage is desired, a
plug without orifice 1is used. The whole set-up is
approximately 1/5 size of an actual brake pipe. At the head
ena of the experimental model, air 1is supplied to the
composite line through a cylindrical tank 4 inches in
diameter and 10 in. long. | The flow into the tank is
controlled by a pressure regulator ( not shown in figure 5.8
) and the p;essure between head end pressure and pressu}e in
the quick disconnect fitting is measured with a differential
manometef. Before per¥orming the experiment, all fittingé
were checked carefully for leakage. It should be noted that
it is Jdifficult to regulate the aajustable orifice as a flow
sink elements- during experiménts. 'This regulation procedure
can. be simplf?ied if the prelim;nary ad justment of the

. . A

censtant flow rate is made on  the corresponding orifices

accoraing to ‘the head pressure obtained from the

LY
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theorectical prediction.
5. 3.6 BRAKE PIPE LEAKAGE TEST AND RESULTS
Two Jdifferent types of tests are performed:
l. pressure gradient test;
2 braké Pipe taper tests

In the pressure gradient tests; both £he flow régistance
and flow sink leakage condition are applied. -In the setfup
for flow resistance leakage, an orifica ( 0.023 in. } is
placed 1n the cross of alij ten pipes. The head end pressure

| is malntalneu at either 30 p51g or 60 p51g by the regulator.

Pressure differential measurements between adjacent pipe-
bend ed%b;nations are measured with1 a manomater, Figures
“25.10 and 5.11 show the results of the -pressure gracient
tests mage with all the orifices of 0.023 ip. diameter. The
pressure given by the manometer dats are 1nd1catnd at each
car position by symbols. Superimposed on the exper1mental
rasults are the results obtalned from the analytical models.
The resistance leakagez moael ¢ equation 3.36 ) is shown by
the solid line. In this case the resistance of.the 0.023

. in. leakage orifice Ri=_IO.43(IOﬂ 15f~sec/in2—lbm and the
resistance of the Pipe-beny combination K2 =9.2(IO)6
lb_f 2~-sec 2/lbm 4—in 2 are used. . In the; +case of flow sink

mocel, the theorecticalspressure gradient curyes are first

obtained by using equation 3.19, The leakage flow chosen to
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. |
use in this equétion is the flow through-a 0.023 in. oriJiQé
at the head end pressurs ( 0.000746 lbm/sec at 60 psig land
0.00043 lbm/sec at 30 psig ). B;fore the experiment, jall
corresponding orifices are ad justed by the set-up ment igned

[

in section 5.3.3 1in such a way that the leakage flow |are

read the same unoer.different head pressures obtained om
theorectical- pressure gradient curves.f the dashed curves

figure 5.10 and 5.1“ e Duriné the test, the experimental
pressure gradient was measured in thzs same manner as for the
previous case. This pressure gradient data‘ls ingicated \by
symbols in figu}e 5.10 and 5.1l. In both case or
r851stance and flow 51nk leakage experiments, the data and
model diverge gradually as the®car position is further from
the head end. Towards the rear of the composite  pipe t%e

weighting sffect of rear cars becomes significant. A rear

‘car error in ~brake pipe cogffitient K, ,  leakage-

resistance Ry , oOT flow sink leakage M 15 weighted'aﬁd
therefore its effect 1is magnified. Any error will shov .&p
more pronounced in the rear. In addigion one must remember
" that the models were calculated with equal values of Rﬂ

~amd K2 for each pipe. The data from figures 5. 5 and 5. W

show that this is not the case. Much closer agreemen;
|

- petween experiment and theory may result if one épplie%'

equation' 3.36 with the jnaividual values measured for Riﬂ
and K2 on each pipe and orifice. \
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Figure 5.12 shows two graphs, the upper graph shows the
theorectlcal curve anu experimental data of thé pressure
yradient obtained in the same manner as in figure 5.11.
for thé case.of resistance leakage. All the orifices are
0.023 1in. diameter except the 1a§t car is 0.033 in.. The
lower curves show the leakage in terms of mass floﬁ rate
corresponding-. to the <car number. The solid line 1is
calﬁulated by equation 4.3 with data from theorectical
gradient curve while the dotted line is calculated by the
same equatioﬁ with data from~experimental pressure gradient.
Recqlling from section 4.1, this figure is used for the
r'purpose of leakage detection. It shows thatrif one of the
10 orifice ( number 10 ) .is relatively larger than the
other, then this leakage can be detectzd by comparing all
the leakage flow of diffefgnt orifices. In this figure, it
is seen that the flow of the 10th orifice is approximately
twice the average flow. Figure 5.13 show; fhe same curves
as in figure 5.12 except the larger orifice (¢ 0:33
in. «diameter ) 1is placed a; 7th pipe. The major leak of

this test can also be detected in the same manner.

- In the pipe taper tests the experimental set-up was hsed
to determine the diffe}ence betweesn head end and last pipe
-pressufe'aé a function of the number of cars. Both the

resistance and’ flow sink leakage were applied, In the

resistance. leakage case, all the  crosses .had  0.023

in. orifices. = The pressure difference betwean head end and
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last ﬁipe is measured as the taper of 10 piﬁes when the head
end pressure is maintained at either 60 psig or 30 psig. To
Simulaée a 9 car assembly the orifice in cross number 10 is
replaced by .a plug. This effectively shortens the assembly
by oné pipe. A pressure difference.‘measurement is made
between head end and rear. Proceeding in this way the
orifice-is removed from the end cross-and a plﬁg inserted
until only two cars remained with leakage. In the case of
flow sink leakage, the experimental procedures are the same
except the same diameterforifices are replaced by adjustable
orifices ana they were adjusted to have the same flow rate
under corresponding theorectical'pressureé. Theﬁe pressures
( dashed curves in figure 5714 ana 5.15 ) were calculated
- from equation 3.20 with n varying from 2 to 10, m = 0.000746
lom/sec at 60 psig and m = 0.00043 1lbm/sec at 30 psig.

Figure 5.14 and 5.15 show the taper for both resistance
leakage and flow s;nk leakage models as function of car
number. bne observes that the londer the assembly, fhe
larger the discrepancy -between theory ané experiment. The
error between experiment .and resistance léakége model is

always less than 0.17 percent of the taper.



.CHAPTER 6
CONCLUSTON AMD SUGGESTION O FURTHER WORK

6.1 CONCLUSION

-Two groups of‘models‘ were analytically introduced in
chapter 3. They are the resistance and flow sink leakage
mooéls. Both groups are used. in conjuction with the
compressible—~turbulent and incompressible-laminar series
elements representing the fluid resistance of the brake

pipe.

o

Refering these models to the actual brakelpipe, in the
pressure gradient curve they all demonstrate that leakage in
rear cars has a larger -effect on présgnre gradiént and pipg
taper than those locatét at the front enu of the tfain. Qné
may intefpret the mouels as assigning the weighting factors
to 2ach car. In the incompressible mﬁdels the "weighting
fachrs are proportional to the car positicn from the hsgad
Ehd { section 3.2.1 and 3.3.1 ). 1In the compfeséible flow
models the weighting factor are approximétely proportional

to the square of the car position ( section 3.2.2 and 3.3.2

Y.

[.eakage dztection and leakage measurement were
analytically described in chapter 4 based on the

compressible—turbulent, resistance shunt moael. W¥ith the

63
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.introdUCed leakage detection schehe in which degree éf
leakage in each car 1s reprasented by the amoﬁnt of leakaqe
flow, one can detect the major‘leaks throughout the entire
train by the comparison of such leakage flows. In section
5.3.6, this ‘leakage detection schem2 was applied to compare
the leakaée flows  in the experimental set-up ac¢cording to
the -data of the pressure gradient. The results showed' that
_the largest _leak could be determined 'by‘ its prominent

position in the leakage flow versus leakage position curves.

X The mathematical expressions of botﬁ the "pressure drop"
and "leakage flow" measurements reveal “the fact that to
ensure all trains operating in proper ‘leqkage condition (
all cars have the same degree of leakage iq a ﬁrain‘made up
6f any numbers of cars ), one single indication of pressure
drop rate or total leakage flow can not be universally
utilized in the safe road operation certeria. Sincz the
Yoressure drop" measurement involves only the brake pipe
leakage and what affects the whole brakiﬁg activities is ﬁhe'
1eakage in all brake units, the "leakag= flow" measurement
seems to provide more sufficient information. for the braking
condition. In addition to its simple testing procedire and
less time required, This measuremént is-gelieved to be more
adaptable compared to tﬁe "pressure drop" measursment.
Futhermore, this measurement can be improved by marking
di fferent indications on the flow indicator for trains made

up of dirferent numbers of car.
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In chapter 5, the experiment for all the analytical
models wére introuuéed. The incompressible—laminar models
“ere in excellent agreement with the experiments in the
elastrical circui;. It vas because the eiectrical
comﬁbnénts behave exactly as they were precribed
mathematically. In the brake pipe experimentat model, both
the resistance shunt and the flow sink leakage are applied.
The maximum errors between the analytical and experimental
results are always occuring at the rear. This is g
consequence of the weighting and-cumulative effect of rear
car leakage. Another source of error is caused ' by
Jdifferences in the series pipe éharacteristics KZ « It was
assumeu that in the analytical mouels all the cars had the
Same brake -- pipa characterigtic K2 . The tests for
pressure—~f]low characteristics 6n Pipe-bend combinations show
that there is 4 considerable discrepanc§ between the pipes,
In fact, the results have been improved by substituting the
aifferent pipe Eharacteristics Ko of each into the
analytiga1~model. .In addition, there is a general problnm
with these mogels that some of the rear cars in an actual
train are Qperating in laminar flow while™the front cars are
in turbulent fléw. The present experiments were designed to
minimize this effect by using ‘relatively large leakage
orifices. Thus, in the expeariments Possibly only ths last

car had a lamlnar flow conultlon. "Even for tha long trains,
there 1is no 51qn1f1cant change in pressure Jradient batween

those having all cars operating in turbulent flow and those

-
L]
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having a few rear cars in laminar flow. The large
discrepancies between the analytical models and experimental
mouel occur in the rear are less than 17 % of the‘brake’pipe
taper. Desplite the discrepancies, the analytical models

provide a basis for quanﬁitatively understanding brake pipe

leakage. S ’ ﬁ

It should be pointed out that, ‘'besides the physical

. .size, thare are differences between the actual brake pipe

and the experiment set—up.. Firstly, in our anal&tical and
experimental moaels, the leakage 1is concentrated at one
point whilel the leakags in an actual freight car 1is
distributed at random. Secondly, the flow through the
connecting hose of a freight car may have more restriction
than the experimental mgdel. In a real_tréin arrangement,
the in-line flow first goes through a 45 degree angle cock
to a cutout cock where the flow has two 90 degree direction
changes before it goes inporthe next car through another
angle cock. Thirdly, the brake pipe in a real car has scme
asgree of curvature erending on lacation of othe¥ devices

equipped on the car.
6.2 FURTHER SUGGESTION

The experimental work in this thesis has proven that in
order to formulate these models, certain experimental data
is required. It is encouraged that this data bé obtained

from the actual brake pipe. Tests should be directed to the
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investigation of the prassure-flow characteristics of the

pipe, hose and leakage.

So far the steady state of the ﬁrake pipe \leakage was
Stccessfully moaelled with the network théory. But this
concept will still be valid if the fesearch is extended to
- the dynamic nature of the brake pips. HWith the addition of
. stroage- elements to the present models, it 1is possible to
form new mogel; which can also provide simulation to the

w

charging -and discharging process in the brake pipe.
‘ .

.It‘shoﬁld be noted that it is not possible to determine
quantipativeL{ the tolerable leakage for a train just from
the knowledge of the brake pipe or any- other local
cbmponents. The guantity of such allowable leakage can only
be established thrﬁugh the optimization of the entire brake

system behavior.
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BASED ON LEAKS

BASED’ON TOTAL CARS

1925 1950 1975 1925 1950 «| 1975
Hose & Gaskets 17.05 [ 19.8¢ | 31.8% 71.0% 16.7% 1.8
Angle Cocks 1 21.6% 4.0% 16:3% 82.3% . 3.4% 6.3%

r
. \
Brake Pipe 20.8% 12.8% 3.2% g87.4% 9.3% 1019
Branch P?pe 20.4% 40.1% 14.8% 85.4% 33.3% 5.1%
Triple Value 17.1%' 1.2% 19.4% 84.8% 1.0% 3.9%
Reservoir 303 |22 | 12.5% 18.0% 18.6% 7.4
Base (total number 10634 159 249 2424 204 741
of leaks or cars) (1eaks) '“-(leakg) (eaks) (cars) {cars) (cars)
g

Fig. 1.3:

Comparison of three leakage tests conducted
in 1925, 1950, 1975 by Air Brake Association

Reproduced from "Brake System Leakage"

Presented at the Adr Brake Association

Annual Meeting, September 15, 1975.

L
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Brake Pipe . 7/ / Leakage Hole

Fig. 2.1.a: Sinplified Brake Pipe Model

Resistance E1ement for Laminar Incompressible Flow {eqn. 2. 1)

lor Turbulent Compressible Flow (eqn. 2.2) Flow Source

O T “”"J
o o o

Fig. 2.1.b: Flow Sink Leakage Mode]

|

?

Resistance Element for Laminar Incompressible Flow (egn.- 2.1)
' ) or Turbulent Compress1b1e Flow (ean..2. 2)

i . Res1stance Leakaqe
(eqn

U

Fig. 2.1.c: Resistance Leakage Model
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laminar-incompressible flow model
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Fig. 3.5: Pressure gradient curves for resistance leakage,



PRESSURE DROP(F,-P), PS|

—a

N

P=80PS)
Kp/2R=10' \\
—— UNIFORM NN
L ‘ o T
REAR HALF N .
AN

' F—;— REAR THIRD

S aled|

5 B0 L o100
7 CAR; -POSITION, <
EFig. 3:6: Préssufe éradienf Eurves.for resisténce_?eqkage

turbulent-compreseible flow model’ .

1 "

s -



|3poW MO14 3[QLSS8gu0d-3ua|Nquny
36eyea| 3IDURYSLS3A JOF SIAUND JuILpedd sunssadd ssajevorsuamlg g9t "B1ld

VD

..rm m N. @ m v. m ¢ — Oo...\\

) B
4 — g,
N o*
Py} —
Sl
. ' o
v ~— bl
' ‘Un.t
.@. .
. .
18
d T/r
' .._




(R

~
O

o
oo

PRESSUR DROP

Ne
O

<,=60000 LBFZSCCAN LB r
R 175C00.0 LBF-SEC /IN2L B

Q)
BAN

———— - =X e e e e e —— . .

R=80 316 \-‘-\__
1

O] I —

50 1016
CAR POSITION, +

Fig. 3.7: Pressure gradient curves for the simplified equation
) of the resistance leakage, turbulent-compressible
flow mogde] ' )

150



- 86 -

0g |

Yhua| uLedl SR Judlpedi- adld ajedy :gt¢ ‘OHLd

7 ‘NOILSOd  9vd

NFWE/23539
000G21=Y

J\

I/

/

00! 08

/o oY I ——

\ o NHYOFINN —— — —

915d 08 = d
Ni=N81/335-487 0'0009 N

O

o0

1ISd "H3dVL

O
ol

1 v¢e




- 87..

061

Jaqunu Jaed Sp Mo(4 abeyeal q'|'y "By

d34WNN - YD

23S/NET
MOT4 39¥MvIT

00l 0¢
el
12
{p
e -
19
lllllllllll ] i
RN )
SSAIND JusLpeab Bunssaud e (p *Biy 3 Ol
o9
...... QUIHL Y9V3Y - ——
e t—— .lll’ll.ll.l- ..ll...ll i - .V@
I o | 4IvH  Yv3y
// WYOJINN —— {89
122
~ . ll.n ) o @N
NETNL/D3S - 387 00009 = M
91Sd 08 =9 08

F7

{

ISd  3YNSS34d 3did Mvyg



- 88 -

abexes| SA dosp aunssaud :2°y ‘B4

NG -,NI /035 -487]

¢ 4 ‘
| d  TINFIOI44300  JowyvIT
92 b - ® 02 8 91 vl QDX
. . . _ . _ 0
B
| : 4,026 =1 ]
! . -
. - W81/ NI-381 0019 = | 5
| (1409=1) 14 0l =3S0H
l !
_ 14 05 =HIONT] ¥v) :
| (SWvD 40 ON 40 IN3ONIIONIDY |
| |

NINA1Sd dOMA  3YNSSIHd




- 89 -

yabua| J4ed gA doup dunssadd gy b4

14 "HION3IT wy)

Gl N 00) Gl 0¢g G¢e

N81-2 35/ NI-387 0002y
¥ 026=1

2 -W81/NI-387 00b9:y

_ 14 0I=350H

(SYY) 40 ON 40 IN3GN3JIAND

NIN/I1Sd * J0H0 FUNSS Y



- 90 -

0G| | 00|

“J4BD S0 ‘OU SA MO|4 Sbexeaq :py ‘b6l

JOVMVIT

- W42 ‘MO



-9] =

435ua| 4ed SA MOLs aBeyRad] Gty B

L4 CHIONTT YYD

el 00l Sl 05 G2 .
) O._ |
s> 05 oc
Olv,
~ swv) 00l 0c
i. 09
| 1501 =3504 swioawnoy | 94
oisd 08=% 108

g .dz_\umm-b_ﬁ 000091 =Y

W4D "MOTH FOVNVIT



- 02 -

-

" doup aunssaud pue abeyeal SA Jede3 adig “w..v..m.& -

NIN/ISS ‘4080 3UNSSIYd . T} W42 MOTH 3owvaT
82 b2 02 91 21 @ b 0 Ol 0Z 0€ .0b 05 09 0/ 09

N v
' [

1

L ..v_ . | -
X L9 - . i

| 91Sd 08=Y

- o WE -,z_\uum-wmw 00009 =T -
. Zz 14 A T v

W87~ NI235 - 387 o.ooooo._\z 00000% =Y

4

——— f——
-



ry

SR AL RTPANT.

e -

s rhr"

L

SR T D R M
SEREACIRE T UG h i akepgll IC




2UTT |B3td2091@ 943 30 INOALD g "G ‘04

2 15153y
ZORYISIS Y 23YLSANGY
. h ]
= = ) _— _ — ..l.h. Ilq“l
y |_|* T T H .
= - ] k3
© { | _ ;L
] .\J. | Ku.. \.
..m.. r.\ ...,.u(\\
W; ol Sz .
w - \ID l\—»\vl. —
-. _. ¢ d— W m f.“...
~ f\/\\()}.)x\rl'_l - : I“-|l|.|\> \ ! \. . h ?In_llullllf\ ’\f\.—.r -r\ﬂ .__—(__-rlulll]|}<\... .g.,x..—\..o-..r\.—f]l
° pa
URLIO ) T sy T QT LTI
I R S T U S . o,



- 95 -

_ *|sued wmuFLJuopm uo juattidadxo . 4
| ano: 9[QLSSRUUWOIU L ~dpU LD | * mcmlmo_ qULS 10| “N.m *Hiyg
> ‘LNIOd oz_%@,,mzio 'ON
0 6 -8 L 9 ¢ v ¢ 2 | 0o
AS
o e
SAWYSE9000 ="l |
SII0A QI = l 66
O INIWNHIXT |
— AYOFHL / 00 |

ARERLRIOYA



- 96 -

[BURL [2DLJUIIT|5 U0 JUDULIUXD

{SPOW B[ QLSSIAGLOIUL-ARULLR| ‘SLY¥RS| DDULLSLS3Y :£°G 0Ly

> “INIOd  ONIHNSYIN 4O OZ

o 6 ¢ L 9 S v ¢ 2z 1 0

v
f
4

N —— AHOIHL

- ; .0
- ——0—0 .
1
. 1 ¢
| ¢
oo
16

\ 000l =1
'SII0A O1=“A |
0 INIWMIXI -

A T I97LI0N



¢ 3593 UOLjeulquod puag-adid syl Jo4 dn-3as  :'Gg "6y

'4

14 0 — ,_x_z,m.f. o | .
3did ;Q YOIV IN9TY
INONYI_ S ¥ )
a2 | 1 1 T Addns
| Y1V
‘ AO.N.. bri-d3)
43 LINMOT



- 94 -

m.
O
O

Pl_PE NO.

-

h
O
odODEDE > GO

30

1O

O

0 4 : 2 5 20
FLOW, m. LBM/SEC

Fig.5.5} Nass-flow characteristics of the

pipe-bend combinations



- 99 '~

9mid

mor&mo,;ﬁ

L

1533 mu..Cw.S auy 4oy dn-38S :9°§ 614

ONILL

(02 Z-dd)
43 LINMOT
A m _ ik
S OLYIN93Y

SS049

39NV



» [

SIDLLLUO mr_u” ...vfc SO13SLAB0RARYD MO L-SSRY /G B4

MO SSYIN

\

U1EZ00=% o
UIEE0 0= % X
TI1v{

- 100 -

bisd 'd “INSSIEd ILNT0SHY



1o £+

Fiq. 5.8: Schematic drawing of brake pipe experimeht'model



dn-3a3s (ejusuwiJadxa adid 9yedq B3 40 ydeabojoyd




CAR PRESSURE, p,,psig
L . |

A
(6}

o &N
N N

o
O

Resistance
lLeokoge l\/lode’l
36

. )
—=0.042(10)°
2R

Flow Source \ A

. Leokoge Model \\ A

Eq 3, ZO _\\ A A
~ A A

2 _ 'bfz | \\\_!
szL_ 4.9“’14 —

Oyl 23456789

CAR POSITION, |

Fig. 5.10: Pressure gradient curves (P0= 60 psig)



Psig

-

I

o

b

. PRESSURE

CAR:

N
o))

N
REA

22 |

20 1

8.

- 104 -

& - :
30 psig
Resistance |
Leakage Mode]
Eq336
\
. | - .\j\\ AN A .
Flow Source N A A A
L.eakage Mode] \“*\\,E'__'
£q 3,20 .
2
Komi = 1.7 8 12

CAR POSITION

Fig. 5.11: Pressure gradicnt curves (P0‘=‘30 psig}



- 105 -

ol

(adid Y3 o1 3e 3314140 _ummm.a: uot32938p mmmv_mm._‘ 221°6 - By

U'ON 8vD

—_— — ——— — ——— —_— ————. R R PR

53S/WaT U
MOTS 3OV

SS-4dd

~
J

t
1

6 o B A S b ¢ AR 0
: | ‘ . . , | | 1 ol
) i
O . S
o a C ®
O O > O 1
. 16
2503 B
| |
[y
91Sd09=d
AdOFH L — e
INIWHIIXT o =

ISd "d 3y

Ehilvatd

Adid



- 106 -

(2did Y1 £ 3@ 3513140 3529481) u0i3D232p 362¥edT :gl*g *Biy

U ON  dvD

G)l\lnro,q

Ol

of 6 8 s 9 ¢ b ¢ >
O o ©
Lo o o O
. o
2703
_ml_o 5 5 | 9¢C 03

' 91Sd09=d
AOIHL —

IN3WN3dX3 o a NG

OVAHVYAT

2JdS/INGT U
B

MO14

AT

dlg

{

d JENSS3Hd

B

IS



|4 1

O

COo

TAPER, P-R, PS
&)

I

N,

- PIPE

R

- 107 -

RESISTANCE LEAKAGE-4~—~77%.
“ODEL . /

EQ. 336 S
<z _
She OﬂZlO?

2-60PSIG . A
ELOV/ SOURCE LEAKAGE "
MODEL. : ]/
EQ, 320 /
KZ 1@*49 LBF/IN /
—

Te 5i 567 0%
NUMBER OF CAR, 7

Fig. 5.14: Taper YS no. of ‘cars (p0 60 psig)

1O



%, PSI

2~

J

PIPE  TAPER

o

o)

R

- 108 -

* /
1 RP=30PSIG
FLOW SOURCE
| EQ. 320 | ,45
sztz_ = |78 LBFAIN" /-
i | S
RESISTANCE LEAKAGE I\ e

MODEL
£Q, 3.36

Ka . >
[ :. 2 [ _)
oR2 04210

o /kfgﬁé
| @47/5 |

{van

Qr

2 34 56 7 8 910
pd['jPJ?EBEZF?.‘-(:)F7 (:/A\F{) n

Fig. 5.15: Taper VS no. of cars (Pd=30 psig)

‘ i

—



- 109 -

- -

)  APPENNTX ONE

From Darcy’s formula, head loss through-a pips is;

4, =

2

(A.1.1)

Thus, the pressure arop between 2 points along a pipe
ot

if:
76 ;73 j( ‘ | (A.1.2)

) 4 |
for laminar flow f= /R ' , (A.1.3)
e e .
F% 1s the Reynolds number of the flow,
anu
12 v
R, = / (A.1.4)
N JA(;?

m = 3”41"/Lﬁ __ | | : (A.1.5)

substituting Aol.3, Acl1i4, AL1L5 into A-T1.2, one gets:
. . = K .

where i refers to points aleng a pipe anu 4

wfﬂﬁ

'“77'/)0(4 - | | .

K, =
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"For compressible flow, the p appears in equation A;I.g is

not a constant. One can approximate the density as :

Fr - P | ’
; //9 = “ 7%1 - | . (A.1.7)
o 2 RXT | )

‘Substituting A.t.7, A.1.5 into A.1.2 yields

-2._. . 2 ;
T B = Kamt | (A1.8)

vhere ' ' . _>
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APPENDIX THWO

When a flow through an orifice to atmosphere, if the
upstream pressure is_p], and the pressg;g ratio pzﬁ is
less than 0.528. the flow is a dﬂlck flow. The mass through

the orificé‘wiil be proportional to the ubstreaﬁ pressure:

-

KPR anN
T
The factor-X is given by :

T+
{—ﬂc 2 {r-') ‘/2
)|

(A.2.1)

<=l R

.

for air, if Y =1.4 and R =639 in/°R then k= 0.5318,

If A is the effective area, eguation A.2.1 may be written—as

) | AT | , -(A.z.'z) |
7? - T2 " . :
' O3 C A,
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: 3
Figure A.1 shows the ladder network formed by series
resistances R and shunt resistances R1 . The node

equation for typical section is given as @

\VARRRN VA
. #4- koo V& N Vi~V (A.3.1)
R RY R
Let y=:2R/R1 ,k=n+i, one gets:® . b J
P(N) YpCreD T p (n+2)= (A.3.2)
transformatlon of equatlon A.3.2 ylolus
N (Z)- l(}iz [V(—Z) \/(o)]+;_’- [_\,- (2)- \/(o)] ZNG)

(A.3.3)
After some factoring, eguation A.3.3 becomes @ '

zcz-dLy o
Vz) - Ny Z(Z /z)+ (V) -V ) E

25-yz +| CzhyZ

(A.3.4
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Inverting equation A.3.4, one gets s <i\j;—
| 2

\/(U =\ (0) cosh b":"@ [%&~\!(1)J3mk bg

(A.3.5)

b= cosh-g/z y =2 Cos b

)

Given the boundary condition that there is no flow from

rear car, one gets :

[_’@_J _ Coch b (n-x+ YY)
2 Cor b Cr e i) s

where =

b: C,Osh-'- 5/2
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The circdit shown in Figure A.2 1is divided 1into two
bortions; They are the front portion_anu_the rear portion.
The front portion is formed = by series ~ resistances
representing brake pipes without leakage. The rear portion,
is formed by sefies resistances and shunt resistances,

represents brake pipes and resistance leakage, and also has

the same mathematical formulations as circuit in Fig.a. 1.

\/mm' .. Cosh b ( A- a'+' o) i
R = N (A.3.7)
Vin Cosh b (L+1Y,)

where =

b= C‘.OSI‘L“l %é, H:,2+‘%%k

Applying eq. A.3.7 to the first.series resistance of the rear portion,

4

one gets:

\/WH-I cosh b (f- V5

I

Vi Cosh b C 2+ /) "2

[

\/ cosh (L4+Y,) - cosh (2~ /)
" Cosh b CA+ Y4

VISRV

m M+

(A.3.9)
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»

Let I be the flow through series -fﬁsistances in front®

portion, and 1t is the sahe flow through the first series

!
resistance of the rear portion.

V, -V = IR . | (A.3.10)

Since tihere are M resistances in the front portion, one can

felate VYa to Vm by
- \/"\_\/m - IMR | . (8.3.11)

Substituting A.3.10 and A.3.11 into A.3.9, one has

J . - Ve

w

I+ ™M cosh b(A+Yy) - cosh b (£-})%)
cosh b( 2+ %)

: A.3.12
and from A.2.9 anua A.2.10, one also yets ( )

Vi T Cosh b (L4~ cosh b (L))
R

Cosh b ( X+ Vz)

(A.3.13)
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~

* - If the voltage gradient is related to each series
resistance in the circuit, from the front portion, one

obtains

Va= Vi = TER. for od &m
Ve = \/0\ - L A‘.R (A.3.14)

A
In the rear portion,one obtains

Ve ok b (A-(imyedy

= (A.3.15)

VW\ Cosh b (% %y,

for m<i<n

where n=m+l



APPENDIX 4

( START )

input: pl,p0
R-I ,Rzgnnonoo-Rn

M1,CK1,CK2,N,85¢€

®

"'J'

(for leakagé resistance models)
: or
m, = ml
(for flow sink models)

ke 2
Piny Pyt o (emy)

(FOR TURBULENT-COMPRESSIBLE MODELS).

OR
= p1+CK1(Emi)

Pitl |
(FOR LAMINAR-INCOMPRESSIBLE MODELS)

J =3t

- 118 -

pl first gussed value
for the pressure at last
car
p0 Tocomotive pressure
R1...Rn resistance for
turbulent-compressible
flow '
ml  flow from flow sink e]ements?
CK1 pipe constant for !
laminar-impressible flow
CK2 pipe constant for
turbulent-compressible flow
e maximum error for pC
g step for the new pl *





