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NOMENCLATURE

a; 3 Leakage cross—-sectional area at the ith car
’
(section), nz(inz).
ay o ABD/ABDW vent valve flow area as a function of
?

time step j, and cer location i, mz(inz).

g ABD/ABDW flow area, connecting the ith brake pipe

3
»
to the inshot valve at the jth time step, mz(inz).
ag a4 ABD/ABDW flow area, connecting the brake pipe to
’
the auxiliary reservoir at the ith car and jth

time step, ‘2 (inz).

82,5 ABD/ABDW flow area, connecting the brake pipe to
the emergency reservoir at the ith car and jth
time step, n2 (inz).

ag’s ABD/ABDW flow area, connecting the brake pipe to
the quick service volume at the ith car and jth
time step, 32 (inz).

82’7 ABD/ABDW flow area, connecting the brake pipe to
the quick action chamber at the ith car and jth
time step, n2 (inz).

ag’a ABDW flow area, connecting the brake pipe to the
bulb volume of the AAV at the ith car and Jth time
step, .2 (inz).

Ai Cross-sectional of the brake pipe in the ith car
(section), nz(inz).

Al,l Feedback orifice cross-sectional area of the 26C

relay valve, nz(inz).

XX
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Area of the 26C relay valve diaphragm, nz(inz).

1,2

A1,3 Cross—-sectional area of the 26C relay valve inner
chamber orifice, nz(inz).

A{,4 Exhaust valve flow area of the 26C relay valve,

12 (inz).

A1,5 Cross—-sectional area of the 26C relay valve ex-—
haust orifice, -2(in2).

A{,G Supply valve flow area of the 26C relay valve, n2
(in?).

A2,1 Area of the regulating valve diaphragm, mz(inz).

Ag’z Exhaust valve flow area of the regulating valve,
a (inz).

Ag’3 Supply valve flow area of the regulating valve, nz
(in?).

A3,1 Outer area of the brake pipe cut—off valve piston,
nz(inz).

A3’2 Inner area of the brake pipe cut-off va{ye piston,
n? (in?).

Ag,3 Brake pipe cut-off valve flow area, -2 (inz).

Ai’a ABD/ABDW fiow area, connection the auxiliary
reservoir with the inshot valve at the ith car and
jth time step, uz(inz).

Ag’s ABD/ABDW flow area, connection the auxilfary
reservoir with the emergency reservoir at the ith
car and jth time step, na(inz).

AiAVl AAV flow srea of the 278 control exhaust choke,
a2 (in?).

xxX1i
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AAV flow area of the by pass choke, n2 (inz).

AAV2

AgAV3 AAV check valve flow area, nz(inz).

AAAV4 AAV flow area of the 278 breather choke, nz(inz).

AiVT AAV vent area, connecting bulb volume to atmos—
phere, n2 (inz).

ABC Area of brake cylinder piston, -2 (inz).

Agcv Brake cylinder vent area, m2 (inz).

AEQVE BEquivalent fixed restriction area of the regulat-
ing valve during recharge, m2 (inz).

ABQVS Bquivalent fixed restriction area of the regulat-
ing valve during application, -2 (inz).

A%NS Inshot effective flow area, -2 (inz).

AINSP Inshot piston cross-sectional area, n2 (in2).

AINSl Inshot fixed restriction flow ares, nz (inz).

Agnsz Inshot variable restriction flow area, -2 (inz).

AgAv Bquivalent quick action chamber vent flow area, m2
(inz).

AgAVI Variable restriction of the quick action vent flow
area, -2 (inz).

AQsz fixed restriction of the quick action vent flow
area, -2 (inz).

Agsvy Quick service vent flow area, .2 (inz).

Agsy Al9 fixed restriction flow area, -2 (inz).

Agsz Ajg variable restriction flow area, l2 (inz).

APls Area of the Al9 piston, -2 (inz).

B Coefficient matrix.

Bi,j Coefficient of tridiagonal matrix.
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b, ik

c

J J
DBXP/dexp

Dexp/dgxp
£

Jd
Fl.1

)

BC

Lo

INS

Coefficient of the block matrix Bi,j’

Speed of sound, m/sec (ft/sec).

Diameter for the coresponding Agxp/agxpat the jth
time step, ® (in).

Diameter for the coresponding AEXP/aEXP’ m (in).
Friction factor.

Pressure force on the outer relay valve diaphragnm,
N (1b).

Pressure force on the inner relay valve diaphragnm,
N (1b).

Space index (car number).

Time index.

Exhaust valve spring constant of the 26C relay
valve, N/m (1lb/in).

Spring constant of the 26C relay valve diaphragnm
rod, N/m (1lb/in).

Supply valve spring constant of the 26C relay
valve, N/m (1b/in). »
Supply/Exhaust valve spring constant of the
regulating valve, N/m (1lb/in).

Brake pipe cut-off valve spring constant, N/m
(1b/in).

Accelerated emergency release check valve spring
constant, N/m (1lb/inmn).

Brake cylinder spring constant, N/m (lb/in).
Inshot valve equivalent spring constant, N/=m

(1b/in).

xxiii
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P19

J
Pi.BC

J
Pexp/Prxp

Al9 spring constant, N/m (1lb/in).

Emergency slide valve spring constant, N/=m
(lb/in).

Spring preload for the coresponding spring con-—

stant, K N (1b).

EXP’
Total length of the train (brake pipe), m (ft).
Normalized mass flow rate through the corres-

. J J
ponding flow area, ABXP’ Agxp’ apyxp °F 8gxp-

Mass flow rate through Al 1’ kg/sec (lb/sec).
’

Mass flow rate through Al 3 kg/sec (lb/sec).
»

J J J
Mass flow rate through Al,s or A (A1’4,A1,5),
kg/sec (lb/sec).

J
Mass flow rate through ARBG {(ABQVS'AZ,s) or

(A kg/sec (lb/sec).

gave® 42,20}
Mass flow rate trough Ag 1’ kg/sec (lb/sec).
3

N
Number of car (R = 2 Axi).
i=1l
Normalized brake cylinder pressure at the ith car.

Normalized pressure downstream of Agxpor agXP/ABXP
or Agxp*

Supply pressure, N/l2 (lb/inz).

Pressure of the Aq volume, N/n2 (lb/inz).
Atmospheric pressure, N/-2 (lb/inz).

Bqualizing reservoir pressure, N/-2 (1b/in2).
Relay valve outer diaphragm pressure, N/.2

(1b/in?).
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Py 2 Relay valve inner diaphragm pressure, N/-2
k4l

(lb/inz).
Py 3 Relay valve intermediate volume pressure, N/m2
(1b/in?).
_ 2 . 2
Ps’l -Pl’so N/m (1b/in"™).
Q Right hand side array of equatien (2.43).
r‘a,l,rp’2 Falgs used in equation (5.3).
Rg Gas constant, j/kg °K (inz/sec2 °R).
t Time, sec.
T = %Q, normalized time.
O MX,T) _um ; i .
U U(X,T) = PX,T) — <’ normalized velocity at dis
tance X and time T.
vgxp Normalized volume for the corresponding ngp‘
i,j Volume for the corresponding pressure Pi i’ 13
» R
(ins).
. . 2 ,. 2
v Branch pipe volume per unit length, m™ (in™).
"SV Emergecy slide valve weight, N (1b).
X Distance along the brake pipe from the head end,
(ft).
X Normalized spacial coordinate, %.
ch Brake cylinder piston movement, m (in).
ng Accelerated emergency release check valve move-
ment, m (in).
XBCV AAV exhaust check valve movement, a (in).
xINS Inshot valve piston movement, m (iﬁjt
st Emergency valve piston movement, m (in).
xssz Al9 check valve movement, m (imn).

XXy
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Xl 1 Relay valve diaphragm movement, m (in).
*
2.1 Regulating valve diaphragm movement, = (in).
’
X3 1 Brake pipe cut-off valve piston movement, m (in).
Y Array contains the dependent variables at the j+1
time step.
r Ratio of specific heats.
E #(X,T), Normalized leakage flow per normalized
unit length.
!g Normalized leakage/branch pipe flow per normalized
unit length from the ith car.
L.
. . 1 N
ng = ’iAxi = £ ni K
E=1 ’
ng k Normalized flow rate from tke brake pipe through
’
J
ai,k'
u Kinematic viscosity of the air lz/sec (in2/sec).
. . < 3
PBXP Air density for the coressponding ngp’ kg/m

(1b/ind).
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ABSTRACT

ANALYSIS AND SIMULATION OF THE PNEUMATIC

BRAKING SYSTEM OF FREIGHT TRAINS

by

EKhaled Sayed Abdol-Hamid

University of New Hampshire, May, 1986

In North America, and in many other parts of the
world, freight trains still employ pneumatic equipment for
braking. The 26C locomotive valve and control valves of the
cars are connected by a brake pipe which serves the dual
purpose of conducting pneumatic power and transmitting the
control signal (brake signal) from the locomotive to each
car of the train. The development of the air brake system
has been largely empirical and experimental, which may take
vears to develop a new designs.

In this thesis, a new brake pipe mathematical model
is developed, including the interaction of the bramch pipe.
Two different numerical methods (finite difference and
finite element techniques) are developed to provide
transient and steady state solutions for the new brake pipe
model with leakage. Two mathematical models are developed to
describe and study the dynamic behaviour of the 26C

XXvii
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locomotive valve parts, namely the complete and modified
models. The combination of the implicit finite difference
solution technique and the modified model of the 26C valve
are found to be better than any other of the present
developed combinations for providing an accurate and fast
simulation.

Mathematical models for the ABD/ABDW subvalves are
developed and incorporated with the air brake system model.
The new mathematical models for the ABD/ABDW are capable of
describing .the dynamic behaviour of these valves for any of
the several application modes (service, emergency, recharge,
dry charge and recharge after emergency).

These models and numerical techniques were used to
develop a simulation program for the air brake system. This
Fortran program is a very good tcol to analyze and simulate

the transient and steady state behaviour of the air brake

system.

xxviii
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CHAPTER 1

INTRODUCTION

1.1 Air Brake System

Most trains in North America still eqploy pneumatic
brakes. A schematic illustration of a freight train brake
system is shown in figure (l.1). An automatic air brake
system of a freight train typically consists of a locomotive
control unit situated at the head-end of the train, car
control unit located at each car, and a pipe (brake pipe)
connecting the locomotive control unit to car control units.

In some locomotives, the 26C locomotive valve (figure
1.2), is used for the following purposes:-—

1. charging the auxiliary and emergency reservoirs of
the car control unit and the auxiliary reservoir of
the locomotive control unit.

2. varying the brake pipe pressure to cause the
automatic train brakes to apply or release.

After the brake pipe is charged with the 26C locomotive
valve handle in release position, movment to the right will
cause a reduction in the equalizing reservoir pressure. This
pressure reduction will cause a reduction in the brake pipe
pressure. Figure (1.3) shows the 26C locomotive valve handle

postions:
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1. Release position, the equalizing reservoir and brake
pipe pressure correspond to the regulating valve
knob setting. The pressure in the brake pipe is
usually a 1little 1less than that in the equalizing
reservoir. A small pressure differences are needed
to actuate the valve and usually there is some flow
through the valve because of leakages in the train.

2. Minimum service position: 5-7 psi reduction 1in
equalizing and brake pipe pressures. A further
reduction can be acheived by moving the handle
progressively towards the right.

3. Full service position: 23-26 psi reduction of the
equalizing and brake pipe pressures.

4. Suppression position: 23-26 psi reduction and air
flows into "Suppression Pipe" to permanently
suppress safety control.

5. Handle off position: brake pipe pressure is further
reduced to approximately 30 psig because of the
action of the brake pipe cut~-off valve, and
equalizing reservoir pressure to approximately 0
psig. Leakage will eventually drops the brake pipe
pressure to 0 psig.

6. Emergency position: brake pipe pressure is quickly
vented through a large opening to atmosphere.

The car control unit consists of a control valve

(ABD/ABDW), emergency reservoir (3500 ins), auxiliary

reservoir (2500 ins), brake cylinder and shoes. A train
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could consist of as few as one control unit (l-car) or could
contain many more. A long train could contain up to 200 car
control units.

The locomotive and car control units are connected
together in <chain 1like manner by the brake pipe (train-
line). The brake pipe is connected by hoses and glad hands
at the end of each car and locomotive unit. The brake pipe
supplies pneumatic power to operate the brake cylinders and
transmits the control signal (locomotive handle signal)
from the locomotive to the last car of the train.

One of the factors that most affects air brake system
performance is leakage. There are two classifications of
leakage:

1. Brake pipe leakage: the 1leakage in the hose

assemblies, angle cocks and branch pipes.

2. System leakage: brake pipe leakage plus leakage in
the control valves (ABD/ABDW) and other types of
control valves.

Brake pipe leakage occurs at pipe fittings, threaded joints,
valves and gaskets. A typical freight car has from 40 to as
many as 100 joints and seals [l]. This leakage is due to
extrene environmental conditions and long maintenance
intervals. Both are common in the railroad environment. As a
result of leakage, there is a considerable difference
between locomotive pressure and last car pressure, this
difference is referred to as the pressure gradient by the

railroad industry ([1]. The amount of the pressure gradient
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depends on the location and size of the leakage [2]. As the
leakage increases, resulting in an increased pressure
iradient, the braking capability and response of the brake
system is degraded. It is therefore necessary for the
locomotive engineer to know the leakage presert in the brake
system.

A computer simulation program for the air brake system
is needed to understand its different functions. This
program is needed as a useful tool for the railroad
industry. Among its several applications, it may be used to,

a. study the effects of leakage on steady state and
transient behnaviours of the air brake systems,

b. provide for brake cylinder pressures, which can be
used by a different computer program to study the
forces which develop at the coupler between cars,
during normal service operations,

c. develop new criteria for evaluating brake system
performance,

d. design new and simpler control valves,

e. detect and test the causes of existing field
failure, and

f. determine the senstivity of the air brake system to
the valve characterstics.

In order to achieve these goals, one may need to

develop an accurate and simple model for each of the

following air brake system components:
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1. Brake pipe model that is capable of representing a
pipe with different cross—-section areas and lengths.

2. 26C locomotive valve.

3. Al19 flow indicator adaptor.

4. Control valves (ABD/ABDW).

5. Brake cylinder.

The main objective of this research work is to develop

a computer simulation program for the pneumatic braking
system. This progrem should be designed for easy
modifications such that the user can:-

a. add modules for the new control vaives,

b. change in the dimensions and configurations of the
brake pipe, the 26C 1locomotive and the control
valves (up to five),

¢. have more than one control unit designs with
unlimited numbers of each unit, at each car of the
train, and

d. have different configurations for the brake
cylinder, auxiliary reservoir and emergency

reservoirs.

1.2 Review of Previous Work

During the 1last 10 years, the University of New
Hampshire and New York Air Brake Company cooperated in the
development of a Fortran Program, the main purpose of which
is to simulate the Air Brake System of the freight train.

Many theses (Gauthier {7], Wright [8], Banister [9] and
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Kreel ([10]) and Technical Reports were the result of this
project under the supervision of Dr. Charles K. Taft, at
University of New Hampshire. They have developed a
mathematical model for the brake pipe, sevreal functions of
the control valves (ABD and ABDW), brake cylinder, and
reservoirs as well as a simple model for the 26C locomotive
valve. Others have also made efforts toﬁard modeling various
elements of the air brake system. This section reviews some
of the development of all these researchers.

Many researchers have attempted to develop a
mathematical model to represent the brake pipe pressure and
mass flow rate. In the case of the brake pipe problem, the
inside diameter of the pipe is small as compared with its
length, which causes high frictional losses. Velocity change
in the radial direction may be neglected. In these studies,
the flow inside the brake pipe is assumed to be one
dimensional as suggested by Abdol-Hamid [2]), Funk and Robe
(3], Shute et. al. [4], Cheng, Katz and Abdol-Hamid [5], Ho
(6], Gauthier (7], Wright ([8], Banister {8], Kreel [10],
Abdol-Hamid, Limbert and Chapman [ll] among others. Many of
the brake pipe mathematical models fail to incorporate the
branch pipe with the brake pipe governing equations.
However, Refs [4,7,8,9,10] have incorporated the effect of
the branch pipe by increasing the diameter of the pipe to
give it an equivalent volume.

The brake pipe is basically a fluid transmission line.

The transient behaviour of fluid transmission lines has been
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the subject of many investigations. Many researchers
developed closed form solutions to a linearized form of the
transmission line governing equations. One of the earliest
investigations into the +transient respoanse is that of
Schuder and Binder [12]. They developed a theory and
performed experiments for the step response of long
pneumatic transmission 1lines terminated by a volume or
blockage. Their theory does not consider heat transfer
effects and assumes a constant laminar friction. Nichols
[13) included the effects of heat transfer and the change in
the laminar velocity profile shape. Simultaneously, Brown
{14 & 15] developed the propagation operator in terms of
Laplace transforms. Cheng, Katz and Abdol-Hamid [5] showed
that the semi-infinite line solution can be used to predict
the transient response of the blocked line. For a matched
line (semi-infinite 1line), several solutions have been
presented. Kantola {16] obtained an infinite series
representation for the impulse and step response and Karm
{17] transformed a simplified frequency domain model into
the time domain. Brown and Nelson {18] found the step
response solution of 1liquid 1lines from the frequency
response. EKatz [19] developed the direct conversion of the
exact frequency response for terminated transmission lines
into transient response.

Most of the numerical techmiques and solutions,
mentioned above, lack the ability to present the steady

state solution of the brake pipe problem including leakage.
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Also, a mathematical model is needed to study the effect of
leakage in the brake pipe steady state behaviour.

It is also difficult to employ any of the methods
mentioned above to predict the behaviour of a real brake
pipe, because of the complex boundary conditions ( the
presence of the locomotive and control valves, brake
cylinder, and auxiliary and emergency reservoirs at each
car), in additional to leakage. Refs. [4,7,8,9,10] did
include the complex boundary condition, using the method of
characteristics.

The method of characteristics has been used by many
researchers to solve the transients of fluid transmission
lines. 2Zielke [20] and Brown [21] have presented a quasi-
method of characteristics that takes into account frequency
dependent shear and heat tranfer. This method has been
applied by Krishner and Katz (22] to find the step and pulse
responses of blocked line. Abdol-Hamid [2] used the finite
difference techniques (explicit and implicit) to find the
transient response of the brake pipe problem. Funk and Robe
{3] developed the method of lines for solving the brake pipe
governing equations. They used the finite differnce
technique in the space coordinate, x, to reduce the
governing partial differential equations into a set of
differential-differnce equations, which are solved by Kutta-
Fehlberg algorithm [23]. Ho [6], Gauthier (7], Wright [8],
Banister ([9] and EKreel [10] have used the method of

characteristics to find the transient response of the brake
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pipe as a pneumatic transmission line and combined it with
locomotive and car control valves models. Good correlation

. Wwith the experimental results were obtained for many types
of brake operation. The computer program, as was developed,
could not be used for trains containing cars of various
lengths, brake pipe diameter, and valve types. In order to
handle the case of various length, a small uniform length
has to be used, where several element must be used to
represent one car. This will cause the use of longer
solution time.

Many researchers developed mathematical models to study
the steady state behaviour of the brake pipe with leakage.In
1977, Katz and Cheng [23] first proposed a ladder network
model for the train-line for the purpose of studying the
pressure distribution in steady state conditions. Then,
Cheng, Abdol-Hamid and Katz [24] used the ladder network to
develop two methods for 1locating multiple faulty leaks.
Abdol-Hamid [2] proposed a mathematical model to study the
behaviour of the train-line and developed two fault locating
methods for the train-line with leakage. Shute, Wright, Taft
and Banister in {[4) used their mathematical model to study
the effect of the leakage on brake pipe steady state
performance. They have used the method of characterstics to
solve the mathematical model equations, which is bhetter
suited for transient calculations than for strictly steady

state behaviour because it requires a large computer time.
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The 26C locomotive valve plays the important role of
initiating the pressure control signal to the air brake
system. Ho [6], Gauthier [7] and Wright [8] have attempted
to develop a simplified model for the 26C relay valve (a
part of the 26C valve), which is used to represent only the
service mode of the valve. The relay valve was represented
by a fixed restriction (.25 (in) in diameter) through which
the brake pipe was vented to atmosphere. Banister [9]
developed a mathematical for the relay valve, which may
represent both the service and release modes. This model
does not accurately represent the dynamic behaviour of the
26C locomotive valve. Kreel [10) developed a mathematical
model for the Al9 flow indicator adaptor, and he used the
same 26C model developed by Banister [9]. The author of this
dissertation is not aware of the existance of a complete
mathematical model, which describes accurately the functions
of all the main parts of the 26C locomotive valve. Models
for the regulating valve and brake pipe cut-off valve are
needed for a more complete 26C model.

The control valve (ABD, ABDW,... etc.) is basically a
pressure sensor device, which is activated by the local
brake pipe pressure time rate of change (amount and
direction).

During the service mode (pressure in the brake pipe is
dropped), a brake sequence is activated, which allows air to
flow from the auxiliary reservoir to the brake cylinder.

Gauthier [7] developed two mathematical models to represent
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the service mode of the ABD control valve and brake cylinder
filling process respectively. Gauthier (7] was also the
first to use the input-output diagram (quasi-steady
assumption) to model the control valve. Wright (8] developed
a mathematical model for the Accelerated Application Valve
(AAV), which may be combined with the ABD model to construct
a mathematical model for the ABDW control valve.

During the release mode (pressure in the brake pipe is
increased), the control valve connects the auxiliary and
emergency reservoirs to the brake pipe. Banister [9]
developed a mathematical model to represent the release
after application mode. In order to model the release after
emergency mode, the function of the accelerated emergency
release check valve should be incorporated in the brake
valve model.

During the emergency mode (large and rapid pressure
decrease in the brake pipe pressure), auxiliary and
emergency reservoirs are connected to the brake cylinder.
Kreel [10] developed a mathematical model to represent the
emergency mode. In order to have a complete model for the
emergency mode, the functions of the inshot and high
pressure spool valves needed to be added to the mathematical
model developed by Ereel [10]. Gauthier {7] developed the
input-output diagrams for each of the inshot valve and the

high pressure spool valve.
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This section concludes that, there is a need for a
complete model/program for the air brake system. This
requies the following:

1. A brake pipe mathematical model should be developed,
which includes a separate flow contribution due to
the interaction with the branch pipe.

2. A new numerical technique should be used to solve
the brake pipe governing equations. The numerical
technique should be capable of providing efficient
(accurate and fast) transient and steady state
solutions for a brake pipe. It should be capable of
modeiing cars with various 1lengths brake pipe
diameters, and amount of leakage.

3. An accurate and complete mathematical model for the
main working parts of the 26C locomotive valve.
Then, the model should be modified to be an integral
part of the air brake system program to provide the
functions of the valve while allowing‘an efficient
solutions.

4. The ABD/ABDW should include the modeling of the
following sub—valves: -

a. accelerated emergency release check valve,
b. inshot valve,
c. high pressure spool valve.

5. The Fortran Program needs to be designed for easy
modification, such as allowing the wuser to add
models of new or different components of the air

brake system.
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6. The air brake system mathemtical model needs to be
validated. This implies that the form of the models
used for the components and sub-valves of the system
should be correct, and proper values should be used.
The model should be compared to experimental data as
did (4,7,8,9,10] for all types of operations to be

simulated.

1.3 Scope of the Dissertation

This dissertation attempts to develop a complete
model/program {computer simulation) for the air brake system
satisfying the needs listed above.

Chapter 2 describes two numerical techniques that can
provide the solutions of the brake pipe governing equations.
The brake pipe mathematical model is developed in Appendix
A. The two numerical techniques are: the finite difference
(implicit and explicit) and the implicit finite element.

Chapter 3, begins by explaining the operation principle
of the 26C locomotive valve and the functions of its parts.
Then, the complete model of the 26C relay, regulating, and
brake pipe cut-off valves are developed. Then a simplified
model of the 26C relay and brake pipe cut—off valves i3
developed to be incorporated with the rest of the air brake
system components.

Chapter 4, explains the functions of each of the air
brake system components. The corresponding models of the

control valves are developed in appendices G and H. The
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mathematical models of accelerated emergency release check,
inshot and high pressure spool valves are developed in
Appendix G. The same Appendix shows how these models are
incorporated with the mathematical model of the ABD,
developed by Gauthier [7] (service mode), Banister [9]
(release mode), Kreel ([10] (emergency mode). Appendix H
describes the correct formulation of the AAV mathematical
equations, proposed by Wright [8]. Appendix I describes the
mathematical model of the AlS flow indicator adaptor,
developed by Kreel [10].

Verification of the models is also demonstrated in this
chapter by comparison with experimental results. Three
different ekperinental set-ups are used to validate the
mathematical models of the 26C locomotive valve, brake pipe,
and the complete model of the entire air brake system
respectively.

Chapter 5, investigates the effect of leakage on the
steady state behaviour of the brake pipe. The implicit
finite difference scheme is used to provide the steady state
solution of the brake pipe mathematical model.

Chapter 6 briefly summarizes this dissertation results
and conclusion.

Finally, Appendix L describes and lists the air brake

system Fortran Program
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CHAPTER 2

NUMERICAL SOLUTION
OF

THE BRAKE PIPE MATHEMATICAL MODKL

2.1 Introduction

The analysis presented in this chapter is for a brake
pipe with leakage or\and branch pipe flow, but it may be
applied to any pneumatic transmission line. The omne-
dimensional formulation of the governing equations has been
assumed [(2,3,4,6,7,8,8,10,11]. We begin with modeling of the
brake pipe and formulating the system equations in Section
2.2. The full derivations of the brake pipe governing
equations is explained in detail in Appendix A. In Section
2.3, two finite difference formulations are presented to
solve the brake pipe (train~line) governing equations.
Section 2.4 describes the finite element formulation which
ijs used to solve the governing equations. Finally, section
2.5 summarizes the numerical development made in this
chapter, and also describes one of the techniques which may

be used to solve the final algebraic system of equations.

2.2 Brake Pipe Mathematical Model

The laws of conservation of mass, momentum, and energy
and the equations of state for air are used to develop the

18
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governing equations (see Appendix A for further derivation
details). The governing equations for the brake pipe with
mass flow renéved per unit length, s (leakage flow or/and
flow to the brake valve unit through a branch pipe volume
per unit length, v) are described as follows:-

Continuity Equation

(A+v) 2+ 2fuh, 5 = 0.
or, %% + ?X%;T %£25+ ao = 0. (2.1)
(for car section that have no branch pipe, v=0)
x—-Momentum Equation
2
where,
A = i dz(x), cross—sectional area of the brake pipe
as a function of distance, x(m), n2.
p = p(x,t) is the air pressure inside the brake pipe
as a function of distance, x (m), and time, t
(sec), kPa.
u = u(x,t) is the air velocity inside the brake pipe
as a function of displacement, x, and time, t,
m/sec.
v = v(x) is the branch pipe volume per unit length
(ax) as a function of displacement, x, _2.
s = leakage per unit length, kg/(sec.m).
p = p(x,t) is the air density inside the brake pipe

as a function of distance, x, and time, t, kg/ns.

s
_I,
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A = A
T A+V’?
X+AX
_ 1 I adx
favg = ax Ix (2.3a)

and,the average hydraulic diameter is:

x+ax
3 = 4 A - 4 Adx
d = , ave = 7ox Jx (2.3b)
T%T in equation (2.2) is used to account for the "opposing

motion" quality of friction. f is the wall frictiom factor,
which is a function of the local Reynolds number Re.

R = — (2.4)
where,

u = the kinematic viscosity of the air nz/sec.

o =

The basic functional form used for the friction factor, f,
is

£f=aRp (2.5)
where a and b are selected to give a good fit to data for
different flow regimes , laminar, transition and turbulent,
(see Appendix K).

Isothermal flow is assumed as suggested by Abdol-hamid
(2], Funk and Robe [3], and Gauthier (7], among others.
Therefore, the density can be related to pressure as in the:
EBquation of State

= P
P = R o (2.6)

where,
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R gas constant, J/(kg.ox).

g
e

fn

local temperature (assumed to be constant), °K.
These equations are now normalized by introducing the

variables as:

M= _:Tl:; P =§; g = %A; (2.7a)

x = % T = L2 (2.7b)
Where,

¢ = the local speed of sound, m/sec.

P,= local atmospheric pressure, N/nz.

£ = the total length of the brake pipe, m.

PA= local atmospheric density, kg/m3.

When those relations are substituted into (2.1) and
(2.2) and we substitute for P using equationm (2.6), the

following normalized equations of motion are obtained:
3P 1 3MA

ST * Eav ox *OESO (2.8)
3M 1 2MUA 3P _
5T + A 3X + G1 > + G2M =0 (2.9)
where,
- M
U = P . (2.10a)
R o
- K
G1 = 5 (2.10b)
c
Aav U2
and, G, = f —2Y& L (2.10¢)
2 A 2 a 10

The continuity equation (2.8) and momentum equation

(2.9)' form a pair of nonlinear partial differential
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equations in terms of two dependent variables, mass velocity
M (or U) and pressure P, and two indpendent variables,
distance along the pipe line X and time T.

At this point, let us describe the brake pipe
mathematical model as shown in figure (2.1). The brake pipe
is a continuous network model, consisting of N sections of
lengths (axi). Let Pg and Mg be defined as the dependent
variable pressure and velocity at grid points X=Xi(0 < Xi <

1) and T=Tj(0 < Tjg «). The leakage flow, %, is lumped at

J

each node as ay . where,
J - gJ
oy = B Axi (2.11)
L.
Joog ol
and, aY =% A0}
i k=1 i,k
where, ng Kk is the kth mass flow out of the brake pipe
’
(trough leakage or brake pipe valve) at the ith section in
the jth integration time step. The index k varies from 1 to

Li' the number of leakage flows at the node.

The brake pipe (train-line) behaves as a long
transmission line with a significant damping (friction, flow
through branch pipe..etc) affecting the transient behaviour
of the pressure and mass tranfer inside the line. Thus, for
simplicity in the following analysis, all air leakages
or\and brake valves are assumed to be lumped at the end of

each space element. There are a two ways to calculate the

mass flow rate ag K’ the isotropic approach and the average
»

J
i,k
can be presented as a nonlinear function of the leakage up

density approach. First the isotropic approach, here 0o
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stream and down stream pressure (Pg and Pg k) for subsonic
?

flow at the i-th node, and as a linear function of the Pg

for sonic flow, as follows:

; J J
subsonic, for Pi $1'893Pi,k

a _ 2 _ b+l
J - _i.k 5J |_2_ ro_ r
°i,k” K, i |r-1 Bk~ Bik (2.12a)
where,
Ri,k =Pj (2.12b)
ik
sonic, for p? > 1.893??
i i,k
a. . .
= 0.58 XlL5 Pg (2.12¢)
i

where a; is the kth restriction (leakage or brake valve

flow area) at the ith node, Ai is the brake pipe cross-—

ith section. Second, the average

sectional area for the
density approach suggested by Gauthier (7] and Banister [S].
The mass flow rate is related to the upstream and downstream

pressure and flow area as

2
[R5k = 1] IRi e = 1]

. a. .
J - i,k 5J
o g = 0.6 A, Py = R, - 1 (2.12d)

So, we see the general form for equations (2.12a), (2.12c)

and (2.12d) is

i - gd pd ik
ni,k Ki Pi Ai (2.12e)
Where, Kg may represent the nonlinear resistance per

unit area of the leakage at the i-th node. Kg is evaluated

at each node and time from the sonic and subsonic relation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

when using the isotropic approach, or from terms in equation
(2.12d) when using the average density approach.

Gauthier (7] and Banister [9] show that, the
difference between using equation (2.12a-c) and (2.12d) is
always less than 10%. For computational effeciency with
reasonable accuracy, equations (2.12d) will be wused to
calculate the leakage or/and brake valve mass flow rate.

Equations (2.8) and (2.9) are coupled together through
the two dependent variables M(X,T) and P(X,T). They have
been defined to be hyperbolic equations. Thus, two boundary
conditions need to be specified before proceeding to solve
equations (2.8) and (2.9). At the rear-end of the pipe, the
value of M(1,T) during the entire integration period is:

M(1,T) = 0 (2.13a;
because there is no flow out of the end of the pipe, and, at
the head-end of the pipe, the boundary condition is

P(O0,T) = f(T) : (2.13b)

where f(T) is the pressure provided by the functions of the
26C locomotive valve, which is modeled in Chapter 3.

Finally, the initial conditions are:

i
0 ¢ (2.13c)
i

for an initially empty brake system. Equations (2.8) and
(2.9) have two characteristic curves. The slopes of these
curves are known to be the eignvalues of the governing

equations (2.8) and (2.9), defined as n:
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In order to approximate the solution of equations
(2.8) and (2.9) by most numerical techniques, a network of
grid points is first established throughout the region 0¢ Xi
< 1 and O0¢ Tjs «, as shown in figure (2.2) with grid spacing

Axi and AT, where

Axi = the normalized distance step size at the ith

section, and

AT = the normalized time step size.

In figure (2.2), the line X = Xi and T = Tj are called the
grid lines, and their intersection is called the grid point
(mesh point).

In order to find the largest time increment aT which
may be used to provide an accurate transient solution, the
largest slope of the two characteristic curves, 1, has to be
found. The largest slope is associated with the maximum
value of the normalized velocity, U, through the brake pipe.
The largest value U, through the transient response (for the
brake pipe application), will not exceed a value of .2
(established by experiment for 10 or more 50 ft cars) and
Gl=1'/1'4 for air. Assume that v = 0, thus,

.8645 < 111 < 1.045
then, Tmax™ 1.
With nonzero values of (v < A) the maximum eigen values will

decrease. in order to find an accurate transient solution,
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Figure 2.2: Numerical Simulation of Equations (2.8) and (2.9)
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AT should be evaluated using the maximum and minmum Axi,

as,
Min (Axi)
aT = Y (2.14)
max
thus, aT = Min(Axi)
This is, also, based on the fact that the pressure

disturbance inside the pipe is transmitted with the local
speed of sound (c¢) [(25], provided that the effect of the
continuum speed, U(X,T), has no effect on the solution

stability during the entire transiznt.

2.3 Finite Difference Formulation

The finite difference schenres, among the many
pumerical techniques used to solve a differential equation,
are the explicit and the implicit schemes. Both schemes can
provide accurate and stable solutions under some
considerations and conditions. These schemes will be
compared with one another,as well as the solution provided
by the finite element formulation in chapter 4.

Using finite differences to solve equations (2.8) and
(2.9) requires, that the finite difference in space has to
be either backward difference or central difference (251,
because the pressure wave (information) is always
transmitted from the head-end to the rear-end of the train
line (brake pipe).

In general, the finite difference procedure consists

of approximating a set of partial differential equations

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

(2.8) and (2.9) by a system of nonlinear algebraic

equations.

2.3.1 Implicit Scheme

In chapter 5, the effect of leakage on the steady
state beahviour of the brake pipe is invesitigated. In order
to complete the investigation, it is required to develope an
accurate, stable and fast numerical scheme to provide a
steady state solution for equations (2.8) and (2.9). The
only technique which proves to be accurate and
unconditionally stable is the implicit finite different
scheme [25]. This scheme also allows the use of nonuniform
displacement steps (Axi) without causing any instability
problem. The technique described hereafter can be used to
provide either a transient solution or steady state solution
of equations (2.8) and (2.9). Fortunately, as shown by
references [2,6], the main characteristic of the brake pipe
problem is that the displacement rate of change of the
pressure and velocity are very small as compared with the
time rate of change of any of these variables. That means
that a semi-implicit finite difference scheme may be used
instead of fully implicit scheme. This choice will make it
possible to reduce the number of unknowns (three instead of
five) in each equation and avoid the nonlinearity of tkeose
equations. The finite difference formulation of the terms

appearing in equations (2.8) and (2.9) within the i-th
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section (car) and between j, j+1 integration time steps may

be written as follows:

- .
ap |9*1 Pi ' - ¢
2T |. - aT
J1
15 J+1 _ \J
am |91 _Migy M5
| a1 |, aT
. : J+1 _ mitl
1 aMA ]J+1 oM A T MiaAg (2.16)
LA+v 3X i (A+v)iAxi
. J+1 _ g+l
[ 3P ]J+1 _ K Pi-1
X | 2K,
: Jyd - J J
1 omoa |9 MiliAs - MigUig40
A X A 6%,
i s

5+l -
J gyitl
[ G, MU }i_lz [6,0]] i1y

Substituting equation (2.15) into equations (2.8) and (2.9),
the following set of algebric equations completely describe
the semi-implicit finite diTference formulation for

equations (2.8) and (2.9)

j+1 j+1 J+l_
B¢’1P1_1+ Bx,2“i—1+ B“’sPi = B“’4 (2.16a)
Jj+l Jj+1 J+l_
BB,1M1-1+ Bp,zpi + B"’3 1 - 85,4 (2.16b)
where, «= 2i-3
p= 2i-1 i=2,3,....N+1
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B.,1 = "Be,3 7
5 Ajy
Bs1 (A"‘V)i_l
B 1

[ ; ]2
u?
P i-1
B, =c, |1+ £ {A ] . aT
«,2 i avg 5 J
i?2 di ‘Ui—l|
Bﬂ,z =C;
Jyd - mI J
B cew . - 50 Mi—1Yi-1451
«,a - %iMi-1 A,
- J _ J
BB,4 = C Pi Aini
aT
c. = 4L (2.17)
b Axi

for i=2, PI*! = P(0,T)= £(T, My, ....etc)= P(0,T), as

1
. M(source)- MY
J+l _ I | 1 .
li’:l = P(0,T) = Pl + °1 (2.18)
thus equation (2.16a) may be rewritten in this form:
= - 2.19
82’4 32’4 32,1 P(0,T) ( )
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and for i=N+1, Mg:i= M(1,T) = 0, thus equation (2.16b) can

be rewritten in this form

1 +B Pj+1

2N, 2P N+1 (2.20)

J+ -
Bon, 1N = BN, a
Using the above boundary conditions (P(0,T) and
M(1,T)), reduced the number of equations to be solved
simultaneously to 2N equations. In general, these equations
form a tri-diagonal set of simultaneous linear algebraic

equations, which may be solved using the algorithm described

in Appendix B.

2.3.2 Explicit Scheme
Many researchers who have solved a set of partial
differential equations similar to equations (2.8) and (2.9),
Refs.[4,6,7,8,9,10] suggested the use of the explicit scheme
over the full implicit to solve equations (2.8) and (2.9).
Equations (2.16a) and (2.17b) can be easily converted from
its implicit formulation into a simple explicit form,
following these procedures:-
1- Change the terms P£+l and Piii in the left hand
side of equation (2.16a) to Pg and Pg_l
respectively, and
2- Change the terms Mg+1 and Mgtl in the left hand

1

side of equation (2.16b) to Mg and Mg_l
respectively,

then rewrite equations (2.16a) and (2.16b) in these forms
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mitle Ba g™ B, 1PIT1 - B, gPi"! (2.21a)
B, ,
j - J+1 _ j+1
pitle Bpa” BpaMi-1 ~ Bp 5" (2.21b)
B
8,2

but, before solving equations (2.21a) and (2.21b), it is
important to consider the stability 1limitation of this
formulation (explicit schenme). It is difficult to do a
stability analysis to equations (2.8) and (2.9) in their
nonlinear forms. Instead, linear forms of these equations
can be used to represent both equations as suggested by Ref.

[27] as follows:

) UA 2P ’

>T + Aty X © 0 (2.8a)
M o~ M 2P

3T + U X + G1 3X * 0 (2.9a)

Using von Neumann stability analysis, one may found that

- A g, Al
Ca.8a" a+v 10 Axis 1

is the stability 1limitation of equation (2.8a), which is
known as the courant number restriction. For equation
(2.9a), first by ignoring the pressure gradient term and
using the von Neumann stability analysis, the stability
imitation of equation (2.9a) may be found to be as

But, the pressure gradient term in the momentum equations

affect the continuum information speed, U. However, a small

pressure disturbance travels at the local speed of sound, c,
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in all the directioms, so only ¢ > 0 need to be considered.
Thus the magnitude of the continuum speed is now n§|+ 1, and
the applicable courant number restriction is

c = [1T1+1 ] -ﬁ—%ig 1 (2.22)
This is the Courant, Friedrichs, and Lewy [32] or CFL
restriction. However, for any fixed value of AT, the CFL
pumber of equation (2.22) will be larger than any of CZ.Ba
and c2.9a' So, equation (2.22) may be used as the stability
limitation of equation (2.8) and (2.9). But, the value of E
can go as high as unity, thus, the integration time step
should follow the following inequality

aT ¢ .5Min(oxi)
In the course of this project investigation, aT will take a
value of .5 Min(AXi).

aT = .5Hin(AXi) (2.23)

The implicit or the explicit scheme formulated in this
section has a local truction error of order O(nax(Axi)+ aT) .

In chapter 4, both schemes will be compared with the

experimental result provided by NYAB.

2.4 Finite Element Formulation

The finite element method, which was first used as a
procedure for structural analysis, has come to be recognized
as an effective analysis tool for a wide range of physical
problems. Among these are problems in the field of flow

analysis. In this section, the finite element technique is
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used to formulate the brake pipe system equations derived
from the general form equations (2.8) and (2.9). This
technique allows the use of nonuniform displacement steps
(Axi) as shown in the equation development. The technique
can be used to provide both transient and steady state
formulations for the governing equations.

In general, the finite element process may be defined

as:
1. the behaviour of the whole system is approximated
to by a finite number, NND = N +1, of parameters,
P: and M?, may be replaced by ai, for which
2. the N-equations governing the behaviour of the
whole systen,
Flad) =0, i &e =1, 2,....Ny
can be assembled by adding the contribution of each
term from all elements which divide the system into

physically identifiable entities. Thus
F, = £ Fp e=1,2,... N
where F; is the element contibution to the quantity
under consideration.
Assuming that the brake pipe can be devided into
N elements (sections). BRach section may represent one car.
Figure (2.3) shows the finite element representation of a
section of the brake pipe. This section consists of two
nodes and may have one leakage located at the second node.

Because the displacement rate of changes of the pressure and

velocity are very small as compared with any other term in
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equations (2.8) and (2.9) [2,3,4,6,7,8,9,10,11], the linear
element is used to represent each section within the
solution domain. Thus, the pressure and velocity within each

element may be prescribed as:

p (D1 = 8 p{P(m) + x{Pp{(m)

(2.24)
M () = 8 M{D () + n{u{ (1)
where,
(e) _ ,(e) (e)
g(e) X2 7~ X s SR
1 MO X MO)
and, (2.25)
(e) _ ,(e) (e)
NS T . MW ~ . _ L _
2 Ax(e) ’ X Ax(e)

At this point, let’s rewrite equations (2.8) and (2.9)

in the following form for each element

ars _ 3AS
(e) *"r + cr(e) Wr + E]Se) =0 (2.26)

aC . o

9T r 3X

where, " may represent the pressure, P, or the mass

velocity, M, for = M, A= P, :M(e)= Gl’

A{e)+ Aée)

- (e)_

M ZA{e)Aée) b

(e), (e)
- u;%7a; ) }
M (e),(e)

0 U2 A2
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2

(e) (e)

and = (&)= ¢ Aavg 1 [Ul ] mie)
a(e) o3(e) lUge)I 1

= G(e)Uie) (2.27)

and, = (9o A28
axte)

Now, applying the weighted residual method (Galerkin Method

[26]) to equation (2.26), we obtain for an element

(e)
X2
ars rs
ar L - (e) _°F = (e) 2°r ~(e) -
aT * *r axX *oepn X * =p N;dx = 0
(e)
X
(2.28)

Bquation (2.28) with the use of equations (2.25) can now be

written in this form
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clelpled, xIge),.(e)+ Kie)x(°)+ s(e) _ ¢ (2.29)

where,

(e)
X5

c(®o | T Ny ax
(e)
X3

x(e)

2
(e)_ = (e) T 2{N}
K."'= j « o {N} Sy {s}dX
(
X

e)
1

x(e) (2.30)

Integrating equation (2.30) with the use of equation (2.25),

C(e), K;e), Kie) and S(e) may be written as:

(e) -
(o) ax(e) [ 2 1 ] (e, °r B(1) B(2)
- oo ,

1 2 r - 2 -8(1) B(2 ) ’
(2.31)
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ax(®)z(e) [ 1 ]

L) -5(1) s(2)
Kie) = [ ] and Sge)= 3 1

r
T2 ~3(1) 8(2)

We Also use the forward finite difference to replace the

time rate of changes of r(e):
. J+1 J
_ r = r
r= T (2.32)

In order to have an accurate transient, the integration time
step must be 1less than or equal to the propagation time

(27]. That means the normalized integration time step is
oT ¢ min [Axge)} (2.33)

Substituting for I from equation (2.32) and assembling the
global matrices, the i-th system equation may be written in

this form

J+1l J+1 Jj+1 _
B;,1¥i-1 * Bj 2YF * Bj 3¥i.1 T Bj,4 (2.342)
where,
s - | P Paag
i,L b b ’
2,i,L °4,i,L
(2.34b)
b, . P,
Bi4=[ 1’1,4] and Yi’_'[ 1]’
1 ]
by i,a M;
for L= 1, . = -.5 and for L = 3, © = .5 Thus,
b - Ax(i!l")
1,i,L 6AT
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_ (i, L) .
by i, = ‘oM 3y(1,L)
_ (i, L) .
b3,i,L = op 3p(i,L) (2.35a)
. (i, L)
- - (IQL) - axT—*—
by i,1 ™M By(i, L)+  GaT
P
— 1=
bg,i,1° Y4,5,1" 2 axX

where, (i,2) + (i,3) - (i)
and (i,1) - (i-1)
for L= 2

ax(i-D) ax (1)

1,i,2 ° 35T
by sz =.5[;M(i-1) _;M(i)] By(i)+ AX(i—I;A; ax ()
by iz =.5[Zﬁ‘i'1)- Zh(i)] 3 (1) (2.35b)
=0 because, o, 171z o (D)= g,
by ;.2 =.5{§§(i'1)- Zé(i)] 5p(3)
Ggi)ax(l)
bg,i,2° Pa,i,2 * 2
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b - Ax(i-l)Pj . ax(i-1) 4 ax(3) pJd 4+ Ax(i—l)Pj
1,i,4 6AT i-1 3AT i 6AT i+l
-.5 { z{1Dax D)y (D) 4y (D) (2.35¢)

b - Ax(i-l)MJ . ax(i-1) 4 Ay (1) M+ Ax(i_l)HJ
2,i,4 6aT i-1 3AaT i 6AaT i+l

for i=N+1, equation (2.34) is written in this form

N5+1 yi*l. g (2.36)

Y N+1- BN, a

+ B

By+1,1 N+1,2

where, for L= 1, 11= -.5 and 5= 1 ,and for L= 2, 11= .5 and

p= 2

by N+1,L = 276aT

_ (N, L)
by N+1,L = 1 °M 8y(N,L)

_ (N, L)

by N+1,L = "1 °p  3p(N.1)
(N,L)

- = (N,L) AX

baN+1,L - M1%m 0 Pu(NoD) * gt ’
c{M) 45 (¥ (2.37)
b = b + _l____
4,N+1,1 4,N+1,1 2
(N) (N) .

" ¢ J ax J_ ~(N) (M)

bltN+1’4 - 3aT PN+1 *+ 6AaT PN -5 P aX
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b P LLAR
2,N+1,4 6AaT N
gd . =0 for j=0,1,2,....

N+1
for i=1l, equation (2.26) is written in this form

B, y3*l 4+ 5. _yitl- 3 (2.38)

1,271 1,3°2 1,4
where, for L= 2, 11= -.5 and 12= 2 ,and for L= 3, 11= .5 and

ax(1)
1,1,1 - “276aT

(1)
_ = (1) -y Sk
by 1,1 = M1%m A1) * 27T

ag?) ax(®) (2.39)
b4,1,1° P4,1,1 * 2
ax(1) ax (1)

- J J_ =(1) (1)
by, 1,4 = T3a1 P1* “ear P2~ ‘5% Fp X

(1) . (1) .
_ _aX Jj ax J
by 1,4 = 3a1 Y1 * Tear Y2

Notice that, the value of P‘]’:+1 (head—end boundary condition)

canp be evaluated using equation (2.38). In order to keep the
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equation in its present form, the coefficients b1,1,1 and
b1,1,4 need to be replaced with the following values
1,1,1 = B and, by 5 4= H pi*l 2.40)
where, H is a very large valus as compared with the rest of
the coefficients in the seme equation (Ex. 105). In such a
way, the final solution of equation (2.38) will provide the
same answer given for P{+1 in the right hand side of the
equation. In the course of the present analysis, H is set to
be equal to 105.

Finally, the finite element formulation has a local
truncation error order higher than the two finite difference

schemes, developed earlier in section (2.3), which is of

O(nax(Ax§)+ aT).

2.5 Summary

In this chapter, two numerical techniques were
proposed to provide a solution for the brake pipe
mathematical model developed earlier in section (2.2). The
first technique was the finite difference with its two of
the possible formulations:

1, I=mplicit finite difference (section (2.3.1))

2. Bxplicit finite difference (section (2.3.2)

The implicit for-dlation is the one which may be used to
provide a stable solution to solve for the transient or
asteady state solution of the brake pipe equations regardless

of the integration time step (AT). The transient solution
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accuracy can be acheived, with the implicit formulation, by
using a smaller AT or/and Axi, because this formulation has
a local truncation of order O(Iax(Axi), aT). The explicit
formulation is a favorable scheme, used by many researchers,
to solve a problem similar to the present case. But, this
explicit form has a stability limitation for the selection
of AT, based on the CFL restriction (2.22). We used
aT = .5Min(oxi) (2.23)

This scheme has the same local trumncation error as the one
provided by the implicit scheme. The second form of
numerical technique was the finite element formulation. In
this form of finite element method, a linear element is
chosen to represent each section of the brake pipe model.
Section (2.4) desribes the formulation of the system
equation using a finite element. The final form of the
system equation in its general form (2.34), makes this
scheme similar to a formulation that may be made with the
use of an Implicit Forward-Time and Centered-Space (IFTCS)
with a very simple modification. The IFTCS is a one of the
implicit finite difference forms. Using this analogous
method, it can be shown that the present finite element
formulation has a local truncation error of O(nax(AX?), aT),
and because it is implicit, there is no stability
restriction on AT. If the explicit FTCS is used, instead of
IFTCS, the solution of equations (2.8) and (2.9) will be
unstable no matter what value of AT is used. It has been

shown by the stability analysis made in Ref-26, that the
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error grows monotonically as long as there is no diffusion
term present in equation (2.9). This error growth, which is
called a static instability, can not be removed by lowering
the time step AT and it can only be removed by usirng some
other finite difference formulatior. The diffusion term

usually appears in a form similar to this form

2
Diffusion = « 23 (2.41)

3X2

and the stability restriction should follow

atT ¢ B (2.42)
cRU

The final set of equations, formulated using either

the implicit finite difference or finite element, has to be

solved simultaneously. Both sets of equations (2.16) and

(2.34) can be rewritten in this matrix form
(8} . (v33*1 = (a} (2.43)

where {B} is the system matrix

B1,2 81’3 0 ...0 0 0

BZ,I 52’2 82’3 c..0 0 0
=g i : : :

0 0 0 veuunn Boo1,1 Bu-1,2 Ba-1,3

0 0 0 ...... 0 B¢’1 B“.z
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and

T
{Q} = {31’4, 82’4,..............,B¢_1’4, B¢,4 }

(2.44b)

N+1

- -+ 3 ‘+
{Y}J+1={P\; 1’ U‘{"’l’ Pg 1,.......-..., N

. . 21T
ud*tl, PJ+1}

In the case of finite differnce formulation

a) «x= 2N-1

b) the size of Bc,L is 1X1 matrix
In the case of finite element formulgtion

a) «x= N

b) the size of Bu’L(L= 1, 2 or 3) is 2X2

c) the size of B¢,4 is 2X1

In order to solve the set of quations (2.43), a
modified Thomas method is used [see Appendix B] instead of
Gauss elimination or any other technique because there is
only one resriction associated with this technique. This
restriction is that the determinant of the diagonal element
of each row has to be greater than the summation of the
other two elements within the same row [27]. Bither equation
(2.16) or equation (2.34) shows that this condition is
always satisfied.

In chapter 4 the NYAB laboratory brake model is used
for the purpose of comparisons between both numerical

techniques (finite element and finite difference in its
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explicit and implicit forms). These comparisons provide, in
general, the validation of the three numerical techniques to
accurately solve the brake pipe governing equation. Then, in
chapter 5, the finite difference technique is used to study
the effect of leakage in the steady state behaviour of the

brake pipe.
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CHAPTER 3

MATHEMATICAL MODEL
OF

THE 26C LOCOMOTIVE VALVE
3.1 Introduction

The ultimate objective of the entire study of the
behaviour of the trainline is to develope a dynamic model of
the brake system including the locomotive valve, car brake
valves, and interconecting pipes.

In the present chapter, the mathematical model of the
26C locomotive valve is developed. In the previous chapter,
the mathematical model of the trainline (brake pipe) was
developed. These two numerical methods are used to provide
the solution of the trainline model equations viz. the
finite element and the finite difference. Also, the
possibility of wusing the implicit and explicit schemes to
represent the finite difference equations are explored
through out the previous chapter.

One of the most important parts of the air brake system
is the 26C valve , figure (3.1), which is located in the
locomotive of the train, generally at the head-end of the
trainline. The primary function of the 26C valve is to

supply regulated air pressure through the trainline to the
49
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automatic air brake valves in the cars of the train. By
manipulation of the brake valve handle of the 26C, trainline
air pressure can be reduced at a contolled rate through the
26C valve to apply the brakes. The trainline air pressure
can also be increased for system charging (dry charge) and
recharge and brake release. The 26C would attempt to hold
the pre-selected pressure value regardless of leakage
changes.

Incorporated in the 26C is a cam—operated self-lapping
regulating valve. The function of the regulating velve is to
increase or decrease equalizing reservoir pressure which
depends upon the brake valve handle position. Imn turn,
trainline pressure is increased or decreased by a self-
lapping type . of relay valve, which is controlled by
equalizing reservoir pressure to maintain in the trainline a
pressure approximately equal to equalizing reservoir
pressure. The brake pipe cut-off valve is operated with a
pneumatic-mechanical means. The valve starts to open when
the head-end brake pressure is greater than 42 psi. The
brake pipe cut-off valve interrupts the flow of air from the
relay valve to the brake pipe during an emergency brake
application and if the cut-off pilot valve is in "oUT"
position. The vent and emergency valves are only controlled
by the 26C cam (mechanicaslly operated). Both valves are
activated only during an emergency operation. The emergency
valve is used to vent the brake pipe and the vent valve is

used to vent the equalizing reservoir to atmosphere. The
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supression valve is used to guide a part of the main
reservoir air to open the equilizing reservoir cut-off
walve. When the 26C handle is in release position, and the
cut-off pilot valve in "FRT" position, the equalizing
reservoir cut-off valve will be held open during the release
mode of the 26C locomotive valve. However, with the cut-off
pilot valve in "PASS" position, the equalizing reservoir
cut-off valve is held open in all 26C handle position. Based
on these discusions, one can find that is very important to
develop a mathematical model for the pneumatic—-mechanical
valve as:

1. regulating valve,

2. relay valve,

3. brake pipe cut—-off valve.

In section 3.2, a complete description of the operation
principles for the regulating valve, relay valve and the
brake pipe cut-off valve are given. Section 3.3 desribes the
complete mathematical model for the 26C brake valve (relay
valve, regulating valve and brake pipe cut-off valve). Then,
section 3.4 discusses the possibility of simplifing the
combination of the relay valve and brake pipe cut-off valve
mathematical models. Finally, section 3.5 briefly summarizes

the developments made in this chapter.

3.2 Operation Principles

In this section, the operation principle of the 26C

brake valve (shown in figure (3.1)) is described for brake
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applications {(partial and full services), emergency, brake
release and charging of thelair brake system components. In
order to assist the reader in locating the components in the
diagram and provide a better tool for visualizing the
dynamic changes during the many different modes. All the 26C
parts are given section identification (ID) numbers (1)
through (9). Each number has no significance to the function
or the name of the components. The following iz the list of

major components by section numbers:

(1) Relay Valve Figure (3.5)
(2) Regulating Valve Figure (3.2)
(3) Brake Pipe Cut-off Valve Figure (3.7)

(4) Brake Valve Handle

(5) Vent Valve

(6) Emergency valve

(7) Suppression Valve

(8) Equalizing Reservoir Cut-Off Valve

(9) Cut-Off Pilot Valve
An aplhanumeric designation procedure has been adopted for
some components. As an exanmple, Kl,l refers to spring number
1 to be found in section 1 (relay valve) of the drawing. The
main character indicates the type of component, the first
subscript is the section ID, the second subscript is the
component number within the defined section. The following
are the main characters used in modeling the 26C brake

valve:—
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A = represents flow area opening, diaphragm area,...

etc, nz.
D = represents equaivalent diameter of A, m.
F = represents force due to pressures on areas, N.
I = represents inertial mass of the moving parts, kg.
K = represents spring constant, N/m.
1L = represents spring preload, N.
m = represents equivelant mass, kg.
i = represents mass flow rate, kg/sec.
p = represents local pressure, N/uz.
S = represents spring force, N.
V = represents volume, V, ns.
@ = represents local tempreture, °K.

The regulating valve shown in figure (3.1), is control-
led by one of the four cams which are wmounted on the shaft
of the automatic brake valve handle. The regulating valve is
a self-lapping type of valve. The self-lapping feature of
the regulating portion automatically maintains equalizing
reservoir pressure against overcharges and leakages (espe-—
cially when the cut-off pilot valve is in "PASS" position).
When the cut-off pilot valve is in "FRT" position, the
regulating valve can maintain the equalizing reservoir
pressure against leakages only when the handle in the
release position.

In the case of release or recharge (dry charge), the

handle is moved to the release position, the regulating
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valve cam will rotate to a higher position and allow only
the supply valve seat of A2’3 to move away (left) from the
bhandle, opening the supply valve (A2‘3) of the regulating
valve and sealing the exhaust valve (A2,2). The air flows
through the supply valve and supply orifices(Agovs) {it is
not shown in figure (3.1)] to the inner diaphragm chamber
(v2,1) through the equalizing reservoir cut-off valve, where
air pressure from the main reservoir raises the piston of
the valve and unseats its check valve, and finally to the
equalizing reservoir (Veq). The equalizing reservoir
pressure (peq) and P2,1 increases until the pressure reaches
a value 20 psi less than the pre—adjusted pressure level set
by the regulating valve handle. Then the spool will start
moving away (to the left) from the handle, closing the valve
as Peq increases.

Movement of the brake valve handle from release into
the service sector causes the regulating valve to reduce
equalizing reservoir pressure in proportion to the amount of
handle movment towards the full service position. As the
handle is moved towards the full service position, the
regulating valve cam will rotate to a lower position and
allow the regulating valve spool to move toward (to the
right) the handle. But, at the same time, the air pressure
from the main reservoir holding up the check valve of the
equalizing reservoir cut-off valve will be removed and the
check will be sealed. This action will cause the air to flow

only from the equalizing reservoir to the regulating valve,
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which will prevent any increase of the pressure in the
equalizing reservoir during the entire application until the
handle is moved to a relase position in the case of "FRT"
application, or in the case of "PASS" aplication, to any
position higher than the present location of the handle
(clockwise direction). Within the regulating valve, the
exhaust valve (Az,z) will almost move the same displacement
as that made by the supply valve seat, this action will open
the exhaust valve and seal the supply valve. Then, the air
flows from the equalizing reservoir through the cut-off
valve, V2,1’ A2,2 and AEQVE(it is not shown in figure (3.1))
to the atmosphere. The equalizing reservoir pressure (peq)
and pz’l decreases, the exhaust valve seat moves toward the
handle closing the exhaust valve.

The pneumatic pressure relay valve shown in figure
(3.1) functions as a"pneumatic —pneumatic” servo—-valve with
static gain of unity. This means that the outlet pressure,
p1,2’ is a reproduction of the control pressure, pl,l’ in
the diaphragm chamber V1,1’ The main working elements of the
relay valve are a supply valve (AI,G) and exhaust valve
(A1’4), which are controlled by a diaphragm rod movement.
There is always a total gap, Xo, between the diaphragm rod
and one or both valves (A1’4, AI,S)’ where Xo is tke gap
between the diaphragm rod and the supply valve when the
relay valve seated against the exhaust valve (when it is
closed). We use xl,l to denote the displacement of the

diaphragnm; its equilibrium position, xl 1° 0. The diaphragm
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should travel a distance XI away from the diaphragm rod
before the exhaust valve can be opened. This observation was
made by the author through the course of the experimentation
on the relay valve dynamic behaviour (see chapter 4 for more
detail).

Air enters or leaves the outer diaphragm chamber
through the feedback orifice of the equalizing reservoir

(A and causes the pressure Py 1 in the outer chamber of
b4

1,1’
the diaphragm to increase or decrease. This pressure exerts
a force Fl 1 °on the outer face of the diaphragm causing it
’
to move. Motion of the diaphragm causes a change in the
volumes of the outer and inner chambers, V1 1 and Vl 2°
k] ’
Charging of the volumes affects the respective pressure. The
pressure p; o in the inner chamber of the diaphragm exerts a
’
force F1,2’ which opposes Fl,l‘ If the net force (Fl,l_Fl,Z)
is greater than the combined force (S + S ) of the
1,2 1,3
diaphragm rod spring and the supply valve spring, the supply
valve opens to allow air to flow from the supply valve to
the intermediate volume, V1 3 located between the brake
’
pipe cut-off valve and the inner chamber of the diaphragnm,
v1,2° If the force, F1’3= F3,1’ acting on the brake pipe
cut-off valve is greater than the valve spring preload,
L3 1’ the brake pipe cut-off valve, A3 1° opens permitting
k4 t ]
the air to flow to or from the brake pipe. On the other
hand, if the net force (F1 2~ Fl 1) is greater than the
» ’

combined force (51,1' 51,2)’ where Sl,l is the force exerted

by the exhaust valve spring, the exhaust valve opens and the
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air flows from the brake pipe and the intermediate volume,
Vl’3 to the atmosphere through the exhaust valve opening
(A1’4) and the exhaust orifice (AI,S)' Because there is
always a gap between the diaphragm rod and at least one of
the valves (supply and exhaust), only one valve opens at a
time.

In the steady state case, pressure Pl,l’ pl’2 and brake
pipe pressure, (pbp= pAPl), are approximately equal to
equalizing reservoir pressure (peq). Since the diaphram
effective area is same on both sides, the relay valve has a
static gain of unity. The stéady state position of the
diaphragm rod, XL, will always be between —XI and Xo (ie —XI
2 XL 2 Xo); this position is referred to as the lap position
of the relay valve. In this position, both the supply valve
and the exhaust valve are closed. Note, that the maximum
openings of the exhaust valve, A1’4, and supply valve, A1,6
are controlled by stops. The diaphragm can travel a maximum
distance, X1,1=XS, when opening the supply valve, and a
maximum distance, x1,1=—xE, when opening the exhaust valve.

In the case of emergency, the 26C handle will move the
cams of the locomotive valve opening the vent and emergency
valves. The vent valve will open the brake pipe passage to
atmosphere through the vent cavity of the valve. A sharp
reduction in the brake pipe pressure will activate the brake
pipe vent valves (see Appendix G for detail) along the train
to propagate the emergency rate brake pipe pressure

reduction. The vent valve will move to the left to direct
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the the equilizing reservoir air to atmosphere through
passage 5 causing quick venting of the equilizing reservoir
pressure. This action prevents the relay valve from going
into the release mode, as explained earlier in this section,

in response to the reduction in the brake pipe pressure.

3.3 26C _Locomotive Valve Mathematical Model

Relay, regulating and brake pipe cut-off valves are
partially or fully controlled cneumatically. On the other
hand, the rest of the valves are fully mechanically
operated. The mathematical models of emergency, vent,
equalizing reservoir cut-off and suppression valves are
similar to the mathematical model, developed in appendix G,
for the vent valve of the ABD/ABDW control valve. So, this
section is only concerned with the development of a
mathematical model for each of the relay, regulating and
brake pipe cut-off valve.

At present, a universal technique for modeling the
dynamic characterestic of a pneumatic system does not exist.
The thermodynamic process of charging or discharging of
these systems can be extremely complex, since it involves
highly nonlinear flow processes. However, the situation is
not hopeless, since the basic laws of thermodynamics may be
applied to develop equations describing these processes.
Solutions to these equations can be obtained using avaliable
computational techniques. The ideal process may be

isothermal if sufficient time is avaliable for heat tramnsfer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

to occur, or it may be adiabatic if the process is rapid. In
fact actual processes are neither isothermal nor adiabatic,
but somewhere in between these extremes, and are called
pelytropic processes. It is known for dry air, the value of
the polytropic constant is between 1.0 and 1.4, which are
the values for isothermal and adiabatic processes
respectively. In this analysis, it is assumed that most of
the processes are close to being isothermal (n=1).

The universal law of gases for a volume may be written

as: -~

pvV = nge (3.1)
where,

P =is the pressure inside the volume, N/mz.

v =is the volume, m3.

m =is the mass inside the volume, kg.

Rg =is the gas constant, J/(kg°K).

e =is the temprature inside the volume, °K.

Differentiating equation (3.1), yields the general dynamic
equation for an open isothermal volume, which is used for
volumes within the relay valve (vl,l’ Vl,2 and V1’3) and

equalizing reservoir as described in sections (3.3.1) and

(3.3.2):-
dp _ 1 dm _ _ dV
at = v | Bg® qat T P at (3.2)

It is well known that the shape and the kind of the
restrictions (Al,l’ A1,3, A1’4, A1,5’ AI,S’ A2’2, A2’3 and

A3 3) play an important role in evaluating the mass flow
,
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rates using either the compressible or the incompressible
formula. In the case of a square-edged—-orifice, Grace and
Lapple [28)] show that the compressible equation can be used
to evaluate the mass flow rate as

m=C A P, (3.3)

for subsonic flow

c - 0.8 2(p~2/r _ g-(r+l)/T) B < 1.89
: (r - 1) Rge (3.4a)
and for sonic
K = 2.3867 B >» 1.89 (3.4b)
P
where B = -
Pg

and Py and py are the pressure upstream and down stream of
the restriction. In the case of a sharp-edged—orifice and
the poppet valves such as the supply and the exhaust valves,

Perry [29] recomends using the following formula

2

m=.6Apy R_e B-1

Gauthier (pp. 195-196) [7] and Banister (9] show that,
the difference between using equation (3.4) or (3.5) is
always less than 10X, which may be less than the variation
in the geometric area of the restriction. Anderson ([30]
shows that actual flows tend to fall somewhere between these
values. Equation (3.5) is much simpler to use in general. In
a given flow situation, egquation (3.5) can be used

regardless of the value of B (sonic or subsonic), whereas,
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with equation (3.4) one must always check the value of B
against the <critical pressure ratio (1.89) to datermine
which of (3.4a) or (3.4b) to be used. So, for computational
effeciency with reasonable accuracy, equation (3.5) is
chosen to <calculate the mass flow rate through any of the

restrictions in any of the air brake components.

3.3.1 Regulating Valve Mathematical Model

To evaluate the time rate of change of Py 1’ one needs
to calculate the mass flow rate él lthrough the feedback
orifice Al 2° But, il 1 is controlled by the change of the

’ *

equalizing reservoir, peq. General form (3.2) applies,
except that there is no volume change (so dveq/dt = 0). The
following equation shows that the time rate of change of peq

is only due to the net of the flow rate ;1 1through Al - and

1!:2’l through the regualating valve restrictions (ARBG):

dpe _ R_e dm241 _ dml,l (3.6)
dt - v dt dt ‘
eq
and,
. {82 - 1.1 iB-1y
my 1 = -6 Aggc PRrEc R e B-1 (3.7)
P
where, B= REG,
eq

The values of PREG and ARBG are function of the
position of the 26C locomotive handle. Figure (3.2) shows
the fluid network for the regulating valve and the

equalizing reservoir. The network consists of two variable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

28!

gt
N
N\
N
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3. Exhaust Valve, Az 2

Figure 3.2: 26C Regulating V
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Figure 3.2: 26C Regulating Valve
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rsestrictions (A2,2 and A2,3)’ two fixed restrictions (ABQVE

and A and the equalizing reservoir volume, veq' ABQVE

BQVS)

and A represent the equivalent restriction for all the

EQVS
fixed restrictions air will flow through in the case of
brake application and release (recharge or dry charge)
respectively. Fortunately, all these retrictions are in
series, so the following simple formula is used to evaluate

an equivelent restriction (AEQV) for any n restrictions in

series (See Appendix D for more detailes).

A = -

EQV a (3.8)
1
2

z
i=1 Al
i

Using equation (3.8), It is easy to find ARRG as

(a) Brake Application:

A= Agave 22,2
RERG
A2 + Az
EQVE 2,2
(3.9a)
and p = P,
(b) Brake Release:
A _ Agqvs 22,3
REG ~ 2 )
A + A
J BQVS 2,3
(3.9b)

and p = Par
Fortunately, the exhaust valve and the supply valve have the
same geometry and opening one of these valves will cause the

closing of the other. Thus, in the following analysis, we
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will only consider one of these valves. Let’s try to
evaluate the opening area of the aupply valve (A2,3) as a
function of the valve displacement (xz’l). Figure (3.3)
shows the supply valve in an opening position for a valve
displacement x2,1’ Assume that there are only two fluid
restrictions in series created by the relative movment of
the valve with respect to its seat. One of these is the
restriction perpendicular to the valve movment direction (r-

e plane), called Ax’ and may be calculated using this

formula:—
A= |a, - m (r, - X, D2 (3.10)
x (o (o) 2,1 *
for, x2,1 < ro - ryp = Xc

where, Ao is the outside area of the valve seat and r, is
the diameter of this area. The other area is the fluid area
tangent to the valve movment (x-e plane), called Ar, and it
may be evaluated using this formula:-

A =1aDb (3.11)

r 1 2,1
where, DI is the diameter of the inside area of the valve
seat. Ax and Ar are also in series, then equation (3.8) can
be used to evaluate Az 3 @s

]
A_ A
A = ——X%X r _ (3.12)

In order to complete the mathematical model of the 26C

locomotive valve, the regulating valve displacement, Xz 1’
?

needs to be evaluated. It is known that the equalizing

reservoir, peq’ plays the role of the commanding signal for
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Ax= Ao-n (ro- X2'|)

Figure 3.3: Supply Valve Opening Diagram
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the 26C valve. However, the rate of change of peqis always
faster than the rate of change of any of the pressure in the
relay valve as well as the locomotive car (brake pipe)
pressure (pbp). Thus, one may not need to consider the exact
modeling of the regulating valve. Instead, the quasistatic
approximation will be wused in the modeling. Figure (3.4)
shows the free body diagrem of the regulating valve
diaphragm. Simply, there are only two forces acting on the
diaphragm, first a preasure force, pquZ,l’ acting on the
inner face of the diaphragam, and a spring force, KZ,IXRBG
and the preload, Lz’l(nade by the adjustement of the
regulating valve knob), acting on the outer face of the
diaphragm. Equating these two forces, the valve displacement
can be found as:

P__A - L
_ -eq 2,1 2,1
Xpre ~ K (3.13)
2,1

In fact, any of the valves (supply or exhaust) will start

closing when XREG is less than a value xc(as shown in figure
(3.3)), wuntil the equalizing reservoir reaches a cut-off
pressure value Pe- xc is the maximum effective opening made
by the valves, and Pc is the final steady state value of the
equalizing pressure. Now, instead of using equation (3.13),

renaming XRBG to xz,l with the condition that xRBG is less

than Xc, the following equation is used to calculate x2 1
P,o._ P A
x, , = |2ea=Yecl "2.1 (3.13)
2,1 Kz 1
*

providing that,
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Figure 3.4: 26C Regulating Valve Free Body Diagram
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K X
2,1 %
— —
Peq - Pc | ¢ 2% (3.14)
2,1
and,
Pc A 1= Ly g * Ky ;(Xpgg ~ X3,1) (3.15)

3.3.2 Relay Valve Mathematical Model

Figure (3.5b) shows the equivalent pneumatic network of
the relay valve. This network consists of three chambers

(v and v1,3)’ two variable restriction (A1,4 and

1,10 V1,2

Al,s) and three fixed restriction (Al,l’ Al’aand A1,5)'

Starting with Vl 1’ the time rate of change of Py lis due to
’ ?

the mass flow rate By 4= %% through the feedback orifice,

Al,l’ and the time rate of change of V1,1’

dp dm dv
1,1 _ _1. 1.1 1.1
dt V., [ R.® 3t P3,1 at ] (3.16)

Similarly, the time rate of change of Py o is due to
?

the total mass flow rate through the inner chamber orifice

A and the time rate of change of volume V :
1,3 1,2
dp dm dv
1,2 _ _1. 1,2 _ 1,2
dt TV, { R 3t Py,2 dt ] (3.17)
»

However, the time rate of change of P; 3 is only due to
’
the sum of the flow rate —31’2 through A1’3, 11’3 through
either the supply valve Al e °©fF the combination of the
exhaust valve Al 4 and the exhaust orifice A1 5 and the
L] ’
mass flow rate My 45 B3, through the brake pipe cut—off
’ k4

valve A3,1:
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Figure 3.5: 26C Relay Val-
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b) Fluid Network

2 Brake Pipe Cut—off Valve
xhaust Orifice

uater Chamber

naner Chamber

re 3.5: 26C Relay Valve
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8. Exhaust Valve Spring

10. Diaphragm Assembiy Spring
11. Supply Valve Spring

12. Diaphragm Assembly
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dm; 4 1,2

- K
dt va,3

dt

+ It - 3t (3.18)

The time rate of changes of V1 1 and V1 2 are modulated

by the diaphragm motion.

dv

1.1 _
dt = 4,20
av

1,2 _
at = A2V

where U1’1=dxl’l/dt is
Figure

valve diaphragm,

diaphragme rod and

between the

equation of motion

follows:

1,1
——r -
T3t =Fa
where KD is the

diaphragm, and

moving parts. But,

the diaphragm, X.

I =1I + I

it I1,3

Iyt I1,3

The external forces

F spring forces

1,2}

including
the diaphragm,
diaphragm

of

“Fi,2

spring

14 1

Therefore,

(3.189a)

(3.19b)

the velocity of the diaphragm.

(3.6) shows the free body diagram for the relay

the backlash, between the

XI,

as well as, the gap, X

0)

rod and the supply valve A1 6" The
k]

the diaphragm may be written as

~EpX;,1

the

—S].’3 (3.20)

of

~S1,2

constant

“$1,1

relay valve

I is the equivalent mass of the relay valve

I is a function of the displacement of

X, ¢ X

1,3 B 1,15 ¥

(3.21)

0 < X

S X,1¢ %

+ 1 X9 < X3 1€ Xg

1,4
exerted by the diaphragm are Fl 1 and

are S1 1 of the exhaust valve spring,
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S of the diaphragm rod spring and S of the supply
1,2 1,3
valve spring. Now, the forces acting on the diaphragm can be

described as follows:

always
Fi,1 ©P1,1 21,2 (3.22a)
Fl2 = P12 Ap2 (3.22b)
Sy,2 = Ly,2 * K 2% 1 0 < Xy 3¢ X5
(3.22¢)
=Ly g * By (X 1¥Xp) ~Xp < X3 53¢ X
=0 Elsewhere
Supply open
$,,°0
Sy,3 = Ly,3* By 3(X; 17%5) Xg € X5 < Xg (3.224)
Exhaust open
Sy.3 =0
Sy,1 = "yt By (X *Xp ) “Xg< Xy < Xy (3.22e)

where: Kl,l’ K1,2 and K1,3 are the respective spring
constants, and Ll,l’ Ll,2 and 1.1’3 are the spring preloads.
In order to solve equatioms (3.16), (3.17), (3.18) and
(3.20), one needs to find the mass flow rates ;1’1, ;1’2,
the mass flow rate entering from the supply valve or the
flow rate leaving the exhaust valve, ;1’3 and the flow
leaving or entering the brake pipe cut-off valve, ;1,4.
Utilizing equation (3.5), the mass flow rate ;1’1, é1,2’

m1.3 and n1,4 are evaluated as follows:
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. {82 - 1.1 iB-1,
m =64 3P j Rgo B-1 (3.23)
Pe
where, B=§—g—;
1,1
2
lg - 1. 1B-11
my 2= -6 4 3P 9 } R_e B-1 (3.24)
| o4
where, B=—l*§ N
P1,2
]
° le - l.l 1B-1
m 3= -64 gP; 3 J Rge B-1 (3.25)
h B—p’"' X X X
where, —pl 3 » 0 S 1,15 s
y 6 A (82 - 1.1 yBol (3.26)
By,3 7 ¢ Ex P1,3 RO B—1 :
P
where, B= A
1,3
A, LA
_ 1,4%1.5
and AEX > =
A + A
J 1,4 1,5
- _ 182 - 1.1 i1B-1y ,
m,a " -8 A3,3P;,3 j R o B-1 (3.27)
P
where, B=—2‘P—
P1,3

The supply valve and exhaust valve areas are modulated by

the diaphragm movement as:

< X

A6 =0 X1,1 0

= Dl,s(xl,l- xo) xo < x1,15 xs (3.28)
Ay,q =0 X1,1> X1

= -n D1.4(x1 +x1’1) —xgg xl,l‘ —xI (3.29)
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3.3.3 Brake Pipe Cut—off Valve Mathematical Model

In order to calculate the mass flow rate through the
brake pipe cut-off valve, ;3’1, the flow area A3’3 needs to
be evaluated. Figure (3.7) shows the the brake pipe cut-off
valve network, which includes only omne restriction, A3’3,
controlled by the pressure p3,1= 91’3. Brake pipe cut-off
piston has a very small mass, 13’1, which does not play any
important role in controlling the time rate of change of the
brake pipe pressure and does not affect the dynamics of the
relay valve, especially in the case of applying the brake.
So, the inertial effects can be neglected, and the quasi-
steady condition is assumed. A free body diagram of the
brake pipe cut-off valve is shown in figure (3.%). Summing
the forces acting on the brake pipe cut-off valve piston
gives:

P3,143,2” Pat3,1” ¥3,1%3,17 13,17 ° (3.30)
Equation (3.19) says that the sum of the forces acting on
both sides of the piston is equal to zero. These forces are;
the pressure P3,1 acting on the upper side of the piston
times A3’2 minus the atmospheric pressure, Py» acting on the
lower side of the piston times A3’1 minus the brake pipe
cut-off valve spring rate, K3,1’ times the piston
displacement minus the spring preload L3,1' In order to open
the valve, the pressure p3,1’ needs to over come the forces
exerted from the spring preload, L3,1’ and pressure PA on

A3 1’ which can be expressed as:
’
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a) Schematic Diagram b) Flu
1. Piston Spring, K3,1 3. Inner
2. Outer Side of the Piston, A3,1 4. Flow :

Figure 3.7: 26C Brake Pipe Cut-of:

1)
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b) Fluid Network

3. Inner Side of the Piston, A3 3

3,1 4. Flow Area, A3 3

.7: 26C Brake Pipe Cut—off Valve
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P3,1” Pp (3.31)
where,
o - Pafaz T t3
B A3 2

Based on the dimension given in the NYAB and WABCO blue
prints, and wusing equation (3.31), the author found that
that the pressure 1:v3,1 should exceed a value of 42.0 psi
(27.5 psig) before the brake pipe cut-off valve starts
moving. However, Ref.[31], which desrcibes the operation of
the 26C, says that "Air pressure in the brake pipe charging
passage flows to the brake pipe cut—-off valve which will
open when the charging air exceeds about 10 psig.....".
Experiments (chapter 4) verify the statment made by the
author for the 27.5 psig.

Using equation (3.30), it is possible to calculate

A first solving for x3 1

3,3’
P3,1 ~ Ps
- P3,1 " Pp
X3,1 7 43,27 K, Pgs Pg, i< Pp*E)  (3.32)
?
¥3,1 = ¥ Py 1> Pp*E;

where, xB and Bl are dependent on the brake pipe cut-off
valve dimension. The area of the brake pipe cut-off valve is
equal the annular ring created by the displacement xa,l
times the seat circumference as:
A3,3 = " D33 X33 (3-33)
This equation completes the 26C mathematical model, which

has been explored through out this entire section. Appendix
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E lists all the equations used to model the 26C locomotive
valve. In Chapter 4, the present mathematical model will be
compared with the experiment data from UNH and NYAB. These
comparisons will verify the capability of the 26C valve
mathematical model to predict the dynamic behaviour of the
26C locomotive valve and its interaction with the brake pipe

in different modes (release and brake appliciation).

3.4 simplified Model of the 26C Relay and Brake Pipe Cut-off
Valves
More than one third of the previous section was
devoted to the description of a detailed mathematical model
for the 26C relay valve. The model completely desribes the
dynamic behaviour of the pressures within the small volumes
and V

(v This model may be used to aid in the

1,10 V1,2 1,3
understanding of the dynamic behaviour of the 26C relay
valve, and how redesign and modification of the relay valve
may produce different performance. However, one of the main
objectives of this research project is to develop a simple
mathematical model for the 26C 1locomotive valve to be
incorporated with the rest of the mathematical models
developed for the following air brake system components;

1) Brake pipe mathematical model and solution

procedures (Chapter 2),
2) ABD control valve mathematical model (Appendix G),

3) ABDW control valve mathematical model (Appendix H),

and 4) Al9 Flow adapter mathematical model (Appendix I).
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The 26C relay valve mathematical model which was
developed earlier is a more complex model than one may need
to use to study the transient behaviour of the air brake
system. Including the complete model will also cause a
tremedous increase in the computer simulation time because
of the small integration time step required by the small
volume within the 26C relay valve.

Hence, there ii_a need for an accurate and simplified
model which may be used to represent the 26C relay valve.
Fortunately, the rate of change of the locomotive pressure
(pbp) is slower than any of the pressures associated with
the relay valve volumes. This behaviour makes the locomotive
pressure control the dynamic behaviour of these volumes. So,
the following assumption may be made based on a quasi-static
approximation:

1) the inertial force is very small as compared with

any of the forces associated with dyramics of the

diaphragm movment,

dU1 1
I E;—*— = 0 (3.34)

2) the pressure rate of change of Py 1 is equivalent to
’
the pressure rate of change of the equalizing

reservoir
’ pqu

pl,lz peq (3.35)

3) the pressure rate of change of Py 3 is equivalent to
the pressure rate of change of Py o

Py, 3™ pl’2 (3.36)
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4) the volume Vl’3 is assumed to be equal to zero,
v1,3z 0 (3.37)

Utilizing the above assumptions, the relay valve pneumatic
network (figure (3.2a)) combined with the brake pipe cut-off
valve network (figure (3.4b)) may be replaced by the network
shown in figure (3.9). Using the first three assumptions,

equations (3.20) and (3.22) may be rewritten in the

following forms:

Xy, = Xg Hy< Dp (3.38a)
= Bo(Dp -Hl) +Xo ng Dp < Ho (3.38b)
= Xo st Dp < Hl (3.38c¢c)
= Bl(Dp —H3) Hsg Dp ¢ Hz (3.384)
= 0.0 0 ¢ Dp < Hyg (3.38e)
= B,Dp Hy< Dp < O (3.38f)
= -X; Hgg Dp < Hy (3.38g)
= By(Dp -Hg) -X; Hg< Dp < Hy (3.38h)
= —Xp Hg> Dp (3.381)

where,
_ A

By=
[ Ky,2% k1,37 Kn]

_ A2

Byj= ————
K, 2% xD]

B o 1,2

2 g
o]
_ A2

Bg=

Ky 1* By 2" Kn]
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Hy= B, H, (3.39)
L
1,3
g,= 123 4 g
1% Tay ot B2
X
- _O
H™ B, 7 Hy
goo f1.2
S
. |
a B,
L, .- L
- L2” M, g
1,2
500
H = + H
6 B, 5 .

and, approximate the pressure difference across the relay

valve diaphragm as,

_J _ d
Dp = Peq P1’3
Note that,
Jg _ .J -
P1,3° Pp X< X1 1¢ %o

In order to solve equation (3.38), one needs to find the
value of the pressure P; 3 at each time step j. Figure (3.9)

shows the network, which will be used to solve for Py 3 as

2 ,2 2,2
ppr3,3 *PA

2 2
A3’3 + A

P).3 (3.40)

Note that, j will be ommited from any equation as long as
there is no j-1 ternms. In equation (3.40), p and A are
dependent on the state in which the relay valve is

operating. In the following subsection, the solution of
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equation (3.40) with the use of equations (3.38) and (3.39)
will be discussed for the three different states of the

relay valve operations.

3.4.1 Relay Valve States

During any of the brake pipe modes, the relay valve is
operating at one or more states at different times. Any of
these states is a function of the difference between the
equalizing reservoir pressure and 91,3‘ Figure (3.10) shows
the relay valve different sestates (a,b and c), which are
represented using the input-output diagram of the 26C relay
valve. These states are;

a) Supply State

b) Intermidate State

c) Exhaust State.

3.4.1.1 Supply State

This state represents the opening of the supply valve
of the 26C relay valve. This state can be activited during
any of the brake pipe modes (application, release/recharge
and emergency). In order for the relay valve to maintain the
pre-selected pressure value against the brake pipe leakage,
the lapping position c¢an be located within the region of
this state, for any of the above modes.

During this state the value of p and A used in equation

(3.40) will take the following forms:

P = Pyy
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(3.41)
and A = A1,6

But is a function of Xl 1 (see equation (3.28)) which
»

A6
in turn is a function of Py 3( see equation (3.38b)). Thus A
may be written in the following form as a function of Py 3
(see figure (3.1la)):

for peq—H0< p1,3<peq - Hl

A = ¢1p1’3+ %y (3.42a)
for p1,3$ Peq™ Hy

A = C;= "Dl,G(xS_ Xo) (3.42b)
for p1,32 Peq™ ™1

A=0 (3.42¢)
where,

3 = —"DI,SBO’ and
(3.43)

“g = "01,680[ Peq™ By ]
Also, the brake pipe cut-off valve area, A3 3’ is a function

of pl’3 (see figure (3.11b)) as follows:

53’3 = «3pl,3+ %4 p1’3> Py (3.44a)

A3’3 = C2 p1’3> pB+ El (3.44b)
= ﬂ03,3XB

A3’3 =0 Py, 3$ Py (3.44c)

comparing equation (3.44a) with equations (3.32) and (3.33),

the values of =3 and «4 can be evaluated as:

A
_ 3,2

3 = nD3,3 K , and

3,1

(3.45)

. = —sp. . 2341
q T "®3,3 K Py

3,1
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where,
p,A + L
_ TAT3:1 3.1
Pg = A (3.20)

3,2
Substituting for p, A and A3 3 using equations (3.41)-(3.44)
into equation (3.40), the resultant equation may take the

following general form:

4 n
zo ’n[ P, 3] =0 (3.46)
n= *

In order to solve the above equality, one may use an
iterative technique to find the value of p1,3’ which
satisfies equation (3.46). One of the possible technique can
be used is the Newton-Raphson method, this technique is
utilizied in Appendix D to solve the star network problem.
In order to use the Newton-Raphson method, one needs to
define the function to be solved, in this case the function

is simply,

4 n
FUNCTION = nfo nn[ pl’s} (3.47)

Figure (3.12) shows how the FUNCTION varies with respect to
Py 3 You may find from figure (3.12) that this is not a
well behaived function because of the discontinuities at
location; (a), (b) and (c). This bad behaviour is caused by
the nonlinearity of the coefficients (po, ﬂl’ Bys Bg and
54). These coefficients are a nonlinear function of p1,3 and
peq’ they have a different value for a different region as
follows (figure (3.12) showing four of these regions):

Region I

Pgs P 3¢ PptEy and p; 3< P 4"Hy
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Simply in this region

Supply valve fully open and Brake pipe cut-off valve varies

A=46C and A 3= «3P; 3 *°o4
Now,
__.22 _.22
By = ~“4Ppp ~C1Papr
By = "2%3%4Pyp
_ A2 2 _ 2
By = €] *oq ~%3Pyp (3.48)
B3 = 2%3%4
By = “§
Region IXY pB+81g P1,3 and pl’3 < peq_ HO
Simply in this region,
Supply valve fully open
A = Al,G = C1
and,
Brake pipe cut-off valve fully open
43,3 C2
Now,
. 2 _ 2
By = ~C1Pur~C2Ppp
By T By = Bg < 0 (3.49)
_ a2 2
By = C *+ Cy
Region III p1’3> pB+B1 and peq—HO < p1'3< peq-H1

Simply in this region
Supply valve varies

A = Ay g% 51P3,3% %2

and,
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Brake pipe cut—-off valve fully open

Az, 3% C2
Now,
_ .22 _ 2.2
Bg = 2Pnmr cZpbp
- _ 2
By = 2% *3Pnr
2.2 _ 22
By = Cp *=p ~*|Ppr (3.50)
Bz = 2%%;
_ 2
Bg = 1
Region IV p1,3>pB+E1 and P, 32 Peq—Hl
FUNCTION=0.

Brake pipe cut-off valve fully open, supply and exhaust

valves fully closed

Region ¥V (is not shown in figure (3.12))

Pp< Py, 3¢ Pp*By and p  ~Hy < Py 3< Peq™ Hy
Simply in this region,
Supply vlave varies
A = A3 6% *1P1,3 ™2
and,
Brake pipe cut—-off valve varies
A3,3% *3P1,3 "4
Now,
_el 2 _“2 2
Bg T ~*2Pgr ""4Ppp
_ _ 2 _ 2
By = “2%1%3Pnr 2%3%4Php
2 2 2.2 2 2 (3.51)

By = =g *=4 ~*1Pupr “*3Ppp

By = 2% %y *2egey
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Now using the above values of the coefficients within
different regions, it is possible to solve for 91’3. using
the Newton—-Raphson method, given the values of Ppr’ pbp and
peq at any j time step. Care should be taken, when solving
the FUNCTION, especially as pl,3 approaches the equalizing

reservoir pressure value.

3.4.1.2 Intermediate State

This could be activited during any of the brake pipe
modes (epplication, release or recharge), and the lapping
position may be located within its region as long as there
is no leakage within the entire air brake system. During
this state, both the supply valve and exhaust valve are
completely closed,

A1,6= A1,3= A = 0. (3.52)
Hence,

P;,3 © Ppp (3.83)
3.4.1.3 Exhaust State

This state can only be activited during any of the

brake pipe service reduction (application). The exhaust
area, ABX is calculated using the following equation:
A A
Agy = 1,4 1.5 (3.54a)
2 2
A + A
] 1,4 1,5

and the exhaust valve area, A , is a function of p as
1,4 1,3
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for peq-HS<p1,3<peq-H6

A) .47 *sP1,3%%6 (3.54b)
for p) 32P.47Hg

Ay 4= Cg= mD) 4(Xg ~Xp) (3.54c)
for pl’3 = peq—Hs

Ay 4= O (3.544)
where,

xg = mDy 4B3

(3.55)

and %6 = nD1,433[ H5 - peq]

Fortunately, during this state, the brake pipe cut-off valve
is always fully open. However, the value of A1,5 is very
small as compared with A1’4, which makes ABX a very small
value as compared with the brake pipe cut-off area. This
will make the pressure pl,3 very close to the brake pipe
pressure. Because of the above, one may use a simpler
approach to solve equations (3.40) and (3.54) thar the one
used during the supply state. Simply, solve equations (3.40)

and (3.54) at different time steps,

j-1
2 2 . .2 ,2
i . PppC2 * PurAry
P - bp’2 = "mr BX (3.56)
1,3 C. + A2
2 BX
J _ J J _
for peg H5<?1,3€peq .HG
R TR R
A} 4 %5 Pi,3%%s (3.57a)
J J o
for p1,3zpeq HS
J _ ~ = _
A} 4= Cg= Dy ,(Xg ~Xp) (3.57b)
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Now, solve equition (3.56) for pi 3 using the values of Ppr®

Pbp’ peq and AEX at the j-1 time step. Then, solve equation
(3.57) to solve for Al a at the j time step. In the case of
?
J - - .
p1,3' peq H5, the value of ABX will be equal to zero,

hence, the value of p]_’3 will be equal to the value of the
locomotive pressure, pbp'

This section completes the development of a simplified
mathematical model for the 26C relay valve, which may be
used with the rest of the air brake system compoments to
study the dynamic behaviour of the entire system. A part of
Chapter 4 will describe the experimental investigation made
to compare the 26C complete model results with the new
simplified model results. It will be shown, that the
simplified (modified) model <can tremendously reduce the
computer time to at least one fifth of the that time needed

for the complete model simulation.

3.5 Summary

This chapter was completely devoted to find a suitable
mathematical model which may be used to represent the 26C
locomotive valve. Our first goal was to formulate a
mathematical model describing most of the internal design of
the valve (ie volumes, restrictions... etc). Secondly, we
need a model which can be used efficiently (fairly accurate
dynamic behaviour and less computational time) to describe
the dynamic interaction between the 26C and the rest of the

air brake components.
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In order to achieve these goals, one needs to
understand the operation principle of each of the 26C
locomotive valve components (relay valve, regulating valve
and brake pipe cut-off valve). Section 3.2 described
completely the main roles played by the above components and
gives a clear picture about their operation modes.

The first goal was achieved in Section 3.3, where each
of the main components of the 26C locomotive valve is
completely modeled including the small volumes in the relay
valve and all the restrictions within these components. This
section provided us with a complete descriptive model, which
may be used in a future redesigning of the 26C relay valve.

Section 3.4 composed a new simplified (modified) model
for the 26C relay and brake pipe cut-off valves which may be
used in conjunction with the other mathematical models
developed for the rest of the air brake system components.
The modified model is very complex logically as compared to
the complete model. The next chapter will prove that this
model accurately presents the functions of the combination
of the 26C locomotive valve, and the computer simulation
time is m®much 1less than the time needed for simulating the

complete model.
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CHAPTER 4

EBXPERIMENTAL RESULTS AND DISCUSSIONS

4.1 Introduction

The objective of this chapter is to provide the
validations of the mathematical models of the air brake
system components. This chapter also will attempt to have a
close look at the interactions between each of the air brake
system components during the different modes of operation of
the system. These modes are; the dry charge mode, recharge
after application, full application, and emergency.

The brake pipe mathematical model is developed in
Appendix A. Two different numerical techniques have been
formulated in Chapter 2, namely, the finite difference and
finite element techniques. Two of the possible formulations
for the finite differnce are also presented. They are, the
semi-implicit and fully explicit schemes.

Chapter 3, describes the formulations of the complete
model for the 26C locomotive valve. The model completely
represents the different components of the valve. Then, an

attempt has been made to simplify/modify the 26C model to

[{)

ive an efficient (accurate and fast) representation of the
valve. The modified model, eventually, will be a part of the

complete simulation of the air brake system.

96
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Finally, Appendices G, H and I, describe the
formulations of the mathematical models for the ABD and ABDW
control valves, and the Al9 flow indicator adaptor
respectively.
In this chapter, several experimental set-ups are
utilized to acheive the main goals of this chapter. Section
4.2, describes the 26C experimental set-up and results, used
to
1. give a close look to the different functions of the
28C locomotive valve components,
and, 2. compare and validate the complete and modified
mathematical model of the valve.
Section 4.3, describes the brake pipe experimental set-up
and results, used to
1. understand the interaction between the 26C
locomotive valve and the brake pipe,
2. compare between the experimental results and the
different possible combinations of the 26C
mathematical models and the brake pipe numerical
techniques,
and 3. choose the best combination to be used as a part of

the air brake system components computer simulation.
Section 4.4, describes the air brake system components
experimetal set-ups and discuss the results. The results are
used to

1. understand the interaction between the different

components as a part of the air brake system
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and, 2. validate the air barke system computer simulation,

developed and formulated in this research project.

Finally, section 4.5 summarizes the results and discussions,

presented in this chapter.

4.2 26C_Experimental Set—up, Results and Model Comparisons

Figure

(4.1) shows the 26C experimental set-up, which

consists of the following:-

1. 26C locomotive valve.

2. Brake pipe reservoir (1400 ins).

3. Main reservoir (4500 ins).

4. Bqualizing reservoir (220 ins)

5. 4 (0-
a.
b.
c.

and d.

100 psi) pressure transducers, used to monitor;
brake pipe pressure,

main reservoir pressure,

equalizing reservoir,

inner diaphragm of the 26C relay valve.

6. Differential transducer (0-5 psi), used to monitor

the

pressure difference, developed across the 26C

relay valve diaphragam.

7. LVDT displacement transducer, used to monitor the

diaphragm displacement of the 26C relay valve,

8. PDP

11/34 mincomputer, used to collect the

experimental data from the above mentioned

transducers.

The experiment has been performed in the following

sequence: -
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PT. PRESSURE TRANSDUCER

PDP 11734
MINI COMPUTER
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RT. 1 | 1
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1 P!
PT. } i :
- 1
EQUALIZING \ L LT MAIN
RESERVOIR : L RESERVOIR

Figure 4.1: 26C Experimental Set-up
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1. the regulating valve adjustment knob is set to a 60
(psig) pressure level,

2. the 26C handle is moved to the release position (dry
charge to 60 psig) for a period of 12 seconds,

3. then, the 26C handdle is moved to its full service
position (23 psi reduction) for the rest of the

experiment.

4.2.1 BRxperimental Results

During the dry charge period, the equalizing reservoir
pressure, figure (4.2a), increases with a rate controlled by
the 26C regulation valve. Air from the equailizing reservoir
enters the outer diaphragm chamber of the 26C relay valve
through the feed back orifice, Al,l’ causes the increase in
the pl,l’ shown in figure (4.2b). As a result, the pressure
difference, across the relay valve diaphragm, starts to
increase, shown in figure (4.2c), which causes the movment
of the diphragm, xl,l’ (figure (4.2d)). When xl,l overcomes
the gap, x1,1=.042 in, between the diaphragm rod and the
supply valve of the relay valve, the supply valve opens,
allowing air to flow from the main reservoir to the inner
diaphragm chamber, through the intermediate volume v1,3'
Now, the pressure in both sides of the diaphram and the
equailizing reservoir increase with almost the same pressure
rate. When, the intermediate volume pressure, P1’3=93'1,
overcomes the spring preload, L3,1’ of the brake pipe cut-

off valve, the valve starts to open. This opening causes a
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sudden drop in the intermediate volume and inner chamber
pressures. Then, the diaphram rod moves, causing a larger
opening in the supply valve to compensate for the pressure
difference existing across the diaphragm. Now, more air
flows from the main reservoir to the brake pipe, causing a
rapid increase in the brake pipe pressure, as shown in
figure (4.2a), and decrease ir the main reservoir pressure.
As the brake pipe, intermediate volume and inner daiphragm
chamber pressures increase, approaching the equalizing
reservoir and outer chamber pressures, the supply valve
starts to close. Then, the relay valve diaphragm stays at a
lap position (X1’1= .042 in). This completes the dry charge
test.

During the full service mode, the brake pipe cut-off
valve is in a full open position. First equalizing reservior
pressure, figure (4.2a), drops with a pressure rate
controlled by the regulating valve variable restriction. The
outer diaphragm chamber pressure drops following the
equalizing reservoir pressure. This action causes a sudden
drop in the pressure difference, which forces the diaphragm
rod to move towards the exhaust valve. Then the diaphragm
moves without its rod for -.03 < x1’1< 0. The exhaust valve
starts to open as the diaphragm valve overcomes the -.03
(in) gap. Now, the inner chamber, intermediate volume and
the breake pipe pressures drop with a rate controlled by the
exhaust area, ABX' As the brake pipe approaches the

equalizing reservoir pressure, the exhaust valve starts to
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close, terminating the reduction mode. Then, the diaphragm

stays at a lap postion, Xl lzo. This completes the
’

decription of the full sevice mode for the 26C locomotive

valve.

4.2.2 26C Complete Model Results

Figures (4.3a—-4.3d) show the correseponding
computational results, using the complete model of the 26C
locomotive valve. These figures show that, the complete
model is able to duplicate the experimental data in detail,
shown earlier in figures (4.2a-4.2d). The only disadvantage
using the complete model, is the expensive need to use a
very small integration time step, to overcome the following
obstacles: -

1. The integration instability, which may arise because
of the fact that the ordinary differential
equations, described earlier in Chapter 3, are
nonlinear stiff equations,

2. The need to have a very close agreement with the
experimental data.

However, the complete mathematical model for the 26C
locomotive valve is a very useful tool to help one
understand the dynamic behaviour of the valve; redesign and
modification of the valve design may produce different

performance.
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4.2.3 26C Modified Model Results

Figure (4.4a) shows the computational results, using
the 26C modified mathematical model, for the equalizing and
brake pipe reservoirs pressures. The modified model results
are in very good agreement with the experimental results,
shown earlier in figure (4.2a). Figures (4.4b) and (4.4c).
They show that the modified model gives a good overall
picture for the diaphragm displacement and the pressure
difference across the diphragm. The modified model fails to
predict the pressure difference and diaphragm displacement
peaks, shown in figures (4.2c) and (4.2d). However, these
peaks last for a very small time as compared with the total
transient time, and have no effect on the tramsient
behaviour of the brake pipe pressure. Section 4.3, will show
that the ability of the modified model to predict the
transient response of the pressure difference and
displacement of the relay valve diaphragm is sufficient for
good brake pipe pressure distribution simulation. As a
conclusion, the modified model can predict the dynamic
behaviour of the 26C locomotive valve with a reasonable
accuracy, using a relatively small computer simulation time
as compared with the time taken by the complete model (1:8
time ratio). That wmeans, the modified model may be used,
instead of a very expensive complete model, to represent the
26C locomotive valve as a part of the air brake system

components program.
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4.3 Brake Pipe Experimental Set-up Results and Model

Comparisons

Figure (4.5) shows the brake pipe experimental set-up,
used to study the dynamic interaction between the 26C
locomotive valve and a 20-car brake pipe (train), with the
control valves cut-out. This experimetal set-up consists of
the following components:-—

1. 26C locomotive valve.

2. 20-car train (50 (foot) 1length and 1.25 (in)

diameter each).

3. Main reservoir (55,000 ins).

4. Equalizing reservoir (220 ins).

5. 4 pressure transducers (0-100 psig), to monitor the
pressures at:-—

a. 26C inlet,
b. equalizing reservoir,
c. head-end of the 20-car train,

and, d. rear-end of the 20-car train.

6. LVDT to measure the 26C diaphragm displacement.

7. Differential pressure transducer to monitor the
pressure difference across the diaphragm of the 26C
relay valve.

8. HP minicomputer, used to collect the experimental
data from the pressure transducers and LVDT.

Three different experiments were performed, using the

brake pipe experimental set-up, as follows:-

1. full service (23 psi reduction from 60 psig),
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2. Recharge after full sevice (23 psi recharge),
and 3. Dry charge (60 psi recharge from 0 psig).
Additional tests were performed to determine the variation
of the brake pipe friction factor with respect the flow
regimes. Appendix K describes the experimental set-ups used

to determine these variations.

4.3.1 Full Service

4.3.1.1 Bxperimental Results

Figures (4.6a) and (4.6b) show the experimetal results
of the full service test (23 psi reduction). The equalizing
reservoir pressure, shown in figure (4.6a), drops with a
pressure rate controlled by the regulating valve. Following
the same operation procedure, discussed in the previous
section, the pressure difference across the diaphragm drops,
opening the exhaust valve, as shown in figure (4.6b). This
opening allows the brake pipe air to flow to atmosphere
through a very small restriction (.25 (imn) in diameter),
which causes a decrease in the brake pipe pressure. Then,
the equalizing reservoir pressure reaches its final value,
in approximately 6 seconds. As the head-end brake pipe
pressure approaches the constant equalizing reservoir
pressure, the exhaust valve starts to close, metering the
flow of the brake pipe to atmosphere. Then, the relay valve
closes and the 26C locomotive goes to the lapping mode

(X1,1=0).
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It is noticed, during the course of the full service
test, that the brake pipe pressure transient behaviour, at
any location along the 20-car train, is a duplicate of the
pressure at the head-end of the train. This phenomena is
believed to be caused by the fact that, the exhaust
restriction, RE’ is smaller than the brake pipe frictional
restriction, RF’ thus, the exhaust restriction controls the

pressure dynamic behaviour of the brake pipe, where,

- [3]

E ~ Apx (4.1)
R, = £ 3 (4.2)
Abp= Brake pipe cross—sectional area
Agx= 26C relay valve exhaust area (see equation (3.16))
f = Brake pipe frictional factor,
£ = Total length of the 20-car train,

and d = Brake pipe diameter.

However, this phenomena exists, only, for a relatively small

train.

4.3.1.2 Model Comparisons

Now, the experimental results may be compared with the
computational results, made possible from the.conbinations
of the following 26C mathematical models and the numerical
techniques, used to provide the solution for the brake pipe
mathematical model,

1. 26C mathematical models;

a. Complete model
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b. modified model
2. Numerical techniques;
a. finite difference
1. Implicit scheme
2. Bxplicit scheme
b. implicit finite element
Figures (4.7a-4.7c) show the variations of the pressure
difference across the diaphragm and the displacement of the
diaphragm for the combinations of the 26C complete model
with the following numerical techniques:-
1. Implicit finite differece (figure (4.7a),
2. Bxplicit finite difference (figure (4.7b),
and 3. Implicit finite element (figure (4.7c).
These figures, demonstrates again the ability of the 26C
complete model to closely predict the dynamic behaviour of
the 26C locomotive valve. The combination between the
complete model and the finite element, gives the best
correlation with the experimental results, shown in figure
(4.6a), as compared with the others. The modified model
results, shown in figure (4.7d), are in very good agreement
with the experimental result (figure (4.6a)). However, the
modified model lacks the ability to predict the initial
delay, caused by the 26C relay valve small volumes (vl,l’
Vl'2 and v1,3) which have been neglected in formulating the
26C modified mathematical model.
Figures (4.8a-4.8d) show the brake pipe pressure

dynamic behaviour wusing, a- complete model with implicit
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finite difference, and b,c,d for the combinations of the
modified model with each of the implicit finite difference,
explicit finite difference and the implicit finite element
respectively. All the three numerical techniques show very
good agreement with the experimental results, shown in
figure (4.6a). However, the two implicit techniques (finite
difference and finite element) fail to predict the initial
sudden drop in the rear-end pressure, because of the
artificial damping added by using the implicit formualtion
in general [25,27]. The explicit finite difference
formulation has successfully predicted the brake pipe
pressure dynamic behaviour, including the initial drop on
the rear—-end pressure (compare rear end pressure of 4.8b and
4.8¢c at time = 1.5-2 second and note that 4.2c drops a bit
faster over this time period). Figures (4.8a-4.8c) show,
that the modified modei fails also to predict the initial
delay, seen in the head-end brake pipe pressure drop, caused
by the small volumes in the 26C locomotive valve. However,
combining the complete model with any of the numerical
techniques, makes it possible to capture this initial delay,
see figure 4.8a and compare with the experimental result,
shown in figure (4.6a).
The above combinations demonstrates the following:-
1. The ability of the 26C complete mathematical model
to accurately represent the dynamic behaviour of the
26C locomotive valve. But, this model is a very

expensive/long computer simulation time.
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2. The ability of the 26C modified model to give a
reasonably accurate representation of the 26C
dynamic behaviour, with much less computer tizme than
that needed by the 26C complete model.

3. The finite element technique, formulated in section
2.4, gives the most accurate (best overall fit)
solution for the brake pipe mathematical model as
compared with both finite difference formulations.

4. The explicit finite difference schenme, developed in
section 2.3.2, was able to capture the rear-end
pressure drop, during the first 2 seconds.

5. The implicit finite difference technique, developed
in section 2.3.1, gives a reasonably accurate
solution, with shorter computer time, as compared
with the other two techniques.

Based on the above conclusion, and the need for a numerical
technique, which may be used in calculating the steady and
dynamic states of the brake pipe, one may choose the
combination of the modified model amd the implicit finite
difference to be a part of the air brake system simulation
tools. The computer results, which are presented hereafter,
are the result of combining the mod;fied model with the

implicit finite difference technique.

4.3.2. Experimental and Model Results —-Recharge

The experimental results of the recharge after full

service test, are shown in figures (4.9a) and (4.9b). The
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equalizing reservoir, shown in figure (4.9a), rises with a
pressure rate determined by the regulating valve. This
pressure causes a positive pressure difference, shown in
figure (4.9b), across the diaphragms, forcing the supply
valve to open (x1'1> .042 in), which allows air to flow from
the main reservoir to the brake pipe through the brake pipe
cut-off valve. This results in an increase of the brake pipe
pressure and a decrease of the main reservoir pressure.
Then, the equalizing reservoir pressure approaches its
steady state condition. As the pressure at the head-end of
the train approeches the equalizing reservoir pressure, the
supply valve starts to close, metering the flow of air from
the main reservoir.

Figure (4.10) shows the computational results, which
are in very good agreement with the experimental results

shown in figures (4.9a) and (4.9b).

4.3.3 BExperimetal and Model Results -Dry Charge

Finally, figure (4.11) shows the experimental results
of the dry charge test. It should be noticed, that the rear-
end pressure dynamic behaviour is not a duplication of the
head-end pressure. This is caused by the fact that the
friction resistance controls the dynamic of the brake pipe,
and it is much larger than the flow resistance caused by the
the brake pipe cut—-off valve opening. However, the 26C
locomotive valve goes through the same dynamic operation

principles, discussed in section 4.2. Note, at the begining
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of the dry charge test, the brake pipe cut-off valve is
fully closed. Thus, it takes the head-end pressure almost
one second to start to rise, because the brake pipe cut-off
valve starts to open only when the intermediate volume
pressure is larger than 42 psi.

The computational results, shown in figure (4.12), are
in very good areement with the corresponding experimental
results. However, the brake pressure computational results,
at the begining of the test, rise faster than the
experimental results. The brake pipe mathematical model,
assumes that the pipe follows the isothermal process.
However, at the begining of the dry charge, it is believed
that the brake pipe may follow the polytropic process
instead of the isothermal. The compuational result, shown in
figure (4.12b), shows an oscillation as the supply valve
starts to close, caused by the function discontinuity
crepresenting the relay and brake pipe cut—-off valves.
Figure (4.12c) shows the computational results using the
complete model for the dry charge. The complete model was
able to predict most of the 26C dynamic behaviour, but it
demonstrates a very wild oscillation (stable), caused by the
dynamics of the small volumes as the supply valve starts to
close. The oscillation problem appears only when the
diaphragm moves from the charge mode to the no-leakage lap
position (x1,1=.042 in). One of the possible solutions to
this problem is to add a very small leakage (artificial

leakage) to the brake pipe to prevent the diaphragm from
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having the 1lap position at X1’1=.042 in. The results of
using this suggestion are shown in figure (4.13a), for the
modified model, and figure (4.13b), for the complete model
using a time integration step three times less than the
results shown in figure (4.12c). The artifical leakage is

able to solve the oscillation problenm.

4.4 Air Brake System Experimental Set-ups, Results and Model

Comparisons

This section has utilized two different experimental
set-ups to achieve its goals. The first set-up is similar to
the one used earlier in section (4.3), except the control
valves (ABDW) are cut-in and a constant pressure source is
feeding the main reservoir. The second experimental set-up
is a complete representation of the air brake system, which
may include the following components:-—

1. Al9 flow indicator adaptor

2. Control valves (ABD/ABDW)

2. 130,000 in3 main reservoir

3. 50-car, 75-car and 100-car trains

4. 200 psig pressure supply (compressor)

Two tests have been performed, using the first
experimental set-up. The full service (application) test of
20-car train, which contains ABDW control valves, is used to
understand the interaction between the 26C lococmomtive
valve and the rest of the air brake system components.

Figure (4.14a) shows, the variation of the displacement of
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the 26C relay valve diaphragm with respect to time. It has
been noticed that the result, shown in figure (4.14a), is
just a duplication of the experimental result, shown in
figure (4.6b), except the exhaust valve of the relay valve
opens for a little shorter time than figure (4.6b)
experimental result. This is caused by the fact that the
brake pipe loses some air, during the service mode, to the
following elements:-—

1. quick action chamber (part of the emergency portion

of the ABDW control valve),

2. quick service volume (a part of the service portion

of the ABDW control valve),
and, 3. brake cylinder.

Figure (4.14b) shows the variation of the pressure
difference across the 26C relay valve with respect to time.
There is no significant different between figure (4.14b) and
the result displayed in figure (4.6b).

Figure (4.14c) shows the corresponding results,
produced by the computer simulation of the air brake system.
The modified model was, again, able to predict the dynamic
behaviour of the 26C locomotive valve.

The second test case is to recharge the 20-car train
after full application (release). Figure (4.15a) shows the
experimental results for the 26C relay valve inner chamber,
main reservoir, equalizing reservoir, and brake pipe head-
end and rear—end pressures. Main reservoir, inner chamber,

equalizing reservoir and head-end pressures behave similarly
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to the experimental results produced with the control valves
cut-out (see figure (4.9a)). However, the rear—end pressure
behaves differently than that shown in figure (4.9a). This
is caused by activating the accelerated service release
valve (a part of the service portion of the ABD/ABDW) during
the release of the 20-car train. If the recharge rate of the
local brake pipe over the local auxiliary reservoir pressure
is high enough to create a 1.5-2 psi preésure difference,
the accelerated release valve can be activated. This valve
allows the air to flow from the emergecy reservoir to the
brake pipe, providing that the emergency reservoir pressure
is higher than the brake pipe pressure.

Figure (4.15b) shows the computer simulation results
for the release of the 20-car train. The results are in very
good agreement with the corresponding experimental results,
shown in figure (4.15a).

Figure (4.16a) shows the experimental results, using
the second experimental set-up, of the recharge after a 15
psi reduction of 75-car train. It is, again, clear that the
accelerated release service valve, at different locations
along the brake pipe, is activated during the release
operation. This figure, also, shows the release of the brake
cylinders at the lat, 25th, 50th and 75th car along the
train. The release of the brake cylinder is only activated
when the local barke pipe pressure is 1 psi higher than the
local auxiliary reservoir. Figure (4.16b) shows the

computational results of the brake pipe pressures at the
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ISt, 25th, 5oth and 75th car. The simulation results closely
duplicate the experimental results, shown in figure (4.16a).
It has been noticed, from the experimental and computational
results, that the brake pipe pressure, at several locations
along the brake pipe, suddenly rises, then drops and finally
increases to approach the steady state condition. This
phenomena may be explained with the help of the computa-
tional results of the emergency reservoir pressures, shown
in figure (4.16c). The 1local accelerated release service
valve is activated, allowing the air to flow from the
emergency reservoir to the brake pipe. This causes a
pressure drop in the emergency reservoir and a sudden
increase in the brake pipe pressure. When the brake pipe
pressure reaches a value higher than the emergency reservoir
pressure, the accelerated release mode is then terminated,
causing the drop in the brake pipe pressure (note that the
brake pipe always supplies air to the auxiliary reservoir).
As the emergency reservoir pressure approaches the auxiliary
reservoir pressure, the brake pipe, emergency and auxiliary
reservoirs pressures slowly increase, depending on the main
reservoir air as the only flow source.

Figure (4.17a) shows the experimental results of the
dry charge test. In this case, the pressures of the air
brake system volumes (equalizing, emergency and auxiliary
reservoirs) and brake pipe have initial pressure values of
2.5 psig. Dry charge operation is a very slow process, which

may take a lot of time to complete (the system reaches the
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steady state condition). This experiment is quite similar to
the experiment desrcribed in sectiorn (4.3), except that this
experiment involves the charging of the auxiliary and
emergency reservoirs. Figure (4.17b) shows the computer
simulation results. The results are, in general, in very
good agreement with the experimental results, shown in
figure (4.17a). However, an obvious discripancy can be seen.
The computational results show a faster pressure time rate
of change, during the first 30 seconds of the experiment,
than the experimental results. Two reasons may contribute to
this discripancy:

1. the main reservoir pressure, actually, varies with

time (2-6 psi pressure variations),
and, 2. the brake pipe may follow an polytropic process
rather than isothermal.

Figure (4.18a) shows the experimental results of 50-car
train, equipped with ABD control valves. The 26C was
disconnected and the brake pipe was vented to atmosphere
through an °*F’ drill orifice. The meximum opening of the
variable restriction, Clconnecting the auxiliary-reservoir
and brake cylinder, is a function of the clearance between
the slide valve piston and cover of the ABD valve service
portion (See figure G.l). Figure (4.18b-d), shows the
results, produced by the air brake system simulation
program, of the brake pipe and brake cylinder pressures
versus time for C1 = .009, .007 and .005 respectively. The

simulation end experimental data show remarkably good
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correlation, validating the ability of the brake pipe
mathematical model to predict the dynamic behaviour of the
brake pipe. Note that, the value of C1 has no significant
effect on the transient behaviour of the brake pipe
pressures. It has been noticed, that the largest the value

of C the faster the brake cylinder built up during the

33
third stage of the brake filling for the first car. It
should be mentioned that, variation of C1 has no significant
effect on the brake cylinder pressure transient behaviour of
car 20, 40 and 50 and there are minor changes for 1st and
1oth car. In general, the brake cylinder mathematical model
(see Appendix G) was able to predict the dynamic behaviour
of the brake cylinders through the different filling stages.

Figure (4.19a) shows the experimental data from a
similar experimental set—-up as the one used to produce the
results, shown in figure (4.18a), except the ABD control
valves are replaced by the ABDW. The ABDW is an ABD type
valve with the addition of the continuous quick service. The
continuous quick service is provided by the Accelerated
Application Valve (AAV). The AAV used the exhausted quick
action air to further decrease the 1local brake pipe
pressure. This function will basically cause a more rapid
service application than the one that may be provided by the
ABD control valve. Figure (4.19b) shows that the computer

simulation results, for the brake pipe and brake cylinder

pressures at the head-end and the rear-end of the train are
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jn very good agreement with the experimental results shown
in figure (4.19a).

Figure (4.20a) shows the experimental results of the
brake pipe and brake cylinder pressures, for a 50-car treain,
during an emergency brake application. The emergency mode is
activated, in general, when the pressure rate of reduction
of the 1local brake pipe is higher than the local quick
action chamber. Then, the local vent valve (a part of the
emergency portion of the ABD/ABDW control valve) is
unseated, opening a large and direct passage for the local
brake pipe to atmosphere. A rapid venting of the brake pipe
causes an emergency reduction pressure rate to pass serially
and rapidly through the entire train due to the same
operation principle of the ABD/ABDW control valves on
adjoining cars. As a result, the auxiliary reservoir is
connected, through the service piston of the control valve,
to the brake cylinder. When the pressure difference between
the local quick action chamber and brake pipe exceeds a
value close to 25 psi, the high pressure spool valve is
unseated, opening a passage between the emergency reservoir
and the brake cylinder. The air from the combined auxiliary
and emergency reservoirs flows through the inshot valve
openings, causing a rapid increase in the brake cylinder
pressure. When the brake cylinder pressure approaches,
approximately, 15 psig, the inshot piston moves to the left,
closing the large opening in the inshot valve. Final brake

cylinder build up continues through the inshot by-pass choke
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until the brake cylinder, auxiliary, and emergency
reservoirs pressures reach the equilibrium state. Figures
(4.20b) and (4.20c) show the simulation results for the
brake pipe and brake cylinder pressures respectively. The
results are in very good agreement with the corresponding
experimental results.

Finally, figure (4.21a) shows the experimental results
of the Al9 upstream and downstream pressures, during a dry
charge test of 50—car train with the control valves are cut-
out. Figure (4.21b) shows the Al9 downstream pressure,
produced using the air brake system simulation program. The
simulation result is in very good agreement with the
corresponding experimental results. The differences are
primarily due to assumption in the model of a constant
supply pressure of 130 psig, giving a large pressure drop

and greater flow rate.

4.5 Summary

Different experimental set-ups have been utilizied to
provide a good understanding of the functions of each of the
air brake system compnents:-—

1. 26C locomotive valve (section 4.2)

2. Brake pipe and 26C locomotive valve (section 4.3)

3. 26C locomotive valve, brake pipe, ABD and ABDW

control valves, Al9 flow indicator adaptor,
auxiliary and emergency reservoirs, and brake

cylinder (section 4.4).
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Then, the experimental results are used to compare between
and validate the following models and numerical téchniques:—

1. 26C mathematical (Chapter 3)

a. Complete model (section 3.3)
b. Modified model (sectiomn 3.4)

2. Brake pipe mathematical model (Appendix A)

3. ABD control valve mathematical model (Appendix G)

4. ABDW control valve mathematical model (Appendix H)

5. Al19 flow indicator adaptor (Appendix I)

6. Finite difference techniques (section 2.3)

a. Implicit scheme (section 2.3.1)
b. Bxplicit Scheme (section 2.3.2)

7. Implicit finite element technique (section 2.4)

As general conclusions:-

1. The complete mathematical model of the air brake
system components is able to closely predict and
simulate the dynamic bejaviour of each of the air
brake system components.

2. The combination of the 26C modified model and the
implicit finite difference scheme, proves to be the
most efficient (accurate and faster) combination.

3. The complete mathematical model of the 26C
locomotive valve provides ar excelent represntation
for the dynamic behaviour of the valve. However,
this model is very expensive to be a part of the air

brake system model.
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CHAPTER 5

THE EFFECT OF LEAKAGE ON BRAKE PIPE

STEADY STATE BEHAVIOUR

5.1 Introduction

One of the factors that most affects brake pipe
performace is leakage. There are two classifications of
leakage: -

1) brake pipe leakage: the leakage in the hose

assemblies, angle cocks and branch pipes.

2) system leakage: brake pipe leakage plus leakage in

the AB, ABD and other types of control valves.

In practice, brake pipe leakage is unavoidable and occurs at
pipe fittings, threaded joints, valves and gaskets. As a
result of leakage, there is a considerable difference
between locomotive pressure and last car pressure, this
difference is referred to as the pressure gradient [l]. The
amount of the pressure gradient depends on the location and
size of the leakage [2].

The main objective of this chapter is to study the
effects of leakage on the steady state behaviour of the
brake pipe. The implicit finite difference technique,
developed earlier in section 2.3.1, 1is employed here to
solve the governing equations (steady state solution). The

same technique has been used, in the previous chapter, to
174
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solve for the transient case by choosing the proper
integration time step.

The analysis presented in this chapter is for a brake
pipe with leakage, but it may be applied to any pneumatic
transmission line. We begin the finite difference technique
which is used to solve the governing equations for two
special cases: first, to predict the pressure distribution
along the brake pipe, knowing the leakage size and
distribution; secondly, to predict the leakage size along
the brake pipe, knowing the pressure gradient. Sectiomn 5.3
describes the test set-ups of the laboratory scaled down
brake pipe used for purposes of model validation (first
case). Then Section 5.4 shows the comparisons between the
present model, the model propesed by Ref.[4] and the full
scale industrial test racks available (New York Air Brake
{4] and Westinghouse Air Brake [l1]). These comparisons
provide the validation of the model for the second case.
Section 5.5 deascribes some of the steady state behaviours of
the pneumatic transmission 1line (brake pipe as special
case). Finally, section 5.6 summarizes the result of this

work.

5.2 Steady State Solution

The implicit finite difference technique is the most
appropriate technique to provide the steady state solution
for equations (2.8) and (2.9). In the case of the steady

state solution of those equations, we need a stable and
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accuratez technique for a large time step AT. In this case, a
value of AT‘fifty times ATt, the value which may be used to
provide an accurate transient solution, can be used; so we
will use:

aT, = S0 aT, (6.1)

In general, the finite difference procedure consists of
approximating a set of partial differential equations (2.8)
and (2.9) by a system of nonlinear algebraic equations.
Substituting equation (2.15) into equations (2.8) and (2.9),
a set of algebraic equations may be written in this matrix
form:

{B} . {Y}

where {B} is the system matrix

I*l o (q} (5.2)

By p By 0 --:0 0 Fy
By 1 By,2 By 3 ---0 0 Fp
{8} = 1 : : : : : : i
0 0 0 ...oowB_yjy Boyp Bo i
o 0 0 ......0 B, 1 B o
and
T
{Q} = {31’4, 32’4,..............,B¢_1,4, B¢,4 }

(6.2b)

. . . . . . T
J+l _ J+1l J+1 J+1 j+1 j+1
{Y} = { Ml . Pz ’ Hz goecsevecsecy MN ’ DN+1

Note that, {B} and {Y} take different forms than equation

(2.44).
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The coefficients of the (B} and {Q} matrices can be

written in these forms:-

where, «= 2i1i-3

p= 2i-1 i=2,3,....N+1

B,y = "B, 3 =~

B - - _A_1:1__

B, 1 Ay, _,
Ay

B -

8,3~ (A*v);_,

[Uj 1]2
J & t7i-1J
c; |1+ £} [Aavg] aT

B = L
x, 2 N =5 J
’ i2zd luj I
By, =C;
Jd _ J J
8 R e L G e 5 A £ L B |
«,4 - Yiti-1 A
2
j il 4
By g = CiPiiTp,1 ~ K} 3; [1 - rp,z]
F_ = 0.
-4
. a’
- J pd A
Fp = C; rp o Ej P} a,
aX,
Ci = At (5.3a)
for i=1
By 4 =By 4~ By PO (5.3b)
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If the pressure distribution solution 1is required
(knowing the leakage distribution and size) the following

parameters are set as follows:

rﬂ,l 1. p=2,4,.....,2N

rp.p = 0 (5.4)
J+1 _ oJ

Dy W = Py

On the other hand, if the leakage size is desired

(knowing leakage distribution and pressure gradient), the

value of rﬂ 1° Ta2n.1° rp 2 and Dg+1 are set to be as
follows:
rﬁ’l = 1. 8 =2,4,......,2(N-1)
r2N’1= 0.
rg,2 = 1.0 (5.5)
E ]
J+l _ .J
DN = di

The solution proceeds by starting with any arbitery initial
condition and solving equation (5.2) iteratively until the
desired accuracy is achieved.

In order to solve the set of equations (5.2), a
modified Thomas method is used ([see Appendix C} insteac of
Gauss elimination or any other technique because there is
only one restriction associated with this technique. The
diagonal element of each row has to be greater than the
summation of the other two elements within the same row
{25]. Equation (5.3a) shows that this condition is always

satisfied. After the pressure at each node is evaluated, by
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solving equation (5.2), the bound error is calculated using

this variance form:

J+l _ 53,2
L. 2 Py) (5.6)
J
b Pi
If e is within a desirable value, the integration

(iteration) is terminated, otherwise, we go back and solve
equation (5.2) again using the most recent values obtained.

In this paper, we have assigned a value of 10-'6 for e.

5.3 Scaled Down Test Set—up and Results

The scaled down brake pipe laboratory model (figure
(5.1)) comnsisted of twelve sections of internal diameter

6.35 x 10 3

m (1/4 inch) and each 17.15 m (56.25 ft) long.
BRach section consisted of five pipes which were connected to
each other by short lengths of flexible plastic tube. A
cross was fitted at the end of each section so that a toggle
valve and an orifice could be located there. The purpose of
the toggle was to permit the measurement of static pressure
at the end of each section (node). The leakage in each
section was simulated by an orifice. A regulated supply of
air was provided at the head-end of the brake pipe. This
arrangement gave an approximate scaled down ratio of 5:1 in
length dimension (diameter and pipe length).

In equation (2.5), f depends on the value of the
Reynolds number, Re, and we use 3 functions for the flow

regimes (laminar, turbulent and transition), all of the

general form
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£J = a(rd)? (2.5)
Appendix K, 1lists the values of a and b for the different
flow regimes. -

The scaled down brake pipe laboratory model was used to
evaluate how closely the mathematical model represented the
pressure distribution for different 1leakage sizes and
locations. To perform these tasks, two different types of
leakage configurations were used.

The first configuration had a fixed total leakage size
concentrated, for different experiments, as follows:

1- The head-end region (I) of the brake pipe (nodes 1,

2, 3, and 4).
2—- The middle region (II) of the brake pipe (nodes 5,
6, 7, and 8).
3- The rear-end region (III) of the brake pipe (nodes
9, 10, 11, and 12).
Within each region, the total, normalized leakage area, S,
was distributed equally to the four nodes of the region.
This total, normalized leakage area is expressed as a ratio
of the total leakage area within the region with respect to
the brake pipe cross—-sectional area A:
s = a( )%

d
P

The leakage diameter used was d=0.5 mm giving S=2.5%.

(5.7)

On the other hand, the second configuration had a fixed

leakage location (region III), for four different leakage
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sizes. The values of leakage diameter and normalized leakage

area for this region were:

experiment d, mm S
1 .3 .009
2 .4 .016
3 .5 .025
4 .86 .0357

In these experiments, the head-end pressure P(0) was
maintained at 580 kPa (70 psig). Pressures were measured at
each pode using differential pressure transducers. The
transducers had an accuracy of 0.5% and a digital multimeter
with accuracy estimated at .04X.

For comparison, the pressure at each node was
calculated using the set of equations (5.2). Figures (5.2)
and (5.3) show the experimental and theoretical results of
the pressure at the node 1locations. These show the
calculated results are in good agreement with the
experimental results within 5X. The calculations were
performed on a Digital Equipment Corportion DEC-10 computer
with a computation time of approximately 0.3 seconds for

each curve.

5.4 Present Solution_and Refs. [1 & 4] Experimental Results

Shute, Wright, Taft and Banister {4] proposed a
mathematical model to describe the dynamic behaviour of the

air brake system. They used the method of characteristics to
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solve their model equations. Their model has been used to
predict the 1locomotive flow rate for a given pressure
gradient with different leakage distributions and different
numbers of cars (Fig. 12 of Ref. [4])) Their calculations
were in good agreement with New York Air Brake (NYAB) data,
generaly within 10 percent. Their model <calculations
required, however, a large memory space and each simulation
took considerable computer time. As an example, to simulate
a 100 car train, the computation time was approximately 1000
CPU seconds using a DEC 10 computer. For comparison, using
the present technique, the brake pipe was simulated. It has
a larger internal diameter than the lab model. Gautheir (7],
Wright [8] Banister [4 & 9] and Kreel [10] have suggested
that the friction factor fi could take the following forms.
Laminar flow, as before and Transition flow 2000 ¢ (Re)g <
4000

£J = 2.76%1073 (r 0" 33%)) (5.8)
and Turbulent flow (R )] >4000

£) = 0.042 (5.9)

Figure (5.4) shows the comparison between the present
model prediction and NYAB data, (Ref. [4]). The calculated
results are in good agreement with the NYAB data within 5%.
Also, the present method is compared with Westinghouse Air
Brake data (Ref. [1]) for locomotive flow rate (table (5.1))
for differsent numbers of cars and pressure gradients. The
present model calculations are also in good agreement with

Ref. [2] data within 5%. The present method takes less
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Table (5.1): Locomotive Valve Flow Rate SCFM Vs. Presssure
Gradient for N=50, N=100 and N=150

Locomotive Flow Rate SCFM

‘Pressure! N=50 H N=100 : N=150 |
iGradient} *: H '
¢ (psi) ‘Ref[l]:! F.D. :Ref{l]: F.D.: Ref[1l]: F.D. !
: 1 i 22 i 21.3 '+ 13 i 13.9: 9 i 11.6 !
: 3 {43 i 42.6 | 27 129 ¢+ 19 1 21. :
: 5 i 58 Y ¢ 36 v 39.7: 27 1 31 :
10 ¢ 87 i 87 i 54 1 58 |+ 41 140 :
i 15 ‘110 1107 ¢ 87 172 53 ¢ 54 H

F.D. - present finite diffrernce technique.
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computer time and smaller memory size as compared with the
method proposed by Ref. [4]. As an example, to solve set of
equations (14) for 100 car train (N=100), the computation
time was 2.0 CPU seconds using DBC 10 Computer. Figure (5.4)
and Table (5.1) show that for constant pressure gradient,
the flow rate is indirectly proportional to the length of
the train (X or N).

The difference between using equations (5.8) and (5.9)
or equations (K.9) and (K.l12) is very small to be considered

(less than 2%).

5.5 Leakage and Brake Pipe Steady State Behaviour

In this section the brake pipe mathematical model is
used to quantitatively investigate the effects of leakage
on the inlet velocity ( U(0) = M(0)/P(0) ) and the pressure
gradient (aP = P(0)-P(N)) of the brake pipe (for dp/& =.003%
representing a 70 car train). This investigation is only
applicable to pipe flow in gemneral if the pipe camn be
treated as a one dimensional flow problem. In Section 5.3,
different leakage locations were used to verify the
applicability of the mathematical model. In order to study
the effect of the leakage locations, two additional leakage
locations have been choosen,

1- a single 1leakage is located at the rear—end of the

brake pipe (i.e at the end of the last section of

the pipe).
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2- a single leakage is located at the head-end of the
brake pipe (i.e at the end of the first section of
the pipe).

Figure (5.5) shows a plot of the brake pipe pressure
gradient and the inlet velocity versus leakage size, for
different leakage locations. This figure also shows the
railroad application zone as specified by AAR (7). One of
the rules (Ref. [l1]) is that, "rear end brake pipe pressure
must be within 15 psi of locomotive feed valve (but not less
than 60 psig) before making the application and leakage
test.". For this investigation, it means fhat the pressure
gradient must not be greater than AP=0.68 (69. kPa or 10
psi) for a head-end pressure P(0) = 5.8 [ Note the
horizontal 1line %%3) =0.12 in figure (5.5a)]}. In this case,
figure (5.5b) shows that for P=.68, as the leakage move:z
towards the head-end (locomotive), the inlet velocity
increases.

In figure (5.5b), it can be observed that, if the
leakage size is less than 2.0X, the inlet velocity varies
insignificantly with the change of the leakage locationms,
whereas it varies significantly with the change of the
leakage size (the same observations have been made by Shute,
Taft and Banister [4]). When the leakage area is large, for
example S > 8.0%, the inlet flow varies significantly as a
location of the leakage is changed. Figure (5.5a) shows that
as a constant leakage is moved towards the rear-end of the

train, the pressure gradient increases, and the inlet
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velocity decreases. This is caused by the fact that, when
the leakage is concentrated at the rear-end, the in-line
resistance will increase which will cause a large increase
in the pressure drop and a decrease in the inlet flow.
Finally, for a fixed 1leakage 1location, as leakage size
increases, the pressure gradient and the inlet velocity
increases.
5.6 Summary

The main features of this work, which concerns the use
of the implicit finite difference technique to solve the
brake pipe mathematical model equations are

1. The model is capable of predicting closely the
steady state pressure, leakage, and velocity
distribution.

2. Computation time and memory needed using the
implicit finite diffrerence technique are very small
as compared with the previous technique proposed by
Ref. (4].

3. We conclude that, the implicit finite difference
scheme is a more suitable technique to solve the
brake pipe governing equations for steady state
solutions. It can also be used to provide transient
solutions by only changing the integration time
step.

The brake pipe mathematical model has been used to

investigate the effect of leakage size and location on the
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steady state behaviour of the brake pipe. The investigation
results may be summarized as follows:

1. The leakage location has a significant effect on the
pressure distribution (i.e as the leakage is moved
towards the rear-end, the larger the pressure
gradient). On the other hand, it does not have any
significant effect on the inlet flow rate for the
small leakage size (S < 2.X). For a large leakage
size (S > 8.X), the inlet flow rate increases as the
leakage moves towards the head-end.

2. The leakage size also has a great effect on the
pressure distribution ( i.e. the larger the leakage
size, the larger pressure gradient). On the other
hand, the leakage size does not have a great effect
on the inlet flow rate for larger leakage size (S >
8%), because the friction of the pipe then tends to
control the flow rate.

3. The fitness of the brake pipe can not be determined
based on the pressure gradient measurement or on the
flow test alone, but it can be determined using both

methods.
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CHAPTER 6

CONCLUSIONS

Since 1870, most freight trains in North America have
been equipped with the automatic air brakes. By the middle
of this century, the air brake system started to take its
present form.

The back-bone of the air brake system is the the brake
pipe, which is known as the nerve line or the train line.
The new brake pipe mathematical model is developed, in
Appendix A, which describes the interaction of the branch
pipe with the brake pipe pressure and flow equations. In
chapter 2, two numerical techniques are presented to provide
the numerical solutions of the brake pipe governing
equations. The solution methods allow for trains consisting
of cars of different 1lengths, branch pipe volumes, brake
pipe cross—-sectional areas, leakage openings, and valve
equipment. These numerical techniques, allow the addition of
the air brake system control units (locomotive and car unit)
to the brake pipe at any location along the pipe.

In chapter 3, the 26C locomtive valve is, for the first
time in the history of railroad industry, completely modeled
(complete and modified models), describing the functions of
the locomotive valve sub-valves (relay, regulating and brake

pipe cut~off valves). The complete model of the 26C
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locomotive valve includes, as a part of the model, the
dynamic effects of the small volumes of the relay valve. On
the other hand, the simplified (modified) model uses the
quasi-steady approach, thus neglecting the dynamics of the
small volumes. However, both models succesfully duplicate
(especially the complete model), in detail, the dynamic
behaviour of the 26C locomotive valve during its operation
modes (service and release), when connected to a brake pipe
or equivalent volume.

The mathematical models of the car control unit
components (ABD and ABDW control valves, brake cylinder,
auxiliary reservoir and emergency reservoirs) are formulated
in Appendix G and H (AAV model). These models, accurately,
simulate the service (partial or full), release after
service, release after emergency and dry charge modes of the
the car control unit.

The main features of this work, may be summarized in
the following points:

1. A new brake pipe mathematical model is developed,

and includes the presence of the branch pipe.

2. The implicit finite difference scheme, developed in
the present research work, can be used to provide
accurate and faster solutions (steady and transient)
for the brake pipe governing equations. It allows
different car pipe lengths and cross sectional

areas.
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3. The modified model of the 26C locomotive valve is
developed, and accurately represents the dynamic
behaviour of the lcocomotive valve.

4. The 26C complete model is a very good tool for
investigating the effect of the change 1in the
locomotive valve configuration (volumes, spring
constant,... etc.) in the performance of the valve.
However, it 1is a very expensive model to be an
integral part of the air brake system simulation
progranm.

5. The control valves (ABD and ADBW) are completely
modeled after including the functions of the
following sub-valves:-—

a. accelerated emergency release check valve,
b. inshot valve,

and, c. high pressure spool valve.

The contol valves models, accurately, represent the
different modes of the valves.

6. The Fortran (air brake simulation) Program 1is
designed for easy modifications (see Appendix L for
more detail), such that the user can:-

a. add modules for the new control valves,
b. change in the dimensions and configurations of
the brake pipe, the 26C locomotive and the

control valves (up to five),
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c. have up to two different control unit designs
with unlimited numbers of each unit, at each
car of the train, and

d. have different configurations for the brake
cylinder, auxiliary reservoir and emergency
reservoirs (up to ten).

This program can be a very useful tool for the
railroad industry. Among its several applications,
it can be used to,

a. study the effects of 1leakage on the steady
state and dynamic behaviours of the air brake
system components,

b. provide for brake cylinder pressures, which can
be used by a different computer program to
study the forces which develop at the coupler
between cars, during normal service operation,

c. develop new criteria for evaluating brake
system performance,

d. design new and simpler control valves,

e. detect and test the causes of existing field
failure,

and, f. determine the senstivity of the air brake
system to the valve characterstics.

In this dissertation, the Fortran Program is used to

study the effect of leakage (size and location) on the

brake pipe steady state behaviour. The results of study may

be summarized as follows:-
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7. The leakage location has a significant effect on the
pressure distribution (i.e as the leakage is moved
towards the rear-—end, the 1larger the pressure
gradient). On the other hand, it does not have any
significant effect on the inlet flow rate for the
small leakage size (S < 2.%). For a large leakage
size (S > 8.%), the inlet flow rate increases as the
leakage moves towards the head-end.

8. The leakage size also has a great effect on the
pressure distribution ( i.e. the larger the leakage
size, the larger pressure gradient). On the other
hand, the leakage size does not have a great effect
on the inlet flow rate for larger leakage size (S >
8%), because the friction of the pipe then tends to
control the flow rate.

9. The fitness of the brake pipe can not be determined
based on the pressure gradient measurement or on the
flow test alone, but, it can be determined using

both methods.
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APPENDIX A

QUASI—ONE-DINENSIONAL FLOW EQUATIONS

A.1 The Continuity Equation

The assumption of quasi-one-dimensional flow idealizes
a flow in the following manners:

1. it ignores the two smaller velocity components (uy
and uz) and assumes that the flow direction at any cross
section is parallel to one axis (x—axis);

2. It assumes that the magnitude of the flow velocity
is uniform at any cross section.

The continuity equation shows the principle of mass
conservation. ;igure (A.l) shows the control volume for
developing the appropriate continuity equation for quasi-
one-dimensional flow. Consider & volume element of the duct
(A+v)ax (Shaded area in figure A.l), where A is the local
cross—- sectional area of the duct and v is the local volume
per unit length. In this analysis, v assumed to be very
small as compared to the total voulme per unit length of the

element. The time rate of change of the mass within the

control volume is

-3 - 2 k-1 9A
at J P4V = 3¢ _[ (P + 5% ¥)(A + 54 x) dx
c.v c.vy
201
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3 14
+ atJ (p + % «xx)vdx (A.1)
C.V2
Expanding the right hand terms of equation (A.l1) and

integrating, and then ignoring the higher order terms (sz

and higher), the time rate of change of the mass in the
contrcl volume can be written in this final fora
2 = -1
>t J P dV = (A+v) 3t AX (A.2)
c.Vv
Fluid is entering and leaving this element through its

ends. Fluid may also enter and leave the duct through an
‘opening in the volume v and other openings in the duct (eg.
leakage), where u is the mass flow leaving the element per
unit length through these openings. The rate of flow of
masses which enter and 1leave the element during the time
interval dt are shown in figure A.l. The excess of the

inflows over the outflows, &%, is

- _ 1 2u 24
2 = PuA (p + % ax) (u+ ax ax) (A + % ax)
+ pAX (A.3)

Expanding the first term in the right hand side of equation
(A.3), rearanging and then eliminate the higher order ternm,

the excess flow, %, can be written in this form

[3;“—“+,.]Ax (A.4)

But, the excess flow, # (equation (A.4)), must be equal to
the increase of the mass contained in the element (equation

(A.2)) and the continuity equation thus becomes.
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(A+v) 3t * 3 x + u =0 (A.5)
2 P 1 3 _PuA _
or st arv ax T 000 (A-86)
where,
@ = ﬁ
and, a = —4 (4-7)
’ (A+v)

A.2 The Momentum Equation

Section (A.1) discussed quasi-one—-dimensional flow
approximation and developed the appropriate continuity
equation (A.6) for the present flow problem. The Euler
momentun equation for this flow will now be developed. The
pressure and the shear forces will be considered in this
development. Figure (A.2) shows a duct of gradually varying
cross—sectional area. The flows of the linear momentunm
enetering and leaving the control volume are shown in this
figure. Neglecting the velocity in the x-direction within
the C.Vl, the inertial terms of the momentum control-volume
equation in the x—direction can be written in this straight-

forward form

- 9 2
L. = 3tJ qux dv +J qux dA

c.V C.S
ax

- 2 14 u 2A

= MIO(P + o X)) (u+ o0 x)(A + J0 x) dx (A.8)

3f 2u 2 _ 2A o2
+ (p + % ax) (u+ % ax)“ (A + 3% ax) —-Pu“A
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Integrating, and rearanging equation (A.8), the final form

of the linear momenum can be written as:

2
L = |a 3Pu + dPu_A

m 3t 3% ax (A.9)

Figure (A.2) shows also the forces acting on the control
surface. These forces are the pressure and the shear stress

forces, and can be written in this form

- - ap 3A - 24
FT = pA (p + 3x ax) (A+ ax ax) -p(A+ ax ax) +FSAx
- _la2P 2
- [Aax + Fs]Ax + 0(ax™) (A.10)

Neglecting the higher order term (O(sz)), and putting both
sides of the momentum equation (equations (A.9) and (A.10))
together results in

Ln = FT

or,
3Pu 3Pu2A 3p

A 2t * ox + Aax + FS =0 (A.11)

In the case of duct flow, one may assume that the force FS

is only related to the wall shear stress as:

FS = —ryad (A.12)

where, the hydraulic diameter, d, is given as:

X+ax

= |4 = |4
d= |7 A = |7ax Jx Adx (A.12)
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However, in the case of one—dimensional flow, the wall shear

stress can be related to the fluid velocity and demsity as:-

T 8 Y .
where f is the wall friction factor and the term u/iu| is
included to account for the "opposing motion" quilty of the

shear stress. Now, with the use of equations (A.1l1l) and

(A.13) the momentum equation may be written as:-

2 A 2
aPu . 1 2Pu®A 2 p M.P__E_[L]-
at A ax *ax T 2d YR (4.14)
where,
Aavg
Aavg = A (A.15)
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APPENDIX B

SOLUTION PROCEDURE FOR A TYRI-DIAGONAL SYSTEM
USING

THOMAS ALGORITHM

In this appendix, we present a method to solve the set
of simultaneous equations presented in this text (Chapter2).
This full description of Thomas alogorithm can be found in
Ref. [27]). In this appendix, we extend the use of Thomas
algorithm to solve a set of simultaneous equations with a
source term DiXN. Assume that the system equations may be
written in this form:

A.X. + B.X. + C.X
i7i i

i Y + D.X, = B, (B.1)

i“N 1

where, Ai’ Bi, Ci and Di are martices each having size

i+l

(mXm), and Xi and Ei each having size (mX1l) each.

A, = C 0 (B.2)

1 N~ DN N-17
and where, Xi is the dependent variable at node i, and the

=D

number of unknowns is equal to (N)(m). We postulate the
existance of three matrices F, G and H. Such that, for any

X.
i

X; = FyX54 + G;Xy

The existance of such matrices F, G and H will become

+ Hi (B.3)

evident. We now index equation (B.3) down in i to obtain

X = F.

i-1 i-1%; X

+ G, Xy + H; (B.4)

208
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Substituting for xi—l from equation (B.4) into equation

(B.1) and solving for xi gives

L]
n

-1
i [Bi + AiFi—I] [’cixi+1
(B.5)

*(A;G; 4+ D) Xy+ By - AjH

Comparing equations (B.5) and (B.3), and noting that both

equations hold for all xi, we must have

-1
Fi = - [Bi + Airi—ll Ci
(B.6)
-1
6y = - [Bi * Alpi—ll [AiGl-1+ °1]
-1
H. = - [B. + A_F. ] [B. - A.H.]
i i i i-1 i il
For i=1
_ _a-1 __n—1
Fl = B1 Cl, Gl- Bl Dl’
_ .1
and Hl = b1 81 (B.7)

The solution proceeds, starting with (B.7). Then we use the
recursion relations (B.6) to calculate all Fi' Gi and Hi up
to i=N. Then, equation (B.3) can be used to find all Xi up
to i=N. To see the efficiency of this method, note that it
requires only three multiplications and two divisions per
space point, per time, in addition to the computation of the

coeffients.
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APPENDIX C

NUMERICAL FORMULATIONS

OF

BRAKE PIPE MATHEMATICAL MODEL

C.1 Finite Difference Formulation

C.1.1 Implicit Scheme

. : J+l _ pd

P ]J+1 s P}

3T |. - aT
L 1
) . J+L

aM 191 Miy T Miy

aT |, oT
_ . J+1 _ gdtl

1 oma (9L My Ay - MM .1
A+v 3X = (A+v) . ax, :
L 1 1
_ . J+l _ i+l

2P ]J+1 _ Py Py 3
L ° i Axi
. : Jyd - J J

1 amua |9 MiUiA; Mi—1Ui14i

A ?X . A oX,
- j+1 .

J i+l
G, MU }i_lz [e,U]] M3,

Substituting equation (C.1) into equations (2.8) and (2.9),
the following set of algebric equations completely describe
the semi—-implicit finite difference formulation for

equations (2.8) and (2.9)
J+1_

J+l J+l
B, 1Pi-1* Bu’zui_1+ Bu’aPi =B, 4 (C.2a)
Jj+1 j+l J+l_
By, Mio1* Bp,oP1 * By 3Mi - B (C.2b)
210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



211

where, «= 2i-3

p= 2i-1 i=2,3,....N+1
Bu,l = -B¢’3 = -Gy

B =__Aj-__1_

8,1 (A+v), 4

B = !

8,3~ (A+v),_,;

.92
J
% [Ui-I]

B = c.lis 9 [A ] L aT
x,2 i i avg | . 3 J
i2a lu,l
By,2 =C;
Jgrd - J J
I I S e £ b £ B 55
«, 4 ii-1 Ai
- J _ J
Bgp,a = C3PF — 240
_ aT
Ci = &x. (c.3)
b 8
BOUNDARY EQUATIONS
for i=2, p{*l = P(0,T)= £(T, My, ....etc)= P(0,T), as
. . M(source)-— M‘j
J+1 _ _ pd 1
Pl = P(0,T) = Pl + °1 (C.4)
thus equation (C.5a) may be rewritten in this form:
By,q4 = Bp,q ~ B3 P(0,T) (C.5)

J+1_
N+1~

erwritten in this form

and for i=N+1l, M M(1,T) = 0, thus equation (C.2b) can be

J+l J+1 _
Bon, 1My ~ *Ban,2PN+1 T Baw,4a

Using the above boundary conditions (P(0,T) and

(C.7)

M(1,T)), reduced the number of equations to be solved
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simultaneously to 2N equations. In general, these equations
form a tri-diagonal set of simultaneous linear algebraic
equations, which may be solved using the algoratkim

described in Appendix B.

C.1.2 BExplicit Scheme

1- Change the terms Pg+1 and Piti In the left hand
side of equation (C.2a) to Pg and Pg—l

respectively, and

2- Change the terms Mé+1 and Mé+1 In the left hand
i i-1

side of equation (C.2b) to Mi and Mg_l
respectively,

then rewrite equations (C.2a) and (C.2b) in these forms

J+1l

. j*1
Witle Be g BuPYT) - Be oP (c.8a)
B, ,
. _ J+1l _ J+1
Pitl= Bp.a” BpaMioy ~ Bp,sM (c.8b)
®s,2

But, before solving equations (C.8a) and (C.8b), it is
important to consider the stability 1limitation of this
formulation as as an explicit scheme (see chapter 2). Note,
that the implicit or the explicit scheme formulated in this
section has a local truction error of oreder O(nax(Axi)+
aT).

C.2 Finite Element Formulation

B, .yi*! 4 p. yitl, g _yi*tl -3

i,1¥i-1 i,2Yi i,3Yi+1 i,4 (c.9)

where,
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| b1,i,1 P3,i,L
B. . = ,
i,L b b
2,i,L Pa,i,L
(€.10)
b, . P.
B. = 1’1’4 and Y. = i »
i,4q b i M
2,i,4 i
for L= 1, » = -.5 and for L = 3, 1 = .5 Thus,
) ax(e D)
1,i,L - 6aT
- (i,L) .
b2,i,L T oM 8y(i,L)
by ip " ch(I’L)aP(i,L) (C.11a)
. (i,L)
- oo (i,L) : ax "
ba,i, 1= **m A1)+ g7
cgi™h) (i-1)
_ i-1
bs,i,17 Pa i1t 2 ax
where, (i,2) < (i,3) = (i)
and (i, 1) - (i-1)
for L= 2
b _ ax(i-1) ax(3)
1,i,2 - 3aT
. . i-1) (1)
_ e[z G- D oax(d + ax
bs.5,2 "'5[“u *M ] By(i)+ 3aT
_ = (i-1)_ — (1)
b2,i,2 —.5[«:’M oM ] GM(i) (C.11b)
=0 because, cM(i-1)= aM(i)= G,
- — (i-1)_ — (1)
b3.i,2 "5[°p °p ] 8p (1)
Géi)ax(i)
bs,i,2° Pa,i,2 * 2
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b N Ax(i-l)PJ . ax(371) 4 Ax(D) pd 4+ Ax(i_l)pJ
1,i,4~ 6aT i-1 3aT i 6aT i+l
—.s | =it ax (AT (D) (D) (C.11c)
b - Ax(i_l)HJ + ax (i~ 4 ax(D) MI s Ax(i—l)Mj
2,i,4  6aT i-1 3aT i * 6aT i+l
BOUNDARY EQUATIONS
for i=N+1, equation (C.9) is written in this form
J+l J+l_

By+1,1Y8° ¥ Bn+1,2YN+17 BN,a (c.12)
where, for L= 1, = -.5 and g= 1 ,and for L= 2, 11= .5 and
o= 2

b . Ax(N,L)

1,N+1,L ~ 2 6AT
. (N, L)
bz’N+1’L =Ny ey sy(N,L)
- (N, L)

b3,N+1,L = '11 O’P 8P(N’L)

(N, L)
- o = (N,L) _axr

Pg,N+1,L = "1°M By (N, L) + ygaT ,

G(N)AX(N) (C.13)

b = b + ._2—_

4,N+1,1 4 ,N+1,1 2
(N) (N) .
- &X J aX® 7 od_ ~(N) (N)
by N+1,4 = 3aT Fn+1 t “6ar FNT -5 Fp oK
b RS SLARME,
2,N+1,4 6AT N

U§+1 =0 for j=0,1,2,....=
for i=1l, equation (C.9) is written in this form

B, _y3*l 4 g _yi*l- 3 (C.14)

1,271 1,372 1,4
where, for L= 2, 11= -.5 and 12= 2 ,and for L= 3, = .5 and

'l.2= 1
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b = 1 axl)
1,1,L - ‘2 6aT

_ (1)
by 1, =1 oM (D)

_ (1)
by 1,1 “Y1op  p(D)
(1)
- = (1) ax
baoi,i = Mi%m A1) * TElT
a{V axD) (c.15)
b4,1,1° P4,1,1 * 2
(1) (1) .
_ _aX J, oX J_ =(1) (1)
by 1,4 = “3ar Pi* “ear P2~ -5 FpoX
(1) . (1) :
_ _aX J aXx J
by 1,4 = 3a1 V1 * “ear U2
Jj+l

Notice that, the value of P1 (head-end boundary condition)
can be evaluated using equation (C.14). In order to keep the

equation in its present form, the coefficients bl 1.1 and
’ 2 ]

b1 1.4 need tc be replaced with the following values
] ’
- - J+1
bl,l,l = H and, b1’1,4- H Pl (C.16)
where, H is any value larger than the rest of the

coefficients in the same equation. In such a way, the final
solution of equation (C.l14) will provide the same answer
given for P{+l in the right hand side of the equation. In
the course of the present analysis, H is set to be equal to
10°.

Finally, the finite element formulation has a local
truncation error order higher than the two finite difference

schemes, developed earlier im section (C.l), which is of

O(nax(Ax§)+ aT).
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APPENDIX D

SOLUTION PROCEDURES FOR A STAR AND SERIES

FLUID NETWORKS
D.1 Star Fluid Network

In the case of a star configuration as shown in figure
(D.1), the terminal (source or destination) pressures (Pi
for i=1, n) control the direction and amount of the mass

flow rate (-i) through each of the restrictions (Ai). The

relation between =, Pi’ Ai and Pn’ using the average

density equation {30}, is

(2 .2
'Pi— P- I |Pi— P- l (p.1)
R_e P.- P- *
1

ii= 0.6 A,
g

At steady state condition, we know that the total mass
flow rate, m, which enters the network through the n

restrictions must be equal to zero.

. n . n .
m = I m.= IR,

j=1 t i=1 1t
n IPE— PE | |Pi~ Pa |

=Z 0.64, R_o P.— P (D.2)
i=1 g i m

In order to find the direction and amount of any of m., one
may need to evaluate P' from equation (D.2). To do this,

first rearange equation (D.2) and write it as

216
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Figure D.1: Star Fluid Network
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Re .
P S
F(Py) = "5 ™
n P.- P ‘
- 2_ p2 l i m l
=z 0.6 A PS- P2 | (p.3)

P.—- P
i n
and try to find the value of Pn that makes F(Pn) = 0 by

using the Newton-Raphson method. For that, we need to

differentiate equation (D.3), to obtain:
dF(P‘) n A. Pn

F(P ) =2 =-5g —+ B (D.4)
' AP, is1 [17p2 52
i m

The Newton—-Raphson method proceeds from the initial guess
P as follows:
m,0
1. Approximate the function by a straight line tangent
to the curve of F(P.) at P- Kk (kth iteration step)
]
by
a) calculating F(P.) to find a point in the curve.

b) calculate F (P-) to find the slope of the

tangent line.

2. Then get a new estimate of P-, where F(P.) 0 by
finding where the tangent line will intersect with

F(P.) = 0 by using:
F(P-)

P =P - - (p.5)
m,k+1 m,k F(P )
n
3. Evaluate the bounded error (E) as
P - P
B = I,R;I m,k (D.6)
m, k

If B is less than a desired value, then terminate the

calculation procedure, otherwise repeat steps 1, 2 and 3.
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In order to reduce the number of iteration steps, the
initial value of the unknown pressure (P-) should be chosen
as close as to the actual value. It can be shown, using
equation (D.2), that the best initial value for P. is
related to the terminal pressures (Pi) and restrictions (Ai)

172

»

- 0

0
N

(p.7)

>
=N

-

- e
nMgjinMp
bt

%)

D.2 Series Fluid Network

Assume, there are n restrictions in series (as shown
in figure (D.2)) the mass flow rate enters or leaves any of

these restrictions is

2 2

o oea | it Pien | 1P Pien |
i 1 Rge Pi— Pi+1
for i=1l,..n (D.3)

For all the n restrictions we obtain the system of

equations:

2 2 i
Pi- Piv1 = 0.3

e
£ 1 (D.8)

adding together the right and left-hand sides respectively

of all equations (D.7), we get
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Figure D.2: Seriea Fluid Network
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Q. Re n
2 - i £
P1” Pav1 = T0.36 Z

1
2 (D.9)

1 Ai

Introducing the equivalent area ABQV’ characterized as

follows:
© 2
."R_©
2 2 _ M "g° 1
P17 Pusr & To36 T2 (p.10)
EQV
from equations (D.9) and (D.10) we get
1
A E e e——— (D.11)
EQV o 1
b} 2
i=1 A;
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APPENDIX K

26C MATHEMATICAL NODELS FORMULATIONS

E.1 Relay Valve Complete Model

K.1.1 Pressure Equations

dpy,1 _ 1. Bo M avy 1 (B.1)
dt TV g® dt P1,1 dt :
]
P12 | 1. | 5o M2 | av1,2 (E.2)
dt v g? dt Pj,2 dt :
1,2 L
dpl.a _ R_® d-1,3 . dnl,4 _ d-l,z (2.3)
dt =V dt dt dt .
a,3

E.1.2 Volume Egquations

av,
dt = AU (E.4a)
av, ,
— -
dt = A,2Y (E.4b)
where,

I U5 1

=t

E.1.3 Displacement Equation
dau

Ige = Fi,1 "F1,2 ~S3,1 ~S1,2 ~51,37%p%;,1 (B9
where,
1 = Iyt Iy,2% 11,3 “Xg < X3 18 X
=1, , -Xp < Xy <0
222
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(E.6)
= Iy 4% Ip,3 0 < X 1< X,
=L 1* 11,3 % 11,4 Xo € X3,1¢ Xg
E.1.4 Force Equations
always Fl,l = pl,l A1,2 (B.7a)
! F1,2 = P1,2 41,2 (E-Tb)
Sy,2 = 1,2 Ky 2512 0 < Xy 1< Xg
(B.7Tc)
=Ly, o * Ky o(X) 4+Xp)  —Kp < Xy 4< ¥y
=0 Elsewhere

Supply open
51’3 = L1,3 + Kl,s(xl,l_xo) Xo < Xl’lg xs (B.74)

Exhaust open

Sp,1 % T1,1 7 By, (¥p *Xy,p) XS Xy, ¢ 7Kg (B.Te)
E.1.5 Flow Rate Equations
2
. = 18% - 1.1 jB—1)
1,17 8 A1 P, J R o B-1 (E.8)
Peq
where, B= s
P1,1
m . = .6 A 182 - 1.1 -1 (. 9)
1,2 . 1,3 P1,2 Rge B-1 .
P
where, =—l4§-’
Pj,2
2
18 -~ 1.1  iB-1,
my 3= 64 gP g j 0 = (E.10)
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P
mr
where, B= ’ X. ¢ X < X
P;,s3 o 1,1 S
= .6 A J_&z_‘_];l. 1B-1) (B.11)
21,3 " P1,3 R_® B-1 .
P
where, B= atm
P;,3
A A
and A = L4 1.5
2 2
] Aya Y As
2 .
. = 8% = 1.1 1B-1)
my.a = -6 4A3,3P;,3 J Rge B-1 (E.12)
Pbp
where, B=
P;,3

KE.1.6 Variable Restriction EBquations
Aj,e = T Dy g(Xy 17 %) Xo € X1 1€ Xg (B.13)

A1,4 = -n 01’4()(1 +x1,1) -xgg xl,l‘ —XI (B.14)

E.2 Brake Pipe Cut-—-off Valve Model

E.2.1 Displacement Equation

P31 ~ P
- -3,r B
)(3’1 = A3,2 K3 N (E.15)
’
p,A + L
_ TA73,1 3,1
where pPg = ————*X;—;——L— and p3’1> Py

£.2.2 Variable Restriction Equation

(E.16)
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E.3 Regulating Valve and Equalizing Reservoir Models

E.3.1 Pressure Equation

dp R e dm dm
eq _ _& [ 2,1 _ 1,1 ] (E.17)

dt v dt dt

eq

K£.3.2 Flow Rate Equation

- _ 182 - 1.1 B-1y
my,1 = -8 Aggg P j R o B-1 (E.18)
P
where, ==,
eq
A _ Agave 22,2
REG ~
a2 + A2
EQVE 2,2
(E.19a)
and p = P,
(b) Brake Release:
A - AEQVS A2.3
REG ~ 2 2
A + A
J EQVS 2,3
{8.20b)
and p = Pur
E.3.3 Displacement Equation
P__A
x = ﬂ_zl_.]: (8.21)
2,1 K
2,1
providing that,
K X
2,1 “c
- —s
peq Pe < Az N (B.22)
’
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E.3.4 Variable Restriction Equations

A_ A
A = —* T (B.23)
2,3 ——2 2
[Z-2
where,
A = |a. - = (r, - X, 2 (E.24)
x (4] o 2,1 *
providing that,
Xa,1 $To ~ T1 ° %¢
Ar = 7 DI xz’l (B.25)

E.4 Simplified Model of the 26C Relay and Brake Pipe Cut—off

Valves
The following assumption may be made based on a quasi-
static approximation are:
1) the inertial force is very small as compared with
any of the forces associated with dynamics of the

diaphragm movment,

U, s
I EE—L— = 0 (B.26)

2) the pressure rate of change of P 3 is equivalent to

the pressure rate of change of the equalizing

reservoi
ser r, peq,

P1.1% Peq (E.27)

3) the pressure rate of change of Py 3 is equivalent to
’

the pressure rate of change of Py 2°

P1,3* P1,2 (E.28)
4) the volume V1 3 is assumed to be equal to zero,
Vl’sz 0 (E.29)
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Using the first three assumptions, equations (E.5) and (B.7)

may be rewritten in the following forms:

Xy 1 = Xg Hy<
= By(Dp -H}) +X, H,<
= X, Hyg
= B,(Dp -Hy) Hg$
= 0.0 0 ¢
= B,Dp Hy
= X H5¢
= Bgy(Dp -Hg) -X; He <
= —Xg Hg>

where,
Ao

B o=

Ky, 2" E;,3* Kn]
A2
Bz —— - —
Ky, 2% KD]
po 1.2
2 [k
J
A2

By=
[ STE RS T Kn]

5 - %

H.= + H

0 By 1
L
1,3
H.= )= + H
17 Ay, M2
X
o
H,= — + H
2" B, 3
oo 21,2
3% Ta, ,

Dp
Dp
bp
Dp
Dp
bp
Dp
Dp

Dp

W WA N

m oM o & | om

]

W N = O

(E.29a)
(B.29b)
(E.29c)
(B.29d)
(E.29e)
(B.29f)
(E.29g)
(B.29h)
(B.291i)

(B.30)
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I
H,= -
4 82
L - L
1,2 1,1
H.= + H
5 A1,2 4
[xI—xE]
H.= + H
6 83 5

and, approximate the pressure difference across the relay

valve diaphragm as,

SRS R |
bp = Peq P;,3

Note that,

Jg _ LI -

P},3” Pp X1< X3,1¢ %o
p2 A2 + pZAZ
bp~3,3

p = (B.31)

1,3 a2 4 a2
3,3

E.4.1 Relay Valve States

During any of the brake pipe modes, the relay valve is

operating at one or more states at different times. Any of

these states is a function of the difference between the
equalizing reservoir pressure and p1,3.

a) Supply State

b) Intermidate State

c) Exhaust State.

E.4.1.1 Supply State

P = Pgr
(R.32)

and A = A1,6

- H

for peq—H°< p1,3<peq 1
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A = = p) gt =, (E.33a)
for py 3¢ Peq™ Ho
A = C,= unl’s(xs— Xo) (E.33b)
for p1,32 Peq™ a1
A=0 (B.33c)
where,
= —"DI,GBO’ and .30
E.34

Az 3 = =3P1,3" %4 P;,3> Py (B.35a)
43,3 = %2 Py,3> Pt By (B.35b)
= ﬂDa,st
A3,3=0 Py 3¢ Py (B.35¢)
A
= 3.2
g = ﬂD3‘3 K , and
3,1
(E.36)
. = —aD. . S3.1
4 3,3K; ; P
where,
P,A + L
Pg = A 3“%'—“g‘l (B.37)
3,2
Thus,
z ; (E.38)
zﬂ[P ]=0 E.
n=0 ©° 1,3
q n
FUNCTION = = pn[ pl’s] (B.39)
n=0
REGION I
Pas Py 3¢ Pg*E;  and py 3< Peq7Hy

Simply in this region

Supply valve fully open and Brake pipe cut—off valve varies
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A=46°C and Ag 3= =3P) 3 *%4
Now,
_ 22 _.2 2
Bg = T*4Ppp clpnr
By = T2%3%4Pyp
_ 2 2 _ 2
By = C) *=4 ~*3Ppp (E.40)
Bz = 2%3%,
2
Bg = *3
REGION II pB+Blg pl’3 and p1,3 < Peq_ Ho
Simply in this region,
Supply valve fully open
A = A1,s = C1
and,
Brake pipe cut-off valve fully open
43,37 C3
Now,
_ _~2.2 _ 2 2
Bo C1PurC2Ppp
pl = ﬁs = 34 =0 (8042)
2 2
Bz = Cl + C2
REGION III p1’3> pB+81 and peq-ﬂo < p1'3< peq_Hl

Simply in this region
Supply valve varies

A= A g7 =1P1, 3% %2
and,

Brake pipe cut-off valve fully open

A = C

3,3 2
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Now,
2 2 2 2
Bg = ~=aPuy~ C2Ppp
_ 2
By = “2x%3%pPpy
pz = Cg +=§ —mipir (B.43)
By = 2%1%
2
Bg = =3
REGION IV Py, 3°Pp*B; and Py 32 P 7H;

FUNCTION=0.
Brake pipe cut-off valve fully open, supply and exhaust

valves fully closed

REGION V (is not shown in figure (3.12))
Pgs Py 3< Pp+E; and p  ~Hy < Py 3¢ Peq™ Hy
Simply in this region,

Supply vlave varies

+

A = Ay g= *1P3,3 T2

and,

Brake pipe cut—-off valve varies

A3,3% *3P1,3 "3
Now,
Bg = -cgpir _“ipgp
By = ’2“1“2P3r'2‘3“4psp
By = 2x)xp *+2x3ey
By = 3 +o5

3
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E.4.1.2 Intermediate State

A1,6= A1'3= A = 0. (B.45)
Hence,
91’3 = Pbp (E.46)

E.4.1.3 Exhaust State

A, LA
Agy = 1,41,5 (E.47a)
2 . A2
1,4 1,5
for Peq_H5<p1,3<peq_HG
41,4 *5P1,3%% (E.46b)
for p) 32P.47Hg
Ay 4= Cg= =D 4(Xp —X;) (R.46¢)
for p) 3 = P4 7Hg
A1 ,4= 0 (B.46d)
where,
©5 = aDy 4Bg
(R.47)
and g = nD1’433[ Hs - peq]
J-1
2 2 2 2
_ Py c2 + pnrABX
p - bp’2  “mrEX (E.48)
1,3 o+ a2
2 EX
J J Jo_
for peq 35<p1,3<peq Hs
Jg _ _J J J
Aj,4" =5 Pi,3*%s (E.49a)
J J _
for pl,SZPeq HS
J . _ _
A} 4= Cg= aD) 4(Xp -Xp) (E.50Db)

Notice: To assist the reader understand the 26C Model, see

R ol T L T el T
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APPENDIX F

FOURTH ORDER RUNGE—-KUTTA INTEGRATION METHOD

The general form of a system of n first order ordinary

differential equations may be represented as follows:

dp .
i

dt

= fi(t, Pl' P2, P3,. ..... "'Pi"°'°' and Pn)
i=1l,..n (F.1)
The fourth order Runge-Kutta method [23] is one of the

most popular technique to integrate a wide range of n first
order differential equations. Let h be the integration step
size and m be the integration step. Evaluate the following

parameters, four for each equation

By =B 00, Py p)
h K1
K1,2 =h fz[tn+ 2° Pl,n M __5_ ]
< (F.2)
h i.2
K;j,3 °B fi{t-* 2> Pim* "‘3—']
K; g4 =h f,(t,+ h, P, .+ K; 3)

Based on these parameters, the next values of Pl’ Pz,... Pi

can be evaluated as:

It 0 |
i,m+l i,m 6

thel © tm (F.4)

+ 2K; o+ 2K; 3+ K; 4

P (F.3)

These procedures are repeated to cover the required
period of time that is of interest. In general, as the

integration step h is reduced, the accuracy of the compution

233
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tends to increase at the expense of increasing the

computation time.

The Runge—Kutta methods for numerical integration are
quite popular, and they are self starting (explicit

techniques), i.e., only the initial conditions have to be

specified.
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APPENDIX G

ABD CONTROL VALVE MATHENATICAL MODEL

6.1 Introduction

This Appendix briefly desrcribes the mathematical model
of the ABD control valve as has been developed by Gauthier
{7}, Wright ([8], Bansiter [9] and Ereel [10]. The ABD
control valve (Figure G.l) consists of a complicated network
of springs, diaphrams, pistons, subvalves and orifices. A
complete development of the detailed mathematical model can
be found in Refs. {(7,8,9,10]. They have developed a
mathematical model which desribes the two application
(service & emergency modes) and charge (recharge/release)
modes. The valve detects the time rate of changes in the
brake pipe pressure, and bascd on the amount and direction
(increase/decrease) of the 1local brake pipe pressure, the
subvalves open and close some of the control valve orifices.
These openings may connect any of the air brake systenm
components (brake pipe, auxiliary reservoir, emergency
reservoir and brake cylinder) together (Figure (G.2).
Section G.2 describes the equations of mass flow and
pressure for each of the air brake system components and ABD
volumes associated with the ABD control valves operation.
Then, section G.3 desribes how to evaluate the openings of

all the subvalves and restrictions used to calculate the

235
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Figure G.1l: ABD Control Valve Schemat:
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mass flow rate in section G.2, for service, emergency and

recharge modes respectively.

G.2 ABD Flow and Pressure Equations

Four of the air brake system components may be
connected to each other through the ABD control valve during
any of its three modes. Those four components are:

1. local brake pipe,

2. local auxiliary reservoir,

3. local emergency reservoir, and

4. local brake cylinder.

There are also two ABD valve internal volumes which may be
connected to the 1local brake pipe through some of the ABD
control valve subvalves/restrictions:

5. quick action volume, and

6. quick service volume.

Figure G.3 shows the complete network of restrictions,
which may connect any of the above six elements together. In
order to have a complete mathematical model for the air
brake system, we need to evaluate the flow from or to any of
the above components or vclumes and the local pressure at
each of these. The following subsections desribe the
equations developed by Refs. [7,8,9,10] to evaluate these
variables. The general flow equation wused bhereafter is

described in Appendix J.
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G.2.1 Brake Pipe Flow EBquation

In order to complete the mathematical model of the
brake pipe developed earlier in Chapter 2, one needs to
evaluate the mass flow rate from the brake pipe through the
ABD/ABDW control valve to one of the air brake system
componets or the atmosphere as follows:

1. Through the vent valve restriction, ag’z[see vent

valve located in the emergency portion of the control valve,

ABD/ABDW, shown in figures (G.1l) and (G.3)] to the

atmosphere, the mass flow rate ng o may be evaluated as
’

follow:

ONLY EMERGENCY

J 2 _ -
3 o6 iz | 1Rz~ 111 Bl (6. 1)
i,2 ° A. i r 1 - R. *
i i,2
Bvaluation of ag 2 is described in Section G.3.2.

2. The mass flow rate ng 3 leaves/enetrs the brake pipe
through ag 3 may be calculated as follows:
’
CHARGE & SERVICEK
J 2

. at . RY ,— 1 1 - R.

A 83,3 .5 | 11,3 | § i,3l
01’3 = 0.6 Ai Pi r 1 = Ri 3 (G.2)

a£,3 may take on different forms during the charge and
service modes. These forms may be explained as follows:
CHARGE MODE
In the case of release after emergency, the brake
pipe is connected to the inshot valve through the

emergency accelerated release check valve ag 39
£
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shown in figures (G.l) and (G.3). The calculation
of this restriction is described in Section G.3.
SERVICE MODE

During this mode, the brake pipe is connected to
the inshot valve through the quick service chocke
(fixed restriction), located on the service
portion of the control valve, ag,a.
3. Through a restriction, ag’4, conecting the brake

pipe with the auxailiary reservoir, the flow rate ag 4 may
’
be calculated as follows:

CHARGE & SERVICE

J 2

. ay . RY -1 1l - R.

i Bi.4 o5 | 10i.a ] i, 4l

%,4 = %6 X F r I-8, , (G6.3)

ag’4 is a function of the service slide movement as
described later in sections G.3.1 and G.3.3.

4. During the release mode, the emergence reservoir is
connected to the brake pipe, Through choke 1b [ag,s shown in
figures (G.l1) and (G.3)], provided that the accelerated
service release valve [locatcd in the service portion of the
control valve shown in figure (G.l)] is in operation. This
connection is interupted by the back flow check valve 29
[located between choke 1b and the accelertated service

release valve shown in figure (G.l)] only if the emergency

reservoir pressure is greater than the brake pipe pressure.

J

The flow rate ng 5 through aé 5 may be calculated as
? 3

follows:
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ONLY CHARGE

J 2
. at R RS 1 - R.
J 25,6 o | 1i,5 - 1] ] i, 5l
°i,s =06 X Fi r S T (6.4)

5. Through the quick service choke [ located on the
service s8lide valve passage g, shown in figure (G.l)},
ag’s(fixed restriction), conecting the brake pipe with the
quick service, the flow rate ng,s may be calculated as

follows:

ONLY SERVICK

J

. atl < R -1 1 - R,
Jj - 2i,6 55 | 1Ti.6 ] i,6]
o g = 0.6 , p) - T &, g (G.5)
’

6. Through choke 201b located in the emergency portion
of the control valve shown in figure (G.1), ai’7, conecting
the brake pipe all the time with the quick action chamber,
the flow rate 02’7 may be calculated as follows:

ALL THREE MODES

2
. a. . RY -1 1 -R.
Jj - i,7 o9 | 1Fi.7 Pl i,71
oy = 0.6 PY — (G.6)
i,7 Ai i r 1 Ri,?
P
=ik
where, R. =—= (G.7)
i,k pJ
i
pJ & P?J is the normalized atmospheric pressure,
i, 2 i,1
Pi 3 is the normalized intermidiate pressure located at
»

the center of the star connecting the brake pipe with
brake cylinder and auxiliary reservoir du:rlag the

service application mode as shown in figure (G.4)
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D describes a method

rate direction and amount through

.th

.th
.th

J -
Pi,4' the 1
J _
Pi,s— the i
J
Pi,G_ the i
and PY = the i
1,7

.th

auxiliary reservoir

emergency reservoir

to solve for the flow
a star network),
normalized pressure,

normalized pressure,

quick service volume normalized pressure,

quick action chamber normalized pressure.

G.2.2 Auxiliary Reservoir Flow and Pressure Equations

The net

auxiliary

mass

MJ

flow AUX

rate

leaves or enters the

reservoir may be evaluated as follows:

J | R B, |
Miux = ®i,a ~ Mi,37 Mis (6.8)
where,
J [T 2 _ -
W - 0.6 M3 L Riz ~ 1] |t~ By 3 c.9)
i,3 ° A, i,4 r 1 - R, °
i p i,3
j [T 2
. P . R -1 1 - R,
J - —i,5 5J [®i,s ] i,5]
Mi,s = 0-6 T Pi g r =R, (6.10)
i k i,5
J J
Py P
R, =—%‘§, and R. L5
1,3 PJ 1’5 PJ
i, 4 i,4
Ag 3 is a variable restriction (see Section G.3.1l), which is
a function of the service graduating valve movement,
connecting the auxiliary reservoir with the inshot valve

through passage 3c during all three modes, and Ag 5 is a

fixed

restriction,

located in the

service slide valve
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passage o, connecting the auxiliary reservoir with emergency
reservoir during the charge (release/recharge) mode.
The time rate of change auxiliary reservior pressure is

. J .
a funct13n of thg mass flow rate "AUX and vAUX as:
dPi M

e (6.11)
AUX

G.2.3 Emergency Reservoir Flow and Pressure Equations

The net mass flow rate MEMR leaves or enters the

emergency reservoir may be evaluated as follows:

J |
Mgmr © 9,5

where, M%NS is the mass flow rate enters/leaves the inshot

j J i
* My 5+ (a3 * My 3~ Mpyg) (6.12)

valve, located on the emergency portion of the control
valve, described latter in Section (G.2.6).
The time rate of change emergency reservior pressure is

. J .
a function of the mass flow rate MBHR and VEMR as:

apJ MJ
i,5 _ EMR
aT s ¥ (G.13)

EMR

G.2.4 Quick Service Flow and Pressure Equations

The net mass flow rate Mgs leaves or enters the quick

service volume may be evaluated as follows:

J _ N ad
Mas = 95,6 ~ Masv (6.14)

where,
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i . Agsv _; |B sv -1 l1 ~ Rosy
MQSV = 0.6 x Pi 6 R (G.15)
i ? QsyV
J
R Pi.2
QSsV PJ
i,6
A is a fixed restriction 1d as shown in figure (G.1l).

QsSyV
The time rate of change quick service volume pressure

is a functlonJof the -gss flow rate MQS and st as:
dP. M

1,6 QS
= T (G.16)
dT VQS

G.2.5 Quick Action Chamber Flow and pressure equations

The net mass flow rate MgA leaves or enters the quick

action chamber may be evaluated as follows:

I VR
aa = %i,7 ~ Maav (6.17)
where,
A RZ 1, |1 - R
wi = 0.5 -9AY oJ QAV [ QAvV ] (G.18)
QAV Ai i,7 r - RQAV
J
B aria.2
QAV Pj
i,7
MgAV is the air leaves the quick action chamber through AgAV

(see section G.3.1 for the calculation of AgAv).
The time rate of change quick action volume pressure is

. J .
a function of the mass flow rate MQA and VQA as:

J J
dP; 7 Maa 19
aT =y (6.18)
QA
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G.2.6 Brake Cylinder Flow and Pressure Equations

The net mass flow rate Mgc leaves or enters the brake

cylinder volume may be evaluated as follows:

5 T, B |
Mac = MIns ~ Macv (6.20)
where,
J 2 _ -
Wi = 0.6 AIns oj [Bins ~ 1] |} - Byns| (a.21)
INS -6 1. i,3 r 1-R :
i INS
J 2 _ -
Wi = 0.6 BSY pJ IBev ~ 11 11 " Fmevl (g g
BCVY A, 'i.BC r T - Rygy
J J J
Fio 0d - pd  and R... - BC _ TBC
BCV o3 INS i,3* INS Tpj I
i,BC INS i,3

During the charge mode, the brake cylinder is vented through

the release valve 60, shown in figure (G.1), the flow

restriction area is referred to in equation (G.22) as A;CV'

The value of Ad (inshot valve equivalent restriction)

INS
consisted of a fixed restriction AINSl and a variable

. s J
opening restriction AINSZ’

J _ J
Ains™ A1nsi* AlIns2 (6.23)

But is a function of the brake cylinder pressure and

j
AIns2

the ABD valve operating mode as follows,

= qabD (G.24)

J
Alns2 iNs2XINs
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Figure (G.5) shows the free body diagram for the piston of

the inshot valve. Neglecting the inertial term and solve for

J J
xINS as long as 0 ¢ XINSS xINM’
i _ Four ~ Fpc* Lins
Xins ~© K (G.25)
INS
where,
- J
Fge = PaPi, BcAinsp’
SERVICE MODE
_ J
Four™ PaPi,BcrINsp’

and, AINSP is the inshot piston cross-sectional area (see

figure (G.5), thus,

X = X

INS INM

and, AIN82= ’DINSZXINM (this based on the inshot dimension)

EMERGENCY NODE

Four™ Patinsp
and, xINS is calculated using equation (G.25).
The time rate of change brake cylinder volume pressure

is a function of the mass flow rate Mgc and Vgc and may be

written in this general form:

J J
dPi.sc _ Mac (q.25)
dT vj :
J BC
where Vi BC is a function of the pressure and the geometry
’

of the brake cylinder as follows (see figure (G.6)):

J _ J
Vac = VBer Pi.sc S Pper’
J J
VBc = Vmer PacrS Pi,Bc? (.26)
J
and for Pyor< Py pe S Ppep
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J _ _
Py (2P7 pc~ 1-)Ap.— Lye

J
v = Vv + A
BC BCI KBC BC
L K, X
BC BC "MAX
where, P = — +1. , P = P + —
BCI ABCPA BCF BCI ABCPA
Vacr © Vacr * “sc*max’
KBC and LBc are the brake cylinder spring constant and

preload respectively, ABC is the cross—-sectional area, xMAx
is the maximum brake cylinder piston displacement, and P, is

the atmospheric pressure.

G.3 ABD Operation Modes

The openings of the flow areas, listed through out
equations (G.l1) - (G.24) are controled by the different
operation modes of the ABD. Refs. [7-10] basically used the
pressure difference, v, between the local brake pipe and
auxiliary reservoir, in the case of sevice and charge modes,
and used the pressure difference, a, between the local brake
pipe pressure and quick action chamber, in the case of

emergency, where,

_ J _ pd
v = pA[Pi,4 Pi]

and, (6.27)
J _ pd
PA[P1,7 Pi]

to distinguish between the different modes for each of the

a

ABD control valve. These modes are:
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1. service mode

2. emergency mode, and

3. recharge/release mode.

In order to help the reader understand the different
stages during the service and charge modes, figure (G.7)
shows the input output diagram for the ABD functions

operated during those modes.

G.3.1 Service Mode

a) First stage: 0 ¢ v ¢ 83

The auxiliary reservoir is connected both to the brake
pipe and the emergency reservoir, through ag’4 and Ag,s

respectively, where,

J _ . . L
ai’4 = AAUX (fixed restriction)
j _ . .
and Ai.5 = AEMR (fixed restriction)
b) Second stage: v > Hs

The auxiliary reservoir is disconnected from both the

brake pipe and the emergency reservoir, so

J = aJ -
ai’4 = Ai,5 = 0 (G.28)
c) Third stage: Hsg v 84

The brake pipe is connected to the quick service volume

J
through ai’s.

. J
d) Fourth stage: v > 84 & Pi,3 < Hs
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The auxiliary reservoir, brake pipe and brake cylinder
form a star network, shown in figure (G.4) with A%PS= 0.
Instead of solving a complex set of equations, one may be
able to simplify the star network to the network shown in
figure (G.8). This simplification is based on the assumption
that the inshot flow area, AINS’ is very large as compared
to the other two restrictions, ag’s and A£,3’ existing
within the same network. Thus the pressure Pg’3 may be
approximated by the brake cylinder pressure Pi,ac‘ In this
case, the mass flow rate entering the brake cylinder may be
calculated using the following fornm,

MIns® ©1,3 * Mi,3 3= Pic
Also during this stage, the brake pipe is disconneceted from

and P} (6.29)
the quick service volume,
J .
ai,6" 0 (G.30)
However, Ag 3 is a function of brake pipe and auxiliary

reservoir pressures as well as the dimension of the ABD

control valve as:

J o _
Ai,3_0 v < H4
J - J
A} 5= co[ v - Hy ] 0 <Al j<0c (G.31)
J_ J
A7,3 C1 Cy ¢ 44,3
. . J
e) Fifth stage: v > H4 & Pi,3 > H7

This is the final stage during the service mode. The
brake pipe is disconnected from the network shown in figure

(G.8), so,
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J R,
aj.3 Ns= Mi,3 (6.32)

g£) Service lap position

=0 and M%

As the g<cir continues to flow from the auxiliary
reservoir to the brake cylinder, the auxiliary reservoir
pressure drops until it reaches a slightly lower value than
the brake pipe pressure. Then the restriction area conecting
the auxiliary reservoir to the brake cylinder starts to
close. When this restriction is completely closed, this is
the lap position, thus

A ;=0 and o xEH (6.33)

During the entire service mode, the quick action volume
is connected to the brake pipe through ai’7 and to the
atmosphere through AgAV' Figure (G.9) shows that AgAV is a

combination of two restrictions in series, and it may be

evaluated as following:

QAV1 Agsz

QAV - (G.34)
A‘i 2 + Aj 2
[ QAVI] [ QAVZ]

a fixed restriction, called 201lc and it is shown in

Aqaveis
figure (G.l) in the emergency portion of the ABD valve. On

the other hand, is a variable restriction and it is a

J
Aqava
function of the movement of the emeregency slide valve of

the ABD control valve , ng shown in figure G.10, as

follows:
A 1= b, F(x3 ) (6.35)
QAV1 4 SV
where,
J _ J
F(st) =0 st < Do
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=x3, - F

F(X3y) SV 0 Dy < X5y
F(x3 )= £y D, ¢ X, < D,
Fxdy) = by - xdy Dy < xgv $ Dy
F(xd) = o Dy < X3,

where ng is related to the pressure difference between the

quick action chamber volume and the brake pipe pressure as,

J _ pJ _ _
[ Pi,7 ~Fi ]pAASV Lgy ~ Wsy

X3, = Ky (G.36)
where,
ASV = is the cross-sectional area of the service valve,
st = is the slide valve spring preload,
st = is the slide valve spring constant,
and, st = is the weight of the slide valve moving parts,

Note that, the constants CO’ Cl, Do, Dl’ D2, D3, Hl,
Hz, H3’ 54, H5’ HS and H7 are evaluated from the ABD control
valve dimensions, spring constants and preloads, and may
vary from valve to another. A complete 1list of these

constant may be extract from Refs. [32-35].

G.3.2 Emergency Mode

This mode is activated by the emergency slide valve in
the emergency portion of the ABD control valve, based on the
pressure diffrence between the quick action chamber pressure
and the prake pipe pressure as,

a > H (G.37)

2

During this mode;
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1. the brake pipe is connected to the atmosphere
through 82,2‘ The quick action air flows to chamber X at the
jeft of the vent valve piston 262 (see figure (G.l)) unseats
the vent valve 238, opening a large and direct passage,
32,2’ from the local brake pipe to atmosphere. Figure (G.1l1)
shows the free body diagram of the vent valve during the
emergency mode, ag 2 may take this form,

aj,2 = 7 DygnrXvENTM (G.38)

2. the auxiliary resrvoir, brake cylinder and emergency
resrvoir form a star network as shown in figure (G.4) ( with
a£’3= 0). During the first stage of the emergency;

a- A%HS varies with the brake cylinder pressure (see
Section G.2.6), untill the brake cylinder pressure
reaches a value close to H7, and

b- the emergency reservoir is connected to the star
network, through Agps’ when the value of & is
greater than HB

Because of the above actions (a— and b-), it is not possible
to find a simplification for this star network as it has
been done before in Section G.3.1. Instead of solving a star
network problem (as explained in Appendix D), it is possible
to modify the network by introducing a small volume, vINT
(as compared with the volumes associated with this network),
at the center of the star network, as shown in figure

(G.12). This modification reduces the amount of computer

time, required to solve a star network problem.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



261

1
g
% ] I:‘_ T %
> = P
x 18 z
T e 8
3 )
N \ £
\H(E :
W 2
I = 2
| 73] .
. =
X 3
e o X e
il + H
— B - -

I ll>
> %)
<
'—m-.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HI0MIBN PINT3 483§ Opol AoucBaomy :21°'D oanBig

262

H3IANITAD

08" Invdd
(d

Gl
{

HIOAY3S3Y
d AJN3ONIW3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



263

G.3.3 Recharge/Release Mode
a) First stage: H3 { —v
The brake c¢ylinder is connected to atmosphere through

Agcv (fixed restriction shown as choke 20l1lg in figure
(G.1)).

b) Second stage: H3 < -9 ¢ H5

The auxiliary reservoir is connected to the brake pipe

J
AUX’ and through ai’

emergency reservoir.

through aJ = A (see Sectiom G.2.1) to
i,q 5

b) Third stage: H4 § ~v

The emergency reservoir is connected to the brake pipe.

c) Fourth stage: Hs $ —v

This is the final stage of this mode. The auxiliary
resvoir is connected through another restriction to the
brake pipe, ag,4= AAUXI'

However, in the case of release after emergency, the
valve will go through a different stage before reaching the
first stage described in this mode. This stage is called the
accelerated emergency stage. This stage is started when the
following condition is satisfied,

a > H (G.39)

6
At this stage, the brake cylinder pressure is equilized with

the auxiliary reservoir pressure and Ag 3 and A%NS are fully
9

opened, then brake pipe is connected to Pg 3 through ag 3
b4

b4
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(this opening is called the accelerated emergency release
check valve), which can be evaluated based on the following

formulations (see figure (G.13)).

J J
aj 3= #D; 3¥gy
Py . - pJd lpa., - L

i,3 i |Patcv cv

Jo_
Xey = K

J
0 < X5y S Xoym

(G.40)

cv
Instead of solving the star network shown in figure (G.4)

. J
(with AHPS

the one shown in figure (G.8). Then, as the brake pipe

= 0), it is possible to simplify this network to

pressure builds up to a value assigned in stage 1, the brake
valve will go through the rest of stages as mentioned above.
This completes the ABD valve mathematical model and its

functions during different moeds.
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APPENDIX H

ABDN CONTROL VALVE MATHEMATICAL MODEL

#.1 Introduction

Appendix G breifly describes the mathematical model
equations for ABD control valve as developed by Refs. [7-
10]. In order to have a mathematical model for the ABDW,
Wright [8] shows that you meay only need to model the W
portion of the valve and incorporate it with the ABD mathe-
matical model (ABDW - ABD + W). This W is known as the
Accelerated Application Valve (AAV). In this appendix, the
development of the flow equations based on the simplified
restriction network given by Refs. [8] (the complete model
is also given in Ref. [8]) is carried out, and a list of the

pressure equations as developed by Wright (8] is presented.

H.2 AAV Flow _and Pressure Equations

The AAV was added to the emergency portion of the ABD
to continuousely vent the local brake pipe to atmosphere at
each car, ng’a. This results in faster brake applications,
especially sevice application after service Lap. Figure H.1
shows a schematic drawing of the AAV and figure H.2 is the
schematic diagram of the AAV fluid network as developed by

Refs. [8}.

266
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H.1 Accelerated Application
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Appendix j, describes the flow equation and the nor-
malization reference variables as used in this entire
research project.

The mass flow rate through ai’s, using the average
density equation, is a function of the 297 valve opening as

follows:

a. 297 valve is opened

J 2
. as . R -1 1 - R.
J - i,8 5J [*i,8 1 i gl
ni,8 = 0.6 e Pi = 1 - R. (H.1la)
i i,8
b. 297 valve is closed
J -
ni’a =0 (H.1b)
P} 8
where, R. =—=
i,8 pJ
i

ai’a is the brake pipe supply choke 277 in series with the
large supply valve 297 opening, shown in figure (H.1l),
connectes the brake pipe with the bulb volume of the AAV
portion.

The time rate of changejof the pressure Pg 8 is a
’

function of the mass flow rate MAAV’ and VAAV as

J J
dPj g8 _ Maav -
ar .~ ¥ (H.2)
AAV
J - ad — ad
Where, MAAV = ni,8 MAVT’

However, M is a function of the opening of the 299 cut-

AVT
off valve as follows:

a. 299 cut-off valve is opened
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2

W - 0.6 “AVT oj [Rave = 1] |1 7 Bave) (H.32)
AVT Ai AVT r 1 - RAVT
b. 299 cut-off valve is closed
J -
Mayr = © (H.3b)
where,
J
R _PAVT
AVT -Pj
i,8

Note that (see figure (G.1l)):

1. A is made up of bulb exhaust choke 297 and a

AVT
large opening controlled by the diaphragm cut-off

valve 299, ir series.

2. P is downstream of A control exhaust chock

AVT AVT’
279 and hence is atmospheric; it is equivalent to

P 1. (these pressures are all normalized with

i, 2"

respect to atmospheric pressure, pA).

H.3 AAV Flow Restrictions Equations

The flow restriction, ag 8° connecting the local brake
’

pipe with the bulb volume is evaluated as,

J .
aj,8 = Taav C2 (H.4)
where,
c2 is the area of 277 brake pipe supply choke,
J - J - J o
and, IAAV =1, PAAV3 1> 04 (Pi,8 1) + C5
J J - J o
Txay = 0» Paavz~ 1 € Cg (P} g~ 1) + Cq
04, Cs, C6 and C7 are evaluated and described in Ref. [9].
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The flow restriction, AZVT' connecting the bulb volume
to atmosphere, may be evaluated as,
J R
Apyr™ (17 Iaay) €&
where, C1 is flow area of the 295 bulb exhaust choke.

) C (H.5)
There is a slight modification that should be made to
evaluate the flow restriction area, ‘3Av’ mentioned in

equation (G.34), as follows:

. Aj
AJ - . QAV1 (H.86)

where,
AéAVl = D4F(xgv), [see equation (G.35)]
J J J
Ajvi T Aaavi T Aave
J P | : -
AAAVI' IAAv 03, 03 is the flow area of 279 con
trol exhaust choke choke,
J
R Ajavz  Aavs
AV2 ~ p ’
AZ + [ad 2
AAV2 [ AV3]
AAAVZ is the flow area of by pass choke,
J Z a9
Ajv3 T Aaavz * Aaavae
AAAV4 is the flow area of the 278 breather choke,
J - J
Ajav3™ CaXgev:
03 - 103,
D3 « the diameter of the exhaust check valve, 293,
Jd _ -
X _ [ PRev — 1]Px Agev ~ Egew
BCV ~ ’

Kgcv
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2 2
| Paavz®aavi * Aawna
and, Prev™ | 2 s A2
AAV1 AVl
2 2
oo | Fiiztaavi * Mawa (5.7
AAV3 A2 + a2 .
QAV1 AV1

where, PAAV3 is the pressure down stream of the AQAv1°h°ke‘
This completes the mathematical model of the AAV, which
makes it possible to have a mathematical model for the ABDW
by incorporating the AAV (W portion) with the ABD mathemati-

cal model described in Appendix G.
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APPENDIX I

AlS FLOW INDICATOR MNATHEMATICAL MODEL

I.1 Operstion Principle

The equivalent fluid network for the Al19 flow indicator
adaptor is shown in figure (I.l). This component is located
between the supply reservoir and the input to the air brake
system through passage 30 of the 26C locomotive valve (see
figure (3.1) in Chapter 3). This component will act as a
pressure difference regulating valve which tries to maintain
the pressure difference, APJ, across the adaptor. There are
two parallel restrictions; one is a fixed restriction
(Assl), whereas the other restriction area (Agsz) varies
with pressure difference across the adaptor to maintain the
difference within a desired limit. Figure (I.2) shows the
pressure upstream and downstream of the Al9 flow indicator
adaptor as recorded from the NYAB (New York Air Brake
company) experiment set-up during a recharge of 50-car
train, each car has a length of 50 feet, equipped with ABDW
valves, auxiliary and emergency reservoir.

During a recharge, the initial pressure downstream of
the Al9, P£r= p:r/pA(nornalized pressure with repect to

atmospheric pressure), is equal to the supply pressure, Ps.

As the air flows out of the volume Vig® its pressure, P:r

decreases and causes air to flow out from the supply

273
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reservoir (which is filled by an external compressor) to the
volume Vig through the fixed restriction, ASSl' As the
pressure drop across the Al9 becomes 1large enough, the
variable restriction opens, and more air flows to Vig: The
flow of air through the two restrictions prevents Pgr from
dropping more than a predetermined value away from the
supply pressure, and produce a relative constant pressure
drop across the Al9.

As the brake pipe (head-end) pressure increases,
pressure Pir increases, and the pressure drop across the AlS
becomes smaller. Then the variable restriction will begin to

close.

7.2 Mathematical Model

Kreel [10] has developed a mathematical model
describing the function of the Al9 flow indicator adaptor.
This section summaries the development of this model and
lists the equations used to present the Al9.

Figure (I.3) shows the freebody diagram of the AlS.
Summing the forces acting on the variable restriction
piston, ignoring the inertial term and rearranging the

terms, the displacement of Agsz can be solved for as

follows:
j
for 0 ¢ xSS2S xss“
- pd _
5 [ Ps Pnr] Py Ap19 ~ Lpig
X - (1I.1)
SS82 KPIS
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where, xSSM is the maximum displacement of the Al9 piston
calculated from the its dimension drawing. Once the
displacement is known, the area of the variable restriction
can be evaluated as:

A

o D (1.2)

i - 3

Ss2 P197Ss2
Referring to figure (I.1), P:r can be calculated as a

function of the mass flow of air into and out of the volume

v,g a8 follows

mr _ 1. J J
at - [ Mss Msvs] (1.3)
19
where,
Vig
V19 = K;z , normalized volume for the actual Vig-
Al = is the cross—sectional area of the locomotive car
(brake pipe).
X8 = 1is the total 1length of the train—-line (brake
pipe).
Aeo.+ AJ R2_ -1 1 -R
i _ 2ssi* Ass2 | IBss | | ss|
M = =292 93¢ (I.4)
SS A r 1 - R
1 SS
-3 -5
5 [ .37t P21
M _ (I.3)
SYS PAAlc

where, Ii 3 is the mass flow rate is entering the relay
’
valve system when the equalizing reservoir pressure is
higher than the brake pipe pressure, ng 1 is the mass flow
?

rate ertering the regulating valve during a release/recharge
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mode, ¢ is the local speed of sound and PA is the density of
air at atmospheric conditions.

This section completes the Al19 flow indicator adaptor
mathematical model as well as the mathematical model for the
last element that has been simulated and modeled during this

entire research project.
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APPENDIX J

AVERAGE DENSITY FLON EQUATION

This Appendix describes the flow equation through a
restriction, and the normalization reference variables, used
in this research project.

Banister [9] has suggested the average density equation
to be used to evaluate the mass flow rate through all the
restrictions associated with the ABD/ABDW. He also assumed
that all the restrictions have a constant discharge
coefficient of .6. This value implies that each of those
restrictions behaves as a sharp-edged-orifice. Hence, the
normalized mass flow rate , ngp' through a restriction,
Agxp’ is related to the normalized upstream and down stream
pressure (PUP’ PDOWN - PEXP) as,

2

W - 0.6 “EXP Lj Rexp ~ | |} ~ Bexp|

EXP Ai UP r 1 - REXP

where,
J
_Prxp
ik T oJ
Pup

Ai + is the local brake pipe cross—sectional area,

i + represents the car/brake pipe section location,
J + will be present only if the term associated with

it changes with time,

280
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EXP -+ could be any alphanumeric expresion which

BXP

represents the location of this restriction,
represents the mass flow rate and it may be
changed to o in the case of directly entering or
leaving the brake pipe, and

represents the flow restriction and it may be
changed 1into apxp in the case of being directly

connected to the brake pipe.

Normalization of pressure, mass flow rate, and volumes are

given by:

Pexp”

where,
Prxp
BRxp”

VEXP~

and, 2 =

_ Pgxp

N 5 M = N : and VEXP= Ai{
is the pressure at destination EXP, N/nz,
is the flow rate through BXP, kg/sec,
is the volume of EXP, -3,
is the atmospheric pressure, N/nz,
is the density at atmospheric conditions, kg/ns,
is the local speed of sound, m/sec,
th

is the cross—-sectional area of the 1 car, nz,

is the total length of the brake pipe, m.
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APPENDIX K

EVALUATIONS OF THE BRAKE PIPE FRICTION FACTOR

K.l Introduction

A mathemtical model for the brake pipe has been
developed in Appendix A. In order to complete the model, it
is necessary to find the friction factor as a function of
the flow regimes. The flow regimes may be represented by the

Reynold Number, where,

Pud
R = bp (K.1)
e 7
p = is the local brake pipe air density, kg/n3,
u = is the local brake pipe air velocity, m/sec,
Dbp= is the local brake pipe diameter, m,
and, u = is the air dynamic viscousity, kg/(m.sec).

The objective of this appendix 1is to determine
experimentally and theoretically, the variations of the
friction factor with respect to the Reynold Number, for the

full scale and scaled down brake pipe.

K.2 Full Scale Brake Pipe Friction Factor

The Bxperimental set—-up used to determine the friction
factor consists of the following instruments and
components: —

1. Hewlett Packard (HP) 86A micro-computer,

282
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2. HP 3421 A data acquisition systenm,

3. 1 Setra (0-1 psi) pressure transducer,

4. 2 Setra (+5 psi) pressure transducer,

5. 2 Sharp-edged orifice plates (0.3 and .6 in), that
have been calibrated wusing a standard ASME flow
nozzle (.5 in),

and, 6. Water and Mercury pressure manometers.

Figure (K.l1) shows the experimental set-up used to
calibrate the sharp-edged orifice. The sharp-edged orifice
plates were designed to fit into the brake pipe glad hand,
shown in figure (K.2). The experimental data and the
discharge coefficient for each orifice are listed in table
(K.1). The sharp-edged orifice discharge coefficient is

evaluated using the following equation

M
N
c.= (K.2)
d MT
where,
MN= is the ASME nozzle mass flow rate, kg/sec
cva® .
= 1.11 = ] 92[ P, - pz] (K.3)
o
2
6.36 - .13DN - .24 B
C = .99622 + .000590N - (K.4)
l Re
2
r-1
r 4
- 2/1'[ r ] 1-R 1-
Y = |R — — (K.5)
r 1-R 1—34R2/r
P
R = -2,
Py
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_ 3
ﬁ-D ’

N

_ 4MN
Re- ad, u’
N#

d,= Nozzle exit diameter, m,
D, Nozzle inlet diameter, m,
p1= upstream nozzle air pressure, N/mz,
= downstream nozzle air pressure, N/nz,
= downstream nozzle air density, kg/n3,
(Note that equations (K.3), (K.4) and (K.5) are taken from
Ref. [32])
M.= Theoretical air mass flow rate through the sharp-

T
edged orifice, kg/sec,

= .78 d_ } P [ Py ~ pl] (K.6)
d°= orifice diameter, m,
Py= orifice upstream pressure, N/m€,
_ Pyt P
and, P = —lE——g

Figure (K.3) shows the experimetal set-up used to
evaluate the brake pipe friction factor. The brake pipe in
New York Air Brake 200-car frieght test rack was used. The
following information was recorded for various experimental
configurations (10-car, 20~-car and 506-car brake pipe
lengths): -

1. Upstream pressure of the sharp-edged orifice.

2. Differential pressure across the orifice.
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3. Pressure at the 1last car (brake pipe) in the

experimental set-up.

The experimental data and the corresponding friction
factor and the Reynold Number are listed through out tables
(K.2-6).

The friction factor and the Reynold Number were

computed using the following equations:-
2
_ o a2 | Pbp
f = PRAR [ X J (K.7)
4C M

R = ”Dd T (K.8)
bp*

where,

P_.= pressure ratio,
2 _ 2
Pp ~ P2
2 _ 2°
Po pl
A= area ratio,
2
_ | Do
d k4
()

2 = brake pipe total length, m,
py= brake pipe pressure at the last car, N/nz.

Figure (K.4) is a plot of the experimental results of
the friction factor versus the Reynold Number. Assuning that
the experimental data is related as

f=aRrP (K.8)

e
Using the least squares method, one may find the values of a

and b in the turbulent region, Re> 4000 as:-—

for 4000 < Re < 40000
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a = .13977
(K.9)
b = -.11781
for R, > 40000
f = .04 (K.10)

Within the laminar region ( Re< 2000), the friction factor
will follow the poiseille law as

- 84
f = R, (K.11)

Finally, in the transition region, the friction factor may
follow equation (K.8), where

b = .717

(K.12)

1.375x10™ %

a
The above values of b and a are obtained by connecting the
friction factor value at Re=2000 to that at Re=4000, with a
straight line on the Log-Log scale. Figure (K.5) shows, the
therotical values of the friction factor, which will be used

as a part of the air brake system simulation.

K.32 Scaled Down Brake Pipe Friction Factor

Ref. {2] describes the experimental results used to
determine the friction factor of the scaled down brake pipe
(.25 (in) in diameter). Figure (K.6) shows, the theoretical
results of the friction factor as a function of the Reynold
Number. These values are used as a part of the brake pipe

program, used in chapter 5.
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o H Lominar Transition Turbulent _
) a=64 0=375XI0 a=.154
b=-I b= .58 b =-.1403

I 2 4 6 8 10 20XI0°

.03 1

Figure K.5: Brake Pipe Friction Vs. The Reynolds Number (Theoretical
Result)
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Figure K.6: Scaled Down Brake Pipe Friction Vs. The Reynols Number
(Theoretical Result)
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a and b are taken the following values:-

a. laminar region

a = 64. and b=-1.

b. Transition region

4

a=3.75%x10 © and b = .58

c. turbulent region

a = .154 and b=-.1403
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APPENDIX L

AIR BRAKE SYSTEM SIMULATION PROGRAM

L.1 General Aspects and Program Structure

The Air Brake System Simulation Program (ABSSP) is a
combination of several mathematical models, representing the
brake system components. The program was designed for easy
modification to accept further air brake system components.
Right now, the following models are included in the simula-
tion program:

1. Brake pipe model, which allows a different number
of cars for each simulation rumn and, different
lengths, leakage sizes and brake pipe cross sec-—
tional areas for each car in the train.

2. 26C locomotive models;

a- complete,
and,b- modified.
3. Control valves

a—- ABD

and, b- ABDW models.

The program accepts upto five different valves with
five different design configurations fcr each of
them. EBach car can have upto two groups of control

valves with any number of valves for each group.

300
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4. Brake cylinder, and auxiliary and emergency
reservoirs. The program can accept upto ten dif-
ferent configurations for thenm.

5. Al9 flow indicator adaptor model.

One of two different numerical techniques may be used to
provide the solutions for the brake pipe model equations
(partial differential). These techniques are:

1. Finite difference;

a. explicit

and, b. implicit formulations.

2. Implicit finite element formulation.

Runge Kutta method is used to solve the ordinary differen-
tail equations, which may be part of 26C locomotive valve,
control valves, Al9 valve and reservoirs mathematical
models.

The program consists of several segments, named as

follows (see figure (L.1)):

—TABLES SET

-BP NUMERICAL

-26C VALVE

-CONTROL VALVES

-RRSBCLP

-Al9

—LEAK

RUNG subroutine and FLOW function are called by many

of the program segments. RUNG is used to solve N first order
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differential equations, which may take one of the follwing
forms:

Pressure Form:

ars) . v};) { AM(i) - Y(i)R(i)Xl} (L.1)

Acceleration Form:

Y(1)

-R1(1) (L.2a)

Y(2) = Y(1) (L.2b)

The dummy variable used in RUNG are:
RUNG(A,B,NI,Y,V,YPRIME,N)
A + T, for most problems, set this to 0.0
B - T + DDT/K
DDT <+ the normalized integration time step used by
the main progranm.
K + the number of integration steps used by the

module, which is using RUNG.

nin(AXi), implicit techniques,
= .S*nin(Axi), explicit techniques.
Axi - the normalized length of the ith car by the
total length of the train.
NI - the number of integration steps used by RUNG.
= 1 normally for most problems.
Y - the dpendent variable (say normalized
pressure).

\) - indpendent variable (say volume per train unit

length with n2 as a unit). It is not used in the
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case of Acceleration Form solution, and it may
take any value.
YPRIME it may take one of the following function
forms:

PREL or DIS (you need to specify the
BXTERNAL PREL,DIS

at the beginning of the module uses RUNG). PREL
is used in the case of solving Pressure Form.

DIS is used to solve Acceleration Form.

N + Number of equations to be integrated. In the

case of Pressure Form solution, N can have a

value less than or equal 6. In the case of

Acceleration Form, N takes a value of 2.

In the case of Pressure Form solution, the PRFUN common
block is used:

COMMON/PRFUN/R(6),AM(6),X1

R(1i) « 1, for variable volume,
2, for fixed volume.

AM(i) -+ net flow rate, which may be a result of the
FLOW function. It has the area unit (nz).

X1 + the multipication of the normalized diaphragm
or piston velocity {normalized by the total
length of the traim (TL)} by the diaphragm or
piston area. It has the unit of area (nz).

In the case of Acceleration Form solution, the DISP common

is used:
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COMMON/DISP/AL(2),R1(2)
where,

1.,

1

AL(1) = O., AL(2)

"

R1(1) = -¥(1) and R1(2) = 0.0
FLOW function is used to evaluate the normalized flow

rate through a restriction (fixed or variable) using the

average density equation formulation. The mass flow (=ay

AM(1)) through a restriction A is evaluated using this form:

AM(1l) = .507xFLOW

2
FLOW = AB J ]1. - [ g ] I l%—f—gl (L.3)

The function is called in this manner:

FLOW(A,B,C)
where,
A + restriction area in m2.
B + restriction upstream pressure, normailzed by

the atmospheric pressure.
(o} + restriction downstream pressure, normailzed by

the atmospheric pressure.

L.2 Program Segments and Modules Outlines

Most of the ABSSP segements consist of several
modules. The following sub-sections describe these modules

under their abbreviated names.
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L.2.1 TABLES SET

This segment constructs the air brake system, sets the
configuration of the 26C locomotive valve and control valves
and initializes pressure and mass flow rate for different
components of the system. It achieves these goals through

three different modules and five subroutines. Figure (L.2)

shows the organization chart of the TABLES SET segment. The

modules are TABS, T26C and VALVES.

—-TABS constructs the air brake system and evaluates the
initial brake pipe pressure and mass flow rate along
the entire train (using the implicit finite difference
formulation). These goals are controlled by the user
data file, "BP.DAT" (Table (L.l) shows a sample of the
"BP.DAT" file). The "BP.DAT" may be constructed as
follows: -

Line 1
specifies the numerical technique to be used to solve
the brake pipe mathematical model (’FDMETHOD’ or
’ FEMETHOD ) .

Line 2
specifies the solution formulation (’EBXPLICIT’ or
*IMPLICIT’). Note that an EXPLICIT finite element
method is not available; if the user specifies
FEMETHOD, the program will use IMPLICIT FEMETHOD

instead.
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Table: L.l "BP.DAT" Data File Sample
n=2 and Nfile=2

Line 1 FDMETHOD

Line 2  IMPLICIT

Line 3 MODIFIED

Line 4 20, 1.25, 1000., 5., 60., 1, 20

Line 5 1, 11, S0., O., 1.25, 60., 2, 1, 1, 1, 0, 0, 0, O
Line 6 (4+2):

11, 20, s50., 0., 1.25, 60., 1, 2, 2, 1, 0, 0, 0, O

Line 8 (6+n):
Line 9 (7+n):
2

Line 10 (8+n):
PBCYL1

Line 11 (8+n+l):
4, 1, 5, 10, 20

Line 12 (6+n+2Nfile):
PBP

Line 13 (6+n+2Nfile+l):
4, 1, 5, 10, 20

Line 14 (8+n+2Nfile):
61., 37.5, 130., 1

Line 15 (9+n+2Nfile):
.298, .625, .305, 32., 13., .12, 50.
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Line 3
specifies which 26C model to be used (’COMPLETE’ or
"MODIFIED’).

Line 4 contains:

number of cars, diameter of the brake pipe in the

locomotive (in), total length of the train (feet),

leakage (psi/min), pressure at which the psi/min is
measured (psig), first car that has a leakage, last
car that has a leakage.

Line 5 contains:

1, last car in this group, length of the brake pipe
per section (feet), leakage diameter {is non-zero
only if psi/min was equal to zero} (in), brake pipe
diameter (in), branch pipe volume (ina), integer
flags of the first control valve group [(IV1l, IV2,
IV3, Iv4], flags for the second comntrol valve group
[IV5, IV6, IV7, IV8]. Note that;

IVvl, IV5 specifies the type of the control valve as:

0 » no valve is used, 1 - ABDW, 2 - ABD, 3 - CVALV,
4 - DVALV, 5 + EVALV, 6 - LOCMOD. Note that if IVl
or IV5 is equal to 6, the rest of the flags will not
be used by the progranm.

IV2, IV6 specifies the design of chosen valve Ex.

1 - ABD, 2 - ABDl, 3 -+ ABD2, 4 - ABD3, 5 - ABD4

IV3, IV7 specifies the number of valves in each group

Iv4, IV8 specifies the design configuration of the

brake cylinder, auxiliary and emergency reservoirs
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(one of 10 choices listed in BCYL data file. These
flags are stored in VALVEF(I,8) matrix as:
VALVBF(I,j) = IVj,
where, I is the brake pipe (section) location.

Line 4+n contains:
information similiar to the one mentioned in Line §

th

for the n group of brake pipe sections (cars).

Line 5+n contains:
number of zir brake system operations to be simulated,
simulation time required for the first operation,....,
simulation time reguired for the last operation
(seconds). See line 8+n+2Nfile+l for equalizing reser-
voir pressure commands to be used for each operation.
Line 6+n contains the sampling time for the output files
(seconds).
Line 7+n contains the number of output files (Nfile).
Line 8+n contains the name of the first data file
Line 8+n+(1) contains
the number of data (Ndata), Il’ 12”‘ R INadta’ where
Ii specifies the car number.
Note that the data file name may be chosen from the
followings:
-PBP brake pipe pressure output file
-PBCYL1 brake cylinder pressure output file for the
first control valve group.
-PAUX1 auxiliary reservoir pressure output file for

the first control valve group.
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-PEMR1 emergency reservoir pressure output file for
the first control valve group.

-PBCYL2 brake cylinder pressure output file for the
second control valve group.

~PAUX2 auxiliary reservoir pressure output file for
the second control valve group.

-PEMR2 emergency reservoir pressure output file for
the second control valve group.

-RELAY relay valve output data file. The program does
not expected the line following the output
file name "RELAY". So, Line S+n is not
expected. The output file will contain, the
pressure difference across the diaphram,
diaphragm displacement, equalizing reservoir,
main reservoir, inner chamber, and output
chamter pressures.

line 7+n+2Nfile+(1l) contains:

initial equalizing reservoir pressure, first, ...,

last operation equalizing reservoir perssure, main

reservoir pressure (psig), IDRY;
IDRY = 0 if the first operation is a dry charge.

IDRY 1 if the first operaticn is a recharge after

emergency.
The following modules data files may contain one or
more of these characters:

d is a restriction diameter, connected to the brake

RXP
pipe, (inmn),
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DBXP is a restriction diameter, not connected to the

brake pipe, (in),

ABxp is piston or diaphragm cross-sectional area,
(in?),

v is a volume (ins)

EXP ’ ’

KBXP is a spring constant, (1lb/in),

LBxp is a spring preload, (1lb),

I is the mass of the relay diaphragm, (1lb mass)
and, xgxp is diaphram or piston displacement, (in).

EXP indicates that some subscript expression will be used to
indicate the location or use of part parameters. See Chapter
3 for more detail concerning the above charcters.

-TAl9 is used to set the design configuration of the AlS
flow indicator adaptor. The last line of "BP.DAT"
contains these configurations;

Line 8+n+2Nfile+(1l) contains values for Al9 flow imndicator

adaptor:

X V19 (see Appendix

Dss1® Pss2 Ap1s* Epig® Lp19® Xssme
I for detailed expluinations).
-T26C is used to set the 26C valve configuration for both
the modified and complete models. It reads the "26C"

data file (Table (L.2) shows a sample of the "26C"

file). The data file is constructed as follows:-—

Line 1 03,4’ P1,6° P1,10 P1,3° Pi,s-
Line 2 A1,20 Vg V1,10 V1,20 Y1,3°
Line 3 Kp» By 30 Ky 30 Ky 20 By 30 Ly g0 Iy, 20 It
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Table L.2: "26C" Data File Sample

Line 1 .93, .73, .046, .0935, .25
Line 2  12.96, 220., 8., 15., 8.

Line 3  33., 10.1, 9.9, 20.54, 3.7, 6.47, 6.33, 1.
Line 4  .042, .25, -.03, -.16

Line 5 .4, 12., 34.8, .25, .785
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Line 4 Xo, XS, —XI, -xg

Line 5 D3’3. K3’1, L3’1, XB, A3’1.

-TBCYL is used to set the design configurations of the brake
cylinder and auxiliary and emergency reservoir. TBCYL
reads the "BCYL" data file, shown in Table (L.3),
where,

K (for the ISt brake

Line 1 Ver* Pac’ ¥scm* Iec’ Eme
cylinder configuration).

. st . -
Line 2 VAUX’ VEMR ( for the 1" "configuration of the

emergency and auxiliary reservoirs).

. th
Line 19 vBI’ DBC’ XBCM’ LBC’ KBC (for the 10 barke
cylinder configuration).
. th . .
Line 20 VAUX’ VEMR ( for the 10 “configuration of the

emergency and auxiliary reservoirs).
Based on the design confgurations of brake cylinder and
emergency and auxiliary reservoir, and the brake pipe
initial condition (pressure distribution along the train),
TBCYL sets the following variables:
PB(I,3+IDV) brake cylinder pressure at the ith brake
pipe section,
PB(I1,4+IDV) auxiliary reservoir; pressure at the ith
brake pipe section, and
PB(I,5+IDV) emergency reservoirr pressure at the ith

brake pipe section.
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Table L.3: "BCYL" Data File Sample

Line 1 170., 10., 8., 200., 10.
Line 2 2500, 3500
Line 3 170., 10., 7., 200., 10.
Line 4 2500, 3500
Line 5 170., 10., 7., 200., 10.
Line 6 2500, 3500
Line 7 i70., 10., 7., 200., 10.
Line 8 2500, 3500
Line S 170., 10., 7., 200., 10.
Line 10 2500, 3500
Line 11 170., 10., 7., 200., 10.
Line 12 2500, 3500
Lipe 13 170., 10., 7., 200., 10.
Line 14 2500, 3500
Line 15 170., 10., 7., 200., 10.
Line 16 2500, 3500
Line 17 170., l0., 7., 200., 10.
Line 18 2500, 3500
Line 19 170., 10., 7., 200., 1l0.
Line 20 2500, 3500
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where,
IDV sets to 0 if 1 ¢ IVl ¢ 5, first group of valves,
and
IDV sets to 8 if 1 ¢ IV5 ¢ 5, second group of valves.
—VALVES calls TABDW, TABD, TCVALV, TDVALV or TEVALV, based
on the value of (IV1 and IV2) or (IV5 and IV6).
TABDW calls TABD and TAAV to construct the ABDW
control valve. TAAV reads the "AAV" data file (see

Table (L.4)), which contains the following:

Line 1 Cg» Xgcvm® Lrcv’ Egcv:
Line 2 DAAV4’ 63, 02, Cl'
Line 3 04. C5’ CS’ C7.

Line 4 vi,8'

(see Appendix H for more detailed explainations for the AAV

functions).

~TABD reads the "ABD" or "ABDW" data file (see Table (L.5))},
which may contain the following lines;

D

Line 1 d;,20 45,3 95,50 95,6° d;5,7° Dasv’ Pauvx’ Pi,s’
Dpcv:

Line 2 D; 3+ Xeyw Levr Keyr Acy

Line 3 Dg» Dy» Dy D35 Dys Dopyzs Asyr Lsyr Egye Wgye

Line 4 Dyns1’ Pinsz’ Tins® Kins® Ainso’ Ainsic Xinwe
Dgp1* Dgpz-

Line 5 co, Cl, Hl.

Line 6 Hy, Hy, Hy, Hg, Hg, Hy, Hg.

Line 7 VQA' VQS'
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Table L.4: "AAV" Data File Sample

Line 1 .65, .1, 5.3, 5.21
Line 2 .02, .0156, .055, .03l
Line 3 4.5, 8.4, .225, 2.27
Line 4 5.
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Table L.5: "ABD" Data File Sample

Line 1 .5, .025, .15, .04, .02, .03125, .063, .0465, .0938

Line 2  .625, .125, 5.25, 12., .6

Line 3 .03, .065, .08, .115, .28, .081, 8.95, .25, 70., .97
Line 4  .096, .625, 27.67, 21.5, 1.85, 1.917, .125, .143, .18
Line 5 .07, .0032, .2

Line 6 .8, .S, 2.4, 3., 11., 24.7, 25.

Line 7  160., 13.6
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TCVALV, TDVALV and TEVALV are user defined subroutines,
which are used to construct the CVALV, DVALV and EVALV
respecively. Each of TABDW, TABD, TCVALV, TDVALV and TEVALV
calls SORT subroutine to sort one of the five desigp for the
coresponding valve.

PB(I,16) matrix may be utilized by the user to store
time dependent variables (pressure normalized by the atmos-
pheric pressure). Note that, the six locations PB(I,3+IDV),
PB(I,4+IDV) and PB(I,5+IDV) are used by TBCYL subroutine for
brake cylinder, auxiliary and emergency pressures, where IDV
=0 for the first valve group and 8 for the second valve
group of a car (section). The other 10 locations may be used
in any way desired.

The user should use VALVEF(I,1l) and/or VALVEF(I,S5) to
define the location (brake pipe section) and control valve

group for this user valve.

L.2.2 BP NUMERICAL
Figure (L.3) shows the modules (FDMETH and FEMETH),
which are used to construct the BP NUMERICAL segment.
~FDMETH is the fortran code used to formulate either ex-
plicit or implicit scheme of the finite difference
to solve the brake pipe equations. In the case of
explicit, FDMETH calls the SLMEXP subroutine to find
the pressure and mass flow rate at each car. In the
case of implicit, FDMEBTH calls SLMAT to find the

pressure and mass flow rate at each car node.
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—-FEMETH constructs the algebric equations for the implicit
finite element formulation. It calls TRID subroutine
to solve the block tri-diagonal matrix. TRID calls
ADD (adds two matrices), MUL ( multiplies two

matrices) and INVT (inverts an nXn matrix).

L.2.3 26C_VALVE
This segment contains two different models; the 26C
complete model (LOCCMP) and the 26C modified model (LOCMOD).
Figure (L.4) shows the modules, used to contruct 26C VALVE.
~-LOCCMP simulates the complete model for the 26C locomotive,
described earlier in Section 3.3. It calls RELCMP
and REGV. RELCMP is used to solve the relay valve
model equations, described in Section 3.3.2 and
brake pipe cut-off valve model, described in Section
3.3.3. It utilizes the FLOW (average flow equation)
function and RUNG (Runge Kutta method) subroutine.
REGV simulates the regulating valve equationmns,
described in Section 3.3.1.
~LOCMOD simulates the modified model of the 26C relay and
brake pipe cut-off valve, described in Section 3.4.
It calls RELMOD, SOLV, RUNG, and REGV subroutines
and FLOW function. RELMOD represents the relay valve
displacement equations (3.38) and (3.39). SOLV is
used to find the solution for the FUNCTION,

described in Section 3.4.1l.1.
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L.2.4 CONTROL VALVES

This segment contains five different modules (ABD,
ABDW, CVALV, DVALV and BVALV). Figure (L.5) shows the or-
ganization chart of this segment. In this research work, the
ABD and ABDW control valve modules were constructed. The
CVALV, DVALV and BVALV can be comstructed and defined by the
user of the ABSSP. The main program calls a certain control
valve module and passes (I,J) to it;
I is the brake pipe (section) location, and
J is valve design configuration number, defined by
VALVEF(I,2) or VALVEF(I,S6).
The main program also uses the ABDV and WRBPS1 common blocks
to tranfear data to and from the control valve modules;
COMMON/ABDV/PB,CVM
CVM is a four element array;
CVM(1l) is the mass flow rates that leaving the brake
pipe {upstream pressure B = P(I+1l) using equa-
tion (L.3)}
CVM(2) is the mass flow rates that entering the brake
cylinder {upstream pressure C = PB(I,3+IDV)
using equation (L.3)}
CVM(3) is the mass flow rates that entering the
auxiliary reservoir {upstream pressure C =
PB(I,4+IDV) using equation (L.3)}
CVM(4) is the mass flow rates that entering the emer-
dgency reservoir {upstream pressure C =

PB(I,5+IDV) using equation (L.3)}
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CVM(I) should be evaluated using equation (L.3), with the
proper dimensions. PB array is defined in TABLES SET section’
L.2.1.

COMMON/WRBPS /P
P is an array with 201 element long, where, P(I) is the

th | ode (1-1)%tB

braeke pipe pressure at the I
section.
The user may need to use the integration time step DDT,
which is stored in BPSMP common block, and the total length
of the train TLBP, which is stored in BPCOMM common block.
-ABD simulates the different modes of the ABD control

valves (Appendix G). ABD calls FSSV, FCV, FSY aad FI

4

s
functions. These functions represents some of the ABD
valve subvalves. FSSV represents the service slide
valve, located in the service portion of the ABD
control valve. FCV represents the accelerated emer-
gency release check valve, located in the emergency
portion of the ABD control valve. FSV simulates the
function of the emergency service valve, located in
the emergency portion of the ABD control valve. FINS
models the inshot valve, located in the emergency
portion of the ABD control valve. This segment calls
also the FLOW function.

—ABDW represents the ABDW control valve. ABDW calls ABD and
AAV modules to construct an ABDW control valve. AAV
represents the accelerated application valve. AAV

evaluates the AQAVZ variable restriction, Pi,a and
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calls FECV. FECYV represents the exhaust check valve of
the AAV, which meters the amount of air leaving the

quick action chamber.

L.2.5 AlS

Figure (L.6) shows the construction of the AlS
segment. Al9 models the function of the Al9 flow indicator
adaptor valve. It calls A2A19 function to calculate ASS2
variable restriction and the FLOW function to calculate the

air flow through the AlS valve.

L.2.6 RESBCLP

RESBCLP segment consists of the BCYL and RESVP
modules, as shown in figure (L.7). The BCYL simulates the
brake cylinder model. BCYL calculates the brake cylin-
derpressure, knowing the net air flow rate. RESVP simulates
the auxiliary and emergency reservoirs. It calculates the
pressures in each of the reservoirs, knowing the respective

net flow rates.

L.2.7 LRAK
LEAK simulates the air flow through the leakage at
each node along the brake pipe, knowing the pressure at the

respective node (car).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FLOW

MAIN PROGRAM
(ABSSP)
Al9
Figure L.6: Al9 Organization Chart

l
A2A19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



328

-

— =
2 »
S
<]
<=
o
=
(=]
oomd
-
]
N
z E
oo w0
Y = 5
g Z = 5

w2 =

. = w2 -9
-< = -
E = o
ot [-=]
- w2
= &
[
-
Q
e
3
= 0
> oot
—E Cas

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



329

CEREEEAREREREREEEREEXTEX KKK KKK KRR R KRR ER KRR REKXKK KKK KK EEKREK

PROGRAM ABSP
CREEREEKEREKERKEREKEEXEKEERERERKEKKKAX KR KK KKE KR KRR KKEKEE KRR XXK
c

COMMON/WRBPS /M, FL, DBP, ABP, AV

COMMON/ABDWV/IDEF, AAAV

COMMON/ALVALV/IDV

COMMON/ACDT/DDTA

COMMON/DRBGV/AST, AEX, ABPRE

COMMON/WRBPS1/P

COMMON/COEF1/IFLAG

COMMON/BPBCY/DPRES, IDRY

COMMON/COEF/B1,B2,83,B4,C4,C7,PMAX, DPMAX, PDMAXI, B22

COMMON/ABDV/PB,CVM

COMMON/VALVE/VALVEF, NBV

COMMON/TECH/ IMETHD , ITECH, IMODEL

COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201) ,RL(201)

COMMON/BPSMP/DDT, NNODE, XR1, INC, REL

COMMON/MPROG/P1(3) , PF, TR, N, AC, NE, NOPR, AVTB,DP1, X

COMMON/NEW3/P6, P4

COMMON/ALL/DT1

COMMON/US/TT

COMMON/LOCM/PL

CHARACTER¥9 IMETHD, ITECH, IMODEL

REAL AM(3),PT(201),P(201),M(201),DBP(201),ABP(201)

REAL FL(201),Av(201),PT1(201),PF(10),PL(201,4)
REAL PB(201,16),CVM(4)
INTEGER VALVEF(201,8),NE(10)

ABP(I) Brake pipe cross—sectional area

M(I) normalized air mass flow rate through the
ith car.

FL(I) normalized air leakage flow rate from the
ith leakage.

DBP(I) brake pipe diameter of the ith car.

AV(I) branch volume per unit length of the ith
control valve.

NOPR number of air brake system operations to be
simulated

NFILE number of output data files

FLNM(J) the jth output file name.

IDATA(J) the number of data variables to be sent
to the jth output data file.

D2A19 diameter of the Al9 fixed restriction.

aqQaaaaaqaaaaaaaaaaaaoaaaQaaaaaaaaaaq

EAl19 spring constant of the AlS.

LAl1S apring preload of the Al9

XA19M maximum displacement of the Al9 check valve.
AAl9 Al9 check valve piston area.

D1A19 diameter of the Al9 variable restriction.
VAL9 volume of the upstream reservoir of the AlS.
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PSUP supply pressure (compressor)
DDTA acoustic normalized time step.
DX(I) Distance between two leakage
NBV Number of brake valve (CAR)
P(I) Pressure at node I

PB(I,3) brake cylinder pressure for the first control
valve group

PB(I,4) auxiliary resrvoir pressure for the first control
valve group at the ith car.

PB(I,5) emergency reservoir pressure for the first control
Valve group at the ith car.

PB(I,6) quick service pressure for the first control valve
group at the ith car.

PB(I,7) quick action pressure for the first control valve
group.

PB(I,8) bulb volume pressure for the first group.

PB(I,11) brake cylinder pressure for the second group.

PB(I,12) auxiliary reservoir pressure for the second group.

PB(I,13) emergency " " " " ".

PB(I,14) quick service pressure for the second control valve
group at the ith car.

PB(I,15) quick action pressure for the second control valve
group.

PB(I,16) bulb volume pressure for the second group.

The rest of the PB(I,16) array are user defiened pressure

varaibles.

cwM(l) air mass flow rate leaves or enters the brake
pipe from the control valve.

CWM(2) air mass flow rate leaves or enters the brake cylinder,

CVM(3) air mass flow rate leaves or enters the auxiliary

reservoir

CVM(4) air mass flow rate leaves or enters the emergency
reservoir.

TLBP total length of the brake pipe.

RL(I) leskage flow restriction at the ith car.

DDT brake pipe integration time step.

NNODE NBV+1

P1(1) equalizing reservoir pressure.

PL1(2) main reservoir pressure.

P1(3) head-end brake pipe pressure.

DT1 26C locomotive valve integration time step.

DP1 pressure difference across the 26C relay valve
diaphragm

X 26C relay valve diaphragm displacement.

This progrem is a fortran simulation of the air brake
system. This program is developed by UNH and NYAB
company. At UNH, K.S. Abdol-Hemid and D.B. Limbert

-~ developed the mathemaical models of the air brake
system components and wrote the fortran code. At
NYAB, L. Vaughn and G. Chapman helped UNH to perform

aaaaacQaaoaaaaaaacaaaoaacaaaaaaaaaaaaaaaaoaaoaaoaaaoaaoaaoaaoaaoaQaaoaaaaaaaaaa
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different experiwents on the NYAB experimental set—ups.

ATALTHHITTATATILATEATE LA L Y

The following are the set of modules used to construct
the air brake system for the computer simulation. These
modules are referred to as the TABELS SET segment.

aaaaaaaaqga

CALL TABS
CALL T26C
CALL VALVES
CALL TBCYL
CIIIIIIIIIIIII11711701177777777777777777777/777777177777777/77
Do 111 1=1,4
CWM(1)=0.
111  CONTINUE
XX=0.
IF(IRBL.EQ.1) THEN
X=.042
DP1=1.
END IF
DT1=.0006666666
ITER=-DDT/DT1
IF (IMODEL.EQ. "HODIFIED’) THEN
DT1=.00238
ITER=DDT/DT1
END IF
IF(ITER.LT.1) THEN
ITBR=1
DT1=DDT
END IF
ITER1=DDT/.00238
DDTL1=.00238
T=0.
DT11=DT1
DO 1000 KO=1,NOPR
DT1=DT1l
IF(PF(KO).EQ.0.) DT1=DDT
DO 30 I=1,NE(EO)
T=T+DDT
TT=T*(TLBP/AC)
IF(PF(KO).EQ.0.) THEN
P1{1)=1.
PL(1,1)=1.
IF(P(1).1E..01) GOTO 300
AM3=-_,507#FLOW(AVTB,P(1),1.)
CALL HEAD(AM3)
ELSE
g\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Cc The following is the 26C VALVE segment of the air
Cc Brake system program.
C
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po 102 J=1, ITER
IF(IMODEL.EQ.’COMPLETE’) THEN
CALL LOCCMP(AM,Pl,PF(KO),X,DP1)
END IF
IF(IMODEL.EQ. "MODIFIED’) THEN
PL(1,3)=P(1)
CALL LOCMOD(AM,1,PF(EO),X,DPl)
P1(2)=PL(1,2)
END IF
AM3=AM(3)

C
CLIIIIIIIIIIIII117111171777177777117777777777777177717771777
CALL HEAD(AM3)

C
AL LATLLTLAR TRV
C
C The following is the AlS segment of the program.
C
CALL A19(AM(2),P1(2))

C
CIIIIIIIII1II117111771717777770717717777777177117777777777

P1(3)=P(1)
102 CONTINUB
END IF
[
EALLALITAALATLLELLLLTALEAL ALY
C
(o] The following is the LEAK segment of the program

c
300 CALL LEAK(NBV)
c

CIIIIIIIIIIIIIIIITII7 11717107707 170077717777771177777/11177777
DTA1=DT1
c
DO 200 IV=2,NBV+l
IIV=1IV-1
IF(PF(EO).EQ.0.) THEN
TEMR=FLOAT( I)*DDT
DTRST=FLOAT(IIV)*DDTA
IF(TEMR.LT.DTEST) GOTO 200
END IF
JV=VALVRF(IIV,1) .
IP(JV.EQ.6.AND.PF(EO).NE.0.) THEN
PL(IV,3)=P(1V)
DT1=DDTL1
IVI=IV
DO 103 J=1,ITERl
CALL LOCMOD(AM, IVI,PF(KO),XX1,DPP1)

The following is the Al9 segment of the program.
CALL A19(AM(2),PL(IV,2))

Q aaaa
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C//II11III1I11T12 711777777077 77777177777777771777717177777
103 CONTINUE
FL(IIV)=FL(IIV)-AM(3)
END IF
IF(JV.EQ.1) IDEF=0
JIV=VALVEF(I1V,2)
IF(JV.EQ.0) GOTO 250

IDv=0

IVA=VALVEF(I1IV,4)
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
c
c The following is the BRAKE VALVES segment

c
IF(JV.EQ.1) CALL ABD(IIV,JJV)
IF(JV.BQ.2) CALL ABDW(IIV,JJV)
IF(JV.BQ.3) CALL CVALV(IIV,JJV)
IF(JV.EQ.4) CALL DVALV(IIV,JJV)
IF(JV.EQ.5) CALL RVALV(IIV,JJV)
FL(IIV)=FL(IIV)+VALVEF(IIV,3)*CVM(1l)

Cc
g/////////////////////////////////////////////////////////////

ALV
(o

c The following is the RESBCLP SEGMENT of the program.

C
IF(CVM(3).NE.0.0.0R.CVM(4).NE.0.0) CALL REBSVP(IIV,IV4)
IF(CVM(2).NE.0.0) CALL PBCYL(IIV,IV4)

o]
C/IIIIIIIIIIIIIII7771711717771707711717777777177177717777777/
250 JV=VALVEF(IIV,S)
JJIV=VALVEF(IIV,6)
IF(JV.EQ.0) GOTO 200
IF(JV.EQ.1) IDEF=0

IDV=8

IV8=VALVEF(IIV,8)
AALLLAEE LA AT ALA AL LR
C
] The following is the BRAKE VALVES sigment

C
IF(JV.EQ.1) CALL ABD(IIV,JJV)
IF(JV.EQ.2) CALL ABDW(IIV,JJV)
IF(JV.EQ.3) CALL CVALV(IIV,JJV)
IF(JV.EQ.4) CALL DVALV(IIV,JJV)
IF(JV.BEQ.5) CALL BVALV(IIV,JJV)

C
g/////////////////////////////////////////////////////////////
g\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
C The following is the RESBCLP SEGMENT of the program.

C

IF(CVM(3).NE.0.0.0R.CVM(4) .NE.0.0) CALL RESVP(IIV,IV8)
IF(CVM(2).NE.0.0) CALL PBCYL(IIV,IV8)
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C
CIIIIII11111111171777 77770177 7711717777117777777/777777777/
C

FL(IIV)=FL(IIV)+VALVEF{IIV,7)%CVM(1)
200 CONTINUE
DT1=DTAl

c
AALIRLLLLLLTALAALALRTET LRIV
C

c The following is the BP NUMERICAL segment of the
C program.

C
900 IF(IMETHD.EQ. ’FEMETHOD’ ) THEN
CALL FEMETH
END IF
IF (IMBTHD.EQ. ’FDMETHOD’) THEN
CALL FDMETH
END IF

c
C/IIII1711117177777777177117177777/777777717777777/777/777/
DO 101 1J=1,NNODE
IF(P(1J).LT.1) P(1J)=1.
101 CONTINUE
AB=0.
IF(T.GE.XX) THEN
XX=XX+XR1
CALL OUTPUT
END IF
M(NNODE)=0.
30 CONTINUE
IFLAG=0
PDMAX=.0648
IDRY=1
IF(PF(EO).EQ.0.) THEN
DO 1200 JK=1,NBV
PB(JK,7)=P(JK+1)
PB(JK, 15)=P(JEK+1)
1200 CONTINUE
IDRY=0.
END IF
1000 CONTINUE
STOP
END
(¢
(220233222t ctcecteson ot siastssazs oo s e 22s st s s sl
SUBROUTINE TABS
C
(i3 oesctoetoe st sosso it araeios 2oz s s o2 Ss 02 s ssd sl
COMMON/WRBPS /M, FL, DBP, ABP, AV
COMMON/STS/IST
COMMON/OUT/NEP, NFILE, IDATA
COMMON/OUTFL/FLNM
COMMON/A19AD/D2A19,KA19, LA19, XA19M, PA1S, PA19M, AA19,D1A19
1 » VA19, PSUP
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COMMON/ACDT/DDTA

COMMON/BPBCY/DPRES, IDRY

COMMON/WRBPS1/P

COMMON/VALVE/VALVEF,NBV

COMMON/BPCOMM/CC, TLBP, PO, IREL, DX(201) ,RL(201)

COMMON/BPSMP/DDT, NNODE, XR1, INC, REL

COMMON/ALL/DT

COMMON/MPROG/P1(3),PF, TR, N, AC,NE, NOPR, AVIB,DP1, X

COMMON/LOCSUB/AS, V1

COMMON/MRS/V2

COMMON/BPS/V3

COMMON/DREGV/AST, AEX, ABPRE

COMMON/TEST1/A4, A6, V4,V5,V6,P4,P5,P6, AD, TL, V44, V66, XX1

COMMON/NEW1/XEX, X0, X2, XF

COMMON/NEW3/PU, PD

COMMON/TECH/ IMETHD , ITECH, IMODBL

COMMON/ABDV/PB,CVM

COMMON/LOCM/PL

CHARACTER¥S IMETHD, ITECH, IMODEL, ITECH1

REAL D(201),P(201),M(201),DBP(201),ABP(201),AV(201),FL(201)
1 ,PB(201,16),CVM(4),PF(10),TF(10),Ps(201),PL(201,4)

REAL KA19,LAlS

INTEGER VALVEF(201,8),IDATA(21,8),NE(10)

CHARACTER*9 FLNM(8)

C

C

CERERERRKKKEKEK KKK KKK XK KKK KA KEEKEA K KKK KKK KKK KRKKEXE XXX KKK

C Input the set of data to be used during the program calculation
(o} The data file is called BP.DAT.

OPEN(UNIT=20,FILE="BP.DAT’)
READ(20,30) IMETHD
READ(20,30) ITECH
READ(20,30) IMODEL
30 FORMAT(SA)
C READ NUMBER OF BRAKE VALVE, BRAKE PIPE DIAMETER AND TOTAL LENGTH
RRAD(20,%) NBV,DBP1,TLBP,DPIM,PLEAK, ICAR, LCAR
IF(DPIM.NE.O.) THEN
NLEAK=LCAR-ICAR+1
PLEAK=14.7+PLEAK
FLEAK=.6¢FLOW(1l.,PLEAK, 14.7)
VLBP=1.*DBP1%DBP1*TLBPX12.
CLBP=SQRT(286.%*293.)/.0254
DLEAK=NLEAK*FLEAEK*CLBP/VLBP
DLEAK=SQRT(DPIM/ (60.*DLEAK) )
DFRIC=DBP1*DBP1¥SQRT(DBP1/(.04%TLBP¥12.))
DFRIC=SQRT(DFRIC)
DLEAK=DLEAK*DFRIC/SQRT (DFRIC*DFRIC-DLEAK$DLEAK)
END IF
ALEAK=0.
NNODE=NBV+1
NBV1=0
CcC=.714
AC=342.5
DMINX=1.

aaQaa
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Cc Read the lengths and diameter of each leakage
10 READ(20, %) NBVF,NBVL,DXJ,DJ,DBPJ,AVJ,IV1, IV2,1IV3,IV4,IV5S
1, Iv6,IV7,1IV8
NBVT=NBVL-NBVF+1
DO 11 I=NBVF,NBVL
AV(I)=AVJ
VALVEF(I,1)=IVl
IF(IV1.EQ.1) THEN
VALVERF(I,2)=1IV2+5
RLSE
VALVEF(I,2)=1IV2
END IF
VALVEF(I,3)=IV3
VALVEF(I,4)=1IV4
VALVEF(I,5)=1IV5
IF(IV5.EQ.1) THEN
VALVEF(1,6)=IV6+5
ELSE
VALVEF(I,6)=IV6
END IF
VALVEF(1,7)=1IV7
VALVEF(I,8)=1IV8
DBP(I)=DBPJ
D(I)=DJ
DX(I)=DXJ
AV(I)=(AV(I)/(12.%DX(I)))*.0254%.0254
DX(I)=DX(I)/TLBP
DBP(I)=DBP(1)%*2.54/100.
ABP(I)=22.*DBP(I)*DBP(X)/28.
AV(I)=AV(I)+ABP(I)
IF(DPLM.NE.O.) THEN
IF(I.GE.ICAR.AND.I.LE.LCAR) THEN
D(I)=DLERAKx.0254
END IF
EBLSE
D(I)=D(I)%2.54/100.
END IF
IF(D(I).NE.O.) THEN
RL(I)=22.%xD(I)*D(I)/28.
BLSE
RL(I)=0.
END IF
ALBAK=ALBRAK+RL(I)
IF(DX(I).LT.DMINX) DMINX=DX(I)
11 CONTINUR
NBV1=NBV1+NBVT
IF(NBV1.LT.NBV) GOTO 10
AV(NBV+1)=AV(NBV)
ABP(NBV+1)=ABP(NBV)
TLBP=TLBP*30.5/100.
TL=TLBP
AT=0.
READ(20,%*) NOPR, (TF(K),K=1,NOPR)
RRAD(20,%) XR
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READ(20,%*) NFILE
po 350 J=1,NFILE
READ(20,30) FLNM(J)
IF(FLNM(J) .EQ. ’RELAY’) GOTO 350
READ(20,%) IDATA(1,J), (IDATA(K,J),K=2,IDATA(1,J)+1)
350 CONTINUE
DO 40 J=1,NOPR
AT=AT+TF(J)
40 CONTINUE
NEP=AT/XR
DDTA=DMINX
DDT=DMINX
IF(IMETHD.RQ.’ FEMETHOD’) THEN
ITECH=" IMPLICIT’
END IF
IF(ITECH.EQ. ’BXPLICIT’) DDT=.5%DDT
DT=DDT
RRL=(2./1.77)%100000.%50000.0/(CC¥AC)
XR1=XR%AC/TLBP
XX=XR1
READ(20,%) PI, (PF(J),J=1,NOPR),P1(2),IDRY
PO=PF(1)
DPRES=(P0-PI)/14.7
IREL=0
IF(PO.LT.PI) IREL=1
P0=(P0+14.7)/14.7
P1(2)=(P1(2)+14.7)/14.7
PSUP=P1(2)
PI=(PI+14.7)/14.7
P1(1)=PI
P6=P1(1)
P1(3)=PI-1./14.7
IF(IREL.EQ.0) P1(3)=PI1
P4=P1(3)
PU=P6
PD=P4
P5=P1(3)
DO 20 I=1,NNODE
PL(I,1)=P1(1)
PL(I,2)=P1(2)
PL(I,3)=P1(3)
PL(I,4)=P5
M(1)=0.
P(I)=PI-1./14.7
IF(IRERL.EQ.0) P(I)=P1
20 CONTINUE
P(1)=PI-1./14.7
IF(IREL.BQ.0) P(1)=PI
DO 50 J=1,NOPR
NB(J)=TF(J)*AC/(DDT*TLBP)
50 CONTINUE
T=0.
DDTS=DDT
ITECH1=ITECH
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ITECH=’ IMPLICIT’

IF(ALEAK.NE.O.) THEN
IST=1

DDT=50.*DDTS
po 60 I=1,1000
CALL LEAK(NBV)
CALL FDMETH
AA=0.
AB=0.
DO 70 J=1,NNODE
AA=AA+ABS(P(J)-PS(J))
AB=AB+P(J)
PS(J)=P(J)
70 CONTINUE
ERR=AA/AB
IF(ERR.LE..00001) THEN
GOTO 80
END IF
CONTINUE
DDT=DDTS
WRITE(5,%) I .
C DO 111 J=1,NNODE
C WRITR(22,%) J,14.7%(P(J)-1.)
Clll1 CONTINUE
C STOP
ITECH=ITECH1

END IF

TR=AC/TLBP

IST=0

DT=DDT/TR

TIME=1./TR

CALL TAl9

c CLOSE(UNIT=15)

DO 370 I=1,NFILE
OPEN(UNIT=19+I,FILE=FLNM(I))
IF(FLNM(I).EQ.’RELAY’) THEN

WRITE(19+I,%) NBP,7
GOTO 370
END IF
WRITR(19+I,%) NEP,IDATA(1l,I)+1
370 CONTINUE

AVTB=(22./(28.))*.52%.52

AVTB=AVTB%.0254%.0254

RETUBRN

END

88

C
C
CEXRXRXEXEAREXER KR KRR R KRR EERREERRERERRERE KRR KL KRR KRR R KEK
SUBROUTINE T26C
CEREREEXKEEREREKEEXKERAEEXREXRRER L EX KRR KRER KRR KRRk K K
C
COMMON/WRBPS /M, FL,DBP, ABP, AV
COMMON/RELPAR/BO,B1,B2,B3,H0,11,H2, H3, H4,H5, H6
COMMON/RELIMT/AXEX, AXO, AX2, AXF
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COMMON/WRBPS1/P

COMMON/COEF/BB1, BB2,BB3,BB4,C4,C7,PMAX, DPMAX, PDMAX,BB22
COMMON/COEF1/IFLAG
COMMON/MRSUP/PP(6),VV(5),AA(6)
COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201) ,RL(201)
COMMON/TEMP/ABPR

COMMON/MPROG/P1(3),PF, TR, N, AC, NE, NOPR, AVTB,DP1, X
COMMON/LOCSUB/A5, V1

COMMON/MRS/V2

COMMON/BPS/V3

COMMON/DRELAY/DEX, DCH, AO, ABPRL
COMMON/DREGV/AST, AEX, ABPRE

COMMON/TEST1/A4, A6, V4,V5,V6,P4,P5,P6,AD, TL, V44, V66, XX1
COMMON/NEW/RT, AKD, AK69, AK71, AK74, AL69, AL71,AL74
COMMON/NEW1/XEX, X0, X2,XF

COMMON/NEW3/PU, PD

COMMON/TECH/IMRTHD , ITECH, IMODEL

CHARACTER$S IMETHD, ITECH, IMODEL

REAL D(201),P(201),M(201),DBP(201),ABP(201),AV(201),FL(201)
RBAL PF(10),NE(10)

VCONT=.0254%.0254%.0254

PI1=22./17.

AST=.0085

ARX=.0014

OPEN(UNIT=29,FILE="26C’)

READ(29,%) DEX,DCH,DERF,D0257,D15

RRAD(29,%) AD,VEQ,V4,V5,V6

RRAD(29,%) AED,AK69,AK71,AK74,AL6S,AL71,AL74,AIM
AIM=AIM/2.25

RRAD(2S,*) AX2,AX0,AXEX, AXF

READ(29,%) DBPC, AKBPC, ALBPC, XBPCM, ABPCA
AS5=PI%xDBPC

BO=AD/ ( AK74+AKG69+AKD)

B1=AD/(AK74+AKD)

B2=AD/AKD

B3=AD/ ( AKD+AKT71+AK74)

H3=AL74/AD

H4=AXEX/B2

H2=H3+AX2/Bl

H1=H2+AL69/AD

HO=H1+(AX0-AX2) /B0

H5=H4+(AL74-AL71)/AD

H6=H5+(AXF-AXEX) /B3

BB1=—.6*PI*DCH*B0%x14.7

BB22=—.6%PI*DCH*BO*H1
BB3=.6%x14.7%DBPC*ABPCA%*P1/AKBPC
BB4=-.6%PI*DBPCXALBPC/AKBPC

CA=.6%PI*DCH%( AX0—-AX2)

C7=.6xPI*DBPCXXBPCM

A4=PI*D0257%D0257/4.

A6=PI*DERF*DERF/4.

D15=.6%PI*D15%D15/4.

V1=VCONT%XVEQ

IF(IMODEL.EQ. 'MODIFIED’) V1=VCONT*( VEQ+V4)
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V4=VCONT*V4
V5=VCONT*V5
V6=VCONT*V6
ABPR=1.
ABPR=ABPR/( .0254%.0254)
AST=AST/ABPR
AEX=AEX/ABPR
A5=A5/ABPR
A6=A6/ABPR
A4=A4/ABPR
AO=D15/ABPR
AD=AD/ABPR
ABPRL=ABPR
ABPRE=ABPR
V1=V1/(TLBP)
v4=v4/(TLBP)
v2=v2/(TLBP)
v3=v3/(TLBP)
v5=V5/( TLBP)
v6=v6/ (TLBP)
va4=v4
V66=v6
AK69=AK69%172.8
AK71=AK71%172.8
AK74-AK74%172.8
AL69=AL69%4.39
AL71=AL71%4.3S
ALT4=AL74%4.39
AKD=AKD%¥172.8
XEX=AXEX*.0254/TLBP
XO=AX0%.0254/TLBP
X2=AX2%.0254/TLBP
XF=AXF%.0254/TLBP
RT=TL/ (AIM%¥1.4%x288%293)
IFLAG=0
PMAX=( AKBPC*XBPCM+ALBPC) / (14 . 7¥ABPCA)
DPMAX=. 13385
PDMAX=. 0648
DCH=. 6%DCH
DEX=.6%DEX
CLOSR(UNIT=29)
RETURN
END
C
CAERERERREKEXEXEXE TR X KRR KRR XXX R R KL KEREKEEREAR KRR R KK
SUBROUTINE VALVES
CEREREARKEE XX KRR RKEREEKXEKEE R KRR RRR KR ERE KRR R LR R X

C
COMMON/VALVE/VALVEF, NBV
INTEGRR VALVEF(201,8)
INTRGER TFLAG(5)

C

C

(o}
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This routine is used to select one of the following
five valves

1. ABD

2. ABDW

3. CVAL

4. DVAL

5. BVAL

aaaoaaoacaoaaa

DO 100 I=1,NBV
DO 200 K=1,5
IF(TFLAG(K).EQ.K) GOTO 200
IF(VALVEF(I,1).8Q.K) TFLAG(K)=K
IF(VALVEF(I,5).EQ.K) TFLAG(X)=K
200 CONTINUE
100 CONTINUE
WRITE(5,%*) (TFLAG(K),E=1,5)
IF(TFLAG(1).EQ.1) CALL TABD
IF(TFLAG(2) .EQ.2) CALL TABDW
IF(TFLAG(3).EQ.3) CALL TCVALV
IF(TFLAG(4).EQ.4) CALL TDVALV
IF(TFLAG(5).EQ.5) CALL TEVALV
400 CONTINUE
RETURN
END
CRERRERERREXEERREEREE KKK R KRR R EKEXE KRR ERKERAE KRR KA RA
SUBROUTINE SORT(1IV)
CEAREXKRKERKEEEE LR EREX KK KRR KR KRR KR KRR RERE KKK ERELERREE

C
COMMON/SORTF/TFLAG
COMMON/VALVE/VALVEF, NBV
INTEGER VALVEF(201,8)
INTEGER TFLAG(10)

C

C

C

C

C

DO 100 I1-1,10
TFLAG(I)=0
100 CONTINUE
IF(IV.EQ.1) THEN
KI=6
KF=10
ELSE
KI=1
EKF=5
END IF
DO 200 I=1,NBV
IF(VALVEF(I,1).NE.IV.AND.VALVEF(I,5).NE.IV) GOTO 200
DO 300 J=KI,KF
IF(TFLAG(J).EQ.J) GOTO 300
IF(VALVEF(I,1).BQ.IV.AND.VALVEF(I,2).BQ.J) TFLAG(J)=J
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IF(VALVEF(I,5).EQ. IV.AND.VALVEF(I,6).EQ.J) TFLAG(J)=J
300 CONTINUE
200 CONTINUE
RETURN
END
C
CAREERREXAKKEKERXXKEEEREKKEEE XA KK ERREKK KRR R LKL KK ERR KRR ¥
SUBROUTINB TA19
CARLEAEERRKEKREXKKE KRR L KRR XK KR ERXKK KRR R KK ERRX KRR R KRR X
c
COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201) ,RL(201)
COMMON/A1SAD/D2A19,KA19,LA19, XA19M, PA19, PA19M, AA19,D1A19
1 , VA19, PSUP
REAL KAlS,LAlS9

This sybroutine is used to read the data file for
Al9 flow adapter.

Qaaaaaqa

PI=22./7.
ACONT=.0254%. 0254
VCONT=ACONT*. 0254
READ(20,%) D1A19,D2A19,AA19,KA19,LA19, XA19M, VA1S
D1A1S=PI*ACONT*D1A19%D1A19/4.
D2A19=PI*ACONT*D2A19
VA19=VCONT*VA1S/TLBP
PA1S=LA19/AAl9
PA19M=(LA19+KA19%XA19M) /AA19
CLOSE(UNIT=20)
RETURN
END
(o
C
CXEXEXEREERRX KK EERRKKKEERKEKEEEE XK EEER KKK KRR KRR ER KRR R KRR KKK
SUBROUTINE A19(AMS,PMR)
CEAEERXERA R KRR KRR KK R R R KRR KRR RERK KRR KR AR OK AR KX
C
COMMON/A19AD/D2A19,KA19, LA19, XA19M, PA19, PA19M, AA19,D1A19
1 » VA19, PSUP
COMMON/ALL/DT1
RERAL EAlS,LAlS

This routine is used to simulate the Al9 flow adapter.

aggaaaQa

IF(AMS.EQ.0.) THEN
PMR=PSUP
RETURN

END IF
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DP=14.7%(PSUP-PMR)
A19A=D1A19+A2A19(DP)
AMM=.507*FLOW(A19A, PSUP, PMR)

AM=AMM+AMS
PMR=PMR+AM$DT1/VAlS
RETURN
END

C

C

FUNCTION A2A19(DP)
c**u****mmmmxmm**mxumxn*m*mnnxun
C

COMMON/A19AD/D2A19,KA19, LA19, XA19M, PA1S, PA19M, AA19,D1A19

1 , VA19,PSUP

REAL KA19,1Al9

aQ

IF(DP.GT.PA19.AND.DP.LE.PA19M) THEN
A2A19=D2A19%(DP*AA19-LA19) /KAlS
ELSE
A2A12=0.
IF(DP.GT.PA19M) A2A19=-D2A1S%XA19M
END IF
RETURN
END
C
C
CEEEXRKKERKERXKERKRE X REREKEK KR KRR KRR R KRR KRR EXKE R KR KRR K
SUBROUTINE OUTPUT
S sstssoctocoetssastieecestesitosio s s as s S22 sl sl sl
C
COMMON/MPROG/P1(3) ,PF, TR, N, AC, NE, NOPR, AVTB, DP1, X
COMMON/US/TT
COMMON/NEW3/P6, P4
COMMON/ABDV/PB,CVM
COMMON/WRBPS1/P
COMMON/OUT/NEP, NFILE, IDATA
COMMON/OUTFL/FLNM
REAL PT(20),P(201),M(201),DBP(201),ABP(201)
REAL FL(201),Av(201),PT1(201),PF(10)
REAL PB(201,16),CVM(4)
INTEGER IDATA(21,8),NE(10)
CHARACTER*9 FLNM(8)

DO 200 I=1,NFILE
IF(FLNM(I).BQ.’PBCYL1’) THEN
DO 210 J=1,IDATA(1,I)
PT(J)=14.7*(PB(IDATA(J+1,1),3)-1.)
210 CONTINUE
WRITB(19+I,%) TT, (PT(J),J=1,IDATA(1,I))
END IF
IF(FLNM(I).EQ.’PBCYL2’) THEN
DO 220 J=1, IDATA(L,I)
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230

240

250

260

270

200

C
Cc

344

PT(J)=14.7%(PB(IDATA(J+1,I),11)-1.)
CONTINUE
WRITB(19+I,%) TT,(PT(J),J=1,IDATA(1,I))
END IF
IF(FLNM(I).EQ.’PAUX1’) THEN
DO 230 J=1,IDATA(1,I)
PT(J)=14.7%(PB(IDATA(J+1,I),4)-1.)
CONTINURE
WRITB(19+1,%) TT, (PT(J),J=1,IDATA(1,I))
END IF
IF(FLNM(I).EQ.’PAUX2’) THEN
DO 240 J=1,IDATA(1,I)
PT(J)=14.7*(PB(IDATA(J+1,1),12)-1.)
CONTINUE
WRITE(19+I,%) TT,(PT(J),J=1,IDATA(1,I))
END IF
IF(FLNM(I).EQ.’PEMR]1’) THEN
DO 250 J=1,IDATA(1,I)
PT(J)=14.7%(PB(IDATA(J+1,I),5)-1.)
CONTINUE
WRITE(19+I,%) TT,(PT(J),J=1,IDATA(1,I))
END IF
IF(FLNM(I).EQ. ’PEMR2’) THEN
DO 260 J=1,IDATA(1,I)
PT(J)=14.7%(PB(IDATA(J+1,I),13)-1.)
CONTINUE
WRITE(19+I,%) TT, (PT(J),J=1,IDATA(1,I))
END IF
IF(FLNM(I).EQ.’PBP’) THEN
DO 270 J=1,IDATA(1,I)
PT(J)=14.7*%(P(IDATA(J+1,1))-1.)
CONTINUE
WRITR(19+I,%) TT,(PT(J),J=1,IDATA(1,I))
END IF
IF(FLNM(I).EQ. RELAY’) THEN
P11=14.7%(P1(1)-1.)
P12=14.7%(P1(2)-1.)
WRITR(19+I,%) TT,DP1,X,Pl1ll,P12,P4,P6
END IF
CONTINUE
RETURN
END

CREEEEKEXERKERKEKER KRR R LR KRR KRR KRR KRR KRR RREEX KRR KRR KKK

SUBROUTINE TABDW

CARRRERAEREE KRR TEE KR XS ERERKER XKL ERR R R R Rk

C
C
C

COMMON/ABDWV/IDEF, AAAV
This routine will call ABD and AAV to comstruct an
ABDW valve.

IDEF=2
CALL TAAV
CALL TABD
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RETURN
END
C
C
fi3223 2222222223232 2 2 2s s it s o 22 ooz iz s ts sl
SUBROUTINE TABD
(2o s 2ot sssotoatescocti sz totozzoc s sl ss22oz2s sty
C
COMMON/ABDWV/IDEF, AAAV
COMMON/ INTP/PINT(201,2)
COMMON/SORTF/TVALV
COMMON/VALVE/VALVEF, NBV
COMMON/WRBPS1/P
COMMON/BPCOMM/CC, TLBP, PO, IREBL,DX(201) ,RL(Z5}}
COMMON/ABDV/PB,CVM
COMMON/RESTR/DAVENT, DABR, DAPERP, DQAS, D201B, DQSV, DAUX
1 ,DEMR,D1C
COMMON/CV/DCV,ECV, LCV, ACV, XCVM, PCV, PCM
COMMON/QAC/DO,D1,D2,D3,D4,ASV,LSV,KSV,WSV,PSV,PSVM
COMMON/QAAR/DQAV2
COMMON/INS/DINS1,DINS2, LINS,KINS, AINSO, AINSI, XINSM, PINS, PINSM
COMMON/SSV/C0,C1,H1,PSSVM
COMMON/LIMIT/H2,H3,H4,H5, H6, H7, H8, DHP1
COMMON/VOIMS/VQA, VCS, VINT

This subroutine is used to read the data files
for the ABD/ABDW control valve. It can read up
to five different designs for the ABD/ABDW valve
and it will read all the restrictions, springs,
preloads and volumes associated with the dynamics
of the ABD/ABDW valve.

The five different files are:
1. ABD
2. ABD1
3. ABD2
4. ABD3
5. ABD4
Where, ABD is the default valve.

Qa0 n

REAL DAVENT(10),DABR(10),DAPERP(10),DQAS(10),D201B(10)

,DCV(10),1LCV(10),KCV(10),ACV(10), XCV™(10),D0(10),D1(10)
,D2(10),D3(10),D4(10),DQAV2(10),ASV(10),1SV(10)
,KSV(10) ,wsSV(10),DINS1(10),DINS2(10),LINS(10),KINS(10)
,AINSO(10),AINSI(10),XINSM(10),C0(10),C1(10),H1(10),H2(10)
,H3(10),B4(10),B5(10) ,H6(6),H7(10), VQA(10),VQsS(10)
,PCV(10),PCVM(10),PSV(10),PSVM(10), PINS(10),PINSM(10)
,PSSYM(10),DQSV(10),DAUX(10),DHP1(10),55F2(10), H8(10)
»DEMR(10),D1C(10)

REAL PB(201,16),P(201),CVM(4)

00NNk WN -
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INTEGER TVALV(10),VALVEF(201,8)
CHARACTER*6 TSORT(10)

P1=22./7.
VCONT=.0254%.0254%.0254
ACONT=.0254%.0254
ALCONT=.0254
TSORT(1)=’ABDW’
TSORT(2)="ABDW1’
TSORT(3)=’"ABDW2’
TSORT(4)=’ABDW3’
TSORT(5)="ABDW4"’
TSORT(6)="ABD’
TSORT(7)="ABD1’
TSORT(8)="ABD2’
TSORT(S)=’ABD3’
TSORT(10)="ABD4’
IF(IDEF.NE.2) THEN
CALL SORT(1)

KI=6

KF=10
ELSE

KI=1

KF=5
END IF
DO 100 I=KI,KF

IF(TYALV(I).EQ.I) THEN

OPEN(UNIT=29, FILE=TSORT(I))

ELSE
GOTO 100
END IF
READ(29,%) DAVENT(I),DABR(I),DAPERP(I),DQAS(I),D201B(I)
1 ,DQSV(I),DAUX(I),DEMR(I),D1C(I)

READ(29,%) DCV(I),XCWM(I),LCV(I),KCV(I),ACV(I)
READ(29,%) DO(I),D1(I),D2(I),D3(I),D4(I),DQAV2(I),ASV(I)

1 ,LSV(I),ESV(I),WsV(I)
REBAD(29,%) DINS1(I),DINS2(I),LINS(I),KINS(I),AINSO(I),AINSI(I)
1 » XINSM(I),DHP1(I),DHP2(I)

RBAD(29,%) €0(I),C1(I),H1(I)

READ(23,%) H2(I),H3(I),H4(I),H5(I),H6(I),H7(I),HB(I)
READ(29,%) VQA(I),VQs(I)

CLOSE(UNIT=29)
DAVENT(I)=PI*ACONT*DAVENT(I)*DAVENT(I)/4.
DABR(I)=PI*ACONT*DABR(I)*DABR(I)/4.
DHP1(I)=PIXACONT*DHP1(I)*DHP1(I)/4.

DHP2 (I)=PI®ACONT*DHP2(I)*DHP2(I)/4.
DHP2(I)=DHP2(I)*DHP1(I)/SQRT(DHP2(I)*DHP2(I)+DHP1(I)*DHP1(I))
DAPERP( 1)=PI¥ACONT*DAPERP(I)*DAPERP(I)/4.

DQAS (I)=PIXACONT*DQAS(I)*DQAS(I)/4.
DQSV(I)=PI*ACONT*DQSV(I)*DQSV(I)/4.

DAUX (I)=PIXACONT*DAUX(I)*DAUX(I)/4.
DEMR(I)=PI*ACONT*DEMR(I)*DEMR(I)/4.
D1C(I)=PI*ACONT*D1C(I)*D1C(I)/4.

D201B( I)=PI*ACONT*D201B(I)*D201B(I)/4.
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300

400

200

500

C
C

DCV(1)=PIXACONT*DCV(I)
DQAV2{I)=FI*ACONT*DQAV2(I)*DQAV2(I)/4.
DA(I)=ACONT*D4(I)
DINS1(I)=PI*ACONT*DINS1(I)*DINS1(I)/4.
DINS2(I)=PI*ACONT*DINS2(I)
CO(I)=ACONT*CO(I)
C1(I)=ACONT*C1(I) .
VQA(TI)=VCONT*VQA(I)/TLBP
VQS (I)=VCONT*VQS(I)/TLBP
PSSVM(I)=H1(I)+(C1(I)/CO(I))
PCVM(I)=(ECV(I)*XCWM(I)+LCV(I))/ACV(I)
PCV(I)=LCV(I)/ACV(I)
PSVM(I)=(LSV(I)+WSV(I)+ESV(I)*D3(I))/ASV(I)
PSV(I)=(LSV(I)+WSV(I)+ESV(I)*DO(I))/ASV(I)
PINS(I)=(14.7*AINSI(I)+LINS(I)~KINS(I)*XINSM(I))/AINSO(I)
PINSM(I)=(14.7*%AINSI(I)+LINS(I))/AINSO(I)
CONTINUE
VINT=VCONT%120. /TLBP
DO 200 I=1,NBV
IF(VALVEF(I,1).EQ.1.0R.VALVEF(I,1).EQ.2) THEN
po 300 J=1,8
IF(J.EQ.3.0R.J.EQ.4.0R.J.EQ.5) GOTO 300
PB(I,J)=1.
COKTINUR
PB(I,7)=P(I+l)
END IF
IF(VALVEF(I,5).EQ.1.0R.VALVEF(I,5).EQ.2) THEN
DO 400 J=1,8
IF(J.EQ.3.0R.J.EQ.4.0R.J.EQ.5) GOTO 400
PB(I,J+8)=1.
CONTINUE
PB(I,15)=P(I+1)
END IF
CONTINUE
DO 500 I=1,NBV
PINT(I,1)=1.
PINT(I,2)=1.
CONTINUR
RETURN
END

CEEXREEREREARKREEREKKK X EXE KR KRR KRR KRR R R ALK KRR XK

SUBROUTINE TAAV

CRAREKKEXEEE KKK EK KKK EEEKK KRR R KKK EAKRR KK ETRR R R LR KKK

C
Cc

COMMON/SORTF/TVALV

COMMON/WRBPS1/P

COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201),RL(201)
COMMON/RCV/DECV, XECVM, LECV,KECV, PECV, PECVM, ARCV
COMMON/DAV/DAAV5,DAAV3, DAVT, D031
COMMON/CC/C4,C5,C6,C7

COMMON/VOL/VAAV
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C
C
C
C
[o] This routine with the TABD routine are used to
c read the data files for the ABDW vlave. It can read up
c to five different designs for the ABDW valve
C and it will read all the restrictions, springs,
C preloads and volumes associated with the dynamics
[ of the AAV portion.
C
(o} The five different files sare:
C 1. AAV
c 2. AAV1
C 3. AAV2
C 4. AAV3
[ 5. AAV4
C Where, AAV is the default file for the AAV portion.
C
C
REAL DEBCV(5), XBCVM(5),LEBCV(5),KRCV(5),DAAV5(5)
1 ,DAAV3(5),DAVT(5),Db031(5),C4(5),C5(5),C6(5)
2 ,C7(5),VAAV(5) ,PECV(5),PECVM(5),AEBCV(5)
INTEGER TVALV(10)
CHARACTER%S TSORT(10)
(o]
PI=22./7.
VCONT=.0254%.0254%.0254
ACONT=.0254%.0254

TSORT(1)="AAV’
TSORT(2)="AAVY’
TSORT(3)="AAV2’
TSORT(4)="AAV3’
TSORT(5)="AAV4’
CALL SORT(2)
po 100 1=1,5

IF(TVALV(I).EQ.I) THEN

OPEN(UNIT=29, FILE=TSORT(I))
ELSE

GOTO 100
END IF
READ(29,%) DECV(I),XECVM(I),LECV(I),KECV(I)
READ(29,%) DAAVS5(X),DAAV3(I),DAVT(I),D031(I)
READ(29,%) C4(I),C5(I),C6(I),C7(I)
READ(29,%) VAAV(I)
CLOSE (UNIT=29)
ARCV(I)=PI*DECV(I)*DECV(I)/4.
DECV(1)=PI*ACONT*DECV(I)
PECV(I)=LECV(I)/ABCV(I)
PECVM(I)=(LECV(I)+KRCV(I)*XECVM(I))/ABCV(I)
D031 (1)=PI*ACONT*D031(I)*D031(1)/4.
DAAVS (I)=PI*ACONT*DAAVS5(I)*DAAVS(I)/4.
DAAV3(I)=PIXACONT*DAAV3(I)*DAAV3(I)/4.
DAVT(I)=PIXACONT*DAVT(I)*DAVT(I)/4.
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VAAV(I)=VCONTXVAAV(I)/TLBP
100 CONTINUE
RETURN
END
C
CXXXEERKEER KRR RREERERRRE KX ERE KR KK KRR RRE K KKRERR KRR XXX
SUBROUTINE TCVALV
CREEXAA KRR LR KER KA KKK KRR KK KEK KK KRR KRR KRR R X
C
COMMON/SORTF/TVALV
COMMON/VALVE/VALVEF, NBV
COMMON/WRBPS1/P
COMMON/BPCOMM/CC , TLBP, PQ, IREL, DX (201), RL(201)
COMMON/ABDV/PB,CVM
REAL PB(201,16),P(201),CVM(4)
INTRGER TVALV(10),VALVEF(201,8)
PUT YOUR COMMON BLOCK
H E R B

This subroutine is used to read the data files
for the CVALV control valve. It can read up

to five different designs for the CVALV valve
and it will read all the restrictions, springs,
preloads and volumes associated with the dynamics
of the CVALV valve.

The five different files are:
1. CVALV
2. CVALV1
3. CVALV2
4. CVALV3
5. CVALV4
Where, CVALV is the default valve.

CHARACTERX6 TSORT(10)

PUT YOUR REAL/INTEGER STATMENT HERE AS FOLLOWING
REAL/INTEGER EXP1(5),BXP2(5),..c.c... EXPN(5)

aaaa aoaaoaaaaaaaoaaoaaoaaaaaaacaaan

TSORT(1)="CVALV’

TSORT(2)="CVALV1’

TSORT(3)="CVALV2’

TSORT(4)="CVALV3’

TSORT(5)="CVALV4’

CALL SORT(3)

Do 100 I1=1,5
IF(TVALV(I).EQ.I) THEN
OPEN(UNIT-=29, FILE=TSORT(I))

ELSE
GOTO 100

END IF
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(v
c PUT YOUR READING STATMENTS HERE AS FOLLOWING
c RRAD(29,%) EXPL(I),BXP2(I),........ BXPN(I)
C
100 CONTINUE
RETURN
END

C
CREREKEXKKERRXKKKEXXKLE KRR KRR KKREKRRRKKKERRRKKRER KK KKK
SUBROUTINE TDVALV
CRREREERERRKEEKEERKEEKEERRERREXKE XX KA R KRR K KRR KR KRR KX XK
COMMON/SORTF/TVALV
COMMON/VALVE/VALVEF, NBV
COMMON/BPCOMM/CC, TLBP, PO, IREL, DX(201) ,RL(201)
COMMON/ABDV/PB,CVM
COMMON/WRBPS1/P
REAL PB(201,16),P(201),CYM(4)
INTEGER TVALV(10),VALVEF(201,8)

PUT YOUR COMMON BLOCK
H B R E

This subroutine is used to read the data files
for the DVALV control valve. It can read up

to five different designs for the DVALV valve
and it will read all the restrictions, springs,
preloads and volumes associated with the dynemics
of the DVALV valve.

The five different files are:
1. DVALV
2. DVALV1
3. DVALV2
4. DVALV3
5. DVALV4
where, DVALV is the default valve.

CHARACTER*6 TSORT(10)

PUT YOUR RERAL/INTEGER STATMENT HERE AS FOLLOWING
REAL/INTEGER BXP1(5) ,BXP2(5)5eeceess. RBXPN(5)

aaaaq aaoaaoaaagaoaaaaoaaaagaaaacaacaaaaan

TSORT(1)="DVALV’

TSORT(2)="DVALVY’

TSORT(3)="DVALV2’

TSORT{4)="DVALV3’

TSORT (5)="DVALV4’

CALL SORT(4)

po 100 1=1,5
IF(TVALV(I).EQ.I) THEN
OPEN(UNIT=29, FILE=TSORT(I))
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ELSE
GOTO 100
END IF

PUT YOUR READING STATMENTS HERE AS FOLLOWING
READ(29,%*) EBXP1(I),EXP2(I),........EXPN(I)

QaQa

100 CONTINUE

RETURN
END

C

C

[0b 2322222323222t st iotsos totossssostsso s sssss sy
SUBROUTINE TEVALV

CXREXAK KRR EER R R KK KRR EEREERA XK KKK K KKK KKK KRR KR EREK
COMMON/SORTF/TVALV
COMMON/VALVE/VALVEF, NBV
COMMON/WRBPS1/P
COMMON/BPCOMM/CC, TLBP, PO, IREL, DX(201),RL(201)
COMMON/ABDV/PB,CVM
REAL PB(201,16),P(201),CVM(4)
INTEGER TVALV(10),VALVEF(201,8)

PUT YOUR COMMON BLOCK
H B R E

This subroutine is used to read the data files
for the EVALV control vaive. It can read up

to five different designs for the EVALV valve
and it will read all the restrictions, springs,
preloads and volumes associated with the dynamics
of the EVALV valve.

The five different files are:
1. BVALV
2. BVALV1
3. EVALV2
4. EVALV3
5. BVALY4
Where, EVALV is the default valve.

CHARACTER*6 TSORT(10)

PUT YOUR REAL/INTEGER STATMENT HERE AS FOLLOWING
REAL/INTEGER EXP1(5),EXP2(5),..+.....BXPN(5)

aaaa aQacaaoaaoaaoaaQaaaocagaa0aQaan

TSORT(1)="RVALV’

TSORT(2)="EVALV1’
TSORT(3)="EVALV2’
TSORT(4)="BVALV3’
TSORT(5)="RVALV4’
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CALL SORT(5)

po 100 I-1,5
IF(TVALV(I).EQ.I) THEN
OPEN(UNIT=29, FILE=TSORT(I))

ELSE
GOTO 100

END IF

PUT YOUR READING STATMENTS HERE AS FOLLOWING
READ(29,%*) BXP1(I),BXP2(I),..ecc..- EXPN(I)

anaaa

100 CONTINUE

RETURN
END

C

C

CEERXXXKXRKEXEKER R R R KR KX E LR R R REKKARKKER KX RR KRR KRR KKKRKRKK
SUBROUTINE TBCYL

CEXRERXXK KRR EK IR R XX KRR XER KR ER KRR KER KKK KK ER R R KRR KRR R KRR KK

This routine is used to read the brake cylinder
and emergency and auxiliary reservoirs data file

aaaaa

COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201) ,RL(201)

COMMON/VALVE/VALVEF, NBV

COMMON/AUX/VAUX

COMMON/EMR/VEMR

COMMON/ABDV/PB,CVM

COMVMON/WRBPS1/P

COMMON/BCYL/DBC, VBI, VBF, ABC, LBC, KBC, PBCM, PBC, XBCM

COMMON/BPBCY/DPRES, IDRY

REAL P(201),PB(201,16),CVM(4)

REAL VAUX(10),VEMR(10),DBC(10),VBI(10),VBF(10),ABC(10)
1 , LBC(10) ,EBC(10) ,PBCM(10),PBC(10), XBCM(10)

INTEGER VALVEF(201,8)

PI=22./7.

VCONT=.0254%.0254%.0254

ACONT=VCONT/.0254

OPEN(UNIT=29,FILE="BCYL’)

po 10 1=1,10
REBAD(29,%*) VBI(I),DBC(I),XBCM(I),LBC(I),KBC(I)
RRAD(29, %) VAUX(I),VEMR(I)
VEMR(I)=VEMR(I)*VCONT/TLBP
VAUX(I)=VAUX(I)*VCONT/TLBP
ABC(I)=PIsDBC(I)*DBC(I)/4.
DBC(1)=VCONT*ABC(I)/TLBP
VBI(I)=VBI(I)%*VCONT/TLBP
VBF(I)=VBI(I)+DBC(I)*XBCM(I)
PBC(I)=LBC(I)/ABC(I)
PBCM(I)=(EBC(I)*XBCM(I)+LBC(I))/ABC(I)

10 CONTINUE
DO 100 J=1,NBV
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IV4=VALVEF(J,4)
IV8=VALVEF(J,8)
VEQ=VBF(IV4)+VAUX(IV4)+VEMR(IV4)
VEQ2=VBF(1V8)+VAUX(IV8)+VEMR(IVS8)
IF(IV4.EQ.0) THEN
PRQ=1.
ELSE
PEQ=( (1.+DPRES ) *( VAUX(IV4)+VEMR(IV4))+VBI(IV4))/VEQ
END IF
IF(IV8.EQ.0) THEN
PEQ2=1.
ELSE
PEQ2=( (1.+DPRES )*(VAUX(IV8)+VEMR(IV8) )+VBI(IV8))/VEQ2
END IF
VEQ1=VBF(IV4)+VAUX(IV4)
VEQ12=VBF( IV8)+VAUX(IV8)
IF(DPRES.LT.0.) THEN
IF(IV4.NE.O0) THEN
PB(J,3)=1.
PB(J,4)=P(J+1)
PB(J,5)=P(J+1)
END IF
IF(IV8.NE.0) THEN
PB(J,11)=1.
PR(J,12)=P(J+1)
PB(J,13)=P(J+1)
END IF
ELSE
IF(P(J+1).LE.1.5) THEN
IF(IDRY.EQ.0) THEN
IF(IV4.NE.0) THEN
PB(J,3)=PEQ
PB(J,4)=PRQ
PB(J,5)=PEQ
END IF
IF(IV8.NE.O) THEN
PB(J,11)=PEQ2
PB(J, 12)=PEQ2
PB(J,13)=PEQ2
END IF
ELSE
PB(J,3)=1.
PB(J,4)=P(J+1)
PB(J,5)=P(J+1)
PB(J,11)=1.
PB(J, 12)=P(J+1)
PB(J,13)=P(J+1)
END IF
ELSE
IF(IV4.NE.O) PB(J,5)=P(J+1)+DPRES
IF(IVS.NE.O) PB(J,13)=P(J+1)+DPRES
IF(IV4.NE.O) THEN
PEQ1=( (P(J+1)+DPRES)*VAUX(IV4)+VBI(IV4))/VEQl
END IF
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IF(IVB.NE.O) THEN
PBQ12=( (P(J+1)+DPRES)*VAUX(IV8)+VBI(IV8))/VEQl2
END IF
IF(PBQ1.GT.P(J+1)) THEN
PB(J,3)=PEQl
PB(J,4)=PEQl
ELSB
IF(IV4.NE.O) THEN
PB(J,4)=P(J+1)
PB(J,3)=(VBI(IV4)+DPRES*VAUX(IV4))/VBF(IV4)
END IF
END IF
IF(PEQ12.GT.P(J+1)) THEN
PB(J, 11)=PEQ12
PB(J, 12)=PEQ12
ELSE
IF(IV8B.NE.O) THEN
PB(J,12)=P(J+1)
PB(J,11)=(VBI(IV8)+DPRES*VAUX(IVE))/VBF(IV8)
END IF
END IF
END IF
END IF
100 CONTINUE
CLOSE(UNIT=29)
RETURN
END
C
C
CEEXXXKAKKKEREEX XKL KKKK K KKK R KR KRR R IR X R R KRR XXX KRR KKK KKK
SUBROUTINE FDMETH
CEXEREAXKE XX KR KA EXE KR KR KRR R EX XKL KK KA R KR KR KKK XK AR KKK KRR XK

THIS SUBROUTINE IS USED TO FORMULATE THE FINITE
ELEMENT GLOBAL MATRIX ASS(NNODE-1,4)

aaaa

COMMON/WRBPS /M, FL,DBP, ABP, AV
COMMON/STS/IST
COMMON/VALVE/VALVEF , NBV
COMMON/WHBPS1/P
COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201) ,RL(201)
COMMON/BPSMP/DDT, NNODE, XR1, INC, REL
COMMON/TECH/IMETHD , ITECH, IMODEL
CHARACTER*S IMETHD, ITECH, IMODEL
RZAL A1(402),A2(402),A3(402),P(201),M(201),FL(201)
1, A4(402),PU(402),ABP(201),AV(201),DBP(201)
INTEGER VALVEF(201,8)
FL(NNODE)=0.
Ic=2
DO 10 I=2,NNODE
IF(I.EQ.NNODE) THEN
D3=P(I)*DX(I-1)/DDT
A2(2%I-1)=DX(I-1)/DDT
GOTO 11
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END IF
D3=P(I)*DX(I)/DDT
A2(2x1-1)=DX(I)/DDT
11 A3(2%I-1)=ABP(I)/AV(I-1)
A3(2%I)=CC
Al(2xI-1)=-ABP(I-1)/AV(I-1)
Al(2%1)=-CC
D2=-FL(I-1)/AV(I-1)
A4(2xI-1)=D3+D2
IF(VALVEF(I-1,1).BQ.6.AND.IST.EQ.1) THEN
A4(2xI-1)=P(I)*1000000.
A2(2%I-1)=1000000.
END IF
IF(I.NE.NNODE) THEN
D11=M(I-1)xM(I-1)/P(I-1)
D12=-M(I)*M(I)*ABP(I)/(ABP(I-1)%P(I))
D1=D11-D12
RE=REL*DBP(I-1)*ABS(M(I-1))
Us=0.
IF(M(I-1).NE.0.) US=M(I-1)/ABS(M(I-1))
D3=M(I)*DX(I)/DDT
IF(RE.GE.4000.) R=.0924/(RE*%x.078)
IF(RE.LT.2000..AND.RR.GT.0.) R=64./RE
IF(RE.LT.4000..AND.RE.GR.2000.) R=.0001375%xREB%*x.717
IF(RE.GE.4000.) THEN
IF(R.LE..G4125) R=.04125
END IF
G22=US%x(M(I-1))*R*DX(I-1)*TLBP/(2.*DBP(I-1)*P(I-1))
12 A2(2%x1)=(DX(I-1)/DDT)+G22
A4(2xI)=D1+D3
END IF
10 CONTINUE
A3(2)=CC
Al(2)=—CC
D1=DX(1)#M(1)/DDT
D11=M(1)*M(1)/P(1)
D12=M(2)*M(2)*ABP(2)/(ABP(1)*P(2))
D2=D11-D12
RE=REL*M(1)*DBP(1)
RE=ABS(RR)
IF(RE.GE.4000.) R=.0924/(RE**.078)
IF(RE.LT.2000..AND.RE.GT.0.) R=64./RE
IF(RB.LT.4000..AND.RE.GE.2000.) R=.0001375%RR**,717
IF(RE.GE.4000.) THEN
IF(R.LE..04125) R=.04125
END IF
Us=0.
IF(M(1).NB.O.) US=M(1)/ABS(M(1))
G21=USx(M(1))*R*DX(1)*TLBP/(2.%DBP(1)*P(1))
A2(2)=G21+(DX(1)/DDT)
A4(2)=D1+D2
A4(2)=A4(2)-A1(2)%P(1)
Al(1)=0.
Al(2)=0.
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A3 (2%NNODE-1)=0.
NEQ=2%( NNODE-1)
IF(ITECH.EQ.’EXPLICIT’) THEN
DO 33 I=1,NNODE-1
PU(2%I+1)=P(I+l)
PU(2xI)=M(I)
33 CONTINUE
CALL SIMEXP(A1(IC),A2(IC),A3(IC),A4(IC),PU(IC),NEQ)
END IF
IF(ITECH.RQ.’ IMPLICIT’) THEN
CALL SIMAT(Al(IC),A2(IC),A3(IC),A4(IC),PU(IC),NEQ)
C CALL TRID(A1(IC),A2(IC),A3(IC),A4(IC),PU(IC),NEQ,1)
END IF
DO 30 I=1,NNODE-1
P(I+1)=PU(2%I+1)
M(I)=PU(2%I)
30 CONTINUE
PU(NNODE)=0.
RETURN
END
CEAXKEKEKEX KR EXREKEEEKEX KR KR L KRR KKK KX EKE XXX KERE KRR KRR KK
SUBROUTINE FEMETH
CEEXRKERREREKEKXKEKER KKK EKE KRR X KRR KRR KRR R KR KK X KX XK K LXK RR

THIS SUBROUTINE IS USED TO FORMULATE THE FINITE
ELEMENT GLOBAL MATRIX ASS(NNODE-1,4)

QaaQaan

COMMON/WRBPS /M, FL, DBP, ABP, AV

COMMON/WRBPS1/P

COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201) ,RL(201)

COMMON/BPSMP/DDT, NNODE, XR1, INC, REL

REAL Al(808),A2(808),A3(808),P(201),M(201),AV(201)
1, A4(808) ,PU(201),ABP(201),DBP(201),FL(201)

NEQS=2%NNODE

NEQ2=NRQS*NEQS
A2(1)=2.%DX(1)/(3.%DDT)

A2(2)=—CC

A2(3)=ABP(1)/AV(1)
A2(4)=2.%DX(1)/(3.xDDT)
A3(1)=DX(1)/(3.%DDT)

A3(2)=CC

A3(3)=ABP(1)/AV(1)
A3(4)=DX(1)/(3.%DDT)
A4(2)=DX(1)*(M(2)+2.3M(1))/(3.*%DDT)
A4(1)=DX(1)*(P(2)+2.*P(1))/(3.%DDT)

c FL(1)=(FL(1)-PUl)
A4(1)=A4(1)-FL(1)/AV(1)
A4(2)=A4(2)+M(1)%(M(1)/P(1))-ABP(2)3M(2)xM(2)/(ABP(1)*P(2)})

RE=REL#M(1)*DBP(1)

RE=ABS (RR)

IF(RB.GE.4000.) R=.0924/(RE%%.078)
IF(RE.LT.2000. .AND.RR.GT.0.) R=64./RR
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IF(RE.LT.4000. .AND.RE.GE.2000.) R=.0001375%RE*x.717
IF(RE.GE.4000.) THEN
IF(R.LE..04125) R-.04125
END IF
IF(M(1).NB.0.) US=M(1)/ABS(M(1))
G21=UsS*M(1)*R*DX(1)*TLBP/(2.*DBP(1)*P(1))
A2(4)=A2(4)+G21
DO 10 I=2,NNODE-1
IL=4%(I-1)
IL1=2%(I-1)
Al(1+IL)=(DX(I-1)/(3.%DDT))
Al(2+IL)=-CC
Al (3+IL)=—ABP(I-1)/AV(I-1)
Al(4+IL)=(DX(I-1)/(3.%DDT))
A2(1+IL)=2.%x(DX(I~-1)+DX(I))/(3.%DDT)
A2(2+IL)=0.
A2(3+IL)=0.
A2(4+IL)=2.%(DX(I-1)+DX(I))/(3.*DDT)
A3(1+IL)=(DX(I)/(3.%DDT))
A3(2+IL)=CC
A3(3+IL)=ABP(I+1)/AV(I)
A3(4+IL)=(DX(I)/(3.%DDT))
D2=(1./AV(I-1))*FL(I-1)+(1./AV(I))*FL(I)
AIl=.5%((1./ABP(I-1))+(1./ABP(I)))
AI2=.5%((1./ABP(I+1))+(1./ABP(I)))
D11=AI1XABP(I-1)®M(I-1)®M(I-1)/P(I-1)
D13=(AI1-AI2)*ABP(I)®M(I)®M(I)/P(I)
D12=AI2%ABP(I+1)¥M(I+1)M(I+1)/P(I+1)
D1=D11-D12-D13
RE=REL#M(I-1)%DBP(I-1)
RE=ABS (RE)
IF(RE.GE.4000.) R=.0924/(RE*x.078)
IF(RE.LT.2000..AND.RE.GT.0.) R=64./RE
IF(RE.LT.4000..AND.RE.GE.2000.) R=.0001375%RE**x.717
IF(RE.GE.4000.) THEN
IF(R.LE..04125) R=.04125
END IF
IF(M(I-1).NEB.0.) US=M(I-1)/ABS(M(I-1))
G21=US*M( I-1)*R¥DX(I-1)*TLBP/(2.*DBP(I-1)*P(I-1))
RE=ABS{REL®(I)*DBP(I))
IF(RE.GE.4000.) R=.0924/(RE*x%x.078)
IF(RE.LT.2000..AND.RR.GT.0.) R=64./RE
IF(RE.LT.4000. .AND.RE.GE.2000.) R=.0001375%RER*%x.717
IF(RR.GE.4000.) THEN
IF(R.LE..04125) R=.04125
END IF
IF(M(I).NE.O.) US=M(I)/ABS(M(I))
G22=US*M(I)*R*DX(I)*TLBP/(2.*¥DBP(I)*P(I))
Al(4+IL)=A1(4+IL)+G21
A2(4+IL)=A2(4+IL)+G22
D3=(P(I-1)*DX(I-1)+P(I+1)*DX{I))/(3.%DDT)
D4=2.*P(I)*(DX(I-1)+DX(I))/(3.*DDT)
A4(1+IL1)=-D2+D3+D4
D3=(M(I-1)*DX(I-1)+M(I+1)*DX(1))/(3.*DDT)
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D4=2.#M(I)x(DX(I-1)+DX(I))/(3.%DDT)
A4(2+IL1)=D3+D4+D1
10 CONTINUE
IL=4%(NNODE-1)
IL1=2%(NNODE-1)
N1=NNODE-1
Al(IL+1)=(DX(N1)/(3.%DDT))
Al(2+IL)=—CC
A1(3+IL)=-ABP(N1)/AV(Nl)
AL(IL+4)=(DX(N1)/(3.%DDT))
A2(1+IL)=2.%(DX(N1)/(3.%DDT))
A2(2+IL)=CC
A2(3+IL)=ABP(N1)/AV(Nl)
A2(4+IL)=2.%(DX(N1l)/(3.%DDT))
D2=DX(N1)%x(P(N1)+2.%P(NNODE))/(3.*DDT)
A4(1+IL1)=D2-FL(N1)/AV(N1)
RE=REL®M(N1)*DBP(N1)
RE=ABS (RR)
IF(RE.GE.4000.) R=.0924/(RE%x.078)
IF(RE.LT.2000..AND.RE.GT.0.) R=64./RE
IF(RE.LT.4000. .AND.RE.GE.2000.) R=.0001375%RE*%.717
IF(RE.GE.4000.) THEN
IF(R.LE..04125) R=.04125
END IF
IF(M(N1).NE.O.) US=M(N1)/ABS(M(N1))
G21=US*M(N1)*R¥DX(N1)*TLBP/(2.XDBP(N1)*P(N1))
Al(4+IL)=A1(4+IL)+G21
A4(2+IL1)=0.
A2(4+IL)=10.%x10.
A2(1)=10.%%x10.
A4(1)=P(1)%10.%%x10.
CALL TRID(Al,A2,A3,A4,PU,NNODE,2)
DO 30 I=1,NNODE
P(I)=PU(2%I-1)
M(I)=PU(2%I)
30 CONTINUE
M{MNODE)=0.

RETURN
END
C
c ——————
[
o
SUBROUTINE TRID(Al,A2,A3,A4,X,N,L)
(o]
C
C
C
REAL Al(1),A2(1),A3(1),A4(1)
1, BETA(808),X(1)
REAL GAMMA(808),ALPR(808),A(9),B(9),C(9)
C
c This rcutine is used to solve a tridiagonal system.
C Bach of the diagonal elements could be a matrix LxL
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and the size of the global matrix is NxLxNxXL. The
algorithm used here is based on Thomas algorithm with
some minor modifications.

Al(L,L) is the sub—diagonal element at the I node
A2(L,L,I) is the diagonal element at the I node
A3(L,L,I) is the super-diagonal element at the I node
A4(L,L,I) is the last column element at the I node

A4(L,I) is the right hand side of the system equations
at the I node

aacaaoaaaoaaaaaaaa

Inialized the dummy matrices A,B,C,D and set C to Unity Matrix
po 1 I=1,L

po 2 J=1,L
A(I+(J-1)%L)=0.0
B(I+(J-1)xL)=0.0
C(I+(J-1)*L)=0.0
CONTINUE
CONTINURE

po 3 1I=1,L
C(I+(I-1)*L)=1.
3 CONTINUE

N

Set BETA to be equal to the inverse of A2(L,L,1)

aaQa

po 10 I=1,L
po 20 J=1,L
BETA(I+(J-1)%L)=A2(I+(J-1)%L)
20 CONTINUE
10 CONTINUE

C

CALL INVT(BETA(1),B(1),L)

CALL ADD(R(1),A(1),BBTA(1),L,L,1.0,0.0)
C
c

CALL MUL(BETA(1),A4(1),GAMMA(1),L,L,1,1.,1.)
C

Do 30 I=2,N

LEK=L*L*(I-1)

LK1=L*L%(I-2)

LK1=LK1l+1

LE=LE+1

LK3=L*(I-1)

LK3=1K3+1

LK4=L*(I-2)

LE4=LK4+1
C
C

CALL MUL(Al(LK),3BTA(LK1),ALPH(IK),L,L,L,1.,1.)
CALL MUL(ALPH(1K),A3(1K1),B(1),L,L,L,1.,1.)
CALL ADD(A2(LK),B(1),BETA(IK),L,L,1.,-1.)

RS
Q
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CALL INVT(BETA(LK),A(1l),L)
CALL ADD(A(1),B(1),BETA(IX),L,L,1.,0.)

CALL MUL(Al(LK),GAMMA(LK4),ALPH(LK),L,L,1,1.,1.)
CALL ADD(A4(LK3))ALPH(LK),B(1)’L, 1’1"—1-)
CALL MUL(BETA(LK),B(l),GAMMA(LIK3),L,L,1,1.,1.)

QaaQ

30 CONTINUB
LN=L%x(N-1)
LN=LN+1
Solve for the last node array X(I,N) I=1,...,L

QaQ

CALL MUL(C(1l),GAMMA(LN),X(IN),%,L,1,1.,1.)

Q

LAST=N-1

Using the back substituting, solve for X(I,J)
I=1,....,L and J=1,....,N

aaaaaa

DO 50 K=1,LAST

I=N-K

LK2=L%I

LK2=1K2+1

LK=L*xL%(I-1)

LK1=L%x(I-1)

LE=LK+1

LK1=1LK1+1

CALL MUL(BETA(LK),A3(1IK),B(1),L,L,L,1.,1.)

CALL MUL(B(1l),X(LK2),A(1),L,L,1,1.,1.)

CALL ADD(GAMA(LKI),A(l),X(I.Kl),L,l,l.,—1.)
50 CONTINUE

C
RERTURN
END
C
o]
C
SUBROUTINE ADD(X,Y,Z,M,N,F1,F2)
[
C
C
C This routine can be used to add two matrices together
Cc X(M,N) and Y(M,N) and the result is stored in matrix
(o} Z(M,N).
(o} Z = F1xX + F2%Y Fl and F2 are scalar
C
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REAL X(1),Y(1),2(1)

Do 10 I=1, N
po 20 J=1,M
Z(J+(I-1)M)=F1xX(J+(I-1) M) +F2xY(J+(I-1) M)
20 CONTINUE
10 CONTINUE
RETURN
END

SUBROUTINB MUL(X,Y,Z,M,N,K,F1,F2)

This routine can be used to multiply two matrices
X(M,N) and Y(N,K) and the result is Z(™,K)

Z F2xX if F1=0

z F2%XxY and F2 is a scalar

REAL X(1),Y(1),2(1)

Q aQaaoaaoaaaqn QoQ

IF(F1.EQ.0.) THEN
po 5 I=1,M
po 6 J=1,N
X(I+(J-1)3M)=F2%X (I+(J-1)*M)
6 CONTINUEB
5 CONTINUE
RETURN
END IF
Do 10 I=1,K
DO 20 J=1,M
Z(J+(I-1)*K)=0.0
po 30 L~1,N
Z(J+(I-1)*K)=Z{F+(I-1)*K)+F2%X(J+M*(L-1))*
1 Y(L+(I-1)*K)
30 CONTINUE
20 CONTINUEB
10 CONTINUE
RETURN
END

SUBROUTINE INVT(A,B,N)

This routine can be used to provide the inverse
of A matrix and return in B
N is limited to 1 or 2

ATy o

aaQaaaqQa aqgaa
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(o J®]

REAL A(1),B(1)
IF(N.EQ.1l) THEBN
B(1)=1./A(1)
RETURN
END IF
DDTA=A(1)*A(4)-A(2)*A(3)
B(1)=A(4)/DDTA
B(2)=—A(2)/DDTA
B(3)=-A(3)/DDTA
B(4)=A(1)/DDTA
RETURN
END
CREEEERXKERRKEER KRR EE AR KRR KRR AR ER R AR KKK
SUBROUTINE LEAK(N)
CRERRREEEE KRR KRR KRR R R R R KRR KRR KRR KRR EX R K
c
COMMON/WRBPS /M, FL, DBP, ABP, AV
COMMON/WRBPS1/P
COMMON/BPCOMM/CC, TLBP, PO, IREL, DX(201) ,RL(201)
REAL P(201),M(201),FL(201)
1, ABP(201),AV(201),DBP(201)

po 10 I1=1,N
IF(RL(I).EQ.0.) THEN
FL(I)=0.
GOTO 10
END IF
FL(I)=.6%FLOW(RL(I),P(I+1),1.)/SQRT(1.4)
10 CONTINUE
IF(FL(2).EQ.0.) THEN
FL(2)=.002%(P(2)-1.)*ABP(2)

END IF

RETURN

END
CEXEREERERREKERELRRERERKE R KR XKRERERAERK XK KKK R X KK EKKK KK R XK KRR KKK
C

SUBROUTINE HREAD (AM)
C
CXRRREERREERREKKEEX KRR EEK KRR XK EE R KRR X KRR KR KRR KK
C
C

COMMON/WRBPS/M, FL, DBP, ABP, AV
COMMON/WRBPS1/P
COMMON/BPCOMM/CC, TLBP, PO, IREL,DX(201) ,RL(201)
COMMON/BPSMP/DDT, NNODE, XR1, INC
COMMON/ALL/DT1
REAL D(201),P(201),M(201),DBP(201),ABP(201),AV(201),FL(201)
AZ=px{1)/DT1
=P(1)
D3=P(1)*DX(1)/DT1
A4=D3+(AM/ABP(1))
P(1)=(A4-M(1))/42

B L
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RETURN
END
CREEERKARERERETERKEKE KRR EXEL KR KRR KRR KRR EXE KRR KRR KR XK
SUBROUTINE RUNG(A,B,NI,Y,V,YPRIME,N)
REAL Y(1),V(1)
REAL G1(6),G2(6),G3(6),G4(6),YY(6)
R=(B-A)/NI
S=A
Do 50 I=1,NI
po 1 IK=1,N
YY(IK)=Y(IK)
J=IK
G1(IK)=YPRIME(YY(IK),Y(1),V,J)
YY(IK)=Y(IK)+(G1l(IK)*R/2.)
1 CONTINUE
Do 2 IL=1,N
J=IL
G2(IL)=YPRIME(YY(IL),Y(1),V,J)
YY(IL)=Y(IL)+(G2(IL)*R/2.)
2 CONTINUE
DO 3 IM=1,N
J=IM
G3(IM)=YPRIME(YY(IM), Y(1),V,J)
YY( IM)=Y(IM)+(G3(IM) *R)
3 CONTINUE
Do 4 IN=1,N
J=IN
G4(IN)=YPRIMEB(YY(IN),Y(1),V,J)
Y(IN)=Y(IN)+R*(GL(IN)+2.%GZ(IN)+2.*G3(IN)+G4(IN))/6.

4 CONTINUE
50 CONTINUB
RETURN

END

FUNCTION PREL(Y,DUM,V,I)
REAL V(1)

COMMON/PRFUN/R(6) , AM(6),X1
PREL=(AM(I)-X1*Y*R(I))/V(I)
RETURN

END

FUNCTION DIS(Y,V,DUM,I)

COMMON/DISPL/AL(2),R1(2)

DIS=-R1(I)+V¥AL(I)

RETURN

END
c
CRAREEREREERREEREK KRR R R R EERSSE ORI R KRR R XK

SUBROUTINE SIMAT(Al,A2,A3,A4,X,N)

REAL X(1),A1(1),R,BETA(402),GAMMA(402)
1, A2(1),A3(1),A4(1)

BETA(1)=A2(1)

GAMMA (1)=A4(1)/BETA(1)

DO 10 I=2,N

arrvzoae © -
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BETA(I)=A2(I)-A1(I)*A3(I-1)/BETA(I-1)
GAMMA(I)=(A4(I)~A1(I)*GAMMA(I-1))/BETA(T)
10 CONTINUE
X(N)=GAMMA(N)
LAST=N-1
DO 20 K=1,LAST
I=N-K
X(I)=GAMMA(I)—-A3(I)*X(I+1)/BETA(I)
20 CONTINUE
RETURN
BND
CREEEAKERRRXEREREX KRR R KRR R SRR R EKE R KRR KRR AR R KRR X KX
SUBROUTINE SIMEXP(Al,A2,A3,A4,X,N)
CRXREEEREEXEKEERERKRKE KRR KRR KRR KR RRRRREREREX R RK KA KR EXE XK
REAL X(1),Al(1),R,BETA(402),GAMMA(402)

1, A2(1),A3(1),A4(1)
X(1)=(A4(1)-A3(1)*X(2))/A2(1)
Do 1 1I=2,N-1
X(I)=(A4(I)-AL(I)*X(I-1)—-A3(I)*X(I+1))/A2(I)
1 CONTINUE
X(N)=(A4(N)-AL(N)xX(N-1))/A2(N)
RETURN
END
c
c
CRERREREEREERR RN R KRR R R AR R R R AR KK
c
SUBROUTINE LOCMOD(AM1,KK,PF,X,DP1)
c

CREEXRKKKEREE KRR R EXE KR EER XK KRR XX EX KK KRR KKK KRR KKK RR KRR KK
REAL AM1(1),PL(201,4),P1IN(201)
COMMON/1OCSUB/A5, V1
COMMON/LOCM/PL
COMMON/RELIMT/AXEX, AXO, AX2, AXF
COMMON/TEST1/A4, A6,V4,V5,V6E,P4,P5,P6, AD, TL, V44, V66, XX1
COMMON/CORF/B1,B2,B3,B4,C4,C7,PMAX, DPMAX, PDMAXT , B22
COMMON/COEF1/IFLAG
COMMON/DREL/ABPC
COMMON/PRFUN/R(6) , 4M(6) , X1
COMMON/PRELAY/PHREL, PBP
COMMON/PREGV/PHREG, PEQ
COMMON/ALL/DT
COMMON/MRSUP/PP(6),VV(5),AA(6)
EXTERNAL PREL
DP=0.
R(1)=0.
PHREL=PL(EK, 2)
PHREG=PL(EK, 2)
PBP=PL(KK, 3)
IF(PL(EK,1).1T.3.) PL(KK,4)=PL(EK,1)
ARR=ABS(PL(KK, 1)-P1IN(EK))
XRR=ABS (AX2-X)
IF(IFLAG.EQ.0) THEN
IF(ARR.LE..00001.AND.XRR.LE. .00003) THEN

~ SPNRRPROY Jewe e e T
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PDMAX=.1
IFLAG=1
ELSE
PDMAX=PDMAXI
END IF
END IF
IF(PL(EK,1).GT.3.1.0R.PBP.GT.3.1) THEN
IF((PBP+PDMAX) . LE.PL(KK, 1)) THEN
PDMAX=.0645
B2=-B1x*PL(KK, 1)+B22
CALL SOLV(PHREL,PBP,PL(KK,1),PL(KK,4))
GOTO 100
END IF
IF( (PBP+.005).LE.PL(KK, 1) . AND. (PBP+PDMAX) .GE.PL{ER, 1)) THEN
IF((PL(KK,1)-PBP).LT.0.) PL(KK,4)=PBP-.002
IF( (PL(KK,1)-PBP).GE.O0.) PL(KK,4)=PBP+.002
GOTO 100
END IF
IF((PBP+.005) .GE.PL(KK,1)) THEN
p2=1.
ABPC=0.6%A5
PRT=(P2*P2-PL(KK, 3) *PL(EK, 3) ) *AREL¥*AREL/ (ABPC*ABPC)
PL(KK,4)=SQRT (PRT+PL(KK, 3) *PL(EK, 3) )

c P5=P(3)
GOTO 200
END IF
100 XB=(PL(EK,4)-3.)%*14.7%22. /(28.%12.)

ABPC=.6%.25%A5
IF(XB.LE..25) THEN
ABPC=.6¥A5%XB
END IF
200 DP=(PL(EK,1)-PL(KK,4))*14.7
DP1=DP
CALL REIMOD(DP,AM(3),X,AREL)
BLSE
AM(3)=0.
END IF
DP=PF-(PL(EK,1)-1.)*14.7
PBP=PL(KK, 3)
PEQ=PL(KK, 1)
CALL REGV(AM(1),DP)
IF(X.GT.AX2) THEN
AM(2)=-AM(3)
ELSE
AM(2)=0.
END IF
IF(DP.GT.0.) THEN
AM(2)=AM(2)-AM(1)
END IF
po 10 1=1,3
AM1(I)=AM(I)
10 CONTINUE
P1IN(EKK)=PL(KK, 1)
PL(KK, 1)=PL(KK, 1)+AM(1)*DT/V1
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RETURN
END
C
Cc
CEEERE KKK KRR R R R R R KRR R KRR KRR XK R AR R R X
C
SUBROUTINE MRSUB(AM1,PMR)
C
CAEERKEXE XXX R EERREKERRKRRERER KR KR KRR ERRE KRR R RARKR KRR ER TR KRR
C
COMMON/PRFUN/R(6) , AM(6) , X1
COMMON/MRSUP/PP(6) ,VV(5) ,AA(6)
COMMON/MRS/V2
COMMON/ALL/DT
REAL AMM(6)
EXTERNAL PREL
C
PP(5)=PMR
po 10 I=1,4

AMM(I)=FLOW(AA(I),PP(I+1),PP(I))/SQRT(1.4)
10 CONTINUE
AM(1)=AMM(1)
po 20 J=1,4
CALL RUNG(O.,0.+DT,1,PP(J),VV(J),PREL,1)
C PP(J)=PP(J)+AM(1)*DT/VV(J)
AM(1)=AMM(J+1)-AMM(J)
20 CONTINUE
(o AM(1)=.2%FLOW(AA(5),PMR,PP(6))
C CALL RUNG(0.,0.+DT,1,PP(6),VV(4),PREL,1)
AM(1)=AM1-AMM(4)
CALL RUNG(O.,0.+DT,1,PMR,V2,PREL,1)

C PMR=PMR+AM(1)*DT/V2
RETURN
END
C
CAEREERE KRR KEERERERERRAEKKRKEXE KRR KRR KRR KRR SRR AR RRER IR KRR
c
SUBROUTINE REIMOD(DP,AM, X, AREL)
c
CREE R KRR R R AR R KR KRR AR AR KRR RRKK
C
COMMON/DRELAY/DEX, DCH, AO, ABP
COMMON/DREL/ABPC
COMMON/RELPAR/BO,B1,B2,B3,H0,H1,H2,H3,H4,H5,H6
COMMON/RELIMT/AXEX, AX0, AX2, AXF
COMMON/PRELAY/PMR, PBP
COMMON/MRSUP/PP(6) ,VV(5),AA(6)
C
PI=22./7.
AOUT=ABPC*A0/SQRT (AO¥XAO+ABPC*ABPC)
C

IF(DP.LT.H6) X=AXF
IF(DP.GE.H6.AND.DP.LT.H5) X=B3*(DP-HS5)+AXEX
IF(DP.GE.H5.AND.DP.LT.H4) X=AXEX
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IF(DP.LT.0..AND.DP.GE.H4) X=B2*¥DP
IF(DP.GE.O..AND.PP.LT.H3) X=0.
IF(DP.GE.H3.AND.DP.LT.H2) X=Bl¥(DP-H3)
IF(DP.GE.H2.AND.DP.LT.H1l) X=AX2
IF(DP.GE.H1.AND.DP.LT.HO) X=BO*(DP-H1)+AX2
IF(DP.GE.HO) X=AX0

AM=0.
AREL=0.

IF(X.GT.AX2.AND.X.LE.AXO) THEN
AREBL=PI*DCH%(X-AX2)/ABP
AREL=AREL*ABPC/ ( SQRT ( AREL*ARBL+ABPCXABPC) )
AM=FLOW(AREL, PMR,PBP) /SQRT(1.4)

END IF

IF(X.GB.AXF.AND.X.LE.AXEBX) THEN
ARBL=-PI*DEX*(X—-AXEX)/ABP
AREL=AREL*AOUT/SQRT (AOUT*AOUT+AREL*AREL)
AM=FLOW(AREL, 1. ,PBP)/SQRT(1.4)

END IF

RETURN
END

CARERRKEKKEEERKER LR EEREKK KKK ER KRR KRR KRR KRR RER R KRR KRR KRR KEXK

C

C

SUBROUTINE REGV(AM,DP)

CAERKKREXREKEXEERKEERKEERKR XX R RXKRAEE R R KRR EREX KRR R XK RN KRR KR XK

C

COMMON/PREGV/PMR, PEQ
COMMON/DREGV/AST, AEX, ABP

PI=22./7.
IF(ABS(DP).LT.24) THEN
XV=.00378%ABS (DP)
XV1=.00378%ABS (DP)

ELSE
XV=.00378%24.
XV1=.00378%24.

END IF

AV1=(.0547-PIx(.132-XV1)**2.)/ABP
AV=.075%XV/ABP

AV=.12%XV/ABP
AV=AV¥AV1/SQRT(AV¥AV+AV1*AV1)

IF(DP.GT.0.) THEN
AO=AST¥AV/SQRT(AST*AST+AVX¥AV)
AM=FLOW(AO, PMR, PEQ) /SQRT(1.4)
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END IF

IF(DP.LT.0.) THEN
AO=ARX*AV/SQRT (AEX¥ARX+AVXAV)
AM=FLOW(AO, 1. ,PEQ)/SQRT(1.4)

END IF

IF(DP.EQ.0.) AM=0.

BB=B—C
BB1=ABS(BB)
IF(BB1.LE..0l) THEN
FLOW=0.0
RETURN
END IF
FLOW=A*B*SQRT(ABS(1.-(C/B)*%2.) )*SIGN(1.,BB)
RETURN
END
C
SUBROUTINE LOCCMP(AM1,P,PF,X,DP1)
C
CEXEXEEKEXEKEKEXKEKERKREKRE KR KX KRR KRR AR E KA KRR KRR KA R AR R KR K
REAL P(1),AM1(1)
COMMON/LOCSUB/A5,V1
COMMON/MRSUP/PP(6) ,VV(5) ,AA(6)
COMMON/DREL/ABPC
COMMON/NEW3/PU, PD
COMMOMN/PRFUN/R(6) , AM(6) ,X1
COMMON/PRELAY/PHREL, PBP
COMMON/PREGV/PHREG, PRQ
COMMON/ALL/DT
COMMON/TEST1/A4,A6,V4,V5,V6,P4,P5,P6,AD, TL, V44, V66, XX1
EXTERNAL PREL
DP=0.
R(1)=0.
PHREL=P(2)
PHREG=P(2)
PBP=P5
AM16=. 6¥FLOW(A6,P(1),P6)/SQRT(1.4)
X1=XX1
ARC=0. ‘
IF(P5.GT.3.) THEN
XB=(P5-3.)%14.7%22./(28.%12.)
=.25%A5
IF(XB.LE..25) THEN
ARC=A5%XB
END IF
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BND IF
ABPC=ARC
AM54=_6XFLOW(A4,P4,P5) /SQRT(1.4)
AMS5B=. 6XFLOW(ABPC,P(3),P5)/SQRT(1.4)
DP=PF-(P(1)-1.)%14.7
PBP=P5
PEQ=P(1)
CALL REGV(AM(1),DP)
IF(X.GT..042) THEN

AM(2)=-AM3
ELSE

AM(2)=0.
END IF

IF(DP.GT.0.) THEN
AM(2)=AM(2)-AM(1)
END IF
AM5=AM54+AM5B+AM3
po 10 I=1,2
AM1(I)=AM(I)
10 CONTINUE
AM(1)=AM(1)-AM16
P(1)=P(1)+AM(1)*DT/V1
AM(1)=AM16
V6=V66+ADX*X%.0254/TL
R(1)=1.
CALL RUNG(O.,DT,1,P6,V6,PREL,1)
AM(1)=-AM54
V4=V44-ADxX*.0254/TL
R(1)=-1.
CALL RUNG(O.,DT,1,P4,V4,PREL,1)
AM(1)=AM5
R(1)=0.
CALL RUNG(O.,DT,1,P5,V5,PREL,1)
AM1(3)=-AM5B
DP=(P6-P4)%x14.7
DP1=DP
CALL RELCMP(DP,AM3, X, AREL)
PU=14.7x(P6-1.)
PD=14.7%(P4-1.)

RETURN
END
C
C
CEREEER R KRR KRR R KR KRR KRR R KRR R KRR KRR KK KRR KK R KRR RLR RN KK
C
SUBROUTINE RELCMP(DP, AM, X, AREL)
C
CREREXRKERE KR KRR R EEE KR KRR SRR IR KRR LR LR R RO RR KRR R R K
(o
REAL XX(2)
COMMON/DRELAY/DEX, DCH, AO, ABP
COMMON/DREL/ABPC
COMMON/PRELAY/PMR, PBP

COMMON/NEW/RT, AKD, AK69, AK71, AK74,AL6S, AL71,AL74
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COMMON/NEW1/XEX, X0, X2, XF

COMMON/TRST1/A4, A6,V4,V5,V6,P4,P5,P6, AD, TL, V44, V66, XX1
COMMON/DISPL/AL(2),R1(2)

COMMON/ALL/DT

EXTERNAL DIS

P1=22./7.

AOUT=A0

AL(1)=0.

AL(2)=1.

R1(2)=0.0

DF=12.96%4 . 388844*RT*DP

I11=0

12=0

I3=0

IF(XX(2).LT.XEX) THEN

F71=AL71-TL*AK71*¥(XX(2)—-XEX)
I1=1

END IF

IF(XX(2).LE.X0.AND.XX(2).GE.XF) THEN
F74=AL74+TL*¥AK74%XX(2)
IF(XX(2).LE.0.0) F74=0.

IF(XX(2).LE.XEX) F74=AL74+TL¥AK74%(XX(2)-XEX)
12=1

END IF

IF(XX{(2).LE.X0.AND.XX(2).GT.X2) THEN
F69=AL69+TL*AK69%(XX(2)-X2)

I3=1

END IF

IF(XX(2).GE.XBX) F71=0.0

IF(XX(2).LE.X2) F638=0.0

IF(XX(2).EQ.XEX) F74=0.0

F71=F71*RT

FE69=F69*RT

F74=F74%RT
BETA1=1.5%SQRT (RT*¥TL¥( I2¥AK74+I3¥AK6S—11%AK71+AKD) )

IF(XX(2).GT.XEX.AND.XX(2).LE.0.) THEN
R1(1)=-DF+AKD*RT*XX(2)*TL
R1(1)=BETAL*XX(1)+R1(1)

ELSE

R1(1)=BETA1*XX(1)+F74+F63-DF-F71

R1(1)=R1(1)+AKDXRTXTL+XX(2)

END IF

C IF(XX(2).GT.0.AND.XX(2).LT.X2) R1(1)=1.4%R1(1)
C IF(XX(2).GE.XBX.AND.XX(2).LE.0.) RL(1)=2.5%R1(1)

X22=X

CALL RUNG(O.,DT,1,XX,DUM,DIS,2)

IF(XX(2).LE.XF) THEN
XX(2)=XF

END IF

IF(XX(2).GE.X0) THEN
XX(2)=X0

END IF

IF(XX(2).LE.XF.OR.XX(2).GE.X0) THEN
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XXx(1)=0.
END IF
AREL=0.
XX1=AD*XX(1)
X=XX(2)*TL/.0254
=0.

IF(X.GE..042.AND.X.LE..25) THEN
ARBL=PI*DCH%¥(X-.042)/ABP
C AREL=AREL*ABPC/ (SQRT (AREL¥*AREL+ABPC*ABPC) )
AM=FLOW(AREL, PMR, PBP) /SQRT(1.4)
END IF

IF(X.GR.—.16.AND.X.LE.-.03) THEN
AREBL=-PI*DEX%(X+.03)/ABP
AREL=AREL¥AOUT/SQRT (AOUT*AOUT+AREL¥AREL)
AM=FLOW(AREL, 1. ,PBP) /SQRT(1.4)

END IF

aaQ

RETURN
END
c
(o]
c
CREEREKEXELEXEKE X R KR E R KRR R KRR R KRR ERKEXEKERKK LR KER KK
SUBROUTINE SOLV(PMR,PBP,PEQ,PM)
CEREREKERAEE XK R R KR LR KRR E KRR RR KRR KRR XK R KRR KRR KRE
(o]
COMMON/COEF/B1,B2,B3,B4,C4,C7,PMAX, DPMAX, PDMAX
COMMON/EXT/FUN,J
REAL A(5)
J=0
1 A(1)=—(B2*B2*PMR*PMR+B4*B4+P3P*PBP)
J=J+1
A(2)=-2.%(B14B2%PMR*/’"MR+B3%B4+*PBP*PBP)
FUN=0.
FUN1=0.
IF(PM.GE.PMAX.AND. (PM+DPMAX) . LE.PRQ) THEN
A(5)=0.
A(4)=0.
A(3)=C4A¥C4+CT*C7
A(2)=0.
A(1)=-(CA*CA4XPMRXPMR+C7*C7*PBP*PBP)
GOTO 100
END IF
IF(PM.GE.PMAX) THEN
A(5)=B1%21
A(4)=2%31%B2
A(3)=C73C7+B2*B2-B1*B1*PMR*PMR
A(2)=-2.%*B1%B2*xPMR*PMR
A(1)=-PBP*PBP*C7*C7-B2%B2*PMR*PMR
GOTO 100

TR
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END IF
IF( (PM+DPMAX).LE.PEQ) THEN
A(5)=B3*B3
A(4)=2%B3*B4
A(3)=C4¥C4+B4%B4-B3*B3*PBP*PBP
A(2)=—2.%B3¥B4*PBP¥PBP
A(1)=-PMR*PMR¥C4¥C4-B4%B4*PBP*PBP
GOTO 100
END IF
A(5)=B1¥B1+B3%B3
A(4)=2%(B1*¥B2+B3*B4)
A(3)=B2*B2+B4%¥B4-B1*¥B1*PMR¥PMR-B3*B3*PBP*PBP
100 pbo 10 1=1,4
FUN=FUN+A (I+1)*%PM%XI
FUN1=FUN1+I¥A(I+1)*PM¥%(I-1)
10 CONTINUE
FUN=FUN+A(1)
PM=PM—(FUN/FUN1)
IF( (PM+PDMAX) .GE.PEQ) THEN
PM=PEQ-.1
RETURN
END IF
IF(PM.LT.3..0R.PM.GT.PEQ) THEN
IF(PM.LT.PBP) PM=PBP
IF(PM.GT.PEQ) PM=(PEQ+PBP)/2.
IF(PM.LT.3.) PM=(3.+PEQ)/2.
GOTO 1
END IF
ERR=ABS (FUN/ (PMXFUN1) )
IF(ERR.LE..0001.0R.J.GE.10) RETURN
GOTO 1
END
CREREERREE KKK KEKELERE R R KRR E KRR KRR KRR K KRR R KKK KKK KKK
SUBROUTINE ABDW(I,J)
CEREXKEERKKKREEAEEEARE R R R KRR KRR RA KK KKK KRR KKK R EEXKR R KKK
C
COMMON/ABDV/PB,CWM
COMMON/ALVALV/IDV
COMMON/BPSMP/DDT , NNODE, XR1, INC,REL
COMMCN/AAVF/IAAV,AVT
COMMON/VOL/VAAV
COMMON/WRBPS1/P

This routine is used to simulate tke dynamic of the
ABDW. It will call AAV portion of the ABDW and then
call the ABD control valve.

Qaaoaoaoaoaaoaaa

REAL PB(201,16),P(201),CVM(4),VAAV(5)
INTEGER IAAV(201)

CcWM(1)=0.
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C IF(PB(I,8).LT.1.) PB(I,8)=1.

C IF(PB(I,8).GT.P(I+1)) PB(I,8)=P(I+1)
CALL AAV(AI8,I,J)
CALL ABD(I,J)
II=I+1
IF(XIAAV(I).EQ.2) RETURN
IF(IAAV(I).NE.O) THEN

AM=.507*FLOW(AI8,P(II),PB(I,8+IDV))

CVM(1)=CVM(1)+AM
ELSE
AM=—_507#FLOW(AVT,PB(I,8+IDV),1.)
END IF
200 PB(I,8+IDV)=PB(I,8+IDV)+AM*DDT/VAAV(J)
RETURN
END
C
C

CEEXREEREKXEEEKEKRREEKXKAERER R AR EEERXREEXKEREKKEREKRAXE RN KK
SUBROUTINE ABD(I,J)
CEEEEEEKKRE KKK EE KKK E KRR KKK E KRR KR ER KRR EREKRER KKK
c .
C
COMMON/ABDFL/NQS, NAUX, NBC
COMMON/ALVALV/IDV
COMMON/BPBCY/DPRES, IDRY
COMMON/ INTP/PINT(201,2)
COMMON/ABDWV/IDEF, AAAV
COMMON/BPSMP/DLT, NNODE, XR1, INC, REL
COMMON/WRBPS1/P
COMMON/ABDV/PB,CVM
COMMON/RESTR/DAVENT, DABR, DAPERP, DQAS , D201B, DQSV, DAUX
1 ,DEMR, D1C
COMMON/CV/DCV,KCV, I1CV, ACV, XCVM, PCV, PCM
COMMON/QAC/DO,D1,D2,D3,D4,ASV, LSV,KSV, WSV, PSV,PSVM
COMMON/QAAR/DQAV2
COMMON/INS/DINS1,DINS2, LINS, KINS, AINSO, AINSI, XINSM, PINS, PINSM
COMMON/SSV/C0,C1,Hl,PSSWM
COMMON/LIMiT/H2,H3,H4,H5, H6, H7,, H8, DHP1
COMMON/VOIMS/VQA, VQS, VINT

This subroutine is used to model the dynamic of both
the ABD and ABDW control valve (after calling the AAV
portion subroutine.

aaaaaQaaqa

REAL DAVENT(10),DABR(10),DAPERP(10),DQAS(10),D201B(10)
,DCV(10),1cv(10) ,KECV(10) ,ACV(10),XCVM(10),D0(10),D1(10)
,D2(10),Db3(10),D4(10),DQAV2(10),ASV(10),LSV(10)
,ESV(10),wWsv(10),DINS1(10),DINS2(10),LINS(10),KINS(10)
,AINSO(10),AINSI(10),XINSM(10),C0(10),C1(10),H1(10),H2(10)
,H3(10),B4(10),H5(10) ,H6(6) ,H7(10" , “wA(10),VQs(10)
,PCV(10),PCVM(10),PSV(10) ,PSVM(10),PINS(10) . PINSM(10)

AL WN -
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7 ,PSSVM(10),DQsv(10) ,DAUX(10),DHP1(10),HB8(10)
8 ,DEMR(10),D1C(10)

REAL PB(201,16),P(201),CVM(4)

INTEGER NQS(201),NAUX(201),NBC(201)

DO 10 KK=1,4
CVM(KK)=0.
10 CONTINUE
II=I+1
DPS=14.7%(PB(I,4+IDV)-P(II))
DPR=14.7%(PB(I,7+IDV)-P(II))

Evaluate the brake pipe flow rate CVM(1l) to the quick
action chamber, and then calculate the quick action
chamber pressure. The net flow rate within the quick
action chamber is QA.

If the simuletion is for the ABDW, do not calculate
the quick action vent area AAAV, and use the one prev-
iousely has been calculated using AAV subroutine.

aaaoaaaoaaaqaaaqa

IF(IDEF.NE.2) THEN
AAAV1=FSV(DPR,J)
AAAV=AAAV1*DQAV2(J)/SQRT(AAAV1XAAAVI+DQAV2(J)*DQAV2(J))
END IF
CVM(1)=.507*%FLOW(D201B(J),P(II),PB(I,7+IDV))
IF(AAAV.NE.O.) THEN
AM=CVM(1)~.507%FLOW(AAAV,PB(I,7+IDV),1.)
ELSE
AM=CVM(1)
END IF
PB(I,7+IDV)=PB(I,7+IDV)+AMXDDT/VQA(J)
IF(IDRY.EQ.0) THEN

IF(DPS.LE.H1(J)} GOTO 109

CVM(3)=.507*«FLOW(FSSV(DPS,J),PB(I,3+IDV),PB(I.4+IDV))

CVM(2)=—CVM(3)

IF(DPE.IE.(-H6(J))) THEN
DPB=14.7%(PB(I,3+IDV)—-P(II))
Cv=.507xFLOW(FCV(DPB,J),P(II),PB(I,3+IDV))
CVM(2)=CvV-CWM(3)

CVM(1)=CVM(1)+CV
RETURN
END IF
END IF

100 IF(DPS.GT.0.) THEN
IF(DPS.GT.0..AND.DPS.LT.H3(J)) THEN
IF(NAUX(I).NE.2) THEN
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CVM(3)=.507%FLOW(DAUX(J),P(IX),PB(I,4+IDV))
CVM(1)=CVM(1)+CVM(3)
END IF
ELSE
IF(DPS.GE.H3(J)) THEN
NAUX(I)=2
END IF
END IF
IF(DPS.GE.H3(J)) THEN
IF(NQS(I).NE.2) THEN
IF(DPS.GE.H3(J).AND.DPS.LT.H4(J)) THEN
CV=.507%FLOW(DQAS(J) ,P(II),PB(I,6+IDV))
AM=CV-.507*FLOW(DQSV(J),PB(I,6+IDV),1.)
CVWM(1)=CYM(1)+CV
PB(I1,6+IDV)=PB(I,6&+IDV)+AM*DDT/VQS(J)
ELSE
IF(DPS.GT.H4(J)) THEN
NQS(I)=2
PB(I,6+IDV)=1.
END IF
END IF
END IF

END IF

PBC=14.T7%PB(I,3+IDV)
IF(DPE.LE.H2(J)) THEN
IF(DPS.GE.H4(J).OR.NBC(I).BQ.2) THEN
AI4=FSSV(DPS,J)
NBC(I)=2
QABC=.507*%FLOW(AI4,PB(I,4+IDV),PB(I,3+IDV))
IF(PBC.LE.H7(J)) THEN
CV=.507xFLOW(DABR(J),P(II),PB(I,3+IDV))
ELSE
CvV=0.
END IF
CVM(1)=CVM(1)+CV
CVM(2)=CV+QABC
CVM(3)=—QABC
END IF
EiISB
AINS=FINS(PBC,J)+DINS1{J)
IF(IDV.EQ.0) THEN
PPINT=DINT(I, 1)
ELSE
PPINT=PINT(I,2)
END IF
CVM(2)=.507+FLOW(AINS,PPINT,PB(I,3+IDV))
IF(DPE.GE.H8(J)) THEN
AREAA=DFP1 (J)*AINS/SQRT(DHP1 (J)*DHP1(J)+AINS*AINS)
CVM(4)=—.507#FLOW(AREAA,PB(I,5+IDV),PB(I,3+IDV))
ELSE
c™(4)=0.
END IF
AI4=FSSV(DPsS,J)
CVM(3)=.507xFLOW(AI4,PB(I,3+IDV),PB(1,4+IDV))
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AM=—(CVM(4)+CVM(3)+CVM(2))
CWM(2)=-(CVM(3)+CVM(4))
IF(IDV.EQ.0) THEN
PINT(I,1)=PINT(I,1)+AM*DDT/VINT
IF(PINT(I,1).LE.1l.) PINT(I,1l)=1.
ELSE
PINT(I,2)=PINT(I,2)+AM$DDT/VINT
IF(PINT(I,2).LE.1.) PINT(I,2)=1.
END IF
CVM(1)=CVM(1)+.507*FLOW(DAVENT(J),P(II),1.)
END IF
ELSE
IF(DPS.LRE. (-H3(J))) THEN
CVM(1)=.507«FLOW(DAUX(J),P(IX),PB(I,4+IDV))
CVM(4)=.507*FLOW(DEMR(J) ,PB(XI,4+IDV),PB(I,5+IDV))
CVM(3)=CVM(1)-CVM(4)
CVM(2)=.504%FLOW(D1C(J),1.,PB(I,3+IDV))
END IF
IF(DPS.IE. (-H5(J)).AND.PB(I,5+IDV).GT.P(II)) THEN
CV=.507%FLOW(DAPERP(J),P(1I),PB(I,5+IDV))
CVM(4)=CVM(4)+CV
CVM(1)=CVM(1)+CV

0

Qaonooonon

Cc
CXRXKAEEERXX KK EEXREA KRR LR KRR E XK KRR R XK K KRR R KRR RRA KRR RRR XK kKR X
SUBROUTINE PBCYL(I1,J)
(02232222222 2S203 2222t ere2oci totoc stz oz 2ot so st a2l sl sl
C
COMMON/ABDV/PB,CVM
COMMON/ALVALV/IDV
COMMON/BPSMP/DDT, NNODE, XR1, INC, HEL
COMMON/BCYL/DBC, VBI, VBF, ABC, LBC, KBC, PBCU, PBCL, XBCM
REAL PB(201,16),CVM(4)
REAL DBC(10),VBI(10),VBF(10),ABC(10)
1 ,LBC(10),KBC(10),PBCL(10),PBCU(10),XBCM(10)

This subroutine is used to evaluate the brake
cylinder pressure, PINT(I), as a function of time.

aQaaoaaocaqa

DP=14.7%(PB(I,3+IDV)-1.)
DTP=14.7%(CVM(2)*DDT/VBI(J))
PBCB=14.7%PB(I,3+IDV)+DTP-14.7
IF(PBCB.LE.PBCL(J)) THEN
VBC=VBI(J)
PB(I,3+IDV)=PB(I,3+IDV)+DTP/14.7
IF(PB(I,3+IDV).LE.1.) PB(I,3+IDV)=1.
RETURN
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END IF

DIF=PBCL(J)-DP
VBC=DBC(J)x( (ABC(J)*(14.7%PB(I,3+IDV)+DP)-LBC(J))/KBC(J))
VBC=VBC+VBI(J)

IF(DIF.GT.0.) THEN
DTP=(CVM(2)*DDT%(1.-DIF/DTP)/VBC)+DIF/14.7
PB(I,3+IDV)=PB(I,3+IDV)+DTP
IF(PB(I,3+IDV).LE.1.) PB(I,3+IDV)=1.

RETURN

END IF

IF(DP.LE.PBCL(J)) VBC=VBI(J)

IF(DP.GE.PBCU(J)) VBC=VBF(J)

IF(DP.GT.PBCL(J).AND.DP.LT.PBCU(J)) THEN
VBC=DBC(J)%x( (ABC(J)*(14.7%PB(I,3+IDV)+DP)-LBC(J))/KBC(J))
VBC=VBC+VBI(J)

END IF

PB(I,3+IDV)=PB(I,3+IDV)+CVM(2)*DDT/VBC

IF(PB(I,3+IDV).LE.1.) PB(I,3+IDV)=1.

RETURN

END

C
CXREEREREXEEEXXKXRXXEEREEXXREXEXXEXKKKKKRKEKE KK KKKRKERK KKK

SUBROUTINE RESVP(I,J)
CRERXKERAXKKERR LXK REKRER KRR X R KKK EERR KL R R RRK KK KA R LR X
C

COMMON/ABDV/PB,CVM

COMMON/ALVALV/IDV

COMMON/BPSMP/DDT, NNODE, XR1, INC, REL

COMMON/AUX/VAUX

COMMON/EMR/VEMR

aQ

REAL PB(201,16),CVM(4),VAUX(10), VEMR(10)

This subroutine is used to calculate both the auxi-
liary and emergency reservoirs preasures, PB(I,4) and
PB(I,5) respectively, as a functica of time.

aaaaaaaqn

IF(CVM(3).NB.0.) THEN
PB(I,4+IDV)=PB(I,4+IDV)+CVM(3)*DDT/VAUX(J)

END IF

IF(CVM(4).NE.O.) THEN
PB(I,5+IDV)=PB(I,5+IDV)+CVM(4)*DDT/VEMR(J)

END IF

RETURN

END

~

v
CRERRERERREREEKEEEERE AR LR R R L KRR R KRR KRR XK KRR ERE KA KERE K
SUBROUTINER CVALV(I,J)
CEEXREEEERXEE KRR KRR R R R R KRR R RR KRR KRR KRR KK
Cc
COMMON/WRBPS1/P
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COMMON/ALVALV/IDV

COMMON/ABDV/PB,CVM

COMMON/BPSMP/DDT, NNODE, XR1, INC,REL

PUT YOUR COMMON BLOCK
H B R E

REAL P(201),PB(201,16),CVM(4)

QQ

This subroutine is a user defined routine for the
CVALV (C-Valve). You need to return back to the main
prograr the following variables

a) CVM(1l) is the mass flow rate that leaving the
brake pipe.
b) CVM(2) is the mass flow rate that entering the
brake cylinder
c) CVM(3) is the mass flow rate that entering the
auxiliary resrvoir
d) CVM(4) is the mass flow rate that entering the
emergency reservoir
Note, do not modify the following varisblex
1. P(I+l) is brake pipe pressure =2t the end of the i-th
section.
2. PB(I,3+IDV) is reservied for the brake cylinder pressure.
3. PB(1,4+IDV) is reservied for the auxiliary reservoir
pressure.
4. PB(I,5+IDV) is rervied for the emergency reservoir pressure.

Q Q aaaaoaqaaaaan

QaaaaQan

The PB(201,16) matrix is used in the form of PB(I,K+IDV).
I is the section number, and J is the valve design number,
defined by VALVEBF(I,2) or VALLVEF(I,6).

aacaaaaan

RETURN
END
c
Cc
CERAREAREERKKXXEEEEREXE R X KRKKREXE KK KKK REREK KKK KKRRKEKK
SUBROUTINE DVALV(I,J)
CXXEE AR REEER R R KKK KKK KKK ERRRR R KRR KKK KKK KKKERK
c
COMMON/WRBPS1/P
COMMON/ALVALV/IDV
COMMON/ABDV/PB,CVM
COMMON/BPSMP/DDT, NNODE, XR1, INC, REL
PUT YOUR COMMON BLOCK
H E R E
REAL P(201),PB(201,16),CVM(4)

This subroutine is a user defined routine for the
CVALV (C~Valve). You need to return back to the main
program the following variables

aaaaaqQaa aaq
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a) CWM(1) is the mass flow rate that leaving the
brake pipe.
b) CVM(2) is the mass flow rate that entering the
brake cylinder
c) CVM(3) is the mass flow rate that entering the
auxiliary reservoir
d) CVM(4) is the mass flow rate that entering the
emergency reservoir
Note, do not modify the following variables
1. P(I+l) is brake pipe pressure at the end of the i-th
section.
2. PB(I,3+IDV) is reservied for the brake cylinder pressure.
3. PB(I,4+IDV) is reservied for the auxiliary reservcir
pressure.

4. PB(I.5+IDV) is rervied for the emergency reservoir pressure.

The PB(201,16) matrix is used in the form of PB(I,K+IDV).
I is the section nuwmber, and J is the valve design number,
defined by VALVEF(I,2) or VALLVEF(I,6).

aagaaaaaaQ

c
Cc

RETURN
END

CXERREEEERKKEREEKERKAKXRERKEKER AR KK KKKKRKR R KKK KKK KRR KK RKK

SUBROUTINE EVALV(I,J)

CEREXREREKEKEXREEEERKAXREKRKKKKERRE KKK XK KKK KRR R KK KKK

C

COMMON/WRBPS1/P

COMMON/ALVALV/IDV

COMMON/ABDV/PB,CVM

COMMON/BPSMP/DDT, NNODE, XR1, INC, REL

PUT YOUR COMMON BLOCK
H E R E

REAL P(201),PB(201,16),CVM(4)

aQaan a O acaaoaaoaaoaaoaQaaoa aaQ

This subroutine is a user defined routine for the
CVALV (C-Valve). You need to return back to the main
program the following variables

a) CVM(1) is the mass flow rate that leaving the
brake pipe.
b) CVWM(2) is the mass flow rate that entering the
brake cylinder
b) CWM(3) is the mass flow rate that entering the
auxiliary reservoir
b) CVM(4) is the mass flow rate that entering the
emergency reservoir
Note, do not modify the following varisbles
1. P(I+l1) is brake pipe pressure at the end of the i-th
section.
2. PB(I,3+IDV) is reservied for the brake cylinder pressure.
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c 3. PB(I,4+IDV) is reservied Tor the auxiliary reservoir
pressure.
(o} 4. PB(I1,5+IDV) is rervied for the emergency reservoir pressure.
C
C The PB(201,16) matrix is used in the form of PB(I,K+IDV).
c I is the section number, and J is the valve design number,
C defined by VALVEF(I.2) or VALLVEF(I,6).
C
Cc
RETURN
END
C
C
C

CRERKKEKAEKEAKK KRR KA RKE KKK KRR KRR R KRRk K
SUBROUTINE AAV(AI8,I,J)
CREXXKKKAK KKK KRR EKAKKKR XK KKK KKK K KRR KK KKK
c
C
COMMON/QAAR/DQAV2
COMMON/ALVALV/IDV
COMMON/ABDWV/IDEF, AAAV
COMMON/DAV/DAAV5, DAAV3, DAVT, D031
COMMON/CC/C4,C5,C6,C7
COMMON/WRBPS1/P
COMMON/ABDV/PB,CVM
COMMON/AAVF/IAAV,AVT
REAL DAAV5(5),DAAV3(5),DAVT(5),D031(5),C4(5),C5(5),C6(5)
1 ,C7(5)
REAL PB(201,16),P(201),DQAV2(10)
INTEGER IAAV(201)

This subroutine is used to represent the dynamic of
the Accelerated Application Valve (AAV) of the ABDW.
the equivalent area of the AAV, AAAV, and the area
AI8 are evaluated within this routine.

aQaaaoaaaaqan

IDEF=2
DPB=14.7%x(PB(I,7+IDV)-P(I+1))
AAAV1=FSV(DPE,J)
IF(AAAV1.EQ.0.) THEN

IAAV(I)=2

AAAV=0.

RETURN
END IF
DP3=14.7%(PB(I,1+IDV)-1.)
DP8=14.7%(PB(I,8+IDV)-1.)
DPE=14.7%(PB(I,7+IDV)-P(I+1))
IF(DP3.GT. (C5(J)+C4(J)*DP8)) IAAV(I)=1
IF(DP3.LR. (C7(J)+C6(J)*DP8)) IAAV(I)=0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C

381

AAAV3=TAAV(I)*DAAV3(J)

AIB=TAAV(I)*L(31(J)

AVT=(1-IAAV(I) )*DAVT(J)

AAAV2=DQAV2(J)

AAAV4=FECV(PB(I,2+IDV),J)

AAAV5=DAAV5(J)

AAV4=AAAV4A+AAAVS

AAV3=AAAV2%XAAV4/SQRT (AAAV2*AAAV2+AAVAXAAVS)
AAV2=AAAV3+AAV3
AAAV=AAV2¥AAAV1/SQRT(AAAVIXAAAVI+AAV2XAAV2)
PI7=PB(I,7+IDV)*PB(I,7+IDV)*AAAVIXAAAVI+AAV2XAAV2
PB(I,1+IDV)=SQRT(PI7/(AAAV1¥AAAV1+AAV2XAAV2))
PI1=PB(I,1+IDV)*PB(I,1+IDV)*AAAV2XAAAV2+AAV4XAAVS
PB(I,2+IDV)=SQRT(PIil/(AAAV2XAAAV2+AAVA%AAVE))
RETURN

END

[l s eetttatetasssesscs et sssssssciot oottt s tsss s sy

FUNCTION FINS(P,J)

CEEXEEXEXKEEEEKKKEKEEE R R KK EXXKKEEEXKEEERA KK ERRRKKKK KRR KKK

(o

C

COMMON/INS/DINS1,DINS2, LINS,KINS,AINSO, AINSI, XINSM, PINS, PINSM

REAL DINS1(10),DINS2(10),LINS(10),KINS(10),AINSO(10),AINSI(10)
» XINSM(10) ,PINS(10),PINSM(10)

This function will be used to simulate the inshot valve
in the case of emergency.

aaaaaaaan

c

DP=14.7%AINSI(J)-P*AINSO(J)+LINS(J)
IF(P.GT.PINS(J).AND.P.LT.PINSM(J)) THEN
FINS=DINS2(J)*DP/KINS(J)
ELSE
FINS=0.
IF(P.LE.PINS(J)) FINS=DINS2(J)*XINSM(J)
END IF
RETURN
END

CEEERREERREE KRR EERKEKXEELRR KR ERKRXKERKKERLRL K KRR KRR KK

FUNCTION FSSV(P,J)

CEELEXKERARERXEEEKEERKEEXEREE R KK EX KRR KRR KK REE KA KK ER KSR XK

C

COMMON/SsV/C0,C1,H1,PSSVM
REAL €0(10),C1(10),H1(10),PSSVM(10)

QaaaqQaQ

This function is used to cvaluate the flow area between
the auxiliary reservoir and the brake cylinder through
the service slide valve of the ABD/ABDW.
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C
IF(P.GR.H1(J).AND.P.LE.PSSVM(J)) THEN
FSSV=CO(J)*(P-H1(J))
ELSE
IF(P.GT.PSSWM(J)) FSSV=C1(J)
IF(P.LT.HX(J)) FSSvV=0.
END IF '
RETURN
END
C

CERXRRRREEEAXEERREKEEE KRR XEERREKEEREXRRE KKK ERRKX R KKK KKKX

FUNCTION FCV(P,J)
[Bhectoitetassioscsesesssss a2 ot oot ostst s tasss s s sl
C

COMMON/CV/DCV,KCV, ICV, ACV, XCVM, PCV, PCM

REAL DCV(10),KCV(10),LCV(10),ACV(10),XCVM(10),PCV(10),PCVM(10)

This function is used to evaluate the flow area between
the brake pipe and the brake cylinder thrcugh
the accelerated release check velve of the ABD/ABDW.

aaaaaaqQaq

IF(P.GE.PCV(J).AND.P.LE.PCVM(J)) THEN
FCV=DCV(J )% (P*ACV(J)-LCV(J))/ECV(J)
ELSE
IF(P.GT.PCWM(J)) FCV=DCV(J)*XCVM(J)
IF(P.LT.PCV(J)) FCV=0.
END IF
RETURN
END
c
c
c
CERERERXERKEXEE KR IR L EREER R KRR AR KE XK KEKE R KRR KRR KK
FUHCTION FECV(P,J)
CEREEERXEXKERKEEXEXEE KRR KRR KRR KRR KR KL XRKEKEKRRKRKERRK
c
COMMON/RCV/DECV, XRCWM, LECV, KECV, PECV, PECVM, ARCV
REAL DECV(5),XECVM(5),LECV(5),KBCV(5),DAAV5(5),PECYM(S)
1 ,PECV(5),AECV(5)

This subroutine is used to calculate the flow area
of the Exhaust check Valve (ECV) located in the
AAV potion of the ABDW.

aaaaaaqQa

pP=(P-1.)%14.7

IF(DP.GT.PECV(J).AND.DP.LT.PECVM(J)) THEN
XECV=(DP*AECV(J)-LECV(J))/KECV(J)
FECV=DECV(J)*XECV

ELSE
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FRCV=0.
IF(DP.GE.PECVM(J)) FECV=DECV(J)*XECVM(J)

END IF
C FECV=DECV(J) *XECVM(J)

RETURN

END
C
C

CRERRERERER KRR R KRR R R E R R R R XX R KRR KRR KRR KKK
FUNCTION FSV(P,J)
(b sete et et oesesssse st otossso2essio 2 sosssssssssss s
c
COMMON/QAC/DO,D1,D2,D3,D4,ASV, LSV,KSV, WSV, PSV, PSVM
REAL DO(10),D1(i0),D2(106),D3(10),D4(10),ASV(10),LsV(10),KsSV(10)
1 ,WSv(10) ,PSV(10),PSVM(10)

This function is used to evaluate the area of the
emergency slide valve opening (AAAV1).

aaaaaaQa

IF(P.GT.PSV(J).AND.P.LT.PSVM(J)) THEN
XSV=(P*ASV(J)-LSV(J)-WSV(J))/KSV(J)
IF(XSV.LT.D1(J).AND.XSV.GE.DO(J)) DSV=XSV-DO(J)
IF(XSV.LT.D2(J).AND.XSV.GE.D1(J)) DSV=D1(J)-D0O(J)
IF(XSV.LT.D3(J).AND.XSV.GE.D2(J)) DSV=D3(J)-XSV
FSV=D4(J) *DSV

ELSE
FSV=0.

END IF

RETURN

END
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