g

In presenting the dissertation as a partial fulfillment of
the requirements for an advsnced degree from the Georgis
Institute of Technology, I agree that the Library of the
Institute shall mske it available for inspection and
circulation in accordance with its regulations governing
meterials of this type. I agree that permission to copy
from, or to publish from, this dissertation may be granted
by the professor under whose direction it was written, or,
Yin his absence, by the Dean of the Graduate Division when
such copying or publication is solely for scholarly purposes
and does not involve potential financial gain. Tt is under-
stood that any copylng from, or publication of, this dis-
sertation which involves potential Ffinancial gain will not
be allowed without written permission.

- 3/17/65
b _

Ko




A STUDY OF CONTROL SYSTEM DESIGN

AND HARDWARE SELECTION BY COMPUTER

A THESIS

Presented to
The Faculty of the Graduate Division
by

Baxter Lee Thorman

In Partial Fulfiilment
of the Requirements for the Degree

Master of Science in Mechanical Engineering

Georgia Institute of Technology

November, 196%

—————— =




A STUDY OF CONTROL SYSTEM DESIGN

AND HARDWARE SELECTICN BY COMPUTLR

o

Approved: .
Pl )
£ Chaivmal 7 ' -
/" =
1

Date approved by Chairman: 2;%% 50 Z $ 7274

L o e w—— w T




ii

ACKNOWLEDGMENTS

‘The author would liké.fo expresé his gratitude to all those ﬁho
have contributed to the complétion of this study.’ Dr; Eugene Harrison,
of the School of Mechanical Engineeriﬁg, the faculty advisor, provided
the problem aﬁd guidance throughout the study. Appreciation is extended
to Dr. G. Pf Francis, of the School of Mechanical Engineering, and Dr.
R. P. Webb, of the School of Electrical Engineering, for their criticai
review and service on the reading committee, to Mr. J. E. Jones and Mr.
V. S._pryn.of_Honeywell, Incorporated for their unlimited cooperation
in the furnishing of informztion on Honeywell components, and to Mr,
Frank Speckhart for his aid in setting ub the numerical_integration pro-
~ cedure used in this study. Fipally, the author would like to ekpress
his gratitude to bhis wife, without whose programming aid and moral

suppert this work would not have been possible.




TABLE

- ACKNOWLEDGMENTS. . + . . . . .
CLIST OF TABLES v v v + v « 4 .

. LIST OF ILLUSTRATIONS.

SUMMARY » - » L] . » L ] - L ] L] L ] L] . L]
'NOMENCLATURE TABLE . . . . .
'Chapter

I. INTRODUCTION . . . . . . .

+

OF CONTENTS

+

11. _PROCEDURE USED IN FPEASIBILITY STUDY.

Comparison Method
Assumptions

Control System Considerations

TII. COMPUTER PROGRAM. DESCRIPTION .

General Desdription
General Design Information

Program Results for Two Examples

IV. RESULTS OF THE COMPARISON OF COST FOR THE

TWO DESIGN METHODS ... .

Computer Design Cost Considerations
Conventional Design Cost Considerations
Determination of Program Development Cost

V. . CONCLUSIONS. . . .
VI. RECOMMENDATIONS. . . . . .
APPENDICES

A. PROGRAM SYMBOL TABLE .

+

B. DERIVATION OF SYSTEM FLOW EQUATIONS.

C. DEVELOPMENT OF CONTROL EQUATIONS .

+

iii

Page -

ii

vi

vii

ix

24

33

40

by
54

77




' APPENDICES (Continued)

LITERATURE CITED ] L L I T T )

Page

D. THEORY OF DIFFERENTIAL EQUATION SOLUTION . . . . . . . . 86

- L] L] . . -

E. COMPUTER PROGRAM FLOW CHARTS .

F. COMPUTER. PROGRAM . T B B

e e e e e e e e e e .. . .. 155




LIST OF TABLES
Table . | ' . Page
1. Systems Considered for Study . . . . . . .. ;'{ C e e 5
2. Outline of Conventional Design Methbd _
for Liquid Level Control System . . . . + « « + « + « « 28

29

3. Value of Constant Ko oo o oo e e . e . . !
y, .Equivalent Lengths of Valves and Fittings . . . . . . . . 71 J E
5.- ReSulté of First Flow Equation Test . . . .. . . . « . . ,I 73 |

: _ _ , !

6. Results of Second Flow Equation Tést . . « « & « o & & 76 :
7. SYSTEM TYPES  + v v o o e e e e e e e e e e e 77 .




Figure

10.

1.

LIST OF ILLUSTRATIONS

Dlagram of Tank Configuration Two . . . . .
(Figure 1 is vrepeated on p. 5% for convenlience.)

Plot of Level Versus Time for a Low Cost System
and a 72-25, Series 1'System . . . . + .« . . .

Plot of Level Versus Time for a Proportional
System and for the First Proportional Plus
Integral System Selected by the Program . . .

Plot of Design Cost Versus Run Time . . . . . .

Flow Versus Valve Lift for an Equal-Fercentage
Control Valve . . v & v & v &+ o o o 4 ¢ 5 o + &

Free-Body of Fluid in Pipe "L2" . . . . . . . .

Straight-Line Approximation of Assumed
Variation of CVI with Reynolds Number . . .

On-0ff Control System Diagram . . . . . . . . .

Plot of Motor Voltage Versus Error . . . . . .

Plet of Valve Opening Versus Control Pressure .

Plot of Control Pressure Versus Error in Level

vi

Page

.14, 55

18

23

31

58

B0

67

79

80

8y

1

|




vii

SUMMARY
The cbjective of the reported study was to determine the feasi-
bility of writing a digital computer program which will, given certain
‘required parameters, select control system components, compute system

cost, and analyze system performance with the selected hardware. This

objective was achieved by writing a computer program which met- the above

reqUirements and comparing its cost (dévelopment cost plus cost per run)

with the cost of a conventioﬁal design of the same control system. The
term "conventional™ refers to a method whéreby the engineer'achieVes

the system design using tabulated data and §ast experience. The control
system selected for this study was a tank liquid level control system.

It was found that even if program development costs were

" neglected, some computer designs would cost more than equivalent con-

ventional designs,ldepending on the amount of reﬁuired run time {the
time ﬁéeded to determine the response of the control-system). This
result is brought\about because-the cost per unit run time on the
computer is greater than ten times the cost per unit run time for the
ﬁonventional design methed.

if an éxperiencea programmer had been assigned to develop the
program, it is estimated that the develeopment cost would be approximately

$4,580. This cost is made up of two components, a cost corresponding to

a programming time of 500 hours and a cost corresppnding'to a computer -

time of 250 minutes.

| Sy




Because the computer design-meth@d-cannot compete with the .con-
ventional design method on a cost per design basis and because of tHe
ﬁigb program development cost required, it is felt that computer design
of liquid level control systems using a digital computer program of the
type developed for this study is not economically feasible.

Even if the results of this study had indicated that a design

program of this nature would be slightly profitable, the wisdem .of

- putting such a program into production would be questionable, because

of the conservatism of the customers_who buy.this type of control
system.

Three possible means of reducing the required computer time
_are'discussed.- The first deals with the selection of a faster numerical
integratidn_method, the second is concerned with the use of analog com-

 putati9nal units for determiniﬁg the system response cqrvé, and the

third suggests the possibility of using approximate flew equations. .
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NOMENCLATURE TABLE

Internal cross sectional area of pipe at Dl

Internal cross éedtioﬁallarea'offpipe at Dy
Tank cross sectional area
Control range
Valve size coefficient
Inlet valve size coefficient
Outlet valve size coefficient
Cost of computer design
Cost of manual design
Nominal pipe diameter
Inside diameter of pipe
See FTigure 1
See Figure 1
See Figure 1
Measure of roughness of inside pipe surface

External force

Friction factor

Friction force in pipe

Friction factor—L2 section of pipe

Friction factor — L3 section of pipe

Friction factor—L4 section of pipe -

Acceleration due to gravity

iz




LST

- Hl

H2

H3

K20

Ll
L2
L3
L4
LS
L2T
LaT

L4T

\______\/___._/ —

Gravitational constant

Specific weight

Head loss due to.fricfion

Initial value of head

Head of liquid in tank

Required head

See Figure 1

See Figure 1

Cbnétant $0.04/sec.

Constant whose value is a function qf.the system type 
Constant—Cost per second for keeping an engineer in the fiéld
Constant whosé value depends on the system type

Ratio of flow through inlet control valve to maximum flow . -
through the same control valve

Ratio of flow through ocutlet control valve to maximum flow:
through the same control valve

Pipe length

Tank height

Equivalent pipe“lengths (See Figure 1)

True pipe lengths




M Mass of fluid imn pipe

N Number of moles of gas
P Control pressure
PO . See Figure 1
POO  Initial tank charging pressure
/
Pl
P2
. 3 '< See Figure 1
Py
P5
P6
\
P7
P13 Constant pressure above liquid in tank
PB Proportional band
Pmi
: See Figure 10
P
ma
Q Flow rate
QI. Flow rate into tank
Qm _ Maximum flow rate
Q, Flow rate from tank ’
QoT Quick opening time
r . Radius of pipe bend
R -Valve rangeability
R, Reynolds number
Ro Universal gas content
RR Repeat rate




5.G. .

Tl

" T7

TRR

vVl

AH

AP

pr

ps

Specific gravity

Time

Initial temperature
Time interval

. Temperature at D, section

7

Required rise fime
Fluid.viscosity

See Figure Q

Velocity of fluid in pipe
Motor wvoltage ”

Tank volume

Initial tank volume
Liquid velocity in control voluﬁe
Fluid.spedific weight
.Specific weight of water
Position of valve stem

Maximum position of valve stem

See Figure 8

‘Pressure drop across the control valve

Density of liquid in region R

Density of liguid at surface S

xii
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CHAFTER I

INTRODUCTION

s

The objecf of the study described in this thesis ié to determine
the feasibility of writing a digital computer program which wiii, given
certain required parémeters such as maximum allowable rise time, maximum
overshoot, maximum setfling time,.and'maﬁiﬁum'allowable steady state
error,_selectISystem components for a control system with a known block
diagram, compute sysrem.cogt, and analyze the systéﬁ performance with
the sélected hardware.

_ Since the inception of ‘modern high speed digital computers;
attempts have beeh_made to apply them to variocus engineering design
problems. Computer programs héve been writtgn for finding thermal
stresses in piping, for calculating pressure drops in piping systems,
for calculéting stresses in.structures, aﬁd\for calculating power plant.
heat balances. | .

In every case listed abo?e,.the digita} computer was ideally

- suited to the p?ohlém because of the large number of repetitive calcu-
lations'required fbr.solution;\

Redentl&, attempts have been made to enlarge the field of computer
applications, The IBM "COMMEND" proéram'is,one sﬁch at£émpt {1). This
program attacks design problems previousl&"doné,by gfabhical.or experi-
mental methods, and short duration calgulatiOns pebforﬁéd occaéionally

by an engineer. The following mechanical design areas are included in




COMMEND 1: kinematic synthesis, kinematic analysis, component. design,

physical properties calculations, dynamic analysis, detail drawings,
numerical control machining instructions, and engineering information

retrieval.

The computer-aided design.project at the Maséachusetts Institute
of Technology is an exémple of work in another area of computer applica-
tion (2). This effort centers around the use of a light pen and a
cathodé-ray oscillogscope. With this concept, the engineer draws his
design on the oscllloscope and the computér analyzes the design almost
concurrently.

During a&nd after World War II, tremendous advances in automatic
control design theory took place. Control design changed from an art
to a science with the incfeased application of the mathematical approach
to control problems.

The use of both analog and digital computers for determining the
time response of automatic control_systams is commoh today (3). Gain
settings which will give the vequired system response are the end
product of most present computer solutions. Most of these programs
require frequent cammuniéation between the computer and the engineer
during the design'prGCéss* If the control system is to be made up of
purchased hardware, as is often the case in process control work, the
designer must still select components with the required paréme%ars |
from various catalogs.

The objective of this study, outlined in the first paragraph

of this section, will be achiaved by writing a program meeting the

above requirements and comparing its cost (computer cost plus programming

i




cost) with an estimated cost for a conventional design. This cost com-

parison must be augmented by consideration of the ability of the two -
metheds to accomplish the design.

Some of the information obtained from the specific control system
deéign study above can be extrapolated to provide information on the

feasibility of computer-aided control system design in general.




CHAPTER II
PROCEPURE USED IN FEASIBILITY STUDY

Comparison Method

One method of studying the feasibility of control system design -

by digital computer would involve selecting a control system, writing
a computer program capable of carrying out the specified design,
determining the totsl cost (program development cost plus cost per
run) and comparing this cost to an sstimated cost for a conventional
design of the same sysiem. This was the methed used in the reported

study.

Assuthions

The above comparison method makes the following assumptions:

1. The contrel system requires design methods of sufficient
complexity to warrant computer solution,

2. The results of the conventional design and the computer
design are equivalent,.

3. There is so advantage of one design method over fhe sther

that cannot be evaluated numerically.

Control System Considerations

Any control system that is eligible for complete design by
i
computer must meet several requirements. The block diagrams for the-

various configurations of {he"system'must be fairly well standardized.




The subject study is concerned with control systems having known block
diagrams. The design consists ¢f findiné the right components and the
correct gain adjustments, if applicable, for those compeonents. As long
és the forms of the block diagrams are known, several different forms
cén be tried sequentially antil an acceptable désign is found. No com-
ponent design’will be required. The dynamic equations representing the
plant and the control system must be available. Fiﬁaily, there must

be a systematic procedure available for determining the required gain
settings.

A partial list of systems for possible use in this study was

compiled from the literature. This list is given in Table 1.

' Table 1. Systems Considered for Study

PROCESS
bistillate Column Contrel

Exothermic Reactor Temperature Control
Liguid Level Control

- SERVOMECHANISM
Position Centreol
Speed Control

POWER GENERATION

Combustion Control

Feedwater Flow Control

Superheater and Reheater Temperature Control
Air Heater Temperature Control

It was felt that the control system for this study should be

selected from the industrial controls field rather than the military




or aerospace areas, primarily because of the 1aréer market for industrial
control systems. Other considerations included the special design
requirements connected with mest military applications and the uncer-
tainty of the military market.

The power generation control gystems and the distillate column
control listed in Taeble 1 were eliminated from consideration in the
study because of the lack of usable information en dynamic equations
describing the systems and due to the gemeral complexity of the systems.
Pogition and speed confrols were eliminated because no complete listing
of ;omponents was available. A tremendous amount of research would have
been required to compile such a list. The exothermic reactor tempera-
ture control system was given considerable serious thought, but was
eliminated on the basis of discussions with local consulting engineers
and representatives of control system compoﬁent manufacturers, These
digscussions indicated that the market for exothermic reactor controls
was fairly small,

Thege considerations vesulted.in the selectien of the tank liquid

level contrel system as the system to be used In this study. Liquid

level contrel systems find application where a cemstant liquid level or.

,head is required. They are widely used in the textile, chemical, petro-

leum, food, and metals industries. Because liquid level centrol systems
are so widely used, it was felt tha£ there might be enough demand for
new liquid level control systems to warrant de§elopment of a computer
program specifically for their design.

Level control systems réquire varying degrees of design sephis-

ticatien. Level tolerances in industry range from fractions of an inch




to several feet. Therefore, component and system costs will Vaﬁy
widely. Overdesign of the system can be fairly expensive.

Another reason for the selection of the liquid level control
system was the availability of the dynamic equations representing the
response of the system components. Campbell (4), Buckley (5}, and
Eckman (6) concern themselves to varying degrees with liquid level
control. -

The amount of available inférmation on compoﬁehts was another
factor in the selectioh of the'liquid level control systeﬁ.' Cne of
th;a key components of a liquid level control system is the control
valve; and most valve manufacturers supply pubiications cn the
characteristics of their particular product line. Another source is

a paper by Forman and Orioclo (7) which containg a large amount of

information on control valves.




CHAPTER II1

COMPUTER PROGRAM DESCRIPTION

General Description

From a list of availgble components, the computer program written
for this atudy selects the two most economical sets of components that
will meet the glven response recqulrements. This is accoﬁplished by
determining a trial CV (valve éize coefficient) on the basis of the
initial flow inte ‘the tank, setting the gain adjustments to predeter-
mined values, and plotting a trial response curve. If the resulting
regponse curve does not meet the design criteria satisfactorily, the
triél‘system iz adjusted, either by chanpging component gaing or by
changing the fype of component used, and the data for the reéponse curve
is caleulated again. If thé reasponse curve i3 satisfactory, control
valves, lavel sensors, and controliers.with appﬁbximately the same
characteristics as those which vesulted in the acceptable response
curve found above are selacted from a list of components stored on a
tape. The characteristics of the two most econémical sets of selected
components are used in ths response curve calculations to verify the
accgptability of the resulting control system and, if the system is
acceptable, cost, componeﬁf ordering informatlion, and gain settings
are printed es the program output.

If one or both of the two selected sets of components fail to

achigve the vequired vesponse curve charactsristics, gain adjustments




are made if passible,‘or the system eor systems are discarded and eother
sets ef compenents ape selected. If no components with the required
characteristics are available, é message to that effeect is printed, and
work on the program stops.

The program simulates the types of control systems available (low
cost proeportional, general propertienal, and proportional plus integral)
in erder of increasing cost. The first contrel systemlte be simulated
(the low cost proportional system) requires a proportional band setting
of 30 per cent. If the respense curve correspending teo a representative
low cost system is acceptable, the two mest econemical sets of hardware
that are cempatible with the le cost system afe'selected, and the
response curves are run again to verify the acceptability of the two
fesulting low cost propartiohal contrdl systems. _If the 1o§ cost pro-.
portienal system is not acceptable, the general propertienal system
(propoertional band equal five per cent) is simulated and, if its response
is adequate, two sets of components compétible with the general proepor-
tional centrol system-aré selected. The same procedure is used for the
proportional' plus integral control systems. In every case, after the
response of a representative of one of the three types of control systems
is acceptable, the two most economical sets of hardware (contrel valve,
level sensor, and controlier) compatible with that type control system
are selected and checked in the response calculations. The coordinates

of the response curves can be printed if desired.

Component Information,

Honeywell components were used exclusively throughout the study

Tk

S
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as it was felt that program capability could be demonstbated adequately
with only one manufacturer's components.

The following types of control valves are listed on the tape used
with the program: angle, double seated, single seated, low flow,
Saunders, split body, and cage. Two types of prieumatic’ actuators and
one type of electric actuator are listed. The valve size range covered
in the program is from three-fourths to four inches nominal diameter.
Foreman (8) states that 96 per éent of all valves used in general chemi-
cal or petrochemical facilities are four inches or under. The same
reference indicates that butterfly valves are not generally used in
sizes less than four inches and none was considered in the study.

A positioner is semetimes used in connection with a valve

actuator if the static friction forces which result when the valve is

.opened are large or when the actuator response is too slow. Basically,

the positioner is a form of pilot valwve, When a positioner is used,

the control air pressure is not applied to the acfuator diaphragm as it
is when no positioner is used, but is used to vary a nozzle opening
which controls the flow of supply air (at préssures of 20 to 100 psig)
to the actuator diaphragm. A feedback linkage is required to re-position
the flapper when the valve cpening correspending to the input pressure
is reached.

"Forman also states that positicners are used on all four inch and-
larger control valves. Therefore, the devised program was set up so
that selection of a four inch valve automatically calls for the use of
a positioner. Saunders valves used in throttling service require the

use of a positioner on all sizes, and the program provides these posi-
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tioners automatically. All-valves fail shut.

Information on 81 full capacity and reduced capacity v-port and’
quick-opening control valves is stored on the tape.

Based on the Corrosion,Tablé oﬁ pages 74 and 75 of refereﬁces(g),
lﬁl possible flowing mediums can be handled by this program.. A "Proceed
with Caution" -message can . be seen on the progfam output (page 16 df this
study) aftér_the body material entry of the first system éeieqted.in'thé
first example included in this study. Certain combinations of flewing
fluids and- body maferials will cause this message to be printéd. The
"Proceed -with Cautiﬁn"-message indicates that corrosion ﬁill result with
this ‘combination of fluid and body material, but that it is. not danger-
ously rapid.

Cast iron, bronze, casf steel, and 316 stainless steel are the
available body materials for valves included in the study. Available
trim'maferials are stellite,'uudc stainless steel, Hastelloy B and Has-
telloy C, Durimet 20, Monel, and 316 stainless steel. Radiating fin, bel-
lows=seél, and extension column bonnets can be selected by this program.

Honeywell offers a wide range of level sensors, controllers, and:
displacer-controller combinations. Four types of displacer-controller
coembinations are available. Since the major difference in_ﬁhese four
types of displacer—confrollers-ié’the method of.mounting, only one type,
the top mounted -Series 1 unit was included on the compenent tape. Slight
price increases must be added to the cost listed on the ﬁrogram output if
ene of tﬁe more expensive displacer-controllers is desired. Othér types
of lével sensors included are static pressure sensors and a differential -

pressure-to-current transmitter.
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Controllers with three types of céﬁtrol action are inecluded in
this study. These three types are on-off, proportional, and propor-
tional pius integral,

Thé on-off controller, which is the least expensiée of the three
types, can only maintain a liquid level between two points; it cammnot
hold a given level. Furthermore, the on-off system must be used with
an electricaily conductive flowing medium.

The proportional systems used in the study can be divided inte

two types; a type in which a general controller is used which has an

infinite number of gain settings, and a type called the low cost system.

Two low cost systems are available from-Honeywell: System A and System
B. System A is made up.of a static pressure transmitter, a positicner-
controller which mounts on the control valve actuator, and the centrol
valve. Only contrel valves with Honeywell 05 actuators can be used in

System A. Three possible proportional band settings are available with

System A. The value of these three settings is determined by the contrel

valve travel. System B is slightly higher in price than System A, and.
is made up of a static pressure transmitter, a controiler which mounts
on the static pressure trénswitter, and the control valve. Any Honey-
well valve can be used in System B, but -only three_proportional band
settings (30, 50, and 100 per cent) are available. \

The most sephisticated controller used in this study is the pro-
portional plué integral controller. Proportional plus integral control

is available with a displécer-cdntroller combination (72-25, Series 1)

or a general purpose two mode controller used in conjunction with a

static pressure transmitter.
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Since controller Seléétibﬁ is largély @fma{téf of{iﬁdigiﬁual
preference after the number of'éontrol modes réquiréH is determined,
no attempt was made to list all available controllers on the coméonent
tape for this feasibility study. The controller prices listed in the
program must.be adjusted if speqial controller features are desired.

Two tank configurations, Configuration One and Configuratioen
Two are used in this study. Cenfiéuration Two {(Figure 1) requires
that flow out of the tank be through a discharge pipe and is the more
general configuration. Configuration One, which requifes that flow
out be frem the top of the tank, would be used in a dipping er dyeing.
process in which material is placed in the tank. When this material -
leaves the tank, some of the liquid in the tank is reﬁoved with it.

The complete. cemputer program is given in Appendix F.

Program Results for Two Examples

Input informatien and program results are given below for two

examples.
Example One

It is desired to design a system having the follewing knewn
physical characteristics. Configuratien Twe was selected because it
illustrates more of the program capabilities. The tank used is a
125-1b., vented tank. Water is to be the system fluid, pneﬁmatic
contrel is desired, and a full capacity valve is needed. For the

lecation of the follewing variables, see Figure l.
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Pressureg~psia

_ . PO 15

; Pl 30

: - P7 17.25
Temperatures~—?
T7 80O

Dimensions—Inches

DL u.0
B3 : 4.0
, DV3 4,0
L | D8 36.0
: ' H3 12,0
Ll 200.0
: | L2T 150.0
; L3T 100.0
: LyT 100.0
LST 150.0

Outlet Valve Size Coefficient—-lndhes&{Lb;,Secqus

Cvo 654

Pipe Roughness—Inches
E  0.00085 '

Fluid Characteristics

. =7
U - 1x 10 '1b sec/in2
a 0.036 1b/inS

The following fittings are included in the indicated pipe sec-
tions;
L2 section—1 coenventional swing check valve

L3 section—1 conventional disc gate valve, 2-90° pipe bends
(r/d = 4.0) _ '

L4 section—1 in-line ball check valve
L5 section—1 conventional disc gate valve
This system is to meet the fellewing criteria if the required head

Hl is changed by a step change from 100 inches to 125 inches with the
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outlet valve fully opened, (K20 = 1.00).

Required rise time : 45 sec.
Maximum. overshoot _ 2.0 in.
Maximum settling time ioo'sec.
Maximum éteady state errer ¢.500 in.

The initial conditiens are:

QI = 768 inafsec.

Q0 = 768 in°/sec.
H.= 100 in.

XT = 0.82

H1l =

125 in.
The program cutput (excluding respense curve points) for Example

One is given below,

Preportienai Band = 0.05

System _ : Componéht ; _ Cest

ONE .+ Type 72-25 Series 1 , $ 260.00
Valve Model No. 1101 .
' Size 3,00 in.
Type deuble seated
CV 112.00
Actuater Ne. 13- 0
Bady Material cast iren

{Proceed with caution)
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System ~ Cemponent Cost

ONE (Centinued) " Bedy rating 125 1b. ' $ 326.00
(Flanged end) ~
Plain bennet

Trim matepial 316 S8.8S, 0

TOTAL COST § 586.00 -
B e

THO Typé 72-25 Series 1 $ 260.00
Valve Model No. 1001
Size 3.00 in.
Type Angle
cv 115;00
Actuater No, 13 : 0
Body Material 316 S.S.
Bedy Rating 150 1b. 914.00
(Flanged end} -
Plain bennet |
Trim material 316 S.S. 5]

TOTAL COST $1,174.00

Figure 2 shows plots of level versus tine for a low cost system and the
first of the systems selected by the program, a 72-25 Series 1 system

using a Model 1101, three inch, double seated contrel valve,
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Overshoot 0.K.

Settling Time 0.K.

100 ¥

Rise Time O.K. Message: Low Cost
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The low cdst system was eliminated by the program because it did
not meet the settling time requirement. Inspection of Figure 2 indicates
that thellow cost $ystem does meet this requirement if it is defined as
the time required for the response to stay within a band, centered on
the desired level, whose width equals 10 per cent of the initial error.
.The problem is caused by the fact that the program is set up so Initia-
tion of the settling time check must wait until the overshoot check . is
completed. Because of the response sluggishness caused by thg high

proportional band requirement for the low cost system, the overshoot

check consumed so much time that the maximum allewable settling time was -

exceeded. It is felt that the program method of checking settling time.
is acceptable for program demenstration, but, for productien use, the
program should be changed to allow the overshoot and the settling time
checks teo run concurrently.

Had the low cost system been selected, an example ef the.pregram

eutput_would appear as shown belew.

Proporticnal Fand = 0.30 -

System Compenent ' Cost

ONE System B | : S 147.00
| .?alve-Model Ne. 1101
Size 3.00 in.
‘Type double seated

CV 112.00
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System Component Cost

Actuator No, 13

Body Material cast iron

(Proceed with Caution)

Body Rating 125 1b. $ 326.00
(Flanged end)

Plain Bonnet

Trim Material 316 S.S. 0

TOTAL COST § uv73.00

Figure 2 clearly illustrates the effect of CV and proportional
band on the system response. The 1evel.of the low cost system, with
a Qv of u485.80 vrises faster than that of the_??-?S system which used
a CV of 431.00. Because of its smaller proportional band, 0.05 versus

0.30, the 72-25 system reached its final position much faster. Figure
2 shows that the larger the proporticnal band .used, the more sluggish
is the resulting response.
Example Two

It is desired to design a system having the same physical char-
acteristics, initial conditions, desired level change, required rise
time, overshoot, and settling time. However, the allowable steady
state error is now 0.07 incheé.

The program output is given belaow.

il
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?roportional Band = 0.05

Repeat Rate = 0.50
System Component ~ Cost
ONE Type 72~25 Series 1 $ 285.00

Valve Model No., 1101

Size 3.00 in.

Type double seated

CV 112.00

Actuator No. iS | o

Body Material cast iron

(Proceed.with caution)

Body Rating 155 1b. 326.00

(Flanged end)

Plain Bonnet

Trim Material 316 S.S. 0

TOTAL COST $§ 611.00

TWO Type 72-25 Series 1 $ 285.00

Valve Model No. 1001

Size 3.00 in.

Type Angle

€V .115.00

Actuator No. 13 0
Body Material 316 S.8.

Body Rating 150 1b, 914.00
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System - Compenent Cost

TWO (Continued) (Flanged End}
Plain Bonnet
Trim Material 316 S.S. 0

TOTAL COST $1,199.00

i Plots of le?el versus ﬁime for a proportional system and for the
first-proportional plus integral system selected by the program are
given in Figupe 3, which indicates that the addition of the integral

i mede makes the transient respense less stable (the curve is now oscil-
latory) but it forces the steady state error to appreach zere. As in

| Example One, the-diffgrence in slopes during the transient response for

the two systems is caused by a difference in the CV used,
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CHAPTER IV
RESULTS OF THE COMPARISON OF COST FOR THE TWO DESIGN METHODS

Neglecting development cost and any costs common to both conven-
tional and computer designs, the cost per design completed on the com-

putér and the cost per conventional design are made up of two quantities.

Computer Design Cost Considerations

The computer design cost consists of a constant cost which
covers compilation time, component selection time, input time, and any
other miscellaneous times_that.can be considered censtant for all runs,
and a variable cost which is a function of the type system used and the
time required to test the system response on the computer. For this
program, the constant time was found to be approximately 170 seconds. -

The variable cost was determined as follows: The cost of problem
time on the Burrough's B5500 computer-was taken as $0.04 ‘per problem |
second. This cost was obtained by dividing the computer cost per hour
by 3600 since one problem second took approximately one real time
second.

The present program requires that the system response curve
coordinates be calculated several times. The number of times that the
curve must be determined is a function of the type system necessary to.
meet the design requirements since the program always tries the dif-

ferent types of control systems in order of increasing cost.
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Three calculations of the response curve are required if the low
cost proportional system can be used; one general plot which determines
the applicability of a representative low cost system, and.one run
through the response curve for each of the two low cost gystems (sets
of hardware) selected,

If the low cost system cannct meet any cne of the required design
criteria, a general proportional control system is simulated. If this
general proportional system will satisfy the design criteria, the system
response curve will have to be calculated four times; once for the low
cost system which could not meet the design criteria, once for the
general proportional system, and once for each of the specific sets of
proportional system componenté selécted by the program.

In both cases above, no time need be required for setting system
gains, The response curvé for most practical systems having propor-
tional control is exponential and there is no problem with stability,
The proportional band is set at a predetermined minimum and no further
adjustment is possible. Gain adjustment is necessary only when simu-
lating a propeortional plus integral control system.

Finally, if a proporticnal plus integral system is requifed, and
it is assumed that the system gains can be adjusted in two trials,
seven plots of the system response curves are required, The first

A
checks the response of the low cost proportional system, which is not
acceptable. The second calculation of the response curve coordinates
is made for a general proportional system which is also not acceptable,
The third, fourth, and fifth determinations of the system's response

are required to test a general proportional plus integral control system
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and to.adjust its gains, and the sixth and seventh Pruns are made with
the specific sets of components to be used in the final systems.

It is assumed that the'person in charge of installation of the
equipment can make thé gain settings at the time of installation, since
these gains are given on fhe compﬁteruoutput, If this is true, very
little design time i; required for tuning the system in the field.

The length of timé required per run is assumed to be M, an
arbitréry constant found in the program by multiplying the required
rise time by four. Although the program is set up so that run time
does not reach M in all cases because calculation of the response curve
points is stopped when the design requirements are met, no estimate of

the shorter time'is possible and M must be used. This fact will result

in calculated computer design costs slightly higher than true computer:

design costs.

Mathematically, the abeve information can be expressed by the

B

following equation:

Cost  , = Kl(Constant time) + K KM (1)
where
M = 4(TRR) ,
Kl = $0.04/second
3 ILow cost system
IKQ = 4  Proportional system

7  Proportional plus integral system
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or

: Costc.d. = $6.§0 + 50.04 K2M ' (2)

Conventional Design Cost Considerations

Conventional desigh'cost is made up-of a constant component
seledtion coét and a variablé cost due to the time_spgnt“tuning the
conﬁleted control éYSf;m_in_the field; |

The component selécfion cost. wat érrivgd.at as folldws: If is
assumed thatithe designer’s sa1ary works out to $4.00 per hour, that
the ovefhead.per hour in:the offiﬁe_is.loo'per éent,fand:that two_houfs
are fequibed to cbmplété-the:desigﬁ'using théléutline'giﬁen iﬂ Table 2.

Therefore the constant design cost will be .
. (2.00)(2 hours)($15.00/hour) = $16.00

Table 2. Outline of Coﬁveﬁfibnal'mesign Method for Liquid
’ : Level Control System

I. Find Maximum Flow into Tank, QI

A. Use maximum flow from tank plus safety.factor

B. Find the flow rate required to fill the tank in a specified
time -

1I. Find Pressure Drop Across the Control Valve

A, Assume AP = P1 - PO (Pl, PO are both known)

ITI. Find CV
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Table 2. Outline of Conventional Design Method for Liquid
Level Control System (Continued)

‘IV. Select Control Valves on the Basis of

A. CV

B. Body material

C. Trim material

D. Maximum allowable pressure drop across the éontrol valve
E.- Maximum allewable static pressure

F. Bonnet require&

G. Body strength

H. Availability of Positioner

V. BSelect Level Sensor on the Basis of -

A. Tank configuratien

1. Open
2. Clesed
B. Required gontrol range

VI. Select Controller

A.  Allowable steady state error

System tuning cost is estimated as follows: It is assumed that

the field engineer's salary is equivalent to $4.00 per hour, that the




required for the field engineer to travel to and from the equipment

overhead cost per hour in the field is 200 per cent of the engineer's
salafy, that the field engineer can tune the system in the same number

of trials as-used in the computer program, and that the average time

location is one hour. In contfast te the computer simulation of the
control system, on—éite calibration must take into consideration the
time fer the tank to return to'its'initial_condition between trials.
This time is taken as M.‘ Therefore, one trial takes M seconds, two
trials take 3M seconds, and three trials take 5M secends. The coeffi-

cients of M just found are called Ku

and are listed below as a functien

of the system used.

Table 3. Vélue of Constant K

L

i L
System K4
Low cest 1.
Proportienal - - 1

Prqportionai Plus integral 5

The cost per second of keeping the field engineer on the job is
a constant called KS' This constant equals ($4.00/hour}(3.0)(1/3600
sec, ).

The above information can be summarized by the following equation

for conventienal design cest.
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Costm = $16.00 +'K3(Kuu + 3600) : (3)

odo

where K, and M are as previously defined. )
A plot of Design Cost versus M for the three types of control

systems used in this study is shown in Figure b

Determination of Program Development Cost

The engineering time required for writing the computer program
included here was 1041 hours. The computer time used was 495.82
minutes. It is felt that both the time required for writing the program
and the computer time could be cut in half if an experienced person had
done the work. This would result in a programming time of approximately
500 hours and a computer time of 250 minutes. If‘computer time cost
8140 per hour, the enginéer's salary was equivalent to $4.00 per hour,
and overhead per hour is 100 per cent of the engineer's salary, the
program development cost would be $u4,583,

It is obvious from Figure b that even neglecting program develop-
ment costs, using the present numerical integration technigue will re-
sult in some computer designs costing more than équivalent conventional
designs, since many practical systems will require run times of éeveral
hundred seconds. This is due to the fact that the cost pef unit of run
time (which is ﬁne component of the slope of the lings'in Figure 4) for
the computer design is greater than ten time; the cost per unit time
for the conventional design.

Since almost all of the run time is spent in performing tﬁe

numerical integration necessary for solution of the system of differ-
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ential equations, the .use of any numerical method which requires less
computer time than the Runge-Kutta method will make the computer design
more competitive.

Because of the lack of clear cut savings in design cost and
because of the high program development cost, any justifiqation for
computer design of tank liquid level control system must come from
consideration of advantages of the computer design not available with
the conventional design. That tﬁere are several of these advantages

will be brought out in Chapter V. Unfortunately, it is extremely dif-

ficult to place these advantages on a mumerical basis.
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CHAPTER V
CONCLUS IONS

Based only on comparative values of cost per design for the two
design methods, the computer design cannot compete with the conven-
tional design if the numerical integration method in the present
program is used.

This conclusion must be tempered by consideration of other
information. Although a large number of levels of design sophistica-
tion are possible, all liquid level control systems can be divided
into three categories. The first category contains control systems
that are only required ko maintain a liquid level within a fairly wide
band, On-off and proportional controllers are used in this category.
The second category is made up of systems that maintain the liquid
level fairly accurately, say within a band of one inch or lesé. The
third and most sophisticated of the level control design categoriés
contains control systems for.which the transient response as well as
close maintenance of the required liquid level is important. Propor-
ticnal and\proportiqnal plus integral controllers are useﬁ for the
last two categories,

.The conventional'design.methdd is much less sophisticated than

the computer design method. Liquid level control systems are not

‘considered as systems when designed conventionally. The control valve

is sized on the basis of the estimated flow necessary to maintain the

s
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desired liquid level., The éssumptions of steady flow and constant CV
are made.

| Controller selection is made stricfly on the basis of past
experience. If no stand-off error is allowable, it is known that a
proportional plus integral controller must be used. If some stand-off
error is allowable, the applications engineer must decide whether to
use a low cost proportional system, with its limited proportieonal
band range, or a general proportional system.

The average applications engineer is not conperned with deter-
mining rise time, amount of overshoot, or settling time. He hopes that
the system can be tuned to meet the desired criteria after it ié in-
stalled in the field,.

The computer solution comnsiders the level control system as a
system; the group of differential equations representing the control

.
system are solved simultaneously. The contrel valve is sized on the
basis of required rise time and the computer sclution takes unsteady
flow and the variation of CV with Reynolds number into consideration.
The system resﬁonse is simulated on the computer. Therefore, a'system
can be selected that will meet any reasonable fise time, overshoot, .
settling time, and/or steady state error requirvements. Since poten-

tial systems are tested in order of increasing system cost, the customer

is guaranteed that he isn't buying more control system than he needs. -

' Very little time is required to select gains after the system is

installed, since approximate gains are obtained from the computer
simulation.

Comparison of the three levels of design sophistication mentioned
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earlier with the level of sophistication available from the two design
methods covered here reveals that fhe conventional design is all‘that
is required for the first category. Customers interested in control
systems in this category are not the least bit interested in rise time
and overshoot and there is generally little question about what type
of controller to @se. The compufer design method becomes more attrac-
tive if the level of deéign sophistication is that of ¢ategory two§
not because of any need to find approximate gain settings or any
interest in rise time, overshoot, or settling time, but because the
computer design éuarantees that the least expensive system will be
selected. If there is any question at all in the applications engi- .
neer's mind about whether to use a proportional or a.proportional plus
integra; system because of a small allowable steady-state error, he
will call for a propoftional plus integral controller. This is because
he never knows exactly what steady-state error the proportioﬁal system
will have until the system is installed. The customer would be extreme-
ly unhappy if the control system had been installed and it could not
meet hié steady-state error requirements. No problem like this would
arise if the system were simulated on the computer. The proper con-
troller can be selécted with a high degree of accuracy. System cos£
for a low cost proportioﬁal system can be as much as $100 less than
the cost of a proportional plus integral system.

If the level of design sophistication required corresponds to
Category Three, there is no guarantee that the c¢onventional désign
metﬁod will Le eﬁtirely satisfactory in'maﬁy cagses. If the level.

control system is part of a large process, the prospect of tuning the




e

36

level control system after installatien is not plgasant, particularly
when adjusting the level contfol_system's gains might necessitate re-

calibration of the rest of the process. Total system characteristics

~ cannet be determined until the system is installed if the conventioenal

design method is used. _

There has been considerable interest generafed recently about
cémputeb coﬁfroi_gf processes. Cenvéntienal desiéﬁ_pf,control sfstems
included in iarger.sys;éms centrolled by computerlis out of the éuestion.
Accurate data_oﬁ system response is neéessary for the design of the
campute£ pontrel cifeuits.]

.It-appears_thét ﬁ@mputer désign can only compete with ceﬂveﬁtional
design if the level of sophistication required is thaf of Category Two
or Three. Discussions with mghufaétﬁrer's represenfatives indi;ate.that,
the bulk of thé liquid ieVel:cbntrol-system,market is in the_firSt céte;
gory.  ﬁ1thaﬁgh-the demand for systems of the second and third level of
design sophistication is incréaéing,'it_is felt that thig demand!ﬁill_'
fall_faf.short ef'thg numbef of systems requiréd:te justify the'large
_developmenf cost for a.prégram ef this nature.

Reference to an on-off contrel syﬁtem cén be found ;hroughout
this study. The originél stﬁ&y 6utline called for the inc;usion_ef:an
oﬂ-off, a prepoftiopali:and a propﬁrtional'ﬁlus integral centrol system
in the Cemputerfﬁrogram. |

When an exampie-problem using the on-off contrel system was in-
troduced inte the program, the Runge-Xutta methed of selution of the

equation representing flow into the tank required a time increment of

_0.001'secends for -stability when the control valve was in the closed
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position. Calculation of response cutve poinfs for any normal liquid

increment. BSince the comparison of available levels of sophistication
for the computer and the conventional design methods and the required
level of design sophistication for the three éatEgories listed above
indicates that on-off control system design by computer is not feasible,
if was decided to discontinue development of the on-off cdntrbl section
of the computér program.

Weighing these considerations with thé opiginal cenclusionj that
on a cost per design basis the computer design cannot compete with the
conventional design, can only lead to the conclusieén that computer

N

design of liquid level control systems using a digital computer program

- of the type developed for this study is not ecenomically feasible.

If the computer run time could have been reduced by a factor of
ien, use of such a coémputer program might becoéme Feasible on a ¢ost per
run basis. Three possible methods of decreasing the time required to
obtain system response are discussed in Chapter VI

Based on the results of this study, component seleqtion by com-
putéplfor certain classes of components can be profitable. H;neyWell's
method of selecting components and finding their cost involves search-
ing through two different séts of books, one listing the components and
their charadteristics and the other giving their cost. It is estimated
that éomponent selection for the program included in this study took
approximately one minuté of computer time. Equivalent manual selection

would have taken approximately one hour. Only classes of components

which can De selec¢ted on a logical basis would yield such savings. Con-
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trol valves are excellent examples of this type of component.

Control system design by computer requires a knowledge of the
process dynamic equations. The number of assumptions required in
developing the flow equations for the simple system used in this study
brought out the lack of basic knowledge about transient flow through.
valves and fittings.

A systematic method of gain adjustment must be available if the
computer is to determine acceptable system response for the simulated
control system without adjustment between runs by the system designer.
Gain adjustment for the liquid level system used in this study was no
problem, but had a control system ﬁhich included a rate mode been
selected, a fairly elaborate trial and error method of gain variation
would have been required in the computer program.

Even if the results of this study had indicated that a. design
program of this nature would have been slightly profitable, it might
not be a wise idea to develop such a program'for proauctidn. _Cﬁstomers
for control systems of the type used as an example in this study are
extremely cbns;pvatiVe. An inter&iew.with.aﬁ'instruﬁent enéinéér for
a local consulting engineering firm revealed .that his\comp@ny‘s policy .
is tc never incorporate any new design features into theif.&esiéns un%ii
these new features have been proven in someone else's installation. Any
cost advantage due to computer design can be lost if upon completion of
the design, the customer wanted to increase the control valve diameter
one size to insure that he will have adaquate flow capacity.

Many'control systems are sold on the strength of considerations

which cannct be evaluated on a numerical bazis. One such consideration




is the availability of maintenamce arnd replacement parts. The sales
ability of the applications engineer amd the personal prefererce of.the
customer or his representative are twe large considerations since pur-
chases in the price range of most of thé control systems cons idered
here ($1,000 or less) do not have to be justified on a comparative cost

bagis to management.

pm——— g g -
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CHAFPTER VI
RECOMMENDATIONS

Tt has been found (see Chapter V) that if the time requivred for
the computer- -te make the calculations necessary to plot the system
response curve could be_cqt by a facter of ten, the computer design
would be competitive with the conventional design on a cost per run
basis. Three alternate approaches o reducing the computer time re-

" quired per design are presented here and are recommended as aveas in
which further profitable research might be done.

The first approach concerns using a faster numerical integra-
tion technique for the response curve determination. One candidate
for thig application would be the modified Euler method. If the modi-
fied Buler method were substituted for the Runge-Kutta method, and only
two cycles were required per point on the curve, the computer time re-
quired would be one half that required for the Runge-Kutta method, which
requires four cycles per point.:

It is believed that a second approach, concerned with utilization
of analog computational teaﬁniques, promises greater reductiens in coem-
puter time required for control system design. In general, the digital
computer is slower aﬁd‘hore accurate than the analog computer., The '
value of this increased accuracy is guestionable in determination of
control system response in many cases. On the other hand, component

selection and involved decision making is impossible on the analog
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=

computer. These facts lead one to consider the possible applications of
a hybrid digital-analog computer. . ‘

A large amount of reseafch is. now being directed toward deter-
mination of optimization methods. One approach to the determination of
optimum gain settings for control systems involves trial and error
methods of gain adjustment. The systematic method of gain variation
uséd in the trial and error approach could be programmed info the digital
part of a hybrid computer. The digital section would then control the
gain settings of the analog part of the hybrid computer oh.which a:largé
number of trial response curves could be run in a much shorter time than
on a digital computer alone.

The third method of attempting fo reduce fhe required computer
time is_sﬁggestéd_by the results of the tests of the.system equations
in Apéendix B.. It can be seen that for the chosen example and the short
run time, the approximate method in which pipe friction is ignored re-
sulted in values within S'pér cent of those found by the more rigorous
computer solutioﬁ.. Further research could be directed toward determining
the éppiicability of approximate expressions for fluid flow that could be
solved in less computef time than the expressions used in this study.

The ﬁeed for a.lérge amount of experimental work in the field of
transient fluid fldw, particularly in connectien with flow through valves
and fittings was.demdnétrated by the number of assumptions required in
the.development of the flow equations usad in this study. Several
articles have been written on control valve aelection, buf none is
satisfactory from an uﬁéteady flow standpeint. Each of the flow assum§~

tions mentioned above must be justified if the computer solution is to




have any practical value. The use of system engineering concepts in

process work requires much stronger definitions of some of the hasic

flow processes than are now available.
4
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AB

CAPCTY

CHANGE
COMPAT
COMPONENT

CONTIG

COST
CR

cvl
Cva

CVCN1
CVCN3
CVMAX
CVMIN
cvo
D1

D3

bs

4y

APPENDIX A

SYMBOL TABLE
Number of fluid as read from compatibility table on input
tape
Area of tank

Code indicating whether capacity is full or reduced
(1--full; zero--reduced)

Value of sign of dH/dT at T-AT
Number of control valves which meet system requirements
Type of low-cost. system (A or B)

Code indicating whether system is of configuration 1 or 2
{(1~-flow out of top of tamnk; 2--flow out of discharge pipe)

Temporary storage for cost of an item used during printing
Control range

Value of valve size coefficient at a given Reynolds number
{inlet side)

Value of valve size coefficient at a given Reynolds number
(outlet side) “

Cataleg valve size coefficient (inletlside)
Catalog valve size coefficient (éutlet side)
Maximum allowable CV of control valve
Minimum allowable CV of control valve

Outlet valve size coefficient

Pipe diameter on inlet side

Pipe diameter on outlet side

Diameter of cilrcular tank




P

DELTPI

DELTT2
AH

DH
DIFF
DIAP1
DIAP3

DIAV]1

DIAV3

DT

DUM
DVl
DV3

DXl

ESS

EXT

F2

Fy

FACO
FAC1
FACLO
FAC2
FAC20

us5 .

Pressure drop

AP required b& system

Time increment used in checking system response

Desired band width x (1/2)

* Hl-initial value of H

Parameter used in Runge—Kptta routine to represent D1

Parameter useéd in Runge-Kutta routine to represent D3

Parameter used in Runge-Kutta routine to represent diameter

of control valve

Parameter used in Runge-Kutta routine to represent diameter
of wvalve an outlet side

AT used in Runge-Kutta
Dummy variable used to store absolute values

Control valve diameter

- Valve diameter on outlet side

Used as an index
A measure of pipe roughness
Allowable steady state error

Code indicating whether extension column is required
or not (l--yes; zero--no)

Inlet pipe friction factor

Qutlet. pipe friction factor

Constant factors used in Runge-Kutta routine




FAC3
FAC30
FAC300
FAC33
FACH
FACH0
FACS
PACS0
FACE -
FLOUT

IMAX

FMIN

H1
H1X2
H2

Ha

1

IND
INITL
TFINAL
3

J1

K

K1

K20

Ll

3

> Constant factors used in Runge-Kutta routine

Constant flow out

Factor by which catalog valve sigze coefficient (inlet) is
multiplied to get CVMAX

Factor by. which catalog valve size coefficient (inlet) is
multiplied to get CVMIN '

Specific weight of fiuid
|
Desired level in tank
H1-H{t) at a given time
See Figure 3
See Figure 3
Used as.an index
Used as an index
Initial value of an index used in a program lcop
Final value of an index used in a program loop
Used as.an index
Used as an index
Used as an index
Used as an index
Measure of degree of opening of outlet valve
Used as an index
Height of tank

Used as an index
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MEDM.

MONEL

NEXTV

NMRTR
NVALVS

ONOFY
oP

0s

0S0K

PO -
P1
P1MAX
PYMIN
P7
P8
P13
P15
P30
P40

P60

Y7

Number of fluid desired by customer

Code indicating whether a menel bellows seal can be used by
the system (l--yes; zero--no)

Number of differential equations being solved in Runge~Kutta
routine .

Code indicating whether next cheapest valve is to be checked:
for response characteristics or not (l--yes; zero--no)

Storage for numerator of initial €V equation
Total number of wvalves in valve table on input tape

Code indicating whether system is on-off or not
(1--yes; zero--no)

Code indicating whether manual cperater is d951red or not
(1--yes; zero-~no)

Maximum allowable overshoot.

Code indicating whether overshoot has been checked or: not
(1~-yes; zero-~no)

Used as a factor in Runge-Kutta routine
See Figure 1.

See Figure i

Maximum value of P1
Minimum value of P4

See Figure 1

See Figure 1

Pressure for regulated tank
Allowable system pressure
Allowable”system pressure
Allowable system pr;ssure

Allowable system pressure




PB .
FEMAX

PLAIN

PNEU

QI
Q0
QOM

QOTIM

QOT

RADFIN

RE1

RESTART

RP1

RP3
RUNGKUTTA
RR

RVl

RV3

SAUNDERS
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Proportional band
Limit on propertional band

Code indicating whether plain bonnet is required or not
(1--yes; zero--no)

Code indicating whether system is pneumatic or not
(l--yes; zero~-no)

Flow in
Flow out
Maximum flow out

Parameter used in Runge~Kutta to represent closing time
of a quick~opening valve

Quick opening time

Valve vrangeability
Maximum controllable flow/Minimum controllable fleow

Code indicating whether radiating fin is required or not
(1--yes; zerc--no)

r/d for elbows
Storage for inlet pipe Reynolds number or control valve
Reynolds number, depending upon whether valve has been

chosen or not

Parameter used in Runge-Kutta to indicate if next- cheapest
valve is to be checked for adequate response

Inlet pipe Reynolds number

Outlet pipe Reynolds number

Name of Runge-Kutta subroutine
Integral gain, repeats per second
Control valve Reynolds number
Outlet valve Reynolds number

Code indicating whether Saunders wvalve is to be considered .
or not (l--yes; zero--no)




SEALT
SETTLNG
SLURRY
SPECIAL
STATIC
STEEL
STOPX

SUML

T1
T3
T4

T7

TANK

TLAST

TNKRATNG

TOP

TOTAL

TRO
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Code indicating whether bellows seal is required or not
(1--yes; zero--no}

Code in Runge~Kutta indicating if settling time has been
checked (l--yes; zero--no)

Code indicating whether fluid is a slurry or not
{l--yesi zeroc--no)

Code indicating whether special transducer is to be ordered
or not (1l--yes; zero--no)

Code indicating if static pressure sensor is desired
(1--yes; zero--no)

Code indicating whether 316 stainless steel bellows seal
can be used or not (l~-yes; zero--no)}

Code indicating whether program is to be stopped at this
point (l--yes; zero--no)

Sum of equivalent lengths of fittings in a length of pipe
Accumulated time (seconds) in Runge-Kutta

Time accumulated during calculation of on-off XT in
Runge~Kutta .

Time accumulafed during checking of settling time during the
Runge~Kutta

Time accumulated during checking of steady state error in
Runge-Kutta

Temperature of fluid

Code indicating whether tank is vented, regulated, or trapped
{l--vented; 2--regulated; 3--trapped)

Time which is equal to present time minus DT in the
Runge~Kutta

Tank rating

Code indicating whether a manual operator is mounted in top
or side position (1--top; zero--side)

Total cost of a system in printing routine

- Rise time or difference between TR(2) and TR(1) in Runge-Kutta




TRR

TSETR

V1
VLAST
Wi

W2

X1lM

XT

Z
ARRAYS:
ACTCOST
ACTNO
AIR
AVATL
AVAIL
B,
BCOST
BODY
BONCOST

CHEAP

coL
COSTX
cv

cY

50

Required rise time . -
Required settling time

Fluid viscosity

Motor vbltage used computing XT for on-off system

Previous motor voltage

See Tigure 1

See Figure 2

Design flow in

%/X, per cent opening for control valve used in program

Computer time stored at the beginning of the program

Valve actuator or motor cost

Valve actuator or motor number

Air-to;diaphragm value of a valve

Number of a valve that is usable in the-sxstem so far
Temporary storage for AVAIL

Number of material that is compatible with fluid

Cost of valve body material

Number of available body materials for a valve

Valve honnet costs

Number of a valve that has besn inserted in the list of
valves in order of cost

Location of the applicable CV of a valve
Temperature storage for cost of valve body material
Valve CV

Factor used in computing rise time in Runge-Kutta

-




D
DELTP
DISCOST
DISPL

EXT

_INDX1

INDX2
LD

LE
LIMVEC

LIMVRC

LT
MAN
MCOST
MODEL
NAME.
NB
NBI
NBON
NBX
NFIT
NT
NTI
NTX

NUMCVS
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Derivative used iﬁ Runge-Kutta

AP of valve

Level senécr éost

Control pange of level sensor

Code indicafing vwhether valve has extension cclumn or ﬁot

Row location of least expensive body material and rating
of a valve

Column location of least expensive body rating of a valve
Equivalent length of a fitting

Equivalent length of a length of pipe

Location of last available v-port CV of a full capacity valve

Location of last available v-port CV of a reduced capacity
valve

True length

Row location of applicable:valve manual operator cost
Cost of a valve manual opevator

Model number of a valve

Alphanumeriec name of a2 body or trim material

Valve body material

Required body material

Body material correspending to a valve bonnet cost
Temporary storage for cheapest valve body material
Numbér of a type of fitting in one length of pipe
Valve trim material

Required trim material

Trim material compatible with fluid

Total number of available CV¥'s of a valve




OMIT
ORIGX
POS
POSCOST
QC -
QOLINK
QOTIME

" RAD
RATNG

RATNGI

RATNGX
SEAL

SIZE
SPRMAX
SPRMIN
TMAX

TMCOL

TMCOST

TMIN

TOTCOST

TR
TRAVL
TSET
TYPE

VPEC
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Number of valves omitted from list of usable valves
Initial value of an element in the X arfay

Location of a positioner on.a_valve

Cost of a positioner on a valve

Code indicating whether val§e is quick-opening or not
Linkage number of a quick-opening valve

Closing time for a quick-opening valve

Code indicating whether valve has radiating fin available
Body. rating of valve

Required body rating

Temporary storage for rating of cheapest body material
Code indicating whether valve has bellows seal or not
Diametéf;qf a valve

Maximum pressure to be balanced by. valve acfuator spring
Minimum pressure to be balanced by valve actuator spring
Maximum allowable ambient temperature for valve

Location of cheapest trim material of valve

Cost of a valve trim material

Hinimum allowable ambient temperafﬁre for valve

Total cost of a useable valve

Time stored for use in calculating rise time iIn Runge-Kutta

Valve travel
Time stored for use in calculating settling time

Valve type

Number of CVs available with v-port characteristics in a-full

capacity valve




VPLINK

VPORT

VPRC

VPTIME

X

XLAST
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Linkage number of a valve with v-port characteristics

Code indicating that valve has v-port characteristics

Number of CVs available with a reduced capacity valve with
v-port characteristics

Closing time of a valve with v-port characteristics
Solution of diffevential equation in Runge-Kutta

Solution at T-AT of differential equations in Runge kutta
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APPENDIX B
DERIVATION OF SYSTEM FLOW EQUATIONS

Two tank coﬁfigurations are utilized in this study. The first,
Configuration One, represents a system containing a tank discharging
from the top. Configuration Two, shown in Figure 1 which is repeated
here for convenience, contains a tank which discharges thru an outlet
pipe. Configuration Two is illustrated because it is the more general
of the two, For the same reason equations of mdtion will be developed
for Configuration Tﬁo. Flow into the tank and the liquid level in the
tank of Configuration Oﬁe can be represented.by the corresponding equa-
tions for Configuration Two if flow from the tank, QO,'is assumed
constant or varies only by step changes.

The tank shﬁwn in Figure 1 is typical of those found in industry.

It has vertical sides and a round or a rectangular cross section. All

.pipes are assumed level, and L2, L3, L4, and L5 are equivalent lengths

made up of the true pipe length and the equivalent length of any bends
or fittings included in that run of piping. It is assumed that flow

will never reverse direction in the systems covered by this derivation.

?o insure fully developed flow, all sections of pipe must have an L/D

ratio greater than 20, where L is the pipe length and D is the inside
diameter of the pipe.
The definitions of the symbols used in the following derivaticns

are found in the Nomenclature Table,
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SIDE YIEW - TANK

POSSIBLE TANK CROSS SECTIONS

Figure 1. Diagram of Configuration Two.
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According to Eckman (10), the flow rate of a liquid through a

fully opened control valve is given by
. AP _ o
Q= cv /AR ()

The specific gravity uses the specific weight of water at 60°F as the

reference specific weight.
8.G. = w/ww (s)

The valve size coefficlent CV is defined as the flow rate of water in
gallong per minute provided by a pressure differential of one pound
per square inch through-a fully opeﬁed control valve,

Forman (11) recommends the equal-percentage spool characteristic
for contromfvalﬁes uged in most process situations, primarily on the
basis of its good rangéability. Therefore, only control.valves with
aqual-parcentage charactéristics will be used in the throttling systems
of this study. With an egual-percentage spool charagteristic, each
inerement of plug movemant producas a chahge in flow which is propor-
| tional to the amount flowing before the change occurred. Rangeability
iz the ratio of wmaximum controllable flow to miﬁimum controllable flow.
The flow through a sliding stem equal-percentage control valve is given

by Eckman (12) as

afq, = R/ | (6)
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A plot of flow versus valve lift for an equal-percentage valve
is given in Figure 5.

The flow-1ift characteriatic for Honeywell quick-opening control
valves was not available at the time of this writing., For lack of better
information, the quick-opening.valves were ‘assumed to have approximately

linear characteristics described by Eckman (13) as
@/, = /R [1 + (R-1)%/X] (7}

Let Q/QIII = KI. Combining KI, :Equa'l':itm ("4), and Equation (5) results in

the following expression for flow through a control valve at any stem

ﬁwap
Q = (knjev,/ - , (8)

position.

Applying this equation to the control valve on the inlet side

of the tank in Figure 1 yields

w AP
Q; = (kv / - L (9)

Forman (14) states that control valves are sometimes one pipe
size larger or smaller than the pipe in which they are connected. In
these cases, reducers are used between the pipe and the control valve,

If the friction loss in the reducers is neglected,
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Flow Versus Valve Liff¥ for an Equal-

v

Figure 5.

Percentage Control Valve.
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AP = P2 - P3 | (10)
1
It can be shown (15) that the momentum equation for fluid flow

applied to a control volume R, bounded by a surface 8, is

1 .d 3 )
¥ = E;’[?ﬁ'f; Py Vg d é (pg Vo) Vg _'d‘§] (11)

where == f PR vR dR 1s the time rate of change of momentum of the fluid
within R and bounded by S and f (pg S)V « d8 is the time rate of net
efflux of momentum across the controL surface 8. Since the flow ie
uniform and sinca_ﬁl equals V2 which equals ﬁR (the velocity in the

reglon) Lf VR is set equal to v.

iF « E]:' E‘&qt‘f PoVpdy + 1,7, - 0,71 (12)
Since ﬁl £ 62 =z ?n '
z‘f’*=-§-|»§(?)j (18)
Because the flow is incompressible,
iFy = o $ (14)

Three external Forees act on the Fluld Flowlng in the "L2" section of
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the' pipe as shown in Figure 6. Since all the forces act along the same

axis, the vector notation can be dropped and

_ ., dv
EE‘E = M = (1%)

P1(A )~ ¢ —— “P2(A,)
+

Figure 6. Free~Body of Fluid in Pipe "L2."

The friction force, Ff,\is shown in figure 6. Assuming that resistance
to flow in unsteady flow is equal to steady flow resistance at the same

velocity (16}, the head loss due to resistance is

2
FLY :
h, = 22— (16)
f 2gD
For the case in Figure 6,
Q .
Ve ot (17)
I -

2
where Al ol Dl .

The friction force I_ is the product of the head loss, the fluid

£

specific weight, and the cross sectional area of the pipe as expressed

by the equation
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Ff =,WAlhf ' (18)

Substituting Equation (16) and Equation (17) into Equation (18) yields

wFQ(LQ)QT2
i (19)
£ _QngAl

for the pipe in Figure 6.

The mass of the fluid in the pipe, M, is given by

w(LQ)Al
M=z ——— : 20
z (20)
Since
_ 9
V5T
1
dt Al 4t _

Substituting Equations (19), (20), and (21) into Equation (15) and re-

arranging vesults in

dqQ
Py = Pl - ng(Lz)2 QIz _ w(k?T) dg (22)
2gD, A, g8, .
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Likewise, for pipe length L3,

WF3(L3) . 2, w(L3T)dQI
2 71 A g dt
2ng Al 1

P3 = P4 + (23)

Combining Equations (22) and (23) and assuming the friction factor in

L2 is equal to the friction factor in L3,

P2 - P3 = P1 - P4t - w2z L2 + L3]Q 2 _ fL2T + L3T - (2u)
2 2 I g4 dt
DlgAl Sl § :

As can be seen from Figure 1, P4 may be made.uﬁ of two components:
the preésure'due to a head of liéuid above the pipe inlet in the tank,
and the pressure of the gas above the liquid level, Three conditions
are covered here. The tank can be vented; i.e., the pressure above the
liquid level is taken as 15 psia;-the pressure above the liquid in the
tank is regulated or maintained at a constant pressure P13; or, the gés
above the liquid level is trapped so that the pressure above the liquid

is a function of the level. Representing P4 mathematically results in

P4 = PO + (H2)w : (25)
where PO = 15 psi Vented
= P13 Regulated
- (POO)L1

I < & Trapped
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H2? is defined as follows.

/ .
J 0 H < H3
H? = (26)

LH ~ H3 H > H3

The expression for PO for the trapped tank is found as follows.
It is assumed that the émpty tank is charged to a pressuré, POO. Using

the perfect gas law,

(Poo)voi = NRcTi . (27)

where i subscripts indicate initial conditions, and

(PO)VO = NR T | {28)

c

Since the tanks covered by this derivation will generélly not be
insulated, it is assumed that the gas ahove the liquid will not
experience any appreciable temperature change during level changes

and the expansion and contraction of this gas will therefore be assumed

igspothermal. Therefore,

(Po)vO = (Poo)voi (29)

where
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v, = AglLl - H] _ (30}
and : .
Voilz As(Ll) (31)
Substituting Equation (30) and (31) into Equation (29) yilelds

_ (POO)L1

Substituting Equation (24) into Equationi(g) and rearranging yields

the following equation for flow into the tank,

dQ gh b1 |
I 1 Pl Py 1 F2(L2 + La)]Q 2]

3 T TaT sy L + I

3 2 (33)
C(KIICVIYw 2gD, (4,)

The equation to be used for the frictien factor, F2, depends

on the Reynolds number for flow in the pipe where

hQ w
t
Re =
DlUg
For Re < 2000,
., _ 64
P = %3 (34)

Therefore,

I
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16_D.Ug
. Tl
Fz = “6_"‘— (35)
I
From Potter (17), if the Reynolds number is greater than 4000, the
friction factor F can be found from the equation,
1
E . 10°%3
F = 0.0055 [1 + (20,000 5 + %) ] (36)

Assuming that the friction factor corresponding to Reynolds numbers
in the range between 2000 and 4000 can be found by Egquation (36).

For Re > 2000,

| | 1
6 =
F2 = 0.0055 [1 + (20000 2= + 2% ]

(37)
51

As shown in Chapter IV, control valve selection is based in
part on a valve size coefficient, CV. This size coefficient is a
measure of the flow rate through a ¢ontrol valve as a function of the
fluid and pressure drop across the valve. The CV is determined for the

flow system under consideration by the following relationship

Q
eV = -t

AP

S.G.

The size and fype of control valve required to meet a specific
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application can be selected on the basis of a comparisoﬁ of this calcu-
lated CV and the ta bulated CV's foﬁnd in the valve manufacturer's
literature. The valve size coefficients given in the manufacturer's
literature have been determined experimentally for each type and size
valve.

Although the valve size coefficient is generally given aé a
constant in the manufacturer's catalogs, in reality, its value varies
somewhat with Reynolds number. Even thqugh'manufacturer's informaticn
on this variation was not available at the time of this writing, a
correction to be applied to the manufacturer's constant CV values is
included in the computer program for demqnstration purposes. The vari-
ation of CV with Reynélds number was assumed to be that of a 200 x 400
Venturi meter as given by the curve in the 4th edition of "Fluid Meters:
Their Theory and Application" published by the American Society of
Mechanical Engineers in 1937. This curve should be replaced with the
manufacturer's curves of CV versus Reynolds number:for various valves
when they are available if the computer program is to be used in prac-
tice. The 200 x 40b venturi meter curve is appfoximated by straight
line segments as shown in Figure 7. In Figure 7, CV is the manufacturer’s
published valve size coefficient, CVI is the valve siﬁe coefficient cor-
rected for the effect of the Reynolds number, and the Reynolds number is
the Reynolds number for flow through the valve,

From Figure 7, the following relationships were found. (The

program is not applicable for RE < 200). For,




1.00Cvy

.300CV

CVI

.8o0Cvl

L700CV Fi

5.0 6.0 7.0 8.0 9.0 10.0 11.0 . 12.0
1n (Re)

Figure 7, Str-aight-Line'Approximation of Assumed Variation
: of CVI with Reynolds Number.

L9
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200 < Re £ 1,000 © CVI=[0.70740.11 (In Re-5.30)1CV  (38a)
1,000 < Re € 5,000 -  CVI=[0.884+0.0398 (1n Re-5.91)]CV (b)
5,000 < Re < 100,000 CVI=[0.948+0.01734(1n Re-8.52)1CV ' (c)

100,000 £ Re CVI=(1.00)CV ' o o (d)

The pipe lengths used in'the_terms @ontéining'thé friction ;
factors in Equation (33) correspond to the true length of the pipe plus
the equivalent length of any bends or fittings included in that length
of ﬁipe. For the purpose of the described study, it.is assﬁmed that
the head loss effect of various fittings is the same in transient flow
as in steady flew. It is felt that this assumpticn is justified for a
feasibility study of this sort, but, in practical usage, the error caused
by making this assumption should be datermined. Table 4 contains a list
of variocus valves and fittings dovered by the program aleng with their
equivalent lengths in pipe diameters. This list is taken from Crane
(18). The equivalent length for a run of pipe is found by summing up
the equivalent lengths in pipe diameters for all the fittings included
in that run of pipe and multiplying that sum by the nominal pipe diam-
eter. The equivalent length of a 90° pipe bend must be found from a
"Chart for Resistance of 90 Degree Bends" on page A-27 in Crane.
Assuming r/d will be greater than or equal to 3.0, but less tﬁan 20,

the curve has been approximated by a polynomial curve fit computer

program which resulted in the following equation,
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l--\

L/D = 5,9997 x 107 - {5.9953 x lﬂl)P/d-+ (2.8896 x 101)(r'/d)2 (39)

- (7.2291)(x/d)? + (1.0618)(p/d)" - (9.3532 x 107%)(x/d)°
-3 6 -4 y 7

+ (4.8507 x 10 ") (r/d)" - (1.3621 x 10 ){(r/d)
-6 8

+ (1.5959 x 10 " ){x/4)

If the tank is set up as in Configuration Two, the equation for
flow from the tank is found in much the same way as that found for flow
into the tank. This study assumes that K20, the opening of the outlet
valve is a known constant greater than or equal to zerc, but less than

or equal to one. Then from Egquation (8), -

w AP

Q, = (xo)evo, (40)

It is also assumed that the outlet valve CV varies with Reynolds
number as shown in Figure 7, and that friction in the reducers can be

neglected.
APO = P5 - P6 . (41}

Substituting values in Equation (15) yields the following equations

for PS and P&,
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dq

PS5 = PO + Hw - 355&552——§-Q02 - Eé%EZL-E{i (42)

2g Ds(Aa) . 3

4a¢
PE = P7 + wF4(L5) : Qo2 + wﬁL;T) d:} (43)

2g DS(AS) 3 l
Combining BEquations (40), (41), (42), and (43) results in
dQ ga
° _ 3 (PO-P7 _ 1 Fi(L4+LS) - 2

. 2 2
ww((KO)CVO) 2 DS(AS) g

where Fu4, L4, L5, and CVO are found as on the inlet side.

The change in level in the tank is found by the following equa-

tion,

Pu

o

H_ 1
t K;{QI"Qo) (45)

Tests for the validity of the system flow equations derived
above for use in the computef program were developed and are described
on page 72.

Certain simplifying assumptions can be made to obtain approximate
expressions for the time rate of change in head in the tank, for flow
into the tank, and for flow from the tank. If the tank outlet valve is

shut, (Q0 = 0) and the control valve is held open (KI = 1,0}, an
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Equivalent Lengths of Valves and Fittings

Table u.
o VALVES: AND FITTINGS Equivalent
Type | Sub-Type Descpiption Lengths L/D
Globe |Conventional|With no obstruetion in flat,
Valves bevel, or plug type seat. Pully open 3u0
With wing or pin guided disc. Fully open 450
Y-Pattern (No obstruction in flat, bevel,
or plug type seat.)
Stem 60 degrees from run of pipe
line. . _ Fully open 175
Stem 45 degrees from run of pipe
line. ' Fully open 145
Angle |Conventional|With no ebstruction in flat,
Valves bevel, or plug type seat. Fully open 145
With wing or pin guided disc. Fully open 200
Gate Conventional Fully open 13|
Valves
Check Conventional swing. Fully open 135
Valves Clearway swing. Fully open 50
Globe 1lift or stop. Fully open 450
Angle 1lift or stop. Fully open 200
In-line ball. Fully open 150
Fittings 90 Degree standard elbow. 30
45 Degree standard elbow. 16
90 Degree long radius elbow. 20
90 Degree street elbow. 50
{45 Degree street elbow. 26
Squdre corner elbow. 57
{Standard Tee |With flow through run. 20
With flow through branch. 60
Pipe 90 Degree pipe bends. See Equation

approximate expression for head in the tank as a funetion of time can

be found as follows:




aH | 1
T AB (QI)

For steady flow, neglecting friction, with the control valve open,

- / (PI-PO)w__
Qq = {1.0)CVI EEErr—

For water,

Therefore,

(YL /FTIP0 4t

dH = P—
Ag
Integrating,
a1 = 19 /FTR0 3] T

8
If the tank is empty at T = 0,

H = EAE VPIPO T

72
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Setting.

PO = 15.0
"PI = 16.6
Ay = 1000
CVI = €54

resuylts in

H= (0.827) T . -
Table 5 shows the results obtained from the above expression and the
corresponding computer solution and the per cent deviation for a five-

second run. The per cent deviation uses the compuier values as base,

Table 5. Results of the First Flow Equation Test

H H Pe? C?nt
T ' Hand Computer Deviation
0.0 0 ¥ C
1.0 0.827 0.801578 3.12
1.5 l.240 1,20259 3.08
2.0 1.654 L.60360 3.11
2.5 2.070 2.00461 3.4
3.0 2,480 2.40563 ' 3.08
4.0 3.310 3.02766 3.18
5.0 4,130 14.00968 3.00
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Table 5 demonstrates the fairly close agreement between the

results of the two methods of solution for the short time interval used.

It can be seen that H is consistently larger than H It is

hand

felt that this is due to the inclusion of the effects of pipe friction

computer’

in the computer solution. This pipe friction is a retarding factor
whiéh reduces the flow rate into the tank. Therefore, the tank fills
sloﬁer than when the pipe friction is ignored.

An approximate expression for the complete set of equations can

be found for certain specific cases.

Using the head equation, .

If QI is held constant and -

Q, = (K20)CVO /uH

us=/H

K = (K20)CV0 vw
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d_H: 2u d_u
4T dT
results in
: du _
2 AS u ﬁ = .QI-ku
Separating the variables,
. u du, _
2 Ag [6‘;'_-}5] = 4T

Integrating the above equation and replacing u with H results in

M- Q) H - Qp/k
T-QAB [+ —=1In [————] 1

k k2 /H—I_ Ql/k
Table & shows comparative values of head and flow out, and lists per
cgnt deviation for the two methods of sclution. As before, per cent
deviation uses the computer values as base.

It can be seen that there is a very small per cent deviation in
head resulting from the two methods of solution. Since the hand calcu-
lafion neglects pipe friction and tﬁe computer solution does not, it
can be assumed, that for the'sbecific example used, the effect of the
pipé friction on the inlet side of the tank is virtﬁally cancelled by
the effect of the pipe friction on the outlet side of the tank. Table

6 also indicates that Q is consistently larger than Q

oHand oComputer”®

This can also be explained as the effect of the inclusion of the fric-

tion factor in the computer sclution.
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Table 6. Results of Second Flow Equation Test‘

Per Cent ‘Per Cent
H H Deviation Deviation

T Hand Computer QoHand QoComputer H QO
0. 200 200,000 1755 1755.00 0 0
0.459 199 199.265 1750 1677.20 0.133 4,34
1.0u48 193 198,338 17u5 1667.88 0.17C b.63
2.416 196 196,196 1735 1658.65 0.100 4.60
3.192 19y 194,998 1728 1653.57 0,200 4.50

4,240 192 193.370 1718 1646 .64 0.713 4,33
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DEVELOPMENT OF CONTROL EQUATIONS

Based on information obtained from Honeywell catalogs and

discussions with local Honeywell engineers, the following Table of

System Types was prepared.

Table 7. System Types

Plus Integral

Type 71-06 Level
Control (Displacer)

2-Mode Indicating Controller,
Statis Pressure Transmitter
(Sensor)

Control Prneumatic Electric
On-0ff Open or Closed Tank
Versa-Tran (Controller)
Probes (Sensor)
|Proportional |[Open Tank Open or Closed Tank
Low Cost System A R7165A Proportioning
Low Cost System B Relay {(Controller)
Type 71-06 Level P/I Transmitter (Sensor)
Control (Displacer)
Closed Tank:
Type 71-06 Level
Control (Displacer)
Propertional en Tank

Proportional
Plus Integral

Closed Tank
Type 71-06 Level
Control (Displacer)
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‘It should be noted that o systems containing three mode control-
lers are included. Eckman (19), Buckley (20), and Honeywell (21)
indicate that the rate mode is farely used in 1iquid level control.

It can be.seen from Table 7 that only properticonal systems have
both electric and pneumatic cdmponents. This dees not mean fhat Honey-
well cannot pgovide components from which an electrié propertional plus
integral control system, for example, could be made. It does indicate
that the frequency of demand for such a system is so low that applica-
tions engineers at the_local level do not have full information on the
syétem and ccnsiderable correspondgnce with the factory would be required
for the pﬁrchase of such a system.

The set of equations gdverning the valve opening for an on-off
control system is obtained as foilowa% Figure 8 ié a diagram of the
on-off control system used in this study. It can be seen that this type
of liquid level conirel can only maintain a level between two peints; it
cannot Hold the level at a specified location. Honeywell on-off liquid
level control systems require that the liquid used be an electrical
conductor. The.relationship of motor voltage V versus the error (H1-H),
in the_liquid level is given in Figure 9.

A design requirement for the systems of this study was that all
control valves fail shut. This means that all valves must be of the
spring return type for which closing time is assumed negligible. On the
cther hand, opening time is a linear fﬁnction of tiﬁe. The motor-
cperated valves used in the study have opening times of 30 and 60

seconds.

i




L.

Probes

Tank

‘Versa-Tran
Controller

N

Motor-Operated
Control.Valve

Figure 8. On-Off Control System Diagram.

6L
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- AH AH (H1-H)

Figure 9. Plot of Motor Voltage Versus Error.

As shown in Figure ¢, the voltage V, to the valve motor is not
only a function of the error in the head (H1-H), but is alsc a function
of the voltage past history. In addition, the opening of the valve is
a function of the voltage applied to the valve and a function of the
time elapsed since the voltage was applied. .With this in mihd, the

following set of eguations can be written.

For (H1-H) < - AH,

and
X _
T=0. : (48)

For - AH < (H1-H) < aH




and V(T-AT) = 0,

v =0
| and

For - AH < (H1-H) < AH
and V(T-AT) = V1,

Vo= vl
and if T1 ¢ QOT,

x 11

X ~ QOT
if T1 > QOT,

;‘-:1.0

For (H1-H) > AH,

i e

81

(47)

(u8)

(49)
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and if T1 £ QOT,

_T1
-. Q'ﬁ . (50)

%

or if T1 > QOT,

{51)

wf
"
"
o

The control equation used for.the proportional systems of this
study is derived for a pneumatic system but can be used for an electric
system.

According to Buckley (22), the natural frequency of a displacer
type level sensor is one to three cycles per second. Since this fre-
quenc§ is much higher than the frequency 6f the tank level changes for
any practical liquid level system, fhe transfer function for the dis-
placer is represented by a constant. This ﬁame reasoning also holds for
the other level sénsors included in the study. For the purpose of the
study, the system is assumed to be set up so that a zero erfor signal
corresponds to flow through the contrel valve equal to one half the
maximum’ flow for a given pressure drop across the valve.

From Figure 5 in Appendix B, when Q/Qm = i-, X/X = 0.82 for an

2

equal-percentage control valve. The relationship between x/X and P

is shown in Figure 10. From Figure 10,

= (52)

P=P .+ (P 3

s -P_,
mi ma mi
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' The relationship between P and (Hl-H) is shown in Figure 11. Point P

C

can be found by setting x/X equal to 0.82 in Equatioﬁ (52), In'Pigure

11,

P _-P .
ma mi

P = BB ER)

(H1~H) + Pc (53)

Eliminating P between Equation (52) and Equation (53) yields

Paind

H1H) 4 0.a2 ' (54)

e

H

=%

)
oz
~~
!
w

Because of the limiting nonlinearitiez in Figure 11, the expression

for x/X for the entipe range of allowable values is

(H1-H) .
X _ ¢ (HI-HW) (H1-H)
X - ——_—PB(CR) + 0.82 . 0= FB(CR) + 0.82 <1
(H1-H) '
1 BE(OR) + 0.82 21

The most sophisticated control system used in this study uses
a two mode controller incorporating a proportional méde and an integral
or reset mode. The addition of the integral mode to the proportional

controller results in the following centrel equation,

| . |
x_ 1 | m )
X © Feeny (R £ (Hl-H)dt + (H1-H)] + 0.82 (56)




<)

P

(H1 - H)

Figure 11. Plot of Control Pressure Versus Error in Level.

au
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Again, the range of x/X is limited and, if

t .
1

[RR [ (H1-H)dt + (H1-H)] + 0.82 = & ,
PB(CR) o

the complete proportional plus integral control equation is

0 (57)

[ ]
-3
1A

1 __
PB(CR)

5|
]
e W

. _
[RR [ (Hl-H)dt + (H1-H)] + 0.82 0 <4 <1
o . . ’
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APPENDIX D
THEORY OF PIFFERENTIAL EQUATION SOLUTION

Determination of the time respoﬁse of the tank liquid level
requires the simultaneous solution of a system of first order nonlinear
differential equations. The number-of differential equations making up
the system depends on the tank configuration and on thé type of contreol
system used, |

The Runge-Kutta method of numerical integrati&n is used to
obtain the required solutions. A brief explanation of this method

follows (23). Given y' = f(x,y) and (xo.yo), additional points .(x )

1°71

on the integral curve are desired. Let Ax = h and Ay = k so that

V=¥, t ko (58)

and

X, =t h (59)
The problem is now reduced to finding values of k to the required

degree of accuracy. There have been several methods presented for find-

ing k based on the Taylor series expansion

+ oeee, (60)




The easiest tc calculate are the formulas of Runge, which
modified by Heun and Kutta. - The chief advantage of these
that they can be written with the functional values only.

k .3 be the successive approximations of k, which will

3,..
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have been

formulas is

Let kl, k2,

be weighted

and averaged as indicated by Equation (65) below. ' The formulas as

modified by Kutta are

k2 = f(xo + %3 Yo + 7%)h
k, = £(x_ + 1‘2-, y, + ;2)11
ku = f(x_ + h, Vo + k3)h
and
k= % (k, + 2k, + 2k, + k)
5 "1 2 T3 T My

(61)

(62)

(63)

(64)

(65)

If y does not appear on the right side of the differential equa-

tion, the problem reduces tc simple quadrature and Kutta's equations

take the form of Simpsonis rule.

The method.can be extended to systems of simultaneous differen-

tial equations. For example, consider two simultaneous equations

y' = f(x,y,z)}

(66)




and

2' = g(x,y,2)
By defining g such that

2z, =z _t4q
k and-q can be written as follows:

ky @ f(xo’yo’zo?h

q; *® g(xbsyo.zo)h

k2=f(xo+-12]-, Yo+71’z
ngs(xofg,'yofg, z
k3 = f(xo + %3 Yo * ;3, z
Q5 ? 8(36 f %3.yo + 253.z
ku = f(xo + h, o * kKoa 2

qu = g(xo+ ih’ Y°+k3! 2

qa)h

qa)h

88

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(78)

(76)

e
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and-
I N (77)
61 0.7 kg t Ky |

1
=g (q) +2q, + 295+ q) | (78)

fal
1

It can be shown that the error in these appreoximations is pro-
portional to h to the fifth power (24). A simpler but less sophisticated :
method of determining the error invelves re-running the calculation for

a short interval of x at half the increment h. The.ﬁumbep of sign

figures found in agreement is an indication of the accuracy of the

results.
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APPENDIX E
PROGRAM FLOW CHARTS

The Computer Program Flow Charts are given on the following
pages. The Main Program Flow Chart starts on page 90 and the Flow
Chart for the Runge-Kutta numerical integration method starts on

page 103.




READ DATA CARDS AND
PRINT CONTENTS

l

COMPUTE A8 AND SET REPEAT
RATE EQUAL TO ZERO

|

COMPUTE EQUIVALENT LENGTHS
OF L2, L3, L4, AND LS

E - l —6 _ DESIGN FLOW IN
* IS SYSTEM ON=OFF?% : » = INITIAL FLOW IN
: (FOUND ON DATA CARD)

lYes o

DESIGN FLOW IN
= {1.1)(QOM)

l

COMPUTE INLET PIPE
REYNOLDS NUMBER

I

IS REYNOLDS NUMBER Yes . |  PRINT VALUE OF
< 2007 - REYNOLDS NUMBER
) lYeé | :
- Go to ond of
COMPUTE INLET PIPE program

FRICTION FACTOR

l

I8 H1 > H3? i : H2 = ZERO
lYes
H2 = HL = H3
| COMPUTE B, ‘

T




¥

COMPUTE C,, OF CONTROL VALVE AS
A FUNCTION OF REYNOLDS NUMBER

|

PRINT VALUE OF C,,

1

ENTER RUNGKUTTA SUB-ROUTINE
WITH ABOVE C,

|

DOES FINAL CURVE IN RUNGKUTTA
MEET DESIGN REQUIREMENTS?

No

lYes

COMPUTE REQUIRED AP

l

COMPUTE RANGE IN WHICH
CONTROL VALVE C, MUST
FALL (CVMAX AND CVMIN)

|

READ COMPATIBILITY TABLE FROM
INPUT TAPE, PICKING UP ALL
MATERIALS WHICH ARE
COMPATIBLE WITH DESIRED FLUID

|

READ AND STORE LEVEL
SENSOR TABLE

l

DID CUSTOMER CHOOSE A VALVE
BODY MATERIAL
AND TRIM MATERIAL?

P W

Go to end of
program

92

No
i

FILL NBI ARRAY WITH ALL
POSSIBLE BODY MATERIALS
WHICH ARE COMPATIBLE WITH
FLUID AND NTX ARRAY WITH
ALL POSSIBLE TRIM
MATERIALS WHICH ARE
COMPATIBLE WITH FLUID

\Yes

P

)




T

PILL ALL BUT FIRST ELEMENT
QF NBI AND NTX
ARRAYS WITH ZEROLS

!

' READ VALVE TABLE FROM INPUT

TAPE AND STORE ALL DATA
FOR EACH VALVE

!

USING P1MAX AND T7,
DETERMINE REQUIRED BODY
RATING OR RATINGS FOR EACH

POSSIBLE BODY MATERIAL. -
SCREWED END CONNECTIONS ARE
CONSIDERED NEGATIVE: FLANGED
END CONNECTIONS ARE .
CONSIDERED POSITIVE. __J

!

DO ANY OF THE POSSIBLE BODY

93

PRINT “INVESTIGATE

MATERTALS HAVE A No s POSSIBILITY OF LINED
USABLE RATING? SAUNDERS VALVESH
[Yes ' l
- BGo to end of
program
IS A BELLOWS
SEAL REQUIRED? No IS T7>-450|Yes _
| awp < 322 | EBRTCOL=1
{No ¥
1S T7»32 |Yes | PLAIN BONNET
AND<4507 "| 1S REQUIRED
{No - ¥
IS T7>450 |Yes .
AND£12007 - RADFIN=1
No
ves | PRINT "NG Go to end of
IS T7>7507 ———=+! BONNET ' Program
- AVAILABLE? -
Q




QY

.1. T
IS PIMAX > 1507 FoSsi1e piMax (284 PRINT "NO
- : . > 4007 - BONNET
: — AVAILABLE"
IS FLUID T :
MONEL=1 COMPATIBLE MONEL=0 !
WITH MONEL? Go to end of
, — ' l program
! Yoo IS FLUID IS FLUID | (PRINT "FLUID NOT
; STEEL=1 I COMPATIBLE WITH COMPATIBLE =>—{  COMPATIBLE
i 316 STEEL? WITH 316 W/316 STEEL"
j STEEL?
No . ]
~ YYes
STEEL=1
IS EITHER |,
|  STEEL=1 OR s
MONEL=1%
Ho
PRINT "FLUID NOT
COMPATIBLE
W/MONEL OR 316
STEEL"
Go to end of
program
SAUNDERS | Yes Yes| IS FLUID |e—
VALVE 18| IS P>50? “1 & SLURRY?
REQUTRED e e
l POSSIBLE TRIM ' Yo POSSIBLE TRIM
MATERIAL IS 1S P>50% 5 MATERIAL IS
Go to L33 316 STEEL BRONZE
'Yes
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POSSIBLE TRIM
MATERIAL IS
HASTELLOY B

T T T
SAUNDERS |y, | IS 316 STORE| y__| IS BRONZE
VALVE IS STEEL BRONZE =1 COMPATIBLE
REQUIRED COMPATIBLE IN NTI| WITH FLUID?
WITH FLUID? ARRAY
l INo
_ j¥es POSSIBLE
Go to L33 STORE TRIM MATERIAL
[ 316 ISP |No IS 316
| STEEL >3007? STEEL
IN NTI T T
ARRAY -
' |18 P |Ne STORE IS 316
>6007 316 Yes| STEEL
T STEEL COMPATIBLE
IN NTI WITH FLUID?
PRINT ARRAY =
"LELT F
BEYOND
RANGE"
}
‘ Go to end of
{ program A
HAS EITHER
POSSIBLE TRIM IS BRONZE OR.
No _No|316 STEEL
MATERIAL SYSTEM [ o STORED
IS MONEL ON-OFF? IN NT1
11D ! ARRAY?
STORE 1S MONEL STORE lYes
MONEL IN | Yes| COMPATIBLE STELLITE |, o 4o 133
TRIM ARRAY WITH FLUID? IN NTI
ARRAY
tNo




STORE Yés IS HASTELLOY B
HASTELLOY B 22| COMPATIBLE
IN NTI ARRAY  WITH FLUID?

e

POSSIBLE TRIM
+| MATERIAL IS
HASTELLOY C

B R

STORE Yes|IS HASTELLOY C
HASTELLOY C |«—| COMPATIBLE
IN NTI ARRAY WITH FLUID?

_ e

POSSIBLE TRIM
MATERIAL IS

L3

4y0C STEEL
L . N
STORE QHOC Yes IS 440C STEEL
STEEL IN 1 COMPATIBLE
NTI ARERAY WITH FLUID?

— I o

HAS MONEL, HASTELLOY

S MONEL, HAGTELLOY @ e
| | OR 440C STEEL BEEN *| SAUNDERS=1
R STORED IN NTI ARRAY?
' Yes] + : S
L33: | empy [Yes | |COMPARE c, OF QUICK-OPENING
ONoORF? VALVES IN VALVE TABLE WITH
I REQUIRED C,, RANGE AND

No ELIMINATE ANY VALVE WHOSE
Cy DOES NOT FALL WITHIN
REQUIRED RANGE




COMPARE Cys OF REDUCED

CAPACITY VALVES WITH
V-PORT CHARACTERISTICS.
WITH REQUIRED C, RANGE
AND ELIMINATE ANY VALVE
THAT DOES NOT HAVE A Cy
IN THE REQUIRED RANGE

| Hs|

IS CAPACITY

FULL?
Yes

CAPACITY VALVES WITH
V=PORT CHARACTERISTICS
WITH REQUIRED Cy RANGE
AND ELIMINATE ANY VALVE
THAT DOES NOT HAVE A Cy

COMPARE C,e OF FULL

IN THE REQUIRED RANGE
1+

97

HAVE ALL VALVES

L]

IN VALVE TABLE
BEEN ELIMINATED?

PRINT '*NO Cv

1

COMPARE AVAILABLE BODY
MATERIALS OF REMAINING
VALVES WITH REQUIRED
BODY MATERIALS AND
ELIMINATE ALL VALVES
WHICH DO NOT HAVE ANY
OF THE FEQUIRED BODY
MATERIALS

1

HAVE ALL REMAINING

VALVES BEEN ELIMINATED?

Ne

COMPARE BODY RATINGS
OF REMAINING VALVES
WITH REQUIRED BODY
RATINGS AND ELIMINATE
ALL VALVES WHICH DO
HOT HAVE ANY OF THE

REQUIRED BODY RATINGS |

AVAILABLE

Go to end of
program

o

PRINT
WNO BODY
MATERIAL

AVAILABLE"
]

Go to end of

progran




COMPARE REQUIRED AP WITH

APS OF QUICK-OPENING
VALVES AND ELIMINATE ANY
VALVE THAT DOES NOT HAVE
"|A AP GREATER THAN OR EQUAL
TO THE REQUIRED AP

98

HAVE ALL REMAINING

Yes

VALVES BEEN
ELIMINATED?

FRINT "NO

+ FLANGE RATINGS

AVAILABLE"

jNo'

!

Go to end of

No

: - program
YeSl19 SYSTEM ON-OFF? -
'No
COMPARE REQUIRED &P WITH
APs OF REMAINING VALVES
(FULL OR REDUCED CAPA-
cITY, WHICHEVER IS
REQUIRED) WITH V-PORT
CHARACTERISTICS AND
ELIMINATE ANY VALVE THAT
DOES NOT HAVE A AP GREATER
THAN OF EQUAL TO THE
REQUIRED AP
- Y PRINT "NO
, HAVE ALL REMAINING Yes | VALVE W/
VALVES BEEN ELIMINATED? ALLOWABLE
7o - DELT P
l AVAILABLE"
COMPARE AVAILABLE BONNETS l'
OF REMAINING VALVES o to end of
(UNLESS VALVE IS SAUNDERS) rogpam
WITH REQUIRED BONNET AND Prog
ELIMINATE ANY VALVE WHICH
DOES NOT ‘HAVE REQUIRED
BONNET
i _
"
HAVE ALL REMAINING Yes | Pg;ggETNO
_ 14 L0 . N
VALVES BEEN ELIMIN&TED. AVATLABIE?

}

Go to end of
program




T

|HAVE ANY OF THE REQUIRED

COMPARE AVAILABLE TRIM
MATERIALS OF REMAINING
VALVES WITH TRIMS IN
NTI ARRAY AN ELIMINATE
ANY VALVES THAT DO NOT

TRIM MATERIALS

¥
HAVE ALL REMAINING |Yes PR;ggn"No
VALVES BEEN ELIMINATED? AVATLABLE
"’No l
IS A MANUAL OPERATOR
REQUIRED? Go to end of
program
1Yes
. ELIMINATE ANY REMAINING
VALVES THAT DO NOT HAVE
A MANUAL OPERATOR MOUNTID
IN THE REQUIRED POSITION
{TOP OR SIDE)
_+ ]
. L}
HAVE ALL REMAINING |Yes ;Pﬁi25ALN°
VALVES BEEN ELIMINATED? OPERATOR
s § AVAILABLE"
Yes
1S SYSTEM ON-OFF?
_ . Mo
) Yes| IS SYSTEM PROPORTIONAL
) PLUS INTEGRAL?
ELIMINATE ANY i
Yes

VALVES THAT
ARE ELECTRIC

X

IS SYSTEM PNEUMATIC?

No

99




T

ELIMINATE ANY VALVES
THAT ARE NOT ELECTRIC
R S
I "
HAVE ALL REMAINING Yes..giéggngo
| Rouds .
VALVES BEEN ELIMINATED? VALVES
R - AVAILABLE?
FIND TOTAL COST OF 1
| BACH REMAINING VALVE | o to end of
— | program
ARRANGE VALVES IN
ORDER OF COST
A
- go| IS SYSTEM ELECTRIC OR
X PROPORTIONAL
PLUS INTEGRAL?
_ Lo R
IS TANK VENTED? ["2—s| TAKE EACH VALVE, IN
Yo 'ORDER OF COST, AND
—L252w— | | ENTER RUNGKUTTA WITH
IS H17.2/G AND|No| | APPLICABLE VALVE C,
0.25<PBs0,357 UNTIL TWO VALVES HAVE
— BEEN FOUND WHICH HAVE
ADEQUATE RESPONSE OR
UNTIL LIST OF VALVES
IS EXHAUSTED
N e
Yes| HAVE ANY VALVES MET |No | PRINT "NO
DESIGN REQUIREMENTS? | VALVES HAVE
L - P - i . L s ADEQUATE
RESPONSE"
Go to end of
A progranm

100
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IS SYSTEM ON-OFF? S5 PRINT DH AND
— PROPER CON-
TROLLER AND
PROBES WITH
LACH OF TWO
'HALVES
. IS SYSTEM |
Yes|  PROPORTIONAL Go to end of
PLUS INTEGRAL? program
' {No
IS SYSTEM 8o )l 1s mrcan.u/a? B—| PRINT "NO
PNEUMATIC? o TRANSMITTER
=g AVAILABLE"
YeS11S TANK VENTED?| (IS FLUID COMPATIBLE l
Mo WITH CARBON STEEL

IS H1»7.2/G7?|¥es

No

L1):

| OR 316 STAINLESS
STEEL?

{Yes

Go to end of
program

PRINT PB AND PROPER LEVEL
SENSOR, CONTROLLER, AND
POWER SUPPLY WITH EACH

OF TWO VALVES

WITH CAST IROW?

IS FLUID COMPATIBLE|YeS

|

No|IS TANK RATING

E

IS FLUID COM-
PATIBLE WITH
CARBON STEEL?

<125 or 22507

Mo PRINT "WARNING-SPECIAL
DISPLACER REQUIRED"

] «1e8

IS TANK RATING
£300 OR <6007

No PRINT "ORDER

SPECIAL DISPLACER"

L1

T

——
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T R "

PICK PROPER LEVEL

SENSOR COST FROM

LEVEL SENSOR TABLE
. T

PRINT PB AND PROPER
LEVEL SENSOR-

CONTROLLER COMBINATICN
WITH EACH OF TWO VALVES

}

Go to end of
program

IS SYSTEM PROPORTICNAL [Yes (IS STATIC PRESSURE [No

|

Go to
end of
program

— Go
PLUS INTEGRAL? SENSOR DESIRED? to
. {No {Yes L1l
Go to L1l +2(1g 0.25<PB<0.35% PRINT PB, RR, AND PROPER
TYes ' LEVEL SENSOR AND
- - VERTICAL SCALE CONTROL
PRINT PB HAS MODEL 1405, 4705, |WITH EACH OF TWO VALVES
_AND LOW- No| 9105, OR 9205 BEEN -
COST SYSTEM ¢ SELECTED AS ONE OR 1
B WITH EACH| ¢ BOTH OF THE
OF ‘W0 VALVES CHEAPEST VALVES? Go to end of
) TWes .. program

ENTER RUNGEKUTTA WITH
PROPER Cy OF VALVE
OR VALVES

¥

DOES AT LEAST ONE
L YALVE HAVE ADEQUATE
RESPONSE?

Yes

i

PRINT PB AND LOW-COST SYSTEM
A WITH EACH OF TWC VALVES
(OR ONE VALVE IF ONLY ONE HAD
ADEQUATE RESPONSE)

¥

EKRD




Start:

SET M EQUAL
TO (4)(TRR)

t

IS RESPONSE OF A |No

VALVE . BEING CHECKED?
. IYes
SET ALL TIMES TO ZERO},

PB=0.30
» (LOW-COST

SYSTEM)

AND DT TO 0.01

R

TIONAL PLUS INTEGRAL?
{¥es
IS CONPIG=1?

IS SYSTEM PROPOR- |No

COMPUTE ALL CONSTANTS THAT

WILL BE USED IN EQUATIONS

FOR REYNOLDS NUMBERS AND IN
DIFFERENTIAL EQUATIONS

Yes

LG:

¥

STORE PREVIOUS SOLUTIONS
(X[1] THROUGH X[N]) OF
DIFFERENTIAL EQUATIONS

1

STORE SIGN OF PREVIOUS
dH/aT

R PN

.103

2
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e

1)

Begin: — : :
COMPUTE INLET. PIPE
REYNOLDS NUMBER
(RP1) AND CONTROL
VALVE REYNCOLDS NUMBER
(RV1). (RV1 0 IF
VALVE HAS NOT BEENW
SELECTED YET)

R
1§ RP1 < 2002
' Tio
COMPUTE F2

|Yes | PRINT VALUE
’ OF RP1

Go to end of
program

Is X[2]»H3? ————=—s| H2=ZERO
{Yes
, H2=¥X]21-H3
“ I
COMPUTE Py IF TANK IS

VENTED: OTHERWISE |+——
RETAIN PREVIOUS Py

t _

IS RESPONSE OF A Yes

VALVE BEING CHECKED?
. Tio e

RE1=RPL

+ o

COMPUTE VALVE SIZE
CCEFFICIENT AT REL -
USING CVCN1

L

* REL=RV1




e

[

IS
SYSTEM
ON-OFF?

COMFUTE  XT AC-
Yes |CORDING TC MOTOR

VOLTAGE AND

QUICK-OPENING TIME

105

lNo

IS SYSTEM |Yes .

v

XT=(H1-X[2])/

PROPORTIONAL? (PBxCR)+ 0.82
{No i
' ] Yes
CHECK VALUE OF X[3] IS XT<07? > XT
(WHICH REPRESENTS XT TWo
IN PROPORTIONAL Yes
PLUS INTEGRAL IS XT>1? XT=1p=
SYSTEM). 1IF X[3]<0, —Ts

THEN %[31=0; if X[31>1,
THEN X[3]=1.

=0 —»

t

FIND SQLUTIONS OF N
DIFFERENTTAL EQUA-
TIONS AT TIME, T

¥

Yes

NG
IS K=27
tYes

No

IS Ks4?—— Go to End

A d

T=T+DT/2

P=0.5

1

Yesg

tNe

15 K=3% p—==~——( P=1.0

COMPUTE NEW SOLUTIONS

(x[1] THROUGH X[N])
USING P




End:

Yes

1086

IS8 NEW X[1] |No | SET T TO ZERO
(Qi) STABLE? AND DT TO DT/10
Yes {
STORE INITIAL
VALUES IN ¥X
KeK+1 ARRAY
Go to LO
IS K>u?-ﬂgﬁ+ Go to Begin
{Yes
COMPUTE FINAL
SOLUTIONS AT
T=TLAST+DT
¥
IS NEW %[1] (No SET T TO ZEROC
STABLE? AND DT TO DT/10
Yes 1
STORE INITIAL
VALUES IN X
ARRAY
Go to LO
HAS RISE TIMElYes
BEEN CHECKED?
+No
HAS TR[1]
BEEN STORED?
{No
IS XE2J=O:1FH1 Yes . TR[1]=T
—Ht—OTHt—O?

No




T

IS X[2]>0.1(H1
-H_=0)+H, =07
1 T

{Yes

No

— Go to L4

IS XLAST[2]1<0.1
(Hl_Ht=O)+Ht:O?

]

yYes

TR[1]=TLAST+DT/2

!

Go to Lu

| I8 X[2]=0.9(H1

Yes -

—Ht=0)+ﬂt=0?
No

+

TRL2]1=T

|

Go to LYy

IS X[2]»0.9(H1

- = =07
H 0)+Ht 07

No

{Yes

IS XLAST[2]<0.9(H1

- = =07
Ht 0)+Ht 0%

No

YYes

TR[2]=TLAST+DT/2

t
TRO=TR[ 2]-TR[1]

1

Ye

& [PRINT "RISE

IS TRO<TER?
{No -

IS RESPONSE
OF A VALVE
BEING CHECKED?

TIME O0.K.,"

!

Go to L4

YeS) RESTART=1

}

To to end of
RUNGKUTTA
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Yes

T

¥

CVCN1=CVCN1XL. 25

¥

No

4
PRINT NEW CVCN1

¥

STORE INITIAL
VALUES IN X
ARRAY

}

Go to start

1S CVCN1>5007 Fof—

108

1S LOW~COST |, _ SET PB TO 0.05
|SYSTEM BEING[———*| AND STORE
CHECKED? INITTAL VALUES
' . IN X ARRAY
nNo l
PRINT "“LOW-~

COST SYSTEM
NOT AVAILABLE"

!

Go to Start

PRINT "CANNOT
MEET RISE TIME
REQUIREMENTS"

HAS OVERSHOQT BEEN CHECKED?

Go to end of
program

A

Tite
HAS dH/dT

SIGN CHANGE?

Yes

UNDERGONE A ——

1S dH/AT!Yes

>.0001%. > G
to
TNo LY




1l

-

T

18 |(H1-X[21) |

~ OVERSHOOT?

No

+

< REQUIRED He8—»| 0soK=1

IS RESPONSE
OF A VALVE
BEING CHECKED?

== | RESTART=1

No

+

i)
PRINT "OVER-
SHOOT 0.K."

}

Go to Lu

l

Go to énd of
RUNGKUTTA

IS PROPORTICNAL
PLUS INTEGRAL
SYSTEM BEING

sg | DECREASE RR

CHECKED?

No

IS LOW-COST Yes SET PB TO 0.05
SYSTEM BEINGI—= AND STORE
" CHECKED? ' INITIAL VALUES
TG IN X ARRAY
Ne T D
- t
PRINT "LOW=COST
SYSTEM NOT
AVAILABLE"
-l
3o to Start

109

BY 0.25
R o ;
I$ RR|No |PRINT "RR
20.25% | <0.25"
e _..1 _
Go to
end
of
program




110

STORE INITIAL
VALUES IN X
ARRAY
——— Go to Start
INCREASE PB :
BY 0.1
1 PRINT "CANNOT
IS PB ‘|Yes |MEET OVERSHOOT
<PBMAX? REQUIREMENTS"
No l '
STORE INITIAL Go to end of
VALUES IN X Program
ARRAY _ : , , i
I | | |
Go to Start E
HAS SETTLING |y,
# TIME BEEN |~=—> Go to L20
CHECKED?
+No

I8 (HL-X[2]) |No N
<0.05(H1-K =07 *|73=0.0

‘Yas N l
T3=T34+DT Go to L4

1

|HAS (H1-X[21)
UNDERGONE A
SIGN CHANGE?

{No
No |I8 (H1-X[21)=0%
tYes

Yes!| HAS TSET[2]
BEEN STORED?

Yes




Go to
La

Ny

TSET[2] Yoe| HAS TSET[1]
=T f————-—Ji—-BEEN STORED?
¥ INo
DELTT2 TSET[1]=T
=TSET[2] :
-TSET[1] r
¥
Yes| IS T3
<DELTT2?
No

T

111

IS T3<TRR/27? PoS—s Go to L
+No
DELTT2=TRR/2|
I
No
IS T>TSETR? ————|SETTLNG=1
Yes 1 .
PRINT "SETTLING
TIME 0.K."
Go to L4
IS LOW-COST|, | SET PB TO 0.05 AND
SYSTEM BEING STORE INITIAL VALUES
CHECKED? IN X ARRAY
3

No

PRINT "LOW-COST
SYSTEM NOT AVAILABLE"

4

Go to Start




112

T

1s lﬁHégggzj)l Yes T4=0.0
tNo
TY4=T44DT
1
IS T<DELTT2? HE&——
tNo

PRINT "STEADY
-STATE ERROR 0.K."

}

-Go to end of

RUNGKUTTA
: L No
Go to L0 +—-———2015 T>M?
yYas
IS RESPONSE Yes
OF A'VALVE [—2-—|RESTART=1
BEING CHECKED? T
Go to énd of
RUNGKUTTA
IS LOW-COST Y's —
SYSTEM BEINGS2ISET PB TO 0.05
CHECKED? T
No PBMAX=0.25
]
STORE INITIAL
VALUES IN X
ARRAY
1

PRINT"LOW-COST
SYSTEM NOT AVAILABLE?




L20:

T

QF A VALVE

IS RESPONSE

BEING CHECKED?

Yes

-

——— | RESTART=1|"

113

I

Go to end of-

RUNGKUTTA
s
PROPORTIONAL o _ :
PLUS INTEGRAL L5 — DﬂgiﬂgsgsRR
SYSTEM BEING .
CHECKED?
No A Ces _.
IS RR |PRINT "RR
<0.25% "l <0 .,.25M
}No l_
STORE -
i INITIAL S? tsoezgm
: VALUES - prog
Go to
Start
IS |yes PRINT MCANNOT MEET
PB> [——=—| SETTLING TIME
PBMAX? REQUIREMENTS"
f}No 1
STORE INITIAL .
VALUES IN X Go to end of
ARRAY ' program
Go to Start

Yes

IS T>TSETR?-§9-—~+ Go to Li4




Y

INITIALIZE
X[3] to 0.82

Y

STORE INITIAL(
VALUES IN X .
ARRAY

¥

PRINT "PROPOR-:
TIONAL + RESETY

}

Go to Start

No

RR=1.0 [«———

IS PROPORTIONAL
PLUS INTEGRAL
SYSTEM BEING
- CHECKED?

Yes

+

PRINT "'NO
PROPCRTIONAL
+ RESET SYSTEM
AVAILABLE"

l

END

- Go to Start
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The complete computer program is given on the following pages.

COMFLETE "COMPUTER PROGRAM

AFPENDIX F
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BEGIN : '

0009

STAHT OF SEGMERT sessrasare Q002

] COMNENT TEST CASES [ITT)
T T ELE W AR ELs100s TAPEL "VALVES™ (2,10233) G009
TTTT T TTUTRILE aUT FAINT 102,18)5 ) T 0016
INTEGER AvlsJsKolsWaNVALVS,ONT+DUN-SEALTANONEL rEXTCOLFRADF THe o015 )
SLURRY S THD» CAPCTYSCOMPAT 0P s TOP#MEDN» J1 s K1 > STEEL#PLAT N, 801y
ThNK +Gn0FF CONFIEANERTY, l:n'-snuunl:a_s, PNEYsSPECIALsSTOPX, ongs
INTTLsAFINALSSTATICS _ 8015 T
T REML OELTPILPIMAXAPAMIN, TF,PLSsPI0SPA0PAOACYIsCYNINSCYRANSFMINSFRAXsZ o 0018
T ML aRD, DY A0 I N s H T ODN, P RO HZ A G LSRRI Ts LLaK20APT P PEaXIMS X2HS o018
EVENIsE¥ENY, CV I RPISFZ,F 45P0sFUsFLOUT, ABsRs AR, 054 0Ny TRA TROSDVIZ [TTE)
o TINKARTHG s NMRTRESS»POO, PBNAK TSETR DVTACOST 1 a N2, D8 TOT dis COMPORENT) o088
o INTEGER ARRAY WBITOIA ) NTRIOV10)rBIOZIOI,RATHGLCOV A 032 TuNTIEOEI0Ts o015
WODEL»¥PORT Q0 YPF G, VPRC 1 BODTSEXT oAAD» SEAL +L THVFC LINVAC , NUNCYSL 011007, 0028
ACTEOST (51100, 018,092 ,NA[OE 1002013 1xRATNE-BCOSTIOF10040F3,0040+ T oo3n -
T T TNBOWsBONCOSTIOCID0:0TLCI WY, THCOSTION 100,018 TrAPAILLOIIOGTA0NITEO 251, B L3 T -
ncnst(nn1o§.n‘4!»usx,!ﬁtnsxchSIx:etn;ot:l.nrtT:oi:z!,ntvateae:; 2838
DISCOSTI019, 004 ToPOBCOST(0F100+082)sCOLCOVL00IACAEAP s [ADKY » ENDNZS T ouss i
FREPC AR R LEEOVES I e e e o v —oeE -
AEAL ARRAT cuto:100;0|4i.ntLTF}sranln,spann:,n:a.actnu:osion’nla-nszlv [T
T STIE S TYPL A VPLINK» U0 L THK  TAANL , VP TIHE s 00T INE » THINA THAX( D2 1001 LTEOESTu o071
T T bt 022 s EL 0 ST pORTEN [0 E 4 ) KON E Y FUSTON 100,092 s NAKELD 2, 101014 T T eary
1DTCOSTrO123]) [T -
- 0091

CFORMAT FLIQOO(SINVESTIGATE POSSIBILITY OF LIMED SAUNDERS VALVES*)s

START OF SEGMENT

PP 0d0)

FLIGOLC™NO BONMET AVAILAGLE™)»
FLIOGAC"DELTP BEYDHE RANGE™}»
FLLOGN(™ND CV AVATLASLE®)s

- 909
8091
[ 1] |

FLIDOS{™ND BUOY WATER[AL AVAILAALER),
FL1OOBC*ND FLAMGE SIZ€ AVALLABLE®),
FL10OT(™NT VALYE W/ALLOWABLE OELVF &VAILABLE™)»

0091
o091
oo

911



FLLDOBC"ND BUNNET AVAILABLE®Y, o 0091

. "FLLOOPL{™WO THIW AVAILABLE™), ' [ LET]
""" B FLIOLDTTHD MaNUAL OPERATON AVAILABLE™), T ) Y .1 A
T TFL20GOC*PADERAN TINE ", Fi10.2,™ SECONDS™), ' 0091
FL201O4®FLULD NOT COMPATIBLE W/MONEL DR 318 STEEL®), . . 0091
FLZOL1{"FLULD NOT COMPATIBLE %7316 STEEL"Fs - 0651
! FLRUL2(*FIRST RPL = ",E15,5}s - . 0091
! FLZ013{™AUNGRUTTA RPL = "™s€£15,5%), 0091
: FLZMHAL{"RUNGRUTTA RP3 & ™:E15,5), 0091
| FLA0OO{"ND ELECTRIC VALVES AVAILABLE™), - oosy .
: ) T T FLR0U"CYCNL ® "sFB.2)s S . 0091
' FLZUIA2FT 2 A5 (52 TN K2rAGsFO,2: K2 RBsFA. 25 2FF o217 B, 8714 9091
“i - - BT Y TR L S T T TV S P TE PEY Y L VI PR ’ ’ o091
i T TR S A 2170 0y oo : I - on91 -
' FLSCIarNls2I7o 10705 T
_. TR S e vont =
. _— e m— e ———— . -.‘L-?‘-is'Ts-‘- is/ .I' - LV - - - - - .. . _ - 0091 - -
_' TLE{"TOTAL CuST = "fi1&fis CLTT)
! T T FLOCIF8.2:6F 7o 2sFBs2sFTa2)s : . : 0491
i [, FLIDEH6TR3» . . 0091 e
[ FLLICAFT ,2+F6,2+81272E9,20F%,35F5,20¢ [T
e ~FL12ta1133s . o . b091
h r'l.:3(3rn._z:'fa.1na-rs.l.rr.t-ra.s.rs.a.|2n 2091
FLICZI2, 10+ 12,F6, 1712277 1.200 - - G091
0003 15 0247 LONGs NEXT SEG 0002
PRUCEOURE TAKOUTS . . 009
I ~5¢ETH . e N . - _
INTEGER 1K, TENP) ) . 0091

START (IF SEGMENT sasedaiies 0004

ST oo
1¢15 ' : 0000
TEHP+COMPAT] . LiLidi1i]

LTY




Lis TF uM]Tgr)sl THeN =EGly

TEMF ¢ Ty mP=1§
U 13CumPATe1 THEN GU 10 L 29 _
FOR ne] STEP 1 UNTIL CONPAT=] OU ALGIN
AVAILIRI+avAILCA+EYF DMITIRK)I+OMITIN #1201k
CULEAIehLIN+T 1} MANIKIeMANIK1]}
£vir)
AVATLETERP10e0S UNTTITENP 1 )e0F
CULCTEMP 11008 MANLTEMP o1]en)

63 FU 13

Tel+y}
IF [SCumPAT THEN GD TO (1)

L21 CUMFAT+TEMP}

END TAKUYT;

PROCEUURE WTR1Y)

BEGEN
IMTEGE~ 4]

LASEL CiaLis

FOM J+1 STeP 1 UNFIL 10 DU BEGIN
1F ufags{4Trldl) THEN GO IO L1}
IND# b}
MesTal g
4 Tu L2}
Lic Inipedd

ENDi

L2V LN NIWiuj

FRICEVUHE (vSEL 141 T3

VALWE cdW]lli TJHIEGEA LInLIE

nont
0003
aona
w004
aar3
LIRS
taz1
nozt
0025
[TET]

o029

obay
030

o031

TR T
0004 15 0835 LONGs MWEXT SEG 002
LT

T eeer

' v

STRRT \F SEGHENT ssasessssn 0005
e 0060 .
L]
ooo1
0og2
oony
0oos
0005
oons
08Dk
0005 15 oUIO LNNGs WEXT SEG 00U
. . 009

novy

BTT



Apafu nas
INFELLA &) T D]

SIanT IIF SEGMENT sewavswadn 008

FOR kedeq 21EF L UWTIL J4LIMT 30 sdon
REGD{ TAPELeésCVlIonlafiln Dx(wy STEP 1 UNTIL 2 DDCOELIPL[4%s0X]]s ' ’ oonr

SPAMINLLoms DR bo SPAMANCT oo 0N LI ANRE T oko KT DaaCTNUL T RsDKYTp o018

; ACTCUSILIsRaDC11))3 : ’ LLET
! i Cvad ' . ] 0039

a00s [5 00aL LONG+ NEXY SEA DOuZ

X BRACEDUNE PRINTES . 009y,
\ 36519 001

FORMAL FLECX2 (a™BUDY MATERLAL ™s248), ' . o 0091

START OF SEGMENT ssnawsssanse 00T

} ST4HT 0F SEGHENT *anensssns DOUB
L}
1

) . T T TFURNEZe M OSCREVMED ENOI™YS o ) - Y o600

rL'w(tzz--tr_uﬁotn ERB)™)n 0000

! ’ FLINEIX22 o *{PROCEED wITH CAUTLIONI™)» ) ' i 0800

i Smemem e EESTYST.ed0py RATINGR:Lese T se0e
.

' FLEZ(KZIomPLAIN AONNET™), ' 0000

; FLI4(N2)+mBELLOMS SEAL = ™s2hér™ $™1F6,202 0000

' T FLESCA2I s “EXTENS[ON COLUMN™ 4 X122 "5 eF &, 202 ’ ’ ’ 0000

FLLIG(X2T,%HAUTATING FINTI K162 a%,F8, 3], ' 2000

I'LI!‘(I?ln"lHll MATEHTAL "s2Ad.% EMeF 6.2 HO0D

) FLEZOR21+mHAN, DFERATON (SEREI®aKAs™Em, Fla21s ' o000

FLZICK2T »™MAn, OPENATOR (TUPIM X5, " EmF 8,23, 0000

FLZu(uh'?uQ[llnnEH CHTUE)  ™eAbrR3amg™eFh,. 21 4000

FLZSCL21+™PUSETIONER (TOP)} MiARsXAs"E™sFB.u2)s oono

FL2OCKIRPMTUTAL COST BeF8,3)5 0000

' 0004 15 DLI® LOWGs NEXT SEG DOOY

- LAHEL LywlaalSelhelL/plisLPeL)O} . aong

Flew D1 STEF 1 NPl CoMPal 0 JF gsavs ] L1) T4FEN HEGIN . a0nn

- IRl U0y dlelng 200 )5 kni . . fon»

6TT



CUST#BEUST(Js It a1l TOTAL&TUTALSCOSTS
[eNa[Jet s
WHETECPRINT S FLASMAMEL Y2 1) s NAHEL 251 1))

FOR [+ STEF 1 UNTIL 10 0D [F NBLJ,J 1=RISCNBIIIRY THEH GO TU L3S

O LE¥Y IF Wdi[Tden THEN WRITECPHINTSFLYY);

'ua!tztvulur,rL|2.nus<unr&ﬁtJ.Jt.n11).cnstl;

[F RATHG[JrJ1eH1)%0 THEN WrAITEL{PRINTSFLO} ELSE WAITECPRINTSFLINF

[F PLiinnl THEN BEGIN WWITECPRINTFLY13}; GO T L81 ENDF

IF SEALI=0 THE4 G0 10 LS

1F STEEL2D THEN BEGIN FOR J+4¢%:6 00 IF us[a.a11=néuu[J'11 THEN He1}

END ELME HEGIN FUK T#728+% DO [F WHCJsJI1SNBONIJs1) THEN Mel3 ENBJ

ST+BUNCUSTTJ, W14 TOTAL+TDTALSCOSTS

ARITECPRINTFL1U»TF STEEL=Z0 THEK NAMEC) 5] ELSE NAME[L:4)»
IF STEEL®D THEN NAME(2x5] ELSE NAME(2,4}.CNSTYS

TTRETEATCUL®] THEN WRITECPRINT.FLIS,L08T)E

U LeNTLIamD)

0006
g -
0012
o025
LLET
0014
[ 1IY
LETS
0064
anpes
narr
YY)
0dy2
uin3

GO TU Ly
L5y FUR ley STEP 1 UNTIL 3 DR IF H8[JeJ1JNaON[Js [T THEN
COST#HONCOSTI 4o 1)) TOTAL+TOTAL#COSTS

IF RADF IN=t THEM WALTE(PHINTAFLY&.£05T)3

LAt FuR 1«1 STEP 1 UNTIL COMPAT OO TF JwAVAILLI} THEN MeTHCOLLT S

COSTRINEGSTLIrudS TUTALETOTALHCUST)
WRITELPHINTSFL17NAMEC1,T]sNAMEL 25 T)sCOST

FOR 1+1 STEP 1 UNTIL 10 0U IF WTCJ,#}=aBS(NYIL1)) THEM GO TO L&k
L6t IF NIL[L1<0 THEN WRITE(PRINV,.FLY1YE '

IFf UPWI1 THEW GO T LTS

FOR [¢1 STEP 1 UNTIL COMPAT 05 IF A¥AIL[N)=J T-EN MeMAN[[ 1]
COSTEMCUSTLJaMIE TOTALSTOTAL4CUSTS .
IF TOP=21 THEN #H1TE{PRINTSFLZZCUSTY ELSE WHITE(PHINT+FL2Y,CUST2E
L7t IF UNUFFa1 THEN GU 10 Liod

17 POSCUSTLJA21€0 THEN 6 Tu L#)

LOST#PUSCUSTI a2 F

6113
o114
r118
0128
0138
0143
o1a%
0151
o1%a
0148
017
o179
(3710
0145
LIRT
p2ay
0209

o211

0T



e 2i h 0211

G0 TU LYS ' ' o214
L8 TF POSCOST(J,1)%0 THEM Gu TO L0} G2yd
COST+POSEUSTLI el )i ot
axvels . ' : 0z21%
Lo TUTALS TOTAL+COSN) : ' . 0219
IF DAI=2 TwiH ARTTECPRINTPFL28+PUSCIrUNY1IsCOSTY ELSE ' o221
WAL TECPHIATSFL2S#PUSTJDX1],60STYH ' 0233
L10T aR{TELPRINISFL2OSTOTALYS ) h 0zas
END PRINTZF : 0258

G007 IS5 0257 LDNG» HEXT SEG Q0Qu2

PROCEVURE WUNGHUTTACQIRP10[2PYs0IAVLsDTAVI SDTINSRESTANTY T 0093
YALUE u]gPi.o|AP3:DlAvf-D[hv3’auT[ul Boe
REAL DIAPT1DIAPI,DIAVIOTAVISQOTIM) 8091
{wIEGER RESTAR]S e TP
REGIN o9t
INTEGER TsKoViaVLASTNaCHANGE »USGH,SETTLNGS 0051

STAHT OF SEGMIRT sessbmsses pOOG

HEAL TaDT»T1,FaC0sFACIsFACLUsFAC2aFALZ0sFACISFACIDAFACIDOFACA,FACAN, 2060
FlC5:rﬁC501FlCﬂ»rﬁCJJlTL“SI.HiI?JRPSoR\fB)P;RP'I ARYLeRT, T3 TasTSETO, 00040
DELIF2,RES »MpDIFFI : e '"" o ’ " ooon

ARRAY TRIG:21.CX(Q012]oXLASTIONG)aDIO 4 U0 )aTSET[QI122) . 000

FOnBAT FHYC4E20.5)3 PLE T

'START OF SEGMENT *easwsasnis 0010
0010 IS5 0008 LoMGs WEXT SEG DOOV
FORMAT FLI(™HISE TIME MN.Ka%™)» qa010

START OF SEGMENT #edawsdian 001)

FL2(PNEW ¥ = "sE13,5)» GO0
FL3CMCANNOT HEET RISE TIME REQUINEMEWTS™), : aotn
FLOCMIVERSAULT UK "), ' ' 010
FLSC™Cawuiil WFET uvcngaunl REGUIREHENTS™ ), ' anin
FLBE P ANHOT AEET SETTLIHG VIME REQUIREMENTS™} s DO1LH

e ——. -

Tt



AU 1516 LT SL18,L19:L2054 24122}

FLACSETTLING T[ME .8,"3a

FLBI"STEADY STATE ERROA Ly, ")s

FLA(WCANNDT WMEET OVERSHOUT ALQUTHEMENTSIRRCO,25)37),
FLIO{™CANNUT MEET SETTLING. FIME REGUTREMENTS(RR<€0,25)%),
FL1Z("PAUPURT FUNAL +RESET s

FLLISCHLOM=CUST SYSTEN NOF AVAILABLE™),

FLEAU/ X 8 T LT el I a1 A K E 2 1 e X 1&s "KL I "o X LT 2™ XT Y)Y,

FLISU/XK10 ™ TH e X1 o™X X 1A ™R 21" R1& s " XL 3 )" s T+ x0(4])

FLA1E"N) PRUPORTJOMAL+RESET SYSTEM AVA[LABLE™)]

LAHEL L0 L 1QsL 3l ol oL Ssitr il vB0BSTART s L2»HALSLELPLE2/Li3rl14a

DIFFerl=DREGXI2])

LI L2 H

TTF RESFART#O THEW Pyed, 304

TSTRATE wieid

DS0KDF

0o

-0010

[ ]

o010
0010
4010
010
0010

oo

0013 IS 0133 LONG» NEXT SEG OOU9

CrI1IeV. 1% CX(2)00,¥05

IF RR#0,0 THEN WRITE(PRINILFLYS) ELSE MHIYE(PR[NT#FL1S)#
vLaST+0}

T3¢0, 07

SETFLNGY0S
Ted, 0}
Dre0. 11
FOH [#152 it BEGEN FROTI«0.0) TSETCII¢D.00 END}
[F HRE=0,0 T;EN HEWIN
DRIGKLAPXIIDeRCI];
[F CONF[U®] THEN MN+2 ELSE Ne3F
GU TU L35 .
ENDE
IF GUWFIG=] THEN NeJ ELSE N0}

L21 FACuernathi

’ a=h

Togra

2019
g0to
6010
o011

0015
9017
ooze
LT EY

003y

0032

o033
' LEE]
003a
003%
0fua
0005
Doav¥
005
00451
0051
ﬁosu

AN



e

i

T ENDT

T RYlefBCIIRKR{LY)

FACT+AU3ANLAPIRUTARZCLTI2I+LTTIINN
FACZoCLEL2I4LEL 1) /UTAP 5]
FlCle-lﬁ‘iji(UIiP]:ﬂ]} ' )
IF UIAVI#D THED FAG33+3,39=3uG/(DLAaVInUD}
FACaslwaPaxpIAPIXY/GF
FACS+2Raxt /PTAPSS
FaChel/ali
IF CUNFIG22 THEM BEGIN
FAC10®303%D1ARIRDIAPY/{LTIA14LTLS)D]
FRE2O#{LELAY+LENT})/DEaPYIS)
FACID® 3, 30= 3k /(DT APIRUYS
Fat300e3, 38326/ (0TAVIXY)S
rncuocx.éuoa:u1ura:uras

FALSO+204RE/DTARDS

Lot FUR e srcﬁ 1 UNTIL 4 00 XLASTELI+XLIN)
TLASTeTS

CHANGE*STGN{DI2,80)}

FUR <+1 STEF 1 UNTIL 4 b0 BEGIN

RPY1+FaCIxk[11}

IF RPLEZ2OD THeN HEGIN WRITELPRINTSFL20134RPLY; STOPX&]) G Y0 L&F ENDS

IF RP152000 THEW F2eFata/M{1) ELSE F2eS.50=3n{|+(FACS+I86/RF]]20,33333)0

IF XTZ21»H3 THEW H2#X[21=HI LLSE M2¢0,0)
IF TANK#3 THEN POSPUORLLZLLI=X[21}¢
IF OTAV1#0.0 THEN RL1#Rvi ELSE RE1+RPL}

IF RE1S1000 THEN CV1eCVONIRIQu 70740, 11X{LNIREL)=5.3))

ELSE TF KEISS000 THEN CYI#CHENIN(N.B88+0.03¢Bx{LNCRETI I 6.91))

ELSE LF HFALSINUDOD THEN CY1eCVCNIN{O0,P45+0,017397(LN(REL)=8,522])

ELSE CwleCviNY)
HixFedl=x[+ 1}

IF DaUtkrml [HEY HERLN

0056
0089
L1 ]
2045
o069
007y
0073
pOT4
a0rs

oo7e

0ty

aosa
ader

ogng

ooy

0691
[:fa3: 0.
0099
0103
o10a
0105
o107
o117
0128
o139
LYET
0141
0145
o154
LTS
airs

nrs

£Z1



IF A142»=04 aH0 HIX2<DH THEW AEGIN o6

IF VLAST®0 THEW BEGIN XTo0,0F 60 TO BABI ENDJ ' ' © otre

IF KeZ OB k=3 THEN Tiet1s08/21 . TEY

JF TISUDTIM THEN XTeT1/AUFIH ELSE KTe¢1,0) ] o188
GU 10 poB3 ' o _ - o189

Endi ' ' ' 0191

IF nik2zphH THEN -HEGI_N . . o191

IF VLASTS0 FHE® TLe0.0 E£LSE BEGIN [F x=2 QR u=3'14cn.1|t11+utle END} . E ¢192

VLASTeVLd ' A T 0198

IF T1$0G11n THEN XT+T1/QDFIM ELSE KT+1,01 ' : 0199
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