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s ON THE SIMULATION AND OPTIMAL DESIGN OF HYDRO-
k MECI—ENICAL DRIVES FOR MITRE GATES- IN NAVIGATION LOC{{S

.

{ ';u ' o ) A description is given of lock gates and the types

: of 1oads acting on gate drives. T@e technique of .Power \
Bond Graphs is adopted to simulate a hydrojTechanical '

[ i " - drive of a mitre gate. Tﬁe mathematical ﬁodelMQeYeloﬁed

} {' . is used to carfy out an optimizatio? to minimize tpe pover

“Fequirement and operating costs of the drive. Also, the “//

" ; ) model is used to estimate the effect of‘water surges on

. . .
g RGeS TSN

$‘ the operating times of the gates.

. . ~

Tt

Tests were carried out on a prototype hydro-mechanical

»~

gate drive installed.on the St. wagence/Seaway and ‘results —

01 presented. The resplts'rrom the prototype tests are compared

BTGk Y PP

with those prediéted by the mathematical model End found to

x

* correlate well’
.0 M
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It is found that water resistance is the,preﬁonderant ‘ 4
h Lo e ‘load on a mitre gate drive. To overeoﬁe the ‘gate -loads, the ‘ - i
mmost efficient drive mechanism {s shown to be hydro-mechanical

employing a single constant power pump 1n its hydraulit circuilt;

the pump adjusts its output Pressure to suit the all important
water resistance. It was also found that the most economical-
power of mitre gate drives for the St. Lawrence;Seaway is 25 HP.

- N\
. g
.



PR

0

- Fluid Control Centre for making possible ‘the extensive tests

‘dissertation and to Mme R. Molleur who suffered the ‘author's

the preparat on of this dissertation.

The author \also wishes to thank tﬁg Concordia Univgfsitya

on, the prototype'iﬁ§ba11ation. o . |

- -
IS

Thanks are also due’' to the author's family for their |

uncomplaining patience during the prepdr?tion of this '

handwriting'while'typing_this wd;k..




OF CONTENT3

A

~. - : / ' ) \ h .
NG b - pen ~ L

' \ ABSTRACJ-‘ e & o e o . . * e - . e« o . v - ¢ . . LI . J

~on . - ; @ : ’ . "

< ‘ N \A mOWIEDGEMENTS .o Q'- . o‘ . e s+ & e @ e oY = . \s . o « o . ui'i

LIST TAQI-ES L] . . ] LY I. L) : . e’ . - * . R - - . .c° .0 . L] L . Vi

LIST OF FIGURES. . « « « v v v o y o o v i o Ze v ume o vid

v . . NOME.NCIATURE .-\\.\\" ¢ o o 2 s e« e o e = ) s & s ‘o « o o e o ix

.o N - \\\ - . ; . ° '
s T N
oL I INTRODUCTION <
1.1 General . . . T |
1.2 Historical bacl;ground e |
. 1.3 Modification to installed electro-mechanical )

0 ® N gate dl‘ive. - . . * ey ® «a - e e o - LI . z‘
1.4 Scope of dissertation B -

IT " NAVIGATION LOCK GA'{‘ES AND THEIR ljRIV'ES 10

) - 2!1 intrOductiOD. ‘.s . . . . - - . ‘o n‘ . - . . e 10

2.2 Drive mechanism for gates .« « « .« « « o « . --15

2.3 General criteria for gate drive mechanisms. . .16

2.3 Capital and operating costs: '. i e e . 16

. '2.3.2 Geometrical and space consideratiqns . 17
. 2.3.3 Compatibility with other lock machinery 17 ..
203 u)"‘ Ovel‘load pI‘OteCtiOn. ¢ o .« « ® e L. 18 _)

2'3 .5 " Gate lockiﬂg Q L 2} - - L] - * L 2 L] L] ‘. . ‘ 18

.~ 2.3.6- Pover requirement. . . . . . . .. . . 18

. 412.3.7 Loads on Gate Machinery. . . . ; .« e . 19

i 2.4 Hydro-mechanical gate drive mechanis/u/ « «%e 19

) R & & S SIMUIATION OF HYDRO-MECHANICQL MITRE GATE DRIVES . 22
M 3 1 Preamble - * L] L ] L ] L 2 - - L ] - L ] . L] - L ] * » L] [ ] I' v 22 -

3 2 General . Y . . - . e« ‘e . . Y - . Q‘lo‘ 12)"

oo 3. 3 Loads on. mitre gate drive mechanism A 2L

Ve 3.3.1 Frictional 108d. . « « « « « « o . ... 2b

h 3:3 ._2x Wind load. ¢« % o & v e 4 e e 8 e s e 25

e 3.3.3 Water surging in 1lock. « « « « "¢ o + o .25

3.3.4 Effect of inertia load on‘gate .-. .. . 26

‘ 3.3.5 water resistances. L] L] * . L] L] l.. o‘ 0:’ - ‘26

3.3 .6‘ Other IO?dS. . F I - . . - \o - ’u . - - 2.7




Y
. .

Ll

"B y Assumptions }l. . . . . .
3 5 Mqthematicglkmodeling of mitre gate drives .

. “*“3 5 1 The governing equations. e e e e

' -

’, 3‘? Digital computer simulation ..+ . . .. . . .
s
IV’”‘PERFORMANCE CHRRACTERISTICS or PROTOTYPE HYDRO-

MECHANICAL GATE DRIVE ON THE ST. LAWHENCE SEAWAY
4,1 General « . « v o Cae v o o o . C e .
4.2 Design constraints 1mposed on hydro mechanical
" . drive mechanism.. . .'. , = -
L.3 Functional description of the hydraulic
¢ircuit .. . . . .. o 0. a e)e e o o

4.4 Performarce. tests of hydro-mechanical gate

: drive « o . . o0 0 e e e e e e e e e
4. 4.1 General. . . . . e e e e e e e e

4.4.2 Measurement procedure and recording. .

4.4.3 T:est I'eSU.ltS 3 B . . . . «' e . . . . O

“4.4.4 Corrections to pump delivery . . . . .

4.4 5 Hydraulic power developed in the “pumps

h. 4 6 Conclusion . . . v & « % v ¢ o v oo e

4.5 Correlation of mathematical model with proto-
tyre $ost results e s =2 s = e e s e e v s e

L.5.1 Hydraulic system pressure.
4 . 5.2 Gate operating time. . . .
4.5.3 Hydraulic motor speed. . .
4.5.4 Other variables. e e o e .

V. OPTIMIZATION

5.1 General . . « « . &« "4 o o & '
5.2 Assumptions .« . e e e e s
5.3 Utilization costs . e e e .
. 5.4 Cost of gate drive modification
" 5.5 Optimum power . . . . . S . ..
5.6 .Effect of water surging . . .. .

" ¢ o ¢ o »
L] L] L] L] . »
"o e o "/o .
s & e o ®
" & o s e =
e 8 e ¢ @ @
o . - » * ..

VI CONCLUSIONS . o
General ‘e . - - . . \//. . . - '.» Y

6.1
6. 2 Discussion of mathematical model and prototype
results L] . - * . . L] - L ] L ] L . L3 L] L) L C. L4 .
/ _6 3 Applicatigns- e v e s e s e e o @ " « o o o e’
6.4 Future Work . &\ + « ¢ ¢« ¢ 4 4 v e 4 040 o
% BN

28

30
32
43

Lo

St P L P WU A UL IS TR
Y e R SRR i YRR




* J

APPENDIX A %

“Power bond grdphs®. . . « « v o & & « .

APPENDIX B

Computer program listings . . . . . . .
. : r

_"APPENDIX C. |

Additional’ tests of prototype drive . . ...

a

APPENDIX'D . *

Proposed control circuit .for hjdro-mechani
qrivest R - \J LA 4 . . » ‘e . L] - L] . L] L]

s

e e ey



; v 3.1
N
: .2
4.3
4.4

| - 5.1
L B2
.» A
ci

TABLE

-

DESCRIPTION .

Val%gs of parameter Py. ... . . . .

LIST OF TABIES .
‘ ' TABIES

»

-]

Lock gate operation patgern ...

ﬁyérau;iq motor speed comparison. .

Simulated * performance variables for

opening, 50‘HP drive. . . .

Bimulated performance veriables for

closing, Zp HP drive. . . .

Gate operating times. . . ..

Effectyof Water surging . » + . « « « . . . 82

4

Basic terms and symbols for pawer bond graphs 90

. SynOpSiS Of ﬁest s « « o ; . .0 ‘e « . o -‘— 121

hd A
L}

»

-

-

3

. PAGE Y -
L
.. o
A 3 *
gate A
T -
é;aisé

ARG - SR
R T

~ ’




. ~
LIST OF FIGURES

~

FIGURE S DESCRIPTEON
1.1 The St‘QLawrence Seaway . . . ..

1.2 - Electro~mechanica1 gate-drive mechanism .

1. 3(a) Hydraulic circuit for mitre gate drive )
mechanism - - . ¢ - LR L ] - - ~l ABE . L] L ] . L] L]

1. 3(b) Component 1ist/for “hydraulic circuit for -
# A Mitre gate d{ive- o e~ e . o« X, . o . o o .

© 2.1 Sliding,gate. e e .
2.2,' - Vertical 11th gate.
2.3 ', Sector gate . . - !
2.4 Mitre gate 7:. o e e e e
2.5 H&dro~mechanical gate drive .« e e e l ..
3. l(a) Schematic representation of simulated drive
3. 1(b) Simylated circult. . .
3.2 Power bond graph . l,. v .
3:3 ’Gate operating drlve. e e e
~3.4 ‘ Model gate test torques VS pivoting angle -
4.1 ‘Torque éharacteristics of an electro-mecha-
nical gate drive. . . S T AT
: . SN
&.2 Hydr‘aulic“ system flow vs system.pressure. .
4.3 . Sector gete pinion speed vs time. . . . ..
.y Hydraulic motor torques vs time . .'. .f. .
nh .5(a) Time vs hydraulic motor speed gate closing

4, 5(b) Time vs hudraulic motor speed—gate opening

4.6°  Actual tTACES . . .« . .« .+ s+ e

’

45} Gate oﬁening characteristics. .

, 4.8 Gate closing characteristics. .




- 4 v

g D§§CRIPTION

 FIGURE' - ‘ . PAGE .

I 4.9 ‘ Pressurg tracgs"from prototype and model 7L e '
5.1.. CcAJst‘ qp’ci.mizati@'x R \ SRITIE r ’ 81 ;
~A2 1~Jl;nct;10ns e e e s . e woe e e 93~)

AB", Simple hrydraulic systems. . . . A '160 5 T
c1l- Some measured electrical power curves P 118 ¢S
Cé " Gate openi{lg c;hérracteristics.‘; A i22 L
c3 Gate closing chqaracteriéti’cs. . : . A \ 123 ‘o
‘ M . - ) . T~ T ’ ’ e
D1 ‘Schematic of ‘control eircuit. . . 5. . . 127 4
Dé System f‘:ireﬁit} . NP . ‘. v e e . 130 ’ Lo
: o A ) .




PN
*NOMENCLATURE" @

&S
R

»

amplitude {:fﬁ 1'5,tat1<:: ."head ' ’- "
A submerged area . e
| ‘ . Ap. .. equivalent pist;ond area . ?
| .. KRR S angle . "} ' -.'\. .
» ’g. ' . "B éq;e- . o .
N A w ot » : ) . N .
; - ¢ . Db . * constant - ‘ .
p ’ HP‘p power to,pumr; . B "
y ‘ ‘ IJ' inertla effect o . J
‘® "5_ K3 pump leakage constant . -
) .. ’ - K, m'ot.;'or: leakage ‘constant ,‘ ‘.
o Ks constant o L
5 SR KA constant . - . . \ )
: ' L MA \mechanicla,l“ advangtage
; ) ‘ Ng ‘“motér t;’ gate drive eff;cie”i.}cy',/
‘o ) *;Nmecb. mec.hanical' ef‘E‘iJc ienéy. ofénotior( .
- . ’ }Ngegch’ mechanical efficienc;{r of pupp -
- = ~ Ng  'ships annually- (8 -
,‘—’ - Pg ‘ §ysterﬁ pressure - e '.3
' . = ,Pi bump rressure befofe ‘losfses.
"1 . - R¥ pressuré 1oss across vpump, - B
- ' ‘ Py hydros'ﬁ'ati‘_b- pressire ’"
» o .. s ‘ Y
' ; Py parame ter ) ‘
Q;a ' flow. to motor. )
Q. \ pump flow be fore loss'e‘sv/ o o
e  leskage flow. - ) d

[d @ .
~

)
oL I}
» \
: L 3
W . &5
9‘// - 73; * ) ‘ %
“m PR
b A} '/S . T e 3
i'{ 3 ‘e
m’/s L.
- 9 .\.
N ‘ T - . |
a - . .
r .
- ! J
. E S
c l/fear . 3
{ ‘ ! .
P
RN
N Pa
. Pa ’
[ . ) ‘.
Pa
K, e /raa? . -
m>/s .
- -~ 4
'y ..:""' :m?/s '“ ‘ \ .
. v oA m3/s ¢ .
. N . .




reli}:f flow .
3
gate radius

gate f‘ri'ctilonal loss

punhp frictional #6ss

motor frictional loss
TS

é\ate water }e;iétanqe

motor an& pump leakagerloss,
equivalent pistén radjius .
relief loss R

| surge effect ‘

time from start of surge' )

time from start of %’ate LOperation
nio::or output torgue .

gate input torque

-gate friction i:oruqe

gate inertia.torque

¢ 4

gdte operation time, hydro-mech drive
L
motor inpug, torque
¢ <
motor friction torhue, *

time éavihg

motor constant

apparent .pump rgon \

v
- 2

o




L K
utilization benefit

N . = .

; - . $y utilization benefit per sec. . $ /s / .
g - S Cop
i , . $pr present value gavings ) , B
\ E . . Pr pressure ac{'oss relief valve ' . Pa /
R " Thow. change in gate operating time '8
3 " ’ N * ///
) ///
Tgow time change, hydro-mech. drive 7 : S
- Tgow time change, electro-mech. drive '8 —
; Tz gate torgque change, electro-mech. drive N-xix '
Fu Tg gate tordize change, hydro-mech. drive ___ N-m
'7? . Pad , o e
' e A z , gate speed change, electro-mech. drivé\ rad/s_
/‘r{" * = N . ‘\\ 4
Aw 2 gate speed change, hydro-mech. drive rad/s
wmy € equivalent motor speed change,electro- ’
m " mech. drive . . rad/s
. _ ] ’ B SN
Ao : equivalent motor speed change, hydro-
mech. drive B » rad/s ;
"o & . gate speed . rad/s
< @ m " motor speed . - rad/s
. . o P angle ' ' " ‘ . rad '
. o w ! -
I ) . O angle 'w : ° rad. '

force density of water




CHAPTER 1

o INTRODUCTION : Com ™
1:1 General , T o oo

The St. Lawrence Seaway stretches from the 1ower

s
- oy P
7 iitw-gaae‘ -

. reaches of the St. Lawrence Hiver to the Lakehead aﬁ'Lake ' ‘

Superior. A total of 15 locks are used to .raise the .

RN

vessels travelling the Seaway from sea level to the level
, M

of Eike Superior. A prbfile view describing tﬁe waterway

and tThe procedures used in passing a yesselfthrgugh a lock

Coy
are shown in Figurt 1.1; Lock gates of:- the mitre type are
used throughout torpchiere the desired differences in
water elevations within the locks.

4

The mechanisms used to drive the lock gates in thg .

o e e R S R o T A0

St. 'Lawrence River section of the Seaway were put into

operation in 1957. The modification of tHese mechanisms §
to obfain an ortimal design from the po%nt of vieﬁ.of é
operating cost will form the subject matter of this g
diss@tation. R L ,?’ o - \~%

1.2 Historical Background

»

. 1 <
The above\pentioned gate drive mechanisms$ were built- .

to a desjign ‘which is a variation of that'used on the Panama

Canal Eﬂ The peration of the electro—mechanical gate

drive mechanism- used on the Panama Canal is schematically

-

. shown in Figgré 1.2. S T ’ .ox
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The operation of this gaté/@echanism is described as
follows. - The gates are pivoted on their hinges to form a . N

water d to allow clear paséaée of a vésse;, The )

¥

" motive force is provided by an electric motor driving a T

horizontal sector gear through‘a system of reduction gears
including a worm gear which cannot ée back -driven,” i.e. the
worm gear is selr locking. A shear pin arrangement is

provided at tte sector gear pinion to protect the worm gear
‘from damage in case of an ;ierload from the gate side of

the mechanism. The original machinery perrormed well but

for the foliowing: The shear pin aoverload device built . ,4/
into the machinery pecame a source of higﬁ maintenance cost§f{/i
and delays to navigation, particularly at the .time when iée

was presehtrin“tge Seaway. Also, it was thought the ti&e to
operate the éates could be reduced with'savihgs‘to.shippers l

.and an increase'in traffic capracity of the Seaway.

1.3 Modification to’ Tnstalled Electro-
Mechanical Gate Drive :

.y A study was conducted with a view -of overcoming the shear =
pin‘replacemeqt problem and to éﬁeed up the operation of the
:gates. It was found ttat it would bé feasible and economical
' 'to make the gate drive slip undpi aﬁy overloéd applied from -
‘thevgate side and to cut the gate operating time if a hydro- .

mechanical drive mechanism.is utilized. ' : :

-
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The prototype of a :bdro~mechanical gate drive machinerﬁ

was ‘built in 1974 and performance tested~1n 1975. The nature
. of 'the modification reduired is shown in Figure 1.2. The warm
gear, largely respronsible for the excessive number or.seear pin'
-breakages due to its self—locking, non-reversing feature, has .
been repiaced by an hydfaulic motor driven by a power-pack
located nearby."A‘band brake has been provided aroﬁnd the

. . e
hydraulic motor to enable locking the drive in any position

without danger of "creep" under load due to_leakage past
hydraulie_eomponents. Power of the machinery has been ihcreased
"from 20 HP to 50 HP 1in order to reduce the operating time |
of the gates. The hydraulic circuit for the modified machiner&‘

is shown in Figure 1.3.

To start the motion of the ga?es, pump Ne. 10 commeﬁces
delivery while the outpuﬁ of pump No. 13 is by-passed through
thf piloted relief valve No. 1?} The direction of gate
movement is deéermined by valve\NQ;,Qh. A pressure reduction
is.required for part of the operating time' to relieve '
machinery stresses aﬁd\tzis is provided for bw allowing flow
to the low pressure relief valve No. 21. To provide a

breaking action on the gates in case they are driven by a

:surge of the water 3n which they are immersed, one of the

-

—

counterbalance valves No. 27 or No. 28 1is closed hy vacuum

In the hydraulic line supplying the motor.

-~
L] ¢
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pressure and flow is maintained’ constant so that an increase

: e
. in torque I? d on the mitre gate produces aislowdown of the

~ amounts_of leﬁfpressure hydraulic fluid.. - e
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ydraulicﬂmotorwill then be Pequired to dissigkﬁe v

, nergy through one of the relief valves set at 2000 p s.i. 4

6

x 10 Pa) depending on the direction of movement of the

Dissipating the energy prevents the gates from being-

against their end p051tion stops and bein amaged.'
The constant gower pump No. 13 Supp.lies the motor Sﬁr during

the time of high'speed operation, i.el not durdng 1nitia1

to minlmize the gate-operating cycle time. The product of )

o]

ﬁachinery and a rise in hydraulic pressure to overcome the
load, whereat, a reduction of the gate load allows the
3 .

, \ ' .
machinery tofmove the gate faster by delivering Iarge
S . K °o° -

| .
Y ”

l 4 Scope- of Dissertation

‘ The initial part of this~dissertation will describe

s ~
various types of=pavigation‘lock gates, their dyive mechanisms,
. . " 8 [ .
their operating characteristics and the type of loads acting
- 2 i . . , :
on the drives. The\mgjor advantages and disadvantages of the

lock gateg and their drives will plso‘be discussed.

mathematical model will be’peveloped to simulate the

3
p formance of hydro-mechanical drive mechanisms for the most

\» ‘. v - "
5 ’ -




comptlex deive such as a mitre gate. The validity of tHe model

will be tested against thd.performance of.‘ a)prototype hydro-

,\.mecﬁanical drive installegr and tested on the St. Lawrence

" . - i,
Rivér Section of the St. Lawrence Seaway in 1975. The model
will be used to establish the relative importance of various

-

Farameters affecting the ‘drive performance. b

<

An optimization will be carried out to mmimize t:he

powﬁ' requirement and the operating cost of the hydro-

mechanical drive by establishing the size of the drive and
. - ’ \
its power pack. N

. - ,/‘ . tn
! The mathematical rg@‘éel developed will also be used to.
¢ est‘abl\i'sh the maximum range' of deviation from normal gate '’
operating times due to water surges created in the waterway-

by passing vesgeis or operation of navigation ,1ock equipment..

’

A short discussion wi be provided of a proposed control
system for the hydro-mechanical gate drive which will ensure

safe decelerafion rates for lock gates, without increasing

the normal operating time of th‘gateS\

Conclusions will be dcrawn based on the test‘result’
obtained from the prototype hydro-me\chanical gate drive .h

and from the simulation results via mathematical m'odell’ing-.'

i




2.1 Introduction s ‘.‘ .

In this chapter ‘the navigatien lock gate configurations
' Ad A4

1/ currently in use will be described. Also described will be
By

gate drive .machines and’ thei;\essentlal characteristlcs,

-l - o with rarticular emphasis on hydro—mechanical drives.

- Y .
Ll O eed
n)‘ 4

f : - The descriptioﬁ§\are intended as background to the
following formulation Qf the mathematical model of a hydro-

mechanical gate drive mechanism described in'the following
\ t I r [ ,
chapter. -~ ‘ Oy

g ) ' y- A ) v,
‘ . Y _
2.2 Types of Navigation Lock Gates

- ' There are several types of navigation lockhgates in use

< depending on water head a favoured areas of application:™

¢ ~ The sliding gete Figure é.l;'iS‘usually used in tiéal
locks where wategfhea s are low and sealing is not a major
pr%EEETIBJ The gate xuns on rollers and the projected
wave creating area is small The water,resistggce on the
gate is small cpmpared to the frictional force ér the /['
- inertfa effect of its mass and hencé& the gate drive ioads‘
. - are preponderantly inertial and frictional and usually quite

predictable. The gate structure is uneconomical for high

over the full span of the 108k, Problems with' supporting

rollers are«alﬁg\frequent;

g L . head’s since hydrosfétic forces create a large bendfxgimoment\ <
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" Vertical lift gate, Figure 2.2, is. popular for “low

‘ profile" traffic canalseused mainly by fl‘dt barges‘ It
:

is not an ideal conf‘iguration for ocean vessels or for
»

operating in freezing weather [3] .
v
S
The sector\ gate, Figure 2. 3, is an excellent safety
gate in that it can\be closed against a fully developed

+ flow in a caﬁal. This is because all hydrostgtic forces

are transformed into a relativefy small friction torque“

+

at the gate hinges. Tﬁese gates are usually used as safetw
gates at upper ends of locks or t‘or 10{ lire locks where
their height and therefore weight can be, kept within

h
manageable limits. /These “gates are relatively expensive,

L

for high water heads, becauge of1 high we-ight per unit

heighb and- additional concrete works required to, accommo-

»

date them in the open.position. . ‘\’
T

‘,( :' The loads on a sector gate are similar to fhose of a
- s

j sliding gate and are easiiy predictable. A versi/n of the

{

"(S’ector gate known as the taintor gate has also been used g

ror barge canals. However,‘ it is usually limited to use

as filling or emptying valves for locks. -

«

Mitre "gate’s » Pigure 2.4, is the most economical and

favoured d‘esign for medium and high 1lift loeks. The design

o —

approximates the thin argh'prihcip'le and some gates have in
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‘fact been built to this shape[ﬁl Theconfiguration entails
. the least amount of concrete work to support the gate and
allows for the gate to bg protected by timbers, or other
type of fendering, from damage by passing vessg}s. Other
géo& features include the .relative ease with which damaged
gates can be feplaced ané‘the path of the gates can be
cleared from ice during colﬁ weather navigation. On the
negative side, the operation af mitre gates is highly
sensitive to watef‘resistanceE, due to the féct fhgt its
full submerged s&rfaée area displaces water duriné the
pivoting nperation. High loads can be imposed on the: gate
-+ by surges of water around the lock. A difference of water
levels between the two sides of the gate lear by 0.2 m.will
make most gates 1noperab1e [5] ,The loads‘on mitre gate
"@rive mechanisms are relatively difficult to predict due' to
fhe Maﬁiation‘in_ampliﬁudé and_freguehqy'bf wdter‘fﬁrgeg';,
acting on the gates. ” ° i : , \\_{ b

-~ ¥ -

J

v

2.2 Drive Mechanisms for Gates ’

Y

In general the géfe'drive'ﬁechanisms cap be éubdivideé'

iInto the followiqg categories:

@

"1) Wire rope or winch type, by which tﬁe‘gate is

. ‘ .
pulled in both operating directions or lifted and '
. . ,

“- dropped by gravity.

'

.Qi) séfut typg, by which the gate is pushed and pulled.

- * . . .
. . .

R




'

. considered in the design of a drive for a mitre gate will

.around the lock and s uld provide easy access to the machinery.

. . ’
delayed in the canal. Currently the cost of an average

"1dle vessefl in the St.- Lawrence Seaway is approximately’ |

*$5 ooo/au hrs. Itfollows that the machi\ne‘stbuldvbe simple -

3 ]
.

-16-

. , .
_ A r
iii) Othei’ﬂtypes‘suéh as a combination of wire rope -

and strut into a single unit. on

-

Some examples of the mechanisms, including hydro-r ’

-

mechanical are shown applied to mitre gates in. Figures

1.2, 2.4 ahd 2.5.

. , W ; ’
. | ‘ . J. Y
2.3 | General Criteria for Gate Drive Mechanisms , - e
» . :
The criteria, below, are for drive mechanisms operating

gy

mitre gates only. However, the variables which have to be

include most of the important variables affecting drives

for othen navigation lock gate configurations. Hence; the
criteria outlined for the mitre .gate drive can be applied
without loss of generality to other types of lock gate ST~ \

drives.

Tone e Bt LAy by . R T 0

2.3.1 Ccapital and Operating .Costs

In considering t' e capital cost of a type of,machine,‘ -~

one has to take into akcount the cost of ‘housing the machines.

A )

_The housing shoulds invojlve the least amount of concrete work ’

in the monolith and sh 1d not obstruct visibility or traffic

BexT AeArwn v

-
The operating costs, apart from mateni(ls and maintenance ® \
labour,. must aliow‘ for the downtime of vedle¥ls which can be
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[

and easily understood and such features as submerged

-

componerits which have to be maintained by divers should

be avoided. Generally, the number of trades involved in

-

maintenance should be a minimum. -

< v

2.3.2 Geometrical and Space Con'sidérations

In general the highest load torque on the gate occurs,
around the fully open and fully closed gate positions. It
is desirable that the machinery have the max imum mechanical

advantage in these parts‘of-gate'travel. A.design satisfying

B

this requirement is illustrated’in Figure 1. 2. The high °

mechanical advantage complements the requirement to keep i
. ,
.(\ the gate velocities low at the start'and closing of an
- .

operating cycle. w

' LI
. .
» -~ -

Loads produced by a drive mechanism on a gate have to’
be compatible with thé gate structure. .For example the

load on a mitre gate is generally applied by.the water at

a low elevation of the gate, while the driving force is

usually applied ?t the top of the gate to avoid submerginqg

machinery components. This glves rise‘to large diagonal

twisting moments across the gate.

+

2.5.3. -Compatibility with other Lock Machinery v,

‘

~The gate drive. mechanisms should be suitable for remote
operation and interlocks with other lock operating mechanisms
snch as drives for filling and dumping valves. -The‘cohtrol‘
system should- have a minimum number of interraces be tween

’ \
3he various powering and control media.
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2.3.4 Overload Protection

) The gates can on occasion be suddenly stopred in their

paﬁh by debris such as floating timbers and very frequently
by ice durin‘g t;he cold season. The‘macqhinery mu'st, therefore, -
“ne'provi‘ded with.pr‘otection against damage on these occasions.
This can, be achieved by' p'\roviding shear connections, slip-
“‘frietion clutches and relief of pressure in hydraulic machines.
Rendering 'is preferable to shearing and replacement of con-
- “’nections because it ent:.ails no delays to navigation‘ and also
i/.ti acts as an energy absorber in case of a load reversal on
the gates{created by ‘water surges. in the lock. ‘ Absorbing .
‘the surge enei'gy ensures that a gate ‘is not carried away by

o the ‘'water and’ slammed against its end position stops, with v

L. 'consequént danger of twisting and damage.

‘2».;.5‘ Gate Locking : -
The machines must be capablen.'yef locking theLgat,es at
any position ‘of their traitel.' The lock must be sufficiently

positive to prevetit the gates from creeping from open position

s

into the pat;h of ‘a vessel and to allow maintenance work on —

= 3 L ' : the gate wi hout any dangerous movements. N
« . \ h . . <

Power Requirement ’ q‘ | .

< The actual power consumption of the machines is .of - P ,\i\

little signiricance, since 'che average running time of the

- .
[N o~

o machines is under 1 hour/day. It is the peak power which ) ”
establishes the utility's billing rate, and the capital cost

. . ,.of the macpinery by determining the minimum size of machinery : ) ‘

' w," -
om onents.. ) ' ‘ :
i p .‘% ? N w7 . \ ‘
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A flat power curve throughout the operating cycle
g . ~ should be the ideal goal of the design\‘since this would )

ensure the shorteét operating time per $ of capital ex-

9 e 3 s

B ' ’ -penditure and the lowest power cost. ' ’ )
Nd : : ) y
: 2.3.7T Loads on Gate Machinery . " ' -
) ‘ ) ' <\ . ) "The loads normally consist of water resistances to ‘
ot A n{ovement of ti"le gate, *'r)anﬂom water loads created by surges

B ) due tcbpassing vessels and/or lock operations, mechanical

friction, wind and 1ner'cia of moving gates. Other loads

X that resist th? motion of the gate as cited- in Section 2.3.4 '

must also be taken into account.

-

’

A more detailed description of the loads is presented

in Chapter III. \

2.1'#.‘ dero-Mechénical Gate Drive.Ma‘chanisms

'I'heL drives are of two types. Those emplpying cylinderé
as’actuato\x"s, exemplified by Figure 2.6 and those employing
hydraulic motors, exemplified by Figure 1.2. .

e

o | .
“~ . In drives utfiﬁz::; the cylinder, the e¢ylinder rod
The” d

becomes the strut. rives have the advantages\pi‘
simplicity and relatively low initial cost. However, they.

can 1ntroduce undesirably high forces onto the gate structure

due to 'che shor'c gate r%\mich the rod is usually ' -

i applied. Also, it is difficult /to 'lock the cylinder ‘
) % - \ . oo ¢
- . e mecbani‘callyf_when it 1s required to prevent gate movement .

v ) . ’ N
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. R . T \ ' \ ) ™
due to leakage of dil past seating faces of tr{e hydraulic

‘( » . -
components. . c L .

.
.

‘s

’&/-~

‘The drives utilizing a jwdraulic motor overcome the - ’

¢

' disadvantages listed for the cylinder,ﬁjpe. The ldad can

be applied to the gate at any point or angle it is desired
by selecting a suitablg arranéement of.s.trut‘liﬁ/ks. Also, !

a simple band brake around the motor can lock the gate in
' \

. N @
. 3 .,
any position desired, N 3 . -
’ N . * ® - . -
- N
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N CHAPTER III
; _ SIMULATION OF HYDRO-MECHANICAL
~ MITRE GATE DRIVES

N

« 3.1 .Preamble

It tias beén established|by experiments [6] that the
prototype hydro-mechanical drive discussed in Chapt;f'l
.perfdrméd.well and séfisfied allwthe desién requirements.
It is hereafter assumed that this particular drive design
can be adE%ted, after Optimlzation, for use througﬂout the

¢.-- St. Lawrence Seaway and waterways of similar magnitude.

- Jhe simulation that follows is of a mitre gate drive'ghose
ﬁechénical side is shownlin Figure i.!y a;d whose_hydraulic
circuit modification consisﬁf of driﬁing‘the hydradlic*

.* {motor by a single constanthpower pump instead of thé two

pumps as in the prototype. A schematic representation of
the drive to be simulated is showg in Figure 3l1(a)./, he

"single pump circuit has in fact been’/the original design .

of the prototype byt had to be abandoned due to unavail— ' *‘s,
‘
ability, in the required time of a single pump of- the ™}
o, o e

required size.

v

The purpose of the simulation is to gain a hettgr
underétandiﬁé of the interrelation of the various loads
»
on the gates, to optimize the power of the gate dr&ve'

mechanism and to estimate the ﬁéximum range of gate
closing times when abnormal water surging takeé\pléée in

. . r '
the lock.

Ly
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3.2 General
The loads: t;liat: act on the mitre gates and the assump-
tior;s made in the formulation of 'the\ goverriing equations
describing the Operating characteristics of the gate are
discussed. The Power Bond Graph technique [7 8] is. utilized

in the construction of the mathematical model of the gate

. mechani'sTn. Usiﬁg the Power Bond Grarh, the flow continuity

0

,fr‘iction.

and compatibility equations descr-ibing the gate mechanism

"

\\\\)

can be directly formulated .

3.3 Loads on Mitre Gate Drive Mechanism

K4 T D
The gate drive has to overcome both external and
internal loads acting on it. The nature of the loads and

their relative impdrtanc.e are discussed below.

' 3.3.1 Frictional Load
" Mechanical friction in gate pivots and gate drive

4 .
mechanism links can be. assumed as an equivalent constant
23

gate torque with the gatés in motion. A higher starting <

friction ean be assumed at the i’treme positions of the e

gate however, this does mot: seem appropriate since the
various members of the machiner}y and gate have .some
coup}.iwng compliance before the full torque is developed
on the gate. Also, the only use of stth a model would be.

to check whether sufficient torque exists to ove‘hrco:p

S R e i,

e,

"4 sl

el Rk x4
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3.3.2 Wind Load

The wind load very much depends on the Iock canfigura-

- tion and the prevailing wind direction. -Hence a.maximum

load value for wind can only be assumed .in the mathematical

t

formulation. o, ‘ 2
o« “ |
In North America it is customary to stdp navigat;ién .

at wind gusts of approximately 50 km/hr, and this low 'speed
combined with the fatT—shat the gates are sheltered by the

L 4

surround ing groimd makes wind load a ﬁegligible in-f:%uence on

gate drives. In the St. Lawrence Seaway e worst -possible

'combinatibn of wind forces, during navigation, would be 1es's‘

than 20% of the water load. Therefore,ono“account will be
‘ ' . : Vo

<

taken of wind in the model for normal operation. .

Al

L]
’

3.3.3% Water Surging in Lock

.Water sutges ére often crea\ted by passing vessels and
during lock emptying operations. The surgeé can roll.l into
a 1'oék and bounce back with the water head reversed. .Liou /
[9) has 'est'i{nated the magnitude and frequency’ of ‘surges“in

\ -z a
a lock in the St. Lawrence Seaway. The mathematical model

- of. the gate drive mechgnism presented in this dissertation.

includes the éfféct of water sui'ging in the lock.

B}
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3.3.4 Effect of Inertia Load on Gate o

The mass of a typical‘gate onsthe St. Lawrence Seaway

‘
EAY
R

is approximately 225,000 kg. and its effect on the ﬁodel
' ' Lo
cannot be ignored. 1In the machinery of the type shown in

E}Eufe'l.2, the effect of inertia during atceleration and

deceleration is softened by the high mechanical\advantage‘

during these periods due to the geometry of the strut B \'

mechanism. .

" ’ - ) “ -7 * ‘
5.35.5 Water Resistances ’

These resistanées are paftieularly impbrtant in the

case of mitre gates where, as in the case-of a ship, visco-

sity and wave résistances a\hy a part.

Le jeune ﬁd] established'a generalized relationship

2

between the angular speed of a gate and the resisting

water tordue. ‘He obtained a good correlation with model

~

bl

tests carriéd’ out to prove the validity of the rflationaﬂpﬁ ‘

s 14

However, the model tests .conducted were ovérsimpliried and .

"did not represent truly conditions encountered in canals.

The formulation when compared with experimental results
obtained Trom.gates on the St. Lawrence‘Séaway proves

itselr unsatisfactory. The actual resistance of gates is.
<

b 4

highly dependent on the shape and constrgption details and

extremely sensitive to the angle of opening of the gate at

\\which the,resistance 1s‘measured It was also found that

even a very slight change in the angle of opeﬁing)of the

gate has a pronounced effect on the water resistance at the

r

point where the gates are almost fully closed ﬁJJ

2 F o e a0 B e M e
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Tests conduc!d by the U.S. \Army Engineer Waterways

Experiméntal Station [11-_] show that the variables thatr_

-

©

. . “.?)

4

\

. ‘o e) \ The kinematic characteristics of the :

c -

B_ottom clearancej’ -

>

a pair’ of gates;

3

operating ma.ohiner'y;‘,,‘

f

4

PR
2’

) . Operatiﬁng time;., )

Y

Tt

{
'

By

e

.

1

. 3 .
) -Submérgence -of gates;.

B

.
a

-

ot

s

-

~

Ll
L e

N

d) Degree of‘ synchronization of movement of

A ' P f) .Structural details cff'gates.h - SN

. 9 : -

¢ 7 - ' °‘ " \\ 3

1 '. ‘ : ' . ’ ' ¢ ‘ - e ’ . . 4 ’ ’ \ ’
L » . « The model tests referred to above ‘weré@ conducted '“with. o

a model of an-actual gate installation and built 'co a scalg :

of 1:20.

1

The model represented the gate installation in C i

- L] »“

. . great de,tail. 8ince the ‘St. Tawrence Seaway gatgs,end . *3’ 3
drives are very similar to those model tested, the Ty

relat;ionships obtained from the tests can be used with Lo

' considerab»ﬁ confidence in the mathematical simulation.

n
' ] . “

o
L ‘ e - . 3

3.5.6 ownd Loads = . .. ¢ "

-

-¢

~ Other 1oga§rs‘ ‘which wohId influence gate machinery

7

performance are :

A

™

A

t

s

-

o ’ T - a) Errqrs in operation of lock filling valves .

¥ J

which woul,d result in the gé\tes being carried away _ towards

0‘. ’ P

’ . the closed. positoiqn by a waLI or water [1@] . : ‘. -




-\

v Gep

b) Flog?lng debris ‘or ice hitting gates.

Becgbse oﬁ the ﬁnfrequent occurrence of the above mentioned
*

‘1oadsK they are not to be included in the mathematical

v o T S— -

LS

modeling of th\e gate fiﬁohine.

i \
" - L s N N ¥
(Y .
- P

3 4 Assumptions

"
“In- order to cons1der only those system charactegistics/

\that have primary inrluence on the performance™eof the gate

. operation the following assumptions are made :

\

e
BaE H A / o

(1) The breaking valwes, -and- check valves function only »

in ahnormal situations and can - ﬁe ignored 1n a normal

o 1

operation, .

R o

(2) A single pressure P, is assumed throughout the system
) after the fluid 1eaves the pump. This is Justified since

_line and valve pressure losses should be under 5% of P;

(3) The power Qutput of pumps is consﬁant;‘

‘(E)zsghpr pressure drop across the relief valve is

qeéligible; . . ' -,

“~

fS) Capacitancéteffects in the hydraulic Circuit part of

i%he gate drive areiignored. The response of the gate to

,'pressure transients in the hydraul}é circuit should be -of

little &nterest to a gate drivesdesigner; -~ ¥ ..

-
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. (6) No allowance is made for thé time taken to operate
valves and starting or shutting down the system. The k
effects produch@apﬁear relatively unimportant in gate

drive'ﬁesign. N

‘ (7) The strut 5y which the gate—is pivoted is assumed

' rig;d when in fact it'is spring loaded in both the pulling
and pushin directign. The effect of the spring is to
1imit the ‘j% of the ratio of torque on the gate to the
torque on the éydri@lic’hotor to a maximum of 30, during
the commencéﬁent and termination of a gate operation. The

above figure.has en established experimentally and will
/

be incorporated into the simylatioh.

(8) fl‘he water head difference acéﬁgh\e gates produced by
vwatz;Agz;ging in'ggg—I;ZR,is assumed at 0.152%3 m at its
maximum amplitude and the surge periqd at 180 seconds.
These values were-suggésfeq by Liou [9] fqr one of the'

St. Lawrgnce Seaway loéks. '

»

(9) .Qre effect of high winds 1s ignored since/ngyigation
in the St. Lawrence Seaway‘stdps 3t wind velocities of
¥ 48 Km/h. The effect of occasional floating ice is also.

3

ignored since it is unpredictab!e.' : -

/
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(10) 1In interpolating the model test results for gate water
load, tﬁe gate wave resistance 1s assumed to be the only |
resistance ﬁJ]L Since the interpolat;on takes pf%ce over Q\\
narrow ranges, and the wave resistaﬁce 1s preronderant

over the range of speeds at which ‘the gates are operated,

errors should be negligible. . ’ ! ,\

. \
(11) At any‘°given angle of gate opening, the change in wgter
resistance 1ls assumed to Se p;oportipnal to the cﬁange in the
square of the velocity of the gate. This assumption implies
that err the fange‘of gate speeds contemplated in the
'modellihg, fhe"patterns of yater movement relative to the
gate-are the same at eadéh gtven,angle’of‘%ate opening.'

-

3.5 Mathematical Modeling of Mitre Gate Drive %

s\

In‘ofder to obtain the mathematical equations, the’
hydraulfﬁ5circuit'ﬂith lines and componénts\as shown 1in
dark lines in Figure 3.1 is considered. It can be’seén
that the hydrojmechaﬁical gpte'dfive is Eontrolled by a
sihgle pump and its associgted valves. The idea of , 1
operating a mitré géte using a singig Pump unit was the : .
original intention of The'St. Léﬁ?éﬁée Seaway Authority
at'the time of converting to a hydro-mechanical dri&e
from the existing "hydro-electric drive.. Hoégver,due to
’dnavailab{i}py of a single pump with 50 HPga two-pump -
hydro-mechanical drive was built. In this disseftation,
the simulation of .a singlé pump controlled hydro—meqhanibal

drive is carried out to obtaineﬁﬁe optimal ﬁerformance

characteristics.

»
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35.5.1 The, Governing Equati‘ons

The governing equations of the Elydro-mechanical drive
are formulated uéing the power bond graph technique. A
general description of the power bond grapﬁ\method is
'111‘ustrrated‘ in Appendikx A. The power bond graph of the
hydro-mechanical gate drive is shown in Figure 3.2. Using
the bobdtgréph'diagram, éﬂe following equations governing

.the gate drive mechanism aresgobtained.

o

2

~ The power at the pump shaft and the System inpit
/

variable is: . .

]

HP = TA6 HP, | ) (3.1)

.
.
k]

, ~
Since the hydraulic pumg is of the constant power type

the system input’flow is

<

Q\i' = HPp/Pi ‘ , ‘ o (3.2)

-~

The mechanical loss'écross the_pump(is given by

Y

_ P -
PF =P (N mech.)

where Npﬁech,, the mechanical efficiencyof the pumﬁ is
taken at 93% as specified by Brueninghaus for their pump’ -
mode} 125EZ1 RP1/R1120. '

Hence,the pressure loss becomes’

PR = 0.07 Pi‘ o . - (3.3)

The system pressure, P, is given-by
Pahd

\

=P .~ PP )
P, =B -~ PB
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The flow to the hydr;ulic motor Q, is obtaihed by .

the continuity equation as - f
Qa= Qi" Ql —QI' < ’ . (3-5.)

The combined leakage flow past the hydraulic pump and

¢ -

motor can be stated as L

= (Ky +Ks) Py \ \’
-&here Ky is the leakage constant fqr the pump obtained from -
thg‘Brugninghaus catalogue and K> is the correspond%gg
copstant for the Hagghlundshyaraulic motor type A838§t. The
1eakage constants can be combined ip this linear relatioyship
. because the flow is 1aminar andLa single system _Pressure Pas

has ‘been assumed. ) . ¢
The system leakage loss is given as

31462x1012a s ' (3-6;

Ileakage past relief valve Qn, .is glven as

Q = QNI .V . MA.Q at P,>13.1 x 10°
’ ‘ N ; ~ (3.7)
=. 0 . -, 8t Pag13.1 x 100

¥

The voluhetriéierficiency of the Hagglunds motor'Nﬂ
is rated by tH3~m§nufaqpﬁrer at«QL%. The .volume comnstant
“of the motor Vi, 1is given b& Hagglunds as 0.00607~(,;;é
relief flow becomes ) ‘ , | .
’ Q= Qa - 0.0057 MA. (D, ‘ at Pa>'13.1 x 10°
=0 o at Pi<13.1 x 106

4
-
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. The equation for relief valve flow 1is obgained by

considefing continuity; the flow is'the difference between
;o the flow Q, and th? flow intd the ,hydraulic motor. The
moto; ié rigidly couprled to a miére gate of high®™nertia
and the gate will conéinue on its path, for some time,‘even
though the relief valve i§ lifted. * When the kinetic energy

of the gaté is being dissipated, part of the flow Q5 is
. g )
taken into the motor and the remainder passes through th

relief valve.

The torque'at the shaft of the hydraulic motor T, can

‘5e stated as

]

4
Ty = Pae Vm - oy S (3:8)
i J R v .ﬂ,
- The motor constant can be considered as

Vm =Ap - Rp ' _ . '

where Ap is an equivalent_moﬁor piston‘area at radius Rp'

turned through an angle, of one radian. Then, the units of

Vpm are those of a moment of area.’

-
» P *

The hydraulic motor speed is given by -

X

Wm=Qa / Vp < . ~j23-9)
The frictional torque on the hydraulic motor due to
© - .

mechanical friction in the motor and the mechanism linking

it with the mitre gate is

f‘ T = Tn (}"Nmech. ‘Ng)- ./}\ | ' . (3‘19)
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-drive [13] .
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The mechanical efficiency of the mobor, Npech. is '

given by Hagglunds, the motor manufacturer,‘ as 97%. The

efficiency of the linking drive, N4 is calculated a8 94%

v
by -multiplying standard component efficiencies for the

, The output shaft torque at the motor T, is
H .
&
o

m
Ta = Tm - Tr ~*

(3.11)

[

Referring to Figure 3.3, the mechanical advantage
bétweeh fhe hydraulic motor tor;ye and the torq{:e on the

"ritten as

mitre gate can be
MA =Kz d__ (27 - A-B)

=.K a¥f

6

where K3 is a.constant relating- the gear rat'fo between the

mo.tog/ shaft mounted pinion and the gate dr-:lve sector gear.

da ¥
d 6
and the deraulic motor.

is the inverse of the velocity ratio between the gate'

. , *
For the St. Lawrence Seaway drives,

P

the equation becomes

. =3 -1 =3 -1
-0.006825 X _+ .55 +Q:3087 X " +0.6625%
MA = 10 §
: 1" ®i-(0.01365 % ’1 0. )2] [i-(0.6175% *11.325%) 4
‘ . i 0.5 N '
where X = (l-Cos 9)

L}

and 9 varies from 0. 6340 to 1. 882 for gate closing and 1.882

to 0.6340 for gate opening.
» 7

P
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\

The expression for the ‘total torque on gate is

T# = MA . Tjp - (3.1%)

&
13

.The torque compatibility at the gate gives

-~

- A\

[T S, - S - S ' :
T, = Tj + Ty +‘Tf + T2 (3.14)

The speed of the gate can be expressed as
0 g =L/ S . : (3.15)

where MA is the inverse velocity ratio.

Algso, the gate speed.is equal to the time inﬁegral of

" jts angular acceleration pritten as

g Tnow
.— 3 g ° . 4 .
(Jgrl/l{ 1§ at | 5

Substituting for the moment.of inertia, I of the gate

on the St. Lawrence Seaway gives I

W, L 1/14.71 x 100 s hov T? dt : (3.16)
' (o] i 1 T

-
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resultant forces on ‘gate Hinges and applicable friction

coefflcients- [5] .
% = 87000 ' ) a

test results developed by the U.S. Army Waterways Experi-

gmntal Station @i} Assumption No. 11 in Section 3.4 is
nicessary to arply the model test data to the St. Lawrence

"Seaway gates.

© drive. )

_39_
The gate friction torque is a copstant due to

« 4
By calculation the value is foUnd to be

/
The water torque on the gate is oglculated from model

a
©

The assumption allows normalizing the model

torques with respect tocgé for any position of gate
Normalization is necessary due to the model driye links

4

being of slightly different proportions than in the Seaway

k]

Figure 3.4 4llustrates the model test results which
Table

4
are most applicable to the Seaway gates and drives.

3.1 shows the plotted results normalized for given angular
e S

position of gate, in the form of the parametgr,
(3.17) -

P Tg (model) L -
t
g) (model) ‘ ’
Values for gate positions between those given in the table ,
< |
‘ ), |

(

_are Interpolated. .
. The'expression for water torque, on the gate oen.be o4 .
=T ' ) .
written as - . . -
. ' . . < . ’ '
W .
2 , * ' 4
! ' . (3 18)

4
g
Tw Kl,f P ‘wg ,
651083 is a constant obtained, through dimensienal
™\

where Ky =
analysis[}%], which converts model results to prototype -scale.

el P R e N T

P

+




~40-

1 te . ' -

- | The time-from start of a gate cycle is given by the /

b

1)

integral .

, / ' ) . . Bz . ’ N ’
: \ e = S AL ST (3.19)

« Nnow 9
'

I .- : [ Q‘ ° »
: R \ * ’ a * b
Watér. surges acting' on mitre gates are ‘not a function

£ the gate opening They are caubed by independént pheno-

gna such as passing vessels or operation of other lock

-

on .the gate, howevir, is

pechanisms. The torque produced

gates project towards the.

]
o

the result of the area thé mitre

surges that_are coming alongeie longitudinal centre line

of the ld%k aad;are proportional to the projected areasf ﬁé}.

The obstacle of the gate results in a water head difference-

- ‘ from one side of the gate to the other creates a resisting

o
torque ‘'on sthe gate. uSection 3.4 stateg the assumed values

of the 5;;11tude and period of the static head difference on’
the gaées. 2 .
- P - - N .

v

The static pressure due to surge on the gate 1is

a2

g Py =} .a . Sin W tsin (8 - 0.634)

© P
. . .

Wherel)is calculated from the surge period,éha the
1 " : )

v .

»constant 0.634 represents the -gate angle in the 'fully open - .

t .\ - )
posi ion ‘ ‘ - ‘ &

% @44
-qs?"““

t vf"ﬁ‘ ©

- ) . )
Q‘gx— R , - ! LI

bl

L o g

5

w1
e

£
ML

B

y

30" sas AU I ED S

A,

&




4 -

¢ t v 3 ) . ) - : ‘ -.m‘\»“ -

v , , . .. ’
, , . . .

; ., _,.Hm_Omﬁwc<w:ﬂuo>.ﬁmm>mwso.~oepmmaopau .mouoza.nopzwﬂm ..

« .0 -

- 8 ,.

[ * -

o]

- - o1t 00T 08" 08 oL . 09 0 oy

-

1
o
Lo

RS

A
o
N

1
,
|
|
. |
. * .l —
A
|
by

2
o
{12\

S

1

o
=+ -

T X 33-q1) (3J-q1) onbaoy, 3saL 238D TOPQNW

'l
o
n

isc

v
¥

hed

ANISOTD ween 7
. ‘ ) . . € ¢
. S - - ) " DNINZJO0 0—o " - -

-

(we-N =

0y

»* » L
- . / [
= — , -
e - - " ‘
. . . - -
. ¢ - - . .
<N \ : : -
= -~ ¢
i - v Il -
a ‘ . . - -
~ ~ Fi .
» 5
.
s - -
. . .
2 ¥ % ~ »
N g s .
.
i N R N N ,
e )
) ' . . Ly _ r . s
T T . i o M -



4o~

3}

Table 3.1 Values of Pai'ameter Py

Closing Opening ,
8(Deg) ne(rad) ge(rad/se)# (M’ggel) Py (Mggel) fpt
36.33 | 634 | .oou3 52 1 13.0 _| 4100
3747 | 6548 | .006 52 11755 | 11.5 2600
38.86 | . .680 | .008 32 sk2s-| 9.7 | 1645
259.99 .698 .0093 . 16 2333 9:5 1385
y2.97 | .50 | .o122 14.3 1590 7.0 77
syog | 785 | l.on .o | 136 7.5 727
50.02.] .873| .o17s | . 1 823 9.5 736
59.99 | 1.047 '.oé25 12.5 753 10.0 602

r0.02 | 10222 | .o2u7 13.5 e | 10.5 576
79.99 | 1.396 | .02t . ‘.6 | 85 | 13.0 735 /
.90.01 | 1.571 | . .0203 18 1203 | < 15.0 1002

Y o7.p1 | 1700 | o157 | w3 | 2100 | 1604 | sy
99.99 | 1.745 .0135 25.3 2542 17.6 1769
104.34 | 1.821 | .0093 2.3 | 4710 | 28.5 | 3572
104.97 | 1.8%2 | .0085 29.5 | a78 | 26.5 ¥229 *
106.23 | 1.854 0065 24.5 5112 | 27.0 | 5634
107.83 | 1.882 | .ooz4 17.5 6981 | 27.0 1

G B oot s B o

Note° Pt values in table have been multiplied by 1 3563
to convert to S.I. units.

»
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The timdfrom the start of a surge at the mitre gate °,

. 1s given by

of 180 seconds _—

s
S

-

1

t =T u+Db o v .

where b is the lag in time between the start of a éate

x

ope;‘tion and the’start of a surge, at the gate. The

constant b can take on any value within the surge period

o -l

0 < b 180

i R |

The general eihression for the surge torque is

»
b

°

Tg =P . A .R

-

assuming the surge amplitude and period as\stated in Section
3. 4,eand frem the dimensions or the submerged portion of the -

=)

gate, the expression for TS becomes

78 = 1436085 3in 0.0349t Sin (6-0.634) .- (3.20)~_

The above set of equations (3.1) - (3.20) completely -

.

describes the behaviour of the hydro-mechanical gate drive

»

using a constant power pump. - F i

v ar

° 3.7 Diglital Computer Simulation
The simplation is carried out on a digital computer,
Burroughs model B2500 using Fortran Iv language., '

) T,
S .

* » s A

»
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i various time 1ags after the start of gate closing. The

i —. TN T e N PO s Y TTAT L e \
\ ) &

, "'“{'- -
. . )
The input variables are a set of values of power input
into the constant power pump ang\a\set of initial values and A

ranges of apflicable variables. Relevant variables are
calculated at discrete time intervals from the start of gate
operation. Gate closing and orening operations are g&mulated

for a set of power input values ranging from 10HP to 50 HP in

—

,steps of 5. For each of the power inputs~printouts of
variables are obtgnned at time intjrgals ZXTnow,ranging
from 0.01 to 0.2 seconds. The simulation assumes- normal*

operating conditions with no water surges in the lock.
Representative values of the variables investigated are
shown“in Tables ‘4.3 and 4.4 and Fi;ureith. The program
listings for gate orening and closing are attached in‘
Appendix B. o ' | o ' ‘ A
. The”effect of water surges is investigated for a gate~

N

drive with A power input of 25 HP - the power established

as most economical in the cost optimization described in

Chapter V. The effect on gate closing times is investigated -

for a surge of fixed amplitude .and frequency. Gate,closing-

times are calculated for surges starting at the gate with.
results of this simulation are shown in Tahle 5. 2 The -~
program listing is enclosed in Appendix B. \ . _ i
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‘became possibie to inErease”the maximum torque capacity'of

CHAPTER IV .
PERFORMANCE CHARACTERISTICS OF THE PROTOTYPE
HYDRO-MECHANI&XL GATE DRIVE ON THE ST. LAWBENCE SEAWAY

-

4.1 General ' ’ ‘ ' :

.

This chapter will describe the conversion of an existing

mitre gate drive on the St. Lawrence. Seaway from electro-

"mechanical to hydro-mechanical mechanism. Design constraints

: imposed By the 'existing mechanish will be described briefly

followed by a discussion of the procedures used to eétimate
the performance of the modified drive. The operation of the
modified drive will also be described during a complete gate

.operating cycle. A section will be devoted/£o tests carried

out on the modified drive,’inciuding instrumentation ang

measurement procedures used.

The chapter will include a discussion on the correlation -

3

of results obtained from the tests and those obtained from

the compliter simulation described in Chapter III.

W Destgn Constraints Imposed on. ¥
Hydro-Mechanical Drive Mechanism
~ =

The existing electro-mechanical driye;, Figure 1.2, was

, . ‘ iy :
designed to withstand stresses corresponding to a peak torque

which, dué to the lengthy of the -mechanism links chosen;
occurred just before the'gétes reached tHeir fully open
position. In converting to a hydro-mechanical drive, it

r

the mechanisp over most of -the pivoting angle'of'the gate.
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r ) T
This was achieved by maintaining the hydraulic oystem
preséure at a ievel corresponding to tog original peak
torque, in a 30 gate pivooing 1nterva1}adjacent to the
gate fully ooen position. ‘During the remainder of the:
gate pivoting angle, the relief pressure was boosted to

» correspond with a torque substantially higher than in the
3 . original &rive. This design aprroach approximates the
‘ideéal utilization of the mechanical strengto‘of the
‘existiog components, 1i.e. 1fQ§his machinery can méintain

maximum hydraulic system pressures throughout the cycle,

regordless of the velocity of the mitre gate and therefore
\ N

- “-the pump delivery, ‘the shortest operating time is possible.

A S

By assuming water resistance as. the dominant load on

]
~

the gate, 1t 1§‘possible_todgstimate the maximum power

required for the hydraulic drive and its maximim operating
time. From Lajeune's study'Euﬂ, the load due to xater

reslstance was oonsidered to be proportional to thHe square

:

of the gate veloclity. Using %his relationship, the maximum

power required for the gate operation was calculated to be

150 HP. HowewAr, the power of the existing electro-mechanical

& .
drive was only 20 HP with an’ operating time of 72 seconds.
ﬁence an' input power .of 50 HP was*éélected instead of the

. : ideal 150 HP as the power requiréd for operating the mitre

. \ r
gate with a hydro-mechanical drive.

4
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“The operating time with-this.arbitrary powér inbut,
wcs estimated fraom the ppwer conccmpmion meascrsmégt taken
on an electrical motor drive for 1dentica1 gate drives. A
typical power meagurement curve i's shqnnmln Figure Cl 1n ‘
Appendix C. The power curves were .replotted as torque Vs

-

time, as shown in Figure 4.1 using motor characteristics.

- In crder to predict the behaviocr of the drive'afier
converting to a hydro—mechanical‘drive mechanism, the abc;e
torque vs time relationship has to be modified to suit the:
power input of the hydraulic motor. A typical hydraulic
motor characteristic is shown in Figure’h.z as' ' a curve
relating hydraulic mctor R.P.M. agéinét System Fressure.

A further requirement is that the relationship/petween motor
speed and timé should be known for the g}ectro-mechanicgl

Pl
drive. This was determined experimentally for_ /& typical
{ f

- gate and is shown in Figure 4.3. Through the cQ@mbn'time ,

- base of-ngures'4.3 and 4.1, gate torques for particular

motor speeds are.known.

Considering water resistarice as the predominant load
on the gate and assuming it to be proportional to the sqﬁare
of the gate speed, the following instantaneous reiationships

between the electro-mechanical and hydro-mechanical drives

Iy

can be written:

At AYAL

now m

g 2 e 2
’ Te QL’\ ATnow - [AY i (4.1)

@
——
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Fr'orq.equation (4.1); the following two equations can

{é; / " be written: . ] . . o |

b e B/t e
an'd. ~ | | | L )

\ rI'Eo,w - z Tfww ) @;/“)2. | (.3 |

Equation (4.2) would be sufficient’ to find the gate

: operating time Tgow’ if Tg could be maintained at a constant

» v ‘maximum value. This, however is impossible due to the arbi-
1 trary limitation of power of ‘the hydraulic drive to 5Q HP.
7

I3 -

From equation (4.1) it can also be written:

[ T8/ 'rg]’:‘ AN

-f’

(4.4)
3 L . b, ‘ ‘e

4 n "

,:.‘. \9‘,__. . ) e e N
¥ ) Since the values Qf Tg and C.)m are known for an electro-

hxdraulic drive fr;bm Figures 4.1 and ¥.3, through the common

time base, ‘the relationship of Tg

Figure 4.2 by convérting pressure to ’c‘orqﬁe.

and(.g);l1 can be obtained from -

|
. |
’ ’ ' ‘ 1‘ J‘

If the time scale in Figure k.1 is ddvided into small
: \ ‘e

e e
intervals Tnow g

each interval, theré will exist a point on the locus in

-and the mean values of T zamd(/.,l:1 found for J

2

Figure 4.2 which will give values of Tg andWh that will 1

_satisfy equation (4’.4). Once these values are known for

each interval ATE

the gate aperating times can bs

P now
. :obt;ained by using\bq\_ation (4.2) or (4.3).
1 \ . ) ' * ‘ o " )
) - ’ N ' N BN .
N \ \ ' .




) Utilizing &e above relationships it is also possible‘

4

‘of the circult. .The increase in si:egdh is the result of g

. { 7
to estimate Tg and&)g with respect to time for the
operation ‘of the hydro-mechanical drive. The estimated
relationshipé are shown in Figures 4.‘$a\nd 4.5,

[]

4.3 Functional Description of the ' T ‘

' Hydraulic 'Circuit .
) " Funotionally the circuit ws dzsigned to do the e
following: . | —
Gates Closing Cycle ' . -

‘ 1. .The gate to leave the..gate recess with hydraullc
motor delivering a torgue of 61000 N-m and ;'unning at a
reduced speed of 3:5 R.P.M. The speel is reduced to
eliminate any vibration of the gate struct;ure and is

achieved by limiting 'che motor supply to the constant
delivery pump.

&
2.  After the gate has pivoted between 3° to 5° the
motor torque is increased ‘to a maximum of 73250 N-m
and the gate is driven at maximum possible speed. The

increase in torque ’1s achieved by ;raising the relief pressure

e

P . .
switching the'delivery'of the constant power pump to drive

the hydraulic motor along with the constgnt delivery pump.

.

3. Just before the closed position the hydraulic m\étor ’
speed is again reduced’ to 3.5 R P M. by cutting out the

delivery of the c¢onstant power pump.

~
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. Gate Opening Cycle . o y

, 1. _ The gate to start opening at maximum system '
pressure but a speed corresponding to that of the hydraulic . Cu

4

motor at 3.5 E:P.M. The reason, as ddring the elosing cycle;
2
is to avoid setting up vibrations of the gate struéture.

v

» - .
’

2. The middle region of the gate opening cycle is to be

traversed at maximum possible pressure and speed. |

t

¥

5. Pressure and hence motor torque is agein reduced

during the final 3° before the fully open gate posttion.ﬂ

The hydraulic motor can function as a pump doring load
‘ reversals created by water surges rurining in the.direction' '
_of gate movemer\x’t. In this mﬁe\ of operat:}onr the system
absorbs. energy, minimizing any damage which thight. be caused

by the gate slamming against its end position stops. The" -
j;;EBnprge of the hydraulic motor running in reverse is L

»

blocked by gbcounterbalance valve and passed through a

relief'valve set at the maximum system psessure.
: A

Although the maximum system pressure has been’ limit&d
. ‘to 14000°'KPa, all components werehseiécted for a maximum
. Pre\Lure of 21000 KPa to allow ror possible upgrading of.

power in the future.‘

v AR 3

L
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. The main components in the circuit are:
r _ 1. Hagglunds Hydraulic Motor AB}BS L, &i&h a,swept 1 'Y
P volume’ of 2385 in’ 3/rev. (.00607 m3/ rad).

2. Pump No. 1: Vickers Vane Pump 35 V25A - 1C10L-181. —
This is a fixed displacement pump with a swept volume of
5.8 in >/rev (12.5 % 107 m>/rad) to privide 25 usgpm
- " (0.0269 m?/s)’swept volume at 1200 R.P.M. . ' -

3. Pump No. 2: Bruenihghaus Piston Pump 125 EZiR?l/R
1120. This is a variable displacement pump with a swept
T volume 7.6 in 3/rev. (19.8 x §0_6m3/rad) at the ﬁ;ximum
' swash angle of 25 degrees. . , .

. * 4. 50 HP, 1800 R.P.M. electric motor for driving both
. pumpd.

The drive control is arranged in such a way that Pump 1

o

¢ } ' s alone provides 1n1tia} drive; Pump 2 cuts in after the lock
gate is in motion.l Both pumps dri&e the géte dgﬁ{ng most of

its displacement. ﬁumpﬂz cuts out befo;e completion of
- gate motion, leaving Pump 1 to complete the final portion of ’

N the gate motion. - T )

o
e X ¢ * -

JLY ¢ N N o , ' . .
N - . . X \ ‘ ot 4 .
®

4 L4

b, h Performance Tests_of Hldro-uechanical Gate Drive (6]

) b 4.1 Gene . . . !\‘

This portion of thejperformance .}sts describes

»
. ’ : § the resulba of dynamic performance: measurements carried out .

. on hydro-mecbanical mitre gate drives on St, Lawrence Sgﬁuax

3 -,
)
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v, while in operation. The measurements of hydraulic pressures

A

. T4
A ) iat four points in the drive system, and. the angular dis-

" . placement of the main output shaft of the drive system are

’

made. For each of these five variables, continuous traces

were obtained as the gate moved through-full operating c¢ycles.

-2

,The measurements are also made for those céses when ship '

. was using the lock or not. . ’ | ;
;‘ . f‘4
z \ B . ’ \ ‘ * !
2 b 4.2 Measuremeht Prooedure'aod ﬂecordi . "
'_; .‘ ' The four pressure measurements a e made by iocating N

four pressure tapping poihts in the h&draule'lines'es shown
in Figevl;B. Locations 1 and 2 glve the pFressure drop acrabs\.
\ " —the hydraulic motor when it is driven 1n‘either direction or
j performs as a pump, dissipating the kinetic energy of the
gate'or the energy of a surge reversing the direction of the
i normal load on the gate. Locations 3 and 4 allow recording
: " , of discharge pressures of both pumps without distorsion from
- other components, also, whether-the 1oo1vidua1 pumps are
"~ delivering to the motor or dumping to tank. The difference
. T 3’ between locationSB‘andnl or 2 gives the -friction loss Between

| J . -

P . the points. 2-Validyne DP22 5000 p.s.i. (35 x 10° Pa) and’

.

“ 2-Validyne DP15TL 3000 p.s.i. (21 x 106 Pa) pressure trans-
‘R - 'dﬁcers were 1nserted in thé &4 tapping points. Each was T
excited by a separate Validyne D12 transducer 1ndicator T
with a sensitivity of 2 ¥o}ts/1000 p.s.1. (7000 K Pa). '
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The transducer outputs were recorded on a-4 channel Gould-
Brush recorder #40-5- 1636' with a sensitivity of O, 6 1nch/

1000 p.s.i. {0.2177 m/1000 K Pa). Angular displacement %S

the drive shaft (about 8"/0.203 m dia) was measured by a
.10 turn .rotary potentiometer with a 4-inech (.1016 m) diameter
wheel. The potentiometer was held on a magnetic base stand,

such that ‘the wheel contacted the drive shaft. The poteén-

. tiomdter was excited by a 6-volt dry battery, and its output
displayed on a Gould-Brush 220 recorder such that the full

displacement (about 4.5 revolutions) of the shaft caused
' /

p—

8 divisions (about 3.175 cm) per sweep.

4 4,3 Test Results

Thirteen individual tests were carried out with con-
ditions as listed in Table 4.1 w;th'the pump drive speed of
1800 r.p.m. and’for total drive shaft rotation of 4.75 |
revolutions.’ Fié. 4.6 shows a typical set of such traces

for ‘the condition No. 12 specified in Table 5.1,

Fig. 4.7 and 4 8 show mean line diagrams compounded
from the readings for gate opening and closing so as to
111ustrate the system response characteristics. For the
‘ gate opening condition as shown in Fig. 4 7s the control
valve opdhs and the gate stagts tOgmove 2-3 seconds after

‘the hydraulic supply 1s started. There 1is_an initial

pressure surge of short duration (0.3 s) to system relief .

'valve pressure 13300 KPa. Pump 1 (fixed displacement vane
‘ pump,:pominel swept displacement of .00227 h3) drives the -
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. 7
Gate-Motion -
RUN Smm— COMMENT
. Opening | Closing
] v ‘No Ship -
2 v No Ship
3 v No Ship o
8 v No Ship ‘
5" v Ship moving out east
C (same way as gate moves)
"6 v : +Ship sailing away "
* ' M -
7 ( v | No Ship
B v No Ship
LI § v Stepped at,75% open;
, . then closed.:No Ship.
10 v Stopped at 50% dben;
o the opening completed. No Ship.
n v No Ship -
‘e
12 v ) _No Ship ' ?
13 ) v Ship entered, going west
C '
L} ) T
a. ' ¥ /" . )
Table 4.1 Lock'Gate Operatign Pattern
\
T,
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FIGURE 4.6 - GATE CLCSIHIG

$-

0,

4

T TT
R -

(A N
bl DR

H-HHH-
v
. dﬂ.}

-
»

feo

FIGURE 4.6 ACTUAL TRACES

FIGURE 4.6 GATE OPENING

-

-
]
- -
§
]
=

1

1

rriseetity

.

e

]

T

A

I

TE
A+ por—
e
<

R

-

Py
d
1

dqre

e Bt

—t
1
|}
3.
¥

4
=1

R I R Y

N

}‘—4. A
LT
—4.
3
i
1
1
I
1
R

.f.

V!

. N.
Baannnnanabisasnsnanst Al
44 + H 1 st B8
; ] e !
R NN
<t T . ]
EVS| ST
o™ -
g 2
o 5
2 4
& &
~

} -

rent

v

{

Drive Shaft
Pressure 2

Displacon
Pressure 1

L.

i

"

Orive Shaft -
Displacement




< T\ - , -ba- . 5
14000 J“’"{i' Vabe Open03sec Rl Yoo Joen 8 B peii v pRessURE . ¥
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/ 10500 KPa ;
’ Rise time / )
- Hahout 0.15
-} o /
7000 5 | Variation of some opening runs
; . - 3 If.m 1 operatin Pumps Tand 2 operating tagethes for 34+ 2 sec.
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Set Stanls Gate Motion Starts Relief Valve Closes™ | Time, Sec. 1
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Relief Valve lifts

14000 for ahout 6 sec
= o
5‘ ,
7000 'g
- § l
¢ <.6: A .
il 3 Pumps 1 and 2 together for 36-37 sec.
y |Pump Telone \
fqt /lPump 2 lCuts In . . , , , \ . ;
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«é ¢
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gate, w;th pressure building up to 10500 KPa. After
. 'll'sgconds of Pump 1 oﬁergtion; Pump 2 (variable displgée-
ment piston pump, nominal maximuﬁ’SWépt displacement of
.003785 mBS, 25°D§11t ang133 cuts in, forcing system
' pressure to increase to 12300 KPa limit. This automaﬁidally‘
drive shaft speed from 3.5 to 4.7 r.p.m. as shown in Fig.
) ¥.7.(8). The relief vhlvée stays ‘open,' dumping some of the
pump discharge for about 6 seconds. After this, pressure i
falls gradually and drive shaft speed inckeases. This
reflécts a decreasing resistance to motion offered by the |,
lock gate and its mechanical drive ieverage system. Afte;.
34 seconds of dual pumping‘operation, the system pressure
decreases to 5600 KPa and drive'shaft speed increases to
. 8 r.p.m. At this stage, Pump 2 cuts out leaving Pump 1 to
complete the opening. 'There 1§ a subspantial,pressure su}ge
during this latter stage;"whicé lasts approximately 5-6
- seconds. For this gate/openihg operation takes 50 seconds
from,its initial motion to itﬂ full open state. The motion
is smooth, though its velocity increases steadily during }
- ) most_of the motlon. The 1n1t1a1 velocigy of the gate. vwhen .

APump 1 alone operates is 3.5 r.p.m., and 1f'£his operation

Rt adinihd

would continue without the operation of Pump 2, then Pump 1 -

.alone would cause gate closure in 78 second§. Referring to

o’ . Fig. 4.8 for the gate closing condition, the dead time between
set start up and gafe mo;ement isfapbroximately 4 seconds.

(Y .
The initial pressure surge is only 10500 KPa which is

‘
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gonsiderably small compansd to the opening operation.

However the peak pressure is of longer dufation (about 1 sec.)
Similar to the opening oreration Pump 2 cuts in and the

pressure increases to 7000 KPa and remains about constant ror

the first 16-17 seconds of dual pump operation, reflecting,’

a falirly steéﬁy gate and mechanism resistance load onlbpeJ .
hydraulic system. After 16 seconds of dual pump operééion ‘

the gate is about half open, and the pressure starts to T
increase,. indicating ihcreaEing resistiﬁg_load. For the last

6 seconds of dualwpump.operation, the pressure increases

beyond 13300 KPa causing the relief'valve to dump some of ;

fhe fiow\and causing shaft speed .to reduce. Pump 2 cdté ouf

after 36 seconds of dual pump operatidn, and the gate closure -

is completedrby'Pump 1 generating a dri?e shaft spéed of

about 3.5 r.P.yh ‘Ngﬁimum shaft speed during closurglis ‘

6.7 r.p.m. occurring in the first part of Qual’punu>opefation.
The(gaﬁe is in motion for 50 seqends during closure. The gate :
angular velocity varies continuously throughout the closing
cycle and it differs from the opening cycle. Unlike the ' .

opening cycle, the pump pressure falls off smoothly in the

final stage of gate closure. ‘ ;o
't \ : * ) . 3
4.4.4 Correftions to Pump 1 Delivery : J—

LN X
An -anomaly exiSts between the rated swept volume of

.

Pump 1 (36 usgpm at 1800 r.p.m.) and the hydfaulic motor speed’
measured -from the recorded traces (3.5 r.p.m.) when Pump 1
. \

. is operating alone. . - ° ° - (
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7§: \ . - From Hagglunds information, it is known -that the

hydraulic motor has a swept volume of 2385 in /revolution.

Assuming a volumetric efficiency of 904, Pump 1 must.sweep
2950 in3 to make the motor turn 1 revolution.Q-HeQEe/for
* the measured speed of 3.5 r.p.m., Pump 1 must sweep 16,400
- _ 'in3/min; that is. 45 usgpm. Therefore, apparent rating

(swept volume) of Pumpalimu§t be 45 usgpm, not 36 usgpm as

' v

given iﬁ its nominal rating.

Some Possible Explanations:

1. The"measured shaft speed values are incorrect.

A thorough checking of 9 separate traces discounts .

4 ﬁ. ’ this. There is obviously no wheel slip’ between
,potentiometer and drive shaft. There is good ccnsi)-

' tency betweeﬁ guite separate readings. .
"XA ‘ " . ‘ ] ’
The results at the start of Figure 4.7(b) '

(3.5 rtp.m.) and the end of Figure 4.8(b) (3.5'r.p.m.)

.

take accurate slopes from the traces.

' .

2." Flow additional to_ that of Pump 1 is_provid§§

\ . It was thought that Pump 2 might be prowiding some

iy flow even though i¢ should not be doing so in the initial
é"i | . gate n‘%ion stage. A_glance at pressure trace 4 shows.
55" | that Pump 2 cannot be pumping’into the motor supply in

- ' this stage. If 1% were, Pump 2 would have to be

developing the same pressure as Pump 1&

4

are more reliable than the measurement at the start of -

gate ciosing as the Ietter occupled too,short a time.to

e e . T e
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3. The hydraulic motor sweptfvolume is 20% smaller
‘ ¢ . : .y
than expected. This does not seem likely in such a

large component. : ‘ . g 4 v

| “ N ¢

‘ ) ! »
4, Pump 1 is 24% larger than expected. Pumps of ¢

r in construct'i,on. The \

parts of different ' '

“thig kind and size are mod

same casing may contain movin

“ B swept volume ratings It is not impossible that a

A

that expec %could ‘

as a normal event.

rump larger in swept volume tha
{s ‘ge delivered. This is not offere
; ©* * It ds quite unlikely, but not impossible. .
S .

‘ The best. explanation.was in fact taken to -be as

AN

o ' the most reasonable. : o ( v

$

. 44,5 Hvdraulic Power Developed in the Pumps

] . 4 Figures L, 7(c) and 4.8(c) show the hydraulic pover -
deve@ped By the system during the gate motion. Pumping

power,'is defined as: . Pump Power = Pa' Vg .
where Pa is the pressure measured at pump delivery, VS the

apparent swept volume of: pump(s) per second derived from

T ‘l,m . actual measured drive shaft speed. . T

From the power cﬁaracterisﬁcs of the pumps illustrated
‘. c in Figures 4. 7(c) and 4.8(¢), the following conclusions can -+
be drawn: “ -

R N . . . »
.

-—Maximum pumping power developed is 87 HP, about 45 seconds

: é‘tbrtx ‘of gate closing.- At this point the relief vz])l

1 .{ e
£y w is@undaermined. ' - - - 9

‘/ t ¢

- A A e
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' ’ o —On both opening and -closing states, power exceeds the
‘ . 50 -HP continuous rating of the electric motor. - — S
3 : - h &
e o —For gate opening, péwer overload lasts 32 secorids_and :'& AT
. b

‘ ~r§aches' 67 HP naximpm ‘¢ ( 6, seconds at 13-19 seconds
A . 1

~

+

after start).,

'l - '—For gate closing, power overYoad lasts-37 seconds and

reaches 'a maximum HP at 45 seconds after start up.

3 ~——"" _ This peak, or something near to it, may'last for

N . ‘ A R

) seconds depending on the action of the reg.ief valve -

~ ! T ~on the power limiting control of Pump 2. ., . .
/ ' ’ ’ - ' o . v . -
* ' —The power limiting mechanism on Pump 2 (nominally set -
‘ : at 25 HP), appears to be functioning. Figure 4.7(c)

2

= (gate opening) shows that Pump 2 power does not .exgeed ' e

RTINS -
F -

y about 28 HP and from Figure 4.8(c) (gate closing)\e\

Pump 2 Jpover- reaches 36 HP before ‘it is reduced . -

/-»

~Maximum pumping power of Pump 2 is 67 HP. (0.0§2xf 6.
m’/s and 13300 KPa at 1800 r.p.m., and 25° e angle) .
P

i . - .
» W ’ *
.. , . o
. — . > .

L .4 6 Concluston

o~ B ‘ 1. " The drive moves the lock gate:in -what appears tp

7

:

be a satisfactory manner. . . .\‘ .

k"" . ]
' ) o [P ?

\
. : 2. The power mequired is in excess of the primary
I ) . ° ,'/ N

) drive electric motors continuous rating of 50 HP. The

. .
R )
r

motor Operates only® in an ;ntermittant manner of about -
s .,'h' - . o~ N . ) .
¥ 7 50 seconds duratiion of which some 35 seconds iIs at overload
( .
. | Ot . e u
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‘,‘_\\~\\ The "gate opening" T

L Y
. "gate closing" _Fower reaches 87 EF

. : o . T
5. The power load is well within the capability . of
# . the hyd(gulic compontnts of the drive.

. \
b} - “ ® ! ° ;
. : -

. o 4. fThe cutting in and out/ of Pumps 1 and 2 can be .

7 *ad Justed to reduce the.duratt of tos\overload state.
@ . -

'KT?E ad Justments and ‘tests are described in Appendix C. ' S

N
. 14 -

Py

.5 Correlation of Mathematical Modél . .

with Prototype Test Results S
B A statistical correlation between the test and model Voo
“ } »

7 rq;ults will not be attempted because the model assumeé

1)
N

8 singleé constant power pump system and the prototype \ "

P . | J‘ 1nqorporates two pumps of appfakimately equal power

b . ¢ (constant power and fixed delivery)

»

However, certain

!

, comparisons can be made between model and pump systems of
’

]
-

- TR
-
~~

. ,
S SISO i 251 i

: equal total power, e.g. 50 HP., noting that the prdtotype
// ' is penforming in a,gartially constant power mode during ) -

. 80 to 85% of total gate .travel (Figures 4.7 and 4.8).
A, .

L

’ The,pvbtotype was originally designed with a single -

TR T o e T P
: <
R

. The correlation must.be limited to .a discussion

) constant power pump, but had to be altered due-to the pump
" b, v . ' ' Ty ' ' v

| & being unavailable in,the desired-size and at the required
b e - |

- S L@ . , \ ‘ N
B TR

- ,

i

r .
* trends and ranges of valueé‘gy the relevant variable%? , M
‘ Y I ‘ \
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- 4.5.1 .Hydraulic System Pressure ‘

Figure 4.9 shows" a plot of system ‘pressures vs gate“~

operating time I‘or the model and for the corresponding

-.y

—

- . prototype test results. . T,

- -

o l . 1

L I3

® ‘Comparison of the results ‘is distorted by the

difference in pump types and sizes as well as by the"

-

constant deliv"rpump in the prototype having been
"'supplied with a higher than specified output. Moreover,

due to the existing gate speed controls of the ‘prototype, -

e the system had to be operated at a slower speed, e. g. 3

the constant delivery pump only,; during approximately 1/3 N
; of/the cycle time. . - o C e
> o ) 1\ \ . N
Q ! ~

‘ Points which argue in ravour of’ the validitx .of . th.e o

" model are- ’

' \

. }/ When the prototype operates in the partial . o

constant power modef(tuo pumps),: the shape of the

Npr_essure vs tim: curve‘, en.dfits‘, range of values for
- the ‘prowtype ar‘e si-milhr: to a‘degreo,\ witn those
for the ‘modele. '.l‘he two-pump operating period of the

AR ﬁrototype accounts for over 80% of :the gate movement.
1- o ' ‘ » Q ' ! v .
- o 2. ‘The relati@ long periods of rélief valve A

. . . ) . ’ - e
ke 4 orening on the prototype carnngt be duplicated by . -

¢ P . ’
. T the COnstant power circuit, Pump delix/}'y is cut
)
...gutomatically at a p;e-se'f pressure. Since zZero

delivery of the model ;‘mmp was taken as the relief

[

Lo pressure, only the pres\s,ure spikes shown in Figure 4.9
- b

can be expected to actuate the relief valve,vand they 'do.
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3. Fiéufe 4.9 shows the prototype developing higher

o

‘ pressures than thé model, to operate the gate in a
time>10nger than the nodel. Thiz\;bparent incongruity

can be explained by the womk waisted by the prototype ‘

through the felief valve and the prototype having a ’

variable flow circuit during most of the gate cycle.

.4 .5.2% Gate Qperating Times

»

The gate operating time given by the model is..

22% and 27% shorter than that of the prototype for gate

closing and opening respectively. The differences can be
partially{ahcounted for by the deliberété“slowing down of
the prototype at the beginning and end of each cycle. The
slowing down was to prevent g%%’% from impacting their end
position stops too Hard during single gate operation, where
water resistanoe diminishes. Such a precautionary slowdown
can.be avolded in the model gate-drive with a single variable
delivery pump by designing a suitabie);ontrol circuiéi A

proposed|control circuit is described In Appendix D. ‘It can

" bg concluded from the above comparjsons that the constant

. power system of the model represents the: most efficient '

utitizatidn of power hith'respect to operating time.

5 v

4.5.3 Hldraulic Jgﬁlgtor" Speed

Table 4.2 compares hydnaulic motor speeds. _Since thel' l
e

‘operating times of the model and E_gtotype differ, it was

. of cycle rather than at a f{xed time of operation. Using -

tbought more appropriate to compare the speeds at percentages

i
\ . |




e

4

i

% of Gaté

Cycle Time]RPM Prototype | RPM Modell RPM Pr:ototyge RPM Model
10 © 6.7 7.7 3.5 5.5
30 . 6.5 7.5 .7 \ 6.0

: 60 6.0 5.9 8.0 . 7.8
90 3.5 5.1 35 '

,10.5
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S .
this comparison method the model .and protofype gates

- " are more likely to‘Lpproximate the same p\VOtlng angle..l_ %
. : : The speeds are approximate only due to the difficulty of 2

~ - computing the speeds from the prototype test results. i

[ o
v g, . ?
.

The cofrelation appears reasonable, in the middle range,

where two pumps operate in the prototype. The greater

" differencesAat the extremes of the cycles probably reflects

-

. ‘phe deliberate slowdown of the, prototype. . 3
‘ . . 2

o &
I v

4.5.4 Other Variables : <
. Y : ‘ . \ .
' :52,~ Myables 4.3 and 4.4 1ist a set of values extracted from .
~ . .

”, . " - .~ s
. the computer printout for the m 1 drive of 50 HP. iThe ' -

¢

time values have been selected to show the trend in system

-; : : pressufe and hence in géte‘torques. : _ . .
A comparison of the values in the tables with those -
,.meesured on the prototype drive shows that. their ranges ’ ] f;
, ‘ ﬁ’\ £ \,and 'tr;ends are reasomable: :

— Gate speeds increase up to mid-point of cycle and there-
. = - ' *

1

' after fall as expected. T i

‘ i » N . AY .
: /
' Yoyl Water torques generally follow the pattern of the model

- ' i ) - test results shown in Figure/P A © .
] ‘ .

? T _ —-The range of values of the various gate torques'approxi-. )

k . ‘mates those"ﬁeasured’experimeﬁtally on theégt; Lawrence‘

% | . Seatay . Also, the gate inertia torque, g, turﬁS‘negative

i% ) '",f ) '. - during parts of tbe cycle where deceleration can be expected \

L | ~ e ‘- = o > 'v ' :
: L Do, 2N i
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‘-~ .* " CHAPTER V
& OPTIMIZATION | : e

5.1 General
" The cost of any gate drives in navigation locks
dependsd:irec‘tly on its horse power requ-irement which in
turn determines the oﬁerating time or the gates. " Since
the operating time has a direct relationship with the

time ,a vessel spends in a 1ock, and hence with the

vessel's'utilizatidn,t it is desirable to establish the

drive S power at which net savin'gs in shipping goods through

the Seaway are maximized. Such a cost optimization is ”\
presented in this chapter for a hydro-mechanical mitre
gate'-'d/ri‘ve sir;u;lat'ed in c;hapter III. '

' L T T ‘ :

5.2 Assumlgtions, o I o

L4 ’ - =

1.. It will ‘be assumed that the users of the St.
Law 3ce Seaway and those benefitimg from it

finange, itswoperation entire'fy through tolls and_

indiredy taxation, i e. the moneys spent are by _—

and for e benefit of the users.‘ Thisvideal is -

A Y
° at best‘: onl Q’broximated. ‘ R

| 2. The life of hergate drives after modification w
wigl be 15 years. ‘

as

. P
¥
@&

. 2 '
» ° 3. Interest rates prevailing in tbe above period s

4.

- will avérage 12% ‘ 'L : l e o : ﬂgr....wi,,,ﬁ, Co

§ «

Ty ey
s PR e
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o

X o 4 B Traffic pat'cerns through the Seaway w111 be

&y ) )
maintained, i.e. 7000 vessels transiting per year,

with .the average cost of operating a vessel $5000/day.

%,

i

5. Vessels using the Seaw;y are fully utilized-

(have no idle time). .- ‘ .

5.3 Utillzation Costs : -

v ~ ~
& : The benefit obtained by reducing the operating times

o - of the gates $3 , can be written as .
F - N i G
. t ! & ﬂ
o J . $u = Nso $uo TS ( ) (5.1)

' .

. where Ns is the number of ships passing the gates angually,

k . v . .
-3 . $ the monetary value to vesse], owners of each‘second of

.8 i s

.added vessel utilization time, and Tg is the number of

. seconds by ‘which the gate operating time is reduced

1

o

The Present Value Method [16_]1s used to calculate the

cost saving ‘over the next 15 years - * . ®

$

“”
¢

PV = 6.81 x 405.09T
= 2759Tg (%) -

The computer program i‘m Appendix B is used to calculate

a ram% of ‘operat':ilon times corresponding to a gate drive
' . L -

t

power range of 10 to 50 HP, in steps of 5 HP and is

: \
presented in Table 5.1. The average of an openlng and

)

me of the simulated hydro-—meehanical drive

clogi?xg' '

',‘chhanical drive mechanism (72 seconds), gives;,, e average

s

. ‘ ' . » q ~ (5 l

/ ) operation time savint due to the modirication. 'J.‘he‘_’val‘ues -

A0




Time'For,

Gate
Closing

(s)

L3

Average Time

Fqra Gate
Eyere

As)y -~

% M <’T1%%£§°r

A e
&0 | 68.28

k. ‘ s | 5643

N "1 20 ] souse

5 25 |° 16.36.

Jd 0 | uz.29

' ] 35 | 11.07

- s | 39.30

L - 5 | L 37.55

g ., . 50 36.22

73.25
62.72
56,34
51.94
4944
46.20
¥3.40
41.23
39.09

-

69.77 »
- 59.57
53 .43
-5
‘46‘37
43.64
3135
39.39
37.66 |

s
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of T “thus obtained and substituted into Eglation (5.2)

i

give values of $,,. These values of $pv Vs HP are sh’own'

rlotted in Figure 5.1., ‘ , .

5.4 Cost of Gate Drive Modification

The cost of modifying a- 50 HP electro-mechanical drive

to a-hydro-mechanical drive of identical power is known to.
" » . lr 9
be $83,000 from industrial quotations. To estimate the cost

of drives of different power, an eg\/ical rule used by
estimators for hydraulic assemblies at equal operating

-

pressures i*employed. '\I"his empirical formula, is giveg by

"the relationship ' ' ‘ .

| ‘ Nge : :
The-cost of Drive 1 _( HP of Drive 1 . | ©(5.3)
The cost of Drive 2 HP of Drive 2

¢

”

Using the cos't estimate of a-hydro-mechanical drive “of

. 1 4 . o
50 HP and the relationship given above, the cost estimate for ,
a range' of drive powers are calculated and plotted in Figure
5a,1- —/\ ' ”

'

5.5 Optimum Power .

The differénce Jetween the total cost saving due to
shorter gate ope,rat & time in a hydro-mechanical drive and
tthe cost ofl‘i3 the gate drive itself gives the overall cost
saving.“'l‘hié difference represents the beﬂefit due to the
conversion. A plot .of this ‘overall cost -s'avilng. for_'.ao range
of power is ‘shown in Figure 51 Froom this plot it can be

I LI .
observed that the maximum benefit.occurs with'a drive \%f \
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q

Time Lag(s) .-

a

]

S

Gate Closing Time(s)

.

8535
. 75.81
RS
S 533
K499 -
39.93
v " 37,88
. 3865
T a7.05
. 60.8.
85..;5: . 4

)

Table 5.2 - of Water Surging
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The ‘mathematical model used for calculalﬁng the gate
. . operating. times used in the optimization did hgt include

the \leffect of water surging 1n the lock., The ffect of

sur€§f°wh1ch oceur, infrequently can be discounted in the

power optimization. However, the surges 1nf1uence the

- . maximum range of gate operation t;mes, which is of interest -
‘ ; to 1qck operatdrs. The 1nf1uence of surges has been'

1nvestigated for the gate drive at optimum power and 1

presented in Sectign. 5 .6,
. S,

5.6 Effect of Watér Surging
The computer program iistiygs in Appendix B include
"“the caTEulation of tberéter surge effect formulated by

Equation (3 6.20). Table 5.2 shows the times to close
mitre gates, with 8 25 HP hydro-mechanical drive, and the
.corresponding timg& by which the start of a surge cycle lags

behind ‘the stért of gate closing, : ‘
L \ S0

Examination of Tables 5 1 and 5.2 shows closing times
for the 25 HP drive to bes, ' ‘

i ) /

D . : e 4

. a5 seconds without water surging, ,
Y \ Da‘-ﬁs seconds® as the maximum time occurring with the surge

\ .

. in phase with the start of closing. Af/

~38 seconds as the minimum, occurring at 8 surge phase las
Mo
of 108 seconds. 1In.this case the surge acga in the direction

s

of gate closing. : L TN




. ' CHAPIER VI
' .CONCLUSIONS, ~ |, PR
4 / X .

6.1 general -
Iﬁ this chépter the results obtained from. the digi%al
. simulation of the mathematical model ‘and prototype experi-
| mental tegts ‘will be discussed. Based onlthe\repults,
- conclusions will be drawn, and further applicgﬁ}?na\ot.the’\
© mathemgtical model and of the hydraulic gircuf‘é tested in |
the prototype will be proposed. Puture wQrk yill be

suggested to ausment,that.debcr herein.

" _
£ /\
) ) * . - .
6.2 Discussion of Mathemﬁgzb 1 Model ..
, and grototxgegﬂesults ) , e
’ Examination of computer pr{;touts for model gate drives

in the 10 to 50 HP range shows the dominant role of the uater{
resistance. In the 50 HF drive (shorégbt gate opera@iﬁg/ . . ;~
cyele), the 1nertia‘borqge is negligible during the opening
cycle and is only siénificant in the first and last two
seconds of the closing cycle (Table L.,4), ‘Priction torgue
averages approximaﬁély 10% of the totel gorque.on the gate .
and the remainder 15 accounbed by the water resistence. In
the 1awer HP pange, inertia torques hecoms even less signi~
' ficant and the congtanb friction torque takes on added »
- importance. _ o s - '

e v
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" Phe brepondéi'ance‘of the water resistance explains
why the oniginal cycle time estimates for the prototype,
'obtained by assuming the resistance 88 the sole load on

‘the gate,were reasonsbly accurate.

. \.\ “ : i‘ ] L 4
; .The better operating times given by the model when

L

b%mpared with thé prototype imply an advantage of pure
congtant pbwezf systems o?er qonstant flow systems.’ 8ince
' s;me of fhe time disadventage of the' prototype can be a
" attributed to the rather cumbersome»ga'te speed coﬁtrbis :
employed, controls of the ’cype deseribed 1n Appendix D
appear desirable. At tpe ontimwn pouer ot' 25 HP, the
_gate speeds 8t start and’ terminatiop of cyclc arc accept~
sble at- the normal operatins conditions,and bhe control
“ would only be employed as 8 precautionarymasura, e.g. o

to slow the gate doﬂ: m case of a p&ngl»e gate op‘eration.

/

T The need for better control,s, has -been demonqtrated

in prototype tests which have been darried out to reduce
the operating time through be_ttg; timing of cutting in

and out of tWE constant payer pump:s. The sdditional tests
ave describe\d in Appendix ¢. = - L

The tes'c resules.. obtained by the v.8. Army Engineex* ]
Vaterwayz Experiment Btation for’ gate mlter resistances,
pigure 3.4, contain sharp spikes. ‘l’be time interval ATnow .

-

noi in- the computer solution must be kept vory small in

the area of these spikeu to avoid undue rluctuauom or

. evercalculations in other varisbles. The same approsch
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applies to pther pressure spikes, e.g.:the‘working of.

relief valves,

' 6 3 Applications

The mesults of the simulation and actual tests show .
the constant pover, hydro-mechanical machinery to be

* superior to the electro-mecbanical drive.ﬁ Existing 20‘HP:
. electra-mechanical drives ‘on the St Laurence Beaway glve
an, operating time of T2 seconds while norking part of the
o " cycle 8t hisher than nominal power. The simulation shows'
that a 20 HP cOnatant power drive operating the gate, has

- *  an average operating time of only 5};43 seconds -(opening
. o ,cycle‘- ,.52 seéohﬁs; ‘éloéiﬁé cyclé = 56. 31&)‘ N Also thé |
j‘hydr ~machanical drives are less expensive [5] when |

1n alled in ney navigation locks.

The resulbs of the sﬁhulation 1ndicate that the

1 ertvia torquea on the gate are neglisible except for two
ntary bigh values a tbe beginning and end .of” the ‘gate

type, the torque peaks which correspond to pressure peaks
(Table 4.4), will not disturb the smooth operation of the
‘gates. The nssumed‘hydraulic motor pize gives system

pressures belon lo, 000 Kpe, except durins “the tuo pressure

.peaks reterred to.

' chlosing cycles.m Based on experience with the 50 HP proto~
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Generally, the principle of the constant pover drive
and the simulation described herein can be usefully applied
to all gate drives. - This gate drive appears to be partieu-

’ larly useful where the resisting load changes relatively

! fast and in aa:irregular pattern, The ze1f~governing

_properties of the drive will ensuce that close to optimum
- ~operating times are obtained with a given pcuef input. A
liﬁ. :. o Tﬁe simulation should be useful in"estimating the operating
times; preseﬁres and flows for new drives or those to 5e "
modified frcm electro-mechanical. Knowledge of these
variables is essential in rational sizing of drive components.

. 6.y Puture Work e

E

‘ ' 1. Future work ahould involve a complete validetion a
1 T ,of the model-by tests. The ideal test program would
- ' ) involve changing the hydraulic circuit’of the 50 Hé’ n ;;
prototype drive to allow operation on the constant
L power pump only . while dumping the constant delivery

. pump to tank. . : g S i

L4
5,

2. The constant power ﬁydraulic c¢ircuit can be applied

. . ' "to gates using cylinderﬁ instead of mobors as actuators.

5. ,The‘simulation of- the 25 HP drive gives hydraulic
preasures-nct exceeding 10,000 KPa. Since pressures

50% highcr are acceptable in the type of system consi-

&% S ; dered,\an optimization of motor size is indicated.

P o—_—
SR o i
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1 R 3 ARPENDIX A '
Pomf BOND GRAPHS -
Preface ‘

Pover Bonﬂ graphs owe their development fo D. Karnapp
and R. Rosenberg. P Dransfield of Monash Uhiver'si;:y,
Australia has &on; considerable woric in applying the s
graphs to hydraulic. systems and the following is a briet‘

1
summairy of this graph. [7, 8] .

o

Purgose of Power-Bond Gragﬂ

‘ 'l.’he graphs are an alternative technique of dynamic .

response evaluations to transfer functions, block ‘diagrams"_"’

and signal flow graphs. They are par?:icixiarly suitable in
hydraulic circuit analysis_and offer the following advantages:
- Btraightforward dynamic modelling suitable for computer

solution. o '

&

Recognition of nonlinesrities such as friction, oﬁifi;e

2 ] / :
Ability to re-use authenticated models of common hardware
items. . | o

’

flow, and valve lap. .

o

>

Ability to const:ruct the system model directly from a

-

layout of the hardware.

1

~

Quick modification of the model when- hardware is added,
deleted, or changed.

\
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‘_ Power Bond Graph Qescr;ption

) To use the power bond graphs, a’'set of definitions
'and gymbols must bg,defined. Table Al summarizes such a

description and a brief explanation of this is given as

folioms: ) ‘ ~ < d

A gower bond is a line used to show each path in which
poWer.flows in the system. anh line.. on the grabh 1s a
power bond. Effort, E,ﬁis the .general term ror a potentiai

, variable. Flow,'q, 18 the term for a fIow variable. On '
each power _bond there will be ‘an effort and a flow variable
' to,describe.tneﬂpower flowing in the‘bond. '

A source is a powa:»"variable" that is constant, or

_assumed to be constant for analysis purposes.‘ Scurce of

-

effort is denoted SE. o Lo

L4

» )
“A_transformer, describes power conversion. For example,
. ' 4 . '
in .cylinder, hydraulic power is transformed to mechanical

powerL Here, ‘input effort (pressure) transrorms to output
effort (force) and 1nput flow (01l rlow) transforms to outmu:
f}ow (piston velocity). This transformation has the' symbol

y TF. Effort transformed to flon~or flon\zzgpsformed to effort’

15 gyration and 15 denoted bw GY.

o

Resist/ve power dissipation, 15 denoted by a powe ‘bond

leading to an R.
¥

-

Capacitive power'otoragé is denoted by a bond leading to

. . ’
,'q.a c. o ) - . ' N




. Meanlng

Term Symbol | As Used in PBG
Power Bond —_— <] Power flow in the bond equals the product
‘ . E of E and Q. Effort inezas potential, - Flow
ot .E | meons nowrate. S
- C ) Flow Q L L i !
— —E' ‘ i
. - SE ‘%— . Etfort iy constant, ‘ A
-* Source S
E .
’ s5Q -ﬁ-/ Flow is cons(lnt.
‘ 3 2 57 E; 1 £ toansforms to By O, mnsformswog
. Qs Qz | sothat &Q; = Exfde
, Teans{ormer LT .
) " or B v Ez | E, transtorms to Qs Qy transformeMo Ea.
- , . ' Qp | sothat B,Q; = E;Qp .
Reslstice Effect ® 3 Recopnices a resistive effect. .
: zes a e ¢ \
. , Copacltive Effect ¢ . c Recognizes a capacitive effect.
: ‘Inestive Effect 4 1 \{ Recognizes an fnertia.
- ' E "E | Atgebralc, summing of - flow wasfables &t
, 8-Junetlon O [ar o | smmeEdi+ 0 tOp=0
. ‘\l{ X z Q' A
- Es By | Atgebralc summing of effost varisbles at
’lJuutloa 1 -—a-—._...a. HIMQ B;‘i'\lx'i'ia— ‘
. k' Q . ) '
Powes Flow e S . Shows direction of power flow in each bend.
Direction Calf: /¢ Easily decides for main power flow sequecce. -
" mryvow S  } Power flows into R, C, I, elements (a con- |-
on one . venllon). Gives sign convention Jor equa-
end of i tions 10" be formed mnmclknu
esch ) .
bood)
Cavsallty f " [“Shows which of the 2 vasiables 0o a bond
< (Short _S__.-.| I5-cause and which Is effect.’ Decides bow
ber ac- g : R, C, 1, equations are {0 be sryenged Only |
- cross . . -] 1 causal bar can be at an O-junctica. Only
: » . ong end '___ e, | 1 bond can be st 2 l-junction without a
,/" -+ ! of each caussi bar. ¢ umulunamalmmy
. . powes “ | from the C end. 1 bonds have tasus! bar st
o N the 1 end, Effost Is directed at the causal
) bar, flow awsy from it
L} * ‘.

. B

and Symbols Ich Power

Bond Graplis

N

-w




WA c : N
Inértialcpewer storage is denoted by a bond 1ead1ng

to an I.
Y Resistive, capacitive, and'inertiai effects determine
dynamic response- of the system; and t%e form of the dynamic

equations ‘that make up the system model

1 . .
' .
o

Like signal flow diagrans, power‘bond‘graphs require
»
summing Junctions at which variables are added algebraically.

Because bond graphs are dual signal diagrams, they require

| two distinct kinds Qf summing junction. Flow variables are;

added at a 0- Junction, and effort (or potential) variables

are added at a 1- Junction.

- 9

L]

The 0-junction can be understood by Thinking of a tee
“ - . b
in a_hydraulic line;\the %1gebraic sum of the flow rates at.
the tee is zero and pressure -1s the same 1n each branch of

the tee. The 1-junction 1s exemplified by a rigid piston- ..

4

\ mass-load combihation. Frictional force must. .be substracted

from hydraulic force on the piston to give gbe net force

accelerating the mass, but gelocity 13 the same for ‘each

»
[

component. : : ‘ : .

s . " N

The 12 definitions discussed'are suffictent £o*form a

. -« . [ '
power bond graph structure. Further defining 2 symbols - '

a half arrow ror power ‘£1low direction, and a transverse bar

for causal decisions - make equations easy to write from

the graph. ~ ' T ' K

Akhalf arrqw head on each bond indicates the assumed,

-

, : . o
PN a
. N A *
, .

[
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| ‘ , ] -
'direction of power flow in the bond:‘and dictateskﬁhe signs

+ of .the suymming equations to be. written for each O and

I3

-Junction. Powér is shown flowing 1nto each R, ¢, and I ol
element. Also, power is shown flowing rrom power source

-

to‘driven load.

Esiablishing causality is éomplex. ft~is the most
: / !

"unigue aspect of the technigue. It is an.organizing and

7 , : :
" checking stép intended to put the vital R, C, I relation- »
» .o N . ] .
,ships into forms suitable for computer solytion. The ' -~

causal bag'shows ﬁxleh of the two,power state variasbles’ on
the bOnd is to be expressed in terms of the other, tuﬁough !
an R, c, or I functien.” For example, the bond Pig. A2(a) ,pf
\indicates that the equation may be of’ either form
' FT! w I (xn)
-

A

OI‘, 1y : N N Al
Xa = Im‘ (Fm‘) . o
h . ) \

where I, (Z) denotes gn‘inertia function of Z. Placing
the causal bar at oné end of the I, bond 1n&1catés a

decision as to which of these arrangements is to be pre-
' g

'pared. If the causal bag is at the I end, as 1n Figure
A2(b),¢g;en the expression is bo be prepared as

, . R B
N . N - . *
*
i

} Xg = My (Fm)' g
» | (“, '




C .’“\:\l(/ \

Pigure A2 - 1-junctions:
. ' "‘s ‘

(a) without causality bar,

’ . (b) With causality bar. The
(a)Causality , *

bar at the I_ end of the U

indefinite.

bond indicates that force

P m 2cting on an inertial

load I_ 15 the cause ‘f.

[y

ve‘ldocity, J.{é .

(b)Fm‘ is cause
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. 1
T ~ & 3 . . e
. » T4 . *
.
e -
.

™ . . '
* Because c¢computers excel at integration, rate .equations
. ; ! XS ' o .
. should be written in integral form. For this reason, causal "

bars on T bonds are always 'placed at t;he 1 end. This 1‘, "* - !

requires Newton 8 Law to be expressed ag

’ e . [

=(1/I)dec+x(o)

For simil!!r' reasons, the causal bar on a:.C power bond 13 '

y v

t

(23]

alWays placed away from the C end “of the bond, indicating
A
I"""fm the form - T

N 3 N - -
of effort as.a I‘unction ot‘ flow: © , . S o . ¢

- o

tbat -Ghe functional equation 1is t‘.o be sought

.
* .

T By e PB(QC) ‘ S
- T r ‘\ . ' \
If a liiaear capacitance rela‘tionship is used,

.
H

B a(l/c )fqat +P(0) : RS

3!
. .

.

I and C elements are given pr'efg'red causalities to

provide 1ntegral equations. Other rules’ in assigning J N

causality to power bond graphs are: . . | "'

4. A Q-junction can have only one cau‘sal bar Bt the
Junction. Th&s means there can be only one effort
lvariable at a O-Junction, Jmst 11ke there can- pe E

o Q;only one’. -pressure at a tee.

3

2. A-l- Junction -can have only one, power bonhd without_dg & ¢
t causal ber at the Junction. This means that there

| _can be only one flow variable st a 1 Junction, which »
,' ."' is like saying that rigldly coupled piaton~load mass

components must?gve the same velpcity. . -
. & “ -




~

- 396~

' "With these’ rules, causal aséig%ment on povier bowd °

graphs is straightﬂorward.

bonds, one must evaluate the
»

variables on those bonds.- T

confXicts gf%es a cgggk to t

Ir ambiguity remaips in some
cause-effect nature of the

he resolution of causal

he validity“of the proposed-

RN . : <
model., 4 ) -
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: The powe% bond .graphs are derived f%%m aﬁic circult
I «
o diagrams, consider the simple hydraulic system of Fig. Aj(QL

Assume that constant gresuure is supplied to the valve, rhat
hydraulie supply lines hive no pressure losses,}and that

»: _return-1line effects are pepligible.

- , Fig. A3(Db) shows the power~bond -graph structures
proposed for each of the three major componerits. For the

. econtrol valve, resistance R; absorbs power. B8P. Qg is the

& o power supplied by %he valve to tbe‘componént to be connected
. to it. R, controls QB,‘add Rv is @ function of valve spool

» . T »

displacement xl. ‘ * '

For the cylinder, power is supplied in the form
PIQ ., BSome_power is lost due to the compressibility effect
€. If 1s accounted for af a‘O-junction, as it is flow that

_'is lost. This leaves PaQé flowing from the junction, where -

= Q' Q E is transformed b& ram area A to force F on
t:hé ram, while flowrate Q is transrormed to velocity xa.
s . :» “For the load mags I, use is.made of 'the 1=junetion to
subtract the'friction’force Fl from the pressure. force '
Fa tg leave nef force Fin &cting’on'yne mass I, . The load

A t ’ . 3
will receive power ¥ the form FgX,. - : \

. - The system graph is' formed by couplge:s OfN\the three
, \
| ' . graphse, Fig. A3(c). Using the conventions that power rlows

¥ 1nto R, G, ‘and I elementbb_and rlows from source to load, :

‘}ﬂ _ Kl the half arrows 1n Figure A>(d) can be added. ' L

‘ 1

A
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Most of the causal asaignments fall into place withll
\ the following conventions:
- An T bond must havé_its causal bar against I,

- A C bond must-have its causal bar away Trom the C. . . ' -

-~ A O-junction can have only 3;8 causal~bar'dgainst it.

~ A 1l-junction must hqve‘caus‘l bars agatpsé it ‘on 811 bonds

-~

except one,

"In the example, the only doubtful caab,of‘cahﬁal*ii‘W\‘

A ;;signment‘shqws up at the l-Junction;cﬁpicﬁ %asqbqth[nvp, |
and-BF bonds. It is physically appropriate to think of flow
ﬁhraugb the valve ag e function.of pressure drop, éo the
causal bar of the Hv bond must be at the R;'cnd. Alternati-

. vely, supply pressure is a cause, as if has been ‘assumed
constant, 80 _the capsal ber must be in the powex flow'direc-‘
tion, against the 1- Junction. In tbut case, the R bond must

still have its causal bar at tha n end. Common sense resolvea

' A From the power bond graph, dynamio equationl for the
syatem are daveloped Wwith a rcurupart process., _Pirst, "
describe each source, Nexb, writo an oquation ralabing‘the
power variables on each R, C, and I bond, using causality.
«Tpen‘wrlte equations describing each Tﬁ and,ﬂ?’actién{

s

'Q ™




... 0=Jundtions Q=g - Q e ¥

. " '
-, . . . -

,
4

Fourth,:write an expreasion-ror the summation at. eéch 0 and’

w

1~ Junction, using power flow arrowheads bo decide the signs

of the terms. Arrange terms so that the left side or each

equation is a variable not appearfng as. bhe objeet of an AR,

¢, I, TF, or ay equation, - A

This pﬁocbdure'gives the 5et-bf power state equatibns,'
Qee for each power bond variable. Auxiliary equations ean

be added to describe .any undafined coefticiencs or terms

used 1n ﬁhe power state equations, or to deacribe a

desirad variables definable from the power state

Por the system of Figura AB. rrom Figure AB(d\

Source; 8P m eonstant (assumed) ' '
Ryi Qg = B, (APy) ‘= KXysgn (APV)APQ'

‘ where . K is flow coefficient

Cat'Pa = Pa(0) +(1/0a)S Qpdb. ,
Rps Py w a,(x,) (R, to be. specified) o
In Xg = Xa(0) + (1/1m)fv at

' g Pg = PyA

. Q= x,A o

1-Junctions MPV' ~BF-p,

1-junotion: Fy'= By = Bp . .

i

auxiliary: xi -. (input to be apeaifiad) . M_-,
xm Jfkmdt (dqsirablo responsc variabie)

SR
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“  APPENDIX C
= . - 'ADDITIONAL TESTS OF PROTOTYFE DRIVE
’ ;ﬁtioggdt;gn

. The reasona for prototype tests additional fo those

e R e e
tcp sl I R

savuval times during normal lock operation, and it was felt
~“n-thgﬁ.fprther control ad justments could lower the gate
operating tiﬁe. The cut-outs were dqp to electrical overload
. oeontrols asaogiated with the:electric motor, the primary
'cause baing additional loads imposed on the gate by water '
surgea 1n oombination with the overaized Pump 1. . The KW~
- B ~’* charts shdwn in Figure €1 conrirm the deduction.

’ - ; hi .

' ‘ Since the gate operation is 1nterm1btent and of very
short duration i1t was ralt that the ovorload eontrol on the
electrio -motor and’, dts* supply could be uprabed by 15% without

' ~ ~damege o the motors )

i~." ‘ | = The hydraulic ayatam would 1n no way be disadventaged by

E . the power daveloped. ' ‘

.
P T A I .

{ o
- To reduce the power overload, and éapecially the peak '
( f ‘ g : power during oloaura, Figure b, B(o), ayatam pressure could
) " be reduded _scmavhat, pnaaibly to 11000 KPa. fhis would

e » ‘ cause th/r gata oporation tima to inorease from 50 t;o

.-, around 60 segonds. x "

wdeacribed in Chapter Iv were two-fold: the ayatem 'cut-out"

L
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- The disposition of the limit switches dictating Pump 2
cut~in and cut~-out could be changed, to 1ﬁprove per-_

. formance and possibly reduce gate operating time, and
the existing overload settings for the eleqﬁrical motor

raised to allow for short term opepation above rated

power. -
f

It was decided to consider.

)

N
~ Uprating the electrical overlodd controls on system

4

supply,
~ drop system préssure somewhat, . -~

~ adjusting Pump 2 action limit switches, and tune the

system by taking performance measurement traces as the

L

changes are made. ' -

Results N
quts were made to réao;d pressure and mdétion characte-

ristics as adjustments were made to 1limit switch strikers

e

controlling gate spéed. o i,

e e

8ix limit switch‘gotiona are required to control pumping
for both opening and cldsing. During gate opening, limit
switch acé;on 1 causes Pump 2 cut-in; ;1m1t switeh action 2
dﬂﬁbaﬁaés.éump 2 cut-out; and limit switoh action 3 causes
hydraulic aeb atop when the gate is. fully open. During
cloaure, a similar three limit switch action takes place.

v

oo N . &

v
v
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The main area for improvement was to reduce a 10 ss;ecsx'.l

9

time/' delay before Pump 2 cuts in during opening; it was S
~hoped to reduce this to 3 or 4 seconds, enabiing Pump 2 to

be in action longer and gate operat.ing time to be less. ,
However,.only five limit switeh units are used, as one unit
does dual action. Unfortunetely the attempted ad justment

"I b Z"‘

was controlled by that limi¢ switch “ It meant that any

L

saving by reducing Pump 2 1ag during opening was.orf‘set by

an undeeﬂeble'ehorten'ing of Pump 2 cut-out during 'closure..f

-If P'umpé was allowed to ruh closer to the gqte shut point,

A\ the gate banged on the lock sill - an undesirable condition.
Thus, only minor adJustments could be made agd little
elignificant 1mgrovement of performanee was actieved. 'Howey,
the tests ehowedithat the drive was operating near its optimum .

state, with all limitations considered. For future drives, a

.
more preciae pump output control appears to be a desirable
feature. . ‘ ' !
. Table Cl gives details of the measured results, before
and after ad.justment. Figure C2 shows recorded pressure &and’
- - ' @gt{gﬁ_trgges ror the gate openins state. Figure C3 shows
~  the characteristics for gate closing. , i
“ M ! " N . hd !
Y I < A revealing comparison can be made of Figure C2(a) or
: '(b) against Figure ca(c) and Figure CB(a) or (b) against -
W ‘ Figure C}(c) ‘ . , ‘ N
-r
; —— s >
s - - ¥
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" Run Description

e sk

Gate OpéningARuns:

29 April, botih gates

9 June, single gate,
before adjustment,

.9 June, single gate,
r,qfter final o
a

djustment . .

9 June, both gates
final run,

-

Gate Closing Runs:

29 April, both
gates. .

9 June, single gate,
before adjustment

9 June, single gate,
after final
addustment'.

9 June, both
gates,final run,

o

\

, \ R : R ‘ - ‘.' .oou . . s
Table Cl Syn?psisnof Test Runs, with Previous Test Means Includqgﬂ/,

-

1S

Cut-in . . . m TP |
Motion Lead - }Drive] Pump .
Time Delay, ! Pressure i
Time Seconds | Pump 2. | Pump 2s | Speed} Power
Seconds Pl ocong! | seconds | kPy  rpm | WP
‘ “T fz3oo '
50 36 & 10 4 500 | s
i:'l‘l
LSS ( 11200 ‘
43 31.5 9.5 3 lporaoecl 8 |®
2.5 | . 10500
42.5 32 8 . 3 for Y sec 8 » y
- \ '4
50 38.5 8 3.5 f%?jogec . 8
. ° .’n J
\ v < )
' 13300
50 36 4 10 m? s 3ec 8 85
\ Y N 9800
42 3? . 3 7 for 2 sec| 8
) ° A_' 8 o. T
13 36 2.5 4.5 _ ’fog ?sec 8
, - .| 13300
,50 39.5 2.5 8 for B sec 8
1
e SrIIR NPT

-

-

r~

| N
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It is much easler and faster to move a single gate.
However, desinchronizing gaté operat;ion has been tried and
' prove o'c to save operating time during ] complete cycle

O

E , of-a pair of gates” [1_] . .

a LN

" For gate opening, P‘ump 2 .stays in at least two seconds
‘longer than previously. However: the gate motion thce
L’( ‘ (50 seconds) is the same as before the adjustment. T}
pressure traces show that the relief va;lve remains open
"longer (9 seconds instead of 6), dumping more flow than ,
previcusly, and not permitting the smail potential s;;eed
" increase to be realized. Maximum drive shaft speed wés
8 R.P.M. Just before Pump 2 cuts out. Maximum hydraulic |
1N 'powervoccurs for th;ple';lod following Pump 2 cut-in. The‘
‘ ' power time characteristic is similar to Figure 4.7(c). '
Pump 1 operating alone 1nduces drive shaft speed of 3.5

R.P. M. confirming the previous measurements and assessmentis.

" For gate closure, there are also small changes in Pump 2 . .

operation f:imes, without s’;gnificant change in overall gate

motion time (50 seconds before and after adjustinent).-
- _Ho.we.ver, the dr}ve shaft speed just before Pump 2 cub-cgv
is reduced from 6 to 5.5 R.P.M. This 1s the poimﬁm
Figure 4 B(c) where systemmak power~(87 HP) occurred.

The peak power indicated on Figure c3(c) is 75 HP, a highly

desirable decrease .

-
L
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Qpnclusion ' - ;

L

The tests were concerned “with primary performances of

¢

the hydraulic drive - the pressure levels 1n the working
L <X

system and the motion of the drive. Factors which emerged,,

and which could help in the development of future designa
included: L

- The desirability of improving the control Qf the rious -
-
pump actions, in order to allow optimdm tuning of the

drive;

. o
<

- the need td‘improve the power-time charecteristic. during
" gate motion, and the corrélation of this with primary

drive (electric motor and its controls) characteristics; -

. e . ) « '
- possible simplifications of future hydro-mechanical §rivesin
the light of increased availability of performance dpta,
) > /

and experience. B

~ ot o

3
- the needv%o reduce nbise in the working system which

apbeared somewhat excessive (no measurements taken).

Generally, during the tests and subsequent operation

_//—’;’;‘

in service, hhe syatem.has proven itselr te’ be higﬁly

reliable, reqguiring no breakgown maintenance.

' . *
N Y |

AR+

T Ll R M MR AT R



_to ensure that f;ormal speeds are not axceedéd at the

. of oontrolling the I‘l’ow output of bhe constant power

.maximum output desired at a given gate plvating position. J

" -proposed for blocking the swash is by the use of two

. e . N . . . - - . R p e g qb o i, ot s ol b
R e v s e b e

L e TR
ABPENDIX D . T

\”§R§£OSED'CONTROL CIRCUIT FOR
HYDRO-MECHANICAL GATE DRIVES

. Py | ' ; ‘
Gener‘al v f
The prototype tests described in Appendix C have

shown the negative e!‘!‘ect;‘cer'tain controls havq on
¢

'bperating times of ga'te d‘rivas. The donstant "power
drive at the optimum power of 25 HP ‘is self- governins
and produces an- acceptable gate impact speed at the

termination or a cycle. Precautions have to be taken.

end of a cyclae; The propdaed controls are%signed

tohdo this. - - LN

A} * o

PN \ ]
Proposed Controls @ . =

The controls would take advantage of the possibility

pump by 11m1t1ng its swash angle to correspond to ‘the

On a pump of@he tybe employed on the proto%a\ this

can be done by\ pr‘éjent.;ing a lever connected to ¢t

gg‘iash‘pil;ate rgom:xqeeding a gertain angle. The gxethqd

binary oylinders appro;(imating the required lever

blooking position by four ateps. The cyiinder could N\
be’ oontrolled by rluidic logj,c as desoribed schematiocally

kn Pigure D1, !




. |

gate Position
Sensors

- LOGIC
(Fluidic)

Hydraulic
Pump.

N\ -Pump 8Swash

¢

Y—

High Pressure
Air Control

o)
-

Control by Binary
Cylinders

-

)

L d

.

L

* High Pressure
Air Bupply -

Figure D1 Schematic of Control 0irouit
v N

r"//

bl
JURMR 2 AR A A MR IR C i SR P s K - e




-

~126~ . -~
/

J

The detalldd ocontrol oircuit 13 shown in Pigure D2,

The aircuit would a;ao combine the fungtion of applying . &

band. brake to the hydraulic motor when the gate is

atationary, and provide the starb~stop and amergency

ahut-down function
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FIGURE D
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