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1. Purpose. This manual provides guidance in the mechanical and electrical design of
navigation lock and dam operating equipment and control systems for both new
construction and the rehabilitation of existing projects.

2. Applicability. This manual applies to all HQUSACE elements, major subordinate
commands, districts, laboratories, and field operating activities having responsibilities
for the design and construction of civil works projects

3. Distribution Statement. This manual is approved for public release with unlimited
distribution.

4. References. References are in Appendix A. References in Appendix A, Part 1, are
provided as attachments in electronic PDF format.

5. Background.

a. Function of lock gates and valves. Lock gates and valves serve a number of
different functions, depending on location and conditions. A navigation lock requires
operable closure gates at both ends of the lock so the water level in the lock chamber
can be varied to coincide with the upper and lower approach channels. Mechanical and
electrical equipment provides the means to accomplish this. The various chapters of this
manual describe a number of different types of mechanical and electrical equipment. A
navigable floodgate is the same as a lock gate, except there is only a set of gates and
machinery and no lock chamber. These are typically sector gates and vertical lift gates.
The machinery to drive lock gates and valves can be of a variety of designs, depending
on existing site infrastructure and designer or operator preferences. The common
attributes that should be considered in all cases and are emphasized in this manual are
reliability, longevity, and ease of maintenance.

b. Function of navigation dam gates. Navigation dam gates are the movable portion
of a navigation dam that is used to regulate the upstream pool to maintain a minimum

This manual supersedes EM 1110-2-2610, dated 12 December 2003, and the electrical
and mechanical portions of EM 1110-2-2703, dated 30 June 1994.



EM 1110-2-2610
30Jun 13

navigation depth. Again, the mechanical and electrical equipment provides the means to
accomplish this. Navigation dam gates are generally non-navigable, except when they
are not required for pool maintenance and can be lowered completely and there are no
pier obstructions (i.e. wicket gates). Reliability, longevity, and ease of maintenance are
also emphasized for dam gate machinery.
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CHAPTER 1

Introduction

1-1. Purpose. This manual provides guidance for the mechanical and electrical design
of navigation lock and dam operating equipment and control systems for both new
construction and the rehabilitation of existing projects. In some cases, information is
provided on equipment that is rarely used for new installations. Such information is
given not to advocate the replacement of serviceable equipment, especially where not
economically or functionally justified, but to provide information to help facilitate
rehabilitation, to lend historical perspective, or to give some insight into innovations in
lock machinery design in other countries. Chapters are included to provide information
on mechanical components, hydraulic drives, miter gate operating machinery, sector
gate operating machinery, filling and emptying valves and machinery, vertical lift gate
operating machinery, and dam gate operating machinery. Chapter 8 provides guidance
on some gates less commonly used in the United States, including barge gates and
pocket gates or rolling gates. Chapter 10 provides guidance on systems ancillary to the
lock gate operating machinery. Electrical chapters supply guidance on power
distribution, equipment and machinery controls, and electrical support systems.
Operation, maintenance and inspection information as it relates to equipment design
and layout, is provided in Chapter 14.

1-2. Applicability. This manual applies to all HQUSACE elements, major subordinate
commands, districts, laboratories, and field operating activities having responsibilities
for the design and construction of civil works projects.

1-3. References. References are in Appendix A. Appendix A is broken into two parts.
Part 1 includes references that may be difficult to locate and/or out of print. Electronic
versions (PDF) of these references are included as attachments. Part 2 includes
references to current engineering manuals, industry standards, text books, etc.
Appendix A also includes a list of applicable Unified Facilities Guide Specifications
(UFGS). These can be found at the Whole Building Design Guide website of the
National Institute of Building Sciences.

1-4. Plates. Plates presenting general information, typical details, mechanical design
data, and sample computations are in Appendix B. These plates are referred to herein
as Plate B-1, B-2, etc.

1-5. Calculations. Sample calculations supporting information in the manual are in
Appendix C and are referred to herein as Plate C-1, C-2, etc. These calculations
typically span multiple pages but when mentioned in the text will be referred to by the
first plate number in the series.

1-6. General. The lock and dam gate operating equipment information presented in
this document is a revision and update of the information presented in the 30 June 1994
version of EM 1110-2-2703 and the 12 December 2003 version of EM 1110-2-2610.
The information presented herein is, for the most part, based on years of actual

1-1
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experience of similar equipment and systems currently in use. The only exceptions are
the information presented for the hydraulic-cylinder-operated wicket gate and the hinged
crest gate. The wicket gate information is based on a full-scale facility built to test
different materials and operating arrangements, (see report titled “Results of the
Olmsted Hydraulic Operated Wicket Dam” in Appendix A for additional information).
Information about the hinged crest gate came from Montgomery Point Lock and Dam.

a. Function of Lock Gates and Valves. Lock gates and valves serve a number of
different functions, depending on location and conditions. Locks often are adjacent to or
in close proximity to a dam, but this is not always the case. While the major use of lock
gates is to form the damming surface across the lock chamber, they may also serve as
guard gates, for filling and emptying the lock chamber, for passing ice and debris, to
dewater the lock chamber, and to provide access from one lock wall to the other by
means of walkways or bridge ways installed on top of the gates. A navigation lock
requires closure gates at both ends of the lock so that the water level in the lock
chamber can be varied to coincide with the upper and lower approach channels. The
sequence of “locking” a vessel upstream is to: first, lower the water level in the lock to
the downstream water level; second, open the lower gate and move the vessel into the
lock chamber, third, close the lower gate and fill the lock chamber to the level of the
upper pool; and finally, open the upstream gate and move the vessel out of the lock.
Lockage of a vessel downstream involves a similar sequence in reverse order. A
navigable floodgate is the same as a lock gate except there is only a set of gates and
machinery and no lock chamber. These are typically sector gates. The machinery to
drive lock gates and valves can be of a variety of designs depending on existing site
infrastructure and designer or operator preferences. The common attributes that should
be considered in all cases, as emphasized in this manual, are reliability, longevity, and
ease of maintenance.

b. Function of Navigation Dam Gates. Navigation dam gates are the movable
portion of a navigation dam that is used to regulate the upstream pool to maintain a
minimum navigation depth. Navigation dam gates are generally non-navigable except
when they are not required for pool maintenance and can be lowered completely and
there are no pier obstructions, (i.e., wicket gates). Again, this manual emphasizes the
importance of the design for reliability, longevity, and ease of maintenance, regardless
of the gate or machinery design.

c. Types of Gate Machinery Covered.

(1) Miter gates and machinery. A large percentage of the locks in the United
States are equipped with double-leaf miter gates, which are used for moderate and
high-lift locks. The construction and operation of these gates are fairly simple, and these
gates can be opened or closed more rapidly than any other type of gate. Maintenance
costs generally are low. A disadvantage of this gate is that it cannot be used in an
emergency situation, to close off flow with an appreciable unbalanced head. Further
miter gate description and structural design information are in EM 1110-2-2105.
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(a) When miter gates are open, they fit into recesses in the wall. The bottom of the
recess should extend below the gate bottom to preclude operating difficulties from silt
and debris collection. Enlarged recesses sometimes are used to facilitate the removal of
accumulated ice. An air bubbler system is recommended to help clear ice and debris
from gate recesses (see Chapter 10 for a description of a typical air bubbler recess
flusher).

(b) Miter gate machinery arrangement typically falls into two broad categories: a
directly connected linear actuator and a linkage connected to the gate and driven by a
linear or rotary actuator. Actuators can be either direct electric or hydraulic fluid power
driven.

(2) Sector gates and machinery. A sector gate is similar in shape to a tainter gate
except that it is oriented to rotate about a vertical axis and is supported at the top and
bottom in a manner similar to that of a miter gate. Like miter gates, sector gates are
used in pairs, meeting at the center of the lock when closed and swinging into recesses
in the lock wails when open. The trunnions are located in the lock walls, and the skin
plates face in the direction of the normally higher pool level. Further sector gate
description and structural design information are presented in EM 1110-2-2105.

(a) Sector gates are used at both ends of locks in tidal reaches of rivers or canals
where the lifts are low and where the gates might be subjected to reversal of heads.
Since these gates can be opened and closed under head, they can be used to close off
flow in an emergency. The gates swing apart and water flows into or out of the lock
through the center opening between the gates. In some cases, flow is admitted through
culverts to improve filling characteristics or where ice or drift might not permit adequate
flow between the gates.

(b) Because the turbulence area at the upper end of a lock filled by a sector gate,
created by flow into the lock through the gate opening, impacts the lockage of vessels,
the length of the lock chambers must be increased proportionately. This turbulence can
shift the vessel and possibly break mooring lines. Model tests indicate about 100 ft of
additional length is required. Like other end-filling systems, sector gates cannot be used
for filling and emptying high-lift locks unless the filling and emptying rates are greatly
reduced. The practical lift limitation is usually about 10 ft, although gates with higher lifts
have been built.

(c) The disadvantages of the sector gates are high construction cost, long opening
and closing times, and larger wall recesses.

(d) Sector gates typically are driven by rotary actuators, electric or hydraulic
motors, driving gear reducers that in turn drive a pinion mated with a rack bolted to the
radius of the gate. Alternate arrangements pull the gate in and out of recess with wire
ropes wrapped on a drum or utilize a hydraulic cylinder directly connected to the top
frame of the gate near the hinge.

1-3
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(3) Vertical lift gates and machinery. Vertical lift gates may be used at both ends
of a lock or at only one end in combination with a miter gate at the other. They can be
raised or lowered under low-to-moderate heads but are not used when there is reverse
head. The operation time of older gates is much slower, and maintenance costs are
higher than those of miter gates, but they can be used in emergency closure. The newer
gates, however, are capable of achieving operating speeds equal to, or even faster
than, miter gates. Further vertical lift gate description and design information is in EM
1110-2-2105.

(a) A vertical lift gate installation at the upstream end of a lock normally consists of
a single or double-leaf submergible gate, which rises vertically to close off the lock
chamber from the upper pool. When the lock is filled, the gate is opened by sliding the
leaf vertically downward until the top of the leaf is at or below the top of the upper sill.

(b) In some cases, a double-leaf vertical lift gate can be used. The upper leaf can
have a curved crest, which permits overflow to supplement flow from the primary filling
system when the lock chamber is nearly full. This type of gate also can be used for
skimming ice and debris.

(c) When a vertical lift gate is used at the downstream end of a lock, it is raised
vertically to a height above the lower pool level so that vessels can pass underneath.
The gate leaf is suspended from towers on the lock walls and might be equipped with
counterweights to reduce the power hoist size. Lock gates of this type are practical only
for very high locks and where required vertical clearance can be provided under the
gate in its raised position.

(d) Vertical lift gates most commonly are driven by a electric-motor-driven wire
rope hoist that lifts both sides of the gate with a single hoist drum connected by reeving
and a tunnel under the lock. Another drive type utilizes hydraulic cylinders on both sides
of the gate. A variation of this type is hydraulic cylinders on each side of the gate
connected through wire ropes and reeving. Another hoist arrangement uses a bullwheel
or friction wheel driving a wire rope connected to the gate and a counterweight to
reduce the hoisting loads. With these types or any other type that uses an independent
or semi-independent hoist on each side of the gate, synchronization of the two hoists
becomes something that must be accounted for in the design.

(4) Tainter gates. Tainter gates are a type of radial arm gate in which the convex
side of the gate faces upstream. The hydraulic forces act through the radius of the gate
and are concentrated on the pivot point or trunnion. Further tainter gate description and
design information is in EM 1110-2-2105.

(a) Tainter gates as navigation dam gates. Tainter gates are widely used on
navigation dams to control the upstream pool. Tainter gates require a lower hoist
capacity and have a relatively faster operating speed than other types of dam gates.
Also, because side seals are used, gate slots are not required. This reduces problems
associated with cavitation, debris collection, and ice buildup.

1-4
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(b) Submergible tainter gates as lock gates. The locks of The Dalles Dam, some
Lower Snake River projects, and the Upper St. Anthony Falls Locks have submergible
tainter gates. This type of gate is raised to close the lock chamber and lowered into the
lock chamber to open it. The gates are also used to pass water through the lock during
flood conditions. The end frames are recessed into the lock wall so no part of the end
frame projects into the passageway. This type of gate was chosen for these projects
because it is structurally efficient and is estimated to be lighter in weight and less costly
than a double-leaf miter gate. The tainter gate also permits the length of the approach
channel to be reduced by the leaf width of the miter gate. There are two potential
problems in the operation of this type of gate: skewing of the gate during opening and
closing, and vulnerability to damage if hit by lock traffic. However, with good design
practices and lock management, these problems will be minimal.

(c) Tainter gate machinery. Tainter gates traditionally have been operated by
hoists located in machinery houses above the gates and connected to the gates with
wire rope or chain. Chain is no longer used in new installations because of past
maintenance problems. More recently, hydraulic cylinder hoists have been utilized.
Some challenges have included the vulnerability of the cylinder rods to impact damage
and to corrosion caused mainly by a combination of improperly selected rod materials
and the infrequency of use of some gates.

(5) Rolling/sliding gates and machinery.

(a) Rolling/sliding gates. Rolling or sliding gates for navigation locks are stored in
the lock wall perpendicular to the axis of the lock and move across the lock to create a
damming surface. This type of gate becomes an option when the width of the lock
exceeds that practical for miter gates or when the area available for gate monoliths is
limited. Although rolling or sliding gates were commonly used in the United States in the
early 20" century, they now are primarily used in Europe on ship locks and for the new
locks that are part of the Panama Canal expansion.

(b) Rolling/sliding gate machinery. Rolling gates typically utilize multiple-wheel
trucks rolling on tracks on the bottom of the gate or, in the case of a wheel barrow gate,
on the bottom of one end and at the top of the gate at the other end. Buoyancy tanks
often are built into the gate to decrease the wheel loads and required hoist capacity.
Sliding gates do not use wheels but slide on hydrodynamic bearings. This type has
been successful in Europe. The gate machinery typically consists of electric-motor-
driven hoists that drive double-wire rope drums either pulling the gate open or closed.

(6) Culvert valves and machinery.

(a) Culvert valves. Culvert valves are used to control the flow of water through the
lock’s filling and emptying system to raise or lower the lock water elevation. A variety of
valves have been used for this purpose. For large locks, the most efficient has been the
reverse tainter valve, which is similar to the tainter gate but with the convex side of the
valve facing downstream. Other culvert valves used have included regular orientation
tainter gates, butterfly valves, vertical slide gates, caterpillar gates, and stoney gate

1-5
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valves. The choice depends on site constraints, culvert size, and pool elevations.
Further information on the hydraulic design of lock culvert valves can be found in EM
1110-2-1610.

(b) Culvert valve machinery. Machinery for opening and closing the culvert valves
can be driven either electrically or hydraulically. Hydraulic forces must be designed to
ensure that adequate hoist power is available under all conditions to both open and
close the valve under all conditions.

d. Control Systems. Chapter 12 features information on control systems. This
information provides the means to develop control systems for new projects and for the
replacement or upgrading of existing systems. It is written for navigation lock and dam
application, but much of the same technology and design information can be adapted to
other Corps civil works projects.

e. Relationship to Other Manuals. This manual supersedes all previous versions
of EM 1110-2-2610 and the mechanical and electrical information in EM 1110-2-2703. It
should be used in conjunction with EM 1110-2-2105 and all other referenced
engineering manuals for the design of gates, operating machinery, and control systems.
Other manuals applicable to the design of navigation locks and dams are listed in
Appendix A.

1-7. Mandatory Requirements and Deviation from Design Criteria. This manual
provides guidance for the protection of U.S. Army Corps of Engineers (USACE)
structures. In certain cases, guidance requirements, because of their criticality to project
safety and performance, are considered to be mandatory as discussed in ER 1110-2-
1150. Those cases will be identified as “mandatory,” or the word “shall” will be used in
place of “should.”

a. When the project delivery team (PDT) determines that designing to less than
the mandatory requirements stated in this manual is appropriate and reasonable, a
cover letter along with the supporting cost and risk analysis documentation shall be
submitted to USACE-HQ requesting exemption. See the paragraph below for
requirements for dam safety studies, major rehabilitation studies, and reliability (issue
evaluation) studies.

b. Dam studies, Major Rehabilitation Studies, and Issue Evaluation studies will
require an evaluation and risk assessment of the entire lock and dam structure or
portions thereof. The mechanical and electrical components may be excluded, screened
out, or sometimes the results of these studies may require an analysis of lock and dam
machinery. If an analysis is required, it should include a review of the design criteria
utilized to build the machinery. If it is found that the design criteria for the machinery has
changed since it was originally constructed or last upgraded and is not consistent with
current criteria, further investigation may be warranted. This further investigation, if
required, should include an assessment of the performance of the machinery over the
life of the project under all conditions. Furthermore, an assessment of the risk accepted

1-6
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by not upgrading the machinery to meet new criteria should be evaluated within the
context of the study being conducted. This performance and risk assessment should be
documented. The old and current design criteria should also be documented and
deviations from current criteria should be noted where warranted. A decision to upgrade
the machinery solely on the need to meet current criteria should be based on this
assessment. A budgetary cost analysis should be provided as part of the study to bring
machinery and components up to current standards. If upgrades to mandatory
requirements are not recommended based on performance and risk assessment, then
concurrence must be obtained from USACE-HQ. Deviations from mandatory safety
related criteria such as interlocks should be documented separately.

c. Operation and Maintenance Work. Often, portions of mechanical and electrical
machinery are replaced such as motors or a gear or a gear box. The existing project
design criteria may be followed. New design criteria should be followed to the extent
possible but is not mandated. If Operation and Maintenance funding is utilized to
replace the entire set of lock machinery or dam machinery, then new design criteria
should be followed.

1-7
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CHAPTER 2
Mechanical Components

2-1. General Description and Application.

a. General Design Criteria. The components and design criteria described herein
are applicable to components the designer might deem appropriate for use in both
electromechanical and combination hydraulic-mechanical systems used to operate
navigational locks and spillway/dam gates. For a more thorough discussion of
components strictly applicable to hydraulic drive systems, see Chapter 3. The list of
components provided is not intended to be all inclusive for the designer, rather it is
intended to present a list of commonly utilized components that have design parameters
established to meet a broad range of civil works projects. This chapter applies to all
HQUSACE elements, major subordinate commands, districts, laboratories, and field
operating activities having responsibilities for the design and construction of both new
and rehabilitated civil works projects. Additional specific guidance for the material
selection of various mechanical system components is in ERDC/CERL TR-02-7,
Advanced Materials Selection Guide for Lock, Dam and Hydroelectric Plant
Components, January 2002. Guidance for reliability analysis of navigation lock and dam
mechanical and electrical equipment is contained in ETL 1110-2-560. This ETL has
expired but the information will be incorporated into the new EC 6062, Engineering Risk
and Reliability, that is currently under development.

b. Machinery Component Criteria. All components of lock and spillway/dam
operating equipment should be designed for the maximum normal full load,100% rated,
torque of the electric motor, or the maximum effective hydraulic actuator pressure, with
a minimum factor of safety of five (5.0), based on the ultimate tensile strength of the
material when designed by the Corps of Engineers. Where OEM products are specified
and published rating data is available, the designer must use caution in blindly applying
factors of safety to OEM components that already have inherent service factors
provided for in their design. This is to avoid having the designer grossly oversize a
component through the application of safety factors upon safety factors.

(1) All components should be designed for a unit stress not to exceed 75% of the
yield strength of the material, using the locked rotor torque rating of the electric motor,
or the maximum hydraulic actuator pressure available through the control system. A
fracture mechanics/fatigue analysis also should be performed to help identify localized
stress concentrations that will govern the percentage of yield strength established for
the lower limit strength. Components that might fail in buckling compression should be
designed for a minimum factor of safety of three (3.0), using the Euler or J.B. Johnson
formulas, as appropriate. The factor of safety shall be applied to the maximum load on
the member and the critical buckling load. In almost all cases, the end fixity coefficient
for pin-ended columns should be used. These criteria determine the maximum
allowable stresses for all components. Components used as fuses, such as some shear
bolts, keys, torque-limiting couplings, etc., will not be designed to these criteria.
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c. Standard Manufactured Products. All standard manufactured products should
be selected based upon the manufacturer’s published catalog ratings, or actual data
procured by correspondence with all known major manufacturers of that type of
component. The intent is to provide open competition for standard manufactured items,
while permitting the designer to use available data to provide a fully functional design.
Plans and specifications should be presented in a manner that defines a range of
performance obtainable by a majority of the manufacturers. The designer should be
aware of product delivery times through correspondence with known major
manufacturers to allow for a realistic time line. Delivery information will aid in estimating
the construction schedules for the prescribed contract period and development of any
required interim completion dates. Where applicable, the designer should consider
identifying the design basis for any specialty equipment incorporated in the design. The
design basis should be used with the salient characteristics included in the drawings
and specifications for the benefit of the contractor. The purpose of identifying the design
basis is to leave no doubt for the construction contractor as to the designer’s intent.

d. Component Efficiencies. The following operating efficiencies should be used as
a design guide:

e Silent Chain (including oil-retaining case) 97%
e V-belts (including drive/driven sheaves) 90%

e Spur Gear Reduction Unit (up to):
1:1 to 16:1 88%,
16:1 to0 40:1 84%,
40:1 to 150:1 78%,
Helical, Herringbone or Planetary Reduction Unit,
Single Reduction 97%,
Double Reduction 95%,
Triple Reduction 90%,
Quadruple Reduction & Worm Gear Reduction Unit 1,
Spur Gear Set 97%,
Bevel Gear Set 95%.

e Bearings
Ball and Roller 98%
Bronze Plain Bearings (> 5 rpm) 95%
Bronze Plain Bearings (< 5 rpm) 93%

Certified starting and operating efficiencies should be obtained from manufacturers’
data for the normal operating speeds. Special operating conditions, such as high or low
ambient temperatures, or lubricant heaters, should be coordinated with the
manufacturers’ engineering departments. The lowest efficiency obtained from a
minimum of three standard manufacturers should be used.
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e. Mechanical and Structural Coordination and Equipment Forces. Forces from
equipment start up can be large and can impart stresses to structures that are not
designed for such forces. The designer needs to be aware of the forces not only at start
up but under overload conditions and how that affects structural components. Controls,
limit devices, and interlocks not only protect machinery but also ideally would eliminate
many unintentional consequences to structural components. This includes damage to
expensive structural gates and machinery foundations. Assets are better managed and
protected with properly designed controls and safety interlocks.

2-2. Machinery Components.

a. Bearings.

(1) Antifriction Bearings. Ball, roller, tapered roller and spherical roller bearings
should be selected in accordance with the manufacturer’s published catalog ratings of
the group, type, and size required. The manufacturer's ratings for loads and speeds
shall be used in determining the bearing capacity. Service and installation factors shall
be in accordance with the bearing manufacturer's recommendations. The L-10 bearing
life shall be a minimum of 75,000 hours, based on the largest full load motor
horsepower provided by the specified motor. Bearings, which remain static for extended
periods, should be designed with greater safety factors, using the Basic Static Load
Rating (Cor). The B-10 life and load ratings calculation methods are defined in
specifications ISO 281 or JIS B1519. All bearings shall be equipped with labyrinth seals,
to exclude foreign matter and retain lubrication without leakage under both static and
dynamic operating conditions. Only one fixed mount bearing should be used on shafts
with multi-bearing installations to permit thermal expansion in the axial direction.
Manufacturers should be consulted for typical axial capacities of the bearings.

(2) Plain Bearings. Plain bearings, also called sleeve bearings or bushings,
should be designed for a maximum normal bearing pressure of 6.9 MPa (1000 psi),
except for bearings operating below five (5) rpom. Under special, slow speed, uniform
load conditions, the bearing pressure may be designed for up to 27.6 MPa (4000 psi).
Common bearing materials to be specified for their strength, high load carrying
capacities, good wear, and corrosion resistance include the tin bronze alloys. Alloy
C90500 is suitable for most slow-to-moderate speed applications, in accordance with
ASTM B271, ASTM B505, or ASTM B584. The tin bronzes should be used with reliable
grease lubrication systems because they do not imbed contamination particles well and
do not tolerate shaft misalignment. Examples of plain bearings for miter gate and
trunnion pin connections are shown in Figures 2-1 and 2-2. Mating shaft material should
be specified with a hardness of 300-400 BHN. Special materials, or pressure designs,
should be coordinated with several manufacturers to ensure adequate competition is
available.

(a) Where an easily machined bronze or the environment and lubrication might be
questionable, the designer may elect to utilize high-leaded tin bronzes. Alloy C93200 is
an exceptional bronze for medium loads and speeds. The alloys C93800 and C94300
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are 15% and 25% lead. Their high lead percentages allow them to easily conform to
misaligned shafts and embedded contaminants. They provide a high level of lubricity
under poor lubrication conditions and can be used with unhardened shafts. A high lead
poured and scraped babbitt bearing for a low rpm pump is shown in Figure 2-3.

(b) The length to diameter ratio (L/D) should be designed close to unity (1.0),
considering the bearing pressure required, in order to minimize wear and misalignment.
Some consideration should be given to spherical plain bearings for such things as
tainter gate trunnions, bellcranks, struts, and other partial-rotation, slow-motion joints
that require an extra degree of freedom. Spherical bearings minimize wear between
pins and bushings by accommodating modest misalignment.

(c) Grease grooves should be designed and incorporated into the bearings to
provide redundant grease pathways. The pathways should be capable of delivering the
grease around the entire circumference of the bearing and mating surface without
relying on rotation of the components. Delivery of the grease through the pin to the
bearing grease grooves in lieu of delivery through the bearing housing should be the
preferred method where feasible. Pathways through the bearing housing can become
cut off or comprised, should the bearing ever rotate within the housing during the life of
the bearing. Extended grease lines for pintles, bushings, and bearings need to be
oversized to compensate for grease hardening over the life of the project and to ensure
adequate grease delivery. The grease lines should be rigid in areas prone to damage
from debris and ice. Schedule-80 stainless steel rigid piping has proven adequate in
many installations. The piping should be routed to provide the maximum protection to
the line while also maintaining accessibility for replacement by divers, should damage
occur. The use of flexible lines should be minimized and shall be armored and rated for
the maximum anticipated pressure of the greasing system.

Figure 2-1. Plain bearing
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Figure 2-2. Plain bearing

Figure 2-3. Babbitt plain bearing

(3) Self-lubricated Bearings. Self-lubricated bearing materials, also known as
composites or greaseless bearings, have been produced for years. The manufacturer’s
materials often have wide variations in the properties and quality of materials. The
designers of self-lubricated bearings should review the assessment documents of
failures at different Corps projects to consider lessons learned when initiating a new
design. The failures within the Corps have been in applications where the material has
been used for pintle bearings and other sleeve-type bearings. Some examples of failed
gudgeon pin and pintle bushings are shown in Figures 2-4 and 2-5. When considering
the use of self-lubricating bearing materials, the design must be engineered thoroughly
by the Corps designers or by the specific bearing manufacturer and the designer should
not rely on the general contractor to furnish an adequately designed bearing. If the
bearing is to be designed by the bearing manufacturer, sufficient data must be furnished
to the manufacturer by the government to ensure a successful design. The bearing
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design should be tested by a third-party independent laboratory. Self-lubricating bearing
systems should be restricted to those that have been tested and approved under the
test procedure "Performance Evaluation of Self Lubricating Bushings" by Powertech
Labs Inc., 12388-88th Ave., Surrey, B.C., Canada V3W 7R7. The self-lubricating
composite material should not contain any graphite if used for submerged applications.
The government should incorporate into the contract sufficient checks and balances to
allow the government to maintain input and review of the design process.

Figure 2-4. Failed gudgeon pin bushing

Figure 2-5. Failed pintle bushing

(a) The materials that define self-lubricating bearings are made of polyester
composites fabricated into bearing surfaces, then secured to a base material or
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conventionally retained within a bearing housing. The composite materials can be
machined and typically are fitted into a bronze housing through shrink/interference fit or
secured with epoxy. They also can be produced as plugs or disks to be secured in a
bore by press-fit or mechanical fasteners and can be bonded mechanically to metallic
substrates for sliding bearing surfaces. Composites that use impregnated graphite for
lubrication should be used only in absolutely dry applications.

(b) The U.S. Army Engineer Research and Development Center (ERDC) and its
Construction Engineering Research Lab (CERL) have conducted a number of projects
to study the performance of self-lubricating materials. The first was for hydropower
applications, and more recently completed was a report for navigational lock and dam
applications. Some manufacturers’ materials and arrangements have worked better
than others for different applications and environments. The results of these findings are
described within the reports. When considering the use of self-lubricated materials, the
reports produced by ERDC/CERL should be reviewed extensively by the designer
before design or selection of a greaseless bearing material. The reports to be
referenced include ERDC/CERL SR-04-8, Field Evaluation of Self-Lubricated
Mechanical Components for Civil Works Navigation Structures, June 2004, and CERL
TR 99/104, Greaseless Bushings for Hydropower Applications: Program, Testing, and
Results, December 1999. Both reports are detailed in Appendix A. They identify specific
Corps lock and dam projects and composite manufacturers that have used self-
lubricated bearing designs. Most installations are relatively recent and are being
evaluated for long-term performance. Designers are encouraged to contact the Corps
districts identified in the reports for updated feedback on the performance of specific
applications. The better-performing self-lubricated bearing manufacturers identified in
the report should be consulted for recommendations to select the best bushing
arrangement. They also might be capable of assisting with identification of the
appropriate design criteria best suited for each application. Additional guidance for the
selection and properties of various greaseless bearing manufacturers is in ERDC/CERL
TR-02-7, Advanced Materials Selection Guide for Lock, Dam and Hydroelectric Plant
Components, January 2002 and EM 1424, Lubricants and Hydraulic Fluids. Successful
use of composites for bearing materials and pintle bushings is evolving and designers
considering their use should proceed with caution.

(c) Selecting the correct self-lubricated bearing material and identifying the proper
design criteria/parameters for each application is critical to ensure a successful
installation. The designer must be able to calculate, specify, or convey the following
parameters when proceeding with a self-lubricated bearing design. Each bearing must
be engineered for the specific service conditions of the application. Wet or dry
application, contact stresses, composite thickness, coefficient of friction, surface
finishes, mating surface material and hardness, interference fit, percentage water/oil
swell in composite material, running clearance fits, and stick-slip phenomena must be
known or considered to utilize self-lubricated bearing designs. Ambient and service
temperature conditions also must be considered in the design for understanding the
effects on the bearing materials due to the coefficient of thermal expansion. The
coefficient of thermal expansion of self-lubricating bearing materials is generally much
greater than that of ferrous housings in which they are installed. These differences in
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expansion and contraction must be accounted for in the design. Bore closure between
the rotating components can occur from the swell effect of bearing materials subject to
large temperature increases. The opposite also can occur in low temperatures, resulting
in the bearings shrinking within the housing and losing any press-fit tolerances. Figure
2-6 shows a tainter valve trunnion bearing made of greaseless bearing material.

Figure 2-6. Greaseless tainter valve trunnion bearing

(d) Design contact stresses can be considerably higher for self-lubricated bearing
composites when compared to conventional bronze bearings and, for dynamic bearing
conditions, should be designed for a maximum bearing contact pressure range of 34.5
MPa (5000 psi) to 69 MPa (10,000 psi). Figure 2-7 shows an adjustable quoin and miter
block design where contact stresses are high and adjustability must be maintained to
compensate for wear. Design bearing pressures will be dependent upon the
characteristics of the composite material being considered, the type of movement
intended for the bearing, and the rotational or sliding speed at the bearing surface.
Slower rotational speeds will tolerate bearing pressures at the higher end of this range.
Static bearing applications are allowed to have even higher bearing contact pressures
between 103 MPa and 138 MPa (15,000 to 20,000 psi) and are more dependent upon
the crush strength of the composite material. In no case should a composite bearing
material have crush strength less than 345 MPa (50,000 psi). Figures 2-8 and 2-9 show
a greaseless bearing design with a spherical bearing that allows the floating mooring bit
roller wheel an additional degree of freedom to allow for full wheel contact within the
guide slots under heavily loaded conditions. Bearing pressures for hydroturbine
applications utilizing self-lubricating bearing materials are recommended to be more
conservative, with a range of 17 MPa (2500 psi) to 21 MPa (3000 psi) preferred.
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(e) When compared with greased bronze in the same application, self-lubricated
materials that provide lower coefficients of friction (0.06 to 0.10) should be selected.
Composites that have static and dynamic coefficients of friction equal to each other
result in smoother operating equipment, even if the friction load is high. When the static
and dynamic friction coefficients are closer in value, a lower difference in strain energy
exists as the system transitions from a static to dynamic condition. This helps to reduce
the stick-slip, or stiction, phenomenon, allowing for a smoother operating system with
less vibration, noise, and possible damage to the equipment. Wear rates (mils per 100
hr operation) also must be considered for each specific application. Independent testing
of a manufacturer’s materials and published data are highly recommended to confirm
acceptable results can be achieved when compared to greased bronze in the same
application and environment.

(f) Self-lubricated materials are well suited to provide a service life of 30 to 50
years when held free from contaminants with relatively thin bushing surface material
thicknesses. To provide the highest load carrying capacity, on average, the specified
bearing thickness should be in the range of 0.020 to 0.060 in. The designer must be
aware that thicker bearing surface material does not always equate to longer service
life. Wear rates amongst the various manufacturers are not all equal in the same
environment. It might be more prudent for the designer to provide a system that
excludes contaminants from the system to increase the bearing longevity versus
arbitrarily increasing the thickness of the bearing surface material.

(g) Suitable mating materials for self-lubricated composites should be limited to the
use of corrosion-resistant steels or heat-treated, medium-to-high strength steels with
chrome plating. The most commonly used steel is the heat-treated 17-4 PH precipitation
hardened stainless steel: ASTM A564, A693, Grade 630, UNS S17400. In saltwater or
brackish water environments, 316 stainless steel, ASTM A276, Condition A, UNS
S31600, is the best suited material for use. The mating steel hardness required varies
widely amongst composite manufacturers and, in general, all manufacturers require a
harder surface be furnished with higher loads and speeds. Therefore, mating surfaces
should be consulted with a specific manufacturer. Hardness specified in the range of R,
28-32 (271-301 BHN) will cover the broadest group of manufacturer’s requirements.
The required surface finish also varies widely amongst the composite manufacturers
from R; 0.1 um (4 uin.) to R, 6.35 um (250 uin.). A specified surface finish of R;0.4 um
(16 uin.) or better will fall into the broadest group of manufacturers’ requirements, but
consultation with various manufacturers for their specific requirements is recommended.

(h) Self-lubricated composite bearing length-to-diameter (L/D) ratio for thick-walled
bearings is recommended to be in the range of 1.0 to 2.0. The ratio of 1.25 often is
stated by many manufacturers as the preferred ratio. For thin-walled bushings, the L/D
ratio of 0.35 to 1.0 is preferred. The manufacturer always should be consulted before
finalizing a design.

(i) The bearing-to-shaft clearances recommended for thick-walled bearings
generally is provided with a clearance of 0.001 to 0.002 in./in. of shaft diameter and, for
thin-walled bearings, this range is reduced to a clearance ranging from slight
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interference up to 0.001 in./in. of shaft diameter. For shafts greater than 5 in. diameter,
the clearances will require a reduction adjustment per the manufacturer’s
recommendations because the larger clearances for these diameters are not required.

Figure 2-7. Adjustable quoin and miter block
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Figure 2-8. Greaseless floating mooring bit roller design

Figure 2-9. Greaseless floating mooring bit roller
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() When self-lubricated composites are submerged in water or petroleum-based
products, the material has a tendency to absorb the fluid immersed within and swell in
the bore is likely to occur. The designer must account for the smaller diameter and
operating clearance for the installed condition compared to that of the original condition
in the dry. Without recognition of this occurrence and adjustment to the design
dimensions, the bearing likely is to encounter binding, stick-slip, overheating, and
premature failure. Consultation with the bearing manufacturer is highly recommended to
avoid costly failures and repairs. Swell due to thermal expansion/contraction also must
be accounted for in the design, but is usually insignificant in wet applications where
submerged in a large heat sink.

(k) Sleeve-type bearings commonly are retained by shrink/interference fits or
epoxy bonded to their housing with the epoxy bond method being preferred. When a
pressed interference or shrink fit is utilized, the bearing manufacturer must be consulted
to properly engineer fit tolerances and recognize that some bearing materials might be
susceptible to material relaxation after installation. Epoxy-bonded bearings, as shown in
Figure 2-10, must have proper surface preparation to ensure adequate bonding
strengths are achieved and most commonly are specified with bonding radial
clearances of 0.020 to 0.30 in. Designers must be aware that epoxy-bonded bearings
require some method of centering and aligning of the bearing within the bore before
installing the epoxy. The use of stainless steel wires is one method of centering the
bearing within the bore.

Figure 2-10. Epoxy-bonded bearing

(I) Self-lubricating composites are susceptible to failure under misalignment and
excessive bearing clearances. This results in edge loading of the material. Failures due
to bearing fracture, bond failure, and material de-lamination can occur. The best
methods to prevent this type of occurrence are to ensure proper shaft alignment,
provide bearings with recommended running clearances, and design bearings with edge
chamfers to reduce the possibility of edge failure.
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(m) Self-lubricated bearing materials installed in submerged applications heavily
laden with contaminants and/or prone to frequent flood conditions should have lip sills
or o-ring seals incorporated into the design to exclude contaminants. The seals will
protect the bearing running surfaces from accelerated wear or bearing failure. Bearing
retainers also might be prudent in certain applications to prevent the possibility of
bearing creep or extrusion of the bearing from the housing bore.

(4) Pillow Blocks. Pillow blocks should be cast iron, cast steel, or fabricated from
forged steel. Pillow blocks should be designed to provide full radial and axial capacity in
all directions. Mounting bolts, nuts, etc., should be rated for the bearing’s full Basic
Dynamic Load Rating Capacity in all directions, including upward through the cap. This
rating is obtained from the bearing manufacturer’s published data for commercially
available bearings or from formula calculations available in specifications ISO 281 or
JIS B1519 for custom bearings. Ball-bearing pillow blocks and flange blocks shall have
a two-bolt base. Roller-bearing pillow blocks shall have a four bolt base. Spherical roller
bearings shall be either of the fixed or expansion type, as required. End caps shall be
provided on open-ended shafts. Roller-bearing housing caps shall be recessed into or
dowelled onto the bases and secured with not fewer than four bolts, SAE Grade 8.
Slotted mounting holes may be used for the base, as required, but dowel pins or keeper
bars should be permanently installed after final alignment and testing. Only one fixed
mount pillow block should be used on shafts with multiple pillow-block installations to
permit thermal expansion in the axial direction. Some examples of pillow-block
installations are in Figures 2-11 and 2-12.

Figure 2-11. Pillow block
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Figure 2-12. Pillow block

(5) Pintle Bushing. Chapter 4 provides specific discussion on miter gate pintle
bushings. Chapter 5 provides discussion on sector gate pintle bushings. Pintle bushings
for lock gates traditionally have been grease-lubricated aluminum bronze, as shown in
Figure 2-13. The aluminum bronze alloy used is typically C95400, meeting the
requirements of ASTM B148 or ASTM B271. Plate B-21 provides recommended grease
groove and seal details. The aluminum bronze bushing is press fit into the pintle socket
and secured by bolting to the socket. The amount of press fit of the bushing in the
socket should be kept minimal (0.001 to 0.003 in.) to prevent any alteration of the
machined fit between the bushing and pintle ball after assembly. The bearing surface
should be finished truly hemispherical and the pintle ball fitted to the bushing by
scraping, or lapped until uniform contact is attained over the entire bearing surface. This
can be determined by testing with carbon paper or similar media transfer technique. The
pintle and bushing need to be match marked. Surface finishes should be shown on the
drawings in accordance with ASME B46.1. Determining compliance with surface
requirements typically is done by sense of feel and visual inspection of the work and
comparing it to the Roughness Comparison Specimens of ASME B46.1. Plates B-23
and B-24 provide additional pintle information. Grease-lubricated bronze continues to
work well, but environmental issues created by pumping grease to the pintle bushing is
causing a shift in recent designs toward the self-lubricated pintle bushings. The self-
lubricated composite materials also can be designed with much larger bearing
pressures than conventional bronze for large gate loads. The pintle typically is
manufactured of cast steel with bearing surfaces of stainless steel deposited in weld
passes to a thickness of not less than 4.8 mm (0.1875 in.) and machined to the required
shape.
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(a) Recent designs have been completed with self-lubricating material installed
onto hemi-spherical or near-spherical pintle sockets with matching stainless steel pintle
balls. The self-lubricated material is shaped into pucks or disks recessed and secured to
the socket bushing or the pintle ball. See Figures 2-14 and 2-15 for examples of
greaseless bearing pintle/bushing designs. Conductivity indicator wear pins should be
incorporated into the bearing surfaces to allow the project personnel to periodically test
for bearing surface wear and to schedule replacement.

Figure 2-13. Aluminum bronze pintle bushing

Figure 2-14. Greaseless pintle bushing
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Figure 2-15. Greaseless pintle bushing

b. Brakes. Holding brakes should be the shoe-type, spring set, with DC magnet-
operated, AC-rectified solenoid, or AC hydraulic thruster release. The DC type actuates
by electromagnets, and the AC-rectified type typically uses a solenoid and plunger as
shown in Figures 2-16 and 2-17. The AC thruster type, shown in Figure 2-18, uses a
small hydraulic pump and hydraulic actuated cylinder. Brakes should have a minimum
continuous duty torque rating of 150% of the maximum full load torque rating of the
electric motor, or hydraulic actuator, as applied to the brake wheel. Special
consideration in brake selection shall be provided by the designer to prevent runaway
speeds from developing in gates with the potential for free fall. The brake set reaction
time must be minimized to prevent the downward momentum of the gate from
exceeding the holding torque of the brake or causing excessive glazing or wear of the
brake shoes. Fuses should not be used in the brake control circuit. Brakes should be
mounted in watertight and dust-tight enclosures, with heaters for moisture protection,
manual release devices, limit switches as applicable, and indicators and electrical
connections, as required by the operating environment. Brakes shall be self-
compensating to adjust for shoe wear. The designer should ensure enclosures are
designed with removable enclosure panels for access to perform inspection and
maintenance of the brake components. UFGS 35 20 20, Electrical Equipment for Gate
Hoist, provides design parameters for specifying brakes.
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Figure 2-16. DC brake

Figure 2-17. AC rectified brake
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Figure 2-18. AC thrustor brake

c. Couplings. There are many different types of shaft couplings. The torque
ratings, angular misalignment capabilities, axial float capabilities, and shock-absorption
characteristics are the main factors that differentiate them. Some of the more common
types used on inland navigation projects will be mentioned here. These include flexible
disk couplings, elastomeric couplings, chain couplings, gear couplings, grid couplings,
and jaw-type and rigid couplings. A coupling is a device for joining two rotating shafts.
The most basic form is rigid and can accommodate no angular misalignment or shaft
float. Other coupling designs are available to accommodate some amount of angular
misalignment or axial shaft movement. Couplings also can be selected to absorb shock
loading between shafts and to protect against a momentary over-torque condition. It is
the engineer’s responsibility to select the correct coupling design for each application,
anticipating the conditions in which the coupling must continue to perform reliably.
Couplings should be selected using the manufacturer’s published ratings. Exceeding
the limitations of any particular coupling has led to the premature failure of the coupling
or damage to machinery.

(1) Flexible Disk. Flexible disk couplings are only suitable for specific applications
such as precise control equipment (turbines, etc.). Flexible disk couplings require no
lubrication and their components are external to allow for visual inspection. They are
suitable for only slight misalignment, and the replacement of the disk pack is not as
easy as the elastomeric coupling inserts. They are suitable for heavy-duty, slow-to-
medium-speed applications. Flexible disk couplings can be used where high-starting
torques, shock loads, torque reversals, or continuous alternating torque is encountered.
Flexible disk couplings transmit torque and provide for angular and axial misalignment
between shafts with a coupling comprised of shaft-mounted hubs connected through
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flexible disk packs with spacer or sleeve assemblies. Because these couplings do not
require lubrication, maintenance costs can be considered comparably low. They are
easy to inspect for proper operation. Disadvantages include a relatively high initial cost.
They also require more precision on alignment and assembly.

(2) Elastomeric. Elastomeric couplings incorporate a flexible synthetic insert
between coupling halves, either providing a flexible cushion between jaws or a direct
torsion connection. These are available in a variety of designs and capabilities. The
elastomer in Figure 2-19 is secured at each bolt. Each elastomer sleeve consists of a
hollow cylinder through which the bolts join each half of the coupling. The elastomer
serves to accommodate severe angular misalignment and to cushion shock over
loading. Advantages include low maintenance costs, because lubrication is not required,
and ease of inspection when the coupling is accessible. The couplings also can be fitted
to existing coupling applications easily. There are power limitations due to the varying
modulus of elasticity of the flexible elements. Environmental conditions such as
temperature and humidity, chemical attack, and UV exposure can have an adverse
impact on the life and performance of the insert material for this type of coupling.
Designers must take these factors into consideration during selection.

Figure 2-19. Elastomeric coupling

(3) Chain. Chain couplings provide for inexpensive coupling alternatives in the
medium torque range. They can be exposed or enclosed within hub/sleeve assemblies
to retain lubrication. The chain couplings transmit torque through sprocket hubs
mounted on the shaft ends that are coupled by double-width roller chain. A chain
coupling drawing is presented in Plate B-6. Chain couplings do not tolerate large
misalignment.

(4) Gear. Gear-type couplings provide the highest torque-carrying capabilities with

small, compact designs and are capable of accommodating small amounts of angular
and slight parallel misalignment. Drawings of two differently sized gear couplings are
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presented in Plate B-7. Gear couplings can be more tolerant of axial growth and
shrinkage of shafts, which can be advantageous for the wide temperature variations
common on inland navigation projects. Gear couplings tolerate the misalignment
through the clearance between the outside teeth of the hubs and the inside teeth of the
sleeves. The tooth-to-tooth sliding motion caused by misalignment can be detrimental if
it is a permanent condition and can lead to premature failure. Misalignment for gear
couplings shall be minimized by not exceeding the manufacturer's recommendations for
installation limits pertaining to gap-hub separation, angular alignment, and parallel offset
alignment measurements. Gear-type couplings must maintain their internal lubrication
for successful operation. External grease fittings often are replaced with a plug for
safety reasons and must be installed temporarily during periodic maintenance
lubrication. Gears shall be machined in accordance with applicable ANSI/AGMA
standards. Couplings shall be of sufficient capacity to develop the full strength of the
shafting that they connect and shall be pressed and keyed thereon. The key fits shall be
in accordance with ASME B17.1, Class Il. Gear couplings should have steel housings
and hubs, with integral lips to contain the seals and retain the sleeves, with lubrication.
Sleeves should be fastened such that they cannot slip or loosen. The mating sleeve
flanges join both halves of the coupling to transmit the torque between the shafts. The
proper bolt type and torque must be installed in the flanges to avoid premature bolt
bending fatigue and shear failures. Gear couplings that use snap rings to hold the
sleeves should not be permitted. Internal shaft hubs must be bored to match their
mating shaft diameters and matched keyways provided. This interface most often
requires interference fits specified to develop full load-carrying capacity. Reversing
loads often require special considerations in the design. The designer must carefully
identify and match bore diameters to shaft sizes with special contract language to
ensure the contractor and equipment manufacturer are aware of this requirement. Bolts
shall be SAE Grade 8. Spare couplings purchased should not have their final bores
specified and should be rough bored with final boring completed after the shaft sizes
can be measured. An example of a gear-type coupling is shown in Figure 2-20.
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Figure 2-20. Gear-type coupling

(5) Grid. Grid couplings are similar to gear-type couplings with the use of an
interlocking steel grid between two slotted shaft hubs to transmit the torque. A
disassembled grid coupling and mating hubs are shown in Figures 2-21 and 2-22. The
grid is contained within a sealed housing to retain the lubrication for the coupling. The
grid flexes in a sliding action within the hubs to transmit torque and compensate for
misalignment. Grid couplings are also capable of reducing vibration by absorbing impact
energy. The grid couplings are easy to install and maintain.
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Figure 2-21. Grid coupling

Figure 2-22. Grid coupling

(6) Jaw. Jaw-type couplings have two metallic hubs interconnected by a center
insert referred to as a spider. The hub jaws engage the lobes on the spider to form the
torque transmitting connection. The spiders are fabricated from a variety of different
materials and hardness to fit the application. As the damping ability of the coupling
increases, the load-carrying capacity is decreased. Two jaw-type couplings are shown
in Figures 2-23 and 2-24. The jaw-type couplings are common for small shaft sizes and
lighter loads. Misalignment with this type of coupling must be minimized because rapid
deterioration of the spider could occur. One advantage of jaw couplings is they are fail-
safe. The hub jaws will continue to engage and transmit torque even if the spider
assembly fails.
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Figure 2-23. Jaw-type coupling detail

Figure 2-24. Jaw-type coupling

(7) Rigid. Rigid couplings are the simplest form used to transmit torque in a power
transmission arrangement. They will have either bolted flanges, keyed shaft with
sleeved hub, or a clamp design to connect shaft ends. Rigid couplings have no
capabilities to compensate for misalignment or axial expansion. Designers should use
caution and consider the application carefully before installing rigid-type couplings.
Perfect alignment must be provided and maintained for the use of this type of coupling.

If misalignment is present, the load will be transferred to the shafts and bearings, likely
resulting in premature failure.
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d. Force Control Limit Switches. Force control limit switches can be used to
control overloads in single- or multi-part wire rope hoists. The device can be installed
between the wire rope and the dead-end anchorage connection. Another alternative is
the use of electronic load cells that can be furnished as pins, links, or various other
configurations. The electronic load cells can provide continuous monitoring of systems
and can easily be incorporated into overall or stand-alone PLC systems to provide
similar set point control, as discussed below, for force control limit switches. High and
low force-control limits can be set with backup trip switches for each limit. The designer
should provide switches for high load conditions such as locked rotor torque or gate
seizing or obstruction. One switch is set slightly above the normal operating load, and a
second is set higher as an emergency backup device. A low load switch can be set for
the load encountered in raising due to a seized sheave. Low load, at the end
anchorage, would be indicative of an overload in the portion of the wire rope from the
sheave nest to the drum. The low load switches also should be capable of recognizing a
slack cable condition. This condition likely would occur while lowering the gate and the
gate encounters an obstruction or becomes wedged in the operating slot. The low load
switches then would prevent the possibility of the wire rope coming off the sheave or
dropping the gate and shock loading the machinery. The main limit switches interrupt
the control circuit, while the backup switches de-energize the hoist. The forces are
determined by calculating the wire rope tension that would be produced by the
maximum load used in the design of machinery components. Backup switches typically
are set at approximately 900 kg (2,000 Ibs) differential from the primary switch.
Pressure limit switches in the hydraulic circuits, shown in Figure 2-25, of wire rope
hoisting arrangements with sheaves mounted to the hydraulic actuator rams also have
been used successfully for operational control. These are set below the hydraulic
pressure reliefs valves for high overload conditions and can monitor for slack cable
conditions under low pressure when not affected by hydraulic system counterbalance
valves.

Figure 2-25. Hydraulic pressure limit switch
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e. Torque Limiting Devices. Slip clutches can be used to protect gate operating
mechanisms by limiting the maximum motor torque applied to them. Multi-plate, slip-
type clutches with fiber-type friction disks are recommended and shown in Figure 2-26
and Plate B-5. They should be adjustable and use coil springs. The coil springs must be
properly adjusted and maintained to compensate for any slippage wear in the friction
plates. To protect the machinery and components, the torque coupling shall be
adjustable and set to slip at the designer’s predetermined torque value. The torque slip
should have a minimum adjustment range of plus or minus 20% of the specified load,
depending on the designer’s requirements. The coupling should continue to slip until the
torque drops below this level. The torque slip range should be controlled by a spring-
type mechanism that can be adjusted by means of tightening or loosening the through
bolts. Torque couplings should be equipped with a means of sealed lubrication. Most
slip-type torque-limiting couplings require a break-in period after assembly to the motor
and shafts, and the designer should specify such in the execution section of the
specifications. Slip clutches normally are rated for 200% of the maximum calculated
torque requirement, and should be adjusted to initiate slipping at a setting slightly above
the normal operating torque requirement. However, the manufacturer’'s
recommendations should be considered for both sizing and adjustment. The torque
capacity requirement is minimized if the clutch is located on the motor side of the speed
reducer. Heat-rejection capacity is not an important consideration, as the device would
not be expected to slip, except for very short periods. The designer should provide
protection from the weather and oil or grease contaminating the friction elements. Ball
and detent torque limiters are another type of limiting device that can accurately
disengage the machinery at a pre-set torque value. The ball and detent type can fully
disengage or reset once the overload condition is removed. To protect the machinery
and components, the torque coupling shall be adjustable and set to slip at the
designer’s predetermined torque value. The coupling will continue to slip until the torque
drops below this level. They also can also be equipped with limit switches for control
signaling of an overload condition.
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Figure 2-26. Slip clutch

f. Open Spur Gears. Open gears should have spur teeth of the involute form, in
compliance with applicable American Gear Manufacturers Association standards. An oil
bath spur gear with evident pinion wear is shown in Figure 2-27, and a greased open
spur gear set is shown in Figure 2-28. The designer should provide in its operation and
maintenance manual lubrication requirements for all open gear designs. Basic strength
should be based upon the static load from the Lewis equation, as modified by the Barth
Equation (design stress = Lewis stress x 600/(600 + pitch-line velocity-fpm). Large spur
gears should be designed with forged steel rims in accordance with ASTM A290, while
the hubs and arms can be cast (ASTM A148) or fabricated from rolled steel plate. A
large cast steel gear is shown in Plate B-20. Gearing shall be cut from solid steel and
may be integrally cast with the hub, drum or shaft. Large spur gears can be split radially,
along two of the support arms, in order to permit more convenient handling and
removal. The split line can be fastened by high-strength bolting materials, designed for
the maximum loads on the gear. Pinions should be fabricated from ASTM A291 forged
steel. Pinion gear teeth should have a hardness of approximately 50 Brinell Hardness
Number (BHN) greater than the driven gear teeth to equalize wear. A pinion gear is
shown in Plate B-8. Gears should not be overhung on shafts, including speed reducer
shafts. The designer should specify the minimum contact area between pinion and spur
gears. The specifications should establish what misalignment is acceptable, define
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tolerances on the gear sets, and define what minimum contact area should be achieved.
The factors of safety in paragraph 2.1(b) shall not be exceeded.

Figure 2-27. Oil bath spur gear with wear

Figure 2-28. Greased open gear set

g. Round Link Chain. Round link chain hoists utilize both pocket wheel and
grooved drum lifting mechanisms. A close-up top view of a dual pocket wheel and chain
is shown in Figure 2-29. These types of hoists have been used primarily to replace
existing roller chain hoists. The selection of a chain-handling device depends entirely on
the type of chain to be used. There are many types of chains available for various
applications of lifting service. The links of the round link chain are not actually round, but
have round ends and approximately parallel sides. The calibrated links are designed
specifically to be used with a pocket wheel that drives the chain properly, loads each
link in tension and bearing, and eliminates the bending stresses in the links that occur
when a grooved drum is used. This type of chain is applied widely to both low-speed
and high-speed lifting and is both abrasion and corrosion resistant.
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Figure 2-29. Dual pocket wheel and chain

(1) Pocket Wheel. The pocket wheel, shown in Plates B-70 and B-71, is a
universally applied lifting mechanism to handle and hold a round link chain to the limit of
the chain’s breaking strength (326,000 Ibs). A pocket wheel is designed to properly load
the chain in tension and bearing without inducing the bending loads predominant in a
grooved drum. The wheel may be either a ring forging of alloy steel or a weldment. Two
spare dual chain pocket wheels with accompanying spur gear and shaft are shown in
Figure 2-30.

Figure 2-30. Dual chain pocket wheels with spur gear

(2) Design Standard. Round link chain used in chain hoists, shown in Plate B-72,
is made from an alloy steel. Although the materials and heat treatment might vary
among manufacturers, AISI 8620 is common for this chain. This material is heat treated
to the required tensile strength. Proof testing and visual inspection of each link of chain
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should be specified. The hardness of this chain from different manufacturers also might
vary, but a figure of 300 BHN is considered average with higher values desired as
specified below. The higher hardness of this material provides improved wear qualities
over low alloy chain. Low alloy chain of equal breaking strength has a greater energy
absorbing capacity for greater shock load capacity over that of high alloy chain. A
standard specification for a ring forging:

e Material ASTM A290, Class K, or AISI 8620 cast steel
e Tensile strength, minimum 1,170 Mpa (170,000 psi)

e Yield strength, minimum 1,000 Mpa (145,000 psi)

e Brinnel Hardness Number (BHN) range of 340 to 400

(a) The standards for the design of a pocket wheel are derived indirectly from the
dimensions included in DIN 22252, Part 1 (High-tensile Round-link Steel Chains for
Mining: Testing). This standard covers the dimensions and tolerances for chain that is
compatible with pocket wheels. Preliminary design calculations for pocket wheels using
a specific chain size are necessary in order to determine that the unit size is compatible
with any physical space limitations imposed by the gate machinery location.

(b) An additional auxiliary item required for a pocket wheel mechanism is a chain
locker. The general arrangement of a tainter gate pocket wheel chain hoist with divided
chain storage locker as viewed from beneath is shown in Figure 2-31 and Plate B-70.
The size of a chain locker should be such that it adequately contains the slack length of
chain when the gate is in the fully raised position. Chain locker volume should be a
minimum of the product of the diameter of the chain in inches squared, multiplied by the
length of the chain in fathoms, multiplied by 0.85. A sample calculation in Appendix C
shows various dimensions of chain lockers required for a 14-m (46-ft) length chain, 38
mm (1.5 in.) in diameter. In pocket wheel designs with dual hoisting chains on a single
pocket wheel, the chain locker should be equipped with a center divider to keep each
chain separate and prevent the chains from piling up on one another.
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Figure 2-31. Pocket wheel chain hoist with chain locker

(3) Availability. While no manufacturer will have a standard off-the-shelf product
that will fit a given application exactly, the technology to build a pocket wheel to a given
design criteria is available. The pocket wheel has been successfully installed at locks
and dams on the Upper Mississippi and lllinois rivers. The designer should be aware of
long lead times in the fabrication of large pocket wheels when assembling the contract
documents and establishing construction schedules.

(4) Assembly Test. After the first set of machinery is fabricated and completed, a
factory assembly lift test should be required as part of the contractor’s responsibility for
the gate-lifting machinery. These tests should include not only a design load test, but an
overload test that proves that the maximum specified motor torque will not deform the
chain nor allow the chain to slip on the pocket wheel. The field hoisting assembly and
pocket wheel elevation views are shown in Figures 2-32 and 2-33, and Plate B-70.
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Figure 2-32. Pocket wheel hoisting assembly

Figure 2-33. Pocket wheel elevation

(5) Grooved Drum. Another type of round link chain-lifting mechanism is a
cylindrical grooved drum. An example of a grooved drum arrangement is shown in
Figure 2-34. This design includes a cast or fabricated cylinder with a helical groove that
is either cast or machined into the surface. The groove is designed to accept every
other chain link and must be sized large enough to wind the entire length of chain
around the drum in a single row. One advantage of a grooved drum is that it requires no
chain locker since it stores the chain on the drum similar to a wire rope drum. The
diameter of the grooved drum should not be less than 25 or 30 times the diameter of the
bar used for the chain links. For applications where there is no additional room for chain
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storage, the use of a grooved drum might be indicated. An added advantage of this type
of drum is that it can accept a deformed link without becoming jammed. The main
disadvantage of the grooved drum is the manner in which it loads the chain links. Each
link is loaded in both tension and bending. This loading situation puts undue stresses on
the links, especially since chain links are not meant to be loaded in bending. A sample
stress calculation is in Appendix C. It shows a 38-mm (1.5-in.) chain being loaded on a
1.0-m (41.49-in.) diameter drum. The results of the calculation show that, even under a
normal tensile load, the chain is loaded at or near its yield point. Chain is typically
known by its breaking strength, and a proof load is normally specified. Actual stress
levels in a chain under loading are determined by an involved analysis dependent on
criteria such as chain geometry, hardness, material properties, etc.

Figure 2-34. Grooved round link chain drum

(6) Compatibility with Existing Material. The type of chain that can be used for
gate hoisting should be compatible with the existing gate and hoist component materials
to prevent undue wear and abrasion. Chain guides must be fabricated and installed on
curved face gates that have the gate connection at the bottom of the gate to allow the
chain to lay flat over the curvature face of the gate. Hoisting chains mainly bear against
the chain guides or plates at every other chain link parallel to the face of the gate. The
chain guides or bearing plates should be sized specifically for the chains that will be
installed. The chain guides and bearing plates should be compatible in size and
hardness with the lifting chain selected. Galvanic corrosion due to dissimilar metals also
should be considered during the design process.

(7) Tolerances. Manufacturing standards for calibrated round link chain require
that each length of chain meets certain tolerances with regard to link size and breaking
strength. High-alloy hoist chain is manufactured to length and width, plus or minus 0.51
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to 0.76 mm (.02 to .03 in.). These tolerances are an international standard so that all
chain, regardless of manufacturer, will be suitable for the intended use. The DIN
standards for strength testing of this chain are rigorous and include tensile, bending,
and shock tests.

(8) Abrasion. For chain to be suitable for dam gate-lifting service, it must be
resistant to abrasion caused by silt trapped in the submerged links. Chain used for dam
gate lifting probably will never be washed or cleaned because it would be difficult and
impractical to do so. High-alloy conveyor chain must be specified to be abrasion
resistant.

(9) Shock. To resist shock loads, a material must be strong and be able to absorb
the energy imparted to it by the shock load. When carbon steel is alloyed and heat
treated to increase strength, its energy absorbing capacity doesn’t increase
proportionately. Thus, for equal breaking strength, lower alloy material normally will be
more resistant to shock loading than higher alloy material. Round link alloy chain is
tested for shock loads by the manufacturer. To reduce the possibility of shock loads, the
designer should incorporate a pocket wheel guard with limit switches. The guard should
be mounted over the pocket wheel on spring mounts to allow the guard to detect when
the chain has debris caught in it or the chain tries to ride out of the pocket wheel. The
limit switch for the chain guard shown in Figure 2-35 has been tripped due to debris
caught in the chain and passing through the pocket wheel. The lever arm limit switches
detect the movement of the guard and can shut down the operation of the machinery
before a shock-loading condition occurs.

Figure 2-35. Chain guard limit switch

(10) Distortion. To be compatible with a host chain pocket wheel, the round link
chain must be capable of being loaded without being significantly distorted. If the chain
distorted, the links no longer would fit the lifting device pockets. Round link chain resists
distortion because the sides of the link are designed to remain parallel. If these links
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distort, they tend to elongate; but they only can do so after they have exceeded the
elastic limit of the material. The design criteria for lifting chain requires that the minimum
breaking strength of the chain be no less than five times the design load, and that the
lifting machinery shall in no case impart to the chain a load that will exceed 75% of the
yield strength of the steel in the chain in both tension and bending. When a chain is
selected within these design limits, link distortion will not be a factor.

(11) Corrosion. The round link chain discussed in this chapter normally should be
protected against corrosion. Hoist chain is available with a variety of special corrosion
coatings such as special paints, Tectyl 846-10 MIL Specification MIL-PRF-16173E,
Grade 4, Class |, or hot galvanizing. Hot galvanizing should not be used for chain in this
type of application unless the reduced strength due to reheating is taken into account.
The galvanization might also affect the chain’s ability to ride in the pocket wheel
correctly. Specifying the corrosion coating is the designer’s responsibility and will be
dependent upon the specific application and environment for which the chain is
intended. It should be noted that the existing chains on the prototype pocket wheels at
Lock and Dam 20 on the Mississippi River have worked very well for a period simulating
50 years of operation with no corrosion coating at all. However, mid-1980s field
installations on the lllinois River have revealed moderate corrosion and seized links in
the lower sections of chain normally submerged. These sections of corroded chain
normally are not raised out of the water or capable of being exercised through the
pocket wheel.

(12) Replacement. Replacement of round link chain described in this manual
should not be a problem in the future. This type of chain is widely used around the
world.

(13) Chain Costs. For comparison purposes and cost estimates, the cost figures
for chain in the round link hoist category can be obtained from various manufacturers
and from previously constructed Corps projects. Chains should meet the strength and
durability requirements for gate-lifting service at civil works projects. Differences in cost
could influence the chain selection criteria in projects with large quantities of chain
required. For example, the Mississippi River Lock and Dam 20 project required almost a
mile of chain to power all the tainter gates.

h. Engineered Steel Chain. In addition to round link chain, engineered steel chain
also should be considered as a replacement for existing roller chain. Roller chains
(using pins, rollers, and sidebars) have been a source of operation, maintenance, and
environmental problems at gated dams and spillways owned and operated by the Corps
for many years. Original roller chain designs were difficult to lubricate, causing bearing
surfaces to corrode and bind, preventing smooth operation of the chain over the
sprocket. As a result, spillway gates could not be operated, chains failed, and gates
were dropped. This created both a dam safety problem and a hazard for operating
personnel. The chain design that’s described herein has solved the problems
associated with previous roller chain designs for both tainter and roller gates at John
Martin Dam, Robert Byrd Lock and Dam, and others in the Corps’ St. Paul District. It
has been in use at these sites since 1997, with no problems reported. Discussed next
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will be material selection, corrosion prevention, first cost, and life cycle cost. An
engineering analysis of this type of chain is presented and maintenance issues are
examined.

(1) Terminology.

(a) It is important to show how a lifting chain for a tainter gate is different from a
bicycle chain, beyond the obvious size and strength differences. There are several
standards and a chain manufacturer’s association that classifies various types. The
chain industry, chain manufacturers, and American Chain Association (ACA) make a
distinction between roller chain and engineered steel chain. In general, roller chain is
used for power transmission between sprockets at moderate-to-high speeds. The chain
speed, sprocket design, and kinematics between the sprocket and chain are crucial.
Roller chain is manufactured per ANSI/ASME B29.1 (see standards paragraph below).
The tension members between pins (side plates) are called link plates. This type of
chain generally is produced in large quantities. The size and strength ratings are
relatively low.

(b) Engineered steel chain is intended for a wider variety of applications, including
materials handling, conveying, and other industrial uses. The engineered steel chain
usually is manufactured in smaller quantities; has greater strength, more corrosion
resistance, and greater shock resistance; and is designed to be used in severe
environments. The chain is manufactured per several standards including ANSI/ASME
B29.10 and B29.15. The side plates are called sidebars. The pin-bushing area is called
the chain joint. The sidebars establish the chain pitch (see Figure 2-36). The ACA
defines tension linkage chain as a chain application in which the main function is to
move a load slowly and intermittently through a short distance, or to hold a load. These
types of chains are well suited for Corps projects to hoist and support gate loads. The
function of a tension linkage chain is to transmit a moving force using chain tension,
hence the nomenclature. Lifting chain for roller and tainter gates, thus, falls under the
category of a tension linkage, engineered steel chain. Note these terms and their
meanings:

e Pitch is the distance between the centers of adjacent chain joint members or
center-to-center distance between adjacent pins.

e Sidebars are tension members connecting the chain joints

e Pins connect one link section to another. Pins are the shear members between
the inner and outer sidebars.

2-35



EM 1110-2-2610
30 Jun 13

ROLLER GATE LIFTING CHAIN

Figure 2-36. Chain assembly

(2) Standards. The American National Standards Institute (ANSI) and American
Society of Mechanical Engineers (ASME) both publish standards for chain, as stated
above. There are manufacturers that make a true metric chain. Also, the European DIN
(German) Standards and the International Standards Organization (ISO) categorize
metric chain.

(a) Many of the original tainter gate chain designs (from the 1930s) for the Upper
Mississippi River projects used offset sidebar roller chain as opposed to straight sidebar
roller chain. The primary benefit of offset sidebar type of chain is the links are all
identical. Offset sidebar chain can be used in odd or even number pitches. The primary
advantage of using straight sidebar chain is that the chain is easier to manufacture and,
for a given sidebar plate thickness, the straight sidebars will have more strength.
Straight sidebar chain consists of inside and outside links. Sections of this chain type
must be used in an even number of pitches (lengths). This chain also can be
constructed without rollers. However, in gate-lifting applications, the rollers are
necessary for reducing friction as the chain is going over the sprocket.

(b) It should be noted that the majority of the ANSI/ASME standards concern chain
used in power transmission rather than lifting applications. However, this difference is
generally irrelevant. The loading on the chain is basically the same in both applications
where the chain is going over a sprocket. The biggest difference between power
transmission and lifting application is likely to be the speed. In lifting applications the
chain travel will be extremely slow. ANSI/ASME B29.1M, Precision Power Transmission
Roller Chains, Attachments, and Sprockets, lists a series of standard roller chains. This
standard only classifies chain with pitch dimensions up to 3.0 in. ANSI B29.1 assigns
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standard number designations to chain based on pitch, chain width, and roller diameter.
The chain sizes given in B29.1 are generally inadequate for the maijority of tainter gate
and roller gate lifting applications. The primary benefit of this standard is that any chain
manufactured according to it will fit over any corresponding sprocket manufactured to
the standard. The chain of one manufacturer will replace the chain of another
manufacturer. ANSI/ASME B29.10M, Heavy Duty Offset Sidebar Power Transmission
Roller Chains and Sprocket Teeth, only standardizes offset sidebar chain. This standard
is an engineered steel chain standard and includes chain with pitch dimensions up to 7
in. (177.8 mm) and a minimum ultimate strength of 425,000 Ibs (1890 kN).

(3) Material Selection. Material selection is likely the single most important feature
of the lifting chain design. The type of material used will impact the strength, corrosion
resistance, and overall life of the chain. Proper material selection must be made to
ensure a 50-year life for the lifting chains. Lifting chains normally are subjected to all
weather and river conditions. For projects that maintain upper pool, the portion of the
chain that connects to the gate will be submerged in the river. This will subject the chain
to silt and debris. Because the dam gates rarely are moved completely out of the water,
the lower section of chain will be submerged for a majority of its service life. This lower
portion of chain also will be subjected to sandblasting and paint over spray when the
dam gates are being painted.

(a) Recent lifting chain design utilizes aluminum bronze sidebars and stainless
steel pins (see Figure 2-37). Both materials should provide adequate corrosion
protection to allow the chain to last 50 years. Aluminum bronze is manufactured per
ASTM B505, and 62,000 psi (427,586 kPa) minimum yield strength is specified.

Figure 2-37. Typical engineered chain installation
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(b) The stainless steel pins are manufactured per ASTM A564, Type XM-25,
Condition H1050. This stainless steel is equivalent to Type 304 stainless steel for
corrosion resistance. The primary disadvantage of using this type of stainless steel is it
was developed by one manufacturer and is not readily available from others. Other
options for the stainless steel include using ASTM A564, Type 630 (17Cr-4Ni). This
material is close in properties to XM-25 and is available from more manufacturers.
There are some disadvantages of using Type 630 stainless versus XM-25. The Type
630 stainless is more difficult to machine and must be age hardened prior to using. A
comparison of the stainless steels is provided below in Table 2-1. Plates B-01, B-02,
and B-03 show engineered steel chain assemblies and components. Figure 2-38 shows
a chain using aluminum bronze sidebars and stainless steel pins installed on a tainter
gate. This chain had been in service more than 10 years.

ASTM A A564, ASTM A564,
Type XM-25, H1050 Type 630, H1025
Min Tensile 145,000 psi 155,000 psi
Min Yield 135,000 psi 145,000 psi
BHN 321 331
BHN is Brinell Hardness Number

Table 2-1. Engineered steel chain material comparison

(4) Cost. The cost of the lifting chain primarily will be a function of the materials
used. Although carbon steel materials will have the lowest initial cost, it is likely that the
underwater portions of the chain will need replacement over 50 years. The stainless
steel and aluminum bronze chain design, thus, will have a lower life cycle cost including
maintenance costs.
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Figure 2-38. Engineered chain installation on a tainter gate

(5) Chain Design. Chain design is based on a 50-year service life. Several design
considerations need to be analyzed to ensure this 50-year life. Strength and material
selection are probably the most important. As discussed, the material selection will
dictate how much the chain will corrode over 50 years, in particular the lower section of
the chain. There are other design considerations that must be analyzed. These include
yield strength, shear strength, fatigue strength, bearing stress at the chain joint, bearing
clearance at the chain joint, and shock loading.

(a) The ANSI/ASME standards define minimum ultimate strength (MUS) as the
tensile load in pounds (or kilonewtons) at which a chain, in the condition at the time it
left the factory, might break in a single load application. The yield strength of the chain
should be 40 to 60% of the MUS. The chain also should be designed for shock loading.
An example of this would be when a gate falls under a slack chain condition. The ACA
Design and Applications Handbook lists a service factor of 1.4 to 1.7 for heavy shock
loading. Several of the lock sites have broken chain when a gate has been dropped
under slack chain conditions or when slack chain was generated to provide additional
momentum for breaking a frozen gate loose. Though these practices are not
recommended by the designers, the lifting chain likely will be subjected to these
conditions sometime over the course of its service life.

(b) Since the lifting speed of dam gates is very slow, the chain/sprocket design is
not paramount. The main factor for the chain is the ability to hoist and hold the load from
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the dam gates and perform under all service conditions. The interface between the pin
and sidebar of the chain (or the chain joint) will be the highest stress area of the chain.
A chain failure will result from either a sidebar or pin failure in this area. At the chain
joint area, the sidebar will be in tension and shear. Corrosion in the chain joint area
might cause the pin not to rotate as the chain is going over the sprocket, causing
damage to the gate hoist machinery. The bearing clearance necessary in the chain joint
will depend on the materials used for the sidebar and pin. A minimum clearance of .005
in. is used in the current chain designs. This value should be doubled or tripled if steel
sidebars and pins are being used. The pin undergoes bending stress in the center
between sidebars and shear stress at the chain joint. Both values need to be calculated.

(c) An appropriate design standard is necessary to adequately design the chain
joint area and determine a bearing stress. The American Association of State Highway
and Transportation Officials (AASHTO) standard for bridges can be used for this
purpose. In particular, the design constraints for pins, rollers, and rockers for bridges
can be utilized. This standard makes a distinction between bearing stress on pins
subject to rotation versus non-rotating pins. The chain joint should be classified as a
rotating joint as opposed to a non-rotating joint. The standard also sets an allowable
shear stress (Fv) of 40% of yield for the pin. The AASHTO standard also helps
determine whether a bushing or bearing is required. The AASHTO Specification for
Highway Bridges, 15th Edition, 1992, Section 10 (Structural Steel), Part C (Allowable
Stress Design), Table 10.32.1A, permits an allowable bearing stress of 80% of yield for
pins not subject to rotation. This specification allows a bearing stress of 40% of yield for
pins subject to rotation. The standard states the effective bearing area of a pin shall be
the diameter multiplied by the thickness of material on which it bears (e.g., the sidebar).
The AASHTO standard for pins, rollers, and rockers is meant to eliminate galling in the
pin/rocker area (i.e., the chain joint). The AASHTO standard implies that stress values
below 40% of yield strength will avoid galling and that a bushing or bearing is not
required. The standard only recognizes structural steel and alloy steel materials. Galling
results from metal-to-metal contact. When a cohesive force between two metals
exceeds the strength of either metal, adhesion or cold welding will occur. Under high
stresses, cold welding will occur more rapidly and over a wider area. For instance,
galling likely will occur when the chain is loaded up to and beyond yield limits. Galling is
also a particular concern when stainless steels are mated with other stainless steels. To
avoid galling, the 40% of yield value might need to be lowered in applications where the
stainless steel chain (sidebar and pin) is used without bearings or bushings. The
surface finish at the chain joint also will affect the rate of galling. The smoother the
surface finish, the less likely galling will occur. Chain designs using aluminum bronze
sidebars and stainless steel pins will act like a bushing/pin interface. These two metals
have good compatibility in terms of their bearing properties. These materials also have
a fairly low corrosion potential (from dissimilar metal corrosion or galvanic corrosion).
The lower the potential difference, the less likely galvanic corrosion will occur. The
Metals Handbook, Volume 1, Properties and Selection of Metals, 8th Edition, American
Society for Metals, lists a potential difference of 79 mV between aluminum bronze and
304 stainless steel in dilute sea water. This compares to 904 mV between zinc and
copper.
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(d) Fatigue strength of the chain also should be considered in the chain design,
though the chain speed is slow. Fatigue strength is not likely to be the limiting factor in
chain design at many Corps projects. Each specific application should be verified by the
specific site conditions and projected cycles of operation. For the Corps’ St. Paul
District, it was assumed that the gates will be raised and lowered three times per week,
which means over a 50-year period the chains will be cycled nearly 10,000 times. As
each chain link section goes over the sprocket, it will be subjected to maximum tension.
The link section then will be slack as it goes over the sprocket and is coiled in the chain
rack.

(6) Maintainability. A primary goal of chain designs should be either to eliminate or
reduce the amount of maintenance necessary on the gate-lifting chains. For projects
that normally maintain an upper pool, a reasonable assumption can be made that it
takes a crew of four people one week to bulkhead a single gate, temporarily support the
dam gate, and grease the lifting chains (two per tainter gate). Switching to a non-
lubricated chain offers a significant cost savings over 50 years. When compared to
replacing existing chain with wire rope, chain replacement offers several advantages.
First, the existing gate-lifting machinery could be reused. Using chain instead of wire
rope also requires less maintenance and replacement over 50 years. Wire rope must be
lubricated on a regular basis. Any damaged part of chain can be replaced individually,
while wire rope must be completely replaced.

(a) Many original (1930s design) lifting chains for the tainter gates were lubricated
in a number of different ways. All these lubrication methods allowed oil and grease to
enter the water. Some of the lock sites lubricated the chain with 30W motor oil. Other
sites used diesel fuel or waste oil. None of these methods allowed any lubricant into the
chain joint because the bearing clearances were too tight. Grease lubrication systems
worked well initially, but there are a number of them now that will not accept grease.
This system offered no advantages from a maintenance standpoint, and excess grease
still ended up in the river.

(b) The chain design presented herein uses no bearing or bushing in the chain
joint. The chain joint is designed as a bushing because the sidebars are made of
aluminum bronze and the pins are made of stainless steel. This design will eliminate the
need for greasing of the chains.

(7) Zebra Mussels. Zebra mussels have become more prevalent in the Upper
Mississippi River system within the last several years. Zebra mussels attach themselves
to submerged gates, intake valves, grating, concrete, etc. The submerged portions of
the gate-lifting chain should be designed to reduce or eliminate zebra mussel
attachment. Proper material selection is one method to reduce or eliminate zebra
mussels from attaching themselves to the chain and its components. Testing and
research by ERDC/CERL have shown that zinc and copper are toxic to zebra mussels.
As stated, the latest designs for hoisting chains use aluminum bronze sidebars and
rollers. The specific alloy used in their design was UNS No. C95500.This alloy is 78%
copper. Recent field inspections of these components indicate little zebra mussel
attachment to the lifting chains. Some zebra mussels were attached to the stainless
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steel collars and pins, but no mussels were attached to the aluminum bronze sidebars.
Refer to EM 1110-2-3401, Thermal Spraying: New Construction and Maintenance,
Chapter 5, and EM 1110-2-2607, Planning and Design of Navigation Dams, Chapter 4,
for discussion of applications for control of zebra mussels.

i. Shafts. Shafting should be designed in accordance with the machinery
component criteria for the rated loads and increased by applicable shock and fatigue
factors. A factor of safety of 5 should be applied to shafts based upon the ultimate
strength of the materials, provided the stresses produced by the maximum torque of the
motor do not exceed 75% of the yield point of the materials involved. The design criteria
for all shafts should be the ASME Shafting Code equations with applied torsional and
bending factors for heavy shock loading. The ASME Shafting Code requires additional
stress reduction factors for keyways in the shaft. Stress concentration factors should be
used where applicable. A combined shock-and-fatigue factor of 1.25 is recommended.
Shafts should be supported at locations required to minimize bending and axial
movement, yet allow for thermal expansion. The distance between bearings on shafting
subject to bending, except that due to its own weight, should be such that the maximum
bending moment deflection is limited to be fewer than 0.83 mm/m (0.01 in./ft) of length
at the maximum rated load. Torsional shaft deflection should not exceed 0.26 deg/mr
(0.08 degf/ft) of shaft length at the maximum rated load. Shafts should be fabricated
from forged steel, such as ASTM A668. Where spur gears are mounted on separate
shafts, the relative slope of the shafts, at the centerline of the gear mesh, should not
exceed one-third (1/3) of the gear backlash divided by the smallest gear face width. The
typical backlash for spur gears is 0.03/DP to 0.05/DP, where DP is the diametral pitch.
Fillets shall be provided where changes in section occur. All keyways shall have fillet
radii. All shafts shall have standard keyways and keys, in accordance with ASME B17.1,
Class Il.

j- Sheaves. Sheaves should be heat-treated cast steel, ductile iron, or
manganese steel and should be of standard dimensions with grooves clad with
stainless steel. Sheaves are designed to have a single lay of wire rope or to be able to
layer the wire rope upon itself with each revolution. The designer should take the
sheave and wire rope construction into consideration for each type of spooling
arrangement. Grooved and plain drums also can be used to spool the wire rope onto a
single layer or multiple layers. Drums either can be fabricated and machined assemblies
or spun castings. Sheaves can be forged or fabricated. Each sheave should have a
groove and pitch diameter that corresponds to the recommended factors for the mating
wire rope. The hubs should be fitted with plain bearings or roller bearings with
appropriate lubrication fittings. The sheave flange, rim thickness, web thickness, angle
of contact, and inside diameter of the hub dimensions should be in accordance with the
standard manufacturers’ typical products for the appropriate size and construction of
wire rope. Published ratings of sheaves should be used in determining the factor of
safety. Machinery utilizing wire rope drum and sheaves are shown in Figures 2-39 and
2-41. A general machinery arrangement of hydraulic and wire rope for hoisting a vertical
lift gate is shown in Plate B-58. The choice of a larger sheave diameter, for a given
nominal wire rope size, improves fatigue life and reduces bending stress for the wire
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rope. The diameter of the sheaves may be as small as 24 times the rope diameter when
used with 6 x 37 strand wire rope for an emergency-type gate. When used with a lock or
dam operating gate, sheave diameter should be 30 times the rope diameter. Supporting
members used for supporting the hoist drums or sheaves on the structure or gate shall
be designed for the actual load plus 100% impact. The designer must provide specific
instruction to ensure new and repainted sheaves are not painted within the wire rope
grooves. Groove profile can be affected by paint accumulation and can result in
accelerated wire rope wear or damage. Figure 2-40 demonstrates the loss of groove
profile on a painted drum for proper seating of the wire rope.

Figure 2-39. Wire rope drum and sheaves
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Figure 2-40. Checking wire rope drum groove profile

Figure 2-41. Wire rope sheave

k. Speed Reducers. Speed reducers should be helical, herringbone, spiral bevel,
or worm type, in accordance with the applicable American Gear Manufacturer (AGMA)
standards. Applicable standards include AGMA 2001, AGMA 2003, AGMA 2015, AGMA
6013, AGMA 6113, and AGMA 9005. See Figure 2-42 for a miter gate speed reducer
installation. Plate B-4 shows a typical worm gear-type speed reducer. Speed reducers
should be selected based upon the manufacturers’ published ratings, including service
factors, for the required operating conditions. Special shaft diameters or lengths are
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available from most major manufacturers. Gearing should be made from high-strength
alloy steel, carburized, hardened, and ground after gear cutting to ANSI/AGMA Quality
11 or better, in accordance with AGMA 2015/915-1. Pinions gears should be cut
integrally on the pinion shaft. Spiral bevel gears should be made from high-strength
alloy steel with case-hardened teeth, crown lapped for quality and smooth operation.
Reducer shafts should be made from high-strength alloy steel and should be of
sufficient size to ensure rigid alignment. All keyways should have fillet radii. Keys should
be provided for all shafts and be of standard keyway design, in accordance with ASME
B17.1, Class Il. All fabricated dimensions of the keyways and keys should be included
in submittal requirements for government review. All speed reducers should be
equipped with anti-friction bearings. Overhung loads on speed reducer shafts should be
discouraged, unless available space is severely limited by design circumstances.
Speed-reducer lubricants, for the bearings and the gear sets, should be chosen for
operation in the existing ambient conditions. Where ambient temperatures fall below the
normal lubricant recommendations for the type of speed reducer required, a
thermostatically controlled unit heater, or heaters, should be provided in the reducer
enclosure. Well-type, non-immersion heaters are recommended to avoid localized
overheating, or cooking, of the oil and to facilitate replacement without removing the
gearbox from service. Heating elements should have a maximum watt density of 1.5
W/sq cm (10 W/sq in.). Synthetic hydrocarbon lubricants with a higher viscosity index
are an acceptable oil alternative, as approved by the speed reducer manufacturer for
the normal loads and speeds encountered in service. A separate lubricating oil-pumping
system, which sprays all gears and non-greased bearings before start-up and during
operation, should be provided for speed reducers that operate infrequently, start under
loaded conditions, or will be placed in extended storage. Speed reducers should be
specified with a lubricant thermometer, a level gauge, and a hygroscopic oil breather.
Condensation and moisture accumulation within gearboxes pose a significant challenge
for the designer. Water bleed-off ports, desiccant breathers, and water-separating
filtration are some of the different methods the designer might elect to incorporate.
Connection ports for portable filtering should be furnished on the gearbox to aid in
routine filtering of the oil and moisture removal.
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Figure 2-42. Miter gate speed reducer

[.  Wire Rope. Wire rope is a common product used for gate-operating
machinery. Round wire rope typically is defined as multi-wire strands laid helically
around a center core. The individual wires are woven together to form strands of wire.
The strands are wound about the center core to form the finished wire rope. The wire
material, method by which the wire is woven, the core construction, and any wire rope
coatings all influence the properties and strength of the wire rope. It also determines the
appropriate application for different wire rope types and sizes offered. Each round wire
rope is constructed to close dimensional tolerances. The round wire ropes generally
have a higher resistance to wear and mechanical damage than flat wire rope (woven
wire rope with a rectangular cross-section). A minimum factor of safety of 5, based on
the nominal breaking strength of the rope, should be applied to the maximum working
load. No rope should exceed 70% of the breaking strength at the locked rotor torque of
the motor. Wire rope constructions are available that are resistant to rotation, abrasion,
crush, corrosion, and fatigue. Wire rope systems generally are considered more
amenable to longer periods of inactivity than systems operated by hydraulically driven
gates, and are easier to maintain. It is the role of the engineer to determine the most
likely failure mode for which to design the wire rope application. More thorough wire
rope selection criteria are in EM 1110-2-3200 and the most recent edition of the Wire
Rope User’s Manual. A multiple wire rope and vertical gate pin plate is shown in Figure
2-43.
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Figure 2-43. Multiple wire rope and vertical gate pin plate

(1) Flattened strand wire rope often is recommended in gate hoist applications,
particularly where the rope wraps on a disk-layered drum. Flattened strand wire ropes
have circular cross sections that are constructed with some inner wires triangular in
shape to provide a greater cross-sectional area of metal for higher load-carrying
capacity. They also provide greater wire rope contact with the sheave for increased
bearing surface area when compared to standard wire rope. Consequently, flattened
strand has increased abrasion resistance, crushing resistance, and strength. It can be
difficult to locate manufacturers of flattened strand wire rope. With this in mind, the
designer must create wire rope hoisting systems with wire ropes that are readily
available at the time of construction and available for a foreseeable period of time to
allow for future replacement.

(2) The use of wire rope in gate hoist applications offers some advantages over
other types of hoists. Wire rope hoists have been used to replace chain hoists in some
applications. This is largely due to the advances in wire rope technology and
necessitated from the maintenance problems associated with older-style chain hoists.
The designer should provide the installer and maintenance staff adequate clearance
between the wire rope/sockets and all other machinery, anchorages, and tension
adjusters to allow room for movement and assembly of the components.

(3) Corrosion can be an issue with wire rope, but stainless steel and galvanized
wire rope offer desirable alternatives when used in the correct applications. Galvanized
wire rope is recommended for static wire conditions and should not be used for
submersed or bending applications. Galvanization in submerged applications reacts
similar to a sacrificial anode until the coating is gone and corrosion begins to deteriorate
the steel wires. Galvanized wire rope also is not recommended for bending applications
over sheaves, due to the galvanizing material filling the voids between the wires and
reducing the ability of the individual wires to slide against each other as bending occurs.
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(4) Stainless steel wire rope often provides the best characteristics for the
longevity of the design. Stainless steel ropes have a lower strength than available
carbon steel ropes, so their use often will result in larger diameter ropes or greater
numbers of ropes. Fatigue or abrasion will be the dominant failure mechanism of
stainless steel wire ropes, and they must be inspected regularly for broken or damaged
wires and replaced when the damage becomes significant. Stainless steel is the
material of choice for corrosion resistance, particularly on gate hoist applications that
are subject to submersion of the ropes or splash/spray, or where inspection or
lubrication is difficult. The use of sacrificial anodes is recommended for submerged
stainless steel wire rope/socket applications where the stainless steel is connected to
carbon steel components.

(5) Extra Improved Plow Steel wire rope provides the highest load-carrying
capacity of wire rope when compared to similar size wire rope of other material, but is
not protected from corrosion without added lubrication.

(6) Plastic coating or impregnation of carbon steel wire rope also is used for
corrosion resistance. It generally is not recommended. Although the plastic filling helps
prevent abrasion, concentrated corrosion cells can form where the plastic coating is
damaged or not present. Plastic coated wire rope also is difficult to inspect.

(7) Kevlar rope is an option where corrosion has been found to be an extreme
problem. Kevlar rope stretches more than steel and crushes when wrapped on a drum.
Because of its stretching characteristics, it stores more energy, and additional personnel
protection precautions must be taken to guard against rope breakage. The rope being
crushed out of a round shape does not seem to affect its strength.

(8) Wire rope connections to dam gates have been a problem due to the
environment and corrosion of mating surfaces (see Figure 2-44). Corrosion tends to
bind these surfaces and prevent the movement that is required as the gate is raised.
Stainless steel should be used for pins and washers, and consideration should be given
to the use of self-lubricating bushing material. Sacrificial anodes also might be required
in applications where dissimilar metals are used.
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Broken Cables

Note the broken cables.

Figure 2-44. Broken wire ropes at dam gate connection

(9) Socket design is an important consideration to the implementation of wire rope
installations. Epoxy products provide a viable alternative for the field installation of wire
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rope into sockets. The epoxy products require tighter tolerances for the openings in the
sockets through which the wire rope must pass. Standard zincing can be reliable, but
does face galvanic corrosion problems in submerged or wet environments. The zinc
sockets must be poured in a molten state, which poses additional safety concerns. The
zinc method also is becoming more difficult to procure due to environmental
considerations around the zinc material. Generally, it is considered good practice that
end terminations have an efficiency of at least 1.0 or can develop strength at least equal
to the breaking strength of the rope. Spelter sockets have been utilized extensively on
inland navigation projects with good results. Poor spelter sockets occur from not
following proper procedures, poor wire rope preparation, and the joining of incompatible
materials. Submittal certification of the assembler of these connections is highly
recommended to avoid inexperienced field assembly. An example of this is the
socketing of stainless steel wire rope with stainless steel sockets. It has been found that
socketing stainless steel wire ropes with zinc spelter sockets is more sensitive to
technique than either galvanized or plain carbon steel sockets. Preheating the socket to
232° C, in addition to strictly following the rest of the procedure, was found to be critical
to ensure good distribution of the zinc with good contact and no voids. This is necessary
to ensure that the wire does not pull out of the socket prior, at a load less than the
breaking strength of the rope. Adherence to industry standards for proof testing to 200%
of the working load is considered good practice. This includes testing with end
connections.

(10) Any multiple wire rope system must have provisions for equalizing the
tension in a group of wire ropes. A turnbuckle arrangement is shown in Figure 2-45. A
wire rope tensioning device or proposed method of achieving the acceptable tension
criteria should be specified. Any tensioning procedure specified should be thorough to
ensure proper load sharing among the wire ropes. A typical tensioning procedure
should require each wire rope of each wire rope assembly be tensioned within 5%of the
mean tension for that assembly. In addition, the total load supported by the wire rope
assembly on each half of the hoisted component shall be shared equally. The load
sharing should not be less than 48% nor more than 52% of the total load supported by
the wire rope assemblies connected to the same gate component. Adjustments should
be repeated until the wire ropes and assemblies are within these specified limits. In
multi-wire rope applications, the designer should require all wire rope to be supplied
under the same supplier lot number to avoid variations in wire rope diameters as a
result of allowable fabrication tolerances. This is especially important in retrofit or repair
work where a limited number of wire ropes are requiring replacement. Unequal
tensioning and overloading might occur in the individual wire ropes during operation,
due to the difference in wire rope diameters, as the wire rope is collected onto the
drums.
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Figure 2-45. Wire rope turnbuckle arrangement

(11) Lubrication of carbon steel wire ropes is recommended for corrosion
resistance. Lubrication of stainless steel wire ropes is recommended to reduce damage
from abrasion and fatigue in bending.

m. Anchor Bolts.

(1) Anchor bolts should be designed for the maximum normal load and the locked
rotor torque criteria. Anchor bolt groupings should be de-rated for concrete shear cone
overlaps. All anchor bolts should be detailed on the contract drawings with type of
material, threads, head, depth of embedment, and any special grouting or adjustment
provisions.

(2) Anchor bolts, even those only for shear conditions, should have hooks, bolt
heads, chairs, or body deformations designed to resist pull-out to the limits of the bolt
tension rating. Anchor bolts should be installed with a weather-resistant template made
from the actual device to be anchored. The specifications should have detailed
requirements or tolerances for leveling the machinery on the anchor bolts, grouting, and
pre-loading the bolts.

n. Fused Bolts. Several types of lock-operating machinery include devices
designed to fail at a pre-determined load to prevent overloading of other machinery
components. The most successful method for performing this function is usually a fused
bolt or bolts. Fused bolts can be designed to fail in tension or shear fairly accurately.
Bolts fail most predictably in tension. A standard manufactured bolt, of a particular
manufacturing run of bolts from the same material stock, can be load tested to improve
the accuracy of a design. The designer, by calculating the approximate reduction in
nominal diameter of the bolt required to fracture at a specific load, can test bolts
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machined to the reduced diameter to failure. Similar methods can be applied to shear
connections made by bolts. The designer must be careful to ensure that the
maintenance personnel realize that replacement of the bolts with bolts of the same
material and dimensions is critical. It is dangerous to replace these types of bolts with
larger, stronger bolts, because of re-occurring failures. Regular failure indicates another
problem with the machine or the original design load criteria. Larger bolts could move
the failure to a more critical design component. It is important never to use these
devices on a gate that can fall, causing damage to the structure. Fused bolts have been
used successfully on many miter gate machine items, such as operating struts and cone
brakes.

0. Keys, Pins, and Splines. Keys, pins, and splines are important connections in
lock-operating machinery designed to transmit power and motion to the gate. Keys and
keyways should be designed in accordance with ASME B17.1. With rare exceptions,
these items should be fashioned for the general design criteria, not for failure at or near
design operating loads. Any item that, by its failure, can cause a gate or machine to
free-wheel to impact with the concrete or steel structures should not be allowed to be
the weak link in the system.

2-3. Redundancy. Whenever possible and practicable, the design of gate-operating
equipment should include redundancy in the operating systems or interchangeability of
components to retain reliable operation.

2-4. Lubrication. The designer should review the guidance provided in EM 1110-2-
1424 for the proper selection of oils, greases, and fluids.
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CHAPTER 3
Hydraulic Drives

3-1. Description and Application. Hydraulic fluid power systems generate, transmit,
control, and apply hydraulic fluid to devices that perform work. Power is generated by a
hydraulic power unit (HPU) consisting of one or more pumps, valves, and controls
mounted on a fluid reservoir. Pipe, tubing, hose, and manifolds transmit the fluid to the
output devices. Valves control the direction, pressure, and volume of the fluid flow.
Actuators, such as hydraulic cylinders and hydraulic motors, are the typical output
devices. Hydraulic fluid power output devices often are used to operate lock gates,
spillway gates, and culvert valves. The Unified Facilities Guide Specifications (UFGS)
provide detailed assistance in the preparation of contract specifications of hydraulic fluid
power systems, (Section 41 24 26 Hydraulic Fluid Power Systems and Section 41 24
27.00 10 Hydraulic Fluid Power Systems for Civil Works Structures). Other industry
design standards covering hydraulic fluid power systems include NFPA and ISO. Many
European-based companies primarily use the DIN (German) Standards.

3-2. Hydraulic Systems. There are two basic types of hydraulic systems: open circuit
and closed circuit.

a. Open Circuit Systems. Open circuit systems generally have a high-pressure
supply line from the pump to the actuator and a low-pressure return line from the
actuator to the reservoir. The reservoir is vented to atmosphere and breathes as the
reservoir level changes due to the volume differential from stroking a linear actuator
(cylinder). Open systems usually have a directional valve and continue to circulate the
fluid when in neutral. Open systems have been the most common type used on locks.
They are generally less complex, have wide industry support, and one pump system
can handle multiple actuators. In general, hydraulic system designs for locks are
variations of open circuit systems. These variations include: centralized power unit
design, local power unit design, dedicated power unit design, and integral power unit
design. There are a number of other variations of these systems including adaptations
for spillway gates. A typical centralized system has a single power unit location with
piping and valves transmitting the fluid power to different locations. A typical local power
unit design places an individual power unit near the actuators to be operated at one
corner of the lock. A typical dedicated power unit design has a single power unit
adjacent to each actuator. An integral power unit design has a dedicated power unit
attached to each actuator to form a single, self-contained actuator.

(1) Centralized Power Unit. A typical centralized system has the power unit
located in a lock control building or shelter above the flood of record. The building
usually is located on the middle wall of a dual chamber lock, but can be on either wall of
a single chamber lock. An extensive piping system connects the power unit to the miter
gate and valve actuators. The piping system is installed in covered trenches or galleries

3-1



EM 1110-2-2610
30 Jun 13

on each wall and in crossovers to adjacent walls. A typical arrangement for dual
chambers consists of a reservoir and three electric motor-driven variable volume
pumps. Two pumps are selected for service and one for backup on a monthly basis.
The two-variable volume service pumps operate in tandem and can supply multiple
actuators on both chambers at the same time. Proportional valves normally are used to
provide variable speed control of the miter gates. A typical arrangement for a single
chamber has two separate power units, with each dedicated to the actuators on one
lock wall. The two power units are adjacent to each other for cross-connection. Cross-
connection of the main pressure, pilot pressure, and return piping system allows the use
of either system as backup for the other during malfunctions. Under normal operating
conditions each power unit will operate one miter gate or one culvert valve. If one
pumping system is damaged, the remaining system can operate two miter gate leaves
or two culvert valves at a reduced speed by pumping through the cross-connection
system to the appropriate control system. The principal advantages of centralized
systems are reduced initial cost of power units, centralized maintenance, and smaller
space requirements on the lock walls. The principal disadvantages are increased cost
for piping, increased piping friction, cost for lock piping crossovers, high vulnerability to
leakage, reduced speed/load capacity during backup operation or extremely cold
weather conditions, and increased noise level when in a control building.

(2) Local Power Unit. A typical local system has a power unit at each corner of
the lock walls. Each unit is used to operate the adjacent miter gate leaf and culvert
valve. It often is deemed prudent to furnish each power unit with an extra main pressure
pump, mounted on the same reservoir, to provide backup power. The principal
advantages of the local system are a reduction in initial cost of piping, reduced piping
friction, no cost for piping crossovers, reduced leakage, and lower noise levels in
personnel areas. The principal disadvantages are increased initial cost, decentralized
maintenance, no special provisions for flood protection, and larger total space
requirements.

(3) Dedicated Power Unit. Dedicated power units take the local system approach
even further. A typical dedicated system has a separate power unit at each miter gate
and each culvert valve. Each power unit normally is dedicated to operate its adjacent
miter gate or culvert valve cylinder, but it also can be cross-connected with another
nearby power unit to provide emergency backup. The principal advantages of the
dedicated system are a reduction of initial cost of piping, reduced piping friction, no cost
for piping crossovers, reduced leakage, full speed/load capability during backup
operation, and lower noise levels in personnel areas. The principal disadvantages are
increased initial cost, decentralized maintenance, no special provisions for flood
protection, and larger total space requirements.

(4) Integral Power Unit. An integral power unit features a hydraulic system that
combines a hydraulic power unit with a hydraulic cylinder to form a self-contained
actuator that is sealed and submersible. Instead of directional valving, integral power
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units utilize a bi-rotational gear pump mounted inside a sealed reservoir and driven by a
submersible electric motor attached to the reservoir. The speed and direction of the
cylinder rod are controlled by a variable frequency drive in the motor control center that
controls the speed and direction of the electric motor. The principal advantages of an
integral system are zero initial cost of piping, negligible piping friction, no cost for piping
crossovers, minimal leakage, quiet operation, low maintenance, submersible design,
and a reduction in total space requirements. The principal disadvantage is a
requirement to store at least one backup spare actuator of each size used on the lock.
See Chapter 4 for additional information and photographs.

(5) Compact Hydraulic Drive Unit. Recently introduced in Europe, a compact
hydraulic drive (CHD) unit is similar to an integral power unit, except it is not attached to
the actuator it operates. The compact modular unit is mounted near the actuator and
connected with a pipe or hose. A CHD also utilizes a sealed reservoir with a variable
frequency drive for speed control. Quick-release hydraulic couplings and electrical plugs
permit speedy replacement.

(6) Spillway Gate Power Unit. Spillway gate power unit design should be a
function of the maximum normal operating requirements of the dam. A centralized
system might be adequate where only one or two gates need to be moved in a single
operation and the length of piping is manageable. A local system, with each power unit
serving several gates, can be used for situations such as hydraulic-operated wicket
gates. Dedicated systems would be the most practical solution for large dams with
many simultaneous operations or remote-control capabilities.

b. Closed Circuit Systems. In a closed circuit, hydraulic fluid is returned from the
actuator directly to the pump. Closed circuits generally are used only in applications with
a rotary actuator or hydraulic motor. These systems have a high- and low-pressure side
and a small sealed reservoir to collect pump and motor leakage. Leakage normally is
returned to the system by an auxiliary pump. Closed systems are limited to one pump
per actuator applications. Closed systems have been widely used for mobile hydraulics,
but their application to locks that generally use linear actuators or cylinders is limited.

3-3. Component Parameters. Hydraulic system components generally are specified by
parameters of flow rate, pressure rating, and optional features. Pressure and flow
volume are intimately related to temperature and viscosity of the hydraulic fluid. The
system design operating pressure can be best determined by requirements for
reliability, efficiency, safety, maintainability, and life cycle cost analysis. The system flow
rating generally is based upon the required gate operating times. Gate operating times
should be computed on the basis of established experience and safety considerations.

a. System Operating Pressure. Design system operating pressures usually are
determined by balancing the requirements of the hydraulic pump, the hydraulic actuator,
the piping friction, the control valve ratings, and the potential for shock loading. Typical
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operating pressures for centralized power units are 14 MPa (2000 psi) or less. Typical
operating pressures for local, dedicated, or integral power units are 21 Mpa (3000 psi)
or less. Many modern piston pumps are capable of trouble-free operation up to 34.5
MPa (5000 psi) for the volumes needed for lock and spillway service. Increased system
pressure, however, increases the risk of leakage and the size of some transmission
components. Increased size translates to increased life-cycle costs. Bending and/or
buckling loads often will govern when sizing the cylinders (bore and rod diameter),
which sometimes reduces the required operating pressure.

b. System Component Ratings. The manufacturer’s published pressure, volume,
friction, temperature, and fluid compatibility ratings should be used for selection of all
system components. They should have a normal minimum pressure rating equal to at
least twice the maximum normal operating design pressure. Components should be
specified to deliver the maximum design volume flow rate at a cumulative pressure loss
of less than 1 MPa (150 psi), including main system valves, piping, hose, filters, and
manifolds. The operating temperature ranges of hydraulic system components and the
oil used are important considerations because parts of the system normally are located
in machinery trenches and subject to ambient temperatures.

3-4. Hydraulic Cylinders. Hydraulic cylinders convert fluid power to linear motion. The
three basic types of hydraulic cylinders used in typical lock-and-dam machinery
applications are the tie rod type, telescoping type, and mill type.

a. Types of Cylinders

(1) Tie Rod Cylinders. Tie rod cylinders are commonly used in sizes below 10-in.
bore. These cylinders are more prone to problems caused by field maintenance than
other types of cylinders. They typically are designed for lower overall pressure
requirements than the mill type cylinder.

(2) Telescoping Cylinders. These cylinders are commonly used in situations,
similar to an elevator, where installation space is limited and loading is relatively minor
but the cylinder stroke required is very long. Because each stage of the cylinder must
be enclosed within another stage, the available force is limited.

(3) Mill Type Cylinders. Mill type cylinders generally are rated for the higher
pressures than the other designs. The cylinder heads generally are mounted with bolts
or cap screws. Most main operating systems should be designed for this type of
cylinder.

b. Cylinder Features. All hydraulic cylinders should be provided with SAE four-
bolt flange connections for the supply ports at the top or side of each end. All cylinders
should be furnished with air bleeds and oil drains at the high and low points,
respectively, at each end. All cylinders should be provided with zero-leakage sealing
systems to prevent drift and environmental contamination. All piston rods should be
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either nickel chrome-plated steel or chrome-plated stainless steel. All cylinder mounting
features, including trunnions, should be attached by the manufacturer at the factory.
The cylinder stroke should be designed with sufficient overtravel to facilitate installation
tolerances for proper adjustment. The cylinder rod should be designed with a minimum
factor of safety of 3.0 to resist a buckling load under compression. Optional features
may be obtained with the initial purchase of cylinders. The cylinder may be furnished
with local control manifolds mounted directly to the cylinder, adjustable cushions to
assist in deceleration when approaching the stoke limits, and stop tube or double
pistons to assist in resisting side loading of the piston rod.

c. Packaging for Shipping, Handling, and Storage. All cylinders shall be
packaged for the maximum storage time and conditions anticipated under the contract
duration, including shipping conditions. Cylinders should be shipped with the piston
rod(s) retracted and restrained from movement. The contractor shall follow the
manufacturer’'s recommendations for cylinder storage and maintenance while stored.
Unless specified otherwise by the manufacturer, cylinders stored horizontally should be
rotated 90 deg every six weeks. Periodic rotation isn’t required for cylinders stored
vertically with the rod up. Small cylinders shipped without oil shall have a vapor phase
inhibitor added to prevent corrosion, and then be flushed and filled with clean system
fluid before being put into service. Large cylinders should be shipped from the
manufacturer, filled with the required system fluid and remain filled with fluid while in
storage. Temporary accumulators, stand pipes, or similar expansion devices should be
installed by the manufacturer before filling to accommodate oil expansion due to
temperature changes during shipment and storage.

3-5. Hydraulic Motors. Hydraulic motors convert fluid power into rotary motion.
Pressurized fluid from the hydraulic pump turns the motor output shaft by pushing on
the gears, pistons, or vanes of the hydraulic motor. Hydraulic motors can be used for
direct drive, where sufficient torque capacity is available, or through gear reductions.
Most hydraulic motors must operate under reversible rotation and braking conditions.
Motors often are required to operate at relatively low speed and high pressure. Motors
can experience wide variations in temperature and speed in normal operation. There
are three types of hydraulic motors: gear, piston, and vane.

a. Gear Motors. Gear motors are compact, basic in design, provide continuous
service at rated power levels with moderate efficiency, and are reliable with high dirt
tolerance. There are several variations of the gear motor, including the gerotor,
differential gear motor, and roller-gerotor; all produce higher torque with less friction
loss.

b. Piston Motors. The most common type of motor available is the axial piston
type. Axial piston motors have high volumetric efficiency, which permits steady speed
under variable torque or fluid viscosity conditions. This permits the smoothest, most
adaptable approach to variable loading conditions. Axial piston motors are available in
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two types of design, swash plate and bent axis. The swash plate design is the most
commonly available hydraulic motor. The bent axis design is the most reliable and the
most expensive. Radial piston motors are extremely reliable, highly efficient, and rated
for relatively high torque. Radial piston motors are less commonly available, which
might require extensive investigation into availability to insure adequate procurement
competition. All piston motors are available in fixed and variable volume versions.

c. Vane Motors. Vane motors are compact, simple in design, reliable, and have
good overall efficiency at rated conditions. Vane motors use springs or fluid pressure to
extend the vanes. Vane motors generally use a two- or four-port configuration. Four-port
motors generate twice the torque at approximately half the speed of two-port motors.

3-6. Hydraulic Pumps. Hydraulic pumps convert electrical energy into fluid power. The
fluid power is in the form of hydraulic fluid delivered to operating devices at a pressure
and volume required to perform the work of the system. Gears, pistons, or vanes are
used to compress the hydraulic fluid to the conditions required by the system. Hydraulic
pumps generally operate at higher speeds and pressures than hydraulic motors without
significant thermal shock, speed, and load variations. While some systems use
reversible pumps, most lock operating systems use a unidirectional pump with a
directional control valve to reverse the operation of the actuators. Hydraulic pumps
generally have three basic types: gear, piston, and vane.

a. Gear Pumps. The gear pump is a simple, rugged, positive-displacement
design with a large capacity for a small size. Gear pumps have a high tolerance for fluid
contamination, good overall efficiency, and are relatively quiet. While these pumps are
fixed volume at a given rpm, their flow rate/rpm characteristics are linear within their
efficiency ranges. Speed and direction control of an actuator therefore can be provided
by driving a reversible gear pump with a variable speed electric motor, which makes
them ideal for integral type power units. Gear pumps also are commonly used for pilot
pressure applications. Gear pumps generally are restricted to less than 24 MPa (3500
psi) service.

b. Piston Pumps. The piston pump is the type most often recommended as the
main pressure pump for hydraulic power systems. It has the highest volumetric
efficiency, highest overall efficiency, highest output pressures, and longest life
expectancy. This type of pump is available in variable displacement models with a large
variety of control systems for pressure and capacity. It is recommended that the drive
motor speed be designed for 900 to 1200 rpm, if possible, in order to reduce noise and
increase pump life. Piston pumps generally are restricted to less than 42 MPa (6000
psi) service.

(1) Axial Piston Pumps. Axial piston pumps are used for high-pressure and high-

volume applications. The two basic types of axial piston pump are the swash plate and
the bent axis designs. The bent axis design is considered to be a higher quality pump
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with less noise, vibration, and wear than the swash plate design. Swash plate pumps
can be designed to drive a separate pilot pressure pump from a shaft extension, while
bent axis pumps will require a separate electric motor/pump arrangement for pilot
pressure.

(2) Radial Piston Pumps. Radial rolling piston pumps are an extremely reliable,
simple design. A typical design includes solenoid controls for up to five discreet
operating speeds. Each of the operating speeds has a variable adjustment range from
zero to full volume capacity to permit field adaptation to operating conditions. The
typical pumping system includes an integral pilot pump, internal pressure relief valves,
and associated control devices for speed of shifting between pumping rates.

c. Vane Pumps. Variable volume vane pumps are efficient and durable, as long
as a clean hydraulic system is maintained. In a simple circuit, the pressure
compensation feature of the vane pump reduces the need for relief valves, unloading
valves, or bypass valves. Vane pumps generally are restricted to less than 14 MPa
(2000 psi) service.

3-7. Control Valves. Various types of valves are used to control pressure, volume, and
direction of fluid flow in a hydraulic circuit. Typical operating elements of these valves
are poppets, sliding spools, springs, stems, and metering rods. Valves can be controlled
manually (i.e., with a hand wheel, lever, joystick, etc.), mechanically (with a cam, roller,
toggle, etc.), hydraulically (with pilot pressure), or electrically (with a Linear Variable
Differential Transformer, solenoid, etc.).

a. Circuit Types. Control valves are used in two basic types of hydraulic circuits:
closed loop and open loop.

(1) Closed Loop Circuits. Closed loop circuits use a feedback system that
generates input and output electrical signals to track system performance. The
electronics compare the input and output signals on a continuous basis in order to
automatically adjust the system to the level of performance required. Control valves for
closed loop circuits are typically proportional and servo-valves. Proportional valves are
also used in open loop circuits.

(2) Open Loop Circuits. Open loop circuits rely upon the performance
characteristics of the individual valve components to meet the system requirements.
Basic pressure control valves, flow control valves, and directional control valves are
used to alter the pressure, flow, and direction of the fluid power using only simple
electrical solenoids for control in an open loop circuit.

b. Valve Types. The following valve types can be used on either open or closed
loop circuits, although the servo-valve is typically used in closed loop circuits.
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(1) Proportional Valves. These valves can assume any position between their
minimum and maximum settings in proportion to the magnitude of an electrical input
signal. They can control direction, flow rate, and pressure. Because they can assume
multiple positions, the directional valve spools can be designed to throttle the flow rate
in each direction of motion. Actuator force or torque can be controlled by varying the
pressure. Pressure is often a function of actuator speed in lock-and-dam operating
equipment. Where pressure cannot be related to actuator speed, pressure control
valves must be used in the circuit. Proportional valves are mass produced with
interchangeable spools and valve bodies. This can lead to slight misalignment, which
results in center position overlap or no flow to the outlet ports. This flow deadband,
while not a problem in flow control type circuits, can cause errors and instability in
closed loop feedback positioning circuits.

(2) Servo-Valves. Servo-valves are made to closer tolerances than proportional
valves. These valves have superior response, repeatability, and threshold response.
They are, however, considerably more expensive than proportional valves.
Repeatability is a measure of the number of times a valve can produce the same flow
rate with repeated signals of the same magnitude. Threshold response is the smallest
variance in input signal that produces a corresponding change in the flow rate.
Meticulous construction is required to produce precise alignment of the spool lands with
the valve body ports. The higher cost of servo-valves usually is justified when more
sophisticated performance requires a high load stiffness, good stability, precise
positioning, good velocity and acceleration control, good damping, and predictable
dynamic response.

(3) Pressure Control Valves. Pressure control valves are used in hydraulic
systems to control power and to determine pressure levels at which various operations
or actions can occur. Pressure control valves can limit the maximum pressure in a
circuit, reduce pressure levels from one part of the circuit to another, provide alternate
flow paths for fluid at selected pressure levels, provide resistance to fluid flow at
selected pressure levels, and modulate transient pressure shock in a hydraulic circuit.
Pressure control valves include pressure relief valves, sequence valves, counterbalance
valves, holding valves, unloading valves, reducing valves, and shock suppressors. All
these valves have some method of pressure setting adjustment. Valves operating in
enclosed areas should be furnished with key-locked handles to discourage casual
adjustment. Valves exposed to weather, such as in grated pits, may be furnished with
lock nuts to maintain final settings.

(a) Pressure Relief Valves. A pressure relief valve limits upstream pressure to a
preset value by returning part, or all, when sized correctly, of the fluid flow to the
reservoir until the upstream pressure drops below the relief setting. The two principle
types of pressure relief valves are the spool type and the poppet type. The poppet type
has the shorter response time, but the spool type has more stability and accuracy of
operation and adjustment. Most main pressure relief and pilot relief valves should be the
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balanced piston (spool) type with an appropriate adjustable pressure range. Pressure
relief valves should be furnished for the main pressure pump, pilot pressure pump, and
each actuator line between the directional valve and actuator inlet ports.

(b) Sequence Valves. Sequence valves direct flow to a circuit in a predetermined
logical sequence by sensing that adequate pressure has been developed in one circuit
before allowing flow in another. Sequence valves might have to actuate two or more
spools or poppets to connect primary and secondary passages. Sequence valves
generally are used in circuits where one actuator must complete its operation before
another actuator, at a higher pressure, can begin its operation.

(c) Counterbalance Valves. A counterbalance valve is a normally closed pressure
control similar to a relief valve, but has a reverse free-flow check valve. Counterbalance
valves are used to control an overrunning or overhauling load. They commonly are used
on culvert valve control circuits to prevent the open valve from drifting downward when
main pump pressure has been blocked by the directional control valve. Counterbalance
valves can be used with an internal pilot or a remote pilot actuation. Using a remote pilot
can significantly reduce the power required to lower the load at a controlled rate.
Selecting the proper pilot ratio for a given application is important. In general, higher
pilot ratios are suitable for stable and constant loads, while lower pilot ratios are suitable
for unstable and varying loads.

(d) Holding Valves. A holding valve is basically a special type of counterbalance
valve, functionally similar to a pilot-operated check valve. Pilot-operated check valves
trap fluid to prevent actuator movement but, during actuator travel, produce little
resistance. Counterbalance valves, in addition to preventing movement, add resistance
during travel, which increases the power required to operate. Holding valves avoid the
objectionable features of both the counterbalance and pilot-operated check. Holding
valves also provide built-in thermal-relief protection.

(e) Unloading Valves. The straight unloader and the differential unloader are two
basic types of unloading valves. The straight unloading valve is a two-stage relief valve
with its pilot port connected externally to a separate signal source. The differential
unloading valve operates on an area differential between the control poppet seat and a
pilot piston of 10 to 20%. Unloading pressure is controlled by the spring force on the
control poppet. The pilot piston is actuated by external pilot pressure such that it
unseats the poppet at a preselected pressure. When the poppet opens, the main valve
spool shifts to the open position. The pilot piston then prevents the poppet from
reseating until the pressure drops below the required differential.

(f) Reducing Valves. A reducing valve is a normally open valve that modulates,
or blocks, flow at a preset pressure. They control downstream pressure by restricting
flow due to the positioning of the spool, with respect to the outlet port.
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(g) Shock Suppressors. Sometimes called safety valves, shock suppressors are
two-way valves that snap open to relieve hydraulic shock. Hydraulic shock is an
excessive pressure applied instantaneously to the circuit. When high-pressure, high
flow rate events occur, the two-way valve snaps open to allow the fluid to pass from the
inlet to tank. The small amount of fluid bypassed decreases the rate of pressure rise,
thus, preventing the shock.

(4) Flow Control Valves. Flow control valves are used to control the rate of fluid
flow from one part of the hydraulic system to another. These valves can be used to:

Limit the maximum speed of the actuating devices;

Limit the maximum power available to sub-circuits;

Proportionally divide or regulate the flow to different branches of a circuit;
Control the speed of pilot-controlled valves.

Flow control valves operate in three general configurations, meter-in, meter-out, and
bleed-off. Meter-in and meter-out methods use a throttling approach to restrict the size
of the fluid path, while bleed-off bypasses the flow to tank or a lower pressure area of
the circuit. Flow control valves can be compensated or non-compensated.
Compensated valves automatically adjust to provide uniform pressure drop across the
valve to furnish constant flow rates.

(a) Meter-in Circuits. Meter-in flow controls should be used when the load might
kick back, the circuit power or pressure level must be retained when the actuator
pressure level falls off, and for dividing flows to multiple branch circuits.

(b) Meter-out Circuits. Meter-out flow controls should be used when the load is
overhauling or overrunning, the load can decrease causing lunging, and when a back
pressure is desired for rigidity in motion.

(c) Bleed-off Circuits. Bleed-off flow controls should be used when a soft circuit is
desired, and when the power to be controlled is a fraction of the circuit power to the
actuator.

(5) Directional Control Valves. Directional control valves, by providing a choice of
flow paths, do one or more of the following:

e Control direction of actuator motion;
e Select alternate circuits;
e Perform circuit logic functions.
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The check valve is the simplest of all directional controls. Other directional controls are
described by the number of primary ports available for control. They usually are referred
to as two-way, three-way, or four-way valves.

(a) Check Valves. Check valves can be used for a wide variety of functions in a
circuit. They can be used to prevent flow in one direction, while permitting free flow or
pilot-controlled flow in the other. They can be piloted externally to provide an actuator
locking function. They can be used in pilot lines to provide rapid release of a pilot-
operated spool.

(b) Two-Way Directional Valves. Two-way valves generally are used to perform
logic functions such as AND, OR, and AND/OR decisions. These valves allow flow in
one position and no flow in the other. These valves can be in the normally open or the
normally closed position until actuated by levers, solenoids, pilot pressure, etc. Two-way
valves can be used to perform interlock or safety functions.

(c) Three-Way Directional Valves. Three-way valves have a pressure supply port,
a tank port, and one actuator port. These valves generally are used with an actuator
designed with springs or other means of returning to a rest position, because they can
address only one actuator inlet port. This type of valve generally is not recommended
for normal lock-and-dam machinery design, because it is important to use pump flow to
control operation in both directions of travel.

(d) Four-Way Directional Valves. The typical directional valve used on lock-and-
dam projects is the four-way, three-position, directional valve. This valve has four main
ports: main pressure, tank, actuator A, and actuator B. This permits the valve to reverse
actuator direction in a controlled manner with the main pump flow. These valves can be
furnished with a wide variety of spools for controlling flow. The directional control valve
is usually the single greatest pressure loss point in a hydraulic circuit. Therefore, to
minimize system losses, it is customary to design this valve for 1.5 to 2.0 times the
maximum system flow rate.

(e) Spools. The typical spool used for modern lock-and-dam hydraulic systems is
the blocked center, solenoid-controlled, pilot-operated, spring-centered type spool. This
type of spool is used successfully in hydraulic systems that can be operated remotely
with a series of interlocks to prevent conflicting machinery behavior. A solenoid-
operated pilot pressure four-way valve applies pilot pressure to shift the pilot-operated
spool in the main pressure four-way valve. The pilot pressure to each side of the spool
usually is passed through a combination flow control-reverse free flow check valve to
permit adjustment of main pressure spool actuation speed. The spring-centered feature
is used in the pilot valve and the main pressure valve, to return the system to blocked
center when the solenoids are not energized to permit machinery operation. The
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tandem center-type spool has been used with some success, when proper pressure
control valves are included in the circuit to prevent actuator drift after main pressure
pump shutdown.

(f) Controls. Solenoid-controlled, pilot operators usually are used on the more
modern open loop-type systems to allow remote, or centralized, operation with
appropriate electrical or electronic interlocks. Direct solenoid-operated valves are
generally available in smaller flow rate capacities. All solenoids should be equipped with
manual operating pins for troubleshooting and emergency operation. Lever or other
manual-type operators should be used only on the most basic systems, or where
human observation of the operation from the local controls is essential.

c. Mounting Systems. Control valves should be mounted on steel block-type
manifolds. Manifold systems are economical, reduce leakage, minimize piping
fabrication costs, and reduce space requirements. See paragraph 3-9.

3-8. Reservoirs. A general rule for the initial sizing of a hydraulic reservoir is that it
should have a minimum capacity of approximately 3 times the maximum pump
discharge rate. The actual capacity required will be determined by other factors such as
the number and size of actuators served, long lengths of large diameter piping, or
excessive thermal expansion. Because the typical hydraulic cylinder has substantially
more fluid per length of stroke on the cap-end side than on the rod-end side (the rod
takes up volume as it retracts into the cylinder), more fluid will be returned to the tank
when a cylinder is retracted. Where multiple hydraulic cylinders are served, an analysis
of all potential operating cases (number of cylinders that can be extended or retracted at
the same time) should be performed to determine the maximum and minimum reservoir
levels required for the complete system. The reservoir should have sufficient capacity to
provide a flooded pump suction, without vortex formation, under all operating conditions.
After the reservoir size is determined, its heat dissipation capacity should be checked to
see if it is adequately sized to dissipate heat generated by the individual components of
the system and any ambient or solar heat gain. The reservoir should be fabricated from
annealed and pickled steel or stainless steel plate, designed for the loads applied by all
accessories and pumping equipment. Coating the interior of reservoirs not made of
stainless steel with an epoxy system is no longer recommended by many hydraulic
system manufacturers. The reservoir should be internally reinforced, as required, with
vertical baffles to separate the return oil from the pump suction. The baffles shall be
designed to prevent turbulence at the pump suction. External pumps are recommended
for ease of maintenance, and each pump/motor group should be mounted with vibration
isolators and connected with flexible hoses and conduit to prevent noise and vibration
transmission to the reservoir and fluid. If internal pumps are required, D-Flange motors
should be used to allow easy motor removal without removing the pump from the
reservoir. The reservoir should be provided with appropriate oil level gauges, low- and
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high-level shutoff switches, magnetic particle collector, drain valves, removable clean-
out plates for suction and return sides, suction filters (if required for pumping unit
design), breathers, and reservoir heaters (if required by the hydraulic fluid design).

a. Oil level gauges. Oil level gauges should be one or more sight gauges placed
to show the full normal operating range of fluid levels within the middle 80% of the
gauge range. The lowest sight gauge installed shall have a thermometer designed for
the maximum normal hydraulic fluid operating range.

b. Shutoff Switches. Float-type shutoff switches have proven reliable. Switches
can be provided to prevent low suction level and overfill, as well as issue alarms when
approaching fault conditions.

c. Magnetic Particle Collectors. These devices are permanent magnets
immersed in the hydraulic fluid that collect metal particles that can cause pump
damage. Periodic inspection and cleaning of these devices can be essential in the early
identification of pump wear problems.

d. Drain Valves and Cleanouts. Reservoir drain valves should be designed to
permit easy access for draining the hydraulic fluid to the bottom of the reservoir. This
includes placing the location well above the surrounding floor level sufficient to place a
disposal container of modest size for collection of the fluid. Cleanouts should be
properly sealed, bolted or clamped, and placed for easy access when in service.

e. Reservoir Heaters. Reservoir heat is not required for most installations. There
is a large number of viscosity stable hydraulic fluids, designed for aircraft and missile
service, that are usable with piston pumps at temperatures as low as —40°C (—40°F).
Where it is determined necessary, the reservoir heating elements should not exceed a
watt density of 1.5 W/sq cm (10 W/sq in.) of element in order to eliminate charring of the
fluid.

f. Breathers. Hydraulic systems typically use a replaceable filter-breather device
that permits atmospheric air to be drawn into the reservoir. These devices can be
furnished with a desiccant-type filter for moisture control. Recent experience indicates
the best method of breather protection for hydraulic systems in the damp, lock-and-dam
environment is the use of a bladder-type breather system. Where sufficient space is
available, a flexible bladder-type breather system, usually called a reservoir isolator,
should be used. Reservoir isolators recycle the air to and from the reservoir, sealing it
from dirt, water, and other contaminants. Water in the hydraulic system is one of the
primary reasons for hydraulic component failures. Water usually infiltrates the system
from the moisture in the air that is exchanged in the reservoir through the breathers. A
bladder is an elastomeric air chamber that is connected to the reservoir. The bladder
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expands and contracts as the air volume changes in the reservoir, eliminating the need
for a breather. Reservoirs using bladders should be pressure tested and equipped with
relief valves. Where installation of a reservoir isolation bladder is not available, use of a
desiccant breather may be employed, though frequent replacement of the desiccant
might be necessary in humid environments. Another option is to install the reservoir in a
climate controlled room with dehumidification.

g. Control Valve Manifolds. For convenience of adjustment and maintenance, it
is beneficial to mount any control valves associated with the pumping system on a
control manifold mounted on the reservoir. In some cases, the directional control valves,
pressure controls, and flow controls can be mounted on the reservoir to conserve
space.

h. Secondary Containment. Some method of secondary containment for the
contents of the fluid reservoir should be provided to eliminate spills and waterway
contamination. The reservoir can be specified as double-walled with leak detection
electronics between the walls. The reservoir can be contained within a containment pit
similar to aboveground fuel tanks with leak detection electronics within the pit. This is
required for any reservoir with direct drainage features to the waterway, such as floor
drains, sump pumps, or lock wall recesses. Oil/water separators may be used to treat
drainage prior to discharge into the waterway, but these devices should be tested
thoroughly prior to installation to ensure that the effluent meets all state and local
environmental pollution criteria.

i. Reservoir Types. Separate reservoirs and sealed reservoirs are two basic
types that should be considered.

(1) Separate Type Reservoirs. Separate reservoirs are the most common design
in industrial, or lock-and-dam, applications. A separate reservoir can be designed for a
single pump/motor group serving one or more actuators or multiple pump/motor groups
serving many actuators. Some dual chamber locks with centralized power units have
one reservoir supplying three pump groups (two of the three normally are used), which
operate all the actuators for both chambers. The three principal versions of separate
reservoirs are rectangular, L-shaped, and vertical.

(a) Rectangular Reservoirs. These types of reservoirs use a rectangular steel box
to hold the fluid and house the accessories. They can be designed with the pump
groups mounted on top, underneath, or inside the reservoir. A short suction line, with
top mounting, is required for each pump that extends below the minimum suction
submergence of the fluid. The pump groups are provided with a flooded suction, with
underneath mounting, which improves pump operating conditions significantly. The
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pumps are submerged, with inside mounting, in the fluid and the drive motors are
mounted vertically on top of the reservoir.

(b) L-Shaped Reservoirs. L-shaped reservoir packages have the pump groups
mounted next to the reservoir on a common base. This arrangement provides good
access to components for maintenance and repair.

(c) Vertical Reservoirs. Vertical reservoirs have the pump group in a vertical
plane with the pump below a removable reservoir cover. While this arrangement is
compact, with a low suction lift requirement, the size is limited by the requirement for
lifting the entire pump group, controls, and reservoir cover to service any equipment.

(2) Sealed Reservoirs. Sealed reservoirs primarily are used for the integral power
unit of a self-contained actuator, which consists of a power unit attached directly to the
hydraulic cylinder it operates. These actuators can be configured in different ways by
changing the shape of the reservoir and where or how it is attached to the cylinder. The
direct connected miter gate actuators recently installed on several locks have long,
slender reservoirs made from square structural tubing, bolted to brackets on the side of
the cylinder. Tainter valve actuators also have been designed with shorter reservoirs
made from round structural tubing and permanently welded to the rear of the cylinder
tube during fabrication. This arrangement allows the actuators to fit existing recesses
without modification. Sealed reservoirs have a pump mounted inside and a submersible
motor mounted outside. Since these reservoirs do not have breathers or accumulators,
the air pressure inside will vary with cylinder rod position and oil temperature. The
actuator should be designed so the normal pressure range in the reservoir is between 3
and10 psig. Care should be taken to make sure the pressure never goes below
atmospheric or above 30 psig.

3-9. _Manifolds. Pre-drilled steel manifold blocks have been extremely reliable for
connection of control valve assemblies in hydraulic systems. Manifolds provide short,
direct flow paths between controls, which reduce friction and response time. Aluminum
manifolds should not be used with steel piping or steel-bolted SAE flange connections
due to the localized yielding of the aluminum threads during installation, from shock,
and vibration. The specification should ask for detailed drawings of the drilled passages
of the steel manifolds. Sub-plate type control valves are directly mounted or stack
mounted to the manifold, and cartridge-type valves screw directly into the manifold,
eliminating excess piping and reducing leakage. Maintenance costs are reduced by
eliminating piping connections. Manifolds can be sensitive to filtration problems, but
proper preventive maintenance should yield excellent results. Test ports should be
specified where required to provide convenient gauge connections for adjustment and
troubleshooting. It is essential to specify that all manifolds should be furnished with as-
built fabrication drawings that document the dimensions and locations of all pre-drilled
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passages, including where fabricating passages have been plugged. A manifold,
properly prepared for long-term storage, of each different type should be included in the
spare parts.

3-10. Filters. Pressure-side and return-side filters should be provided on all hydraulic
power units. Spin-on pressure line filters, rated for full maximum discharge pressure of
the pump, should be furnished for the main supply and pilot supply pumps. A large,
multiple cartridge, return line filter should be mounted adjacent to the reservoir. Return
line filters should be the full-flow type, designed to pass all flow through the filtering
elements. Return line filters should, however, include a bypass relief valve system
designed to shunt flow around the filter after a pre-set pressure drop is exceeded.
Return line filters should be provided with a maintenance indicator that clearly shows
when the cartridges need to be replaced. All filters should be rated for the minimum
required by the manufacturer for the types of valves used. Modern proportional valves
can require a particulate filtration rating as low as 5 microns with a B filtration ratio of
4.0, in accord with ANSI B93.30M. The system must be designed such that all hydraulic
fluid passes through one or more of these filters during installation, testing, and normal
operation. A 200-mesh suction strainer should be used on hydraulic pump inlets only
when required by the pump manufacturer.

3-11. Accumulators. Accumulators store hydraulic energy in a manner similar to
electric storage batteries. They store potential energy by accumulating pressurized
hydraulic fluid in a vessel for later release into the system. Accumulators can improve
energy efficiency, absorb shocks, damp pulsation, reduce noise, prevent pump
cavitation, compensate for leakage or thermal expansion, and provide emergency
operation capability. Accumulators are nominally designated by their energy storage
mode, either pneumatic, spring loaded, or weight loaded.

a. Pneumatic Accumulators. Pneumatic accumulators use compressed inert
gas, such as nitrogen, to force hydraulic fluid back into the hydraulic system.
Compressed air is not used due to the danger of explosive air-oil vapor. Accumulators
should be the separated type that uses bladders, diaphragms, or pistons to separate the
hydraulic fluid from the compressed gas. Bladder designs are the most versatile.

b. Spring-loaded Accumulators. These accumulators use a spring compressed
by a piston to force fluid into a hydraulic circuit. They typically are used for energy
storage in applications below 3.5 MPa (500 psi) and are not recommended for shock
absorption.

c. Weight-loaded Accumulators. These accumulators use a heavy weight to
push the piston down, forcing fluid into the circuit. They are typically very large, with
installation and maintenance problems, and, therefore, not recommended.
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3-12. Piping. All piping, including tubing and flexible hose assemblies, should be
designed for a factor of safety of 8, based upon the maximum normal operating
pressure. This should provide adequate design tolerance for shock and vibration.
Proper design of hose assemblies should include adequate length, swivels, end
connections and outer coverings to account for exposure to the environment, equipment
movement, and adjacent hazards. Black steel pipe should be furnished in the pickled
and oiled condition. Stainless steel pipe, however, has been found economically
justifiable on a life cycle cost basis, with reduced maintenance and leakage due to
corrosion. Hydraulic tubing can be used for diameters below approximately 40 mm (1-
1/2 in). Hydraulic tube fittings should be swaged type or flare type. Bite-type tube fittings
should not be used. All pipe hangers should be furnished with phenolic shock-absorbing
inserts to accommodate hydraulic system shock and vibration.

a. Required Design Features. All piping systems shall have air bleed valves at
the high points in the system. All piping systems shall have drain valves at low points in
the system. An analysis should be performed at sufficient intervals to locate shutoff
valves in the piping system and to permit localized drainage of piping for pipeline
repairs. Gauge and pressure transducer connections should be furnished at appropriate
locations for future system troubleshooting. Piping shall be tested to the maximum
normal working pressure rating of the pipe, tubing, or hose in the system.

b. Fluid Velocity Requirements. Main pressure lines should be designed for a
velocity of 3 to 4.5 m/sec (10 to 15 ft/sec). Hydraulic return lines should be designed for
a velocity no greater than 3 m/sec (10 ft/sec). Pump suction lines should be designed
for a velocity of 0.6 to 1.5 m/sec (2 to 5 ft/sec). Pilot and drain lines should be designed
for a velocity of 3 to 4.5 m/sec (10 to 15 ft/sec).

c. Piping Layout. The piping system should be arranged to permit convenient
removal of all valves, pumps, filters, actuators, and associated appurtenances. Shutoff
valves should be placed around equipment that might need to be removed from the
circuit for service. Piping should be sloped slightly to encourage complete drainage
during servicing. Expansion and contraction should be considered in any design with
long pipelines, with the inclusion of accumulators and hoses as required.

d. Hydraulic Tubing. Tubing is specified by outside diameter and wall thickness.
Commercially available tubing is clean and easy to bend. Tubing provides easier
installation, and fewer fittings are required. Stainless steel and carbon steel tubing is
available in welded and seamless versions. Some difficulty has been encountered with
the application of tube fittings to tubing above 40 mm (1.5 in.) outside diameter.

e. Hydraulic Hose. Hydraulic hose should be used to connect hydraulic
components for which relative motion, or thermal expansion, must be accommodated.
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Hose is specified by inside diameter and type of construction. Hose has three basic
parts: the tube, which is the inner liner that carries the fluid; the reinforcement. which is
the part that covers the inner liner with woven, braided, wrapped, or spirally-wound
materials for strength; and the cover, which is the exterior material that protects against
abrasion, chemicals, weather, and ultraviolet rays. Hydraulic hose should be specified
as indicated in SAE J517. Plastic hose is lighter, smaller, and lower in electrical
conductivity than synthetic rubber hose. Plastic hose is inert to most chemicals,
hydraulic fluids, and ozone. Rubber hose is more resilient and flexible.

f. Piping Fittings. Most piping system leaks occur at fittings or at the connection
of fittings with valves, pumps, manifolds, or actuators. Leaks generally are caused by
shock, vibration, thermal expansion/contraction. or human impact at joints. Piping
fittings should match the type of pipe system in use, such as butt-weld, socket welded,
swaged or flare tube, and swaged or crimped hose. Swivel fittings should be used with
hydraulic hose to avoid crimping and adverse bending. Quick disconnect couplers,
which incorporate check valves to shut off flow, can be used for infrequent or
emergency connection of equipment to the hydraulic system. Threaded fittings were
once common on old locks with low system pressures. Since threaded fittings are prone
to leakage, even at very low pressures, they are inappropriate for modern high-pressure
hydraulic systems.

3-13. Hydraulic Fluid. Hydraulic fluid generally is selected for compatibility with the
main hydraulic pumping unit. The operating range of the pump is the primary
consideration for system performance. Most normal operating systems, which
experience widely variable temperature and climate conditions, require the use of a
petroleum-based fluid with a high viscosity index (VI). The permissible viscosity range
varies with different manufacturers and types of pumps. Hydraulic fluids are covered in
EM 1110-2-1424. The physical characteristics, quality requirements, use of additives,
and types of hydraulic fluids are discussed in EM 1110-2-1424, Chapter 4. The EM has
requirements for biodegradable hydraulic fluids that are discussed in Chapter 8.
Hydraulic system cleanliness codes, oil purification, and filtration are discussed in
Chapter 12.

3-14. Gauges. All systems should have properly sized pressure and temperature
gauges at locations near important system operating equipment such as the pumps,
pressure control valves, actuators, and directional control valves. Pressure gauges
should be rated for the maximum operating pressure of the system. Gauges with
smaller scale ranges have, in general, higher accuracy. Manual pressure gauges should
have minimum intermediate graduations of 0.35 MPa (50 psi). Pressure gauges are
essential for proper troubleshooting of system performance. All pressure gauges should
be provided with pressure snubbers, to protect against shock. Shutoff valves should be
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used to isolate the gauges until readings are required. Glycerine-filled pressure gauges
are not required, unless severe vibration is expected at the gauge location.

3-15. Special Design Considerations and Lessons Learned.

a. Hydraulic Power Units. Conventional power units should be located in areas
that are not accessible to floodwaters. They can be placed in galleries, sealed pits,
buildings, or on platforms that are protected from the flood of record, with appropriate
freeboard. While submersible power units are available in some smaller sizes, they are
a proprietary item. Secondary containment features, such as dams, pits, and piping
penetration seals, should be coordinated with the structural design features. Secondary
containment monitoring should be coordinated with the electrical control and power
supply design.

b. Directional Control Valves. Close coordination with the electrical controls
designer is necessary when using proportional or servo-valves to provide feedback
control. Chapter 12 discusses power and control concerns for hydraulic systems.

c. Pressure Control Valves. Pressure control valve settings should be evaluated
for the maximum setting that will cause damage to the gate. This could cause an
increase in operating time, but will prevent frequent damage to expensive repair items.
Structural design items generally have lower factors of safety than the mechanical
equipment. Pressure relief settings should protect all equipment in the system, including
the gate.

d. Pressure Transducers and Gauge Ports. Pressure transducers can be used
to report, or record, pressures at key locations in the hydraulic system for
troubleshooting purposes. Transducers can report to a programmable logic controller or
personal computer. Gauges can be used for less sophisticated control systems for
which performance evaluations will be done manually. Push-to-read gauge devices
permit quick installation of portable gauges.

e. Hydraulic Cylinders. Most applications require coordination between the
electrical control system and the cylinder design to provide accurate position sensing for
the gate operations. The complexity of the position sensing system is dictated by the
complexity of the control system. Fully automated operations require sophisticated
systems. The actual length of stroke, or orientation of the cylinder, can restrict the type
of system that will give accurate indication.

f. Cylinder Tubes and Rods. Guide specifications indicate cylinder tubes should

be American Society for Testing and Materials (ASTM) A519 Grade 1018 heavy wall
seamless tubing. However, cylinder tubes fabricated from one-piece AISI 4340 steel
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with one-piece ASTM A36 steel trunnions have given satisfactory service for hinged
crest gates. The most common problem occurring with hydraulic cylinders has been the
leakage of hydraulic fluid. This generally is caused by corrosion and scoring of piston
rods. For this reason, the material and finish of the piston rods must be matched to the
conditions in which the cylinder will be used. Various piston rod coatings have been
developed for resistance to corrosion and abrasions. The guide specifications indicate
piston rods should be either carbon steel (ASTM A108 Type C 1045 or Type CR 4140)
with nickel and hard-chrome plating or stainless steel (ASTM A564/A564M or ASTM
A705/A704M, Type 630, or Type XM-12), heat treated to a condition of H-1150 and
hard-chrome plated. Ceramic-coated rods are no longer allowed due to corrosion
failures at several locks caused by the inherent porosity of ceramics, detailed in the
Engineering and Construction Bulletin No. 2009-3. Some promising new alternatives
have been developed that apply a corrosion- and wear-resistant coating to a carbon
steel rod by a weld overlay process or laser cladding, but experience with these
coatings in a navigation environment is limited. The current rod material and coating
combination of choice continues to be a stainless steel rod with chromium plating. The
stainless steel provides corrosion resistance and the plating provides a smooth, hard
surface for sealing while exhibiting good wear properties. In any case, the coating
should be in accordance with the manufacturer's recommendations, and the
manufacturer should be responsible for the selection of surface preparation of the rod,
the chrome plating or nickel chrome plating process, the quality of the plating, the
bonding of the coating to the base metal, and the finish.

g. Pistons. Pistons should be precision fitted to the cylinder body bore. They
should be fine-grained cast iron, designed and equipped with seals and bearing rings as
needed, and fabricated from materials as recommended by the contractor to provide
zero leakage. The design should protect the piston seals from blowout and over-
squeezing.

h. Seals. Dynamic seals should be suitable for frequent and infrequent
operation and should be capable of not fewer than 500,000 cycles of operation in
properly maintained systems. Cylinder tubes also should have the bore honed to a
surface finish compatible with the seals being used so as to result in zero leakage past
the seals. All seals should be of material suitable for use with the hydraulic fluid
specified. In the past, it was common for pistons to have only alloy piston rings. This
has been found to allow too much bypass of hydraulic oil around the piston, and
standard practice is now for all pistons to be provided with wear bands and seals. In
addition to the rod seals, a rod wiper or scraper usually is provided to exclude
contaminants from the interior of the cylinder. For rod seals, there has been success
using stacks of the chevron style. These are supplied as continuous rings but, in order
to facilitate changing the seals without disconnecting the rod, each ring has been split
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and installed with each split staggered. By doing this, it has been found that cylinders
have experienced no increase in leakage or decrease in service life. A recurring issue
has been the compatibility of rod seals with the surface finish of hydraulic cylinder rods.
This has been particularly true of rehabilitated cylinder rods for which the shop has the
capability to finish the resurfaced rods with a highly polished finish but they are not as
experienced with large cylinders and slow-moving applications typical of navigation
locks. The rod seals can function too efficiently if the rod is too smooth, causing stick-
slip due to high friction from the complete removal of the oil film on the rod. Many seal
manufacturers will claim an optimal range of 3 to 12 yin Ra but, when questioned, will
express a preference to stay to the upper end of that range. Above the manufacturer’'s
stated acceptable range, accelerated seal wear and leakage become a concern.

i. Piping. Piping should be pitched a minimum of 1/2 in. per 50 ft, in order to
provide high and low points, and accumulator tanks should be used in systems with
long lines to minimize the effect of hydraulic surge.

j- Air Bleeds and Drains. To facilitate complete filling of the system, air bleed
valves should be installed at all high points where air can be trapped. To facilitate
draining of the system for maintenance, drain valves shall be installed at all low points
so that a particular section can be isolated and drained and the complete system can be
drained if required.

k. Design, Coordination, Testing, and Commissioning. The hydraulic system
supplier should verify the design by providing detailed computations and shop drawings
for review and approval. To avoid compatibility issues between the hydraulic and control
systems, one supplier should be responsible for providing both the hydraulic
components and the control components as an integrated system. When possible,
integrated shop tests should be conducted to pretest the hydraulic/control systems and
provide initial component settings before shipment. Field tests and commissioning shall
be conducted to verify proper operation and document final field settings for all pumps,
valves, and control components in the system.

I. Guarantees. Although an exception to DOD policy, designers of some
installations have specified guarantee periods greater than one year. In some cases,
the guarantee period for hydraulic cylinder parts other than the rods have been
specified as two years from date of acceptance, and the hydraulic cylinder piston rod’s
guarantee period has been specified as five years from date of acceptance. The
warranty should be against defective materials, design, chrome plating or ceramic
coating of the rod, and workmanship.

m. Design/Build. When advantageous, providing the hydraulic system by means
of a design/build supply contract should be considered. The design should be based
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upon the conditions under which they will operate, and hydraulic cylinders typically are
used in exterior locations and might be exposed to hot or cold, humid, moist, and/or
dusty conditions. Therefore, the conditions in which the cylinders are to be located
should be specified in the contract.

n. Spare Cylinders and Parts. Spare hydraulic cylinders often are specified due
to the long lead time for obtaining a replacement if damaged. If spare cylinders are
specified, they must be stored and maintained properly. Some manufacturers
recommend their cylinders should be stored vertically with the rod up, but this is
impractical for large cylinders. Modern materials for bearings and seals have greatly
reduced the seal compression problems associated with long-term horizontal storage of
large cylinders. However, most manufacturers still recommend that stored cylinders
should be protected from the elements and fitted with accumulators or stand pipes to
ensure they are completely filled with oil. Provisions for periodically exercising stored
cylinders also are recommended. Exercising usually requires extending and retracting
the rod a few inches periodically to prevent the seals from sticking. Spares also should
be considered for other hydraulic system components such as control valves, protection
valves, hydraulic pumps, motors, etc.

0. Contamination Control During Construction. Something that will cause
problems and is difficult to correct if not adequately addressed during the construction
phase is protecting the hydraulic system from contamination during assembly. Modern
proportional valves have stringent oil cleanliness requirements, and contamination can
wreak havoc on a hydraulic system. Therefore, quality assurance and control personnel
must be fully trained in the importance of contamination control and those requirements
must be written into the contract specifications.

p. Other Important Design Considerations. Facilitating the ease of maintenance
should be a primary consideration. This includes designing for quick and easy
component replacement and, where possible, interchangeability of parts, including
hydraulic cylinders. Also, designing for simplicity not only will minimize the potential
failure points in the system but also will minimize the maintenance effort required in the
long term. The designer should make all attempts to minimize the number of
components that will be susceptible to corrosion when subject to the elements. Exposed
manifolds can be fabricated from corrosion-resistant materials, but often valve bodies
are carbon steel. They can be painted but often corrode in a short time. Covering these
components to protect them from the elements is often the best solution not only for
corrosion control but also for protecting electronic components from moisture. Finally,
the designer should design the system for robustness and extreme weather/flood
conditions.
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3-16. Position Measuring Systems. Modern hydraulic and control systems have
necessitated the accurate feedback of gate or valve position. Position sensing systems
are either integral with the cylinder or external to the cylinder and sense either the
cylinder stroke or the gate/valve position directly. Systems integral with the cylinder are
the most popular and require little or no design effort for external mechanisms or
linkages. They also offer the advantage of being included with the cylinder as a turnkey
product. Integral systems include the magneto resistive systems (Figure 3-1) and
magnetostrictive systems that require the rod to be drilled from the piston end for a
sensor rod. Problems with the magneto resistive type have included moisture ingress of
the electronics due to poor sealing and the buildup of hydraulic oil pressure between the
inboard and outboard seals on the cavity within the sensor. The latter problem can lead
to over pressurization of the sensor cavity and has led to failure of the sensor. Solutions
have included an external drain of the cavity to a small collection tank that must be
periodically checked and emptied. Limitations also include the fact that the system does
not provide an absolute indication of position or, in the case of power supply failure, can
lose track of its position and require reset. Magneto resistive systems used to require a
non-metallic ceramic rod coating, but new laser-clad coatings that will work with these
systems should be available soon. Magnetostrictive systems or linear displacement
transducers (LDT) provide an absolute indication of position but are limited to a
maximum stroke of approximately 25 ft because of the length of unsupported rod in the
cylinder when extended.
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Figure 3-1. Magneto resistive position sensor on rod end gland

a. Alternatives to integral position sensors include: retrofitting the hydraulic
cylinder to externally drive either a rotary encoder or LDT, driving a rotary encoder or
LDT directly from the gate or valve through an external linkage, or installing a moving
target to trip multiple proximity sensors. Maintenance of external systems is
independent of the hydraulic cylinders, possibly allowing a simpler and faster repair and
a greater likelihood of the gate or valve remaining in service while repairs are being
made. Examples of external systems are shown in Figures 3-2 through 3-5. Regardless
of system type, moisture ingress issues should be mitigated with appropriate sealing
precautions and care to place junction boxes above anticipated flood elevations.
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Figure 3-2. Miter gate cylinder with string pot for position sensing

Figure 3-3. Position encoder driven by roller chain connected to stoney gate valve
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b. A problem encountered with the system shown in Figure 3-3 has been that,
when temperatures are extremely cold, water spray from operation of the filling and
emptying valve freezes and accumulates on the chain. This causes the chain to jump off
the sprocket, and the correct position of the gate is lost.

Figure 3-4. Moving target with multiple proximity sensors at gudgeon pin
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Figure 3-5. Small LDT enclosed in cylinder-type housing and attached to miter
gate near the gudgeon pin
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CHAPTER 4
Miter Gate Operating Machinery

4-1. Linkages and Components.

a. General Description of Linkages and Components. The miter gate is the most
frequently used gate on navigation locks. The miter gate linkage provides the connec-
tion between the drive system and the gate itself. Mechanical linkages traditionally have
been utilized to open and close miter gates. The majority of the lock sites built in the
1930s on the Mississippi and Ohio rivers used mechanical linkages. Recently, direct-
connected hydraulic cylinders have become more prevalent and are used at both new
locks and for rehabilitation of existing locks. Four different types of miter gate operating
linkages have been used. The Panama Canal linkage, which has no angularity between
the strut and sector arms at either the open or closed positions of the gate, is shown in
Figures 4-1 and 4-2. The Ohio River linkage, which has angularity between the strut and
sector arms at both the open and closed positions, is shown in Figures 4-3, 4-4, and 4-
5. The Modified Ohio River linkage has angularity between the strut and sector arms at
the recess or open position and no angularity at the mitered or closed position. This
linkage is shown in Figures 4-6 and 4-7. A direct-connected cylinder is considered a
linkage in the sense that it provides the connection between the drive system and the
miter gate. A direct-connected cylinder, shown in Figures 4-8 and 4-9, consists of a hy-
draulic cylinder and rod connected to a pin on the gate and a pin on the lock wall. The
piston force is transmitted directly from the piston rod to the gate. A self-contained actu-
ator, shown in Figure 4-10, is a variation of the direct-connected cylinder.

(1) Mechanical drive operating machinery for miter gates usually consists of a
large gear wheel, typically called a bull gear or sector gear, (this EM will use the term
sector gear) and a sector arm revolving in a horizontal plane. The sector gear and sec-
tor arm are connected to the miter gate leaf by a strut. One end of the strut is connected
to the sector arm, and the other end is connected to a pin on the gate leaf. The sector
gear usually is driven either by an electric motor located in a recess in the lock wall or
by a hydraulically operated cylinder using a toothed rack gear (Figure 4-5). The latter
method is used when the locks are subject to flooding due to high river stages.

(2) The principal difference between the three mechanical linkages is the angulari-
ty of the connecting strut and sector arm at the extremities of gate travel. The modified
Ohio River linkage has angularity between the strut and sector arms at the open posi-
tion only. The Panama linkage has no angularity at either the open or closed position,
and the Ohio River linkage has angularity at both the open and closed positions. The
Panama linkage usually is driven by an electric motor. Hydraulic cylinders or electric
motors have both been utilized as the driving mechanism with the Ohio River and Modi-
fied Ohio River linkages.
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b. Panama Canal Linkage. The Panama Canal linkage has been used primarily
where electric motor operation was feasible, that is, at locations where high water will
not overtop the lock wall. The operating machinery for this linkage generally consists of
a high-torque, high-slip, alternating-current motor driving the gate through two enclosed
speed reducers, bull gear, sector arm, and spring-type strut.
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Figure 4-1. Panama Canal linkage (U.S. Army Engineer Waterways
Experiment Station 1964)

(1) This linkage will permit the gate to be uniformly accelerated from rest to the
midpoint of its travel, than uniformly decelerated through the remainder of its travel, thus
eliminating the need for motor speed control. This is accomplished by locating the oper-
ating arm and strut on dead center when the gate leaf is in both the open and closed
positions. The strut must be at a higher elevation than the sector arm to pass over the
arm and become aligned for the dead center position when the gate is fully open. Spe-
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cial consideration must be given to the design of the eccentric connection between the
strut and sector arm. This eccentric connection is shown in Figure 4-2 at Dresden Lock
on the lllinois Waterway. The strut passes over the top of the sector gear. An assembly
layout of the Panama-type linkage is shown in Plate B-13.

(2) The kinematics of the operating cycle are such that the elimination of all angu-
larity between the strut and sector arm reduces the velocity of gate movement near the
limits of gate travel for uniform rate of movement (constant travel) of the operating ma-
chinery. This in turn reduces the peak loads on the operating machinery. However, this
reduction cannot be obtained at each end of the operating cycle unless the sector arm
is raised above the sector gear to permit passage over the central axis.

(3) The eccentric connection is one of the primary disadvantages of the Panama
Canal linkage and is one reason why the Panama linkage generally is not used any-
more for new lock construction. Speed control now can be obtained through multispeed
motors or variable-frequency drive systems.

Figure 4-2. Dresden Lock, lllinois River, Panama Canal linkage

c. Ohio River Linkage. The traditional Ohio River linkage consists of a hydraulic
cylinder, piston rod, toothed rack meshed with a sector gear, and a sector arm. The
spring-type strut is connected to the gate leaf and sector arm (see Figure 4-5). A typical
machine is shown in Plate B-15. The traditional Ohio River drive system with a hydraulic
cylinder driving a toothed rack gear seldom is used, being replaced primarily by a direct-
connected cylinder. The exception is in a lock that is submerged a significant amount of
time each year. This is discussed further below.
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Figure 4-3. Ohio River linkage (U.S. Army Engineer Waterways
Experiment Station 1964)

(1) The Ohio River linkage also can be a mechanical drive with an electric motor
and gear reducer, which drives the sector gear/sector arm assembly. If the lock is prone
to flooding, the mechanical drive system can be raised above the lock wall. A strut arm,
which usually includes a buffer spring, connects the gate leaf and sector arm.

(2) With the traditional Ohio River drive using a hydraulic cylinder (and the direct-
connected cylinder linkages), load analysis for all components is possible. Overloads
due to surges or obstructions are carried through the piston and converted to oil pres-
sure, which is released through a relief valve. In this way, all machinery component
loads can be determined based on the relief valve setting. The Ohio River linkage offers
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several advantages because of its unique geometric configuration relating to the accel-
eration and deceleration of the miter gates. The disadvantages of this system are wear,
bearing forces, and mechanical inefficiencies associated with the geared rack, sector
gear, sector arm, and strut.

Figure 4-4. LaGrange Lock, lllinois River, Ohio linkage

(3) For lock sites that are submerged a large amount of time each year and have
water levels significantly over the lock, the traditional Ohio linkage offers some ad-
vantages. This is the case at Locks 52 and 53 on the Ohio River and several sites on
the lllinois River (Waterway). The hydraulic system and cylinder driving the toothed rack
gear is sealed, preventing water from getting into the hydraulic system. The cylinder is
fairly well protected from debris in the river. The gear rack and sector gear can be quick-
ly cleaned. No electrical motors are on the lock wall. The sector arm and strut arm can
absorb impact loading from debris better than a direct-connected cylinder. They are less
susceptible to damage than a direct-connected hydraulic cylinder.
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Figure 4-5. Lock 52, Ohio River, Ohio linkage with toothed rack gear
d. Modified Ohio Linkage.

(1) The Modified Ohio linkage is similar to the Panama type except that the dead
center alignment is attained only when the gate is in the mitered (fully closed) position.
With the Modified Ohio linkage, the strut and sector gear are at the same elevation, thus
eliminating the eccentric strut connection but preventing the linkage from attaining the
dead center position with the gate recessed.



EM 1110-2-2610
30 Jun 13

z -
ot 2.75"' S 0.500"

ﬁ_
,
(=]
(9]
=
0.641"

2,651"'

0.099"
70.543"

£ PINTLE

NOTE:
DIMENSIONS SHOWN ARE DIMENSIONS USED IN WES MODEL TESTS.

Figure 4-6. Modified Ohio River linkage (U.S. Army Engineer
Waterways Experiment Station 1964)

(2) The operating machinery for this linkage has been built either for electric motor
drive, as with the Panama linkage, or hydraulic operation, as with the Ohio River ma-
chine. The operating machinery also can be raised above the flood elevation, as shown
in Figure 4-7. An assembly layout of the Modified Ohio linkage with electric motor drive
is shown in Plate B-14. Special consideration should be given to the strut length and/or
cylinder stroke, which become critical at the gate-closed position (mitered). Generally,
some means of adjusting strut leng