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ABSTRACT

The CFRP has pioneered and developed the concept of totally remote operation and
maintenance of process equipment in spent fuel reprocessing, using force-reflecting master/slave
servomanipulators, coupled with television viewing, to extend human capabilities effectively
throughout an uninhabitable environment. This concept enhances safeguard control of nuclear
materials, provides for low-exposure of personnel to radiation and reliable recovery from
unplanned events, ensures high plant availability, and aids eventual decommissioning of the
plant. The results of this experience have been organized in this document to enable designers to
consider this technology, not only in spent fuel reprocessing, but among various other situations
that may be hazardous to personnel.

This document is an expanded and updated version of an earlier design guide that was
specific to fuel reprocessing requirements. The guidelines identified in the present document
suggest a general approach to the design of effective, reliable, safe, remotely operated and
maintained facilities. This document may be used broadly to apply remotely maintained
equipment in hostile environments based on proven techniques, equipment, and well-established
practices. The concepts are particularly applicable to large plant facilities where economy of scale
is important. The theme emphasizes utilization of ordinary commercial tools, equipment, and
materials widely available.






L. INTRODUCTION

There are many situations where direct human access to a work site is not possible because
of the hazardous nature of the surrounding environment. Human access can be denied as a result
of high-radiation ficlds, the presence of toxic or explosive chemicals, absence of a breathable
atmosphere, or extremes of temperature or pressure. Facilities or situations where these hazardous
environments may be encountered include nuclear installations,! particularly those required for
spent nuclear fuel reprocessing or waste treatments, chemical and munitions plants, fusion
reactors, and eaith orbital (space) applications. Maintenance or replacement of equipment in these
environments must either be performed remotely or supplementary protection must be provided
for personnel. This guide addresses situations where human access, even with protection, is not
possible at the work site; hence, tasks must be performed remotely using servomanipulators or
robotic devices.

Remote maintenance or replacement of failed equipment items typically requires
considerably more time than hands-on or contact maintenance. This "downtime” penalty can be
minimized in two ways: (a) through the proper design of the equipment being maintained to
optimize the interfaces, with the maintenance system and (b) through the use of a
servomanipulator-based maintenance systern, with good dexterity, maneuverability, and force
reflection. This design guide addresses both of these subjects.

Section 2 of this document describes design philosophies, equipment, and processes for a
particular type of remotely maintained facility, specilically a nuclear fuel reprocessing plant.
Section 3 describes remote handling equipment available for in-cell use te provide remote
maintenance of the facility. Section 4 contains general guidelines and considerations for the
design and location of remotely operated and maintained equipment. Sections $ through 7 provide
specific design details for related process and maintcnance equipment. The appendixes contain
supplemental information on terminology, ionizing radiation and its effect on materials utilized
with process equipment, and a design review checklist. Even though several of these sections are
specific to a fuel reprocessing facility, in which radiation levels are sufficiently high to preclude
human access, the general approach of designing a plant or a system, {rom inception, to be
remotely maintained is equally applicable to other industries and hazardous environments.






2. EQUIPMENT DESIGN FOR A NUCLEAR FUEL REPROCESSING FACILITY

The successful integration and operation of a remotely operated process facility and is
equipment involve three mutually dependent major design elements: the facility, the equipment
operation, and the remote maintenance philosophy. The operating concept and/or arrangement
chosen for any major system clement directly influences the other two (see Fig. 2.1). This
document discusses the basis for the design of radiochemical process equipment that is operated
and maintained by remote control. The goals of this document are to assist the design
development of facility operation and the remote maintenance system and to guide the designer’s
selection and control of functional interface relationships.

ORNL-DWG 88-~-8647AR
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Fig. 2.1. The CFRP’s integrated systems design phifosophy.
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2.1 RADIOCHEMICAL PROCESS SYSTEMS

This section briefly introduces the functional environment of radiochemical processing
plant facility equipmeni cperation. Radiochemical process systems, applied to nuclear fuel
reprocessing plants, are designed to recover uranium and plutonium from spent power reactor fuel
assemblies and to prepaie process plant wastes for penmanent disposal. The recovered fissile
elemenis, uranium and plutonium, are made available for conversion to suiiable fuel for recycle to
power rcactors. Frocess chemicals are tecycled extensively to minimize the quantity of hazardous
wastes leaving the plant, Various wastes from the process are converied to solid form and
packaged for storage or shipment to a repository.

Many materials from spent nuclear fuel are highly radioactive. Tonizing rays emanate from
radioactive materials, processes, and equipment. High-energy ionizing radiaiion is damaging to
human tissue. A radiochemical process operation is conducted behind thick concrete walls to
attenuate the radiation and shield operating personnel. Walls made of dense materials completely
surround the hot-process system to form a shielded cell (or cells) and provide reliable integrity of
containment for ionizing rays, airpome particles, and the in-cell aimosphere. Frequently, positive
containment integrity is assurcd by lining the interior of concrete process cells with a continuous
stainless steel sheet metal liner. All seams and service peneirations are sealed by gasketing or
welding.

To minimize personnel exposure o the hostile environment, reprocessing plant opcrations
and maintenance are performed utilizing electromechanical servomanipulator equipment to
perform operations within the cells by remote contiol, Transfer of equipment and materials across
the cell envelope boundary is accomplished with airlock chambers or similarly sealed transfer
arrangements. The process cell walls mark the transition from hands-on contact to remote
countrolled operations.

The total remoie operation and maintenance strategy used at the Oak Ridge National
Laboratory (ORNL) protects operating personiel, prescrves cell containment integrity, and
guards against compromise of controlled nucicar materials security.

2.2 RADIOCHEMICAL PROCESS EQUIPMENT

The design of radiochemical process equipment (or remote operation and maintenance
depends on the remote repair philosophy and the remote maintenance handling equipment
capabilities and limitations. All in-cell equipment must incorporaie arrangeraents and featuies to
optimize interfaces among the process components and the maintenance equipment. Inadequate
interface comtrol may result in reduced plant availability during routine maintenance, and
extended ocutages can occur during unplanned cvents.

2.2.1 Equipment Racks and Moduies

The equipment rack is onic principal piece of equipment utilized to define, locate, and
control interfaces among process equipment, mainienance equipment, and the plant facilities
housing these items. ORNL has adapied and further developed the concept of process cell
equipment racks.

A rack is described as a transpoitable, structural metal framework on which one or more
process equipacent items c¢an be located and connected. These items, referred to as modules or
subassemblies, may be permancntly fastened to the rack (bolted, pinned, or welded) or positioned
and aitached with rerootely operable fasteners for installation and removal by remote comntrolled
bandling equipment.



In general, equipment required for a specific unit operation is contained on a rack,
including the associated piping, fluid pumps, wiring, and instrumentation. Interface wiring,
piping, etc., leading to adjacent racks or out-of-cell services are connected o the rack via
remotely operated connectors. These racks can be transferred with remote handling devices into a
shielded process area, precisely located in the cell, or later removed from the cell when necessary
for repair, replacement, or disposal. In some cases, a unit item of process equipment, due to large
size or other characteristics such as a major waste storage tank, is treated as a singie rack.

Equipment racks have been used to support process equipment in remotely operated
radiochemical process facilities for many years. An outline of rack history and evolution is
described by F. L. Peishel et al> Rack design improvement has resulted from increases in
versatility of the tools available to perform remote manipulation. The use of racks also allows
prefabrication and testing of discrete groups of equiprnent, thercby permitting all fabrication to be
performed in thoroughly equipped shop facilities. A rack also serves as the transportable entity
from shop to cell location, making initial installation as well as potential replacement more
effective.

The accurate grid system, described below, ensures reliable location of equipment when
applied to racks and modules. The opiimum equipment rack design can provide a structure that
reliably interfaces with the three-dimensional grid systemn of the facility to ensure mutual
dimensional dependability for all other cell-rack interfaces and provide for positive positioning of
process eguipment in functional locations. The final rack design depends on the remote handling
equipment, maintenance tool suitability, and availability within the facility. These factors will
coptrol the final rack design to ensure overall plant compatibility. Hence, the dimensions of a new
facility will be determined by the equipment racks, the process cell sizes, the facility aisles,
transfer locks through which the racks are transported, and ancillary marmed support facilities.

The remotely removable equipment modules are identified by a failure probability
assessment of pieces or groups of equipment, the possibility of in-situ repair, and the remote
handling abilities of the chosen manipulation equipment. For example, the bearings in a motor are
difficult to replace in 2 shop, and nearly impossible with remote manipulators; hence, an entire
motor is defined as the removable module. The coupling between a high-speed motor and the
driven part is permanent, thus the entire assembly is defined as the module. The subject of motors
and drives is expanded in Sect. 6.2.

Rack design should consider the arrangement of process equipment components for
operability as well as maintainability. Locate removable parts on a rack at or near the periphery.
Parts mournted permanently on a rack, such as piping, tanks, structural supports or the rack frame
members should be arranged inboard 10 limit interference with the manipulation equipment.
Figure 2.2 illustrates a typical chemical process equipment rack arranged to demonstrate some of
these points.

The design and remote maintenance philosophy described above will be found in greater
detail throughout later sections of this document.
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2.2.2 Location and Position Control for Remote Replacement of Equipment

Equipment and components in any process system must be oriented and located accurately
so that they will interface correctly after installation. Historically, from the initial construction of
remotely operated and maintained facilities for nuclear fuel reprocessing, a precise coordinate
grid was e¢stablished from which the location of every piece of removable equipment was
referenced. This was done to ensure that a picce of equipment could be replaced without requiring
adjustments during reinstallment in a hostile environment inaccessible to personnel.

Equipment fabrication and building construction tolerances were established and
maintained to accommodate the requirements. Cell floors or equipment rack basepads were
located to £1.6 mm (1/16 in.) in elevation and +0.8 mm (1/32 in.) in the two horizontal axes.
Placement of other cell components, interfacing with removable process equipment, was located
to similar tolerances. The process equipment [abrication was controlled to matching tolerances.

Dimensional adjustments on equipment within a remotely maintained environment are both
limited and difficull. In general, the remote maintenance design philosophy for a process facility
should anticipate remote replacement of all equipment in the cells during the operating life of the
facility. An accurate, close dimensional tolerance baseline or grid system referenced to permanent
benchmarks is established at design concept. During final design, all equipment is referenced to
this dimensional baseline, then verified and recorded on as-built drawings during construction,
and maintained throughout the lifetime of the facility.

Figure 2.3 illustrates an example of equipment rack location and control of component
interface dimensions on a grid system. Note that the waste tank is treated as an equipment rack.

The same three-dimensional X-Y-Z reference grid system points and benchmarks are used
in the construction of the facility process cells, duplicated in cold-mock-ups of the hot-cell areas
and permanently maintained; usually in an on-siic shop. The placement of each equipment rack,
the modules mounted on all racks, and all other equipment in the cell are provided with a
reference point so that locations can be precisely indexed with respect to adjacent equipment as
well as to the primary facility reference point. This method of chain referencing provides
dimensional control, traceable from any item of equipment in the facility to any other point.

Consistent with this philosophy, a machine or unit operation is subdivided into logical
assemblies or parts mounied on a main base frame or equipment rack. The subdivision is initially
determined by its operating functions and then by the expected failure frequency, handling ability
with the available tools, inherent repair scenarios, and the proposed repair method.

Generally, the greater the failure potential, the casier must be the replacement. Small
equipment items, such as mechanical actuators and electrical switches, are designed to be
replaceable in situ. The larger and heavier support racks or other massive parts requiring little or
no maintenance are also removable, but with greater difficulty.

Following equipment fabrication and operational testing, prior to installation in the cell, all
equipment is verified dimensionally and tested for remote maintainability in the respective
mock-up before committing any equipment to the hostile environment. This ensures that all
critical adjustments can be performed outside the hot process arca and eliminates or limits minor
adjustment requirements. following final remote placernent inside the hot process area. This
procedure ensures confident, reliable installation of all the equipment in the remote cells initially,
and the ability to expedite the accurate replacement of any component, shornt of the walls, during
the operating life of the facility. This philosophy of process equipment design for installation in a
remotely operated facility will enhance recovery success from any unplanned event.
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Fiz. 2.3. An example of equipiment rack location and dimensional control of components on a grid system.

2.3 REMOTE MAINTENANCE PHILOSOPHY AND MANIPULATION EQUIPMENT

The maintenance philosophy of process equipment for a total remote operated and
maintained process facility should be selected early in the design. Decisions based on the logic
network illustrated in Fig. 2.4 may be useful. Based on experience, the most frequently replaced
unit is a module shown on the right side of the figure. Initially, a decision to repair or discard the
item is made. If low cost or an inherent inability to repair renders an item expendable, the repair
steps arc bypassed and the item is sent directly to decontamination and disposal. 1f repairable, the
repair method, tools required, and the rtepair site are determined. This may be in situ repair by
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Fig. 2.4. Remote maintenance schematic.

remote controlled techniques, glovebox contact repair, or even hands-on contact repair following
decontamination. The selection of the method of maintenance logic, during the initial design, is
critical to success.

2.3.1 Remote Manipulator System Equipment

Remote electromechanical manipulator technology development related to nuclear facilities
has resulted from the requirement to reduce the exposure of personnel to radiation and
contamination to levels as low as reasonably achievable (ALARA) and to minimize potential for
diversion of controlled nuclear materials.
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The success of the remote maintenance philosophy is directly related io the dexterity of the
remote manipulator system® and its viewing system.* Experience indicates that selection of more
versatile and dexterous manipulators can result in reduced complexity of the in-cell equipment
and compress the total time for repair. Many comparative tests verify the relative time to
accomplish a given set of remote handling tasks among different types of manipulators, compared
to "hands-on" performance. The comparisons, given in Table 2.1, show the results. These tests
were performed independently by several organizations and in several countries.

Table 2.1. Comparative manipulation performance times

Manipulator type Task completion time ratios

Skilled human operator (unencumbered) 1
Suited human (air-suit or equal) 8:1
Force-reflecting servomanipulator or master/slave 8:1

manipulator (i.c., through-the-wall type)
Non-force-reflecting electromechanical manipulator 20-50:1

(i.c., power-arm type)
Crane/impact wrench 50-500:1

The choice or adaptation of existing remote manipulation equipment for facility
maintenance design methods depends on a number of factors; some are based on experience and
others are facility design related. Based on ORNL research and development for breeder fuel
reprocessing plants and equipment, the following performance attributes have been established as
those needed for the remote manipulation equipment. These are provided for reference and would
vary to the needs of a specific facility. Some of these attributes and the rationale for the
breakdown are:

¢ Heavy lift requirements — greater than 450 kg (1000 1b)
To be provided by overhead bridge crancs

» Routine requiremenis —lift up to 450-kg (1000 1b) range
To be provided by an auxiliary hoist included with the servomanipulator,
recognizing the needed spatial accessibility

« Dexterous equipment -~ Perform in situ maintenance and adjustments to manipulation
To be provided by a servomanipulator in concert with either of the above

In addition to dexterity for manipulating the equipment being worked on, it is desirable that
the manipulators be capable of accessing the process equipment from many directions, be
available to operate in the major part of the cell volume, and manipulate general and special tools
in any orientation in space. With more dexterous manipulators, fewer modifications are required
to apply ordinary mechanical tools, and fewer special tools are needed.
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Included in the design process to remotely manipulate the equipment, consideration and
provisions must be included to remotely view all the operations within the cell, efficiently control
all the operations of the maintenance tools, and recover from malfunctions. A system to meet
these requirements would consist of the following equipment and attributes:

1. Anoverhead traveling trolley-bridge system supported on tracks that traverse the length of the
cell. The trolley, able to move at right angles to the travel of the bridge, supports a telescoping
mast. This assembly would ideally provide Llotal volume coverage of the cell restricted only by
the limits of travel inherent in the machine.

2. A manipulator system consisting of a pair of force-reflecting electromechanical
servomanipulators, a 450-kg (1000-1b) capacity hoist, television cameras, and lights. This
package is mounted on the vertical telescoping mast of item 1. Electronically linked to a
remote control station, the combination of 1 and 2 extends task performing abilities of a
human operator into the cell environment.

0

A heavy-duty overhead bridge crane to transport large equipment items.

4. Additional television cameras mounted on the overhead equipment and other selected
locations for closeup and overall viewing of the operations. A longitudinal section and a cross
section of a remotely operated and maintained nuclear fuel reprocessing facility showing a
typical arrangement of the equipment described above is shown in Figs. 2.5 and 2.6.

Additionally, the ability to recover successfully from malfunction of any piece of the
maintenance equipment must be provided. Recovery of a failed crane or manipulator fransposter
is accomplished by a companion, or "buddy,” system. Another remote handling unit can be used

to repair a failed unit or move it to a repair area. The companion unit is usually able 10

"manually” operate the disabled or damaged unit by remote control to release a load prior to

towing.

2.4 DECONTAMINATION AND CONTACT MAINTENANCE

Design trade-offs are made against functional complexity created by a choice to either
restore or replace failed equipment. The design of in-cell equipment for a radiochemical process
may be greatly affected by a choice to either restore rather than replace the unit when required.
Any need for manual contact maintenance service by personnel, and the associated requirements
to apply decontamination procedures that guard against excessive radiation exposure, must weigh
the additional overall cost,

‘When in-cell repairs cannot be performed by remote maintenance techniques, the failed
component must be moved outside for contact maintenance or disposal. Decontamination is
required before contact maintenance repair can be performed. Most equipment can be thoroughly
decontaminated to reduce gamma radiation, at the surfaces, to levels below 10 mrads/h for
contact repair ofr to levels acceptable for material disposal.

Decontamination procedures, normally done wet, employ cleaning agents ranging from
water {0 corrosive chemical solvents. These can be applied by immersion in ultrasonic cleaning
tanks, by high pressure spray, by intemal flushing, or by simple surface wiping. Depending on the
equipment and size, contact maintenance repair work can be performed in glove boxes or in large
containment enclosures by personnel wearing protective clothing. Disposal is also normally
preceded by decontamination, necessary size reduction when possible, and then packaging for
terapotary storage or permanent disposal.
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In any event, the decontamination and coniact maintenance considerations affect design
choices. For example, a unit to be repaired following decontamination must be designed to resist
the decontamination fiuids. This may raise both the fabrication cost and the cost to dispose the
associated decontamination waste. In any case, the cost of disposing any iiem to a temporary or
perimanent site must also be factored into the design process.

25 HOT-CELL PENETRATIONS

In additior: to the equipment in the hot cell, consideraiion must be given 1o the design and
maintenance of the equipment that interfaces with the cell equipment and cell environment by
penetrating the sealed cell walls to provide materials, services, and other support funciions o the
cell from outside. The penetrations are designed as part of the cell walls or other containment
struciure based on the funciions to be performed in the cell and arranged usually in a manner 0
be maintained [rom outside the shielded area. If not, the mainteniance tust be conducted rewotely
and be performed within the capabilitics of the remote maintenance equipment. This
determination must occur at the design stage.

The types of cell penetrations include, but are not restricied 1o, air locks, pass-throughs, and
bag-in poits to allow various types and sizes of maierials and cquipment to enter or leave 2 cell;
seivice plugs or penetrations o provide a path for utiliiies and instrumentation; and special or
standard sleeves to accommodate manipulators, windows, periscopes, or other control equipment,
The trend in recent designs has been to make all utility penetrations removable for maintenance
or replacement. This is a distinct deviation from past designs whercin many of these utility pipes
and clectrical conduits were cast inio the concrete wall or otherwise permanenily sealed into the
confinement barrier. In addition to the intended function, the penetration must be designed to
preveni the dispersal of contaminanis from the cell as well as provide adequate shielding against
penetraiing radiation. Temporary or portable seals or shields may be required during the
maintenance operation if the procedure or method entails a breach of the sealing or shielding.

The design of the penetration must also recognize the presenice of a pressure differential
between clean areas and contaminated areas and, in particular, during a maintenance operation on
the penctraiion. This differential is provided and maintained to prevent the spread of
contamination to any clcan area in the cvent of a leak or other breach by maintaining a flow of air
from a clean area inio a contaminated zone. The maintenance procedure, which may involve
opening the sealing penetration, must reduce the time and quantity of opening to prevent back
diffusion and out-leakage and avoid overloading ihe mechanisms that maintain the pressure
differential. Generally, to prevent back diffusion, an air flow velocity of 30 m/min (100 ft/min)
must be maintained. The force against the sealed opening due to the differential pressure must
also be accommodated.

The routing of utilities from a service plug or penctration is sometimes accomplished via a
remoie-disconnect jumper between the wall penetration and the destination. The design must
consider the accessibility of the remote disconnccts on the wall penetration end of the jumper and
its manipulation with the available mainienance tools. Another common occwirence with
peneirations is the replacement of elasiomeric scals due to damage or deterioration. The design
for this operation should be fabricated and tested in a mockup utilizing the intended tools prior to
incorporation in the final design for the facility. Section 7 covers detailed design and selection
considerations of connectors used in hot cells.



3. REMOTE MAINTEMAMNCE SYSTEMS

To fmoplement the remote mainienance philosophy effectively, it is imperative that
designers of remotely maintained equipment first understand the capabilivies and limitations of
the remote maintenance system that will be used 1o service the in-cell equipment. With this
information, the equipment designers can then, and only then, design reliable remote handling
features into the equipment.

This section brigfly describes remoie handling systems that are, or could be veed, in hot-cell
facilities to provide for the mainienance of in-cell equipment. A variety of sysiem types are
described that are typically incorporated in 2 facility. However, based on the facility, s mission,
and the equipment to be serviced, the acinal systems employed may only be a subsst of the types
described here. For example, a facility may be equipped with both mobile manipalator systems
{servomanipulators) and fixed, through-the-wall manipulators {(master/slave manipulators), or it
may only include one of these types. This, of course, greatly affects the design features of the
serviced equipment and must be taken indo account by the designer. In addition, i i
recommended that equipment designers receive first-hand experience operating the type of
system{s) (ot similar systemig) that will be used o service the equipment being designed. In deing
s0, the designer will better understand the general design guidelines presenied in the previous
sections and will also be better equipped 1o be fnnovative with unigue situations and avoid the
problemns of "cookbook” design,

The primary w-cell wmanipulators are usually servolypes mounted on an overhead
transporter bridge and telescoping mast and trofley assembly. The manipulator transpotier
provides positioning of the manipulator slave and elevision cameras at any point adjacent o the
in-cell equipment o perfonm a repair or seevicing task. The use of such systems greatly meduces
the rumber of shielded-window workstations as found in existing fuel reprocessing facilities,
Through-the-wall mechanical master/slave sysierus may be provided at 2 few shiclded-window
workstations., Overhead bridge cranes are provided for lifting beavy equipment items and
complete process modules. Bridge cranes are also used 1o perform malnienance operations on
equipment inaccessible 1o the manipulator by using impact wrenches suspended from the load
hooks. The manipulator fransport bridge is wsually maintained by this method. Bridge cranes and
manipulator systems are each provided with Ielevision and lighting systems incorperated inte the
overall viewing system. Manipulalors are used to operate various tools in performing repair tasks.
The mobile systems are controlled from a centralized control room which usually includes a
manipudator operator and a second operaior 1o control the transport and crane bridges and to assist
the manipulator operator as necessary. Components of the Advanced Integrated Maintenance
System (AIMS), a remotely maintainable system developed at ORNL, are illustrated in Figs. 3.1
and 3.2,

Ry
WA
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3.1 SERVOMANIPULATOR SYSTEMS

The servomanipulator system consists of a pair of multijointed slave arms (in-cell) which
reproduce the movements of a pair of master control arms (out-of-cell) to provide man-like
dexicrity in the remote environment. The slave arm joints arc driven by servomotors that follow
the movement of the master arm joints under the control of an operator. The master arms are
usually kinematic replicas of the slaves. More advanced systems utilize closed-loop digital
control systems to enhance operating flexibility and performance and may also be capable of
performing simple, structured tasks under total computer control (telerobotic operation).
However, a man in the control loop (master-arm-type operation) is usually necessary due to the
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complex, unstructured nature of the tasks. Retrieving 2 tool from a scabbard is an example of a
task which can be structured for total computer control provided the tool is precisely positioned in
the scabbard. Servomanipulators may also provide force-reflection to the operator at the master
control station using 2 closed-loop contiol technique with servomotors 1o drive the master arm
joints in addition to the slave joints. Force-reflection is very helpful when viewing is obscured or
when the component being operated is capable of being damaged by the full-force capabilities of
the manipulator slave.

Cperator viewing of the in-cell work site is provided by closed-circuit television (CCTV)
cameras mounted to the slave package. The cameras typically have multiple joint positioning
capabilities and lens contrcls for viewing optimization and to enhance depth perception.
Strategically placed facility and bridge-mounted cameras supplement these vicws but are
primarily used for positioning the manipulator at the work site and for performing bridge crane
operations. A hoist system may be included on board the slave for lifting component modules.
Examples of two different manipulator systems are described in the following sections.

3.1.1 ORNL Advanced Servomanipulator {ASM)

The ASM is a bilateral force-reflecting master/slave servomanipuiator designed by ORNL
for use in advanced nuclear fuel reprocessing facilities. The ASM slave is shown in Figs. 3.3 and
34. A unique feature of the ASM slave is its modular comstruction to facilitate remote
maintenarce using a compaiiion manipulator for its own repair by modular replacement in order
to increase systcin availability and reduce radiation exposure to personnel. The system is totally
digitally controlled with force-reflecting feedback to the master operator. The force-reflection
ratio from the slave to the master is variable by the operator from 1:1 to 16:1 (master arm loading
is adjustable between 1 and 1/16 of the slave arm loading). The slave arm has a continuous load
capacity of 16 kg (35 1b) and a peak capacity of 23 kg (50 1b). Threshold force-reflection, the
minimum detectable slave arm loading which can be sensed at the master control station, is about
1 kg (2 1b). Master-to-slave arm comntrol is in real time with no detectable lag up to cnd-effector
slewing velocities of 1 m/s (3 ft/s).

The ASM slave sysiem includes three CCTV cameras and a 227-kg (500-1b) capacity hoist.
Two of the threc cameras are mounted above the slave arms on positioning arms with four
degrees-of-freedowm (D.F.), including the pan-and-tilt mechanisms and have standard motorized
lens controls {zoom, focus, and iris). The third camera is mounted below the slave torso on a
2 D.F. pan-and-tilt mechanism and also has motorized lens controls. The elevation of the cameras
cannoi be adjusted. Lights are provided on the cameras. The hoist is mounted on a telescoping
boom thai allows adjustment of the load hook orthogonal to the slave torso.

The ASM arms have an anthropomorphic stance also known as an elbows-down
configuration. This configuration is best suited for working on equipment items that are vertically
stacked on racks where the arm must reach horizontally into the racks. However, equipment
designers musi take into account the ability o view such iteras in addition to their accessibility by
the arm. The elbows-up configuration, found on all mechanical master/slave systems and earlier
design servomanipulators, is best suited for working on equipment mounted in a horizontal plane.
An exampie of an elbows-up system is found in the following section.

3.1.2 Central Research Laboratories (CRL) Model M-2 Servomanipulator

The CRL model M-2 servomanipulator was jointly developed by CRL and ORNIL and is
used for evaluating servomanipulator-based remote maintenance of hot-cell eguipment at
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ORNL’s Remote Operations and Maintenance Demonstration Facility. The model M-2 was the
first totally digitally controlled servomanipulator and is a bilateral force-reflecting master/slave
systern. The M-2 development preceded the ASM and was completed in early 1983 (see Figs. 3.5
and 3.6 for the M-2 slave and master control station). Note that the arms are in an elbows-up
configuration and are thus best suited for working above horizontal surfaces, although they are
more than adequate for working with vestical surfaces provided the components are not mounted
very far in and under other equipment items.
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ORNL-PHOTO 3549-838

Fig. 3.5. The model M-2 slave — (1) transporter interface, (2) movable overhead cameras,
(3) auxiliary hoist, (4) slave arms, (5) fixed lower camera, (6) servomotor housing, and (7) control
electronics rack.
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Fig. 3.6. The model M-2 master control station.

ORNL-PHOTO 5013-83B

(44



23

Each slave arm has six joints plus a tong-type grip end-effector and is capable of
continuously handling items weighing up to 23 kg (50 1b). Peak capacity of each slave arm is
46 kg (100 1b). The master control arms are kinematically imilar to the slave arms and feature
real-time control of the slave, up to end-effector tip slewing velocities of 1.5 m/s (5 fi/s).
Threshold force-reflection of the system is about 1/2 kg (1 1b). Force-reflection ratio of the master
control arms loading to the slave arm loading can be varied between 1 and 1/8 of slave arm
loading value. Unlike the ASM, the M-2 is not remotely maintainable and must be repaired by
hands-on techniques. This is primarily due to the arms’ conventional cable and pulley-drive
design. The M-2 slave arm joint motions are illustrated in Fig. 3.7. The performance and
operating characteristics of both the slave and master arms are presented in Table 3.1.
Incorporated in the M-2 slave package are three on-board CCTV cameras and a 227-kg (500-1b)
capacity hoist. The two overhead cameras have four positioning degrees-of-freedom and standard
motorized, lens controls. The lower camera is fixed and uses a nonmotorized wide-angle lens.
The elevation of these cameras is not adjustable. The hoist boom is fixed and cannot be adjusted.

ORNL--DWG 87-5543

COUNTERWEIGHT

UPPER ARM
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TONG &, &
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Fig. 3.7. CRL model M-2 servomanipulator motions.



Table 3.1. Performance and operating characteristics of model M-2 servomanipulator

X Y Z Elevation
(shoulder roll) (elbow pitch) (shoulder pitch) AZ (yaw) (pitch) Twist (roll) Tong
Master maximum torque 111N 111N 111N 17N-m ISN-m 12N-m 111N
or force
Slave maximum 222N 222N 222N 56 N-m 47N-m 40N-m 445N
continuous operating Squeeze
torque or force
Peak slave torque or force 445N 445N 445N 108 N- m 90N-m 77N-m 667N
Squeeze
Maximum no-load linear >1.5m/s >1.5 m/s >1.5 m/s >344°/s >400°/s >344°/s >1.0m/s
or angular velocity
Slave arm motion range +45° +45° +45°; +210° +40°; +180° Tong 0.08 m;
255° total -125° handle 0.07 m

with indexing

14
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3.2 MECHANICAL MASTER/SLAVE MANIPULATORS

Mechanical master/slave manipulators may be pat of the remote operating and
maintenance equipment provided at selected workstations . 'ong the process cell walls. They arc
used in conjunction with shielded windows to perform light-duty remote handling tasks over a
limited range. Each window workstation is equipped with a pair of master/slave manipulators.
These manipulators operate through a sealed through-the-wall mounting, which restricts coverage
to the limit of the slave arm reach. The general design features are shown in Figs. 3.8, 3.9, and
3.10. The assembly consists of three functional components: a master arm, a slave arm, and a
seal-tube assembly. Any of these can be exchanged without breaching hot-cell containment. The
performance data, from CRL, on the specific equipment are given in Table 3.2.
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Fig. 3.8. CRL model J master/slave manipulator, side elevation.
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Fig. 3.9. CRL series 50 master/slave manipulator, side elevation.

3.3 BRIDGE CRANES

Overhead bridge-mounted cranes are used for transporting and positioning of heavy loads
throughout the process cell areas and for performing some maintenance operations using impact
wrenches suspended from the load hooks. A crane system consists of the bridge, trolley, hoist,
and means for transmission of power and control signals. The cranes are remotely controlled from
the maintenance control center. The CCTV cameras mounted on the bridge give close-up viewing

of lifting operations.

The cranes have the capacity for transporting the largest equipment assembly in the cell and
the spacial coverage necessary to transport any picce of in-cell equipment to a transfer port or
repair arca. The bridge cranes must be provided with remotely maintainable design features for
recovery from all potential failure cvents.



27

ORNL-DWG. 79-6988R

L
_..1 3/4 I,.,_,
Fig. 3.10. CRL model J, grip hand.
3.4 LIGHTING

The in-cell lighting system provides fixed lights for gencral ccll illumination and for
intermittent duty at window stations and supplementary lights on mobile handling equipment.
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Table 3.2. Load capacities of the CRL master/slave manipulator®

Model J, System 50,
standard duty, heavy duty,
Capabilities extended reach extended reach
Handling capacity at tong tips
X motion, 1b 20 50
Y motion, 1b 20 50
Z motion, 1b 20 50
Elevation rotation, 1b/in. 125 300
Azimuth rotation, 1b/in. 150 300
Twist rotation, Ib/in. 120 300
Tong opening, in. 3.25 3.25
Grip force, 1b 20 150
Handling capacity with a 60 120

load hook accessory, 1b

“Courtesy of Central Research Laboratories, Inc., Red Wing, Minn.

3.4.1 General Hot-Cell Lighting

The cell lighting system provides sufficient illumination for viewing and performing
remote operations within the cells. The system includes light fixtures closely placed around the
viewing windows and an emergency light fixture located at each workstation/rack. All fixtures
use commercially available lamps. Circuit-breaker panel boards and control switches are located
outside the cell.

3.4.2 Auxiliary Cell Lighting

Lighting is provided on the in-cell maintenance system. This allows system operation
independent of the facility lighting and also allows for the use of controlled lighting to enhance
depth perception. The lighting arrangement selected is one that can best enhance the perception of
depths in a televised scene achieved through the use of both bright and diffuse lights offset from
the camera line of sight, in conjunction with a backlight to enbance the feeling of depth.

3.5 CLOSED-CIRCUIT TELEVISION

The primary mcans for viewing remote operations in the process cell is through CCTV
systems. In-cell equipment includes camera-mounting structures and in-cell cabling. Viewing
monitors and camera controls are located in the maintenance control room as shown in Fig. 3.11.

Viewing for maintenance operation using the in-cell maintenance system is via CCTV
cameras mounted on the mobile manipulator systems and the overhead bridges. These cameras
have remotely operated pan and tilt positicning as well as motorized zoom lenses. Wall-mounted
CCTV cameras provide an overview of all equipment in the cell but may supplement cameras
used for maintenance operations.



Fig. 3.11. Control-room viewing

monitors and camera controls.

ORNL-PHOTO 0378-86

67



30

Standard-resolution black-and-white television systems are used for general viewing.
High-resolution black-and-white or color equipment may be used for special purposes.® Cameras
mounted on movable support stands may be used to provide additional viewing flexibility.

3.6 SHIELDING WINDOWS

A shielding window is an optically transparent material having roughly the same radiation
protection properties as the surrounding shield; the windows will be glass. A shielding window
assembly consists of a wall tank or liner and one or more pieces of glass. The interface surface
reflections from the spaces between the pieces of glass are almost completely removed by filling
the space between the plates with mineral oil having a refractive index approximately equal to
that of glass. However, because of the thickness of the window, distortion and blind areas are
present. Figure 3.12 shows the useful viewing area of typical glass windows. The area that
surrounds, or is outside of the normal viewing area, distorts objects severely (i.e., a round object
will appear to be elliptical).

3.7 PERISCOPES

A periscope is a viewing device that uses mirrors or prisms to direct light rays so that a user
can see a given field from a particular position or location where observation would otherwise be
impossible. Periscopes are available in monocular, binocular, and stereoscopic configurations.
These come equipped with lenses of different resolving powers for telescopic viewing (Fig. 3.13).
Periscopes provide high-quality viewing, so they are frequently used to photograph items inside
the hot cell.

3.8 SUPPLEMENTARY VIEWING DEVICES

Conventional binoculars and monoculars may be used in conjunction with windows for
detailed viewing with improved depth perception. They can be placed on a fixed mount in front
of the window.

Spotting-telescopes and opera glasses can also be used with a viewing window to obtain
additional perspective.

Borescopes are used for special viewing. They are modified periscopes which have been
optically lengthened by the addition of extender lenses that magnify the object closest to the
object lens.

In-cell mirrors can be positioned to supplement views provided by other devices.

3.9 AUDIO SYSTEMS

Microphones are used to assist operators with audio feedback while moving equipment or
performing remote maintenance operations in a hot cell. The sounds improve the "feel" of the
activity. The microphones may be either fixed or mobile. Unidirectional microphones are
frequently attached to CCTV cameras. Microphones are also used to monitor sounds of
functioning equipment to compare normal versus abnormal operations.

3.10 TOOLS

The requirement for special tools for individual equipment items should be minimized by
using standardized maintenance features outlined in the previous sections of this guide.
Restriction of special tools, which also includes lift fixtures, is important since any tool entering a
cell environment must be designed for manipulator/crane use, for special environmental
conditions in the cell, for cell storage, and for eventual decontamination or disposal. The
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standardization of equipment designs inherently minimizes the number and types of tools needed.
Equipment designers must ensure that component modules can be removed and replaced using
standard hot-cell tools where possible.

The general approach at ORNL has been to use commercially available tools adapted to
manipulator or crane hook use through special handling features. Specific types of tools in this
category can be operated manually, electrically, or pneumatically.

Tools commonly used with manipulators include impact wrenches, ratcheting tubing
wrenches, standard ratchet wrenches, torque wrenches, and nut-runners. On a less frequent basis,
tools such as hammers, pry-bars, saws and grinders, bolt cutters, and nut-splitters are also used.
Lifting eyes, shackles, and wire- or chain-slings are examples of rigging iterns that can be
handled by manipulators. Fixed lifting bails or eye-bolts should be provided for component
modules where possible. For examples of various tools adapted for hot-cell maintenance use, sce
Figs. 3.14 through 3.17.

Impact wrenches in nominal 10- to 20-mm (3/8- to 3/4-in. U.S. standard) drive sizes arc
used with manipulators and provide 170 to 340 N-m (125 to 250 ft-1b) maximum torque,



ORNL-PHOTO 5964-86A

Fig. 3.14. Tools adapted for hot-cell use.

£E



Fig. 3.15. Lift-fixtures adapted for hot-cell use.

ORNL-PHOTO 5693-86A
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ORNL-PHOTO 6718-87

Fig. 3.16. Standard wrenching operation on a commercial tubing connector by electromechanical manipulator.

S



ORNL-PHOTO 6719-87

Fig. 3.17. Standard ratchet wrenching operation on a special fluid-conncctor by an electromechanical manipulator.
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respectively. A 25-mm (1 in.) drive impact wrench suspended from a crane hook can develop up
to 1000 N-m (750 ft-1b) of torque. Smaller drive wrenches are also adapted for crane hook use.
Precision component joints requiring very accurate torque values should be avoided where
possible to improve reliability and reduce change-out time. This is absolutely necessary for
crane-and-impact-wrench type operations. Figs. 3.18 and 3.19 show two different sizes of electric
impact wrenches. The large unit is rigged with crane hook lift-points to ensure that nut- or
bolt-chasing occurs in either a vertical or horizontal direction, requiring the crane operator to
make only single-control adjustments of the crane hook position to follow a screw thread
engagement.
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Fig. 3.18. Impact wrench used with manipulator.

Lift fixtures commonly used with crane hooks include strong-backs with adjustable lift
points, primary crane hook extensions, and general purpose lift fixtures equipped with multiple
slings. All tools and fixtures are designed with the ability to be passed clearly through the transfer
locks in and out of the process areas.
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3.11 CELL PENETRATIONS

A general discussion of hot-cell penetrations to provide services through the shielded
containment walls of a facility is covered previously, in Sect. 2.5, and mentions air-locks and
pass-through openings which are designed as confinement barriers with double doots or plugs to
ensure the airtightness required to maintain pressure differentials of the cell atmosphere. Standard
service penetrations are designed to accommodate utilities, master/slave manipulators, and
periscopes.

Special penetrations are provided to expedite transfer of tools and spare parts. The designer
must be familiar with the size, location, and configuration of these penetrations to ¢nsure that all
tools and equipment modules can be easily moved into the cells to service remote maintenance
activities.






4. GENERAL GUIDELINES FOR THE DESIGN OF REMOTELY
MAINTAINABLE EQUIPMENT

This section discusses remotely maintained equipment to guide an understanding of the
capabilities and limitations of remote maintcnance systems available to access and service in-cell
equipment,

Operations in radiocchemical processing facilitics utilize equipment designed to function by
remoie control and to be maintained by remote handling equipment. This is based on
considerations to isolate the operating personnel from high radiation and contamination hazards."
These design guidelines are based on concepts, ideas, and requircments gained through remote
handling equipment operating experience. It is imperative for the designer to be familiar with the
characteristics, capabilities, and limitations of the systers that will be used to perform the remote
maintenance on the process equipment before undergoing final design. This includes cranes,
manipulators, and support equipment such as lighting, viewing systems, and the range of tools
avaiiable (Scct. 3).

The designer must ensure that the process equipment can be maintained remotely with
adequate access (Sect. 4.4) to any given unit and provide sufficient space and clearances to
illuminate and view the entire maintenance procedure. An equipment mock-up area as a design
aid is both useful and desirable for proof testing of the remote maintenance procedures and
handling operations under realistic conditions. Beyond the initial equipment installation and plant
facility startup, personnel are excluded from hands-on access; hence, equipment designed o be
operated and mainiained remotely must also be installed remotely.

4.1 RADIATION

Process systems that handle radioactive materials are required to be remotely maintainable
to minimize personnel expesure and to be assembled with components of cconomically useful
durability in the ionizing radiation environment. The characteristics of radicactivity are discussed
in more detail in Appendix A.

The designer of a radiochemical process facility is concemed about the protection of
personnel from sources of harmful types of ionizing radiation. The types and intensity of
radiafion in a process cell at any given time depend on the source materials present — spent fuel,
the process stream, induced radioactivity, surface contamination —and their locations.

Spent fuel is a source of intense high-level radiation usually comprised of three major
components: (1) actinide elements (uranium, neptunium, plutonium, americium), which are the
major sources of alpha and neutron radiation; (2) fission product clements, which provide most of
the beta and gamma radiation; and (3) structural materials in the fuel assembly, which provide
significant beta and gamma radiation from induced activity. Surface contamination consists of
spent fuel solutions or particles that may escape from the nommal process stream and deposit on
external surfaces or become entrained in other process streams. Surface contamination is usually
a secondary radiation source in the presence of normal fuel process streams but is still significant
when the normal process stream is removed (Sect. 2.4).
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The designer of radiochemical process plant equipment is chiefly concemed about gamma
radiation ¢ffects on its many materials of construction. Generally, most metals are unaffected.
However, electronic components and organic materials such as elastomers, oils, and plastics may
be severely affected and may have very limited use in areas of high gamma intensity. Protection
against radiation damage can be provided with local metal shielding when the use of organics in
the design is critical or alternative materials are unavailable. Weight, space, and cooling penalties
usually result when shielding is utilized. The amount of shielding required is a function of both
the radiation resistance of the design material and its location in the process cell environment.
Table 4.1 lists shielding materials and thicknesses required to reduce radiation dose rates to
one-tenth of the unshielded value,

Table 4.1. Conservative estimates of shielding required
to lower in-cell dose rates to one-tenth of original

One-tenth dose rate

Density thickness
Material g/em® Ib/in.? cm in.
Concrete 24 0.087 23.11 9.1
Iron 7.94 0.287 6.86 2.7
Tungsten 19.64 0.710 1.78 0.7
Lead 11.34 0410 2.79 1.1
Uranium 18.76 0.678 1.37 0.54

The designer should be familiar with shielding material selections to optimize design
decisions. Appendix B includes tables that list the effecis of gamma radiation on numerous
materials and various electrical components.

4.2 STANDARDIZATION

Standard equipment selection reduces overall design and construction costs of a plant,
reduces spare parts inventories, and minimizes operator training time for maintenance. General
standardization guidelines for equipment designers include the following:

1. Commercially purchased components, modified if necessary, are preferred to specially

designed and fabricated components. In general, manipulators with enhanced capabilities (see
Sect. 3) require fewer adaptations to standard equipment.

2. Limit the number of different types of commercially purchased components (further
guidelines are contained in Sect. 6).

3. Utilize standard design solutions, as described in this manual, wherever possible in preference
to creating new design solutions.
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4.3 REPLACEABILITY

The following list entails some rccommended design practices to provide for the
replaceability of modules (Sects. 2.3 and 4.9):

1. Design modules to be remotely maintained using the available maintenance equipment; avoid
special tools, jigs, and fixtures, if at all possible.

2. Provide as-built dimensions of all modules or ieplaceable componenis.
3. Mark and label (Sect. 4.10) modules to identify where ihey mate to the parent machine.

4.4 ACCESSIBILITY

There is a significant difference in the accessibility requirements for equipment to be
repaired by force-reflecting servomanipulators rather than by humans. For instance, an impact
wrench modified for in-cell manipulator use would typically have overall dimensions of 41 to
46 cm {16 to 18 in.) long by 30 to 41 cm (12 to 16 in.) high by 15 to 20 cm (6 to 8 in.) wide. Use
of the wrench to remove or loosen a bolt on an equipment module would not only require
sufficicnt access space near the bolt but alse a clear path of sufficient size 10 bring the tool into
the work space from a direction accessible to the maintenance equipment. Other considerations
include leaving sufficient clearance to accommodate thread travel as the bolt is loosened and
ensuring that the bolt head is visible with the in-cell viewing equipment. Some general guidelines
0 ensure accessibility include the following:

1. Modules should be designed to ensure adequate viewing via shiclded windows, periscope, or
CCTYV television systems,

2. Modules should be designed to be rcached, disconnected, and handled by available
remote-handling equipnient, taking into consideration location in the cell and the relation of
oiher modules and equipment.

3. Modules weighing more than 454 kg (1000 1b) should be accessible by an overhead bridge
crane; medules weighing up to 454 kg (1000 1b) should be accessible to any auxiliary hoist on
the manipulator package, since manipulators and their associated hoist systems are limited in
load capacity and reach.

4, Modules shiould be designed 1o be disconnecied and removed with a minimum of disturbance
to other equipment.

5. The module equipment should he designed for ease of inspection and maintenance within the
surrcurling cell space provided.

6. Modules must be designed to be transferred thiough available cell fransfer tunmels and
penetrations.

4.5 FAILURE CONSIDERATIONS AND MALFUNCTION DIAGNQOSIS
The designer must anlicipate unplained gvents such as matfunctions and failures. When
failures do occur, the resulting cffects must be controlied to assure a safe shutdown that will not
cascade to cause other failures. Provide the following for all equipment designs:
1. A method to effectively detect failures and identify the specific malfunctions or faitures and
their respective causes.
2. Prescribe methods to recover from and repair all failures.
3. Prescribe methods o siop flows or bypass process materials and to drain (and flush, if
possible) components prior to removal.
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4. Specify methods for removal and storage of process or product materials from the failed
sysiem.

5. Assure that the design and associated maintenance time periods meet plant operating
availability requirements.

6. Recommend in-service preventive maintenance inspections and operations and methods for
accomplishing thera remotely.

7. Assure that the equipment meets the modular design criteria.

8. Perform malfunction/failure analysis of equipment operations to assure that failure modes do
not lead to more failures, eic.

4.6 CALIBRATION AND ADJUSTMENT

The calibration and adjustment of instruments and components by remote manipulation and
viewing are difficult tasks. In-cell sensors, used to mcasure position, speed, force, temperature,
and flow present special problems. These components are subject to failure due to radiation and
corrosion effects, as well as from normal use. Some general guidelines in this area include the
following:

1. Designers should minimize in-cell use of calibration and adjustment mechanisms wherever
possible. Consider redundant in-cell sensors to provide opportunity to remove one unit for
repair/recalibration or replacement while the second unit covers ongoing operations.

2. Provide means i0 rcmotely calibrate in-cell sensors from outside the cell. The techniques
depend on the sensor applications. Frequently, redundant sensors are used to measure a given
parameter continuously, and portable sensors are used periodically to confirm the fixed sensor
output accuracy. Fixed gage points would apply to a position-measuring sensor.

3. If in-cell sensors are unavoidable, then adjustment and calibration operations should be
performed in-situ using the servomanipulators wherever possible. Performing these operations
by contact means, in most cases, will require removal from the cell and decontamination of
the sensor or mechanism.

4.7 DECONTAMINATION

Equipment taken outside the process cells must be decontaminated (Sect. 2.4). Most
equipment can be thoroughly decontaminated to reduce the gamma radiation at the surface to
levels of acceptance prior to performing contact maintenance or disposal preparation. The
following considerations are important:

1. Choose construction materials for equipment, scheduled to be decontaminated for contact
maintenance and later reused, which resist degradation by the decontamination fluids and
procedures,

2. Equipment, not to be reused, may be constructed of lower grade materials not necessarily
resistant to the decontamination reagents.

3. Consider the decontamination procedures so the design of the equipment can reflect the
following feaiures:

* 1o blind holes unless provided with drain poris,
« specify continuous welds to fill cracks and crevices,

» use smooth or polished metal surfaces (electropolishing is a common finishing technique
used widely in the nuclear industry),
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* avoid porous materials, if possible, and
» eliminate joints that may trap material, where possible.

4. The primary method of in-cell maintenance is replacement of failed modules by remote
handling and manipulation techniques. Subsequent repair of failed modules will, in many
cases, require contact maintenance. There are three basic techniques to reduce ionizing
radiation contamination to acceptable levels and permit contact maintenance on complex
items such as television cameras and manipulator arms:

* Install gastight and watertight shrouds that protect mechanisms and joints but do not
impair operation. These can be placed around certain equipment before transferring the
unit into the cell. The shrouds can prevent contamination from entering the joints and
mechanisms and can be decontaminated effectively.

* A shroud can be placed around the equipment prior to transfer into the cell and removed
before the item is transferred into the contact maintenance shop. This is commonly
referred to as "booting."”

*  Decontaminate unshrouded equipment to acceptable levels (sece Sect. 2.4). In this case,

compleie equipment rebuilding to replace items such as bearings and connectors, which
are susceptable to damage by decontamination solutions, is usually required.

4.8 STORAGE OF EQUIPMENT
General guidelines established for equipment sterage include the following:

1. Most uncontaminated spare module subassemblies and components will be stored cut-of-cell
in controlled storage areas.

2. Where failure of a component must be corrected rapidly, spare parts must be stored in-cell in
controlled storage arcas. Spare parts should be stored in the immediate vicinity of use to
minimize transfer distances. Consideration must be given to radiation damage to equipment
inventoried in-cell.

3. Storage of special tools and fixtuies used infrequenily for the instailation, removal, and
calibration of in-cell equipiaent must be considered. These items will become contaminated
and can be stored in a number of places, including the following:

« onor in the vicinity of the equipment they service,

« inthe controlled storage arcas within the cells,

« inthe contact-maintcnance shop storage arca (after decontamination}, and
« out-of-cell in gastight bags or containers (after decontamination).

4. Spare parts, tools and fixiures, and storage needs must be identified as part of the equipment
design.

4.9 MODULARIZATION OF EQUIPMENT

Previous sections discuss why certain types of components are mountcd in remotely
replaceable modules or subassemblies. This section covers some basic guidelines and special
tools used to enable the installation and replacement of modular units by remote maintenance
handling techniques.

Special tools may be designed for specific mainienance tasks. As an example, a special lifi
fixture, used on a specific module unit not frequently moved, is a special tool. Special tools may
be difficult to store and to relocate later when needed. The designer should minimize the need for



special tools, fixtures, and gages required to maintain remote equipment. Use special tools and
fixtures only where there is no viable alternative.

4.9.1 Lifting Bails

All replaceable modules or subassemblies require lifting for transport, installation, and

replacement in the process cells. General guidelines for lifting include the following:

1.

Install fixed lifting bails on the modules where possible. This avoids special lift fixtures and
Ielps to minimize the maintenance task time.

Provide tapped holes at the module lift points for threaded eyebolts when a fixed bail
interferes with insiallation or operation. This choice depends on the dexterity of the
servomanipulator type available to install and remove the eyebolts or the hole plugs.
Comimnercial designs of standard eyebolts include both rigid-eye and swing-bolt cheices in a
wide range of sizes.

Whether lifting bails, eyebolts, or slings are used, the design strength analysis should be based
on the worst case loading t0 avoid failure of the lifting means when the lift is applied
abnormally. A design safety factor of two or more is recommended for all lifting bails,
fixtures, eyebolts, and cable slings based on yield strength and 150% of the test load rating.

Provide the required access space around the lifting bail for case of crane hook engagement.

Ensure that the lift point is visible to the in-cell television cameras during crane hook
engagement and disenigagement operations.

Locate the lift point over ihe center of gravity to enhance removal and installation by enabling
the module to hang in its normal installed attitude. This normally requires installation of bails
alter module fabrication. Single point lifts that require no special rigging are preferred where
possible, but if a module is configured so its center of gravity is abnormally offset, then
multiple point lifting may be necessary.

Design rigid lifting bails to ensure stable engagement between the bail and the crane hook.
This controls free pivoting of the module or the crane hook at the point of contact between the
bail and the hook. Examples of good bail design for hook and grip control are shown in
Figs. 4.1 and 4.2.

Design lifiing bails for straight vertical hoisting. In general, good practice cranc operations
apply a vertical force, only, when lifting a load.
Design small modules, normally handled by the manipulator, with features to enhance the

grasp of the manipulator tongs for a positive hold and maneuverability. Examples of channels
to aid tong gripping and control are shown in Fig. 3.14.

4.9.2 Rest Points

1.

All remotely replaceable modules require rest points to:

Assure that the unit remains upright guarding the equipment from falling over or tipping in
any manner preventing lift access by a crane hcok or manipulator. The use of special
maintenance stands is discouraged for the same general rcasons special tools should be
avoided, as discussed in Sect. 4.9.1.

Prevent damage to critical elements on the module.

Although most modules rest in place by gravity, if hold-down fasteners are used, the rest
points must stabilize the unit for self-support when the mounting fasteners are disengaged,



47

ORNL--DWG 87-55631

CAP A" MIN, 8" MIN. “C” MAX.
1 TON 33/4 11/4 3/4
2 TON 4 11/2 3/4
5 TON 61/2 23/4 11/4
10 TON 10 4 2
25 TON 13 8 31/4
50 TON 18 g1/8 41/2
Note: Dimensions in inches.
)
C MiIN. R =B ,.h
N e ‘ T 7%
ANEAN ) VaV4
N 7/ y;
NN s
AN .
NN 7
N DN Lk /
/"?)" (

=
STOPS TO MAINTAIN

HOOK PICK --UP HEIGHT
OPTIONAL HINGES

. g

TYPE |

SELF-SUPPORTING CABLE

if

TYPE N TYPE i1l

Fig. 4.1. Lifting bails - types I to IIL
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since a manipulator may be required to help rig a hoisting hook at the 1ift point after the
fasteners are loosened; especially, when an overhead bridge crane lift is required.

4.9.3 Alignment Features

All remotely replaceable modules and assemblies require buili-in alignment guides 0

simplify installation. General guidelines suggest:

1.

It is common practice to use two companion sets of guides to locate a module. The first set
does gross positioning and leads the module into the second, more precision guide set, which
may be a set of close tolerance pins and holes to ensure a precise gear engagement, or a shaft
coupling engagement. A well chosen, iwo-stage guidance can lead a unit squarely in place
using only a hoist, without requiring a manipulator system for alignment assistance.

The design of a precision guide and locating procedure aveids undue tilt, binding, or scizing
during instailation and removal. Precise alignment of a module should occur over the last 3 to
5 mm (1/8 to 3/16 in.) of vertical travel to avoid binding. Close fitting guides made from
metals dissimilar to the module casc material can effectively reduce the occurrence of galling
or binding.

Aliginment operations rely on in-cell television camera viewing. Piovide a clear view by the
in-cell television cameras for proper module engagement and mating. Avoid blocking the
line-of-sight view of the guides with the module itself,

Both gross and precision alignment guides may be comprised simply of one set of alignment
pins, but staggered in height, to aid the engagment process.

Some cxamples of alignment schemes for remote placement are shown in Figs. 4.3 through
4.6. Remotely replaceable modules should be instailed and located by guides and pins in a
manner so that the manipulator or crane hook can be detached before fasteners are engaged.
The locating system (see Sect. 2.2.2) is required to be accurate enough o ensure that the
screws can then be engaged without damage to the screw threads or other fasieners.

4.9.4 Fasteners

Fasteners commonly used successfully in remotely maintained cells include varicus bolts,

nuts, screws, clamps, and pins. For purposes of standardization (sec Sect. 4.2), the following
guidelines have been established:

1.

Choose commercially availablc fasteners wherever possible to minimize cost. Some
modifications to fasteners, such as the addition of pilot nosed ends, may be useful. The design
and fabrication of special fasteners are usually unnecessary.

In most cases, screws and holis used to fasten remotely replaceable modules and
subassemblies are expected to be loosened or tightened by motorized impact wrench or nut
runner guided by a manipulator or a crane hook. The following guidelines are useful in
selecting fasteners:

o Choose a common mounting bolt size, if possible, to minimize tool changeout during
module installation or maintenance.

« Limit bolt and screw sizes to 6 mm (0.25 in.) diameter or greater and avoid screws with
sloted or socket heads due to manipulator dexterity limitations and the high probability of
tool damage to smaller screws.

» Specify coarse series threads to lessen the hazard of cross-thrcad damage using
manipulator tools. Recommend threads to be deburred and cleaned to resist galling.



ORNL-DWG. 79-6977R4

MATCH
MARKS
OR
GROOVES
MAY BE

USED TO

OTHER FEATURE AID ALIGNMENT

MAY BE USED

AS VISUAL

ORIENTATION

INDICATORS —
GROSS GUIDE
AL IGNMENT
BRACKETS

ASYMMETRICALLY
LOCATED GUIDE
PINS*

*GUIDE PINS OF DIFFERENT LENGTHS
SHOULD B8E USED TO SIMPLIFY
REMOTE ENGAGEMENT WHEN GROSS
GUIDES ARE NOT USED

Fig. 4.3. Mating flange guide features.
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Make provisions to avoid cross-threading damage at the siart of screw engagement.
Specify a slight chamfer or thread blunting on the screw end or fumish a counterbore or
countersink to lead a screw into a tapped hole.

Plan to use ACME ihreaded fasteness in applications requiring screw threads for frequent
fastener removal.

Fastener metals require a minimum hardness of Rockwell C45 to resist tool damage.
Mating threads should resist galling without lubrication. Bolts and nuts, or screws and
threaded seats, of dissimilar materials or of dissimilar hardnesses, resist galling. However,
continuous vibration in service may cause some abrasion and fretting if mating threads are
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LIFTING BAIL~ gy,

Fig. 4.5. Floor guide bracket.

unlubricated. Where permitted, lubricants can prevent thread surface metal transfer, one
primary cause of galling (see Sect. 6.3 for recommended lubricanis and surface
treatments).

» Design fasteners to be captive in the module structure to avoid loss after unseating or
transport. Avoid loose bolt or nut usage. Machine screws may be captive like the fastener
design examples in Figs. 4.7 through 4.10. When bolis are used for low precision
assembly, the nuts may be captured like the examples in Fig. 4.10.

« Spring load captive bolis, particularly when vertically mounted, to help indicate when
disengagement occurs and to avoid interference and bolt damage during module transport
and installation. Where a vertical captive bolt is loose, a spring will prevent engagement
due to vibration when companion bolts are loosened by an impact wrench. A
spring-loaded captive bolt design example is shown in Fig. 4.9.



53

7y, ORNL DWG 80-6843R

" LFTING
BAIL
v
| MODULE
7

/ﬂeuma PINS

/

Fig. 4.6. Vertical hanger bracket.

« Provide pins or shoulders to ensure alignment and to apply only tensile force in a manner
to load any bolt only along its axial centerline. Never load a fastener heavily to "pull" an
assembly into alignment.
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Plan to install any screw fasiener, requiring a hook-mounted impact wreach, in either a
vertical or horizontal direction. Inclined operation of the wrench requires screw chasing in
two dimensions with the hoist to mainiain tool position.

Use the magnetic propertics of the mating parts to help retain and/or position fasteners,
when possible.

Consider commercial ball-lock pin fasieners. However, the pins should be modified to
provide a gripping head for push-pull operation by the manipulator tongs as shown in
Fig. 4.11. To retain loose pins, cither attach the pins to the module using a tag chain or
provide a captive housing, as shown in the example.

Commercially available toggle and swing clamips are acceptable to fasten a module
expected to be moved frequently. Plan 10 provide access to the clamping adjustment
mechanism by the manipulator t00ls.

Consider very limited use of other fasteners such as snap rings, roll pins, cotter pins, and

spring clips to sccure remotely replaceable units. Limit the use of these fastener types to
hands-on maintenance equipment planned for service cutside the cell.
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Fig. 4.9. Spring-loaded captive bolt for remote assembly.

4.10 EQUIPMENT LABELING

All in-cell modules and components should be clearly marked for identification.
Accountability of components and modules will be required for numerous purposes: including
spare parts inventorics, in-cell equipment identification, equipment refurbishment, and equipment
packaging and disposal.

The modules are to be permanenily labeled (i.e., stamped in stainless steel plates for
protection from the cell environment). The labels or markings arc to be placed in locations that

are clearly visible to remote viewing cameras. More than onc label may be required on a large
module.

4.11 COATINGS AND FINISHES

Decontamination procedures require material surfaces (Sect. 5.2.2) that are free of pits and
grooves. Cast parts may require a suitable coating, for the service environment, to cover the pits



57

ORNL-DWG 80-6852R2

0.12 x 30° TYPICAL
AT PARTING LLINES
FOR ALL TYPES

PARTING ___
LINE

ANSI BI8.2.2
HEX NUT CLASS

—— 4

28 OR 3B THREAD
R | /"SyckeRr sTICK"
e HANDLE FOR MANIP-
ULATOR GRIP

PARTING
LINE

PARTING
LINE

OPTIONAL WELDED
NUT

TYPE TI PERMANENT THREAD

Fig. 4.10. Captive nuts.



58

ORNL-DWG. 79-6983R3

SIDE GRIP
/ N CUTOUT
N\
%\\f////// 7
il _ — )
L -
\\7/7 7
” /%’l:ﬂ{[{l{ ]11%1/3 _ -
h/ (a) DETENT PIN IN RETRACTED
POSITION
———DETENT BALLS
----- RETAINING RING
7, H_.liﬂ,lﬁm—
Ny
] ) _ (L ) ~
l . % L
% \\\ - ‘
/\\\:2/ \ END VIEW
ASHAHH -3 — -
/s_ﬁ" \ HOUSING MANIPUL ATOR
% ! carES

PARTING PLANE

(b) DETENT PIN IN ENGAGED
POSITION
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that frequently result from the casting process. All stainless steel parts should be electropolished,
if possible, since this process has been shown to greatly enhance the decontamination properties
of stainless steel. Coarse grinding is an unacceptable finishing process since it tends to smear
metal and create pockets that retain contaminants.
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The process cell will have acids and moisture present in most areas that will attack
unprotected and vulnerable materials. All such materials must be coated with a radiation- and
chemical-resistant paint. Many commercial products will have to be stripped and repainted with
an acceptable paint.”

Surface finishes should be used to enhance viewing wherever possible. Different colors
may be used to distinguish between modules or components. Windmill or strip patterns can be
used on moving parts to improve the operator’s ability to monitor equipment. To reduce operator
fatigue, surface glare must be held to a maximum reflectance of 0.35 + 25%. This requirement
must be balanced with electropolishing surface treatment of stainless steel components for
decontamination.

*Paints should conform with U.S. Nuclear Regulatory Commission Regulatory Guide 3.30, "Selection,
Application, and Tnspection of Protective Coatings (Paints) for Fuel Reprocessing Plants.”






5. MATERIALS GUIDELINES FOR DESIGN

Thus section contains general guidelines for the selection of materials for the in-cell
environment of radiochemical process facilities to meet requirements for resistance 1o ionizing
radioactivity and the corrosive atmosphere that can develop due to spills or leakage from the
process equipment. The wetted parts of the process equipment are primarily stainless steel or
other materials designed to resist corrosion by the process fluids.

5.1 DESIGN CODES

Standard codes such as those published by the American Society for Testing and Materials
(ASTM) and the American Society of Mechanical Engincers Pressure Vessel and Boiler Code
(ASME Code) are used extensively for the design of all the equipment. These and other
applicable codes should be referenced in the specification or criteria for each item of equipment.

5.2 MATERIAL SELECTION

5.2.1 Radiation-Resistant Materials

When a material is exposed to ionizing radiation, absorption of the high-energy particles
can produce microscopic changes in the composition and siructure of the material. The minute
changes caused by a single reaction has almost no observabie effect on the physical, chemical, or
biological propertics of the material. However, if the material continucs to be exposed to
radiation, a sufficient number of reactions can occur and cause the properties of the matcrial to
change.

The nature, extent, and influence of radiation effecis on the operational capabilities of a
component depend on many factors, such as (1) the type of material being exposed, (2) the
amount of radiation it absorbs, (3) the environmental conditions other than radiation, and (4) the
physical application of the material.

Radiation effects may alter the performance of components in a variety of ways. In many
cases, irradiated materials deteriorate much as they would in the absence of radiation, except at an
accelerated rate. Materials other than metals and ceramics tend to deteriorate far more rapidly.
Some components and materials are especially sensitive to radiation effects and may require
special design features and/or special maintenance programs. Examples are componguts
fabricated from organic materials, such as plastics and elastomers; light-iransmitting components,
such as lenses and viewing windows; electrical and electronic equipment; and mechanical,
hydraulic, and pneumatic systems components, such as lubricants, seals, hoses, and hydraulic
fluids.

For example, elastomer seals and hoses in hydranlic equipment norimally have a reasonably
long lifetime, but when they are cxposed to a radiation environment, deterioration is accelerated
and the useful lifetime may be reduced. Physical changes caused by radiaiion can include
swelling and changes in sirength and clasticity and lead to faulty operation of hydraulic systems.
A change in the viscosity index of some organic liquids can impair lubricity. Radiation can
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produce transient as well as permaunent changes in electronic circuits and equipment. Evolution of
gases produced from irradiated organic insulation and potting materials can increase pressure in,
and rupture the cases of, hermetically sealed clectrical and clectronic components.

Generally, metallic or ceramic component materials resist radiation effects well and can be
selected for the service life of the entire system without periodic maintenance. However, selection
of metal components Or structures requires some caution. Certain alloys arc subject to
embrittlement. General purpose load-bearing equipment systems such as cranes may need to be
down-rated over the life of the plant because of accelerated embrittlement of parts. Optical lenses
have a finite life under exposure to high-radiation fields.

Where possible, the designer should select components of known resistance to
high-radiation exposurc. The choice of qualified radiation-resisiant materials and components
ensures greater plant operating life, reliability, and availability by reducing the frequency of
maintenance.

Radiation resistance is conventionally stated as the total dose of ionizing radiation exposure
that the component can absoib and siill remain functional. For gamma radiation, which is of the
greatest concern in a reprocessing facility, this dosc is normally measured in rads; for example, a
particular component may be able to absorb 10° rads. The expected life of the component before
failure caused by radiaiion damage may be calculated by dividing the allowable dose by the dose
rate. For example, if a component that can absorb 10°® rads is exposed to a hot-cell dose rate of
10° rads/h, the expected life would be 10%/10° = 1000 h. The effects of radiation on various
materials and components are presented in Appendix B.

5.2.2 Corrosion-Resistant Materials

Like conventional chemical processes, radiochemical process equipment is fabricated from
materials that resist process fluid corrosion. In a nuclear fuel reprocessing plant, the prime
materials of choice are austenitic stainless steels, particularly the lower carbon content "L" grades
since these are less susceptible to carbide precipitation and sensitization, particularly when
welded. It may not always be possible to use the 300 series stainless steels, primarily when
mechanical properties to avoid galling and wear resistance, etc., are required.

Other matierials may be susceptible to corrosive damage by malerial in the process cell
environment. The normal eavironment in the process cell can be modified by leaks or spills.
Further, materials used for equipment iiems that are to be periodically decontaminated,
contact-maintained, and then returned to service must be resistant to damage by the
decontamination methods and procedures.

The plant designer must anticipate unplanned events as well, such as leaks and spills, which
occur in the form of liquids or fumes. The most severe corrosive environment normally
encountered by hot-cell components and remote-handling equipment consists of nitric acid fumes
and vapors and/or liquid nitric acid from spills and decontamination procedures. The choice of
compatible materials and coatings Lo resist and survive these occasional exposures is based on
these corrosion/decontamination factois, as well as the selection of components, such as bearings,
couplings, scals, shafts, etc., from suitable materials to assure functional performance.

Certain methods to overcome material incompatibilitics may be used. Also discussed in
Sect. 4.11, corrosion- and radiation-resistant barrier coatings and sealants can be applied to less
qualified materials to enhance performance. In some cases, an economic trade-off may allow the
choice 1o accept corrosion and plan for replacement of the component on a regular schedule, in
place of a severe and costly decontamination procedure. The trade-off options depend on factors
of operability, service life, ease of replacement, downtime, and overall cost (initial cest, operating
delay costs, and disposal costs).
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Past operating experience with in-cell equipment has qualified many of the materials, and
some of their properties, described below. History indicates that use of the best available
materials, such as stainless steel for structures, provides long service life and minimizes corrosion
products and other waste materials that must be removed and eventually disposed.

In general, stainless steel is the material of choice for metal components for in-cell
processes. The corrosion rates of all stainless steels increase with nitric acid concentration and
temperature. Types 304L and 347, in the as-welded condition, show good resistance to nitric acid
corrosion and may be used for field-welded fabrication. Types 316 and 316L in the annealed
condition have about the same resistance to nitric acid as 304L and 347; however, unless required
for other than corrosion resistance, the higher cost may preclude their use.

The resistance of high chromium steels to nitric acid is directly related to the chromium
content of the steel; the corrosion rate decreases as the chromium content is increased. With the
exception of type 430, the 400-series are not widely used in nitric acid service. Type 446 is
comparable to type 304 in corrosion resistance but is more difficult to fabricate. The use of
400-series steels or cast chromium steels is not recommended.

High-silicon cast irons containing up to 3.5% molybdenum are highly resistant to nitric
acid corrosion. These irons, however, have poor mechanical properties and particularly low
thermal and mechanical shock resistance. They are also difficult to cast and are extremely
difficult to machine. High-chromium cast irons, containing 20 to 30% chrome, are exceptionaily
resistant o nitric acid. This material has better mechanical properties than silicon iron and may be
heat-treated readily.

Aluminum alloys are resistant to nitric acid and may have applications in the fabrication of
hot-cell components.

Nonmetallic materials, resistant to attack by nitric acid, include glass, polyesters,
polyethylene, polyvinyl chloride, butyl rubber, saran, and styrene copolymers.

5.2.3 Materials Resistant to Galling

Stainless steel is used extensively to fabricate hot-cell equipment. Because of the broad use
of stainless steel, which is highly prone to galling between mating paris, attention to design
against galling is impertant since galling is not readily detected when it begins to occur with
remote manipulation. The galling problem is most prevalent between mating paris of heavily
stressed screw fasteners. It is generally avoided by specifying the use of dissimilar mating
materials. The following is a list of several causes for galling, along with suggested ways to avoid
them:

1. Poor surface finish — Screw threads should be debusred and cleaned.

2. Imadequate lubrication — There may be a certain amount of abrasion and fretting if bolt
threads are not lubricated. Although not always feasible, lubrication will prevent material
transfer and thus galling (see Sect. 6.3 for recommended lubricants and certain surface
freatments).

3. Improper selection of materials — Some material combinations have a high propensity to
gall. Nitronic 60 is a trade name antigalling material used primarily for bolt and pin fasteners
in high corrosion applications. Table 5.1 presents information generated by ARMCO Steel
Corporation, indicating that Nitronic 60 is recommended for components prone to galling and
requiring high corrosion resistance. Tests have shown that a precipitation-hardened (17-4 PH)
bolt with a Nitronic nut is much better than a Nitronic bolt with a hardened nut.
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Table 5.1. Material galling data

Galling

pressure Wear
Stainless steel couple (hardness — BHN) (psi) factor”
Nitronic 60 (213) vs Type 17-14 PH (313) 50,000+ 43
Nitronic 60 (205) vs Type 316 (150) 50,000+
Nitronic 60° vs Type 316 (150) 38,000
Niwronic 60 (205) vs Nitronic 50 (205) 50,000+ 3.5
Nitronic 60 (205) vs Type 440C (560) 50,000+
Nitronic 60 (205) vs Nitronic 60 (216) 50,000+ 2.8
Nitronic 60 (205) vs Type 304 (140) 50,000+
Type 304 (140) vs Type 316 (150) 2,000 10.5
Type 17-4 PH (311) vs Type 304 (140) 2,000
Type 17-4 PH (415) vs Type 316 (150) 2,000 18.5
Type 440C (560) vs Type 440C (604} 11,000 38
Type 301 (169) vs Type 440C (560) 3,000
Type 410 (352) vs Type 316 (150) 2,000
Type 17-4 PH vs Type 17-4 PH 2,000 52.8

“The wear factors are weight loss in milligrams after 1000 cycles on a
Taber metal abrader machine.
*Data obtained from ARMCO Product Data Bulletin S-56A.

The following design hinis can help to avoid galling:

1. Cross-threading — To avoid cross-thicading, prepare bolt threcads as shown in Fig. 4.8.
Blunting the starter threads is a common practice.

2. Improper alignment — Misalignment when beginning to engage threads or when tightening
fastencrs will increase the potential for galling. Design examples and procedures to ensure
positive alignment prior to tightening bolts securcly are covered in Sect. 4. Every effort
should be made to ensure that bolis are loaded in tension only and not in shear. Pins or
shoulders ensure proper alignment and are designed to carry shear loads. A screw fastener
used to "pull” an assembly into alignment shows poor design practice.



6. MECHANICAL AND ELECTROMECHANICAL SYSTEM DESIGN

The guidelines in this chapter supplement good machine design practice and apply it to
remote maintenance manipulating techniques and limitations in hostile radiochemical process
environments. The guidance does not replace or supercede practices, analyses, and evaluations
necessary for sound, functional, and reliable designs.

In general, conventional parameters used to develop design- and working-stress
specifications, acceptable deflection limits, fits, and finishes are adequate for most remotely
maintained equipment except when controlled by exposure factors of high corrosion or radiation
embrittlement. Good design practice avoids requirements to perform adjustments using
manipulators inside the hostile in-cell areas because of the extreme difficulty. Also, the use of
special or single purpose tools or fixtures to perform remote maintenance generally complicates
procedures.

6.1 EVALUATIONS AND ASSESSMENTS

6.1.1 Remote Maintenance Evaluation

A technique that has been found to ensure that in-cell electromechanical equipment is
remotely maintainable is to prepare a formal remote maintenance analysis during design. This
evaluaticn is performed by developing remote maintenance procedures to a prescribed level of
detail. The first step is to identify in-situ removable modules. Next, rank operations required to
remove and replace cach module in order of execution. It is only necessary 10 identify specific
tools required to perform each operation if, for rare cascs, a certain special tool is needed to
perform that operation. For each operation, the following questions expect affirmative answers:

1. Can the applicable maintenance system gain access to reach the area and perform the
operation?
2. Does the operator have adequate visibility through the camera to perform the task?

3. Arec the lift points properly positioned for the module to either hang level or in another
orientation necessary for installation or removal?

4. Can the module be set down and remain stable without damage to components?
5. Does the module have provisions for guiding into place and can the operator sec the guides?
6. Is there adequate clearance to allow installation and removal?

If maintenance operations are expected in-cell, at a hands-on workstation, or outside in a
glovebox, use permanent labels to identify the components to be removed and replaced. List the
procedural steps required for removal, disassembly, and replacement.

Occasional adjustments, such as shimming, etc., are made outside on replacement modules
before they are transported into the cell for installation. For success, it is generally good practice
to record the actual "as-built" dimensions of interfacing parts that remain permanently in-cell. It
is recommended that such dimensions are measured and recorded during fabrication. The remote
maintenance evaluation should identify the required dimensions. These should also be specified
on the engineecring drawings and the inspection plan.
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6.1.2 Radiation Dose Assessment

A radiation dose assessment is to be conducted for in-cell mechanical systems except those
that are all metal, unlubricated, and under low stress conditions. This assessment includes
calculating or estimating the radiation dose or exposure to which the equipment will be subjected.
Include both general cell background radiation and any contribution from local sources such as
fuel assemblies, high-level waste storage tanks, and process solutions. From both the assessed
radiation exposure and data from sources such as Appendix C, the expected life of components
subject to radiation degradation can be estimated. If the expected life is unacceptable, add
shielding or limit exposure time in the radiation field by moving the component to a location
where the field strength is reduced to an acceptable level when not in use or adopt design factors
adjusted to compensate for reduced capability.

6.2 MECHANICAL DRIVES

Mechanical drives should be designed with the motor or prime mover as the weakest link.
The motor should not have sufficient torque to overload other components, even in a stalled
condition. Fuses or circuit breakers are located out-of-cell for motor protection, but these devices
will not protect the motor-driven components based on time delays to actuate. In the event that it
is impractical to comply with these guidelines, the drive should be protected by a torque-limiting
clutch or remotely replaceable shear pins.

It is frequently useful to provide a method of remotely driving the unit with manipulator
tools. This may be accomplished by specifying a double-ended motor shaft with one hexagonal
end. This is useful to diagnose failure and/or to drive the unit into 2 more favorable position for
maintenance.

6.2.1 Electric Motors

Electric motors located in-cell are generally configured as remotely replaceable modules
since replacement is likely during the life of the plant. Motor life is short compared to plant life.
The major causes of electric motor failure in high-radiation ficlds are degradation of the electrical
insulation and/or the bearing lubricant. Techniques to reduce insulation failure can be stated in
order of preference, which include:

1. mounting the motor as far as possible from high-level radiation sources,

2. using a standard high-temperature-resistant motor, with a silicon-free Class H insulation,

3. placing supplemental shielding around the motor,

4. using standard motors with replacement intervals consistent with in-cell life expectancy, and
5. using a high-radiation-resistant, nuclear-qualified motor.

Motor shaft bearing lubrication can be improved (sece Sects. 6.2.4 and 6.3) by using
radiation-resistant lubricants.

The nominal radiation-resistance ratings of recommended motors are given in Appendix C.
Nuclear-qualified motors, satisfactory for reactor containment service, are very expensive and
frequently have long delivery schedules. If the radiation dose assessment indicates a life
expectancy less than acceptable, consider motors rated for high-temperature service. These
provide better radiation stability than ones for standard service and are far below the cost of
nuclear-qualified motors. If a motor cannot be located at a suitable distance from the radiation
source, supplemental shielding (see Sect. 6.7.1) may be placed around the motor. Depending on
the shielding design, motor cooling may be required.
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6.2.2 Gear Trains and Reducers

In-cell gear drives are divided into two categories, ¢.xclosed and open. Enclosed gearing,
chosen for in-cell use in the past, has almost always been fium commercial gear reducer or gear
box suppliers. This is appropriate because the potential small performance improvement, which
might be realized by designing and fabricating a special gear box, is usually not worth the
substantially higher cost. As in the case of motors, the useful life of gear train components is
limited by the gamma radiation cross-linking of the lubricants and seal materials. The lubricants
thicken and the seal elastomers harden, which leads to early failure.

With the aid of the radiation dose assessment, the useful life of gear boxes can be estimated
based on the ratings of the lubricant and seal material. If this life is less than acceptable, it can be
improved in the same manner as for electric motors (see Sect. 6.2.1). In some cases, it is possible
to improve the shafi seal life by replacing the stock seals with more radiation-resistant ones. The
useful life of the gear lubricant can be enhanced by replacing the standard lubricant, supplied with
the unit, using a radiation-resistant type (See Table 6.1) prior to placement in the process cell
area. Systems have been devised for in-cell replacement or replenishment of gear box lubricant.
However, these have not been found to be very successful and are not recommended but may be
acceptable in specific applications.

It is almost always appropriate to design a motor and gear reducer combination to be
replaced as a module to avoid shaft alignment problems associated with remote manipulation.
The seals and lubricants of both units may be serviced at the same time, as required.

Open gearing, as shown in Fig. 6.1, is generally designed to operate dry or with a dry-film
lubricant and is appropriate for low-speed and/or intermittent applications, but the drive motor
must be derated to compensate for the lack of lubrication. The classic machine design approach of
having a hardened pinion mating with a softer gear should be followed. To achieve adequate
alignment, correct center distances are controlled by carcful and precise dimensions. This
problem can be minimized by utilizing large-tooth gears, (i.e., minimum diametral pitch).

6.2.3 Mechanical Drive Shaft Couplings

Rotary mechanical drive shaft couplings vary widely, and selections are mutually
dependant on alignment, torque, and speed. Motor drives are coupled mechanically in various
schemes. Encased gear drives typically have input and output couplings to connect both motors
and equipment. Some examples of mechanical drive coupling methods in hot-cell use are shown
in Figs. 6.1 through 6.5.

Low-speed couplings can easily be connected and disconnected using remote maintenance
techniques when the mating parts are designed with self-aligning features. Such couplings are
typically used in low-speed applications and are commonly found in process cell equipment
design. Recommended designs are all metal, and hence, do not significantly degrade under
gamma radiation.

The method used to remotely connect or disconnect a coupling is limited only by the
ingenuity of the designer. Proven, simple designs are usually the best choice. One method is
illustrated in Fig. 6.2, relying on coupling engagement by gravity.

High-speed rotary drives generally require precisely aligned motor couplings. Installation
and replacement caniot be performed remotely by conventional means. When high-speed is
required, as for cenitrifuge units, the module should be designed to include the drive motor,
coupling, and mechanical load without any further subdivision for remote maintenance unless
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Fig. 6.2. Motor mount for remote assembly.

limited by weight and size. Motor failure would then be corrected by replacing the entire module.
Some high-speed motors can be coupled by remote means. These are special designs with tapered
engagements to ensure vibration-free shaft connection.

Coupling alignment may also be aided by providing features, like the double-ended motor
shaft discussed above, to allow a manipulator to manually rotate the drive shafts.

Commercial low-speed jaw couplings (see Fig. 6.3) arc widely available in both carbon
steel and, to a lesser degree, stainless steel. When this type of coupling is used in-cell, each half
should be pinned or otherwise permanently fixed to the shaft. If the axis of the shafts is
horizontal, some horizontal movement of a module is required after it has been lowered to the
operating elevation. Instead of pinning, this type coupling may be spline-guided, on one shaft,
and spring loaded to automatically engage, after positioning, upon motor startup.
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Male/female spline shaft couplings are applicable for in-cell use. The lead-in or remote
features illustrated in Fig. 6.4 are considercd appropriate to facilitate remote installation. As in the
case of jaw couplings discussed above, splines require horizontal movement when the axis of the
shafts is horizontal.

Pairs of open-spur and bevel gears have been used to couple shafts that have to be
decoupled and recoupled remotely. The discussion in Sect. 6.2 on open gearing is relevant when
gears are used to couple shafts. Figure 6.1 illustrates this solution. A fabricated coupling that has
been successfully tested is shown in Fig. 6.5. The removal and/or replacement of this coupling
requires that the shaft be oriented with the opening aligned with the direction of removal.

6.2.4 Bearings

Commercial motors and specd reducers arc used dependably for in-cell service. These are
nearly always equipped with ball or roller type antifriction bearings, which are found to be the
best suited for most applications in hot cells. The use of standard bearings in hot cells is
complicated by radiation effects on lubricants and some bearing materials. The bearing lubricant
(Sect. 6.4) and seals (Sect. 6.5) are subject to degradation. But, in many cases, the design choice
is restricted to accepting the standard bearings and seals in the motors and reducers, as received.
The radiation dose assessment (Sect. 6.1.2) can help determine the need to upgrade the expected
life of the equipment by improving the radiation resistance of the shafi bearings and seals. New
bearings can be flushed and relubricated with radiation-resistant lubricant prior to installation in
the process cell areas.
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Unimpregnated graphite bushings are not subject to radiation degradation, offering an
alternative for high-radiation locations. Graphite requires a small amount of water, or moisture
(50 ppm), in the atmosphere for lubrication. Unfortunately, graphite bushings have several major
drawbacks. They can only be used for low loads and speeds, and they require precision fits and
alignments. Impregnated or alloy graphite bushings are significantly stronger but are adversely
affected by very high-radiation doses because of the radiation effects on the resin used in the
impregnating process.

Many types of joumnal bearing materials are available. The most common are soft metal
alloys, brass (or bronze), and plastic. The advantages and standard uses of each of these are well
known. The designer should also be cognizant of the following disadvantages in radiochemical
process-cell service: (1) soft metal alloys are usually susceptible to severe acid damage and
require lubricants that are susceptible to radiation damage, (2) brass or bronze bearings are also
subject to acid attack and radiation damage to the lubricant (many of these bearings may require
close tolerance alignment that cannot be maintained in the process cell where there is no
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Fig. 6.5. A fabricated coupling example.

capability for machine adjustinent), and (3) plastic bearings may have excellent acid resistance
but are degraded by radiation. In some slow speed, low-level radiation applications, the bearings
may be designed to require no lubrication, thus eliminating a potential problem.
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Figures 6.6 and 6.7 illustrate arrangements designed to use commercial, split-housing,
pillow-block bearings to be remotely replaceable. These designs increase the size of the bearing
assembly. They should be utilized only in cases when it is desirable to provide the capability to
replace a bearing independent of a larger or more complex module. The bearing cartridge, tapered
insert, and spanner nut would be assembled out-of-cell and replaced as an assembly.
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Fig. 6.6. Remotely replaceable bearing assembly for a large shaft,

6.2.5 Power Screws

Power screws have been widely used in hot-cell applications. These offer a convenient,
economical way to change the rotary motion and torque of a motor into linear thrust. Both
ACME- and ball-type screws have been used in hot-cells. ACME screws and nuts are designed in
accordance with ASA Standard B1.3. Ball screws and mating nuts are available from a number of
commercial vendors. Both are limited by the need for periodic lubrication of the screw and
supporting bearings. Also, the design of power screw systems is complicated by the problem of
material selection with both corrosion resistance and wear resistance hardness.
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Fig. 6.7. Remotely replaceable pillow block assembly for small shafting.

As in open gear drive design (Sect. 6.2.2), power screws should be designed and sized for
dry operation. The screw, nut, and bearings supporting the screw are packaged in a single,
replaceable module to facilitate remote maintenance. Recommended practice is to float the nut in
the transverse planes with respect to the axis of the screw. This compensates for sag in the case
where the screw is horizontal and eliminates the need for precise alignment of the nut and screw.

6.2.6 Electrical Pigtails

A pigtail is the cable bundle that runs from a motor, other electrical device, or instrument
component to a junction box. Electrical connections should be made up at the device in a
conventional, nonremote manner (i.e., soldered screw terminals). The cable bundle should be
structurally secured to the electrical compenent with a strain relief device or bushing. This
arrangement should ensure that no pulling force is applied between the electric junction box and
the equipment. An electrical connector (see Scct. 7) designed for remote manipulation is
connecied to the junction-box end of the pigtail. The cabling in the pigtail should have a radiation
resistance sufficient to ensure that failure will occur in the device before a cable failure due to
radiation damage. If the pigtail is required to flex as a part of normal operation, it should comply
with Sect. 6.2.7.

6.2.7 Electrical Cable Carriers

When there is relative movement between the cable ends in normal operation, support to
limit the cable flexing should be provided according to National Electrical Code guidelines with
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no less than the minimum radius based on cable diameter. If the relative movement is small,
adequate support can be achieved by supporting the bundie as shown in Fig. 6.8. For greater
movement, cable festoons have been used as seen in Fig. 6.'4; however, these systems represent a
remote handling problem unless a method of securing festoon carriers for maintenance is
included. Commercially available "flexible cable-ways” have been successfully employed to
manage and protect large cable bundles in motion (Fig. 6.10). Remote maintenance testing has
demonstrated satisfactory removal and replacement by servomanipulators and an overhead crane.
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Fig. 6.8. Short-motion cable suspension.

6.2.8 Linear Motion Devices

Several techniques have been successfully utilized in providing for linear movement in
remotely maintained machinery. Wheels running on tracks have perhaps been used most ofien.
The combination of V-grooved wheels and track on one side and cylindrical or crowned wheels
on a flat track for the opposite side is acceptable. Cylindrical or crowned wheels on flat tracks for
both sides, with similar wheels perpendicular to the load bearing wheels for guidance, have also
been successfully employed. The conventional practice of hardened wheels running on tracks
fabricated from as-rolled stock is satisfactory. The major problem that the designer will encounter
is the recurring of bearings and their lubrication (Sect. 6.2.4).

Commercial ball bushings and shafts can be used for some in-cell applications. The
bushings, their housing structure, and the shafts with their mounting structure should be in the
same replaceable module. Difficulties have been experienced with remote assembly of
ball-bushing and shafi assemblies. Designers face two problems with ball bushings. First, there is
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the problem of periodic relubrication, which generally requires a lower service factor in the
design of the components to compensate for this phenomena. Second, there is the question of
procuring the components in corrosion-resistant materials since selection is limited.

Round-ways have also been successfully used in-cell 1o a limited degree. With round-ways
it is not necessary to package the round-way bearings and the track in the same module because

alignment is less critical than with ball bushings; however, the problems with lubrication and
corrosion resistance do exist.
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6.3 LUBRICANTS

Remote manipulator application of lubricants in the process areas of hot cells is not
recommended. Rather, the practice has been to use radiation-resistant lubricants during initial
lubrication of the cquipment. This is usually done before the equipment enters the process cell.
Table 6.1 lists a summary of nuclear radiation-resistant lubricants.

Ore recommended design practice to select components that are expected to receive poor
Iubrication is to apply a severe service factor of 1-1/2 to 2. This reduces wear on poorly lubricated
paris and extends life.

Many applications such as fastener threads, jack screws, or slide-ways may require an
uncured layer of graphiic or molybdenum disulfide. For low-use applications, this type of
lubricant may be preferred over radiation-resistant greasc since dry films do not trap airboine
cotntamination.

Special-purpose, dry lubricants with good radiation resistance such as soft metal filins,
phosphating, flame spray, silicates, and ceramics are also available. All of these are difficult to
apply and could not practically be replaced in-cell. For this recason, they should be used only
under circumstances where application outside the cell is possible.

6.4 SEALS

6.4.1 Mechanical Static Seals

The design of static seals is basically the same for both inside and outside the hot cels.
Several additional constraints are placed on hot-cell seals, for example:

1. Elastomeric Sea! Rings — Many conventional elastomers and thermoplastic resins may be
used where the radiation level is 10*/rad or greater. Appendix B contains information on the
cfiects of radiation on these materials. Cften an encased plastic will continue o seal despite
severe damage. For this reason, the degradation levels listed in Appendix B should be
considered conservative for static seals that experience no translational forces. For higher
radiation levels, Adiprene Cm* urcthane rubber is suggested for static O-rings. It exhibits
good properties beyond 10° rad dosc levels and has a proven record in hot-cell equipment.
Elastomeric O-rings are very difficult for hot-cell mainicnance equipment to handle.

rovisions should be made for rings more than 5 cm (2 in.) in diameter to be installed with the
O-ring groove horizontal. In addition, captive O-ring grooves should be used if the module is
to be handled in-cell with the seal exposed.

2. Metallic seal rings —Metallic seal rinigs (Table 6.2) may be required in high-radiation fields.
The high sealing forces and high-quality contact surfaces required for metallic seal rings tend
to offset their usefulness. An additional constraint on metallic rings is that they must be
installed and handled by the in-cell maintenance equipment. This may mean the addition of a
"sucker stick” (a flat-tab handle attachment to the ring that can be gripped by a manipulator,
as in Fig. 4.10) or an access slot in the ring groove. A method of retaining the seal while the
module is transported or under repair may also be required.

3. Packinmg —Two types of stranded comrmercial packing, asbestos-graphite (Jehn Cranet) and
graphite (Grafoill), offer excellent radiation resistance. However, packing presents two major

*E. I. duPont de Nemours & Co., Inc., Elastomer Chemicals Dept., Wilmington, DE 19898.
tJohn Crane Packing Corp., Morton Grove, IL 60053.
$Union Carbide Corp., Carbon Products Division, Chicago, IL 60606.



Table 6.1. Summary of nuclear radiation-resistant lubricants

Operating Radiation
range” °F dose limit
Product O (10° rads) Product description Recommended use
NRRG-159 -101t0 325 30 Special synthetic aromatic Antifriction bearings; motors;
(NLGI Grade 2-1/2) (-23 10 163) oil; sodium amate thick- pumps; accessories
ener; selenide oxidation
inhibitor
NRRG-235 010200 50 Synthetic aromatic oil, Low-speed, high-load sliding
{NLGI Grade 2) (-191t093) silica thickener; sele- surfaces, screw mechanisms;
nide oxidation inhibitor. Provides residual lubrication
Contains graphite and in remote machinery, such as
molybdenum disulfide as remote valves
"residual lubricants”
NRRG-335 010 250 50 Synthetic aromatic oil, Antifriction bearings, valve
(NLGI Grade 2) (-18 10 121) sodium amate thickener; actuating and screw
selenide oxidation mechanisms
inhibitor
NRRG-509 010200 50 A soft (ASTM worked Special product for enclosed
(NLGI Grade 0) {-191093) penetration 360 to 380) gear Lrains or any services
version of NRRG-335 including a semifluid fubr.cant
containing molybdenum
disulfide
Chevron Industrial -10t0 325 10 Mineral oil;sodium amate Antifriction bearings; motors;
Grease Medium® (-2310 163) thickener, oxidation and pumps; accessories
(NLGI Grade 1-1/2) rust-inhibited; excellent
worked stability
Chevron SRI -10t0 325 5 One medium grade; mineral Antifriction bearings; motors;
Grease 2° (-2310 163) oif; polyurea thickener, PUMmpS; aCCESSOTies
{NLGI Grade 2) oxidation and rust

inhibited

6L



Table 6.1. (continued)

Operating Radiation
range” °F dose limit
Product O {10 rads) Product description Recommended use
NRRO-358 +2010 225 50 Low viscosity aromatic Hydraulic pumps and accessory
(-71t0 107) base oil plus selected equipment; gear trains; control
polymers (some split mechanisms
and some crosslink) to
NRRO-360 +2010 225 50 provide a "constant
-710107) viscosity” effect;
selemide-inhibited
Chevron OC +2010 225 0.5 Various viscosity grades, Industrial steam turbines and
Turbine Oil® (-710 107) blends of solvent related uses; general purpose

refined paraffinic
minera oiis; oxidation-
inhibited

oil lubrication

“In air; can be extended in inert atmosphere.

sConventional lubricant which provides satisfactory lubrication under low dosage radiation.
Source: Chevron Technical Bulletin No. 10, Chevron U.S.A., Inc., 1978.
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‘Table 6.2 Static seals with hot-cell applications

N Temperature
Size range range Phone number
Seal Composition Diameter Cross section  Make-up force  Seal press (4 3] Noncircular  (FTS number) Manufacturer(s)
E-Seal Coated 11/4/12 0.108/.218 20 100 1y/in,.  ATMA000 70 to 1200 No 301-937401¢  Press Science, Inc.
Inconel on net
X-Seal -DISCON- 213-269-9181  Wiggins Conn. Div.
TINUED- on net
V-Seal Coated 1/4/19 1/3271/8 400 ATM/15000 450 to 1900 No 213-837-5101  Parker Seal Div.
Mk 1 300 or on net
Hast
V-Seal Coated 5/8/00 3/64/ 1/18 350 104730000 450 to 1900 No Parker Seal Div.
Mk I 718N or
321
O-Ring Plastics Infinite Verylow 10710000 -1751to 500 Yes Parker Seal Div.
{Elas)
Integral Elastomer Allcustom  0.050 Very low 107°°720000  -65 to 450 Yes Parker Seal Div.
metal base
K-Seal Coated 12172 0.650/0.300 187280 ATM/20000 450 to 1200 No 213-8434000 Haskel Eng. &
metal on net Supply Co.
Grayloc Metal 1/2/40 0.125/0.75G Very high /10000 -450 10 1700 No 713-747-1240  Grayloc Tool Co.
88-527-4011
Hydrodyne Coated 1/4724 116/ 1/4 Very low 107775000 -450 10 2200 No 213-764-0570  Hydrodyne Div, of
metal onnet FPI, Inc.
Spiral- Coated metal Standard flg.  1/8/11/4 /2500 609-963-113C  Flexitallic Gasket
wound filled 224 88-488-5000 Co.

I8



Table 6.2 (continued)

Size range Temperature
range Phone number
Seal Composition Diameter  Cross section  Make-up force  Seal press F Noncircular  (FTS number) Manufacturer(s)
fusible Low melt Infinite Upto2in. a Vac/35 -600 Yes None
metal point
alloys
Conoseal ~ Metal 1/12 Vac/20000  -450 10 2000 No 213-478-0921  Aeroquip
UAP Coaited 0.126/280 0.032/1/3/8  Half of O-Scal 107950000  -450 to 3000 Yes 803-783-1880 UAP Components,
C-Ring metal 2507750 on net Inc.
J-Ring Coated 0.250/300 0.031/0.625 107950000 450 10 2200 Yes UAP Components,
(M) metal Inc.
Lo load Coated 0.250/6 0.036/0.093 25/600 -450 to0 2500 No 203-239-3341  Advanced Products
seal metal 88-643-8111 Co.
Corrugated 304 stainless  0.375/10 700/800 Vac/6000 -450 to0 1300 Yes Advanced Products
PL steel Co.
Solid wire  Metal wire 0.312/300 6560 >10% 45010 1200 Yes Advanced Products
Co.
Sprg. 300 Series 1/120 0.125/0.500 60072100 1079100000 450to0 1200 Yes Advanced Products
energ. SS Co.
Clam seal -DISCON- Advanced Products
TINUED- Co.
Flat Copper /10 ~112 Very high 101 ATM -450 to 950 No 482-1746 Varian Associates
washer Local
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Table 6.2 (continued)

Size range Temperature
, range Phone number
Seal Composition  Diameter  Cross section  Make-up force  Seal press CF Noncircular  (FTS number) Manufacturer(s)
Wheeter ~ Metal wire  To order Veryhigh  10'VATM  -450to 900 No Varian Associates
Gamah Metal 1/2/60 0.125/.750 300 (/60000 -320 to 3180 Yes 303-364-6411  Gamah Div. of
88-234-3131 Stanley
Aviation Corp,
K-Seal Plated 25/60 0.082/0.375 100 Vac/70000  -423 to 1800 No 213-849-6581  Sierracin/Harrison
(S/11) metal on net
Condren ASB-SS 224 sid. flg.  3/16 Very high  Vac/200000 -360 to 1200 Yes 201-247-6800  Condren Corp.
or special 342-5500
order
Grafoil Graphite To order Very low ATM/2000 400 to 1200 Yes On net John Crane Parking
packing: ' Co:
Omega Monel, 174 0.27/18 0.25/0.104 300 Vac/25000 142010 1750 Yes 716-633-599%0  Servotronics, Inc.
Inconel 4374411
Apex Monel, 174 0.27/18 0.25/0.104 300 Vac/25000 -420 10 1750 Yes Servotronics, Inc.
Inconel
Graphite Graphite 27132120 1/327 116 <24,000 -240 to 1600 Yes 312-454-2000  Union Carbide Corp.
metal S8 on net
insert
ASB Asbestos Infinite Yes
gasket

“Not applicable.

€8



84

problems to the hot-cell equipment designer. First, it is very difficult to remove used packing
and clean the packing cavity adequately. Second, repacking a seal is very difficult, For these
reasons, packing is generally used only with disposable equipment items such as valves.

6.4.2 Rotary Shaft Seals

There arc several commercially available seals that are generally acceptable for hot-cell
service. These arc usually flat face-to-face seal ring shaft assembly cartridges in a varicty of
radiation-resistant ring material combinations to suit the iype of service (i.e.,
carbon-versus-carbon, or versus-ceramic, or versus-stellite, or ceramic-versus-graphite, etc.)

elected for temperature, pressure, and fluid-type service. One ring is fixed to the shaft and the
opposing ring is attached to the housing with a metal bellows to compensate for linear and slight
angular movement. The standard versions of these seals generally utilize elastomeric gaskeis io
seal the cartridge to the housing. In high radiation they may have to be replaced with metallic
static seals. Labyrinth seals are acceptable for soine in-cell applications. These are all-metal seals
and usually have no special problems associated with in-cell service.

6.4.3 Linear Shaft Seals

Metal bellows seals are the most effective means for sgaling linear motion shafts in hot-cell
applications. The designer must recognize the pumping action of the bellows and avoid an
overpressurized condition during operation. Elastomeric wiper seals have also been used.
However, these do not operate very well without lubrication and are subject io radiation damage.

6.5 PNEUMATIC AND HYDRAULIC SYSTEMS

The use of pucumatics and hydraulics in hot-cell systems has been limited. For this reason
the experience base in this technology is also limited.

6.5.1 Pneumatic Systems

There are several disadvantages to in-cell pneumatic systemas. First, if the system is sizeable
and/or the pressure significant it represents a source of stored energy, which could have serious
side effects in the event of equipment failure. Also, commercial pneumatic components are
designied to operate with oil added to the air or gas. Uniess a closed loop system is used, the oil is
discharged into the cell atmosphere and can collect on windows or TV lens and impair viewing.
Commercial components have numerous elastotneric parts that have a limited life in high gamma
fields.

Even with these disadvantages, pneumatics do have some applications in-cell. Cylinders are
attractive for relative small linear motiomns, such as actuating valves, operating toggle devices, eic.
Commercial cylinders can be used if the reduced life caused by operating without Iubrication and
deterioration of components due to radiation is acceptable.

Cylinders ihat do not use elastomeric or organic materials and are designed to operate on
oil-less pneumatics have been produced and tested (see Fig. 6.11). It is noted that this cylinder
will leak operating gas into the cell because the rod secal requires some leak rate for dry-film
lubrication.

6.5.2 Hydraulic Systems

The utilization of hydraulics in hot cells has been practically zero. The primary reason for
this has been that most hydraulic systems exhibit leakage, and cleaning up and disposing of
organic-based fluids is difficult at best. Conventional, hydraulic fluids are very susceptible to
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radiation damage. Recent developments in high water-base hydraulic fluids’ would eliminate
many of these objections, and several systems that use these fluids, including a fuel-assembly
shear, have been designed, fabricated, and cold-tested. However, in-cell experience with
hydraulics is limited; hence, these should be utilized with caution.

6.6 IN-CELL SENSORS AND ACTUATOR CONTROLS

In-cell sensors should be selected from the types that require no in-cell adjustments during
recalibration. These adjustments should be made out-of-cell. Sensor systems should provide a
continuation of correct measurement output upen retwrning io a powered-up condition following a
total loss of power including any back-up battery system. Any sensor that can be isolated from its
source of measured variable (for instance, the closing of a valve in a process line to a pressure
transducer) must have limit-of-travel sensors monitoring the position of the isolation device.

All in-cell limit switches should bave the wires from both ihe nommally closed and normally
open contacts brought out-of-cell for monitoring, Control logic should be wriiten to detect either
open or shoitened wiring conditions, and the opening of a normally closed limit switch should be
the end-of-travel detected actuation. All in-cell limit switches should be energized by 24 V dc 1o
minimize the insulation requiremenis on the in-cell wiring. Critical actuators should have three
independeni limit-of-travel sensors at each end of the actuator travel. Each set of three sensors
would then be used in the control system in a two-of-three voting scheme.

Each end-of-travel of a drive system should have two sequentially actuated end-of-travel
sensors. The first actuated should be used as a zero or full stroke indicator for position transmitier
calibration. The second actuated at cach end should be used as an over-travel system shutdown.

Each rotary actuator should have a resolver type of position transmiiier for position
monitoring when required by the control system to be positioned at locations other than the
end-of-travel limits. All mechanical drives should have some type of signal flag, which indicates
that the drive is in motion and can be seen from a systemn monitor if available. Each actator
motor should have current monitoring of its power, so shutdown can be accomplished on an
overload condition. Software timers should be provided to detect excessive actuator operation
times. Certain actuator systems, which depend on their position monitoring systems for ability to
be driven to one of the end-of-travel limit sensors for position measurement recalibration, should
have a mechanical counter or a mechanical position indicator such as a pointer which moves
across a visible seal and can be seen from a system monitor in case the position monitoring
system fails, These would be used to resct the position transmitier to the correct position after
position monitor maintenance.

5.7 COVERS AND ENCLOSURES

6.7.1 Unit Shielding

In preceding sections, discussions covered local or unit shielding to protect components
from radiaiion. There are three materials that are generally employed for such shielding: steel,
lead, and depleted uranium. Steel presents few design or fabrication problems and is the most
economical. However, it is the least effective from the standpoint of providing protection.

Lead metal is a morc effective shiclding material than steel but is more difficult to design
and fabricate. Lead is frequently encased in stainless siecl for protection and to facilitate
handling. If the shielding enclosure is of rectangular geomeiry, lead plate may be stacked in an
open stainless steel box and the top welded in place. When the shape of the shield is cylindrical or
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complex, a steel or stainless steel shell is fabricated and filled with molten lead or lead shot. Lead
pouring is a unique fabrication technique; hence, when designing cast-lead shields, seek guidance
from an experienced lead fabricator.

Depleted uranium is a more cffective shiclding material than lead, but the design and
fabrication problems associated with uranium are far more complex. Consequently, the cost is
also higher than for lead or steel shields. As with lead pouring, it is imperative that competent
advice be sought before proceeding to design depleted uranium shields.

6.7.2 Isolation Enclosures

1t is frequently necessary to isolate systems or subsystems of mechanical equipment from
each other or the cell atmosphere. This is generally accomplished by designing and fabricating
metal enclosures that have access doors or panels that are opened or removed for maintenance.
The problems encountered with enclosures are in sealing the doors and panels. The material
problems associated with gaskets are discussed in Sect. 6.4.1. The second difficulty encountered
is in achieving the degree of flatness necessary on the scaling surfaces. This is due to
combinations of physical size of the openings and designers not recognizing the rigidity
requirements for machining the surfaces,

6.8 OSHA CONSIDERATIONS

There are no OSHA requirements on hot-cell equipment after it is installed in the process
cell area as long as human access 1o the cell ‘has ceased. However, if mechanical equipment is to
undergo a development or cold-testing phase, compliance with applicable OSHA regulations is
required. The required personnel guards and shields generally interfere with remote maintenance
and should be removed once the equipment is installed in cell.






7. CONNECTOR DESIGN CONSIDERATIONS

This section discusses characteristics and design considerations for both electiical and fluid
connectors utilized in hot cells. Connectors provide controlled break points in electrical or fluid
lines and are normally used in pairs on ends of removable lines known as jumpers. Jumpers
enable convenient disconnecting of other equipment modules from the process systcms for repair
or replacement. Jumpers and their associated connectors exert a strong influence on plant design,
operation, and availability. They are basic in most remote maintenance operations and their use in
large numbers, coupled with the spatial envelope required for access and operation, often affects
equipment design, the fayout of the equipment and piping systems, and ultimately influences the
cell size. ;

Various tests have been conducted to examine the handling and performance characteristics
of connectors. There is also an extensive experience base from the use of connectors in existing
hot cells. This section briefly summarizes the results of these tests and operating experience,
particularly as they influence equipment design.

The cheice of a connecior for a particular application depends to a very great extent on the
characteristics of the available remole maintenance equipment, With advanced servomanipulators
with force-feedback capabilities or with through-the-wall mechanical manipulators, the choice of
connectors is somewhat greater than it is with power arms or crane hooks.

7.2 FLUID CONNECTORS

7.1.1 Banford-Purex Connector

Several fluid connectors have been specifically developed for remote operations. The
Hanford-Purex connecior has been widely used for pipes with diameters in the 50 to 100 mm (2-
to 4-in.) range. This conmector is similar to a 3-jaw gear puller and uses a single bolt to achicve
the required scaling force between self-aligning male and female habs. This requires an angled
connector design and is not available as an in-line, straight-through connector. All process wetted
parts can be made of corrosion-resistant materials. The original design of this connector used
either Teflon, glass-reinforced Teflon, or other plastic/elastomeric seals; hence, ils usage was
restricted to relatively low accumulated gamma dosages (less than 10° rad). This connector design
has been improved by ORNL and several scal manuafacturers to accept several types of more
radiation-resistant seals, including metallic- and graphite-based materials. This connector is very
rugged and can be handled by all types of remote maintenance equipment including power arms
and impact wrenches suspended from crane hooks.

The drawing of a Hanford-Purex, 3-jaw connector (Fig. 7.1) shows the design
modifications required for the connectlor o accept radiation-resistant seals. The Gamah seal is a
product of Stanley Aviation Corporation, and the Grayloc seal is made by Gray Tool Company,
Inc. The Grafoil seal is a commercially available, soft-laminated graphite material that, although
radiation resistant, is somewhat fragile, difficult to handle with manipulators, and may leave

89
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Fig. 7.1. Hanford-Purex 3-Jaw comnector.

excessive wear debris in the scal area. Typical leak rates for these various scals in the
Hanford-Purcx connector are given in Table 7.1. If these connectors use these radiation-resistant
seals, then seal holders and retainers are also required to proteci the seal from damage in handling
and to ensure that the seals are suitable for installation with manipulators.
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Table 7.1. Hanford-Purex connector seal selection list

Compression force
on connector huhs

Seal type Leak rate” kN (1b-1)

Teflon, glass 5.5 x 101 b

reinforced

Garnah 0.5x 10" 0.44 10 22 (99 tc 4970}

Grayloc >1 x 107 below (.67 (below 150)

0.3 x 10 0.86 10 31 (199 10 6260}

" ring
stainless >1x 107
gold-plated 1x10° b

Grafoil? >1x 107 0.44 10 22 (99 1o 4970

“Leak rate using bagging iechnique 1o provide helinm
atinosphere on exterior of connecior.

"Tested with connector 3-jaw clamp torqued 0 203 N-m
(150 fr-Ib).

1 x 107 L/s is the maxiroum readable leak rate for the leak
detector used.

“The Grafoil seal is permeable to helium so represeutative leak
rates cannot be obtained.

7.0.2 TRU Connectors

An all metal, remotely operable, in-line connector has been developed at ORNL for smaller
piping or tubing. A drawing of one of these coonectors is shown in Fig. 7.2, This connecior is
avaifable in a variety of tubing and piping sizes from 6 0 12 mm (34 © i-1/2 in) sutside
diameter. The connector uses a single bolt to operate a swing clamp 10 force conical male and
female ferrules into mating positions. The ferrules are tapered and are rolled onto the connecting
tubing oy piping. Typically, the fomale ferrule has a 20° conical taper, and the mwale ferrole has an
18" conical taper. The mating surfaces are polished and burnished to a 4-10 mms finish. These
connectors do not have a separate, replaceable seal and are reasonably resistant fo damage dusing
handling. They have proven to be quite reliable at line pressures nomally encountered in
reprocessing applications up to 700 kPa (100 psig), but they have not been used in high-pressure
applications. These types of connectors can be fabricated from a variety of cormosion-resisiant
materials. They are not as rugged as the Hanford-Purex conncctors but with the proper care are
also usable with most types of mainienance systems.

7.1.3 Flanges

In general, flanges have been used for large diameier piping in reprocessing applications.
However, when used to facilitate remote handling, several design modifications are desirable:
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1. Bolts on the flanges should be designed with a captured feature, as described clsewhere in this
document and, if possible, spring loaded. Spring loading prevents a previously loosened bolt
from rethreading itself due to vibration while other bolts are being loosened.

2. Also, as described in Sect. 4, guide pins are required to assist in the remote mating of the two
flange faces. Two guide pins of different lengths should be ased.

3. Flanges that mate horizontally with overhead access to the bolt heads are much easier to
handle remotely than vertically mated flanges. If vertically mated flanges are necessary, then
a method of supporting the jumper/flanges in the proper position is required. Guide pius
should not be used to support vertically mated flanges in the proper position.

4. Since flanges require seals that must be replaced periodically, a method of replacing this seal
remotely without damage to the seal or sealing surfaces must be devised. The methed selected
depends on the size of the flange, the capabilities of the maintenance sysiern, and the
ingenuity of the equipment designer.

5. Flanges with the Ieast number of bolts should be used. For remote pperations, several types of
3-bolt flanges have been successfully used. Also, flanges which require detailed tightening
sequences or precision torquing of the bolts should be avoided.

7.1.4 Tube Fittings

Many standard, commercially available tube fittings in sizes up to 1-in. outside diamecter
have proven to be remotely operable in cell applications using servomanipulators or
through-the-wall mechanical manipulators. Fittings with double ferrules give a better seal (ie.,
less torquing force required to give a good seal) than single ferrule fittings. Cross-threading dogs
not appear to be a problem. Standard tools, modified only to give a flat gripping surface, are
usable with the manipulators. The design of the jumpers should recognize that foouls
replacement is very difficult with manipulators and that ferrules should be seated on the wbing
prior to bringing the jumper into the cell,

7.2 ELECTRICAL CONNECTORS

Two general types of electrical connectors are used in hot cells; those for tansmission of
electric power and those for signal or data transmission. Dual function connectors are rare due (0
the noise and interference problems. As was noted for fluid connectors, the choice of an electrical
connector depends on the capabilities of the remote maintenance system available 1o handle the
connector. For the maintenance systems installed in many of the older process cefls, rugged,
bulky, especially designed connectors with precision mating features must be used to prevent
damage to the connector bodiecs and pins. For servo or mechanical manipulators, more
conventional ¢lectrical commectors can be used. Recent tests at ORNL, using dexterous,
force-reflecting servomanipulators demonstrated that several commercially available connectors
can endure repeated handling without damage to the connector pins or bodies. These tesis also
identified several desirable features for electrical connectors that are applicable 10 both special
and commercially available units:

1. Connectors that require a push-pull type motion for operation are preferred over those
requiring rotary motions for mating. If rotary motion is necessary, then the number of
revolutions should be minimized.
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2. Angled connectors (90°) of the push-puil design promote case of handling compared to in-line

straight connectors. The pigtail on an angled connector does not conflict with the manipulator
grip, and remote viewing of the handling operation is improved. Rotary locking types are not
well suited to angle models. A connection to the underside of a horizontal face should be
avoided but, if necessary, favors an in-line connector,

Connector bodies with flat, parallel surfaces are easier to grip with manipulator tongs than
cylindrical bodies. Knurling on the gripping surfaces aids remote operability. A connector
with a lanyard design for unplugging provides an aliernative way to disconnect but introduces
a potential tangling hazard, while a gripping surface is still required for rejoining.
Connectors with stepped inserts containing both pins and sockets in each mating half are
preferred over pins only in one half and all sockets in the other. The stepped feature provides
an alignment feature that can be "felt” by a force-reflecting servomanipulator and effectively
minimizes pin damage.

Several design guidelines, covered in Sect. 6, also apply to electrical connectors and

jumpers, which include:

1.

oA wN

Provide sufficient length for strain relief to minimize cable damage, however, not so much as
1o encounter a tangling hazard during operation/replacemeni.

Position the mounting of the electrical conncctors for ease of viewing by the remote operator.
Avoid the use of set screws.
Use visible and permanent alignment marks to promote engagement of mating pieces.

Select materials compatible with the process cell environment (i.e., austenitic stainless steels
for connector bodics, ceramic inserts, noble metal plating on pins and sockets, hermetically
sealed units, etc.).
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APPENDIX A
CHARACTERISTICS OF RADIOACTIVITY

Naturally occurring forms of the great majority of clements are stable. However, a few
elements of high atomic weight, such as uranium, exist entirely as unstable radioactive isotopes.'”
Some elements, such as lead, consist mainly of stable isotopes but also have some radioactive
species. The unstable substances undergo spontaneous change, sometimes called radioactive
disintegration or decay. This decay is associated with the emission from the atomic nucieus of an
electrically charged particie, either an alpha particle (a helium nucleus) or a beta particle (an
electron). In many instances, gamma radiation accompanies the particle emission. Frequently, the
decay products themselves are radioactive, subsequently expelling an alpha or a beta particle.
After a few disintegrations, an atomic specics with a stable nucleus is finally formed.

In addition to the naturally occurring radicactive species, there are more than 800 artificial
radioisotopes of the known clements. These rtadivisotopes have been obtained cither by
bombardment of stable elemenis with charged particles in accelerators, by capture of neutrons, or
as a result of nuclear fission.

Alpha and beta particies, depending on their kinetic energy, can usually be stopped by the
outer layers of the skin and are most harmful to humans if the radioactive materials are ingested
with eating of food or by breathing contaminated air. These particles can cause damage to internal
organs. Many elements, depending on their particular characterstics, are atiracied o various
organs and have a definite lifetime in the body.

Gamma rays arg more penetrating than charged particles and constitute a health hazard
whether iniemal or external to the body. Gamma radiation is reduced or aitenuated most
effectively by shields or maierials consisting of heavy elements. The attenuation processes for
high-energy gamma-ray photons are complicated and consist of several reactions. Usually, the
attenuation properties of a material are proportional to the atomic number and density. Thus,
uranium shields gamma rays better than lead, and lead shields better than jron. Lead is a common
gamma-ray shield, but in most cases larger thicknesses of structural materials (such as steel and
concrete) can be more cost-effective and still do an adequate job of shielding.?

Neutrons are also extremely penctrating. To reduce neutron dose, it is necessary to lower
their energy or slow them down. The slower, less energetic neutrons then have a higher
probability of being absotbed. A hydrogen nucleus is the most effective moderator of neutrons
because a neutron can lose nearly 100% of its kinetic energy in one ¢ollision. Heavier nuclei are
not as effective in slowing down neutrons. Therefore, lighter shields with high hydrogen content
are the most effective. Examples of these malerials are water, polyethylene, and most organic
materials (compounds of carbon and hydrogen}. Concrete is a good, all-around shield because it
contains some water that moderates neutron energy and other intermediate weight elements that
altenuate gamma rays and absorb neutrons.

57
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Contamination is primarily a surface effect except where exiremely porous surfaces are
involved; therefore, decontamination of properly designed equipment or structures usually
involves surface removal. Activation, on the other hand, can occur at distances inside the
material, depending on the distance that neutrons can penetrate. Subjecting a material or shield to
a stream of neutrons can activate the material, thus causing part of it to become radioactive. The
material will then produce its own source of gamma rays. This is usually not a problem cxcept
where high-intensity neutron sources are involved, such as in nuclear reactors or experimental
facilities.

REFERENCES FOR APPENDIX A

1. General Handbook of Radiation Monitoring, U.S. Atomic Encrgy Commission, 1958.

2. Radiological Health Handbook, U.S. Department of Health, Education, and Welfare,
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3. S. Glasstone and A. Sesonske, Nuclear Reactor Engineering, Van Nostrand, New York,
1967.



APPENDIX B
RADIATION EFFECTS ON VARIOUS MATERIALS AND COMPONENTS

Tables B.1 and B.2 and Figs. B.1 and B.2 present data on how radiation can affect various
types of materials and components. Designers are cautioned, however, that the information given
here should be considered general and used for "rough" material selection. For more specific

Table B.1. Radiation level at which various substances
become appreciably altered®

Material Rads”
Transistors 10°
Glass
Teflon
Lucite 10°
Water
Butyl rubber 10
Natural rubber
Organic liquids
Vespel 10°
Graphite
Polyethylene
Mineral-filled phenolic polymer 1¢°
Hydrocarbon oils
Polystyrene 10'°
Ceramics
Plastics (some) 10"
Carbon steels
Stainless steels
Aluminum alloys 10"

“Data developed from high-energy accelerators,
*Approximate valucs that will vary with types of
applications.

99



100

information, the designer should consuit vendor data that can be obtained by consulting the
vendors listed in the Nuclear News Buyers Guide, published annually by the American Nuclear
Society.”

The desigoer will also need o understand the meaning of radiation measurement units used
in the following tables and in similar types of tables. The amount of encrgy absorbed in a material
becanse of nuclear iiradiation is referred o as the radiation dose and is measurcd in several
different units. However, gamma ray is the type of radiation to be considered in the design of
advanced fuel reprocessing facilitics. The dose from gamma rays is mcasured in terms of the
amount of energy absorbed per unit mass of maierial. The unils are usually ergs per gram or rads.

One rad is equal to 100 erg/g absorbed in any material. When using rads, the material must
be specified [that is, rad (tissue), rad {carbon), etc.]. Many of the doses in the tables are for
carbom, and the units are rad (O).

Table B.1 shows thai (1) normal glass changes color at very low levels, (2) water
decomposes at about 10°rad, {3) polymeric materials are among the lowest resistant to radiolysis,
and (4) inorganic materials arc highly radiation resistant.

*Copies can be obtained from the American Nuclear Socieiy, Inc., 555 Kensington Avenue, La Grange Paik, I
60525.
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Table B.2. Radiation effects on insulators”

Radiation exposure
or threshold
Material rads ergs/g Parameter measured Effect
Teflon 3.7x 104 3.7 x 10° Elongation Diegrades by 25%
|4 3

Teflon 44x10° 44 x 108 Solid-disk-developed layer
forms; outer layer more
opaque than inner;, some
crazing and spalling

Teflon 40x 10° 4,0 x 109 Powders 1o finely graoulated
condition

Vinyl 40x 10° 40 x 10" Color and hardness Severely discolors; some
hardening; used as cable
insulation

Polyethylenc 1.0x 10 1.0x 10% Elongation Changes 25%

Polycthylene 4.0x10° 4.0x 10" Color and harduess Darkens; much barder and
more brittle; breaks when
probed with a pick

Mylar (magnetic ape) 40x10° 4.0x 10" Darkens slightly; magnetic
coating sticks occasionally;
no loss of record; sirong
clastic

Mylar film 13x 10° 13x% 10" Elongation Degrades by 25%

Polypropylene 8.7x 10 8.7 x 10"° Tensile strength Loscs all elongation and tensile
steength up 1o 10" ergs/g
(C); becomes flexible and
sofier at 10" erg/g (C)

Silicone rubber 1.5x 10° 1.5x 107 Becomes brittle: 25% damage
level approximately 16°
ergs/g (C)

Glass/paper 1.3x 10 1.3 x 10" Insulation resistance  Decreases by factor of 10%10
107 in insulation resistance to
3.6 x 10" neutrons/em’, then
steady

Glass/cloth 13 % 107 1.3 x 10" Insulation resistance  Decreases by factor of 10% (o
107 in insulation resistance
to 3.6 x 10" neusronsfcm®,
then steady

Mica paper 1.3 % 10° 1.3 x 10" Decreases by facior of 107 10
1y in insulation resistance
10 3.6 < 10" neutronsfem?,
then sieady

Pyrex 707 1.3x10° 1.3x 10" Volume resistivity Threshold
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Table B.2. {(continued)

Radiation exposure

or threshold
Material rads ergs/g Parameier measured Effect
Phosphoasbestos paper L1x 10 1.1x 10" Abiasion resistance Degrades by 35% of initial
value
Mica (tape} 54x10° 54 x10° Mean breakdown Degrades by 61% of initial
value
Phenol 26x 10 26x 10° Tensile strength Degrades by 25%
formaldchyde-Bakelite
(paper filler)
Polyvinyl chloride 22x10° 2.2x 10" Elongation Degrades by 25%
Cellulose nitrate-Pyralin -~ 5.1 x 10° 5.1x 10° Elongation Degrades by 25%
Methyl 1.1x 10 1.1x 10° Tensile sirength Degrades by 25%
methacrylate-Lucite elongation
Monaochlorotrifluor- 36x 10° 3.6x 10" Water absorpiion Degrades by 25%
ethylene-Duralon
Fluorothene 20x 10 20x 10 Elongation Degrades by 25%
Pheno! 78x 10 78 x 10° Elongation Degrades by 25%
formaldehyde-Karbaie
Polystyrene-Amphenol 6.8 x 10° 6.8 x 10'° Waicr absorpiion Degrades by 25%
Polyviny! formal- 3.0x 10° 3.0x 10 Tensile strength Degiades by 25%
YFormvar, Formex
Mycalex 58x 16° 5.8 x 10'° Power factor Threshold
Anodized aluminum 13x 10 1.3x 10 Insulation resistance  Decreases by facior of 102 to
10° afier 3.6 x 10"
ncutons/ci?, sicady
operation thereafier
Pheant 6.6x 107 66x 1 Impact strength Degrades by 50%; threstiold
formaldehyde-Micaria approximately 3.5 x 107
ergs/g (C)
Melamine 1.8x 10 1.8 x 10 Water absorption Thresheld
formaldehyde-Melmac
Nyclad 34x 10 34x10° Insulation resistance  Decreases of 10° to 10% in
insulation resistance in-pile
Nyform 34x 10 34x 10 Insulation fesistance  Exposure raies 2.6 x 10°
neusronsem” s
(epicadminm); 2.5 x 10"
(nv,) and 2.1 x 10° ergs/g”*
©n’
Thermaleze 34 x 10 34x10° Insulation resistance  Considerable recovery afier

remioval from reactor
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Table 8.2, {(continued)

Radiation exposure

or threshold

Maierial rads ergs/g Parameicr measured Effect

Boron nitride None when shielded from
thermal neutrons
Refrasil No net change
Asbestos No net change
Dow-Corning 997 on 31x 10 3.1x10° Dielectric strength 35% less in dielectric strength
grass cloth

Neomvacite potiing 54 x 10 54 x 10" Color and hardness ~ No appreciable damage
Dow-Corning $-2071 20x 10 20x1¢° Surface study Embrittles and cracks badly
Dow-Coming 5-675 1.0x 0 10x10° Elongation Some reduction in elongation

Maraset 6225

Kish 412-M

Kish 420-4

Kish 458-G

Scoicheast 212

Scotcheast S

Drelectric consiant
Dielectric constant
Diclectric: constant
Dielectric constant
Diclectne constant

Volume resistivity

Approximately 20% decrease
in diclectric constant

Approximately 20% decrease
in dicleciric constant

Approximately 20% decrease
in dielectric constant

Approximaiely 20% decrease
in dielectric consiant

Approximaiely 20% decrease
in dielectric constant

Large variation in volome
resistivity

“This table contains the results of & number of experimental efforts and may be used as a guide for the tentalive
selection of both organic and inorganic insulations. The main design problem encountered by clecteonic circuit
designers in seleciing insulation materials or insulators is determining whether commercially available items
designated by trade names contain materials that resist radiation damage.
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a
DAMAGE

INCIPIENT 7O MILD
MILD TO MODERATE
MODERATE TO SEVERE

UTILITY

NEARLY ALWAYS USABLE
OFTEN SATISFACTORY
LIMITED USE

MATERIAL

GAMMA  DOSAGE (rads)

ELASTOMERS®
ACRYLIC RUBBER
BUTYL RUBBER
FLUORO RUBBER
HYPALON
NATURAL RUBBER
NECPRENE RUBBER
ACRYLOMITRIDE RUBBER
POLYSULFIDE RUBBER (THICKOL)
SILICONE RUBBER
STYRENE EUTADIENE RUBBER
POLYURETHANE RUBSER
ETHYLENE PROPYLENE RUBBER

TEXTILES

NATURAL FIBERS
COTTON
RAYON
ACEVATE
wooL
SILK

SYNTHETIC FIBRERS
POLYMIDE (NYLON)
AROMATIC POLYMIDE (NOMEX)
POLYACRYLIC (ORLOM, ACRYLON)
VINYL (SARAN, DYNEL)
POLYESTER (DACRON;

BASE 0ii8"
ALKYL AROMATICS
ETHERS
MINERAL OILS
ESVEHXS
POLYGLYCOLS
SILICONS
SILICATES
PHOSPHATES
CHLOROFLUOROCARBONS
FLUORINATED COMPOUMDS

PRGN
RN

fALTHOUGH RADIATION STABILITY (I¥ THIS TABLE) APPLIES PRIMARILY TO MECHANICAL
PROPERTIES, ALL OF THE PHYSICAL PROPERTIES ARE ALMOST ALWAYS MODIFIED AT

THE $AME DOSE LEVEL.

BELASTOMERS ARE THE ORGANMIC MATERIALS MOST SENBITIVE TO RADIATION.
¢ OXIDATICHN DRASTICALLY REDUCES THE LIFE OF A LUBRICANT, AND RADIATION

ACCELERATES THE OXIDATION PHENOMENA,

Fig. B.1. Radiation cffects on electronics, textiles, and base oils,
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DAMAGE UTILITY
A INCIPIENT TO MILD NEARLY ALWAYS USABLE
e o MILD TO MODERATE OFTEN SATISFACTORY
MODERATE TO SEVERE LIMITED USE
GAMMA RADIATION (RADS) 102 10% 106 108 1510 1072 10" 1975
e

PIEZOELECTRICAL CRYSTALS A A

MAGNETIC MATERIALS A

INORGANIC INSULATION

RESISTORS

CAPACITORS

ELECTRON TUBES

TRANSDUCERS

ORGANIC INSULATION

SEMICONDUCTORS

Fig. B.2. Semsitivity of clectronie components to gamma radiation.






APPENDIX C

Electromechanical devices, some radiation-resistance ratings™

Ttem Sources Rated rad Comments
AC Motor Reliance Electric
Class R 1x10° for 0-600 V
w/service RH for >600 vV
Scrvo motor Inentiai Motor
AC
DC
Actuators Limit torque 2x 10° Uses reliance electric motors
Resolvers Northern Precision 1x10° Used at HETF
Laboratories
Lirit Minneapolis-Honeywell 1x10°
switches
LYDT Schoertitz 110"
Electrical Lemo 1x10°
connectors
Elsctrical Kyle Technologies 6 x 10" Fixes and flexible
wire cable
Elecirical Boston insulated wire 2 x 108 Power and instrument
wire cable cable, wide selection
Optical encoders  Itek measurement 1x10°
systems
Proximity Honeywell Capacitek 1x 10 Depends on sale
detectors

“National Electric Manufacturer’s Association (NEMA) Standards, MG-1, 1978,

“Institute of Electrical Electronic Engincers (IEEE) Standards, IEEE 323, IEEE 334, IEEE
469, 1980,

‘American National Standards Institute (ANSD) Standards, N45.2-2, N101 4.

REFERENCES FOR APPENDIX C
1. National Electric Manufacturer’s Association (NEMA) Standards, MG-1, 1978.

2. Institute of Electrical Electronic Engineers (IEEEE) Standards, IEEE 323, IEEE 334,
IEEE 469, 1980.

3. American National Standards Institute {ANSI) Standards, N45-2.2, N101 4.
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APPENDIX D
DESIGN CHECKLISTS

D.1 Module Design Checklist

The following checklist is included to aid the designer in reviewing a preliminary

« equipment design for compliance with remolte-maintenance design guidelines.

1,

it.

12.

The modules must incorporate specific design features that limit the need for specially
designed, in-cell, remote-maintenance handling equipment peculiar to one piece of
equipment.

The modules should be designed to be removed, preferably vertically, from their operational
location. Compound motions {combinations of vertical and horizontal) must be avoided.

Bolted remote interface separation joints should be designed so that close tolerances are not
required.

Maximum removal torque must be considered as a design requirement to ensure that the
remaining in-cell past of the fastener interface is stronger.

Fasteners (o be operated in the process cells must be captive.

The use of counterweights to balance equipment daring lifting is to be avoided; however, if
necessary, the counterweights must be an integral part of the equipment designs and ot
added as part of the remote-mainienance operatioi.

The designs must provide for unobstructed viewing of remotely separable interfaces so that
any tools or equipment needed to perform the in-cell maintenance functions can be engaged,
disengaged, or positioned in full view.

The designs will be evaluated from the standpoint of sysiem downtime during mainienance
operations. The minimum downtime should usually take precedence over the cost of the
design feature(s). The time period for the evaluation of downtime spans starts when the
malfunction is detected and extends through all operations necessary to vesiart the system.
All designs must consider possible decontamination features. The cost of decontamination
and disposal of an item as radioactive waste is also an important design factor.

Modules defined as remotely repairable should have design features that permit remote
disassembly, repair, reassembly, and checkout. Special tooling may be required; however,
the equipment design should be dirccted to minimize the need for special tooling.

Modules defined as repairable by hands-on contact after decontamination must have the
necessary features to allow all preceding remote maintenance steps to be accomplished
remotely; that ig, lifting, handling, decontamination, and disassemb’iy from parent parts.
Where applicable, diagnostic equipmcﬁt must be provided to aid in the determination of
equipment malfunctions. Dctermination of the cause of the malfunction is not a primary
objective of diagnostic equipment; therefore, a "go,” "no-go" approach to diagnostic
equipment and/or instraments is preferred. ‘
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D.2 Design Priorities Checklist for Large Remotely Operated Process Cells

The design of any equipment io be remotely operated and maintained in radioactive areas

necessarily involves trade-offs of one design feature for another. The following design priorities
are 10 be considered:

1.

AN

The item must fulfill functional requirements.

The item must be maintainable with the remote maintenance equipment availabie,
The item should be as reliable as possible.

The item should be maintainable in as shott a time as possible.

The cost of the item should be considered in terms of lifetime costs; that is, its original cost
plus the cost of maintenance and the loss atiributed to downtime (when its failure frequency is
taken into account).

Reliability and maintainability go hand in hand. There is a trade-off or an assessment that must be
made by the designer; that is, whether to use more costly components that fail less frequently or
to use less costly components that must be replaced more frequently.

D.3 Design Checklist for Equipment Installation and Removal

1.

Have the reaction loads and forces generated by the equipment items (particularly at the
mounting location) been considered?

Can the equipment item be mounted without bolts (i.e., guide pins and gravity) and satisfy
siress and maintenance requirements?

Does the equipment item require frequent removal or is it semipermanent (i.e., if ithe item has
a high removal frequency, pins or nonbolted clamping devices should be used instead of
bolts)?

Is there sufficient clearance to and around fastencrs and lifting bails to permit the impact
wrenches and other maintenance equipinent to reach the fastener or lifting bail?

Have the utility requirements (electric, pneumatic, instrumentaiion) and the connecting
locations (i.e., in relation to utility stations) been considered?

Are the fasteper-torque requirements within the rated load capacity of the mainienance
equipment item?

Can an adapter plate or similar device be used to permit the use of commercial equipment?
Have allowable clearances caused by interfacing and adjacent equipment maintenance
movement been considered?

The following guidelines should be considered in establishing design requircments:

L.

3.

Each equipment item should use a maximum of two guides for close alignment and as many
as necessary for gross alignment. Guides should be of different lengihs, engaging sequentially
one at a time.

Installation and disassembly forces and loads must be predetermined to prevent damage to
the component and maintenance equipmcent. Specifically, electromechanical manipulators
should not routinely be loaded beyond 5S0% of their rated capacity, whereas cranes should not
be loaded in excess of 100% of their rated capaciiy.

The use of external fastening devices or guides at semipermanent locations should be
minimized, Where this is not feasible, these componenis must cither be protected, designed to
withstand damage caused by probable accident situations, or designed to be replaced with a
minimum of cell downtime.
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. Fasteners used on or with mounting equipment should be designed to remain with the
equipment when loosened (i.e., captive).

. Fasteners must be self-aligning, with lead and clearances; threads, when used, must be
selected to reduce the possibility of cross-threading and galling.

. Blind holes should be avoided; however, when necessary, the holes must have provisions for
removing or draining of sediments and liquids.

. Adequate materials should be selected for the intended purpose (i.c., corrosion resistance,
decontamination, radiation resistance, shielding).
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